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Editors’ Preface 

The success of volume I of Vitamins and Hormones, in spite of Liie 

difficulties imposed by war conditions, has shown the need that exists for 
critical and intelligent reviews of this field. The scattering of the litera- 
ture through a wide variety of journals, the inevitable variation in the 
quality of the work, and the variety of interests represented, ranging 
through physics and chemistry to pathology and clinical medicine, make 
the task of the reviewer a difficult one and the value of the review corre- 
spondingly greater. 

The Editors have felt that the authors should be free to  exercise their 
judgment as to omission and selection of material, keeping in mind the aim 
of presenting a balanced picture of the development and current status 
of each subject. This is particularly true of fields of work which include 
numbers of inconclusive experiments. The two articles in the present 
volume relating to cancer provide an example of different approaches to 
this problem; in ore the authors have aimed at discussing whatevcr work 
has been done, a t  the same time making clear the uncertain nature of some 
of it, while in the other only the best established results have been con- 
sidered a t  all. Each author has difficulties of his own special kind to face, 
and the Editors wish t o  express their appreciation of the immense amount 
of work and thought which has gone into the preparation of all of the 
articles. 

The policy of including complete subject and author indexes has been 
continued in the present volume, and it is believed that these indexes will 
add materially to the reference value of these yearly volumes. .The Editors 
will welcome suggestions for improvement. 

To some readers a volurre like the present may appear to be essentially 
a series of compl2te but disconnected articles rather than an integrated 
whole. This must to a degree be true of any group of scientific reviews. 
In so far as i t  may be due to any real lack of correlation betwccn ideas 
and results in different felds of endeavor, the bringing together of these 
reviews under one cover should be a stimulus toward closer interdependence 
of workdrs in distinct but related subjects. If such an integration is 
promoted, these volumes will have made a useful contribution to  progress 
in the field of Vitamins and Hormones. 

9 

KENNETH V. THIMANN 
ROBERT S. HARRIS 

July, 1944 
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I. ISTRODUCTION 

In  the interpretation of the title of this review the authors have used 
Lusk’s definition of anabolism (1) : the construction of higher substances 
from lower ones. On this basis, the review deals with the possible effects 
of various vitamins upon the formation of complex lipids from much 
simpler molecules derived by metabolic processes from carbohydrates and 
proteins. 

A number of recent reviews have dealt with the synthesis of lipids and 
with the effects of vitamins upon the synthesis and metabolism of lipids. 
Particularly valuable have been the excellent reviews by Longenecker (2), 
by Best and Lucas (3), by Bollman (4), and by Mitchell (5). 

11. CLASSICAL DEMONSTRATIONS OF FAT FORMATION 

During the past century the process of lipogenesis has been demonstrated 
repeatedly. Although Boussingault and Persoz had described fat forma- 
tion in geese (6), Lawes and Gilbert (7) are responsible for the first evidence 
clearly indicative of such a process in animals. Analyses of carbohydrate, 
fat, and protein of the food consumed by pigs, as well as of the resultant 
composition of the carcasses, served to  demonstrate that extensive forma- 
tion of lipid material from carbohydrate and protein had taken place. 
These observations confirmed the opinion earlier expressed by Liebig (8) 
that fat could be synthesized in the animal body. 

In 1886, Rubner (9) described lipogenesis in dogs and subsequently 
Rosenfeld (10) and also Morgulis and Pratt (1 1) contributed observations 

1 
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on fat synthesis. The gascouu exchange experiments carried out by 
the latter, drew attention to the elevated respiratory quotient associated 
with active fat formation. 

The synthcsiu of lipid material has also been shown to occur in bacterial 
and yeast cultures, in seeds, and in certain lower animals. In  1908, 
Weinland (12) described fat formation by macerated larvae incubated 
in a pcptone medium. Beebe and Buxton (13) reached similar con- 
clusions as a result of studies on Bacillus pyocyaneus; the pellicle formed 
by cultures of the organism after an incubation period of three weeks 
yielded a large amount of ether-extractable material. 

More recent researches have indicated the extent to which this im- 
portant metabolic process may function. In 1925, Wierzuchowski and 
Ling (14) corroborated the observation of Rapport and associates (15) 
on fat forniation from carbohydrate by “well-nourished” swine. It was 
pointed out that lipid material mas synthesized to the extent of 1% of 
the body weight daily. The contributions of Anderson and Mendel, (16) 
on rats and of Ellis, et al. (17, 18) on hog fattening are in harmony with 
the earlier observations. Benedict and Lee (19), in a detailed study 
of fat formation in forced-fed geese, have emphasized the high degree 
t.0 which lipogenesis may predominate in the metabolic processes of ani- 
mals possessing a disposition to fat formation. Schoenheimer, et al. 
(20, 21) have demonstrated the rapidity with which lipogenesis occurs, 
find both Longenecker (22), and Hoagland and Snider (23) provided con- 
clusive evidence of lipid formation from amino acids. 

Although it had often been suggested that fat synthesis is essentially, 
if not exclusively, a hepatic function, only rather recently has satisfactory 
experimental support for this view become available. Bernhard and 
Schoenheimer (21) drew attention to the extreme rapidity of turnover of 
liver fatty acids, and Winter, el al. (24) described the failure of fat synthesis 
in Eck fistula dogs. Similar conclusions may be drawn from experiments 
of Barrett, Best, and Ridout (25), McHenry (26), and Stetten and Schoen- 
heimel’ (27). 

It is of interest that IIildesheim and Leathes (28) reported the formation 
of fat in minced dog, rabbit, and pig livers in vilro. However, their 
results were not considered conclusive since added carbohydrate did not 
stimulate lipid accumulation. 

In  investigations prior to 1910 and, indeed, in many subsequent to this 
date, no attention was paid to the vitamin content of the experimental 
diets. More recent investigations have indicated the essential relations 
of some vitamins to fat synthesis and have explained why certain foods 
proved to be lipogenic in the earlier work. 
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111. THE SYXTHESIS OF FAT FROM CARBOHYDRATE 

In 1936, Whipple and Church (29) extended observations made pre- 
viously by Sure and associates (30, 31, 32), by Graham and Griffith (33), 
and by Mitchell (34) that vitamin BI had a specific effect upon body 
weight, as determined by using isocaloric feeding. In addition to repeating 
the earlier observations upon body weight, Whipple and Church analyzed 
the animal bodies and secured information regarding the reasons for the 
increase in weight. They found that, of the difference in weight between 
pair fed rats, 51% was due to deposition of fat and the balance to water. 
Since the animals had been maintained on a fat-free diet, and since the 
only difference in treatment of the two groups was the supply of thiamin 
to one group, Whipple and Church concluded that thiamin plays a r81e 
in the synthesis of fat'in the animal body. In the following year, they 
reported (35) a marked difference in respiratory quotient between two iso- 
calorically fed groups of rats, one of which received thiamin; the latter 
had a quotient well above unity, thus strengthening the hypothesis that 
thiamin brings about fat formation. 

The observations regarding fat formation and deposition were confirmed 
by McHenry in 1937 (26), who also suggested that the effect of thiamin 
on fat' synthesis could be harmonized with observations on the effect 
of the vitamin upon pyruvate utilization (36). In 1938, McHenry and 
Gavin began a series of reports on the relation of B vitamins to fat syn- 
thesis and metabolism. Thiamin was also found to cause synthesis in 
pigeons (37). Riboflavin and rice polish concentrate, used as a source 
of the B complex, given with thiamin, augmented the amount of syn- 
thesized fat (38). Pyridoxin, supplied yith thiamin and riboflavin, like- 
wise had a supplementary effect (39). In studying the effects of other 
members of the complex, an extract of beef liver was used as a source of 
unknown factors; this markedly augmented the amount of fat and caused 
fatty livers containing increased amounts of cholesterol (40). These fatty 
livers were not prevented by choline but were prevented by lipocaic (41). 
Later it was shown that biotin had a similar effect to that of the livgr 
fraction (42) and that inositol acted like lipocaic in preventing the fatty 
livers caused by biotin in rats (43). 

Included in the data arising from work with biotin, McHenry and Gavin 
gave resulk (42) which showed a specific effect of thiamin upon fat syn- 
thesis but to which they failed to call attention. The amounts of f a t  
produced by various combinations of known B vitamins were cited. 
Riboflavin, pyridoxin, and pantothenic acid had augmentory effects upon 
fat synthesis. Examination of the data shows that biotin, while causing 
fatty livers, actually did not increase the percentage of body fat (as com- 
pared with the amount of body fat produced by all of the kolated I3 v h -  
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mins except biotin), The data show that rats given biotin were heavier 
and contained a larger total weight of fat but that the percentage of body 
fat was smaller. It is also clear from the data that no synthesis of fat 
occurred when thiamin was omitted from the supplements, eveii though 
five other H vi'tamins were supplied. The results obviouhly iiitlicatetl 
that thiamin is essential for the synthesis of fat froin carbohydrate :tnd 
thtit other menibers of the B complex call augment the ainount of s p -  
t hepis. 

Longenecker, ct ul. (44) btudied the composition of the fats: synthesized 
by the action of thiamin. Rats were depIet,ed for three weeks on a diet 
free of R vitamins and of fat. At the end of this period one half of the 
number of animals were killed and tissue analyses made; the remaining 
rats were continued on the basal diet plus thiamin for t ~ e l v e  days, when 
they were killed and used for analysis. During the depleting period, body 
stores of fat were utilized and apparently no synthesis occurred; there was 
R marked increase in the iodine number of both liver and body fats. Thia- 
min administration caused a large increase in the :imount of fat and a 
marked drop in iodine number; liver and body fats of supplemented ani- 
mals contained a high proportion of CIS acids, a finding which Longenecker 
had previously shown (45) to be characteristic of synthesized fat: In :t 
later study the composition of liver and body fat as effected by other 13 
vitamins, by liver fraction (as a source of biotin), and by lipocaic WL: 

investigated (46). Fatty acids synthesized when thiamin, riboflavin, 
pyridaxin, and choline were given were largely Cle and CIS acids, the C16 
acids being 5475 of the total. Further supplementing the diet n-ith the 
liver fraction caused a greater increase of Cls acids than of CI6 acids and 
also augmented the quantity of unsaturated acids. This change in the 
fatty acid composition, and particularly the increase in unsaturated acid* 
is of interest in connection with the question of essential fatty acids: 
in most of the studies on the latter subject, yeast has been used a source 
of the B vitamins. I t  may well be that a concentration of the vitamins, 
different from that supplied hy yeast, might cause a syntliesk of essrntial 
fatty acids. . 

The hypothesis that thiamin has a specific effect upon fat synthesih 
has been criticized by Quackenbush, Stemhock, and Platz (17). Ilatw 
from two types of experiments were cited in support of the critivism. In 
the first case, three groups of rats were used, all of which had been depleted 
on a diet dontaining autoclaved yeast, the first group was killed and 
analyzed at the end of the depleting period, the second group received 
thiamin and the basal diet ad libitum, the third group were given the 
same amount of thiamin a;r used in the second group but the intake of the 
h s a l  diet was so restricted that body weights were held stationary. At 



the end of the depleting period, tlhere \\.as a. marked re(luc.tion i t ,  i ll(.  

amount of fat and an increase in the iodine numlw. The sc~conrl groitp 
showed a large increase in body fat, and in body \vciglit while t,he third 
group evidenced no increase in fat. Obviously, if food int,akc. i s  i w t  rictetl 
so as to maintain a constant hody weight, there could I)(> 1 1 1 1  iiicrc:isc 
in body fat unless other constituents, e . g . ,  protein or \v:iter, \ v ( w  tlimiiiished 
simultaneously. Restrictions of food int,ake o i i  this ]):isis \voi thl ,  CJf c o i t r w ?  
prevent any evidence of fat synthesis as ?;lio\vii  I)>.  ; i n  iric*l.c~:i*c~ in I)c,dy fat,. 
1 hese results should be contrttsted with those ol)t,nincd I)!- the ti.w of iso- 
caloric feeding. There tiaye 1)cwi i q r a t t 4  denionst,r:it.ioirs of tliv speci t i c ,  
effe-t of thiamin upon body weight :mtl lmly fat when isocnloiic fcctiing 
was used (26, 29). In such experiments t,hc effect. of thi:tmiii upoii rneta- 
bolism is clearly evident. In the seroncl type of expcrinient Quackenhush, 
et al. used a basal diet containing thiamin and ribofhviu 1)ut designed to 
produce acrodynia.. After maintenance on this diet for five weeks, one 
group of rats ivas killed for analysis, a second received extra thiamin for 
t.hree weeks, a third was given a rice bran concent,rate, and a fourth, with 
the same amount of rice bran concentrat.e, had the intake of the basal 
diet rest,ricted so that, a constant body weight was inaint,ained; after thcse 
supplemph had been given for three weeks the :tnimals were killed for 
analysis. The first group showed only a snisll amount of body fat, and 
t,he authors interpret,cd this result as indicating that. a cont,inuous supply 
of thiamin had not prcvent.ed a loss in  body weight nor accomplished 
fat formation. Hoivever, the iodine niimbers of tjhe liver and body fats 
were significantly lo\ver than IVRS the case in the group of animals not 
given thiamin in 1 . 1 ~  first expviiment,, suggesting that fat synthesis had 
taken plnw. I t  is pOSSildC' that, in the acute stages of pyridoxin and 
p:c!it~othenic. : i d  .dcficirncies. f a t  is rapidly utilized and disappears soon 
aftw formition. Deticicnc.it.e of these vitamins were certainly more 
~ c v ( T ( ~  th:m tiad heen o!)t,:Liiicd in the work of Gavin and McHenry (42). 
'The cpiwti& of t h c 5  rstc:nt of deficiencies of these two vhamins was raised 
1)y ( t i inc. l ;c ,ni~l i~h,  ( , I  d. ; (iuvin and McHenry had produced deficiencies 
l ) t  t Iwsc vit:imins t o  such ;in estent that animals responded readily to 
,sitl)plcincnts I u t  the criticism of t.his aspect appears to be partially justified. 
'l'hc third group of' animal?;, rweiving rice bran concentrate, showed a 
m:irktd inciww in fat. Quackenbush, el nl. stated that this showed that 
;i cwrec-tion of any t1eficicnc.y ~vould bring about fat, synthesis. However, 
they did not try the effects of pyritloxin nor of pantothenic acid in the 
nt~:cnc.e of thiamin; under this c"~1itioii it, has been shown that fat forma- 
tion docs not occur (42). Indeed, a supply of four R vitamins to deficient 
:tiiimals d l  not cause fat synt,liesis ~ d c s s  thiamiri is furnished (42). 
'I'ho :Ltltlit,ive ct'frct, of other R vit.aniins liad been shown, previously to the 

,, 
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work of Quackenbush, et al., by Gavin and McHenry in connection with 
riboflavin (38), rice bran concentrate (38), pyridoxin (39), pantothenic 
acid (42), and biotin (42). 

In  studies on the relation of the B vitamins to fat synthesis and metabo- 
lism the effects of lipotropic agents must be considered. For example, 
if thiamin is given as the only supplement to a basal diet rich in csrbohy- 
drate and low in protein, there will be a marked increase in liver fat (26). 
This increase can be prevented by supplying choline or a choline precursor, 
such &s a large amount of casein. Choline can be inadvertently furnished. 
In the investigation of Engel and Phillips (48) fatty livers were o5tained, 
but not acutely so because the basal diet contained peanuts and yeast, 
both good sources of choline. Quackenbush, Steenbock, and Platz (47) 
noted that fatty livers were not secured in their animals, even with thiamin 
supplementation. However, both of their experimental diets provided 
18% casein, an amount sufficient to  be lipotropic, and one of the diets 
contained two sources of choline: autoclaved yeast and starch. 

In a recent, paper, Stetten and Grail (49) have described studies on fat 
synthesis with the use of deuterium. The effects of pyridoxin and panto- 
thentic acid in augmenting fat synthesis were confirmed, but these authors, 
like Quackenbush, et al., did not give these vitamins without thiamin. As 
has been pointed out previously the addition of other B vitamins not only 
increases the amount of fat but also causes a change in the character of the 
fat. Reports by Engel (50), by Forbes (51) and by Gavin, et al. (52) have 
shown that the supply of various B vitamins alters the lipotropic effect of 
choline. This may partially explain the observation by Stetten and Grail 
regarding the very slight effect of choline in their experiments. 

Longenecker, et al. (44) found that thiamin, as the only supplement, 
caused a marked synthesis of saturated CM acids. If the diet is deficient in 
choline, or its precursors, fats accumulate in the liver; this can be prevented 
by a supply of choline. McHenry and Gavin (42) reported the production 
of fatty livers, by'adding biotin and other B vitamins to the 'diet, which 
were resistant to the action of 'choline. Engel (50) has found that thiamin, 
riboflavin, pyridoxin, and pantothenic acid produce a choline-resistant type 
of fatty liver. Under this condition choline and inositol, given simultane- 
ously, will maintain liver fat a t  a normal level. Engel believed that pyri- 
doxin was concerned with this effect since small amounts of choline were 
effective in animals depleted of ppidoxin for eight weeks or longer. A 
different result was obtained by Forbes (51), who found that choline was 
less effective in rats receiving nicotinic acid. These findings of Engel and of 
Forbes again raise the point regarding alterations in the type of fatty acids 
synthesized by changes in the B vita-nin supplements. This deserves 
further study. When thiamin is the only B vitamin supplied, the character 
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of the fat synthesized and deposited in the body is radically different from 
that found in “normal” animals. The question as to which B vitamins 
-hould be given to animals to  cause the prohction of a more “normal” type 
of body fat is a matter for further investigation. It may well be that the 
quantitative proportion of the B vitamins may be a factor, influencing the 
character of the synthesized fat. 

Sohe attention ha.: been given to investigation of poxsible effects_of other 
dietary factors in fatty acid synthesis or retention. Sheppard avd Mc- 
Henry (53) reported that the fat content of vitamin-C-deficient guinea pigs 
was greatly reduced in comparison with that of normal animals and that 
pair-fed guinea pigs receiving ascorbic acid contained even less fat than the 
members of the deficient group. In these experiments, ascorbic acid did not 
apparently cause fat synthesis. Ho “ever, exp-rim.nts carried oxt by 
Patterson, McHenry, a i d  Crandall (51) indicatd an effect of vitamin A 
upon either fat synthesis or retention. Uaing a diet which provided only a 
very small amount of lipid material, psir-fed rats receiving carotene con- 
tained more fat than did the deficient control aiimals and practically as 
much as rats fed ad libifurn. These resnlts were in ageement with o5ser- 
vations reported in 1932 by Sampson and Korenchevsky (55). These 
authors had also noted the higher fat content of pair-fed rats receiving 
vitamin A. It is not clear as to whether the increa?? in fat content was due 
to synthesis and further investigations are needad. 

IV. THE STNT~IESIS OF FAT FROM PROTEIN 

After reviewing evidence regarding the formstion of fat from protein, 
Mitchell and Hamilton (56) stated in 1929, “of all tl?e possible transforma- 
tions of nutrients in the animal body, that of the conversion of protein into 
fat, or, more correctly, of amino acids into the higher fatty acids entering 
into the composition of animal fats, has pro5aSly attracted the greatest 
amount of experimental enquiry and occasioned the most controversy. . . . 
Purely on chemical grounds, the conversion of protein to sugar to fat, in- 
volving a complicated and uneven series of cleavages, oxidations, and 
condensations, would seem to be a clumsy and thoroughly ineffiient method 
of disposing of an excess of dietary protein.” After considering the demon- 
strations of fat synthesis from protein in bazt-ria by Bxhe  and Bixton (13), 
and in mammalian eggs by McClendon (57), Mitchell and Hamilton’ con- 
cluded that, nhile a clear-cut proof of fat formation from protein had not 
yet been provided in higher animals, a considera’sle probability that such 
a transformation does occur under certain conditions had been established. 

While the work of Lawes and Gilbert (7) is generally cited (2) as the first 
proof of fat formation from carbohydrate, a careful examination of their 
data sl ows that a reasonable amount of the fat synthesis which they ob- 
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served must have been obtained from protqin. The first completely 
convincing evidence of the ability of higher animals to convert protein to 
fa t  ivaq furnished by Longenecker in 1939 (22) and confirmed by Hoagland 
and Snider in the same year (23). In  both cases rats were maintained on 
diets rich in casein but free of fat and carbohydrate. On such a diet Hoag- 
land and Snider secured a gain in body weight of G7% and an increase of 
body fat. of 257%. The procedure used by Longenecker is of inkrest 
hccnuxe it has been used by other workers and has been criticized. A loss 
in body weight of about 25% was produced in rats by inanition, and the 
animals were then fed a special diet until weight was restored. The special 
diet used to demonstrate the synthesis of fat from protein contained 96% 
casein, m m  free from cirbohydrate or.fat, and B vitamins were supplied in 
yeast. It was found that large amounts of fat were synthesized from 
protein and that, consequently, the body weights of the rats were increased. 
Tmgeiiecker gave data regarding the composition and characteristics of the 
synthesized fat. While the inference was drawn that fat from protein w a ~  
quite similar to that obtained from carbohydrate, the data show some differ- 
ences. These Itre wort,h noting because it would be assumed that, if fat is 
formed from protein through an intermediate carbohydrate stage, t hb  fat  
should be similar t,o that synthesized from carbohydrate supplied in the diet. 
“Protein-fat” contained a larger proportion of saturated fatty acids than 
did “carbohydrate-fat” ; in terms of some individual fatty acids, “protein- 
fat” contained more palmitic and arachidic acids and less oleic acid. The 
conclusion that “protein-fat” is entirely similar to  “carbohydrate-fat” was 
drawn by Eckstein in 1929 (58). In  this connection reference should again 
he made to the statement by Mitchell and Hamilton that it is unlikely that 
the synthesis of fat, from protein proceeds by way of carbohydrate. How- 
ever, the character of the fat synthesized from either carbohydrate or pro- 
t,ein may depend upon the vitamin supplements. 

A t  least three types of evidence have indicated that one or other members 
of the vitamin B complex are concerned with protein metabolism. In 1927, 
Hasson and Drummond (59), and in 1928, Hartwell (60) showed t,hat an 
increased supply of the R vitamins was necessary for normal increase in 
weight when high-protein diets were fed; Hasson and Drummond indicated 
that, two factors, one of which was heat-stable, were essential for protein 
metabolisni. Investigations by Richter and Hawkes in 1940-1941 (61,62) 
on the choice of foodstuffs by rats depleted of several members of the B 
complex also indicated a relationship between proteins and these vitamins. 

In 1940, McHenry ttnd Gavin (63), using a procedure patterned aft’er 
that of I,ongeneckc~, stsitdied t,he effects of various B vitamins upon the 
synt,hesis of fat from protein. .\dult rats, about 200 g. in weight, were 
placed for t>hwe weeks upon a diet, free of fat and of the l3 vit.amins. During 
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this depleting period the amount of body fat waa sharply reduced, and there 
wm a loss in body weight of about 25% After this period the animals were 
fed a diet containing 96% casein but no fat nor carbohydrate; R vitamins 
were given singly and in various combinations. This treatment was con- 
tinued for 10 days when the rats were killed and fat determinations made. 
Only in those animals which received thiaminand pyridoxin was there any 
evidence of fa t  formation and consequent increase in body weight. When 
thiamin, riboflavin, pantothenic acid, nicotinic acid, and choline were all 
given, the loss in body fat and body weight, characteristic of the depleting 
period, waa continued throughout the supplemental period. In contrast, 
animals which repeived the same supplements plus pyridoxin showed a 
three-fold increase in body fat. On the basis of these observations it was 
concluded that pyridoxin is concerned with protein utilization. 

In  an extension of these observations Cornett and McHenry (unpuh- 
lished data) have uhown that pyridoxin and thiamin are also essential for 
the formation of glycogen from protein. They found that the addition of 
biotin to  the supplements, which, in the case of high carbohydrate diets, 
quickly causes the production of fatty livers containing large amounts of 
cholesterol, fails to do so with protein-rich diets. These preliminary results 
suggest that the path for the synthesis of fat from protein does not proceed 
by way of carbohydrate; otherwise, one would expect a. similar result to 
that secured with a carbohydrate diet. 

A vigorous criticism of this recent work on the relationship between the 
B vitamins and fat synthesis from protein has been made by Mitchell (64) 
and repeated by him more receutly (5 ) .  After an incomplete description of 
the procedure employed by McHenry and Gavin, a description which 
omitted a fundamental feature, Mitchell stated : 

“Only when pyridoxin was fed \vm the fatty acid content of the carcass 
appreciably greater than that of the controls, but only in such qases did any 
growth occur. However, fat deposition is a necessary concomitant of 
growth and, regardless of the nature of the dietary characteristics that in- 
duce variable intakes of food, there will in general be a close correlation 
between the rate of growth secured and the fat content of the carcasses pro- 
duced, within the range of submaximsl rates of growth. For this reason. 
for instance, the supplementation of a ration deficient in sodium or chlorine 
by sodium chloride might be expected to  produce, not only more rapid gain 
in growing rats, but also greater contents of carcass fat, without any impli- 
cation that either sodium or chlorine is a t  all intimately involved in fat 
synthesis. Such technic cannot be expected to yield evidence of a direct 
and fundamental relationship between any dietary supplement and the 
synthesis of body fat.” 

It may be assumed that t.he essential nature of Mitchell’s criticism is that 
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rats on a deficient diet do not grow as well as animals on an adequat. diet 
and that the latter rats, because of better growth, will always contain more 
fat. This viewpoint is based, when used as a criticism of the results of 
McHenry and Gavin, upon an erroneous and misleading conception which 
is unfortunately evident in many papers on animal nutrition. For some 
years it has been the custom to plot animal weights and to assume that the 
result is a “growth” curve. Many dietary constituents, particularly the 
vitamins, have consequently been described as essential for growth. The 
fallacy of this misuse of the word “growth” was clearly pointed out by Orr 
and Richards in 1934 (65) but the fundamental point raised by them has 
been completely ignored by many investigators in the ,field of nutrition. 
Orr and Richards showed that, in rats deprived of vitamin A, thb body 
weight reaches a maximum and then decreases, but true growth as measured 
by body length actunlly continues. As “growth” is interpreted in the cur- 
rent literature, rats in acute vitamin A deficiency should be described a9 
exhibiting negative growth, a description which would be patently absurd 
but no more fallacious than the use of body weight as an index of growth. 
Fortunately, this misconception has not been used with humans; if it mere, 
there would be the interesting illustration of a man shoving two, or perhaps 
more, periods of growth during life, one during childhood aiid adolescence, 
and another in middle age. The use of weight as an index of growth in 
animal experiments is not only niislcading and inaccurate but has actually 
handicapped advance in knowledge of the relation of the vitamins to 
metabolism. The time has surely arrived when workers in nutrition should 
use the simple word growth correctly. 

In the case of the investigation criticized by Mitchell, emphasis on the 
misuse of the word growth is particularly pertinent. Adult rats were de- 
pleted for three weeks, during which time there was a marked loss in weight 
(but not negative growth). The effects’of various supplements were then 
tried with the resultsareported above. Because there was a synthesis and 
deposition of fat, and perhaps of other substances, the body weight was, of 
course, increased. Since body length was not measured it is impossible to 
say whether growth also occurred. I t  docs not always follow, as Mitchell 
aqumed, that an increase of fat is concomitant with an increase in body 
weight. Sheppard and hlcHenry reported in 1939 (53) that guinea pigs 
receiving ascorbic acid but isocalorically fed with deficient controls are 
significantly heavier but contain much less fat than the deficient animals. 
In pointing out that any dietary supplement, by increasing weight, would 
also increase body fat, Mitchell used as an example either sodium or chlo- 
rine. In  1937 Kahlenberg, Black, and Forbes (66) reported that sodium 
supplementation enabled rats to synthesize fat. This mas concluded from 
results of fat analysis of isocalorically fed animals. Unfortunately, no clear 
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conclusion as to fat synthesis was possible sime the basal diets contained 
variable amounts of fat and the difference in fat intake between the two 
groijps more than accounted for the difference in fat deposition. 

A number of studies of body composition of rats of different ages have 
been made but in each case growth has been determined by body weight. 
An interesting studf of the data from one investigation can be made. 
Pickens, Anderson, and Smith (G7) reported the results of analyses of rat 
bodies at  different ages. It has seemed advantageous to combine their data 
with figures for body length given by Donaldson (68). At  an age oi 100 to 
120 days, curves for total ash, for protein, and for body length show plateaus 
while body weight and body fat continue to increase. Apparently, at  that 
age, true growth ceases but the weight continues to be increased by a 
“fattening” process. A failure to distinguish between growth and changes 
in body weight and an interpretation that animals became heavier simply 
because of some mysterious growth process diverted the attention of inves- 
tigators from fundamental studies on metabolism and delayed progress in 
the vitamin field. A good example of this was the important and useful 
report by Mitchell in 1933 (34) regarding the effect of vitamin B in causing 
a weight difference between rats fed isocalorically. Data were available to 
focus attention upon the relation of thiamin to fat synthesis but, unfor- 
tunately, this was not done until the1 question was examined by Whipple 
and Church three years later (29). 

Additional evidence that pyridoxin is concerAed with protein metabolism 
was supplied by Foy and Cerecedo (G9), who showed that a deficiency of 
this vitamin is much more rapidly produced in rats by maintaining them 
upon a protein-rich diet. Pyridoxin has not yet been linked to a particular 
enzyme system and further investigations will be needed t o  elucidate the 
r61e played by yyridoxin in protein degradation. 

V. THE FORMATION OF PHOSPHOLIPIDS 

So far aa can be ascertained, no effect of vitamins upon the synthesis of 
phospholipids has been described, unless choline is considered to be a vita- 
min. While such a classification of choliie seems to be unnecessary, a 
number of writers have done so, and a brief reference to this substance 
should be included. ‘For a detailed discussion of choline, recent reviews by 
&Henry (70), by Griffith (71) and by Best and Lucas (3) may be con- 
sulted. The\anabolism and function of the phospholipids has recently been 
reviewed by Sinclair (72). 

The demonstration that choline would prevent the formation of some 
types of fatty livers led to several explanations of its lipotropic action. Of 
these, the most plausible one, for.which evidence waa first provided by 
Welch (73), is that choline is lipotropic because it promotes the formation 
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of phospholipids. l'erlmanoand Chaikoft' (74) have furnished confirmatory 
evidence for this assumption. Choline is most effective as a lipotropic 
rtgcnt when fat accumulation in the liver,consists mainly of simple glycer- 
ides and, more particularly, when tbe fatty acids are largely C I ~  or CIS, 
with a low iodine numher. The activity of choline is influenced by several 
H vitamins (54); this may be due to a change in the rharacber of t,he fatty 
acids present in the liver. The lipotropic effect of choline is also inhibibed 
113' the presence of large amounts of cholesterol (54). I t  may be that 
phospholipids can only be formed IJY t,he action of choline from ceitain fatty 
acids and not from an indiscriminate assortment. 

lnositol has been shown by Chvin and McHenry (43) and by Engel (50) 
to have a 1ipot.ropic action. Inositol is present, in considerable amounts in 
some nat,urally occurring phospholipids (75), and it is possible that inositol! 
like choline, owes its lipotropic activity to participation in the formation of 
phospholipids. There is no direct experimental evidence for the correctness 
of this hypothesis. It is of interest that inositol exerts its influence under 
conditions unfavorable for the action of choline, particularly in the presence 
of large amounts of oholeaterol. Analysis of the phospholipids formed by 
the act'ion of choline and of inositol would provide riseful information re- 
garding the mode of action of these two substances. 

VT. THI.: SYNTHESIS OF-CHOLI:; * 5TEROL 

'lhe ability of the anim'al body to synthesize cholesterol was clearl!. 
shown by Channon (7Ci), by Handles and Knridson (77), by Eckstcin and 
'I'rwdwell (78), and by Schoenheimer and Breusch (79). Schoenheimer 
and Breusch showed that mice maintained on a diet of bread, or of bread 
tmd fat ,  synthesized as much cholesterol in a month its was present in their 
bodies a t  the start of the expetiment. Their work indicrtt,ed that t,here is 
continuous format'ion and destruction of cholesterol and also that the ad- 
ministration of large amoilits of fat has no significant effect upon cholesterol 
synthesis. 

The nature of the metabolic precursors of cholesterol has been somewhat 
iincertain. Eckstein and Treadwell (78) believed that the use of a high fat 
diet caused increased forination of cholesterol. Rittenhrrg and Schoen- 
heimer (80) concluded that cholesterol is formed by tlie coupling of a large 
numher of small molecules. Their observat.ions failed to  support a possible 
convcrsion of fatty acids to sterol directly, but they stated that their results 
could he explained by the theory 'that cholesterol plays a r81e in the trans- 
port of fatty acids in the organism and that the handling of a larger amount 
of fatty acids may require the presence of a larger amount of cholesterol, the 
latter being formed according to the need. 

Tn 1937, fionderhoff and Thomm (81). reported that yeast, grown in a 
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medium containing cieuteroacetate, had so great a deuterium cont.ent in the 
unsaponifiable portion that it seemed necessary to postulate the conversion 
of ncet,ic acid to sterols. Bloch and Schoenheimer (82) and Bloch and 
Rittenberg (83), also using deuteroacetic acid, demonstrated that mice are 
able t,o synthwize cl~olesterol from acetate. This confirmed the previous 
report from Schoenheimer’s laboratory that’ cholesterol is formed by the 
union of a number of small molecules (80). 

In 1940, FIcHenry and Gavin (40, 41) reported that the feeding of a beef 
livcr fract,ion, used as a source of unisolated c,omponents of the vitamin B 
complex, caused a marked increase in liver and body cholesterol in rats. It 
\vas stsated that this increase was due t,o synthesis, since the basal diet was 
practically devoid of cholesterol. This obNervat,ion was confirmed by 
Longenecker, cl al. (46). Gavin and McHenry (42) later found that an 
effect, similar t.o that produced by t,he liver fraction, could be obtained by 
the administration of biotin in conjunction with thiamin, riboflavin, pyri- 
tloxin, and pant~t~lienic acid. However, they pointted out that biotin did 
not, increase thc amount of cholesterol synthesis but did augment the 
amount of cholrst,erol in t’he liver. The increase in l i ~ r  cholesterol is either 
t,he cause of, or wcoiiipanies, the product,ion of a type of fatty liver which 
is not prevented by choline but. which is prevented by lipocaic or by inositol. 
The dat,a showd that the increase in liver cholesterol did not precede, but 
paralleled, the increase in liver fat. 13esiiltms, subsequently reported by 
Gavin, Patterson, and McHenry (52), showed that the increase in liver 
cholesterol caused hy biotin is either due to, or is wincident,al with, a slight 
tiecrease in I~ody cholcxsterol. I t  ivoultl appear t,hat biot.in causes an accu- 
iuulation r)f cholestei*ul in the liver. perhaps at ’the expense of the amount in 
t.hc body; the increase in  liver cholesterol is prevented by lipocaic or by 
inositol. All three (Mary  supplements \vould seem to have effects upon 
c!liolestcrol t,ransport. 

In a dudy of t,tie influence of various H vitamins upon the production of 
fat,t,y livers, Foi*lm (51) has secured somewhat different results. He found 
that, the administrat.ion of nicotinic acid to rat,s caused an increase in liver 
cholesterol, in comparison to t,tiat, ohtairred wi-ith other B vitamins but with- 
out, nicotinic arid. 

I!npublishetl obsrrvations by (hvin :~nd McHenry on the influence of 
vwioiis 15 vitamins iipon cholesterol synthesis indicate that the total 
amount. of cholcsterol approximately parallels t,he total amount of fat. I t  
shoiild be pointctd out that, t,hese experiments were carried out with n high- 
c’iilh)hyilr~tC, lo\v-protein, fat-free dirt, and presumably the cholest,erol 
\v:ts synf ticsized, like fa.t, from carbohydrat,r. When t,hianiin r w s  not. slip- 
plictl to thc :Lnirnals t,here was 110 evidence of either fat, or cl~olesterol synt11c.- 
?;is. Thest> (d)sci*ifnt,ions, and t.hose \vhic!h 11:tvr previously been mentioned, 
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do not supply proof that any of the B vitamins are directly concerned with 
the formation of cholesterol. The data are consonant with the theory, 
expressed by many writers over a period of years, that cholesterol formation 
keeps pace with the amount of fat present in the body. 

VII. POSSIBLE MECHANISM OF FATTY ACID SYNTHESIB AND THE 

RELATION OF VITAMINS TO ENZYME SYSTEMS 

Although it was proven many years ago that animals can synthesize fats, 
and although this synthesis must constitute a prominent phase of metabo- 
lism, the chemical changes involved in such interconversions remain quite 
obscure. Several hypotheses have been advanced but in the'main they 
have been based on either chemical information derived from in vitro 
experiments or upon biochemical observations on microorganisms. The 
applicability of these hypotheses to higher animals is a matter of doubt. 
No attempt will be made to review the theories in detail but some mention 
is desirable in order that a possible relationship of the B vitamins to fat 
synthesis may be considered. 

One of the early theories regarding fat formation was that postulated by 
Emil Fischer (84). He believed that fatty acids could be formed from sugar 
molecules by direct condensation and subsequent reduction of the condensa- 
tion product. For example, atearic acid would be formed from three 
hexose units, and palmitic acid would then be derived from stearic acid by 
&oxidation. The prevalence in nature of fatty acids possessing structures 
which are multiples of 6 carbons favors the theory. Chemical evidence is 
against the acceptance of the theory, and no biochemical evidence in support 
of it has been forthcoming in recent years. 

The importance of acetaldehyde, derived from carbohydrate, a3 a possible 
intermediate in the formation of fatty acids was emphasized by Nencki 
(85), by Hoppe-Seyler (85), and by Magnus-Levy (85). The theory which 
was developed on this basis was somewhat as follows: Units of acetaldehyde, 
formed by breakdown of lactic acid, underwent aldol condensation. From 
the aldol there were two possible products, either butyric acid or croton 
aldehyde which would finally be converted into butyric acid. Long chain 
fatty acids could be obtained by repeated condensations of aldehydes. An 
objection to this theory, that the condensation of aliphatic aldehydes with 
acetaldehyde usually yields a product with a branched-chain structure, has 
been found not to hold for the autocondensation of aldol (86). Aldol can 
be formed by mild chemical treatment of acetaldehyde (85), and the ability 
of the liver to effect aldol condensation3 has been reported (87). Evidence 
secured by the use of microorganisms h a  both supported and denied this 
theory. Fits (84) was unable to demonstrate the presence of acetaldehyde 
or aldol in the lactate medium in which bacteria were producing butyrio 
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acid, and Smedley-MacLean (81) reported similar observations. While 
studies on yeast have shoivn that acetaldehyde is formed during the degra- 
dation of sugar, they have failed to provide evidence as to  the importance of 
acetaldehyde in some cayes but, in others, have shown that acetaldehyde 
can be used in the formation of fatty acids (85, 89). 

Another possible theory has been suggested by Smedley-MacLean. In 
this hypothesis considerable importance is given to pyruvic acid as the inter- 
mediate between carbohydrate and fat. The initial staxe3 in the formation 
of fatty acids were stated by Smeclley-MacLean (84) t o  be as follows: 

CH,*CO.COOH + CHa*CO*COOH 
(pyruvic acid) 

coo11 
C€€s.C*CHt.CO.COOH 

OH 
(a-kcto-y-hydrosy-y-carbosy-valeric acid) 

CHI*CH.CHI*CO.COOH + COY 
0 €I 

CHS.CH:CH.CO.COOH + H20 + CO, 
_+ CHj*CH:CH*CHO + HZO + 2C02 

(crotonaldchyde) 

It was suggested that the crotonaldehyde, which had thus been produced, 
might condense with another pyruvic acid molecule to yield a higher keto 
acid, capable of either oxidation or further condensation. This scheme 
would permit the formation oi highly unsaturated aldehydes which could 
be converted into fptty acids. 

Support for the hypothesis of Smedley-MacLean is furnished by several 
entirely different types of exp2rimontal evidace, of which the following 
may be cited : Unsaturated aldehydes have been identified in aerated sugar 
solutions in which yeast has been cultured and in which the fat content is 
increased (90). Yeast cells will cause the production of butyric acid and 
carbon dioxide from the lactone of a-keto-y-hydroxy-y-carboxy-valeric 
acid, the compound which is the first condensation product in the Smedley- 
MacLean sequence (84). Smythe (91) has reported that yeast cells wilI 
utilize pyruvic acid under aeroDic conditions, that the respiratory quotient 
is increased above unity, and that the amount of ether-soluble material in 
the culture is increased. Smythe found that this effect could be secured 
with pyruvic acid in the media but that it failed to  occur when acetaldehyde 
was substituted for the pyruvic acid. 

In contrast to  the results obtained by Smythe, it has been reported by 
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Smedley-MacLean and Hoffert (92) that yeast will bring about lipid forma- 
tion from acetic acid or ethyl alcohol. Sonderhoff and Thomas (81) have 
suggested t'hat fattry acids can be synthesieed from the acetate ion; MacLeod 
and Smedley-MacLean (93) have reported observations which are also 
indicative of this process. Krebs and Johnson (94) have shown that animal 

.tissues can form butyric acid from acetaldehyde. Investigations of the 
fates of labelled fatty acids in mice by Stetten and Schoenheimer (95) have 
provided information regarding fatty acid metabolism; they observed that 
fatty aci4s could undergo desaturation and also the 10&9 of 2 carbon atoms, 
and that units of this size could be added to fatty acid chains. Stetten and 
Schoenheimer (95) suggested that the condensation by which the union 
would be affected would require a reactive termina; group as would be 
supplied by an aldehyde. While there is evidence to support the Smedk 
MacLean theory, there are also data tending to confirm the previously ad- 
vanced hypothesis that acetaldehyde is the likely intermediate between 
carbohydrate and fat. It might be suggested that pyruvic acid is the true 
int.ermediary, since acetaldehyde would likely be formed from pyruvic acid. 

I t  is useful t,o consider hoiv the theories regarding fat synthesis can be 
reconciled with the observations that thiamin, and perhaps other B vita- 
mins, are essential for fat synthesis. The rale of thiamin in this process is 
easier to understand than is the parts played by the other B vitamins. It 
is now well established that thiamin diphosphate functions as cocarboxylase 
in yeast (96) and, in the same form, is necessary for the enzymic disposal of 
pyruvic acid in more highly specialized tissues (97). Emphasis has beep 
placed by Peters (67) upon the rale of thiamin in the production of energy 
from carbohydrate. It, may be t,hat it is also needed for the production of 
compounds participating in the condensation reactions necessary for the 
synthesis of fatty acids. It is established that pyruvic acid accumulates 
in the tissues of thiamin-deficient animals, that a supply of the vitamin will 
cause a marked reduction in the amount of pyruvic acid (97), and that there 
is fatty acid synthesis (29). A simple explanation would be that thiamin 
causes the production of acetaldehyde from pyruvic acid and thus initiate:. 
the seqiiencc of reactions which brings about the synthesis of fatty acids. 
This ivould harmonize the known information about the function of thiamin 
with the theory regarding acetaldehyde being the intermediate between 
carbohydrate and fat. It'should also be pointed out that the Smedley- 
MacLean hypothesis requires decarboxylations, a type of reaction in which 
thiamin could function. It seems to be not unreasonable to suggest that 
the future \vork on t,he mechanism of formation of fats should include the 
accredited informrtt,ion about the function of thiamin. 

While the prohable r61e of thiamin in fat synthesis can be suggested, the 
functions of other B vitamins in this process are quite indefinite. The ex- 
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periments of McHenry and Gavin (38, 39, 41, 42, 43) showed that other 
members of the B complex, given in conjunction with thiamin will augment 
the amount of fat synthesis. In confirmation of this observation Quacken- 
bush, et al. (47), Engel (50), and Stetten and Grail (49) have shown that 
pyridoxin and pantot,henic acid increase the quantity of synthesized fat. 
While coenzyme functions have been described for riboflavin, nicotinic acid, 
and biotin, and suggested for pyridoxin and pantothenic acid, their rbles 
in fatty acid synthesis are obscure. 

Discussions of the mechanism of fat synthesis have tended to assume that 
there is one condensation pattcrn by which fatty acids are built up in plants 
and in animals. Thi? may be true, but there is one marked difference 
between fat synthesis in plants and in animals. Some plant oils contain 
1. b amounts of linoleic and linolenic acids, compounds which apparently 
cannot be synthesized under the conditions which have been employed in 
experiments on rats. It has been pointed out previously in this review that 
there is evidepoe suggesting that the character of the synthesized fat cftn be 
altered by variations in the supplements of the B vitamins. It is interesting 
to speculate whether differences between plant and animal fats are due, 
perhaps in part, to variations in the B vitamins which are present. Deter- 
minations of the amounts of the different B vitamins contained in ripening 
seeds might provide useful information upon which to design animal experi- 
ments for a study of the possible prohction of essential fatty acids. 

VIII. THIAMIN-SPARING ACTION OF FATS 

Derangement of carbohydrate metabolism in thiamin deficiency, mani- 
festations of which include elevation of blood sugar, pyruvate, and lactate, 
led to the early recognition of the essential nature of this factor in the 
catabolism of Carbohydrate (98, 99). The necessity for inclusion of large 
amounts of carbohydrate in thiamin-deficient diets in order to produce 
deficiency symptoms in animals (100, 101) and the capacity for fat to 
“spare” the vitamin has been demonstrated by several groups since the 
relationship was originally pointed out by Evans and Lepovsky (102, 103) 
m 1928-1929. These workers reported continued growth and-a failure in 
appearance of the typical deficiency syndrome in rats when the “antineu- 
ritic-vitamin-free” diet contained 50% lard. The animals were observed 
for a period oi’ six months. Subsequently, Evans and Lepovsky (104) 
pointed out that even on a high carbohydrate diet containing presumably 
an adequate amount of yeast as well as a source of the unsaturated fatty 
acids, animals exhibited a favorable response to the provision of additional 
fat. Comparison of the sparing-effects of several natural fats and oils 
indicated that neither the precise melting-point nor the degree of saturation 
influenced the kctivity. However, the melting-point had to be sufficiently 
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low to permit good absorption (105). These experiments were extended to 
include a study of the activities of glycerides of single fatty acids (1061. 
Because of poor absorption, stearin was ineffective; myristin and caprylin 
exhibited the greatest potency. Subsequent observations reported by 
Salmon and Goodman (107) are in harmony with these results. They 
compared the thiamin-sparing capacities of various pure fatty acid esters 
and noted that fats having an &carbon structure exhibited the maximum 
potency. Shorter chain acil 1s possessed toxic properties while the higher 
molecular weight members of the series were decreasingly active. 

The sparing action of fat on thiamin requirements has been widely con- 
firmed, Guerrant and Dutcher (108) also reported this effect, and Whipple 
and Church (29) described similar observations. Salmon and his associ- 
ates (109, 110) have carried out comprehensive studies on this phase of the 
relationship of fat metabolism to vitamin activity. 

In most 6f these investigations, the extent of change in body weight and 
the degree of polyneuritis were the criteria of the “thiamin state” of the 
animals. However, MacDonald and McHenry (1 11) have described the 
&ffect of fat in delaying the onset of the characteristic bradycardia of thiamin 
deficiency in the rat. Banerji (112) confirmed this finding and also con- 
tributed the observation that inclusion of various amounts of fat in thiamin- 
deficient diets proportionally counteracts the augmented excretion of 
bisulfite-binding substances which is typical of the syndrome. 
’ Explanation of the mechanism of this sparing action of fat has proved to 
be a provocative subject. Two possible hypotheses were eliminated; Evans 
and Lepovsky (113) demonstrated that the activity was not attributable to 
any vitamin-fat complex formed in the gastro-intestinal tract, and Melnick 
and Field (114) showed that thiamin was absent from the fats which gavt a 
sparing action. 

Because of the typical failure in carbohydrate utilization and the associ- 
ated accumulation of pyruvic acid in thiamin deficiency, the fat effect has 
often been interpreted as resulting from the substitution of lipid for carbo- 
hydrate aa a source of energy with a consequent decrease in the need for 
thiamin. Hgwever, evidence indicative of fatty acid synthesis aa a function 
of thiamin has been reported (29) and the exclusion of this observation from 
any explanation of the sparing effect of fat is hardly justified. For many 
year#, deposited fat was regarded ay existing in a relatively static state. 
By means of tracer experiments the dynamic condition of not only the phos- 
phorus-containing lipids of kidney and liver but also of the fat depot glycer- 
ides themselves has been demonstrated. Schoenheinier and Rittenberq 
(20), to whom a great deal of the credit for clarification of this concept is due, 
have expressed the situation as follows: “The results show that the fat 
depots represent a much more active organ than has been thbught hitherto. 
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. . . Mice,. like almost all other animals, take food only at interv&ls; the 
absorbed constituents of the diet are not burned immediately but must be 
deposited for short periods. Part of the carbohydrate (and carbohydrate 
precursors) is deposited aa glycogen and is always available for combustion 
directly in the form of carbohydrate. However, the amount of glycogen 
which may be stored in the organs is relatiirely small. Most of the ab- 
sorbed carbohydrate is therefore immediately transformed into fatty acids. 
These are deposited in the fat depots and utilized for combustion in the 
poRtabsorptive periods.” This viewpoint places a new emphasis upon the 
importance of fat in animal metabolism. Over a period of some years great 
importance has- been given to carbohydrate as the prime source of energy. 
While carbohydrate may be the source of energy for muscular work, it is 
possible that fat is the fuel for basal metabolism. The body would then 
have a definite need for fat, a requirement which could be satisfied by the 
inclusion of fat in the diet cr by the conversion of carbohydrate to fat under 
the influence of thiamin and perhaps other B vitamins. On this basis there 
would be a requirement for thiamin to bring about the synthesis of fat, a 
requirement which mould be lessened’by the presence of fat in the food 

IX. ESSENTIAL FATTY ACIDS 

Rupply. 

In 1929, McAniis, Anderson, and Mendel (115) reported the superior 
growth of rats provided with a small amount of fat in comparison with 
animals not receiving fat. In the same year, Burr and Burr (116) described 
a characteristic syndrome which appeared in rats fed a diet of ether- 
extracted casein, fat-free yeast, sucrose and salts. Under the dietary con- 
ditions described, the animals continued to increase in weight for some time 
but plateaued prematurely and filially, in the acute stages of the deficiency, 
lost weight rather rapidly. In consideration of these observations Burr and 
Burr discarded the explanation that the supply of a yeast factor was inade- 
quate. They pointed out: “Whether the effect is caused by the strain of 
long-continued fat synthesis, suggested by Krogh and Lindhard, or whether 
a special type of fatty acid is required by the animal which it is unable to 
synthesize from the diet consumed, are unanswered questions.” Relatively 
small amounts of lard and cod liver oil exhibited dramatic curative poten- 
cies, and the exceptional activity of liver in this regard was also indicated. 
It,s effectiveness was superior to that of any of the fats. Subsequently Burr 
and Burr pointed out that the varying potencies of the fats were relatable 
to the structures of the component fatty acids, and the observation was 
made that in the animal deprived of fat the supply of an unsaturated fatty 
acid fraction of tissue lipids waa depleted. The essential nature of dietary 
linoleic, linolenic, and possibly arachidonic acids was indicated (1 17). 
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Evans and Lepovsky contributed observations which are in accord with 
these results. They too suggested that factors other than relative inade- 
quacy of vitamin B were concerned in the etiology of the disorders observed 
in animals fed strictly fat-free diets (118). The importance of the provision 
of unsaturated fatty acids was demonstrated by means of an experiment in 
which rats received a diet containing laurin as sole source of fat. Such mi- 
mals exhibited even poorer growth than those receiving no fat at all (119). 
Sinclair, using a high elaidin diet has observed a similar relationship (120). 
Evans and Lepovsky also noted the depression in essential fatty acid con- 
tent of the lipids of fat-starved rats (121). 

The question of whether several acids were necessary or simply a key 
structure from which others could be formed became the subject of expcri- 
mental work. Nunn and Smedley-MacLean (132) investigated the 
hepatic fatty acid structures of fat-deficient rats and described the absence 
of any acid containing 20 or 22 carbon atoms and 4 or more double bonds. 
Recent observations have indicated that linoleic acid, as well as being active 
per se, is used in the synthesis of arachidonic, and possibly clupanodonic 
acids (123, 124). Turpeinen (125) recognizing the superior curative capac- 
ity of arachidonic acid, suggested that it is of predominant importance. On 
the other hand, Burr, Brown, Kass, and Lundberg (126) have maintained 
that linoleic, linolenic, arachidonic, and cod liver oil fatty acids exhibit 
differences in both the qualitative and quantitative aspects of their actions. 
They expressed the view that, like the essential amino acids, these fatty 
acids should be treated as separate nutritional entities. However, in an 
excellent review of the subject, Burr (127) has recently pointed out that, 
strictly speaking, linoleic acid only is essential. It is of interest that 
MacKenzie, MacKenzie, and McCollum (123) reported the maintenance of 
rats in excellent condition for a year on a highly purified diet consisting of 
specially ether-extracted yeast, extracted casein, salts, and supplements of 
calciferol, carotene, cystine, sucrose, vitamin E, and methyl linoleate. 

Burr and Burr, in an early publication (117), had suggested that the 
essential fatty acids were necessary for normal fat formation from non-lipid- 
sources. Emaciated animals on the fat-free diets consumed as much food 
as the normal controls but apparently oxidized it, siiice growth and fat 
synthesis were not evident. Smedley-MacT,ean and Nunn (129) failed to 
confirm these observations and indicated that, although the capacity of 
the animal to store fat was impaired, the fatty-acid-synthesizing mechanism 
remained intact. Subsequently, however, these authors rejected this 
hypothesis and concluded that the polyunsaturated acids were concerned 
with neither the synthesis of fat nor its storage. Rats existing on the lat- 
deficient diet for long periods, contained actually a higher proportion of 
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lipids than controls which had received linseed oil. During the first six 
months on the fat-deficiept diet the rats' supply of polyunsaturated fatty 
acid; was reduced to a low level. During the second six month period, 
growth having ceased, the rate of utilization of these substances was mark- 
edly depressed. On the basis of observations such &R these, the suggestion 
was advanced by Smedley-MacLean, et al. that these acids function in some 
as yet unelucidated way, in the formation of new cells. The growth of the 
Walker tumour in normal rats was associated with a decrease in the amount 
of subcutaneous fat and a depression in the proportion of highly unsaturated 
fatty acids (130). Whatever may be the functions of unsat,urated fatty 
acids in the growth process they are probably involved also in fat transport. 
Engel (50) has shown that the lipotropic action of choline is evident only 
when linoleic acid is provided. Thus, both these phospholipid constituents 
milst be available. 

The limited information available on fatty acid deficiency in specie's other 
than the rat has been reviewed by Burr (127). Attention should be drawn 
to an interesting observation made on an adult human who existed for a 
six month period on a fat-free diet (132). The arachidonic and linoleic acid 
contknts of the serum lipids were depressed and, in the post absorptive 
periods, active fat synthesis was indicated by respiratory quotients well 
above unity. 

The essential fatty acid problem has been rendered more complex by 
experiments which indicated a possible relationship to  the metabolism of the 
B vitamins. Attention having been drawn to the similarity between the 
acrodynia of pyridoxin deficiency and the dermal abnormalities of unsatu- 
rated fatty acid deficiency (133), observations published by Birch and 
Gyorgy (134) cuggested that fat exerted a sparing action on the metabolism 
of pyridosin. Quackenbush, et al. (135) reported that the symptoms de- 
veloped on u diet lacking pyridoxin could be alleviated by the administration 
of various natural fats and synthetic esters and the activity of the fats in 
this regard paralleled their degree of unsaturation. Linoleic acid was ap- 
parently capable of curing both the acrodynia and the essential fatty acid 
syndrome. The activity of the fat could not be attributed to pyridoxin 
contained in it. I t  was  pointed out that the acrodynia could also be relieved 
by means of a rice bran concentrate (136). 

Results published by Salmon, however, were not in harmony with these 
observations. He reported that both a heated yeast extract and certain 
oils were necessary for the maintenance of a normal skin condition (137), 
and Birch (138) also indicated that both fat and water-soluble factors were 
necessary. Subsequently Salmon showed that the dermatitis in rats pro- 
vided with casein, sucrose, salts, carotene, calciferol, a-tocopherol, thiamin, 
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riboflaviii, and choline could be cured completely only by the administration 
of pyridoxin, linoleic acid, and pantothenic acid (139). 

Recently Quackenbush, Steenbock, Kummerow, and Platz (140) reviewed 
the situation and pointed out that the discrepancies among the results 
previoudy reported could be attributed to the use of diets of questionable 
lipid content and undefined sources of water-soluble factors. In rats given 
a highly purified, fat-free diet, curative tests showed that linoleic acid was 
the primary factor concerned. In sufficient amounts it was completely 
effective; in subcurative amounts pyridoxin enhanced the action of the fatty 
acid. Prophylactic tests indicated that pyridoxin WLW capable of retarding 
the development of the skin condition, and pyridoxin plus pantothenic acid 
were still more effective. In this publication it waa pointed out that the 
“accessory factor” of rice bran concentrate reported by Schneider, et al. 
(136) to be necessary in addition to pyridoxin in the cure of acrodynia 
appear6d to consist nf pantothenic acid aa well as some other substance. 
As stated by the authors, “whether the additional factoi is a known dietary 
essential remains to be determined.” Although a relationship of these 
several factors to the metabolism of certain fatty acids has bien indicated 
there has been no suggestion as to the mechanism of action, nor, indeed. 
proof that such a relationship exists. 

It seems odd that an organism possessing mechanisms which make pos- 
sible the synthesis of structures such t~ oleic, stearic, and palmitic acids and 
capable of desaturating, hydrogenating, and adding carbon atoms to a fatty 
acid chain would be incapable of promoting suoh closely allied reactions as 
the formation of linoleic, arachidonic, and other acids. In view of the ob- 
servation of Sinclair (120) that rats exhibited superior growth on a high 
carbohydrate, fat-free diet in comparison with those on a high-elaidin 
regimen, it is interesting to consider the two possible explanations presented 
by the aut,hor. He pointed out that either the ingestion of fat augmented 
the requirement for certain fatty acids, or that the inclusion of fat in the diet 
suppressed the process of synthesis of fat, including that of the unsaturated 
acids essential for growth. 

The possibility thus remains that, the animal body may he capable of 
synthesis of the&? acids when the necessary dietary constituents are pro- 
vided. In murh of the work outlined, yeast, tws used as the source of the 
H vitamins. Some tlttcntion has been drawn to the inadequacy of the diets 
employcd in this respect, and an increase of the yeast intake has been tested 
for effects upon the syndrome (32, 33). It was usually concluded that the 
disorder could not be related to adequacy of any B factor. However, 
according to R. J. Williams (141) the vitamin content of brewers’ yeast 
amayed as follows, by microbiological methods: 
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Factor 
Thiamin, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Riboflavin. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  
X’irotinic acid. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pantothenic acid. .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pgridoxin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Biotin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Iiiosi tol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Folic ac id . ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I PW 9. 
8.5 

15.2 
126.0 
42.5 
1.0 
0.071 

2sO.o 
1.05 

Since rats in esperiments on unsaturated fatty acids usually receivtd sonw 
what less than 1 g. of yeast per day the 13 vitamin adequacy of the diets 
may have been Gorderline in some respects and, as a source of biotin, quite 
sub-optimal. In this regard Burr’s observaticn on the superior efficacy of 
liver should be recalled (1 J ti) as well as the curative properties of a rice bran 
concentrate (136). Further, MacKty and Barnes (142) contributed the 
interesting ohservation that the dermal disorders manifest in rats which 
were fed 10yo egg white could be completely cured by the replacement of 
some of the dietary crisco n ith corn oil in addition to  the provision of extra 
pyridoxin. The diet used contained 5y0 yeast. a quantity which would 
provide suboptimal amounts of pyridoxin. The possibility of the synthesis 
of essential fatty acids in long-term espcrinients in which optimal amounts 
of all of the B vitamins are provided should be the subject of further in- 
vestigation. 

X. SUMMARY 

In recent yetirs experitnental data have shown that several of the B vita- 
mins are necessary for the i n  vii~o synthesis of fats from carbohydrates or 
protein. This is not surprising since thiamin, riboflavin, and nicotinic acid 
have been proven to be constituents of enzyme systems which are essential 
for metabolism. I t  is entirely likely that pyridoxin, paiitothenic acid, and 
biotin act in a similar capacity. While little is definitely known regarding 
the chain of reactions by which fat is formed from protein it has been as- 
sumed for some years that the formation of fa t  from carbohydrate begins 
after the degradation of Carbohydrate has proceeded to the pyruvic acid 
stage; the carboxylase system, containing thiamin, is necessary for the 
utilization of pyruvic acid. To regard thc efTects of the R vitamins upon fat 
synthesis as fortuitous adjuncts of “growth” produced by these vitamins is 
an attitude which overlooks what is already kno\vn about the fundamental 
enzymatic activities of the H vitamins and which might retard an advance- 
ment in knowledge of metabolism. Most of the B vitamins are now avsil- 
able as pure chemical substances. What is now needed is not continued 
emphasis upon “growth”, or skin lesions, or other superficial phenotnena, 
but research upon the fundamental biochemical reactions in which these 



24 E. W. McHENRY AND MADELEINE L. CORNETT 

vitamins serve, and derangement of which are responsible for the superficial 
lesions. The splendid success of attempts to isolate and synthesize various 
vitamins has opened new pathways and provided more exact methods for 
the study of metabolism. The sequence of events in the intermediary 
metabolism of carbohydrates, proteins, and fats has long remained obscure. 
New opportunities are availal>le for the study of metabolism; old methods 
and concepts may suffer. If many of the vitamins, acting as integral parts 
of enzyme systems, are necessary for metabolic reactions, these vitamins 
should be considered in studies ?n metabolism. In future investigations on 
fat synthesis and metabolism it will no longer be sufficient to  state that the 
animals mere fed ‘(an adequate diet”; careful consideratioh should be given 
to the B vitamin supplements, both qualitatively and quantitatively. 

It is a great pleasure to thank Mr. D. M. Young for helpful criticisms and 
suggestions a6d Miss Lillian Barber for patient and careful typing. 
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I S T ~ ~ O D U C T ~ O N  

With the demonstration early in 1940 of the importance of biotin in ani- 
mal nutrition. much interest has been aroused in this neb  member of the 
vitamin B complex . Intensive chemical work directed toward the deter- 
mination of the structure of biotin has been in progress since 1936 in Europe 
and during the past three years in this country . 'Several papers hive ap- 
peared since 1940 on various phases of the problem of the structure of this 
vitamin . Recently evidence for the complete structure of the biotin mole- 
cule has appeared. and so it seems appropriate a t  this time to gather the 
chemical data which has been accumulated into a single review . It is the 
purpose of this paper. therefore. to present the complete story of the 
chemical investigations on biotin which have appeared in the literature. 
together with a short review of the history oE the vitamin and an indication 
of its importance in the field of biochemistry . 

29 
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I. HISTORICAL 

Since the year 1901, when a publication by Wildiers (110) first described 
the stimulating effect of small amounts of organic material on the growth of 
yeast, this effect has been the subject of many publications, and only 
after several years did the ariginal observations become universally ac- 
cepted. The name “bios” waa given by Wildiers to the substance or 
substances causing the increased growth of yeast. In later years bios 
was shown to be multiple in nature, and was fractionated into Bios I, 
precipitated by basic lead acetate; Bios IIe, unadsorbed on charcoal; Bios 
IIb, adsorbed on charcoal; etc. In 1928 Eavtcott (25) identified Bios I as 
meso-inositol, and in 1930 Williams and Roehm (113) demonstrated that 
thiamine (probably Bios V) was a yeast-growth factor. Further work 
has shown‘that pantothenic acid (112) (which appears to be Bios IIa), 
8-alanine (114), and pyridoxin (94) all exert, definite stimulatory actions 
on yeast growth. 

The Bios IIb, or charcoal-adsorbable fraction attracted the attention of 
kogl, and in 1935 he announced (54) the isolation from egg yolk of minute 
amounts of a crystalline compound possessing the greatest part of the yeast- 
growth activity of the Bios IIb fradtion. This compound Kogl called 
“biotin.” In 1936, Kogl and Tiinnis (60) presented in detail a description 
of their isolation procedure, and described some of the chemical and physical 
characterist’ics of the crystalline material, although characterization of the 
compound was not complete because of the small amount of material iso- 
lated. During the next two years Kogl (55,56) stated that the crystals he 
had obtained were the methyl ester of the active compound, biotin, and 
possessed the empirical formula CUH, sOtNzS. 

In 1933, Allison, Hoover, and Burk (1) described the growth- and 
respiration-promoting effects of extracts from various sources for Rhizobium 
trifolii, a legume nodule organism. The active agent was named “coenzyme 
R.” In 1939, West and Wilson (107) poilsted out the similarity between 
the effects of coenzyme R and biotin concentrates on the growth of yeast 
and Rhizobium trifolii, and Nilsson, Bjalfve, and Burstrom (78) found that 
a sample of Kogl’s crystalline biotin possessed coenzyme R activity. It 
appeared, therefore, that coenzyme R was identical with biotin. 

It, will be worthwhile at this poidt to leave for the moment the discussion 
of biotin, the yeast-growth factor, and turn to an apparently unrelated 
investigation in the field of mammalian nutrition. 

Boas described, in 1927, the effects produced in rats when large amounts 
of dried egg white were added to the diet (4). On such a regime the animals 
gradually lost their hair; dermatitis, skin hemorrhages, and loss of body 
weight occurred; a spasticity developed, and death ultimately resulted. 
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Boas also found that there occurred in a variety of foodstuffs a “protective 
factor X,” which would cure and prevent the syndrome produced in rats by 
an egg white diet. Parsons and her associates studied extensively the egg 
white injury factor and the distribution of the protective factor, and found 
that the toxic factor in egg white was apparently protein in nature (82), and 
that the toxicity syndrome could be produced in rats, chicks, rabbits, and 
monkeys (68). Injectable extracts of the protective factor were prepared 
(66), but it remained for Gybrgy and his coworkers to investigate the chemi- 
cal and physical properties of the protective factor, which he called “vitamin 
H” (from the German Haut, skin). 

Gyorgy (32) described a diet used to produce the deficiency syndrome in 
rats for assay purposes, and investigated quantitatively the distribution of 
vitamin H in foodstuffs. Gyorgy, Kuhn, and Lederer (33) described the 
liberation of vitamin H in a water-soluble, dialyzable form from liver and 
yeast, in which it occurs chiefly as a high-molecular weight cdmplex. Par- 
tial concentration of fractions from liver was accomplished. Birch and 
Gyorgy (3) showed that vitamin H possessed an isoelectric point in the 
neighborhood of pH 3.0 to 3.5. 

Early in 1940, Gyorgy, Melville, Burk, and du Vigneaud (34) suggested 
the possible identity of vitamin H with biotin and coenzyme R, based on the 
biotin, coenzyme R, and vitamin H activities of electrodialysis fractions of 
a vitamin H concentrate from liver. A short time later du Vigneaud, Mel- 
ville, Gyorgy, and Rose (20) established the identity by vitamin H assays 
of a sample of crystalline biotin supplied by Professor Kiigl. Final con- 
firmation wad afforded by the demonstration by Gyorgy, Rose, I-Iofmanti, 
Melville, and du Vigneaud (39) of the high vitamin H activity of pure 
crystalline biotin methyl ester isolntcd from liver concentrates high in 
vitamin H activity. 

11. METHODS OF DETERMINATION 

Vp to the present time no chemical method has been devised for the 
determination of biotin. Several mcthods based on the acceleration of 
growth of microorganisms by biotin have been described. Kogl and 
Tiinnis (60) utilized the growth of Rasse-M-yeast ovek a 5-hour test period 
as an aqsay method. in their isolation of biotin. At Cornell University 
Medical Collegc the method of assay described by Snell, Eakin, nnd 
Williams (98), in which the growth of a small seeding of Sacciiaromyces 
cereuisiae after a 20-hour incubation period is measured, was found highly 
satisfactory in developing the procedure used for the isolation of pure crys- 
talline .biotin from liver (17) and milk (73) concentrates. The great 
physiological potency of biotin becomes apparent in these tests; a readily- 
observable increase in yeast gro\vth is brought about by a concentration of 
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less than 1 part of biotin in 5 X 10" parts of the medium. 0ther.micro- 
3rganisms which have been used for the assay of biotin include Clostridium 
bulylicum (86), Rhirobium tiijolii (1081, Staphylococcus aureus (88), Ashbya 
gossypii (93), Lactobacillus arabinosus (99), and Lactobacillus casei (97). 
In t,he case of yeast the methyl ester of biotin shows the same activity per 
mole as the free acid; certain other organisms, however, appear to  be unable 
to utilize the ester for growth purpses, and ester preparations must be 
hydrolyzed before being assayed. 

Snell, Eakin, and Williams (08) showed the necessit.y for liberating biotin 
from the high-molecular weight complex in which it chiefly occurs, before 
samples are used in the yenst-growth method of assay. Liberation proc- 
esses utilize aut,olysis, acid hydrolysis, or enzymatic digestion (62, 102 
103, 104). 

Microbiological assay methods for biotin have supplanted for most pur- 
poses the slo\\r and laborious rat assay method originally used in investiga- 
tions of vitamin €I (32). T,arge numhers of rats are necessary to obtain 
reasonably accurate quantitative data, arid six to eight weeks are required 
for completion of the tests. The vitamin H unit has been defined as the 
daily dose of material which will bring about complete cure of the egg white 
injury in the rat in 4 weeks. Pure biotin has been shown to possess a vita- 
min H activity of approxiniatcly 28,000 units permg., i.e., the daily curative 
dose is approximately 0.04 y (30, 18). Parenterally-administered biotin 
appears to  be thrcc to five times as effective as the orally-administered com- 
pound (36). 

The chick hw been fiuggested (2) for use in assays of biotin. The biot.in 
requirement of chicks is higher than that of rats, and the deficiency syn- 
drome can be brought about in chicks by a heated or purified diet which does 
not contain egg white (2, 45). 

111. OCCURRENCE 

By means of the extremely sensitive microbiological assay methods, 
biotin has been found to be widely Gistributed and indeed appenrs to be a 
common constitucnt of every type of living cell. In keeping with its high 
physiological activity;biotin is present in very low concentrations in living 
tissues. One of the richest sources, liver, contains less than O.OOO1 Rer cent 
of biotin. Such low concentrations of biotin make necessary the use of 
extremely large amounts of starting material for isolation procedures, and 
make the isolation of large amounts of the cryRtalline materid difficult and 
almost prohibitive. 

The distribution of biotin has been studied by several workers. Gyorgy 
(32) investigated the vitamin H activity of several foodstuffs by the less- 
sensitive rat assay method. Kogl and von Hasselt (61) studied the biot,in 
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content of various animal tissues, although a t  that time the importance 
of bound biotin was not undcrstood, Kogl and Haagen-Smit (58) de- 
scribed the biotin contcnt of several plant seeds, and Lampcn, Bahler, 
and Peterson have listed hiotin values for various vegetables, fruits, nuts, 
and animal products (G2).  Willinms arid his associates have made ex- 
tensive investigations of the vitainin contents (including biotin) of many 
tissues and foodstuffs (103, 104). l'he richest, sources of biotin are liver, 
kidney, yeast, pancreas, and milk. 'I'hc liotin contcnt of tumors has been 
investigated by West and Wogloni (109) and hv Williams and co- 
workers (104). 

IV. r i m ! I ~ I ~ h l I c . ~ r .  SIGXIFICINCE 

Biotin has heen found to be an cqsentinl factor in the biochemistry of 
many diversified types of living organisms. The demonstrzttion in 1940 
of the vitamin properties of hiotin h:ie st iniuliited a laree aiwunt of rcwirch 
during the past few y e w s  on thr. pliysiological action of this vitamin, 
and u n e d t h  of information is Iiring collected. Much remains to be done, 
however, particiilarly in the cliicidat,ion of the mechanism of action of 
biotin in vivo. 

I. Plmts and Microorganisms 

It is 
present in relatively high concentrations in the seeds of plants, and in- 
creases in amount during the germination of many kinds of seeds (10). 
The vitamin has been sho\rn to funct,ion as a growth hormone for isolated 
pea roots (GI). 

In the field of microorganisms biotin has been found to  be an essential 
growth substance for numerous strains of yeast, bacteria, and fungi. Of 
the microorganisms tested, those which do not require added biotin for 
growth have been found to possess the power to synthesize biotin (63, 
64). It seems likely, therefore, that biotin is an essential nutrilite for 
all types of microorganisms, and that. the need for an exogenous supply 
of the vitamin is governed only by the ease with which biotin can be syn- 
thesized by the organism. The mechanism of action of biotin on micro- 
organisms appears to be not necessarily a direct effect on growth, for biotin 
may markedly increase the respiration of Rhizobium and the fermentation 
and respiration of yeast without concomitant growth (1, 9). 

Biotin enjoys a wide distribution in the vegetable kingdom. 

2. A n i d  N ulrition 

Biotin (vitamin H) is a necessary dietary constituent for almost all typm 
of animals so far studied; these include the rat, dog, rabbit, monkey, chick, 
turkey, and man. With the exception of the chick and turkey, the presence 
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of egg white in the diet is necessary to cause the appearance of deficiency 
symptoms, possibly because of the lower biotin requirements of these 
species. In addition to  the difficulty in obtaining a completely biotin- 
free diet, the synthesis of biotin by intestinal flora complicates the problem. 
Recent work directed toward the elimination of such a microbial synthesis 
of vitamins has utilized the inclusion in the diet of the relatively non- 
absorbable sulfa drags. In such experiments in which rats mere fed purified 
diets containing succinyl-sulfathiazole or sulfnnilyl-guanidine, i t  was 
found th3t the dermatoses which developed without the inclusion of egg 
white in the diet could be cured or prevented by biotin administration 
and that biotin promoted growth (13, 70, 76). 

a )  Acid in .  The pathological effects produced by dietary egg whitc 
result from an induced biotin deficiency due to the formation of a non- 
absorbable complex between the biotin in the digestive tract mid a constit- 
uent of the egg white, for the tissues of animals on a diet containing egg 
whitc nnd adequate amounts of biotin possess significantly lowered biotin 
concentrations, while the feces contain large amounts of the bound vitamin 
(23, 81). The substance present in egg white which produces the toxic 
effects (38) has been isolated in crystalline form (85). This substance, 
which has been named “avidin” because of its avidity for biotin, is a basic 
protein with a molecular wight  in the neighborhood of 70,000, and appears 
to combine with biotin in ti stoichiomctric ratio of one molecule of biotin 
for one molecule of nvidin (115). The combination of biotin with avidin 
occurs in vitro (24); biotin is not released from the combination by dialysk 
over a wide range, but is complet*ely released by steam sterilization (37) 
and can be released by ultraviolet irradiation (40). Proteins assgciated 
with eggs appear to be the only types which show this marked biotin- 
combining effect (46, 106, 115). Of interest is the finding that the avidin- 
biotin combination when administered parenterally appears to be split 
in the body to liberate utilizable biotin (37). 

A clue as to the nature of the linkage between biotin and nvidin tins been 
suggested by du Vigneaud, Dittmcr, ‘Hofmann, and R.lelville (15), who 
showed that the diarninocarboxylic acid derived from biotin by the hy- 
drolysis of the urea group does not combine with avidin. This indication 
that the presence of a urea configuration in biotlin is essential for the com- 
bination with avidfn has d ~ o  been borne out by comparative studies of 
the avidin-combining properties of other derivatives of biotin (impubliehecl 
data). 

Several workers have described the egg- 
\vhite injury syndrome in thc rat (4,80, 95,96, 100). Gyorgy (32) pointed 
ouit the difference between the egg white injury syndrom’e and the skin 
manifestations exhibited in pellagra and acrodynia. Briefly, the Eiymptoms 

b) Biotin in Rat Nutrifion. 
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%re a generalized, pruritic, cxfoliative dermatitis, coupled with seborrhea, 
alopecia, poor growth, and an abnormal “kangaroo-like” posture. Ad- 
ministration of biotin produces a rapid return to normal gait and posture, 
the dermatitis disappears, 2nd a new growth of hair covers the denuded 
areas. The typical denudation around the eyes, first noticed by Boas 
in biotin-deficient rats, and curable by the administration of biotin, has 
been identified with the “spectacle eye” condition studied by other workers 
(75). Biotin deficiencies may also bring about a change in the color of 
the fur of rats (2G, 35, 80). 

It has been suggested (117) that the achromotrichial action of biotin 
and folic acid may be due primarily to their effect on pantothenic acid 
d e  tabolism. 

The mode of action of biotin in animal tisues has been suggested to bc 
that of a component of an enzyme system concerned with the metabolism 
of pyruvste, since rats on a pnntothenic-acid- and biotin-deficient diet 
showed decreased rates of oxidation of pyruvate by the liver (87). 

The importance of biotin in chick nutri- 
tion has been recognized for several years (67). Deficiency symptoms 
can be produced in the chick and in the turkey by a low-biotin or heated 
ration without the necessity of adding egg white to the diet (2, 44, 83). 
Biotin appears to be necessary for the normal embryonic development of 
hen eggs (12). Varying results, depending on the type of diet, have been 
obtained for the effectiveness of biotin in preventing perosis (52, 91). 

One of the first, attempts to link biotin 
(vitamin H) deficiency with pathological symptoms in the human was 
the observation of Findlay and Stern (29) in 1929 that some of the symp- 
toms exhibited by biotin-deficient rats possessed a similarity to  those 
shown by children with Swift’s disease or “pink disease.” Gyorgy (31) 
has noted the close similarity between certain aspects of the syndrome in 
animals and the symptoms of seborrheic dermatitis in man. The first 
indication of the need for biotin by man was described during the yew 
1942 (101). Pour humans were placed on a controlled diet containing 
sufficient desiccated egg white to provide 30 per cent of the caloric intake, 
and supplemented with minerals and the known essential vitam‘ns. On 
this diet the subjects developed a desquamative dermatitis and pronounced 
pallor of the skin and mucous membranes. These symptoms were ac- 
companied b j  mental depression and lassitude, nrd muscular pains. The 
biotin excretion in the urini! diminished to almost a tenth of its normal 
value. The pathological conditions were rapidly curad by the administra- 
tion of a concentrate equivalent to 150-303y of biotin daily. It is un- 
fortunate that pure biotin was not used, so that unequivocnl conclusions 
~8 to the need of the human for biotin could be drawn. 

c) Biotin in A Z J ~ U ~  Nutrition. 

d) Biotin in Human Nulrilzon. 
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Recently a clinical case of a skin disorder has been renorted which 
appeared to  be due in part to a biotin deficiency resulting from R. restricted 
diet containing a large proportion of raw eggs (111). 

e) Biotin and Neoplasms. The biotin content of t,umnrs was shawl 
by Kogl and von Hasselt (61) to be higher than that of normal tissues. 
In 1941, in studics on the effect of protective agents aga.inet- the  formation 
of liver tumors in rats due to dietary p-dimethylaminoazobenzene (“butter 
yellow”), it was discovered that a greater incidence of tumors occurred 
when biotin was administered (21). Enibryonic tissue, which possesses 
in common with tumors the property of rapid growth, alsn contains coni- 
paratively large amounts of biotin; in general the biotin 1~vel of tumors 
deviates from the normal adult values in the same direction RS that of cdr- 
responding embryo tissues (109). The attractive hypothesis that, a reduc- 
tion in the incidence or a regression of tumors might be accomplished by 
limitation of the biotin supply has been put to the experimental test by 
feeding avidin or egg white, but with little success. In rats, dietary avidin 
iepleted both normal and tumor tissues of biotin, but the tumors studied 
were capable of maintenance in the relative absence of biotin. Rhoads 
and Abels (90) have recent!y reported negative results in a clinicaJ study 
of the feeding of low-biotin diets containing egg white and avidin too tsvn 
patients with cancer. 

j )  Biotin and Fat Melabolim. Gavin and McHenry (30) have obtained 
fatty infiltration of the livers and an increase in the body fat of rats by 
the administration of biotin. The ’fatty livers were characterized by a 
high cholesterol content, and resembled those previously produced by 
feeding a beef liver fraction (69). The effect of biotin mas prevented by 
simultaneously feeding egg white, lipocaic, or inositol, but choline was 
ineffective. Of interest in this connection is the original observation of 
Boas (4) that rat8 whkh had suffered severe biotin deficiencies possessed 
almost no stores of body fat. 

g) Spec$cify of Biofin. N o  other well-defined, biologically-active and 
chemically-unrelated compounds have been found to possess the special 
phyFiologica1 activities ascribed to biotin. Few compounds structurally 
related to  biotin have yet been tested biologically; most of those so far 
tested have been products and derivatives obtained during the degradative 
study of the structure of biotin 

It appears that all the functional groups of biotin (carboxylic acid, 
urea, and thio ether) are highly specific foi full biotin activity. Thus, 
the diaminocarboxylic acid derived from biotin by hydrolysis of the urea 
ring shows approxiniately 10 per cent of the activity of biotin itself in 
supporting the growth of yeast. a t  concentrations which bring about one- 
half the maximum growth, and does not combine with avidin (15). The 
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availability of the methyl ester of biotin for yeast growth is undoubtedly 
due to the ability of yeast to  hydrolyze the ester, inasmuch aa the ester 
is unable to  support the growth of certain other organisms which utilize 
the free acid (97). Likewise, the sulfone of biotin possesses approximately 
one-thousandth the yeast-growth promoting power of biotin. The 1 

sulfoxide of biotin, however, appears to 'possess approximately the same 
activity as biotin for yeast growth, probably by virtue of its reduction by 
ycast to biotin. The sulfone, on the other hand, would not be expected 
to be reduced. The recently-observed inactivation of biotin by dilute 
H20J (77) and by rancid fat (84), whereby the biotin is rendered non- 
utilizable for Lactobacillus casei but still will support the growth of yeast, 
is undoubtedly due to the formation of biotin sulfoxide. 

Pimelic acid h w  been shown to be an essential nutrilite for the diphtheria 
bacillus. Although the growth of this organism in the presence of pimelic 
acid is not affected by biotin, it has been shown by du Vigneaud, Dittmer, 
Hague, and Long (14) that in the absence of pimelic acid the diphtheria 
bacillus does require biotin for growth. Further indication that pimelic 
acid may be a precursor in the microljiological synthesis of biotin was 
offered by Eakin and Eakin (22) who demonstrated an increased synthesis 
of biotin when pimelic acid or pimelic acid and cystine were added to  
Aspergillus nigm, an organism which requires neither biotin nor pimelic 
acid for growth. Some organisms, however, apparently cannot utilize 
pimelic arid in the synthesis of biotin (92, 116). 

Oppel (79) has recently shown that a considerable proportion of the 
biotin activity of various urines, as measured by the yeast-growth method, 
cannot be inhibited by treatment with avidin. This demonstration of 
the existence of a naturally-occurring, avidin-uncombinable substance 
possessing biotin activity has been further investigated by Burk and Winz- 
ler (8). They found that the yeast-growth activity of the avidin-uncom- 
binable fraction was greatly reduced by boilidg or autoclaving at physio- 
logical pH values. This avidin-uncombinable fraction was found to  be 
widely distributed in tissues and foodstuft's and was synthesized by bacteria. 
An avidin-combinable fraction inactive for yeast-growth but active for 
the growth of Rhyzobium was also discovered in urine. These workers 
podulated that biotin may act physiologically as a coenzyme of COa 
transfer, by virtue of an opening and closing of the urea ring of biotin. 

V. ISOLATION 

The isolation of crystalline biotin methyl ester by Kogl and Tonnis (60) 
from dried Chinese duck cgg yolk was accomplished by some sixteen 
separate s t ep ,  including extractions with hot and cold ;water, precipitation 
procedures with acctone, alcohol, lead acetate, phosphotungstic acid, 
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mercuric chloride, and hromopicrolonic acid, and charcoal adsorptions. 
The final steps of the isolation were eaterification of the concentrates with 
mcthnnol-HC1, high-vacuum distillation of the esterified material, and 
crystallization of the distilled biotin methyl ester froin a chloroform- 
petroleurn-ether mixture. In this way from 250 kg. of dried egg yolk 
ICiigl : m l  Tiinnis obtained 1 . 1  k g .  (1.8 per cent of the biotin present in 
the starting matrrirtl) of crystals of biot,in methyl ester with 8 melting 
point of 148'. 111 1941, Kogl and Pons (59) described modifications of 
the isolation I)roecilure which raised the yield of orystallinc ester up to  10 
l o  20 per cent. The major changes were the use of Chinese dried he11 egg 
yolk in place of duck egg yolk, distillation of the high-potency oils in a 
small molecular still, and the use of mesityl oxide as the crystallization- 
solvent for the biotin methyl ester. The biotin methy! ester obtainedin 
this way possessed a melting point of 159" !uncorrected). Further crvstal- 
lization from inethanol-ether raivsl the meltinz point to 161.5". 

Rainbow and Bishop (89) in 1039 described an isolation procedure with 
whirh they had succeeded in effecting over a million-fold concentration 
of biotin from egg yo!k. Their highly active fraction was not purified 
cqmpletely, Iio\vever. 

Gyiirgy, Kuhn, antl Lederrr (33) ill 1939 described the preparation of 
vitaniin I1 concentrates froir, liver, with a concentration of the active 
principle of 2,500 to 3500 times. In 1940, du Vigneaud, Melville, Gyorgy, 
and Rose (20) showed definitely that biotin possessed vitamin H activity. 
l n  order to make certsin that the active agent of the vitamin H concentrates 
which ~vcie bring studied at  Cornell Medical College was identical with 
t he c~rystalliiic~ compound obtained by Kogl from egg yolk, the isolation 
of thc :%gent \vas undcrt,aken. Later in the same year Gyorgy, ROW, 
I lofi~i:~nn, hlclvillc. antl d r i  \'igncaud (39) described crystalline biotin 
methyl ester iw1atc.d from the vitamin H liver concentrates, aiid in a later 
pap( I' tlri \ 'igntwcl, Ilofnmnn, Melville, and Gyorgy (17) published .details 
of he isulation procwhire. 

'fhc succrssfrrl procwliirc leading to the crystalline compound was one 
J , : I R C ~  on cliromatographic adsorption techniques. The vitamin II liver 
wmriiti*atcs used RQ t he starting material were supplied by Dr. Cyorgy 
nntl hnd hcen prel)nrc4 from thc alc.oho1-insoln1,le fraction of beef liver by 
high prcssrirc hydrolysis, precipitation of inert material with alcohol and 
twctoae, arid prwipitetjon of the arfivit s ih tance  with phosphotungstic 
acid, follo\vcrl hy decomposition of the precipitate with barium hydroxide 
(33). ' Y l i i ~  crude material, containing approsimately 0.1 per cent biotin, 
\\'as suhjectcd to csterifichtion conditions with methanol nnd HCI, and the 
cth?rl-acetate-solrtble material froni this procedurc was dissolved in chloro- 
form and passed fhrougt~ B rolumn of aluminium oxide (stanciartlizcd 
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according to Brockmann). The column was washed with chloroform, 
and the active material was eluted with :I 10 per cent methanol-acetone 
mixture. By this procedure a forty-fold concentration of the active 
principle was accomplished ; an additional three-fold concentration was 
achieved by a second adsorption on aluminum oxide and elution. The 
active material from this sccond elution was dissolved in chloroform, and 
the solution was extracted with dilute hydrochloric acid. The acid 
extract contained most of the active material ; this was re-esterified, and 
the ester was extracted from the esterific:ition mixture with ethyl acetate. 
Concentration of the ethyl acetate solution resulted in the separation of 
crystals of the methyl ester of biotin: The crystals mere purified by two 
crystallizations from niethanol-ether mixtures, and then by sublimation 
in a high vacuum mni.). The sublimate was crystallized from 
methanol and ether. In this ivay there n a s  obtained a total of 70 mg. of 
long fine needles, m.p. 1GG-167" (uncorrected). The yield of pure material 
was 38 per cent, based on the vitamin H concentrate used. 

The biotin methyl ester PO prepared IWS soluble in met,hanol, ethanol, 
acetone, and chloroform, sparingly soluble in ethyl acetate, and almost 
insoluhle in water and ether. The compound was optically active, [LY];' = 

+57" for a 1 per cent solution in chloroform. Kogl and Pons (59) found 
biotin methyl ester to possess a rotation of [a]: = +82" in methanol. 

The preparation of the free acid from the methyl ester of biotin was 
described by dri Vipneaud, Hofmann, Melville, and Rachele (18). The 
methyl ester was readily saponified with diluke alkali a t  room temperature; 
acidification of the saponification mixture with hydrochloric acid and 
concentration of the acidified solution yielded crystalline biotin, which 
was recrystallized from water. The pure biotin crystallized in long, fine 
needles, as shown in Plate I ,  and melted wifh some decomposition a t  230- 
232" (uncorrected). I t  was soluble in dilute alkali and hot water, sparingly 
soluble in dilute acid and cold water, and practically insjluble in organic 
solvents. A 0.3 per cent solution of the compound in 0.1 N NaOH showed 
an optical activity of [a]: = +92". 

Melville, Hofmann, Hague, and du Vigneaud (73) later described the 
isolation of biotin from a more readily available source. This starting 
material was a milk concentrate containing 0.1 to 0.2 per cent biotin. 
One gram of biotin in the form of this concentrate represented approxi- 
mately 34,000 lbs. of milk. The procedure was a modification of that 
used for the isolation from liver. The biotin in the crude concentrates 
was converted to the methyl ester, and the ester was adsorbed on Decalso 
from chloroform solution and eluted with a 5 per cent methanol-acetone 
mixture. This preliminary adsorption step furnished a &fold increase 
in potency of the concentrate; adsorption of this material on a column of 
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commercial activated alumina (Alorco) and elution with a 10 per cent 
methanol-acetone mixture yielded fractions containing 10 to 20 per cent 
biotin. Removal of solvent from these frsctions yielded the crystalline 
methyl ester from which the non-crystalline material present was removed 
almmt completely by washing with ethyl acetate. The biotin methyl 
ester was further purified by sublimation in uacuo and crystallization from 
a methanol-ether mixture. (It way necessary to use peroxide-free ether 
to prevent dest(ructioi1 of the biotin.) The pure ester, m.p. 166-167', 
wm saponified with dilute alkali, and the free acid was recrystallized from 
water. The over-all yield of biotin, m.p. 230-232", based or the milk 
concentrate used was 25 to 40 per cent. 

Plate I 
Biotin (Free Acid) Crystallized from Water 

Magnification 100 X 

The biotin methyl ester obtained from vitamin H liver concentrates and 
from milk agreed in all its properties with those described by Kogl for the 
ester isolated from egg yolk. The corrected melting point of the ester was 
in agreement with that given by Kogl for his purest material (59). This 
agreement in properties. together with data subsequently obtained on 
derivatives and degradation products of biotin left little room for doubt 
that both groups of workers were dealing with one and the same compound. 

VI. CHEMISTRY 
Up to the year 1941, knowledge of the chemical structure of biotin 

was limited to two observations mentioned by Kogl (5G) in a 1938 address: 
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the empirical formrila fur biotin methyl ester \\’as C,IHtaOaX,S, and this 
compound required 1 eqiiivalrnt of alkali for haponification. Earlier work 
had neccss:trily I,ecn limited to inactivation and re-activation experiments 
on biotin concent rates, i n  which a change in the physiological activity 
of the conrcntratc served ns a criterion for a change in the biotin molecule. 
Obvioiibly such cspcriments, valuable as they are, yield results which of 
necessity are limited in scope and which must be interpreted with caution. 
It is not surprising, thcrtbforc., that fundaniental advances in the knowledge 
of the chrniihtry of biotin h:td not been made sooner. The tedious and 
cspensive mc~thods required for the ieolation of biotin, coupled with the 
extremely small amounts of the pure compound which have been available 
for study, have served to delay progress in the chemical investigation of 
hiotin even with improved methods of isolation. 

liijgl and Tonnis (GO) in 1936 stated that biotin formed an inactive 
acetyl derivative; with benzoyl chloride in pyridine, activity was also lost. 
At that time Kbgl and Tbnnis reported biotin to contain nitrogen but no 
phosphorus or sulfur, and it ~vas not known definitely I\ hether the nieth- 
anol-HC1 treatment of biotin formed an ester, a lactone, or a lactani. 
Catalytic hydrogenation had  no effect on the activity of thc crystalline 
compound. .I diffusion esperiment indicated a inolecular weight in the 
neighborhood of 200. Gyorgy, Iiuhii, and Lederer (33) likewise found 
that biotiii (vitamin H) was inactivated hy benzoyl chloride in pyridine, 
and in addition stated that formaldehyde, nitrous acid, ketene, and hydro- 
gen peroxide all led to inactivation. In 1940, Snell, Eakin, and ’Williams 
(98) demonstrated that the inactivatian of biotin by nitrous acid occuired 
a t  a rate commensurate with the rate of destruction of an a-amino acid, 
in contradistinction to a 0- or y-amino acid. From the foregoing work, 
therefore, it appeared that biotin contained both an acidic and a basic 
group, and possibly was an a-amino acid, albeit a predominantly acidic 
one (3) From the work of Brown and du l’igneaud (6), however, in 
which a series of inactivation experiments on very sniall amounts of 
crystalline biotin was carried out, i t  was demonstrated that ninhydrin 
had no effect on biotin activity (as Rainbow and Bishop (89) had found 
earlier with a biotin concentrate), thiw casting doubt on an a-aniino acid 
configuration. It 11 as likewise shown that acylating, alkylating, and 
reducing agents, under the conditions employed, did not destroy biotin 
activity. The activity was destroyed, however, by oxidizing agents and 
by prolonged treatment a t  elevated temperatures with strong acid or 
alkali. 

When crystalline biotin was isolated from liver (17) and milk (73) the 
wsy was opened for a direct chemical attack on the structure of the coin- 
pound. 
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1 ,  The Presence of a Carbo.cy1 Group in  Biotin 

Analyses of the crystalline compound isolated from esterified liver 
concentrates a t  Cornell Medical College led to the empirical formula 
C1IHlsO2N?S, which is identical with the formula given hy Kiigl (56). 
Saponification of this compound with alkali and acidification of the saponi- 
fication solution yielded crystals which when analyzed gave the empirical 
formula CIOE.IU,O~N~S (18). The loss of one inethylene group Ly t>he 
alkaline t,rcatnient indicated the saponification of mono-methyl ester. 
Re-esterification of the free acid could be accomplished by the use of 
diazomethane; the methyl ester produced in this manner was identical 
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Fig. 1.  Electrometric Titration of 17.99 mg. of Biotin with NaOH 

with that isolated from esterified liver fractions. An electrometric titra- 
tion of the free acid with NaOH was carried out with a Beckmann pH 
meter. The curve obtained (Fig. 1) was quite similar to that expected 
from a simple monocarboxylic acid, and the value of 244 for the neutral 
equivalent obtained from the inflection point of the curve agreed with 
the theoretical value calculated from the empirical formula. From these 
results i t  could be concluded with certainty that biot,in possessed a carboxy- 
lic acid group. 

8. The Presence of a Urea Ring in Biolin 

From the fact that biotin could be crystallized from strongly acid 
solutions, and from the shape of the titration curve for biotin, it appeared 
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evident that the basic group or groups present in the molecule were very 
weak. It was found that although biotin was inactivated rapidly by 
the Van Slyke amino-nitrogen procedure, no gas was formed, and no color 
was produced with ninhydrin (49). These results were in agreement with 
the non-inactivation of biotin with ninhydrin ( G ) ,  and demonstrated that 
biotin did not possess an a-amino acid structure A spectrographic study 
of biotin methyl ester in alcohol solution and of biotin in dilute alkali 
showed no specific absorption bands in the region examined, 2200 to GOO0 d 
(49). Kogl and Pons (59) likewise found no specific absorption in the 
ultraviolet for biotin methyl aster. 

Many experiments were carried out on small amounts of pure biotin 
in an effort to determine the nature of the nitrogen atoms. Success ww 
achieved finally by alkaline hydrolysis. Hofmann, Melville, and du 
Vigneaud (49) in 1941 described the formation of a sulfur-containing di- 
aminocarboxylic acid by hydrolysis of biotin or its methyl ester with 
bsrium hydroxide a t  140" for 20 hours. From 10 mg. of biotin there were 
obtained 10 mg: (85 per cent yield) of a compound which by analysis was 
shown to possess the empirical formula CgH2006N2S2. The pure Compound, 
m.p. 245-255", was optically active, [a]:' = - 15" for a 1 per cent solution 
in water. This compound was the sulfate of the base C9H1502N2S, m.p. 
186-190", which was obtained from the sulfate by treatment with the cal- 
culated amount of barium hydroxide, and was purified by sublimation 
in ucccuo. A micro Van Slyke amino-nitrogen determination on this com- 
pound indicated the presence of two primary amino groups. Treatment 
of the hydrolysis product with benzoyl chloride and alkali by the Schotten- 
Baumann method yielded a crystalline dibenzoyl derivative, C?3H2600N2S 
m.p. 182-183". The action of diazoniethane on this derivative produced 
the methyl ester, CzIHZsO4N,S. The formation of the base C9H1,02NzS 
from biotin (CloHle03N2S) by alkaline hydrolysis had involved the loss 
of one carbon and one oxygen atom and a gain of two hydrogen atoms. 
Furthermore the weakly-basic biotin molecule had been converted to  a 
relatively strong diacidic base which still possessed a carboxyl group. The 
most straight-forward interpretation of this reaction was the hydrolysis 
of a cyclic urea derivative to a diaminocarboxylic acid. 

Proof that the above interpretation \vas correct was demonstrated by 
Melville, IIofmann, and du Vigncaud (71) by the resynthesis of biotin 
from the hydrolysis product. A solutioii of 10 mg. of the hydrolysis 
product in 1 cc. of 2 N NaOH was treated with gaseous phosgeiie in excess. 
Pure biotin crystallized from the cooled acid solution in almost quantita- 
tive yield. Thc biotin so obtained posscssed the same melting point aa 
that isolated from natural sourcqs, and a mixturc bf the two showed no 
deprcssion of the melting point. The specific rotation of thc resynthesized 
compound was the mme as that of natural biotin, which showed that no 
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In a paper which became available in this country shortly after the 
above work had been submitted lor publication Kogl and Pons (59) de- 
scribed experiments in n-hich they independently arrived a t  the same 
hydrolysis product af biotin, but by treatment of biotin with concentrated 
HCl at 200" for 1 hour. B y  comparison of the stability toward acid 
and alkali of ethylene urea and trimethylene urea tlcrivatives with the 
stability of the urea group of biotin these authors werc led to believe that 
biotin was probably a trimethylene urea deriv a t' 1ve. 

3. The N a l w e  qf the S u l f i c i .  of Biotirl 

The siilfur of biotin was found to be stablc to vigoro~is treatment with 
alkali. No H1.S was liberated when biotin was treated with zinc dust and 
HCl, and after treatment of biotin with bromine water no inoignnic sul- 
fate could be detected. The nitroprussidc test for sulfhydi yl groups was 
negative. The absence of a low-molecular-weight alkyl sulfide group 
was indicated by the failure to obtain volatile alkyl iodide after vigorous 
treatment of biotin with HI. Positive evidence for thc type of sulfur 
linkage present was afforded by the preparation of the sulfone of biotin 
(49), which mas first suggested by the observed inactivation of biotin 
methyl ester by peroside-containing ether. Accordingly, pure biotin n as 
dissolved in glacial acetic acid, excess hydrogen peroxide was added, and 
the mixture was allotted to stand a t  room temperature for 18 hours. 

'-COOII 
-NH 

\ _- Ua(O€Ill_t 
C=O 140' 

/ . -NH 
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From the reaction mixture there was isolated in good yield a compound 
which by analysis was found to possess an empirical formula of C IOHIG05N2S. 
This formula corresponds to biotin with two extra ovygen atoms. That 
the compound was the expected sulfona of biotin was indicated by color 
tests with tetranitromethane. '['his reagent produces a yello\v color with 
unsaturated compounds, including thio ethers, the sulfur atom of which 
can be regarded as possessing a type of uwaturation. In sulfones, on the 
on the other hand, the sulfur atom is saturated, and no c.olor is produced. 
Tt nas  found that while biotin produced a yellow color with tetranitro- 
methane, the oxidation prodiwt yielded no color. The color produced I)! 
biotin must have been due to the sulfur :itom since no ethylenic linkages 
appeared to be present in biotin, as judged by the recovery of unchangcd 
biotin froin catalytic and chemical reduction experiments. It seemed very 
likely, therefore, that the sulfur of biotin nas present in a thio ether 
1 in kage. 

Kogl and de blan (57) by titratioa of biotin with permanganate so!ution 
found that only two atoms of osygen were readily taken up. From this 
fact they concluded that the sulfur of biotin was present as N. thio ether. 
They succeeded in isolating the osidation product and described it as biotin 
sulfone. Although no analyses were carried out on the compound it 
appears to be identical \\ ith thc sulfone obtained independently by Hof- 
maim, Melville, and du Vipeautl (49). 

consideration of the empirical formula of biotin and the types of gioups 
present-cnrboxuyl, cyclic urea, and thio ether- leads rither to a molecule 
containing one ring and an ethylcnic linkage, or to a bicyclic saturated 
molecule. In view of the neqativc results of attempted reductions of 
biotin it seemed unlikely that biotin contained an ethylenic bond. It 
appeared most probable therefore that biotin contained a bicyclic ring 
systcm, and failure to obtain any volatile alkyl iodide by vigorous treat- 
ment of biotin with HI indicated the possibility that the sulfur atom 
might be a member of one of the rings. What appeared to be the first 
direct evidence of this nature was presented in the paper by Kogl and de 
,Man, and this will now be cowidered. 

Kogl and de Man (57) described the hydrolysis of biotin siilfone with 
concentrated HCl a t  200" for 4 hour. By concentration of the hydrolysis 
mixture they obtained a hygroscopic, crystalline residue whirh yielded 
crystalline derivatives with picrolonic acid and dilitw-ic acid (5-nitro- 
barbituric acid). A nitrogen analysis on the picrolonate, and carbon- 
hydrogen, nitrogen, and sulfur analyses on thc diliturate indicated n 
composition of CsH2,,05N,S for the hydrolysis product, and this correspond5 
to the compound which would be formed b.1 hydrolysis of the urea linkage 
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of biotin sulfone to  a diamine, accompanied by hydrolytic kplitting of ~t 

carbon-sulfur bond of the sulfone group to yield a sulfonic acid: 

- COOII 
-NH 

co 
\ 
/ -+ CeHts 

-NH 
\ 

-COOH 
-NII2 
-NH* 
-SOsH 
- €1 

Substantiating evidence for the forniation of ~t diaminocarboxysulfonio 
acid was offered by K6gl and de Man in a study of the electrometric 
titration curve of the hydrolysis product. Although the crystalline 
hydrolysis product, which they assumed to be the dihydrochloride, was 
not obtained in a pure state, KGgl and de Man found that almost exactly 
two equivalents of alkali were required to produce a steep rise in the titra- 
tion curve of the compound, as compared with the requirement of only 
one equivalent of alkali to produce a similar rise when the dihydrochloride 
of the diaminocarhoxylic acid from biotin was titrated. Thr extra equiva- 
lent of alkali apparently was required to titrate the snlfonic acid group 
in the hydrolysis product of the sulfonc. If such a dinminocarboxysulfonic 
acid were indeed formed, without the loss of any of the carbon atoms 
of the diaminocarhoxylic acid, it would be the first direct proof of the 
presence of the sulfur atom in a ring system. Other work, however, cast 
doubt on the correctness of the proposed structure of the hydrolysis 
product. 

At Cornell Medical College attempts were being iiindi to prepare the 
sulfone of the diaminocarboxylic acid derived from biotin. Treatment 
of biotin sulfone with Ba(OH)2, under conditions which had been used 
successfully in the preparation of the diaminocarbosylic acid from biotin 
itself, failed in this case. Since these results indicated the dinminocarboxy- 
lic acid sulfone was unstable toward alkali, direct Gsidation of thc sulfate 
of the diaminocarboxylic acid with HzO, in glacinl acetic acid was at- 
tempted. This reaction also failed to  yield the desired compound; under 
the same conditions in which biotin is oxidized to the sulfone the diamino- 
carboxylic acid yielded a compound which analyzed correctly for the 
sulfoxide. Support for the sulfoside structurc was obtained by subjecting 
the compound to reduction with Zn and HCl, followed by treatment of the 
reaction mixture with alkali and phosgene. From the phosgene reaction 
mixture biotin was obtained in excellent yield. 
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More vigorous treatment of the diaminocarboxylic acid sulfate with 
H& was not satisfactory for the preparation of the diaminocarboxylic 
acid sulfone. I t  was therefore decided to prepare the compound by oxida- 
tion of the diacetyldiaminocarboxylic acid, in which the amino groups are 
protected, followed by removal of the acetyl groups by acid hydrolysis. 
The diaminocarboxylic acid was acetylated in good yield with acetic 
anhydride and NaOH. Oxidation of the diacetyl derivative with H202 

in glacial acetic acid gave the sulfone of the diacetyldiaminocarboxylic 
acid. The acetyl groups were removed, as shown by a micro Van Slyke 
amino-nitrogen determination, by hydrolysis with concentrated HC1 a t  
120" for 1 hour. From the hydrolysis mixture there was obtained a 
crystalline, slightly hygroscopic hydrochloride, m.p. 142-152", which 
could be best recrystallized from concentrated HCl. 

Consideration of the work of Kogl and de Man made i t  seem possible 
that this hydrolysis product might be the same one obtained by those 
workers from biotin sulfone by hydrolysis with concentrated HC1 at 200" 
for + hour. Accordingly the hydrolysis of biotin sulfone was carried 
oiit under the conditions described by Kogl and de Man; by this treatment 
and by recrystallization from concentrated HCl ti  crystalline product 
was obtained in excellent yield which indeed appeared to be identical 
in all its properties with the hydrolysis product from the diacetyldiamino- 
carboxylic acid sulfone. Furthermore the dilituric acid derivatives pre- 
pared from both compounds appeared to  be identical with one another 
and possessed the melting point (235-210") reported by Kogl and de Man 
lor the diliturate of their hydrolysis product. It seemed probable that the 
hydrolysis product obtained at Cornell Medical College was the same 
compound obtained by Kogl and de Man. 

The analytical values obtained un the compound, however, agreed 
more closely with those for the dihydrochloride of the diaminocarboxylic 
acid sulfone rather than for the dihydrochloride of a diaminocarboxysulfonic 
acid. In addition, the dihydrozhloride, when titrated electrometrically, 
required exactly 3 equivalents of alkali to reach the inflection point on the 
steep part of the curve. Conclusive proof that the compound was a sulfone 
rather than a sulfonic acid derivative was given by Melville, Hofmann, 
and du Vigneaud (72) who showed that on treatment with alkali and phos- 
gene it could be converted to biotin sulfone in 95 per cent yield. Because 
of the lability of the diaminocarboxylic acid sulfone to alkali best results 
were obtained by carrying out the reaction in carbonate solution at 0°C. 
The complete series of reactions can be formulated as follows: 
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In  view of the cost.liness of material no thorough attempt was made to 
explain the apparent divergence in results between the two laboratories. 
However, it was iound that the dihydrochloride readily lost HC1. Eva- 
poration to dryness over KOH of a water solution of the analytically pure 
compound yielded a higher-melting crystalline material which required 
only 23 equivalents of alkali for titration. The basicity of the amino 
groups apparently is greatly decreased when the thio ether atom is oxidized 
to a sulfone. I t  is possible that, Kogl and de Man had prepared a inono- 
hyclrochloridc, since no analyses were performed, and litration of this 
compoimcl would require 2 equivalents of alkali; one for the carboxylic 
acid group and one for the loosely-bound IIC1. On the other hand,the 
di hydrochloride of the diaminocarbosylic acid requires only 1 equivalent 
of alkali for titration (for the carboxylic acid group) since the two HC1 
radicals are in salt forniat>ion with strongly basic amino groups. 

4.  The Presence of a Valeric Acid Side Chain in Biotin 

While all the foregoing work had ustablished with certainty the nature 
of the functional groups and hetero atoms of biotin, no positive evidence 
for the type of carbon skeleton present in the molecule had been obtained, 
:wick from the knowledge that biotin contained O I I ~  ring syst,em and the 
probability that it contained two. The first evidence in this directiou 
\\'as described by Hofnmnn, Melville, aiid du Vigneaud (48, 50). It was 
found that oxidation of the diaminocarboxylic acid from biotin with 
c.it1it.r alkaline permnnganate or with concentrated nitric acid yielded an 
cthcr-soluble acidic oxidation product which. after crystallization from 
ether melted at 152-153". From the oxidation of 10 mg. of the diamino- 
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carboxylic acid sulfate with nitric acid, followed by continuousether extrac- 
tion of the oxidation mixture, sublimation of the ether soluble material, 
and crystallizatibn of the sublimate from ether, ,there was obtained 1 mg. 
of the compound. A neutral equivalent of 73 was obtained; both this and 
the melting point indicated that the compound was adipic acid. A mixture 
of the isolated compound with an authentic sample of adipic acid showed 
no depression of the melting point. Furthermore, the diamide, m.p. 224- 
22G0, and the di-8-naphthylamide, m.p. 267-268", prepared from the oxida- 
tion product agreed in properties with the dismide and di-p-naphthylamide 
of adipic acid. Analytical values obtained on the di-p-naphthylamide 
of the oxidation product were in agreement with the calculated values. 
It appeared certain from these data that the oxidation product was adipic 
acid. 

The adipic acid formed in these oxidations could have arisen either 
from an aliphatic acid aide chain in biotin, or from a cyclic 6-carbon 
structure cleaved by the oxidation. In the former case the original 
carboxyl group of biotin would appear as one of the carboxyl groups of the 
adipic acid; in the latter caqe neither of the carboxyl groups of the adipic 
acid would be the original carboxyl group in biotin. Obviously, if the 
carboxyl group of biotin could be labelled or changed in some manner before 
the oxidation, it should be possible to differentiate between these two 
possibilities. After several attempts by other methods the objective 
ww achieved by a Curtius degradation of biotin methyl ester (50). In  this 
way the carboxyl group of biotin was replaced by an amino group, as 
indicated by the following formulas: 
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Biotin methyl ester was converted to the acid hydrazide, CloHlaOsN4S, 
by heating with hydrazine hydrate at 130" for 3 hours. Treatment of the 
hydrazide with nitrous acid yielded the azide, which was converted to 
the urethane, C12H2103N3S, by refluxing with ethanol. The urethane, 
in turn, was converted to the amine hydrochloride, CeH170NaS - HCl, by 
heating with concentrated HC1 for 2 hours on the steam bath. The pre- 
paration of the triamine, C8H19N3S, was accomplished by hydrolyzing 
the urea group of the amine with Ba(OH)2 at  140". The compound was 
obtained as the sulfate-hydrate, CsHjgNaS. 1$HzS04.H20. The same 
compound was obtained directly from the urethane by hydrolysis with 
Ba(OH)2 at  140'. Analyses of the triamine sulfate and of the tripicrolon- 
aite and tribenzoyl derivatives, the latter obtained by treatment with benzoyl 
chloride and KOH, all indicated the formula CeH1sN3S for the free base. 

The triamine was subjected to the same oxidation procedures which had 
been employed for the oxidation of the diaminocarboxylic acid. In experi- 
ments in which 10 mg. of the triamine were oxidized with nitric acid no 
indication of the presence of adipic acid among the ether-soluble oxidation 
products waa observed. Under the same conditions adipic acid had been 
readily isolated after the oxidation of similar amounts of the diamino- 
carboxylic acid. Finally, when sufficient material had become available, 
50 mg. of the triamine sulfate mere oxidized with alkaline permanganate; 
here again no trace of adipic acid could be detected, although the amount 
of adipic acid which might have been formed would have permitted of 
comparatively easy isolation and identification. 

The non-formation of adipic acid by oxidation of the triamine is strong 
evidence-albeit negative evidence-that the adipic acid formed by 
oxidation of the diaminocarboxylic acid arises, nbt from a cyclic structure, 
but from an aliphatic acid side chain attached to a ring-carbon in the 
biotin molecule. On the strength of this evidence it was felt that the 
number of possible structures that could be ascribed to biotin ivas reduced 
sufficiently to warrant individual consideration of the possibilities. 

Early in 1942, du Vigneaud, Hofmann, and Melville (16) published a 
note outlining the few structures which were in conformity with the 
experimental results so far obtained. It was felt that the marked stability 
of the diaminocarboxylic acid toward hydrolytic agents rendered unlikely 
structurea in which the sulfur atom and an amino group were attached 
to the same carbon atom. Such compounds, where described in the 
literature, appear to be unstable toward acid and alkali. With this limita- 
tion set, the most logical interpretation of the data so far accumulated led 
to two structures containing a tetrahydrothiophene nucleus with a n-valeric 
acid side chctin attached in the /3 or a position, aa depicted in formulas I 
and 11: 
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. ,  
R S 

(1) (IT) 

Whilc either of these f o r m i h s  \\-auld rxplain the formation of adipic 
:wid oxidation, it \\:is possil)lr thiLt the adipic acid had arisen from the 
tlec.ai3)oxvlatioii of a malonic. or a-suhstitiited fl-keto acid arising during 
the oxidation. If such \WIT tlic cuse, thcn three additional structures 
heranie possihilities, as shonn in formulas 111, TV, and V: 
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HzC CH? 
\ /  
S 8 

(I) (11) 

While either of thcsc formultts would explain the formation of adipic 
:tcid by oxidation, it wn.; possi1)lc thiit the aclipic acid had arisen from the 
rlerarhoxylation of  t-t mnloaic or a-sulwtituted b-keto acid arising during 
thc oxidation. If such w r r  tlrc case, then three additional structures 
hranie pawihilities, HS shown in forniulas 111, IV, and V: 

‘rhr pomilility tlitit an X-r:iy tliiTruc.tion study niight aid in eliminating 
oae or inore o f  thc fivc strtwturd possildities was investigated. From 
this work, \\hicli was carried out by Fankuchtm (27), it was shown that 
the biotin molccule possessed tlinirnsions of  tipproximately 5 X 5.5 X 10.5 
A. ~loivever, none of tlit. n~)ovcb five st riwturw c c t i ~ t ~  tw cynclusively 
rrrlecl out hy tlrc X-ray results. 

.i. Thc Sizr of /h I ‘ r m  Kiug in  Riolin 

Of thtb fiw striwtiires ~1i ic .h  ngrecd with the cheinical data, three pm- 
sesy l  ti-~ncnrt,c~rc~l ureti ringh, while two \ v ( w  trinirttiylenr urea derivatives 
Obviously 11 reaction which ~ v o i i l d  cliH‘crentintc I)et,ween iin ethylene urea 
ring ancl a t.l.iniethyl(nc iir(2:i ring; ix., Iwtwcn a 1,2-tliamine and a 1,3- 
tlisniiiie in tlic tIiiiininoc:~rhoxylic. wid, ivoiiltl be of great value in further 
liinit,iiig the p o 4 h  structures for biotin. It. wa.. found by Iiofniann, 
I<iliwr, ?rlc4vill tb,  (hi \‘igncwitl, and I)itd)y (-17) that the reaction of the 
Jii~niinocarhoS?rlic. :wid with I’licnnntlimieqiiinonc :tffordctl such a means 
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of differentiatioh. Treatment of 14 mg. of the sulfate of the dinminocar- 
boxylic acid with the calculated amount of Rs(OH)? yielded the free base; 
this was heatedunder reflux in alcohol solution with 10 mg. of phenanthrcne- 
quinone for 14 hours. Two 
recrystallizations from ethanol-water yielded 8 mg. of pale yellow needles, 
m.p. 202-205". Analyses of this compound suggested 'the empirical 
formula Cz3HzoOzNaS. The compound gave a red color with concentrated 
sulfuric acid, and in benzene solution showed a strong blue fluorescence. 

While the condensation of phenanthrene3uinone with 1,2-tliarnines is 
a general method for forming dibenzoquinoxalines 

Crystals separated from the cooled solution. 

/ \ 
N N 

--+ + 
HzN NHt 

HC-CH 
I I  

\ /  

/ \  
c-c 

particularly with aromatic 1,2-diamines, no esnmplcs of the condeiis:ition 
of 1,3-diamines with phenanthrenequinone could be found in the litcraturc. 
The formation of the condensation product of the diaminocarboxylic acid 
with phenanthrenequinone therefore afforded strong evidence that the 
diaminocarboxylic acid was a 1,2-diamine, and thus formulas I11 and IV 
were eliminated as possible structures for biotin, since biotin must contain 
a 5-membered urea ring. 

The initial product expected from the condensation of phenanthrcnc- 
quinone with an aliphatic 1 ,2-diamine would he a diliydro,luino~uHline. 
However, the analyses of the condensation product obtained from the 
diaminocarboxylic acid indicated that  the compound \\'as a quinoss 'I I '  me 
rather than a dihydroyuinoxaline. The red color obtained by treatment 
of the compound with sulfuric acid also indicated a quinosaline structure. 
Whether a dihydroquinoxaline or quinoxaline compdund had been formed 
became of importance to the structure of biotin by consideration of the 
expected reactions of the diaminocarboxylic acids derived from the three 
remaining possible biotin structures (formulas I, 11, and V).  The dia- 
minocarboxylic acid derived from the compound corresponding to either 
formula I1 or V could yield a dihydroquinoxaline which would be expected 
to be dehydrogenated rather readily to a quinoxaline. For examplc, the 
compound from formula 11 should be transformed from the dihydro- 
quinoxaline (VI) to  the quinoxaline (VII) as shown in the accompanying 
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formulas. On the other hand, the dihydroquinoxaline rorresponding 
to formula I would not be ?xpccted to undergo dehydrogenation under 
ordinary conditions bccaus? of the absence of a necessary hydrogen atom 
on the ring-carbon atom ))caring both thc side chain and one of the amino 
groups. 

\ /  
IIC---CIII 

N N 

C--C 
\ / /  

I I  
\ /  

II2C CH.CII,.CHz.CIIZ.CIIz. COOH 

8 

(VII) 

It was considered prohable thxt a study of the ultraviolet absorption 
spectrum of the condensation product would provide n means of distin- 
guishing 1)etwecn the two  forms, 4nce the a5sorption of the dihydroquin- 
oxaline should bc different from tliut of the inore fully aromatic quinoxaline. 
Consequently tliv absorption spectrum of the condensation product was 
compared with thc absorptioh spectra of the quinosaline and dihydro- 
quinosaline derivatives obtained by condensing phenanthrcneqiiinone 
with 3,4-diami1iotctrahydrothiophcne. The synthesis of thc 3,4-diamino- 
tetrahydrothiophcne has been devribed by Iiilmer, Armstrong, Brown, 
and du Vigneaud (53). The method used is indicated by the formulas on 
page 54. 

When the 3 ,~-diaminotetrahytlrotlliophcne (VII I )  was treated with 
phenanthrenequinone undcr conditions similar to those used with the dis- 
niinocarboxylic acid froin biotin there \\'as obtained a reddish-orange com- 
pound, m.p. 163-185", which by analysis was shown to posscss the empirical 
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formula C181114;Y& The substance wax found to he the dihydroquin- 
oxaline derivative (IX) as shown by analysis, by the formation of a green 
color with sulfuric acid, and by convcrsioii to  thc qiiinoxaline derivative, 
C1,Hl2N2S. This compound (X) mi: obt$ained by heat-treatment of the 
dihydroquinosaline in air a t  200" and then sublimation. Crystallization 
of the suhlinmtc from chloroform yielded pale yellow prisms of the pure 
compound, 1n.p. 228-233", which gave a red color with sulfuric acid. 

C2HnOO c COOCZHa CzHbOOC COOCiI 16 

,/ 
c--c \ /  \ 

HC- C B  
/ \  NgOC2H 

\ /  
S 

CzIIsOOC-HC-~CH-CCOO~~H~ 

HzC CH2 

8 

HzN.NHz, I I  
\ /  

saponifirr.tion, 
decarbox ylation 

and --f 
re-estcrificntion 

phennnthrene- 
quinjne-) 

N N 

€I c---CH 
\ /  

I I  
\ /  

IIZC CI12 

s 
(IX) 

[Ol 
--3 

C-C 
I I  

HsC CIIZ 
\ /  

As had been anticipated, the quinoxaline and dihydroyuilloxaline 
derivatives of the 3,4-diaminotetrahydrothiophene possessed distinctly 
different absorption spectra. In addition (Fig. 2) it was found that the 
ikhsorption spectrum of the condensation product of pheiianthrenequinone 
with the diaminocarboxylic acid from I)iotin was almost idcntical in shape 
with that of the quinoxaline derivative of the 3,4-diaminotetrahydrothio- 
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phene, and showed little resemblance to the spectrum of ihe dihydro form 
of the same compound. It was evident from these data that the condensa- 
tion product from biotin contained the completely aromatic quinoxalinc 
ring system, and therefore the diaminocarboxylic acid must possess H 

hydrogen atom attached to each of the carbon at,oms holding the amino 
~ I Y J U ~ S .  The stmcture illustrated by formula I did not comply with 
this limitation and so was eliminated from consideration. Each of the ti\ o 

~emaining possibilities (Formulus I1 and V) carries the requisite hydrogen 

WAVELENGTH A 

Fig. 2. Ultrt~violet Absorption Spectra of Lhe Condensation Product o f  
Phenanthrenequinone with (1) Lhe Diaminocarboxylic Acid froin Biotin; 

(2) 3,4-Diarninotetrahydrothiophene, Oxidized Form, 
(3)  3,4-Diaminotetmhydrothiophene, Reduced Form 

atoms adjacent to the amino groups. The final choice between these ttco 
alternatives rested on two independent methods of proof, each pointing 
unequivocally t o  one and only one of these structures as the corrvct struc- 
ture for biotin 

6. Desihiobiotin 

The first method of final proof of structure which will be considered 
was based on a study .of “desthiobiotin,” the compound corresponding to 
biotin with the sulfur atom removed and replaced by two hydrogen atoms. 
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It wm found that this compound could be prepared from biotin by the 
application of a desulfurization reaction for thio ethers devised by Mosingo, 
Wolf, Harris, and Folkers, which consisted of the treatment of organic 
sulfides in alcohol solution with large amounts of Raney nickel catalyst 
in the absence of a hydrogen atmosphere: 

R-S-Rr 4'- R-H + Rr-H 

Although Bougault, Cattelian, and Chabrier (5)  had previously shown 
that the sulfur could be removed from sulfhydryl compounds by treatment 
with Raney nickel, no examples of the reduction of organic sulfides in this 
manner had been described. By this method the sulfides shown in the 
accompanying formulas were cleaved to their corresponding sulfur-free 
products in yields of 65 to 90 per cent on both a macro and semi-micro 
scale. 

S(CHn. CH2. CH1. CHz. COOH) 2 -4 2CHz. (CHJ,. COOH 

CHs-S. CH,. CHz. CH*COOH CH.I*CH,* CH-COOH 
I - 
K H * c6. C,Hr 

I 

I I  

n'H. co* CoH6 

C H I * S * C H ~ .  CH**HC-CO CHa. CH2. H C- C 0 
I I  
\/ 

HN NeCeHs 

co 
HN\/N.CeH6 - 

GO 

As described by du Vigneaud, Melville, Folkers, Wolf, Mosingo, Keress- 
tesy, and Harris (19), biotin methyl ester when twated under these condi- 
tions yielded desthiobiotin methyl ester, CIIHZOO~N~, which by hydrolysis 
with either a t  140" or concentrated HCl'at 200" gave the desthio- 
diaminocarboxylic acid, CeHznOzNz. From 100 mg. of biotin methyl ester, 
after treatment under reflux in 90 per cent ethmol with 5 gramsof Raney 
nickel for 5 hours, there were obtained 85 mg. of desthiobiotin methyl 
ester, m.p. 69-70". By treatment of 100 mg. of this compound with 
Ba(OH)s under the same conditions used for the hydrolysis of the urea ring 
of biotin, 151 mg. of desthiodiaminocarboxylic acid sulfate, m.p. 242-243", 
were obtained. 

By consideration of the two remaining possible biotin structures (form- 
ulas I1 and V) it is evident that the structure of the desthiodiaminocarbox- 
ylic acid obtained by desulfurization and then hydrolysis of the urea ring 
would be either I ,q-diaminopelargonic acid (XI), if formula I1 represented 
the correct structure of biotin; or 6-methyl-e , I-diaminocaprylic acid (XII), 
if biotin possessed the structure shown by formula V. 
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A Kuhn-Roth carbon-methyl determination should distinguish between 
these two possibilities, since the diamino acids XI and XI1 contain one 
and two carbon-methyl groups respectively. More positive characteriza- 
tion of the desthiodiaminocarboxylic acid would be afforded by an oxidative 
cleavage between the two carbon atoms bebring the amino groups. In 
the case of a structure corresponding to XI, pimelic acid should be formed, 
while from structure XI1 a-methyl adipic acid should result. 

HtN NH2 
I t  

/ \  
/ 

H,N NHz HC-CH 

Ha C CH*CHZ*CH~*UHZ.COOH 
I 1  
I I  

HC-CH 

CHa H,C CH,* CHz. CHz. CHz. CH2. COOH 

(XI) (XII) 

A carbon-methyl determination on the desthiodiaminocarboxylic acid 
sulfate gave a value of 1.88 per cent asxompared with the theoretical value 
of 5.25 per cent for one carbon-methyl group. Oxidation of the desthio- 
diamjnocarboxylic acid with alkaline permanganate and with nitric acid * 

in each case gave low yields of mixtures of adipic and pimelic acids. Un- 
satisfactory results were also obtained when lead tetraacetate or alkaline 
hypochlorite were used. However, oxidation with alkaline periodate gave 
a good yield of crude acid from which pure pimelic acid was obtained. 
From 50 mg. of the desthiodiaminocarboxylic acid sulfate an ether-soluble 
fraction weighing 23 mg. was obtained. Three such fractions, combined 
and purified by sublimation in vacuo and crystallization from ether+ 
petroleum ether, yielded approximately 17 mg. of pure pimelic acid, 
C7HI2O4, m.p. 103-104". The pimelic acid wm identified by analysis, 
a mixed melting point, and by the preparation of the di-p-bromophenacyl 
ester, which agreed in all its properties with an authentic sample of di-p- 
bromophenacyl pimelate. 

Further characterization of the desthiodiaminocarboxylic acid WM 

accomplished by complete synthesis of the dibenzoquinoxaline derivative 
of the compound, by the method outlined in the formulas on the following 

The synthetic quinoxaline derivative (XIII) was a pale yellow solid, m.p. 
186-187", which by analysis was found to  possess the empirical formula 
C2,g202N2. That the compound was indeed the quinoxaline and not the 
dihydroquinoxaline was shown by the formation of a red color with sulfuric 
acid and by the ultraviolet absorption spectrum of the compound, which 
was similar to that of the quinoxaline derivative of 3,4-diaminotetrahy- 
drothiophene (X). 

page (19). 
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Consideration of formula XI11 shows that in the formation of this com- 
pound from { ,v-diaminopelargonic acid the asymmetry of the two carbon 
atoms bearing the amino groups is destroyed; the resulting compound 
(XIII) possesses no centers of asymmetry. It was for this reason that the 
quinoxaline derivative of the synthetic diaminopelnrgonic acid was prepared 
to compare with the corresponding derivative of the desthiodiaminocar- 
boxylic acid from biotin. In this way resolution of the synthetic diamino 
acid, which would h a w  been necessary for direct comparison with the 
desthiodinminocarboxyiic acid, was ohviated. In addition, if formula V 
were the correct structure for biotin, then the qiiinoxalinct prepared from thcx 
corresponding desthiodiamino acid (XII) would still possess an asymmetric 
carbon atom, and therefore the product would be expected to show optical 
activity. Thus an additional and convenient method of differentiation 
between the two possibilities was available. 

The desthiodiaminocarbosylic acid from biotin war( caonverted to the 
quinoxaline derivative by condensation with phenanthrenequinone under 
the same conditions that had been used for the condensation of the diamino- 
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carboxylic acid with this reagent. A pale yellow condensation 
product, C?3H22O2N2, m.p. 18G-187", was isolated in good yield from the 
reaction mixture. This compound appeared to be identical in all its proper- 
ties with the quinoxaline derivative of the synthetic diamino acid (XIII). 
-4 mixture of the two compounds showed no depression'of the melting point. 
Furthermore, the quinoxaline derivativtl of the desthiodiaminocarboxylic 
acid from biotin sho\+wl no optical activily. I t  is obvious from these data 
thttt of thc two powible structures (IT and V) the only structure of biotin 
which agreed with the facts observed in the investigation of desthiobiotin 
was that corresponding to formula 11. Another type of evidence which 
likewise provitlctl proof of the correctness of formula 11 will now be 
considered. 

7. I'hr Formalton of Thioptieneucilc,ic Acid from Bzotin 

Direct proof of the presence of a five-membered sulfur ring in biotin, with 
a a-valeric acid side chain attached in the a-position to the sulfur, was ob- 
tained by Melville, Moyer, Hoffmann, and du Vigneaud (74) by exhaustive 
methylation studies on the diaminocarboxylic acid from biotin. Exhaus- 
tive methylation t~!! a method of degradation for the dinminacarboxylic acid 
was investigated soon after the compound was first prepared, but prelimi- 
nary experiments with methyl iodide and with dimethyl sulfate .yielded no 
isolable products. KOgl and de Man (57) likewise were unable to  obtain 
satisfactory results by exhaustivc methylation of the diaminocarboxylic 
acid with methyl iodide and silver oxide. 

After the demonstration that biotin contained a 4- or 5-carbon aliphatic 
side chain ( la ) ,  and that the amino groups were attached to adjacent carbon 
atoms, each of which bore a hydrogen atom (47), the possible structures had 
been limited to formulas I1 and 1'. It was felt that the mechanism of for- 
mation of adipic arid from biotin by oxidation could be explained more 
reasonably by the oxidation of a n-valeric acid side chain attached to a ring- 
carbon atom, rather than by the intermediary formation and decnrboxyla- 
tion of an a-substituted 0-keto wid or a malonic acid. Thus the favored 
structure was that expressed Iy formula 11,  and it, was felt that  by exhnus- 
tive methylation of the tliaminocarhosylio acid corresponding to this 
structure (XIV) it should be possible to obtain a thiophene derivative, as 
indicated in the acconipsnying formulas. In the case of a structure such as 
V no thiophene tlerivative \rould be anticipated. 
HJY NII? 

HC-CH 
t I C-- CH 

II II exhau8tive ~- 
I I  
I I  
\ /  S 

1IC C.  ('H?.CHI*CH~. CH,*COOH methylation ' 
HZC CH.CH*.CH?.CH*.CH2.COO€I \ / 

S 
(XIV) (XV, 
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The expected product, &(a-thienyl)-valeric acid (XV) , could be easily 
synthesized in the laboratory for comparative purposes. On the strength 
of $,he belief that formula I1 did represent the true structure of biotin, and 
that it should be possible to obtain XV by exhaustive methylation of the 
diaminocarboxylic acid, this thiophene derivative' wa9 synthesized for 
future comparative purposes, by the method used by Fieser and Kennelly 
(28) for the synthesis of the lower homolog, y-(a-thieny1)-butyric acid. The 
procedure used is shown in the accompanying formulas; the position of the 
side chain in the synthetic product was determined as indicated in the 
formulas by oxidation of the intermediary y-(a-thenoy1)-butyric acid with 
alkaline permanganate to a-thiophenic acid, m.p. 125-126', a known com- 
pound. The y-(a-thenoy1)-butyric acid, m.p. 92-94', from the Friedel- 
CrafB reaction between thiophene and glutaric anhydride was reduced by 
the Clemmensen method. Distillation of the reduction product gave pure 
6- (a-thienyl) -valeric acid, m.p. 40-41 '. 
HC-CH 

II II 

8 

HC-CH 
II II 

0 Kc!!+ HC C*CO*CHI-CHI*CHI*COOH 
/cH*-co \ + H:C 
\ C&--CO / ""b\i/ 

Zn HCl 
I /  

HC-CH HC- CH 

HC C*COOH HC C.CH~*CHI*CH~.CHS*COOH 
II II II II 

\ /  \ /  
S 8 

When sufficient biotin became available, methylation of the diaminocar- 
boxylic acid from biotin was again attempted, but on a largsr scale than the 
previous experiments. Preliminary experiments in which sindl ammnts of 
3,4diaminotetrahydrothiophene (VIII) were methylated with methyl 
iodide and with dimethyl sulfate indicated that dimethyl sulfate was the 
more satisfactory reagent for the formation of thiophene from this com- 
pound (as judged by the amount of color produced when the distillate oh- 
tained by heating the alkaline methylat,ion mixture was treated with 
isatin-sulfuric acid reagent). Consequently a solution of 50 mg. of the 
diaminocarboxylic acid sulfate from biotin was treated with a slight excess 
of dimethyl sulfate and KOH in successive small amounts. Attampts to 
isolttte a crystalline methylated compound from the reaction mixture failed. 
Furthermore, decomposition of the methylation mixture at  various tem- 
peratures and under varying degrees of alkalinity yielded much trimethyl- 
amine but produced no isolable amounts of material of the desired chemical 
and physical characteristics. However, it was found that a methylation 
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mixture which had been reflrixed with HCl (to decompose any metho-sulfate 
salt) coqtained 2 mg. of an ether-soluble oil which on fractional dist,illation 
in 2rucuo yielded 1 mg. of an acidic, sulfur-containing crystalline compound, 
m.p. 40-41". From several experiments a total of 5 mg. of the pure com- 
pound was obtained. 

Variations in the conditions of methylation did not increase the yield of 
the crystalline compound. Attempts to prepare the compound in better 
yield by other methods of degradation were likewise unsuccessful. These 
procedi re3 included distillation of the phosphate salt of the diaminocar- 
boxylic acid by the method described by Harries (42) ; methylation with 
formaldehyde + formic acid (1 1) followed by pyrolysis of the methylated 
product, in view of the ease of formation of divinyl sulfide from bis-(p- 
dimethylaminoethyl)-sulfide (65) ; and methylation of the sulfoxide of the 
diaminocarboxylic acid, followed by reduction and pyrolysis. The failure 
of the decomposition of a methylated diaminocarboxylic acid of a structure 
corresponding to  XIV to produce large amounts of the expected product 
(XV) is possibly not surprising in the light of the results obtained by Buch- 
man, Schlatter, and Reims (7) who found that the thermal decomposition 
of trans-1 ,2-cyclobu tane-bk-( tri Aethylammonium) hydroxide yielded none 
of the expected cyclobutadiene, and by Hurd and Drake (51) who showed 
that conjugated unsaturation does not result esclusively during the pyroly- 
sis of 1 ,2-bis-(trimethylammonium) hydroxides. In addition, it is probable 
that methylation of the thio ether by dimethyl sulfate also occurs, and the 
resulting sulfonium compound could decompose in more than one way. 
Although Kogl and de Man (57) found that biotin methyl ester on treatment 
with methyl iodide readily yielded a methyl sulfonium compound which 
decomposed smoothly to the original sulfide (biotin methyl ester), it is quite 
possible that the sulfonium derivative of the diaminocarboxylic acid or of 
the N-methylated diaminocarboxylic acid would decompose in a different 
manner. In  this respect it should be noted that the methyl sulfonium base 
of a-methyltetrahydrothiophene readily undergoes ring fission (41), and 
the corresponding sulfonium derivative of tetrahydrothiophens appears to 
follow the same path ef decomposition (105). 

The small amount of crystalline compound isolatsd from the methylation 
experiments possessed the same crystalline form and melting p$nt (40-41") 
as the synthetic &(a-thienyl)-valeric acid. A mixture of the two com- 
pounds showed no depression of the melting point. Both compounds gave 
a slowly-forming purple color with isatin-sulfuric acid reagent, and a deep 
blue-green color with Liebermann's nitrite-sulfuric acid reagent. Analyses 
of the isolated compound were in agreement with the calculated values for 
thiophenevaleric acid. The concluding proof of the structure of the iso- 
lated compound was obtained by a comparison of the ultraviolet absorption 
spectra of the isolated compound and the synthetic &(a-thienyl)-valeric 
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acid. As shown in Fig. 3, in which the wave length. is plotted against the 
specific extinction coefficient, both compounds showed identical absorption 
curves, with a maximum absorption at 234 mp. The difference in heights 
of the absorption peaks may be due in large part to  the experimental error 
in weighing the small sample of isolated compound (0.173 mg.). 

This denionstration of the formation of &(cr-thienyl)-valeric acid froin 
the diaminocarboxylic acid from biotin, under conditions which \rould not 
be expected to produce' any deep-seated rearrangement, presented, in con- 
junction with the results obtained by the study of desthiobiotin, verv strong 

k 

PO - 

10. 

6 

eso e4o $30 PPO 
MMU) 

Fig. 3. Ultraviolet Absorptionspectraof (1) the Compound Isolated fromBiot,irl; 
(2) Synthetic &(o-Thienyl)-vrtleric acid, in 95 per cent Alcohol 

The wave length is plot.tet1 against the specific ext,inction. 

evidence that the correct structiire of biotin is that regresented hy the fol- 
lowing formula: 

co <'\ 
I I  
I I  
\ I /  

HN1 *"€I 

HCr--,C€I 

HpCs 2CH.CH1.CHp.CH1.C~In.COOH 

S 
Biotin 

(2'-Keto-3,4-imidazolido-2-tetrahydrothiophene-n-valeric acid) 
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1:ecently Harris, Wolf, Mozingo, and Folkem (43) have described the 
properties of biot,in obtained by synthetic methods. ‘l’11e synthetic com- 
potind possessed the same cryst,alline form, solul)ilities, and m e l h g  point 
:is t,he n.at;ural product. The specific rotation, [a]:’ = +go.?”, was in 
good sgreenwnt \vit,h t.he value obtained yith natural Iiotin. Analytical 
\ dues  agreed with the empirical formula CIoI11~03S28. ?‘tic ptiysiologicnl 
efiects of the synthetic c~ompountl were forind to I)c iclent,ical with naturd 
Iiotin for the growth of I,a.clohacillus cr.rn6inosw tint1 t<liv c i i w  of tlic egg 
whitre injury syndrome in rats and chicks. Alt,lioiigh the methot1 of syn- 
thesis was not disclosed, the result,s may be t,akrn as complete confirmation 
of the structure assigned to biotin by du I’iflieniitl and ro-\vorkrw (141). 
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A1)DENDUhI 

Very recently there has become available a series of papers published by 
Kogl and his coworkers concerning further degradative studies on biotin 
isolated from egg yolk, and a comparison of biotin from egg yolk and from 
liver. By a procedure similar to that employed by the American workers, 
Kogl and ten Ham (119, 120) succeeded in isolating from liver sufficient 
crystalline material for purpcises of comparison. Rased on melting points, 
mixed melting points, and specific rotations of biotin and biotin methyl 
ester from egg yolk and liver, it was concluded that the two compounds 
were not identical. The compounds from egg yolk and liver mere desig- 
nated “a-biotin” and “&biotin,” respectively. The data obtained by 
Kogl are summarized in Table I (p. (57). 

For comparison, Table I1 lists the corresponding data obtained at Cornell 
Medical College on biotin from liver and milk; biotin obtained from two 
other sources was found to be identical with that from liver and milk. It 
should be noted that the specific rotations of biot,in methyl ester in Table I1 
and B-biotin methyl ester in Table I differ quite markedly. 

Kogl stated that a mixture of the a- and.p-esters showed a melting-point 
depression of 20-30’; a mixture of the free acids melted at 197-202”. 
X-ray analyses confirmed the non-identity of the two substances. The 
/?-biotin possessed approximately twice the yeast-growth activity of 
a-biotin. /?-Biotin was believed to be identical with the biotin studied by 
the American workers, in spite of differences in optical activity of the esters. 

By subjecting the diaminocarboxylic acid derived from a-biotin isolated 
from cgg yolk, to oxidation with lead tetraacetate, Kogl, Erxleben, and 
Verbeek (1 18) were able to isolate an aldehyde, CsH&&%, as the dinitro- 
phenylhydrazone derivative. Oxidation of the aldehyde with KMnOJ, 
and treatment of the oxidation mixture with methanol-HC1 yielded an 
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a-Biotin methyl ester 

unsaturated, nitrogen-free ester. By treatment of this ester with KMnOc 
a sulfocaproic acid, CaH1206Sl was obtained as the crystalline m-toluidine 
salt, CIsH210bNS. By alkaline fusion of the sulfocaproic acid Kogl, Ver- 

TABLE I 
__-_ - __ - -. . 

Optical 4ctivity 
- _ _ _  

(correctesj 1 [a], I Solvent 
Substance 

161-162" 

, 
+47" 
+82" f 3 "  

Chloroform 
Methanol 

_ _ _ ~  

+57" 

@-Biotin methyl ester 1 163-164' I +39" I Chloroform 

Chloroform 

a-Biotin 
&Biotin 

I 0.1 N NsOFI 
23'2-233' I 0.1 N NnOH 

Substance 

Biotin methyl ester 

Micro-m.p. 
(corrected) 

162- 163' 

Optical Activity 

- 
p- 

Biotin /;230"1 4-92' 1 0.1 N NsOH 

beek, Erxleben, and Borg (121) obtained an unsaturated acid which on 
hydrogenation yielded a, 8-dimethylbutyric acid, characterized as the 
pphenylphenacyl esteq. Synthetic a-isopropyl-8-sulfopropionic acid, 
prepared as indicated, 

CII, c o o 1 1  

COOII 

COOII 

CH3 COOH 
I I  

CH3 COOII 
I I  &OH_, 

CH,*CH-CH*CH:.S. CO. CH3 CH,.CH-CH. C H ~ . S H  

i 

CEI~.CH-CH. CH,.SOJI 
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0 0 0  

S 
II \ /  

KMnO4 /"\ I iMn04 ,  
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was resolved and the f - ) form was found to give a m-toluidine salt and an 
anilide of the sulfomethyl ester which were identical, as determined by 
melting points and mixed melting points, with the corresponding derivatives 
obtained. from the sulfocaproic acid from a-biotin. 

On the basis of this work, the structure of a-biotin, and its degradation 
to  a-isopropyl-/3-sulfopropionic acid, were formulated as follows : 

It is obvious that thc biotin studied by the American workers could not 
be degraded to a sulfocaproic acid of this structure. Substantiation of 
these results by the synthesis of a-biotin would demonstrate a truly re- 
markable example of structural isomerism in the field of vitamin chemistry. 

Bascd on the marked similarity in chemical and physical properties of 
a- and /3-biotin, and on the isolation of adipic acid by oxidative degradation 
of biotin, as described by the American workers (48,50), Kogl and ten Ham 
(120) suggest the following structure for @-biotin from liver. 

HN-CII-CH. C H ~ .  C H ~ .  CH*. COOH 
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It cnn be seen that this structure is identical with formula I11 discused 
in this review (page 51), and was ruled out as a possible structure for the 
biotin studied in this country by later work apparently not known to the 
European workers at the time of their publication of this structure. 

118. Kogl, F., Erxleben, €I., and Vcrbeek, J. H., 2. physiol. Chem. 276, 63 (1942). 
119. I<ogl, F., and ten Ham, E. J., Naturwissenschaflen 31, 208 (1943). 
1’20. Kogl, F., and ten Ham, E .  J., 2. physiol. Chem. 279, 140 (1943). 
121. Kogl, F., Verbeek, J. H. , Erxleben, H., and Borg, W. A. J., 2. physiol. Chem. 

279, 121 (1943). 
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I .  INTRODUCTION 

The most; conspicuous feature of the literature of primate nutrition is its 
paucity. Rmh (1941), in his bibliography of primates other than man, 
lists 4,630 citations of papers published before 1940; of those only 45, or less 
than one percent, are roncerned with the niitrit,ion of primates. In contrast 
more than 2,500 of t,he cited papers de-al with the anatomy of primates. In 
t,he first 24 volumes of t.he Journal of Nutrition (1928-42), 1219 research 
papers were published; only five of those reported studies on the nutrition 
of primates other than man. The literature of recknt years, however, re- 
flect,s an increased interest in the use of primates as experimontal animals 
in nutrition studies; more than half of the papers on primate nutrition cited 
in the attached bibliography have appeared within the past eight years. 

Feeling that, a complete bibliography of primate nutrition would be of 
value to investigators starting studies on monkeys and other primates,, the 
aut.hor a t  the outset hoped to  be able to find and cite every published work 
in the field. That has been done insofar as it was possible in the limited 
time available. Omissions have undoubtedly been made, however, but, 
they have been through oversight rather than intent. Something of the 
problem involved in scanning the literature for papers on this subject will 
be understood when attention is called to t,he fact that few research journals 
indes the species of animal used. Ruch’s bibliography (1941) furnished 
the citations of several papers which might otherwise have been overlooked. 

The subject of energy metabolism and requirement is not included in this 
review. Ruch (1941) gives several references to work prior to 1940 on this 
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subject. Very few reports have been found upon the mineral reqLirenents 
of primates. With the exception of a discussion of calcium and phosphorus 
intakes as they relate, directly or indirectly, to vitamin D, this review does 
not cover the subject of mineral requirements of primates. 

The nomenclature of primates ifi somei+hat confusing to one who hap not 
made a careful study of the subject. Zuckerman and Fulton (1934) have 
pyblished a brief and very useful list of the primates commonly used in 
laboratory work and their characteristic features. Miller (Hartmn'n and 
Straus, 1933) has given a brief but valuable discussion of the macaques, 
including a key to the main groupR of the gerus. With very fciv exceptions 
the expeiimental work upon the nutrition of primates has beenupon mon- 
keys; in most cases some species of macaque hnq been used. The most 
common primate found in use as an experimental animal is the rhesus 
macaque (Macaca mulatta); throughout this review it is referred to as thc 
rhesus monkey. The word macaque is likewise uscd as the common name 
for the genus Macaca. In all other cases this reviewer has used the term 
employed by the original author. 

'1. VITAMIN A DEFICIENCY 

A search of the literature has revealed seven experimental studies of 
vitamin A deficiency in the monkey. In six of these the rhesus monkey was 
used; in the seventh (Saiki, 1929) the species was not named. A total of 
58 monkeys were given vitamin A-deficient diets in these experiments and 
28 monkeys were used as positive controls. All were growing, immature 
animals; some were juvenile and some adolescent. The weights were 
between 550 and 3,600 grams. The most pertinent data from these experi- 
ments are tabulated in'Table I. It will be seen from the table that only 
three laboratories observed any eye signs: Saiki (1929) observed xeroph- 
thalmia in two out of three monkeys, on the 30th and 47th days respectively. 
It may be significant that the monkeys he used were quite small. Also, 
since he doesnot name the species they may not have been rhesus monkeys, 
which was the species used by all the other investigators. One out of 
Hetler's 19 monkeys developed xerophthalmia and a perforating corneal 
ulcer. Verder and Petran saw no xerophthalmia, but two out of their five 
"developed eye symptoms not unlike nightblindness in man when placed 
in bright sunlight." 

Harden and Zilva (191Qa) and Tilden and Miller (1930) each observed 
one case of edema; Turner and Loew reported cessation of menstruation in 
their female monkeys; Verder and Petran reported data showing a slight 
increase in the number of leukocytes as compared to their normal animals; 
and Topping and Fraser found a mild gingivitis in one of their four vitamin 
A-deficient animals. 

The most consistent deficiency sign observed was diarrhea; five out of the 
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seven reports refer to diarrhea in one or more of their animrtls, and three of 
the reports indicate that all or nearly all of the animals involved died with 
an accompanying diarrhea. A Ma1 of 32 out of 55 monkeys exhibited 
diarrhea. I t  thus appears evident that diarrhea, and not xerophthalmia, 
was the most consistently observed manife.tation of vitamin A deficiency 
in the monkey. 

Although the weight of evidence indicates that vitanin A deficiency, per 
s:, causes diarrhea in the mmkey, that, evidence niight well be interpreted 
with some caution. Diarrhea is the m x t  obvious mznifeitnt,iori of a de- 
ficiency of one of the unide3tified B vitamins (vittlmiii 5%) in the monkey 
(see section on Nutritional Cytnpenia). Several of the diets used in the 
experiments cited in Table I contained amounts of yeast so low as to be only 
slightly above or possibly below the protective levcl of vitamin M. The 
Saiki diet.(1929) contained 2% yeast. Since a snizll nioiltey will eat only 
about 75 grams of diet (dry weight basis) daily, mmkeys receiving this diet 
would get less than 2 grams of yeast daily. In our experience 2.5 grams of 
.brewer’s yeast daily proved inadequate to protect a 2-3 kg. monkey froin 
the cytopenia and diarrhea of ‘‘vitamin M” deficiency (Monkey No. 24, 
Largston, et al., 1938) but 5 grams proved adequate. Saiki’s experiments, 
however, were probably not continued long enough for nutritional cyto- 
penia to  develop. 

Turner and Loew started their monkeys on the McCarrison diet (1920) 
which was deficient not only in the vitamins A and C, but was also deficient 
in the B vitamins, including “vitamin M.” After the 80th day orange juice 
was added to the diet; on the ilOth day the diet was changed to  the Saiki 
diet which contains some, but probably not enough, “vitamin M.” The 
monkeys exhibited a severe diarrhea but none of the classic signs of vitamin 
A deficiency. 

As the ‘(vitamin 
M” content of egg white has not been establiQhed, it is impossible to evalu- 
ate her diet in regard to that factor. However, the author mskes a very 
interesting statement : “If the appetite was below normal or the stools were 
soft, 5 to 10 g. of dried yeast were given d:dy for a fen- days or until the 
appetite and stools were again normal.” The poor appetite and soft stools 
suggest a mild “vitsmin M” deficiency. 

Verder and Petran used a diet containing a high percentage of egg white 
and some yeast, so it was probably adequate with regard to “vitamin M.” 
Also, the fact that their deficient ai,imnls did not develop a leucopenia indi- 
cztcs that they were probably reccivi1.g adequate amounts of the factor 
necessary to prevect nutritional cytopenia. Nevertheless, all of their 
monkeys developed severe diarrhea. ’I his would indicate that vitamin A 
deficiency, per se, produces diarrhea in the monkey. 

Seven experimental studies on vitamin A deficiency in the 

Egg white furnished the B vitamins in the Hetler diet. 

Summary. 
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inoitkey from as many ditferent laboratories are reported in the literature. 
In these experiments a total of 58 monkeys (mostly rhesus) were used. 
Only five showed eye signs: three showed xerophthalmia and two others 

TAJ3LE I 
Vilamin A DejciencU in the hlonkey 

Suriiniary of significant findings from various laboratories 
~ 

Investinntorq 

-~ 

Veixlit of 
Animals 

kK. 

.5-3.3 

-- 

.66-1.( 

.0-3.2 

.5-3.0 

__. 

.0-2.0 

__-  

.1)-3.6 

__- 

.- . 

-. 

~- 
No. of 

Monkeys 

No. showinn the 
:ye signs indicated 

_ _ _ _ _  

0 

No. showing 
diarrhea 

- 
1 

Other signs 

- 

1-cdema Harden and Zilve 
(1919a) 

Saiki (1929) diminished 
secretion of 
bile 

2-seroph- 
tiialniia on 
30th atid 
47th days 

0 10 1-edema Tilden and hlillei 
(1930) 

(1932) 
Turner and Loem 0 severe diar- 

rhea in all 
monkeys 

cessation of 
menstrua- 
tion 

Hetler (1934) l-xeroph- 
thalniia, cor 
ncal ulcer 

2 

Verder and Pe- 
tran (1937) 

Grinkcr and Kan 
del (1933) 

5-severe di- 
arrhea in 8- 
24 weeks 

slight increase 
in leuko- 
cytes of 
blood 

2-"night- 
blindness" 

-. ___ -. 

3-xcroph- 
thalmia 

2--"night- 
blindness" 

Fraser and Top- 

Tomlinson (1942: 

Totals 

ing (1942) 1-gingivitis 

______ 
2-edema 

c~xhibitecl sigtis which \\'ere interpreted as nightblindness. Diarrhea was 
the most consistelit deficiency manifestation; it was observed in 32 out of 
68 monkeys. Other deficiency manifestations reported were: edema, cessa- 



NUTRITIONAL REQUIREMENTS OF PRIMATES OTHER THAN MAN 75 

tion of menstruation, diminished secretion of bile, slight increase in white 
blood cells, and gingivitis. It is possible that a deficiency of other nutri- 
tional factors complicated some of the experiments. No data on the quan- 
titative requirement of the monkey for vitamin A are available. No 
experiments on vitamin A deficiency in other genei*a of the primate order 
have been found in the literature. 

111. RICKETS, OSTEOMALACIA, CALCIUM DEFICIENCY, A N D  

HYPERVITAMINOSIS D IN MONKEYS 

Sponianeous Rickets a d  Osbomalacia in Primates. Fox (1 923) reported 
the occurrence of both rickets and osteomalacia in the primate colony of the 
Philadelphia Zoological Garden. He stated that a progressive type of 
osteomalacia occurred very frequently among the Cebidae (New World 
monkeys). On the other hand “Rickets occurred frequently in the omni- 
vorous macaques which, however, did not show osteomalacia, although they 
belong to  the same dietary group as the Cebidae. The reason they did not 
suffer the latter disease while adult but had rachitic young is probably due 
to the fact t*hat this monkey group, which breeds best in our Garden, re- 
ceive# in ddit ion t80 t,hc d i d  given td t,he C~hidnc onc m\v egg. . . . A fcn 
macaques dying during the delivery of yourig showed slight osteoniaiacic 
changes in the pelvis.” I t  should be notfed t.hat his book was written before 
the etiology of rickets was well est<ahlished. He point,s out that the mus- 
cular weakness found in osteomalacia has given rise to t,he term “cage 
paralysis,” but, t’hat this term is also applied by keepers and dealers to an- 
other condition. He states: “Our Prima.te collection has suffered consid- 
erably with osteomalacia . . . however, this Garden is not alone in this 
experience.” 

Hottinger and Nohlen (1932) reported spontaneous rickets in t>hree 
capuchin monkeys (New World, Ccbus) in +.he Dusseldorf Zoo. One was 
diagnosed a t  autopsy only; the ot,her two were diagnosed by X-ray, blood 
examination, and physical findings. Cure wa.s offected slo\\-ly by .the ad- 
ministration of massive doses of irradiated ergost,erol (12 mg. 1 per cent, 
viganto1,solution daily in one case; 20 mg. dsily in the other). In one ani- 
mal before treatment the serum calcium was 9.6 mg. and the phosphorus 
1.4 mg. per 100 ml. After treat,ment the calcium was 8.8 mg. and the 
phosphorus 7.6 mg. per 100 ml. serum. They considered the disease 
analogous to human rickets. No evidence of hypervi taminosis was found 
a t  autopsy 4 and 6 months lat>er, respectively. 

Topping and Fraser (1939), in their 
study of mouth lesions in m k e y s  associated vi th  dietary deficiencies, 
placed four monkeys on a diet deficient, in vit,amin n. The diet was pre- 
sumably adequate \vit,h regard to calcium and phosphorus. The animals 

Experimental Rick& in Monkeys. 
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survived for 50, 63, 101, and 127 days. At autopey perforation of the gut 
was found in one, and tuberculosis in the other three monkeys. Except for 
information on mouth lesiors the authors make no statements regarding the 
clinical course of the arimals during the experiment. 

Gerstenberger (1928, a, b, c, d) made the most careful study of experi- 
mental rickets in the morkey that I have found in the literature. It is 
unfortunate that he has nbt reported his experiments in more detail. How- 
ever, by piecing together his several brief reports it is possible to  get a fair 
idea of the nature of rickets in the rhesus monkey. 

Tpo diets were wed;  one was a low-calcium diet with a Ca:P ratio of 
0.49. The other was a higher calcium diet Qith a Ca:P ratio of 1.3. The 
amount of phosphorus was the same in both diets-approximately 2.56 g. 
weekly. The weekly int&ke of calcium was about 1.26 g. in the low calcium 
diet, and 3.08 g. in the higher calcium diet. 

Large groups of juvenile monkeys, weighing 0.8 to 2.4 kg., were given 
these diets. With the exception of oce animal all the animals in both groups 
developed the low phosphorus, high calcium type of rickets, mhich was 
characterized by essentially normal blood calcium levels and decidedly 
abnormal, low phosphorus levels. “In other words, the monkeys whose 
exposure to actinic rays was prevented acquired the type of rickets most 
frequently seen in the full term human infant.” The average calcium level 
of the serum was 9.52 (range, 8.7-11.1) mg. per 100 ml. The average 
phosphorus level of the serum was 2.07 (range, 1.1-2.9) mg. per 100 ml. 
Exposure to ultraviolet irradiation or feeding of cod liver oil or viosterol re- 
sulted in healirg of the iickets, usually by the 14th day. The healipg of 
the rickets by exposure of morkeyfi to ultraviolet light was accompanied 
by spasmophilic s i p s  in several of the mork6ys on the low calcium diet,; 
this was not, observed in morkeys on the higher calcium diet. Various 
phosphate solutions given parenterally brought about healing, as shon n by 
roentgenogram, and usually resulted in a return to normal of the blood level 
of calcium and phosphorus. Calcium lactate, ho\i ever, was without effect. 
“It is suggested, therefore, that the term phosphatization rather than calci- 
fication might better he used in connection with the healing process of this 
form of rickets.” In one monkey the rickets was healed by a single dose 
of 0.62 g .  cod liver oil containing about 160 I.U. of vitamin D. 

It is thus evident that the young rhesus monkey is quite susceptible to 
rickets in the absence of some source of vitamin I), seemingly without regard 
to the Ca:P ratio. This is in marked contrast iiith the rat, n hich develops 
rickets readily only when there is a deficiency of vitamin D superimposed on 
En unsatisfactory Ca:P ratio. 

Chronic Calcium Dejiciency in the Rhesus Monkey. Fraser (1942) fed 
four rhesus monkeys, weighing 2.53 to 3.47 kg., a diet qualitatively and 
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quantitatively adequate with regard to calories, protein, vitamins, and all 
minerals except calcium. Four other animals were given the same diet, 
but deficient in ascorbic acid as \\ell as calcium. Controls were given the 
same diet with adequate calcium and ascorbic acid. 

The calcium content of the deficient diet was 10.2 mg. per 100 g. diet (dry 
weight) ; the phosphorus content was 380 mg. per 100 g. The normal con- 
trol diet contained 190 mg. of calcium per 100 grams and phosphorus as 
above. Although Fraser does not report food intake records, Crom our 
knowledge of the dietary requirement of the monkey i t  can be estimated 
that the two larger of the four in the calcium-deficient group would have 
eaten about 100 grams of the diet daily. This would make the daily intake 
for the deficient monkeys about 11 .mg. of calcium and 380 mg. of phospho- 
rus; tor the normal controls the daily intake would be about 190 mg. of 
calcium and 380 mg. of phosphorus. The daily intake of Gerstenberger’s 
(1938) monkeys on his low calcium rachitic diet was 180 mg. of calcium and 
366 mg. of phosphorus daily-almost identical with Fraser’s normal control 
diet. It must be remembered, of course, that Fraser’s diets were vitamin 
D-adequate, and Gerstenberger’s diets mere vitamin D-deficient. 

Fraser’s calcium-deficient monkeys exhibited no conspicuous clinical 
signs for 11 months, and they made fair gains in weights. One showed a 
moderate decline in weight after ten months, but one was on diet 488 days 
before declining in weight. Toward the end of the experiment they showed 
symptoms of irritability, anorexia, and weakness of the hind legs. One 
would scream and shriek when being caught in the net and would “tremble 
all over” while receiving an intramuscular injection of vitamin C. There 
was considerable muscular atrophy and loss of tone. Analysis of bones 
showed a marked reduction in the calcium content. There was also a dis- 
tinct reduction in the content of calcium in blood serum; one value of 5.0 
mg. per 100 ml. serum was found. There was no distinct tetany a t  any 
time, however. 

Fraser’s description of the marked muscular weakness in chronic calcium 
deficiency is strongly suggestive of the “cage paralysis” (osteomalacia) in 
primates described by Fox (1923). 

Hypervitaminosis D in the Monkey. The rhesus monkey appears tq be 
rather resistant to  overdosage of vitamin D. 

Hess and 1,ewis (1928) found latent tetany, manifested by a serum cal- 
cium content of about 6 mg. per 100 ml., in a monkey maintained on a low 
calcium diet. It was found possible to raise the serum calcium level to 
about 11 mg. by means of large amounts of irradiated ergosterol by mouth. 
However, after removal of the parathyroid glands, the calcium could not be 
raised much above 7 mg. per 100 ml. Hess, Weinstock, and Rivkin carried 
out “numerous” experiments on monkeys and dogs, and they stated that 
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giving irradiated ergosterol would produce hypercalcemia ; levels of 13-1(~ 
mg. per 100 ml. were produced in this way. Irradiated ergosterol was found 
to increase also the inorganic phosphorus of the serum, frequently to levels 
of I2 to  14 mg. per 100 ml. of serum. The details of their experiments were 
not given. 

Levaditi and Po (1930) gave irradiated ergosterol to two monkeys, one H 
1,250 gram Cercopithmis callitrix and the other a 750 gram rhesw;. The 
dosage was “30 to 60 times greater than that used therapeutically in 
humans.” At autopsy no lesions were observed in the Cercopitheczrs, and 
only very slight calcification was seen in the kidney of the rhesus monkey. 

Cowdry and Scott (1935, 1936) gave irradiated ergosterol to  19 juvenile 
and adolescent rhesus monkeys and to two New World Monkeys (Cebus 
jutuellus). Twenty-four untreated rhesus monkeys were used as controls. 
The average serum calcjum in the rhesus monkeys was 11.6 mg. in males and 
11.0 mg. per 100 ml. in females. The average serum phosphorus was 5.98 
mg. in males and 6.0 mg. in females. Irradiated ergosterol was given in 
several ways : (a) two monkeys received single large doses of about 5,OOO,OO0 
units of vitamin D; (b) three monkeys received double closes, each dose as 
above; (c) one monkey received three doses, containing a total of nearly 
30,000,000 units of vitamin D; (p) seven monkeys received repeated doses 
over long periods; and (e) three monkeys received doses heavy enough to 
increase the blood calcium. One in this latter group received a total of 
approximately 122,000,000 units of vitamin D divided into 28 doses. 

When it is remembered that the daily protective dose for a normal infant 
ie approximately 1,OOO units, and the usual daily curative dose for cases of 
infantile rickets is 3,000 to 4,000 units daily (New and Nonofficial Remedies, 
1942), it is evident that, the doses given by Cowdry and Scott were rather 
large. 

The average level of serum calcium remained about the same during treat- 
ment. However, in the three monkeys receiving massive doses elevated 
calcium levels were found; one value of 20.3 mg. per 100 ml. was recorded. 
The serum phosphorus in the treated monkeys increased to an average of 
7.75 mg. in the males and to 7.44 mg. in the females. Histologic manifesta- 
tions of vitamin D overdosage described in the literature for other species 
were not found in the rhesus monkeys, although certain-mild tissue changes 
previously unreported were found. The response of the two matiire C‘ebrrs 
jutuellua monkeys to irradiated ergosterol was so different from the responee 
of the rhesus monkeys that Cowdry and Scott warned against applying to 
children their conclusions drawn from the behavior of rhesus monkeys. 

Summaty. Both rickets and osteomalacia are reported to occur spontane- 
ously in captive primates. Rickets has also been produced experimentally in 
young rhesus monkeys deprived of vitamin D and protected from actinic rays. 
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C'nder such c.ontlitions young of the species develop a low phosphorus, high 
calciiim type of rickets. Prolonged calcium deficiency in monkeys given 
an otherwise adequate diet has produced a syndrome characterized by 
irritability, anorexia, weakness, and muscular atrophy; analysis of bones 
revealed R marked reduction in calcium content. The rhesus monkey 
appears to be rather resistant to  overdosage of vitamin D. 

The vitamin 1) requirements of primates other than man have not been 
established, ant1 few studies have been rnacle upon the calcium and phos- 
phorus reqiii reinen ts of those species. 

1v. S('ITiZVY--.4sCORBIC' ACID REQUIREMENT OF THE hfONKEY 

Erperinwiital and Spontaiwow Sct~iay in Monkeys. Scurvy was the first 
dcficiency disease to he produced experimentally in the monkey, and the 
ascorbic acid requirement of this species has been established with a higher 
degree of accuracy than has its requiremenl for any other substance. In 
fact, the ascorbic acid requirement of the monkey is the only nutritional 
requirement which is known to any fair degree of certainty. 

Hart reported in 1912 the experimental production of scurvy in the mon- 
key by feeding a diet of cwndensed milk, and he showed the identity of this 
experimental cwndition with human infantile scurvy. His reports give the 
cslinical signs of monkey scurvy, and also detailed post-mortem studies. 
'I he monkeys cxhihited a general listlessness and loss of vigor. The first 
i)athologirsl sign was hemorrhage of the gums. Suhperiosteal hemorrhages 
were also seen, in some cases consisting of large effusions. Hemorrhage 
into the orbit leading to exophthalmos was observed, as was hemorrhage 
into and resulting discolorat ion of the upper lid. Swelling of the epiphyseal 
twls of the 101ig bonw was frequently foiind, and fractures were common, 
ehpecially of the lower part of the femur and the upper part of the humerus. 
Hloody eutravitsiitions were found in the meninges, lungs, kidneys, and 
intestinal IIIIICOSX. Severe changes \wre seen in the bones of the jam and 
skull. I-Iess in 1920 reviewed the gross and microscopic findings in experi- 
mental scurvy in the guinea pig and the monkey. He pointed out certain 
features of monkey scurvy that are not consistently found in guinea pig 
scurvy-hemorrhage of the gums, largc subperiosteal hemorrhage and 
effusions, and ocdar hemorrhage and exophthalmos-and he stated that 
these distinctions render s c ~ ~ r v y  in monkeys arid infants practically identi- 
cal. In most respects, however, monkey scurvy dosely resembles guinea 
pig scurvy. 

Talbot, Tlocld, and Peterson (1913) repeated Hart's experiments, using 
two rhesus monkeys. One received a norrnaldiet and the otherwas given N. 
scorhutic diet consisting of condensed milk. The latter animal developed 
listleswess, anemia, purplish-red spongy gums, but no tendeyness around 
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the bones nor subperiosteal hemorrhage. The animal died three months 
after the condensed milk was started and nine days after the redness of 
gums was first observed. The autopsy findings in the bones were n d  
characteristic of scurvy. 

Harden and Zilva (1919) produced scurvy in three rhesus monkeys, using 
a diet consisting of steamed and autoclaved foods (steamed wheat germ; 
autoclaved bread, monkey nuts, milk, and rice). One of the animals also 
received 150 cc. of fresh beer daily. The clinical findings were: diminution 
of activity, weakness of joints, bleeding, spongy gums, loose teeth, loss of 
appetite, and muscular tenderness. Post mortem findings included : subcu- 
taneous and intramuscular hemorrhages; subperiosteal hemorrhages of the 
skull, femur, tibia, ulna, and abdominal wall; “rosary” swellings and sub- 
periosteal hemorrhages of the ribs. One survived 134 days and the second 
died on the 121st day following a severe diarrhea. On the 99th day the 
condition of the third monkey was critical but i t  was recovered by feeding 
lemon juice from which the citric acid had been removed. 

Howe (1923, 1924) developed scurvy in a large number of rhesus mon- 
keys, using a diet of the following percentage composition: wheat, 35; soy 
beans, 25; rolled oats, 22.5; powdered milk, 10; butter, 5; calcium carbonate, 
1.5; and sodium chloride, 1. Several modifications of this diet were also 
used; in one diet the calcium carbonate was omitted. Although Howe was 
primarily interested in the teeth and related structures, he briefly reported 
the following general scorbutic findings: edema and hemorrhage of the 
tissues around the eyeR, exophthalmos, swollen and painful joints, scorbutic 
rosary of the ribs, and decalcification and fracture of the bones. Marked 
changes in the teeth and supporting tissues were found by gross examina- 
tion, X-ray examination, and post-mortem studies. “Every stage of 
peridontal trouble, from slight gingival redness to  the complete destruction 

,of the supporting tissues has developed on these deficient diets.” Tartar 
deposits, loosening of the teeth, hypertrophy or sloughing and necrosis of 
peridontal tissue, and decalcification of the jaw bone were observed. 
Changes in the structure of the teeth were observed, and cavities were 
found in the teeth of many of the monkeys. The author was not fully con- 
vinced, however, that a deficiency of vitamin C was the sole cause of the 
caries. 

Howitt (1931) reported a spontaneous outbreak of scurvy in a shipment 
of 39 rhesus monkeys shortly after their arrival from India; this appears to 
be the first record of spoctaneous scurvy in monkeys. The diet eriroute 
had been composed largely of grains and seeds, with little or no green vege- 
tables. The most consistent manifestation of scurvy was bleeding gums; 
other signs recorded were: cushion-like cranial swelling, swollen eyelids, 
lameness, swpllen joints, cushion-like swellings of ear, and general weakness. 
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A change of diet to one rich in ascorbic acid (orange, raw cabbage, bananas) 
produced marked improvement aithin a few weeks with subsequent com- 
plete recovery. In those nith advanced scurvy which were put to death or 
which died within the first few days, post-mortem findings were character- 
istic of scurvy. 

Miura and Okabe (1933) produced scurvy in a “Formosan long tail 
female monkey (Macucus cylopsis swinhoi),” abmt  two years of age and 
weighing approximately 4 kg., by feeding a diet of autoclaved milk and 
autoclaved white bread, supplemented ith salt mixture, 13 vitamin solu- 
tion, and vitamin A. In 
addition to the characteristic loss of vigor, hemorrhagic gums, and pain, the 
monkey developed a bloody diarrhea. They reported that the daily feeding 
of 150 cc. of fresh commercially sterilized milk failed to effect a cure, but 
that the daily administration of an infusion prepared from 0.5 gram of green 
tea resulted in complete recovery in one month. 

Topping and Fraser (1939) and Tomlinson (1939) reported gross and 
microscopical findings in the mouths of four rhesus monkeys restricted to a 
diet deficient in ascorbic acid. The diet used was adequate with regard to 
all other nutritional essentials since it contained casein, salt mixture, about 
10% dried brewer’s yeast, and was supplemented with carotene and 
crystalline vitamin D. Early mouth lesions (redness and slight hemorrhage 
of gums, gingivitis) were first noted in 14, 15, 15, and 43 days in the four 
monkeys, respectively. In two cases the gum lesions progressed to necrosis. 
Smears from the gums showed an increase in fusiform and spiral organisms. 
At death the mouths exhibited the following leqions: soft tartar, inflamma- 
tion, localized recessim of gums, necrosis of interdental papillae, and 
necrotic gingivitis. On the basis of autopsy findings, scurvy was given as 
the cause of death in all four cases, although two were complicated with 
tuberculosis. The survival periods were 75,75, 111, and 120 days (average, 
95 days). 

Sabin (1939) recorded some interesting observations on a series of mon- 
keys receiving a scorbutic diet; 13 out of 25 monkeys succumbed to acute 
infertions (pneumonia, enterocolitis, and others) after they had been on diet 
between 9 and 18 days, and before evidence9 .of ascorhic acid deficiency ap- 
peared. Control monkeys receiving adequatc ascorbic acid remained well. 

Chapman and Harris (1941) fed five rhesus monkeys a scorbutic diet 
identical to the one used bv Topping and Fraser, m d  observed similar 
mouth lesions. The average survival of their five monkeys was 89 days. 
Autopsy findings indicated scurvy as the cause of death in every case, but 
one was complicated with bacillary dyscr tsry. 

One of the monkeys (KO. 47) of Day, Langston, Darby, Wahlin, and 
Mims (1940) was given a diet deficient in both “vitamin 31” and ascorbic 

Severe scurvy developed in about three months. 
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acid. By the 94th day the monkey exhibited most of the classic signs of 
nutritional cytopenia: a profound anemia and leucopenia, and diarrhea. 
Some edema of the face was evident, but the condition of the p;lims re- 
mained good. The feeding of liver extract was followed by a reticulocyte 
crisis and the prompt return of all white blood cells and erythrocytes toward 
normal levels. The diarrhea disappeared and the edema subeided. On 
the 112th day, however, the gums appeared spongy and the animal gave 
evidence of muscular tenderness upon being handled. These signs were 
interpreted as indicating scurvy, and thereafter 50 mg. of ascorbic acid daily 
was given the mimal. This supplement, was followed by the disappearance 
of the gum changes and the muscular tenderness. The interesting feature 
of this experiment is that nutritional cytopenia was developed, and cured, 
trefore scurvy WRS evident. 

Fraser (1042), Fraser and Topping (1942), and Tomlinson (1942) rein- 
vestigated certain phases of the problem of ascorbic acid deficiency in the 
monkey, with and without a concurrent calcium deficiency. The diet used 
15 as presumably adequate \I ith regard to all other dietary essentials. Three 
of the eight monkeys showed a marked reduction in blood hemoglobin 
concentration, hilt none showed a reduction in erythrocytes. The average 
white blood cell count was reduced from 16,600 t o  12,800 per cu.mm., but 
this latter is still well vithin the normal range for the rhesus monkey. The 
younger ascorbic acid-deficient monkeys showed a reduction in the percent- 
age calcium content of the bone, but this reduction was not as marked as 
that observed in calcium-deficient monkeys or in monkeys with a concurrent 
ascorbic acid and d c i u m  deficiency. The scorbutic monkeys showed no 
reduction in blood serum calcium, nor in total serum proteins, but they did 
exhibit a rcverpal of the seium Itlbumin :globulin ratio. “The conspicuous 
symptoms c\* nhronic vitamin C depletion observed in the monkeys of this 
experiment are: Anorexia, loFs of weight, loss of hair, hemorrhage of the 
gingiva and other tissues, inability to walk because of extensive joint 
hemorrhage, and finally ankylosis of knee joints.” In the cases where gum 
lesions had advanced only to the stage of inflammation and hemorrhage, 
treatment \I ith ascorbic acid arrested the condition promptly and restored 
normal tissue. Where, however, the scorbutic lesions had advanced to the 
necrotic stage, many changes occurred in the gingiva and peridontal tissue 
which did not respond to therapy and were considered to be irreversible in 
that respect. 

Q?iantiiative Ascorbic Acid Requirement.. Harden and Zilva (1920) 
attempted to establish the antiscorbutic requirement of the monkey. Five 
rhcsus monkeys, weighing between 2160 and 3300 grams, were given a 
scorbutic diet, supplemented with 5 cc., 2 cc., 1 cc., 0.75 cc., and 0.5 cc. of 
orange juice daily, respectively. The monkeys receiving 5 cc. and 2 CC. of 
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orange juice were fully protected from scurvy; the latter experiment lasted 
for one year, and the monkey increased in weight from 3300 to 4400 grams. 
The monkey which received 1 cc. of orange juice exhibited spongy gums and 
loose teeth after three months on the diet. The monkeys which received 
0.75 and 0.5 cc. of orange juice daily developed severe scurvy, surviving 116 
and 161 days, respectively. The authors concluded that. the minimum 
daily dose of an antiscorbutic for the monkey lay between 1 and 2 cc. of 
fresh orange juice daily. If we assume that 2 cc.  of fresh orange juice was 
their minimum protective dose, and if  we further assume that each cubic 
centimeter of their orange juice contained 0.5 nig. of ascorbic acid (Sherman, 
1941; Daniel and Munsell, 1937) we may interpret their results as indicating 
that the minimum daily dose of ascorbic acid required to prevent scurvy in 
a 2-4 kg. rhesus monkey is approsimately 1 mg. 

Langston, Darby, Shukers, and Day (1938) maintained three rhesus 
monkeys (Nos. 24, 27, 29) for extended periods on a diet of refine,d food- 
stuffs supplemented with 4 grams of orange daily. Although these experi- 
ments were designed for other purposes, they are of value in estimating the 
ascorbic acid requirement of this species. The B vitamins w e  supplied 
by dried brewers yeast in two cases and by extralin (a liver-stomach prepa- 
ration) in the third. Except for a paralysis of unknown etiology in two of 
the animals, the monkeys were still normal a t  the end of 429, 596, and 572 
days, respectively. There was no evidence of scurvy a t  any time. One 
(No. 27) increased in weight from 1760 to 3427 grams; the other larger 
monkeys made somewhat smaller gains. Dentition progressed normally. 
If we assume that each gram of orange contained 0.5 mg. of ascorbic acid, 
it is evident from these experiments that 2 mg. of ascorbic acid daily was 
fully adequate to protect juvenile rhesus monkeys from scurvy and to  
promote growth and development, for extended periods. 

Although the experiments of Fraser (1912) were not continued for as long 
a time as the foregoing, they are more quantitative inasmuch as he used 
pure ascorbic acid as the vitamin C supplement. Eight of his monkeys 
were given an ascorbic acid-deficient diet supplemented with 3 mg. of 
ascorbic acid daily for 81 days and 1.29 mg. daily (9 mg. each week) for the 
subsequent 127 days. Thus over a period of 208 days the monkeys each 
received an average daily intake of 1.9G mg. ascorbic acid. Seven of the 
monkeys (weighing between 2.50 and 3.G4 kg. a t  the start of the experiment) 
were fully protected from scurvy during the period of vitamin supplement. 
The monkeys then developed scurvy in 21,21,21,29,29,44,  and 44 days 
after withdrawal of ascorbic acid. The eighth monkey, which weighed 5.2 
kg. a t  the beginning of the experiment, began to show evidence of scurvy 
after one month on a vitamin C intake of 3 mg, per day. It continued to  
gain in wight ,  however, throughout the period of low vitamin intake, 
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reaching a maximum of 7.G4 kg. It is thus evident th2t an average daily 
int,ake of 1.96 mg. ascorbic acid wm adequste to protect rhesus monkeys, 
weighing 364  kg. or less, from scurvy for a period of 208 days. For a larger 
monkey, weighing 5.2 kg. a t  the start of experiment, 3 mg. per day was 
insufficient. 

Greenberg, Rinehart, and l’hatak (1936) found the plasma ascorbic acid 
levels of a monkey receiving about 3 mg. of ascorbic acid daily (G cc. orange 
juice) to be essentially the same as the plasma ascorbic a:id levels of a 
monkey receiving no vitamin C supplement. These data would indicate 
that 3 mg. of ascorbic acid claily was near die minimum protective dose for 
that particular animal (No. 1001) which weighed 3.3 kg. 

In a personal communication, Dr. Rinehart interprets their data as indi- 
cating that the requirement of a 3.3 to 4.5 kg. monkey is bctn-een 1.5 and 
3 mg. ascorbic acid daily. “If t he  requirement lay between 1.5 and 3 mg. 
daily, this would be uhout 0.5 to 0.7 mg. per kilogram, which is rather close 
on a wight  basis to the rcquircnient of man.” 

From thcx  experjmeiits we may tentatively set, the antiscorbutic re- 
quirement, of a rhesus monkey, \\ eighing les.; than 4 kg., a t  2 mg. or less per 
thy.  This shoiiltl be taken as the amount of ascorbic acid necessary to 
prevent sciirvy ; the intake for optimum nutrition is probaldy much higher. 

Greenberg, Rinehart, and 
l’hatak (1936) determined the reduced asrorhic acid content of blood of four 
rhesus monkeys over R period of four months, and under several conditions 
of vitaniiii C intake. One monkey on a suh-optimal intake of vitainin C 
(approximately G rc. of orange juice daily, which \vould contain about 3 mg. 
asctirhic+ acid) sliowetl blood ascoibic levels cssentially the snnie as those of a 
monkt-y rcv.tliving no itscorbic acid kupplemcnt : hetnc.en 0.1 and 0.2 mg. 
ascorbic acid pt’r 100 ml. plasma. T\vo monkeys receiving a liberal intake 
of vitamin C (half ail orange (Icily, each) exhibited higher, but variable, 
plasma nscorhic arid levels: values a!: low as 0.3 mg. and as high as 1.1 mg. 
\\ere found h i t  most of them were betwen 0.3 mid 0.8 mg. per 100 ml. of 
plasma.’ 

Iiasahara and Gammo (1937) found the avernge ascorbic acid content of 
the ccrehrospi1ial fliiitl of G mockeys to hc 2.3 mg. per 100 ml. with wide 
intliviclual \.arilktion. ‘I‘hc tlsroi I ic acid conten I, of tlic cerebrospinal fluid 
of 7 monkeys wa~: dctcrminrtl ::ftw t h r  animals had been on a scorbutic diet 
two weeks but before symptoms of seiirvy npl:eard; the ascorbic acid level 
of the fluid decreased to 1i:rIf its noiin::l i*:?Iiw and continued to dezrease 
rapidly. 8ulwutai:eous ir jection of 200 nig. of aqcorl)ic acid daily restored 

Dr. Ii inc~hi~rt  nrnde the following stntcnicrit i i i  II p c r . ~ ~ n a l  comniunication: “TO 
c~oncc~iitratian from iriy vlirirts you slrorild subtract 0.12 mg. 

Ascorbic Acid Contmt of Monl;ry Tissues. 

gcf true h l o o t l  v i tmi i i i  

Iwcnusr 1 tir fipurcw rlini rrtl wcrc  i iot  rorrected I ’ IC  flic h l i i t i k  v:dues.” 
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the vitamin C content of the cei.ebruspina1 fluid to  normal in two days, but 
continued injection of ascorbic acid for 32 to  41 days did not increase the 
vitamin C content ahove tnice the normal level. 

,Jungeblut antl Feiner (1937) determined the ascorbic acid content of 
brain, cord, siiprareral, and nthcr tissues.of groups of nionlicys, using the 
dyc titration method. I’oiir groups of monkeys werr used: (1) normal 
monkeys, \\ i th no parenteral ascorlk acid; (2) C-treated normal monkeys, 
which \\ ~ r c  norinal rnonkcys rccciving 5 or 25 mg. of ascorbic acid sub- 
cwtancously c w h  d a ~ ’  for a period of  ti\ o weeks; (3) poliomvclitic- control 
nionkcys, rrctii\ irig no added ascor1)ic acid ; and (4) C-treated ptrliomyclitis- 
iilfectetl iwnkeys, nliich reccivcd 5 to 100 mg. of ascorbic acid daily for  
t \ \ o  \ \rek.~.  ‘I hr content of ascorbic acid in brain, cord, and suprarenal 
\ \as higher in the. (’-treated animals (groups 2 and 4) than in thc nionkeys 
uhich did not rccei\ e ascorbic acid suhcutaneously (Groups I antl 3) 
‘The a\-cragc :inuinth of a’;corbic acid in the tissues of the normal un- 
treated nionEcys ncrp: brain, 0.08; cord, 0.07; and suprarenal, 0.13 mg. 
1:cr g .  of tiscuc. ’1 kit. authors coinI>are the ascorbic acid content of these 
t i w e s  of monkeys u i th  those of thv corresponding tissues of the rat, 
rabbit, cat, (log, guinea pig, and nian. 1 hey point out that  the  level^ 
of aworbic acid in the tissues of species capable of syrithwizing ascorhic 
:icicl (rat, rabbit, ca t ,  and dog) are higher than the content in the cor- 
responding tissues of animals uhich depend iipon :I dietary int:tkc of 
vitamin C (giiinctt pig, monkey. :1n0 man). 

Asrorbie .Zcirl trnti Expcv-irnontcil Monkey Poliom~yeliiis. .Juirgel)lut 
d i o \ \ c c l  (1935, 1 K O )  that holh the Aycock strain and the R311r strain ( J f  
poli~+inyelitis could he  rendcred non-icfectious \\hen treated I\ ith axorbic 
acid in vzt1.o. F u r t h c r m o r ~ ,  thc treatnient, of monkeys \\ ith asrorliic ncitl 
after the jntraccrcbral administration of the Aycock strain of the virui 
tifiordctl dcfhitc prc.tection against paralysis (.Jungel)liit, 1837, 1837~~).  
()n t t c  othcr hard, Sihin ( 1  939) foiind that  ascorbic acid trcatrnent g a \ ~  
no prcbtcction :lgaiP5t paralysis in monkeys n hich had becn given the 
l<JIIr &train of poliomyrlitis \ irus intranasally. In a later series of ex- 
pcrinients, .Jungebhit (1939) u\ed the RMI‘ strain of yiriis, given by the 
n:tsnl rorite, antl fount1 partial protection by the use of ascorbic acid. h i  
vie\\ of the apparer!t (bcrepancy bctn een the work of ,~ririgehlut and of 
Fabin it is difCcult to cvalunte the effectiveness of a\mrhic acid in the 
protectioi: of nu r>Leyh froin the viriis of poliomyelitis. 

Suinmary.  Si,n,crc 11s data indicate that the nionkej~ is rmtlily suscep- 
tilde to  s(*~ir\.y. ‘fhe time rcqriii-cd for thc development of scurvy and 
the suri~irtll pcriocls :ire quite variiihlc, ant1 they probably depend in 
part 1 1 ~ ~ 0 1 1  thc agc n i i d  \\eight of the ttninial and upon the diet used. 
(‘linicnl ol)servations, Imt-mortem findings, and h i d  opathological qtiiclies 
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indicate that monkey scurvy is identical with human scurvy. All the pub- 
lished experiments have been upon macaques and all of those except 
one %ere upon rhesus monkeys (Macaca mziwtla). No recard has bcen 
found of experiments upon other non-human primates, so i t  is not known 
whether other genera in the order are susceptible to scurvy. 

The minimum ascorbic acid requirement of a rhesus monkey weighing 
2 to 4 kg. is 2 mg. or less a day. The ascorbic acid requirement for optimum 
nutrition has not been established. Some data are available on the blood 
and tissue concentration of ascorbic acid in this species. It has been re- 
ported that treatment with ascorbic acid increases the resistance of the 
monkey to poliomyelitis virus, but the validity of those findings has been 
questioned. 

V. BERIBERI IN THE MONKEY 
A search of the literature reveals that a number of attempts have been 

made to  produce beriberi in the monkey. Although most of those experi- 
ments fall far short of what we would consider well-controlled animal 
experiments today, they do yield some valuable information. 

Wright (1903) incarcerated monkeys ((‘M. cynomolgus” and “M. nemcs- 
trinus”) in certain cells of the Kwala Lunipor (Malay) jail, ip which 
prisoners had developed beriberi. His monkeys exhibited signs which he 
considered to bc convincing evidence of beriberi: anorexia, changes in 
knee-jerk, wrist-drop and foot-drop, and paralysis. He believed that the 
mbnkeys contracted the disease by contact with pathogenic organisms 
from the cases of human beriberi previously housed in the cells of the jail, 
and he concluded that beriberi is an acute infectious disease. His monkeys 
were given a diet of pineapple, banana, and sugar cane. Pineapple and 
banana are at least fair sources of thiamin (Sherman, 1941). It would be 
fruitless to speculate on the identity of the disease which his monkeys 
developed, but i t  seems highly improbable that they suffered from thiamin 
deficiency . 

Schaumann (1910) briefly reported the occurrence of what he believed to 
be beriberi in one monkey. 

Shiga and Kusama (1911) fed two Japanese monkeys (“Macacus cynomol- 
gus”) a diet of cooked rice. One died of tuberculosis, but the other de- 
veloped a syndrome characterized by loss of appetite, declining weight, 
progressive paralysis of hind legs, disappearance of knee reflexes, edema, 
and dilatation of the heart. The pulse rate decreased from a normal of 
about 250 to 180 Fer minute. From physical findivgs and from histo- 
pathological studies they coccluded that the disease was very similar to 
human beriberi. 

McCarrison (1919, 1919a) fed numerous monkeys on various diets 
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deficient in the B vitamins, but from his description of the deficiency 
manifestation it arpears most likely that he was dealing not with a de- 
ficiency of thiamin, but witha deficiency of another member of the vitamin 
B cc mples. IIis work is discussed in the section.on Nutritional Cytopenia. 

Wechsler, Jervis, and Potts (1936) studied the effect upon rhesus mon- 
keys of (a) acute and chronic alcohol intoxication, (b) “vitamin R”  de- 
ficiency, and (c) “vitamin B” deficiency associated with alcoholic intoxica- 
tion. There was no clear-cut evidente of polyneuritis in any of the groups. 
Certain of the animals in the deficient group and in the deficient group 
receiving alcohol developed severe diarrhea, stvopgly suggestive of nutri- 
tional cytopenia. 

Leblond and Chaulin-ServiniPre (1942) reported 20 cases of spontaneous 
beriberi in the colony of monlteys (‘LMacucus syZz)o!nus”) in the Pasteur 
Institute of nIorocco, following a change in diet. Before February, 1940, 
the diet of the monlicys consisted largely of acorns, supplemented with 
small amounts of stale bread, carrots, cabbage, and sometimes sunflower 
seed. Acorns became unavailable at that time,and the diet was changed 
so ns to consist of noodles, semoule, chick peas, broad beans, carrot, turnip, 
cabbage, and \\ hite \\.heat bread. The investigators estimated that  the 
average thiamin intake \vas about 23 micrograms daily per monkey. The 
first case of beriheri apreared ivithin two months after the change in diet. 
The riiost marked clinical findings in t.he 20 cases were: miiscular weakness 
and eventual paralysis of the hind legs, muscular atrophy, dyspnea, de- 
crcnscd pulse rate, and loss of appetit,e. Attempted cure by the suhcutane- 
oils admiristration of 5 to  50 mg. of thiamin failed in three terminal cases, 
hit partial recovery \vas effected by the addition of 5 mg. daily to the drink- 
ing water of each of six animnls. 

The authors atterrpted to prodlice beriberi esperimentdly by feeding 
certain of their mc nkeys an artificial diet. entirely devoid of the T3 vitamins. 
T\\-o adolescent mcnkcys, v hich had been on the beriheri-producing stock 
diet I;ut had not bccome xwre ly  ill with beriberi, were given this vitamin- 
free diet. ’1 he effect c;f the dict n-as quite rapid, resulting in a sudden 
and c&.p!ete paralysis of a11 four e>,tremities in 3 and (i days in the two 
monkeys. They crnsidcred these tivo cwes comr:arable to  “fulminating 
beribwi” in hi:n?ans. Atteml ts to podi:ce beriberi in other monkeys by 
feeding thrni the esrcrimental diet failed, ho\\-el-er, as the monkeys died 
in  8.3 to 40 days \\-ith w r y  few sgmpt.oms. The authors suggest that  
beriberi can only be procluced in the monkey by feeding a diet partially 
dcficient in  thiamin. 

I t  \~oiil tf  appcar from the forrgoing that three laboratories have observed 
beriberi in monk.xvs Otlxr Inl:oratorics, houxver, have failed to observe 
beriberi when monkeys were restricted to a diet deficient in the B vitamins; 
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in sonic cases a t  least this failure was probably due to the early appearance 
of syndromes resulting from deficiencies of other essential substances. 
XZuch remains to he learned regarding the conditions under which thiamin 
deficiency develops in primates, the relative susceptibility of various 
primate species to  beriberi, and the quantitative requirement of these 
qpecies for thiamin. 

12. 1 ~ ; ~ 1 ~ ~ : 1 ~ 1 ~ 1 i ~ : ~ r ~ r ,  Awmwrs  TO PI~ODUCE P ~ r , r , a u r t ~  IN AIONKEYS 

‘I’hc literature includes a iiuniber of reports of attempts to produce 
~iellagra experinlentally in ponkeys. Since many of those attempts were 
made 1,eforc the etiology of human pellagra was iind6rstooc1, thc early 
reports are of historical interest only. 

lledical thinking with regard to  the etiology of pellagra has passed 
through three periods, during each of which a different theory of the cause 
of the disease was more or less accepted. The etiological theorics coin- 
cident with these three successive periods were: (1) the infectious theory, 
(2) the protein deficiency theory, and (31 the vitamin deficiency theory. 
[n rending the literattire one finds experiments on the monkcy in cacli 
uf these periods; experiments designed to produce, if po.,4)le, pellagra 
in the nionkey by technics based upon the then accepted etiolo&cal thetrry. 

To teht the infectious theory, Anderson and Goldbexger (191 1 )  injected 
blood arid spinal fluid. from pellagrins in to five rhesus monkeys. Lavindpr 
(191 1) i~ioculated nine monkeys with blood, spinal fluid, and an emulsion 
prepared from the spinal cord of pellagrins. Blood and spinal fluid wa:: 
given intraperitoneally ; the emulsion of spinal cord was given intracere- 
brally. None of the monkeys in these tit-o experiments showed any 
ch:inges which could be called pellagra. 

On the other hand Harris (1913) produced in three monkeys a condition 
which hc I)elievetl to be pellagya by the injection of a Berkefeld filtrate of 
material obtained from fatal cases of human pellagra. The filtrate n’as 
prepared from t lw brain and cord, skin lesions, and portions of the alirnen- 
t:wy tract, and \I as injected into the monkeys intracranially, intravenoiisly, 
 id subcutaneously. Several nionths later lesions appeared on the face 
nnd hnntls which led tlir author to I)eIia-e that he had transmitted pellagra 
from the h i i r n a n  t o  thc monkcj.. J.avintler, Francis Grimin, and 1,orenz 
(191 r )  \twr unahlc to rcpeat tlic work of Harris. ‘hey  injected filtrates 
fruni l)rain, spinal cord, and various Yisceral organs into a large nurnbrr 
of monkeys. Xstracts from intestinal contents I\ ere injected intrave- 
noii4y, intracercbrally, and s11 hcntaneously into rlicsus monkeys, Java 
inonheys, and one liaboon. Cerehrospinal fluid, pericarrtinl fluid, and 
Ikrkcfeltl filtratw of urine and feces \\ere injectcd into ninny monkcyc;. 
1 Issi i rs a i i t l  cvcrrta ii*orn pellagrins 11 we also fed to a numbrr of monheys 

r .. 



In  all, 103 esFeriments 11 ere ccntlucled on seventy-seven rhesus monkeJ-s:, 
two Java monhe>s, art1 three 1 a\ om?. In only one animal did lehions 
ap1:rar n hich I\ ere siiggcstive of I’clltigra. 

Chick and Elume (19201, in planning t h i r  experilcents on the monkey, 
were ohviouslv influenced lly thc piwtc~in c!eFrier,cy theory of the cause of 
pellagra, n hich liacl only reccntlv l w n  I ropoac~l by (ioldt ergcr. ’fhey 
prod~icctl I\ hat thcjv 1 cliovcd t o  1 e hymptoms closely rewubling 1 clhgra 
by feeding three rhesils monkc) s a dict containirg corn glutrn a\ tlic chief 
protein Other constituents of t hc diet \\ cie hitter,  Imit ina or :i1q)lc, 
sugar, rind orarge juice. 1’:ich arrinral rerciwrl tn  o grams of ycait dail\* 
One aninla1 ( I  az:~rus) lost \ \r ight,  sho\\eil rr.iltl lesions of the n m i t h  aird 
a sever(’ diarrhea, and I\ as clilorc)foi.mc.tl on the !lGth clay 11 hilc morihiintl. 
The t n o  other wonk eys lost ueiglit morp 4 ~ 1 y  and oi?e d ~ > ’ ~ e l ( ~ ~ i e d  ctlcma. 
Additions of Iysine and tryptophan faikd to alter the dounn ard course 
of the animals; lmth \\ere rcrovcred by wtiirnii.g them to n normal mixed 
diet. One of tlw three nionl:eys eshil-itctl florid sbin lesions suggwtivc 
of pellagra. I t  is some\\ hat tliFcult to evaluate this c\l:criinent, since 
the monkeys ucrc ofi’cied sever:il foods I\ hich \\ ere not a11 eaten in every 
case. ‘The 3 grams of ye:i\t tlnily nxiy not  h u e  providctl n, diic.ient 
amount, of the 13 \itamins: tlic giiin Irsions and diarrhea Jionn 1)y J,nzarus 
are strongly siiggwtiLe of ~iutritiorial cvtopcnia. 

l’urnirig to  thc vitnniin tleficicrcp reriot1 in tlw hi,story of the etiology 
of p3lagra, sew-a1 I’aI:crs h a w  reported attcn>I;ts to produce inonlwy 
pellagra. Efrernov (193G) fed tn  o rhesiis monkeys on n iniwtl cereal diet 
consisting of mitldlings, l-arlcy, n lrite rire, 11 heatrn lwad, siigar, and 
carrots. One developed ti, plyneuritic condition after six months ant1 the 
other a pellagra-lil;e aff’e.c.tion after eight months. He suggested that the 
type of vitamin deficiency devcloyctl (1 nded on the individual diathesis 
and varying conditions of the gastro-intcstipal tract. 4 s  the paper is 
available in abstract form only, evahiatirg i t  is dificult. In ally event an 
ex]-eriment upon t u  o anircal.; o ~ l y  cannot, be considered conclusive. 

Clark (1938) espr imer  tcd upon tn  o elderly female bahoons at the 
Zoological Gardens at Cairo. ‘I hey each received durra, ad libitum, 
1f;O-ZCO g. carrot, act1 One n lw received dates ad 
/lbi/i/m; this acjwal rcIr:iirc(l in gcwtl health. 1 lie one uhich did not 
receive dates cca~ed  n c~s t~ i , a t ion ,  1 o(mi:e n e a k ,  the palms of the hands 
became sit olltri, a i ~ d  a red rash al.I.rarctl over her abdomen, around the 
eyes, and esl-cciallp on the eyelids. I atcr a hemorrhagic rash a1)peared 
over most of the Lcdy, acd tl c anii-cal cwntually succumbed in n coma. 
?he author considercd the syrdrcme to be pellagra. 

Follon ing the discovery that nicotinic acid could pre\-ent and cure black- 
tongue in dogs and ~:ellagi:t in man, att(\rnj)ts haw 1)ccri made to produce 

rint  of milk daily. 
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nicotinic acid deficiency in monkeys. Ry feeding the Goldberger diet to 
monkeys, Harris (1937, 1938) produced a syndrome characterized by loss 
of appetite, profuse diarrhea, vomiting, anemic appearance, progressive 
weaknesa, denudation of fur, dry scaly skin, aiid eventual death. All 
of these manifestations could be prevented or cured by 7% yeast in the 
diet, by feeding a crude liver extract, or by replacing the maize in the 
Goldberger diet ni th  wheat. In the second paper Harris referred to this 
syndrome as “monkcy pellagra,” and reported data on four monkeys 
in which weight responses were obtained by feeding nicotinic acid. No 
blood counts were reported so i t  is not evident whether the nicotinic 
acid influenced the anemia. 

In this country two laboratories have reported experiments on monkeys 
given the Goldberger diet supplemented with ascorbic acid, and in both 
laboratories nicotinic acid uniformly failed to grotect the animals. Day, 
Langston, and Darby (1938) and Day, Langston, Darby, Wahlin, and Mims 
(1940) reported data on fifteen monkeys which received from 4 to  40 mg. 
of nicotinic acid or amide daily. They all developed the typical syndromc 
of nutritional cytopenia: anemia, leucopenia, diarrhea, and eventual death. 
Topping and Fraser (1939) fed sixteen monkeys the Goldberger diet with 
ascorbic acid. Eight of them received 20 mg. week& of nicotinic acid and 
eight received no nicotinic acid. There was no significant difference 
between the groups in the severity of the mouth lesions or in the survival 
period. (The average survival period of the eight monkeys receiving 
nicotinic acid was 77 days, of those not receiving nicotinic acid wm 85 
days.) It is impossible to explain the discrepancy between the results of 
Harris and the findings in the American laboratories. Day and coworkers 
and Topping and Fraser interpret their results as indicating that the 
monkey requires an additional unknown factor or factors (see section on 
Nutritional Cytopenia). It may be that some component of the diet 
used by Harris contained enough of this factnr so that a nicotinic acid 
deficiency was the first deficiency to  appear. Por instance, i t  is not clear 
from the stated composition of his diet that the pea meal used was the cow- 
pea (California black-eyed pea) used by the Americans. The syndrome 
described by Harris probably does not have enough in common with human 
pellagra to fully justify the term “monkey pellagra,” but his weight 
responses do offer evidence that,nicotinic acid is required by the monkey. 

Summary. Several experimental attempts to  produce pellagra in the 
monkey are reported in the literature, but most of them antedate the 

‘ discovery of the relation between nicotinic acid deficiency and human pel- 
lagra. Further ptudies are needed to clarify the r61e of nicotinic acid 
in the nutrition of primates other than marl. 
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VII. NUTRITIONAL CYTOPENIA IN THE MONKEY-VITAMIN h1 

The rhesus monkey is peculiarly susceptible to a deficiency disease 
characterized by progressive anemia and leucopenia, lesions of the oral 
cavity, and diarrhea. Lowered resistance to infection, especially to 
bacillary dysentery, is a prominent feature. Other macaques (and possible 
other primates) are also susceptible to this deficiency syndrome, although 
most of the experimPnt,al work has been on the rhesus monkey (Macaca 
mulutta). 

The deficiency manifestations cannot be prevented by the following 
substances, alone or in combination : protein of good quality, “complete” 
salt mixture, vitamin A, vitamin D, ascorbic acid, thiarnin chloride, 
riboflavin, nicotinic acid, calcium pantothenate, pyridoxin, choline hy- 
drochloride, inositol, or p-amino benzoic acid. It seems highly probable, 
therefore, that the deficiency of an unknown substance is involved. In  
the light of what we now know i t  is possible to read and interpret the 
literature, and we find that this syndrome, qr certain manifestations 
of it a t  least, has been rediscovered and described every few years since 
1919. The work has been approached from many angles, the diets used 
have been very different, the laboratories are widely scattered, but what 
appears to be the same syndrome has been found in each. The work has 
been reported from Gonoor, Bombay, Little Rock, London, San Francisco, 
Chicago, Washington, Syracuse, and Columbus. In some cases the 
investigator was interested in (or recognized) only certain phases of the 
syndrome, and paid-little or no attention to the other manifestations of 
the deficiency. Thus McCarrison’s description (1919) was largely devoted 
to the intestinal signs-diarrhea, ulcerative colitis, and dysentery. He 
did not have facilities for making blood counts but he did report that his 
animals appeared very anemic. Wills and Bilimoria (1932), and Wills and 
Stewart (1935) were primarily interested in the anemia, although the 
leucopenia and diarrhea were mentioned. We (1935, 1938) described the 
ieucopenia and anemia, the oral lesions, and the diarrhea, but at first 
we did not grasp the full significance of the dysenteric infection. We 
were, in fact, a t  one time on the point of abandoning the whole xork 
because many of our experiments were complicated with bacillary dysentc,ry. 
It only gradually dauned upon us that the dysenteric infection was not 
solely an accidental complication, but that the deficiency predisposed the 
monkeys to intestinal infections. Janota and Dack (1939) clearly demon- 
strated that the susceptibility to dysentery of monkeys receiving our diet 
600 was definitely related to the deficiency syndrome. 

Topping and Fraser (1939) and Tomlinson (1939) were primarily in- 
terested in the oral lesions, as were also Chapman and Harris (1941). 



The Ohio group (Wilson, et al., 1042; Saslaw, et al., 1912, 1943), on the 
other hand, have placed most of their emphasis on the leucopenia and the 
susceptibility of the deficient monkeys to intestinal and respiratory in- 
fections, 

The condition was referred to simply as “deficiency disease” by MC- 
Carrison (1919) ; as “macrocytic anemia” by Wills and Bilimoria (1932) ; 
as “leucopenia and anemia” by Day, et al. (1935); as “macrocytic nutri- 
tional anemia” by Wills and Stewart (1935) ; as “vitamin G deficiency’’ 
by Johnstone and Reed (1937); as “nutritional cytopenia” and “vitamin 
M deficiency” by Langston, et aE. (1938) and Day, et al. (1938). Topping 
and Fraser (1939) referred to the syndrome simply as “B2 complex” de- 
ficiency; Janota and Dack (1939) referred to the condition as “vitamin M” 
deficiency; and Chapman and Harris (1941) referred to it as “filtrate factor” 
deficiency. Saslaw, Schwab, Woolpert, and Wilson (1942) referred to the 
condition as “granulopenic leucopenia.” 

Regardless of the special interest of the investigators, however, it seems 
fairly clear that these groups of workers were all dealing with the same 
syndrome, which is characterized by leucopenia, anemia, oral lesions, 
diarrhea, ulcerations of the colon, and increasecl susceptibility to  infections, 
particularly of the intestinal tract. The syndrome has not been entirely 
prevented by any combination of pure vitamins, and !cads to a fatal termi- 
nation unless the diet is corrected by the addition of crude liver extract, 
yeast, or other source of the nutritional factor.2 

The various phases of the syndrome, the known distribution of the 
nutritional factor, and progress which has been made toward the elucida- 
tion of the problem, will be discussed in the following paragraphs. 

Basal Diets Used. McCarrison (1919) used several deficient diets, 
designed to be deficient in vitamin A, vitamin B, or vitamin C, or combina- 
tions of two or more. At that time the esistence of only those three 
vitamins was recognized. The basis of his diets was autoclaved rice, and 
no yeast was supplied in any of them, so the diets were probably all deficient 
in the factor esscnt,ial to prevent nutritional cytopenia (except his normal 
control diet of natural foods). His monkeys developed diarrhea and 
dysentery on all the deficient diets. 

The deficient diet of Wills and Bilimoria (1932) was dejigned after the 
diet in common use among Mohammedan women in Bombay. It con- 
sisted of polished rice, white bread, wheat chapatti, ghi (butter), white 
pumpkin, and meat. Certain of the animals received one or more of the 
following: orange, tomato 01: carrot, cod liver oil, milk, or yeast. The 

* Since this manuscript was submitted to the editors, two papers by Waisman, 
e l  al. (1943, 1943a) have appeared which confirm in all important respects the find- 
ings of earlier investigations. 



yeast was fed in doses of only one gram daily. Animals in all of the groups 
(leveloped anemia; this \\as cured by liver extract or large doses of yeast 
(Marmite). 

Day, Lai@on, and Shukers (1935) and Langston, Darhy, SItukers, and 
liuy (1938) used a diet of the following composition (diet GOO): casein, 
1 itamin-free, 10 g.; polisli(~1 rice, 50 g.; n.ltole wheat, 15 8 . ;  salt mixture, 
‘Z g., sodiurii chloricle, 2 g.;  :~nd  Vitamin <: was supplied by 
4 g. orargr daily i n  the early experiments and l>y 0.01 g. ascorhic acid daily 
in  tlic later e\prrimcrit.;. Siiitahlr supplemrnts of riboflavin and nicotinic. 
acid I\ ere' niacle to this clict. This diet, with certain pure vitanliri snpple- 
inents ha< Ijcen used by Jenota 2nd Dack (1939), and by the Ohio group 
(\i7ils0n, r l  ul.,  1942. 1913; Sczslan, et ul., 1942). 

Day, Idangston, Ihr iw,  Wahlin, and Minis (1940) used a niodification 
of the Ckddherger black tonguc-producing diet, with ascorbic acid supple- 
ments. Whctlier supplemented with nicotinic acid and riboflavin or not, 
the typical syndr onie of nutritional cytopenia developed. A modified 
Goldherger diet i t  ith ascorbic acid supplement was also used by Topping 
and Fraser (1939) and by Chapman and Harris (1941). Topping and 
Fraser used four groups of four animals each, feeding diets further supple- 
mented as folloiiss: (a) rihoflavin and nicotinic acid, (b) nicotinic acid, (c )  
riboflavin, (d) no supplement. The response of the four groups was 
essentially the same; they all developed mouth lesions and diarrhea. 
(‘In many of these monkeys some anemia associated with a moderately 
srvrre leucopenia developed.” 

This response of monkeys to  the feeding of the Goldbeiger diet brings 
up a very interesting point in comparative nutrition: dogs fed the Gold- 
berger diet develop black-tongue; monkeys fed the Goldberger diet develop 
nutritional cytopenia. It would appear that man, in this particular 
respect, responds more like the dog thandike the monkey. It remains 
to be seen, however, how common nutritional cytopenia is found in the 
human. Villada (1942) has reported numerous cases of what he considers 
to be clinical vitamin &I deficiency, and their cure by feeding brewer’s 
yeast or crude liver preparations. 

The normal blood picture of 
the rhesus monkey has been ‘studied extensively by numerous workers. 
Shukeis, ec al. (1938) reviewed the literature and tabulated a summary 
of the normal standards available up to that time. They added data on 
150 complete hematological determinations on young normal rliesus mon- 
keys. Ruch (1941) gives thirty-two citations to papers on hematology 
of monkeys and other primates. Recently Suarez, Rivera, and hlorales 
(1942) have added valuable data on the normal blood count of various, 
aged rhesus monkeys at the Santiago Primate Colony. The cell morpho- 

liver ail, 3 g. 

The Blood Picture in Nutritional Cgtopenia. 
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logy of rhesus blood is very similar to that of man. The total erythrocyte 
count is somewhat higher, with an average slightly above 5 million cells 
per cu. mm. The normal total white cell counts are much higher than those 
of man, and acre rather variable; the average for the young rhesus monkey 
is about 15,000 per cu. mm. with a normal range between 10,000 and ‘20,000. 

In  nutritional cytopenia in the monkey there is a progressive decrease 
in the numbers of all types of cells in peripheral blood. The picture varies 
from animal to  animal; some show a pronounced anemia: other;; develop 
a profound leucopenia which is rapidly fatal, but show very little anemia. 
One of our monkeys (No. 47, Day, et al., 1940) had a red cell count of 
less than one million per cu. mm., but that was an extreme case; minimum 
red counts between 2 and 3 million are more common. One monkey of 
Wills, Clutterbuck, and Evans (1937) showed an erythrocyte count of 
only 600,000 per cu. mm. Wills and Stewart (1935) referred to the syn- 
drome as “macrocytic nutritional memia,” and they gave data showing 
that the volume index ana mean cell diameter increased slightly. In the 
experience of this laboratory the hemoglobin and erythrocyte curves parallel 
each other with remarkable constancy (Day, et al., 1940), and we consider 
i t  more proper to  refer to  the anemia in our animals as nonnocytic rather 
than macrocytic. The important point, however, is that it is not a hy- 
pochromic, microcytic type of anemia. 

A profound leucopenia is the most characteristic feature of the syndrome, 
and the leucopenia involves all white blood cell types, although there is 
considerable variation from one to another animal with regard to the cell 
distribution. About the only generalization that can be made is to  
state that there is almost invariably an absolute neutropenia and an absolute 
lymphopenia; in some there is a relative increase in neutrophils and in 
others a relative increase in lymphocytes. A few animals have shown 
an almost complete agranuloeytosis. Terminal total white cell counts 
are usually between 2,000 and 3,000 per cu. mm., which compared to an 
average normal of 15,000 is a profound leucopenia. Total white counts 
below 1,000 per cu. mm. have been found, but those cases are rare. 

A fe1.r data on platelets indicate that a thrnrnbocytopenia is also a feature 
of nutritional cytopenia in the monkey. 

For details of the blood picture in the experimental condition, the reader 
is referred,to papers by Wills and Bilimoria (1932), Wills and Stewart 
(1935), Day, el al., (1935, 1938, 1940), Langston, el al. (1938), Wills, 
Clutterbuck, and Evans (1937), Wilson, et .al. (1942) and Saslaw, et al. 
(1942). Other investigators have been more interested in other features 
of the syndrome (oral lesions, diarrhea, dysentery) and have only indicated 
that changes in the blood picture aere found. 

The addition of crude liver extract or yeast to  the diet *If  an animal 
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with profound anemia and leucopenia is followed by a reticulocyte crisis, 
dramatic increase in Jihite cells, and a slower return of red cell and hemo- 
globin levels to nornial (see KO. 47, Day, et al., 1940; and Fig. 1 of Wills, 
Clutterbuck, and Evans, 1937). It is not possible to  recover all animals, 
ho\z ever; evidently certain ‘animals reach n hat Wilson, et al. ( 1  943) aptly 
term an “irreversible phase,” a t  which time the addition of suitable supple- 
ments to the diet is ineffective. It is not known whether this “irreversible 
phase” is due to bone marrow exhaustion, or whether it is simply that the 
animal has bren overwhelmed by an infection superimposed upon the 
deficiency. 

Bone niarrow studies by Wills and Bilimoria (1932) and Wills and 
Stewart (1935) indicate that the bone marrow in nutritional cytopenia 
is hyperplastic, the hyperplasia being of a megaloblastic type. On the 
other hand \I ilson, et al. (1943) stated : “Bone marrow studies have shown 
a relative and absolute hypoplasia in the myeloid elements in the infected 
monkeys dying with peripheral leukopenia.” Further studies of bone 
marrow in this condition should be made. 

Oral Lcsions in Nutritional Cytopenia. Mouth lesions, particularly of the 
margins of the gunis, are among the most common signs of nutritional 
cytopenia in rhesus monkeys. Neither McCarrison (1919) nor Wills 
and Bilimoria (1032) mentioned such lesions; both of those laboratories 
used “Macacus sinicus” (the South Indian Bonnet Monkey) which may 
react somewhat differently in this regard fronl the rhesus monkey. Mc- 
Carrison’s monkeys were so wild that he did not handle them routinely, 
which is a more probable explanation of his failure to report mouth lesions. 
The first description of the mouth lesions was made by Day, Langston, 
and Shukers (1935): “The only consistent physical finding was an ulcera- 
tion of the margins of the gums. This lesion usuallv developed within a 
short time after the onset of the leukopenia, first appearing as a slight re- 
cession of the gums, and later as a distinct yellowish ulceration. Upon 
wiping off the necrotic material with a cotton swab, mild bleeding resulted. 
This ulceration usually developed along the incisors first, and In several 
animals caused the teeth to fall out. In one monkey the ulcerated region 
was chiefly along the canine and molars, and progressed until a large area 
of bone was exposed. The gums were pale and there were no marked 
spontaneous hemorrhages. No other oral lesions were observed.” Photo- 
graphs of two monkeys with marked ulceration of the gums are given in 
Plate 50 in the report by Langston, et al. (1938). Few animals in this 
laboratory show such extensive gum changes, however. 

Topping and Fraser (1939) and Tomlinson (1939) made a very careful 
study of mouth lesions in nutritional cytopenia and in experimental scurvy 
and vitamin A deficiency in the rhesus monkey. They used 16 monkeys 



on diets deficient in the cytopenia-preventivc factor. Although they 
placed their monkey in four groups, labcllcd “cont,rols receiving fhvin 
find nicotinic ncid,” “flavin-deficient,” “nicotinic acid-deficient,” and 
“fiavin and nicotinic acid-deficient,” it is important! to point out that the 
inonkeys in the four groups all developccl the typical syndromr of nutri- 
tional cytopenia. Tlic diets were all deficient in the cytol)euia-prcventive 
factor, and neither riboflavin nor nicotinic acid had :my apprrciahle in- 
fluence on the findings. With regard to mouth lesions their rcport is much 
more detailed and quantitative than any previous report,. In atldit ion 
to gingivitis and necrosis of the gunis, they found extensive iilccration 
of the cheek in four of their 16 monkeys; in three of the four thr  ulceration 
of thr  cheek resulted in perforation and justified the term “noma.” (In 
this laboratory we have had only one case of “noma” in approximately 80 
animals developing nutritional cytopenia.) Smears from the gums of 
Topping and Fraser’s monkeys showed an increase in fusiform and spiral 
organisms. 

Chapman and Harris (1941) used diets almost identical with thosc of 
Topping and Fraser (1939), and found similar mouth lesions. In  reading 
their paper, also, it is important to  note that four of their diets were deficient 
in the cytopenia-preventive factor. Topping and Fraser and Chapman 
and Harris published excellent photographs of the mouth lesions. 

Saslaw, et al. (1942) stated: “All monkeys on the 600 diet developed 
lesions of the oral mucous membranes which often became infectcd with 
streptococci, staphylococci or the flora of Vincent’s angina. In  monkeys 
on normal diets, no such lesions appeared spontaneously, and when ac- 
cidental trauma of gingival or buccal mucosa occurred, no secondary 
infections were observed.” The charts in the report by Day, et al. (1940) 
show that the gum necrosis appears after the leucopenia has existed for 
some time. 

Edema in Nutritional Cgtopenia. Edema has been reported as a frequent 
sign, but it is not as consistently seen as are the other signs of nutritional 
cytopenia. McCarrison (1919) saw no clinical evidence of “dropsy” 
in any of his monkeys. Since he had expected to  produce beriberi on the 
diet he used, he no doubt looked for edema especially. Wills and Rilimoria 
(1932) did not mention edema. Both McCarrison’s work and Wills and 
Bilimoritt’s work were on the Bonnet monkey (“Macacus sinicus”), while 
all later reports except one have been on work on rhesus monkeys. 

Wills and Stewart (1935) stated: “In the later stages of the anaemia 
there was definite oedema, which varied in intensity from case to case.” 
They then indicated that they believed it t o  be due to  vitamin B1 de- 
ficiency. 

Day, Langston, and Shukers (1935), and Langston, et nl.  (1938) did not 



mention edrma, but Day, ~1 a/. (1940) rcyortrd that thrcc out of the 
eighteen monlxys in that srrics cvhibitrd inat~lccvl rtlcmn. Sincc t \ \  o ot 
those thrcr aninials rrccii-cd 1 mg. of thiamin c*iiloritlr tinily throriqliout 
the esperinirnt i t  apl)(’ars ~ I ~ I ) o s ~ ) I P  tli:tt the etIv i i ) : t  c ~ o i t l t l  Iw thr rwult 
of vitamin 1’:thnu n x ~  t i t i t  i i i w t i < t t w I  1)s .IaiiotiL and D:it~k 
(1939), Chapnxin ;itid 11:trrk (I!) 11 1, ’l’tt1)ping ; i ~ l  Fimer (193S), .Jolinstont~ 
and Reed (1037), IVilson, cf d. (1912, 1018) orh.;!:xw, cf at. (1942). -1 fe\v 
of R ~ O ’ S  monkeys (“.llaccrr/ts S I U ~ I ~ S ” )  tl(~i.c~lopr(l c11c1ii:~ of fm., scrotum, 
hands, or feA (1942). 

Since edema is not consistently foiintl i l l  rtiitt*ition:tl cytoiwnin, its 
relation to  tlic syndromr is still some\\ 1i:it olisiwrc~. I t  wenis crrtnin, 
however, that thc edema is not, flie rcsiilt of thitlinin deficiency. 

Dinrrhcn, mid Siisceytibilif!l o j  the 3 I o t i h ~ t ~  to Harillurg D y w t i f r r ~ /  n t d  Other 
Infections i n  iY7rtritional C‘yfopcniu. lX:1rrl1ec~ tlevelops in alrnwt every 
monkey suffering from nritritionnl cytopc1iii;i. It, iq fir5t ciident ;is soft 
stools nhich later 1,rconic ntciy, and a w  yc4~11\ IX green in color. In 
some cases this natcry di:rrrhcn ccmtinuw for ueeks or months I\ ith 
little change. In others, blood and niiicu.; :i1wr:w, and t h r  nionkcy hecoincs 
acutely ill \\ ith :ill tlic clinical ni:uiifcstntioii~ of b:tcillnry dysciit w v  
Stool cultures takcn :tt tlii.: -1 age uwall\’ t.cve:tl thc. prwencc of oignnisnis 
of the genus Shigdlrr. Ilvilli tlic: o n 4  of dysentery the condition rnpicllj- 
progresses to  a fntnl terminntion. Tliis was first r1escril)cd by 3ZcCarrisnn 
(1919) who found anioeb:ic in 1 1 1 ~  \tools of  n ~ n y  of thc monkeys, hit who 
did not, have fnci1itir.s for making c w l t r i i v  studies. lYills  and 13iliniori:i 
(1032) reportcd thr cure of tliurrlicn in onc of their monkrys (So.  9) 
by treatment with liver esti*nct. Day, IaIgston, niitl Shukers (1935) 
reported that u-i t h  onc exception their monke~~.;  all developed a dinrrhrn 
within a short time after being placrd on diet. Several of their animals 
developed clinical dysmtcBry, :incl sf ool cit1tiirt.s rrvcaled thc prcsrncc of 
Shigelln p n r a d g w ~ t c r m ~ ,  IIiw o r  Sontic vnricty. “Since the drficicncy 
nppearcd to predispose to an at t w k  of :I Intrnt dysentery, htool cultiircs 
jvere made nt frcqiicnt intrrvals, and aiiininls she\\ ing positive tests for 
pathogenic organisms I\ w e  c\cluded from the seijes.” Again in 1938 i v r  
called attention to  d i n r r h  its u. coninion finding in the syndromc (Langs- 
ton, ct al., 1938). 

I t  remained for Janota mic1 Dack (10.79). lio\\ever, tjo point out the 
relation betn ecn “i itamin 31” deficiency and suaceptihility to  bacillary 
dysentery in the niockcy. Rclxated failures to  produce clinical dysentery 
by fcedixig large doses of living dysciiiery bacilli had led them to believe 
that some factor other than tlic bacterium I\ as concerned in the production 
of dysentery. Yerder anti l’etrnn (1937) had found that nionkeys on 21 

vitamin A-deficient dict t1evc~lol)cd Lrtcillary dysentery. Jsnota and Dack 

tlcficic~nc~y. 
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fed our vitamin 11-deficient diet 600 (Langston, et al., 1938) to a large group 
of monkeys. They found that control aniiiials receiving an adequate diet 
did not develop dysentery, but that monkeys receiving the vitamin M- 
deficient diet spontaneously developed clinical dysentery and they were 
able to demonstrate the pathogenic bacilli in the stools of many of the 
animals. They stated : “These experiments would suggest that B a d .  
dysenteriae (Flexner) may live a saprophytic existence being present 
in the intestine in numbers which escape detection, even where a better 
type of selective medium . . . is used for isolation. The fact that the 
control monkeys did not develdp dysentery nor did other experimental 
monkeys kept in the same room vi th  the animals oil a vitamin )I-deficient 
diet indicates that the disease occurred &s a result of lonered resistance 
due to vitamin deficiency and not due to contact infection.” 

Unpublished experiments in this laboratory have shoii 11 that the feeding 
of enormous numbers of living dysentery bacilli to a normal monkey 
receiving 5~ normal diet (vitamin il I-deficient diet supplemented with liver 
extract) did not produce diarrhea nor clinical dysentery, and had no 
influence on the blood picture. About a year later, however, this monkey 
was given a vitamin M-deficient diet, and he then developed nutritional 
cytopenia and succumbed to an acute attack of clinical dysentery. Edi- 
torially the Journal of the American Medical Association points oat the 
possible relation of this to the development, of human bacillary dysentery 
(Editorial, 1941). 

Saslaw, et al. (1942) and Wilson, et al. (1943) have recently shown that 
vitamin M deficiency in the monkey results in Ira markedly lowered clinical 
resistance to spontaneous infections with high mortality. The suscepti- 
bility to  experimental infections with Skreptococcus hemolyticus, Group C, 
and to  influenza virus A, administered intranasally, was likewise increased 
in contrast with the controls on a normal diet.” 

Expem’menu upon the Properties and Chemical Nature of the Cylopenia- 
preventive Factor. It is now clear that the following substances will not 
prevent nutritional cytopenia in the monkey: vitamin A, vitamin D, as,- 
corbic acid, thiamin chloride, riboff avin, nicotinic acid, pyridoxin hy- 
drochloride, calcium pantothenate, p-aminobenzoic acid, choline chloride, 
inositol, pimelic acid, and glutamine (Day, et al., 1940; Saslaw, et al., 1942; 
Totter, et al., 1943; Saslaw, et al., 1943). No reports have appeared on the 
use of biotin in such experiments. The cytopenia-preventive factor 
(vitamin M) is evidently not identical with the pernicious anemia factor, 
since preparations highly potent in producing remissions in pernicious 
anemia are ineffective in curing or preventing nutritional cytopenia (Wills, 
Clutterbuck, and Evans, 1937, 1937a; Wills and Evans, 1938; Langston, 
et al., 1938). The factor is not precipitated from solution by saturation 
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with ammonium sulfate; it is soluble in 70 per cent or 80 per cent alcohol 
but insoluble in absolute alcohol. It is not readily adsorbed on Fuller’s 
earth (Wills, clutterbuck, and Evans, 1937). It is destroyed by heating 
in air at 100°C. for 24 hours (Totter, et al., 1943). 

Wilson, et al. (1942) and Saslaw, et al. (1943) reported that a “folic acid” 
concentrate contains vitamin M. However, unpublished experiments 
in this laboratory (Totter and Mims) have shown that the basal vitamin 
M-deficient diets contain m’ore “folic acid” (as measured by the growth 
stimulation of Streptococcus lactis R)  than does the amount of yeast neces- 
sary to fully protect monkeys against nutritional cytopenia. Also, heating 
liver at 100°C. for 24 hours renders it ineffective in protecting the monkey 
against nutritional cytopenia, but does not appear to reduce its “folic acid” 
content. It therefore appears highly improbable that “folic acid” is 
identical with “vitamin M,” if we define “folic acid” as the substance which 
stimulates Streptococcus lactis R under the conditions of the microbiological 
assay (Mitchell and Snell, 1941). 

Recent experiments by Totter, et al. (1943) have shown that xantho- 
pterin will produce a reticulocyte response and will increase white and red 
cell numbers in monkeys rendered cytopenic by a vitamin M-deficient diet. 
However, xanthopterin has not proved sufficient to maintain the white 
and red cell counts a t  normal levels indefinitely. They state: “The 
results suggest that xanthopterin is required by the monkey for hemocyto- 
poiesis, but unidentified substances are also necesjary to prevent vitarun 
M deficiency.” 

Distributiun of Vitamin M. At the present time the only method for 
assay of the cytopenia-preventive factor is by experiments upon the monkey. 
It is possible that the leucopeilia produced in rats by feeding them sulf- 
anilylguanidine or succinyl sulfathiazole is the result of “vitamin M” 
deficiency, but if so it is yet to be proved. We shall probably have toawait 
the chemical isolation and elucidation of vitamin M before small animal 
or microbiological methods can be used in its assay with any assurance 
of specificity. Using the monkey in assays of the distribution of vitamin 
M is made especially d@cult since curative experimenta are often un- 
satisfactory; the nutritional cytopenia results in such lowered resistance 
to infection that the recovery of animals is frequently impossible even 
with materials known to be potent. Furthermore, the time required to 
produce the deficiency syndrome is so variable that a preventive experiment 
ia valid only if it covers an extended period. We consider that a supple- 
ment is fully protective only when it has prevented the appearance of the 
cytopenia for approximately a year 

Notwithstanding the obstacles in the way, some progress haa been made 
in studying the distribution of vitamin M. Dried brewer’s veast is a g d  
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source of the factor; 5 grams daily was fully protective but 2.5 grams daily 
was insufficient (Langston, et aZ., 1938). On the basis of dry weightfresh 
liver is the most potent natural source of the factor-10 grains of fresh 
liver (beef) daily hac; provcd fully adequate (unpublished experiments). 
Muscle nieats (beef, pork) have not been fully protective even when 
Ecd at, 20 g r a m  per day level, although such quantities did appear to  delay 
the onset of the cytopenia. Certain crude liver extracts have been shown 
to be excellent sources of the vitamin (N‘ills and Bilimoria, 1932; Langston, 
et al., 1938; Day, et al., 1840; Wills, et al., 1937). Drying liver at 100°C. 
for 24 hours destroys its effectiveness, however (Totter, et al., 1943). 
Crude acid-precipitated casein has been shown to be an unsatisfactory 
source of the factor when 10 grams daily were incorporated in the diet 
(unpublished expeiiments). 

The gr.a,ins and seeds which have been used in the deficient diets obviously 
arc poor sourccs of vitamin M. Diet COO (Langston, et al., 1938) contains 
50 g. polished rice and 15 g. whole wheat, per monkey per day. The 
Goldbcrger diet (Day, et al., 1940; Topping and Fraser, 1939) supplies 40 
g. whole corn and 5 g. cowpeas daily. It is therefore apparent that polished 
ricc, wholc wheat, whole white corn, and cowpeas are poor sources of the 
factor. 

Orange is not a rich source of the vitamin, as evidenced by the fact that 
in our earlier experiments (Langston, et al., 1938) we fed 4 grams daily as an 
antiscorbutic. Thc time of appearance of cytopenia and the survival 
period were not significantly changed when ascorbic acid was substituted 
for the orange. Twenty-five grams of bannns daily has not been fully 
protective (Totter, ef a!., 1943). 

Su?nmnry. Young rhesus monkeys (and apparently also other ma- 
caques) whcn given a diet presumably adequate with regard to  calories, 
minerals, and protein develop a syndrome characterized by anemia, 
leucopenia, oral lesions, diarrhea, and lowered resistance to infections, 
especially of the intestinal tract. The syndrome can be prevented by 
yeast or crude liver extract but the feeding of all the available pure vita- 
mins has proved ineflfective. There is some evidence that xanthopterin 
may be partially effective in preventing the .deficiency disease. Some 
data are available on the distribution and properties of this factor, which 
has becn termed “vitamin AT.” It is not k n o w  ,whether this factor is 
required by primates other. than the genus Macaea. 

VIII. PRIMATE CULTURE AND PRACTICAL DIETETICS 
Published information on the care and feeding of primates is rather 

meagre. Much must have been learned about primate culture by scientific 
investigators and zoological garden curators which would be highly valuable 
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to others, but which has never been published. We have found Hartman’s 
chapter “Housing and Care” (Hartman and Straus, 1933) very valuable. 
Ruch (1911) gives 24 references to papers on primate culture and methodo- 
logy, a number of which give information on the feeding of primates. Un- 
fortunately many of the papers referred to are not readily available. Katz 
and Kate (1936) report some very interesting, and amusing, experiments 
upon the feeding behavior gnd food selection of two species of monkeys. 
Carpenter’s monograph on the behavior and social relations of the gibbon 
(1940) gives considerable information on the food of that species in its 
natural habitat. 

IX. COMMON DISEASES OF CAPTIVE PRIMATES 

Although this review deals with the putrition of the primates, brief 
mention may well be made of some of the more common infectious and 
parasitic diseases which may be encountered in primates used as laboratory 
animals. The following references are riot offered as a complete biblio- 
graphy of primate diseases, but the papers referred to, together with the 
bibliographies contained in them, should be useful to an investigator 
initiating laboratory work on primates. Tuberculosis appears to  be the 
most common disease of monkeys, and it is also found among the apes. 
Carpenter and Krakower (194 1)  stated that tuberculosis, dysentery, and 
fighting were the main causes of death in the monkeys of the Santiago 
Primate Colony during its first year. Kennard and Willner (1941) made 
the following statement: “In this colony (Laboratory of Physiology, Yale 
University School of Medicine), tuberculosis infects about one-fourth of 
all primates, and, once present, proceeds rapidly, within a period of months 
at the longest, to  a fatal termination. There is no evidence of arrest of the 
disease a t  any time.” Kennard and Willner (1941a) reported data on 216 
zutopsies on rhesus monkeys, in which they found the following: tuber- 
culosis, 42; intestinal parasitism, 28; and pneumonia, 12 cases. The same 
authors reported findings in 70 autopsies on anthropoid apes. They gave 
the following causes of death of 58 chimpanzees: killed for experiment, 17; 
died as result of experimental procedure, 20; pneumonia, 3 ;  diarrhea, 7; 
tuberculosis, 3; Vincknt’s infection, 1 ; and postpartum peritonitis, 1. 
Seven of them showed evidence of tuberculosis a t  autopsy, and intestinal 
parasites were found in three. Foster and Johnson (1939), Ronne and 
Sandground (1939), and Poindexter (1942) have reported studies of gastric 

‘ and intestinal parasitism in captive monkeys. 

X. SUMMARY 

A search of the literature has revealed less than a hundred papers dealing 
with the nutrition of primates other than man: about half of those have 
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appeared within the past eight years. Most of the experimental studies 
on the nutritional requirements of primates have been upon the rhewus 
monkey. Several investigators have restricted monkeys to a diet deficient 
in vitamin A, but in only a few of the animals were the classic eye signs of 
vitamin A deficiency observed. Spontaneous rickets has been observed 
in young monkeys and the disease has also been experimentally produced 
by feeding a diet deficient in vitamin D; the condition closely resembles 
rickets in the human infant. Monkeys also appear to be susceptible to 
osteomalacia. Experimental calcium deficiency has been produced in 
rhesus monkeys by the prolonged feeding of a diet deficient in this element, 
and a syndrome developed which was characterized by irritability, anorexia, 
weakness and muscular atrophy, and reduction in the calcium content of 
the bones. Neither the vitaminA or vitamin D requirement of the monkey 
(or other primate species) has been determined. 

Young rhesus monkeys are readily susceptible to scurvy, and the disease 
is identical with human infantile scurvy. The minimum daily ascorbic 
acid requirement of a young rhesus monkey appears to be 2 mg. or less; 
the requirement for optimum nutrition has not been established. No 
record has been found of experiments upon ascorbic acid deficiency in other 
non-human primates. 

Spontaneous beriberi has been observed in monkeys, but attempts to 
produce it experimentally by dietary means have not been uniformly 
successful. There is no information avdable on the thiamin requirement 
of monkeys and other primate species. The data on nicotinic acid de- 
ficiency in the monkey are too few to be conclusive. 

Rhesua monkeys (and other ma&ques) when given a diet deficient In the 
B vitamins develop a syndrome characterized by anemia, leucopenia, oral 
lesions, diarrhea, and susceptibility to intestinal infections. The syndrome 
cannot be prevented or cured by any combination of the now available pure 
vitamins, but it can be prevented. and sometimes cured, by yeast and 
certain crude liver extracts. This nutritional factor awaits chemical 
identification. 
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I . INTUODUCTION 

Despite more than two decades of research vitamin E still remains 
the mysterious intruder in the vitamin family. accepted at  first with much 
reluctance and later reared somewhat as an outcast largely because of 
failure to satisfactorily establish its practical importance for man and 
beast . Its chemical nature is known. its laboratory synthesis accom- 
plished. its wide distribution in the plant and animaI w d d  recognized. and 
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the effects of its absence extensively studied in a large series of laboratoiy 
animals. Its physiological rble in the aninial body is sti1l.a matter of 
conjecture. 

The scientific literature gn the subject of vitamin E is vast, especially 
that of the past twelve years. Much of it is contradictory, some of i t  
merely hafling. There have already hecn presented a series of excellent 
reviews of progress in this field; some of them general in nature (12, 82, 
11G, 125, 159, 221), others dealing more specifically with the chemical 
iiature of the vitamin (119, 120, 204) and the tissue changes caused by its 
absence (83, 154, 181, 184, 226). The purpose of the present review is 
two-fold: first, to  cull from this vast body of knowledge those observations 
and deductions which, in the opinion of thc reviener, may best serve as a 
firm foundation from which may eventually arise a true understanding of 
the physiological rBle of vitamin E in the animal organism; second, to  
attempt to  indicate those trends of investigation, either in progress or sug- 
gested by observations at  hand, which offer the most promising approach 
to  this desired goal. 

Preliminary to  this, it may be helpful to outline briefly the changing 
trends of interest and progressive developments as the story of vitamin E 
has been unfolcled since 1923, whim coriviiicing cvidence concerning the 
existeiicr of this vitamin was first presented. During the following eight 
years attention was devoted chiefly to  a study of (1) the effects induced 
in the female and male reproductive systems of the rat; (2) its distribution 
in a wide variety of plant and anininl tissues by application of bio-assay 
tests; (3) its relation to late-lactation paralysis in young rats and to  growth 
retardation in adult rats; and (4) its chemical concentration from wheat 
germ oil. 

With the indication, in 1931, that a state of nutritional muscular dys- 
trophy occurs in guinea pigs and rabbits deprived of vitamin E (9G), the 
response of u wide variety of animal types was investigated. lncidental 
to these studies arose perplexing interrelationships between vitamin E 
and dietary fats which are still rcceiving much attcntion. Parallel and 
rapid developments along chemical lines led i n  1936 to the chemical 
isolation of n-tocopherol as the prototype of vitamin E (87), and to  the 
elucidation of its chemical structure (90) and its chemical synthesis (122, 
208) within the next two years. Since then, alundance of the purr vitamin 
has greatly facilitated studies of all types, especially those concerned with 
the specificity of the anatomical and biochemical lesions of €3 deficiency. 

Interest which simultaneously developed in the relation of vitamin E to 
lesions of the nervous system, to  dysfunction of certain endocrine organs, 
and to  habitual abortion and related disorders in man and domestic animals 
has declined, largely due to lack of support from subsequent studies. On 
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the other hand, the nutritional musciilar dystrophiea have received \I ide 
attention, paralleled by an intense but fruitless searrh for evidence of a 
homologous clinical entity in  man and, more recently, by studies indicating 
a relationship of vitamin E to structural or functional states of the vascular 
system in certain species. Considerable progress has also been made in 
correlating chemical st ructrire with biological action, and in analyzing the 
metabolic dysfunctions of the deficiency state and their response to toco- 
pherol. 

11. THE Xi'l'URE OF ~ I T 4 h l I U  E 

1. Chemishy of the Tocophcrola 

The ability of plants to prevent the symptoms of vitamin E deficiency 
in animals is due solely to the presence of three higher alcohols for which 
the common designation of tocopherol (tokos-offspring; pherein-to bear; 
-01 indicating the alcoholic nature) has heen given (87). None of the 
other organic compounds known to possess vitamin E action is found 
in the plant world. The methods used for their isolation from natural 
sources involved extraction with fat wlvents, saponification, partition 
of the non-saponifiable fraction between solvents, removal of sterols with 
digitonin, chromatographic analyais, vaciiiini distillation, and isolation as 
crystalline allophanates or as other esters. ?rlolecuhr distillation from 
vegetable oils is used extensively for the commercial production of the 
natural tocopherols; the synthetic forms are readily prepared in the com- 
mercial laboratory. The individtial tocopherols differ in their solubilities 
and can be separated from each other by fractional crystallization of their 
esters, or by differential absorption. The free tocopherols are viscous 
oils, which probably represents the state in nhich they occur in plant 
sources. 

Two highly purified preparations of natural tocophei'ols (25) have re- 
cently been obtained in crystalline form (191s) by Dr. Charles D. Robeson, 
of Distillation Products Inc., Rochester, N. Y., to whom the writer is 
greatly indebted for the first recorded photographs of Crystalline alpha 
tocopherol (Fig. 1) and gamma tocopherol (Fig. 2). Both compounds 
were crystallized from a 2.5% methyl alcohol solution a t  -35°C. and 
were dried a t  -10°C. under high vacuum. Attempts to crystallize 
natural beta tocopherol were unsuccessful. 

Beta (11) and gamnia (111) tocopherols have the empirical formula 
C'28H,sOZ1 being isomers which differ only in the position of one CHI radical, 
and are lower hornologues of alpha tocopherol ( I ) ;  the latter having an 
additional C'Hs group in the benzene ring and the empirical formula 
C2'JH6&2. TIleir laboratory synthesis, which may follow essentially the 
same pattern as that in plants, involves the interaction, with or without a 
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catalyst, between phytol comporrntls (phytol, pliytyl hnlidcs, or pliytadiene) 
and hydroquinoncs, a wsctioli 1 v h i c h  :tppatl’cntly cnnnot hc wrrird out 

FIG. 2-Natural y Tocopherol X 10.5 
(Photomicrographs, Figs. 1 and 2, courtesy of Mr. R.  P. Loveland, Eastman Kodak 

Company, Research Laboratories). 

in the animal body. Only recently has synthesis been accomplished by 
the use of compounds in which phytol is not an intermediate (117, 207). 
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The tocopherols have a chnracteristic absorption spectrum in the ultra- 
vinlet and a characteristic extinction coefficient. They are sensitive to  
ultraviolet light, fairly stable to  visible light, soluble in lipid solvents, 
practically insoluble in HsO, stable to 200°C. in the absence of O2 and to  
100°C. in HzS04 and HC1, destroyed slowly by alkalis and highly sensitive 
to oxidation. Their esters, especially their succinates and acetates, arc 
much more stable than the free forms. Neither thc free tocophcrolb nor 
their esters nre toxic to  animals (61. 25). 
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These tocopherols are not merely by-products of plant metabolism but 
represent members of a large group of “inhibitols” which are responsiblc 
for the stability of vegetable fats toward oxidative dctei-ioration (17G). 
They are remarkably effective as sLabilizers of animal fats and unsaturated 
fatty acids in uifro, which is probably not their primary role in animal 
economy, and are themselves very susceptible to  osidat,ion unless pro- 
tected by other antioxidants. Their antioxidant activity, vhich is also 
possesscd by their biologically inactive allophanates but not by their 
simple esters, is attributed to the presence of a free phenolic hydroxyl 
group. The biological activity of the three tocophcrols, as niensurcd by 
the prevention of fet,al resoiption in rats, is inversely proportional to  their 
antiosidant activity (175) and is dcpendent upon other characteristics 
of the molecule (p. 120). 

Although a-tocopherol is thc prototype of vitamin I?, in thc cliscussion 
to  follow the t,el;m vitamin E will hc used rathcr gcncrallp to  indicate any 
or all of the tocopherols unless othenvise specified. 

2. Chonical and Pliysicnl Tesls 

The methods devised for the chemical or physical detection a i d  niwsiirc- 
mcnt. of tocopherols differ primarily in t,he ~~rocedure usccl for estimating 
their osidation products (quinones) after trcat,merit with wrious oxidizing 
reagents. Tlicy are 1)riclly as fo1lon.s: spcctimcopic analysis aft.er ositlstion 
with alcoholic silwr nitr:it,cb (49) ; potcntiomctric cstimntion aitcr gold 
chloride t,rentnicnt (121) ; colorimetric nic~~s11i~111rn1 aftcis osidatioii \vitli 
alcoholic nit,ric acid (02) ; colorimetric nicasui*cnicwL aftcr oxidation nitti 
ferric cliloridc and conyeysion of thc ferrous ions into a red romplcs by 
the addition of a, a’-dipj.ridyl (T7) ; colorimetric oxidation-rcdud ion nicthod 
permitting diffeFentiation bctwen tocopherols and their osidr,tiun cliiin- 
oncs, based on methods used for vitamin I< (1%) ; and amperornet iic titla- 
tion at the dropping merciiry clmtrodc after gold chloride osicht io! (205) 

The niethods posscss certain disadvantages whcn applied to  ti:itiir:il 

sources of the vitamin. Most require a rather concentrated source of thc 
vitamin,’ often neccssitat,ing pic1imin:try saponification which may c a u w  
loss unlcss propcr precautions arc taken. Some are affected by the prcseiicc’ 
of othcr oxidation product3 and carotenoids. None can r c \ 4  thc rclatiw 
concentration of a-, P-, and y-tocopherols n-liich differ in their biologicnl 
activity ; hence, all should ovcrestimate thc biological activitics of toco- 
pherol mixtures. This is nr;t al\vays the case when dcaling with nhcat 
germ oil (203) or ininin1 tissues ((34). Of the various melhods listed that, 
of Emnierie and Engel ( 7 i )  has I)ccn most extensively used, after modifica- 
tions designed to  permit its bettrr app1ic:ttion l o  plant oils (56, 187), 
blood (220, 22.11, and mima1 tdssues (64, 1Oia). The last tn-o methods 
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mentioned above (195, 205), which are of recent origin, possess certain 
advantages over the others listed but have not been extensively tested 
on a variety of materials. Although chemical (64) and biological (153) 
determinations of E in rat muscle have shown fair agreement, much more 
information is necessary to  establish the extent to which the chemical and 
physical methods can replace the laborious and expensive biological 
assay procedure, especially when dealing with animal tissues and fluids. 
Much depends upon the ability of future investigations to establishwhether 
the biologically less active p- and y-tocopherols actually exist as such in 
animal tissues. 

3. Biological Assay 

The biologics1 method for assay of vitamin E. based upon the ability 
of the vitamin to  prevent fetal resorption in female rats as developed by 
Evans and Burr (84), has undergone considerable modification during 
the past five years. The frequent failure of vitamin E deficient. rats to 
resorb during their first pregnancy (“first litter fertility”), which for many 
years necessitated the establishment of a proven resorption in each rat 
used for assay tests, was due primarily to  vitamin storage in young rats 
having access to a stock diet moderately rich in E prior to weaning; traces 
of E in the purified diets and placen’tal and mammary transfer of the 
vitamin having little to do with this troublesome phenomenon (157, 158). 
The extensive use of low-E stock diets such as the commercial dog chows, 
and the increasing tendency to  transfer breeding females and offspring 
to the deficient diet during the last week of lactation, have permitted the 
utilization of virgin rats for bio-assay tests. On the other hand, there 
exists a deplorable lack of uniformity in thosc phases of the bio-assay test 
concerned with the time and duration of feeding of the test dose and the 
criteria of positive response. 

Single doscs of vitamin E are increasingly effective as the time of ad- 
ministration approsches the 10th day of pregnancy, and are less effective 
when fed on the 4th or 5th day than when the same total dose is distributed 
over the first ten days of pregnancy (149). Obviously a single dose pro- 
cedure is the simplest and most satisfactory when dealing with a con- 
centrated preparation of vitamin E. On the other hand,when assaying 
animal or plant, tissues the total amount of material necessary to  provide 
a curative dose may be of such magnitude as to require 10 days of daily 
feeding. The experimental establishment of a scale of ratios between the 
total dose fed and the duration of feeding might have real merit. 

The International Rat Uiiit of vitamin E, provisionally represented by 
1.0 mg. of synthetic d,l-a-tocopherol acetate, implies that level of biologi- 
cal activity of any substance which when administered orally will prevent 
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resorption in 50% of a reasonable number of female E-deficient rats (113, 
114). Although the biological response is a graded response, and hopes 
were once held that i t  might be evaluated as such (149), it seems necessary 
to treat it as an “all or none” type (152). A critical analysis of various 
aspects of the bio-assay question has been presented by Racharach, el al. 
(13, 14, 17). 

As the assay test is applicd in different laboratories, considerable dif- 
ferences’ exist in regar$ to the criteria of positive response. The following 
criteria have been proposed: the delivery of one or more living offspring 
a t  term (84); the percentage of placental implants resulting in birth of 
living offspring (178); the delivery of one or more ofTspring a t  term,either 
living or dead (17); the presence of two or more viable fetuses on the 16th 
day of gestation (115, 152); increases in maternal body weight during 
gestation (102). 

The use of the same rat for successive assay tests does not give trust- 
worthy results. Ineffective doses previously administered may favorably 
sensitize thk animal for a subsequent test. Furthermore, the vitamin E 
requirements for mxessful pregnancy increase with successive gestations 
(75). Particularly important is the necessity for gross inspection of the 
uterus during or immediately afler an assay pregnancy in order that 
instances of pseudopregnancy with uterine bleeding (which occur frequently 
but irregularly and can easily be confused with resorption pregnancies) 
are not misinterpreted as negatiire responses to dose (152). This pheno- 
menon has been overlooked by most investigators. 

Lack of uniformity in time and duration of dosage, in the criteria of 
responsc used, and perhaps in the quttlity and quantity of fats in the 
experimental diets, undoubtedly accounts for the discrepancies in the 
~esults reported (113, 114) froin cooperative assays on the provisional 
Intsrnationnl Standard for vitamin 14 (synthetic racemic d , Z-a-tocopherol 
:tcetate). llesrilts from nine different laboratories indicated a median 
fertility dose veq-iug from 0.56 nig. t o  1.71 mg. It is to be hoped that 
a uniform bio-assay procedure ‘will be followed, and consideration be given 
to the adoption of a stable crystalline ester of a-tocopherol as the Reference 
Standard, when the question of thr  International Unit for vitamin E is 
re-examined. 

The possible use of exudative diathesis symptoms in chicks (56) ant1 the 
creatinuria of nutritional muscular dystrophy in rabbits (140) as a measure 
of lhlogicul rcsponse has not been extensively explored. Careful com- 
parisons k&\\ ecn results obtained by certain of these niethotk and those 
1q the rat antiqtcrility test might prove quite informative, as indicated 
by lhe limitrd data now available (see. Table W, p. 143). 
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.$. Dis!ribulion in Plants 
Due to the laboriousness of the bio-assay method, and the limitations 

of chemical methods when applied to plant and aniinal tis$iies, there exists 
no exhaustive analysis of the relative concentration of vitamin E in food- 
stuffs such as have been presented for other vitamins. However, the 
difficulties encountered in producing the deficiency state with diets con- 
taining small amounts of natural foods and information obtained by assay 
tests presuppose a wide distribution of the vitamin in plant and animal 
tissues. All green plants so far examined by direct methods have con- 
tained demonstrable amounts. .Ilthough the germ of cereal grains ib 
considered the richest source of 1 4 ;  there is some evidence (56) that  green 
leafy vegetables and rose hips, on the basis of dry weight or fat-extractable 
material, may contain even more tocopherol than wheat germ. 

The three tocopherols, which are the only known substances in the plant 
world posiessing vitpniin E activity, occur in the free forin rather than as 
esters (172), a t  least in the seed oils, and vary widely in the relative pro- 
portion in which they mist in diffkrcnt plants. For example, California 
wheat germ oil contains ahout tnice as much a- as 0-tocopherol (70), 
together with trwcs of the ?-form, 11 hereas slightly less 0- than a-(172) 
as well as a great prepontlrrance of 0-tocopherol (214) has been reported 
in European oils. C’ottonseed oil sometimes contains as much y- as 
a-, but usually mudl less (70), while the tocopherol of corn oil is almost 
exclusively of the y-type (71). 1.ettucc contains only a-tocopherol. No 
satisfactory explanation has been offered for this variable distributioil 
of the three tocopherols in plants. ‘lheir storage in the embryo of the 
seed suggests that they represent stabilizers of fats duriiig the period of 
dormancy or a reserve storage for some spccinl function in early develop- 
ment and growth. 

The existence of vitamin E in loiver plants such as the algae, fungi, 
liverworts, mosses, ferns, and primitive seed plants has not been demon- 
strated. THe amimption that it does not exist in plants lacking chlorophyll 
receives support from its reported absence in the fungus Phycomyces (194). 
While it is true that information rcgarding the distribution of carotene 
and of vitamin I< in plants has not greatly enriched our knowledge of 
their physiological r6le in either plants or animals, it does not necessarily 
follow that extension of our knou ledge of the distribution of tocopherols 
in the plant ivorlcl ~ o u l d  riot offer ndditional clues as to  their physiological 
action in living cells. 

6. Distribution in Animals 
Except for the suggested need of vitamin E for growth of ovaries and 

embryos in the crustacean Dapiiiiin magna, on the basis 6f which a 1)iologi- 

. 
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cal assay test was once proposed (219), no evidence exists that the toco- 
pherols are required by, or stored by, any invertebrate animals. Although 
vitamin E has been demonstrated in tuna fish oil (32), and a-tocopherol 
isolated from shark liver oil (192), there is general agreement that com- 
mercial cod liver oil is devoid of E activity. Other evidence that the 
tocopherols are present, and may play an important r61e, in the ticsues of 
cold blooded vertebrates lies in the reports that  integrity of the testis 
and striated musculature of the guppy fish (45, 46), and the thyrotropic 
and other functions of the pituitary gland in frog tadpoles (188) are depend- 
ent upon a dietary source of Gitamin E. The avian species (chick, duck, 
and turkey) exhibit a pronounced need for vitamin E, especially during 
early embryonic growth (1) and early maturity (186). Egg yolk contains 
considerable vitamin E, the amount varying with the dietary intake 
of the pullet (20). 

Only in mammals has some attention been given to  the distribution of 
the vitamin in different tissues, in the hope of gaining,some insight into 
the manner in which the mammalian organism utilizes and stores the 
vitamin. Bio-assays of fresh tissues from rats receiving approximately 4 
and 100 times the minimal daily requirement of vitamin E (153) indicate 
the following: at the lower level of intake the liver stored about one-half 
to one-fourth as much vitamin E (per gram of fresh tissue) a~ the skeletal 
muscles, body fat, and visceral organs; a t  the higher level of intake the 
liver stored 14 times, the other tissues only 3 t o  4.5 times, as much as a t  
the lower intake; total storage in rats at the low and high levels of intake, 
respectively, was estimated to  be about 3 and 14 median fertility doses; 
limited assays on rats receiving 10,000 times the minimal intake revealed 
a storage in liver 150 times, and in skeletal muscle 12 times, that found 
at the low level of intake (Table I). 

It appears that the liver, whose storage of vitamin E is sacrificed to 
enable other body tissues to  meet their needs when the intake is low, 
constitutes the chief repository for the vitamin when the intake is con- 
siderably increased. Although the rat liver is strikingly limited in its 
ability to  store vitamin E when compared to the storage of other fat- 
soluble vitamins, it constitutes the best index of previous intake. Ap- 
preciable quantities of vitamin E have also been demonstrated by bio-assay 
in human and monkey livers but not in dogs with bile fistulae (153), !he 
latter finding confirming the observation that rats (103) and dogs (36) 
with bile fistulae cannot absorb vitamin E from dietary sources. 

Regardless of how high the maternal intake of E may be, and the fact 
that the uterus and placenta contain as much vitamin as most other 
body tissues, the newborn rat begins life with a negligible supply of the 
vitamin; However, after 2448 hours of lactation the concentration of E 
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per gram of tissue (including undigested curd 111 the stomach) increases 
about four-fold and approximates that in the body tissiies of the mother 
(153). Whether the colostrum milk is richer in the vitamin than later 
milk has not been determined. 

I t  is apparent that substances possessing biological activity of vitamin E 
are widely distributed throughout the tissues of the rat and show no 
obvious predilection for those tissues which suffer pathological alteration 
after E deprivation. Furthermore, the total storage in the aniinal body 
represents but a small fraction of the total intake, which is in accord with 

TABLE I 
Estimated a-Tocopherol in Fresh Tissues o j  Low-E and Nigh-E rats 

mg. a.-tocopherol per kg. tissue 
(based on 1 mg.a-tocopherol = M.F.D.) 

~ 

Low E 
Tissue 

Liver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
hluscle . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I< idne y . . . . . . . . . . . . . . . . . . . . . . . .  
I3ody f a t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

IIcart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lung. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R p 1 ec 11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Testis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Epididyinis . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I'rost. and Sem. Ves.. . . . . . . . . . . . . . . . . . . . . . .  
Uterus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Placent,a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mammary gland..  . . . . . . . . . . . . . . . . .  
Newborn. 
Suckling young (24-48 hrs.) .  

Pancreas and thymus..  . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  

8 . 3  
16.6 
16.6 
20 
22 
28.6 
28.6 
33.3 
16.6 
18* 
16. 6' 

28.6' 
5 

20 

High E 
(100X mini- 

mal) 

118 
67 
77 
50 

100' 
111 
125 
100' 
50' 
67 ' 
50* 

125 
77 

250 
20 
67 

Excess E 
(l0,OOOX mini- 

mal) 

1000 
m 

- 

125' 

~ 

*Values based on limited numbcr of assay tests. 

earlier analyses of the body fat, muscles, urine, feces, and blood of rats 
by the spectroscopic met hods leading to the conclusion that the tocopherol 
molecule is readily broken down or ineffectively stored by the animal 
organism (49, 166). 

Chemical tests have demonstrated tocopherols in dog and human blood 
serum before and after tocopherol feeding (220, 224) hut have received 
only limited application clinically. That about one half t hc tocopherol 
in serum may exist in quinone or oxidized foriii (195) is of particular in- 
terest. Chemical assays of liver, muscle, and lridncy of domestic animals 
(123) h a w  given rather low tocopherol valiies compared ni th  those ob- 
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tained by Devlin and Mattill (61) on normal rat muscle, The latter 
compare favorably with biological determinations (Table I) ,  espccially if 
it could be assumed that the tocopherol of rat muscle exists entirely or 
predominantly in the a-form rather than as a mixture. However, it is not 
known whether all three tocopherols retain their individual identity in the 
animal body as they do in plants. The lower values by chemical tests 
and particularly Devlin and Mattill's failure to find very significant reduc- 
tions in muscle tocopherol in deficient rats except after prolonged E drple- 
tion, suggest that a t  least a portion of the tocopherols may be combined 
in the cells in such a manner as to resist the oxidizing reagents. There is 
also evidence that some of the tocopherol present in muscle resists extrac- 
tion by simple organic solvents (107a) such as used in the chemical 
assays. 

Recent modifications of the ch6mical test as applied to animal tissues 
have enabled Ilines and Mattill (107a) to  confirm the greater storage of the 
vitamin in th t  liver than in the musculature (of rats and rabbits), and also 
its absence in the urine but its abundance in the feces of rats, givenma high 
tocopherol intake. Their failure to  find e-Jidence of tocopherylquinone in 
either liver, muscle, or urine is also worthy of note. 

6. Biological Activity 

.(a) The Tocopherols and Their Esters. Assays reported from different 
laboratories have indicated that the ant,isterility potency of a-tocopherol 
is about twice that of &tocopherol, and twice to four times that of y-toco- 
pherol. The purity of samples of the latter is questionable, because of the 
difficulty in separating it from a-tocopherol. Since many factors in the 
assay procedures make close comparisons impossible, no effort will be made 
to  review the isolated reports on this question. The data presented in 
Table 11, based upon a table recently compiled by Hickman (106), repre- 
sent the best summary of our present knowledge. Although the relative 
median fertility dose (M.F.D.) of natural and synthetic tocopherol is taken 
as unity, the actual m.f.d. is approximately 0.75 mg. The assays of Joffe 
and Harris, on which much of the information in Table I1 is based, have 
been reported in part elsewhere (1 15). Many of the same compounds were 
simultaneously assayed by the writer with essentially the same result; 
there being consistently a slightly greater effectiveness which seems related 
more to  distribution of the total dose over the first 10 days of pregnancy 
(as compared to  the 4th to  6th days in the Joffe and Harris tests) rather 
than to  response differences in the experimental animals. The writer's 
assays of synthetic &tocopherol and synthetic y-tocopherol (Merck) in- 
dicated considerably greater biological activity than recorded for these 
compounds in Table 11, the reasons for which are not yet clear. Some 
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8-azobenzene 
carboxylate 

y-palmitate 

a-allophanate 
8-allophanate 
7-allophanate 

investigators have reported that natural y-tocopherol has about one third 
(73) or one-fourth (154) the potency of natural a-tocopherol; others that 
it is as active as 8-tocopherol (192). These findings now appear to be 
attributable to  the presence of a-tocopherol as a contaminant (1 15). These 
assays, and practically all those reported in the literature, involve the use 
of diets containing moderate amounts of added fats; a fact to be noted in 
view of recently reported evidence that biological activity of tocopherols is 
increased when diets containing no added fats are used in assay tests (102). 

Orange rosettes 

Glassy laths 

I' I 1  

Colorless laths 
White granules 

TABLE I1 
Biological Act iv i ty  of Tocopherols and Estera 

Natural tocopherols and their esters 

Tocopherol 

Cl- 

8- 
Y- 

a-acetate 
a-palmi tate 
a-acid succinate 

Physical 
characteristics 

Viscous oil 
I 1  11 

I I  I1 

Needles 
Glassy lathw 
Needles 

- 
Rela- 
tive 

I.F.D. 
O? 

basis o 
toco- 
>hero1 
onteni 

1 
2.4 

12 
1 

12 
1 

8 

12 

0 
0 
0 

Synthetic tocopherols and their esters 

Tocopherol 

a-  
8- 
Y- 

a-acetate 
a-palmi tate 
a-calcium suc- 

cinate 
a-phosphate 

(Na salt) 
a-tocopheryl- 

aminc (hydro- 
chloride) 

Physical 
characteristics 

Viscous oil 
I 1  11 

I 1  11 

11 r 1  

White granule1 
White solid 

I 1  66 

11 11 

- 
Rela- 
t i v e  
.F.D., 
on 

asir of 
toco- 
pherol 
mtent 

1 
6 
20 
1 

1 

1 

1 

- 

Some reports in the literature have indicated that certain esters of the 
tocopherols are biologically more active than the corresponding free f o p s .  
This difference now appears to be due to the greater stability of the former; 
the conclusion being that the free tocopherols are in no case less active, 
though they are frequently more active, than the tocopherol equivalent 
of their esters. The allophanate esters show no biological activity. Cer- 
tain esters, such as the a-acid succinate ester, are crystalline and relatively 
easy to purify and handle, by virtue of which they offer a more suitable 
International Standard than the oily compound, d , I-a-tocopherol acetate 
provisionally accepted (106, 115). 

It has been generally accepted that natural (d)  a-tocopherol possesses 
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the same biological activity in the rat assay test a3 does synthetic d,l-a- 
tocopherol (78). However, recent evidence of a somewhat indirect nature 
(103a) indicates that highly purified samples of natural a- and @-t.ocophe- 
rols are approximajely twice as active as their eynthetic d,Z forms. It is to 
be hoped that the opt.ical isomers of the synthetic tocopherols will soon be 
isolated and the relat,ivc biological activity of the d- and Z- forms tested 
( li rec t.1 y . 

Although there is need for more information concerning the relativtl 
effectiveness of a-, @- and y-tocopherds in preventing resorption in female 
rats, much more attention should be given to the activity of these com- 
pounds in preventing other mtinifestations of vitamin E deficiency in t,he 
rat and in other laboratory animals. In most instances we have merely the 
observation that the lesions are preventable by natural or synthetic a-toco- 
pherol, in free or ester form, supplemented by a few efforts to establish the 
minimal daily requirements for preventing nutritiorial muscular dystrophy 
in t.he rat (97) and rabbit (80). Exclusive of the rat st,erility test, 8-toco- 
pherol (synthetic) has been tested only in the chick, one study (56) report- 
ing it quite ineffective in protecting against exudative diathevis a t  levels of 
dosage sixteen times the effective dose of synthetic a-tocopherol, though 
shown to be one sixth as active as the latter when tested on rats; another 
study (29) finding i t  t o  be about one half as active as a-tocopherol in pre- 
venting edema in chicks. Further studies along such lines should yield 
highly interesting and significant results. 

b)  Otlm Compourids. The lack of chemical specificit.y of vihniin E is 
remarkable. Relatively slight modification in the .structure of a-tocopherol 
may abolish t,he biological activity whereas compounds only slightly 
related to the tocopherols may be active. Approximately 150 conipounds 
have been prepared :tnd tested of which about one-third have shown 
variable degrees of Ltntisterility activity. They represent widely different, 
groups of organic compounds- chromans, coumarans, coumarins, phenols, 
quinones, hydroquinones, and their est,ers and ethers. None is more 
potent than Lu-tocopherol, and many are effective only when fed at levels 
of 50-100 mg., which often approaches the toxic level. The assay data up 
to  1939 have been summarized by Evans, et ab. (88), arid an excellent 
review of the literature has been presented by Smith (204). Various com- 
pounds prepared and tested since these reviews appeared have added 
little to the question of chemical struct,ure versus function. 

Biological activity of a-tocopherol is reduced by short.ening of the long 
aliphatic sige chain or replacing it with other groups, by changing the 
number or position of the methyl groups in the benzene ring (a situation 
analogous to  that of riboflavin), by replacement of the methyl by ethyl 
groups, and by removal of the phenolic hydroxyl group or by masking it 
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as an ether or allophanate (88, 120,204). Masking this hydroxyl group 
as a ca,rboxylic ester or as an amine has little or no effect on potency (206), 
suggesting t,hat biological activity is related in part to t.he ability of t,hcb 
animal body t80 bring about chemical reactions at  the position of this 
hydroxyl group. Contrary to earlier reports (72, SS), a-tocopherylquinone, 
produced from a-tocopherol by mild oxidation, is biologically inactive in 
rats (99, 190, 229) and guinea pigs (100). Although this mitigat.es against 
the interesting iuggestion that tocopherols exert, their biological xt ivi t j .  
by participating directly in a reversible oxidation-reduction system in 
the body, the yhinone cannot be entirely eliminated as a possible agent. 
in biological act,ions (206). 

111. STRUCTURAL AND FUNCTIONAL DISTURBANCES DUE TO LACK OF 

VIT.411IN E 

I. Diferences in Species 

The most outstanding charact,eristic of experimental vitamin E de- 
ficiency, which has no parallel in any other vitamin deficiency state, 
is the multiplicity of structural and functional alterations exhibited some- 
t,imes by closely related species, and the similarity of cert,ain changes in 
quite unrelated species. In some deficiency states an understanding 
of the morphological changes occurring in cells and tissues as a direct 
I-esult of the particular vitamin deficiency, and during the recovery period 
following therapy, constitutes a valuable guide to the physiologist and 
biochemist in their approacb to  the problem of vitamin functions. This 
is particularly h u e  of deficiency of vitamins A, D, and C, as emphasized 
by Wolbach and Bessey (226) in a recent and comprehensive review of the 
tissue changes in different vitamin deficiencies. In the case of vitamin 
E deficiency the situation is more complex. The pat'tern of cha.iige is not 
limited to a specific type of cell or tissue, and therapy is not! followed 
by an orderly process of st iuctura.1 repair. Morphological changes occur 
in a variety of unrelated tissues, seem not to  be relat,ed t,o dysfunctibn 
of any specific cell type, and differ from those of other deficiency states 
in their apparent. irreversibility; such that repair can 1)e spoken of only in 
physiological or biochemical ternis to indicate the ability 'of affected t,issues 
t.0 resume function despite irreparable loss of certain striictural units. 

Those structural and funct,ional derangements which seem to he mosi. 
characteristic of the deficiency state are tabulated in Table I11 in such 
a manner as to  emphasize the type of body tissue disturbance which, 
in the light of present knowledge. seems to best explain the manifestations 
of vitamin E deficiency. In sode instances the latter are predominantly 
biochemical and represented by prominent symptoms which cannot he 
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directly related to structural changes in a particular type of cell or tissue, 
as in the case of nutritional encephalomalacia and exudative diathesis in 
the chick, which, though listed under the vascular system on the basis of 
associated capillary dysfunction, may constitute merely the reflection of 

TABLE 111 
Tissue  Dysfunclions in Vilamin E Deficiency 

Animal Type 

Rat  
-fetus 

-nursling 

-adult 

Mouse 
-fetus 
-nursling 
-adult 

Gufinca pig 
RnLbi t 
Hamster 
Sheep 
Goat 
Knngaroo 
Dog 
Duckling 
Turkey 

Chick 
-embryo 

-pullet 

-adult 
Guppy fish 

)ystrophy 
II Skeletal 
Muscle 

acute 

chronic 

slight 
slight 
acute 
acute 
acute 
acute* 
acute* 
acute 
acute 
acute 

slight 
acute 

Changes in 
imooth Muscle 

Necrosiri 
of uterus 
and sem. 
ves . 

Gizzard 
necrosis' 

Vascular System 

Vnsculnr stnsis and 
hemorrhage 

Lethal ring, hemorrhage, 

1. Esudative disthesis 
2. Gcncrnlized edcms 
3. E~iccphalomalacis 

and dcath 

Reproductive 
,ystem and Eqbryo 

Resorption 

Testis degen. 

Resorption 

Testie degen. 

Testis degen. 

Testis degen.* 

Testis degen.' 
Testis degen.* 

* Not proved to  be prevented by pure tocophcrol. 

unrecognized disturbances in adjacent or distant tissues. In  other in- 
stances rather specific tissue changes occur, as in the seminiferous epithelium 
and often in the musculature, unassociated with any external symptoms 
or evidence of impaired growth or vigor. Intentionally left out of Table 
111, but discussed in suljsequent sections, are other manifestations whose 
specificity is reasonably well established (retardation of body growth) or 
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doubtful (lesions of the nervous system, kidney lesions, encbcrine dys- 
functions). 

I t  is natural to  wonder whether, in view of the demonstrated changes 
in smooth musculature in certain forms, the vascular changes might be 
secondary to  dysfunction of the musculature of the vascular wall or its 
nerve supply. There is a t  present no convincing evidence to substantiate 
such an explanation, or to  indicate the alternate possibility that the muscle 
lesions are secondary to vascular changes. Since neither of these postu- 
lations would account satisfactorily for other dysfunctions which do not 
fall clearly into the categories of muscle or vascular lesions there are left 
open two major considerations: (1) that vitamin E is related to  some 
single fundamental metabolic change which, to  a variable degree, is es- 
sential to the well being of muscular, vascular, embryonic, and male germ 
cell tissue, or (2) that the vitamin functions in a variety of unrelated 
metabolic processes. 

Assuming that the former explanation is the correct one, it is conceivable 
that in those forms where only acute dystrophy has been observed the 
metabolic needs of the striated musculature for vitamin E are so much 
greater than those of other tissues (e.g. smooth muscle, seminiferous 
epithelium) that the latter are still a t  least,structurally unaffected a t  a level 
of vitamin E depletion which is incompatible with animal survival. On 
the other hand, tissues affected by lack of the vitamin in one species may 
in another species, through some peculiar and unrecognized difference 
in metabolic requirements, function adequately tyithout the vitamin 
or in the presence of much smaller amounts of it. Such an explanation 
could account for the absence of testis injury and the minor muscle damage 
in mice fed diets as rigorously, or more rigorously, depleted of vitamin E 
than those producing the usual sequence of events in rats; and also for 
the differences in response of skeletal and gizzard musculature-to E deple- 
tion in avian species. 

Too little attention has been given to  the possible effect of the presence 
or absence of dietary components other than vitamin E in promoting or 
precipitating the symptoms considered pathognomonic of the deficiency 
state. To be sure, the effect of cod liver oil in producing muscular dystro- 
phy in herbivorous animals, even when the vitamin E content of the diets 
is otherwise adequate, has been extensively studied and generally attributed 
to  the destruction of the vitamin by unsaturated fats either before or after 
ingestion. On the other hand, recent evidence that exudative diathesis 
and enccphalomalacia can be accentuated or suppressed by dietary altera- 
tions which do not affect the vitamin E content (p. 139) suggests that 
certain non-vitamin components of the, diet may affect the physiological 
state of the susceptible tissues in such a way as to make them either more 
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resistant or more sensitive to the deficiency of E. Probably in no other 
vitamin studies have such clear-cut phenomena of this type been revealed. 
While they afford no explanation for the varied symptomatology of ex- 
perimental E deficiency, they do serve to  emphasize the importance of 
regarding t,he latter not simply in terms of specie or tissue differences but 
also in ternis of the reaction of cells a d  tissue,s piibjected to varied meta- 
bolic demands in the absence of vitamin E. 

It is perhaps fortunate that the experimental studies leading to t,he 
discovery of vitamin E were based upon rats. N o  other animal type has 
kaleidoscopecl into its life so many of the gross and histopathological 
phenomena characterizing vitamin E deficiency in experimental animals. 
As will be noted (Table 111) muscular dystrophy is the only lesion so. far 
demonstrated in the majority of animals studied. I t  is interesting t)o 
speculate upon the developme.nts which might have occurred, and the 
terminology which might have appeared in place of what now .must be 
considered inadequate and misleading (“antisterility,” “fertility,” “repro- 
ductive”), had the guinea pig, hamster, or one of the avian species been the 
experimental animal on which the discovery of this new vitamin was based. 

The following sections will give a brief resume of those structural changes 
of the E deficiency stat,e which appear to the writer to demand closest 
correlation with the ever growhg knowledge of metabolic dysfunctions 
before our present crude concepts of vitamin E functions can be replaced 
by true understanding. 

2. Sterility in the Malc 

Male rats severely depleted of vitamin E from early life show an ir- 
reversible degeneration of the seminiferous epithelium at, the onset of sexual 
maturity, but no injury during adolescence. The process may be delayed 
in proportion to  pre-weaning storage or post-weaning administration of E 
(157, 158). Opinions differ as to  whether the alterations in the nuclear 
(147) or in the cytoplasmic (191) structure of t)he epithelial cells best 
reflect the deeply seated metabolic disturbances, which precede demonstra- 
ble histopnt,hological changes to such an extent that administrat.ion of 
vitamin E as much as 10 to  15 days prior to the onset of the h t te r  usrdly 
fail8 to  prevent, or ret,ard t,ho degenerative process (151). Within several 
weeks practically no germ cells remain in the seminiferous tubules. Tht~  
cellulnr changes have been described in detail elsewhere (84, 147, 150). 
The ensuing sterility is truly permanent. While there exist.s evidence 
that some restoration of the seminiferous epithelium may occur after 
prolonged periods of therapy, neither restoration of fertility nor the presence 
of mature spermatozoa in the epididymis has been reported., 

No testicular injury occurs in male mice reared for 400 days (37), or 
maintained through seven generations (93), on E-deficient diets which 



readily induce first pregnancy resorptions iu. mice and rats and early testis 
degeneration in rats. This surprising finding suggests some unexplained 
difference in the metabolic demands of the seminiferous epithelium in these 
two closely related species. The striking sex difference in E requireyents 
of mice has no parallel in rats (151). The msle germ cells are unaffected 
in ralhits maintained in a prolonged state of chronic muscular dystrophy 
(135, 141) and in dystrophic guinea pigs (96). As mentioned before, this 
does not conclusively exclude the need of vitamin E for maint,ennrice of 
g e m  ccll integrity in thew species whose musculature posscsses such 
:L high priority for the vitamin.* 

'l'esticular dcgencrat,ion resembling that seen in the rat, but not yet 
proven to  be irreversiblr, occurs also in the chick (9, 10) fed diets of nutursl 
foods treated with ferric chloride to  oxidize vitamin I$ prescnt. Of partic- 
ular significance are the recent observat,ioris (45, 4G) that the male guppy 
fish (Lebistrs reticulaiis) reared on synthetic as well as iron-trest,ed diets 
reveals ~t suppression of testicular development and similar dcgenerat,ivc 
changes in the mature germinal epithelium, together with dystrophy 
of t)hr striated musc.ul:tt,ure and unusual cell changes in certain visceral 
organs ; these changes, which are much more difficult to  induce in sexually 
mature fish, are preventable by puro a-tocopherol. Preliminary tests 
suggested an irreversible type of t,est,is injury ; t.he response of other tissues 
was nbt determined. On the other hand, tadpoles reared on the same diets 
fail to met.amurphose but, show no suppression or structural alterat-ion of the 
gonads of either Hex (188). 

3. Slerililg i l l  /he b'cmak 

In female rats deprived of vitamin E: tlic 
processes of estrus, ovulation, concept>ion, and implantat ion of' fertilized 
ova are entirely normal. However, the developing embryos and fetal 
membranes show abnormalities of devclopincnt resulting in intra-utcrine 
death followed by rapid autolysis and resorption of thc products of con- 
cept.ion (84). Administrat,ion of sufficient vitamin E as late as the l O t l i  
day will usually prcvent, t,he resorptivr pi~ocess. 1lc:peated resorptions do 
not. affect, sexual functions or the ability t o  coniplete pregnancy if suflicient 
vit aniin is supplied, although prolonged depletion of E is asociatecl with 
clecrenscd fecundity and incrcascd requirements nf vitamin J? for the 
completion of gestation (75, 7G). 

Whcn sterile rats are given border-line dosw of vitamin E, :is uscd in 
routine bio-assay t,ests, t,he irnplsntstioii sites at any stage of pregnancy 
may exhibit all gradations bctnccn early resorption and vi:tble fct u 

* Since the prcparation of this manuscript 1':lppcnheimc-r and Srhijgoleff, A t t t .  .I. 
J'ath. 20, 239 (1914) has rcportcd thc occurrcncc of testis dc.gcmt!ration in guioe:t pigs 
subjectid to chronic vitamin E deficiency. 

a )  Morlnl i fy  o j  the Fetus. 
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Fetuses which succumb during the last few days of pregnancy are usually 
delivered dead; those which are viable at delivery rarely survive more than 
a few day8 unless they, or the mother, are given an additional supplement 
of vitbmin E. Efforts made to utilize this gradation in intensity of biologi- 
cal response aa a criterion for bio-assay have not given the results first 
anticipated (149, 152). 

The prolongation of gestation reported by Barrie (22) in rats given 
critically low doses of vitamin E must be attributed to experimental factors 
other than lack of E. Countless other investigations have demonstrated 
the almost invariable occurrence of parturition between the 21st and 23id 
days of pregnancy. An extensive series of rats fed border-line doses of E 
and laparotomized during the last week of gestation have shown no ab- 
normalities of parturition (151, 152). Barrie's suggestion that resorption 
of some fetuses delays development in others and thu prolongs gestation, 
possibly through deficiency of anterior pituitary hormones, is not in 
accord with the observation that one or two fetuses surviving a t  laparotomy 
in late pregnancy may be delivered, dead or liv'ing, at  normal term (152). 

The cause of fetal death and resorption in ufero has been generally 
attributed to a suppressed dgveloprnent of the mesodermal derivatives 
of the embryo, especially those of the hematopoietic tissues-blood islands 
of the yolk sac and embryonic liver (84, 215). More recent studies (151, 
155), based upon examination of later (16-day-old) fetuses, have revealed 
no serious depression of hematopoietic function in the low E embryo but 
indicate that abnormalities of the vascular system, characterized by stapis, 
distention, and thrombosis (especially of venous channels) which lead 
eventually to general ischemia and sometimes to frank hemorrhage con- 
stitute the real causes of fetal death. These vascular changes, the incidence 
of which is indirectly proportional to the level of critical vitamin E dosage, 
are not influenced by separate administration of vitamin C or vitamin K. 
They have not yet been demonstrated in the mouse, in which the process 
of fetal resorption otherwise resembles that in the rat (37, 93). These 
changes bear certain resemblances to the capillary thrombi of nutritional 
encephalomalacia (185,186,2271, the exudative diathesis (54) of vitamin E- 
deficient chicks, and the vascular lesions in the early chick embryo hatched 
from eggs containing inadequate vitamin E (1, 0). Discovery of ?,he 
fundamental cause of any one of these phenomena should open the way 
to a better understanding of the others. 

b)  Endocrine Relationships. It was perhaps natural that the character 
of the reproductive impairment in the two sexes of the vitamin E-deficient 
rat should suggest some endocrine disturbance. During the past fifteen 
years there has appeared a considerable literature relating the sterility 
of E deficiency to dysfunction of the anterior pituitary, or secondarily to 
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hyperplasia of the thvroid, and ascribing to  concentrates of vitamin E 
physiological properties resembling those of the gonadotropic and estro- 
genic hormones. Unfortunately, the pure tocopherols were not available 
when many of these studies were conducted. This subject has been 
extensively discussed in a separate review (150) to which the reader is also 
referred for a more detailed description of the reproductive system in 
vitamin E deficiency. Subsequent reports have served only to  confirm 
the conclusions that gonadal-hypophyseal dysfunctions which mag 
exist in the vitamin E deficient rat are more justifiably considered to  be 
the result of, rather than the cause of, the reproductive disturbances 
characteristic of the deficiency state. 

Synthetic d , 2-a-tocopherol acetate, administered orally or parenterally, 
has no estrogenic effect on immature female mice (19) or rats (66) and does 
not alter the activity of the gonxds, vagina, or uterus of immature. 
hypophysectomiaed adult rats (66). Furthermore, E deficiency sterility 
in rats cannot be prevented by administration of sex or gonadotropic 
hormones (33, 66). 

The careful studies of Biddulph and Meyer (27) offer convincing evidence 
that the structural state and hormonal activity of the endocrine system 
of female E-deficient rats are normal, and that certain changes occurring 
in the pituitary, adrenal, and thymus of E-deficient males are secondary 
phenomena rather than specific effects of E deficiency. Other reports (86, 
129) concerning loss of sex interest and cytological changes in the accessory 
sex glands and anterior pituitary in rats fed E deficient diets supplemented 
with considerably more than the minimal requirement r$ wheat germ oil 
or a-tocopherol for preventing testis damage, although vaguely interpreted 
as evidence of injury to  the interstitial tissue of the testis, appear rather 
to  emphasize the possibility that other unrecognized factors in the diet 
(such as rancid fats) or the experimental environment may afford a better 
explanation for certain endocrine and other disturbances otherwise at- 
tributed to  lack of vitamin E. 

There 
have appeared numerous reports attempting to  relate the reproductive 
disturbances of E deficiency to thyroid dysfunction, secondary to  altered 
production of thyrotropic hormone by the anterior pituitary (21, 202, 
and others), and to ovarial dysfunctions (35). Numerous other investi- 
gators have been unable to confirm these findings. The demonstration (28) 
that a deficiency of iodine in the E deficient diets or in the drinkipg water 
produces alterations in the thyroid similar to  those ascribed to  E deficiency 
seems to explain the controversial findings. 

Clinical literature contains numerous postulations concerning synergistio 
relationships between vitamin E and the sex and gonadotropic hormonca. 

An example of the latter type of error merits particular attention. 
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The experimental and clinical evidence on which they rest does not appear 
sufficiently trustworthy or concordant, to warrant t,heir incorporation 
in the present discussion. In the past there has been a tendency for 
investigators of this general problem to ignore the repeatedly demonstrated 
fact that the reproductive damage observed in E deficient rats, in its 
various expressions, is decidedly different from that due to hypophyseal 
insufficiency or to multiple mdocrine dysfunctions. Postulations that the 
iiietabolic disturbances in nutrit,ionttl muscular dystrophy niuy have their 
genesis in pituitary and sex gland dysfimtion (216, 217) are not convincing, 
and have not been substantiated by direct experimental tests (168). 
Certainly the great preponderance of experinient,al evidence exonerates 
the anterior pituitary and thyroid as instigators of reproductive and 
other disturbances of vitamin 13 deficiency. 

c)  Veterinary and Clinical Implications. Because of the difficulties of 
experimental approach, evidence concerning the reproductive and other 
needs of vitamin E for man and domestic animals is largely circumstantial. 
I t  is not the purpose of this review to discuss the extensive literature on 
tjhis subject, certain phases of which have been’sunimarised elsewhere (200, 
221, 222). The early waves of enthusiasm over the therapeutic value of 
vitamin E in treating sterility and abortion encountered in veterinary 
and clinical medicine, and subsequent waves centered around its use in 
clinical myopathies and neuropathies m well as in primary fibrositis 
(interstitial myositis), have now become little more than ground sivells. 
I t  is hoped, however, that each wave has deposited on the shores some 
observations of Teal merit for continued advance. The difficulties in 
statistical treatment of results in the face of inadequate control material 
(145), the problem of properly evaluating the effect of other therapeutic 
measures instigated in conjunction with E ‘therapy, bhe extensive use of 
wheat germ .oil or concentrates of the latter rather than. the pure vitamin 
in earlier studies, and the difficulties of explaining an assumed deficiency 
state in the face of presumably adequate diets, all contribute to  the per- 
plexity of the problem and the difficulty of evaluat,ing the clinical usefulness 
of the vitamin. 

Biological determinations of the vitamin E content of a wide variety of 
common cattle foods, many of them of such poor quality as to not support 
milk production, have not offered a very promising approach to  the experi- 
mental production of vitamin E deficiency in cows (179); unless it be 
found that their E requirements are relat,ively much greater than those 
of the rat, Bio-assays of cereal grains and grasses indicate t.hat the daily 
intake of a-tocopherol for a 1000 pound cow on summer pqsture would 
be the equivalent of that contained in 4-7 pounds of good wheat germ oil 
(39). Such observations as these mitigate against the reputed therapeutic 
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value of infinitely smaller doses of the oil in catt,le as reported by Vogt- 
Moller (221, 222) and others. 

The evidence that vitamin E is beiieficial in treating hahit,ual abortion, 
threatened abortion, premature separatioii of the placenta, and certain 
forms of toxemia of pregnancy is cont,radic.tory and Mtle more than sug- 
gcst,ive a t  tbe present time. The observat.ions axid  st,at,ist.icd malyses of 
AMpas (145), indicating that the results reporte(1 t i p  to 1939 were not 
significantly different from what might, have 1)et.n expected with nu t,reat- 
nient whatever, have been re-analyzed by Ihcha,ratch (15) in the light of 
other clinical data and the conclusion reachcxl that t,hei.c. seem? “ to  be littlc 
doubt that sources of vitamin E had a direct. effect in making possible full- 
term births among women who had had two or more consecutii’e a.hortiona 
or miscarriages.” 

The postulation of Shute (19!)) that t,he blood s (w~i i  of E tlrficient rats 
and that of aborting women presumably deficient in vihmin E s h o w  
an increased content of estrogenic factors, which inhibits contiriiictl invasion 
of the maternal tissues by the fetal villi iinless hcld in rquilihriuni by 
administered vitamin E: represents an int)erestiiig speculation. In this 
respect vitamin E is considered t,o 1i:ivt~ ant,i-cstrogenic propelties similar 
to those of t,he corpus Iiit,eiim hormoxie. ‘t‘hr reliability of t>he antiproteo- 
lytic test on which this hypothesis is lx~srd has hcen quest,ioned by Ciithl)ert,- 
son and Drumrnond (48) and Shutds response (201) is not convincing. 

Obviously much more well controlled evidence, based upon large thera- 
peutic doses of pure tocopherols and application of improved chemical 
methods for their det,ect>ion in blood swum, is needed beforc it can be def- 
initely established that, habitual alxution or ot.her tiysfunct.ions of rc- 
producthn in t.he human ferrfale :we attribtit,ahle t,o lack of vitamin H. 

4. Nutritional ,Iluscrtlw Dystrophy 

Tlie relation of vitamin E to the niit,ritional 
muscular dyst,rophy first described by Goet,tsch and I’appenheimer (98) 
in guinea pigs and rabbits was a t  first uncertain, since preparations of 
wheat germ oil used failed t.o prevent the disorder. For eight years at- 
tention was focused upon the complicity of tt8n additional water-soluble 
factor, and upon the toxic effects of dietary cod liver oil. The literature 
on this question is ably reviewttd by hfackenzie and McCollum, et al. 
(136, 139, 140), whose careful and exhaustive studies first demonstrated 
that vitamin E is the sole limiting factor in this dietary disease.’ It has 
since been revealed that necrosis of striated musculature constitutes the 
most common manifest.ation of vit,amin E deficiency in vertebrate species 
and, in many instances, the only lesion so far observed (Table 111). 

a) Nature of [he Lesions. 

The histopabhological changes observed a.re essentklly thosc well known a 



130 K. E. MASON 

to the human pathologist as hyaline, waxy, or Zenker's degeneration, usually 
associated with acute infections and fever. They are characterized by 
loss of striations, multiplication and irregular distribution of aarcolemma 
nuclei, and welling of the sarcoplasm which in turn becomes structureless 
and vacuolated. The whole, or merely parts, of irregularly scattered 
fibres are affected. Edema and inflammatory reactions in the interstitial 
connective tissues, as well as calcification of necrotic muscle fibres, may 
occur. Reparative changes from intact regions of the sarcolemma, as well 
as complete atrophy and replacement by connective tissue, occur simul- 
taneously and increase the difficulties of interpretation. Until the nature 
of the underlying metabolic disturbance of the muscle cells is better under- 
stood variations in the histological picture in different species, and even 
in the same species at different age periods (as in the rat), are of minor 
importance. 

The literature on the subject of nutritional muscular dystrophy has 
been comprehensively surveyed in several excellent reviews (83, 181, 184), 
that of Pappenheimer (184) being the most complete and recent. A few 
general observations which appear to have particular bearing upon the 
metabolic problems discussed later warrant special note. 

The acute type of dystrophy observed in the striated musculature of 
young rats (171, 180) and ducklings (186) and in the gizzard musculature 
of turkeys (186): (1) has been produced experimentally only during the 
period of early adnlescence and rapid growth; (2) frequently shows spon- 
taneous remissions of symptoms with rapid repair of the lesione; (3) shows 
poor response to thcrapy; and (4) often results in sudden death. The same 
is generally true of exudative diathesis and encephalomalacia in chicks 
(W, 186). The dystrophy in guinea pigs ahd rabbits, on the other hand, 
(1) is easily produced in mature anirnala; (2) is gradual in onset; (3) rarely 

'shows spontaneous remission; (4) shows more histological repair copcomi- 
tant with the degenerative process than does the acute type; and (5 )  re- 
sponds to therapy by structural and metabolic repair unless advanced 
stages have been reached. This response of dystrophic rabbit muscles to 
E therapy, as reflected by the creatine excretion of the animal, has been 
suggested as a semi-quantitative method of bio-assay of the vitamin 
(136, 140). 

The muscle lesions in adult rats, whether they concern the skeletal or 
smooth muscle, (1) are very gradual and progressive in development; (2) 
cannot be repaired, but may be arrested a t  any stage, by vitamin E therapy; 
(3) are never the primary cause of death of the animal; and (4) showrela- 
tively little histological evidence of repair in association with degenerative 
changes. The lesions in mice, while producing no external symptoms and 

'involving relatively small numbers of muscle fibres, are most marked 
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during the prepubertal period (183); a phenomenon also common to low- 
E rats. 

Muscular dystrophy has been produced in goats and sheep (59, 144) 
and accidentally in the tree kangaroo (101) only with natural diets con- 
taining considerable amounts of cod liver oil or other fish oils. The guinea 
pi'g and rabbit also become dystrophic on such diets (59, 144), as well as on 
low-fat diets devoid of cod liver oil (139, 143) and iron-treated diets of 
natural foods (96). Failure of the latter type of diet to  produce muscle 
lesions or reproductive disturbances in goats (212) has not received satis- 
factory explanation. The finding of typical muscle lesions in a cold blooded 
vertebrate, the guppy fish (45, 461, reared on iron-treated and on purified 
diets, and their prevention by a-tocopherol, signifies a rather universal 
needqfor vitamin E in the maintenance of muscle structure and function. 

The peculiar dystrophy-inducing action of cod liver oil in herbivorous 
animals, considered in earlier' studies to represent a toxic effect (59, 144), 
is now attributed to the presence of unsaturated fatty acids which promote 
the oxidative destruction of vitamin E either in the diet or in the digestive 
tract (139 161). The possibility that the absorption of the vitamin, 
or its utilization by tissues after absorption in the intestine, may be inter- 
ferred with is considered unlikely. Doses of tocopherol which are curative 
when fed alternately with cod liver oil at 24-hour intervals (198) lose their 
effectiveness when both are administered together (139). Furthermore, 
prolonging the induction of the oil by hydrogenation (162) or addition of a 
stabilizer to reduce the rate of autosidation (161) abolishes the dystrophy- 
promoting action of the oil. 

The biochemical changes occurring 
in muscles during the onset and cure of dystrophy, as outlined earlier, are 
not a t  all suggestive of a neurogenic origin of the muscle lesions, such aa 
proposed by Ekblad and Wohlfart (GY) on the basis of nerve cell atrophy 
in the spinal cord of dystrophic guinea pigs. The latter changes are non- 
specific and occur under various experimental conditions. There also 
exists general concordance that no significant changes occur in the spinal 
cord, peripheral nerves, or motor end-plates in dystrophic guinea pigs 
(43,9G, 193), rabbits (9G), rats (]SO), or mice (183). A temporarydecrease 
in motor end-plates which may occur in young rats (211) is regarded aa 
secondary to the muscle damage. Physiological studies of the contractile 
power of dystrophic muscle (126) and the protection afforded by denerva- 
tion and by tendon section (181) further emphasize the myogenic origin 
of the lesions. 

Retention of permanent paralysis in some rats surviving advanced late- 
lactation paralysis (63, 85), motor incoordination observed in adult rats 
after prolonged deficiency (138), and reported lesions in the spinal cord 

b )  R(drrtion. lo the Nervous System. 
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and higliei wnlcrs of young'(133) and old (68, 163, 164) paralyzed rats, 
1i:Lve :ibo indicated a specific. involvement of the nervous system. On 
the other li:tntl, others have reported negative findings, and a searching 
re-ewminat ion of the nervous system by Wolf ttnd Pappenheimer (228) 
has broiiglit forth quite convincing evidence that, the lesions previously 
t1csciil)cd :ire due to somr factor in t tic exprriniental procedure other t h n  
1 he hcl ,  of vitamin E. 

l'li~sr obsei vutions arc of particwlur signific:tnce in view of the facat that 
tlw I W I O ~ S  in the central ncrvoiis system of E deficicnt rats dcscrilwl l)y 
F h i r s o n  :tntl Ringstcd (Cis) mere primarily responsible for t hc intonsc. 
intrrrst ~ i n t l  hope :~i.oused scvcr:il years ago in the clinical use of vitamin 
E for treating :mi\ otrophic. lateral sclerosis and other chronic degenerations 
of thr ncivoiis systcm. Since 1910 110 less than thirty clinical reports 
h;iw appeared. In gencrd the  more recent the rcport and the greater 
the doscs of IC givrn, cvcii in the form of pure a-tocopherol, tlie more 
ili~cour-:~ging have been the results (230). The :Lctions of sulfathiazole in 
precipit,ntjng :L syndrome resembling amyotrophic lateral dcrosis  in 
nian (22.5), and of sulfasuccidinc in inducing muscle lcsions in (50), 
both types of injury being preventable by vitamin E,  re of interest. 
Efforts to produce ib state of vitamin E deficbiency in monkrys h a w  so far 
proved fruitlrss ( 156). Although 1 1 0  c1inic:d inyopathy or neiiropat hy yet 
exploi~cd h:is proved to  be :t counterpart of the niitritionttl muscwlar 
dystrollhy of 1:tboratory animals, and although the rcpiited efficacy of LY- 

tocopherol in  tlie ti*r:itmcnt of primary fibrositis (200, 210) litis rc~reiwtl no 
cwnfirmat ion, tiope still exists thnt vitaniin E will eventually find :L vit1ii;thlr 
:q)plic.ation to  clinical medicine. 

The concomitant occurrence of degcnerat ion, 
repair, rnlcificntion, and fibrosis in damaged nniscles interferes greatly with 
the propvr' interpretation of chemical analyscs of the tissues. Changes 
in tlic rlcctrolpte pattern, involving a striking increase in sodium and 
chlorirlc with corresponding decreases in potassium, phosphorus, and 
magncsiiiiii (as ~ c l l  as creatine), point to  a loss of cellular elements from 
disintegrating nniscle fibres whose contents conic to resemble the interstitial 
fluids in composition (89) or lmomc replaced by fil)rous connect ivc t issrir 
(1G7). Thew interpretations are in close accord with the histological 
findings. 

Observatious on total phosphorus and phosphorus compounds (9,5, 131, 
169) have been conflicting and have given no specific information con- 
cerning the metabolic disturbance. Thcre occurs a significant increase 
in cholesterol and total lipids (104, 109, 171). An increascd proportion 
of cholcsterol esters, suggestive of disturbed cholesterol metabolism in 
the muscle, seems to  be a cllaracteristic feature (171). There is also a 

c) i l l h b o l i c  Didirrbunccs. 
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definite lowering of muscle glycogen (3+, 95). ,4 detailed study of the 
metabolic picture during the onset and cure of dystrophy in the intact 
rabbit has been presented by Rlorgulis and Spencer (170). 

Striking losses of muscle creatine and an associated creat iiiuria, propor- 
tional t o  the extent of niuscle damage, are constant findings. The white 
muscles are more estensively altered than red muscles (94). The progres- 
sive development of the disease and the results of vitamin E therspy 
are readily detected by frequent measurements of the urinary creatinr 
(140) or the ratio of creatine to  creatinine in the wine (81). .4s many as 
six successive attacks of dystrophy have been precipitated and c*uretl in 
individual rabbits (135). 

Particularly noteworthy is the rapidity I\ it h \\ hicli the cheniical changes 
in the muscles are restored to  normal folio\\ ing vitamin E therapy. 1 hese 
alterations are to  be regarded as seqiient in1 to SOIIIP underlying metabolic 
dysfunction of the muscle cells I\ hich, tho 1611 ah vet imperfectly under- 
stood,can also be recognized and incnsrircd by changes in their O5 consump- 
tion. Investigation of the lnt tcr phenomenon, \t hich has been iwognized 
for some years but only recently given in t cns i \~  stiidy in the laboratories 
of Mattill and of Pappenheirner, hah yielded highly interesting resiilts whkh 
appear to open the way for futiirr imrarch(>s of even greater significance. 

There occurs a significant but sometimes variable increase in the O2 con- 
sumption in the dystrophic muscle of rnbbiis (91, 143, 218), guinea pigs 
(143), adolescent rats (125), older rats (110), and hamsters (108). Since 
this increased 0 2  uptake o(~curs even in muscles of young rats and chicks 
which, though deficient in vitamin E, show little or no evidence of snatomi- 
csl change, it can be attributed to  rhanges in the metabolic activity of the 
muscle fibres themselves and not to  proliferative activities of connective 
tissue cells which later invade and replace the damaged muscle tissue (125). 
Liver of low E rats sho\vs no altered 0 2  uptake, suggesting that  the latter 
may be characteristic only of muscle t iswe (1 25). The reported absence of 
such changes in duck muscle (218) may possibly be due to  the fact that the 
muscles examined I\ ere already so extensively damaged that a true picturp 
could not be obtained. The ox iddvr  changes are highest during the more 

1 aciite stage of the disease an11 may becwmc negligible as symptoms or lesions 
become far advanced. They bear no specific relationship to  specie differ- 
ences in normal oxygen uptake (110), the latter bring greatest in rats and 
lowest in rabbits. The important studirs of liaunit z and Pappenheimer 
(124) have shonn that changes in the total 0, consumption of the intact rat 
parallel those observed in isolated niiiscles, and that inanition in the defi- 
cient animals has no significant effect on thc oklntivc changes 

The h~nis tcr ,  nhich Houchin :~nd  LIattill (108, 110, I 1  1) have fount1 to  
be particularly susceptible t o  niiisriilnr (lvstropliv, Short s ‘in r~tll~s~lnlly hie}) 
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increase in 0 2  consumption (240-250y0 of the normal), which is reduced 
toward normal within 27 hours after oral administration of a-tocopherol 
acetate (108). It has been repeatedly shown that tocopherol and its ace- 
tate are relatively ineffective u hen administered subcutaneously, intramus- 
cularly, or parenterally. Even after oral feeding there is considerable delay 
involved in absorption, transfer, and perhaps phosphhrylation before 
tocopherol becomes available to  muscle cells. The slightly water-soluble 
ester, a-tocopherol phosphate, becomes readily available to  dystrophic 
tissues when injected (81, 142). Intravenous injection of the phosphate 
compound reduces the high O2 consumption of dystrophic rabbit muscle to 
normal in about 4 hours (112); when added to  the substrate in in vitm ex- 
periments it immediately restores the O2 consumption of rabbit and hamster 
muscle to  normal. Restoration of normal creatine, involving a temporary 
early reduction not observed after administration of more slowly acting 
tocopherol compounds, occurs 10 or more hours later; while chloride restora- 
tion is more delayed (112). Tocopherol does not affect the O2 uptake of 
muscles which already contain optimal amounts (109, 111). 

The observations just cited clearly indicate that vitamin E has an impor- 
tant function in the control and regulation of oxidative processes in muscle 
cells. The increased 0 2  uptake is characteristic only of intact dystrophic 
muscle, since it is lost after mincing or homogenation (109). The latter 
observations, suggesting an enzyme system possessing one or more water- 
soluble components capable of dispersing and reducing the concentration of 
the system, led Houchin (109) to investigate the succinoxidase system of 
dystrophic muscle. That of the hamster proved to have a succinoxidase 
activity 162% above normal and proportional to  the degree of dystrophy, 
that of paralyzed suckling rats was somewhat, less marked. This activity 
was diminished by a-tocopherol phosphate but not by a-tocopherol alone 
or in combination with desoxycholic acid. This suggests, as have other 
observations, that the tocopherols require phosphorylation in the body 
before they become active (109, 11 1). 

While admitting that any concept of the mechanism of action of vitamin 
E still remains highly speculative, Houchin (109) makes the interesting sug- 
gestion that tocopherols, probably in phosphorylated form and acting' 
through some known or perhaps as yet unknown enzyme system or systems, 
serve to  inhibit or regulate oxidative processes of skeletal muscle. In  their 
absence these mechanism get out of control and allow the muscle to  be 
consumed by its own fire. One naturally.wonders whether these new 
developments in the vitamin E field have been timed to  converge with some 
scemingly unrelated discoveries in the field of enzyme chemistry to  reveal 
hitherto hidden mechanisms of cellular oxidation. 
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6. Changes in Smooth Muscle 
The fact that lesions of t,he involuntary musculature have. been encoun- 

tered only in t h r  young turkey and adult rat does not lessen their im- 
portance. The acute necrosis occurring in the turkey gizzard (118) bears 
many resemblances to  the striated muscle lesions in other experimental 
animals. They differ markedly from the changes observed in the rat uterus 
(146). The latter, which are very gradual in their development and never 
fatal, are characterized by a faint yellowish discoloration which becomes 
apparent a t  the 2nd or 3rd months of E depletion and progressively in- 
creases to a dark muddy brown after 6 to  12 months. A similar discolora- 
tion, though much less intense, occurs in the oviducts, ovarian ligaments, 
retroperitoneal lymph nodes, seminal vesicles, and testes. Musculature of 
the urinary bladder and gastrointestinal tract shows no alteration. 

According to  Martin and Moore (146), the sarcoplasm of uterine smodth 
muscle cells reveals perinuclear accumulations of small yellow granules, 
whose number is proportional to the discoloration of the organ. Many cells 
eventually become engorged with granules, greatly enlarged, and distorted 
in shape; considered indicative of a slow, progressive degeneration. The 
granules contain no iron and are resistant to  strong acids and alkali. Both 
tocopherol and concentrates of wheat germ oil prevent their appearance but 
cannot effect their removal. These findings have received general confir- 
mation from many sources (23, 62, 75, 105, 156). Pale discoloration of 
dystrophic striated musculature has been frequently noted in the past but 
no particular significance attsohed to  it. The observation (146) that this 
is due to  an accumulation of brownish granules, similar to  but less extensive 
than that occurring in smooth muscle cells, suggests a common structural 
pattern in response of muscle cells to  lack of E having greater significance 
than the degenerative necrosis previously discussed. 

A recent Te-investigation of the muscle injury in long-term E deficient 
rats (156) has brought out certain additional points which deserve mention. 
Many of the enlarged misshapen granule-laden cella interpreted by Martin 
and Moore as degenerating muscle cells, but not mentioned in other cyto- 
logical studies of the rat uterus (62, 105), appear to  be phagocytic cells of 
the connective tissues which have become loaded with the pigment gran- 
ules; the latter probably representing a nietabolite which the muscle cell, 
lacking the ability to properly utilize or break down in the absence of vita- 
min E, liberates for the most part without losing its own integrity. It is of 
interest that similar phagocytic cells containing brownish yellow pigment 
have been observed in association with brain lesions in E deficient chicks 
(227). 

Migration of these phagocytic cells by lymphatics from their site of for- 
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mation in the musculature (smooth and striated) rnay possibly account for 
their presence in the lymph nodes, spleen, ovary, and interstitial connective 
tissue of the testis. The yellowish pigment material, especially that in the 
phagocytic cells, possesses a remarkable affinity for basic fuchsin, is rbmark- 
ably inert, and gives no reactions for hemosiderin, porphyrin, or lipids. 
Such large concentrations as exist in the rat uterus represent a rhallengc 
t>o the organic chemist. 

Why the smooth musculature of the uterus should be 80 markedly af- 
fected, that of the seminal vesicle in the male much less involved, and that 
of the gastro-intestinal tract and urinary bladder so immune, is as inexpli- 
cable as the absence of any smooth muscle changes in severely dystrophic 
guinea pigs and rabbits (96, 181). It is possible that the survival period of 
the latter animals is too short to induce such changes, which naturally infers 
a much lower vitamin E requirement for smooth than for striated muscle- 
a condition certainly not characteristic of the female rat. The uterine 
changes occur in deficient rats castrated early in life (156) and in virgin 
rats (23, 146). The observations that the degree of discoloratZion is accen- 
tuated by pregnancy resorptions (23), unaffected by high E therapy for 
prolonged periods (146, 156), but diminished when pregnancies intervenr 
during therapy (75) mggest some relationship to the metabolic state of thr 
uteius. The unusual abundance of macrophages in the uterus in compari- 
&n with other organs, as revealed by vital staining (40), may have a bearing 
upon its intense discoloration after E deficiency. One would also expect 
their removal via lymphatics and vascular channels to be expedited by the 
physiological changes incident to the state of pregnancy. 

Although discolored uteri show normal contractile responses to paru- and 
sympathomimetic drugs (61,105,156), there occurs an increase in vitamin E 
requirements for successful gestations after extended periods of E depletion 
(23, 75). This has been ascribed to decreased ability of the placenta t(; 
transfer the vitamin to the embryos or general failure of the mechanism 
responsible for implantation of the ovum (75). The latter are primarily 
functions of the non-muscular portions of the organ. The part which the 
muscle injury may play in modifying the vitamin E requirements for preg- 
nancy is not clear. The growth retardation observed in such animals 
appears not to be sufficient to significantly interfere with reproductive sue- 
cess, but may play an important part in the delayed sexual maturity and 
reduced fecundity of females observed in successive generations of rats on 
low E diets (76). 

The cardiac musculature of E deficient rabbits is reported to  be histologi- 
cally normal (96), even after repeated attacks and cures of muscular 
dystrophy (Q5), and to show no alterations in cholesterol or lipid phospho- 
rus (169). Some doubt exists (181) that the heart lesions observed by 
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Matisen (143) in rabbits are referable to clefiiency of E. Although other 
investigators have failed to find myocardial lesions in young (174, 180) and 
adult dystrophic rats, the \vrit,er (156) has frequently observed in the heart 
muscle of rats subjected to  prolonged E depletion lesions resembling those 
seen in the st rinted musculature. 

6. Dysfunclion of the ['ascular System 

The lesions fuund in vitamin E deficient chicks, while showing consider- 
able variation among themselves, appear to be the reflection of some funda- 
mental dysfunction of the vascular system. Their only possible counter- 
part in mammals is the hemorrhagic state recently observed in the rat, 
fetus (p. 12G). 

Unless the chick egg at the time of 
laying contains an adequate amount of vitamin E, embryonic death occurs 
a t  about the fourth day of incubation, due to  early disintegration of the 
blood vessels of the blastoderm, frequent hemorrhage into the coelom and 
exocodom, and formation of a dense ridge-like lethal ring in the blastoderm 
which interrupts the vitelline circulation. Embryos which survive this 
critical period of development later shorn spontaneous rupture of vascular 
channels within the embryo, usually associated with clusters of a charac- 
teristic histiocytic type of cell a t  the point of extravasation (1). The latter 
phenomenon has been observed in embryos used for routine class work in 
embryology (6). The incidence of first-week mortality bears a close re- 
lationship to the vitamin E content of the pullets' diet (20). 

Day-old chicks reared on purified E deficient diets usually exhibit a state 
of exudative diathesis (53,54) or of nutritional encephalomalacia (185,186) 
or sometimes both, during the first month or SO of life. The two symptoms 
possess certain features in common which warrant particular consideration: 
( 1 )  their relation to  dysfunction of the capillary bed; (2) their frequent spon- 
taneous regression without change in the dietary regimen; and (3) .the 
manner in which their occurrence can be influenced by changes in the diet 
which in no way affect its content of vitamin E. 

This symptom is characterized by the accumu- 
lation of a plasma-like fluid in localized areas of the subcutaneous tissues, 
muscles, adipose tissues, and connective tissues generally. Under certain 
conditions fluid accumulations frequently appear in the pericardial and 
peritoneal cavities (30). According to  Dam and Glavind (53, 54) these 
exudative effusions have essentially the same chemical composition as 
normal blood plasma, and frequently possess a greenish tinge due to  de- 
composed hemoglobin, The affected tissues usually show edema, hypere- 
niia, and increased permeability of the capillaries (as measured by the 
ability of the tissues to  absorb trypan blue injected intravenously). No 

a )  Embryonic Mortality in Chicks. 

b )  Ezudatiue Diathcsis. 
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significant changes have been noted in serum proteins, cell contcnt, pro- 
thrombin content, or clotting time of the ci:culating blood. At the site of 
lesions undergoing spontaneous regression, the adipose tissue retains a b u ~  
color for some time. In  severe cases there may occur degeneration of leg 
or breast muscles a t  the site of earlier lesions leading to permanent invalid- 
ism, or a perforating ulcer of the gizzard which is unrelated to  the lack 
of vitamin E (52). , 

c)  Nutritional Encephalomalacia. Nutritional encephalonialacia is 
characterized by the sudden occurrence of ataxia, head retraction and pros- 
tration associated with localized areas of edema, small hemorrhages, capil- 
lary thrombosis, necrosis of neural elements, and degenerative softening 
grossly visible in the cerebellum (185, 186). Histologically, there is 
enlargement of the smaller blood vessels, edema, proliferation of the capil- 
lary endothelium, small hemorrhages, and hyaline thrombosis of many 
capillaries, particularly at the Purkinje cell level of the cerebelhr cortex 
where the blood vessels make a sharp right angle turn; all are indicative of 
circulatory disturbances as the primary cause of the lesions (227). There 
is no evidence that prolonged vasoconstriction orgasornotor paralysis can 
explain the hyaline capillary thrombi which form such a characteristic 
feature of the lesions. Of interest, in this connection, is the report (31) that 
the tissues of E deficient rats show a low cholinesterase content which is 
readily restored by a-tocopherol feeding. 

During spontaneous or induced recovery, active growth and mitosis in 
endothelial cells of capillaries in the area of the lesions is a prominent 
feature (186). The occurrence of phagocytes containing brownish-yellow 
pigment near the site of old lesions calls to mind the buff color of? tissues 
observed at the site of old exudative lesions referred to above, and the pig- 
ment accumulations in liver cells of chicks ( 5 ) .  Although such cells do give 
an iron reaction (186) they otherwise bear, resemblance to phagocytic cells 
seen in the uterus of the rat. The absence of significant alterations in the 
cell plasma ratio, plasma volume, or blood volume (186) also suggests some 
functional alterations of the capillary wall, the same common denominator 
to  which the lesion in exudative diathesis has been reduced. 

Although muscle lesions rarely if ever occur in the E deficient chick (186), 
the pectoral muscles at least show a definitely increased O2 consumption 
(124), the significance of which is not yet understood. Contrary to the 
findings of others, Adamstone reports that natural diets treated with ferric 
chloride will produce not only nutritional encephalomalacia (4) but also a ,  
series of other phenomena-lymphoblastomata (3), erythrophagocytosis 
and anaeinla (5), intestinal ulcerations and sarcomas (7)-i~ chicks, de- 
pending uporl the type of fish liver oil incorporated in the diet. Objection 
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again must be raised on the ground that vitamin F, is not always destroyed 
by such treatment of diets (60) and that other undesired changes may occur. 

d )  Dietary Factors Influencing Symplomalology. The recent studies of 
Dam and his collaborators (51, 52, 55, 57) portraying the manner in which 
the rate of onset and general incidence of symptoms in the chick can be 
influenced by modifications of the experimental diet which are quite unre- 
lated to its vitamin E content, have opened a fascinating story. It has 
been found that the symptoms of exudative diathesis are strikingly accen- 
tuated by the following procedures: (1) increasing the concentration of 
soluble salts, which may either disturb the osmotic equilibrium of the body 
tissues and fluids or increage autoxidation of fats in the diet; this alsotends 
to  favor production of pericardial and peritoneal exudates; (2) addition of 
histamine, when fat  is also present in the diet, or addition of cholesterol, fat, 
or unsaturated fatty acids; all of which may contribute to a weakening of 
the capillary wall ; (3) increasing carbohydrates and decreasing proteins, 
possibly due to  tendency of high carbohydrate diets to  enhance retention of 
tissue fluids. There also appears to  be a definite protein-rarbohydrate 
ratio which is optimal for the appearance of the exudates. Addition of 
lipocaic (a water soluble preparation from pancreas) or inositol, both 
lipotropic substances, affords protection against exudates even when the 
concentration of soluble salts is high; whereas choline chloride and gum 
arabic are ineffective. 

On the other hand, qualitative and quantitative differences in the fat 
content of the diet exert the most marked influence on the rate and time of 
occurrence of the exudates; the same is also true of the symptoms of enceph- 
alomalacia referred to  later. Exudates rarely occur if the diet contains 
only traces of fat, but develop t>o approximately the same degree with diets 
containing about 5% of cod liver oil, fatty acids from an equivalent amount 
of cod liver oil or linseed oil, 5y0 lard, or 5% ccmmercinl unsaturated fatty 
acids. Fresh and partly rancid cod liver oil are equally effective, whereas 
thoroughly rancid oil is without effect. In short, unsaturated fatty acids 
in one form or another seem prerequisite to the appearance of exudative 
symptoms which, in turn, are considered cardinal sign3 of vitamin E 
deficiency in chicks and can be prevented by pure a-tocopherol. 

Encephalomalacia also appears only with diets containing fat, and much 
depends upon the particular fat used. Hog liver fat favors the symptoms 
of encephalomalacia much more than cod liver oil; a high content of lard 
acts likewise, especially when the protein-carbohydrate ratio is high. 
Inositol reduces the incidence and severity of encephalomalacin occurring 
on high fat diets whereas lipocaic does not. Diets which produce exudative 
symptoms only can be so modified, by incorporating lard a t  a high level 
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and decreasing the carbohydrate correspondingly, as to  produce a higher 
incidence of encephalomalacia than of esudates. Furthermore, with the fat  
content of the diet remaining constant, lo\verihg the carbohydrate further 
by a corresponding increase in t,hr protcin component of the diet, permits 
encephalomalacia to  appear as the dominating symptom. When added to  
diets with a high content of lard, cholesterol inhibits the appearance of 
encephalomalacia hut does not affect the exudat ivo diathesis. 

, i t  last, there has been offercd a satisfactory explanation for the predomi- 
nance of encephalomalacia in thc classic studies .Qf Yuppenheimer and his 
colleagues (185, 180, 227) in which diets high in lard were used, and the al- 
most universal occurrcncc of exudative diathtbhik in those of Dam and his 
associates (51 t o  57) using diets l o w r  in fat and high in carbohydrate. 
Whatever the proper explanation may be, it is obvious that EL variety of 
dietary additions or omissions, exclusive of vitamin E, can alter within wide 
limits the manner of response of organs and tissues sufferintfrom a concomi- 
tant deficiency of vitamin E. Admitting the dominant rBle of fats in the 
genesis of vitamin E deficiency symptoms in the chick, consideration must 
also be given to  the possible effects exerted by other components of the diet, 
either through their infliience on the autosidation of dietary fats or their 
ability to  directly alter the sensitivity of affected tissues. The action of 
inorganic salts as prooxidants, and of yeast as an antioxidant (41), might 
be cited as an example of the first alternative; the production in rats of 
muscle lesions, preventable by a-tocopherol, following the dietary addition 
of succinyl sulfathiazole (50) affords an cxaniple of the second. Dam (52) 
is of the opinion that vitamin E may have a function in preventing the un- 
desired accumulation in tissues of certain normal or abnormal products 
formed in the intermediary metabolism of fat or carbohydrate, but does not 
ignore the possibility that thr vitamin might, in some unknown manner, 
increase the resistance of the tissues to such breakdown products of 
metabolism. 

The manifestations of vitamin E deficiency in mammalian forms, especi- 
ally in the rat, are not, so estensivcly affected by qualitative and quantita- 
tive changes in the dietary components. I t  should he noted, however, that 
dietary fats have for many p a r s  played a prominent rBle in vitamin E 
studies with herbivorous animals. Differences in their nature and state in 
the diet has undoubtedly been the basis for discord in many experimental 
results reported; a situation made more coniplicated by the unfortunate 
habit of increasing rancidity in synthetic dicts by prolonged exposure at 
room temperatures hefore feeding, and by the frrrie chloride treatment of 
natural food diets. I t  has h e n  generally accepted that autoxidative 
rancidity in fats c:i.usps the destriwtiori of vitamin E either in the diet or in 
the digestive tract or both (47, 130, 161,223). The  possihle destruction of 
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E after its actual absorption by the organism has not been lost sight of, but 
no experimental evidence has yet been given to  support such a possibility. 
Various phases of the dietary fat problem are discussed more exteqsively in 
a recent review (38). 

The remaining alternative, that unsaturated fatty acids or their break- 
down products may induce a direct or toxic damage to certain tissues, a. 
damage countcracted in some unknown manner by tocopherol, has been 
considered unlikely on the basis that diets exceedingly low in fat produce 
muscular dystrophy in rabbits (13!1) and paralysis in rats (137), and that 
cod liver oil loses its ability to inhibit thc curative action of vitamin E on 
muscular dystrophy in rabbits if the tno  arc fed on alternate days (139, 
141, 198). The suggcstion of Mattill (159) that the cecum of herbivorous 
animals offers greater opportunity for more rapid and prolonged autoxida- 
tive changes to  occur than in rats and other omnivorous animals is of inter- 
est in this connection. 

In  striking contrast to ralhits, both rats (18, 156) and chicks (30) can 
effectively utilize vitamin E concentrates or a-tocopherol dissolved in cod 
liver oil. Furthermore, although fctakresorption (which may or may not he 
identical to that of E deficiency) occurs in mice fed heptaldehyde (411, this 
substance and other active pro-osidants do not interrupt pregnancy in rats 
(42, GO).  The latter findings arc not in accord with reports that products of 
rancidity in fats nhcn fed or injected induce, in rats receiving additional 
vitamin E, a sterility of both Sexes simulating that of E deficiency (128, 131). 
In fact, Kudrjashov (131) claims to h a w  obtained these results using the 
non-saponifiablc fractions of fats extracted from E deficient rats, on the 
basis of which he postulates that the injuries charactcrizing the deficiency 
state are secondary to toxic effects arising through disorders of fat me- 
tabolism. 

This discussion of interrelationships between vitamin E, dietaky fats, and 
fat metabolism in the body has been introduced a t  this point, to illustrate 
the present array of conflicting evidence and to emphasize the complexity 
of the problems remaining to be settled before the functions of vitamin E are 
fully clarified. 

7. Groolli Ijthihiiioti 

Retardation or decline of body gron th  which often precedes or fo l lo~s  the 
onset of E deficiency symptoms in many species has been shown to  be a 
characteristic manifestation of the dcficicncy state only in the rat. Except 
perhaps in rats which recover from advance'd paralysis during late lactation, 
adolescent growth is normal; however, after 2-4 months on E deficient diets 
the growth of the rat reaches a plateau and remains relatively stationary for 
many months before slowly declining (74, 138, 173, 177). Since the growth 
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plateau precedes by some months the appearance of adult muscular 
dystrophy, and since administration of vitamin E a t  any period elicits a 
definite growth response but' effects no restoration of the damaged muscula- 
ture, the growth inhibition would seem to be another reflection of disturbed 
metabolism due to  lack of E. It would be interesting to  know how much of 
the growth change prior to and after vitamin E therapy is dependent upon 
fat deposition in the various tissues. 

Dietary fat has a definite influence on the growth pattern, as it does in 
the case of E deficiency symptoms in other species, the reason for which is 
quite obscure. Increased dietary fat in E deficient diets accelerates adoles- 
cent growth (177), and elimination of added fats induces an earlier and more 
consistent growth plateau (102). The latter observation has been utilized 
in a new bio-assay procedure based upon increase in body weight of the 
female during gestation (102). Since sterility in both sexes can be produced 
and maintained a t  levels of E depletion which have little or no growth 
retarding effect, i t  must be assumed that the E requirements for growth are 
considerably less than those for preventing sterility. Body growth in the 
mouse is not influenced by lack of vitamin E (93) which is in keeping with 
its greater resistance to  deprivation of the vitamin. 

The few studies dealing with growth stimulating effects of vitamin E on 
tissue cultures, carried out before pure tocopherols became available, are 
not a t  all convincing; those dealing with tumor growth are more numerous; 
since they have also failed to implicate vitamin E in any significant manner, 
they warrgnt no more than passing comment. 

Iv. MINIMAL REQUIREMENTS 

Data concerning the minimal requirements of vitamin E for preventing 
the symptoms and lesions characteristic of different laboratory animals are 
fragmentaiy, only roughly approximate, and permit only limited generali- 
zations. The data available in the literature have been calculated in 
terms of milligrams of free tocopherol per kilogram of body weight and 
tabulated in table IV, pimarily for the purpose of recording the efforts 
so far made to establish minimal requirements for different laboratory 
animals. The obvious value of such data, as an aid in determining the 
character and the unity or multiplicity of the functional r61e of vitamin E, 
is dependent upon further exploration of the problem. 

It should be kept in mind that in many of the experimental studies 
designed to determine these requirements due consideration has not been 
given to  the influence of certah qualitative differences in dietary com- 
ponents which may significantly modify the results obtained. There is 
evidence that vitamin I3 requirements for the rat are increased by the addi- 
tion of fats to  the deficient diet (102). In  view of the r61e of dietary 
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tocopherol in stabilizing stored fats (19a, 38) i t  is possible that the proce- 
dure of inducing rancidity with the intent of destroying traces of E in 
experimental diets (85a) may inadvertently decrease the amount of dietary 
tocopherol available for preventing the pathognomonic signs of E deficiency 
and give higher than normal values for minimal requirements. It is also 
possible that fatty acid components of fats may, in some unknown manner, 
alter the susceptibility of tissues to deprivation of vitamin E, as has been 
suggested in the case of chicks ($2). Requirements may also increase 
considerably with advancing age of the rat (75, 85a). In view of these 

Animal' 

R a t  
R a t  
R a t  
Rat  
R a t  
R a t  
Rat  
R a t  
Rnbbit 
Rabbit 
Rabbit 
Rabbit 
Chick 
Ch'ck 
Chick 
Duck 

TABLE IV 
Estimated Minimal Daily Requirement for Vitamin E 

Estimated 
Minimal 

Requirement 
as Free Toco- 

Tocqherol pherol 
Symptom Used tug. per kg. 

Sterility ( 0  and $) a- 0.33-0.48 
Sterility ( 0 )  a-acetate 0.6* 
Sterility ( 3 )  a-acetate >1.0-<3.0* 
Uterine pigmentation a-acetate > 1.0-<3.0" 
Uterine pigmentation a- >O. 3- < 1.0. 
Early paralysis a- >1.3-< 13* 
-4dult dystrophy a-acetate <1.6* 
Adult dystrophy a-acetate <0.6* 

Muscle dystrophy a-acetate 0.2-0.4 
Muscle dystrophy a-ace tate 0.32 
Muscle dystrophy a-phosphate 0.31 

Muscle dystrophy a-acetate <0.7-1.0 

Encephalomalacia a- 1.1 
Encephalomalacia a- <7.5 
Exudative diathesis a-acetate <3.0* 
Muscle dystrophy a- >4-<16* 

* These values, which have been calculated by the writer and are influenced by 
necessary estimations of the mean body weight of the experimental animals for 
which few data are given in the original reports, should be regarded a8 approxi- 
mations. 

modifying factors, and the errors inherent in the calculations, i t  is surpris- 
ing that the estimates presented inTable IVfall within such a limited range. 

Recent observations concerning the influence of different fats and frac- 
tions of fats in retarding or precipitating the symptoms of E deficiency 
in chicks (52) emphasize the difficulties in arriving a t  a satisfactory evalua- 
tion of minimal requirements for these animals. The influence of cod liver 
oil in modifying the response of rabbits to E deficiency is well recognized 
and has been taken into consideration in estimating the minimal require- 
ments for this species; which undoubtedly accounts for the close agreement 
shown. 
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The matter of differences in sex requirements in response to  14 deficiency, 
represented by numerous fragments of evidence report.ed in the literature, 
has a bearing upon the question of minimal requirements. Little ment,ion 
has been made of sex differences in birds and herbivorous ariiinals; the rat 
being the chief topic of Huch discussions. Recent efforts to cstahlish ant,i- 
sterility requirements for the t,wo sexes of the rat are iiot in accord; one 
study reportsing no essential difference (151), another study incliczlting a 
considerably higher requirement for mhles than for females (85a). In the 
mouse, on the other hand, sterility is readily induced in femalts but never 
in males, even after prolonged E depletion (37, 93). In  rats (126) and 
puppies ( l l ) ,  but not in mice (183), the male seem more susceptible t,o 
muscular dystrophy than the opposite yes. It would be of int'erest, t o  know 
whether this same differential prevails after castration. 

v. INTERREL.4TIONSHIPY WITH OTHER VITAMINS 

Most vitamins belong to  widely different groups of chemical compounds. 
The close chemical relationship between the tocopherols which are deriva'- 
tives of hydroquinone and the vitamin K conipounds which are derivatives 
of napthoquinone, the similarity of the methods used in thcir.synthesis, :mi 
the fact that their activity is possessed by many other closely nnd&tantly 
related chemical compounds, constitute a unique situation. The relation 
of vitamins E and K to the vascular system and hemorrhagic states is 
interesting even though the types of dysfunction created by  their a,bsrnct: 
:ire quite dissimilar. Despite their chemical similarity, it has not been 
found possible to  transform tocopherols into compounds having vitamin K 
activity, and only one of the latter substances has been transformed into ii 
tocopherol. This latter compound (naphtho-tocopherol) is reported to  
possess the biological activity of both vitaniin I3 and vitamin I< (213). 

Considerable interest has centered around the action of jritamin K as a 
conserver of vitamin A in $he animal body, as discussed more extensively 
in a recent review (106). This is based upon evidence t,liat, storage of vita- 
min A in the rat liver is significantly cnhanced by feeding relatively sniall 
ttmoiints of a-tocopherol (58, 107, 165) or somewhat larger doses of its 
acetate (16). The lesser activity is attributed to  the fact] t>h:i.t the :ioetrt.r. 
is relat,ively inactive in the stomach and intestine where this synergistic. 
action is thought to  occur (106, 196). This action, which is great.rst when 
both vitamins are fed simultaneously (196), is related to the antioxidant 
activities of the tocopherols and their ability to  protect vitamin A during its 
passage across the gut wall (107,189). These findings are not only of great 
physiological interest but also have an important bearing upon the accuracy 
of biological assays of vitamin A. 

There is some evidence that depletion of vitamin E stores in the male rat. 
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are accelerated I)y elimination of vitmiin 11 from thc diet (132, 117), arid 
t,hat the ant,ist,erility action of tocopherol may be infiuenced hy added 8- 
cn.rot.ene (107). Suc,li observations are a t  least suggestive that this syner- 
gistic relationship may be a reversible one, to t,he e?rt8ent that, vitamin A may 
enhance the st,orage and utilization of vitamin E. 

Hickman, r i /  al. (106, 107) make the interesting suggestmion that vitamin 
H may d s o  protcct vitamin A at, its site of utilizat,ioii by tlie tissues of the 
hotly, m t l  go so far as to postulate that  the distd)ances in the fetus and 
musciilut.ure of the E deficient rat' might be secondary to a lowering of vita- 
min .4 in thr riuternal blood serum or the musculature, respectively. This 
1at.ter possibility seems quite unlikely in view of t,he dissimilarity in the E 
deficiency and -4 deficiency lesions in the reproductive system of male (147) 
and fcnialc rats (148), and the evidence that' a-tocopherol can prevent the 
niuscle lesions occurring in rats fed diets deficient in vitamin A and E hut 
cannot modify the typical A deficiency lesions (130). 

(kher  somewhat. isolated observations relat>ive to a synergistic relation- 
ship between vitamin E and other vitamins, as well as between E and cer- 
tain hormones, are referred to by Hickman (106). Their value in int,erpret,- 
iiig t.he physiological r61e of vit,amin E is stmill uncertain. 

1'1. THEORIES OF PHYSIOLOGICAT~ FlJNCrIOluS  

The antioxidant function of the tocopherols, important as it may be, 
cannot represent tlie prime r6le of vitamin E in t,he animal body. The 
inability of other antioxidants to substitute for vitamin E, the inverse rela- 
tionship betwcen ant,ioxidant and biological actions of a-, 8- and 7-tocoph- 
erols, lack of evidence that tocopherols retain thcir antioxidant activities 
after their ingest,ion, and the manner in which changes unrelated to  t.he 
phenolic hydroxyl group in the molecule alter biological activity of the 
tocopherols, all suggest a more fundamental and complex r81.e in metabolic 
processes. It is not surprising t,hat none of the various theories so fa.r pro- 
posed t ( J  explain the physiological r61e of vitamin E has proven adequate. 
Although t)asect upon restricted knowledge and molded by narrowed view- 
points, these theories do indicate types and trends of thinking which have 
evolved with our growing knowledge of vitamin E. For t,his reason, as well 
as for other virtiies which they may possess, they warrant brief con- 
sideration. 

iibout ten years ago, Adamstone, impressed by histopathological changes 
noted in the E deficient chick, post,ulated that vitamin E may exert a con- 
trolling influence over cell proliferation (2, 3). Although he has more 
recently proposed that vitamin E is re1at.d t,o t,he metabolism of cholesterol 
and other ant tiracme conipounds (8), his own experiment(a1 findings appear 
t o  be more in accord with the earlier idea. 
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Of similar vintage, but of slightly different character, is the suggestion 
(147) that vitamin E may be necessary either for the synthesis of nuclear 
chromatin or for maintenance of the normal physico-chemical state of the 
latter, based largely upon the irrevocable nuclear changes in the rat testis. 
This concept, also appears to be limited in perspective and applicability. 
However, without exactly bringing the skeleton out of the, closet, brief 
reference will be made to a series of established facts and recent observations 
which, whether they be pertinent to this theory or not, may justify some 
consideration in m y  effort to appraise the physiological function of vit- 
amin E. 

Nucleoprot,eins, especially those of mature sperm, are characterized by 
an exceptional content of arginine. Recent evidence (197) indicates that a 
deficiency of this amino acid will induce in man a rapid reduction in sperm 
counts which can be restored by return to an adequate diet; and, in rats, a 
testis degeneration closely resembling that of vitamin E deficiency. Unfor- 
tunately the reparability of the latter process has not been determined. 
The retarded growth of arginine deficient rats, due to their limited capacity 
to synthesize this compound (as shown by work of Rose'and his associates) 
also resembles that of E deficiency. On the other hand, the mouse, which 
apparently can synthesize its arginine needs (24), exhibits neither testis 
degeneration nor retardation of growth when deprived of vitamin E. 

Although the metabolic relationship between arginine and creatine is not 
fully established, there is considerable evidence (26) that tissue arginine 
represents one of the important precursors of creatine. The possibility 
that a defective production or utilization of arginine may be involved in the 
metabolic dysfunctions of dystrophic muscles is purely hypothetical. 
Although the creatinuria of muscular dystrophy may merely be incidental 
to the breakdown of muscle protein, there is good evidence that vitamin E 
is intimately concerned with creatine metabolism (see H. H. Mitchell, in 
volume I of this series, p. 179). The suggestion (26) that the creatinuria of 
nutritional muscular dystrophy might be due to  hydration of creatinine to 
creatine, due to increased water- content of the tissues, is of interest ; es- 
pecially in view of the fact that alteration in the normal water balance of 
tissues is a consistent finding in the biochemical and histological examina- 
tions of tissues affected by F: depletion. It is, of course, impossible with the 
data now at hand to clearly discriminate between those changes which 
represent the cause, and those which reflect the effect, of metabolic al- 
terations. 
As mentioned in an earlier section (p. J26) numerous attempts have been 

made to attribute the disturbances of vitamin E deficiency to dictates of 
dysfunctional endocrine glands (anterior pituitary, sex glands, or thyroid) 
or to synergistic relationships between the vitamin and hormone production. 
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Much of the evidence for and against these suggestions has been critically 
analyzed elsewhere ((35, 150). On the whole the experimental evidence 
prompting these postulations is weak, and not always subject to confirma- 
tion. In fact, successive reports from the same laboratory have retrahted 
previous theories and proposed new ones (33, 34,35). Although it cannot 
be denied that hormone actions may play some r61e in modifying the mani- 
festations of E deficiency, or be themselves affected by the latter states, 
there is no convincing evidence that they play a primary rGle in the genesis 
of these dysfunctions. 

The interesting suggestion that vitamin E might rcpresent an important 
link in oxidation-reduction mechanisms of cells (I  16, and others) has been 
abandoned because of the biological inactivity of the quinol-quinone oxida- 
tion products of a-tocopherol. There are suggestions that vitamin E may 
function, in some still obscure manner, in certain phases of fat or carbohy- 
drate metabolism. The accumulation in the tissues of intermediary 
products of such metabolic processes offers a reasonable explanation for 
variable symptomatology in E deficient chicks (52). Certainly the lesions 
of E deficiency in various animals studied are influenced by the fat content 
of the diet to an extent which cannot be entirely related to oxidative de- 
struction of dietary traces of the vitamin. 

It remains for future studies to determine the extent to which existing 
and newer knowledge concerning the interrelationships between vitamin E 
and fats or their breakdown products can be correlated with the demon- 
strated participation (109-112) of the vitamin in the control of oxidative 
dysfunctions existing in dystr'ophic muscles. Failure of tocopherols to  
influence the oxidative processeo in normal muscle may be all the more 
indicative that dystrophic muscle suffers from a distorted metabolism or 
abnormal accumulation of metabolitcs in the tissues, which is merely 
reflected in the increased oxidative activity, Until more is learned con- 
cerning the enzyme systems in muscle physiology and the manner in which 
vitamin E influences these processes, little more can be said concerning the 
real function of the vitamin in the animal organism. 

It is too early to  speculate as to whether tocopherols have a singlebor 
multiple function within the animal body, exclusive of the rBle which they 
may play as antioxidants. Whether the latter property accounts for their 
vitamin-A-sparing action in the gut wall is not yet clear. 

What have seemed for many years to be irreconcilable findings now seem 
to fit into some more rational pattern. In  fact, the structural and bio- 
chemical alterations characterizing the manifestations of vitamin E defi- 
ciency in a wide variety of animal types, largely by virtue of their striking 
dissimilarities, have served as important landmarks guiding investigators 
toward a common focus encompassing many new problem for future 
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investigation. It appears that these will center around the relations of 
tocopherols to  the absorption and utilization of lipids, to products formed 
in the intermediary metabolism of fats (perhaps carbohydrates and pro- 
t.eins also), and to  oxidative mechanisms essential to  the structural and 
functional integrity of muscle and other tissues. 
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The authors regrct that dwing to war-time conditions it has not bocn possible to  
make this survey as exhaiistive as they would have wished for the years 1940-43 . 

1 . HISTORICAL 

Although cod liver oil was in general medicinal use in Western Europe 
by 1810. it is only since the recognition of the existence of the deficiency 
diseases that progress has been made regarding the nature of the constituents 
responsible for its therapeiitic action . It  is unnecessary to  discuss here 
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the earlier work dealing with this question, detailed accounts of which will 
be found in Sherman and Smith’s Monograph (1) and the Medical Research 
Council’s Survey of the Vitamins (2). 

In 1913, McCollum and Davis (3) found, in agreement with earlier ob- 
servations of Hopkins (4), that whereas growth ceased prematurely in rats 
fed on synthetic diets in which the fat was supplied as lard, i t  was im- 
mediately resumed on addition of either butter-fat or an ether extract of 
egg-yolk, and they concluded that this effect might be due to  the presence 
of a necessary organic complex of the lipins or substances associated with 
the latter. Almost simultaneously Osborne and Mendel (5, 6) observed 
that while growth could not be maintained on a diet of “protein-free milk” 
it was resumed on addition of either butter or cod liver oil. Further work 
by McCollum and Davis (3, 7, 8, 9, 10) and by Osborne and Mendel (11) 
established that two divtinct types of food accessory substances are es- 
sential for adequate nutrition during growth, one being soluble in fats 
(‘fat-soluble A’) and the other in water (‘water-soluble B’). 

The next outstanding development was the demonstration by Mellanby 
(12) that rickets is a deficiency disease, and he succeeded in establishing 
that it is due to  shortage of a factor which in distribution closely resembles 
the ‘fat-soluble A’ of McCollum and Davis, being present in both butter 
and cod liver oil. It therefore became accepted that cod liver oil possesses 
the following physiological properties: (a) promotion of growth and (b) 
the power of rapidly curing rickets, and although both these properties 
were originally ascribed to  the same factor, evidence that the growth- 
promoting action was only correlated to  a limited extent with the anti- 
rachitic activity rapidly accumulated. Thus McCollum, Simmonds, 
Becker, and Shipley (13) demonstrated that whereas the anti-xerophthal- 
mic activity of cod liver oil, which had been associated with the ‘fat-soluble 
A’ some years previously, was completely destroyed by aeration for twenty 
hours a t  100°C., its’ anti-rachitic activity remained unimpaired. Compare 
also Goldblatt and Zilva (14) and Lesn6 and Vagliano (15). It therefore 
became evident that cod liver oil contains two distinct accessories which 
became known as vitamins A and D. In addition to  the properties ascribed 
above to  vitamin A, Holm (16) and later Tansley (17) associated the condi- 
tion of night-blindness with its deficiency (see Sedtion IX). 

As regards the chemical nature of vitamin A, McCollum and Davis (18) 
had meanwhile shown that the growth-promoting factor was stable to 
alkaline hydrolysis and could be extracted from saponified butter-fat by 
means of a mixture of olive oil and ether. The fact that the vitamin was 
concentrated in the unsaponifiable matter was subsequently- confirmed 
by numerous investigators, and this observation has formed the basis 
of the majority of the attempts to  isolate the vitamin, as described in 
Section IV. 



CHEMISTRY AND PHYSIOLOGY OF VITAMIN A 167 

11. COLOR REACTIONS AND SPECTROGRAPEIC ANALYSIS 
As shown by Drummond and Zilva (19) considerable variations occur 

in the potency of cod liver oil, and a rapid method of comparison, avoiding 
the laborious and often inaccurate biological test, became desirable. In  
1920, Rosenheim and Drummond (20) observed that although there 
appeared to  be some association of growth-promoting powers with the 
presewe of lipochromes, as suggested by Steenbock and Boutwell (21), 
they were unable to identify the vitamin with any known member of that 
class. They found, however, that the majority of liver oils, whether from 
fish, mammal, or bird, normally contain a chromogen giving a purple color 
with sulfuric acid and subsequent work by Drummond and Watson (22) 
suggested a relationship between this chromogen and vitamin A. Unfor- 
tunately, the trahsient nature of the color prevented its use for quantitative 
comparisons but Rosenheim and Drummond (23) later found that a solu- 
tion of arsenic trichloride in chloroform gave an intense blue color persisting 
sufficiently long to  allow of a colorimetric comparison with a suitable 
standard,. The reaction was found to  be extremely sensitive and there 
appeared to  be a definite parallelism between the color intensity and the 
growth-promoting power. In  addition the ability to  give the reaction 
disappeared with the vitamin activity when a current of air 'was passed 
through the cod liver oil a t  100°C. A further important refinement was 
later introduced by Carr and Price (24) who substituted antimony tri. 
chloride for the arsenic trichloride, the resulting blue color being con. 
siderably more stable and permitting of a comparison of oils and concen- 
trates in a tintometer. Although many color reactions have been devised 
for identifying the vitamin, the majority are by no means specific, and in 
an examination of sixteen such reactions, Cocking and Price (25) concluded 
that the most reliable was that using antimony trichloride. This reaction 
gained in specificity when the blue color was described by Gillam and 
Morton (26) in terms of its absorption bands. These authors demon- 
strated that the color obtained with cod liver oil is generally characterized 
by maxima at 606' and 573 mp which are respectively displaced to  617 
and 583 mp after saponification. 

The first mention of a relationship between growth-promoting activity and 
selective absorption in the ultra-violet is due to Takahashi, Nakamiya, Kawa- 
kami, and Kitasato (27), who observed that concentrates obtained from cod 
liver oil exhibited selective absorption in the region of 320 mp. Subsequently 
Morton and Heilbron (28) found that oils which biological test proved to 
be rich in the vitamin exhibit a broad band in the region 300-350 mp with 
a maximum near 328 mp and that the material responsible for this band 
passes into the unsaponifiable fraction on alkaline hydrolysis. Further- 
more, they found that thi3 intensity of this band was in all cases approxi- 
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mately proportional t o  the intensity of the antimony trichloride blue color 
and that when oils were aerated or irradiated with a light source emitting 
rays near 320 mp, the absorption band at  328 mp and the capacity to  give 
the blue color disappeared a t  the same rate. The latter result supple- 
mented the work of Peacock (29) and of Willimott and Wokes (30) dealing 
respectively with the destruction of the vitamin by white light and by 
irradiation with a mercury vapor lamp. 

Extending their work to  include the biological estimation, Morton and 
Heilbron (28) and later Drummond and Morton (31) and Morton, Heilbron 
and Spring (32) found that, allowing for the difficulties inherent in the bio- 
logical method, there appeared to be reasonably good agreement between 
the growth test, the intensity of the absorption band at 328 mp and the blue 
color as measured photometrically. Chevallier and Chabre (33) in a 
similar comparison of the bio-assay andthe  intensity of the 328 mp band 
faund that the latter was trustworthy providing the maximum was actually 
a t  328 mp and not displaced by the presence of vitamin A decomposition 
products in badly prepared oils. 

Although the above results are representative of those found for the 
majority of liver oils and concentrates, many anomalies have been re- 
corded, particularly in connection with the antimony trichloride color 
reaction. For instance, some confusion existed before i t  was established 
that while the relation between the concentration of the oil and the intensity 
of the blue color is linear for the usual range of measurements, a t  higher 
concentrations this no longer holds; similarly, the intensity of the blue color 
is dependent on the concentration of the antimony trichloride solution. 
In  connection with these two aspects reference should be made to  the 
publications of Norris and Church (34, 35), Brode and Magill (36), Wokes 
and Willimott (37), Smith and Haeley (38) and Notevarp and Weedon 
(39). 

While the ratio between the intensities of the two absorption bands 
given with antimony trichloride is reasonably constant (approximately 
2: 1) for potent concentrat,es, it varies within wide limits for liver oils and 
is particularly affected by the treatment of the latter, e.g. ageing, autoclav- 
ing, etc. It is not possible to review in this article these hitherto inexpli- 
cable and in many cases conflicting statements, and reference should be 
made to  the publications of Mittelmann (40), Steudel (41), Hawk (42) and 
Lovern, Creed, and Morton (43). 

In addition to  this natural phenomenon of variation in the ratio of the 
intensities of the two bands, several artificial methods of accomplishing 
it are known. Emmerie, van Eekelen, and Wolff (44) found that on treat- 
ment of vitamin A pr6parations from cod liver oil or cow’s liver with either 
furan, methylfuran, pyrrole, indole, or skatole before addition of the 
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antimony trichloride, only a purple color was obtained exhibiting a singlc 
absorption band a t  572 mp; a similar result using 7-methylindole was subse- 
quently reported by hIorton (45). Regarding the nature of the constituent 
present in cod liver oil responsible for the inhibition of the 606 mp band, 
Heilbron, Gillam, and Morton (46) show’ed that it could largely be removrcl 
by mild oxidation, e . g .  by hydrogen peroxide, benzoyl peroxide, or a tracr 
( i f  ozonised oxygen and since it is also removed by saponification it is poh- 
siblc that the agent responsible is the strongly inhibiting acid obtained from 
cod liver oil by Emmerie (47). h tletailcd review of the ivholc question 
of inhihition has recently been published by Xotevarp and Weedon (48), 
who also investigated the effect of the addition of small quantities of 
oxidizing agents to the antimony trichloride. The most satisfactory 
proved to be bromine (0.1. g. per litrc) and with this the ratio between 
the GO6 and 572 mp intensities becomes more constant and approaches 
that found for highly purified vitamin A. 

In a number of oils and concentrates it has been found that in addition 
to the bands at 572 and 006 mp, additional maxima a t  645 and 693 n ~ p  
manifest themselves with considerable regularity in the antimony tri- 
chloride color reaction. Apart from exceptional cases the intensities 
of these bands are considerably less than those for the other two and 
their bearing on the vitamin A problem will he dimissed more fully in 
Section VIT. 

111. PHO-VITAMIN A 

1. Growth-promotin y Activity of Vrgetabla Products 

Although the work described above was concerned almost exclusively 
with materials of marine origin, numerous reports of the association of 
gromth-promoting activity with vegetable products are to be found in the 
literature. Thus Osborne and Mendel (49) demonstrated that the green 
parts of plants contain relatively large amounts of the ‘fat-soluble A’ 
while Coward and Drummond (50) found that green leaves exhibited a 
marked superiority over etiolated shoots, which were apparently inactive. 
On-the othcr hand Wilson (51) stated that growth could actually be main- 
tained if sufficient etiolated shoots were fed, a conclusion subsequently 
confirmed by Coward (52), Moore (53) and Heller (54), although i t  ap- 
peared to  be definitely established from their results that the vitamin A 
activity increased greatly on exposure to  light. From experiments with 
guinea pigs Hume (78) concluded that white cabbage, in contrast to  the 
green, displayed little or no growth-promoting power, a similar result 
being obtained with rats by Coward and Drummond (50), who also found 
marked activity in green seaweeds. These results were subsequently con- 
firmed by Collinson, Hume, Smedley-Maclean, and Smith (55) who showed 
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that the unsaponifiable fraction from green cabbage contains ten times as 
much growth factor as that from the white parts. 

As the number of vegetable products shown to contain the growth- 
promoting substance multiplied, it became increasingly evident that some 
relationship existed between ‘the fat-soluble A’ and the presence of the 
plant pigments. Steenbock (56) concluded from a comparison of white 
and yellow corn that vitamin A was probably either a yellow plant pigment 
or a compound closely related to  a member of this class, while Steenbock 
and Boutwell (21) found that whereas yellow maize will maintain normal 
growth in rats on a diet deficient in vitamin A, white maize is devoid 01 
activity. Similarly, Steenbock, Sell, and Boutwell (57) showed by biologi- 
cal test that peas which contain the largest proportion of yellow pigment 
also possess the highest vitamin A activity, this correlation being em- 
phasized by further experiments of Steenbock and Sell (58), Rosenheini 
and Drummond (20) and Drummond and Coward (59). 

Although, as indicated above, there was a considerable weikht of evidence 
pointing to  some relation between vitamin A activity and the plant pig- 
ments, no attempt was made in the earlier work to correlate the biological 
activity with any specific member of the latter class, and indeed there was 
a certain amount of evidence indicating that although these pigments were 
active, they were not themselves essential for growth. Thus, while Palmer 
(60) was able to  demonstrate that the pigments present in animal fats are 
carotenoids and are undoubtedly derived from the plant pigments present) 
in the diet, the experiments of Palmer and Kempster (Gl) and Palmer and 
Kennedy ((32) with fowls and rats respectively, indicated that they could 
be reared Ruccessfully on diets which were to  all intents and purposes 
carotenoid-free. These experiments were of fundamental importance 
since they were the first to  suggest that althoitgh certain members of the 
plant pigments might possess growth-promoting properties, the vitamin 
A of fish liver oils was not identical with any known carotenoid. This con- 
clusion was supported by the observation of Stephenson (63) that the 
growth-promoting power of butter was not affected by complete decolori- 
zation with charcoal, a similar result being obtained later by Ahmad (64) 
who showed that the activity of cod liver oil remained unimpaired on 
complete decolorization. 

2. The Biological Activity o j  the Carotenoids 

As regards the identity of the active constituent associated with the 
plant pigments, Steenbock and Gross (65) demonstrated that normal 
growth of rats was maintained on addition of 15% of dried carrpt, known 
to be rich in carotene, to  a vitamin A free diet, while Steenbock and Bout- 
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well (66) found that on fractionation of the mixture of carotene and 
xanthophyll obtained by extraction of maize, etc., the crude carotene 
preparation contained the growth-promoting substance in large amount 
whereas the xanthophyll fraction contained little or none of it. Later 
Steenbock, Sell, Nelson, and h e l l  (G7) stated in a preliminary communica,- 
tion that carotene which had becn crystallized several times exhibited 
considerable vitamin A activity, although no further publication regarding 
this point appeared by these authors. On the other hand Rosenheim and 
l h m m o n d  (20) concluded that carotene is devoid of growth-promoting 
activity, similar negative results with carotene of various degrees of purity 
bcing recorded by Stephenson (63) and Drummond, Channon, and Coward 
(68). In  view of this mass of contradictory evidence it is not surprising 
that the question of the biological activity of carotene was dismissed, the 
positive results which had been obtained being ascribed to  the presence 
of the vitamin A of fish liver oils as an associated impurity. In  1928, 
however, the question of the possible identity of carotene with vitamin A 
was re-opened by von Euler, von Euler, and Hellstrom (69, 70) who sug- 
gested that in certain of the previous biological tests on the carotenoid 
pigments no provision had been made for the presence of vitamin D in 
the basal diet, a fact which they considered rendered the results of the 
earlier investigators unreliable. Their proof of the activity of carotene 
was subsequently confirmed by Moore (71, i 2 )  who found that carotene, 
even after many crystallizations, was active in doses’of 10 y, while Collin- 
son, Hume, Smedley-Maclean, and Smith (55) found that carotene of the 
highest melting-point obtainable was active in doses of 2-5 y. In conform- 
ity with the observations of von Euler, von Euler, and Karrer (73) these 
authors pointed out that in all cases in which negative activity had been 
recorded, the biological tests had becn carried out using a fat-free basal 
diet and they suggested that the presence of either fat or some substance 
in the unsaponifiable fraction of the latter was necessary for utilization 
of the carotene.. Positive results were also obtained by Kawakami and 
Kimm (74) and Javillier and Emerique (75) while van Stolk, Guilbert, 
PQnau, and Simmonet (76) found that carotene after eleven successive 
crystaltizations IVBS still active in doses of 0.002 mg. On the other hand 
DuliEre, Morton, and Drummond (77) concluded that the activity of 
carotene decreased progressively as it, was purified but it was later shown 
by Hume and Smedley-Maglean (79) that the results of these authors were 
vitiated by the fact that they administered the carotene in ethyl oleate 
in which solvent it appeared to  decompose very readily. Subsequently, 
however, Drummond, Ahmad. and Morton (80) found carotene to be active 
in doses of 5 y, so that by 1930 it was generally admitted that carotene 
possessed growth-promoting activity. 
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3. The Relationship oetween Carotene and Vitamin A 

Takahashi, Nakamiya, Kawakami, and Kitasato (27) and Rosenheim 
and Drummond (23) had noted that carotene gave a blue color with 
antimony trichloride very similar to  that giveii by materials containing 
vitumin A. v c ) n  Eulc~, voii lh ler ,  and IIellstrom (69, 70) showed, how- 
p\rer, by spectropliotoriietric comparison that these colors were not identi- 
cal, the maxiina being resptwtively at 590 and 617 mp, anti they suggested 
t,hat several substances might exist exhibiting the physiological activity 
associated with the classical vitamin A. Similarly Karrer, von Euler, and 
von Euler (81) suggested that growth-promoting activity may not be the 
characteristic of any specific substance but may be due to  the presence 
in the molecule of the ‘polyene’ grouping. This view was considerably 
modified by von Euler, Icarrer, and Rydbom (82) who found that many 
carotenoids which give a blue color with antimony trichloride are coni- 
pletely devoid of growth-promoting activity, e.g. lycopene, bixin, capsan- 
thin, and fucoxanthin. While admitting the possibility that the activity 
of carotene might be due to  the presence of an extremely active impurity, 
against this was the facttthat the purest specimens of the hydrocarbon were 
also the most potent vitamin A preparations then available. In addition 
;\loore (71) pointed out that the characteristic ultm-violet absorption band 
of vitamin A a t  328 mp is absent in the case of carotene and subsequently 
Moore (72) expressed the opinion that if the activity of carotene were 
due to  the same compound as that present in cod liver oil, it, could,not fail 
to  exhibit intewe absorption in the region of 610 mp in the Carr-Price 
reaction. Capper (83) also showed that the intensity of the absorption 
u t  328 mp in the case of carotene ~ v u s  insufficient t o  account for the activity 
of the latter on the basis of the presence of the classical vitamin A as 
impurity. Wolff, Overhoff, and van Eekelen (84) also concluded that 
vitamin A and carotene were not identical, and Ahniad (G4) recorded that, 
unlike carotene, the ritaniin A of cod liver oil was not qeadily adsorbed 
by charcoal. 

Although von Euler and Karrer (85) considered that the excess carotene 
received by rats above the necessary minimum accumulated as such in the 
liver, von Euler, I<arrer, and Rydboni (82) concluded, from the obseivntioii 
that carotene di-iodide also possesses growth-promoting properties, that 
i t  is not carotene itself which is the active material but some product 
derived from it. Since Moore (86) found that h rats fed on mnssive doses 
of carotene the latter persisted unchanged throughout the alimentary 
tract whereas it appeared in the form of vitamin A in the liver, it secmcd 
likely that the actual conversion took place in that organ, and both Olcott 
and hJcCann (87) and von Euler and Klussmann (88) claim to  have 
effected this transformation in vilro by means of fresh liver tissue, the 
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former authors suggesting that the agent responsible was an enzyme which 
they provisionally named carotenase. On the other hand Rea and Drum- 
mond (89) obtained negative results under these conditions, and a critical 
survey by Woolf and Moore (90) of the technique employed in the test 
on which the original claim was made indicates that further confirmation 
of this transformation in viiro is desirable. 

4 .  The Constilution of Carotene 

In the bbove account of the biological activity of carotene, the latter 
had been considered as a single entity in conformity with the general 
belief prior to 1931. For some years previously, however, different melt- 
ing-points for 'carotene' had been recorded by various authors depending 
on the source from which it wap isolated. Thus Collinson, Hume, Smedley- 
hlaclean, and Smith (55) found the melting-points of specimens of carotene 
prepared from cabbage, spinach, and carrots to  be 178", 163-164" and 
164-169' respectively, while illoore (91) reported 162" and 174" for those 
from palm oil and carrots respectively. In 1931, Kuhn and Lederer (92, 
93, 94) and Kuhn and Brockmann' (95) stated that although optically 
inactive specimens of carotene could be isolated from winter spinach, 
qrass, and stinging nettle, in general carotene prepamtions, e.g. from palm 
oil, carrots, Sorbus a i m p a r i a ,  or Aescitlits hippocastanurn are dextro-rotary 
even after repeated cryst:dlization. They demonstrated, however, that, 
such optically active preparations could be separated by chromatographic 
adsorptioii and fractional precipitation with iodine into two isomers which 
they designated a-carotene ([ct]p,3 + 380' in benzene) and 8-carotene (opti- 
cally inactive). In addition they found that decomposition of 8-carotenc 
tetra-iodide n i t  h either mercury or sodium thiosulfate gave a third isomer 
which they named isocarotene Confirmation of the existence of the a- 
and 8- carotene< \ \ a& supplied by Karrer, von Euler, and Hellstrom (96) 
and van Stolk, Giiilhert, atid P6nau (971, while Karrer and Walker (98) 
subsequently shou ed that a single Rdqorption on either calcium hydroxide 
or lime is sufficient for comglcte separation of the two isomers, the @-form 
being the more .;t rongly adsorbed. Subsequently, Iiuhn and Brockmann 
(99, 100) discovered n third naturally-occuring isomer, ?-carotene, which 
is normally present to the cstent of approxinlately 0.1% in carotene as 
obtained from various sourcer, although Winterstein (101) has shown 
that it constituteF some 5 0 5  of t h e  total carotenoids present in the fruit 
peel of Gonocaryuni pUrtjormc. 

It is not proposed to  discuss in detail the chemistry of the isomeric 
carotenes cwcpt in <o far I- it )>ears on the vitamin A problem and it is 
considered sufficient merc.1) to  wnimarize the salient points. For more 
detailed accounts the readel ic referred to the reviews by Bogei-t (102), 
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von Euler (103, 104), Kuhn (108) and Mackinney (105), the Chemical 
Society’s Annual Reports on the Progress of Chemistry (106) and Zech- 
meister’s monograph (107). The formulae of, and the principal references 
relating to, these compounds are as follow: 

a-Carotene (109, 110, 111, 112, 113) 

B-Carotene (109, 114, 115, 116, 117, 118, 119, 120, 121, 122) 

HC\C/CH1 

HIC CHI 

\C/ 

\Ck, 

H d  ‘ C - C H : C H . C : C H . ~ H : C H . ~ : ~ H . C H : C H . C H : C . C H : C H . C ~ : ~ . ~ H : ~ H ~ ’  \CHa 
I 

CHI H C $  &HZ 
I I 

Hh &.CHI &HI CHI CHI 

\CL; 
I1 

7-Carotene (99, 100) 
HrC CHI 

\c/cB1 \C/ 

HC 

H c /  \C--CH:CH .c:cH.cH:cH c : c H  .cH:cH .CH:C .CH:CH CH:C .CH:CH-CH ‘CH 

H A  &.CHI &HI &HI AH] &HI HaC.4 &Ha 

111 
\ C k  \Cka 

All three isomers possess growth-promoting properties, and Kuhn, 
Brockmann, Scheunert, and Schieblich ’( 123) established that ,%carotene 
is twice as active as the a- and y-isomers. Other compounds possessing 
vitamin A activity include: 

(a) ,%Carotene oxide (IV) obtained by von Euler, Karrer, and Walker 
(124) by the action of perbenzoic acid on 8-carotene. 

H’C\C/CH3 

HaC CHI 

HIC’ \C-CH:CH.C:CH.CH:CH.C:CH.CH:CH.CH:CCH:CH.CH:C.C~:CH-C’ \CHI 

H E H I   HI &HI HIC- d LHt 

IV 

‘C/ 

\ C i s  M I  

‘C’ OH \C/ 

H ’ \C~CII:CH.C:CH.CH:CH.C:CA.CH:CH.CH:C.CH:CH.CH:C.CH:CH--C/ \CHa 

\Ck; 

I 

(b) /3-Oxycarotene, V (125) 
H C  CHI HIC CHI 

I I I 
H Z  b-CHa &HI CHI CHI &HI H C . 8  CHI 

V 
\Cks \OH 
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A 

11 
11 
12 
10 
9 

10 
10 
10 
11 
11 
11 
13 

TABLE I 
Properties of Carolenoids 

Unsub. 
&lonone 

Rings 
__- 

1 
2 
1 
1 
0 
1 
1 
0 
1 
0 
0 
0 

a-Carotene. . . . . . . . . . . . . . . . .  
p-Cltroterie. . . . . . . . . . . . . . . .  
y-Carotene . . . . . . . . . . . . . . .  
@-Oxycltrotene . . . . . . . . . . . . . .  
@-Carotenone . . . . . . . . . . . . . . .  
Semi-8-carotenone. . . . . . . . . .  
@-Carotene oxide.. . . . . . . . . .  
a-Oxycarotene . . . . . . . . . . . . .  
Kryptoxanthin . . . . . . . . . . . . .  
Lutein.. . . . . . . . . . . . . . . . . . . .  
Zersxan thin. . . . . . . . . . . . . . . . .  
Lycopene. . . . . . . . . . . . . . . . . .  

511 
521 
533.5 
508 
538 
538 
486 
502 
519 
511 
515 
548 

hmar CSr 

478 
485.5 
496 
475 
499 
499 
456 
47 1 
483 
479 
485 
507.5 

463 
446 
466 

427 
440 
452 
446 

477 

Vitamin A 
Activity 

Active 
Active 
Active 
Aotive 
Inactive 
Active 
Active 
Inactive 
Active 
Inactive 
Inactive 
Inactive 

(d) Kryptoxanthin, for which Kuhn and Grundmanh (126) have sug- 
gested formula VII. 
H.C CHI HQ CHI 

\C’ \C’ 
H,c’ \C--CH:CH.C:CH.CH:CH.C:CH.CH:CH.CH:C.CH:CH.CH:C.CH:CH--C’ \CHI 

\Ckl MI 
I 
CHI HG.8 &HI 

I  HI CHI 
I I1 I 

HOHC CCHI CHI 

VII 

(e) Myxoxanthin, isolated by Heilbron and Lythgoe (127) from Oscil- 
latoria rubescens, and possessing structure VIII. 

HIC \JH1 
HrC CHI 

\C’ 

\Ci1 

HtC’ \~-CH:CH.~:CH.CH:C~C:CH.~H:CH.~~:~.~~:CH.~H:~.~H:~H-~H \CH 
I 

HA &.CHI CHI I &HI &HI CHa H I C ~  &E 

VIIl 
\Co/ 

On the other hand lycopene (IX), lutein (X), zeaxanthin (XI), rhodoxan- 
thin (XII), capsanthin (XIII), and 0-carotenone (XIV) are all biologically 
inactive, and from a comparison of the properties of the common caroten- 
oida listed in Table I it will be seen that although the biological activity 
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is not entirely dependent on the number of double bonds, the presence 
of a p-ionone ring would appear essential, ~t possibility first suggested by 
Karrer, Schopp, and Morf (128). 

HrC CH; 

\C/ 

HC CH: 

\C/ 
d 

HC CH-CH:CH.C:CH.CH:CH.C:CH.CH:CH,CH:C.CH:CH.CH:C.CH:CH-CH ’CH 

ti& 1 C.CH; ” (!!HI CHI I &HI dH; H;C.g AH, 

1x 
‘Cis ‘d, 

Details of the absorption spectra of the carotenes and vitamins A have 

Although the dihydrocarotenes and carotene iodides display growth- 
been summarized by Loofbourow (378). 
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promoting activity, it is believed that this is due to  the regeneration of the 
parent a- or &carotene in the body (Kuhn, 108). 

In addition to  the above compounds, Karrer and his colleagues have 
obtained several degradation products of 8-carotene containing fewer than 
forty carbon atoms but still showing biological activity. These will be 
discussed in greater detail in Scction VII. 

Although several investigators, including Willimott aid Moore (129) 
and von Euler, Karrcr, and Zubrys (130), have shown t,hat xanthophyll 
(lutein) cannot replace vitamin A in the diet, of rats it has been claimed 
by von Euler and Itydbom (131), ihough not yet confirmed by any other 
authors, that carotehe may be replaced by santhophyll as a source of 
vitamin A in chickens but not in rats owing to incomplete absorption 
in the latter animals. 

IV. ISOLATION OF PURE VITAMIN A 

As already mentioned in Section I, McCollum and Ravies (18)-estab- 
lished that vitamin A could be concelltrsted in the unsaponifiable fraction 
of butter-fat, and Takahashi (132), Takahashi, and Kawakami (133) and 
Takahashi, Nakamiya, Kamaka.mi, and Kit,asato (27) applied this dis- 
covery to  the case of cod liver oil. They found the small amount of 
unsaponifiable matker obtained on alkaline hydrolysis to  be highly potent, 
and from it by fractional dist,illation they claimed to  have isolated t.he 
active principle, which they named biosterin. This material proved to  
be biologically active in daily doses of 80 y, but later work by Drummond, 
Channon, and Coward (68) and Nakamiya and Kawakami (134) estab- 
lished beyond doubt that it was in fact grossly impure. In an examination 
of a Japanese shark liver oil with a vitamin A content (as estimated by the 
Carr-Price test) corresponding to  a, good cod liver oil, Drummond and 
Raker (135) definitely accounted for 90-95yo of the unsaponifiable fraction 
as well-known inactive substances such as selachyl, batyl, chimyl, and oleyl 
alcohols, together with s small quant.ity of cholesterol and a hydrocarbon 
resembling squalene. As a result of this work these authors concluded 
that “the active substance is prcscnt in cod liver oil concentrates in amount, 
so minute that direct :ttt>empts at, its isolat,ion by ordinary chemical means 
are of littlc use.” 

In a search for more potent sourccs of the vitamin a large number of fish 
liver oils were invest,igated by various ivorkers. Poulson (136) fouqd that 
halibut liver bil was very rich in vitamin A, while Schmidt-Nielssen and 
Srhmidt-Nielsscn (137) showed that the antimony trichloride blue values 
of halibut (Iiippoglossus hippoGlossus) , mackerel (Scombar scombrus), 
salmon (Sakno salar), red perch (Scbastcs marinus) and cod liver oils 
were in the ratio 700:570:250:70:6 and these aut,hors made the further 
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Zoological Name 

Cadus niorrhuas 
Conger vulgaris 
Galcorhinus auslralis 
Hippoglo,ssus hippoglossus 
Thunnus vulgaris 

interesting observation that those liver oils which could only be isolated 
by solvent extraction invariably gave a higher blue value than those ob- 
tained by steaming. Similar results qegarding the relative richness of 
halibut liver oil were subsequently obtained by von Euler and Karrer (138) 
and Lovern (139), the latter author stating that although wide variations in 
potency were common, t'he liver oil of Hippoglossus vulgaris is generally 
50-100 times richer in vita,min A than a good cod liver oil, while Pett, 
Lipkind, and LePage (140) have stated that ling cod liver oil is even more 
potent than halibut liver oil. The values shown in Table 11, recently 
quoted by Jen-ell, Mead, and Phipps (141) exemplify the wide variation 
encountered in the average vitamin A content of various fish liver oils. 

More recently the researches of Lovern, Edisbury, and Movton (142), 
Edisbury, Lovern, and Morton (143) and Edisbury, Morton, Simpkins, and 
Lovern (144) have established that the oils from the visceral organs of 
varibus fish are frequently richer sources of the vitamin than the liver oils, 

Hpprox. vitamin A 
content, yo 

__ 
0.01 
0.2 
0.7 
1.7 
4.7 

- 

TABLE I1 
Vitamin A Content of Fish Liver Oils 

Name 

* Cod 
Conger eel . School shark 
Halibut 
Tunney 

while Lovern, Mead, and Morton (145) and Lovern and Morton (146) 
have shown that large deposits of vitamin A, almost exclusively in the form 
of esters, occur in the intestines of the halibut where it is strictly iocalizetl 
in the mucosa and in particular in the tunica propia. 

Contrary to the experiences of Drummond and Baker (135) with cod 
liver oil, von Euler and Karrer (138) and Karrer, Klussmann, and von 
Euler (147), starting from a rich halibut liver oil, found that saponification, 
followed by removal of the major portion of the sterols by freezing in 
methyl alcohol, gave a concentrate which they estimated to contain at 
least 50% vitamin A. Further purification has been effected by various 
investigators employing both chromatography and moleculnr distillation. 

(a)  Chromatographic Adsorption. While the above preliminary work 
was being carried out, the investigation of the carotenoid pigments had 
proceeded with increasing momentum, and in view of the apparent relation- 
ship between 8-carotene and vitamin A, it sermed logical to apply the 
experience gained in the carotenoid field to the case of vitamin A. The 
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value of chromatography in its purification was first demonstrated in a 
preliminary iiotc by von Euler and Karrer (138) who showed that the 
Carr-Price value of 6,000 cod liver oil units (=  60,000 blue units) obtainecl 
for a Concentrate prepared from a halibut liver oil, was raised to  10,000 
C.L.O. units after a single adsorption, and in a subsequent publication 
Karrer, Morf, and Schopp (148) described in detail the concentration 
of the vitamin by this method starting from the liver oil of Hippoglossus 
hippoglossus. The total unsaponifiable fraction was obtained as a semi- 
sdid mass from which practically the whole of the sterol was removed by 
cooling in methyl alcohol first a t  -15' and then a t  -60°, the mother- 
liquor yielding a clear yellow oil with a Carr-Price value of 8,000 C.L.O. 
units. For the subsequent chromatographic purification a solution of this 
material in petroleum ether was allowed to pass slowly down a tube filled 
with Merck's Fasertonerde and finally washcd down the column with the 
same solvent. The vitamin was mzinly adsorbed on the middle third 
of the column, and elution with a mixture of petroleum ether and methyl 
alcohol gave a concentrate with a value of 9,100 C.L.O. units, rising to  
10,500 on a second adsorption. No further purification could he obtained 
by rebeated adsorption, and the concentrate so obtained was an extremely 
viscous golden-yellow oil which was readily soluble in the common organic 
solvents and which readily oxidized in air. Biologically it was found to  
be active in doses of 0.5 y (see correction of Karrer, Morf. and Schopp, 
149) thus being approximately ten times more potent than the purest 
specimens of carotene available a t  that time. The latter authors also 
examined the concentrate prepared by the above process from the liver oil 
of Scombresox saurus (a variety of mackerel) and found that the product 
was indistinguishable from that obtained above, from which they con- 
cluded that the Concentrates so obtained might be regarded as approxi- 
mately homogeneous. It was subsequently suggested by Karrer that 
vitamin A should be given the name Axcrophthol. 

Holmes, Cassidg, Manly, and Hartzler (150) later published details 
regarding adsorption of the vitamin on a special activated charcoal, and 
they claimed that by this method, followcd by adsorption on magnesium 
oxide, they were able to  obtain concentrates with blue values as high as 
140,000. However, it must be pointed out that the use of the colorimetric 
method of assay detracted somewhat from the value of this work, owing 
to the relatively large increase which can occur in the blue value on removal 
of small quantities of anti-oxidants. The necessity of storing vitamin A 
concentrates in a solvent was incidentally shown by these authors, who 
found that their richest material, even on keeping in an inert atmosphere 
in solid carbon dioxide, rapidly became crystalline and then gave only a 
feeble color with antimony trichlodde. 
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617 mp 

4650 
4350 
4200 
3810 
3620 
4130 
3250 

(b )  High Vacuum Distillation. As already mentioned, attempts to  
distil the vitacin had been made by Drummond and Baker (135) who found 
that even a t  pressures as low as 0.01 mm. extensive decomposition of the 
vitamin occurred. Similar results were obtained by Heilbron, Heslop, 
Morton, Wehster, Rea, and Drummond (151) a t  pressures below lo-' 
nim., but in collaboration with Carr and Jewel1 of British Drug Houses 
Ltd., these .authors found that the vitamin could be successfully distilled 
in a specially constructed molecular still, in \vhich rapid fractionation 
could be effected at  pressures below lo-* Fin. Under these conditions no 
decomposition occurred, and a fraction, b.p. 137-138", having considerably 
enhanced potency, contained the major portion of the vitamin. 

In  addition to  halibut liver oil, Heilbron and his colleagues (151) also 
investigated sturgeon liver oil and a mammalian liver fat, and Table I11 

TABLE I11 
Highesl Values Oblained for  Concentrates from Various Sources 

580 w 

2550 
2350. 
2130 
1995 
2350 
2250 
1800 

-- 

Concentrate 

Halibut (distillate). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Another halibut (adsorbed distillate). . . . . . . . . . . .  
Sturpeoii (best distillate). . . . . . . . . . . . . . . . . . . . . . . .  
Mammalian non-sap. (adsorbed). . . . . . . . . . . . . . . .  
Maminrtlian non-sap. (distillrtte) . . . . . . . . . . . . . . . . .  
Prof. Iiarrer's halibut preparations : (a).  ......... 

(b) . . . . . . . . .  

I- 328 m)r 

1370 
1350 
1330 
1300 
1250 
1350 
1350 

El% 
I cm 

450 
900 
1020 

No band 
No band 

364 
300 

records the highest values obtained for the concentrates from the various 
sourres, together with t,hose for two samples prepared by the chromato- 
graphic met hod kindly supplied by Professor Karrer for direct comparison. 
From these it will be seen that, as regards the ultra-violet absorption, the 
products from the various sources and employing the t2wo different processes 
were indistinguishable. One disturbing fact,or, however, was that certain 
preparations contained a chromogen giving rise to  an absorption band at 
693 mp with antimony trichloride. The nature of this chromogen will be 
discussed mow fully in Section VII. 

Sitbsequently, Cnrr and Jewel1 (152) obtained a concentrate by clistilla- 

tion in a vacuum of t,he order of lo-' mm. with n value of l3 '% = 1600 1 cm 
and a blue value of 78,000; 0.6 y of this preparation cured xerophthalmia 
and gave a slightly better growth response than 1 y of International 
Standard carotene. 

Recently the molecular distillation of fish liver and visceral oils has as- 
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sumed a considerable potential importance commercially, and a review 
of this subject has been published by Jewell, Riead, and Phipps (141). 
For descriptions of the various designs of molecular still and their applica- 
tion, reference should be made to recent articles by Burch and van Dijck 
(153), Fawcett (154), Burrows (155), Hickman (156), and Hickman and 
Hecker (157). 

(c) Crystalline Vitamin A und Deriaatives. Vitamin A was first isolated 
in crystalline form by Holmes and Corbet (158) by prolonged cooling to 
-60" of a slightly aqueous methyl alcoliolic solution of rich concentrates, 
the latter being obtained from the liver oils of Slereolepis ishinhgi and 
Atlantic mackerel. The vitamin so obtained was in the form of pale 
yellow rosettes of needles, m.p. 7.5-8.0", with an extinction coefficient 

'% 328 mp = 2,100, and biological tests proved its activity to be of 

the order of 3 X lo6 International units per g. 
A similar material was subsequently isolated by Mead (159) from a 

distilled halibut liver oil concentrate, but more recently Baxter and Robeson 
(160) have established that the crystals obtained by this means contain 
approxiniately 10% of methyl alcohol of crystallization. Starting from 
shark liver, ling cod liver, Californian jewfish liver, and halibut viscera oils 

having extinction coefficients El% 328 mp = 100, 129, 317 and 72 

respectively, they obtained the vitamin in the form of prisms m.p. 63-4", 
by distillation of the oil, saponification and crystallization a t  low tempera- 
ture from ethyl formate. They also showed that this materia1,and the 
form m.p. 7-8" are interconvertible by crystallization from the appropriate 
solvent and that both give the same derivatives. There seems little doubt 
that the product obtained by crystallization from ethyl formate is the pure 

vitamin,despitp the fact that the extinction coefficient, EiTm 328 mp = 

1750, is conalderady lower than the value quoted by Holmes and Corbet 
(158). It is in better agreement than'the latter, however, with the figure 
of 1880 predicted by Morton (161). 

It has already been mentioned that early attempts by Karrer, Morf, 
dnd Schopp (149) and Heilbron, Heslop, Morton, Webster, Rea, and 
Drummond (151) to prepare solid derivatives such as the aoetate, benzoate, 
and p-nitrobenzoate were unsuccessful. In 1935, however, Hamano 
(163, 164) succeeded in preparing, from concentrates obtained from the 
liver oils of Theragra chalcogramma, Stereolepis ishinagi, Sebaslodes j a m -  
meus and Thynnus alalunga, a @-naphthoate of vitamin A, m.p. 76" and 
an anthraquinone-2-carboxylate, m .p. 124", the same derivatives later 
being prepared by Mead (165). Recently, however, Baxter and Robeson 

cm 

1 cm 
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(166), starting from crystalline vitamin A have prepared four solid esters 
having the following properbies : 

(a) Acetate. Pale yellow prisms from methyl alcohol. M.p. 57-58', 

El' 328 mp = 1510. I. cm 
(b) Palmit.ate. Yellow prisms from propylene oxide. M.p. 27-28', 

El' 328 mp = 940. 
1 cm 
(c) Succinate. Yellow prisms from ethyl formate. M.p. 76-77'. 

El% 328 mp = 1240. 
1 cm 
(d) P-Naphthoate. Yellow prisms from ethyl alcohol. M.p. 74-75', 

El% 328 mp = 1090. 
1 cm 
A further type of solid derivative was prepared by Kawakami (167) who 

acetylated a concentrate from the liver oil of Theragra chalcogramma and 
condensed the product with maleic anhydride in benzene. A crystalline 
solid, m.p. 261-262', was obtained analyzing for the di-maleic adduct of 
acetylated vitamin A, and a similar compound, m.p. 263-264', prepared 
in the same way from the benzoylated concentrate. This work was 
extended by Hamano (162, 164) to  the liver oils themselves, those from 
Stereolepis ishinagi, Theragra chalcogramma and Sebastorles matsubarae 
giving a compound m.p. 220', analyzing as the di-maleic adduct of vitamin 
A palmitate. This was later confirmed by Tischer (168) who obtained the 
same compound by molecular distillation of cod liver oil followed by 
condensation with maleic anhydride. This investigator, on the basis 
of this work, estimated that vitamin A 'palmitate constituted some 3% 
of the total est.ers present in the liver oil. 

V. CONSTITUTION OF VITAMIN A 
1. Drgradalion 

Although, as described in Section 111, it had been shown that carotene 
and vitamin A were not identical, there seemed reasonable grounds for 
concluding that the two were in some way related. That, however, a 
simple chemical relationship existed between them seemed to  be improb- 
able, since Bruins, gverhoff. and Wolff (169), by direct comparison of the 
diffusion constants of carotene and a rich vitamin A concentrate prepared 
from sheep liver fat, calculated the molecular weight of the vitamin to bL 
333 a8 against 536 for carotene. Values of 300 320 were also obtained 
by Karrer, Morf, and Schopp (149) using the Rast method, while Heilbron, 
Heslop, Morton, Webster, Rea, and Drummond (151) found that cryoscopic 
determinations gave a mean value of 327 and the Smith and Young (170) 
modification of the Rast micro-method 312. 
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It has already been mentioned that Drummond, Channon, and Coward 
(68) believed vitamin A to be an alcohol, and this was confirmed by Karrer, 
Morf, and Schopp (149) who showed that the rich concentrate prepared 
from the liver oil of Scombresox saurus formed an acetate and a p-nitro? 
benzoate, both of which, however, were viscous oils. Analytical data for 
these two derivatives, and for the alcohol regenerated from the acetate, 
indicated that the molecular formula of the vitamin was most probably 
CmHWO or CzzHs20. Similar results were obtained later by Heilbron 
Heslop, Morton, Webster, Rea, and Drummond (151) for the distilled 
concentrate, and .it will be noted that the respective molecular weights of 
286 and 312 for these formulae are in fair agreement with the values found 
experimentally. The presence of a @-ionone ring in the vitamin was 
established by Karrer, Mor€, and Schopp (148) who found that ozonolysis 
gave geronic acid in amount indicating the presence of one P-ionone ring, 
and these authors (148) also found that quantitative oxidation with 
potassium permanganate and with chromic acid yielded acetic acid in 
amounts corresponding t o  9.7 and 16.3% of C-methyl respectively. They 
also showed that the concentrate was optically inactive and on hydrogena- 
tion absorbed 4.9 mols. of hydrogen calculated on a molecular weight of 
286 (or 6.4 mols., for a molecular weight of 312), the analysis of the hydro- 
genated product agreeing with either of the formulae or CaHMO. 

On the basis of the above evidence Karrer, Morf, and Schopp (149) 
suggested the two alternative formulae, XV and XVI, as possible structures 
for the vitamin, the former being regarded as the more probable since 
it represents exactly half the @-carotene molecule. 

Hlc\C/CH1 

HaC CHr 

I1 I 
HoH I HoH \C/ 
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Considerable support for the structure XV wa8 supplied by a considera- 
tion of the absorption spectrum of the vitamin. By comparison of octa- 
trienol, decatetraenol, dihydrocrocetin, and dihydrobixin methyl ester 
;ontaining respectively three, four, six and eight conjugated ethylenic 
linkages, von Euler, Karrer, Klussmann, and Morf (171) showed that the 
position of the absorption band of the vitamin lies between those of deca- 
tetraenol and dihydrocrocetin, thus pointing to its containing five and not 
six double honds. 

-4dditional indirect proof of the correctness of the above type of formula- 
tion was supplied by Heilbron, Morton, and Webster (172). It had 
already been shown by Edisbury, Gillam, Heilbron, and Morton (173) 
that vitamin A is extremely sensitive towards mineral acids, the product 
obtained exhibiting highly characteristic absorption bands, and it was 
believed that the mechanism of the change might involve a partial cycliza- 
tion. The former authors found that dehydrogenation of this product with 
selenium gave a good yield of 1,d-dimethyl-naphthalene, which was also 
obtained by a similar treatment of the vitamin itself. The isolation of 
1,6-dimethyl-naphthalene definitely establishes the terpenoid nature of 
the vitamin and the presence in the richest concentrates of a material 
possessing a constitution which, as far as the fourteenth carbon atom, 
must be identical with the structures XV and XVI. 

CH 
\ 

Ha C 
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// 
I It 
CH CH.CH;OH 

CH C-CHs 
\ /  
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CH C*CHa 

\ c 4  
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It has been mentioned above that an absorption maximum at 693 mp 
is generally present, at varying intensities, in the antimony trichloride 
blue color, but it was observed by Heilbron, et al. (151) that the ratio 
between the intensities of absorption at 580 and 617 mp was relatively 
constant even in the most potent preparations and it seemed likely that 
both were characteristic of the vitamin. This was supported to  some 
extent by the generally accepted belief that 0-carot ene also exhibited bands 
nt 542 and 590 mp with antimon? trichloride, but it was later shown by 
Karrer, Walker, Schopp, and Morf (174) that a- and p-carotenes which 
had been carefully purified chromatographically exhibited only one band 
each, a t  542 and 590 mp respectively. Extending this work to  vitamin 
A these authors and von Euler, Karrer, and Zubrys (130) investigated the 
adsorption of their richcst concentrates on calcium oxide and hydroxide. 
The main, or p-fraction, which was not adsorbed, exhibited the characteris- 
tic maximum at 328 mp and a single band a t  622 mp in the antimony tri- 
chloride color. In  addition its analysis agreed exactly with the formula 
CzoHsoO, it gave geronic acid on ozonolysis and was.active in doses of 
0.3 y daily. The remainder, or a-fraction, comprising only a few per 
cent of the total, was adsorbed on the column and was characterized by 
an absorption band a t  270 mp. This material, to  which the name hepaxm- 
thin was given, showed only a single maximum at 580 mp in the antimony 
trichloride color but a second band a t  620 nip rapidly developed on stand- 
ing, probably due to  isomerization. Its growth-promoting power was 
much less than that of the main portion, and it was uncertain whether it 
was active per se or contained some of the 0-fraction. The above con- 
clusions were in accord with the earlier results of van Eekelen, Emmerie, 
Julius, and Wolff (175) who isolated, from a liver oil, a Eraction showing 
no growth-promoting properties and agreeing in absorption spectrum with 
hepaxanthin; these investigators concluded that sn ly  the 620 mp band is 
characteristic of vitamin A. Castle, Gillam, 'Heilbron, and Thompson 
(176), however, were unable td  effect the separation of these tiyo chromo- 
gens by the above method, and it would appear that independent con- 
firmation of these results is desirable. 

2. Synthesis of Perhydrovitamin A 

'That vitamin A definitely possesses the Czu carbon skeleton of structure 
XV mas finally established by Karrer and Rilorf (177) who synthesized the 
corresponding saturated alcohol and compared it with the hydrogenated 
natural product. Karrer, Salomon, Morf, and Walker (178) had pre- 
viously shown that condensation of P-ionone with ethyl bromoacetate by 
the Reformatsky reaction readily gave ethyl p-ionylideneacetate, XVII, 
which Karrer and Morf (177) hydrogenated to  XVIII. Bouveault-Blanc 
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reduction of this ester gave the alcohol XIX and condensation of the 
corresponding bromide with diethyl malonate yielded the dicarboxylic 
ester XX, which was readily converted by the standard reactions into the 
CI, monocarboxylic acid XXI. Treatment of the acid chloride with 
zinc methyl iodide gave the CIS ketone XXII, and by a repetition of the 
above series of reactions this was finally converted into the Czo perhydro- 
alcohol XXV. 
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Both the synthetic alcohol and the product obtained by hydrogenation 
of a rich concentrate in the presence of platinum oxide were viscous oils 
which failed to yield solid derivatives, so that although the agreement 
between the physical data for the two compounds was extremely close, 
conciusive proof of identity was lacking. In order to  overcome this 
difficulty both alcohols were converted into the Csa ketones as indicated 
below and comparison of the semicarbazones, map. 67", of the two products 
established their identity, from which i t  followed that t,he vitamin must 
necessarily possess the carbon skeleton of formula XV. 

R,.[CH~]~.CH.[CH~IJ.CH'CH~.CH,OH 3 
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3. Possible Isomers of Vitamin A 

On the basis of the established formulae for vitamin A and a- and 8- 
carotenes, it would be expected that the latter compounds would give 
rise respectively to one and two molecules of vitamin A in the body and 
this contention is supported by the observations of Brockmann and 
Tecklenburg (179) who fed daily doses of 1 mg. of the two carotenes to  
vitamin A deficient rats and then examined the liver oils. Calculated 
on the relative protective doses of &carotene and vitamin A the yield of the 
latter was expected to  be approximately 20% but in actual fact it 
found to  be only about 8%. On the other hand the yield from a-carotene 
was less than half that from the @-isomer and no trace of the isomer of 
vitamin A containing the a-ionone ring could be detected. Recently 
Mead (165) and Coward and Underhill (180) have shown that the 8- 
naphthoate and anthraquinone-2-carboxylate of the vitamin have potencies 
of 2.232 X 10" and 1.77 X 106 international units per g. respectively. 
From them values it is calculated that pure vitamin A has a potency of 
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approximately 3.32 X .lo6 I.U. per g. which is in good agreement with the 
figure of 3 X loo found for crystalline vitamin A by Holmes and Corbet 
(158). This value is almost double the international standard of p-caro- 
tene (1.667 X lo6 I.U. per g.), from which these authors conclude that one 
molecule of p-carotene is converted into only one molecule of vitamin A 
in the body. That isomers of vitamin A do occur, however, would appear 
to  be suggested by several observations. Thus Nakamiya (181) hydro- 
genated a concentrate obtained from the liver oil of Stereolepis ishinagi 
and converted i t  into the Cza ketone by the series of reactions already 
described. The product was characterized by a semicarbazone, m.p. 
35", in contrast to  the m.p. of 67" for the derivative obtained by Karrer 
and Morf (177), indicating isomerism between the perhydro-alcohols pre- 
pared by hydrogenation of the vitamin obtained from two different sources. 
In  addition Kawakami (167) found that whereas the acetylated concen- 
trate from Theragra chalcogramma gave a maleic anhydride adduct m.p. 
261-262", the corresponding product from Sfereolepis ishinagi was an isomer 
m.p. 221-222", while Hamano (164) found that the mother liquors from the 
yellow anthraquinone-2-carboxylate, m.p. 124", of the vitamin contained 
a red isomer, m.p. 118", having the same absorption spectrum. 

VI. SYNTHETIC EXPERIMENTS 

The proof of thc presence of the 8-ionone ring in the vitamin naturally 
led to  the preparation of a number of compounds containing this grouping 
as a preliminary to  the synthesis of the vitamin itself. The most con- 
venient starting-material in this work was obviously p-ionone but its use 
has been complicated by the fact that it behaves anomalously in many 
reactions. Rarrer, Salomon, Morf, and Walker (178) found that whereas 
a-ionone XXIX condenses with ally1 bromide by the Grignard reaction 
to give the carbinol XXX, readily dehydrated to  the hydrocarbon XXXI 
by means of phenylisocyanate, the corresponding reaction with p-ionone 
did not proceed as might be expected, apparently owing to  the addition 
of the Grignard compound to  the unsaturated system. 
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In 1934, however, Ruzicka and Fischer (182) synthesized a tetrahydro- 
vitamin A by the following series of reactions. 8.ionone was partially 
hydrogenated in alcohol with nickel to  dihydro-p-ionone, XXXII, and the 
latter condensed with acetylene in the presence of sodamide giving an 
excellent yield of the acetylene carbinol, XXXIII. Partial hydrogenation 
with nickel gave the corresponding ethylenic carbinol, XXXIV, which on 
treatment with phosphorus pentachloride in petroleum ether yielded the 
primary chloride XXXV by allylic re-arrangement, snd condensation 
of the latter with ethyl sodio-acetoacetate gave the keto-ester XXXVI, 
which was hydrolyzed by aqueous alcoholic baryta to  the ketone XXXVII. 
The acetylene carbinol, XXXVIII, obtained from the latter as for the lower 
homologue was hydrogenated to  the ethylene carbinol XXXIX, which 
was then re-arranged directly with acetic ahydride to  the tetrahydro- 
vitamin A, XL. As was expected this compound was devoid of growth- 
promoting activity despite the presence of the p-ionone ring, thus confirm- 
ing the belief that the presence of the conjugated system of double bosds 
is also an essential factor. 

In  1935, Davies, Heilbron, Jones, and Lowe (183) commenced an investi- 
gation into the possibility of preparing the triethenoid aldehydeXLI1 
(8-ionylideneacetaldehyde), which they regarded as the key intermediate 
in the synthesis of the vitamin. Since it had been shown (178) that 8- 
ionone condenses very readily with ethyl bromoacetate by the Reformatsky 
reaction giving the Clr ester, XLI, they investigated the distillation of the 
barium salt of the corresponding acid with barium formate under reduced 
pressure. These authors had already shown that under similar conditions 
citrylideneacetic acid gave the corresponding aldehyde, while Tiemann (184) 
had demonstrated the possibility of preparing citral from geranic acid 
by this method, but although an excellent yield of an aldehyde was ob- 
tained, the analyses of several derivatives of which proved it to  possess the 
formula ClaH220, its absorption spectrum indicated only an inflexion a t  
280-290 mp instead of the anticipated band in the region of 320 mp. 
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A further interesting observation with regard to this aldehyde has 
since been made by two of the present authors (185). 8-Ionone has been 
found to condense readily with methyl cyanoacetate in acetic acid in the 
presence of acetamide [Cope (186)l giving the cyano-ester XLIII, which 
has been successfully hydrolyzed to  the cyano-aoid XLIV and decarboxy- 
lated to  the nitrile XLV. Reduction of the latter with stannous chloride 
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by the iiiethod of Wittig and Ketliur (187) gave a poor yield of an  Lldehyde 
which proved to  he identical with that obtained above by distillation of 
the barium salt of the triethenoid acid. 
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111 1935 (:oulcl and Thompson (188) described preliminary work in 
iXonnect.ioii with t.he proposed synt,hesis of tt dihydro-vitamin A which 
they c!msitlcrcld might. possibly possess gro\vth-prornot#ing activity, dchy- 
tlrogciintriori to thc vitamin occurring i n  citro. P-Ionone was condens4 
with acetylene in the presence of potassium tert. amyloxicle giving 8 
idativcly poor yield of t.hc acctylenc carhinol, XLVI, toget,hrr with the 
ketone XLVII and much polymerized material. The acetylene 1)onrl 
in the carbinol mas successfully reduced to  thc ethylcnc (XLPIII) and 
the product8 re-arranged eibher directly with acetic anhydride to  the 
primary alcohol, XLIX, or by means of phosphorus tribromide to  the 
primary bromide, I,. C'onclensation of the latter with ethyl sodio-aceto- 
acetate and subsequent alkaline hydrolysis gave thc Cle ket'one, LI, which 
was retylily hydrogenated to  t,he perhydroketone. Proof that no changc! 
in t>he carbon skeleton had taken placc during this series of reactions \vtis 
supplied by t,he fact that, the same satumtcd ketone was obt.ninec1 by carry- 
ing out the above reactions starting from t,etrahydro-ionone, t.he semica,r- 
hazones from the two preparations being identical. Furthermow, thcy 
had the same melting-point as that recorded by Icarrer arid Morf ( 1 i 7 )  
for the derivative of the compound obt.aincd by the method dcscrihd in 
Section IT. 

The first claim to ha1.e synthesized vitamin A itself appeared in 1936. 
lhson and Christ (182)) found t,hat, by condensation of 8-cyclocitral wit'h 
8-methylcrotonaldehyde in t,he presence of the pil;cridine-acetic acid 
cb:italyst, of Kuhn 13adstj<ihner, and Grundmann (190), follo\vetl l q  redur- 
tion of thtb crude condensate with aluminum isopropoxide, n product. was 
oht8ained showing nn absorption band in t,he region of 32s n ~ p  a i d  giving 
wit,h chloroformic mtimony trichloride a bliie color very similar to that 

Xo further work on these lines has since been recorded. 
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given by vitamin A. Heilbron and Jones. (191), however, pointed out 
that these results could be accounted for by the presence of the penta- 
ethenoid acyclic alcohol farnesiaol, LIV, obtained from the condensation 
product of &methylcrotonaldehyde with itself as described by Fischer 
and Hultzsch (192). 

3 CHs*C:CH.CHO __f CHs*C:CH*CH:CH*C:CH.CH:CH.C:CH*CH2OH 
I I I I 
CH* 

LIII 
CH8 CHI CHI 

LIV 

The experiences of Heilbron and his colleagues indicated that it is impos- 
sible to condense @-cyclocitral with 8-methylcrotonaldehyde under these 
conditions, a conclusion subsequently confirmed by Kuhn and Morris (193). 

The first authenticated synthesis of a material displaying vitamin A 
activity was reported by Kuhn and Morris (193) in 1937 employing the 
following series of reactions. The ester XLI above, (178), was converted 
into the o-toluidide IJV of the corresponding acid by reaction with the 
Grignard compound prepared from o-tbluidine and methyl magnesium. 
iodide, followed by treatment with phosphorus pentachloride in benzene 
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to give the chlor-imide LVI. Reduction of the latter with chromous chlor- 
ide in ether by the method of von Braun and Rudolph (194) gave the o- 
tolil LVII of p-ionylidene-acetaldehyde, LVIII, from which the free 
aldehyde was obtained by distillation with steam in the presence of 10% 
oxalic acid. The aldehyde was a pale yellow somewhat unstable oil 
giving a reddish-brown precipitate with chloroformic antimony trichloride 
and characterized by a semicarbazone, m.p. 193-195'. The latter exhibited 
an absorption band of high intensity a t  320 mp [Kuhn (195)] a position in 
agreement with the aldehyde possessing three double bonds in conjugatiod 
with the carbonyl group. In contrast to P-cyclocitral, P-ionylidene- 
acetaldehyde was found to condense with p-methylcrotonaldehyd6, in the 
presence of the piperidine-acetic acid catalyst yielding a product which 
gave a blue-green color with antimony trichloride. On reduction with 
aluminum isopropoxide a mixture of alcohols was obtained giving with 
antimony trichloride a blue color showing an absorption maximum at 606 
mp, and after partial purification by adsorption on alumina a material was 
obtained which caused resumption of growth and cured xecophthalmia 
in rats reared on a vitamin A free diet. The order of activity of the purest 
specimen was given as 750 C.L.O. units which these authors citlmlated to  
correspond to a vitamin A content of approximately 7.575, apparently 
on the basis that the concentrate of Karrer, Morf, and Schopp (149), 
with a value of 1'0,500 C.L.O. units, was practically pure. In  view of the 
latest values for crystalline vitamin A, however, the vitamin content of the 
synthetic material must have been considerably less than that claimed. 

R2* CH: CH. C: CH* COOCzHb __f R** CH: CH*C: CH. CO.NH*Ct&. CHI 
I I 

CH, 

XLI 

CHa 
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ca, 
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CHI 
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I 
CHa 

LIX 
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Attempts to repeat this synthesis have since been carried out by Karrer 
and Ruegger (196) and by Krauze and Slobodin (197). The former 
authors state that condensation of @-ionylidene-acetaldehyde with 8- 
methylcrotonaldehyde under the conditions described gives a product which 
on reduction with aluminum isopropoxide yields a mixture of polyenes. 
The main constituent is a compound which gives with antimony trichloride 
n color exhibiting an absorption maximum at 602 inp. It is not,howevw, 
vitamin h since it can be separated froni the latter chromatographically, 
but t,he possibility cannot be excluded that t,he complex mixture of which 
it is part contains vitamin A. 1Crauze and Slobodin (197), however, state 
that the crude reaction product is not biologically active since it, does not 
prevent xerophthalniia in rat,s in doses as high a.s 40 y daily. 

WI. HOMOLOGUES OF VITAMIN h 

1 .  Degrndalion of @-Carotene 

In Section 111 it was shown t,hat &carotene is converted in vivo into 
vitamin A although there is some doubt, whet,her this transformation can 
be effect,ed in vilro by rxtract,s of liver tissue. Atrtempt,s to  imit,ate this 
reaction by chem’icttl means have proved abortive, but, recently Iiarrer 
and his colleagues have demonstrated that it is possible to  degrade 8- 
carotene to yield homologues of the vit.amin. Thus Ksrrer and Solmssen 
(198) showed that by oxidation of a benzene solution of @-carotene with 
dilute aqueous potassium perma,nganate a t  room temperat,ure and separa- 
tion of the products by chromatographic adsorption, a crystalline aldehyde 
could he isolated (60 mg. from 700 mg. of carotene). From analytical 
and spect,roscopic data for the aldehyde and its derivatives they established 
that it possessed t,he structme LXI. and is clearly formed by selective oxida- 
tion of one of the p-ionone rings. 

I 
CHa 

LXI 

R,* CH: CH*C:CH*CH: CH*C: CH. CH: CH.CH:C*CHO 
I 
CH, 

1 
CHI 

LXII 

I 
CIIJ 
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For LXI Karrer, Solmssen, and Gugelmann (199) proposed the name 
8-apo-2-carotenal in order to  indicate the position a t  which rupture of the 
chain has occurred. The necessity of some such nomenclature arose 
on the isolation by these investigators of a second homologur which they 
showd to possess the striictiire IXIT, (P-apo-4-carotenal). In contrast 
to ~-iip0-2-r~roten:tl, this aldrhytle could not 1)e ol)tain(d crystallin(,. 

i-egurtlh the biological activit), of the t>u o altlehytlcs :inti thcir mimes, 
hpe~tros~opic data for which \\ill I)(b fouiid i i t  'rahlc II', good grou tli  iws 
obtained in vitainin-A-deficient isat:, I\ it11 dosrh of 6 y ,  5 y,  :tiid 20 y IT- 
spectively of 8-:11)o-2-c;~rotrnal, &ap0-2-ca1*01 ~ r i r t l  oximr, and ,8-;qw4- 
carotenal oxime. Suhwyuently, von I h k r ,  (;runther, llalmberg, antl 
Karrer (200) showed that the liver oils of rats depleted of vit:tmin 1 1  a id  
then fed on massive doses (50 y)  of 8-a1,0-2-carotenal exhibit, an inflexion 

'I'ABLI~: IV 
!If .p.  and Spcclroscopic  Dala of A poraiolcnals, /heir  O.cittie,u, and .Ipocaro/enol.s 

1. @-Apo-2-carot,eiiaI 
2 .  8-.\ljo--l-csroten:iI 
3.  ~u-.4l,o-4-carot~ii:II 
4 .  Osirne of ( I ) .  . . . . . 
5 .  Osinie of (2) .  . . . , 

6 .  Okime of (3 ) .  . . . . . . . . . 
7 .  8-Apo-2-ciiroteiiol.. . . . , 

8. a-Apo-2-cnrotcnol.. . , . , . , 

.. - _. 

139" 

158" 
180" 
161j0 
178" 
145" 
157" 

. 

525. 490, (458) 
k(i0 (indcf.) 

510, 484, 451 
507, 473 

456 
499, 469 
+86, 456 
178, 448 

~- 

484, 454 
412 (indcf.) 

479, 450 
171, 441 

408 
-466, 438 
453, 423 
446, 420 

Intlcfinitt~ 

I rid(. fin i t c 
175. 445 

409 
469, 439 
456, 426 
448, 423 

- 

at  320 to 330 mp indicating that the aldehyde, like &carotene, is converted 
into vit,amin A in the body. 

A similar oxidation of a-carotene by von Euler, Karrer, and Solirissen 
(201) gave an aldehyde which, from analytical antl spectroscopic data and 
t,he fact that it was inactive in doses of 20 y,  they formulated as IXI I I ,  
(a-~tp0-2-ci~roten~l), t,he 8-ionorit. ring h:iving ;ipparent,l.v been preferentiall\. 
ox id i zed. 

The rtduction of 1,Xl and LXII I \vi t l i  aluminicm isopropoxitlc to 8-apo- 
2-carotenol and a-apo-2-carotenol respectively was investigated by von 
Euler, Karrer, and Solmssen (201). Both products were crystalline solids 
(see Table IV) giving blue colors with chloroformic antimony trichloride, 
but 8-apo-4-carotenol obtained in a similar manner was a viscous oil. A, 
secondary alcohol, LXI\:, ivliich was very similar spectroscopically to 8- 
apo-2-carotenol was subsequently prepared by Karrer, Ruegger, and Geiger 
(202) by condensation of @-apo-2-carotenal with ethyl magnesium bromide, 
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and it was shown by von Euler, Gunther, Malmberg, and Karrer (200) to 
give good growth in vitamin-A-deficient rats in doses of 10 y. 

Some evidence has been adduced (201) that the crude product obtahed 
by partial oxidation of @-carotene contains lower homologues as well as 
@-apo-2- and p-apo-4-carotena1, but whether the aldehyde corresponding 
to vitamin A is present remains to be demonstrated. 

2. Oxidation of Vitamin A with Aluminum tert. Buloxide 

Batty, Burawoy, Harper, Heilbron, and Jones (203) investigated the 
oxidation of vitamin A by aluminum tert. butoxide in presence of acetone 
as described by Oppenauer (204) for secondary alcohols and obtained the 
ketone LXV as a viscous yellow oil. It was characterized by an absorp- 
tion maximum at 401 mp in alcohol 4nd gave a blue-green color with 
chlorformic antimony trichloride, exhibiting a single absorption band at, 
646 mp; several crystalline derivatives of the ketone 

Rs*CH: CH-C: CH*CH: CH. C: CH-CH: CH’CO 
I 

CHa 
I 

CHI 
I 

CHa 
LXV 

were also obtained. Subsequent work by Haworth, Heilbron, Jones, 
Morrison, and Polya (205) suggests that a similar oxidation to the above 
but using diethyl or di-isopropyl ketone in place of acetone as hydrogen 
acceptor gives a C2o aldehyde which appears to contain one double bond 
more than the vitamin. 

ethylenic linkages, Karrer, Ruegger, and Geiger (202) reduced the ketone 
LXV with aluminum isopropoxide, but chromatographic adsorption of 
the product indicated that it was a complex mixture. On the other 

In an attempt to obtain the secondary alcohol with six conjugated . 
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hand two of the present authors (I.M.H.' and W.E.J.) have encountered 
no difficulty in effecting this reduction, the alcohol so obtained exhibiting 
a single uell-defined absorption band of high extinction a t  359 m p m d  
giving with antimony trichloride a blue color with a single band a t  712 mp. 

3. Vitamin A2 

Interest in the chromogen responsible for the 693 mp band, already 
mentioned as being sometimes present in the antimony trichloride blue 
color, was stimulated by two simultaneous independent observations, viz. : 

(a) Edisbury, Morton and Simpkins (206) observed that whereas in 
halibut liver oils the ratio of the 620:693 mp intensities is generally of the 
order 6:l and in halibut visceral oils lO:l, the 693 mp band is rarely 
detectable in cod liver oils and never in whale liver oils. In goldfish eyea, 
however, they found the ratio to  be about 1 : 1.5, and in the unsapohifiable 
matter from the liver and viscera of brown trout only the 693 mp band 
could be detected. In  the lat,ter case the ultra-violet absorption spectrum 
showed bands a t  470, 350, and 287 mp and these authors, taking into ac- 
count its apparent physiological similarity to  vitamin A (Wald, 206a), 
tentatively named the 693 mp chromogen vitamin Az. 

(b) Lederer and Rosanova (207) found that liver oils from certain 
Russian fresh-water fish gave a stronger 693 than 620 mp band. These 
results were subsequent,ly confirmed in a preliminary report by Lederer, 
Rosanova, Gillam, and Heilbron (208) and in addition i t  was observed 
that in these oils the absorption spectra are differentiated from those 
of marine fish liver oils in that the maximum is displaced from 328 mp 
to 345-350 mp with the frequent appearance of another band a t  280-285 
mp. In a more detailed investigation of these oils, Gillam, Heilbron, 
Jones, and Lederer (209) found that the average 693:620 intensity ratios 
are generally of the order 2: 1 in contrast to  the ratio of 0.15: 1 for the cor- 
responding oils from marine fish, similar results being obtained for the 
unsaponifiable concentrates. 

With a view to determining the constitution of this chromogen a con- 
centrate having the following values:-E ;Frn 697 mp = 2600, 620 mp = 
1,200, 344 mp = 850, was subjected to  chromatographic analysis and 
distillation in high vacuum, but in neither case could any increase in the 
693:620 intensity ratio be recorded. Since the two chromogehs appeared 
to be very similar it seemed probable that there might be a Bimple reltttion- 
ship between their two striictures, and in view of the absorption maximum 
a t  345-350 mp it was accepted as a working hypothesis that the new 
chromogen contained a system of six conjugated double bonds. Proof 
that it contains a p-ionone ring was supplied by the fact that ozonolysis 
gave geronic acid, the amount of the latter isolated being approximately 



188 I. M.  HEILBRON, W. E. JONES, AND A .  L. BACHARACH 

the same as that from a halibut liver oil concentrate of similar blue value. 
Oxidation with aluminum tert. butoxide in the same manner as described 
above for vitamin A gave a ketone C26Har0 (p-chlorobenzoylhydrazone, 
m.p. 142-143') which by analogy with the product from the classical 
vitamin A, probably possesses the structure LXVI, vitamin A2 therefore - 
being LXVII. 

R**CH: CH*C:  CH*CH:CH.C:CH*CH:CH*CH:CH.CO 
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CHa 
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CHa 
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CHa 

LXVI 

Rs*CH: CM*C:CH*CH:CH* C:CH* C H : e H *  CH,OH 
I I 

LXVII 

On the other hand, Gray and Cawley (211) from a study of its elimina- 
tion curve concluded that it probably contains the &me number of carbon 
atoms but one double bond inore than vitamin A, while Embree and Shanta 
(212) showed that the products obtained on cyclization of the two com- 
pounds with alcoholic hydrochloric acid have very Rimilar absorption 
spectra. Karrer, Geiger, and Bretscher (374) have suggested that, vitamin 
A2 is related to  lycopene as vitamin A is to  8-carotene. 

AR regards the growth-promoting activity of this chromogen, eonsider- 
able difficulty has been encountered in its estimation owing to  Contamina- 
tion with vitamin A, but from a comparison of the prophylactic activity 
of two concentrates of equal blue values from marine and fresh-water fish 
liver oils, the above authors concluded that it probably did possess vitamin 
A activity. This was subsequently confirmed by Gillam (210) and by 
Lederer and Rathmaiin (213) who also showed that another band a t  645-, 
650 mp accompanies that a t  693 mp in the antimony trichloricle color given 
by fresh-water oils. They suggest that this bears the same relationship to 
the 693 mp band as the 583 bears to  the 617 mp band in the color obtained 
with marine liver oil concentrates. This result indicates that in previous 
estimations'by the blue color the intensity found for the maximum at  620 
mp was actually too high owing to  absorption at 645-650 mp, thus further 
justifying the title 'vitamin A*.' 

Recently Morton and Creed (214) have shown that carotene behaves 
as a provitamin A2 for perch and dace, and further observations on the 
relative distributions of vitamins A and A2 have been recorded by Lovern, 
Morton, and Ireland (215), Lovern and Morton (216), Wald (217), and 
Lederer and Verrier (218). 
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V111. THE MEASUHEMENT AND DISTRIBUTION OF VITAMIN A 
1 .  Di@lties of Biological Assay 

Chemical work on vitamin A depends on the establishment of biological 
activity. Chemical and physico-chemical tests are of value only in so far 
as they show high correlation with the characteristic physiological proper- 
t8ies of the vitamin. In some investigations it is permissible to dispense 
wibh biological checks; ior example, in the preparation of vitamin A con- 
nentrat,es by extraction from fish liver oils, the dist,ribution of the vitamin 
(:an be itdequately checked, for most purposes, by determination of the 
ultra-violet absorption spectrum or even by use of the antimony trichloride 
test. If, however, there has .been serious decomposition, nothing but a 
biological assay can establish whether or not any physiologically inert 
decomposition products art: simulating vitamin A. 

Early work on vitamin A was seriously handicapped by the usual dif- 
ficulties of biological technique. These difficulties have been particularly 
great 'with the vitaniins, because it has often been impossible to know 
whether the responses to doses of a concentrate or synthetic material have 
been limited by the absence from the animals' diets of other essential 
ingredients. Many of the inconsistencies apparent in earlier work have 
been resolved by the subsequent increase of knowledge, and it is not 
proposed here to give any detailed account of early animal experiments. 

2. International Unit and Standard Preparation 
At the present day the unit of vitamin A has been fixed by the Permanent 

Commission on Biological Standardization of the Health Organization 
of the League of Nations (219) as the activity of a definite weight, 0.6 pg., 
of a specimen of purified &carotene. This, dissolved in a vegetable oil 
at  such concentratiori that 1 g. contains 0.3 mg. of @-carotene, constitutes 
the International Standard Preparation of vitamin A. One International 
Unit of vitamin A is therefore contained in every 2 mg. of the International 
Standard Preparation. 

Correct use of the International Standard Preparation involves compar- 
ing the biological effect of a known amount with that of a known amount 
of the substance whose vitamin A content in under investigation. In ac- 
cordance with its general procedure, the Permanent Commission has not 
laid down methods of test, but the report of the Second Conference on 
Vitamin Standardization (219) indicates that, the restoration of growth 
following administration of vitamin A or the cure or prevention of xeroph- 
t,halmia may be used as criteria of vitamin A activity. 

3. Criteria of Response lo Vitamin A 
The most commonly used criterion of response to vitamin A is the rate 

of growth (i.e. increase in body-weight) of young animals that have been fed 
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exclusively on a vitamin-A-free diet for sufficiently long to  have remained 
stationary in weight over an adequate period. With big enough groups 
of animals the average increase in weight should be a function of the 
amount of vitamin A given to supplement the basal diet, of which a very 
large number of variations have been described in the literature. Reference 
may usefully be made to the survey by Bomskov (220). Coward (221) 
has described particular procedures in some detail and similar descriptions 
will also be found in the Pharmacopoeias (222,223). A modification of the 
usual procedure, wherein increase in weight is the metameter of measure- 
ment, has been suggested by Sherman and Todhunter (224). Their pro- 
cedure would seem to have advantages in economy of time andamaterial. 

It has been maintained [cf. Williams (225.)] that weight increase is an 
undesirable criterion of vitamin activity because of its non-specific nature 
and indirect relationship with deficiency of the vitamin. It is, however, 
pertinent to point out that none of the criteria that have from time to time 
been suggested asa basis for vitamin A testing are in this respect to be’quali- 
tatively distinguished from weight increase. The characteristic eye infec- 
tion, xerophthalmia, is itself only an indirect manifestation of vitamin A 
deficiency, following upon failure of the epithelial mucosa surrounding the 
eye to maintain a healthy condition. The macroscopic symptom of 
xerophthalmia are the result of an infection, probably of organisms that are 
not pathogenic to the healthy animal. Its use aa a criterion, along with 
changes in body-weight, has been described by Scheunert and Schieblich 
(226), but, it may be noted, Coward (221) no longer considers this a satis- 
factory basis, although it waa originally proposed by Steenbock and herself 
some years ago (227). 

The metaplasia of epithelial mucosa in general is characteristic of vitamin 
A deficiency. One manifestation thereof is the appeairance of cornifid cells 
in the vagina of the young female rat, detected by the usual process of exam- 
ining vaginal “smears,” a condition that was originally described by Evans 
and Bishop (228). It has been studied by a number of authors (229;230, 
231, 232). The position was reviewed by Baumann and Steenbock (233) 
who suggested that the condition might be made the basis of an assay 
method, and Moll, Dalmer, Dobeneck, Domagk, and Laquer (234) used it 
in L ‘‘single dose” method for estimating vitamin A in various materials; 
Coward, Cambden, and Lee (235), however, after studying this proposed 
method statistically, concluded that its error was greater than that of the 
rat-growth method. Moreover, the vaginal manifestation of vitamin A 
deficiency is certainly hot specific. It is a regular feature of estrus in the 
normal mature rat and can be produced in the immature and in the ovari- 
e c t o m i d  female rat by the administration of suitable hormones. 

Xerophthalmia and vaginal cornification have, iurther, an additional dis- 
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advantage as criteria in quantitative evaluations in that they constitute the 
kind of response known as “all or nothing” or quantal. In order to measure 
by their means the effects of different doses of a test material or a standard, 
it is necessary‘to use groups of animals and to determine the percentage of 
response within the group. This method is inherently less accurate than a 
method based upon graded responses; moreover, there is always a subjective 
element in judging whether a response is positive or not. These difficulties 
may be partly overcome by using as the metameter of measurement the time 
in days taken to cure an animal of the particular manifestation of vitamin A 
deficiency, such as xerophthalmia or kolpokeratosis. This procedure is still 
open to the criticism that the decision whether or not the marginal animal 
shows the condition is a matter of individual opinion and is itself not a 
measurable quantity. The matter has been critically discussed by Coward 
(236). 

4. Error of Biological Assay 

Apart altogether from general and theoretical considerations, an assay 
method is to be judged by its probable limits of error, which can be deter- 
mined by statistical methods from the figures obtained in the test itself, 
when this is properly designed. Coward’s conclusions, based upon statisti- 
cal analysis, are borne out in practice by the fact that the majority of 
workers in this field have used and continue to use growth response as a 
criterion of vitamin A activity. It is of course essential that there shall be 
no limiting factor in the basal diet of the experimental animals, other than 
vitamin A itself. Provided the repponse shown to optimal quantities of 
vitamin A is not to be obtained with any other known substance, and pro- 
vided this optimal’response results in a growth-rate not significantly differ- 
ent from that of normal animals on a full stock diet, the essential conditions 
for a satisfactory growth test are secured. 

The probable limits of error of the test most commonly employed, the 
rat-growth test, were studied by a sub-committee of the British Pharma- 
copoeia Commission (237). They found that tests with 40 rats might once 
in twenty times give below 52 or above 193 per cent. of the true value, sug- 
gesting a somewhat higher probable error than for other vitamin tests. It 
has, however, been claimed by Wilkinson (238) that routine tests may be 
carried out with a lower error. 

Many of the difficulties apparently inherent in estimating vitamin A by 
the curative method are to be attributed, according to Richards and Simp- 
son (239), to the sick conditions of the experimental animals at the time 
tbey are judged to be <‘run out” of vitamin A, which may be anything from 
four to ten weeks after weaning on to a vitamin-A-free diet. The conditions 
of even those rats that had been given “curative” doses of the vitamin 
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witness in a striking manner the wide-spread and lasting damage associated 
with avitaminosis A; the matter is referred to again in Section IX, 2. 
Coward (240), however, claims that the variance in the growth-response of 
animals used in the curative test for vitamin A is no greater than the vari- 
nnce in growth of stock animals on a normal diet. However that may be, 
there is no evidence from the published literature that a prophylactic method 
is likely to replace the customary curative procedure, although this would 
he expected to eliminate some of the irregularities of responw attributed to  
the sick condition of the test animal. Uomskov (241) states that, the 
prophylactic procedure gives satisfactory results but cites n o  published 
evidence in support; Irving and Richards (245) suggest the use of a prophy- 
lactic technique based on histological assemment of degeneration in the 
central nervous system. 

There is a special difficulty in vitamin A testing, aris'ing from the nature 
of the International Standard Preparation. At the time when this was 
chosen, the opinion was held, and held on good evidence, that n purified 
stable source of vitamin A was not available in sufficient quantities to make 
a practical standard. Purified carotene, on the other hand, was known to 
be relatively stable even in oil solution, and its ability completely t80 replace 
vitamin A in the diets of rats deprived thereof was fully established, as 
mentioned earlier in this review. Morgan, Edisbury, and Morton (242) 
have pointed out that the validity of the existing International Standard 
Preparation depends upon the assumption that all experimental animals at  
all times are equally efficient, not only in making use of the resultant vitamin 
A, but also in converting &carotene in!o vitamin A. For this there is no 
direct evidence and the assumption introduces a complication intoattempts 
to evaluate vitamin A biologically in terms of 8-carotene. 

The claim by MoU and Reid (244) to have found esterified vitamin A 
approximately twice as biologically active as the alcohol has not been sub- 
stantiated by any other workers. 

6.  Biological Activity, Ultra-violet Absorption, and "Blue Value" 

On the basis of the purified specimens of vitamin A available at the time 
when @-carotene was chosen for the International Standard Preparation, 
and of further evidence obtained in the examination of fish liver oils, a rela- 
tionship was established between the absorption coefficient of vitamin A and 
its biological activity. A provisional factor of 1600 was laid down by the 
Permanent Commission (219) and it was made permissible t.0 convert the 
value for E !Fm 328 mp to international units per gram by use of this factor. 
Thus, an oil having an absorption coefficient of 0.5, as determined on the 
unsaponifiable matter of the oil, would be assayed at  800 Internationhl 
Units of vitamin A per gram. For richer oils saponification is frequently 
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dispensed with; a halibut oil with an absorption coefficient of 20, as tleter- 
mined on the oil, would be assessed at 32,000 International Units pel gram. 
The relationship between colorimetric and spectroscopic twts, :ml the 
relationship of both with the hlogical  method, have been tliscusstd in 
detail hy the Medical I-lw~arc4i (‘ouncil of Great Britain (213). 

The validity of the factor, even for highly purified conceiit riite:, ot vita- 
min A, depends on two determinationh: first, the measuitmtwt of ultra- 
violet absorption, which can he contiuctcd \villi a high tlrgrre ol‘ wcuracy ; 
secondly, biological assay which, as already pointed out, has a large inherent 
error. ,Ittempts have more than once been made to estalllish by collabora- 
tive tests the best value for the factor, but so far hucli twts have not been 
held to  justify any change in the provisionally recommended factor. 

The recent work of Holmes and C‘orbet (158) and of Mead (165), and 
Coward and Underhill (180) points to n value of 3.0 to 3.2 X lo6 Inter- 
national Vnits per gram of vitamin h in the pure state, ancl also to a value 
for thc extinction coefficient a t  the iiltra-violet absorption masimum of 
E ;Frn 2,000-2,100. The reference cod liver oil used however in the United 
States as a subsidiary standard would appear to  have a n  abnormally high 
conversion factor. Varioub workers, e.g. Ward and Haines (246) and Em- 
mett and Bird (247) (cf. also 248) have claimed for it a conversion factor of 
2,000 or over, on the basis of its stated biological activity (3,000 Interna- 
tional Units per gram) and its ultra-violet absorption (E !2m = 1.5 or 
under). Recent investigations by Hiime (249) suggest that the biological 
activity is actually nearer 2,600 International IJnits per gnim, but even this 
valuc involvrs a conversion factor of 1,750, rather than 1,600 (cf. Robinson, 
250). 

As has already been discussed in this revie\+, the intensity of the color 
produced with antimony trichloride, especially if the test is carried out 
spectrophotometrically on the unsaponifiuhle matter of the oil, shows a 
high degree of correlation with the ultra-violet absorption. Conversion of 
the “blue value” to  International Units per gram might, therefore, be 
thought to  be a legitimate procedure, but this is not, in accordance with the 
hest practice. There are inherent difficulties, as discussed by Notevarp 
and Weedon (39,48) in measuring the intensity of the blue color, and this is 
partly the  reason why various \\ orkers, c.g. Lathbury (251) and van Eekelen, 
Emmcrie, and Wolff (252) have put forward different factors for converting 
‘,‘blue values” into International Iinits per gram. For routine purposes, 
especially if the tests are conducted under identical conditions by the same 
operator, it is possible to  define those conditions sufficiently closely to  make 
the color-rkaction w r y  useful for cwiitrol pwposes. When the tw t  has been 
carried oil t by a suitable motlitical ioii of t lie original (‘arr-Price procedure, 
then a factor of 30 lins been found suitable for converting the “blue vdue” 
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into International Units per gram. Some of the objections to  this conver- 
sion disappear if the color is evaluated spectrosccpically, but the test then 
loses much of its simplicity and therefore of its utility, and appears to  pos- 
sess little advantage over the direct measurement, of ultra-violet absorption. 

6. Vitamin A and Carotene Contents of Dairy and Olhey Froducts 

Determination of the vitamin A value of mi!k-fat by other than biological 
methods presents, as shown by Gillam (253), a peculiar difficulty owing to  
the concomitant presence of carotene. Physico-chemical methods for the 
separation of vitamin A from carotene are open to  the objection that some 
of either or both active substances may be lost during the process; attempts 
to.correct for carotene by measurement of the characteristic absorption in 
the visible spectrum may be frustrated by the presence of biologically inac- 
tive carotenoids such as xanthophyll. A study by Moon (254) suggests 
that previously published figures for the carotene: xanthophyll ratio of grass 
and other plants should possibly be accepted with some reserve. Values 
for carotene and xanthophyll ratios in vegetables and in farm and dairy 
products have been published by several authors (255, 256, 257,258, 259). 
Even when xanthophpll and carotene have been effectively separated, the 
further difficulty remains that a-, 8- and y-carotenes have different biological 
activities, the first and the last being half as effective as the other. Some 
workers, e.g. Booth, Kon, and Gillam (2601, Hilton, Hauge, and Wilbur 
(261), and Guerrant and Dutcher (262) have, therefore, preferred to assess 
the total vitamin activityof dairy products by determining it biologically. 

In an investigation of the colostrum from various breeds of corns, Gillam, 
Heilbron, Ferguson, and Watson (257) demonstrated 'that, in comparison 
with ordinary milk, it is characterized by greatly increased contents of both 
carotene and vitamin A (see Table V), thus confirming the earlier work of 
Dann (263) and Semb, Baumann, apd Steenbock (264). According to  van 
Eekelen and de Haas (2G5) the same relationship holds for human colostrum 
and human milk. Stewart and McCallum (267, 268,269) have found that 
the vi'tamin A potency of bovine colostrum, which is high but very variable, 
is not influenced by differences in dietary, breed, or date of calving, and 
cannot be further raised by feeding up to  3 lbs. of carrots per animal per 
day for 2 t o  6 months. 

It is to  be regretted that there is still to  be found in the literature a con- 
siderable amount of unsatisfactory information about the results of biologi 
cal tests for vit,amin A. Although vitamin A itself has never been found in 
vegetable products, many writers continue to talk of carotene avd vitamin 
A as synonymous. This would, in itself, not be so serious if the vitamin A 
activity of vegetab1,e products were always expressed in International 
Units, as the result of a contemporaneous comparison with the International 

, 
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Standard Prcpsration or a suitable subsidiary standard. Rut even this 
essential procedure is sometimes ignored, and the results are expressed in 
terms of some animal “unit”, which is more an expression of the sensitivity 
of the animals used than of the vitamin A content of the test material. 
Co~vard, Key, and i\lorg,zn ( 2 G G )  have shown that, within the same labora- 
tory and 11-ith the same stock of animals, the response to the vitamin A in 
cod liver oil may show a fivefold range; it is precisely in order to eliminate 
the disturbing effect of this variation that Standard Preparations have been 
made available for LISP contemporaneously with the test material on strictly 
comparable groups of animals. If these groups are sufficiently large, the 
variations within the groups receiving Standard and test materials will be 

TABLE V 
Carotene and Vzlainin A in Culoslruin from Various Breede of Cows 

Breed 

Friesian 

tlyrshire 

Guernsey 

Short horn 

Date of sample 

Oct. 20 
Nov.  20 

x’ov. 22 
Dec. 82 

Oct. 28 
Nov. 28 

Oct. 13 
Xov. 13 

Carotene  vitamin^ 

(ms. 7% fa0  
3.40 
0.38 

4.60 
0.18 

3.61 
0.91 

2.90 
0.28 

(mg. %/an  

1.24 
0.52 

2.96 
0.37 

1.13 
0.67 

3.61 
0.48 

of the same order, and deductions based on the average response will partly 
eliminate errors due to variations in animal sensitivity. 

7. Vitamin A Confents of Foods and Tissues 

From what has been written earlier in this review, it will have become 
clear by implication that fish liwr oils constitute the richest known source 
of vitamin A. According to the tables of vitamin contents compiled by 
Fixsen and Roscoe ( 2 i O )  and by Daniel and Rlunsell (271) values as high 
as 500,000 International Units per gram have been reported. Such figures, 
however, must be regarded as quite exceptional and the result of inde- 
fatigable commercial prospecting. The best known of all medicaments 
containing vitamin A is cod liver oil, and oils of good mddicinal quality 
generally cont,ain between 1,000 and 2,000 International Units per gram. 

As has already been pointed out, the vitamin A activity of dairy products 
is partly due to their carotene content; if the total activity is expressed in 



196 I. M .  HEILRRON, W. E. JONES, A N D  A. L. BACHARACH 

terms of vitamin A itself, the f.at of milk from coivs that have been fed on 
fresh pasture may be as high as 50 International Units per gram, though 
lower v:tlues arc more usual. Butter-fat with this activity uill confer on 

$0.8 

e 
4 & 0,u 

ti 
B0.P * 

a 

$6 

nor ~ e r  JZ ta &d  by 
Fig. 1.  Carotene of Butters 

+ - +, control ration. 0 - 0, artificially dried grass ration 

t &. fih Ak.4 a@ 
Fig. 2. Vitamins of Butters 

+ - +, control ration, 0 - 0 ,  artificially dried grass ration 
Reproduced with acknowledgements from Naturc 159, 659 (1937) 

the milk a vitamin content of 2 Internatibnal Units per gram, or about 1,000 
International Units per pint. 

Interesting observations regarding the carotene and vitamin A contents 
of butter have hecn made by Gillam, Heilbron, Ferguaon, and Watson (257) 
who found that, by substituting dried grass for part of the concentrates 
usually given to stall-fed cattle iii winter, both the vitainin A and the 
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Spinach. . . . . . . . . . . . . . . . . .  

carotene content of the butter could be maintained at nearly the same level 
as that  obtained when the co\\ s were fed on fresh pasture. The results are 
strikingly demonstrated in Figs. 1 and 2. 

Apart from fish livcr oils and milk fat, the chief ordinary sources of vita- 
min A activity arc the grcrn leaves of plants, and root crops, such as carrot, 
\vhich contain carotene. Thus tlie cabbage contains about 9 International 
linits per gimi And the c-arrot aI)oiit 20. h n  unu~unlly high figure has been 

rrmm 1’1 
I The Vzlnniin 9 and Carotene Conlents 0.f w t i i e  Important  Sources. 

11011(’ 3 to  7 ! (50 to 150) 

Source3 

Butter (milk-fiit) . .  ~ . . .  
(’abbngc, grec:n leavrs (on 

Carrot. . . . . . . . . . . . . . . . . .  
Egg yolk, hens’. . . . . . . . . . . .  
Grasses, various (on dry 

ac i  gh t j . . . . . . . . . . . . . . . .  
Liver (calf). . . . . . . . . . . . . . .  

dry nciglit). . . . . . . . .  

Livcr oil, cod 
Liver oil, halibut 
Milk,  cows’ # 

Milk, humm .. 
Palin oil, rcd 

Vitamin A 

in  mg. p t r  100 g. 

0 .3  to  1.5  

11011” 

none 
(3  to  4j  

(l(i t o  160) 
(.SO0 to  15.000) 
(0.01 t o  0.05) 

Carotene 

in mg. per 100 I .  

0.1 to 2 

16 

0.1 to 4 
2 to 10 

40 to 70 
prob. sniall 

aniount 
none 
none 

(0.003 t o  0.06) 

24 to  300 

Total Vitamin A 
Activity 

i n  I .U.  per g. 

10 to 80 

(300) 
(35 to  200) 

00 

(700 to  1,200) 
500 to 1,600 

400 to 4,000 
20,000 t o  360,000 

(0.3 to 2) 
1 .5  to  2 

(350 to  5,000) 

* Adapted with ackiio\~~cdgcnicnts froni Hoas-Fissrn :end Roscoe’s T:iblcs (270). 
E’igurcx in braokcts hnvc bccn c.:ilcul:itccl. Figurcs for “Vitamin A i n  nig. per 100 
g.” have becn obtained spccsrosroi,ically liy IIIP:LIIJ of thc factor 1600, or by cnlcu- 
Iation, assliming 1 mg. o f  ”jiurc” \‘it:iinin A t o  contain 2,600 International Units. 
Figurcs for “‘rotti1 Vitamin A activity” linvr bcrn ohtitined by rslculation or by 
biological tcst. 

recordcd for tinncd stsraind spinach, \\.hilt among vegetahle oils red p l n i  
oil is exceptiond in containing c:irotcnc ccluivalcnt to ncarly 2,000 Inter- 
national Unit,s per gram. Whole whc:tt contains no biologically wtivc 
carotenoids [Zcchmcister and Cholnoky (37 1 ) , Zerhmcister and Escue 
(372) 1. 

A list of the commoner sources of carotene and vitamin A is given in 
Table VI. 

.4lt.hough mamni:di:tn and avian liver oils are in genernl less rich sources 
of vita.xnin A t,han most f i sh  livw oils. t,heir contmts help t o  cshhligh t,he far1 



108 I. 11. HEILIITZON, W. F;. JONES, AND A .  L. BACHARACH 

that the liver is the probable store of vitamin A in the vertebrate organism. 
The actual mctliod of convcrsion of carotcnc into vitamin A has not becn 
ascertained. Thrrr is sonic cvidcnce, adduced by Drummond, Gilding, and 
,hlacWalter (272) that the rcticulo-endothelial cells of the liver are involved 
in vitamin h nictaholism. Both vitamin A and carotene tire present in the 
blood of mimals (including man) rccciving adequate quantities, and work 
by Lawrie, Ptlchrdlc, and Moore (273) has pointed to its cxcretion in the 
urine, a t  any rate in ccrtain pathological conditions. 

The placental passage of vitamin A from mother to offspring has becn 
studied by Ilnnn (274), who finds a physiological barrier above a certdin 
level. Increases in the,mat.eriud intake of vitamin A are accompanied by 
progressively smaller output,s in the milk, until no further enrichment of 
the milk can be brought about. 

The correlation of infectivity with liver rescrvcs of vitamin A, as esti- 
mated by the antimony trichloride test, has been extensively investigated 
by Moore (276), Wolff (27G) and others. 

A recent curious finding (Jonsson, Obel, and Sjoberg, 278) is that the rat, 
which is independcrit of exogenous ascorbic acid, loses its ability to  synthe- 
size vitamin C, or to  make use of dietary vitamin C, when made completely 
deficicnt in vit'amin A. The effect. of certain carcinogenic compounds in 
lowering hepatic stores of vitamin A is also a finding of interest (279, 280, 
281). 

IX. THE PHYSIOLOGICAL ACTION OF VITAMIN A 

1 .  Vitamin A Dqficiency 

While shortage of thiamin, nicotinic acid, ascorbic acid, and vitamin D 
arc associated with mild or severe symptoms of beri-beri, pellagra, scurvy, 
or rickets, respectively, there is no such clear-cut asfiociation of vitamin A 
deficiency with n recognized clinical syndrome. Before considering some of 
the specific clinical and pathological manifestations of vitamin A deficiency, 
reference may be made hcrc to  certain features of a more general nature. 
Though a reduction in growth-rate, to  the point of complete cessation, is 
invariable in experimental animals receiving markedly sub-optimal intakes 
of vitamin A, direct, evidence of such an effect in the growing human being 
does not appear to h a w  been recorded; in any event, it mould be difficult to 
obtain. Again, characteristic effects on the reproductive processes of male 
and female rats have been recorded by various groups of workers, of whom 
may be mentioned Evans (277), Sure (282), Sampson and Korenchevsky 
(283), and Evans (284); in particular the histological studies of Mason 
(285, 286) have led to  a clear diflerentiation from the superficially similar 
effects of vitamin E deficiency. Indeed, this author (287) has demonstrated 
the possibility, by examination of the uterine contents of rats at various 

9 
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stages of pregnancy, of distinguishing the different effects of a simultaneous 
deficiency of the two vitamins. 

The relationship between vitamins A and E has been studied by a num- 
ber of authors, following Moore’s finding (373, cf. also 288) that vitamin-E- 
deficient animals have unusually low reserves of vitamin A in their livers. 
It is also now recognized that the muscular dystrophy produced id rabbits 
by vitamin E deficiency is identical with that due to rancid diets or diets 
containing cod liver oil (Mattili and Golumbic, 289). Hickman, Harris, 
and Woodside (290) claim that limiting quantities of vitamin A or carotene 
are used more effectively in the presence of vitamin E than in its ibsence. 
At present it is probably not justifiable to say more than that these relation- 
ships are probably related to  the high anti-oxidant activity, and consequent 
easy oxidizability, of vitamin E. 

2. Vitamin A and Infection 

Cramer (291) was among the first to  observe general ill-health,’ accom- 
panied by increased liability to  general infection, in animals deprived of 
vitamin A. The as?ociation of this infectivity with damage to epithelial 
tissues, especially to  epithelial mucosa as in the respiratory and genito- 
urinary tracts, has been established by a large niimher of workers, on a 
variety of animal species. Attempts to  show any effect of the deficiency on 
the normal immunity mechanism of the body have not been mccessful, 
although Osborn (292) claims to  have detected some rise in hemolytic com- 
plement as a result of feeding cod liver oil, and a lowering of the complement 
in rats receiving insufficient vitamin A. That epithelial metaplasia is 
associated with all stages of vitamin A deficiency has been established by 
the Fork of many investigators (293, 294, 29.5, 296, 297). Green and Mel- 
lanby (298, 299) were so impressed with the relation between vitamin A 
deficiency and lessened resistance to  bacterial invasion of the tissues that 
they suggested the descriptive adjective “anti-infective” for vitamin A. 
Mellanby and Green (300), and Green, Pindar, Davis, and Mellanby (301) 
were also led to  investigate its use in the treatment of puerperal septicemia 
and the prevention of puerperal sepsis. The work of McCarrison (302) 
suggested that vitamin A deficiency in rats was connected with thyroid 
disturbances as well BS with epithelial changes in the tracheal mucosa. 

Following on Mellanby’s work many authors have attempted to  asseRs 
the effect on human infections of treatment with vitamin A. There is an 
extensive medical literature on the subject, ranging from individual case 
reports to statistical treatment of “mass” experiments, and covering such a 
variety of conditions as ofitis media complicating scarlet fever (Sutcliff, 
Place, and Segool, 303), the common cold (Sherman, 304, and Shibley and 
Spies, 305), senile vaginitis ,(Simpson and Mason, .306), the sequelae od 
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measles (Ellison, 307), and respiratory infections in infants (Rarenberg and 
Lewis, 308). It is hardly to be expected that any unanimity of opinion 
would result from such varied and difficult experimental procedures; never- 
theless, the importance of vitamin A supplies for the niaintena,ncc of normal 
mucosa, the “first, line of defense” of the body against, invasion by micro- 
organisms, seems non’ to be almost uni\wsally aacteptetl, in sphe of conflict - 
ing reports ILS to  the efficacy of vitamin A,t,herupy, prevriitive or curative, 
against specific infections., As might be anticipated on theoret.ica1 grounds, 
the inciden e of certain infect.ions, such as the c,ommon cold (a virus diseasc), 
is not affected by increasing the vitamin A intake of “normal” populat,ions, 
but there is an accumulation of data suggesting that the durat.ion of t,liescA 
infections may be materially lessened b y  such treatment. This is presum- 
ably due to  a reduced incidence of the usual sequelae, clue to  post-viral 
infections of bacterial origin taking effect, through t.he miirosttl epithelia. 
weakened or damaged by the virus infection. 

5. Vilainin A and Visiori 

The development of xerophthalmia in rats depriv;d of vit.aniin A is so 
evident, and, in complete deficiency, so regular that’ a curious confusion has 
arisen. The close relat,ionship bet,wecn vitamin A metal)olisiii and certniri 
visual processes, specifically those of adaption to  dim light, is one of the 
most clearly established facts in vitamin physiology. This liss let1 cert,ain 
authow to write as if serophthalmia and night,-blindness were both manifes- 
tations of the same immediate ocular disturbances (cf. Eddy and Dallclorf, 
309). Although both conditions may arise, one directly and one indirect1)- 
from t,he same nutrition1 defect, they are entirely different. Serophthal-. 
mia is very rare among human subjects and only a few cases are rec~cletl 
(cf. Thorson, 310, and May and Wolff, 311) as having been subjected to 
vitamin A therapy ; reference must. also be made t,o an importitnt, st,iitly 
Rlegvad (312). Xerophthalmia is essentially a manifestation of R~V(:IY’  

deficiency and is difficult, to prodiicc with cert,ainty even in experinient:il 
animals. I t  can be regarded as a secondary manifestation of a I n o I ’ C  

gencral epithelial metaplaeia, quite comparable with tJhe infectious prrw- 
PSSW, abscesses, and so on, found widely distributed in :inimttls :tnd patient,< 
showing markcd hypovitaminovis A. Where i t  exists, however, bec.ai IS(> of 
the severity of the causative deficiency, night-blindness is almost certain to 
he present to some degree as well. But here the causes are morc dircct and 
fundamental; as May and Wolff (311) imply, the retinal rods and cones 
are actually a particularly sensitive epithelial structure. 

The association of night-blindness with vitamin A shortage is now seer1 
dearly to  bc the explanatiori for t,he’ t.rditional trca t ment. of t l i r  coiitlit ion 
fcf. Mm and Read, 313b-nit.h liver For rsample-and for its apptwmwe in 
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w-ere forins \\ ltcn ~ l i c  l x t  ! : - I .  1 1 1  :I popdati A ' S  clkt had bwn vonqletely 
replaced hy unvitaminized margarine (314). Such out,breaks of severe 
night-blindness occurred sonic years ago and it is likely t,hat the same die- 
ttaYy change would today be followed by the same results. With thr  attldi- 
t.ion of adequate smounts of vitamins A and 1) to  margariur, however, there 
iired be nothing t,o choose hrt,\wrn it. and summer but,t.er ns sources of thc 
f:i tf-dublc vitr.niinu. 

Systeni:il in tw:ttjrnent, of fmnk niglit-l)lindnr.ss \\.itti v i t a n h  ii Iins I K ~ Y W  

Iwcn possil)lc on an extensive scale, even aft,er rec:ognit.ioli of the conditioii 
:cs a true avitaminosis, owing to the relative scarcity of the disease at  the 
ncut,e stages. Spence (315) has stmudied the condition in a group of children, 
:md cases have h e n  reported by Aykroytl (31G), Fisher (313 ,  and Vaillsnt 
rind Gillis (318). h similar condition has been produced experiment.ally in 
animals by Yudkin (319) anti it has even been proposed (cf. Pletnjev, 320, 
t80 use t,hc* relative visual impotence of avitaminotk chicks as th(J hasis of a 
quantitat.ive test for vitamin A. 

Several different investigators seein, at  the beginning of the last, decade, 
to have conceived independently the idea of testing for sub-clinical manifes- 
tations of night-blindness. The pioneer work of Jeans and Zent,mire (321) 
appears t,o have been the first published ; it int.roduced the biophotometer as 
a means of measuring degrees of hypovituniinosis and of following recovery 
under t,reatment. In spitn of a t  least two papers, by Palmer and Rlumberg 
(322) and Isaacs, Jung, and Ivy (323), expressing criticism and scepticism 
as to the value of the rcsu1t)s obtained by Jeans and Zentmire (325) and 
Jeghers (324, 326) by biophotometry, a large aniount of published data 
(327,328) seems definitely to have established the procedure as trustworthy 
when properly controlled: and reasonably easy to carry out under normal 
conditions of clinkal invest,igation. The already considerable literature of 
t,he subject has been thoroughly reviewed by Clausen (329), and a simplifi- 
cation of esisting methods has recently been put forward by Pett (330). 
Of particular interest is a paper by Ezickson and Feldman (331) in which 
they establish a high degree of correlation between lowered dark adaptation 
and another manifestation of vitJamin A deficiency, lithiasis, reforred to  in 
the next section. 

The group of workers a t  the h n n  Nuti-itional Laboratories, Cambridge, 
England, have been particularly assiduous in standardizing technique for 
measuring dark adaptation ancl for correlating the results of standardized 
tests with the status of vit'amin -4 nutrition. Harris and Abbasy (368) and 
also Yudkin (369) seem to have clearly established the claim that such tests, 
properly carried out ancl critically interpreted, can in fact provide a trust- 
worthy indication of "preclinical" hypovitaminosis A. These views are 
shared by Hecht and Mandelbaum (370) among others. 
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The fundamental relationship connecting the metabolism of vitamin A 
and related carotenoids with the biochemical processes in the retinal rods 
and cones has been the subject of intensive research, especially by the 
groups of workers associated with Hecht and with Wald in U.S.A., and with 
K. Tansley and the late R. J. Lythgoe in England. Excellent reviews of the 
position have been given by Tansley (332) and more recently by Wald (333), 
the latter’s survey including a good bibliography, to which reference should 
be made, as it is not proposed here to do more than mention the salient 
Facts that have received general agreement. 

The breakdown and regeneration of visual purple (rhodopsin) in the 
retinal rods are essential stages in the processes of dark adaptation taking 
place in the eyes of vertebrates. In mammals, birds, other terrestrial 
vertebrates, and predominantly marine fishes, vitamin A and related carote- 
noids constitute essential parbs of the pigment concerned and its metabo- 
lites; in fresh-water vertebrates (including fish) vitamin A is partly or 
wholly replaced by “vitamin Az” and rhodopsin by porphyropsin. Pos- 
sibly an analogous process involving a different pigment, visual violet or 
iodopsin, is concerned with cone vision in the chick and, maybe, in’ other 
animals. According to Wald, the relative amounts of vitamins A and A2 

involved in the visual processes of any species are related with the taxonomy 
and evolutionary status of the species and so are of fundamental biolog- 
ical importance. 

4. Vitamin A and Lesions of Bone, Nerve, Skin, and Teeth 
The connection between vitamin A deficiency and the formation of calculi 

in the bladder and kidney has been appreciated for some ten years, following 
the publications of van Leersum (334, 335). It has been confirmed by 
various authors. including McCarrison (336) , Wilson and Mookerjee (337) 
and Gray (338). The view that vitamin A is concerned in calcium metab- 
olism has received unexpected support ftom the highly significant work of 
Mellanby and his associates. The development of nerve lesions in ad- 
vanced avitaminosid A is a well-established observation 1339, 340, 341 , 342, 
343, 344, 345, 346) and that the dental nerves w3re particularly liable to 
suffer has been shown by King (347) and King, Lewinsky, and Stewart 
(348). In more recent publications Ifellanby (349) has shown that the 
involvement of the auditory nerves is accompanied, and possibly preceded, 
by an astovishing hypertrophy of calcified tissue, involving a degree of 
distortion of the nerve itself possibly sufficient to account for its de- 
generation. 

Skin lesions are a common clinical manifestation of advanced hypo- 
vitaminosis A; the matter has been given particular attention by Mackay 
(350) and by Goodwin (351). 
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These various manifestations, as well as the mucosal metaplasia and the 
effect on dark adaptation discussed above, make it difficult to justify the 
attachment of any single “descriptive” adjective to vitamin A, whether 
“anti-infective”, proposed by Mellanby, or “anti-keratinizing”, as sug- 
gested by Harris, Innes, and Griffith (352). 

6. Vilamin A ReqGremenls 

Daily requirements for any essential nutrients will be placed at  different 
levels according to the nutritional aim in view. The amount just necessary 
to prevent overt signs of deficiency disease is certainly lesls than that re- 
quired to maintain apparently normal health ; many authorities believe that 
this quantity is again less than the amount necessary for “buoyant,” 
“abounding,” “positive,” or “optimum” health. The work of Sherman 
(see, for example, A. B. Roher and H. C. Sherman, 353; R. W. Little, A. W. 
Thomas, and H. C. Sherman, 354) demonstrates how much greater muRt be 
the intake of vitamin A if reserve stores are to accumulate in the liver than 
if normal increase in body-weight is the criterion of adequate vitamin A 
consumption. 

The tendency of nutritionists to state requirements in terms of optimum 
health was made manifest in general t e r n  by the Hot Springs Conferenoe 
of 1943. The most recent suggested standrltds, a.9 given in “Recommended 
Dietary Allowances” (National Research Council, 355) also show a marked 
move in that direction, away from the more conservative estimate8 of some 
earlier expert bodies. The Council, adopting the recommendatidna of its 
Food and Nutrition Board, recommends 5,000 Units per day for adult men 
and non-pregnant women, 6,090 during pregnancy, 8,OOO during lactation. 
and values from 1,500 to 6,000 for children of varying ages. The recom- 
mendation of 6,000 for boys at 16 to 20 pears is 1,000 Units greater than 
that for an adult man of 70 kg., irrespective of his output of phyRica1 work. 

Information about the requirements of domestic animals has occasionally 
been published, but the figures are open to some criticism in that the experi- 
mental work on which they are based has frequently been marred by inex- 
actness of the kind discussed above in Section VIII. There is, however, 
an interesting finding of Guilbert, Miller, and Hughes (356) which suggests 
that the vitamin A requirements for different animal species bear some 
relation t 3  their body-weights. 

In connection with vitamin A requirements, the possibility of hyper- 
vitaminosis following massive doses needs a reference. A few published 
results have suggested that high doses of fish liver oil, or of concentrates 
prepared therefrom, may produce untoward symptoms in experimental 
animals (cf. Chevallier. Cornil, and Chabre, 357); the comments of Eddy 
and Dalldorf (358) on this matter provide a critical corrective to illegitimate 
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iiderence. They write: “The danger of high potency vitamin A prepara- 
tions does not apparently lie in their contect of vitamin A, but in the pres- 
ence of other factors of a toxic nature, . . . of hypervitaminosis 4 per se we 
have no evidence today.” If this view is correct, there is no necessary 
danger to be anticipated from continuous and high dosage.of vitamin A, 
provkled the preparation use4 is free from undesirable contaminants. 
3Iutwe and Wang (362) have, however, recently described ti condition of 
fatal uterine haemorrhage in rats consuming up to  50,000 International 
lTnits of crystalline vitamin A acetate daily for 8 to 20 days. The general 
haemorrhagic condition that, results from such vast doses has, they say, ‘‘a 
qtrong superficial resemblance to  that found in scurvy.” This is, perhaps, 
a significant observation when taken in conjunction with the finding of 
.Jonsson, et al., cited on p. 198. The toxicity of bear and seal livers is 
attributed by Rodahl and Moore (375) to their high vitamin A content. 

From what has been written earlier in this review about the stability of 
vitamin A and carotene, it is to be expected that both would show a certain 
degree of oxy-thermolability, especially at acid pH ranges, but that ordinary 
commercial processing of foods, such as canning and pasteurization, and the 
less vigorous culinary practices, are not likely to bring about serious destruc- 
tion of vitamins or pro-vitamins. Studics of this matter have not been 
extensive, but work at  the National Institute for Research in Dairying 
(Reading, England) and the Romett Institute (Aberdeen, Scotland) con- 
firms this view in connection with the commercial pasteurization of milk 
(359) and with its sterilization (cf. Gillam, Henry, Kon, and White, 360). 
The danger of losses of vitamin A if it is ingested with rancid fats appears 
also to  have been exaggerated (Lease and Steenbock, 361). Differences 
in effect of both carotene and vitamin A have been found in experimental 
animals by Lathbury and Greenwood (363) according to  the solvent 
used, but there ia no evidence available as to  the existence of corresponding 
differences in human utilization, except that van Eekelen and Pannevis 
(364) detected a difference in absorption of carot,enoids by human subjects, 
according as they were given leafy vegetables or a fiolution of the pigments 
in vegetable oil. The conclusion of Coward (365), however, was that the 
rat utilizes, without significant difference, both vitamin -4 and carotene, 
whether presented in cod liver oil, in plant tissuea, in butter, or as oil solu- 
tions of vitamin A concentrates. 

Mineral oils, however, as might be expected on physico-chemical grounds, 
have been found by various authors (e.g. Curtis and Ballmer, 366; With, 
367) to  interfere seriously with intestinal absorption of carotene, but less 
with that, of vitamin A itself. 

It seems clear that animals vary greatly in their ability to absorb rarote- 
noids e w n  under the best conditions. De (376) found rats to excrete only 
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3-5% of ingested vitamin A, but about 42y0 of ingested carotene. Wald, 
Carroll, and Sciarra (377) showed that human subjects excrete little or no 
vitamin A, unless fed huge doses, but excrete about 8% of ingested xantho- 
phyll and GOYo of ingested carotene, when any of these substances is fed 
dissolved in digestible oils. The latter authors consider that these differ- 
ences account largely for the relative potencies of vitamin A and carotene 
both in the rat and in man, as well as for the lower relative effectiveness of 
carotene in man as compared with thc rat. There may also be specific 
differences in the efficiency of convcision of crtrotcnc to  vitamin A .  The 
consequences of such facts, in assessing vitamin requirements of man or of 
farm animals, are that the vitamin 11 value of foods containing carotene 
must be “written down” to one half or even one third of the nominal num- 
ber of International Knits due to the carotenoids present. 
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A . Introduction 

Para-aminobenzoic acid, abbreviated to “PABA” throughout this article, 
has been known since Fischer (1)  synthesized it in . 1863 by reduction of 
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4-nitro-benzoic acid with ammonium sulfide. The pure substance crystal- 
lizes in colorless needles which upon ageing, particularly under the influence 
of air and light, acquire a yellowish cast. It is freely soluble in alcohol gr 
boiling water. At  room temperature, 1 part of PABA may be dissolved in 
200 parts of water. Among its incompatibilities are ferric salts and strong 
oxidizing agents. Although by itself without influence on the sense of 
touch or pain, practically all efficient local anesthetics are estcr-like combi- 
nations of an amino alcohol with PABA or with another genzoic acid 
derivative (2). As will be described, PABA has physiological activities 
which were intensely investigated since its r81e in pigmentation processes 
and its sulfonamide antagonism were postulated. 

B. Experimental and Clinical Results 

I. PIGMENTATION PROCESSES 

1. Sunburn and Suntan 

The darkening of skin resulting from exposure to direct sun rays is a well 
known phenomenon. The photochemical theory (3) of “sunburn action,” 
i.e., the action of the sun’s rays on the skin, may be divided into two parts: 

1. .A substance is present in the photosensitive layers of the skin, the 
absorption spectrum of which is identical with or similar to the 
“sunburn action” spectrum. 

2. This substance absorbs the effective Dorno rays, is photochemically 
altered, and its reaction product causes erythema. 

What is the nature of this substance? 
Sunburn and suntan of human skin are due to the action of ultra-violet 

light rays within the Hausser-Vahle (4) field with a maximum effectiveness 
at 2975 8. Rothman (5)  showed in 1926 that the PABA derivative procaine 
selectively absorbs the rays causing persistent erythema and pigmentation. 
He injected a one per cent solution of procaine hydrochloride intradermally 
and irradiated the site of injection as well as the surrounding skin with 
ultra-violet light. After the usual latent period, the typical light dermatitis 
was observed. However, on the second, third, and fourth day the papilla 
resulting from the injected drug seemed to be covered with skin as normally 
pigmented and as free from inflammation as the non-irradiated skin; but 
the tissue surrounding the papilla showed the typical light dermatitis. Two 
years later, the selective absorption of the Dorno rays was found (6) to be 
caused by PABA or its derivatives, namely, by compounds with an amino 
and a carboxyl group in para position on the benzene ring, including PABA 
with substituted hydrogen atoms of either or both polar groups. It would 
seem, therefore, that PABA and some of its derivatives may be effective as 
filters for the erythema producing rays. This conclusion wm first reached 
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by Bird (7) who had studied the ultra-violet absorption of surface anesthet- 
ics. He obtained good results with the relatively water-soluble PABA 
derivative larocaine salicylate. Later Rothman and Rubin (8) prepared a 
product extremely effective against sunburn by incorporating PABA per se 
in ointment bases. 

The absorption of PABA is maximum a t  2785 b (9, 10) which is close to 
that of proteins (11) principally due to their tryptophan content. At this 
maximum, PABA’s molecular extinction coefficient is three times that of 
tryptophan, but it is three hundred times greater at 3000 b, the shapes of 
the bands being different. These qualitative differences in the maxima of 
both compounds were demonstrated (8) and the extinction coefficients 
calculated at different wave lengths in percentages of the maxima, taking 
the maximum absorption of both compounds equally as one hundred per 
cent. It thus became evident that the absorption curves of tryptophan 
and of proteins lie outside of the highest points of the “sunburn action” 
spectrum which was, however, completely comprised by that of PABA. It 
is of interest that acetylated PABA has an absorption band that does not 
include the sunburn rays. 

PABA was noticed to be capable of producing erythema when irradiated 
in saline solution and subsequently injected intracutaneously (8). This 
reaction was not obtained with proteins, tyrosine or tryptophan similarly 
irradiate$ or when non-irradiated PABA was injected. The active prin- 
ciple was postulated to  be a yellow oxidation product of PABA; it is 
probably one of the imines which are known to cause tissue irritation (12). 
The inflammatory response to irradiated PABA appeared several hours 
after injection, and this delay is comparable to  the latent period in sunburn. 
One may conclude, therefore, that PABA fulfills the second part of the sun- 
burn action theory. With respect to the first part, i t  is reasonably certain 
that PABA is a natural constituent of the skin, since it was found in all body 
tissues analyzed to date (13). 

2. Gray Hair 

a)  Terminology. The graying of hair should be considered among the 
pigmentation processes of the skin. Loss of hair color is called “achromo- 
trichia” by most biochemists in accordance with the Wisconsin workers 
(14), although the American Medical Association (15) seemed to prefer the 
term “achromachia” and Lachat (16) favored the word “canities,” which 
was defined by Oppenheimer and Kugel (17) as “premature graying of hair.” 

b )  Theory. HrdliEkR (18) theorized that graying is an automatic symp- 
tom of metabolisms declining with age and that no drug or chemical can be 
expected to have more than a temporary stimulating effect on the formation 
of melanin pigmcnt by the organism. Gibbs (19), however, pointed out 
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that coloring of the hair is functional in character and not automatically 
dependent upon some generalized bodily alteration, as evidenced by the 
seasonal changes in a variety of fur-bearing animals. It should be possible, 
therefore, to modify the coloration of fibers by pharmacological agents. 
According to Ballenger (20), graying of hair may be due to a vitamin defi- 
ciency, and the American Medical Association (21) published a statement 
by anonymous competent authorities recognizing the possibility of :L sys- 
temic influence on the color of human hair: “The old idea that hair is prac- 
tically a dead tissue, cut off from the metabolic influences of thp Iiody, must 
be forsaken.” 

c )  Factors. Biochemists have been wondering for the past years whether 
there are factors capable of overcoming the decline in the production of 
melanin, or of enabling the aninial organism to start once more the for- 
mation of this pigment. Various names have been proposed, such as 
anti-gray; anti-gray hair; anti-canitic; trichochromogenic (22) ; anti- 
achromotrichia, or chromotrichia(1) factor, and many different com- 
pounds have been claimed a t  one time or another to be involved in achro- 
motrichia. 

Practically all the workers agree that graying of the fur in the black or 
piebald rat and feather depiginentation in the chick (23) niay be brought 
about by it deficiency in one or more of the Ihi tamins.  The work on the 
relation of loss of color of the fur and the vitamin B complex dates h c k  to 
1938, when 1,unde and Kringstad (24) in Norway, and Morgan ‘with her 
collaborators in California (25) published their first papers almost simul- 
taneously. In April 1940, a crystalline material was isolated and claimed 
(26) to be highly active in the prevention of rat achromotrichia and distinct 
from all the then known members of the vitamin B complex. FOW months 
later, the curative action of pantothenic acid was observed (27) on nutri- 
tional depigmentation of the fur of rats fed diets deficient ifi this vitamin. 
Shortly afterwards, a report (28) appeared ascertaining the prophylactic 
and therapeutic efficacy of pantothenic acid in this type of graying. Sub- 
sequently, pantothcnic acid was found (28) not to  restore pigmentation of‘ 
the fur complctcly nor to fully prevent depigmentation. Indeed, a t  the 
end of 1940, the inefficacy of pantothenic acid against thc graying of fur 
was vlninied (30). Severt heless, .pantothenic acid is definitely one of thc 
factors \\hich prwrnts nutritional graying in rats and mice, and biotin may 
have some influence in conjunction with it (31). 

Symmetrical achromotrichia was observed (32) to persist in black rats 
maintained on dried, fresh egg-white containing rations even after thera- 
peutic attempts had been initiated by the feeding of biotin. The gray 
pattern was the reverse of that occurring in pantothenic acid deficiency. 
Since the grayin8 of the pelage persisted to some extent even following five 
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weeks af biotin supplementation, the diet employed waa obviously incom- 
plete with respect to chromotrichial factors. 

The graying of the fur of the black or piebald rat waa compared (33) to 
the rusting produced in albino rats by ommission of choline and pantothenic 
acid from the diet. Furthermore, rat achromotrichia waa shown (34) to 
result not only from a deficiency of a vitamin B comprex factor or factors but 
also from a dietary lack in iron, copper, and manganese. The somewhat 
beneficial effect of cystine was demonstrated (35) in the graying of rats 
brought about by pantothenic-acid-deficient diets. Although the inefficacy 
of hormones in this type of achromotrichia was reported (36), more graying 
in male than in female mice was found (37), indicating graying to be possi- 
bly dependent upon some hormonal fastors. Indeed, partial pigmentation 
in albino rats was noticed (38) following the subcutaneous implantation of 
pellets of various hormones, such as androsterone, estrone, arestradiol, 
estriol, equilin, stilbestrol, but not testosterone; moreover, rusting in 
desalivated rats was noted (39) in female animals maintained on a milk 
diet. A disturbed relationship between the B-vitamins and sex hormones 
appears to be suggested by the above data as a cause 6f faulty pigmentation. 

Up to 1941, the diets of experimental animals employed in vitamin B 
complex etudies were usually supplemented with no more than the six basic 
B-vitamins [thiamine (BI), riboflavin (b), pantothenic acid (BI), choline 
(B,), niacin (BJ, pyridoxin (Ba) 1. More recent investigations centered 
around additional factors and PABA was suggested (40) to have chromo- 
trichial activity in the rat reared on a diet adequate with respect to me six 
basic B-vitamins and containing inositol. In a curative test a bluish 
discoloration of the skin was noted within the first two to three weeks of 
PABA supplementation. According to Gyorgy, et d. (41), the appearance 
of dark colored skin is a first irign of blackening of the fur, due to growth of 
normally pigmented hair shafts in the epidermis. This observation waa 
subsequently confirmed by Ralli and Graef (42) who noticed that the skin 
was uniformly pink in black rats on achromotrichial rations whereas blue 
pigmented areas in band form were present in animals oq complete rations. 
These bands are seen because of the visibility of the concentrated melanin 
in the hair bulbs through the thin overlying cutis. A diet deficient in the 
anti-gray hair principle causes cessation of melanin deposition with result- 
ing graying of hair. In the curative experiment, the skin wm noticed to 
develop a bluish color which reached its greatest intensit,y on the fourteenth 
to sixteenth day. By the end of the second week, new fur became visible 
and was either glossy black or brown, depending on the original color of the 
pelage. In marked cbntraat, no pigmented bands appeared, and new hair 
waa of a d i d  gray in rats continued on deficient rations. The pigmented 
stripes are proof of deposition of melanin, since the “dopa tncidaae” reaction 
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(43) was strongly positive in the active hair bulbs and in the follicles within 
the bluish-black colored areas, but negative in those within the pink zones 
of the skin. 

The anti-gray hair activity of PABA was confirmed (44) in mice rendered 
gray by the administration of hydroquinone, the achromotrichial activity 
of which had been reported earlier (45). Depigmentation in blackand 
black-hooded animals may also be brought about by the oral administration 
of other “toxic” substances, such as phenylthiocarbamide (46), o-aminoazo- 
toluene or 2,2‘-azonaphthalene (47). In nutritional mouse achromotrichia, 
PABA was found (48) to be equally effective as a rice polish extrdct (49). 

Three independent groups of workers (50-52) published soon afterwards 
that the graying ‘brought about by pantothenic acid deficiency is not 
alleviated by PABA. The American Medical Association (15) conse- 
quently stated editorially that the evidence in behalf of some definite 
relationship between intake of vitamins and graying of hair was far more 
convincing for pantothenic acid than for PABA. Martin (53) attempted 
to bring the apparently contradictory observations into harmony. He 
confirmed the results of the three laboratories (50-52) which were unable 
to demonstrate PABA’s chromotrichial effect, since he found the six basic 
B-vitamins adequate for seemingly normal nutrition. However, he showed 
that these factors were not sufficient when either inositol or PABA was 
added to the diet. It seems certain that the stimulation of growth of 
microorganisms by one member of the vitamin B complex causes an in- 
creased synthesis of another member. PABA precipitates an inositol 
deficiency (48) either through stimulation or inhibition of bacterial growth. 
Indeed, an apparent inhibition of Proteus vulgaris and a stimulation of 
lactic acid forming organisms was noted (531, the overgrowth of the latter 
being possibly the cause for the seeming inhibition of the former. 

In a study of the r61e of sulfonamides and PABA in altering the micro- 
flora of the intestine of rats fed a ration containing the six basic B-vitamins 
and, inositol, PABA was found (54) to have marked growth-promoting 
properties and to be life-sustaining. Sulfanilamide prevented the develop- 
ment of the syndrome heretofore associated with PABA deficiency (53), 
but it did not entirely replace it. On the other hand, Pfaltz (55) observed 
no definite deficiency symptoms from lack of PABA in the diet, but noticed 
that the latter compound was capable of completing or sustaining the favor- 
able prophylqctic and curative effects of pantothenic acid in nutritional rat 
achromotrichia,. Dann and her collaborators (56) likewise obtained results 
indicating that PABA may supplement the influence of pantothenic acid; 
they postulated an as yet unknown additional fact& or group of factors, 
since liver (57) and yeast feeding resulted in more pronounced curative 
effects than the. various combinations of synthetic B-vitamins. However, 
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Martin (58) contended that the failure to observe a more definite efficacy of 
PABA may be due to  the fact that its physiological activity is dependent 
upon its quantity in the diet relative to that of pantothenic acid. Inciden- 
tally, the Wisconsin investigators (59) noted that the golden hamster needs 
in addition to  pantothenic acid either PABA, or inositol, or both, since 
deaths occurred when both these factors were excluded from the ration. 

11. DIETARY STUDIES 

1. Sulfpnamide Rations 

The more recent PABA investigations made use of sulfanilamide type 
drugs to inhibit the synthesis of nutritional factors by bacteria. Sulfa- 
guanidine, described by Marshall, et ul. (60) in 1940 as an effective bacterio- 
static agent for intestinal organisms, is now known to cause failure to  main- 
tain normal growth in rabbits (61), rats (62), and chickehs (63), when fed 
in large amounts over a long period of time. At least some of the harmful 
effects can be counteracted with liver extract (64, 65), vitamin K (66), 
biotin (65, 67), and with PABA (64). The latter substance gave a definite 
growth response, although none during the first week, when administered 
orally to rats which had received a diet containing one half per cent of 
sulfaguanidine for several weeks. This observation seems to indicate that 
PABA reduces the toxic effects of the sulfonamide on certain bacteria in the 
intestine; when these bacteria are eliminated from the tract before PABA 
is administered, it takes at least a week for the bacteria to become re- 
established. 

The growth-promoting activity of PARA was confirmed (68) with rats 
fed a sulfaguanidine diet supplemented with the six basic B-vitamins, 
inositol, and biotin. A graying of the fur was noticed which could be cured 
by “folic acid” concentrate. Thus, the nutritional achromotrichia seems 
to  be dependent upon a t  least three major factors, namely, pantothenic 
acid, folic acid, and PABA. The latter appears to play a r61e only in so far 
as it alters the intestinal flora, thus favorably influencing the bacterial 
synthesis of folic acid, for which Escherichiu coli organisms were noted (69) 
to be mainly responsible. A similar explanation was offered by Wright 
and Welch (70) who reasoned that the controversial anti-gray hair action of 
PABA and its growth-promoting effects may be due to a stimulation of the 
intestinal synthesis of folic acid and perhaps of biotin, and that these latter 
factors, in turn, improve the utilization of available pantothenic acid. Such 
a hypothesis suggests that any anti-gray hair activity of PABA may be 
mediated through folic acid and biotin, and that the effect of the latter sub-, 
fitances is secondary to that of pantothenic acid. 

Sulfasuccidine is perhaps more suitable than sulfaguanidine for studles 
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on the relationship of B-vitamins to bacterial flora, because PABA was found 
(71) not to abolish its inhibiting effect on the growth of animals. Although 
this result was confirmed (72), the antagonistic action of PABA could never- 
theless be demonstrsted, since the sulfonamide led to the production of a 
hypoprothrombinemia which was inhibited, but not completely tlo:ked, by 
PARA. Subsequent investigations (73) showed that PABA partially 
counteracts the effect of sulfasuxidine on vitamin syntheses in the intestinal 
tract. The fundamental and coniplex relationship of B-vitamins and 
intestinal bacteria was further emphasized in studies (74) with baby chicks 
showing that the number of deaths resulting from the administration of 
sulfaguanidine at a level of one per cent of body weight per bird per day was 
doubled by PABA given orally with thiamine and riboflavin, and nearly 
tripled by E. coli feeding. Incidentally, an inhibition of a vitamin synthe- 
sis, namely vitamin K, by PABA had already been suspected (75) in chicks 
reared on a heated diet deficient in prothrombinogenic factors. Moreover, 
the importance of bacterial flora in human deficiency diseases, such as 
graying of hair resulting from protracted illness associated with gastro- 
intestinal disorders, is generally acknowledged. 

2. Chick Nutrition 

As mentioned in the preceding chapter, the addition of PABA to a heated 
diet low in vitamin K advanced the time of occurrence of the hemorrhagic 
diathesis typical for the hypoprothrombinemia of the baby chick (75). 
The simple aromatic amine was claimed (40) to  be a growth factor for these 
animals and to  prolong their survival times on a heated grain mixture sup- 
plemented with the fat-soluble vitamins A, D, and K, with the basic B- 
vitamins and with inositol. It is to  be noted that this diet was deficient in 
biotin, folic acid, and perhaps other, as yet unidentified, factors. Accord- 
ing to  Hammond, et al. (76), the chick requires PABA for the development 
of the keel bone when reared on a heated ra,tion deficient in phosphorus. 
However, the Wisconsin workers (77) were at first unable to demonstrate 
that the simple aromatic amine is needed by birds maintained on a heated 
diet. Later, they (78) reported studies on its growth-promoting activity 
and discussed a possible mechanism of action. Apparently, 5 mg. of PABA 
per 100 g. of diet had no effect, whereas levels of 7.5 mg. and 15 mg. gave 
noticeable responses in both growth and feathering formation in chicks 
receiving purified rations known to be low in “unknown” vitamins and 
considered adequate in kll other respects. Moreoyer, PABA was observed 
to  stimulate folic acid production and growth of microorganisms in the 
intestine of chicks. Therefore, PABA is believed not to be a specific growth 
factor but to  act indirectly by stimulating intestinal bacteria which produce 
unknown factor(s) essential for the chick. For this remon, PABA ww not 
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listed (79) among the first eleven B complex factors, which are the six basic 
B-vitamins (see p. 219), biotin (B.r),inositol (Bs), folic acid (Bo), a feather- 
ing (Blo) and an unknown growth substance (Bn). It is of interest to note 
that the explanation offered for the activity of PABA in chick nutrition is 
the same as the one given for its r61e in rat metabolism (68, 70). 

3.  Laclation 

Almost3 every one of the hetter known R-vitamins has at, one time or 
another been suggested for u crucial r81e in normal lactation of the rat.. 
Sure (80) indicated that PABA should be included in the list of essential 
dietary factors. He found (81) that the lactation efficiency index rose from 
5 to 67 per cent when t,he simple aromatic amine was supplementing the 
diet. He concluded that PABA or a substance with similar physiological 
properties is a component of a new dietary essential for lactation to which 
he gave the same name as the one assigned by the Norwegian investigators 
(82) to an anti-gray hair principle from liver, namely, “B,” factor. Cli- 
nienko and McChesney (83), however, were unable to confirm all of Sure’s 
data. They observed that 15 mg. of PABA per rat per day delayed initia- 
tion of lactation; on the other hand, it did slightly decrease the mortality 
rates of rats newly born to  animals receiving the basic B-vitamins and 
inositol. S,ubsequently, Sure (84) published additional data confirming the 
markedly favorable influence of PABA on lactation of albino rat,s and 
showing that the pronounced injurious influence of inositol is counteracted 
by the simple aromatic amine. The deleterious effect of inositol on lacta- 
tion and fertility was also observed (85) in experiments with rats on 
sulfaguanidine rations which were adequate when free from inositol but 
supplemented with PABA. 

111. CLINICAL STUDIES 

1. ,4chrmtrichia 

Although the work on B-vitamins in relation to gray hair has started 
more than iive years ago, only a few clinical papers have been published. 
According t,o Major (86), the Good Housekeeping Institute has issued a 
statement t,hat it is possible to change a human being’s hair color t,o normal 
by the use of calcium pantothenate. However, Spies and Butt (87) re- 
ported that Stanbery and Spies found no change in hair pigment,ation as a 
result of pantothenic acid t)herapy. Vorhaus, et nl. (88) similarly con- 
cluded that paiitothenic acid has little value as a human anti-gray hair 
factor. More recently, Iierlan and Herwick (89) emphasized the lack of 
value of calcium pantothenate for human achromotrichia. However, a 
return to natural color of the hair of patients receiving large doses of 
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vitamin B complex preparations was mentioned in a publication by Sieve 
(90) who was first t o  announce that PABA causes a marked darkening of 
the hair of the human. He noted (91) in cases in which PABA was effective 
that “the gray hair was characterized by a yellowish cast,” which may be 
an intermediary product in the oxidation of melanin (92). Subsequently, 
Sieve (93) claimed the beneficial influence of PABA on the achromotrichia 
of 82 per cent,.of his 460 patients. 

Similar effects mere noted by Banay (94). Some 20 inmates of a penal 
institution received PABA in the form of a 100 mg. tablet three times daily 
for periods varying from 6 to 8 months as the sole therapy and without any 
change in daily routine and dietary regimen. A progressive gradual dark- 
ening of the hair occurred, starting a t  the back of the head from the vertex 
down to the occipital region. The pigmentation was observed to return 
in geometric designs or islands instead of following a general distribution. 
The improvement of the hair color wm apparently established through the 
peripheral nervous system and its ramifications (95). 

Eller (96) and Eller in collaboration lvith Diaz (97) noticed definite 
changes in the color of the hair of a few of their 88 patients given 100 mg. 
tablets of PABA 3 OK 4 times daily over periods ranging from 3 to 5 months. 
However, they were not certain that PABA was the causative factor in the 
darkening of the hair, since the increase in pigmentation occurred in only 
a small number of cases. Friedgood (98) likewise reported a few patients 
in whom PABA was shown to have chromotrichial activity under special 
circumstances. Almost simultaneously, DeVilbiss (99) published her 
observations on the efficacy of PABA in restoring natural color to human 
gray hair. The longest period of treatment was 7 months, and a total 
of 16 patients received an average daily dose of two or three 100 mg. PABA 
tablets. “All patients report visual darkening of the hair. Photographs 
taken before an$ 6 months after treatment support patients’ statements,” 
More recently, Brandaleone, et al. (100) claimed photographs to be useless, 
since slight changes in distance or lighting can make large differences in the 
apparent color of the hair. Because a very definite change must occur in 
order to  become evident, clippings of hair samples from a given area were 
considered valuable in discrediting subjectively favorable results. In two 
of seven patients, receiving a relatively small daily dose of PABA together 
with yeast and a comparatively large amount of pantothenic acid, “unequiv- 
ocal change” in hair color was found. Both cases were men, and both had 
brown hair. The change in pigmentat,ion tended toward a return to  the 
original color and became noticeable after 2 or 3 months’ therapy, thereafter 
increasing slowly in intensity. Pantothenic acid was ineffective in doses of 
100 mg. given daily to 7 patients. The results obtained with PABA, 
administered to 5 patients in 200 mg. daily doses, were considered negative. 
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All in all 19 cases were studied by these investigators; the most common 
change was the appearance of a yellow or greenish cast to the white or 
graying hair, thus confirming the observations mentioned by others (91,92). 
In  several patients a greater luster without actual change in pigmentation 
was thought to be developed. In  this connection it is of interest that a focus 
of infection or endocrine imbalance was stated (93) to interfere with the 
proper absorption and utilization of PABA and that 100 mg. doses daily 
with the meals and at bedtime were recommended (101). 

The clinical reports discussed in the preceding paragraphs show that 
pantothenic acid per se has no influence in human achromotrichia. PABA, 
however, is effective, since all the investigators who presented data found 
its beneficial influence in at least a small number of cases. As in the animal 
experiments (40), the simple aromatic amine seems to be best administered 
in conjunction with the vitamin B complex factors. The American Medi- 
cal Association (102) in a very recent comment on “Vitamins and Human 
Gray Hair” acknowledges the favorable observations made with PABA by 
asking whether comparable results will be obtained when younger people 
with gray or graying hair are studied. 

8. Other Condilions 

Friedgood (98) reviewed the attributes that Sieve has ascribed to  PABA: 
“it darkens gray hair; it intensifies the normal pigmentation of the nipples 
and mucous membranes of the mouth, vagina, and anus; i t  eradicates areas 
of vitiligo; it induces a return of color and ‘changes the hypertrophy’ d 
areas of leukoplakia in the mouth; it causes a decrease or almost complete 
disappearance of hyperpigmentation of nevi and freckles; it stimulates 
.libido; it re-establishes the menstrual cycle in amenorrhea and increases the 
amount of flow in oligomenotrhea; it cures female sterility (12 out of 22 
cases); it benefits asthmatic patients in certain instances; and i t  increases 
the appetite and induces a feeling of well-being.” 

Although confirmation of all of Sieve’s claims is lacking, the return of 
pigmentation in human gray hair has been described by others (94-100) 
referred to in the preceding chapter. Furthermore, Costello (103) published 
a case of vitiligo successfully treated with PARA. DeVilbiss (99) com- 
mented on the &timulation of libido. Banay (94, 95) mentioned a marked 
increase in erotic drive as well as stimulation of appetite. Other physi- 
cians stated in private communications that PABA therapy seems to  have 

*a  favorable action in chronic constipation and appears to  contribute to a 
feeling of well-being. Most clinicians are of the opinion that asthmatics 
are not benefited by PABA, although some cases were noted to be favorably 
influenced (48). Doma,rus (104) found PABA to be beneficial in 4 cases 
(psychotic episode with psychopathic personality ; alcoholic Korsakow 
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psychosis; chronic alcoholism; and morphine addiction). He believes 
that PABA therapy should be further investigated in parasympathetico- 
tonic conditions and as an adjuvant to morphine withdrawal treatment. 

IV. ToxIcrru 

Althougli 1’AB.i W U ~  Ltt tirst believed (105, 106) to pass unchanged 
through the organism: later experiments deiiioristrated that i t  is rapidly 
acetylated and that the conjugated amine is readily excreted through the 
kidneys. (107-113). Herisel (114) observed that acetic acid given with 
PABA stimulated the elimination of th8 acetylated amine and concluded 
that acetic acid serves as acetyl donor. However, Erlcnmeyer; et al. (115) 
could not detect deuterium in the eliminated conjugated PABA after the 
administration of deuterium acetic acid. On the other hand, Bernhacd 
(llG) found that about nine per cent of the deuteroacetic acid was used in 
the acetylation of PABA. I t  seems, therefore, that the major part of the 
acetic acid employed for detoxication is obtained from metabolic processes. 
Fishman and Cohn (117) observed approximately the same amount of 
deuterium to be present in the acetyl groups, when acetylation of PABA 
and sulfonamides occurred in vivo in a medium containing D20. The latter 
did not enter the preformed acetyl group before or during the process of 
acetylation. If acetic acid is an acetylafing agent that does not appreciably 
exchange its hydrogen with that of the body water (116), it may be con- 
cluded to be formed in the body by an irreversible process which introduces 
the hydrogen of the body water into the molecule. Partly conjugated 
PABA was found (118) in the blood and urine of toads, but not in frogs 
and turtles, nor in dogs (116). Sodiuni acetate either had no effect or 
decreased the acetylation of PABA in six out of seven rabbits (118a). 
Apparently, acetylation depends upon the formation and concentration of 
acetylphosphate. The latter substance may be synthesized from acetoin 
or diacetyl (118a) or it may be formed directly from pyruvic acid (118b). 

PABA diffuses into the cerebrospinal fluid quite as easily as sulfanilamide. 
It is probably localized within the cell in a manner which makes some 
of it unavailable for conditioning its rate of diffusion. Therefore, its 
tissue/plasma distribution ratio (118c) is not necessarily an expression of its 
concentration ratio across the cell membrane. Reabsorption proceeds as an 
active tubular process to a considerable extent in the renal tubules. PABA 
does not participate in a mechanism of active tubular excretion, although 
in general strongly polar molecules do. Para-aminohippuric acid, PABA’s 
glycine derivative, was observed (118d) to be actively excreted by the 
renal tubes. 

Straws and collaborators (119) found following ingestion of one to four 
grams of PABA that maximum blood levels were obtained in one to two 
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hours and that the concentration in plasma was about three times as great 
as that in red cells. Conjugation began early and rapidly, and no PABA 
could be detrcted in the blood four hours after the administration of two 
grams. Six hours after the intake of four grams, there was only a srnall 
amount of PABA in circulation and complete recovery from urine was ob- 
tained in twelve hours. Similar results were reported by Kirch and 
Bergeim (120) who were able to detect a small but definite amount of non- 
acetylated PABA in the urine within one hour after ingestion. Even after 
twenty-eight hours, a measurable quantity of conjugated PABA was found. 
Zehender (121) determined that PABA is more quickly eliminated than 
sulfathiazole and that the blood level of the former does not reach as high 
a maximum as that of the latter. Within twenty-four hours, 75 per cent 
of one gram of orally administered PABA was noted to be eliminated and 
only the acetylated compound could be measured in urine and serum. 

According to Miller (122), 80 mg. of the sodium salt of PABA was well 
tolerated but 160 mg. mas lethal subcutaneously or peritoneally for mice. 
Scott and Robbins (123) reported PABA to have a remarkably low toxicity, 
namely av oral median lethal dose of 2.85 g./kg. for mice, over 6 g./kg. for 
rat$, and 1-3 g./kg. for dogs. The corresponding intravenous values were 
1.60 g./kg. for mice and 2.76 g./kg. for rats. In chronic toxicity studies, 
rats were noticed to tolerate daily doses of 1.4 g./kg. by mouth for about a 
month without inhibition of growth or pathological changes. These data 
were confirmed by Richards (124) who emphasized the low acute and 
chronic toxicity of PABA on the basis of the following results: 4 g./kg. 
intravenously mas the lethal dose for 30 per cent and intraperitoneally for 
40 per cent of the rats. No deaths occurred unless a t  least 6 g./kg. was fed 
daily for 3 successive days. Young rats injected with doses of 0.2-0.5 
g./kg. daily for 21 days had a growth rate slightly better than that of the 
controls. 

Strauss arid Finland (125) claimed that they noticed no untoward effects 
from PABA administered in massive doses to humans. One of the patients 
received 2 g. at 3-hour intervals for 12 hours and another one ingested a 
total dose of 62 g. of PABA in less than 2 weeks, namely 29 g. at 2-hour 
intervals during a period of 52 hours and subsequently 33 g. over a 66-hour 
period. Other investigators (91, 94, 100) confirmed the low toxicity of 
PABA. 

V. DETOXICATION 

PABA, detoxified by acetylation in the organism as described in the pre- 
ceding chapter, is a detoxicant by itself. Symptoms of hydroquinone 
poisoning were shown (44) to  be overcome by its oral administration. It 
was found (126) to be higbly effective in rats aa a detoxicant for lethal 
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doses of Carbarsone and other pentavalent arsonatcs important in the 
treatment of neurosyphilis, and not to inhibit their trypanocidal action. 
Later, Sandground (127) reiterated PABA’s detoxifying action of Carbar- 
sone, “Tryparsamide,” arsanilic acid, Acetarsone, of pentavalent arsenicals 
including phenylarsonic acid, and of at  least one trivalent arsenical anti- 
syphilis drug. PABA’s protective properties against the toxic effects of 
antimony compounds employed in tropical diseases and particularly 
against the pentavalent “Stibosan” were claimed to be spectacular. How- 
ever, Peters (128) found no reduction in the acutely fatal toxicity of 
“Mapharsen” in mice by the prior administration of either PABA or 
methyl-m-amino-p-hydroxybenzoic acid. It is interesting in this connec- 
tion to record the lack of activity of PABA in carbon tetrachloride poison- 
ing, against. which sulfonamides were observed to protect (129). 

Gyorgy and Tomarelli (130) found that of all the known B-vitamins only 
PABA has proved to be significantly antioxygenic in the heterogeneous 
system consisting of corn starch, linoleic acid, and butter yellow. How- 
ever, the antioxidant inherent in potent sources of the vitamin B complex, 
such aa yeast (131), rice bran, and liver, was stated not to  be identical with 
PABA. In view of the close structural similarity of PABA with other 
aromatic amines, such as aminophenols, which are commonly employed as 
antioxidants in the preservation of rubber and oils (132), the authors 
thought that PABA’s antioxygenic property could almost have been pre- 
dic ted . 

VI. HORMONES 

The possible relationship of PABA to certain hormones was first men- 
tioned in a report (91) describing that 12 out of 22 females, who had been 
sterile for a minimum of 5 years, conceived in normal marital relations after 
having ingested a 100 mg. PABA t&let daily with each of 3 meals and a 4th 
tablet at bedtime during periods varying between 3 and 7 months. Fur- 
thermore, PABA’s invbition of thyroid hormone production has been 
reported (133), and it has been stated (134) that combined PABA and 
stilbestrol therapy may result in anovulatory menses. A basis for the 
clinical contention was offered by experiments (135) showing PABA to be 
capable of inhibiting the enzymatic destruction of the synthetic estrogen. 
Since large amounts of administered estrogenic material are not excreted in 
appreciable quantities, it seems that they are rapidly destroyed or altered 
beyond simple conjugation within the animal organism [liver (136)], prob- 
ably by enzymes (137, 138). The possibility of enzymatic inactivation 
wm demonstrated pharmacologically (139) and by the Warburg technic 
(140). With the latter method, stilbestrol was observed (141) to be oxi- 
dized by mushroom tyrosinase with greater ease than either estrone,. 
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cr-estradiol, or estriol. However, the rate of oxidation was greatly retarded 
by PABA. This result was confirmed with the former method; namely, 
the activity of the synthetic estrogen was reduced to & of its original value 
by incubation in the presence of tyrosinase; when PABA was added before 
incubation, Q of the activity remained. 

PABA is capable of inhibiting the destruction of other hormones, such as 
adrenaline (141). As determined in the Warburg apparatus, various 
benzoates have a great influence on the oxidation of adrenaline catalyzed 
by mushroom tyrosinase. Benzoic acid inhibited even more than did 
PABA, the isomers of which mere almost equally active. Sulfanilamide 
had a small, nevertheless definite accelerating effect. The protection 
afforded to the hormone by the various benzoates against enzymatic de- 
struction has also been ascertained pharmacologically (142). These data 
would seem to offer a basis for an explanation of some of the clinical results 
obtained with PABA in cases of asthma (48). 

In view of the fact that a diabetic patient went into shock as a result of 
combined PABA and insulin therapy (91), it is of interest that PABA ap- 
pears to potentiate insulin (143). Insulin was injected subcutaneously 
into mice in a dose (Q unit per 18 g. of body weight) which is known not 
to  reduce the blood sugar to convulsive levels. When PABA was given 
either before, simultaneously, or after the insulin, convulsions typical of 
insulin shock were produced. At the same level of 1 g. per kg. of body 
weight, the simple aromatic amine effected a mild but definite hypergly- 
cemia in rats. It did not alter the speed, degree, or duration of the hypo- 
glycemia produced in rabbits by insulin. As determined by the method of 
Grattan and Jensen (144), it was noted to  deplete the liver of glycogen. 
Since mice treated with a cortical extract and PABA had an average liver 
glycogen content of about 500 mg. per cent as contrasted with approxi- 
mately 1700 mg. per cent found in the livers of animals which had received 
solely the cortical extract, it may be concluded that the rate a t  which the 
organism is required to yield its stores of liver glycogen is augmented by the 
simple aromatic amine. Conditions favorable for insulin potentiation by 
PABA ha+e not been found in clinical trials. 

The above data were discussed and extended by Martin (145) who con- 
sidered the following facts: 

1) PABA acts in the pseudo-potentiation of insulin (143, 145); 
2) it produces a mild hyperglycemia in doses of 1 and 2 g. per kg. in 

3) it depletes the glycogen reserves of the liver (113); 
4) it causes a mild rise in blood pressure in the anesthetized cat, reversed 

by 2-( 1)-piperidylmethyl)-] ,4-benzodioxan (146) ; 
5) i t  is known to inhibit various enzyme systems (142); 

dogs (143); 
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6) it produces hypertrophied thyroids with hyperthyroidism (145, 147, 

7) it protects against the action of thyroxine in the intact animal (145). 
Martin suggested that these actions of PARA may be motivated via the 
pituitary and production of thyrotrophic hormone, as already concluded by 
Astwood, et al. (148) and Mackenzie, et al. (147). Therefore, PABA may 
be effective clinically in counteracting hypothyroidism and may be con- 
traindicatecl in cases of hyperthyroidism. Indeed, the action of a number 
of agents, including thioureas. sulfanilamide and PABA in producing 
hypertrophied thyroids (147-151) has teen demonstrated. These various 
substances may be considered to be inhibitors of tissue metabolism, as 
firbc suggested by Cutting and Kuzell (152). The peeudo-potentiation 
of insulin by these compounds as well as by others, such as e.g. saccharin 
(153), can best be explained at  present on the baais of the above con- 
sidera tion. 

145); and 

VTI. ENZYMES 

1 .  Rdle in  Systeme 

Fildes (154) postulated t,hat PABA is an essential metabolite associated 
with one or more of bhe enzymatic processes involved in bacterial growth. 
By definition, an “essential metabolite’’ is a substance that takes an essen- 
tial part in a chain of syntheses rlecessary for bacterial growt,h, in contradis- 
tinction to a “growth factor” which must be supplied in the nutrients as an 
essential metabolite which the cell cannot synthesize. Fildes emphasized 
the close structural relationship between PABA and sulfonamides and 
suggested the latter may act by blocking the enzyme system(s) with which 
the former is involved and on which bacteria depend for normpl growth and 
development. Proof that PABA is truly an “essential metabolite” was 
given by Landy, et a>l. (155) who found representative cultures of many 
bacterial genera to elaborate PABA in readily measurable amounts. 

With respect to the second part of Fildes’ hypothesis, it has been shown 
(156) experimentally that the inhibition produced by sulfanilamide type 
drugs is competitive (157) with respect to PABA. Employing PABA and 
sulfanilamide simultaneously in equimolecular quantities in p-cresol-tyro- 
sinase systems, an increased rate of oxidation was found which was.only 
slightly less than that obtained when PABA alone was used. PABA has 
apparently a greater affinity for the enzyme than have sulfanilamide type 
drugs. The sulfonamide inhibition as influenced by PABA was mathe- 
matically analyzed (15s) and the linear relation between the two substances 
was confirmed (159), thus indicating competitive inhibitions of an essential 
enzyme reaction by a substance chemically related to the substrate. 

It iS now generally accepted that the efficacy of sulfanilamide type 
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drugs as bacteriostatic agents is due to t.heir structural similarity to the 
essential metabolit,e PABA; it is this similarity that enables them to dis- 
place the latter from its enzyme surface. Srilfonamides were noticed (160) 
to have an effect on the e1ecti~)kinttic niohilit'y of the organisnis resenil)lii1g 
that (if PABA, inclicating t,hat. they \xhave like t,he Mter  itt the 1)actrrinl 
surface. PABA may also be tlisplacccl I)y sul)stanc.es devoid of siilfo gi-oui)s 
provided they are st,ruct,urally rdaf ed to it, such as iv-aminob.nzarni~l(,, 
Atoxyl (IGl), and p-nitrobenzoic acid (162). There can be little tloubt that, 
PABA ant,agonizes t,he act,ion of penicillic acid by iiieiins of a c.hemica.1 
reaction between t.he two acids and not, by way of a compet,it,ion for a bac- 
terial enzyme system (163). I t  is of int.erest that PABA has heen reported 
(164) to potentiate penicillin. \\'it11 Bacillus su.btilis, 1,203 units per nil. 
of penicillin active in 1:lOO became act.ive in 1:6,000, when 1:2,500-- 
1 : 10,000 PABA was added. With StaphyZococcus aweus ,  ' 1'iiBA in 
concenhations of 1 : 2,500--1: 50,000 increased the penicillin activity from 
1 :40,000 to 1 :75,000-1: 1,000,000. The synergist,ic action of the two 
compounds was also observed in vivo wit,h mice inoculated with staphylo- 
cocci or streptococci. 

Intensity of luminescence of Vibrio ph.osphorescens was noted (lG5) to be 
inhibited a t  t,emperatures varying from 15 to 35°C. by 0.02 %I PABA, more 
so by 0.03 M sulfanilamide and still further by both of these substances. 
PABA a t  high concentrations n-as observed (166) to inhibit growth and 
luminescence and to have ant'i-sulfonamide effect only in growing cultures 
and not in mature suspensions of luminous bact,eria, nor in the purified 
luciferin-luciferase system of I Cypridina (167). Since urethane, sulfanil- 
amide, and PABA were iiot,iced to stimulate growth and luminescence in low, 
while inhibiting in high concent'rations, Johnson (168) suggested their 
fundamental mechanism of action in bacterial metabolism to be in the 
nature of narcotics. However, evidence is available showing t8hat this 
interpretation is not justified (169). Nevertheless, harbiturates, chloral 
hydrate, sulfanilamide, and PABA were claimed (170) to belong to a group 
of narcotic drugs which decrease bacterial luminescence in a manner that 
is not reversible by pressure, indicating a decrease in enzymatic activity ,by 
an adsorpt.ive process (171). It is to he noted t,hat' the inhibition of ure- 
t,hane is reversible and that Johnson's explanation for t,he mode of sulfon- 
amide action is based largely upon experiments in which the test substances 
showed enzyme inhibiting rather than stimulating activity. Absence of 
parallelism between the anti-sulfonamide action of PABA and urethane was 
demonstrated (172), and the conclusion was reached that the mechanisms 
prevalent in the luciferase systems are not necessarily those involved in the 
anti-bac terial ac t,ion of sulf onamides. 

In mushroom tyrosinase systems containing 1-dopa, 2-tyrosine hydro- 
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quinone-catechol, adrenaline, or stilbestrol, urethane was likewise devoid 
of activity (141, 173). PABA, however, retarded the oxidation of these 
substrates and caused activation of the rate of aerobic oxidation of phenol, 
p-cresol, and xylenol as catalyzed by enzyme preparations with a high 
activity ratio of hydroquinone-catecholase to p-cresolase (174). Moieover, 
it was noted to inhibit phenol and p-cresol oxidation and to accelerate that 
of xylenol when the reaction was catalyzed by a high p-cresolase tj-pz 
tyrosinase, indicating mushroom preparations to be composed of at  lees t 
two enzymes, namely, phenolase and p-cresolase, the former being activated 
and the latter being retarded by PABA. 

The above data would seem to focus attention to the process of pigmen- 
tation which is considered to be enzymatic in character. The classical 
theory of Raper (175) sets forth that tyrosine is oxidized by tyrosinase to 
melanin by way of its catechol derivative dopa, the side chain of which 
condenses with a benzene ring to form an indole. Indole nuclei atglomer- 
ate to water-insoluble melanin granules. According to Bloch (176), dopa 
is the immediate precursor of melanin in mammalian skin and his “dopa 
reaction” is a specific enzymatic process. In a study of this reaction, PABA 
was found (177) to modify the formation of melanin; this observation was 
recently confirmed (47). Lipmann (178)) who noted peroxidase from 
horseradish to catalyze the oxidation of the simple aromatic amine by 
hydrogen peroxide, -also suggested the possible r81e of PABA in pigmenta- 
tion processes, thus laying a basis for an explanation of a chromotrichial 
activity. 

A chemical model of the bacterial action ip which it has been postulated 
that PABA and sulfonamides compete for a compound not yet specified, 
was offered by Kohn (179). When rat, rabbit, or guinea pig brain brei was 
suspended in Ringer phosphate solution and incubated at 38” C. preferably 
in an acidic medium, a substance “B” was produced which reacted with 
PABA, sulfonamide, and other substituted aryl amines to form a pigment. 
Production of “B” involved an enzymatic process and was coupled with 
respiration, suggesting that the toxicity of Rulfanilamide type drugs may 
be explained in part by their interference with the metabolism of “B”. 

PABA has been mentioned in still other enzyme systems. It was found 
(180) to operate in citrated plasma like sulfanilamide; namely, it accelerated 
the clotting action of staphylocoagulase, an enzyme (181) contained in 
sterile broth filtrate, and reversed the coagulation inhibitory action of 
sulfadiazine. Recent studies showed (182) that local anesthetics such as 
procaine are hydrolyzed to PABA by an esterape inherent in blood. Fur- 
ther investigations (183) demonstrated that human blood plasma and serum 
can hydrolyze procaine. The split product was isolated and identified as 
PABA. The hydrolyzing agent was named “procaine esterase” and found 
in blood, particularly in the serum, and also in liver. 
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2. R61e as Co-enzyme 

As has been emphasized (181), it is important for the understanding of 
the action of the sulfanilamide type drugs to find the enzyme system(s) in 
which they have a point of attack common with PABA. There is appar- 
ently no relationship between PABA and the co-enzymes .with inherent 
thiamine or niacin amide groups (1 59). PABA was suggested (174) to be 
an activator of phenolase. It affected mushroom tyrosinase preparations 
characterized by high Adam and Nelson catecholase (185) and low Parkin- 
son and Nelson cresolase (186) potencies, indicative of predominating 
Gregg and Nelson phenolase (187) activity. The latter was activated by 
PABA to such an exteit that it became capable of oxidizing p-cresol as well 
as xylenol and phenol a t  a great rate and irrespective of the p-cresolase 
content of the enzyme preparations. 

Objection to PABA as a natural activator or co-enzyme of what has been 
called phenolase, rests on the fact that a large amount of PABA was neces- 
sary to  bring about activation under the experimental conditions employed. 
However, the simple aromatic amine seems to occur in nature in free and 
bound forms (188). The latter may have greater affinities for the enzyme 
than the former and hence may not require large concentrations to cause 
acceleration. Indeed, extracts comparable to PABA with respect to acti- 
vation of phenol oxidation (189) were obtained from yeast and dried mush- 
rooms, the PABA content of which is known (188, 193). 

VIII. MICROORGANISMS 

1. Sulfonamide Antagonism 

The finding of the anti-sulfonamide action of PABA may be credited to 
Woods (191) who demonstrcted that a factor inherent in yeast and with 
chemical properties similar to PABA prevents the bacteriostatic action of 
sulfanilamide and sulfapyridine. This observation has since been extended 
i n  viiro (119, 192-191) and in vivo (195-197) to all sulfanilamide type drugs 
in all species and media. Green in collaboration with Bielshowsky’(l9S) 
conceded that the antazonistic aztion of his “P” fa3tor (193) was due to  
contamination with PABA, after the latter had been isolated a9 a benzoyl 
derivative from yeast (233). 

Only the local anesthetics derived from PABA exhibit a blocking action 
against the Bacillus coli bacteriostatic property of sulfonamides (201) ; 
this observation was confirmed with ’ pneumococci (202). Nevertheless, 
PABA substitution may result in compounds inactive or with varying 
degrees of anti-sulfonamide action (203). 

According to Strauss, et al. (119), the greater the inhibitory potency of a 
sulfanilamide type drug upon bacterial growth, the less antagonizing effect 
has PABA. Since this result was confirmed (204) with Eschfichia coli and 
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with. Mycobacteriwm hberculosis, the non-specificity of the bacteriostatic 
effect of the drugs was demonstrated. This action is directly proportional 
to the ability of the sulfonamide t,o counteract the anti-bacteriostatic 
potency of PABA (205). The antagonism between the former and the 
latter was observed (206) to be independent of the number. of bacteria, but 
instead t.o be reluted principally to  critical concentrations of t,hese com- 
pounds. The simple aromatic amine counteracts also the activity of 4,4'- 
diamino-bend which was claimed (207) to  be as typical an antagonist to  
it as are the sulfonamides. 

PABA was found to exert a marked anti-promin effect upon the growth 
of tubercle bacilli (208) and this action is similar to its anti-sulfonamide 
effect. Furthermore, it was noted to inhibit thc nialariacidal action of 
sulfanilamide type drugs (209), but. failed t80 counteract quinine and ate- 
brin (210), suggesting that the latter cornpounds affect plasmodia through 
an entirely different mechanism than the sulfanilamide type drugs. The 
latter can rcduce inorganic catalytic actions like other antiseptics and 
poisons, but PARA cannot inhibit their anti-catalytic effects (21 1). 

In view of the established r81e of PARA as ant,agonist,, its use was advo- 
cated (212, 213) in bactericidal tests to inhibit sulfonamide action. Its 
addition to all routine culture media was recommended , (214), because 
it will allow rapid growth in cultures from patients under t.reatment with R 
siilfanilamide type drug when viable organism are present. 

PABA ~7as found to neutralize also the sulfonamide inhibition of the 
growth of yeast (215), a t  least partially that of tomat,o roots (216), and 
entirely that of fungi, such as Trichophyton purp'ureum (217). The fact 
that relatively small quantities were found to  be effective in the latter case 
seems to indicate a preference on the part of the fungus for PABA. 

8. Clinical Incompatibility 

It has been postulated (218) that PABA may impede the bacteriostatic 
action of t,he sulfonamides in the human. Even local anesthetics derived 
from the simple aromatic ?mine were thought, (182) to be contraindicated, 
when a sulfonamide is being used in a case of severe infections or massive 
damage to tissues. The yuest)ion whether PABA and sulfanilamide type 
compounds are incompatible clinically can now he answered. 

Experimental data have shown (219) that PABA can overcome the 
antagonistic effect of sulfonamidee on the growth of Escherichiu coli 
only when the temperature is not above about 37°C. At higher tempera- 
tures (37--46"C.), it was noticed to  inhibit growth and to have no marked 
anti-sulfonamide properties. Analogous results were obtained (220) with 
Streptococcus pyogen.es, since sulfathiazole, PABA, as well as urea were 
shown to have an effect on bacterial growth rate which increased with 
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increasing temperatures. In  fact, PABA was found to have sulfonatmidc- 
like action a t  higher temperatures. Moreover, the protective action of 
sulfadiazine against meningococcus was observed (221) to be inhibited 
in mice by PABA only when the latter was given repeatedly in such a 
manner that a considerable conceiitration of it was maintained in the 
blood for a prolonged period of time. Serum from pat,ients treated with 
sulfonamides protected mice against multiple lethal doses of nwningococci, 
and PABA added to such a seruin had no inhibitory influence. 

PABA was reported (222) to have only a partial effect in suppressing 
the action of succinylsulfathiazole which affects primariljr vitamin syn- 
thesizers, i.e. coliform organisms, and leaves vitamin reqiiirers, i.e. lacto- 
bacilli, streptococci, and anaerobic bacteria, mare or less uninfluenced. 
Furthermore, it was observed (223) with Escherichia coli that sulfanilamide 
type compounds together with urea are bacteriost.at.icnlly ef'fective wet1 
in the presence of PABA in a inbnts  that inhibited sulfpnamide bscterio- 
st,asis in the absence of urea. The 1at.t.er compound seems to potentiate 
the action of sulfanilamide type drugs (224, 225) in an as yet unknown 
manner. I t  is conceivable that a i'd$-namist'' (226), such as urea, may act 
against an antagonist, such as PABA. However, more recent studies 
(219, 220) indicated that urea has 110 synergistic action with sulfanilamide 
type compounds but reduces the bacterial growth rate sharply at, t.eniperx- 
tures exceeding 37°C. Indeed, concentrations of urea which arc not 
bacteriostatic were found (227) not to counteract sulfonamide inhibitors, 
such as PABA, nor to  pohent,iat.e the bacteriostatic action of the siilfanil- 
amide type compounds against resistant organisms. 

It has been admitted (228) that large doses of procaine have no 1ast.ing 
effect in humans and in mice. Nevertheless, the use of drugs not allied to 
PARA was advocated3n cases in which a massive local anesthetic is required 
and sulfonamide therzpy is contemplated. A 20 ml. dose of g, 3 per cent 
procaine solution is believed to prove harmless t,o a patient whose sulfon- 
amide concentration is 3 mg. per 100 ml. of blood. 

In view of t,he results described in the preceding palagraphs, and partic- 
ularly on the basis of the fact that the simple aromatic amine is more 
rapidly excreted from the hliman body than the sulfanilamide type drugs 
(1  19, 229), the conclusion S C C ~ ~ S  to he justified that PABA therapy is not, 
likely to interfere with subsequent, siilfonaniide treatment.. 

9. Bactericidal a d  Fungistntic Properlies 

Alt,hough it has been st.ated (214) that PABA is not inhibitory to any 
of the common pathogenic organisms, it might be expectred to have a h -  
bact,erial action, since it is a derivative of aniline. Indeed, concentxat,ions 
of 0.3 per cent of PABA were observed t,o be effective against Pseiulomonas 
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mors-prunorum (163); it was noticed to inhibit the growth of Proteua 
vulgaris (53) and of Bacillus c ~ l i  communis (119), and to have slight anti- 
malarial activity (209). &loreover, small amounts of PABA in combina- 
tion with a sulfonamide often appeared to  inhibit bacterial growth more 
than did the sulfanilamide type drug alone (230). 

PABA’s effectiveness against fungi was also investigated. Hoffman, 
et al. (231) found that the fungistatic properties of benzoic acid were 
decreased by the introduction of a hydroxyl group in ortho and entirely 
eliminated by substitution in either meta or para position. The hypothesis 
was advanced that a more powerful fungistat results when the polar groups 
are concentrated in one area of the molecule rather than spaced around 
the non-polar nucleus. A condition of resonance may mask the polar 
nature of amino groups in ortho and para positions, since m-aminobenzoic 
acid showed the non-inhibiting action, whejeas the ortho (anthranilic acid) 
and para (PABA) isomers tvere found to have greater fungistatic properties 
than expected (232). Therefore, biological activity of a molecule appears 
to be related to its structural ability to exist as a resonance hybrid, a fact 
which may have a bearing on the therapcutic efficacy of sulfanilamide type 
drugs and the inactiviw of their meta and ortho isomers. 

4. Physicochemical Data 

The ultra-violet absorption curves of various benzene derivatives were 
determined in acidic, basic and in sodium chloride solutions (233). The 
general rule was developed that the. spectrum of an unsubstituted or alkyl 
substituted aromatic amine will revert in acid to  that of the corresponding 
substance in which the amino group is replaced by hydrogen or an alkyl 
group. PABA and sulfanilamide were found to have a higher extinction 
coefficient in basic than in sodium .chloride solutions, indicating that the 
main resonance form makes a greater contribution in the ion than in the 
undissociated molecule. PABA and sulfonamides have similar resonating 
structures with a separation of charge (234) and therapeutic potency may 
be associated only with forms which have such a charge. The meta isomers 
do not exist in forms of this type and the ortho isomers may be rendered 
inactive by way of hydrogen bond formation or through difference of spatial 
configuration. Since the bdcteriostatic action of a sulfanilamide type drug 
is due to  a competition with PABA, i t  follows that the more closely the 
spatial configuration of the former resembles that of the latter, the greater 
is the blocking, i.e., ba,cteriostatic effect of the former. The molecular 
ratio of the antagonistic pair, PABA and sulfanilamide (119, 157,’158, 191, 
229), is merely a measureof their respective affinity for the unknown receptor 
site in the organism. These ratios were found (194) to be sensitive and 
reproducible :riteria for the effectiveness of sulfonamides. In  a wide 
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varieby of organisms, the receptor site in the bacterial cell is the same, 
the difference in effectiveness between various sulfanilamide type drugs 
is a characteristic of each individual drug irrespective of the microorganism 
involved, and the association of the drug with the organism is a function 
of the aromatic amino group (158, 160). 

PABA has not only a steric similarity to sulfanilamide, but shares also 
its characteristic attribute to form salts. Both compounds are basm of 
about equal strength, but the latter is roughly a million times weaker 
as an acid than the former (235). PABA is characterized by an acidic 
carboxyl and a basic aromatic amino group in para position toit.  Since 
many of the sulfanilamide type drugs contain the latter and an acidic 
sulfonamide group, Bell and Roblin (236) made a comparative study of the 
physicochemical properties of these radicals. The ionization constant 
(Kb) for PABA's amino group was found to be about 2.6 X lo-'' which 
is in good agreement with previously reported data (237, 238). The range 
of the basic strength of this radical of practically all sulfonamides was 
noted to be small (0.5-2.3 X Therefore, no relation between these 
constants and biological potency is apparent. 

The acid dissociation constants (K,) of sulfanilamide type drugs were 
found (236) to vary over a wide range ( < lo-" to lo-*); the K. for PABA 
is 2.1 X 1O-q its pK, being 4.68 which is in close agreement with 4.8 
reported earlier (239). The carboxyl group of PABA WM demonstrated 
to be better than 99 per cent ionized a t  pH 7, and the carboxyl ion may 
increase the basicity of the para amino radical threefold over the value 

.obtained with un-ionized carboxyl in an acidic medium. On the basis 
of these data, a theory was presented (236) predicting the relative activity 
of the ionic and molecular forms of the sulfanilamide type drugs, 

The anti-bacterial efficiency of a sulfonamide, as measured by its ability 
to overcome PABA, was observed (240) to be dependent upon the pH 
of the medium. The former competes on a more favorable basis with the 
latter a t  a high than at a low pH where acidic dissociation is relatively 
small for the weaker acid. Woods (191) had postulated competition for 
a bacterial enzyme between one mol of PABA and 525,000 mols of sol- 
fanilamide. Fox and Rose (241) reported that in excess of 600 times more 
PABA is needed to block sulfathirtzole or sulfadiazine then to block sulfa- 
nilamide. However, when only the concentration of ionized drug is con- 
sidered, all the sulfonamides seem to react in roughly similar amounts with 
approximately equivalent quantities of PABA. It is apparent that 
bacteriostatic potency of sulfonamid'es is influenced by their degree of 
ionization (236,241-244) and is a direct function of their protein-combining 
capacity (245, 246). 

The evidence that biological activity of sulfanilamide type compounds 
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is found in the forms with a separation of charge, is not contradictory with 
that showing it to  be a function of the acid dissociation constant or the 
negetivity of the sulfonyl group (247). The more negative the latter group, 
the greater is the positive charge on the p-amino nitrogen; the form with 
the separation of charge becomes a more important contributory factor; 
the amino radical enters into a more coplanar configuration with respect 
to the aromatic nucleus; and the amino group of PABA is nearly 
coplanar with the ring. This coplanarity may be a necessary condition 
for reactivity with enzyme systems, thus explaining the observation that 
association of the drug with the organism is a function of the aromatic 
amino group (158, 160). Indeed, when the law of mass action was applied 
(248) to a system of a sulfonamide and an enzyme in a buffer solution with 
a pH near 7, it was possible to predict the existence and acid dissociation 
constant of a drug of maximum potency, to correlate the effectiveness of 
basic as well as acid sulfanilamide type compounds with their ionization 
constants, and to account quantitatively for the inhibitory effect of PABA. 

The clinical importance of the studies on basicity and drug action has 
been emphasized editorially (249) and the results obtained were applied 
to the problem of the local application of soluble sulfanilamide type drugs 
in war wounds and burns. Since sulfathiazole and sulfadiazine are far 
more extensively ionized than sulfanilamide (241), infected wounds, the 
pH of which was observed to range from 5.5 to 6.5, were found (250) to 
require from 10 to 100 times more of the latter substance for bacteriostasis 
and only 1 to 4 times more of the former two compounds than less acidic 
tissues. The solubility of these drugs is also reduced in acidic exudates.. 
Therefore, their sodium salts were recommended for local use in order to 
obtain prompt control of infection without tissue irritation. 

Emphasis has been placed (251) on the absolute necessity of local 
cleanliness and careful dkbridement in the external use of sulfonamides. 
Only under these conditions will the physician be able to prevent formation 
of the inhibiting PABA and “allied peptone products’’ derived from broke11 
down pus cells, exudate and bacteria. 

6. Growth-promoting Activity 

PABA does not stimulate the growth of Streptococcus hemolyticus (191), 
Streptococcus viridans (162), Staphylococcus aureus (230), )r Pneumococcus 
(119), and has not yet been found (252) essential for the normal growth 
of pathogenic bacteria. However, the lactobacillus growhh factor of 
Moller (253), named “Vitamin H”’ and observed to kntagonize sulfanilamide 
type drugs (254), was isolated from a “Vitamin H” (biotin) concentrate 
from yeast and identified as PA A (255). The BY growth factor for 
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Clostridium acetobutylicum of Oxford, e t  al. (256) was found to be identical 
with PABA (257, 258). The simple aromatic amine is needed for growth 
by 7 strains of Cl. acetobutylicum, C1. butylicum No. 28, and by C1. felsineuni 
(Carbone) No. 41 (259); the et,hyl ester of PABA was observed to have less 
than 0.1 per cent activity, although others (260) had found equal potency 
for the two compounds. It has been stated that PABA in a dilution of 
lo+ will, in the presence of Ih t in ,  stimulate the growth of C'1. ucetobutyli- 
cum (261). That PABA is a true growth factor was confirmed with lactic 
acid bacteria (262-265), C'ornebackrium diphtheriue (263) , -4celc bactcr 
puborydans (266), Nwrospora mutant (207), Lactohmillics ambinoms (263, 

TABLE; I 
PABA in Plant hlalerial 

Material 

Alfalfa (hlcsl) 
Aeparagus (Dried Juice) 
Cabbage (Dried) 
Carrots (Dried) 
Concanav:ilin' 
Mushrooms 

I (Irish) 
1 (Sweet) 

Potn toes 

Spinacli 
Tomato (Roots) 

Total PABA 

p.p.?n: 

21 
141 
0.4V 

1.3' 
0.4' 
0.122 
0.6* 

+4 

225 

Unbound PABA 

P.p.rn.* 

2' 
1.2' 

10' 
0.181 

0.39 
0.119 
0.122 

1 I h t a  from Rcfcrcncc 263. 
2 Data from Rcference I89 
3 Data from Rcfcrencc 13. 
4 Dnta from Refcrcncc 216. 
6 Data from Reference 284. 
6 Jackbean Protein. 

* p . p . m .  = part,s per million. 

268) and Clostridiuni tliermosaccharolylicum (268a). I t  is of interest to 
h o t e  that the effectiveness of PABA a.s a growth factor for the Neurospora 
rrassa mutant of Tatum and Beadle (2G7) decreases with the increase in pH 
of the nutrient solution, indicating activity for the molecular and not thc 
ionic form of the simple aromatic uniine (2681)). 

Stimulation of the growth of Lupinus  ulbiis seedlings by 1 part per million 
of PABA has been obtained (269), but stronger concentrations .were ob- 
served to inhibit though not as much as the PABA isomers. PABA or 
a substance having similar physiological activity appears to  be normally 
contained in toninto rOQtS (216), and to be synt,hesized by yeast (215). 
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I X .  DETERMINATION 
1 .  Qualitative Methods 

Marshall (270) found that diazotized PABA can be coupled in acid 
aolution with dimethyl-a-naphthylamine or preferably with Bratton and 
Marshall's (271) N-(1-naphthyl) ethylenediamine dihydrochloride, A 
red pigment is thus obtained which is also formed with diazotized aniline, 
the PABA isomers, sulfonamides, and related compounds. Nevertheless, 
the test is specific provided the different reaction rates of the various 
diasotized substances are taken into account. Another color reaction 
based upon the formation of a Schiff b p e  was proposed by Tauber and 
Lauffer (272), who observed that PABA iorms a deep yellow color in acetic 
acid medium with p-dimethylaminobenzaldehyde. The test is applicable 
also to the isomers of PABA, aniline and derivatives, such M p-toluidine, 
but not to aliphatic amino acids nor to aromatic derivatives such as tyrosine 
or phenylalanine. 

2. Quantitative Methods 

a)  Chemical Analyses. Bratton and Marshall's sulfonamide method 
(271) has been employed for the quantitative determination of PABA in 
yeast (188) and blood (273), and full directions were given for the analysis 
of PABA side by side with procaine (274). Using vitamin B1 as a reagent, 
a quantitative method was developed (120) based upon an isoamyl alcohol 
soluble pink to red compound obtained by reacting PABA with diazotized 
thiamine. 

The use of p-dimethylaminobenaaldehyde has been advocated (275,276) 
for the determination of sulfanilamide type drugs. This compound was 
employed (277) in test paper for the estimation of sulfonamides in laked 
blood. The paper was recently modified by La Rosa (278) for the direct 
analysis of free sulfonamides' and other primary amines, including PABA, 
in serum. The color developed varies from a pale violet for normal serum 
to a bright yellow for serum containing the test substances, and may be 
compared with color standards. i 

An estimation procedure which makes use of tyrosinase may also be 
employed (279). When this enzyme catalyzes the aerobic oxidation of 
catechol, a transient pale yellow-green color is observed. If the medium 
contains PABA, this color is not noticed; but a red compound is formed 
which is stable at pH 5. The reaction is sensitive for the colorimetric 
determinition of PABA in amounts of as low as 5-10 y. The red color pro- 
duced WM found to be dependent upon the amount of PABA, when 1Oy 
of catechol WM added to the tyrosinase solution. The same color is 
developed, when the system tyrosinase-oxygen is replaced by ceric sulfate, 
which is easier to obtain and less expensive than the enzyme. 
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b) Microbiological Assays. A semi-quantitative microbiological assay 
was devised by Rubbo, et al. (260) using Clostridium acetobutylicum. 
Acetobacter subozydans was employed by Landy and Dicken (13) who 
measured in a photoelectric colorimeter the turbidity resulting from the 
growth of the bacteria. The test is highly specific, since the PABA isomers 
and other related substances were found to  have no biological activity. 
Because a relationship between purines and PABA exists for growth as 
well as for reversal of sulfonamide bacteriostasis, the incorporation of 
adenine, guanine, and xanthine into the basal medium used for PABA 

TABLE I1 
PAB-4 in Animal Tissues 

Matrrial 

(Human) 
(Ox) 
(Rat) 
(Human) 

(Dried) (Human) 

Blood 

Urine 
Spinal Fluid (Human) 
Feces 

Liver 

Meat (Extract) 
Pork r Muscle 

\ .  . 
Brain (Rat) 
Henrt (Rat) 
Kidney (Rat) 

1 Data from Reference 263. 
* Data from Refercnce 190. 
* Data from Refcrcnce 13. 

Total PABA 

fJ.#.rn. 

0.27' 
0.4' , 0.5' 

2.5' 

0.8' 
0.6a 
1.7' 
0.7' 
1.35' 
1.82 

Unbound PABA 

fJ.).cn. 

0.035', 0.015-0.06* 
0 .oop 
0.06' 

0.02', 0.02', 0.015' 
Traces' 
4-12' 

0.2',0.2' 
5 .Oa 
1.38 
0.3' 
0.3' 
0.15' 
0.14' 
0.15' 
0.13' 

4 M. Landy, personal communication of July 30, 1913. 
6 Data from Rcfercnce 283. 

assays was recommended (280) ; purines,'although not essential for growth, 
act as growth accessories. 

Lactobacillus arabinosus was the test organism in the microbiological 
assay of Lewis (263), and Mitchell, et al. (190) made use of Neurospora 
crassa (mutant). Strong acid or alkaline hydrolysis was found essential 
(281) to obtain the correct PABA content of natural substances, since i t  
occurs in free and bound forms (188). 

Mirick (282) proposed an organism of the Pseudomonaceae family which 
produces enzymes that readily oxidize PABA when grown in the presence 
of the latter. For this bacillus, PABA is neither growth factor nor ia it 
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releascd into the medium in which the bacilli Ltre cultured, but it is com- 
pletely destroyed as determined by the diazo reaction. The specific 
adaptive enzymes of this soil bacillus can be used for the identification of 
as little as 107 of PABA. The limitation of the method is primarily a 
matter of sensitivity of the diazo reaction which allows the measurement 
of not less than one part of PABA per million. Nevertheless, Mirick 
recommended this microbiological identification because of the great 
specificity which characterizes adaptive bacterial enzymes in general and 
the ones of the proposed bacillus in particular. 

TABLE I11 
PABA in Dairy Products 

Product 

(Fresh 
(Skimmed) 
(Whole) 
(Dried) 

Egg {(Yolk 
(Albumin) 

Total PABA 

9.9.m. 

0.1’ 

0.4’ 
0.8’ 

Unbound PABA 

fJ.fl.m. 

0.08*, 0.15’ 
0.0041 
0.07l 
0.21 

0.81 
0.06’ 

*‘Data from Reference 263. 
3 Data from Reference 190. 
a Data from Reference 13. 

X. NATURAL OCCURRENCE 

I .  Ilistrihulion 

Apparently, PABA is as widely distributed in nature as most of the 
factors of the vitamin €3 con~plex. Yeast, from which it was first isolated 
(188, 2001, is ldievcd to he by far the richest source. PABA’s presence 
in most tissues, fluids, and eliminntion products of the body (13, 257, 
283) is established. At least three forms arc apt to occur, namely, “un- 
bound PABA”, i.e., PABA in thd free form; “bound PABA”, i.e. PABA 
associated with carriers, such as proteins, or PABA combined with other 
compounds, possilnly peptides or amino acids; and “conjugated PABA”, 
i . e .  acetylated PABA. The accompanying Tables I-VI summarize the data 
reported to February 1, 1944. Total PABA was usually obtained after 
hydrolysis and was found to be far in excess of unbound PABA partic- 
ularly in animal tissues but not in all the materials analyzed. Crystalline 
and non-crystalline enzyme preparations were noted (284) to contain 
bound PABA as impurities rather than as an integral part. It may be that 
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its determination in crystalline proteins is a useful means of detecting 
foreign matter which must be extremely high in PABA if it is to carry all 
that is present. 

TABLE IV 
PABA an Vitamin B Complez Materials 

Preparation 

Yeast 

Rice 

(Cnke) 
(Baker's) 
(Brewer's) 
(Autolyzed) 
(Extract) 

(Bran Concentrate) 
(Bran (Galen B)) 
(Polish (Labco)) 

(Whole) 
(Germ) 
(Middlings) 

(Smaco-200) 

(Smaco 5ooo) 

Wheat 

Molassea 

Biotin 

Total PABA 

).p.m. 

4.0' 
5.6s 
9-591 

1561, 386 
121 

9' 
161 

0.8' 
1.8' 

0.38 
62501 

Product 

Beef (Extract) , 

Malt (Extract) 
Yeast (Extract) 
Yeast (Autolyzed) 
Egg (Dried Whole) 

Unbound PABA 

).).m. 

3.6' 

6-61', 1038, 5O-lW 
71 
1571 

3' 
21 
148 

0.251 
0.5*, 1.0' 

0.5: 
0.2',0.01' 
4601 
770' 
6601 

1 Data from Reference 265. 
1 Data from Reference 190. 

Data from Reference 13. 
4 M. Landy, personal communication of July 30, 1943. 
6 Data from Reference 188. 

TABLE V 
PABA in  Bacteriological Reagents* 

Unbound PABA 

p.).n." 

0.07 l0.15 (T)]  
0.74 12.2 (T)1 
157 
7.4 [12.0 (T)] 
0.36 

Product 

Gelatin 
Neopeptone 
Pep tone 
Pro teose-peptone 
Proton 
Trypton 

* Difco. 
** Data from Reference 263. 

*** Data from Reference 13. 
T = Total PABA. 

Unbound PABA 

).).m.** 

0.013 
0.11 
0.19 [0.4*'*] 
0.37 
0.06 
0.43 
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9. Suljonamide-fastness 

Some species of microorganisms, such as Staphylococcus aureus and Pneu- 
mcoccus, but neither Escherichia coli nor Group C Streptococcus, were ob- 
served (285) to release into the medium an antagonist which is elaborated 
in greater quantities by sulfonamide resistant pneumococci than by the 
parent strain. Sulfonamide-fastness, produced in vitro and in vivo with 
varioup strains of staphylococci (286)) was postulated (287) to be due 
to the synthesis of drug inhibitors, such as PABA, by the organisms. 
Indeed, the antagonist is largely, if not entirely, PABA (288)) since sulfon- 
amide resistant strains of Staphylococcus aureus synthesize seventy times 
more PABA than do parent strains of the same organism. The resistant 
bacteria were observed to produce a hundred times more PABA than 
the average amount made by a variety of organisms representative of 
twenty, bacterial genera (155). The quantity synthesized waa con- 

TABLE VI 
PABA in  Enzymes* 

Preparation I TotalPABA I UnboundPABA 

Catalase (Beef Liver) 
Muscle Extract (Rabbit) 
Phosphorylaee 
Polypeptidase (Yeast) 
Rennin (Crystalline) 
Urease (Jackbean) 

$.$.m. 

19 
23-26 
13 
130 
19 
21 

~ ~~ 

p.p.9S. 

4.3 ' 
1.7 
2 
6.6 
1 .o 
1.9 

* Data from Reference 284. 

siderably' in excess of the minimum amount required for reversa1 of the 
inhibitory action of the quantity of sulfonamide to which S. aureus is 
resistant. It seems, therefore, that the staphylococcus cell undergoes 
fundamental changes in its PABA metabolism when becoming drug 
resistant. Thus, the phenomenon of sulfonamide-fastness in S. aureus 
is explained by the development of the ability to synthesize PABA in 
excess of the normal metabolic requirements as a result of continued 
exposure to sulfaniladde type compounds. In 'vitro, in  uivo, and particu- 
larly clinical observations showed conclusively that sulfonamide resistance, 
once established, is retained indefinitely, and that increased PABA syn- 
thesis is associated with sulfonamide-fastness, suggesting the former to be 
the cause of the latter. 

Confirmatory evidence was obtained (289) with ten resistant strains 
of staphylococci shown to produce a substance which inhibits the anti- 
stsphylococcic action of the sulfanilamide type drugs and which was found 
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to have several of the properties of PABA. An interesting reproduction 
phenomenon was observed, namely, the strains which gave little or no 
inhibition of bacterial growth produced a water-soluble yellow to deep 
brown-orange pigment in the presence of a sulfonamide. It is indicated 
that this pigment is derived from PABA. Apparently, sulfonamide 
resistant strains of staphylococci reproduce readily in the presence of sulf- 
anilamide type drugs because of the synthesis of significant amounts of 
PABA. After maximum growth is attained, the latter is changed from 
a colorless state to a yellow-brown pigment. A yellow pigment was also 
observed (290) in cultures of Tubercle bacilli of Strain No. 607 of the 
American Type Culture Collection when grown in the presence of 1 : 1,000 
to 1:3,OOO concentrations of PABA. At first, the color noted was bright 
yellow, then the cultures became brownish. The pigment was found to  be 
insoluble in ether, chloroform or petrol ether, but very soluble in concen- 
trated acetic acid and phenol. It is not identical with riboflavin, formed 
in considerable amounts by the bacilli under the same conditions; however, 
it may be a metabolite derived from PABA. This substance does not seem 
to be involved in the major reaction resulting in the yellow, orange, or red 
color production observed (290a) in Escherichia coli cultures grown in the 
presence of sulfonamides. However, i t  may enable the organisms to  
produce nitrite and acid in the presence of quantities of sulfanilamide type 
compounds adequate for the production of visible color. 

Resistance in certain species, e.g., E. coli, may not be accompanied by 
enhanced PABA production. A gram negative soil bacillus was de- 
scribed (291) as being capable of oxidizing 10 mg. of PABA in 100 ml. of 
medium in 21 hours. It was subsequently found (292) to interfere with the 
activity of the substance in human serum which inhibits sulfonamides 
and to produce an antagonist which, though not identified as yet, is not 
PABA (293). 

C. Conclusion : Physiological Importance 

From a pharmacological point of view, PABA may be considered to be a 
detoxified aniline. Since it does not act like pigments do and since no 
results were obtained in cases of faulty pigmentation from its local or 
topical application, its physiological effect is not that of an aniline-like dye. 
However, the question whether it is to be considered one of the B-vitamins, 
can be answered. 

By definition, a vitamin B complex factor is 
a) a natural constituent of yeast, liver, and/or cereals. 
b) water-soluble. 
c) a growth-promoting substance for bacteria, yeasts, fungi, and/or 

molds. 
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d) a co-enzyme or activator of enzymstic prozesses. 
e) physiologically effective in minute amounts. 
f) a substance which causes a deficiency diseage when laoking in the diet. 
The data presented in the preceding chapters seem to justify the con- 

clusion that PABA is one of the vitamin B complex factors: i t  occurs in 
nature as universally as and side by side with most of the B-vitamins; it 
is about thirty times more soluble in water than riboflavin; i t  is a growth 
factor for a variety of microorganisms; its r61e as a phenolase activator has 
been suggested; i t  has been claimed to  bz clinically effective in amounts 
comparable to those employed in choline and inositol therapy; deficiency 
sjrlnptoms resulting from its absence in the diet have been described. 
However, it may be argued that PABA per se is not a vitamin, since the 
amounts necessary to show effectiveness experimentally and clinically 
are by far greater than  the ones ingested in a normal diet. Nevertheless, 
it has been suggested (VII, 2) that PABA as found in natural products 
may possibly be more efficacious than the simple aromatic amine by 
itself. The PABA-peptide, p-aminobenzoyl-2-glutamic acid, although 
not known to occur in nature, has been reported (294) to have 8 to 10 times 
more anti-sulf onamide activity than equimolecular amounts of PABA 
per se. To date, the high potency of the peptide could not be confirmed 
experimentally, but further work will undoubtedly yield PABA derivatives 
with more clinical effectiveness than has the simple aromatic amine. 

As recently as April 1943, Hogan and Kamm (295) remarked that the 
status of PABA as a vitamin still is indefinite. Nevertheless, the American 
Medical Association (102) commented on PABA as a vitamin in relation 
to humangray hair in July of the same year. In  a 1044 review of the present 
status of the vitamin B complex, Elvehjem (296) stated that the vitamin- 
like property of PABA has been demonstrated and that the simple aromatic 
amine can undoubtedly produce certain effects in the human, but he is 
inclined to  believe that its action is indirect. Although the U. S. Food 
and Drug Administration (297) prescribed in 1941 that a product desig- 
nated as a “vitamin B complex preparation” should furnish demonstrable 
amounts of PABA, the same administrative agency (298) made known 
about two years later that there was no convincing evidence for PABA to 
be a food essential for animals or humans. Indeed, PABA occupies as 
peculiar a position as do some of the B-vitamins, such as choline (299). 
It may not be classified as a vitamin for animals capable of synthesizing it. 
It may be considered to be a vitamin for all species for which it must be 
supplied preformed in the diet in order to satisfy tissue demands. Ac- 
cording to  Williams’ (300) thesis on vitamins, the significance of PABA 
in the intestinal physiology of the animal is just as great whether it is an 
indispensable food constituent or is manufactured within body tissues. 
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I . INTRODUCTION 
In this study attention has mainly been confined to  the factors that 

govern the initiation of cartes . After the carious process has been startfed, 
its course is fairly well known to be one of dissolution of enamel and dentin 
by the activities of acid-forming bacteria thriving mainly on carbohydrates . 
Immunity to caries of certain teeth in some individuals that are attacked 
in others is the main stumbling block to the acceptance by some of the 
chemico-parasitic theory . 
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The critical point in tlic etiologj. uf dental caries is the ehtinge froin soui~d 
to carious enamel. That vhange is here considered as an event inicroscopin 
in space and infinit,esimal in time. I f  i t  does not ormr  predisposing factors 
are of no import,anre; if the agcmts which form a cavity after the initial 
breach is niride are ahsent,, or are t.oo feeble, caries muy be said never to have 
existed. 

‘I’he selcc.t,ion of t opic1s f o r  discussion luts been m d e  for the reasoiis here 
det,ailctl. ‘I‘he tuithor has been 1)afRetl by the crypttic dat,a of many papers 
and liencr? 1i:ts wight  the cause and has proposed a remedy, namely, t l i c  
keeping arid disclosure of t.he data in  u more finely divided state. Caries 
in rats has been reviewed, with rcspect to its etiology, as an economical 
guide t.0 study of caries in mail. The chemico-parasitic theory of caries has 
been examined with special reference to the initiation of caries as distinct 
from promotion. Plaque has been given att,ention because this feature of 
oral environment is most related tto initiation of caries, and present studies 
of plaques represent a return to the study of the whole flora of the mouth. 
A brief rcvieiv of the literature of the antkeptic power of saliva is presented 
because initiation of caries occurs in the medium. of t>liat fluid or a t  least in 
proximity to it. The subject of fluorine and caries is admitted because of 
its real significance in practical prevention of dental caries and because it 
puts t o  the tmtP st,riict8ural find locnl environment. t,lieories concerning 
caries. 

11. ON RECORDING THE DATA OF DENTAL CARIES 

1. General Considerations 

The close, critical examination of the literature of dental caries is difficult, 
because so much of the reports is of subjective nature. Undoubtedly the 
investigators have seen conditions which have justified their conclusions 
hut, except by a case history procedure, they have no means of reporting 
them. Consequently the readei is largely left sithout particulate data. 

Most, biological data can be reduced to  a single figure, such as an arith- 
metic mean and its standard error as an index of dispersion, I\ ithout scrious 
loss. However, since the data of dental caries relate to condilzons in di’crmt 
kinds of terth, expression in a single figure constit,utes largc and irretrievable 
losses of information. 

2. A Working Hypothesis of Etiology 

The mana.gement of data indicates that the ruling concept of the etiology 
of dental caries is a single chain of events for all cavities. This a priori con- 
clusion results in no distinction being made in kinds of cavities. Therefore, 
the caries status of an individual, or of a community, is frequently rcported 
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i ts  a single nuniber, th:it is by some type of caries index. If, in contrast to 
the u l )ow idpa, an a priori cwncept of lhi, unique ctiologg of each cavity were 
s d ) s t  itutcd, ;L tlill'cwiit maiii\gcmrtit. of dtit'a wo~tld :tt oiicc* I)(: necessary. 

1 his cowcpt proposw tli:tt IHJ + \yo  c.ii\-itiw a 1 1 ~  csac.tI?. alike hecause of 
slight dift'wwicw i i l  I INS ititciisit,y ( i f  Iuisit i \ c  :tntl nc.g:lti\.c (~tiis:tl factols t,Iia.t 
l i : t ~ ; c ~  c ) c w i . r c ~ l  in tlic Ioiig liisttrrj. (11' chiicli tootli. It siiggcssts thixt, e,zcli 
vavit?. has ihc:  indivitlu:ility :mi i i i i i ( 1 w  c,li:ci.actc'i.istics ot' :I liiimaii finger 
print.. 

'I'his p*oposd su1)stitiitiori of :L wriccyt of uni(~Iw,  lor oiic of coiiinioii, 
ctiology is c(1tiivalent to siiggvsting t h a t  the q)pro:~cIi to t,he dental caries 
probl~tii I)c iwttlc \\-it11 :tn o p t ~ i i  r:itiicr thaii a c . l o n t d  mind. It, asks that 
cwnclueions I v  clraivn on :in n poslrriori basis with respect to the d a b .  

It is patently impossible to determine qualit,ativcly and quantitat,ively 
every faetaor that has played its part in determining tlie ex& status of a 
cai7it.y at any given moment. ('ertain fnct.ors niust, l)e groiipcd and short 
ppi*i(ds of time iiitegr:ttetl t o  :i 101ig~t. oiic on an n priori basis. Specifically, 
for csnniplc, in a lmrgcx population group, segregation of data cnii be made 
oii racid, sex, ;tiid :tge bnsrs  Ijut individital variat,ion wit.hin bhese groups 
must I)(. :is,s;uniecl to follow sonw t ypct of dist.ri\)ut-ion. Just. what t,his pat- 
t,ern of v:tiiit ion is n i : i \ e  also I)(! assumcd hit it.s a,l)j)roxirntxt,e rorrect.ness is 
t.o bc asscirt('(l only by n yo.sleriori considerations. 

The :hove  is ii pract i c d  modificatiori of the concept of t,he unique etiology 
of  tlcntnl (*:tries. It .  simply proposcs to d o  1vha.t. is possible by ordinary 
inelins t.0 p:itlwi, t l w  chta on factors \rhich may infliicme t8he course of caries. 
I h t  the iniportunt. ixyiiiremcnt of t h e  concept is that, Ihc data should be kept 
as j i / i & j  iIirdcd as posxi6k. 'I'Iiis demand for  suhtlir~isicin of data relat,es to 
both the data of caitses arid t,he data of c>ffecis. 

The impressicm should not be left that, the assumption of common 
etiology of caries has been rigidly follopxl by those who attempt to reduce 
t,he incidence of dental caries to ti single figure. In m:tny cases in which a 
rate of some t,ype is given, t.he data of incidence of caries in the niolars have 
been sepsrated from those of caries in the ;interior t,eeth, or even the caries 
experience of ii singlc tooth t.ype, such tis mortality of first molars, inay be 
discussed. This pwtic'e rq)resciit.; :L trend t o  t.hc concept of t,ho iiniqiie 
etiology of caries. 

7 ,  

3. Caries lndices 

For t,he purpose of developing a practical mid-ground in the assembly and 
analysis of the data of dental caries to the end chiefly t.hat etiology be 
clarified, :% hrief es:tminat,ion of S O I ~ ~ C  caries indices is presen tcd. 

Theiv :ire generally t.hree bascs L l p 0 I i  which to report caries incidence. 
'These are (a) t.he niiniber of subjects affect.ed; (h) the number of teeth show- 
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ing caries; and (c) the number of dental surfaces attacked. Also, quite 
generalIy, these data are reported as rates and too frequently the primary 
data, from which the rates are derived, are omitted in whole or in part (for 
example, see p. 298). 

In the unique case of no caries these three systems are in agreement but 
a t  no other point can one be transformed accurately to another. 

In  the first system a subject with a single small cavity is ranked equal 
with one having extensive caries. This defect is too obvious for any serious 
use of such a system for the study of the etiology of caries. 

The comparative efficiencies of the whole-tooth and the surfaces-of-teeth 
systems caii be roughly judged by considering how they would be used in 
studies of the relation of heredity to caries, in comparison of rate of progress 
of decay, and in the determination of the relative incidence of interproximal 
and occlusal caries of molars. 

Morelli (159) set up a syst,em in which the index was 

Number of teeth in mouth 
Number of carious teeth 

and a subscript was used to show the number of carious teeth. Thus J = 
1 . 5 3 ~  meant, that of 29 teeth, 19 were carious.’ 

Entin (77) criticized the index of the Turkheim.schoo1, 

Number of carious teeth 
Number of teeth present 

as not accounting for unerupted and missing teeth. 

Number of intact teeth 
Number of teeth erupted ’ 

a number which ranges from 0.0 to L O .  Both Morelli and Entin (78) noted 
that their indices were discontinuous functions and tabulated the series of 
values. 

Bodecker and Bodecker (38) pointed out that in Entin’s index a subject 
with a number of teeth with small cavities would be reported as worse off 
than one with fewer teeth badly decayed. They proposed a uystem based 
on 100 susceptible areas so that the index would be directly the number of 
such areas observed to  be decayed. In  effect they selected 100 areas by 

1 Morelli gave 320 as t,he index number for a caries-free mouth. He did not discuss 
321 which is the index number for a single carious tooth in 32 teeth. 

Morelli’s index numbers are in a tangential series. Those who make a practice of 
adding and averaging numbers without consideration of whether or not they are in 
arithmetical series should contemplate the results of determining a mean Morelli 
index by adding and averaging Borne values obtained by his mothod. 

His index was 
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excluding teeth infrequently decayed (lower incisors and the four canines) 
and the t h r l  molars, because of late eruption. The upper incisors and pre- 
molars were considered as having 4 susceptible areas, the lower premolars 
as having 5 ,  and the 1st and 2nd molars as G each. Unerupted teeth were 
included as non-carious and lost teeth as three points, subject to  change 
because of case history. Crowns were recorded as three points and teeth 
“which serve as abutments for bridges may be rated lower.” Re-decay 
around margins of fillings, erosion, and periodontoclasia were considered for 
evalunt,ion. 

In  the case of the deciduous teeth all 20 were considered, the 5 susceptible 
surfaces giving the desired base, 100. The caries index of a mixed dentition 
offered difficulties. 

A “Caries susceptibility index” was the annual increase in the “life caries 
index.” “Relat,ive age index” is comparison of the individual with “the 
average index of a group of persons of the same age, sex, and of the same 
vocation.” “Relative age caries-susceptibili ty index” is the relative annual 
increzse in caries index compare( with the group. These latter two indices 
require the pertinent statistical accumulations. 

Bodecker (36) deemed it advisable to modify the index of Bodecker and 
Bodecker by inclusion of all 32 teeth. As this totalled 160 surfaces, he 
provided a table for reduction to a base of 100,that is,each cavity counted 
0.625%. Information was given on how to score fillings involving two 
surfaces, two cavities on one surface, and other details. 

Bodecker (37) expanded the base of his caries index to  180 surfaces, 
retained the idea of a quotient but did not consummate the operation. 
Thus 28 carious surfaces were cxprcssed as an index of 28. The increase 
from 160 to 180 was because of recognition of both mesial and distal pits in 
molars and premolars as separately subject to decay. 

Number of cavities 8 

ISumbeK of teeth present 
Day and Sedwick (G3) used as an index and pre- 

sented separate values for upper and-lower teeth as well as for the whole 
mouth. 

Iilein and Palmer (113) introduked the term DMF meaning “decayed, 
missing, or filled.” Further definition mas “with respect to a child, that 
the mouth contains 1 or more actively decayed, 1 or more filled, or 1 or more 
missing permanent teeth.” Klcin, Palmer, and Knutson (1 14) extended 
DMF to describe surfaces of teeth. R.ate of DRllF per 100 was calculated. 

The Bodecker index and Rlein and Palmer’s DMF have been widely used. 
Sandler (178) has provided an equation for deriving the Bodecker index 
from DMF. Such a conversion would be justified only for the purpose of 
comparison with some existing body of data and not as a routine measure. 

Rosebury, Karshan, and Foley (176) scored fissure caries in decalcified 
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sections of one of the lower jaws of rats with a scale of 4 sizes of cavities. 
Later (177) they expanded their score to 10 stages of caries. Originally 
they designated their scores by plus marks but in their revision changed to 
numerical values as “the numerical system also permits averaging to  obtain 
a comparative index for each animal and each group.” They obtained a 
value “by dividing the sum of the values for that tooth by the number of 
affected teeth in the group rather than of all the teeth. The index value 
was obtained by dividing the total score for the group by the number of 
animals in the group.” 

Cox, Dodds, Dixon, and Matuschak (56) introduced a system of dcoring 
dental caries in rats based on sites of decay. This method differs from the 
basis of the Bodecker system in that the designation of the sites to  be 
examined was on a purely empirical basis; the Bodecker index originally 
was mainly based on 5 theoretical surfaces per tooth and later was modified 
along empirical lines. 

Cox and coworkers provided a brief description of (a) cavities scored in 
unsectioned teeth, designated “occlusal” and (b) for the fissure caries of 
Rosehury, Karshan, and Foley. (176). Reference to these descriptions is by 
number. They proposed recognition of three sizes of cavities, namely, 1, 
2, and 3 and warned against adding and averaging such numbers as they are 
not in a true arithmetic series. A better designation would have been A, 
B, and C. It was proposed to use number of cavities as an index of suscep- 
tibility to initiation of chries and size as the measure of rate of progress. 
The arithmetic procedure for analysis of these data were presented and 
discussed. The scoring of caries was recorded on punch cards (see Figs. 
1 and 2) to facilitate management of the data, particularly for the operations 
of correlation. 

The scoring system of Cox, Dodds, Dixon, and Matuschak (56) has met 
with some favor as it has been used by the workers in at  least three different 
laboratories (McClure and Arnold, 124, Armstrong, 6 ,  Dale and Powell, 
GO) but in each case with modificatioh. This latter is an indication of its 
flexibility and also that there probably is dissatipfaction with some of the 
descriptive phase. 

However Cox, Matuschak, Dixon, Dodds, and Walker (57) in a study of 
the effects of fluorides on caries incidence lost the advantage of their system 
of scoring by deriving a single figure as an index, that is number of cavities 
per animal. If they had given the frequency of decay for each pair of their 
17 empirical sites it is possible that they would have found that certain of 
the sites of decay would have been protected by preeruptive fluorine to a 
significantly higher degree than others. They may have found that some 
areas derived no protection. Such findings, if obtained, would have illu- 
minated the relation of fluorine to caries in a much more incisive way than 
did the single figure index type of statement. 
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4. A Proposal for the'Recording of Dental Caries 

The fundamental flaw of a caries index is that i t  adds together unlike 
things. For example, an occlusal cavity in a molar is a different entity from 
an interproximal cavity in a lateral incisor. Also, two subjects, described 
as having 3 decayed teeth each or 5 surfaces affected, could not, be regarded 
as having comparable conditions unless the same 3 teeth or the same 5 
surfaces are decayed. Expression of such findings as indices is only further 
obscuration. 

1 2  3-11 12-3 2 I 
1 4 - 3  2 I 

1 2  3-15 16-3 2 I 

I 2 3 - 1 9  20-  3 2 I 

z - 3  2 1 1 2 9 - 1 3  

4 - 3  2' 1 2 3 - 1 7  10 -3  2 1 

6 - 3  2 I :::::: 
8 - 3  2 I 1 2 3 - 2 5  

I 2  3-21 
z 5 1 2  3-29 

1 2 3 - 3  

t 2 3-3t 

-@ 
@SZ- 3 2 I ' 1 2 3 - 3 3  34-321 

,- 3 6 9 I2 

. LEFT RIGHT LEFT Rio t i i  

FIG. 1 
The Scoring of "Ooclusal" Caries. 

The main purposes of dental caries records are (a) to  serve the needs for 
individual patients, (b) t o  provide material for the study of etiology, (c) 
to  make group comparisons such as on sex, race, age, and regional bases, 
(d) to  determine response to  preventive or therapeutic measures, (e) to 
make estimates of cost of treatment of large groups. 

For the individual nothing can replace the exact record of all minutiae 
of his dentition. No surfaces can be neglected because of infrequent 
decay in groups of individuals. How his index compares n-ith'that of his 
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“community,” an age, sex, and occupafion group, is somewhat academic 
in comparison with his coccern for the probable life of each of his natural 
teeth. 

The other four uses of dental records, indicated above, require large num- 
bers of subjects. It is necessary that the methods of recording caries data 
be as uniform as possible to facilitate use. To this end the following 
proposal is made. 

Fro. 2 
The scoring of “fissure” cnries. 

Establish for human caries a strictly empirical basis of description of 
caries to be recorded for group sludies. Keep the number of empirical 
sites to be observed to a practical minimum, excluding, say, those which 
on past observations are known to be found in less than 501, or 2% of human 
mouths at, say 20 years of age. Thus the lingual surfaces of all lower 
teeth would not be examined in group studies. The lower incisors would 
be omitted. But the mesial and distal pits of the molare would be given 
independent statuses. “Untreated” caries, fillings, crowns, unerupted 
and missing teeth would be recorded as such and kept separate in the data 
and analyhed separately unless combinatinn with nthar forms is justified. 
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Different stages of cavitation may be recorded, particularly for untreated 
cavities, but not over three classifications should be used and these should 
be non-numerical so as to  discourage misuse. The classifications shculd 
be assigned to  .each individual site of cavitation, though, in description, 
it is likely that grouping can be made. For example, stage A for the distal 
pit of the lower 1st molar may be, within the limits of any practical de- 
scription, similar to  stage A for the mesial pit of the upper first molar. But 
stage A of caries in the mesial surface of the upper central incisor cannot 
be described at  all accurately by stage A of pit and fissure decay. 

The data of such a system are to be recorded solely on the ba.& of 
counting the nztwiber of each class, whether decayed, missing, or other. 
They are not lo be combined xith other data until by a posteriori study such 
addiiion is  found jzistiJied. 

The primary data may be re-expressed as rates, preferably as probability,2 
but for use in comparisons the data must be available in its original form. 

When the data obtained by counting any or several classes of defects 
by carious attack are t o  be used for study of a possible difference between 
two groups, application of the x2 test is indicated. Fisher (83) has shown 
the derivation of a convenient formula for the calculation of y2 in the 
2 X 2 table, which arises in the simplest test of the independence of 
classification, and Yule (212) has prepared a table for estimation of the 
probability of the independence. The solution of more complex problems 
is indicated by Fisher (84). 

111. EXPERIMENTAL DENTAL CARIES IN RATS 

A major difficulty in the study of the etiology of dental canes hrts been 
the lack of an experimental animal susceptible to  the disease. Caries,has 
been observed in many animals but a routine means of producing caries a t  
will has been lacking in all except the rat. The recent demonstration 
by Arnold (13) of caries in the hamster gives a n  additional specie8 that may 
provide ivelcome confirmation of findings on man and rat. 

1. Studies of Etiological Significance 

The observation by McCollum, Simmonds, Kinney, and Grieves (126) 
of caries in the albino rat and the discovery by Hoppert, Webber, and 

* Empirical probability has an advantage in that it never “expanda” the data of 
counting. When 100 is used, as in per cent, 
or lo00 as in per mille, if leas than the number in the base is counted the data  are 
expanded to the appearance of greater precision. On the other hand, if considerably 
more than the base number are counted, there is a “loss” of precision. 

The figures of probability, per cent, and per mille are identical but vary in their 
relat.ion to the decimal point. Probability starts with the decimal point and may be 
extended as far as the data justify; per cent and per mille must be extended toreach 
the decimal point no matter how they may be lacking in  precision. 

I ts  basis is unity-thc basis of counting. 
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Canniff (104, 105) of a method of initiating caries in that animal opened 
a field for experimental exploration of the etiology of caries. 

Hoppert, Webber, and Canniff (104, 105) undertook to produce caries in 
rats by certain dietary procedures. Their methods were not effective. 
They examined the teeth of rats on a stock ration and found a very ap- 
preciable incidence of caries. This particular stock rzttion consisted of 

Tellow maize meal GO 
Whole-milk powder 30 
Linseed meal G 
Alfalfa meal 3 
Sodium chloride 1 

They found that if the maize were ground to pass a 60 mesh sieve that no 
caries resulted in the rats, the ration with coarse corn meal produced a high 
incidence of caries. 

These findings of Hoppert, Webber, and Canniff (104, 105) led to  H. criti- 
cal examination of dental caries in rats as previously observed by others. 
I t  JWS revealed that in all previous reports of caries in rats, in which the 
cliets were clearly described, that coarse cereal particles had been fed. 
Bunting (43) said in reference to  the observations of Hoppert, Webber, and 
Canniff , “Tliese findings, which have been corroborated by others, have 
negated practically all previous animal experimentation in which the 
fineness of the food was not taken into consideration, and has clearly shown 
the fallacy of many cdnclusions drawn from such experimentation.” This 
criticism by Bunting applies to the findings on rat caries, say, prior to 1933. 
These include work which seemed to  show that a deficienoy of phosphorus 
in the diet of the rat resulted in caries, Shibata’s (182) studies on various 
sugars as initiating caries, and Marshall’s (138, 139) conclusions respecting 
vitamin A deficiency as resulting in caries in the rat. 

Shelling and Asher (181) studied the relation of cereal particles to rat 
caries and concluded: “In the rat there is no correlation between the Ca 
:in(! 1’ intakes, the concentrations of Ca and inorganic P of the serum, and 
c*ariwimmunity, and caries-siisceptibility.” Also “Resiilts on the rxperi- 
nirwtal prodiwtion 11y this means of caries-like lesions in rats are not 
nc~cessarily applicable to  the etiology of dental caries in human beings.” 

I n  a paper immediately following that of Shelling and Asher, Rosebury, 
Karshan, and Foley (176) described three distinct typcs of dental lesions in 
rats caused by coarse cereals. They described (a) fractures of the cusp and 
(b) dissolution of the tooth originating a t  the summit of the cusp where the 
dentin is norrnally esposed in the rat tooth. They escludcd these two 
types of lesions as not being “comparable to  liiimnn tlcntal cnhs .”  But 
(c )  the third type, called by thein “fissure cwiw,” origin:Lted n t  the base 

. 
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of‘ the sulci by penetration of t.he en:iniel, Hpreat~ along tJio  en t ino-iwmit~~ 
junction, extension into the dentin, and finally production of active pul- 
pitis. As a secondary effect, the undermined enamel collppsed at somch 
stage of the development. They set up a system of scoring these cavities 
as to size and described the stages t,o which t,hey assigned “valiies” of +, 

R.osebury, Karshan, and Foley said: “ I n  r:tt,s the ;tcttioii of large part.ich*s 
in producing fissure caries may he esplaiiietl-* ij uv as.s~i:nt(~ that (iontal ctrric’s 
w i s e s  by bacterial aclion on food purticlos wtnirr.cr/ at sitps nborii tlrc lectli 
(italics by the reviewer)-by postulwt ing it process of forcihlt. impuction- 
wedging-of such food particles into f:ivorable regions. Such forcible 
impaction may act (a) by perforating the enamel cuticle and bringing t,he 
food mass into intimat’e contact, with enamel, and thereaft,er (I))  by resisting 
the normal mechanisms that remove or replace food masses less effectively 
impacted. :PIius, if h e ,  is a new principle; arid while its application to 
human caries is of course uncertain, it may well he deserving of considera- 
t,ion in this regard.” 

In the matter of “fracture” lesions, Rosebury, liarshan, and Foley sitid : 
“The most common site of these lesions, in the mandible, was t,he large 
subdistal cusp of the first molar, which seems archit,ecturally t,o hear t,hr 
brunt of mast,icating stress. Such cavities, when fully developed, may 
he seen to occupy a position directly under what had been tbe center 
of the subdistal cusp; otherwise, as we have noted, they cannot be distin- 
guished from cavities resulting from fissure caries. All such gross lesions 
in this work have been classed as fracture cavit.ies. 0bviousl.v alt,hough 
the progress of this lesion simulates true caries in its secondary stage, its 
manner of inception differs greatly bot>h from fissure caries in rat.s, and 
from dental caries in man.” 

Ribby and Sedmick (25)  concluded : “Evidence in practically all lesions 
indicated that the cavities originated as fractures of a portion of a cusp or 
fissure wall. About 96% of cavities were found in mandibular first and 
second molars. The explanation is offered that the peculiar morphology 
of these t,eeth permit,s them tfo be easily fractured hy forces from the 
occlusnl surface. Development, of such fractures is promoted 4)y presence 
in the diet of coarse hard particles. It is suggestfed that, heret,ofore fracture- 
lesions have been confused with caries, alt,hough the conditions resemble 
each other only in late stages.” 

This criticism by Bibby and Gedwick was based on (a) t,he comparatively 
infrequent occurrence of caries in t,he maxillary molars of the rat and (b) 
t,he morphology of t,he sulci of the first and second mandibular molars, 
namely, an overhanging posterior wall which they concluded wns subject’ 
to  fracture. 

++, +++, and ++++. 
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It is quite possible that under certain circumstances, depending or1 the 
strain of rat used and dietary matters relating to the formation of the 
teeth, that coarse cereal caries would be entirely restricted to the first and 
second lower molars. Bibby and Sedwick probably observed rats from 
such a set of factors, Hut close inspection of some of the reports of caries 
in rats appearing in the literature prior to  1933 and subsequent statements 
reveal that caries is quite common in the Epprr first and second molars 
of rats on coarse cereal diets.‘ In fact Finn and Hodge (82) in 1941 said, 
“The maxillary first molar is most frequently involved a n d .  . . there is 
evidence that the teeth of the upper ja\+s are more often carious.” I t  
may be pointed out that Finn and Hodge found only seven teeth in 124 
rats with fissure caries and regarded four of these lesions as artefacts. But 
they said, “Perhaps the long duration of the experiment permitted other 
fissure caries to  coalesce with or simulate occlusal cavities and thus prevent 
identification.” 

The paper of Rosebury, Karshan, and Foley (176) appeared in the 
number of the Journal of Dental Research just preceding the one which 
carried the study by Bibby and Sedwick. The latter were thus not 
influenced to examine thoroughly the effects of cavity development a t  
the base of the sulci. It has been the author’s conclusion from inspection 
of thousands of “sections” of rat teeth prepared by the method of Cox ancl 
Dixon (55) ,  that in the great majority of cases fracture of the posterior wall 
of the sulci of the lower first and second molars is R result of undermining 
of the enamel by caries originating a t  the base of the sulci. This conclusion 
is not altered by rat caries pictured in the literature as in practically all 
such cases cavitation is too far advanced for any conclusions to  be drawn 
as to the site and initial nature of the “lesion.” The author has also ob- 
served frequent cases of caries in the floor of the sulci mesial to the subclistal 
cusp of the first molar. The cavities have been seen in all stages of develop- 
ment prior to loss of the cusp by gross fracture. - It is the opinion of the 
author that loss of this cusp is, contrary to  the idea advanced by Rosebury, 
Karshan, and Foley (176) (see page 265), a result in practically all cases 
of fissure caries. 

King (109) noted the forward inclination of the posterior walls of the 
sulci of the lower molars of rats and indicated that fracture of such walls 
initiated coarse cereal caries. He also advanced theoretical reasons for 
the origin of fissure caries by wedging of coarse cereal particles and forcing 
the walls apart resulting in fracture. Rosebury (169) did not concur in 
this explanation and pointed out that radiopaque areas appear in the 
enamel in very early fissure caries and that these cannot be explained 
on a traumatic basis. 

In  addition to the three types of lesions discussed above, fissure, fracture, 
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and cusp summit dentinal cariea, at least three other types have been 
observed. Grieves (96) and Klein and McCollum (112) described inter- 
proximal caries, and RoRebury (171) a.nd Weisberger, Nelson, and Boyle 
(203) found proximogingival canes. It is of especial interest to  note 
that the gingival caries of Rosebury were produced by hard pilot biscuit 
and not by coarse cereal; the gingival canes seen by Weisberger, et al. 
were in rats deprived of salivary glands. 

Cox, Dodds, Dixon, and Matuschak (56) described an “opaque” type of 
lesion occurring on the distal-buccal angle of the first lower molar and on 
the approximating mesial-buccal angle of the second molar. Similar lesions 
occurred a t  the buccal end of the floor of the mesial sulcus of the lower 
first molar and in a similar position in the main sulcm of the lower third 
molar. Cox, et al. also found occlusal lesions occurring at the point of 
fusion of segments of the main cusps of the first and second molars both 
upper and lower.’ 

Sognnaes (189) showed further the importance of the coarse cereal 
particle in rat caries. He extracted the upper molars of young rats. No 
caries developed in 100 days in such rats on coarse cereal. If extraction 
of the teeth was effected after the rats had been on the ration for 30 days, 
caries resulted but in lesser degree than in normal rats. Extraction of 
upper teeth on one side reduced the incidence of decay on the opposite 
lower side, presumably because of lowered masticatory efficiency. 

6. Some Results of Studies of Caries in Rats and Their Significance 

Although it is necessary to  disregard certain positive findings with respect 
to  the etiological significance of certain nutritive factors if coarse cereal 
particles were present in the caries-producing diets (43) there are negative 
findings in the absence of coarse particles that retain their significance. 
Specifically it has been found that a high conteat of fermentable carbohy- 
drates in the diet of the rat for long periods cf time, with or witliout the 
addition of bacteria, does not induce caries (Rosebury and Karshan, 173; 
Agnew, Agnew, and Tisdall, 2; Lilly, 116; Lilly and Grace, 117; Johnston, 
Kaake, and Agnew, 107; Rosebury and Poley, 172; Day, Daggs, and 
Sedwick, 62; and King, 109). 

But Rosebury and Karshan (174) found that sucrose “tended to  increase 
the incidence of caries on both the rice and corn diets, but inconsistently 
and to a degree that is not statistically significant.” The additions of 
sucrose were not high, being 8, 18, and 280j0. Rosebury (170) further 
commented: “Although sugar alone does not produce caries, addition of 

J The L‘opaque” type of caries occurs in mess 11,12; 17,18; 21,22; and 33,34 shown 
in the chart in Fig. 1.  The lesions at  incomplete cusp fusion are in areas 1,2; 3, 4; 
7, 8; 15, 16; and 27, 28. 
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sugar to a coarse corii or rice diet usually increases its caries-producing 
4fects.” It has heen t-he experience of the author and his coworkers that 
glucose or sucrose, fed to rats on a cereal-free ration after caries has been 
induced by coarse cereal particles, cause the cavities to  increase in size in 
comparison with a control ration containing uncooked corn starch. The 
sii~*rose level in thew experiments was SOYr,, with equivalent amounts 
I)!’ gluiwe and starch in the other rations. 

‘l’lie above ohservations, with respect to  fermentable carbohydrates, 
suggest, t.hat t,here is a difference in t,he conditions necessary to  initiatr 
caries and t,hose needed to  develop cavities. Glucose and sucrose, and pre- 
sumably any carbohydrate that can give rise to  acids in the mouth, will 
promote enlargement of cavities but fail to cause their initial appearance. 

Elsewhere it is shown that fluorides fed preeruptively to rats increase 
t,he resistance of t,heir molars to coarse cereal caries (p. 289), and that re- 
iiurtion of flow of saliva in rats increases caries att.ack (p. 281). As these 
findings are in accord with ohservations on man it, appears that coarse 
(weal caries in rats is a means of study that can provide direction for the 
stud?; of dental caries in man, if proper allowance is made for species 
difference in respect t,o the initiating fa.ctor. The mechanism of initiation 
of caries in the nit. is less ohwire than t,he process in man. 

. 

IV. kfICR00RGbNISMS .4ND 1)ENTAL CARIES 

I .  Origin of t.h.p Ghemico-Parasitic Theory with Especial Rpjerence to Strrrcturt. 
of Enamel and the Initialion o j  Caries 

The chemico-parasitic theory of W. D. Miller undoubtedly explains the 
excavation of cavities in enamel and dentin, but Miller, himself, had doubt 
concerning the initiation of caries. He evidently considered stizlcture of 
enamel as influencing both initiation and rate of caries progress. However, 
structure is now generally disregarded in caries etiology but as indicated 
below t,here is ample evidence for retaining the concept of structural re- 
sistance to t,he initial attack of ca.ries in any fair minded study. Also 
therc is given evidence t,hat studies that keep the facts of caries particulate 
are most likely to  reveal the most of etiology. Suppression of bact.eria 
by select,ive media is a form of suppression of facts and it is encouraging 
to not,e that investigators are returning to t,he viewpoint that the entire 
flora of the mouth must, be studied in the bacteriology of dental caries. 

Robertson (167), in 1835, considered dent,al caries “a process of putre- 
faction or ferment.ation in the several part,s of t,he teeth best adapted for 
their reception.” 13uehlmann (42), in 1810, reported seeing thread-like 
forms in saliva, on t,eeth and especially in tartar. Erdl (80), in 1843, 
observed microorganisms in films removed from teeth. Ficinus (81), 
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in 1847, considered cariee a putrefactive process related to  organisms he 
called “Denticola.” 

Leber and Rottenstein (115) were the first to  find microorganisms in 
carious dentin. They described a leptothrix which they believed pene- 
trated enamel, after it was softened by acids, and later expanded and 
destroyed the tubules of dentin mechanically. They did not consider t,he 
lcptothrix as forming the acid to  soften the enamel. 

Underwood and Milles (199) showed sections of decayed dentin con- 
taining “micrococci, oval and rod-shaped bacteria.” In the surface layers 
the bacteria were very numerous but in deeper decay only an occasional 
organism waR found. They concluded: “We consider that caries is ab- 
solutely dependent upon the presence and proliferation df organisms. That 
those organisms attack first the organic material, and feeding upon it, 
create arf acid which removes the lime salt, and that all the differences 
between caries and simple decalcification by acids is due to  the presence 
and operation of germs. This view we propose to  call the ‘septic theory’.” 
On the basis of this theory they proposed and practiced antiseptic pro- 
cedures in the treatment of caries. 

Miller (145, 146), in two papers covering much the same material, 
excluded neutral substances, such as sugar and ammonium chloride, as 
solvents of tooth substance and considered only acids as effective. “There 
is no difficulty in accounting for the source of the acids concerned in the 
caries of the teeth,” he wrote, and illustrated the ready formation of 
organic acids by bacteria acting on bread. He showed that when sound 
dentin was placed in a mixture of bread and saliva it was decalcified. 
Meat, on the other hand, yielded alkaline products and no decalcification 
of dentin. 

He demonstrated the presence of leptothrix and cocci forms of bacteria 
in the tubules of decayed dentin and showed that they were less numerous 
in the deeper portions. Also he found a zone of dentin partially decalcified 
by the acid products of the microorganisms but as yet not infected. 

Miller found that dentin exposed to  oral microorganisms without carbo- 
hydrate food for four months was not decayed. The microorganisms 
gradually died and no acid was formed. However, with bread added, 
acid formation could be detected in 6 or 8 hours and the presence of lime 
from tooth substance within 20 minutes. 

He concluded: “The first stage of caries of the teeth, ie., the extraction 
of the lime-salts, is for the most part caused by those acids which are 
generated in the mouth by fermentation.” “In the separate tubules is 
frequently to  be seen a gradual change from leptothrix threads to long 
bacilli, from long to  short bacilli, and from the latter to  micrococci.” 
He concluded these forms “stop up the canaliculi, and necessarily lead 
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sooner or later to the death of the dentinal fibrils.” He considered 3 stages 
of caries (a) decalcification, (b) infection, and (c) putrefaction of devitalized 
dentin. However he did not wish t o  be understood as saying “acids or 
pathogenic bacteria, or putrefactive bacteria, or all together, are the sole 
and only cause of decay of the human teeth.” But “there is not a single 
case of caries in which microorganisms do not play some part, and that in 
most cases they play a very important part.’’ 

“1st. Caries of the teeth is not entirely of a parasitic nature. 
“2nd. The first stage of dental caries consists of a softening of the tissues 
of the tooth. 
“3rd. In effecting the softening, acids, particularly those generated by 
fermentation, often play a very important part. 
“4th. Whether microorganisms are or are not concerned in the production 
of the first stage of caries, or whether any other agent is concerned in the 
process (be it in the form of a simple solvent, or be it a pathological action 
on the part of the tooth itself) are questions which certainly, as yet, cannot 
be satisfactorily answered. 
“5th. Destruction of the enamel may take place quite independently of 
microorganisms . 
“6th. The second stage of caries, devitalization, and breaking down of the 
softened tissue, is entirely parasitic, and is inaugurated chiefly, if not 
wholly, by the elements of the Leptothrix buccalis, while later on various 
other fungi may take part in the decomposing process. 

“From this it may be seen that I am a believer in acids, a believer in 
micro-organisms, and a believer in an unknown cause; that is, I believe 
that there are agents active in the production of canes which are yet to be 
discovered .” 

Miller (148) stressed the difficulty of obtaining sections of enamel to 
show caries but succeeded in preparing 150 sections from 125 different 
teeth. He observed “in the beginning of the carious process” a slight de- 
pression on the surface of the enamel with and without masses of Lepto- 
thrix buccalis. Beyond this “the enamel will almost always be very 
perceptibly discolored, as though acted upon by some agent producing 
effects undistinguishable from those of acids.” In practically no case did 
he observe microorganisms in the enamel unless comparatively deep 
penetration had occurred. 

Similarly in enamel decayed by spread of caries along the dentino-enamel 
junction, he could find only an occasional organism. He said: “I am 
dtiven to the conclusion that there is as yet no sufficient ground for aa- 
sumption that micro-organisms play any more than an unimportant part 
in the caries of enamel.” However, this is not to be interpreted that 

Miller (147) stated his credo: 
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Miller did not believe that acid produced by bacteria did not decalcify 
the enamel; the organisms simply were not in situ. In dentin he found 
fungi in the outer half of altered tissue. 

Miller (149) showed that if a hole is bored into dentin, and saliva and 
bread allowed to  ferment therein that subsequently putrefaction will take 
place in the hole after the bread and saliva are removed. No putrefaction 
occurs if the decalcification is not first effected. Teeth bound together 
in such a way as to leave a space at  the necks about 2 mm. wide developed 
decay when placed in bread and saliva, the site of decay being a t  the point 
of lodgment of fermenting material. Miller showed by chemical analysis 
that carious dentin, from various sources, was decalcified. 

Miller (150) summed 18 propositiuns as a result of his studies in two 
years on an estimated 8000 teeth. Briefly they are: 

1. Amylaceous or saccharine food and saliva generate acid. 
2. There is constant formation of acid in the mouth because of retention 

of food in cracks, pits, and fissures of teeth and between teeth. 
3. The degree of acidity depends on length of time of exposure. 
4. A cavity of decay containing amylaceous or saccharine food always 

has an acid reaction. 
5.  “The extent to  which any tooth suffers from the action of the acid 

depends upon its density and structure, but more particularly 
upon the perfection of the enamel and the protection of the neck 
of the tooth by healthy gums. What we might call the perfect 
tooth would resist indefinitely the same acid to  which a tooth 
of opposite character would succumb in a few weeks.” 

6. An occasional neutral or alkaline reaction in a cavity does not mean 
that acid did not produce the cavity. 

7. A systemic condition which withdraws lime salts from a tooth or 
lowers its density or weakens the union of organic and inorganic 
matter renders it more liable to  decay. 

5. “Strong acid and corroding substances brought momentarily into 
the human mouth, may give rise to  lesions of the enamel at points 
where the ordinary agents alone could never have begun.” 

9. In vitro, caries, simulating in macro details natural caries, can be 
produced with acid mixtures such as found in the mouth. 

10. Carious dentin is decalcified but roughly inversely porportional to  
depth. 

11. Destruction of organic material follows, not precedes, decalcification. 
12. Mouth fungi do not act directly in decalcification. Further study 

is needed of their acid producing activities. 
13. Fungi produce great changes in decalcified dentin and finally reduce 

it to  a mass of debris and fungi.. 
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14. “The invasion of the microorganism is always preceded by the ex- 

15. Destruction of organic material is accomplished by fungi. 
16. “Inflammation can hardly be looked upon as tt very important 

17, “Caries of the enamel is purely chemical, the decalcification resulting 

18. Caries of cementum runs a course similar to that in the dentin. 
Of the above 1, 2, 3, 4, 6, 8, 9, 10, 11, 13, 14, 15, 17, and 18 may be 

regarded as conclusions reached by Miller RS a result of direct observation 
on extracted teeth as well as those in situ. However, 5, 7, and 16 may be 
regarded as opinions. Number 12 is offered tentatively. 

Miller’s experiments in regard to structure of teeth and caries were 
as follows: He “broke up several teeth, perfectly free from caries, but of 
different densities, into fragments of various sizes, and put the pieces in a 
mixture of saliva and bread.” He kept the mixture at  37°C. for three 
months, with renewal of the bread and saliva five times. The attack, 
producing typical caries, was variable. “In two cases, evidently owing 
to a defect in the structure, the teeth were attacked on the cusps and 
reduced to a powder; where the acid had penetrated through the enamel, 
its effect was seen to spread out in all directions in the dentine; where 
the enamel was very hard and dense, without crack or blemish of any kind, 
it had not even lost its lustre.” 

“This experiment shows clearly enough what a vast difference the struc- 
ture (density) of the tooth makes in its resistance to decalcification, and 
offers an explanation of the question why all teeth do not decay alike. 
A dense tooth, covered with enamel, intact at  every point, would probably 
resist for years the action of an acid saliva, to which a soft, defective tooth, 
would succumb in a few weeks. 

“It also shows that the process of decalcification may go on in cracks 
and fissures too fine for food to penetrate, in fact anywhere, where saliva 
holding starch or sugar in solution may find access, and be retained even 
by capillary attraction, there to undergo fermentation.” 

The facts of varied attack of caries on enamel Clnder artificial conditioiis 
arc clearly stated by Miller but! he did not demonstrate any differential 
Ntxuctures associated with either freedom from or susceptibility to decay. 
His inclination to believe in enamel structure as a factor in caries is clearly 
evident. 

It may be said that Miller was influenced by the then current belief 
that soft teeth are more susceptible to decay than hard teeth. The same 
may be said of his Proposition No. 7 as he offers no experimental work to 
support systemic decalcification of teeth. As to No. l G  he simply found 
no evidence of inflammation, that is his findings were purely negative. 

traction of the lime salts.” 

factor in caries of the teeth.” 

at  once in the complete dissolution of the tissue.” 
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Miller (151) in the first section of a paper continued through 5 numbers 
of Independent Practitioner, described Bacterium acidi lactici isolated from 
carious teeth. In the 2nd section he proved that a mixture of fresh saliva 
and starch, when properly incubated, forms lactic acid, which he isolated 
as zinc lactate. In  the 3rd part he described the various involution forms 
of the bacterium ranging from cocci to  thread types. He distinguished 
CY- and 0- forms. His 4t.h section dealt with the eff&s of clent.al filling 
materials and antiseptics on dent:al fungi. In the last part he isolated 
three more fungi in studies of pure cultures. All five were acid formers 
without gas formation and “They may consequently all be looked upon 
as factors in the decay of the teeth.” 

Miller summed his work to  date as: 
1. He had shown microorganisms present in dentin and stated there 

was no claim for priority as Leher and Rottenstein (1 15) had earlier 
found the same. 

2. There is a zone of softened dentin t,hat contains no microorganisms. 
3. Chemical analysis shows decalpification in carious dentin. 
1. Maintained from first, but. without, proof, that acids produce decalci- 

5 .  Proved the presence in the mout,h and in carious dent,in of acid- 

6. Produced artificial caries. 
7. Showed the effects of antisept,ics on oral acid-producing fungi. 
8. Ilescribed the characteristics of the acid-producing fungi. 
Miller (152) described culture methods for microorganisms and stated 

t.hat he had isolated 22 different fungi from the human mouth. In  1889 
(153) he published his findings in book form with an edition in English 
in 1890 (154). These books are generally cited for the chemico-parasitic 
theory of Miller. Hjs observations on resistance of teeth to microorgan- 
isms, presumably because of structure, are generally ignored. 

Rlarshall (139) wrote: “You will recall that Miller said in 1883 and 
agltiri in 1892, that he was not prepared to  state positively that dental 
caries was caused by microorganisms; but what he did say was that micro- 
organisms played a large part in t,he etiology. This statement holds t,me 
today as then.” What he 
did say after reviewing a number of facts apparentsly contrary to  his 
chemico-patasitic t,heory of caries, including absence of bacteria in enamel, 
w:cs “these facts, I say, and others of like nature, suggest the t,hought that 
the first, stage of caries may have other causes than t,hose of a parasitic 
n:bture, and make us hesitate before we cast up everything in favor of 
bacteria.” 

But Rliller’s’disciples were not as cautious as he, either then or now. For 
example a quotation ‘picked at random (Allan, 5 )  is “The actual presence of 

fication of dentin. 

producing fungi. 

The foregoing is not a quotation from Miller. 



274 QERALD J. COX 

an acid as a commencement or initiative step in the process of decay being 
acknowledged Miller shows us whence it comes, names it, and points out the 
little organism at work manufacturing it.” This statement, which is 
typical in its connotation of many that have been made since, asks that 
initiation of carips by acids be acknowledged without proof. The enlargement 
of cavities by acids from bacteria can rcadily be acknovledged as there are 
abundant data to  support that idea; there is only faith, engendered by a 
constant repetition of such phrases as that of Allan “acid . . . initiative step 
. . . being acknowledged,” that substitutes for facts. 

2. Specific Organisms 

On the basis of the Miller theory, bacteriologists have sought a specific 
organism as the cause of caries. Miller (157) said of the number and kinds 
of bacteria in the mouth that it “is one of the most difficult problems with 
which the dental bacteriologist has to  grapple. . . .” He considered 
whether “processes of fermentation go on differently in diff erent mouths.” 
He stood on his previous conclusions (156) that though the saliva of im- 
munes may develop a little less acid than t,hat of susceptible persons when 
in contact with carbohydrates, the difference is too slight and variable to 
account for the marked difference in fiusceptibility to caries. 

McIntosh, James, and Lazarus-Barlow (127) considered it ‘‘necessary to 
find microorganisms which were capable of softening enamel, which process 
histo-pathological research has shown to be the initial lesion in caries.” 
They considered that the microorganisms that could form acid sufficiently 
potent to soften enamel must also be able to  live in such a medium. Con- 
sequently they first sought the pH necessary to produce a significant 
whitening of enamel. They concluded that pH of 4 or less met their re- 
quirement. Their most successful broth mas at pH 3.5. With it they 
isolated from carious dentin two strains of bacteria yhich they called B. 
acidophilus odontolylicus I and I I .  These strains produced a mean final 
pH of 2.75 when inoculated in glucose broth of pH 7.6. They produced 
artificial caries in teeth, resembling natural caries, by immersing teeth in 
broth cultures of these bacteria. Their illustrations show attack on enamel 
at specific sites. 

Clarke (52) isolated a streptococcus from teeth in early stages of decay 
and called it S. mutans. It was not so aciduric but highly acidogenic. He 
found it decalcified enamel more readily than the H. acidophilus odontolyti- 
cus of McIntosh, James, and Lazarus-Barlow (127) and considered it asso- 
ciated with beginning caries. “B. acidophilus could be isolated only from 
teeth in which cavities had formed, or in which the foci of caries were Rhal- 
low. . . .” Of 40 cases of fissure caries S. mutans was isolated from dentin 
in 27 and was in pure culture in 8 cases. Bunting and Palmerlee (45) con- 
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firmed McIntosh, James, and Lazarus-Barlow by use of acid media. They 
found “B.  acidophilus is present in every initial lesion of dental caries.” 
Maclean (120) confirmed Clarke (52) and criticized Bunting and Parmerlee 
because their acid media did not give S. mutans a chance to grow. Enright, 
Friesell, and Trescher (76) concluded : “The only microorganism commonly 
found ‘in the food debris, in direct contact with progressive caries of the 
enamel, that can tolerate and produce additional acid in an environment 
below pH 5.0, is a lactobacillus . . .” They did not discuss the work of 
Clarke (52) and Maclean (120). 

Fosdick and Hansen (87) discussed acid production from carbohydrates 
as a function of an enzyme system following Meyerhof’s scheme rather than 
the work of a microorganism, per se. They considered that certain enzymes 
may be derived from one organism and others from different organisms. 
For example, they found that an oral yeast yielded a mean solution of 
enamel equivalent to  22 mg. of calcium. Under the same circumstances 
B .  acidophilus failed to dissolve enamel. However the yeast and the B. 
acidophilus acting symbiotically averaged 45 mg. solution of calcium. 

Anderson and Rettger (7) concluded that microorganisms other than 
lactobacilli and streptococci, particularly yeasts and leptothrix forms, may 
be of importance in dental caries. 

Bibby and Hine (23) found by direct counting “extreme differences occur 
in the flora of carious cavities.” They found a high percentage of cocci, 
especially Gram-negative types, suggesting “these organisms are causative 
agents” in caries. The comparatively low frequency of finding lactobacilli 
raised doubts concerning their importance in caries. 

Harrison (98) found streptococci the predominant organism on the sur- 
faces of non-carious rat molars, about half the strains being acidogenic. In  
rats with caries the surface flora consisted mainly of lactobacilli (99). The 
organisms isolated from deep carious tissues were mainly acidogenic strep- 
tococci (100). 
dentinal lesions. “The apparent relationship of lactobacilli with initial 
caries and of streptococci with advanced lesions of the dentin” was dis- 
cussed. 

Fosdick (86) found lactic, pyruvic, phosphoglyceric, and possibly butyric 
and hexosephosphoric acid produced in the natural fermentation of glucose 
in saliva in the presence of calcium phosphate. Fosdick and Wessinger (89) 
showed that oral yeasts are capable of degrading glucose to phosphoglyceric, 
pyruvic, and bctic acids. They remarked that the primary ionization 
constants of these acids are 3.8 X lo-*, 5.9 X 10-3, and 1.38 X respec- 
tively, and “Since the former acids are formed first and are stronger than 
lactic acid, it would appear that they are the compounds that actually de- 
calcify the teeth.” Fosdick and Starke (88) found the rates of different 

Lactobacilli were found in enamel caries but not in deep, 



276 GERALD J .  COX 

enzymatic actions different for B .  acidophilus compared with oral yeast and 
suggested, to explain the symbiotic effect of these organisms, phosphoryla- 
tion of glucose by yeast, joint production and hydrolysis of phosphoglyceric 
acid and the reduction of pyruvic acid to lactic acid by acidophilus. 

Bibby, Volker, and Van Kesteren (27) estimated that lactobacilli make 
up less than 0.1% of the strongly acidogenic organisms of the mouth and, 
since streptococci are 1000 times more numerow and are more rapid acid 
formers, “that lactobacilli give rise to  no more than .025 per cent of the acid 
formed by the action of salivary organisms on carbohydrates.” They found 
that the acid production was affected in variable degrees by the presence of 
tooth substance in the culture media. They observed “that as long as 
tooth substance was present in the bacterial cultures the pH did not fall 
below pH 5.” This observation should materially lessen the importance of 
aciduric considerations in judging whether or not a given organism can be con- 
sidered in caries etiology. 

Florestano (85), though stating “no correlation could be made between 
the absence or the presence of dental caries and the amount of acid formed 
by microorganisms,” found “aciduric st,reptococci and staphylococci were 
isolated consistently from both carious and non-carious individuals.” He 
considered those microorganisms were secondary to their food supply, that 
is carbohydrates, in dental caries. He found that “oral streptococci and 
staphylococci may prduce  as much acid as lactobacilli.” Of lactobacilli 
as specific agents in caries he said: “This now classic theory is hardly 
reconcilable with the data presented above and with observations by other 
workers.” 

3. Plaques 

Acid in saliva and acid formation by bacteria free in saliva are inadequate 
to explain attack on enamel. Accordingly “others conceived of a ‘film’ or 
‘plaque’ on the tooth surface which confined acid to the tooth surface and 
prevented neutralization by the saliva” (193). It is interesting to  note that 
Miller (155) did not accept this addendum to his chemico-parasitic theory. 

Black (28) in 1886 announced the isolation of oral cocci which caused a 
peptonized broth with 270 sugar to gel rapidly. Williams (205) found 
microorganisms in dense, felt-like films on enamel with both normal and 
what he called beginning carious surfaces. He concluded in characteristi- 
cally uncompromising fashion ‘‘that if the environing conditions of the teeth 
are such as to favor the development and activity of acid-’producing bac- 
teria, and if those bacteria are permitted to  become attached to the surface 
of the enamel, it is doomed, although i t  may be the most perfect ever 
formed. On the other hand, if the environing conditions are not present 
the worst enamel will’not decay.” 
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Black (31), commenting on Williams’ work, quoted from Black (29) in 
regard to caries fungus: “It ‘has power of itself to penetrate enamel or 
dentin, and the acid must precede it continually, as we find by observation 
it does. Growing against the side of a tooth it will often form this gelatin 
and protect itself from removal until it works its way through, and it crowds 
itself into the tubules and fills every available space as it goes.” He also 
said: “The one thing necessary to the b$inning of caries is tJw formation 
of such a gelatinous microbic plaque in a secluded position where its acids 
may act n ithout too frequent disturbance. . . .” 

Miller (155) expressed doubts roncerning plaques as essential for the 
initiation of caries. He pointed out that plaques are frequently present 
where caries seldom appears such as on lingual surfaces. Also he found 
carious areas in enamel wit,h no covering film although he said that did not 
mean that no plaque had existed. By eosin staining, he found films on 
teeth to be very prevalent. The films particularly were found where 
natural cleansing did not occur, and these sites are frequently attacked by 
caries. Rut he questioned the interdependence saying: “If there is any 
interdependence a t  all, it is just as natiiral to suppose that the softening of 
the surface of the tooth produced by a beginning calcification furnished a 
more ready opportunity for attachment of the film.” 

Lothrop ond Gies (119) wrote of mucin plaques: “Any influence of mucin 
as an adhesive medium, and of bacteria and fungi as corrosive and enamel- 
pioicturing agents, in the initiation of the carious processes, are doubtless 
exercised to their greatest degrees during periods of sleep.” 

Bibby (21) found a brown pigmented plaque to be similar in physical 
and chemical nature to salivary calculus and that “the incidence of caries in 
100 cases having brown plaques I\ as little over one-half the average in 1000 
patients of corresponding ages, attending the same clinir, but having no 
h o l m  plaques.” 

Dobbs (74) immersed freshly extracted teeth in dilute organic acids and 
observed decalcification. The positive test was sufficient softening to show 
a scratch from a hard point. Tie found variable decalcification by 5 fer- 
mentation acids, variability of attarks on teeth from the same person, 
differences of resistance of teeth f r o m  diflcrent subjects, and lack of uni- 
formity on the surface of a single tooth. IIe found resistaut areas were 
covered with plaques. 

Dobbs removed plaques from teeth with 5% HC1 containing some 
KAl(SO&, a procedure that probably produced some alteration of proper- 
ties. €r : tested diffusion of acids and bases through such plaques finding, 
KOH m d  lactic acid readily passed through but that Na2HP04 did not 
diffuse. He concluded that “acids formed beneath plaques are but slightly 
affected by saliva.” 
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“Dental caries was not found beneath all plaques.” Under thick plaques 
he found whitened areas and reasoned that limitation of carbohydrate 
supply and “accumulation of decalcified enamel” had inhibited further 
action. 

Dobbs produced artificial plaques on teeth by immersing cleaned teeth 
in a bread and saliva mixture for 8 hours and allowing them to dry in air for 
16 hours. The process was repeated for 12 days. He considered such a 
process may occur in vivo with the dry mouth stage occurring in sleep. 

In his discussion Dobbs wrote: “Whether plaque is essential for the prog- 
ress of decay has not been established, but it is apparently essential for the 
initial lesion of caries.” The truth of this assertion depends on the defini- 
tion of its terms. “Carbohydrates are necessary for fermentation and acid 
production, therefore necessary for the initiation of dental caries.” Fer- 
mentable carbohydrates do not initiate caries in the rat though caries is 
promoted in that species by carbohydrates (see p. 268). “The passive resist- 
ance of enamel can not be the controlling factor in immunity to caries.” 
However enamel formed with an optimum of fluorine is resistant to decay 
(see p. 289). The truths boldly written by Dobbs in 1932 must be modified 
or discarded in consideration of knowledge accumulated since then. 

Dobbs also wrote: “It appears that the passive resistance of enamel is a 
factor in controlling the rate of decalcification and, to a lesserdegree, the 
susceptibility of teeth.” This belief that passive resistance of enamel to 
caries begins only after initiation of caries is of uncertain origin in facts. It 
is part of the lore of dental caries such as “A tooth for every child” and “A 
clean tooth never decays.” 

In  1936, Blayney, Kesel, and Wach (35) reported the beginning of a series 
of studies of association of hacteria with plaques. Direct smear {repara- 
tions of plaques were made and examined for bacterial types. Those 
associated with caries al\rays had L. acidophilus; non-carious types “con- 
tained any form except typically short rods and coccobacilli.” They found 
rt high per cent of agreement for acidophilus between smears and saliva 
cultures. Woyes (163) collaborated with Blayney, Kesel, and Wach (35) 
by comparing clinical conditions with diagnosis by smears. Associated 
with carious surfaces he found 73% of the smears gave positive diagnosis; 
with non-carious surfaces positive‘ smears were found for 13.3y0 of the 
cases. 

Stephan (192) memured the pFT of 211 plaques removed from surfaces 
“clinically intact and readily accessible.” A micro colorimetric method for 
pH estimation was used. He fomd an average4 pH of 5.9 with a range 
from pH 4.6 to 7.0. The pH of plaques from areas recognized as carious 

4 This is an arithmetic mean of p€I values and not the pII corrcsponding to the 
arithmetic mean of hydrogen ion concentration. 
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aceraged 5.2, and 10 of 38 were below pH 5.0 which Stephau considered as 
the critical point below which significant attack on enamel begins. 

Stephan (193) adapted the antimony electrode to the determination of 
trhe pII of plaques in situ. He found that the,pH of labial and huccal 
plaques fell an average of about 2.0 units after a 1 minute rinse of the mouth 
uith 10% sucrose or glucose solution. In 15 minutes to 2 hours the original 
pH of the plaqiie prevailed. Boiled starch solution caused a drop of 1.5 
units. A 1% lactose solution reduced pH only 0.3 units compared with 1.1 
reduction caused by 1% glucose. 

Bradel and Blayney (40) instituted a study of the organisms associated 
with plaques from carious and non-carious areas. The difficulty of recog- 
nizing when caries begins was noted as they said: “It usually requires many 
months and sometimes years for the lesion to reach the stage where it can 
he detected macroscopically.” In 409 cases classified as “immuqe,” 
“relatively immune,” “relatively susceptible,” and “susceptible” they found 
7.5, 139,353, and 81.6yc, respectively, with plaques containing flora which 
they associated with caries. The clinical condition was det.ermined 
independently. 

Blayney, Bradel, Harrison, and Hemmens (34) said : “The clinical aspect 
of the caries problem constitutes a definite stumbling block in tbe deter- 
mination of t.he etiologic factors of this disease and present,s a challenge to 
the keenest powers of observation of the investigator and clinician.” In 
their study of plaques from proximal surfaces of premolars they accumu- 
lated series of bite-wing roentgenograms which enabled them to trace the 
development of cavities. They found this system of roentgenograms “will 
rrvcal lcsions months before they can be detect,ed by the methods usually 
employed .” This statement directly suggests that carious lesions exist long 
before Ihey can be detected by any macroscopic means and that conse- 
quently the term “caries-free” is always suspect. 

Blayney, ct al. found that in plaques the incidence of lactobacilli in- 
creased from 7% a t  lo+ months prior to discovery of caries on a surface to 
43% a t  the time of definite clinical evidence of decay, and to 7770 9 months 
later. These data. suggest the association of lactobacilli with early enamel 
caries but by no means constitute a proof that they initiate the condition. 
There is no way to determine just when initiation,occurs. 

The technique of Blayney, et al. with respect to (a) time, (b) study of 
specific areas on the tooth surface, and (c) the organisms should yield dis- 
tinguished results on the relation of microorganisms t,o tooth decay. 

V. THE CARIES-INHIBITING ACTION OF SALIVA 

Saliva is related to certain features of this review-bacteria, both free and 
in plaques, formation of plaques, acid attack on enarnpl, and fluorine. 
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Accordingly, a brief survey of the effects of saliva on caries is presented with 
especial reference to its alltiseptic effects. Re-mineralization of enamel, 
though obviously related to structure, is not discxsisd. 

Robertson (167) said: ‘.‘The saliva having a natural tendency to occupy 
the lower part of the mouth, the teeth there placed are constantly bathed 
with this fluid, which, by its property of dissolving the particles of food, is 
in a great degree calculated to remove them; or by its decidedly antiseptic 
qualities, prevents the process of putrefaction.” 

Hugenschmidt (10G) plated various organisms in gelatin with Chamber- 
lain filtered saliva and the same after heating to 03” C. to destroy bacterici- 
dal substanccs similar to those found in blood. He found torula growth 
more restricted by heated saliva, no action of saliva of either kind on 
sarcina, results similar to torula for staphylococci, and no effect on cholera 
bacteria. He concluded: “The bactericidal action of the saliva appears to 
be i ery  problematical.” He discussed the volume effect of saliva being of 
the opinion that a relatively dry mouth was condpcive to oral infection. 
He indicated a belief in an acid buccal mucus secretion with bactericidal 
properties but made no tests. Ile found no bactericidal action from potas- 
sium sulfocyanide. The chemiotactile property of saliva for phagocytes 
was found to be associated with bacteria. 

Miller (156) found no antiseptic properties in saliva passed through a 
Chamberlain filter or any effect on acid formation. Potassium sulfocyanide 
a t  1:1OOO, or eight times that found in saliva had so slight an effect on bac- 
terial growth and activity that Miller dismissed it as ineffective. Mucus 
separated from saliva fermented and putrefied more intensely than clear 
saliva. He found variable results of fehnentation rates of salivas of per- 
sons immune and susceptible to caries, somewhat favorable to the immune 
subjects, but he was not prepared to draw definite conclusions. Miller 
confirmed Hugenschmidt (106) in finding no bactericidal heat labile sub- 
stance in qaliva. 

Miller (157) made these following observations on Raliva and dental 
caries : 

(a) A strong flow of saliva is associated with low caries attack and, vice 
versa, diminution of flow is observed in extensive caries. “The 
amount of saliva which flows from the glands during a dental oper- 
ation must not be taken as a necessary index of the amount 
normally secreted.” 

(b) He could find no definite relation of viscidity of saliva to  caries. 
(c) Experimental demonstration was made that more bacteria dcveloped 

in a medium initially alkaline than in one with acid reaction. Tho 
final sesult may frequently be more acid from the alkaline start. 
So he concluded reaction of the saliva itself had little if anything 
to do with caries. 
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(d) The carbohydrate of saliva is negligible as a source of acid compared 

(e) The antacid properties of saliva, due to calcium salts, is nil. 
(f) The antiseptic power of saliva is negligible. 
(g) Miller reaffirmed his conclusion (155) “that bacterial plaques are 

essential neither to the beginning nor to the progress of caries, nor 
does their presence necessarily result in the production of caries.” 
He found teeth were decalcified, if anything, more rapidly in areas 
from which he removed plaques. 

Cheyne (49) found that rats from which’the salivary glands had been 
removed were much more susceptible to dental caries and, in fact, developed 
caries on rations which were without effect on normal rats. Weisberger, 
Nelson, and Boyle (203) described similar results. 

Trimble, Etherington, and Losch (197) found in 107 subjects a mean 
atjmulated secretion of saliva of 34 cc. per 15 minute period, normally dis- 
tributed in a raiige from 9 to 68 cc. The results were reproducible when 
repeated after an interval of two weeks and after 6 months. In a 12 month 
period 57 subjects with less than average rate of secretion developed 28 new 
smooth surface cavities; the remaining 50 with greater than average saliva 
secretion rate developed 15 new cavities. 

Bibby, Hine, and Clough (24), by means of “wells” in agar plates con- 
taining saliva, demonstrated that “growth of 110 of 169 strains of bscteria 
tested was prevented by human saliva” but those least affected were organ- 
isms from the mouth. 

The possibility that fluorides in saliva may inhibit caries is discussed on 
p. 290. 

with carbohydrates of foods. 

VI. ENAMEL STRUCTURE AND DENTAL CARIES 

1. Studies Concerned with Enamel Structure 

Black (30) in 1895 said: “I have chosen to confine the examinations for 
density, proportion of water, lime salts, and organic matter, to the dentin, 
as best expressing the character of the tooth aa a whole.” ‘ Black’s data on 
specific gravity, per cent of water, per cent of lime salts and per cent Qf 
organic matter, elasticity and crushing strength of dentin with relation to 
age, sex, carious condition, and vitality of the pulp, fill 24 full pages-one 
of the finest bodies of data in the literature of dental caries. However, in 
drawing his ’conclusions, Black did not use the word “dentin.” 
“teeth.” He said: “Differences in the strength of the teeth have no influ- 
ence as to their liability to caries. Differences in the density, or in the 
percentage of lime salts in the teeth, have no influence as to their liability 
to caries.” “Caries of the teeth is not dependent upon any condition of the 
tissues of the teeth, but on conditions of their environment.” 

He used . 
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It is largely upon these conclusions of Black that structure and chemical 
composition of the enamel are dismissed as factors having to  do with 
determining whether or not caries will start. Black’s conclusions are justi- 
fied for caries in the dentin with respect to the factors that he studied. It 
niay be pointed out that Black chose dentin as the portion of the tooth to 
he studied because he waa interested in the relations of dental tissues to 
filling materials. 

Truman (198) offered two main criticisms of Black’s work, namely, on 
his method of choice of the ,teeth and on the selection of dentin as best 
representing the tooth. He said: “While this may possibly have been the 
most convenient and best course to  pursue, i t  leaves the coat of mail, the 
enamel, entirely out of the question, and this, the protective shield, is 
certainly an important factor in the inquiry.” 

Black (31) as well as Williams (206) replied to the criticism by Truman 
but neither undertook any defense of the use of dentin to represent the 
whole tooth, and, in particular, enamel. Black (32) in 1899 still ignored 
the criticism of Truman as he wrote: “caries is not dependent upon the 
quality of the teeth as to their structure or their perfect or imperfect 
calcification.” 

It is an interesting sequel that it was Black (33) who first observed that 
caries, was less fi*eyuent in mottled enamel than in “normal” teeth. The 
discovery by Churchill (51) and by Smith, Lantz, and Smith (187) that 
fluorine from water causes mottled enamel; the analyses of enamel by Arm- 
strong and Brekhus (10) that show an association of freedom from caries 
with a certain level of fluorine in the enamel; the observation by Dean, Jay, 
Arnold, McClure, and Elvove (69) that teeth need not be mottled to enjoy 
freedom from caries, have certainly reopened the question of chemical com- 
position of enamel and the relation to  caries. 

Miller (157) selected hard and soft teeth by the criteria of yellow and 
bluish, respecti~dy, and deciduous teeth compared with those from elderly 
subjects. Sections were prepared and exposed to  a saliva and bread mix- 
ture. He found ti reduced rate of decalcification of the denlin from the 
so-called hard teeth but the difference was insufficient to account for im- 
munity to tlecny. Secondary. dentin in one section was attacked less 
rffPcti\dy tlian priinary d,entin. Miller said: “It is a very common thing 
to find onc of thc bicuspids decayed to the pulp while the approximating 
surface of the other shows only the first beginning of caries. This phenom- 
enon is difficult to account for unless we suppose that the teeth Lave 
di ff wen t resisting powers. ” 

Miller (158) in a continuation of his 1904 paper, examined the resistanoe 
of enamel to acid decalcification. He pointed out that enamel is far more 
resic;tant tcJ  decalcification than dentin and that “chemical destruction of 
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enamel takes place to a very great extent from within outward and is very 
materially assisted by mechanical agents.’’ He said : “The external intart, 
smooth enamel surface offers a most stubborn resistance to the action of 
weak acids and far greater resistance than the internal surface,” and 
illustrated this fact experimentally. He also illustrated that “abrasions, 
bruises, cracks, or any other defects, natural or artificial, very sensibly 
diminish this resistance.’’ Some of the resistance is due to the enamel 
cuticle, and he warned against its destruction. He showed that the cuticle 
remained tenaciously in place after caries was well established. 

Another property was one “which appears still more important than the 
behavior of the enamel cuticle, The external surface of the enamel seems 
to be protected by a thin layer or crust which offers a marked resistance to 
the action of acids in comparison with the deeper layers. Wherever this 
crust, which is only a fraction of a millimeter thick, is mechanically removed, 
the acid a t  once acts far more rapidly upon the enamel than otherwise.” 
The effect was illustrated by sections, particularly by one in which a cut 
was made parallel with the enamel prisms. 

Miller also showed by exposure of sections to acid that secondary dentin, 
transparent dentin, and self-healed dentin were more resistant to decalcifi- 
cation than normal primary dentin. 

With respect to an outer caries-resistant layer of enamel, Hodge and Mc- 
Kay (101) found: “It is interesting and even amazing to note that the 
extreme outer shell of enamel has a maximum hardness on the same scale 
represented by 2,050.” The middle portion of enamel was rated at  910 and 
the inner layer at 330. Thewlis (196) has shown that enamel increases in 
radiopacity from the dentino-enamel junction to the outer surface and that 
there is apparently a peak at  the surface independent of the Mackie effect. 

Bodecker and Ewen (39) found 179 cases of “unilateral caries” in 516 full 
mouth X-rays, unilateral caries being defined as decay affecting only one of 
two approximating tooth surfaces. These cases were those in which varia- 
tion in environment were eliminated, and resistance must necessarily have 
resided in the teeth. They discussed this rather frequent phenomenon as 
indicating a Rtructural resistance to caries. 

2. Some Nutritional Studies 

Mellanby (141) reported the beginning of what proved to be a long study 
of the relation of structure to canes saying at that time “if the enamel on all 
perfa of the crowns of teeth is abundant and sound, and if the teeth are ade- 
quately spaced, then such teeth are less likely to be attacked by caries and 
other diseases.” This statement has always been objectionable to the local 
environment theorists either as a premise or a conclusion. Mellanby 
selected the dog as an experimental animal and showed that restriction of 
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calcifying agents, particularly vitamins A and D resulted in formation of 
teeth grossly hypoplastic in both enamel and dentin but could not show that 
dental caries resulted in the dog because of these poor structures. Her ex- 
periments on dogs and on children are somewhat cumulatively presented in 
1934 (142), a publication that Weaver (202) thoroughly analyzed. His 
main objections to the conduct of the work, analysis of the data and the 
conclusions are: (A) Association between two conditions has been taken as 
a causal relation, incidentally, a very frequent error. (B) There are several 
conflicts between theory and facts especially in reference to permanent 
teeth. (C) The findings can be interpreted in other ways, particularly in 
respect to treacle which in some experiments was used as a control on olive 
oil and cod liver oil feeding. (D) The theory is not in harmony with facts 
on (a) the liability to caries of different surfaces of teeth; (b) the incidence of 
rickets; (c) incidence of caries in New Zealand, Australia, and South Africa; 
(d) asymmetry of caries on opposite sides of the mouth; and (e) the relative 
liability to caries of vital and pulpless teeth. 

In the matter of rickets in relation to dental caries, Friel and Shaw (91) 
have pointed out that in Johannesburg actinic rays received from the sun 
are about 10 times as much as in England, and rickets is non-existent. But 
of 600 Johannesburg children 560 had caries. On the other extreme, Taylor 
and Day (194) found in the Kangra District of the Punjab, Northern India, 
“a very low incidence of dental carles and hypoplasia.” A diet and health 
survey had “shown a high incidence of rickets and osteomalacia and definite 
vitamin D, calcium, and phosphorus deficiencies in the diet of most of the 
population there.” Presumably the deficiencies prevailed over long periods 
and could be reasonably assumed as concurrent during tooth formation. 
They gave 10 case histories with severe rickets. Among these there mere 
two decayed deciduous teeth, four carious permanent teeth, and two cases 
with four defective fissures each. Four had perfect teeth with respect to 
caries. 

Rosebury and Karshan (175) found in posteruptive studies that corn oil, 
olive oil, Wesson oil, crisco, and lard were effective in reducing the caries 
index in rats, but paraffin oil was without effect. Vitamin D in a minimal 
amount exerted an independent effect in lowering the index. However 
they concluded “the mitigating effect of vitamin D on caries is relative and 
limited” and “no amount nf vitamin D can be expected to prevent caries.” 

If there is in reality a structure associated with resistance to the initiation 
of dental caries i t  remains to be demonstrated by means of a specific struc- 
ture. The evidence-histological, physical, or chemical-must be shown 
to be present particularly in the surface of the enamel of teeth that will not 
decay,.and absent in those that do. The test of resistance to decay should 
be either the bread and saliva type test of Miller, or proof that the tooth h a  
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existed caries-free in a human mouth for a long period of time under condi- 
tions that promote caries, such as long time inddgence in carbohydrate 
foods. Posteruptive etrects of nutrients acting through metabolic channels 
are probably mainly, if not entirely, exerted through dentin and have not 
been considered here in etiology as concerned with initiation. 

VII. FLUORINE AND DENTAL CARIES 

1 .  Summa y of the Discovery of Fluorine in Various Tissues and in Water 

Fluorine is qualitatively the most important element associated with 
dental enamel. An excess intake of fluorine in the period of formation of 
enamel causes mottled enamel; an optimum intake results in a lowered inci- 
dence of dental caries; a posteruptive application of relatively concentrated 
solutions of fluorides reduces the incidence of new cavities. The first of 
these effects is structural, the second probably so, and the last possibly a 
bacteriostatic effect concentrated a t  the surface of the enamel. 

In 1802, Count Morozzo was called to inspect the fossil bones of a large 
animal found in some shallow excavations near Rome. He concluded the , 
bones were those of an extinct species of elephant (161). In particular he 
obtained a molar which he submitted to  a chemist, Morichini, for analysis of 
its parts. Further details of the fossils were reported by Morozzo (162) 
with a statement by Morichini occurring therein. Morichini treated por- 
tions of the enamel and dentin with sulfuric acid and, finding that the gas 
emitted would etch glass, reported that the molar contained “fluoric” acid. 

hlorichini (160) reported his work in full and also the detection of fluorine 
in the bones and teeth of contemporary man. He suggested that fluorine 
may have a relation to dental disease but his implication was of diagnostic 
intent. Klaproth (110, 111) obtained samples of the elephant molar from 
Morozzo and confirmed the presence of fluoric acid. He suggested that i t  
was derived from phosphoric acid. 

Gay-Lussac (92) related the details of Morichini’s wvork in a letter to 
Berthollet in 1805, and it was this notice that attracted the attention of the 
chemists of that time. Chenevix (47) combatted Klaproth’s idea of the 
origin of fluoric acid by slow transformation of phosphoric acid. Fourcroy 
and Vauquelin (90) failed to find fluoric acid in enamel, in recent ivory, and 
in some fossil ivories, but Chevreuil (48) succeeded. The details of their 
procedures suggest that Fourcroy and Vauquelin had obtained the com- 
paratively soluble calcium fluosilicate, but Chevreuil’s (48) procedure 
produced calcium fluoride. Brande (41) of England failed to find fluorine 
in the enamel of human teeth possibly because the glass surfaces he exposed 
to the evolved gases were too extensive for him to detect the etching. Proust 
(166) found fluorine in the bones of a fossil elephant and in fragments of 
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bones and teeth of a fossil horse. Berzelius (18, 19) confirmed Morichini 
by finding Auoric acid in teeth and bones. He found fluorine in urine, 
though in very small alwunt,, by precipation with lime water. Thus by 
1806, the cheinists of Italy, Germany, France, England, and Sweden had 
taken a lively interest in fluorine in the tissues of animals. The interest is 
shown by Delametherie’s (72) note on Proust’s report and Gehlen’s (93) 
editorial activity in reporting to  German chemists the work of Morichini 
(160), Proust (lGG), Fourcroy and Vauquelin (go), and Chevreuil (48), and 
also the full publication of the results of Berzelius (17). Nicholson’s 
Journal in England commented editorially on fluorine in bones in 1806 and 
in 1807. 

Berzelius (20) found fluorine in Carlsbad waters in 1823 qnd estimated a 
concentration of 3.2 p.p.m. as calcium fluoride. Will (204) reported in a 
footnote the presence of fluorine in plant ashes. Wilson (208) in 1846 con- 
firmed the presence of fluorine in urine. He found i t  in well waters of 
Edinburgh and with considerable difficulty demonstrated its presence in ox 
blood and in cheese. He said: “Physiologists will doubtless now be 
tempted to fipeculate on the possibility of fluorine performing some essential 
function in living animals.” Wilson (209) repmt4ed fluorine present in 
ocean wat,er, and (210) in 1850 verified his discovery of fluorine in ox blood 
and proved its presence in milk directly instead of indirectly by analysis of 
cheese. Crichton-Browne (59) in 1892 suggested the need for fluorine by 
women “to fortify the teeth of the next generation.” 

In 1842, Girardin and Preisser (94) proposed to determine the age of 
fossils by the amount of fluorine present. This method was examined by 
Daubeny (Gl), Middleton (143), and Smith (185) a t  that time and later by 
Carnot (46) and Wilson (211). Hoppe-Seyler (Hoppe, 103) suggested 
fluorine was present as a fluoapatite in bones and teeth thus giving an ex- 
planation of the accuniulation of fluorine in bones, a puzzling fact to the 
investigators of fossils. Incidentally Rlorichini’s discovery of fluorine in 
the fossil elephant molar was probably made possible only by such an 
accumulation. The fossil was found in a volcanic formation, and the 
ground waters were probably rich in fluorine. 

2. Molilcd Enamel and Caries 

In 1801, Eager (75) reported his observation of black teeth (denti neri) 
among the native8 of Pozzuoli, 5 miles from Naples. The teeth were called 
“denti di Chiaie,” and Eager said because “this defect was first described 
by Prof. Stefenn Chiaie, a celebrated Neapolitan, and bears his name.”6 

This derivation of “denti di Chiaie” w w  denied by Cuerini in correspondence 
with McKay (136) who said it was named for a quarter of Naples in which the condi- 
tion was frequently observed. The works of Stefano delle Chiaie, rtvailable to the 
author, reveal no reference to such teeth. 



In  1915, McKay (133) reported the study by himself WCI B1:wk of a wn- 
dition which they called “mottled enamel,” endemic in and around (lolora,do 
Springs. Their publica,tior, of det.ails (33, 134, 135, 136, 137) inarks thr 
effective beginning of the study of the causes of mottled enamel. ‘I’hc, out- 
standing features of their papers with respect to dental cai*iw arc that they 
sssociat,ed the condition wit,h the water supplies and “as to cariw, t,hr t,ceth 
of these children compare favorably wittli t’hose of ot.her communities \ \~PIY:  
cndemic niot,t,lcd enamel is iinkno~vn. . . . But when t,he teet,h ( lo  tlrv*tly, 
the frail condition of the enamel rnakcs i t  cxt,reinelg tliffiaiilt. to in:& p o t \  
and effective fillings. For this reason many individuals will low thcir tecbtti 
hecause of caries, though the number of cnrioiis cavittics is fww than 
elsewhere. ” 

Mch‘ay persevered in the study of mottled enamel and clung to his lxlid‘, 
in spite of discouragement by facts and men, that some trace ttleineiit in 
water was the cause. In 1925, he advised change of water supply at  Oaklcy, 
Idaho (128) and in 1933 (132) was able to report that motkled rnnmel was 
no longer being developed there. 

In 1926, McKay (129) reviewed thc evidence for the occiirrenw of the 
cause of mottled enamel in water and asked for suggestions froin water 
works men. Among the many replies was one from Hannan (97) w h G  
wrote: “Since the enamel is essentially mineral in composition, and the 
water definitely incriminated, the mineral content of tthe water seems the 
probable source of the trouble. Of the mineral elements a t  present known 
to be common to both water and enamel, t,he chief are calcium, phosphorus, 
and fluorine. For our intake of phosphorus, we are independent of the 
small proportion found in water; the same can be asserted of calcium with 
perhaps a shade less certainty, a dietary deficient in this element being not 
altogether unusual. But when we consider fluorine, all is a t  present. 
shrouded in obscurity.” McKay (130) replied to the suggestions but IT- 

grettably not, to Hannan’s fluorine idea. 
In 1925, Schulz and Lamb (180) and McCollum, Simmonds, Becker, and 

Bunting (125) described the effects of fluorine on the development of rat 
incisors, and t,he latter authors, in particular, mentioned “a dull, opaque 
white color” of the enamel and spoke in one instance of “mottled areas.” 
McCollum, et nl. ‘!were led to consider whether perhaps a deficiency of 
fluorine in the food might lead to the formation of teeth which had poor 
st,ructure and consequentJy possess little power to resist. the agencies which 
lead to decay.” 

Bunting, Crowley, Hard, and Keller (44) stated i-elat,ive to inott’led 
enamel a t  Minonk, Illinois, that the percentage of children affected by caries 
w.as about the same as elsewhere but t,hat it was limited to small pit and 
fissure caries of thc molars. 

McKay (131) advanced the idea that, because there was not more decay 
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in mottled enamel, that structure has no relation to liability to  decay. 
This argument is not valid in view of the recent evidence that sliglitly 
mottled teeth are  less affected by caries than “nornial” teeth from low 
fluoride areas, but,, the invalidation is in no way proof of the contrary. 

In  1931, Churchill (195, 51) announced the discovery of the presence of 
fluorine in the waters of Bauxite, Arkansas, where severe mottled enamel 
had been described by Kempf and MeKay (108). Churchill also found 2 
p.p.m. or more fluorine in other endemic regions and less than that in areas 
free of mottled enamel. Smith, Lantz, and Smith reported in 1931 (186, 
187) obssivations on fluorine and mottled enamcl that were made in the 
same period as those of Churchill. They found fluorine in the waters of 
St. David, Arizona, where severe mottled enamel was endemic. By giving 
the waters concentrated to 1/10 volume to rats they produced chalky 
enamel of the incisors. They identified the condition with that observed 
by McCollum, Sinimonds, Becker, and Bunting (125) and thus practically 
completed the etiology of mottled enamel. 

Others who noted ti reduced incidence of dental caries in mottled enamel 
districts were Ainsworth (3, 4), Masaki (140), and Erasquin (79). Ains- 
worth, in particular, noted that the deciduous teeth, which are very seldom 
mottled in endemic regions, had a reduced rate of caries as he wrote “12.9 
per cent of deciduous teeth carious against 43.3 per cent in all districts.” 
In his 1928-1929 paper, Ainsworth, of course, was unaware of the cause sl 
mottled enamel; in his tQ33 report, which was largely reprinted from the 
earlier paper, he added comment on fluorine with regard to mottled enamel 
but made no suggestion on its possible effect on caries. 

Arnim, Aberle, and Pitney (11) examined 201 Indian children in regions 
where the well waters contained fluorine up to  2.8 p.p.m. They found 
white spots in 24% of 1605 permanent incisors, but no carious lesions. 
They, however, ignored the lowered incidence of caries in order to attack the 
idea of the probable mechanism of such lowering by saying: “The observa- 
tions recorded herein add another group of teeth, structurally defective, in 
which the incidence of carics is not increased.” 

3. Direct Evidence of Anti-Caries &ion of Fluorine 

a )  Analytical. An important event in ‘the fluorine-caries problem was 
the development by Armstmng (8) of a reliable method for the determina- 
tion of fluorine. With it Armstrong and Brekhus (1OY found the mean 
fluorine content of the enamel of sound teeth to be 111 p.p.m.; that of 
carious teeth, 69 p.p.m. The difference was 11.9 times the standard error 
and hence of undoubted significance. They considered, ivith caution, 
a causal relationship. They recognized (9) that mottled enamel, with 
fluorine content over 300 p.p.m., mav become carious and said: “It is 
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possible that cnries occurring in severely mottled tee, 1 , re not entirely 
comparable to caries of nonmottled teeth. The fact thab the relatively 
slight amounts of fluorine in mottled cnamel are accompanied by profound 
changes in its properties makes it seem entirely possible, in the light of 
the evidence presented above, that optimum quantities of this element 
in enamel might be associated with an increased resistance to caries with- 
out the deleterious effects on the appearance and the structure produced 
by an excesive fluorine content.” 

Cox, Matuschnk, Dixon, Dodds, and lf7alker (57) 
fed 10 and 40 1xp.m. of added fluorine as sodium fluoride to rats during 
pregnancy and lactation and tested the’young for susceptibility to coarse 
cereal caries. They found a significant increase in caries resistance, com- 
pared with young from mothers on rations with no added fluorine. The 
molars of the young were not mottled. All young were placed on the same 
caries-producing ration with no added fluoride, that is, no fluoride was given 
to any of the young after they were weaned at 21 days of age. They wrote: 
‘(Our evidence {hat fluorine aids in the formation of caries-resistant teeth, 
linked nith the findings of Armstrong and Brekhus (10) and of Dean, Jay, 
Arnold, McClure, and Elvove (69), shows that a very great reduction 
of the incidence of human caries can he obtained by supplying in food 
and water an optimum amount of fluorine during tooth formation.” They 
concluded their data were evidence that “caries resistance can be built 
into enamel.” The findings of Cox, el al. (57) relative to preeruptive 
fluorine have been confirmed by Norvold and Armstrong (6). 

Volker (200) studied rate of solution of enamels with varying contents 
of fluorine a t  pII 4.0. He concluded: ‘(The presence of fluorine in large 
aniounts may decrease the solubility of the dental hard tissues. Small 
amounts of fluorine show no demckstrable reduction in enamel solubility. 
It seems doubtful that the amounts of fluorine present in slightly fluorosed 
teeth is sufficient to alter their acid solubility.” 

Extensive surveys of the relation of water to dental 
caries have been made by Dean and his associates. In, the initial paper 
of the serics (64) presumptive evidence was presented that the caries 
rate was low in mottled enamel regions. Four questions were raised, 
concerning namely (a) relation of structure to caries; (b) the significance 
of the fluorine content, per se, of the enamel; (c) the inhibitory actiod of 
fluorine on the enzymatic processes; and (d) whether or not fluorine is the 
only element in the pertinent waters active in prevention of caries. Dean 
and his con orkers, however, have confined their attention mainly to the 
inhibition of enzymatic action and generally with negative results. 

Dean, Jay, Arnold, McClure, and Elvove (69) found the caries rate of 12, 
13, and 14 year old children of Galesburg and Monmouth, Illinois, with 1.7- 

b)  Experimntal. 

c) Field Sludies. 
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1.8 p.p.m. of fluorine in the water supply was of the order of 200 carious 
teeth per 100 children compared with 633 a t  Quincy, Illinois, with 0.2 
p.p.m. of fluorine in the water. The lactobacilli counts in saliva were 
correr;poiidingly lower ot Galesburg and Monmouth cornpared with counts 
in Qiincy. ’ h e y  reported the results of McClure’s (122) studies of salivary 
;LIll-&LH(?, the values for maltose being 105.0 =t 5.2 mg. for 63 specimens of 
d i v a  froni Quincy, and 108.7 =t 3.1 nig. from 82 solivas from Galesburg. 
McClure \ifrote: “It may be said with reasonable assurance that fluoride 
ingestion, brought about by the use of a domestic water supply containing 
approximately 1.8 p.p.m. of fluor>inc, does not change the final amylolvtic 
nctivit,y of the saliva secreted under these conditions.” 

Bibby and Van Kesteren (26) found that “fluorine concentratioiis of less 
than 1 p.p.m. limit acid production by bacteria, but concentrations in 
excess of 250 p.p.m. are needed to affect bacterial growth.” There are 
two important deductions to be drawn from these findings of Bibby and 
Van Kesteren. Cox (54) calculated from preliminary data of Bibby and 
Van Iiesteren that their culture medium contained 0.32 p.p.m. of fluorine. 
Cox and Matuschak (54) found in “a single sample of stimulated saliva 
pooled from three children. each from Galesburg and Quincy . . .0.095 and 
0.12 p.p.m. of fluorine, respectively.” McClure (123) analyzed pooled 
salivas from u number of localities including Galesburg and Quincy, and 
found the fluorine level to he about 0.10 p.p.m. and within limits of the 
variation of hi8 analytical method, uninfluenced by fluoride containing 
waters of the range of variation found in Illinois. Hence the lowest con- 
centrat,ion of fluorine tested by Bibby and Van Kesteren (26) ivas ap- 
proximately three times that found in human saliva. Furthermore as 
there is no ihdicated difference in concentration of fluorine in saliva between 
areas with high and low fluoride waters, a difference in rate of production 
of acid cannot be expected because of the influence of this ion. Conse- 
quently the thesis of Dean (64) that fluorides influence the course of 
enzymatic reactions is unsupported with respect to (a) amylixse and (b) 
the acid producing enzyme systems of bacteria, in so far as fluoride of 
saliva is concerned. 

The other concentration of fluorides referred to  by Bibby and Van 
Kesteren is that “in excess of 250 p.p.m.” to  affect bacterial growth. 
Obviously there are no such concentrations of fluoride involved normally 
in any of the fluids concerned in dental caries. Even the concentration 
falls below that value in sound, unmottled enamel (10). That there 
is a higher concentration of fluorine in the surface of enamel remains to  be 
demonstrated aswell as the fact that it, in situ, is effectivcin limiting growth 
of bacteria. Hence, number of lactobacilli would seem to be unaffected 
by fluoride differences in either fluids or enamel, and the difference of 
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counts found by Dean, et al. (69) cannot be explained on such rt basis with 
present knowledge. 

Dean (65) reviewed the relation of fluorine to caries and expressed 
doubt of the significance of the results of Cox, el al. (57) who interpreted 
their findings with rats as indication of resistance built into the erianiel. 
But Dean (G5) considered t.hen only two hypotheses, naniely, the effect 
of the fluorine content of enanicl as providing (a) acid-resistant or (b) 
antienzymatic niaterial or antibacterial surface effects. However, Dean, 
Jay, Arnold, and Elvove (67) wrote: “Whether or not this inhibitory 
agent operates locally, systemically, or even involves structural or com- 
positional factors is still undetermined.” They examined children of 
Bauxite, Arkansas, who had been on fluorine-free water for 12 years after 
change of the water supply from a 14 p.p.m. level of fluorine. They found 
the older children with mottled enamel, which had been formed prior to 
the water change, had markedly less caries than comparably aged children 
of Benton, Arkansas, four miles a\vay and continuously on lov fluorine 
water. Children born within 13 years of the change of water were practi- 
cally free of mottled enamel and had a low caries rate. A third younger 
group had an increased rate of caries, in fact an inversion of the usual 
pattern of increase of cavity incidence with agc as they had more caries 
experience than the older children. The exposure to fluorine-free water 
had therefore no effect on caries. The counts of lactobacilli paralleled 
caries activity and not the fluorine content of the water. 

Arnold, Dean, and Elvove (15) examined the lactobacillus couiits of 
children of Garrettsville, Ohio, where a change of water supply resulted 
in an increase of the fluorine level from 0.1 to  0.7 p.p.m. They found no 
change of the L. ucidophilus counts over a period of two years, though they 
considered that the period of observation was too short. 

Dean, Jay, Arnold, and Elvove (G8) examined the children of 8 Chicago 
surburban cities, and Dean, Arnold, and Elvove ( G G )  children of 13 addi- 
tional cities. The chief signifipnce of this extension of their methods is 
that in 21 cities they have extended the association of fluorides in water 
supplies with a low caries rate to a fair certainty on this basis alone. Their 
presentation of the dental caries experience of 7,257 12-14 year old children 
plotted against the fluorine content of the public water supply should 
convince the most confirmed skeptic that fluorine is a significant beneficial 
element in dental caries. 

The above association of low caries rate with fluorine in water seems 
to supply a practical answer to  Dean’s question as to whether fluorine 
alone or other elements are active. However, the questions relating to  
structure of enaniel and its fluorine content remain unanswered by any 
part of the field work of Dean and his coworkers. Their finding of 19 
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times as much interproximal caries experience in the superior incisors of 
low fluoride cities compared with fluoride populations, and 4 times ns much 
first permanent molar mortality, is difficult to explain on a basis of local 
oral environment as the sole cause of caries. If this crude separation 
of localities of caries attack were refined to the presentation discussed on 
page 26, et wq., it is not improbable that other striking difierences, un- 
explainable on the bacteria-as-initiating-agents theory, would appear. 

Deatherage (6) has provided evidence of another type of the beneficial 
value of fluorine in caries. He found in army selectees in Illinois, ages 21- 
28, a total caries experience ratme of 581 carious teeth per 100, in 77 men who 
had lived the first 8 years of their lives in commiinities with fluoride waters. 
In 82 men of comparable age who spent the first 8 years in low fluoride 
areas and then in high, the rate was 1,077 carious teeth per 100. Later 
Deatherage (70) has increased the number of subjects. The data below 
are condensed from his table. 

Fluorine and Dental Caries 

F in water, 1st 8 years 21-24 24-28 OW 2a 

Age, Number, and Cariei Rate 
No. Age No.  Age No .  Age 

F free 232 865 129 1061 88 1211 
0.6-0.9 p . p n  67 748 41 622 47 1317 
1.0 p.p.m. and over . 202 613 152 793 159 811 

Deatherage gave data also on those who had spent all their lives in high and 
low fluoride areas. The data (a) support those of Dean, (b) indicate that 
most of the protection is derived by the factors acting in formation of the 
enamel, and (c) show tlat protection is extended beyond 28 years of age. 

Dean, Jay, Arnold, McClure, and Elvove (69) included some data of 76 
children who for various reasons had not been in Galesburg for all of the 
first six years of their lives, They excluded these data from most of their 
conclusions. , Cox (54) concluded that these children had a significantly 
higher caries rate than children of Galesburg who had been exposed to 
fluoride water continuously and, therefore, that posteruptive exposure to 
fluoride-bearing water supplies has no effect on the course of dental caries. 
Dean and his coworkers in subsequent studies have rigidly excluded children 
d varied exposiire to fluorine. In so doing they have omitted the dynamic 
groups that would give information as to the time elements of the problem, 
such as duration of protection. The carious atstack pattern in mouths 
with teeth of two different histories of fluorine during formation, would 
be a crucial test of the theory of initiation of caries by bacteria. 

An example of how the advent of fluorine in the dental caries field may 
upset some fine spun theories is the case of Tristan da Cunha. The ex- 
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cellent teeth of the inhabitants of that isolated South Atlantic island 
had been explained by their diet of (a) fish, (b) potatoes, (c) raw milk, 
and (dJ low intake of sugar. However, Sognnaes (190) found that mild 
mottled enamel was wide spread. The water contained only 0.2 p.p.m. 
fluorine so Sognnaes considered the fluorine derived from a food sburce, 
probably fish. Sognnaes and Armstrong (191) confirmed the presence 
of fluorine in the teeth by finding 196 p.p.m. in deciduous and 270 p.p.m. 
in permanent enamel, values in excess of the normal (10). 

4 .  Poslerup fively Applied Fluorides 

Miller (144) largely inhibited the development of coarse cereal caries 
in rats by the inclusion of 250 p.p.m. of sodium fluoride or 500 p.p.ni. of 
calcium fluoride in the caries-producing ration. His procedure was based 
upon antienzymatic considerations and he employed as an additional 
control a ration with 200 p.p.m. of iodoacctic acid. This latter ration 
undoubtedly operated by inhibiting bacterial action. As the initiating 
factor, the coarse cereal particle, was present a t  all times the net result 
would appear to be that caries was initiated but development of cavities 
was prevented. The same explanation may soffice for the fluorideseries 
but, in view of the demonstration by Perry and Armstrong (165) and by 
Arnold and McCliire (12) that fluorine may be acquired posteruptively 
by enamel, some structural or chemical explanation may be invoked. 
Miller’s findings, confirmed by Finn and Hodge (82), McClure and Arnold 
(124), and others, have been the basis of the application of posteruptive 
fluorides in human caries. Cheyne (50) applied 500 p.p.m. of KF-2Hz0 
in aqueous solution to  the cleaned and dried teeth of 27 children at about 
4 months intervals for a year. The 
incidence of newly carious surfaces was 3.09 in the experimental, and 6.04 
in the controls. Bibby (22) initiated an experiment with 100 children. 
He treated the teeth of one quadrant of the mouth with 1/1000 sodium 
fluoride solution for seven or eight minutes after prophylaxis of all teeth 
and treatment with hydrogen peroxide and alcohol. (It is not clear 
whether these latter agents were used on all teeth.) Treatment was 
effected every 4 months. After a year, 33 new cavities were observed in 
the treated quadrants, and 61 in the untreated. Neither Cheyne (50) hor 
Bibby (22) used a solution of comparable inhibiting value on any control 
teeth so it is not clear whether fluorides have specific inhibiting effects on 
caries. Use of iodoacetic acid as a control would have indicated whether 
fluorides have especial dental effects, when posteruptively applied, or 
whether any inhibiting agent diligently used would result in a similar 
reduction of carious attack. 

Conclusions with respect to  the etiology of canes drawn from post- 

For controls 19 children were used. 
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eruptive experimentation with high concentrations of fluorides may be 
defective when applied to field studies as the latter have uniformly been 
concerned with low conceutrations. The distinction between initiation 
and promotion of caries should not lie ohscurcd in evaluating the data. 

5 .  Y‘lw Toxicity o j  F 1 i w k l C . s ’  in 12elution to Possible TJSP i t i  flie Prevention 
of I)ental Caries 

The toxic aspects of fluorine havc been dealt with by LleEds (71), 
h/lcClure (121), Roholm (l(i8), Greenwood (95), and others. It is not the 
intent of this study to examine the effects of the higher dosages of fluorine. 
The significant maximum level of fluorine from the dental caries prevention 
viewpoint is that which will produce no toxic effect. Consequently 
toxicity studies must be examined for the minimum fluorine intake that 
can cause any detectable signs of injury. 

Shortt, Pandit, and Raghavachari (184) studied a stiffness in the lumbar 
region of natives of certain districts near Madras in India, said to be 
associated with water supplies. The condition affected adults of thirty 
years and over, and the final condition in persons over 40 was complete 
rigidity of the spine and rigidity of the joints of the upper and lower limbs. 
The patient eventually became completely bed-ridden. There was a heavy 
incidence of mottled enamel. Preliminary studies showed 0 to 10 pap.m. 
of fluorine. They found the natives ha4 learned by trial and error the low 
fluorine waters but attributed the choice rather to selection by hardness, 
which they found positively correlated with high fluorine. 

Shortt, MclEobert, Barnard, and Nayar (183) continudd thc above 
studies with intensive examination of ten subjects. Radiological findings 
were increased density of the bones in the affected areas. The majority 
of their cases showed renal impairment. They did not discuss this aspect 
as a cause or result of fluorine. Pandit, Raghavachari, Rao, andKrish- 
namurti (164) estimated the intake of fluorides in the Madras area of 
osteosclerosis on the basis of 6 pints of water per day as 5.4 mg. fluoride 
per day in a mild area, 9.4 mg. in a moderate area, and 13.2 to 24.0’mg. 
in the severe areas. (The context indicates this is fluoride ion, not sodium 
or calcium fluoride.) They concluded the severity of the condition had 
“definite relation to  the economic and nutritional status of the communi- 
ties.” They implicated a vitamin C deficit. They found the “bonc 
affections were fairly prevalent” in a town “with a fluoride content of only 
2 p.p.m. in their water supply.” 

Hodges, Fareed, Ruggy, and Chudnoff (102) examined 86 subjects rang- 
ing in age from 74 to 71 years with the fluoride content of the water supply 
varying from 1.2 to 3 p.p.m. (Kempton, Illinois) and 31 subjects from 18 
to 78 years with fluoride at 2.5 p.p.m. (Bureau, Illinois). They concluded: 
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“The use of drinking water containing up to 3 p.p.m. of sodium fluoride 
apparently does not cause radiologically demunsrrable sclerosis of the 
skeleton even though the waterb taken for a long period of time.” (Weart 
and Klasseri, 201, from whom Hodges, ct 102, derived their figures for 
fluoride, niako it clcar that these values are in terms of the fluoride ion 
m t l  not, as a salt such as sodium or calcium fluoride.) Linsman and Mc- 
h h r m y  (118) reported what they believed to he the first case of osteo- 
sclerosis, observed radiologically and confirmed a t  autopsy, resulting from 
fluoride in the water, to be foruid in the United States. The subject had 
suffered a kidney injury in youth and exhibited severe anemia. The 
exposure tt, fluorine in water had varied from very low to as high as 12 
p.p.m. They said: “The chronic fluoremia may have aggravated existing 
kidney lesicmu. Or it is entirely possible that, because renal impairment 
was present, the osteosclerosis developed as a result of fluorine retention.” 
They recommended systematic study for osteosclernsis in regions in which 
the fluorine content exceeds 3 p.p.m. 

The above studies indicate that significant bone injury is rarely if ever 
produced by levels of fluorine in water that result in improved resistance 
to dental caries. In each of the above studies mottled enamel was cited 
as evidence of the presence of fluorine in the water supplies and was ap- 
parcritly the more delicate sign of a toxic intake of fluorine. As the pro- 
gosnls of the use of fluorides in drinking water to prevent caries, discussed 
below, are based on a sub-mottling dosage i t  is difficult to understand 
how objection can be raised on the basis of injury to  the skeleton. 

6. Practical Applications of Fluorides Through Water  Suppl ies  

Cox, Matuschak, Dixon, Dodds, and Walker (57) discussed the addition 
of fluorides to water for the prevention of dental caries on a basis of an 
optimum intake. They proposed adjustment of the concentration to 
compensate’ particularly for seasonal and climatic variation. Cox (53) 
further discussed the fluoridization of water supplies as one certain method 
of effecting mass prevention of dental caries. He reiterated the advis- 
ability of season and climatic variation of dosage to achieve the best results 
with the minimum risk. 

Arnold (14) reviewed the evidence of a lowered rate of caries from 
fluorides in water and analyzed the possibilities of danger of injury. He 
properly limited his consideration of injury to manifestation of mottled 
enamel instead of including osteosclerosis which appears a t  a higher level 
of fluorine intake. He considered the comments “that teeth inendemic 
areas that become carious are lost early in life because caries progresses 
rapidly” (188) were “without the support of iontrolled scientific evidence” 
and that the difficulty of making restorations does not enter in the dental 
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conditions observed at a level of 1 p.p.m. of fluorine in the water. Arnold 
said in conclusion: “The addition of small amounts of fluorides (about 
1 p.p.m.) to fluoride-free public water supplies for the purpose of partially 
controlling dental caries is strongly suggested on the basis of epideminologic 
and experimental evidence.” 

Pursuit of such a recommendation as that of Arnold would undoubtedly 
be safe but the results achieved could not be better and probably would 
be worse than those to be obtained by following the suggestion of Cox(53) 
that the fluoride addition be made with seasonal variation in accordance 
with the amount of water consumed. Climatic variation, that is regional 
differences in temperature, are considered by Aimold but not the difference 
between summer and winter. 

Ast (16) reviewed the literature of fluorine in mottled enamel and caries 
etiology and also the toxicology of that element. He proposed the addi- 
tion of sodium fluoride to water to  raise its fluorine content to 0.8 p.p.m. 
and to  observe the effect on caries as compared with a control community 
with 0.1 p.p.m. or less fluorine. The study period proposed was 10 to 12 
years. This latter is in conformity with the idea that fluorine acts to form 
caries-resistant teeth, but in introductory remarks Ast said : “Daily pro- 
tection would be afforded without the public being aware of it.” As he 
proposed a constant addition to the water supply rather than a supply 
regulated to the needs of the subject he indicates adherence to  the posterup- 
tive theory of benefit from fluorine. If there is no effective posteruptive 
action of fluorine from levels of the order of 1 p.p.m. in the drinking water, 
the false belief by adults that they may derive benefit by fluoridization of 
water may react to the detriment of this public health method. 

It may be pointed out that the method proposed by Cox, Matuschak, 
Dixon, Dodds, and Walker is bmed on resistance by the tooth derived from 
a constant daily supply of fluorine during formation of the teeth. The 
method of Arnold and of Ast derives from the local environfnent theory 
and so proposes a constant level of fluorides in water as it enters the mouth. 

7. The Opposition to Fluoridization o j  Water Supplies 

Specific examination of the opposition to  the use of fluorides in water 
supplies for the prevention of dental caries will be restricted here to the 
analysis of a single typical paper. Smith and Smith (188) contributed a 
paper in September, 1940, that has since been thc mainstay of those who 
have expressed dissent even to consideration of such an idea. 

Smith and Smith (188) cited Dean, et al. (69) as having reported “that 
the incidence of caries was appreciably less in the mottled teeth.. . .” 
Dean, et al. (69) in this, as Gel1 as in subsequent papers, pointed oyt, that 
freedom from caries was shown by teeth thal were not mottled. They (69) 
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said of Galesburg: ‘‘It would appear that the factor responsible for the low 
amount of caries in this citv was operative irrespective of whether the child 
showed macroscopic evidence of mottled enamel.” Dean and his coworkers 
did hesitate to “conclude that the fluorine content of the water was the only 
factor” but they did not say anything in the text about calcium and magnes- 
ium. These elements were only shown in their Table XI11 which is a 
report of water analysis. 

In the work of Cox, et nl. (57) cited by Smith and Smith (188) there is 
no mention of mottled enamel, and Cox (1) and Cox and Levin (6) have 
since endeavored to correct this statement of the Smiths by pointing out 
that the teeth were not mottled. Cox, Matuschak, Dixon, and Walker 
(58) and Dixon and Cox ( i 3 )  were the first to produce and observe mottled 
enamel in rat molars, thc publications being separat,e from Cox, et al. (57). 
In fact, ,mottling of rat molar enamel was offered as a tool for the study 
of the relation of mottled enamel to caries (58). 

The “rather sweeping conclusions” made by Cox, et al. were based on the 
(a) analysis of enamel for fluorine by Armstrong and Brekhus; (b) the field 
studies by Dean, et al.; and (c) the experimental findings of Cox, et 01. 
This chain of evidence is closely similar to that used by the Smiths to  
extend, in the case of mottled enamel, their “findings made on rats to  the 
dental ills of the human race,” namely, chemical analysis, field and clinical 
studies, and esperimentation on the rat. The “mass reduction of dental 
caries” is parallel to their idea of prevention of mottled enamel through 
water supplies, the difference Ijeing that in one case the water carries an 
excess of a substance and in the ot,her a deficit,. The coincidence that i t  is 
t.be same element, excessive or deficient), has been n difficult obstacle to 
understanding by many others than tlhe Smiths. 

The Smit,hs asserted t,hat mot,tled eiianicl “affects the teeth of every 
person who drinks water cont,aining as little as 1 p.p.ni. of fluorine during 
the yea.rs of tooth formation.” This may be true in Arizona, where 
t,emperatures are high, but it does not apply in Galeshurg, Illinois, where 
Dean, ct al. ( G g ) ,  in the paper cited. by the Smiths, reported that 70 of 243 
of the children examined had no detectable trace of mottled enamel. This 
error of the Smiths accentuates that it is not the level of fluorine in the 
water that causes mottled enamel or gives the best protection to teeth, 
but the amount of fluorine ingested. This amount of fluorine varies 
principally with those factors that alter water intake, such as activity and 
seasonal, clinint,ic, and artificial variation of environmental temperature. 
It, is for protection from l~oth  mottled enamel and dental caries that “means 
of control of fluoriiie ii) the whole dietary of children should be undertaken.” 

The evidence presented by the Smiths that mottled teeth become carious 
in the older groups is in the form of a chart showing percentages with no 
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stat,eiiiciit of the number of aubjccts involved. Inspe2tion of the chart’ 
shows a sufficient numher of the graphs to bo of equal height to suggest 
that t.he numbers in each grpup were small. Search for ratios to fit the 
heights yields nuinbers of the order of 10 to 16 or multiplcs of the same. 
‘rhe size of the population as a whole suggests that the groups could not 
have exceeded 20 to 32. This chart, repeated in “Dental Caries” (I), 

‘I’he graphical representation does nothing to ret,rieve the loss. 
The Smit,hs have not made any statement as to the number of artificial 

dentures elected for .esthetic reasons; their description of den t,al caries 
consists of the assertion that caries existed. There is no information given 
as to which teeth were affected or how many. 

The Smiths assert that “the range between t.oxic and non-toxic levels 
of fluorine ingestion is very small.” They gave no figures and none are 
available on any precise basis. The absolute intake of fluorine from all 
sources, determined with that from watcr held constant with t.emperature 
fluctuation, must be foiind in order to indicate the threshold of tosicity. 
The difference between the optimum for dental caries protection and the 
minimum for toxic effect may lie found to  be small. If it amountpH to the 
difference of adding 1 ton of sodium fluoride to 100,000,000 gal. of water to 
produce optimum effects, or 2 tons to produce the minimum of toxic 
symptoms, one would expect that this degree of precision could emily be 
obtained by those engaged iq water treat,ment. Furthermore, n-ith 
chemical analysis of thc water as a control and, if deemed necessary, 
biological test, it would seem that the hazard of adding fluorides t,o water 
is nil. 

Wilson (207) has noticed the paper of Smith and Smith (188). She found: 
“Among 90 rural housewives in Oxfordshire, aged 2 1 4 5  years, 19 had false 
t,eet’li; 13 who showed mottled enamel varying from F2 to E’7 on Dean’s 
scale had but small amount of caries; while the remaining 58 gavc no 
evidence of dental fluorosis but showed a considerable amount, of deray.” 
Wilson’s examination of 1048 children revealed a highly significant, ncgat,ive 
association of dental ca.ries with dental fluorisis, incidently, her frequencies 
being compared with the xe distribution. Arnold (14) has marshalled 
some citations against the assertion of early loss of mot,tled t,reth hv 
caries. As he points out, the mottling of teeth does not ent,cr inth t.he 
problem a t  levels of 1 p.p.ni., his recommended addition of fluorides. The 
evaluation by t.he Smiths of fluorine in the prevention of caries h:ts reached 
the stage of perpetuation in the textbooks (178). 

VIII. GENERAL CONCLUSIONS ’ 

1. A working hypothesis that each cavity arises as a result of a unique 
series of events is proposed to replace the current hypothesis that every 

is an example of how original data can be lost by presentation of r* ‘I t’ 10s. 
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cavity is the result of an identical series of causes or even frwn i~ single 
cause. The necessary revisions of procedures have been discussed. 

2. Caries indices and sys tem of rccording of tlental caries hava been 
criticized as concealing data. A system b:tsed on empirical sites of decay 
and maintenance of separation of data hns been proposed. 

3. Coarse cereal caries in rats may serve in the st,itdy of many phases 
of dental caries as a guide to t,hc st>udg of caries in man. 
4. It, is suggested on the Imis of dcnt,al caiirs in rats that fcrment,nhle 

carbohydrates do not, initiale caries although they do promote the enlarge- 
ment, of cavities by suslainiiig the activitics of adogenic  organisms. 
This difference of actmion of cnrhohydrates is evidence h a t  the mechanism 
of initiation of caries is distinct from that of cavity development. 

5. Structure of thc enamel should lie considered as an important factor 
in determining whether or not caries \ d l  he cstablishctl. 

6 .  Acidogenic bacteria account for tlt.inincralizatioii of ena,mel and den tin 
in caries Init their relation to initdat,ion or carics remains in the nat,ure of 
association rather than prorcd csiisation. 

7. Various organisma are active in  caries either as a succession of t,ypes 
01’ in symbiosis or by bot,li forms of association. 

8. The study of the complete flora of t,hr mouth, and part,icularl?: (Jf 

plaques, is more promising of clarifjving the local environment phase of 
caries than concentration of attention on a single t,ype of organism. 

8. Preeruptive fluoride is one type of mincrd nut,rit,ion t,hat resnlts 
in decrease in caries susceptibility. 

10. The use of fluorides in the water supplies of communities appears 
to be a safe practical way to prevcnt milch t.ooth decay, particularly in 
thc anterior teeth. 

, 

l),EFEREXCES 

1. Advisory Committee on Rescnrch in Dental  Cnrics. Dcntnl Caries, 2nd.. ed., 

2. Agncw, hl. C., Agnew, R. G . ,  and Tisdall, F. F.,  .I. 4 n l .  D e n l n l  Assoc. 20, 192 

3. Ainsworth, N.  , J . ,  Roy. Denlal I losp i ln l  M a g .  2, 2 (1!)28-29). 
4. Ainsrvorth, N. J., Brit .  Lknlal .I. 66, 233 (I!J33). 
5 .  Allnn, G .  S., Intern. Denfa2 J. 10, 129 (18S9). 
6.  Amoricnn Assoc. Adv:inccnient Scirnc*t,. 1~1110riii(~ n n d  t lcntnl  Jiralth, Pub. No. 

7.  Anderson, T. G . ,  :md Rctt.gcr, I,. I”.. .I. I )o , ln [  K t w n r c h  16, 489 (1937) .  
8 .  Armstrong, W .  D., Ind. Eng. Chon. ,  ; I n d .  Ed. 8. 38-1 (19i36). 
9. Armstrong, W. D., and 13rckhus, 1’. ,J., .I. I h n t a l  Research 17, 2T (I!X38). 

page 277, New York (1911). 

(1033); J .  Pediatrics 2 ,  190 (1933). 

19, 101, Wnshington (1912). 

10. Armstrong, W. D., and  Brckhus, P. J., ib id .  17, 393 (1938j. 
11. Arnim, S. S., Aberlc, S. D., and Pitncy, F,. IT., ,I.  A n t .  Denla2 Assoc. 24.17s (1937). 
12. Arnold, F. A . ,  ,Jr.. and McClurc, F. J., J. Dental Research 20, 457 (1941). 
13. Arnold, F. rZ . ,  Jr., U. $9. Pub. Health Rcp l s .  67, 1899 (1912). 
14. Arnold, F. A., Jr . ,  J .  Am,. Dental Assoc. 30, 409 (1913). 



300 GERALD J .  COX 

15. Arnold, F. A,, Jr., Dean, 11. T., and Elvove, E., U. 8. Pub. IZeallh Repts. 67, 

16. Ast, D. B., ibid.  68, 857 (1943). 
17. Berzelius, J., J .  Chem. u. PhysikS, 1 (1806). 
18. Berzelius, J., Afhand. Fysik Kemi Mineral. 1, 195 (1806). 
19. Berzelius, J., Neues allgem. J .  Chern. 6,590 (corrected, in the original erroneously 

20. Berzelius, J., Untersuchung dcr Mineral-Wilsscr von Karlsbad, von Tcplitz und 

21. Bibby, B. G., J. Dental Research 11, 855 (1931). 
22. Bibby, B. G., Tujts Dental Outlook 16, No. 4,4 (1912). 
23. Bibby, B. G., and Hinc, M. I<., J .  Am.  Dental Assoc. 26, 1934 (1938). 
24. Ribby, B. G., Hine, M. K., and Clpugh, 0. W., ibid. 26, 1290 (1938). 
25. Bibby, B. G., and Scdaick, 13. J., J. Dental Research 13,429 (1933). 
26. Bibby, B. G., and Van Kcstcren, M., ibid. 19. 391 (1940). 
27. Bibby, R. G., Volkcr, J. F., and Van liestercn, M., ibid. 21, 61 (1942). 
28. Black, G. V., Indep. Pract. 7, 54B (1886). 
29. Black, G. V., Trans. Illinois State Dental SOC., 22,180 (1886). 
30. Black, G. V., Dental Cosmos 37, 353 (1895). 
31. Black, G. V., ibid.  40, 440 (1898). 
32. Black, G. V., ibid. 41, 826 (1899). 
33. Black, G. V., with McKay, F. S., ibid. 68, 129 (1916). 
34. Blayney, J. It., Bradel, S. F., Iinrrison, R. W., and Hemmens, E. S., J .  Am. 

35. Blayney, J. R., Thsel, R. G., and Wach, E. C., J. Dentat Research 16, 

30. Bodcckcr, C. F., Dental Survey 7, No.  12, 23 (1931). 
37. Bodrcker, C..F., J .  Am. Dental Assoc. 26, 1453 (1939). 
38. Hodcckcr, C. F., and Bodccker, If. W.C. ,  Dental Cosmos 73,707 (1931). 
39. Bodecker, C. F., and Ewen, S., J .  Dental Research 16,401 (1937). 
40. Bradcl, S. I?., and Blayney, J. R., J. Am. Dental Assoc. 27,1601 (1940). 
41. Brande, W., J. Naturul Phil. Chem. and Art 13,214 (1806). 
42. Buehlmnnn, F., Arch. Anat. Physiol. wiss. filed., p .  442 (1840). 
43. Bunting, It. W., J. An[. Dental Assoc. 22,114 (1835). 
44. Bunting, R. W., Crowlcy, M., Hard, D. G., and Keller, M., Dental Cosmos 70, 

45. Bunting, R. W., and Pnlinerlcc, F., J .  Am. Dental Ass&. 12,381 (1925). 
46. Carnot, A., Ann. Mines 19th scr.] 3, 155 (1893). 
47. Chencvix, Ann. Chini. 64, 207 (1805). 
48. Chevreuil, ibid. 67, 45 (1806). 
49. Cheyne, V. D., Proc. SOC. Exptl. Biol. Med.  42, 587 (1939). 
50. Cheyne, V. D., J. Am. Dental Assoc. 29,804 (1942). 
51. Churchill, H. V., Ind. Eng. Chem. 23, 996 (1931). 
52. Clarke, J. K., Bril. J .  Exptl. Path. 6, 141 (1924). 
53. Cox, G. J., J. Am. Wuter Works Assoc. 31,1926 (1939). 
54. Cox, G. J., J. Am. Dental Assoc. 27, 1107 (1940). 
55. Cox, G. J., and Dixon, 5. F., J. Dental Research 18, 153 (1939). 
56. Cox, G. J., Dodds, M. L., Dixon, S. F., and Matuschak, M. C., ibid.  

57. Cox, G. J., Matuschak, M. C., Dixon, S. F., Dodds, M. L., and Walker, W. E. 

773 (1942). 

numbered as p. 570) (1806). 

Konigswart, 126, Leipzig (1823). 

Dental Assoc. 29, 1645 (1942). 

326 (1936-37). 

1002 (1928). 

18, 469 (1939). 

ibid. 18, 481 (1939). 



CRITIQUE OF ETIOLOGY OF DENTAL CARIES 301 

&. Cox, G .  J., Matuschak, M. C., Dixon, S. F., and Walker, W .  E.,  Science 90, 83 

59. Crichton-Browne, * J . ,  Lance! 2, G (1892). 
60. Dale, P. P., and Powell, V .  H., J .  Drntal Research 22, 33 (1943). 
61. Daubeny, C., Mem. & P T ~ c .  Chem. Sac. 2, 97 (1844). 
62. Day, C. D. M . ,  Daggs, R.  G., and Sedwick, 11. J., J .  A m .  Dental Assoc. 22, 913 

63. Day, C. D. h l .  nnd Sedwick, H. J.,  Dental Cosms 77,442 (1935). 
64. Dean, H. T., U .  S.  Pub. Health Rcpts. 63, 1443 (1938). 
65. Dean, H. T., J .  Pediatrics 18, 782 (1940). 
66. Dean, H. T., Arnold, F. A . ,  Jr.,  and Elvovc, E., LJ. S.  Pub. Health Repts. 67,1155 

67. Dean, H. T., Jay,  P., Arnold, F. A . ,  Jr.,  and Elvove, E., ibid.  68,365 (1941). 
68. Dean, H. T., Jay, P., Arnold,'F. A . ,  Jr.,  and Elvove, E., ibid.  68,761 (1941). 
69. Dean, €1. T., Jay, P., Arnold, F. A . ,  Jr . ,  McClure, F. J., and Elvove, E., ib id .  64, 

70. Deatherage, C. F., J .  Dental Research 22, 129 (1913). 
71. DeEds, F., Medicine 12, 1 (1933). 
72. Delanietherie, J. C., J .  phys. chim. et  hist. naturelle 82, 225 (lMl6). 
73. Dixon, 6. F., and Cox, G. J . ,  Proc. ~'i'oc. Exptl. Rial. Med.  42, 236 (1939). 
74.. Dobbs, E. C., J .  Dental Research 12, 853 (1932). 
75. Eager, J. M., U. S .  Pub. Health Repts. 18. 2576 (1901). 
76. Enright, J. J . ,  Friesell, H. E., and Trcschcr, M. O., J .  Dental Research 12, 759 

77. Entin, D.  A., Deut. kfonatsschr. Zahnheik-48, 113 (1928). 
78. Entin, D. -4., 2. Stomatol. 27, 239 (1929). 
79. Erasquin, R., Rev. Odont. (Buenos Aires) 23, 296 (1935). 
80. Erdl, Allgem. Zeit. inn. Heilk. Chir. Htilfswissenschaflen 3, 159 (1843). 
81. Ficinus, R., J .  Chir. Augenheilk. [n.F.] 8, 1 (1847). 
82. Finn, S. B., and Hodge, H. C., J .  Nutrition 22, 255 (1941). 
83. Fisher, R. A., J .  Roy. Statist. Sac. 86, 87 (1922). 
84. Fisher, R. A. ,  Statistical methods for research workers, 8 ed., p. 344 Edinburgh, 

85. Florestano, H. J., J .  Dental Research 21, 263 (1?42). 
86. Fosdick, L. S., J .  Am. Dental Assoc. 28, 415 (1939). 
87. Fosdick, L. S., and Hansen, H. L., ibid. 23,401 (1936). 
88. Fosdick, L. S., and Starke, A. C., J r . ,  ibid. 28, 231 (1941). 
89. Fosdick, L. S., and Wessinger, G. D. ibid. 27.203 (1940). 
90. Fourcroy and Vauquelin, Ann. chim. 67, 37 (1806). 
91. Friel, G., and Shaw, J. C. M., Brit. Dental J .  62, I, 309 (1931). 
92. Gay-Lussac, Ann. chim. 66,258 (1805). 
93. Gehlen, A. F., J .  Chem. u. Physik 2, 177 (1806). 
94. Girardin, J., and Prekser, Compl, rend. 16, 721 (1842). 
95. Greenwood, D. A., Physiol. Revs. 20, 582 (1940). 
96. Grieves, C. J., J .  Am. Dental Assoc. 9.467 (1922). 
97. Hannan, F., Water Works Eng. 79, 934 (1926). 
98. Harrison, R. W., J .  Infeclious Diseases 67, 91 (1940). 
99. Harrison, R. W., ib id .  87, 97 (1940). 

100. Harrison, R. W., ibid.  87, 106 (1940). 
101. Hodge, H. C., and McKay, H., J .  Am. Dental As'soc. 20,227 (1933). 
102. Hodgcs, P. C., Farced, 0. J., Ruggy, G., and Chudnoff, J .  S., J .  Am. Med.  Assoc. 

(1939). 

(1935). 

(1942). 

862 (1939). 

(1932). 

London (1941). 

, 

117, 1938 (1941). 



302 GERALD J. COX 

103. Hoppe, F., Arch. path. Anat. Physiol. 24, 13 (1862). 
104. Hoppert, C. A., Webber, P. A., and Canniff, T. L., Science 74, 77 (1931,. 
105. Hoppert, C. A., Webber, P. A., and Canniff,.T. L., J. Dental Research 12, 161 

106. Hugenschniidt, A. C., Dental Cosmos 38, 797 (1896). 
107. Johnston, M. M., Kaake, M. J., and Agnew, M. C., J. Am. Dcntal Assoc. a0, 

1.08. Kempf, G. A:, aiicl McKay, F. s., U. S: Pub. Health Rapts. 46,21)23 (1930). 
109. King, J. D., Brit. Dental J. 69, 233 (1935). 
110. Klaproth, Mem. Acad. Roy. Sci. (Berlin), Classe phil. exp. 136 (1804). 
111. Klaproth, Neue. Allgern. J. Chem. 3,625 (1804). 
112. Kleiii, H., and McCollum, E. V., J. Dental Research 12, 528 (lY32). 
113. Klein, H., and Palmer, C. E., U. 8. Pub. Health Bull. No. 239, p. 51 Washington, 

114. Klcin, H., Palmer, C. E., and Ihutson, J. W., Cl. S. Pub. Health R w t s .  63, 751 

115. Leber, T., and Rottenstein, J. B., Dental caries and its causes, T rada t ion  by 

116. Lilly, C. A., J. Nutrition 6, 175 (1932). 
117. Lilly, C. A., and Grace, J .  D., Proc. SOC. Ezptl. Biol. Med. 30, 176 (1932-33). 
118. Linsman, J. F., and McMurray, C. A., Radiology 40, 474 (1943). 
119. Lothrop, A. P., and Gies, W. J., J .  Allied Soc. 6,262 (1910). 
120. Maclean, I. H., Proc. Roy. SOC. Med. 20, Odont. Sect. 33 (1927). 
121. McClure, F. J., Physiol. Reus. 13, 277 (1933). 
122. McClure, F. J., U S. Pub. H d h  Repts. 64,2165 (1939). 
123. McClure, F. J., Am. J. Diseases Children 62, 512 (1911). 
124. McClurc, F. J., and Arnold, F. A . ,  Jr., J .  Dental Research 20,97 (1941). 
125. McColluin, E. V., Simmonds, N., Beclcer, J. E., and Bunting, R. W., J. B i d .  

126. McCollum, E. \ ., Simmonds, N., Kinney, €4. M., and Grieves, C. J., J n h 7 ~  Hop- 

127. McIntosh, J., James, W. W., and Lazarus-Barlow, P., Brzc. J. Ezptl .  Path. 3, 

128. McICay, F. S.,Dental Cosmos 67, 847 (1925). 
129. McKay, F. S., Water Wor+s Eng. 79,’71 (1926). 
130. McKay, F. S., ibid. 79, 1321,1332 (1926). 
131. McKay, F. S., Dental Cosmos 71,747 (1929). 
132. McKay, F. S., J. Dental Research 13, 133 (1933). 
133. McKay, F. S., with Black, G. V., Trans. Panama Pacific DeQtaZ Congr. 1, 25 

134. McKay, F. S., with Black, G. V., Dental Cosmos 68,477 (1916). 
135. McKt~y, F. S., with Black, G. V., ibid. 68, 627 (1916). 
136. hLcKay, F. S., with Black, G. V., ibid. 68,781 (1916). 
137. McKay, F. H., with Black, G. V., ibid. 68, 894 (1916). 
138. Marshall, J. A., J .  .4m. Dental Assoc. 14,3 (1927). 
139. Marshall, .J. A., ibid. 16, 295 (1928). 
140. Masaki, T., Shikwa Gakuho 36, 17 (1031). 
141. Mellanby, M., Lancet 2, 767 (1918). 
142. Mellanby, M., Med. Reseqrch Council (Brit .)  Special Rept. Series, No. 191, 1W 

(1932). 

1777 (1933). 

(1937). 

(1938). 

Chandler, T. H. 103, Philadelphia (1873). 

Chem. 63, 553 (1925). 

kins Hosp. Bull. 33, 202 (1922). 

138 (1922). 

(1915). 

(1934). 



CRITIQUE OF ETIOLOGY OF DENTAL CARIES.  303 

143. Middleton, J., Quart. J .  Geol. SOC. 1,214 (1845). 
144. Miller, B. F., Proc. SOC. Exptl. Biol. &led. 39,389 (1938). 
145. Miller, w., Arch. exptl. Path. 16, 291 (18823). 
146. Miller, W. D., Dental Cosmos 26, 1 (1883). 
147. hliller, W. D., Zndep. Pract. 4, 260 (1883). 
148. Miller, W. D., ibid. 4, 301 (1883). 
149. hIiller, W. D., Dental C'os)nos 26, 387 (1883). 
150. Miller, W. D., Zndep. Prucl. 4,629 (1883). 
151. Miller, W. D., ihid. 6, 57, 113, 224,281,339 (1881). 
152. Miller, W. D., ibid. 6, 327, 283 (1885). 
153. Miller, W. D., 1)ic hfikroorganismen der Mundhohle, p. 305, Iaipzig (1889). 
154. Miller, W. D., l'hc micro-organisnis of the human mouth, p. 364, Philadelphia 

155. Miller, W. U. ,  Dental Cosnios 44.4% (1902). 
156. Miller, W. D., ibid. 46, 1; 85 (1903). 
157. Miller, W. D., ibid. 46, 981 (1904). 
158. Miller, W. D., ibid. 47, 18 (1905). 
159. Morelli, G., ibid. 66. 1068 (1924). 
160. Morichini, D., Metn. mat. e j i s .  12, 11, 73 (1805). 
161. Morozzo, J .  phys. 64, 441 (1802). 
162. Morozzo, C. I,., Meni. mat. e j s .  10, 102 (1803). 
163. Soycs, 11. J . ,  .I. Dental Reseuich. 16, 327 (19%-36). 
164. l'andit, C. G., Ragltavchari, T. S.  S., Rao, U. S., ~ n d  Krislinniiiurti, V., Zndian 

165. Perry, h l .  W., a i i t l  Arnistrong, W. I ) . ,  J. N u t d i w 2 1 ,  35 (1941). 
166. Proust, J .  phys .  chinc. el hist. itut~wrelle 62, 224 (1806). 
167. Tlobertson, W. .  .I pr:ictical treatise on the diwases of the t,ecth, 1). IBX,  Londoli 

168. Itohohn, K., Fluorine intoxication, p.  364, 1,ontlon (1937). 
169. Rosebury, T., .I. N e w  York Acud. Z h d s t r y  2 ,  151 (1935). 
170. Roscbriry, T., Oentome 1. KO. 2 ,  13 (1939). 
171. Rosebury, T., J. Dental Research 18, 3-13 (1939). 
172. Itoscbury, T., mid Folcy, G., i b i d .  14, 359 (1934). 
172. Iloscbury, T.,.~rid I<arshttit, 31. ibid. 11, 121 (1931). 
174. Rosebury, T., and Karshan, M., ibid. 18,143 (1939). 
175. Itoscbury, T., and Iiarshan, M., ibid. 18, 189 (1939). 
176. Rosebury, T., Kiurshan, M., and Folcy, G . ,  ibid. 13, 379 (1933). 
177. Rowbury, T., I<iirshrtn, M., and E'oley, G., .I. Am.  Dental Assoc. 21, 1599 (1934). 
178. Balzmann, J. A., Principles of orthodontics, Philadelphia 674 (1943). 
179. Sandlei, H. C., J. Dental Research 19, 545 (1940). 
180. Schulz, J. A., and Lamb, A. R., Science 61. 93 (1925). 
181. Shclling, D. H.,  and Asher, D. E. ,  J. Uenfal Reseurch 13, 363 !11)33). 
18'2. Sliiliata, M., Japan.  J .  Exp. Medicine 7, 217 (1929). 
183. Shortt, H. E., McRobert, G. R., Barnaril, T. W.,  and Nayar, 9. 8. M., Zndian 

184. Shortt, H. E., Pnndit, C. G., and Raghavachari, T. N. S.,  Ind. Med. Gaz. 72. 

185. Smith, J. L., Am.  J .  Sci., 48, 99 (1845). 
186. Smith, M. C., I,untz, E. M., and Smith, H. V . ,  Science 74, 244 (1931). 
187. Smith, h l .  C., Lantz, E. M., and Smith, H. V.,  IJniv. Ar iz .  Exp. Sfa. Tech. Bull .  

' 

(1890). 

J. dled. Reseurch 28, 533 (1940). 

(1835). 

J .  Med. Research 26, 553 (1937). 

396 (1937). 

32, 253 (1931). 



304 QERALD J. COX 

188. Smith, M. C., and Smith, H. V., Am. J .  Pub. Health 90,1050 (1940). 
189. Sognnaes, R. F., Am. J. Orthodontics. 
190. Sognnaes, R. F., J .  Dentul Research 20, 303 (1941). 
191. Sognnaes, R. F., and Armstrong, W. D., ibid.  20, 315 (1941). 
192. Stephan, R. M., ibid.  17, 251 (1938). 
193. Stephan, R. M., J .  Am. Dental Assoc. 27,718 (1940). 
194. Taylor, G. F., and Day, C. D. M., Brit. Med.  J .  1, 919 (1939). 
195. Theriault, E. J., Znd. Eng. Chem., News Ed. 9, 105 (1931). 
196. Thewlis, J., Brit. Dental J .  82,303 (1937). 
197. Trimble, H. C., Etherington, J. W., and Losch, P. K., J .  Dental Research 17, 

198. Truman, J., Inter. Dental J .  18, 796 (1897). 
199. Underwood, A. S., and Milles, W. T., Trans. Internat. Med.  Congr., 7th Session 

200. Volker, J. F., Proc. SOC. Exptl. Hiol. Med. 43, 643 (1940). 
201. Weart, J. G., and Klassen, C. W., J .  Am. Water Works Assoc. 29,985 (1937). 
202. Weaver, R., Brit. Dental J .  68, 405 (1935). 
203. Weisberger, D., Nelson, C,. T., and Boyle, P. E., Am. J .  Orthodontics. 

204. Will, H,, and Fresenius, R., Ann. Chem. u. Phar. 60, 363 (1844). 
206. Williams, J. L., Dental Cosmos 89, 169, 269, 353 (1897). 
206. Williams, J. L., ibid. 40, 85 (1898). 
207. Wilson, D. C., Lancet 1, 375 (1941). 
208. Wilson, G., Trans. Roy. SOC. Edinburgh 18, 145 (1846). 
209. Wilson, G., Chem. Gae. 7, 404 (18a9). 
210. Wilson, G., Edinburgh New Phil. J .  49, 227 (1850). 
211. Wilson, T., Am. Naturalisf 29, 301,439, 719 (1895). 
212. Yule, a. U., J. Roy. Statist. SOC. 86, 95 (1922). 

(Oral Surg.) !47, 552 (1941). 

299 (1938). 

3, 523 (1881). 

(Oral 
Surg.) 26, 88 (1940). 



Vitamins and Cancer 

BY DEAN BURK AND RlCHARD J . WINZLER 

CONTENTS 
Page 

I . Introduction . . . . . . . . . . . . . . . . . . . . . .  306 
. . . . .  309 

1 . Vitamin A . . . . . . . . . . . . . . . . . . . . . .  300 
a . The Vitamin A Content of Tumors . . . . . . . . . . .  309 
b . Vitamin A and Gastric Canccr . . . . . . . . . . . .  310 
c . The Effect of Carcinogens upon the Vitamin A Content of Liver . 310 
d . Vitamin A and Tumor Incidcnce and Growth . . . . . . .  311 

2 . I3 Coniplcs Vitaniins . . . . . . . . . . . . . . . . . .  312 
II . Biotin . . . . . . . . . . . . . . . . . . . . .  312 
b . Riboliavin . . . . . . . . . . . . . . . . . . . .  315 
c . Thianiine . . . . . . . . . . . . . . . . . . . .  317 
d . Pantothcnic Acid . . . . . . . . . . . . . . . . . .  318 
c . Niacin . . . . . . . .  : . . . . . . . . . . . .  319 
f . Pyridoxin . . . . . . . . . . . . . . . . . . . .  3% 
g . Folic Acid . . . . . . . . . . . . . . . . . . . .  321 
h . Inositol . . . . . . . . . . . . . . . . . . . . .  321 
i . Choline . . . . . . . . . . . . . . . . . . . . . .  321 
j . p-Aminobenzoic Acid . . . . . . . . . . . . . . . .  321 
k . B Vitamin Uniformities . . . . . . . . . . . . . . .  322 

3 . Vitamin C . . . . . . . . . . . . . . . . . . . . . .  322 
a . Ascorbic Acid Content of Tumors . . . . . . . . . . .  322 
b . Ascorbic .4 cid and Tumor Growth . . . . . . . . . . .  323 
c . Other Relationships bet. wecn Ascorbic Acid and Malignant 

Growth . . . . . . . . . . . . . . . . . . . . .  324 
4 . Vitamin D . . . . . . . . . . . . . . . . . . . . . .  324 
5 . Vitamin E . . . . . . . . . . . . . . . . . . . . . .  325 
6 . Vitamin I< . . . . . . . . . . . . . . . . . . . . . .  327 

I11 . Abnormal Met. abolism of Vitamins in Canccr . . . . . . . . . . .  327 
IV . The Relation of Vitamins to Lesions and Cancer of the Intestinal 

Tract . . . . . . . . . . . . . . . . . . . . . . . .  329 
V . Tumors Induced by p-Diinethylaniinoazobcnzcne . . . . . . . . .  331 

1 . Effect of Dietary Vitamins on Tumor Production 331 

Hepatoma Formation . . . . . . . . . . . . . . . .  334 
3 . Changes in Metabolism with Tumor Formation . . . . . . . .  337 
4 . The Metabolism of p-Dimethylaminoazobenzene in the Rat  . . .  338 
5 . The Action of p-Dimethylaminoazobenzene and its Derivatives on 

Enzyme Systems . . . . . . . . . . . . . . . . . .  339 
6 . General Remarks on Diet and p-Dimethylaminoazobenzene Induced 

Hepatomas . . . . . . . . . . . . . . . . . . . .  339 
VI . The Vitainer Concept and Future Research . . . . . . . . . . .  341 

References . . . . . . . . . . . . . . . . . . . . . . .  346 
805 

I1 . The Relatioil of Individual Vitaniins to Malignant Growt. h 

. . . . . . .  
2 . Changes in the Vitamin and Enzyme Content of Liver during 



306 DEAN BURR AND RICHARD J. WINZLER 

1. INTRODUCTION 
The view that diet may be an important factor influencing the genesis 

and growth of neoplastic tissues has been advanced many times in past 
and present-day cancer research. With the experimental recognition of 
various accessory growth factors or vitamins, more and more investigators 
have attempted to influence and control experimental and clinical cancer 
by means of vitamin deficiencies or excesses. The rationale of many 01 
these efforts has been based on the consideration that malignant tissues, 
which are frequently characterized by a relatively rapid rate of growth, 
might have some excessive requirements for vitamins, and thus be dif- 
ferentially influenced by their omission or supplementation in the diet. 
At the present time, concrete evidence showing peculiar or specific relation- 
ships between vitamins and malignant growth is rather generally lacking. 
Advances in the science of nutrition, including the availability of synthetic 
diets and inbred strains of animals, and the isolation and large scale manu- 
facture of many of the vitamins, are now providing, however, the necessary 
background and material for experiments which should elucidate the r81e of 
vitamins in the genesis and growth of malignant tissue. 

The functions of vitamins in normal and malignant growth will un- 
doubtedly be understood one day in terms of the r6les of the vitamins in 
the biochemistry and physiology of the tissues themselves. Interesting 
developments in this direction have already demonstrated that certain 
vitamins are the prosthetic groups of enzymes. As such they are able, 
even in the minute quantities in which they occur in tissues, to exert H 
profound controlling influence on the growth and metabolism of (sell.. 
and tissues. Although only a number of the vitamins have yet been she\\ n 
to  participate as enzymatic prosthetic groups, or in other equivalent 
connections with enzymatic action, it seems not unlikely that such r8les 
may eventually be assigned to practically all vitamins. 

It will be the function of this review to summarize thc diverse informa- 
tion now available on the relation of vitamins to neoplasnis, to bring out 
certain experimental complications inherent in dietary cancer research, and 
to  consider some profitable lines for future investigation. Studies on the 
relations between vitamins and malignant growth have, \\. ith few escep- 
Lions, not passed the descriptive stage, and therefore this report must of 
necessity consist first and foremost of a collection of reported experimental 
observations. Although it is tempting to draw generalizations on the basis 
of certain experimentation, it will become evident in the following pages 
that most, of the observations are not capable of being fitted into a unified 
3nd consistent pattern. The literature on vitamins and cancer is very 
scattered, and to our knowledge there is no previous report where the great 
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bulk of it has been brought together ivithin recent years (see, however, 
225, 114, and 118). Thus, in the 1939 monograph “Vitamins” (103) issued 
by the American Medical Association, there were only some 20 references 
all told, and these with respect to only four vitamins (A, I&, C, and E); 
in last year’s “Vitamins and Hormones” (Pol. I) there were three minor 
references to vitamins and cancer, on pages 165, 2,113, and 295, in addition 
to a brief discussion on choline and azo dyc-induced hepatomas, pp. 38-10; 
and similarly with respect to recent volumes of the Annual Review of 
Biochemistry. The new, useful book hy St.ern and Willheim (225) gives 
over a hundred recent experimental references. W e  have necessarily felt, 
i t  our first duty to gather together here a t  least 80-95 percent of the 
available literature. We have, however, restricted the review almost 
entirely to observations made during the last decade, starting with t.he 
period since which’ vitamins have been effectively isolated, identified, and 
synthesized for experimental use. This has also been desirable because 
of the difficulty of interpreting much of the earlier work in view of the 
uncertainty regarding the vitamin sources. For discussion of this .earlier 
work on vitamins and cancer the reader may be referred to several older 
reviews (56, 57, 77 ,  114, 118,225). 

In  view of the present early stage of development of vitaniin-cancer 
research, it has seemed desirable still t,o postpone any predominantly 
critical and detailed account of selected literature and, for several reasons, 
to  avoid any attitude of sitting in final judgment, indicating settled 
disfavor or favor. We are aware of no paper in the field about which 
several to a dozen pertinent criticisms of commission or omission could 
not be cit,ed, wit,h respect to: need for ascertnining actual certainty of 
existence of alleged vitjamin deficiencies; calorie intake regulation; use 
of purer vitamins, more appropriate vitamin lcvels, and more highly 
synthetic diets; unrecognized existence of niult,iple deficiencies; vitamin 
analyses of basal diet, and pertinent; t>issucs or body fluids; r61c of intestinal 
s’yntJiesis or clest,ruction, rthsorption, det,osification, and capropliagy 
(principles of nutrition generally) ; need for more animals and purer stocks; 
extension of resuks to other tjypes of tumors and (honiologous or non- 
homologous) tissues; improved histopai.hologica1 control; consideration of 
incidence in terms of both induction (Intent) phase and final (long-time) 
period; distinct,ion between tumor initint,ion and tumor growth (causal and 
fornia.1 genesis); etc. Obviously it n d d  not be possible in a review 
of t,his length to criticize any appreciablc number of papers in the light. 
of even a majority of these items. Such criticism could, in our opinion, 
be lereled so generally and ui:iformly t.hat it does not seein fair t,o eit,her 
previous workers or present readers t)o make at  this stage any very definite 
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commitment and assortment as to real and established worth of the papers 
in the literature, except possibly on a basis of recency or extent of work 
involved. 

It is our opinion, therefore, that the data reported upon should, s,lmost 
without exception, be regarded with the scie?tist’s greatest weapon, 
attribute, and privilege, namely, suspended judgment, and, we would also 
Flead, with considerable tolerance, Surprising as it may seem, it is not the 
papers in which positive claims, eventually shown to be incorrect, were 
made, that will have done the most harm in the long run, but it will be those 
papers in which negative results were reported where positive ones were 
inherently warranted. €t is not the early paper in which a positive effect 
was obtained with a crude vitamin concentrate that will have been the 
most misleading, but the paper where multiple deficiencies existed and 
resulted in hiding potentially correct positive results with respect to any 
one deficiency. An excellent illufitration of the latter instance is found 
in the report made five years ago (175, 177) to the effect that the marked 
protective effect of liver or yeast against induced hepatoma formation 
was not given by riboflavin or protein alone or in combination; we now know 
that marked protection is, in fact, given by riboflavin and protein in 
combination, but a t  considerably higher dosages than were originally 
employed. 

In view of the foregoing comments, our chief aim here has been to give 
an idea of approximately what constitutes the reported research and 
general scope of the field of vitamin-cancer research at present, rather 
than narrowly to review restricted aspects with a high degree of criti- 
cism that would not seem as useful or warranted at  this time. We have 
attempted to state the essence and claim of a given piece of research, and 
we have, furthermore, rather deliberately avoided mentioning the levels 
of vitamins employed, other dietary components, numbers of animals 
involved, duration of experiment, and many similar important and defining 
details that the interested reader must refer back to in the original literature 
for an adequate idea of the setting of particular experiments. To avoid 
needless repetition of qualification throughout the report, it is to be under- 
stood that all work mentioned, without exception, is obviously subject 
to confirmation, extension, or rejection. No idea of finality or complete- 
ness will be intended anywhere, regardless of any possibly unguarded im- 
plication that may appear to such effect. It is in the nature of vitamin 
research, where the results of ultimate interest are expressed largely in 
terms of biological responses, gross or microscopic, obvious o\ subtle, to be 
less definable and less generally reproducible, and this becomes all the 
more true when the variables of the cancer problem are added for further 
consideration. 
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11. THE RELATION OF INDIVIDUAL VITAMINS TO MALIGNANT GROWTH 

1. Vitamin A 

. The well-known work of Wald and others has indicated that vitamin A 
functions as a prosthetic group of a retinal enzyme, visual purple. Its 
possible function as a prosthetic group of other enzymes has not been 
demonstrated as yet. Wolbach and Howe (262) and others have been 
impressed with the hyperplasia in a number of epithelial tissues of rats on 
a vitamin-A-deficient diet. McCullough and Dalldorf (150) found that a 
vitamin A deficiency was the primary essential condition for the produc- 
tion of epithelial metaplasia by mechanical irritation or theelin in rats. 
The function of vitamin A in controlling cell proliferation obviously gives 
it special interest in cancer vitamin research. 

Not many studies on the vitamin 
A content of tumor tissues have been made, probably because most tissues 
contain barely demonstrable amounts of it. The vitamin A content of 
horse melanoma and muscle was studied by Gudjonsson and Oppenheim 
(107) by a rat feeding assay method: They found little or no vitamin A 
in either of these tissues. Vogt (249, 250) found vitamin A almost ex- 
clusively in the liver and in fat. A little vitamin A was found in several 
tumors and there appeared to be some relationship between the vitamin 
A content, and the malignancy of the tumors, the more malignant tumors 
containing somewhat more vitamin A. Sumi and Nakahara (232) found 
no vitamin A in Rous chicken sarcoma, Fujiwara rat sarcoma, Flexner- 
Jobling rat carcinoma or Bashford mouse carcinoma. 

More recently Seeger (208), using histochemical staining methods, 
reported that the vitamin A content of exudate cells from Erlich mouse 
sarcoma ascites varied with the “degree of malignancy”. Of the four 
types of exudate cells f6und in these ascites, the one designated as precan- 
cerous showed somewhat more vitamin A than normals. The more can- 
cerous exudate cells contained much less vitamin A than normal esudate 
cells. On the whole the results indicated that in this particular series the 
more malignant esudate cells tended to contain less vitamin A than normal 
esudate cells. 

Popper and ‘Ragins (191) using a histofluorescence technique, showed 
that the vitamin A content of tumor tissues was largely dependent upon the 
vitamin A content of the tissue of origin. Vitamin A was found only in 
those tumors which arose from tissues containing vitamin A. Usually 
the tumor contained somewhat less vitamin A than the tissue of origin. 
The distribution of vitamin A in tumors suggested that the presence or 
absence of the vitamin does not influence tumor formation. Not all 
tumors derived from tissues containing vitamin A contain measurable 

a)  The Vitamin A Content of Tumors. 
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quantities of it. Goerner and Goerner (99) found th:tt the tumors arising 
in the livers of rats fed 2-amino-5-azot~oluene contained no vitamin A, 
whereas liver surrounding the tumors contained about 100 U.S.P. Units 
per 'g. of tissue, and normal liver contained about 400 Units per gram. 

b )  Vziamin A and Gastric Canccr. A more extended discussion of the 
possible relationship between dietary vitamin deficiencies and gastro- 
intestinal lesions will be given later. It is clearly established that benign 
hyperplasia and papillomatosis may arise in rats deficient in vitamin A. 
However, as has already been pointed out, such lesions may be produced 
in animals on diets deficient in factors other than vitamin ti, and there 
is ;o reason to believe that the protective action of vitamin A is a partic- 
ularly specific one. Also evidence is lacking that the hypertrophic lesions 
bear any relation to gastric carcinoma since the lesions of rats on a low 
vitamin A diet disappear after the rats are returned to  an adequate diet 
(42, 90). The demonstration of truly malignnnt tuniors in the stomachs 
of animals deficient in vitaniin A (or other dietary factor) would do much 
toward establishing the importance of diet in gastric' cancer. 

Goer- 
ner (95) demonstrated R pcculiar effect of certain carcinogens upon the 
vitamin A content of liver mitochondria. He fount1 that repeated intra- 
peritoneal injection of 1 ,2 ,5 ,  G-dibenzxntliracene markedly reduced the 
vitamin A content of the mitochondria isolated from the liver of rabbit-. 
Goerner and Goerner (9G) found that the mitochondria of transplanted 
rat tumors contained no vitamin A. Primary liver tumors induced in rats 
by feeding 2-aminod-azotoluene also contained no vitaniin A (98). These 
workers found that the stores of vitamin A in rat and rabbit liver were 
reduced whereas the contents of vitamins C and D were unchanged by 
repeated dibenzantliracene injection (07, 98). Baumann, Foster, and 
Lavik (22) placed rats on low vitamin A diets and found that injection 
of various carcinogens, especially dibenzanthracene, increasrd the rate of 
depletion of the hepatic vitamin A stores. In contrast to the results of 
Goerner and Goerner (99) using aminoazotoluene, 13aum:inn, el al found 
that p-dimethylaminoazobenxene causf>d no reduction in hepatic vit amin 
A. Carruthers (54) found that rnethylcholsnthrene and henzpyrene 
injected intmperitoneally in large doscs into rats :tppeared to  came some 
depletion of the vitamin A content of the liver. The vitamin Acontent 
of livers of mice was not nearly so affected by carcinogens as rat livers. 
Carrutherg (54) emphasized that the use of mole than one species is neces- 
sary in this work. Rlarron (1513) showed that the hepatic vitamin A level 
of rats was louered by injection of rnethylcholanthrenc but the atility 
to  store vitamin A was regained \\ithiti 120 days after the last injection. 
Ahels, et nl. (2) found that the decrease in hepatic vitamin A in rats given 

c) The Eflect of Carcinogens iipon the Vilnmin A C'onlent of L i w .  



VITAMINS AND CANCER 311 

dibenzanthracene did not seem t u  be due to a general hepatic insufficiency, 
since many liver function tests on such animals were normal.. The loss 
in vitamin A from the liver was thought to be a failure of the liver to store 
the vitamin through some specific effect of dibenzanthracene on some 
substance in the liver to which vitamin A might be bound. 

It is difficult a t  the present time to evalQate the significance of the 
changes in vitamin A stores following administmtion of carcinogens, 
(11' to tell what relation this work has to  the abnormal metabolism of vitamin 
d\ in cancer pat.ients already discussed. Furthcr ivork on vitamin A 
metabolism in relation to cancer and carcinogenesis is most certainly 
indicated. 

Atiempts to influence 
the incidence of various types of experimental tumors by changing the 
vitamin A content of the diet have been made by several groups of invest,i- 
putow. The incidence of spontaneous tumors in rats was not increased 
Ily their prolonged maintenmce on a vitamin A free diet (Sugiura and 
J?enedict,, 229) but the extent of A deficiency obtained is uncertain, as in 
so many vitamin A studies. Orten, 1 h n ,  and Smith (182) found that 
odontoma may arise in rats fed a barely maintenance level of vitamin A 
lor a long period of time. Davidson (Gl) found a somewhat higher inci- 
tlence of tar induced cancer in mice on a low vitamin A diet than on a 
vitamin-A-supplemented diet. Howe, Elliott, and Shear (120), however, 
nated no significant influence of the dietary vitamin A level on the produc- 
tior; of tumois in mice by 3,4-benzpyrene implanted subcutaneously. 
13onser (33) found that deprivatiori of vit,aniin A neither stimulat,ed nor 
inhihited the production of mammary tuniors brought about by injectiQn 
of estrin into male mice. Andervont (11) reported that the spontaneous 
ademat,oris lesions in the pyloric stomach of st.rain I mice were not) influenced 
hy the dietary vitamin A level. 

Contradictory results have been uhtained on the effect of insufficient or 
excess t1iet;u-y vituniin A on the growt,h of transplantcd tumors of various 
kinds. Rofo (197) found that. transpianted sarcomas and ca.rcinomas 
grew more slowly in vitamin-A-deficient rats t.han in controls. Huzita 
(122) reported that ii vitamin A deficiency inhibited, and a moderate escess 
stimulated the g o \ +  th of a transplanted rat sai,cbnia. A great excess of 
vitamin il inhibited the growth of the tumor. The effect of vitamin A 
deficiency or surfeit on t,he radiosensitivity of the tumors paralleled the 
effects on growth rate (122). Kuh (141) found that a moderate supplement 
of vitamin A had no influence on the gron-th of the Twort mouse carcinoma. 
Very high levels of vitamin A were inhibitory to the growth of this tumor. 
Sure, Buchnnan, and Thatcher (233) obtained no influence with massive 
doses of vitamin A on the growt,h or regressioii of Walker rat, carcinosarcoma 

I / )  Vitamin A and Tumor Incidence and Growth. 
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256. lhara (123) found t,hat :t deficieiicy ol vitamin =\ inhibited and 811 

excesi stimulated the growth of the Flexner-Jobling rat carcinoma. Mtt- 
mar (69) found the percentage takes and the growth rate of Erlich mouse 
carcinoma was not influenced by :Lddition of vitamin k to a deficient diet 
unless the diet was deficient for some time prior to the implantation of 
the tumor: Wyard (267) .attempted without success to control clinical 
cancer by placing patients on diets low in vitamin A. Lustig and Wachtel 
(148) treated patients with epitheliomas by t>opical and subcutaneous 
injections of vitamin A. Some general local improvement was usually 
voted, and ulcers appeared to  heal more satisfactorily. 

Gordonoff and Ludwig (100) grew chick fibroblasts and mouse carcinoma 
in tissue cultures containing the plasma of rats fed on low vitamin diets. 
Plasma from rats on a diet supplemented with vitamin A seemingly brought 
aboiit more growth of the tissue cultures than plasma from A-deficient 
rats. Vollmar (251) found that small amounts of vitamin A stimulated 
the growth of chick heart and mouse carcinoma tissues in tissue culture. 

Taken as a whole, the relationship between vitamin A and malignant 
growth appears to be a rather nkbulous one. Concliisivc evidence that 
vitamin A is of special importance, even to a particular type of cancer, 
is still lacking. However, sufficient evidence has accuniulated which makes 
it desirable to  seek further for a peculiar and perhaps specific relationship 
between vitamin A and malignant growth. This evidence consists of the 
demonstration of hyperplastic lesions of epithelial linings in vitamin. A 
deficiency, possible alteration of vitamin A metabolism in tumor-bearing 
patients, the effect of carcinogens on vitamin A metabolism, and occasional 
experiments indicating that the dietary vitamin A level may influence 
the growth and incidence of experimental cancer. 

2.  H Complex Vitamins 

A great deal of research has been carried out on the effects of yeast 
and liver on the incidence and growth of various types of cancer. These 
materials are rich sources of vitamins of the B complex, and their influence 
on malignant growth has often been attributed to this high B complex 
content. Some of the more recent papers in whicli yeast and liver have 
been shown to influende production of azo dye hepatomas and dietary 
gastro-intestinal lesions will be discussed later. However, it is recognized 
that other vitamin. or non-vitamin (protein) components of these crude 
materials may have important effects on cancer incidence and growth, 
and so subsequent discussion will be limited to those B complex vitamins 
which have been tested in pure or relatively pure form. 

a) Biotin. Biotin, one of the last of the B cbmplex vitamins to  have its 
ohemiciil structure elucidated, has not as yet been identified as part of any 
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specific enzyme system. Biotin has, however, already been linked rather 
closely with the development of cancer. Originally back of such work was 
the compelling incentive for evperimentation derivcd from the thought 
that biotin, by virtue of its identity with coenzyme It, is a respiratory 
catalvst (lo), and might thus in some manner protect :g:tinst tumor forma- 
tion bg :L\ iiig to  overcome the long spoken-c“ ‘(defect” i n  tumor respira- 
tion, variously mibed and interpreted by Warlmrg and Dirkens over a 
decade ago, and more recently by Potter, Stotz, Baumann, h r k ,  andothers. 
If biotin were to overcome the defect in tumor respiration, it might thereby 
reduce the high fermentation so characteristic of tumors (including butter 
yellow tumors, 41, 45), and thus perhaps in turn prevent tumor formation 
or development. However, biotin also catalyzes the fermentation of 
yeast evcn more markedly and directly than the respiration (50), so that 
i t  is also conceivable that biotin niight indeed promote rather than protect 
against tumor formation, that is, be procarcinogenic rather than anti- 
carcinogenic. 

The observation that pure biotin can, in fact, overcome the protective 
action of a riboflavin-casein-vitamin supplemented diet in the formation 
of hepatomas by p-dimethylaminoazobenzene feeding and the protective 
action of avidin (egg white) feeding against such tumors (245,47, 160, 221) 
will be discussed later. This procarrinogenic effect of biotin has not been 
adequately tested with other types of tumor, and conclusions as to the 
general nature of the observations with butter yellow tumors must be held 
i n  reserve. 

In this connection, however, Thompson and Voegtlin (242), a t  this 
institute, have noted in a proportion of rats an apparent growth promoting 
action of both excess biotin and riboflavin added either singly or in cornbina- 
tion, upon actively regressing hepatoma 31. Their animals were all on a 
semisynthetic casein diet supplemented daily with 400 mg. of dried yeast. 
The biotin and riboflavin were used in daily supplement in the following 
effective dosages: 

10 or 20 y biotin. 
10 or 20 y biotin plus 400 y rihoflavin 
200 to 3200 y riboflavin 
10 or 20 y biotin injected subcutaneously 
10 or 20 y biotin injected subcutaneously plus 4 mg. riboflavin 

From the data a t  present available, it can be said that the biotin-riboflavin 
combination was more effective than riboflavin alone, while (in the absence 
of excess riboflavin supplement) biotin injected subcutaneously was ap- 
parently less effective than the same amount ingested. 

West and Wogloni (255, 256) reported that a number of tumor tissues 
contained more biotin than the homologous normal tissues. The liver WRS 
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an exception since hepatomas contained less biotin than normal liver. It 
was concluded that the biotin levels of normal and embryonic tissues de- 
viated in the same direction from the homologous normal tissue, and West 
and Woglom suggested that the difference in the biotin content of normal 
and tumor tissue reflected differences in the mctabolisni of these tissues. 
By maintaining tumor bearing mice on egg white diets West and Woglom 
(256) found that the biotin content of the tumor could be markedly reduced 
with no great influence on the growth of the tumors. 

Pollack and co-ivorkers (188, 189) determined the biotin content of a 
great many neoplastic and normal tissues, and concluded that probably 
cancers neither require nor are associated with a high biotin content. 
Taylor, Pollack, and Sortoniine (239) found that egg white feeding had no 
marked effect on the growth or percentage takes of transplanted mouse 
mammary tumors, although simultaneous addition of several B vitamins 
caused some iricreased resistance to  implantation of this tumor. 

Laurence (145) speculated that malignant cells might have a higher 
biotin requirement than normal cells, and that a deficiency in biotin might 
thus lead to a differential inhibition of malignant tissue. An attempt to 
test this hy1:othesis clinically was made by Kaplan, Zurrow, and Gold- 
feder (129), and some benefit Mas claimed in a very limited number of 
cases. Rhoads and Abels (193) found th:tt there was no improvement in 
two cancer patients who were fed large amounts of egg white or avidin 
concentrates. These pat,ients, however, showed no symptoms of biotin 
deficiency even after a long period on the avidin-containing diet. It is 
interesting to note that a patient showing clinical signs of what was very 
possibly a naturally occurring biotin deficiency developed a carcinoma 
of the penis (Williams, 260). Thus, up to  the present time there is no 
definite evidence that supports the hypothesis that human cancer may be 
controlled by developing a biotin deficiebcy. Actually, such control might 
hardly be expected on the basis of available observations, which do not 
support the basic hypothesis that cancer tissue has markedly heightened 
biotin requirements. 

A development that will undoubtedly complicate studies on the relation 
between biotin and cancer are the observations of Oppel (179) and Burk 

. and Winder (49) which indicate that there are several naturally occurring 
biotin vitamers, Rome of which are active in yeast or rhizobium biotin assay 
methods but which do not cure biotin deficiency in animals. In biotin 
content of tissue, and biotin balance, studies, care must be taken to use 
methods which will distinguish between animal-active, avidin-combinable 
biotin, and animal-inactive or avidin-uncombinabla biotin forms. Our 
studies have indicated that in biotin-deficient rats, the pereentage of 
avidin-uncombinable biotin in noi-ma1 and tumor tissues rises to many 

’ 
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times normal values of 0.1-5 per cent, up to  as high as 80-90 per cent. 
b )  Riboflavin. The participation of riboflavin as an integral part 

of a number of, enzymes is now well established. In general these are 
flavoproteins with the riboflavin-containing prosthetic groups more or less 
dissociable from the protein. The old and new yellow enzymefi, xanthine 
oxidase, Sumaric dehydrogenase, aldehyde oxidase, d-amino acid oxidase, 
cytochrome C reductase and possibly succinic dehydrogenase, have been 
indicated to be flavoproteins. The protective action of riboflavin against 
production of hepatomas by the oral administration of p-dimethylamino- 
azobenzene is one of the most clearly established inaiances of the influence 
of n vitnrriin un InitligntlIit, growth (18, 46, 48, 108, 135, 160 192a). How- 
ever, little evidence yet has accumulated to indicate that riboflavin has 
protective action agaicst other types of aninial tumors, indeed, rather the 
contrary. The effect of riboflavin-deficient diets on the incidence and 
grouth of spontaneous mammary tumors in adult C3H mice has been 
studied by Morris and Robertson (160, 172), who found that the growth 
rate of the tumors n a s  greatly retarded in mice on riboflavin-deficient diets. 
Ifonever, the iteight of the host animal commenced to decrease even before 
effects on tumor gron th 11 ere noted, Almost immediately upon removal of 
riboflavin from the diet. The riboflavin content of the muscles and livers 
of mire fed riboflavin-deficient diets fell 30 to 50 per cent, somewhat before 
corresponding decreases occurred in the tumors. A diet low in riboflavin 
also inhibited the growth of transplanted rat liver tumors (hepatoma 31). 
Perhaps the most significant observation was that high riboflavin levels 
caused after 4 weeks an abnormally large average number of spontaneous 
mammary tumors per adult CBI-I mouse, namely, 2.7 at 10 micrograms 
per g. of food and 2.2 a t  3.3 micrograms, as compared with an average of 
1.8 tumors per mouse a t  maintenance riboflavin levels of 1.5 micrograms 
and only 1.5 tumors per mouse for a highly-deficient riboflavin level of 0.5 
micrograms (residual riboflavin in the diet). The last-named level pro- 
duced death due to deficiency a t  about nine weeks (147), the food intake 
being little affected by any of these riboflavin levels. These striking results 
obviously raise the question of the possible effect of high riboflavin levels 
on breast tumor occurrence and metastasis in women, both before and 
after appearance of the first tumor. It is to be emphasized that high oral 
riboflavin levels (only three to seven times the maintenance level) produced 
more tumors per mome than any other experimental or stock diet studied, 
rather than that high riboflavin deficiency caused any great reduction 
compared to normal or maintenance 'riboflavin. Interestingly enough, 
although the average number and size of tumors considerably increased 
with riboflavin level, the mice lived considerably longer, indicating that the 
resistance of the mice to the deleterious effects of tumors was in some 
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manner markedly increased by the riboflavin (all mice were on a riboflavin- 
deficient diet for three weeks before the riboflavin supplementations). As 
already mentioned, Thompson and Voegtlin (242) have observed a reversal 
of regression and resumption of growth by transplanted hepatoma 31 
tumors in rats when escess riboflavin (0.2 to 4 mg./rat/day) was added 
t o  the semisynthetic, yeast-supplemented, casein diet of animals on which 
this tumor was actively regressing. Simultaneous addition of excess 
biotin (10 or 20 micrograms/rat /day) increased the frequency of regression 
reversal, while excess biotin alone without excess, riboflavin was definitely 
effective. Cessation of regression was never observed to occur in the 
absence of both the biotin and riboflavin excess supplements. 

Taylor, Pollack, and Sortomme (239) found that the addition of ribo- 
flavin, niacin, and pantothenic acid to a purina chow diet resulted in a 
definite decrease in the number of takes of transplanted mammary car- 
cinoma in mice. Resistance to this tumor was not further increased by 
adding four more of the B vitamins with or without additional yeast 
extract. Bischoff and Long (27) found that the addition of riboflavin and 
thiamine to a B complex-deficient diet had no more effect on the growth of 
implanted mouse sarcoma 180 than on the host. Imvisohn, et al. (146) 
have reported that the injection of yeast extract reduced the percentage 
takes of a transplanted mouse adenocarcinoma, and that the addition 
of riboflavin further reduced the percentage takes. Lauber, Shock, and 
Bersin (144) reported that parented  administration of riboflavin, thiamine, 
and ascorbic acid to mice painted with methylcholanthrene did not in- 
fluence the production or growth of tumors. Henkel (118) injected r i b -  
flavin into mice bearing ascite carcinoma, and found no effect on the 
growth of tumors. Vollmar (251) found that addition of riboflavin to 
tissue cultures of normal chick fibroblasts stimulatrd their groii th, whereas 
the growth of mouse tumor tissue cultures was inhibited by the same 
concentration of riboflavin. 

Brabec (39) reported that a rat sarcoma contained much less riboflavin 
than liver, and that dicts deficient in riboflavin did not prevent the takw 
or growth of transplanted rat sarcc~mas. The riboflaPin content of rat liver 
and hepatonla has been fitudied by Masaytima and Yokoyama (15!1), 
Kensler, Sugiura, and Rhoads (134), Kahler and Davis (128), and Robertson 
and Kahler (196), and in :dl cases the riboflavin content was lower in the  
liver tumors than in %he normal liver. Robertson and Kahler (196) found 
that fifteen mouse and rat tumors \\ere very similar in their riboflavin con- 
tents (20-30 y / g .  dry). Decreases in the riboflavin content as uell as in 
flavin containing enzymes accompanying the production of p-dimethyl- 
aminoazobenzene hepatomas have been summarized in Table I. Pollack 
and co-workers (187, 188) analyzed a number of mouse, rtLt. m d  human 
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cancer and normal tissues for their riboflavin content and concluded that 
the cancers in general contained somewhat less riboflavin than most 
normal tissues and considerably less than those tissues especially rich 
in riboflavin (liver, heart, kidney). 

Figge and Strong (87) reported that the xanthine oxidase activity of 
the livers of C3H mice was half as great as that of the J.K. strain, and 
this observation was correlated with the higher susceptibility of C3H mice 
to spontaneous and induced cancer. It was suggested that the possible 
tunction o f  xanthine oxjdase in nucleoprotein metabolism might be re- 
sponsible for the difference in the cancer susceptibility of the two strains, 
due to the difference in tissue xanthine oxidase. 

l h e  metabolism of tumor tissue is partially characterized by its high 
aerobic and anaerobic glycolysis. Since several of the flavoprotein enzymes 
have been shown to function in the transfer of hydrogen and electrons to 
molecular oxygen, it has been suggested that excess riboflavin might 
divert the metabolism of cancer tissues coward a more normal oxidative 
type. So far no direct evidence supporting this attractive hypothesis 
has been presented, but further inv6stigations should be carried out. 

Phosphate esters of thiamine participate in the prosthetic 
groups of cocarboxylase, and several other enzymes active in the meta- 
bolism of microorganisms and animal tissues (21). The well established 
fact that cocarboxylase plays a very important r61e in the metabolism of the 
key mctabolite, pyruvic acid, means that a great many catabolic and 
anabolic processes are disturbed in a thiamine deficiency. A possible 
differential effect of a thiamine deficiency on the genesis or growth of 
normal and cancer tissues might possibly be expected in view of the actual 
differences in their metabolism. 

Several attempts have been, made to influence the incidence and growth 
of experimental tumors by changing the thiamine content of the diet. 
Jones (127) reported that transplants of Jensen sarcoma into rats kept on 
a low thiamine diet appeared later and grew more slowly than controls. 
-4ddition of thiamine to the diet of the thiamine-deficient, tumor-bearing 
rats frequently resulted in a temporary stimulation in both body weight 
and growth of tumors, followed by regression of the latter, indicating a con- 
tinued effect of the earlier thiamine deprivation. Caloric intake was defi- 
nitely affected by the thiamine regulation and undoubtedly influenced the 
results in a manner somewhat difficult to ascertain. A clearer picture isgiven 
by the work of Morris (109) in which it was found that adult C3H mice 
promptly lost weight on a diet greatly deficient in thiamine, due to 
decreased food consumption, and died in two to four weeks, whereas 
tumors on such animals continued to grow for about two weeks and then 
slightly decreased. Tumors in control animals fed the same amounts of 

c )  Thiamine. 
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food containing excess thiamine responded exactly like those on the de- 
ficient diet, indicating that caloric intake rather than thiamine level was 
the dominating factor here. 

Gordonoff and Luduig (103) reported the dietary thiamine level did 
not influence the appearance or growth of methylcholanthrene induced 
skin tumors in mice. Maison, Pourbaix, and Camerman (153) found 
that oral administration of thiamine and niacin reduced the incidence of 
tumors in mice painted with benzpyrene. The possibility that a thiamine 
deficiency migbt account for the lower tumor growth rate sometimes ob- 
served in hyperthyroidism was considered by Eeck arid Krantz (23). 
However, they found no consistent difference in the growth of Walker 
sarcoma 39 in thyroid-fed or thyroidectomized rats 11 ith or without thiamine 
supplementation. Bischoff and Long (27) found that the addition of 
thiamine and riboflavin had no effect upon the growth rate of sarcoma 180 
in mice. No pronounced effect of thiamine has been observed on the 
production of liver tumors by p-dimethylaminoazobenzene feeding such 
as was found with biotin or riboflavin (245, 47, 242, 160). Lauber, 
Shock, and Bersin (144) found that the parenteral administration of 
thiamine along with riboflavin and ascorbic acid had no influence on 
the incidence of tumors in mice induced by methylcholanthrene painting. 

In tissue culture Vollmar (251) observed that the growth of chick 
fibroblasts was stimulated hy concentrations of thiamine that inhibited 
the growth of cultures of Ehrlich mouse carcinoma. Gordonoff and Ludwig 
(100, 101) found that tumor tissue cultures grew more slowly in plasma 
from rats fed a diet deficient in thiamine than in the plasma of normal rats. 

The thiamine content of a large number of normal and tumor tissues 
has been studied by the Texas group (188, 240). Their data shows no 
consistent general difference in the thiamine content of normal and tumor 
tissues. Masayama and Yokoyama (159) likewise found only minor 
differences between the thiamine content of normal rat liver and hepatoma. 
Seeger (209) found thiamine in exudate cells from Fhrlich' mouse ascite 
carcinomas. 

Abnormalities in the metabolism of thiamine it liich appear to occur 
in the white cells of leukemic patients (1) will be discussed later. 

It is clear that the results of present investigations of the relation be- 
tween thiamine and malignant growth are inconclusive, and further work 
will be necessary to  determine whether or not thiamine has any peculiar 
or special rble in cancer as clearly distinguished from general gronth. 

Pantothcnic acid is one of the more reccnt additions 
to the chemically identified mcmbers of the vitamin B complex, and coin- 
paratively little is known about its functions in cells. Ycast grown a t  low 
levels of pantothenic acid has a low respiration rate, an indication that the 

d)  Punlothenic Acid. 
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vit.amin is concerned in some oxidative reaction. Pant,othenia acid is firmly 
bound to tissue proteins. These observations indicate that the \-it,amin 
probably functions in an enzyme system involved in metabolism. 

Morris and Lippincott (170) found that a deficiency of puntot,henic acid 
caused a marked depression in the growth rate of spontaneous nianirnary 
rarcinomns in C3I-I mice. The tumor growth rate in pantothenic-acid- 
deficient animals was stimulated by the addition to  the diet of pantothenic 
acid. There was no selective influence on the tumor since the retardation 
of tumor growth by pantotlienic acid deficiency resulted simultaneously in 
severe disturbances in the nutrit.iona1 status of the host. The actual inci- 
dence of tumors was not n~t~icenbly affected hy pantothenic acid level, as i t  
was so markedly in t.he corresponding esperimentJs with riboflavin (169,172) 
already discussed. Hischoff, Ingraham, and Rupp (26) found that panto- 
thenic acid deficiency of relatively short duration did not markedly Rffect 
the growth of sarcoma 180 in mice. 

Lewisohn, et al. (146) reported that pantot,henic acid added to intrave- 
nously injected yeast extract decreased the percentage of takes by implaited 
mouse carcinoma 2163. Pantothenic acid alone, however, had no influence 
on the growth rate or the percentage take of t.he tumors. 

Taylor, et al. (188, 238, 240) determined the pantothenic acid content of 
many mouse, rat, and human cancer and normal tissues. They found the 
pantothenic acid content of tumor tissues to  be about the same as such 
normal tiwies as spleen, lung, and muscle, but much lower than panto- 
thenic-acid-rich tissues like liver, heart, and kidney. 

Results to date on the occurrence and effect of pantothenic acid in 
neopbsms suggest that cancer tissue has no greater need for pantothenic 
wid than normal tissues. 

Coenzyme 1 (diphosphopyridine nucleotide) and coenzyme 2 
(triphosphopyrjdine nucleotide) contain niacin. These two coenzymes are 
of utmost importance as hydrogen carriers in intermedinry metabolism, 
both aerobic and anaerobic. Therefore it might be suspected that niacin 
deprivation niight have a grea.ter effect on rapidly growing and glycolyzing 
tumor t8issiie than on normal tissue. Actually no data have yet been col- 
lected which support such 8 hypothesis. Experiments along these lines 
have only just commenced. 

Willheim and Bocobo (259) injected daily massive doses of niacin into 
patients with oral cavity carcinomas and noted an increase in keratiniza- 
tion of the cancer and some transitory local and general improvement. 
Maison, Pourbaix, and Camerman . (153) found that nicotinamide delayed 
t,he formation of benzpyrene skin tumors in mice. Bernheim and Felso- 
vanyi (25) analyzed Walker rat carcinosarcoma 256 and other rat tissues for 
coenzymes 1 and 2 and found less of the coenzymes in the cancer than in the 

e )  Niacin. 



normal tissues which they analyzed. Kensler, Sugiura, and Rhoads (134 ) 
ioiind that the coenzyme 1 cont>ent of rat. liver was lowered in rats fed p-di- 
methylanlinoazobcnzene and fell even lower in the hepatomus produced by 
this agent,. Kienslci., ct al. (135) also found that the addition of niacin 
slightly inuiwserl the I)rot,c!ction of riboflavin-casein diets against p-di- 
iiiet,liylamiric,:izol.ieii~~nc. indiiced hcpatomas. Antopol and Uiina ( 1  8) 
noted no sucl i  effect. of niacin wit,h respect to liver pa.thology. Taylor, e t .  al. 
(237, 188) :uittlyzctl varioiis normal and tumor tissues for niacin. Their 
t.twi1t.s intlicntetl that. tjhe niacin content of tumor trissws, in generid, was 
somewltat, lo\\er t h i  tdiat, of nlost, nortiid tissucs. 

Lit,tle is kno\vn of t,he function of pyridoxin in cells, and 
only a fen esperiments on thc effect of pyridoxin deficiency or surfeit on 
malignant growth have becn carried out,. A procarcinogenic action of 
pyridoxin on hepatonla' induction in rats fed p-dimcthylaminoazohenzene 
has been observed by Miner, et al. (101). 

Rischoff, Ingraham, itnd Rupp (5%) found that the omission of pyridoxin 
from an otherwise adequatc diet produced a marked decrease in the growth 
ritte of sarcoma 180 in niico, and that the addition of pyridoxin to this diet, 
c:orrect,ed this defect. Tho titidition of pyridoxin to a B-con~ples-defic:ieiit 
diet produced a significant increase in rate of tumor growth. The effects of 
pyridoxin deficiency or supplementation appeared to influence tumor 
,gro\v&h more than soniatic giwvth, a condition quit,e the opposite of that 
previously obt,ained with thiamine and riboflavin (27). On the other hand, 
Morris (169) at this inst.itut,e has found that whereas net body weight (i.e. 
rorrected for tumor weight) of adult C3II mice was definitely affected by 
pyridoxin level, neit.her t,he growth nor incidence of spontaneous mammary 
tumors on these mice was aiyected by either a pyridoxin-deficient diet main- 
tained even until death of the animals after some seven weeks' deficiency 
or by large doses of pyridosin; this was in marked contrast to corresponding 
experimenh with riboflavin (169, 172) already discussed, where both tumor 
growt'h and body weight, decreased with riboflavin deficiency, and high 
levels of riboflavin causcd n marked increase in tumor incidence. With 
neither the pyridosin (nnr simihrly riboflavin or pantot,henic acid) defi- 
ciency esperimcnts was thc fnod int:ikp .z ma.rked wriahle, as it was in the 
w s e  with t,hiamine (1GO) .  

Sharpless (21 8, 210) I'ound tli:itt a defiriency in pyridoxiii (also deficiencies 
in cytine, riboflavin, or choline) would promote epit,helial hyperplasin and 
ulaet*nt ion in tdie forrwtonxuhs of rnt,s. The gastric lesions were t,liought 
lo  be due to the ahnornial sensitivit,? of the epit,helium due to the deficiency. 
The l'exas group (188, 240) determinod the pyridosin content of many nor- 
mal and tumor tissues, and found t.hat. 1 hc pyridoxin content of ( ~ ~ n c ~ r  &sue 
ivas, in general, somewhat, lower than most normal tissues. 

f )  Pyrirloziir. 
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!I) Folic acid. Little research has been carried out on t tie relation of folic 
acid to malignant growth. This is ntt.ributable to the re1at)ive recency of 
discovery of t'his vitamin, t,he ahsenre of  p i i r t ~  preparations, and the fact 
that defkienries in animals have I)orii obt,tiinetl only by feeding them diets 
containing sulfiiguanidine oi' s~1F:tsiic'citliiic~. 'L':tylor, I'olluc.k, :tritl Sor- 
tornmc (239) fotmtf that. :tddition of niavin, rikxhviii, autl paiitothenic acid 
1 o a purinn dog chow diet iiicrcasctl t,hc rcsistiincc of niico t.o implantation 
of  :L t,ransplanted m:tmmary carcinoms. Furt hcP :i.tlclition of  folic a&l 
along wit,h t~hianiine, irioshil, and pyridosiii did not further inrrease the 
resistance to the imphntation of this tuinor. A 1w-y intcwsting ancl sugges- 
tive observation was brought, out 1)y I'olla~k, T:iyIor, an(1 Willio,ms (188), 
who found t'hat of the 13 complex vitsrnins in  normal and ('ariceiws tissues, 
folk acid wts consistentlv found a.t t,hc highest rclat8ive l e ~ e l  in c:tncer 
tissue. 

It would appear that in order to st,utly the i*clstion of folk acid to the 
incidence and growth of cancer, it will prohnhly be necessary to employ tliets 
including sulfasuccidine or other equiidcnt, b:tctwiost.atic agents i n  order 
to prevent the intestinal synthesis of tJhis vi t t ~ m i t i .  

A procarcinogenic effect. of inositol on ,  thc production of 
hepatomas induced hy oral administtation of p-dimct hylainirio:iaohtinBcne 
to rats has been aot>ed, and the inosi t,ol content of livers ;~ntl hepatomas 
measurbd (46, 160) (Table I). Taylor, Poll:tck, itiitl Sortmime (239) upoii 
adding inositol to a puririn chow diet' containing supplementary B vitamins, 
obtained 110 effect on the percentage of t,alics of a transplanted mammary 
carcinoma in mice. Studies of the inositol rontent of many normal and 
cancer tdssues have been carried out by the Texas group (188, 240). In 
general the inositol content of cancer t,issiies was rclatively high. Intra- 
venous injections of inositol int,o mire besring sarcoma 180 have been re- 
ported to inhibit the growth of t,his t.unior (lmzlo ant1 T,euchtenberger, 
143). 

As will be indicat.cd niorc' fully later, choline has been shown 
t,o influence both procarcinogenic:ilIy niid :tnticitrcinogeriicall\i the produc- 
tion of hcpatomns in rat's by feeding p-&met hylarninoa~ohenzeiie (46, 72, 
108, 160, 258). Choline has also h e n  nrent.ioned as one of t.lie nutritiond 
factors important in preventing 1 he development of' papillomatous hyper- 
plasia and ulcerat.ion in the forestornachs of rats (216, 217, 218, 219). 
Vincent, Daum, and Uouchet (246) found considerable choline arid acetyl 
choline in human nervous system tumors. Jacobi and Baumann (126) 
observed that the deficiency or escess of choline failed to alter the coupe of 
methylcholanthrene-induced wart,s in mire or transplanted Flexner-Jobling 
carcinomas in .rats. 

Both a pro- and an ant,i-carcinogenic action of 

h) Inositol. 

i) Ch,olinc. 

j )  p-Aminobenzoic Acid. 
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p-aminobenzoic acid on the production of hepatomas in rats fed p-dimethyl- 
aminoazobenzene has already been obtained (46, 47). Thompson and 
Voegtlin (242) of this institute have observed no effect on the growthof 
transplanted hepatoma 31 over a period of 60 days when p-aminobenzoic 
acid was administered at levels of 10,50, 100, or 200 mg. per rat per day; a 
questionable effect on body weight wa.9 noted. No other information is 
available relating this vitamin to  malignant growth. 

Pollack, Taylor, and Williams (188, 241), 
in discussing the occurrence of I3 complex vitamins in normal and cancerous 
tissue, developed a mathcniatical expression for similarities or differences in 
the vitamin content of a series of tissues. This expression, a measure of the 
vitamin uniformity in different tissues, is given by 100% minus the coeffi- 
cient of variation where C . V .  is the standard deviation of the content of a 
particular vitamin divided by the mean. The sum of the individual vitamin 
uniformities divided by the number of vitamins gives the total vitamin 
uniformity of the series of tissues. Using this method of expression, the 
Texas group reported that the same type of tissue from different species had 
a high degree of B vitamin uhiformity, while tissues of different structure 
and function had. very low vitamin uniformity. Tumors, regardless of 
tissue origin, manner of induction, or host species, had a relatively high 
vitamin B uniformity. This could be interpreted as a basis for the thought 
that malignant neoplasms tend to have a similar cellular metabolism, and 
form, in effect, a somewhat common biochemical tissue type. 

k) B Vitamin Uniforkitics. 

3. Vi tamin  C 
Vitamin C has not been observed to act as a prosthetic group, but its 

potential connection with enzyme action is well established. A controlling 
action on many of the hydrolytic enzymes has been demonstrated. In  
view of the reversible oxidation-reduction of ascorbic acid, it has been sug- 
gested that it may function as a hydrogen transfer system or as a regulator 
of cellular oxidation-reduction potential. 

a )  Ascorbic Acid Content of Tumdrs. Boyland (35) and others (254, 265) 
first considered the material in normal and tumor tissue which reduced 
phenol 2,6-dichlorphenolindophenol to be ascorbic acid. Biological assay 
with guinea pigs indicated that the antiscorbutic activity and reducing 
power ran roughly parallel (173), although Harris (115, 116) had not ob- 
tained such close agreement. Other workers have indicated that the 
reducing capacity of tumors is largely due to ascorbic acid (130, 173, 217). 
The tissue and tumor ascorbic acid is low in guinea pigs on a scorbutic diet, 
and iapidly rises to normal within a short time after administration of 
ascorbic acid to scorbutic animals (36, 253). 

The ascorbic acid content of hepatomas induced by feeding p-dimethyl- 
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aminoazobenzene and o-aminoazotoluene to  rats may be somewhat higher, 
and transplanted hepatomas somewhat lower, than the normal liver (92, 
124, 158, 195). Injection of the carcinogen 3,4,5,G-dibenzcarbazole into 
rats did not affect the vitamin C content of livers although the glutathiqne 
content was incrcased (Boyland and Mawson, 38). Carruthers and Sunt- 
zeff (55) observed that the ascorbic acid content of methylcholanthrene 
induced skin tumors in mice was lower than normal skin on a dry weight 
basis, but about the same as normal skin on a nucleoprotein phosphorus 
basis. The abnormally high ascorbic acid content of the white cells of 
leukemia patients found by Butler and Cushman (51) has already been 
mentioned. 

On the whole, the ascorbic acid content of tumors appears to show no 
consistent tendency to  be either higher or lower than the corresponding 
tissues of origin. This is especially clear in the work of Robertson (195) of 
this institute who analyzed a number of rat and mouse tumors and the tis- 
sues iyhencc they came. In about one-half of the twenty two tissue pairs 
the tumors were higher; in a third the tumors were lower; and in the remain- 
ing sixth the tumors were the same as the parent tissue in their content of 
ascorbic acid. Various tumors ranged in content from 15 to 70 mg. as- 
corbic acid per 100 g. fresh weight, normal tissues from 4 to over 150 mg. 
A grouping of the tumors into sarcdmas and carcinomas showed no differ- 
ence in average ascorbic acid content or distribution range of values. 
Necrotic tumors contained somewhat less than heal thy tumors, in harmony 
with observations of others (73, 2G5). No relation between content and 
rate of tumor growth was noted. Spontaneous mammary tumors in mice 
appeared to conhin slightly less ascorbic acid in old rather than young mice, 
but no difference was noted in sarcoma 180 transplants on 2 months' old 
and 2 years' old mice, nor in leukemic nodes of young and old mice with 
leukosis I'1534. 

Pollia (190), Woodward (265), and 
Stepp and Schroeder (224) found that the administration of ascorbic acid to 
tumor-bearing rats or mice had no effect on the rate of growth of the tu- 
mors, although Woodhouse (263) observed a stimulation of the growth of 
tar produced neoplasms in mice. Lauber, Shock and Bersin (144) found 
that injection of ascorbic acid had no influence on the incidence or growth 
of tumors in mice painted with methylcholanthrene. Fodor and Kunos 
(89) found a stimulation of the growth of Ehrlich mouse carcinoma trans- 
plants when ascorbic acid was administered. Brunschwig (41) reported 
that an excess of ascorbic acid slightly stimulated the growth of certain 
transplanted rat and mouse tumors in some experiments. 

In tissue culture Vogelaar and Erlichrnan (248) found that ascorbic acid 
stimulated the growth of explants of Crocker mouse sarcoma. Vollmar 

b)  Ascorbic Ac id  and Tumor Growth. 
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(251) observed that vitamin C added to tissue cultures stimulated the 
growth of chick heart fibroblasts, but had no influence on mouse carcinoma 
cultures. Gordonoff and Ludwig (100, 101) found no difference in the 
action of plasma from rats fed low or high vitamin C diets on the growth of 
tumor tissue in vilro. 

A criticism that can be made of inost of the \vork on the effect of ascorbic 
acid on tumor growth is that the experiments have been carried out with 
animals that do not require ascorbic acid in the diet. Experiments on the 
effect of ascorbic acid on the incidence and growth of various types of 
tumors in the guinea pig should certainly be carried out. 

c )  Otlier Relationships Betwem Ascorbic Acid and Malignant Growih . 
Harde and Kobozieff (113) and Boyland and Boyland (37) found that the 
production of hemorrhage in transplanted mouse tumors by bacterial toxins 
was accompanied by a marked reduction in the ascorbic acid content of the 
tumors. Andervont and Shimkin (12) followed this with the demonstration 
that ascorbic ncid prevented the hemorrhage and regression produced in 
transplanted mouse tumors by crude bacterial filtrates of B.  prodiyiosus. 
Later work has not confirmed this observation for purified polysaccharide 
fractions (220). 

The oxidation of several carcinogenic hydrocarhons in water-acetone 
solution has been shown to be brought about by ascorbic acid (Warren, 
252). Among the products formed during the aecorbic acid oxidation of 
3 , 4-benepyrene was a phenolic compound having a green fluorescence 
similar to  the phenol isolated in urine as a metabolite of benepyrene. 

Ascorbic acid also catalyzes the oxidation of phospholipids emulsified 
in slightly acid solution. Many carcinogenic and related compounds 
were able to inhibit the catalytic oxidation of phospholipids by ascorbic 
acid and other agents (67, 202). 

Work indicating t>hat cancer patients may have an abnormal metabolism 
of ascorbic acid has already been reviewed (17, 93, 162, 223, 224). 

4 .  T'itumin D 

No general enzymatic function of vitamin D in tissues has been demon- 
strated, although its relation to calcium and phosphorus metabolism is well 
established. Vitamin D administration and deprivation is known to 
influence the concentration of the serum phosphatases as \\cell as the level 
of tissue respiration. Relatively little research has been carried out on the 
relation of vitamin D to malignant growth. 

Pappenheimer and Larimore (184,185) found hyperplastic gastric lesions 
in rats fed a diet deficient in fat soluble vitamins, and found that cod liver 
oil, a rich source of vitamin D, would not prevent the development of these 
lesions, aIthough it offered noticeable improvement on a certain stock diet 
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deficient in vitamin A. Hon-es and Trivier (121), however; could not pre- 
vent the formation of gastric lesions in rats by adding cod liver oil to a 
vitamin deficient diet. Zucker and Berg (271) reported that hyperplastic 
gastric lesions were produced in rat.s by very low dietary levels of calcium. 
At moderately low (but not very low) calciuin levelu, administration of 
vitamin D decreased the incidence of t,hesc gastric lesions. 

Harde and Iiobozief (111, 112) fouiid t,hrtt the administratioil of calcium 
plus vitamins A and D lomercd the incidence of spontaneous mammary 
tumors in a.susceptible strain of mice. Barbiroli (20) found that the injec- 
tion of a vitamin D concentrate had little influence on the growth of 
transplanted Ehrlich mouse carcinoma. Vollmar (251) found no difference 
in the growth of normal or cancer tissues in tissue culture upon the addition 
of vitamin D to the culture medium. 

Huzita (122) found that a surplus of vitamin 1) did not affect the growth 
of a transplanted rat sarcoma, but slightly increased its sensitivity to 
Xrays. Suini and Kakahara (232) showed that ether extracts of several 
tumor tissues were able to cure rickets in rats, indicating t,he presence of 
vitamin D in these tissues. 

Blum and his associat,es and others have produced tumors in mice by 
estended exposure to low iptensities of ult,raviolet light,. Blum and 
Lippincott (31) considered the possibility that the irradiation might have 
resulted in excessive production of vitamin 1). They were, however, unable 
t,o detect any pathological sympt'oms of vitamin D hypervitaminosis. 

6. l'ilamin E 

Vitamin E has been identified with no enzyme system or comparable 
cellular function. However, extensive changes in tissue morphology, par- 
ticularly of muscle, occur in vitamin-E-deficient animals (Wolbach and 
Resscy, 261). There is an, increased met,abolisin of tissues of vitamin-E- 
deficient animals, which is restored to the normal level soon after the ad- 
ministration of a-toaopherol. This effect on tissue metabolism suggests 
that a-tocopherol in some way functions as a regulator of metabolism. 
The relation of vitamin E to t,he funct,ion of certain endocrines has been 
demonstrated, and effects of its absence or surfeit, might be sought, on the 
basis of induced hormonal imbalances. 

Most of the work on the relation betkeen vitamin 12 and malignant 
growth has been carried out using wheat germ oil, a rich source of vitamin 
E.. However, other factors are also present in these preparations, and much 
of the conflicting data regarding the effect of vitamin Eon malignant growth. 
may be at,tributable to such unknown factors. 

Deficiencies of vitamin E have been shown to cause hypertrophic changes 
in tissues, and in fact to lead to the development of malignant t,umors. 
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Thus Adamstone (7) has found lymphoblastomas in chicks fed a diet treated 
with ferric chloride to  destroy vitamin E. Adamstone (6, 8) also found 
ulceration and tumor formation in the intestines of chicks fed similar diets. 
The type of lesions developed by chicks depended upon the source of supple- 
mentary vitamin D, different results being obtained in diets containing cod 
liver oil and haliver oil. Bishop and Morgan (29) found deciduomata in 
rats kept on a diet low in vitamins A and E, and Evans (80) showed that 
rats in pseudopregnancy on a low vitamin E diet, frequently developed 
deciduomata. 

Rowntree and his associates (il, 198,200,201) claimed to have produced 
malignant transplantable sarcomas by feeding crude wheat germ oil to  rats. 
This result, however, has not been obtained in numerous other laboratories 
(19, 32, 40, 43, G5, 6G, 68, 70, 81, 94, 109, 110, 194, 204). 

Davidson (G2,63, (34) found that the induction of tar carcinomas in mice 
was somewhat lower in mice on a diet supplemented with wheat germ oil. 
Cameron and Meltzer (52), however, observed only a delay in the appear- 
ance of tar-induced tumors in mice. Severi (210,211) had equivocal results 
which suggested that mice on a high vitamin E diet were somewhat more 
susceptible to tar-induced tumors than mice,on a low vitamin E diet. 
Haddow and Russel (109) found that addition of wheat germ oil to the diet 
had no influence on the induction of tumors in mice painted with 3,4- 
benzpyrene, and Severi (212) has had similar results. Carruthers (53) 
found that the vitamin E level of the diet had no influence on the production 
of tumors in mice by injection of methylcholanthrene. The incidence of 
spontaneous mammary tumors in strain A female mice was somewhat higher 
on a vitamin-E-deficient than on a maintenance E diet (56). Wheat germ 
oil had no influence on the development and growth of the Ehrlich mouse 
adenocarcinoma (Engel, 7G) or on thc Jcnsen rat sarcoma (Marchesi, 155; 
Zagami, 270). 

Bryan and Mason (43) maintained Walker 25G mammary carcinomas in 
vitamin-E-deficient rats for 22 consecutive implantations, and found no 
alteration in the rate of growth, transplantability, or histologic appearttnce 
of the tumor. Sugiura (22i) found that wheat germ oil did not protect 
against the formation of hepatomas in rats on an unpolished rice diet fed 
pdimethylaminoazobenzene. . 

Vollrnar (251) found that vitamin E stimulated the growth of trans- 
planted normal tissue arid inhibited the growth of tumor tissue in tissue 
culture. Von Euler and von Euler (78, i9) found that the vitamin E con- 
tent of Jcnsen rat sarcoma and the Brdwn Pearce rabbit carcinoma was 
relatively high as compared to most normal tissucs. 

The foregoing brief resume of tile literature indicates that there is no 
general consistency in the effect of vitamin E on malignant growth, and a t  
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the present time few valid conclusions can be drawn regarding this relation- 
ship. Adamstone (9), however, has collected and considered evidence 
showing that vitamin E may be involved in the metabolism of substances 
containing the phenanthrene nucleus, i.e., cholesterol, androgen, estrogen, 
progesterone, and many carcinogenic hydrocarbons. The evidence for 
this view is indirect but extensive. Various hormonal imbalances 
and malfunctions, particularly of the pituitary-gonad hormones, might 
possibly result from a deficiency or excess of vitamin E, and these could 
conceivably influence the formation of tumors in a fashion as yet unpre- 
dictable. The experiments of Lipschutz have shown that hormonal im- 
balances and malfuilctions may bring about the formation of certain types 
of cancer. 

6. Vilainin I< 

Vitamin K has been shown to function in the formation of prothrombin 
in the liver, but information as to how it influences this synthesis is still 
lacking. Vitamin I< is a reversible oxidation-reduction system, and the 
suggestion has been made that it inhibits the lytic action of the liver cathep- 
sins on prothromhin. Vitamin K is synthesized by bacteria, and failure to  
develop vitamin K deficiencies in rats is credited to its synthesis by the 
flora of the in'testinal tract. The presence of vitamin K in microorganisms 
makes it very likely that its activity is not limited to  its influence on the 
synthesis of prothrombin, but that it is also active as the prosthetic group 
or in some other capacity associated with enzymatic action. 

Few experiments have been performed on the influence of vitamin K on 
the incidence and growth of experimental cancer. Fieser (86) suggested 
that the detoxification of natural and unnatural carcinogens might be 
brought about by ,their combination with suitable disulfide containing pro- 
teins. Prothrombin anpeare to be active in blood clotting only in the S-S 
form, and Fieser suggested that it might function as a detoxifying agent for 
protection of the body against incidental carcinogens. This mould suggest 
that vitamin IC would have a protective action against carcinogenesis by 
maintaining the blood prothrombin a t  a high level. It is interesting to  
recall that patients with gastric and other cancers have a lowered level of 
serum prQthrombin (Abels, et al., 4). 

111. ABNORMAL METABOLISM OF VITAMINS I N  CANCER 

The presence of tumors in experimental animals has been shown to influ- 
ence the activity and function of enzyme systems in organs remote from the 
site of the tumor. Greenstein and Andervont (105a) found that the 
catalase activity of liver in rats bearing transplanted tumors was very much 
less than that of the normal rat liver. Robertson and Kahler (196) found 
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that the liver riboflavin was decreased in rats bearing transplanted hepa- 
tomas. Such systemic effects, if they also occur in humans, may have an 
influence on the prognosis and treatment of cancer patients. The hor- 
monal treatment of prostatic cancers developed by several investigators 
(see accompanying chapter b y  Dodds) is an example of thr  use of such 
indirect therapy in cancer. 

Certain evidence has recently indicated that the riietiibolism of certain 
vitamins in patients with cancer may be somewhat deranged. Thus Abels 
and co-workers (3) reported that the plasma carotin and vitamin A \vas 
significantly lower than normal in patients with gastro-intestinal cancer 
and other formg of cancer. The explanation for the lorn plasma vitamin A 
was thought to be due to the inability of the liver to store vitamin A or to 
form i t  from carotene. This suggestion was supported in a further study 
(4) in which it was shown that patients with gastro-intestinal cancer had a 
high incidence of hepatic dysfunction as determined by a number of cri- 
teria. It is significant that the changes in plasma prothrombin paralleled 
the change in plasma vitamin A. This may possibly indicate an abnormal 
metabolism of vitamin K in cancer pat,ients. Grant (104) also found that 
cancer patients tended to have low blood vitamin A levels, and that as the 
cancer progressed the blood vitamin A fell to even lower concentrations. 
This effect of cancer on plasma vitamin A is an exceedingly interesting 
development, and a thorough investigation of the generality of the phe- 
nomenon is desirable. 

There is some evidence also that the metabolism of vitamin C is altered 
in patients with cancer. Antes and Molo (17), Gaehtgens (03), Spellberg 
and Keeton (223), and Minor and Ramirez (162) have reported that patients 
with advanced cancer had a greater “vitamin C deficit” than normal. In 
cancer patients given an excess of ascorbic acid daily (ca. 500 nig.), there 
ir a longer time interval than normal before the urinary excretion of ascor- 
bic acid rises to a saturation plateau. Patients previously on a scorbutic 
diet take still longer to develop tissue saturation. After saturation of the 
tissues by continued administration of excess ascorbic acid, it was found 
(03, 162, 223) that the daily utilization (the difference between ascorbic 
acid administered and that recovered in the urine) was somewhat higher 
in cancer patients than in normal controls. However, it should be pointed 
out that a decreased excretion of ascorbic acid is also encountered in other 
diseases. Stepp and Sohroeder (224) had similar results with normal and 
tumor-bearing mice. It was suggested that the difference in daily utiliza- 
tion was due to the excessive utilization of ascorbic acid by the cancerous 
tissue. Should this be the case, the tissues of tumor bearing animals 
should contain less ascorbic acid than non-tumor bearing controls. A 
slightly lowered ascorbic acid cnntmt has been found in the tissues of rats 
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and nice with cancer (Sure, et al., 234). Watson and hlitolo (254) and 
Woodmard (265), however, foiind no such decrease in the tissues of tunior- 
bearing rats. 

The metabolism of thiamine in the white cells of leukemia patients 
appears to be different from normal white cells. Abels, et nl. (1) found that 
the thiamine content of the leukocytes and platelets of patients with 
leukemia was several times higher than the thiamine in normal leukocytes 
and platelets. The concentration of a p.yrimidinc \I hich ac.celeratcs yeast 
fermentation, and which is proliably R metabolite of t hiamine, formed an 
thnormally small percentage of the total thiamine content of lcukemic 
white cells. I t  was suggested that the difference in the concentration of 
thiamine and its-metabolite in normal and leukemic white cells was due to 
impaired utilization of thiamine by the cells, and not to increased ingestion, 
faulty excretion or relative age of the cells involved. 

Other differences between normal and leukemb leucocytes have been 
observed. Thus ten times as much vitamin C was present in human 
leukemic white cells as in normal white cells (Butler and Cushman, 51). 

The old concept that cancerous tissue might have an abnormal or ex- 
cessive vitamin requirement or metaholism finds a certain amount of 
support in the observations on vitamin -4, ascorbic acid, and thiamine just 
reviewed. However, the evidence is still fragmentary, and any hope of 
controlling cancer based on a supposed excessive vitamin requirement of 
cancer tissue (Laurence, 145) must await the demonstration of such 
escessive requirements. 

Iv, THE RELATION OF \'ITAMINS TO LESIONS AND CANCER OF 

THE INTESTINAL T R A C T  

Certain evidence has accumuliited to  show that vitamin deficiencies may 
play a r81e in the development of intra-oral and gastro-intestinal cancer, 
an observation of special interest since approximately half of the cancer 
deaths in 1940 resulted from cancer in the buccal cavity and the gastro- 
intestinal tract. In recent articles Martin and Koop (157) and Abels, et al. 
( 5 )  have shown that B comples cleficiencies are probably closely associated 
\vith intra-oral cancers. They foiind that many of the oral chncer patients 
coming under their observation had degenerative oral mucus membrane 
changes which Itere in large part alleviated hy the administration of B com- 
plcs vitamins. Martin and Koop believe that supplementary vitamin 
therapy is a most important factor in the treatment and prevention of oral 
ranters. Clinical evidence also indicated that B complex deficiencies might 
vnuse degenerative changes in the whole of the gastro-intestinal tract. 

Fihiger (82, 83, 84, 85)  was one of the first to produce experimental gas- 
t rir lesions. This investigator succeeded in producing benign hyperplasia 
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and also what he believed to be squamous cell carcinomas in the forestomach 
of rats by feeding them the somewhat unusual diet of nhite bread and 
water supplemented with cockroaches infected with a parasitic nematode, 
Congylonema neoplasticirm (Spiropterra neoplastzca). He believed that the 
parasites were responsible for the lesions, but Passey, Leese, and Knox 
(186), repeating Fibiger’s experiments, obtained similar but milder lesions 
in rats not infected with the nematode. They pointed out that the diet mas 
deficient in many vitamins and performed experiments showing that a lack 
of vitamin A was an important factor in the prodlietion of the lesions. 
Pappenheimer and Larimore (184, 185) ohperved similar lesions in rats fed 
a rachitic diet deficient in not only vitamin A hut also other factors. Wol- 
bach and Howe (262) found stratified keratinizing epithelium in the 
alimentary tract of rats on a low vitamin A diet. F’ujimnka (91) claimed 
the appearance of gastric carcinoma in rats on an A-deficient diet, but some 
doubt as to the diagnoais was brought out in an editorial accompanying the 
report. Tilden and Miller (243) found metaplasia in various epithelial 
tissues of monkeys and rats on an A-deficient diet. Fredericia, et al. (90) 
found proliferative changes in rats fed inadequate vitamin A. Cramer (59) 
in two experiments, done ten years apart, on the effect of vitamin A 
deficiency in rats observed severe gastric papillomas in the first and only 
mild lesions in the second experiment. No explanation for the difference 
in the results was apparent. Andervont (11) found that diets rich in vita- 
min A did not influence the formation of spontaneous adematous lesions 
occurring in the pyloric stomach of strain I mice, and concluded that this 
lesioli was not due to  a vitamin A deficiency. Beck and Peacock (24) ob- 
served gastropapillomas in rats fed heated fat. These animals developed 
vitamin A deficiency symptoms, and vitamin A administration was found 
to prevent the formation of the gastric lesions. 

Lesions are also produced in rats deficient in other vitamins. Sharplcss 
(214 to 219) has observed epithelial hgperplasia in rats on a deficient diet, 
and that riboflavin, pyridoxin, chobne, and cystine are important factors 
preventing this hyperplasia. Dalldorf and Kellogg ( G O )  found that a large 
proportion of thiamine-deficient rats had gastric ulcers. McCarrison ( 1  49) 
observed a stomach cancer in a monkey on a R-complex-deficient diet and 
Findley (88) reported lesions in rats due to thiamine and riboflavin defi- 
ciencies. Howes and Vivier (121) found gastric lesions in rats fed the 
deficient diet of Pappenheimer and Larimore and showed that these lesions 
were prevented by addition of whole yeast to the diet. Brunschn-ig and 
Rassmussen (42) fed rats a variety of unbalanced diets with and without 
supplementary vitamins A, C, D, thiamine, and riboflavin, and obtained 
ulcero-papillomas of the stomach. The lesions did not appear to be a 
direct result of vitamin inadequacies, but to be referable to a general mal- 
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nutrition. Sugiura (228) found that rats fed on a-polished rice diet de- 
veloped epithelial hyperplasia of the forestomach while those fed unpolished 
rice did not. The difference between these diets is largely a matter of their 
content of the vitamin B complex. Fasting, deprivation of protein, and 
dietary conditions other than vitamin deficiency per se have been shown to 
cause gastric lesions in the rat (Morris and Lippincott, 171). The recent 
reviews of Cramer (59), Sugiura (228), and Klein and Palmer (139) contain 
more information on the relation between diet and gastric lesions. 

From the results just briefly summarized one certainty emerges-the 
nature of the diet p d  the vitamin content may influence the development 
of degenerative and hyperplastic lesions of the forestomach of the rat, 
mouse, and monkey. However, other experimental animals have been 
refractory to the production of gastric lesions by dietary means. It, is note- 
worthy that most of the lesions developed in rats and mice have been in the 
squamous epithelium of the forestomach, rather than in the glandular 
epithelium of the pyloric stomach. This latter type of epithelium is 
analogous to that found in the stomach of man. It is also worthy of note 
that few if any of the lesions developing in rats as a result of dietary de- 
ficiencies have been malignant tumors, and, although it may be tempting 
to believe that these are precancerous changes, this is scarcely justified a t  
the present time. 

V. TUMORS INDUCED BY p-DIMETHYLAMXNOAZOBENZENE 

1. Efect  of Dietary Vitamins on Tumor Production 

A great deal of progress, even if not final definition, has heen made in 
studies of the effect of dietary vitamins upon not only the development of 
hepatic tumors in rats fed certain azo dyes, but also related enzyme and 
vitamin analyses of the tumors, and of their metabolism. Probably more 
biochemical work has heen done on the ax j-dye-induced hepatic tumors 
than any other type of tumor; a t  the same time, it is to be kept in mind that 
for the present it is a special problem confined largely, if not entirely, to 
hepatic tumors; perhaps only liver can effectively act upon, and be acted 
upon by the carcinogenic azo dyes. The demonstration of the carcinogenic 
action of the azo dyes arose from attempts to rise srarlet red to stimulate 
epithelial proliferation. Japanese workers found that o-aminoaxotoluene, 
the active constituent of scarlet red, would produce liver tumors when 
administered orally to rats fed polished or brown rice R, diet deficient in 
protein, salts, and B complex vitamins (Yoshida, 268, 269; Sasaki and 
Yoshida, 205; Iiinosita, 137). Another azo dye, p-dimethylaminoazolen- 
zene or ‘‘butter yellow,” later proved to be even more carcinogenic for rats 
(137), and most of the subsequent work has been carried out using this 
compound. 



It was early recognized by the Japanese workers that the nature of the 
diet was of primary importance in determining whether or not animals fed 
pdimethylaminoazobenzene would develop liver cancers. Iiinosita (138), 
Ando (13), and Kakahara, Fujiwara, and Mori (174) found that the addi- 
tion of about 10 per cent dried yeast to the basal p-dimet,hylaminoazo- 
benzene-rice diet markedly diminished the incidence of liver tumors in 
rats. T\'akaha,ri, Mori, and Fujiwara (176, 177) then showed that dried 
liver protected rats on polished rice-p-dimethylaminoazobenzene diet 
practically completely against liver tumors. The carcinogenic action of 
orally ailministered p-dimethylaminoazobenzene and q-aminoazotoluerie, 
and the protection by yeast, liver, and other dietary agents have now been 
observed by a great many investigators (14, 15, 16, 18, 108, 117, 134, 135, 
154, 160, 163, 164,165, 166,167,180,206,221,227,230,231,244,245,257, 
258, etc.). 

The efficacy of substances like liver and yeast in protecting against, 
p-dimethylaminoazobenzene tumors led to the hypothesis that certain of 
t,he R complex vitamins might be the effective agents. Nakahara, Mori, 
and Fujiwara (175, 177) found that the addition of known vitamins of the 
H complex alone, or in various combinations, showed but slight tendency to 
prevent the formation of p-dimethylaminoazobenzene tumors in rats on a 
polished rice diet. However, it may now be said that the negative results 
of tthese workers were due in large measure to inadequate vitamin dosages 
and to otfIier non-protect,ive features of the diet, (low prot,ein, possibly  lo^ 
salt,s). 

Kensler, et al. (135) demonstrated a pronounced protection against the 
formation of t k s e  tumors when large doses of riboflavin, especially in com- 
bination with casein, were added to the diet,. Thitc result has also been 
obtained by Gyorgy, Poling, and Goldblatt (108), Antopol and Unna (18), 
Burk, et al. (46), Miller, et al. (160) Miner, et al. (161), and Reimann, Stim- 
son, and Medes (192a). The anticarcinogenic action of riboflavin against 
liver tumors induced by p-dirnet.hylitminoazobenzene feeding becomes 
increasingly apparent over the range 10 to 50 (to 200) 7 per rat per day, 
which is somewhat, greater than that needed for the normal growth and 
maintenance of t,he rat (ca.'20 7 ) .  The anticarcinogenic action of riboflavin 
depends to a great' degree upon t,he concentmtion of casein (or other protein 
in the diet,) heing more effect.ive a t  high casein levels. Riboflavin has had 
only an ant,icarcinogenic action, if any, in primary azo dye hepatoma for- 
mation thus far investigated, although as already indicated, a promoting 
ltction on the t,ransplanted hepatoma 31. 

In an investigation to ascert,ain whether biotin also was prot,ective 
against the production of p-dimethylaminoazobenzene hepat.omas, du 
Vigneaud, et al. (245) and IJurk, ~f al. (47) reported that pure biotin actually 
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promoted the formation of these tumors in rats fed a highly protective 
riboflavin-casein diet. In suppoTt of this reported procarcinogenic action 
of biotin on these induced liver tumors are observations that dietary egg 
white decreases liver damage and acts anticarcinogenically in rats fed 
pdimethylaminoazobenzene (245, 47, 160, 221). Egg white contains a 
protein, avidin, which combines with dietary biotin, as well as biotin 
synthesized in the intestinal tract, and renders it unavailable to the animal. 
Therefore the protective action of egg white in reducing the formation of 
liver tumors may well be referable to the lonered biotin availability which 
its content of avidin entails, although riboflavin, sulfur, arid nitrogen in the 
egg white must also be kept in mind here. The procarcinogenic action of 
biotin appears to develop over the range of about 0.1 to 1 7 or more per rat 
per day, and the counteracting anticarcinogenic action of egg white occurs 
at dietary levels of 0.3 to 3 g. dried egg it  hite (2-10 units of avidin) or more 
per rat per day. The promoting action' of excess biotin (and also ribo- 
flavin) on reversal of regression of transplanted hepatomas (242) has been 
noted earlier. I t  is apparent that pure biotin has thus far always had 
a procarcinogenic, and egg white or avidin an anticarcinogenic, action. 
Certain crude biotin preparations, however, have been found to have no 
effect or to have had a protective action against p-dimethylaminoazo- 
benzene tumor formation (2.15). This it-as very likely due to other 
overbalancing protective factors in the crude preparations. 

Although the foregoing studies on biotin are highly significant, much 
more information is necessary in order to determine whether the procarci- 
nogenic action of biotin is a general phenomenon or is restricted to p-di- 
niethylarnin~azoheiizene tumors under R particular set of experimental 
conditions, possihly involving intestinal tract microflora. 

In addition to riboflavin and biotin, certain other B vitumins have been 
observed to influence the formation of hepatomas in p-dimethylaminoazo 
benzene-fed rats. Pyridoxin has been found to have a procarcinogenic 
action, analogous to that exerted by biotin (Miner, et al., 161) and inositol 
has been reported to exert it similar effect (Miller, el al., 160; Hurk, ct aZ.,46). 
In a highly protective dirt, a prooarcinogcnir rffect of p-aminohenzoic acid 
has bren obsrrved (Rurk, et al., if;), while in a non-protrc.tivr diet p-:tmiiio- 
henzoic acid \\as anticarcinogenic. (47). Although nibotinic :wid had little 
effect on the production of hepatomas in rats on a brov 11 rice-p-diniethyl- 
aminoazobenzene diet, it appcared to slightly increase the protection in the 
same diet supplemented uith riboflavin (Kcnsler, el al . ,  135). 

Sei era1 n orkers have investigated thc effect of choline on the production 
of hepatomas in rats fed p-dimethylaminoazobenzene. The addition of 
cholinc or lecithin to the usual (non-protective) brown ricc-p-dimethyl- 
Rminnazohcnxene diet of  thr *Japanesr liar1 no effect on the incidence ot' 
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p-dimethylaminoazobenzene tumors in rats (Burk, ct al., 4G). However, 
the addition of choline to a fairly profective ribofavin-casein-cystine- 
supplemented diet afforded additional protection (Rurk, et al., 46). White 
and Edwards (257, 258) found that cystine added to a low protein-high 
fat-p-dimethylamincazobenzene diet markedly increased the production 
of hepatomas. The addition of choline to this diet, while it decreased the 
extensive cirrhosis, had no appreciable effect on the final incidence of tumors 
(258). Although no data on the induction (latent) period were given in 
the latter paper, it is quite probable that the induction period was increased 
by the choline, in harmony with findings of Gyorgy, Poling, and Goldblatt 
(108), who obtained a (delaying) protective action by combined choline 
and cystine in a rice diet. Miller, et al. (160) and Dyer (72) observed a 
definite procarcinogenic action of choline. Thus choline has been observed 
to act both procarcinogenically and anticarcinogenically. Cystine, too, 
has been shown to have both a favorable and an unfavorable influence cn 
hepatoma formation. A protective action has been observed by Burk, 
et a/. (46) and by Gyorgy, Polling and Goldblatt (108), while under other 
circumstances a tumor promoting action (decreased latent period) was 
found by White and Edwards (257,258) and Gyorgy, Polling and Goldblatt 
(108). In other experiments no significant influence of cystine on hepa- 
toma production has been noted, (Miller, et al., 160; Burk, et aZ., 46; Mori, 
165). The interesting interrelationship between choline, cystine, methion- 
ine, and methyl groups observed in general nutrition may be involved 
in the effects of these agents on hepatoma production. In general it 
appears that cystine and choline each act procarcinogenically when the 
diet is otherwise poorly protective (i.e. low riboflavin or protein) and anti- 
carcinogenically when the diet is otherwise fairly protective, and especially 
when both are present together. 

Positive indication that still other 13 vitamins influence the production 
or prevention of hepatomas induced by feeding p-dimethylaminoazoben- 
zene has not been obtained although the possibility is by no means excluded. 
Of the other vitamins only vitamin E, A, and D have been tested. Sugiura 
(227) found that including wheat germ oil in an unpolished rice-butter 
yellow diet had no influence on the incidence of hepatomas. Cod liver 
oil, a rich source of Oitamins A and D, had no protective action against 
o-aminoazotoluene induced hepatomas in rats in the experiments of 
Ando (16). 

2. Changes in the T’i?amin and Enzyme Content oJ Liver 
during H epalom a Formation 

It is now well established that riboflavin, niacin, and thiamine form 
If these vitamins influence the the active groups of certain enzymes. 
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production of hepatomas in rats fed p-dimethylaminoazobenzene, the 
vitamin content and activity of enzymes containing these vitamins might 
be espected to be influenced by p-dimethylaminoazobenzene feeding. 
Rather extensive studies have been made of the vitamin content and 
enzyme activity in normal rat liver, p-dimethylaminoazobenzene fed rat 
liver, induced and transplanted hepatomas. These studies constitute 
the most estensive investigation of biochemical changes in tissue ac- 
companying its transformation into malignant growth yet a t  hand, and 
the results of many investigators are summarized in Table I. 

The data of Kensler, Sugiura, and Rhoads (134) and of others (128, 
159, 187, 188, 196) given in Table I show that the riboflavin content 
of the liver of azo-dye-fed rats is lo\ver than the normal level, and that the 
induced or transplanted liver tumors contain even less riboflavin. Yeast 
feeding prevents the decrease in liver riboflavin (134), and also, as has 
already been brought out, protects against the development of cancer. 
The feeding of p-dinietliylaminonzobenzene to rats causes a primary in- 
crease in urinary riboflavin excretion followed by a progressive decrease 
until markedly sub-normal values are found (134). These observations 
indicate that the susceptibility to and tlevelopment of p-dimethylaminoazo- 
benzene liepatomas is paralleled by the tlevclopment of a liver riboflavin 
deficiency. The act,irity of the flavin contrtining enzymes, so far as they 
have been studied, also drops i n  p-tlirnethylmiinoazobenzene-fed rat livers 
and tumrs  (Table I ) .  

The biotin, pnntothcnic acid and pyridoxin content of liver does not 
appear to be lowered hy p-dinwtliylaminoazol~enzene feeding (188, 189, 
238), although the conccnttation in the induced or transplanted tumors 
themselves is much lower than in the normal liver (188, 189, 238, 255, 256). 
The concentration of niacin falls slightly in p-dimethylaminoazobenzene- 
fed rat livers and somewhat more in the induced tumors (188, 237). The 
total drop is, however, much less than the dccrease in the niacin contain- 
ing carrier, coenzyme 1 (134). Thiamine content is about the same in 
liver and hepatoma (159, 188). Studies on the cocarbosylase content 
of these tissues would be highly desirable. The folic acid and inositol 
contents of normal and p-dimethylaminoazobenzene-fed rat livers and 
hepatomas were not found to differ significantly (188). 

The vitamin A content of liver shows a pronounced drop in rats fed 
p-dimethylaminoazobenzene, and vitamin A is completely lacking in tumors 
induced by this agent (Goerner and Goerner, 99). Other carcinogens also 
cause a decrease in hepatic vitamin A. 

Studies on the vitamin C content of livers and primary and transplanted 
t,umors arising in azo-dye-fed rats have been made by Masayama, et al. 
(158), by Iki (124), by Fujiwara, Nakahara, and IGshi (92), and by Robert- 
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TABLE I 
Vitamins, Enzymes, and Metabolism in Livers and Hepatomas of Ruts Fed 

p-Dinwthylaminoazobenzene or o-Aminoazoioluene 

Refer 

liiboflaviii 
do. 
do. 
do. 

do. 
do. 

Thiamine 
do. 

Niacin 
Pantothcnic acid 
Pyridoxiri 
Inositol 
Folic acid 
Vitamin A 
Ascorbic acid 

do. 
do. 

(‘omzynic 1 
Plavine adcriiiic 

d-aiiiiiio acid oxi- 

Xanthine dehydro- 

Oxygen consump- 

Biotin 

dinuclcotidc 

tlasc 

gcnasc 

tion 
do. 
do. 

IysiR 
Anaerobic glyco- 

134 
159 
1117 
196 
189 
255 
250 
159 
188 
237 
238 
188 
188 
188 
99 
91 

124 
158 
134 
213 

213 

106 

45 

134 
178 
15 

178 
181 

.. __ - - 
1 70 
44 
Yo 
98 
3.2: 
3.4t  
4.41 
6.7 

25 
580 
273 

1770 
20 
400 

0.1 

0.12 
0.2t 
0.21 

1390 
61 

% normal 100 

% normal 100 

mm. Oz/hr./mg. DW 6.0 

do. 8.8 
do. 11.5 

nim.JA/hr./mg. 1)W 1 .O 
do. 3.2 
do. 7.1 

. . -- 

Liver 
from 

LZO dyl 
fed 
rats 

Liver 
djaceni 

to  
nduced 
hepa- 
tomas 

- 
27 
72 
- 
2.4 
3.5 
1.5 

13 
17 

120 
240 

530 
25 
100 

7.0 

- 
0.1; 
0 . X  
- 
- 

- 

-. 

7.7 

- 
- 
2.3 

-. 

-. 

- __ 

Primarq 
induced 
hepato- 

mas 

33 
14.5 
28 
20 
0.7 
1.4 
2.0 

10.5 
20 

230 
74 

3so 
23 
0 

0.1, 
0.1: 

2.5 

- 

158 
- 

- 

- 

6 .4  

9.5 
11.8 
12.1 
18.8 
16.7 

* All values cxpreclsed in tcrnm of dry weight (DW). 
t Calculated froin original wet weight values by assuming 30% arid 18% dry weight. 

A Micrograms of material with “potency” 40,000. 
for liver and tumor respectively. 

son (195). In general the precancerous changes of the liver were ac- 
companied by a somewhat higher concentration of ~scorbic acid than 
nornmd liver. Tndured liver tumors wpm t80 h a w  :t somewhat, lower, 
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and transplanted liver tumors R somen-hat higher. itmirbir acid (*ontent 
than normal liver. 

The significance of the changes in the vitamin contents of the hepatomas 
as compared to the normal liver from which they are derived is as yet 
mther difficult to determine. Such differences may he due entirely 
to the change or loss in function involved, and not causally connected with 
the devclopment of the tunior. Tt is \ d l  established that the liver is 
the great storage organ for certain, and probably most, of the vitamins, 
and, with the loss of this function accompanying the transformation 
of the liver into hepatoma, it might w l l  he expected that the vitamin 
content would drop. An illustration of this is the observation that,whereas 
the biotin content of hepatoma is much less than that of the liver, it is 
dill much higher than most other tissues of the body. 

A more delicate determinarion of the essential metabolic changeh ac- 
companying tumor formation and the influence of rRamins thereon woilld 
he ohtslined through the measurement of the activity of those enq-mec: 
which have vitamins as prodhetic groups. II’hcre this has bet.n cl011~. 

(coenzyme 1, cocarhoxylase, d-amino acid oxi rhe ,  santhine dehytlrogen- 
asp, flavin adenine dinucleotitle) there hhs hew, ill general, :i dewcaw 
in activity which is less than the decrease in the correspontling vitamin 
content (cf. Table I). The concenlrations of many cvllular constituents 
in liver and in hepatomas, and the rictivitics of several enzymes which 
are not known to have vitamin prosthetic groups, haw 1)een listed hy 
GreenStein (105). Here, too, enzyme artivit-i- u-89 in general found to 
he less in the tumors than in normal liver. 

It is interesting to correlate the changes in enzyme ttnd \’itainin content 
\\ith the changes in metabolism during the transformation of normal 
liver to hepatoma. Tt has Lee11 indicated that the activity of niany of {lie 
cnzymes involved in intermediary metaboliom is reduced in the formation 
of liver tumors due to feeding of p-t1imeth;vlaniinoazobenzene. How, then, 
is the over-all metabolism affected? Surprisingly enough, tlie respiration 
rate of the tiunors is about the same as that of normal li\rr, whereas the 
anaerobic glycolysis is many times higher than in liver ( c j .  Uurk, et al., 
64, ‘15; Xakatani, Nakano, and Oliara, 178; Orr aiid Stickland, 181; Iiensler, 
Siigiura, arid RhoadR, 134) (see Table 1). This iindouhtedly indicates 
that there is normally a considerable exress in the potential activity of the 
liver metaLn)lism enzymes, and that there can he a large reduction in their 
concentration without lowering them to a limiting level. .in exaniplrl 
of this phenonirnon is given by the observations that normal tissues 
11a~e a large “excess oxidation capacity” whereas canrer tissues do not 
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(Craig, Basset, and Salter, 58). We have made studies based on ,these 
observations which show that the respiration of normal liver is stimulated 
200 to 400% by the addition of p-phenylenediamine or sodium succinate. 
This large stimulation indicates that the liver cytochrome-cytochrome 
oxidase system is capable of acting much faster than the slower rate- 
limiting reaction in the respiration chain can transport the hydrogen 
or electrons to this system. All cancer tissues that we have examined 
have showed only slight stimulation of respiration upon the addition of 
p-phenylenediamine and practically none with succinic acid. This is in 
agreement with observations that hepatomas contain less cytochrome C, 
cytochrome oxidase, and succinic oxidase than normal liver. This reserve 
activity of the normal liver enzymes makes it possible for them to be 
substantially diminished without influencing the rate of over-all metabol- 
ism, and possibly is the explanation for the fact that hepatomas may show 
a lowered activity for most enzymes and yet a higher anaerobic metabolism 
than normal liver. 

Q. The Metabolism of p-Diniethylaininoazobe,tzene iti the Rat 

There is a strong possibility that the carcinogenic action of p-dime- 
thylaminoazobenzene is due, at  least in part, to interference with enzymes. 
pDimethylaminoazobenzene itself does not appear to be very toxic, and it 
seems likely that it may be metabolized in the liver to form more toxic 
derivatives. 

Stevenson, Dobriner, and Rhoads (226) have studied the fate of orally 
administered p-dimethylaminoazobenzene and have demonstrated that 
the azo linkage is broken, liberating, presumably, aniline and dimethyl- 
p-phenylenediamine. These two compounds were not isolated, but the 
closely related paminophenol and p-phenylenediamine and their acetyl 
derivative8 were isolated from the urine of rats fed p-dimethylaminoazo 
benzene. Jacobi and Baumann (126) found that feeding of the latter 
prevented the development of kidney lesions in young rats on low choline 
diets. This inilicated that the demethylation of p-dimethylaminoazo- 
benzene allows it to serve as B 9ource of labile methyl groups. This factor 
might be involved in the pro- and anti-carcinogenic act?ion of choline 
already discussed. 

The full significance of the split products of pdmethylaminoazobenzene 
metabolism is not yet known. It is not yet possible to determine with 
certainty whether the active carcinogenic agent is the original dye or one 
of its derivatives, since the dye itself is relatively non-toxic to enzymes 
(131). The oral administration of the most interesting derivatives 
has not yet been successfully carried out to see if they are carcinogenic. 
Since they are water soluble whereas the parent compound is not, the 
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failure to demonstrate a carcinogenic action of the derivatives will not 
constitute conclusive evidence that they do not function as the actual 
carcinogenic agents in the liver. 

5. The Action of p-Dimethylaminoazobenzene and Its Derivatives 
on Enzymes Systems 

The observation that the content of niacin containing coenzyme 1 in 
livers and tumors from azo-dye-fed rats was much reduced (134) led 
Kensler, Dexter, and Rhoads (132) to investigate the influence of p 

. dimethylaminoazobenzene and certain derivatives which result from its 
metabolism on the activity of this ccenzyme in vitro. I t  was found that 
the split products of p-dimethylaminoazobenzene and other azo dyes were 
highly toxic to an enzyme system in which the concentration of coenzyme 1 
was the limiting factor. The toxicity of the vltrious split products was 
directly related to the carcinogenicity of the parent ccmpounds, the 
stability of the intermediate free radical, and the ease of oxidation of the 
reduced compound. Potter (192) extended this study to the urease and 
succinic oxidase systems and found that the oxidized derivatives were 
highly toxic while the reduced diamines were not. He suggested that the 
mechanism of inhibition was a combination of the oxidized split product 
with the sulihydryl groups of the enzymes. p-Phenylenediamine and 
dimethyl-p-phenylenediamine have als3 been shown to be toxic to a yeast 
carboxylase preparation, and the inhibition is overcome by adding an excess 
of thiamine-containing cocarboxylase (136). The in vitro respiration of 
slices of liver and other tissues has been shown to be inhibited by split 
products of dimethylaminazobenzene (133). The flavin enzyme xanthine 
oxidase was found to be inhibited by the p-phenylenediamine and dimethyl- 
p-phenylenediamine, while cytochrome oxidase, urease, alkaline and acid 
phosphatase, and &amino acid oxidase were slightly or not at-all affected. 
(131; 133) Rusch and Kline found that p-dimethylaminoazobenzene and 
other carcinogens inhibited the oxidation of phospholipoid emulsions 
brought about by ascorbic acid (202). 

6.  General Remarks on Diet and p-Diniethylaminoazobenzene 
Induced Hepatoinas 

The established fact that dietary vitamins can markedly influence the 
production of liver tumors induced in rats by azo dye feeding, provides 
a most interesting entrance point into a study of the relation of diet and 
vitamins to malignant growth. However, the interrelationships are still 
exceedingly complex, and considerable study will be necessary to determine 
the full mechanisms of action of various vitamins upon the carcinogenic 
action of p-dimethylamixioazobenzene. Probably each effective vitamin 
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will have a different function and an immediately different mechanism 
by which it, brings about its effect. 

The induction of a tumor in the liver represents the net result of the 
transport of the carcinogen to the liver, its effect on the metabolism of 
the cells, the rate of its detoxification by the cells, protective and im- 
munological reactions, the growth of the tumor to a demonstrable size, etc. 
Since did, may influence any of these factors, it is clrnr that a protective 
agent, may operate in any of a number of ways. An agent, vitainin or 
otherwise, involved directly or indirect81y in the detmification of azo dyes 
might be expected to protect against t,he formatlion of hepatomas induced 
by them. Agents which t'end to cause or to prevent abnormal changes 
in liver histology or function might also be expectedeto have an effect on 
carcinogenesis due to azo dye feeding. However the action of an agent 
is not always predictable on these grounds. White and Edn.ards (257, 
258), for esample, found that the feeding of cysthe, a material which 
unqucstionably aids in det,osificat'ion of p-dirnethylaminoazobenzene (40), 
(lid not, prevent, but uctually promoted thc formation of hepatomas. 
Also, t,he addition of cholinc? to t8his p-dim~t.l~ylaminoazol~cnzc~nc~-c~stine 
diet not only markedly dirninishcd the degree of cirrhosis but prd(Jn&?d the 
induction (Iat'mt) period of hepatoma formation, even t,hongh. it failed 
to  yield in their diet, any evcntual protection against tumors. 

I t  iT evident that an adequate underst.anding and interpretation of the 
litmerattiire on pdimethylaminoazo1)cnzcne tumors requires a detailed 
knowledge of dietary levels of a great variety of vitarninic a,nd avitaminic 
nomponent.s. A number of important conflict,ing reports are possibly 
rcsolvuhle if knowledge already at  hand is applied, particularly that, relating 
to tthe quantit,ative levels of biotin and riboflavin involved. Examples 
that niuy be cited are: t'hc higher jncidence of tumors o n  hrmm rather than 
white rice diets, obt,ained a t  a moderat,(+ riboflavin level' by Gyorgy (pri- 
vately communicated), as compared with a higher inciderice on \vliitc rather 
t,han hrown rice diets reported by Japanese workers, unrlcrst~nndable in 
t,ernis of higher (procarcinogenic) biotin in the broivn rice i n  the first 
instance, and lower riboflavin in t,he nhit,e rice in t,hc second instance; 
the breaktlown of protect,ion by yemt at a 50 per cent level as compared 
wit,h 15 per cent,, understandable in terms of thr  higher level of biotin 
t,hen introduced; t,he shorter induction period of trimor inrirlcnce on thv 
.Japanese rice dicts compared t,o semi-synt,hctic diets supplcmcntt!d with 
tw~all amountts of yeast, understandable in t.crms of lower riboflavin levcls; 
t,he failure of Nakahara, h4ori, and lhjiwara to olit>nin cstensive protect,ion 
in a rice diet, supp1ement.t.d wit11 members of t,hr vit:iniin 12 coniples then 
known, the fat soluble vitamins, inorganic: salts, ~tntl fish protein, supplied 
singly nnd in combinnt,ion (but, as dready indica,t,ed, sonic in inadequate 
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quantities). 1 hese cases are much better understood upon due considera- 
tion of the probable levels of biotin and riboflavin in\olved, as are many 
similar cases (in particular the complete protection afforded by 5 to 15 
per cent dried liver) kihen the levels of sulfur, nitrogen (protein), and 
methyl groups as me11 as other vitamins are taken into consideration also. 
The (anticarcinogenic) riboflavin level probably influences the effective 
(procarcinogenic) biotin level, and vice versa. The antagonism between 
biotin and riboflavin is, unlike that betneen biotin and avidin, very 
probably indirect, almost certainly involving no direct chemical reaction. 
It probably operates through the opposed metabolic influences exerted by 
biotin and riboflavin, the former being fundamentally fermentative (in 
the direction of tumor metabolism) and the latter fundarnentally oxidative 
(in the direction m a y  from tumor metabolism). 

Practically none of the foregoing dietary factors can be said as yet to 
have been applied to distinguishing between tumor initiation and tumor 
development in growing or adult animals (as distinguished from dietarily- 
stunted young animals), and this is an important problem of the future. 
Likewise, uhether these dietary factors might be so varied as to produce 
hepatomas in the absence of azo dye, remains to be investigated, but 
their now evident multiplicity indicates that this possibility should be 
seriously considered, directly or indirectly in future experimentation. 
Application to  human cancer of information obtained \\ith the azo dye‘ 
tumors is likenise a problem for the future, although certain aspects are 
definitely under attack a t  present. 

lrI. THE VITAMER C O N C E P T  AND FUTURE RESEARCH 

A need has been arising for a collective term to include all compounds 
which have a given activity. Thus, if t vo  or more compounds nil1 prevent 
the development of a given deficiency syndrome, both are vitamins, 
and in one sense they are one vitamin. 1 he term ‘(vitamer” has been 
proposed to refer to ti\ o or more compounds nhich relieve the same vitamin 
deficiercy (49). There are, thus, A vitamers, D vitamers, biotin vitamers, 
thicmire vitamers, Ei vitarncis, ctc. It is evident that only the activity 
and not the chemistry of a compound is specifically implicated by the term 
vitamer. Another possible solution to the need for the collective term 
would be to delegate the term vitamin to describe an activity rather than 
to  desigrate a compound. In vie\\ of the chronology of the subject, this 
u ould Frohebly Ice an ineonverient procedure. Following the introduction 
of the term vitrmer, the term hoimomer has been used by Oliver J. Kamm 
in a forthccmirg article, “1 he hlechanism of Hormore Action,” to cover 
multiple active erdocrine principlcs which are closely related chemically 
and physiologically; and similarly, for rlant hormones thcre would be the 
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term auximer. Many other “mer”-suffixed terms likewise suggest them- 
selves. Vitameric and other “meric” activity relationships may well in- 
volve chemical properties other than structure, such a9 various kinds of 
potentials (axidation-reduction, dielectric constant), relative reactivities, ctc. 

A development which may be of utmost importance to vitamin-cancer 
research is the observation that inactive compounds related to  particular 
vitamins may create deficiencies by competitively substituting for the 
active vitamin. Several examples of this type have now been described- 
for pantothenic acid (142, 222), for niacin (151), for vitamin I< (183), for 
p-aminobenzoic acid (264), and for thiamine (266). Vitamin-analogues 
which may competitively produce deficiencies or raise the requirement for a 
particular vitamin may be termed competitive vitamers, or antivitamers. 
It is clear that a given compound may replace a vitamin in the growth 
of one organism and thus be an active vitamer, whereas i t  may be inactive 
and compete with the vitamin in another organism and be a competitive 
vitamer there. 

This concept has been dealt with here since it)s application may offer 
what may be a veiy plausible means for producing differential vitamin 
deficiencies in growing and non-growing tissue. It seems possible t,hat 
deficiencies of particular act,ive vitamers may be produced with relative 
ease by the use of the corresponding competitive inactive vitamers. Rap- 

* idly growing t.issue such as tumor presumably must synthesize its vitamin 
containing enzymes from available c,onstituent.s, and thus might have 
its new growth made up in part with inactive forms of the vitamers which 
were administ4ered. This might result in the inability of the tumor to grow. 
The more stable normal tissues might have much less tendency to replace 
their active vitamers by the inactive forms and thus could be affected 
to a much lower extent than tthe proliferating tissue. An illustration of 
this situation has been given by our studies with biotin and miotin. The 
former, but not t’he latter, is active in preventing egg white injury in 
experimental animals while both are act,ive in promoting yeast growth (49). 
In rats fed avidin (which prevents the absorption of biotin from the intes- 
tinal tract without influen‘cing the absorption of miotin) we have found 
that rapidly proliferating tissues show a much greater absolute and per- 
centage content of the inactive miotin. ‘Ihis is taken as an indication 
that the proliferating tissues have select,ively t.aken up the inactive biotin 
vitamer which was present in relntive escess. I t  is felt that the use of 
competitive vitamers for experiments on malignant growth is worthy 
of immediate research. 

The driving motive of cancer-vitamin research is, of course, the hope of 
obtaining information leading tro the evenha1 control of a t  least. certain 
types of cancer. Work in this direction has thus far been carried out’ 

, ’  
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along two lines-the production of vitaniiii deficiencies, and the addit,ion 
of excess vitamins. The possibility that the initiat,ion and growth of 
cancers in young growing animals can be selectively and effectively stopped 
by the mere omission of an essential dietary constituent, is not, great,. 
The vita.min deficiencies reported in this review have, in both young and 
adult animals, almost without exception interfered with tthe cells of the 
host and of the tumor to about the same degree. However, in adult 
animals it is still possible that a selective inhibition of t.umoi. growth might 
he obtained wit,hout inordinate injury to the host. 

The use of supplementary amounts of vitamins to control cancer has 
a little more theoret,ical and experimental evidence in its favor. The 
vitamins doubtJessly play a r61e in the various protective mechanisms 
of the body, i.e. detoxification of harmful substances, repair of tissue 
injury, etc. A marginal vitamin deficiency may weaken these protective 
mechanisms and allow the initiation of neoplastic growth, which, after 
being started, is then largely subject to the same factors influencing the 
growth and maintenance of the cells of the host. The general trend of 
results discussed in the previous pages seems to indicate that the addition 
of a vitamin to  a diet containing a marginal or extensive deficiency of the 
vita,min oft,en (but not always) tends t.o decrease the incidence or percentage 
takes of the t,umor, hut, to  increase the growth rate of the tumors which do 
develop. The omission of particular vitamins from the diet tends to  slow 
the growth of the tumor (and of the host) and may increase or decrease 
bhe tumor incidence or percentage takes. This latter variability may 
represent an influence on the balance of factors import,ant in protection 
against the initiation of the cancer on one hand, and the factors favor in 
its growth, once started, on the otfher. 

It is also evident from the work reviewed in previous pages that a given 
vitamin may not always be procarcinogenic or anticarcinogenic even 
with respect to a particular type of cancer or a part,icular carcinogenic 
agent. This was especially evident in the discussion of the effects of certain 
vitamins on t.he incidence of hepatomas in rats fed p-dimethylaminoazo- 
benzene. Here, the concept of a dietary imbalance may throw some 
light, on the occurrence of pro- and anti-carcinogenic effects by the same 
agent. If vitamins facilitiate or stimulate the protective mechanisms as 
well as the growth of the tumor, it may readily be understood why either 
one of these two processes may become predominant depending upon the 
type of tumor, concentration of the vitamin, and other conditions. 

I t  is now abundantly clear that not only may certain dietary supplements 
be procarcinogenic and others anticarcinogenic, but also that a given dietary 
component may act procarcinogenically under one set of circumstances and 
anticarcinogenically under another. Such double action by a given dietary 
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component, of promotion or protection depending upon circumstance, 
has been termed amphicarcinogcnic (48), a n i  substances or mixtures 
capable of evoking it, nmphicarcinogenns. The existence of a number of 
demonstrable amphicarcinogens makes it desirable to weld the concept. of 
amphicarcinogenesis int.0 our experimentzl thinking concerning the r81e of 
dietary balance in carcinogenesis, and into our int#erpretation of the be- 
wildering array of dietary results now a t  hand. 

With respect to genesis of hepatomas induced by the carhogen 
p-dimethylaminoazobenzene fed to  rats, the available data suggest that 
the amphicarcinogens recognizable a t  present include the substances 
choline, cystine (methionine by prediction), and probably p-aminobenzoic 
acid, and also various crude mixtures (certain liver concentrates, excessive 
diet>ary level of yeast); that biotin, inositol, and p-aminobenzoic acid, all 
members of t,he vitamin R complex, are procarcinogenic; and that ribo- 
flavin, avidin (egg albumen), and casein are anticarcinogenic, as are also, 
of course, certa.in crude natural materials (liver, yeast) or extractives 
tlicreof. Thc greater anticarcinogenioity of egg albumen compared to 
casein wlicn both are at, a-given limiting, moderate level of 12 per cent(lGO), 
may be due to the 50 per cent greater methionine-cystine content a8 well 
as to its a.vic1in or even riboflavin contents. This obviously raises the 
question of the equivalence of egg white and ccrresponding amounts of 
avidin. In this connection, it is t.o be kept in mind that quantitatively 
the efficiency of biotin-avidin combination in the intestinal tract is far from 
100 per ceiit, and effective combinat#ion and iractivation of biotin in the 
intestinal tr'act requires a very great deal more than the stoichiomet,ric 
amount of avidin. 

The appearance of a visihle tumor involves two more or less distinct 
aspects-genesis and growth. All studies involving t.he observation of 
large tumors at) thc end of R part,icular regimen actually determine, in a 
sense, the prodiict of these two factors. Thus cells may undergo a malig- 
nant change, but if they do not grow, no tumor is formed. Similarly a 
tumor might be able to grow, but does not simply because i t  never gets 
s t d e d .  It is exceedingly difficult to  distinguish between these two 
pr(4ccsses, if, indeed, they can be separated. Certainly more studic5 on 
precancerous changes and the effects of vitamins on these changes are 
highly desirable and might elucidate the relation between the genesis 
cf a tumor and its growth. 

Vitamins may influence malignant growth through their effects on detoxi- 
fication or other protective mechanisms just discussed, in the production 
or prevention. of predisposing tissue changes discussed in connection 
with the effect of vitamins on the development of gastric lesions, or in 
other, even more indirect, ways. The observations of Tannenbaum 
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(235, 2%) and many othcrs c1c:rrly indicate that the limitation of caloric 
intnke may ciecrease thc incidence of n variety of different types of tumors. 
Since nimy of the diets used in creating vitamin deficiencies are less 
palatable or lcad to  a loss in appetite, some of the differences in tumor 
inciclence may be directly due to the difference in caloric intake. This 
vnrinble can and should be controlled by restricting the diet of control 
nnd esperiniental animals to  the same level. 

T’itnmins niay also affect cancer through indirect eflects on the endocrine 
glen Is. Thus, if the growth and nisturation of mice is stopped by a 
marginal deficiency of a particular vitamin or other essentid dietary 
m mpoi-ent, the develorment of secondary scx changes will be inhibited and 
siisceptible strains of mice would not be expected to develop spontaneous 
mnnimaq~ carcinomas. Other indirect effects of vitamin deficiencies or 
escesses on malignant growth are very likely, and should be consiclered 
in dietary cancer work. 

?he  sqithesis of certain vitnmins (biotin, folic acid, vitamin I<, and 
othcrs) by the intestinal microflora in thc rat and human has been csta- 
blished hy a number of workers. The nature and type of intestinal 
synthesis is influenced by relatively sniall changes in the diet, which 
mpy lead to a definite effect on the nutritional status of the host as well 
as on the initiation and growth of malignant tissues. It is desirable to 
inject rather than to  feed certain vitamins in some experiments in order 
to control what may be an important variable. The feeding of bacterio- 
static agents siich RS sulfaguanidine, sulfasuccidine, tyrothrycin, penicillin 
or certain Fheges, etc., also provides nienns of evaluating intestinal 
~yst l~esis  as a factor nutrition and in cancer development, and it is to be 
hoyed that these sorts of experiments will soon be performed. 

Another point worthy ’of men tion is the recent tendency to use hoiiiolog- 
w s  normal and tumor tissues as a basis for comparing the vitamin content 
uf the two types of tissues. This tendency is commendable, but some 
i’esei’ve must be esercised. ‘1 his is particularly true when comparing 
the vitamin content of storage organs like the liver to the induced or 
transplanted hepatomas derived from liver. A more delicate method of 
determining functional changes in vitamin content nould be to determine 
the activity of certain vitamin containing eRzyme systems. 

It may also be desirable to point out that ntlequato liist itlogical and 
pathological control is necessary for correct interpretation of iruny vitaniiii 
studics on cancer. Most tumors are coniposed to a very apprecialde 
extent of normal cells mixed with the cancerous cells. ‘Tliiis any quanti- 
tative difference between the cancer and the normal cclls may be clilutcd 
out to  a large extent. In recent unpublished studies on biotin and mcta- 
bolisin in normal ant1 trirnor cells, wc have found tlint 1 hc cwnvliisions 
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reached as to biotin content and metabolic behavior depend to a great 
degree on the histologic examjnation of the tissues in question and Etn 
estiniation of the per cent of normal and cancer cells. 

There is little doubt that the general principles of nutrition are about 
equally applicable to the growth of normal and Inaligiiarit tissues. Thus 
it may he esprcted that any and ttll advances mrtde in the science uf nutri- 
tion cay1 be applied to dietary mnwr research. The reverse is equally true. 

I t  is a. pleamre t.o acknowledge helpful nuggestions or permission to 
present unpublished data given by J. W. Thompson, H. P. Morris, H. AT. 
Dyer, Wm. v. B Robertson, and D. F. MltcXeary of this institute. 
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INTRODUCTION 

The following article does not attempt in any wvsy to  be exhaustive, and 
strictly avoids the more nebulous and debat,ahle aspects of the subject. 
Where the topic has been well ventilated in the past, only the very briefest 
summary will now be given. 

While it has been hoped for the last 20 to 30 years that the study of 
endocrinology would provide some esscnt.ia1 cliie to  the problem of malig- 
nancy, it, is only recently that any clear-cut, results havc been obtained. 
A vast amount of uncritical literature concerning the effect of ablation of 
endocrine organs on the growth of tumors, the transplant-ability of turrors, 
the percentage of takes, etc. has appeared, but the results can usually be 
explained by a combination of the errors and various unknowns. I t  is 
safe to say that no clear-cut relationship has been shown between any 
particular endocrine gland and the growth of tumors. 

The same applies to the effect of injecting extracts of organs int,o tumor- 
bearing animals. In practically all cases where definite results have been 
obtained, they can be esplaincd by the fact that .the injections were so toxic 
that they lowered the animal’s general state of health and this affected 
the rate of growth of the tumor. 

It is proposed to consider the following four aspects: 

I. Sex hormones as carcinogens. 
11. Estrogens and nialignant disease of the prostate. 

111. Gonadotrophic substhnccs s.nd tumors of the testes. 
IV. Hormones and mammary tiimors. 

I. SEX HORMONES AS CARCINOGENS 

In some mays it is perhnps unfortunat,e that the structrire of the sterols, 
the importance of thc condensed carbon ring system compounds :IS carcino- 
gens, and the elucidation of the structure of the ses hormones, d l  occurred 
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roughly in the same decade. The temptation towards theoretical specula- 
tion has proved too great for many biochemists and experimental cancer 
research workers, and a xpate of papers have appeared which thoroughly 
disturbed the iniiids of clinicians who proposed to use the sex hor~iiones. 
‘I’he tempting twgiuiient was that since thc scx hormonw belonged to tht. 
group of coiidenHet1 carbon ring compounds. and so to  the cftrcinogenh, 
therefore the sex hormonex- more particularly the unsaturated conipoiinds 
such as cstrone - were in tlicmselves carcinogenic. -4 vast literature exists 
on this xubject and it has been reviewed insny times. The outconic, 
however, is now quite clear. In the first instance, the term ‘carcinogen’ 
should be restricted to those compounds which produce cancer I\ hcn 
painted on the skin of mice over a prolonged period. It was by this test 
that Kennaway and his colleagues (23) made their classical discoveries 
in this field. Estrone when painted in a similar manner does not produce 
a local epitlielioma arid so cannot be described as carcinogenic in the same 
sense as are benzopyrene and similar compounds (Dodds, 2). 

The properties of cstrone and other estrogens which cause the develop- 
ment of carcinoma of the breast will be dealt with in Section IV. 

11. EHTROGENB AND MALIGNANT DIBEASE OF THE: PROSTATE 

It is in thix field that the most striking developments have been made 
during the last four years. The following is a brief review of the situation 
up to date. For a detailed review of the literature up to Januaiy 1943 
there is an excellent review by Haddow given in a discussion at  the Faculty 
of Radiologists (1 1). 

It will be remembered that many years ago castration was advocated 
for the treatment not only of carcinoma of the prostate, but also of benign 
enlargement. There can be no doubt that improvement, and in some 
cases regression and apparent cure, have been recorded. Nevertheless, 
the psychological effect of so drastic a treatment has given rise to many 
objections and rendered the method unpopular. It is only comparatively 
recently that the siibject has been reopened, principally by American 
workers who will be quoted later. The theoretical background for such 
treatment lay in the observation that removal of the testes rwulted in 
atrophy of the sexual organs including the prostate. I t  was assumed that, 
this atrophy was the result of loss of the male sex hormone-an assumption 
which has subsequently been justified by studies with the pure crystalline 
hormone Testosterone. 

The American worker Huggins and his colleagues (14, 15, 16, 17) have 
recently reopened this whole subject. They have shown that either direct 
castration, or what one might term indirect castration by the administration 
of estrogens, has a very valuable effect on the development of carcinoma 
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of the prostate. The American investigators had the advantage of the 
recently acquired knowledge that carcinoma of the prost,ate could be 
diagnosed and its progress studied by investigating the “acid” serum 
phosphatasc. This arose through the work of the Gutmaiis and their 
collaborat,ors (5, 6, 7, 8, 9) arid this formed one of the inost interesting and 
original observations in chemical pathology of the present day. 

Trery briefly, these workers found that prostatic tissue contains relatively 
large quantities of “acid” phosphatase-that is to  Ray, of the enzyme 
capable of liberating phosphoric acid from glycero-phosphate a t  a pH of 
about 5.  They were able to prove that tjhe prostate was the origin of the 
“acid” phosphatase of seminal fluid and also of male urine. While there 
is no understanding of the fundamental r61e of this “acid” phosphatase, 
it immediately occurred t,o the original workers that a study of it,s distribu- 
tion might be of grea.t interest in the various pathological conditions of 
the prostate gland, including carcinoxna. I t  was shown, for example, that 
the “acid” phosphatase coptent of the prostate is very low until-the age 
of puberty. Therefora Huggins, Scott, and Hodges (19) right,ly assumed 
that the presence of this substance Const.itutca a secondary male sex char- 
iicterist,ic. In confirmation of this thesis is the observation that the in- 
jection of testo8t.erone propionate int,o immatiire Rhesus monkeys will 
cause within a few weeks a very great increase in the “acid” pho~phat~sse 
content. On t,he basis of t,hiFj observation, Scott, and Huggins (27) sug- 
gested that t.he estimation of t,his suhst.aiice in the urine and in the blood 
stream should be used as a basis for studying the activity of the prostatc 
gland. In 1936, Gutman, Sprowle, and Gutman (10) showed that not 
only the prostatic tumor in carcinoma of t.he prostate, but also t,he second- 
ary deposits contained large quantit,ies of the enzyme. Examination 
of a number of patients with carcinoma of the prostate showed a very 
great increase in t’he enzyme iir both the blood and the urine. This observa- 
t.ion has been amply confirmed. It can be stated that. a study of the 
quantitat,ive distribution of this enzyme can be m3d as a method for the 
diagnosis and study of the progress of carcinoma of the prostate. It 
is clear, therefore, that anyone commencing observations on the treatment 
of krcinoma of t.his particular organ was in a much more favorable pbsit.ion 
than previous workers since they had at their dispos:tl this excellent and 
accurate method for studying the effects of treatment. 

It was quickly found that castration lowered t.he “acid” phosphatase 
content of both blood and urine, and that the injection of androgens 
caused a sudden increase in the concentration of the enzyme. This ob- 
servation is known as the provocative test of Sullivan. 25 mg. of testos- 
terone propionate are adniinistered for 5 days. If the test is positive, 
there will be a distinct rise in bhe “acid” phosphatnsc content of the serum. 
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This does not occur in cases of benign prost,at’ic hypertrophy, nor in other 
malignant conditions of the iirinary tract. I t  is obvious that here is a 
very valuable method of distinguishing bctween malignant and benign 
enlargement of the gland. 

It will be remenilmed t,hat, an enlargement of the prostate can be ob- 
t,ained in animals with estrone and that the enlargement can be reduced 
with testosterone. It would therefore appear that prostatic tissue is 
highly sensitive to  sex lioriiioiws and particiilarly to estrone (Zuckerman, 
28). A4gain it must be remcmberd that, estrogens when given in sufficient 
doses will cause a 11ract,ically completo iuliibition of the anterior lobe of 
the pituitary, thus producing a castration effect. In the adult male rat it is 
possible with sufficiently large doses to  cause gross atrophy of the testes 
in a short while. The indications, therefore, for experimenting with 
estrogens in the treatment of carcinoma of the prostate seemed very strong, 
since on the one hand the castr:htion effect can be produced without the 
devastut,ing psychological effect of renioval of the testes, and on the other, 
the possibility of some sort of cf’fect on the growth of the tumor directly 
can reasonably be expected. In 1941, Huggins and Hodges (18) showed 
that by the administration of estrogens the “acid” serum phosphatase 
could be reduced. They also showed that great improvement took place 
in the clinical condition of the patient. There now exists an extensive 
series of publications showing that, following the administration of estro- 
gens, either in the form of naturally occurring’ hormones given subcutane- 
ously, or by the administration of. the synthetic analogues stilbestrol and 
hexestrol given by mouth, virtual disappearance of the symptoms, not 
only of the enlargement of the prostate, but also of the secondary deposits, 
may occur. Thus has developed one of the most striking therapeutic 
researches of moclmi times. A series of references to recent papers on 
the subject may bo found under the names of Herrold (13), Kahle and 
Maltry (20), ICeprns (21, 22), Mttrqnardt and Flaherty (26). 

At present it is impossible to give a satisfactory explanation for these 
observations. Tlie question naturally arises as to whether the action is 
exerted directly 011 the inaligiiant tissue, or whether it hus a castration 
effect due to inhibition of the anterior lobe. The subject certainly opens 
up a whole new field of research and forms one of the few clear-cut observa- 
tions on the inter-relationship between the endocrine system and malignant 
disease. 

The success of these experiments has led to u wholesale empirical experi- 
mentation with the synthetic analogues stilbestrol and hexestrol. These 
substances possess three characteristics which render them particularly 
attractive to  the experimentally minded medical practitioner. First, 
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42 Seminoma 
2 Pseudo-seminoma 

21 Mixed Epithelioma 
’ 10 Polycystic Terutoid 

they are, by and large, non-toxic. Second, they are highly active by 
mouth, and third, they are cheap. A number of publications has appe red 
describing miraculous cures of carcinoma of the breast following the 
administration of either stilbestrol or hexestrol in large quantities. In 
the writer’s opinion, the whole of this subject is in too nebulous a state to  
warrant detailed review a t  present. Unfortunately, practically all the 
recorded cases lack essential diagnostic factors such as histological sections, 
etc., and while it may be possible to  state that the administration of estrogens 
has caused some changes in the rate of growth of certain carcinomata, 
it would be most unwise at the present juncture to recommend wholesale 
use of estrogens in this particular treatment. 

111. GONADOTROPHIC SUBSTANCES AND TUMORS OF THE TESTES 
While this is an old subject and little newsmaterial has come to light, 

purely theoretical biocheinists tend to  forget the very valuable practical 
results that can be obtained from examining the urine in cases of testicular 
tumor. The original observation was made by Ferguson (3,4) who’showed 
that in testicular tumors of certain +types excessive quantities of gonado- 
trophic hormones were present. This was extended by a number of 
investigators, and one of the most careful researches on the subject was 
reported by Hamburger (12). The results are well summarized in the 
following table. 

Hormones in Testiculnr Tumors 

I____-___.___ 
13 4 25 0 0 
0 0 0 2 0 
3 1 0 14 3 
4 2 4 0 0 

No. of 
Cases Diagnosis I Negative 1 Traces 1 ht2Ane I Chorionk hormone 1 hormones 

N.B.  Table froqi “Recent Advances in Medicine” 10th edit. by Beaumont, G .  E.,  
and Dodds, E. C.,  Churchill, London, p. 272. 

This table +ows quite clearly that an accurate diagnosis of patients’ 
testicular tumors can be made from asuitable analysis of the urine. The 
great importance of this test lies in the fact that an early diagnosis has a 
distinct bearing on the treatment, since it is generally agreed that tumors 
of the seminoma type are radiosensitive and therefore of good prognosis. 
On the other Band, the mixed epitheliomata are radio-resistant and usually 
end fatally in a period of months. One of the most interesting observa- 
tions, as yet unexplained, is that even after removal of the seminoma either 
by operation or by radiation, the hypophyseal hormone continues to  be 
excreted in largc quantities although the patient appears normal. 
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IV. HORMONES AND MAMMARY TUMORS 
As already pointed out, the apparent similarity in structure between 

the carcinogens, henzopyrene, dibenzanthracenc, etc., and estrogenic snb- 
stances such as estroiie and estradiol, cause& considerable unettsiiiess among 
certain sections of biochemists and clinicians. It rnust, however, be 
remembered that from the chemical point of view the relationship is not. 
so close as the actual stmctural formulae would suggest. As pointed 
out by the writer in 1935 (2) there is much closer similarity between male 
and female sex hormones chemically than there is between estrone and, 
let us say, dibenzanthracene. Yet the clinician who is worried about the 
possibility of a carcinogenic action of estrone is not a t  all concerned about 
the possibilities of producing masculinization by giving a woman estrone. 
As already pointed out, estrone is not carcinogenic in the same sense 
as the condensed carbon ring carcinogens. It has been shown, however 
by Lacassagne (24) and his co-workers that mammary carcinoma can be 
induced in certain strains of mice, provided they are given very large 
doses of estrone over a prolonged period. Since the original observation, 
this whole subject has been thoroughly explored by an extensive series of 
researches. A full review of these has been given by Lacassagne (25). 
Briefly, it would appear that estrogenic stimulation will increase the 
incidence of marnmary carcinoma in the IuouHe, provided the xtrain is one 
possessing a spontaneous incidence. By prolonged estrone treatment the 
incidence can be considerably raised. There appears to be no doubt today 
that the action is due, not to  the direct carcinogenic action of estrone, but 
to its estrogenic or gynecogenic activity. This is pw:'cd by the fact that 
similar results may be obtained when estrone is replaced by the synthetic 
analogues stilbestrol and hexestrol. These substances do not possess 
the condensed carbon ring system. Hence, the activity in this respect 
inust be due entirely to their estrogenic properties. 

One is tempted to speculate whether the work of Bittner (1) on mammary 
cancer transmitted through the milk could be considered under the heading 
of a hormonal reaction. This is not, the place to  summarize this most 
important branch of cancer research. Those wishing to obtain a short 
summary of the position up to  date should refer to the excellent leacling 
article in a recent British Nedical ,Journal (29). The evidence up to  the 
present would seem to indicate that the agent which passes into milk, and 
cause8 a high incidence of mammary cancer in the offspring, is probably 
not present in un ordinary simple solution. Bittner in his observations 
on high-speed centrifugation inclines to the view that the factoris of high 
molecular wight ,  and is probably present in colloidal form. The facts a t  
present would fit in with the virus conception. 

There must also be mentiorled here the literature on the administration 

b 
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of hormones for growth inhibition. A large number of publications has 
appeared very recently on this subject. The problem bristles with experi- 
menial difficulties, since t.here are so many factors influencing the rate of 
growth of tumors. Thus, as pointed out in the introc!uct)ion, a suhst.ance 
may be toxic l o  the animal and damage its health to such an extent that 
the tumor gro\\th is impaired. As a t  present, the results are so doubtful, 
it would seem bet,ter not t o  attempt an accurate summary of the positioii 
until further information is available. 

In conclusion it mould seem that by far the most hopeful indicationh 
of the important r81e being played by hormones in the cancer probleni are 
the reported effects of estrogens. 
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A . Effect of Androgenic Substances 

I1 . Effect on sex differentiation of the embryo 

B . Effect of Estrogenic Subst:tnccs 

I1 . Effect. 011 sex differentiation of the embryo 

. . .  

. . . . . . . . .  VI  . Effect on response t o  esogenous androgcns 

IKTRODUCTION 

‘l’his revie\\ deals with t. he effccts of androgens and estrogens on the 
reproductive organs and secondary scxual characters of birds, and is 
restrict. ed to a discussion of the effects of crystallin., characterized sub- 
stances . The older \\.ark, dealing with extracts of various body fluids and 

1 Some of thc material in this review has been taken from a rnanuscript entitled 
“Effects of Estrogcns and Androgens on thc Male” prepared by us early in 1939 
for Volumc! 111 of Ergebnisse der Vitamin- und Iiormonforschung . The outbreak 
of w i u  made it impossible to return the corrected proof tto Germany and, SO far &8 

we have Iicen able to find out, the article was never published . 
361 
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tissues, has been reviewed adequately by preirioue writers (cf. for inqt.ance, 
Allen, 3). 

The nomenclature used for the androgens is that derived from the early 
suggestions of Butenandt and of Ruzicka, and now widely accepted. 
The nomenclature of the estrogens is that in general use, based originally 
on the suggestions of Adam, e l  al. (l) ,  and afterwards accepted and ex- 
tended by the European representatives at  the Second Conference on the 
Standardization of Hormones, 1935, and by the Council on Phnrniacy and 
Chemistry of the American Medical Association. 

A. Effect of Androgenic Substances 

I. DESCRIPTION OF SUBSTANCES 

The chemistry of the androgens is outside the scope of this article, 
and reviews by Ruzicka (189), Koch (146, 147), Butenandt (18), Dannen- 
baum (56), Fieser (94), and Goldberg (115) should be consulted for de- 
tails? 8 

Three of the commonly used androgenic substances are known to occur 
naturally; these are androsterone, dehydroandrosterone, and testosterone. 
Certain other androgens isolated from natural sources, such as adreno- 
sterone (Reichstein, 182), androstadienone (Burrows, Cook, Roe, and 
Warren, IS), and isoandrosterone (Butler and Marrian, 30; Pearlman, 175) 
are of much less importance in a consideration of the biological properties 
of this group of substances. A large number of compounds closely related 
to androsterone and testosterone, and showing androgenic activity, have 
been artificially prepared. The simplest members of the series differ from 
each other only in the permutations of keto- and hydroxy- groups in posi- 
tions 3 and 17, in the spatial configuration of the hydroxyl group, and 
in the presence or absence of an unsaturated linkage in Ring A. The chief 
saturated members of the series (Fig. 1) have all been extensively investi- 
gated, and a great deal is now known of their biological activity. They are: 

Androsterone (Androstane-3-cis-ol-17-one) 
Isoandrosterone (Androstane-3-lrans-01- 17-one) 
Androstanediol (Androstane-3-c~s-17-t~an8-d~ol) 
Androstanedione (Androstane-3 : 17-dione) 
Dihydrotestosterone (Androstane-17-lmns-ol-3-one) 

Other saturated compounds, including trans-androstsnediol (androstane- 
3-lrans-17-lrans-dio1), androstane-3-cis-17-cis-diol, and androstane-17-cis- 
01-&one, are of little importance. 

T. Reiohstein and C. W.  Shoppee, ibid., page 345. 
* See also G .  Pincus and W. H. Pearlman, Vitamins and Hormones vol. I, 293 (1943) ; 
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Androstnne 

0 

Androsterone 
(Andro~tane-3-cis-ol-17-one) 

9 0 1 1  

HO 

Androstnnediol 
~Androstane-3-cis-17-trans-diol) 

011 
I 

Di hydrotestosterone 
(Androstsne-17-lrans-ol-3:one) 

0 

iso-Androsterone 
(Androstane-3-lrans-ol-17-one) 

0 

Andros tnnedione 
(Androstane-3: 17-dione) 

Fig. 1. Graphic Formulae of the Chief Saturated Androgens 

Several unsaturated members (Fig. 2) of the series are well known. 
Those much used for experimental work (at one time or another) include: 

trans-Dehydroandrosterone (A6-androstene-3-trans-ol-17-one) 
trans-Androstenediol (A5-androstene-3-lrans-17-trons-diol) 
-4ndrostenedione (Ai-androstene-3 : 17-dione) 
Testosterone (A4-androstene-17-trans-ol-3-one) 
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Among other unsaturated compounds which have been little investigated 
or are of slight biological importance are cis-dehydroandrosterone (AK- 
androstene-3-cis-ol-17-one), cis-testosterone (A4-androstene-17-cis-ol-3-. 
onc), cis-androstenediol (androstene-3-cis-17-Irans-diol) and androstene- 
3-/rans-17-cis-diol. Variants of certain of these compounds have been 
made by transference of the double 

0 

frans-De hydroandrosterone 
(A&-Andros tene-3-trans-ol-17-one) 

0 

0 
Androstenedione 

(A4-Androstene-3:17-dione) 

bond to an abnormal position, e.g. 

OH 

trans-Androstenediol 
(A*-Andros tene-3-lrana-17-trans-diol) 

011 
I 

0 
Tcstosterone 

(A4-Androstene-17-trans-ol-3-one) 

Fig. 2. Graphic Formulae of the Chief Unsaturated Androgens 

A4-androstene-3-trans-17-trans-dio1, A4-trans-clehydroandrosterone, and Ah7 
androstenedione, but these again appear to be of little interest to the 
biologist. 

A set of derivatives of membem of this series has been obtained by 
alkylation in position 17; of these the methylated compounds have the 
greatest biological significance, though the ethylated ones are also im- 
portant. Among the less important derivatives may be mentioned the 
oximes, which show comparatively little biological activity. Several 
othcr types of derivative have been made, such &s 17-ethinyl- and 6-keto- 
testosterone, but they need not be considered here. Esterifiration of the 
compounds modifies their biological effectiveness considerably, and the long 
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series of aliphatic esters, and also the various benzoates, which have been 
produced are of gwat, lJiologic:<l interest. Those nix$ inve.3tigttted include 
androsterone Lenmtle,  andl.ostanediol-3-l,enzoatc, testosterone benzoate, 
and aliphatic esters of testost,cronc from t,he acetate to the valerate. Cer- 
tain d i e t e r s  of the enolic form of t,estosterone have also heen prepared. 

IT. EFFECT ON Sics DIFFERENTIATION OF THE EMBRYO 

The developing bird einhryo can very easily be subjected to the direct 
influence of exogenous hormones, m d  t,he peculia~it,ics of gonad differclntia- 
tion make such experinwnts of special interest. The embryonic gonad is 
morphologically indifferent until abont the 6th day of developmmt. In 
genet.ic males a pair of testes differentiate in the usual way, vasa deferentia 
develop from the Wolffian diict,, nnrl the Miillerian duct disappears betwcen 
the 8 th  and 11th days. In gnnetic females, after the Gth day, an ovary 
differentiaks from the left gonad, and an oviduct from tha left Miillerian 
duct. The right gonad, on the other hand, remiins rudimxtary and in- 
different in practically all specics of birds, and the right M illarian duct 
C ~ R F ; C S  to  ~ I Y J W  sftw the 8th day, and degenprat,es togeth-r with the Wolffian 
di ic t .  At, hatching, femnle eliicks (xi11 (wily be rccognizxl macroscopically 
by thc nsymnictry of t,ha gonads. Complcte remo\d of the left gonad in 
the ftmnle, especially from the young chi~li ,  usually leads sooner or later 
to regcner:hon of the right gonad as an ovo-t,cstis, which produces both 
androgens and gynecogenq and causes growth of the comb as well as 
feminization of the plumage. 

Siic.c~c.wfr11 :ttten~pt.s to modify the sex differentiation of the fowl embryo 
soon f o l i o w t l  thc protl!!ction of crgst.allinr :mdrogens. 

Wolff (207, 209) : i l l t l  \Yolff and Wolff (215, 216) made a single injection 
of imlrastorone into the fowl's egg hfore  thc 10th day of incubation and 
produced r.nrious grades of intersexunlity. Increasing dosage of the 
hormonc diniinishcd the ntinibcr of both noixinl males and females hatchsd, 
until 1vit.h a close of 0.3.5-1 mg. only n i ' c : ~ ~  normal males and many inter- 
sexes nxrc produced. The numcriuiil rc,-iilt,s left no cloubt; that genotic 
males wern affected, and the condition of interseses confirmed the opinion 
that they were partly derived from genetic males. In Leghorns, larger 
doses were required to sffect genetic males than were needed for the 
genetic females; in chicks of the cross twtwecn Light Sussex and Rhode 
Islalid Red tlic reverse seemed to be the C:W. Thc effect of androsterone 
on the male embryo was both androgenic and gvnecogenic (Wolff, 20%. 
There was genit,al hypertrophy, particularly of the right testis, which was 
not sensit,ive t'o gynecogenic action, yhile the Icf t testis developed an 
ovarian cortex and became an ovo-testis. The proximal segments of the 
Miilierinii ducts persisted a.s oviducts. Methyl-dihydrotestosterone had 



366 A.  5. PARKES AND C. W. EMMENS 

the same action as androsterone but produced greater hypertrophy of the 
Wolffian duct. Testosterone acetate had little effect on the male embryos 
of the Light Sussex-Rhode Island Red cross in doses up to  1.0 mg., but 
had the same action as androsterone in Leghorns. Willier, Rawles, and 
Koch (201) stated that androsterone and dehydroandrosterone had feminiz- 
ing and masculinizing effects on the bird embryo, while testosterone was 
only masculinizing. The first two stimulated development of ovaritlii 
cortex and persistence of the oviducts in genetic males, while in genetic 
females they inhibited the development of these components. Wolff (212) 
suggested that the anomalous effect of some of the androgens was due to  
their being substances with ambisexual activity. 

Dantchakoff (59) called attention to  the great hypertrophy of the 
mesonephric elements and the dilation of the Wolffian duct in chick 
embryos of both sexes when testosterone propionate was injected into the 
egg during incubation, a condition associated with a considerable develop- 
ment of the comb at hatching (Dantchakoff, 67) and with the premature 
appearance of song within ten days after hatching (Dantchakoff, G O ) .  
Androgenized chicks sometimes have bald heads at hatching (Dantchakoff, 
63). Anomalies of the oviduct in pullets androgenized in embryonic life 
have been described by Wolff (211). According to  Dnntchakoff (62, 64) 
the genetically female gonad of the embryo chick is not inverted by male 
hoimane, a fact which is discussed a t  length by the same author in another 
paper (Dantchakoff, 65).  Cjaarenstroom (107) found that the effect of 
androsterone and dihydroandrosterone (androstanediol) is much influenced 
by the time of injection. When introduced after two days’ incubation, 
the substances may completely suppress the development of the Mul- 
lerian duct. 

111. EFFECT ON FEMALES 

1 .  Secondarg Sexual Characters 

Comb. The comb of the hen is larger and more vascular than that of 
the capon, and it is much reduced by ovariectomy until regeneration of the 
right gonad takes place. It follows, therefore, that the ovary of the hen 
produces some comb-growth promoting substance, probably a 17-keto- 
Rteroid, in addition to estrogens. In the circumstances, androsterone should 
cause growth of the hen’s comb. This result waa obtained by Callow and 
Parkcs (32) who observed considerable enlargement in the comb of a 
Brown Leghorn hen injected daily with 2.5 mg. df androsterone (Fig. 3). 
Testosterone has the same effect (Emmens, 85). 

Beak. Where the beak of the cock assumes a special color during the 
breeding season, under the influence of androgens, injection of androgens 



EFFECT OF ANDROGENS AXD ESTROGEXS OX BIRDS 367 

5 30- 

1 
a m m  

will also cause the appearance of the characteristic coloration in the female. 
This reaction is well seen in the English sparrow in which the black colora- 
tion of t.he beak, normally seen only in the breeding male, can readily 
be induced in the normal or ovariectomized female by injection of andro- 
genic substance (Witschi, 203). The Indigo Bunt>ing and the African 
weaver finch, Pyromeluna fra?m’scaria, as described by Witschi (204), 
also appear to be of this type. A rather different state of atfairs is found 
in the female starling, in which injection of androgens, but riot of estrogens, 
causes the appearance of the typical yellow coloration of the beak seen 
in both sexes in the breeding season (Witschi and Fugo, 205). As Witschi 
points out, this result shows that one of the normal secondary sexual 
characters of the female starling is androgen-conditioned. Though not 
strictly relevant to the subject of t,his review, attention may be called to 

the very interesting observation of Pfeiffer and Kirschbaum (179). These 
authors found that the injection of comparatively large doses of gonado- 
trophic extract t,o the anestrous female sparrow led to over-stimulation 
of the ovary and to the appearance of the characteristic black pigmentation 
of the beak seen in the breeding male. This observation is most easily 
interpreted w meaning that under abnormal stimulation the ovary of t lw 
hen-sparrow may produce as effective amount.- of androgen as the wtivr 
testis. 

Plumage. Androgens would not be ,qe&d to influence directly the 
plumage of normal females, but the case of the ovariectomized female is 
of some interest, since it has been suggested that the plumage of the hen 
shows a greater susceptibility to%he action of estrogens than does that 
of the cock. If the ovary (left gonad) is removed from the female fowl, 
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the plumage ctiangcs to the neutral type, seen in the male, until the right 
gonad hypcrtrophics, \\.hen tlie plumage reverts to the fcninle typc. The 
work of 1'Cznrd (178), Donini (81).anil ot'licrs, shows t h t  the plumage of t,hc 
poularde is not feminizctl by graftctl testis t.issiic nntl docs not i n  this 
respect, therefore, tlin'cr from t1i:it of the caponizcd cock. In this con- 
nect,ion it is rclcvant to citc Chanipy's ohscrvntion ( 15) t1i:it 1:irgc tloscs 
of testosterone will fcminixe tlie plumage of the ov:iiktomized fcm;ilc 
silver pheasant.. 

I-Taniilton antl (;olden (131) found that proIoiigc(1 :dniinistration 
of tcstosteronc propionntc to fcmalc chicks or hens car~sccl crowing and 
otlier male bchavior. l 'hc injrct,ion of compwatively sii-ctll mioiints of 
testosterone CJVW 10-16 days C V O ~ C S  t,ypicttl mde  singing in fcin:ilc c:in:iiks 
(Leonard, 152; Shoemaker, 195; Voss, 199; Th!cln.i i?,  Goluiri, :ind Met- 
fesscl, G ) .  

Ill tlie inimaturc 01' FSona:lrctomix1:tl niglit 
heron (Noble and Wurm, 1G3) injcxtion of testostrrone causes the :II)peiLr- 
ance of the coloration of the I)riccal cavity :ind legs secn in the fcninle 
during tlie breeding season. 1':st.rogens w c  without this effect, 3rd it 
must, be concluded, tliercfore, t)h:it, suinc :it. 1c:ist of the breeding w:wn 
changes in the fcmalc night. hei-on :%re anrllo~cn-conditiolletl (rf. b c d i  
coloration of female starling). On 1 t ic  ot hcr l ~ n c l ,  ,2tliiiin:str:it,ion of 
androgens also evokes inale beha \h , ,  x4iicli is not, sccn, of course, in thc 
normal fcmale. Interesting observat ions on the psychical cffccts of 
androgenizing feniales havc also I m n  niadc in ring-doves hy Bainett (8 j 
who records that injection of testosterone to low-ranking suhmissivc mem- 
bers of a flock of ring-doves of eitlier scs rcsoltetl' in an advance in status 
in the socid hierarchy and increased aggressiveness. In  addition, the 
females developccl nialc bchavior. 

Voice. 

Other Sc.rw1 Charactcrs. 

2. Ovary mid  Oviduct 

Herrick and I,ockhart (133') found t,hat a slight decrease in 
ovarian weight could he produced in the ovaries of young fowls by injection 
of testosteronc. 

Enlargement of the oviduct, following the injection of andro- 
gens has been not.ec1 by Riddle (183) in the dove, and by Noble and Wurm 
(168) in the night heron. In t,he lat.tcr bird: howcvcr, therc was no hyper- 
plasia of the ovitlricd mucosa. Witsctiii :md Frigo (205) noted in both 
the normal and gon:dcctomiced female starling a similar oviducal response 
to. androgens, which also caused hypertrophy of the Wolffian ducts. 

Ovary. 

Uvidzict. 

IV. EFFECT ON I r p a c T 1  M.~I,Es 

The comb antl wattles of the yoling cockerel can be made to develop 
rapidly by thc administration of androgenic extracts (Juhn, Gustavson, and 
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Gallagher, 141). Fussganger (104) showed that great development of the 
comb and wattle of the chick could be obtained, by the inunction technique, 
with relatively small amounts of crystalline androgen. Breneman (10) 
investigated the effects of androstanediol benzoate and testosterone on the 
comb and testes of White Leghorn chicks. Subcutaneous injection of 0.1 
mg. per day of eithcr substance for 5 days into 5 or 10 day-old chicks led to 
immediate cessation of testicular growth, which apparently lasted only 
during the period of injection. One-month-old chicks which had been 
treated with male holmone from the 5th to  the 10th day after hatching had 
an average gonad weight 90% heavier than controls. Injections of pitui- 
tary hormone together with androstanediol benzoate were effective in main- 
taining testicular growth, showing that the latter acted by depressing the 
gonadotrophic activity of the pituitary gland. Considerable comb growth 
opcurred in the experimental birds. Breneman (1 1) has also shown that in 
such intact chicks the comb-growth-promoting action of testosterone pro- 
pionate is less than that of androstanediol benzoate, and that whereas 
divided doses of the former are more effective than a single dose, the latter 
is surprisingly effective when given in a single injection. Combs con- 
tinued to grow more rapidly than normally for several weeks after the cessa- 
tion of injections, and the author suggests that this is due not to  slow 
absorption of retained hormone, but to increased secretion of androgenic 
substance by the bird, since such long continued growth did not occur in 
injected capon chicks. Crowing occurred in nearly all treated intact chicks, 
but not in the treated capons. Hamilton (129) also records the induction 
of precocious sex behavior (aggressiveness and crowing) in male White 
Leghorn chicks a t  10 days old by the injection of testosterone propionate, 
and observed stunting of body growth. Interesting observations along 
these lines have also been reported by Noble and Zitrin (169). These 
authors found that male chicks injected with testosterone propionate ex- 
hibited all the sexual behavior patterns of the adult cock. Crowing com- 
menced as early as thc 4th day of age and treading on the 15th. The 
copulatory pattern was identical with that seen in the sexually mature bird. 
Growth of androgenized males was retarded and the stimulated comb 
regressed to a subnormal level after the cessation of injection. According 
to Kosin (150) ihjection of testosterone into small chicks causes growth of 
tho genital eminence in both sexes. 

The use of the chick, either male or female, for the assay of androgens by 
injection or inunction is dealt with on p. 378. 

Morato-Manaro, Albrieux, and BUBO (163) produced a comb growth of 
99.3% (measured by area) in a 3-month old cockerel by the inunction of 
12.5 mg. of androsterone in 10 daily doses. The testes of this bird were 
greatly atrophied and damaged, showing no spermatogenesis and tubules 
with only 2 or 3 rows of cells and an amorphous mass containing dead cells 
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in their lumina Damage to the testes was also observed by Chu (48) in 
pigeons injected with testosterone, though similar treatment of hypophys- 
cctomizecl birds resultcd in some degree of testicular maintenance. BY 
contrast, Konh (149) found that prolonged administration of tcsticwlar 
hormone to Leghorn cocks increased their fertility. 

The production of abnormal growth of the comb in adult cocks has 
proved difficult, as mas found by the earlier workers with impure extracts. 
Greenwood and Blyth (122) were unable to induce growth of the comb of the 
adult sexually active male fowl by the injection of male hormone, even I)J' 
intra-comb injections of 100 7 of androsterope per day for 10 days followed 
by 200 y per day for 5 clays. However, by implantation into the breast 
muscles of a 6 mg. tablet of testosterone propionate, we have been able to 
increase the size of the comb of a normal Silver-Black Rock cock beyond 
the normal genctic limit in this breed. 

V. EFFECT ON CAPONS 

Those external secondary sexual characters of birds which are dependent 
for their integrity on the presence of the testis have been much used for the 
study of androgcnic activity. The special characters may include head 
furnishings, notably the comb and wattles, the color of the eye and of the 
beak, crowing, sexual behavior, and, rarely, plumage. The effects of cns- 
tration on the characters most commonly used, and the biological activity 
of androgens in maintaining or restoring them in capons, is describecl below. 
The adaptation of these results to the assay of androgenic preparations is 
dealt with in Section VI. 

1 .  Secondary Sexual Characters 

Comb and Wattles. When the young male chick is caponieed further 
growth of the comb, wattles, and ear lobes is only sufficient to  keep pace 
with the general enlargement' of the body and head (PBzard, 176, 177). 
'the adult capon, therefore, has a rudimentary comb and wattles, which are 
palc and dry. It should be emphasized that the capon comb is entirely 
different from that of the female. When an adult cockis castrated, the 
comb and wattles shrink very considerably, but not quite to the level of 
those of a bird castrated as a chick, since there has been a hrcvious develop- 
ment of sufficient fibrous tissue to prevent full atrophy. 

The histology of the comb of the normal cock and of the capon in various 
experimental conditions has been dealt with in detail by Hardesty (132). 

Restoration or partial restoration of the comb of the capon was the first 
technique employed for the demonstration of androgenic activity in extracts 
of testis and urine, and it now seems certain that all substances which cap 
be shown by any method to have androgenic activity will cause growth of 
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the comb and wattles of the capon. The degree of growth usually required 
for quantitative work is comparatively small (see p. 376), but a study has 
also been made of the complete restoration of head furnishings. Callow 
and Parkes (32) found that the daily intramuscular administration of 2.5 
mg. rising to  5.0 mg. of androsterone, produced a comb in a Leghorn capon 
at the end of 3 weeks which was almost normal in size and which two weeks 
later was indistinguishable from that of a normal cock (Fig. 4). Emmens 
(86) produced very rapid and extensive growth of the comb of the Leghorn 
capon by the intramuscular implantation of a compressed tablet of crystal- 
line testosterone propionate (Fig. 5). The maximum growth rate, how- 
ever, was not in excess of that observed by Callow and Parkes, so it is likely 
that such a growth rate approximates to the maximum possible for the 
capon comb. According to Caridroit and Rr5gnier (40) a daily dose of 0.3-1.7 
mg. of testosterone propionate is necessary to maintain comb size in cas- 
trated cocks. 

In a few species of birds the beak color differs in the two sexes and 
the difference may either be permanent or due to the assumption of a 
special color by one sex during the breeding season. In some such cases 
removal of the testes causes reversion of the beak color to  that found during 
anestrus or in the female; thus, castration of the house sparrow causes the 
black color of the beak to fade to brown, as seen in the female. Administra- 
tion of androgenic extracts causes the beak of the normal anestrous male 
or of the castrated male to assume the black colour within about 10 days 
(Keck, 142). The amount of androgen required to give an obvious re- 
sponse is of the same order as that required in the capon comb test carried 
out by intramuscular injection (Witschi, 203). The same effect can also 
be obtained by unction of alcoholic solution of testosterone propionate to the 
bill (Iiirschbaum and Pfeiffer, 143). Witschi and Woods (206) described 
the histological basis of the changes in the beak of the sparrow. The 
essential feature is the presence, in the proliferating deep layer of the epider- 
m i s ,  of nielanophores I\ hich produce melanin only when male hormone is 
present. 

In the black-headed gull the development of the usual crimson color of 
the male beak during the breeding season is inhibited by castration (van 
Oordt and Junge, 198). In the indigo bunting and the Afrkan weaver finch 
the change in the color of the beak during the breeding season is also pre- 
vented by castration, and is therefore a sbcondary sexual character (Wit- 
schi, 2021, presumahly dependent on the presence of androgens. 

The color or structure of the plumage of most common 
breeds of domestic fowl is not affected by castration, which only causes a 
lengthening of the saddle hackles and tail feathers. The display plumage 
of such birds as the mRle T’eghorn is therefore independent of testicular 

Beak. 

Plwzugr. 
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activity and represents the neutral type produced in the absence of the 
ovary (Phard, 176; Goodale, 1lG). In mammals, some androgens, includ- 

Fig. 4. Restoration of Capon Comb by Administration of Androsterone 
(a) Before treatment. 

(b) Same bird after receiving 22 dail injections of androsteronc. 
(Callow and Paries, 32.) ' 

I I I 1 I I I I I 
M W 8 0  &a(ir& 0 n a  

Fig. 5. Average Growth of the Comb of Eight Capons Each Receiving an 
Intramuscular Implantation of One Tablet of Testosterone 

Propionate, of Avera e Weight 11 mg. 
(Modified from Ifmmens, 86.) 

ing testosterone, exert a gynecogenic action such as causing enlargement 
of the uterus. Moreover, trans-androstenediol, if not other androgens, 
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possesses estrogenic properties, and will cause cornification of t,he vagina 
in ovariectomized mice. Nevertheless, it has not been found possible to 
demonstrate a feminizigg effect of testosterone on the plumage of those 
breeds of fowl in which the cock normally has display ('male') plumage 
(Muhlbock, 165). The only effect obtained by Emmens and Parkes (92) 
on the breast feathers of the Brown Leghorn by massive dosage with testos- 
terone and other androgens WBS similar to that which results from a tempo- 
rary thyroid deficiency, and the absence of any feminizat,ion of the saddle 
feathers suggests that this is a likely explanation of the cffccts observed. 
According to Greenwood and Blyth (124) it, is possible to inject :t sufficient 
amount of ground-up bird testis into a Brown Leghorn cock to came appar- 
ent, feminization of the plumage, but it is unlikely that this effect can be due 
to the presence of androgens. 

There are, however, well-known instances of cont,rol of plumage charac- 
ters by the testis. A type of considerable interest t,o the endocrinologist is 
that of the Sebright. Bantam, where the plumage is t,he same in both sexes, 
that of the cock being of the female type. Gonadectomy of the cock causes 
change of the plumage to a t.ypc which would be expec%ed in the male of 
such a breed. In the Sebright, therefore, thc testis :~nd ovary influence 
plumage in the same way, and direct, changes are produced I y  androgens in 
the plumage of capons of such a breed. Dcanesly and Parkes (73) found 
that several of the androkens, possibly all of them in adequate dosage, will 
cause a change to female type in t,hc feathering of the Sebright Bantam 
capon (Fig. 6). In addition, testosterone will cause similar changes, though 
less completely, in the plumage of. the capons of ot,her breeds such as the 
Campine, and certain game fowl varieties, in which the cock is henny 
feathered (Emmens and Parkes, 92). I t  is probsblc, t.hough not certain, 
therefore, that the capacity of the testis t,o feminize the pliimagc in such a 
breed as the Sebright. Bantam is due to the fact that t.hc plumage reacts to 
teytosterone in t,he same way as it reacts to cst.rogens. I f  such a vieit is 
correct t.here is no longer any need to suppose, as was tlonci hy Callo\v and 
Parkes (331, that the pluniage of hen-fcat.hered cocks is more sensitive to' 
estrogens than that of normal breeds and can respond t,o the small amount 
of estrogenic activity known t,o occur in t.he testes in  many species. An 
interesting case of t.esticular influence on plumage has Iwen provided by 
Caridroit, (39) in extension of t,he work on the Sebright lk~ntams. When 
Silver Setwights and Golden Sebright,s are crossed, t.he male offspring are 
always silvered. These silvered cross-breeds become parti-colored after 
castration, but can he restored to full  silvcr by inject,ion of' t#estosterone. 

Another plumage type is seen in many species of duck in \\hich dimor- 
phism of t,he plumage occurs during the breeding season, and the drake, a t  
the end of tJhe season, acquires eclipse plumage which is superficially similar 
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to that of the female. The endocrine conditions upon which this change is 
baaed are obviously complex, and are not fully understood. Emmens and 
Parkes (92) were unable to affect the plumage 01 the capon mallard by 
administration of testosterone, but Chu (49) produced changes in the capon 
by the injection of dehydroandrosterone similar to those seen during eclipse 
in the normal drake. In other birds in which the plumage conditions are 
complex, such as the weaver finches described by Witschi, it is likely that 
the plumage is affected mainly by hypophyseal activity, and discussion of 
details in such cases is beyond the scope of this review. 

Fig. 6. Effect of Oestrone and Androgens on the Saddle Hackles of the Sebright 
Bantam Capon 

(a) Normal capon saddle hackle. 
(b), (c), (d), (e) Saddle hackles regenerating during the injection of (b) 5 y oestrone 

daily, (c) 6 mg. androaterone daily, (d) 1 mg. trans-dehydroandroaterone 

guishable from the saddle hackles found in the normal 
daily, and (e) 1 mg. testosterone daily. (b), (d), and (e) are indistin- 

Sebright cock. 
(Deanesly and Parkes, 73.) 

One further small effect of androgens on the plumage of such birds as 
Brown Leghorns is seen in connection with the moult. The cock has an 
annual moult, while the capon tends to moult odd feathers during the 
whole year, and regeneration of feathers in denuded areas is also more regu- 
lar in the capon than in the cock. Our own experience suggests that the 
administration of male hormone makes regeneration in the capon similar to  
that in the cock, and may interfere with the regularity of feather growth 
after plucking. Another minor point is that the administration of andro- 
genic substances prevents the extra lengthening of the saddle hackles and 
tail feathering seen in the untreated capon. 
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Other Sexual ('haraclers. It is well known that the capon, like a hen, 
does not crow, its voice heing similar to that of the hen. This chararter is 
a good indication of the completeness of Castration, since one of the first 
effects of testis regeneration is the onset of crowing. The effect of castra- 
tion is not due to any change in structiire of the syrinx, the voice bos of the 
fowl (Myers, 167; Appel, 4), and apparently it results from atrophy of the 
glottis, which determines the timbre, rhythm and modulation of the voice 
(Calvet, 34). 

The cock's eye appears fiery, I)lood-shot and tgressive, Characteristics 
which are not seen in the capon. According to  ('hampg (41) the condition 
in the cock is due to convolution and engorgement of the retinal capillaries, 

Fig. 7. EA'ect of Androsterone on the Atrophic Vas Deferens of the Capon 
(a) Vas deferens of untreated capon. 

(b) Vas deferens of capon receiving 22 daily injections of 5 mg. of androsterone, 
showing restoration of e ithelium and partial restoration of size. 

(Caiow and Parkes, 32.) 

a condition which can be reproduced in the capon by the administration of 
androgens. 

Sex behavior is absent from capons, and it disappears rapidly in cocks 
castrated when adult. Callow and Parkes (32) observed vigorous sexual 
behavior in a previously inert capon after 10 daily injections of 5 mg. of 
androsterone. Roussel (186) found that the sexual instincts returned to  a 
capon after the daily administration of 1 mg. of testosterone acetate; 
crowing developed after 16 days and combativeness and treading after about 
40 days, a t  which time the comb was approaching maximum size. 

Castration does not affect spur development in cocks of normal breeds, 
but it allows spurs to appear in hen-feathered cocks. It does not seem to 
have been observed whether androgens suppress spur development in 
Sebright capons, as might be espected from their effect on plumage. 

An interesting case of the dependence of secondary sexual characters on 
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androgenic activity has been reported by Noble and Wurm (168). In the 
black-crowned night heron there is a marked increase in the pigmentation 
of lore, lower mandible, and buccal cavity during the breeding season. 
There is also an intense vascularization of the legs, which take on a pink 
color. Castration suppresses the change in the male, whereas injection of 
testosterone initiates the changes in immature or castrated birds. Testos- 
terone also induces adult behavior in chicks and causes hypertrophy of the 
male reproductive tract. 

2. Accessorg Organs 

With the exception of vasa dejerentia, accessory reproductive organs are 
comparatively ill-developed in male fowl, and one of the bet,ter known, the 
penis of the drake, is not very sensitive to castration (Champy, 42). A 
certain amount of work, however, has been done with the ducts. Callow 
and Parkes (32) were able to induce increase in size and epithelial develop- 
ment in the vas deferens of Brown Leghorn capons with androsterone (Fig. 
7). They did not, however, obtain full restoration to the normal condition. 
Dessau and Freud (76) observed a similar result with testosterone. 

VI. ASSAY .4ND RELATIVE ACTIVITY OF ANDROGENS ON BIRDS 

1 . -4 ssay 

Capon Comb. Gallagher and Koch (109, 110) were me first to devise a 
quantitative method for assaying androgenic extracts by measuring the 
growth of the capon comb. They defined a capon unit in terms of the 
average amount of growth in a group of birds, and established a ‘charac- 
teristic curve’ for extracts. Koch (146) reported that the same type of 
‘Characteristic curve’ in comb growth response holds for androsterone, 
Irans-dehydroandrosterone, androstenedione and androstanediol. The 
shape of the dose-response ‘curve’ has been variously interpreted as a 
straight line when the dose is plotted logarithmically (Greenwood, Blyth, 
and Callow, 125; Hall and Dryden, 128), a parabola (Gallagher and Koch, 
1 1 1 )  or a straight line with the dose plotted in ordinary units (Emmens, 89) 
(Fig. 8). Womack and Koch (217), Womack, Koch, Domm, and Juhn 
(218), and Koch and Gallagher (148) showed that the response of the capon 
comb is influenced by its initial length, and by the light intensity during the 
test. The temperature (Hain, 127) and the seasbn of year (David, 69) at  
which the test is performed also influence the result. Moreover, capons of 
different breeds show very different fiensitivities ; in general, capons of light 
breeds are more sensitive than those of heavy breeds (Callow and Parkes, 
32). 

To increase the ease of housing the birds, Parkes (172) investigated the 
possibility of using capons of Bantam breeds, and concluded that Old 
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English Game Bantams become highly suitable capons, having an adult 
size of about 500 g. 

Most of the authors cited above express comb growth in terms of the 
increase in length plus height obtained, but several other methods have been 
employed. Freud (100, 101) and Freud, de Fremery, and Laqueur (102) 
determine change in the area of 'the comb by direct photography of the 
silhouette of the comb before and after injection. Gradstein (117, 118), 
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Ogata and Ito (171), Ogata, Ilirario, and Tonaka (170) use photo-electric 
or planimetric methods and dso  base their results on increase in area. 
Engel (93) investigated the possibility of determining the volume of the 
comb by measuring its displacement in water. 

Tests are usually carried out by daily injection for 5 days, but results of 
equal value are obtained by giving the same total dose over 3 days (Em- 
rnens, 89). Since there is little lag in the appearance of the maximum efect 
uhen non-esterified substances are used, measurements are made on the day 
after the last injection. 
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Administration to  the capon is most commonly made by intramuscular 
injection, but Greenwood, Blyth, and Callow (125) found that subcutaneous 
injection gave only slightly different results. Dessau and Freud (76) also 
found that the presence of impurities, notably fatty acids, in the prepara- 
tion, which augment the action of testosterone in rats, do not have this 
effect in capons treated by intramuscular injection. The volume and 
nature of the solvent is also comparatively unimportant (Greenwood, 
Blyth, and Callow, 125). The capon test thus has the advantage that, 
provided injection is subcutaneous or intramuscular, the exact techniaiae 
and the presence of impurities do not greatly influence the result. The 
use of other routes of administration may, however, greatly affect th;, result. 
Thus, local administration, direct application of the hormone solution to 
the comb by inunction (Fussganger, 104) or injection of a solution into 
the comb (Ruzicka and Tschopp, 191 ; Greenwood and Blyth, 122) leads to 
a much greater response per unit weight of hormone. Eniinens (89) finds 
that the inunction of androsterone on to the combs of Brown Leghorn 
capons gives an approximately linear dose-response relationship over the 
range suitable for assay purposes. The response to direct unction is much 
influenced by the vehicle in which the hormone is dissolved, alcohol, ben- 
zene, ether, arachis oil, and lanolin being decreasingly effective in that order 
(Emmens, 90). 

Existing androgens are virtually inactive when given by mouth to capons 
(see Table 111; and Kubo, 151), and oral administration is not therefore a 
practical method for assay purposes. Administration by intravenous in- 
jection is also inefficient since testosterone and evcn testosterone propionate 
are ineffective in doses of 1 mg. when given by this route in a single injection 
(Deanesly and Parkes, 72). 

Chick Comb. The practical inconvenience of using fully grown capons 
for assay purposes has led to  detailed examination’of the possibilities of 
using young chicks, as suggested by Ruzicka (188). Burrows, Byerly, and 
Evans (17) investigated the effect of subcutaneous and intra-comb injec- 
tions of androsterone and testosterone in White Leghorn and m o d e  Island 
Red chicks of both sexes from 1 t o  10 days old, and found that injection 
into the comb wm a particularly sensitive method. Frank and Klempner 
(97) applied oily solutions of androsterone to  the combs of 6-day old White 
Leghorn chicks, continuing daily treatment for 10 days, and produced 
curves showing the increase in comb weight over that of control groups ob- 
tained with varying total doses. Slight modifications of this technique 
were later introduced by Frank, Klempner, and Hollander (98). Danby 
(53) repeated these observations, and found that 100 y of androsterone is 
approximately equal in action to 30 y of testosterone in White Leghorn 
chicks. Attempts to  work out a quantitative technique, based on subcu- 
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taneous inject,ion of the hormone into chicks were also made by Dorfman 
and Greulich (83). Emmens (89) gives assay curves for both sexes in day- 
old Brown Leghorn chicks, using an inunction technique involving two 
applications with a 5-day interval between (Fig. 9). The two sexes give 
dose-response curves differing in slope and standard error, and on the basis 
of Emmens’ results the use of sex-linked chicks would he desirable. 

Examinatioii of various methods suggested for employing chicks in the 
assay of androgenic activity was made by Ihiff and Darby (84), McCullagh 
and Guillet (156) and Hoskins, Beach, C’olt’mann, and Koch (135), all of 
w h c m  concluded i hat it. was ext,remely difficult to get, quantitative results. 
These adwrrze conclusions were stout,ly rejected by Frank, Hollander, and 
Klempner (961, and Frank, Iilempner, Hollander, and Ki s s  (99) suhse- 
quently gave a detailed account of t,heir t,echnique. I t  is possible that a 
closer control of environinental conditions will give greater reliability to the 
test on the chick comb. For instance, Starkey, Grauer, and Saier (196) 
found that, the amount of light affected the response, as do the nature and 
volume of the solvent (Klempner, Frank, and Hollander, 144; Klempner, 
Hollander, and Frank, 145). According t,o Breneman (13, 14) growth of 
the comb is produced more readily when the chicks are maintained on a 
rest,ricted diet,. 

To faciIitat,e comparison of quantitative results’ 
obtained in different. laboratories, ant1 to  supersede unit,s defined in terms of 
bird react,ions, t.he Second International (hnferencc on the Standardization 
of Hormones, in 1935, estahlished an international st.andard preparat,ion for 
androgenic act.ivit,y and defined a unit in terms thereof. This standard was 
composed of crystalline androsleronp and the unit was defined as the spehjic 
activity present in, 100 y oj the preparation. The Conference concluded on 
the evidence before t.hcm that t,lie test, based on the induction of gro\vt,h in 
t,he comh of the capon t,y inttra.niusculttr injection was the only one suffi- 
ciently quantitat,ive and specific tfo be recommended. The size of the unit 
thus defined is such t.hat, in the experience of most workers t.he injection of 
1 Internat,ional ITnit (1.IJ.) daily for 5 days will give an easily meawirable 
hut, not inconveniently large growth of tlie comb. 

International Standard. 

2. Relati% A ctiuity 

Table I has been compiled from data given by Butenandt and Tscherning 
(28), Butenandt, Dannenhauni, Hanisch, and Kudszus (22), Butmandt 
and Kudszus (25), Butenandt and Hanisch, (24), nutenandt,, Tscherning, 
and Hanisch (29), Butenandt (19), But,enandt and Daiinenbaum (21), 
Butenandt,, Cobler, and Schmidt (20; cj .  Koch, 146, 147), Tschopp (197) 
who summarizes the biological finding of the Ruzicka group, Deanesly and 
Parkes (70), and Romskov (9). Compounds are listed in descending order 
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of activity and the amount in gamma equivalent to 100 y (1 I.U.) of andros- 
terone is given after each. 

Only with three compounds do large discrepancies occur between the 
findings of different workers. In  the list, the lower figures for trans-andros- 
tenediol and methyl-androstenediol were found by Deanesly and Parkes 
and the higher ones by Butenandt, et al. and by Tschopp, who gave the 
figure 500 for t,he non-methylated compound. Deanesly and Parkee give 
the higher figure for 17-methyl-t,estosterone, and Tschopp the lower one. 

TABLE 1 

Activity of Various Androaens in Internaiional Unite (Z.U.) 
Compound 

See p. 000 for precise desciiptions Weight of I. U. 
r 

Testosterone.. .................................................. 13-16 
Methyl-dihydrotestosterone ...................................... 16-24 
Andros tanediol ......................... . . . . . . . . . . . . . . . . .  23-33 

Androstenedione . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100-120 

A4-lrana-Androstenediol . . . . . . . . . . . . . . . . . . . . . . . .  160 

trans-Dahydroandroster . . . . . . . .  

. . . . . . . . . . .  300 

cis-Testosterone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  600 
Androstanediol (17-cis), ...... . . . . . . . . . . . . .  350 
Methyl-trans-androstanediol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  WO 
Ethyl-trans-androstanediol.. 
lrane-Androstanediol. . . . . . . .  
Isoandrosterone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
trans-Androstenediol (17-cis) . . . . . . . . . . . . . . .  860-1000 

In a redetermination of the activiiy of the,se three compounds we found 
the following figures: 

trans- Androstenediol 400 
Methyl-trans-androstenediol 140 
Methyl-teRtosterone GG 

The only significant change from Deanesly and Parked figures is that for 
lrans-androstenediol. 
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The relation bet ween chemical configuration and biological activity in 
androgens of the androstane series is fairly clear. In tests on producing 
comb growt,h in capons, when administration is by intramuscular injection, 
there is a marked superiority of compounds having a ketone or a cis- 
hydroxyl group in the 3-position over those with a 3-tran,s-hydroxyl group 
(e.g. androst,erone and androst,anedione compared with isoandrosterone; 
cis-androfit,anediol and tlihydrotest,ost,eroiie with trans-androstanediol). 
This supcriorilg seems in general to he more marked in the saturated than 
in the unsatui-at,ed series, hut it, nevertheless holds in the latt,cr. In the 17- 
position n Irons-hydroxyl group is superior to a ket o-giwp, which in turn 
is supel-ioi- to :t cis-hydrosyl group ( p . 8 .  nndrostnne-~-cis-17-tmns-tliol, 
androsterone, and androstane-3-cis- 17-cis-diol) , This gradat.ion i H  well 
seen both in the saturated and unssturat,etl series. Desaturation, either 
in the 4-5 or 5-6 position, does not markedly affect biological activity on 
capons except in t,he chemically abnormal compounds with A4- and a 
3-trans-hydroxyl group, A4-trans-dehydroandrosterone and A4-trans-andro- 
stenediol, which are more active than the corresponding saturated com- 
pounds, and the also abnormal As-androstenedione, which appears to be less 
active than the corresponding A4- or satura!.ed compounds. 

Eflect of fifethod of Adm.inistration on il bsolute nnd A'elative Activity. 
Quite ditrerent, values for the rdative activity of some of these compounds 
have been found when they are given orally or by direct inunction on to the 
comb. Dessau (74, 75) reported that t,estosterone is only slightly more 
active than androsterone when assayed by inunction, and that androstene- 
dione, androstanedione, and androstanediol have about the same activity, 
while dehydroandrosterone is rather less active. Rreneman (12) found that 
androstanediol 1ienzoat.e caused greater coinh growth in the chick than 
testofiterone and that both were more effective by subcutaneous than by 
intraperitoneal inject.ion. In Table I1 the values we found for dosage hy 
inunction and by mouth are compared with those given by t,he injection 
technique, androsterone being taken as 100 in each case. 

As shown in Table 111, tbe actual amounts required for assay by inunction 
are, of course, very much lass t,han, and hy,mouth very much more than 
those used for inject,ion (Emmens, 87). 

3. Prolonguiion of h'fect 

The effect, of a single intramuscular injection of free hor- 
mone is transient,, owing to the rRpid absorption arid utilization or destruc- 
tion of the substance. Certa.in esters, however, have a prolonged action. 
Thus, Butenandt, and Tscherning (27) noted that androsterone acetate had 
a somewhat prolonged effect, and Ruzicka, Goldherg, and Meyer (190) : 
made a similar observation in the case of t,he benzoate. Callow (31) 

Esteri$cution. 
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Substance 

Androsterone. . . . . . . . . . . . . . . . . . .  
Testosterone.. . . . . . . . . . . . . . . . . . .  
Androstanediol.. . . . . . . . . . . . . . . . .  
trans-Dehydroandroeterone. . . . . .  
Methyltestosterone.. ............. 

recorded that the response to 5 mg. of androsterone benzoate Sven over 5 
days wm reached more than 20 days after the last injection. Miescher, 
Wettstein, and Tschopp (160) subsequently prepared a series of aliphatic 
esters of t,estosterone. They found that, when G daily doses of 50 7 were 
given to capons, the maximum response of the comb occurred 2 days after 
the last injection with the formate and acetate, 5 days after with the pro- 
pionate, and 7 days after with the n-butyrate (Fig. 10). When a dose 
required to induce about n 30% nmximuni increase in comb-size was given, 
the maximum occurred on the day of the last injection with t,he free hor- 

Inunction 

3.0 
2.1 
2.4 
8.0 
4.5 

TABLE I1 
Comparative Amounts i n  pg. of sowie Androgens Required to Equal the Activity of 100 

pg. of Androsterone when Administered b y  Diflerent Routes 

Androsterone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 100 100 
Testosterone.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 70 58 
Androstanediol.. 33 80 558 
tram-Dehydroandrosterone 300 200 500 
Methyl-testosterone ........................... 66 150 73 

By. BY BY 
Substance injection inunction mouth 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . .  

~ 

By mouth 

TABLE 111 
Approximate Amounts (pg.)  of Various Androgen8 Required lo Produce a bmm. Increaee 

in  Length plus Height of the Combs of Brown Leghorn Capons when Given i n  
Oily Solution by Diflerent Routes 

Dose by mouth 
Done by injection 
~ 

4500 
2600 

2500  
22500 
3300 

Assay method 

Injection 

600 
85 
185 
1500 
330 

- 

9 
30 

150 
15 
10 

mone, 1 day after with the formate and acetate, 3 days after with the 
propionate, (i days after with the n-butyrate, 7 day8 after with tlhe isobuty- 
rate, 8 days after with the isovalerate, and 10 days after with the n-decrtno- 
ate (Fig. 11). 

The enolic diesters of testosteronc! are in general less intense but more 
prolonged in action than the monoesters (Miescher, Fischer, and Tschopp, 
158). Thus, the maximum effect occurs on the 5th day after the last 
injection with the 3,17-diacetate; on the 7th day with the 3-acetate-17- 
propionate; on the 9th day with the 3,17-dipropionate, and on the 10th day 
with the 3-ncetate-17-n-butyrate. Deanesly and Parkes (71) found that 



testosterune cliwetate hatti actions on capons similar to those of the propio- 
nate. Roiis8e1, Gley, and Paulin (187) injected 100 y daily of several tes- 
tosterone esters for two inontb,  and found that the combs of birds treated 
with the propionate grew both faster and for a longer time than those of 
birds receiving other esters. The isovslerianate and rr-valcriannte had 
ahout the same activity, producing throughout the experiment aboirt two- 

-r 

Fig. 9 (top left). 
Tested by the Increase in Weight of the ('omhs o f  10-day Old Chicks, 1:ollowing 

Dose-Responae Curves for Internat ionid Standard Androstcrona 

lnunctions on the 1st and 5th Days. 
0 = males; = females. 

(Modified from EmmcnR, 89.) 

1 f f f . f  

Fig. 10 (top, right). Duration of Effect on the Capon Comb of Esters of 
Testosterone 

(Miescher, Wettstein and Tschopp, 160.) 
Six daily doses of 50 (----); Six daily doses of lo() (----------). 
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.Lnk*(IY7) 

? 1 ( 1 1 1  
I 

Fig. 11 (below, left). Time of hlaxinium Response of the Capon Pomb to Various 
Esters of Testosterone Given in Doses Required to Produce About 30% 

Increase in Comb Area 
(Miescher, Wettstein, and Tschopp, 160.) 

Fig. 12 (below, right). Relative Effectiveness of Testosterone Propionate in 
Restoringihe Atro hic Comb of the Capon, Given by Injection in Oil 

So!ution and by Tablet Implantation 
(Schoeller and Gehrke, 193.) 

thirds of the growth found with the propionate, but the acetate and tri- 
methyl acetate did not produce further growth after about the first 20 days. 

Aliphatic esters of androsterone and androstanediol have been considered 
in some detail by Schoeller and Gehrke (193). This prolongation of effect 
by esterification is not found following intravenous injection and is therefore 
due to delay of absorption frbm the site of injection (Deanesly and Parkes, 
72). With some of the higher esters of testosterone, the palmitate and 
stearate, and with benzoates of androstenediol and androstanediol, the 
action may be so protracted that the intensity is too low, with ordinary 
doses, to  produce .an appreciable effect. 

Implantation of Crystals or Tablets. Very high effectiveness and pro- 
longation of action can be obtained in capons when androgens are adminis- 



tered' 1.2' the intraniuFcular imlilnntatiun uf solid crystals or tablets of the 
pure horniune (see 1'. 371 and Figure 5). Thus, Schoeller and Gehrke (193) 
found that 2 mg. of testosterone administered in this form produced a masi- 
mum response of 480y0 increase in comb size 16--21 clays aft,er the implanta- 
tion, ~lihereas an equal amount. given in oil solution gave a comparatively 
negligible response of about 15%, vrry soon after injection (Fig. 12). 2 mg. 
of implanted testosterone propionate guvc a maximum response of about 
500%) increase 28-40 days after implantation. Schoeller and Gehrke ob- 
tained similar though less striking results \vit,h cryst,als of androsterone, 
androstanediol, and androstenediol. Emniens (86) investigated the maxi- 
nium growth rate of the capon comb by t'lic implnnt.ntion method; giving 
tiiblets of testosterone propionate of 5-16 mg. per hird he \v:s  able to obt,ain 
mnsimum growth at 40-50 days, by ivhich time the combs ivere the same 
vize as in t,he normal cock, having increased 700--1000% in length times 
height. The average growth curve of the comhs is shown in Fig. 5. Ham- 
ikon and Dorfman (130) fount1 that cryst,nls of ter;tost,erone propionate, 
implanted into day-old chirks, c w s e d  growth of t,hc coml) for 71 days. 

B. Effect of Estrogenic Substances 

1 .  ~ E S C R I P ' r I O X  OF L 9 IJHS'rANCJGB 

The chief naturally-occurring e h q e n s  to tie considered tire (a) estrone, 
first isolated from the urine of pregnant wonmn and later from the iirine of 
$tallions and pregnant mares, ( I ) )  est r id ,  from the urine of pregnant women, 
and ( c )  estradiol, originally preparrd by hydrogenation of estmne, but 
afterwards isola.tcd from tbe ovary itself by Doisy and his co-workers 
(Fig. 13). A full account of thefe substances, with references, is given by 
Marrian (155). As suspected by Schwenk and Hildebrandt (194), estradiol 
cccurs in two forms owing to  stereoisomerism a t  the 17- posit.ion; a-estradiol, 
the form found in the ovary, is considerably more actlive biologically than 
p-estradiol, which, in addition to the a- form, is found in pregnant mares' 
urine. The proportions in which the two are produced by reduction of 
estrone depends on the method employed. Two other estrogenic sub- 
stances, equilin and equilinin, have been isolated from the urine of pregnant 
mares by Girard and his co-workers (112, 113), but they have heen com- 
paratively little used for physiological work. 

Estrogenic substances not so far known to occur in nature fall into two 
groups, (a)  artificially prepared derivatives of members of the estrone series, 
and (b)' certain synthetic substances, the more active of which are much 
simpler than estrone in chemical constittltion (Fig. 13). The former, apart 
from the esters, have so far been of coniparat,ively litkle biological impor- 
tance, but ethinyl-estradiol is of special interest because of its high estrogenic 
activity by mouth. The synthetic estrogens have become of the greatest 
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importance since the observation by Cook, Dodds, Hewett, and Lawson 
(51) that estrogenic activity was shown by l-keto-l,2,3,4-tetrahydrophe- 
nanthrene nucleus. This discovery dispelled the idea that such activity 
was specific for members of the oestrone series. Later it was found that 
even the phenanthrene nucleus was not necessary (Dodds and Lawson, 79). 
Subsequently, very highly active estrogens containing two benzene rings 
(Fig. 13) were prepared synthetically by Dodds and his collaborators. 
Of these, diethylstilbestrol (4,4’-dihydroxy-a, 8-diethylstilbene) (Dodds, 
Goldberg, Lawson, and Robinson, 77) and hexestrol (4,4-’dihydroxy-a, 6- 
diphenyl-n-hcxane) (Camphell, Dodds, and T,nwson, 35) have been most 
extensively investigated . 

Discussion of the assay of these various estrogens on ovariectoinized 
female mammals is outside the scope of this review, but Some reference to 
their relative activity is necessary. The international standard of estrone, 
by definition, has 1O,OOO,OOO I.U. per g. ; estriol is considerably less active in 
the iisiial type of test, but stri(4 comparison is impossible becaune the ratio 
found between t,he two substances depends largely on the exact technique 
of assay, as was shown in Section A VI (b) for the androgenq. (hrtis and 
Doisy (52) ming a multiple injection technique found estrone to be about 
twice as active as estriol; Butenandt and Stormer (26) using a one-injection 
technique found i t  to be as much as 100 times more effective. Meyer, 
Miller, and Cartland (157) found it to be between 4 and 250 times as effec- 
tive, according to the test method. Emmens (89) observed that estrone 
may be 2-3 times as active as estriol when compared by a 4-dose method or 
70 times as active compared by a 2-dose method, both with oil solutions. 

The early preparation0 of estradiol, containing mostly a-estradiol, were 
rather more than twice as effective as estrone (see for instance Schwenk and 
Hildebrandt, 194; David, 68). Subsequent work made possible the sepa- 
rate assay of the two forms. Butenandt and Goergens (23) found that 
a-estradiol was two and a half times as active, and 8-estradiol only one- 
tenth as active as estrone. Hirschmann and Wintersteiner (134) reported 
that a-estradiol was twelve times as active as estrone, whereas 8-estradiol 
was only one-twelfth as active as estrone. A detailed comparisori by 
Emmens (89) showed that a-estradiol was about four times as active as 
estrone and that the ratio was not much influenced by the degree of sub- 
division of the dose. 

Diethylstilbestrol was found by Dodds, Goldberg, Lawson, and Robinson 
(78) to be about four times as active as estrone in a 6-injection vaginal 
cornification test on rats, and to be about equal to  it in activity by Emmens 
(87) in a 2-injection test with mice. Hexestrol is very similar to  diethylstil- 
bestrol in activity, though the exa-t relationship depeiids on the nature of 
the test and the technique of administration (36). Both are strikingly 
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0 

Estratriene Estrone (Estrxtriene-3-01-17-one) 

OH OH 

Estriol (Estratriene-3-16-17-triol) Estradiol (Estratriene-3-17-diol) 

H H  

CH, CH, 
I 1  

CHI CHa 

Hexes trol 
(4,4'-Dihydroxy--y ,8-diphenyl-n-hexnne) 

CHI CHI 

Diethylstilbestrol 
(4,4'-Dihydroxy-arS-diethylstilbene) 

Estrogens 
Fig. 13. Graphic Formulae of the Chief Naturally-Occurring and Synthetic 

different from the naturally-occurring estrogens in showing the same ordei 
of activity by oral as by parenteral administration. 
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11. EFFECT ON SEX DIFFERENTIATION OF THE EMBRYO 

Wolff and Ginglinger '(214) investigated the effects of estrone when 
injected into the chorio-allantoic membrane of the developing hen's egg, 
on or after the 5th day of incubation. Injection of 25 I.U. of estrone caused 
feminization of some males and was the minimal active dose. A dose of 
at least 100 Z.U. was found to be effective in transforming all genetic males 
to  intersexes, and one of 500 I.U. produced as strong a feminization as any 
higher dose. The intersexes formed an almost continuous series, but were 
divided for descriptive purposes into four types. The weakest intersexes 

Fig. 14. Effect of Estrone on the Differentiation of the Gonad of the Chick 
Testis (at hatching) of chick which received 27 i.u. oestrone on the 6th day of 

incubation, showing embryonic testis tubules in the medulla with a cortex 
of ovarian tissue. 

(From the material of Wolff and Ginglinger, 214.) 

showed asymmetry of the gonads, the right gonad remaining a testis, while 
the left became an ovotestis, with an ovarian cortex externah to  a testicular 
core (Fig. 14). The strongest ones had a mbch reduced right testis and a 
normal appearing ovary in place of the left testis. The left Miillerian 
duct in the extreme type persisted as an almost typically female oviduct, 
while the right duct generally persisted longer than that of a normal female. 
These results were obtained with injections given up to  the 8th day of 
incubation, after which even massive doses produced little effect, sensitivity 
being completely lost after the 12th day. Multiple injections were s i t  

found to increase effectiveness. According to Dantchakoff (57) the etfeet 
of estrogen is greatest if it is injected on the 4th day of incubation, less 
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during the 6th-8th days, and slight on the 10th day. Estradiol benzoate 
was also used in the later work (Wolff, 208, 210) and seems to have been 
less effective, weight for weight, than estrone, although it produced full 
intersexuality in doses of 1250 I.U. Diethylstilbestrol is effective in doses 
of 0.01 to 0.5 mg. (Wolff, 213). 

Willier, Gallagher, and Koch (200) gave a single injection of up to 20 mg. 
of estrone or estriol 48 hours from the commencement of incubation, and 
found that the left gonad of genetic males had a central core of medullary 
tissue with a thick ovarian cortex. With the higher doses, the left gonad 
was entirely ovarian, in which case the right gonad also might contain 
ovarian medullary cords and be reduced in size. The ovaries of genetic 
females were not affected. 

Gaarenstroom (105) has also shown that 100 I.U. of estrone influences 
the development of embryos up to the 6th day, producing intersexes and 
reducing the number of males to less than a quarter of the total hatch. The 
left gonads of “males” were found to be testes, ovaries, or ovotestes, and 
of intersexes predominantly ovaries or ovotestes. After more detailed 
ivork Gaarenstroom (107) reported that the feminization of the gonads 
of the genetic male embryo brought about by treatment with 0.1 mg. of 
estradiol benzoate or more is accompanied by the persistence of the left 
Mullerian duct. Large amounts of the hormone result in persistence of 
the duct in both sexes. He also found (106) that diethylstilbestrol pro- 
duced similar results. 

Riddle and Dunham (184) obtained interesting results on doves by in- 
jecting the hen 26-34 hrs. before ovulation was due. When estradiol 
benzoate (0.5-1.0 mg.) was given a t  this time most of the genetic males 
(sex-linked color) obtained from the eggs were intersexual. The intersexes 
were characterized by the left gonads being ovotestes, some of which 
were much larger and flatter than normal testes, and by the persistence 
of large Mulleiian ducts. Genetic females remained normal. The authors 
point out that the appearance of spontaneous intersexes among the offspring 
of doves subjected to excessive egg production may be due to the presence, 
under these conditions, of excessive endogenous estrogens. 

According to Dantchakoff (61) estrogenization of the embryo leads to 
some difficulties a t  hatching time, but the chicks are vigorous. As the 
modified chicks grow up (Wolff, 208) they lose the appearance of inter- 
sexuality and resemble normal males externally, the left gonad also de- 
veloping more the histological appearance of a testis. Dantchakoff (62) 
also records this, but remarks that the oviduct and ovary-like appearance 
of the testis persist, although the plumage and head furnishings are male. 

Greenwood and Blyth (123) noted that pullets derived from eggs injected 
with estrone at an early stage of incubation possessed two incompletely 
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developed oviducts and laid shell-less eggs. According to Dantchakoff 
(66) genetically female fowl treated with estrone during embryonic de- 
velopment are capable of normal reproduction when they become adult, 
whereas males are impotent but not aspermatic. Domm (82) records that 
adult males estrogenized during embryonic life showed a variable degree of 
feminization of the reproductive organs, especially of the left testis, but, 
after the first month, the plumage was usually of the male type. Dant- 
chakoff (58) records the persistence of oviducts in such a bird. 

Gaarenstroom (108) has also made interesting observations on the after- 
effects of estrogenization during embryonic life, and has produced clear 
evidence of the tendency of the birds to revert to normal as they grow up. 
Eggs of White Leghorns were injected on the 2nd day of incubation. The 
fowls produced were autopsied in three groups. At one week after hatching 
there were 80% of apparent females with ovaries and Mullerian ducts. 
At two months there were 50Yo females and myo intersexes with ovotestes 
and greatly swollen Mullerian ducts, presumably derived from the genetic 
males. At nine months the sex-ratio was normal and in only two of the 
genetic males were ovarian follicles present in the testes, but the abnormal 
Miillerian ducts persisted in most of the males. 

111. EFFECT ON FEMALES 

' 1. Secondarg Sexual Characters 

Comb. Rhgnier and Caridroit (181) found that weekly injections of 
0.5-1 mg. of estradiol benzoate resulted in regression of the combs of 
growing hens. The effect was not found in adults during the laying seaaon 
and was only slight during the rest of the year. 

Two interesting examples of special beak color occurring in the 
female during the breeding season, and determined by the action of gyneco- 
genic hormones have been described by Witschi (202). In the red-bill 
weaver finch the beak is brilliant-red in both sexes during anestrus or in 
cmtrates; in the breeding season the beak of the female, and of the female 
only, becomes yellow. This change can be reproduced in males, quiescent 
females, and castrates by injection of estrogens. Similarly, in love-birds 
(parakeets, budgerigars) the cere over the base of the beak is blue in the 
male, or in castrates, and brown in females. The brown coloration can be 
induced in males and castrates by injection of estrogens. 

Sexual Receptivity. Noble and Zitrin (169) found that chicks injected 
with estradiol benzoate, starting on the 15th day of age, squatted for tread- 
ing males after 18-26 days treatment. The behavior WM typically that of a 
sexually receptive hen. Chicks in which the treatment was initiated on 
the 2nd day of life did not respond. 

Beak. 
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(C) 

Fig. 15. Effect of Hornioncs on Oviduct of Immature Fowl 
Oviducts of (a) untreated bird, (b) bird receiving 30 mg. of diethylstilhestrol over 2 

weeks, iincl (c) bird receiving 300 mg. of testosterone over one week. 
(All the same magnification.) 
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2. Oviduct and Crop-Gland 

Early in the work on ovarian hormones it was shown by 
Riddle and Tange (185) that injection of estrogenic extracts of ovary or 
placenta would cause hypertrophy and hyperplasia of the oviduct of the 
immature pigeon. Similar results on fowl were recorded by Juhn and 
Gustavson (139) who also found (140) that the vestigial Mullerian duct 
of the male would respond to estrogens. Keck (142) found that estrogenic 
extract caused hypertrophy of the oviduct in anestrous or ovariectomized 
sparrows. Comparatively little work, however, seems to have been done 
with the crystalline estrogens. Wolff (210) caused great hypertrophy, 
accompanied by albumen secretion, in the oviduct of the young duct by the 
injection of large amounts, 12,000-25,000 I.U., of estradiol benzoate. As- 
mundson, Gunn, and Klose (5) found hypertrophy of the oviduct and 
hypoplasia of the bursa of Fabricius after injection of estrogens. Stil- 
bestrol has the same effect in fowl (Fig. 15). 

According to Noble and Wurm (168) both androgens and estrogens cause 
enlargement of. the oviduct of the spayed night heron, but only estrogens 
cause hyperplasia of the mucosa. Riddle (183) found that bome growth 
could be induced in the oviduct of the pigeon by injection of estradiol 
benzoate, but the largeness of the dose, and the smallness of the response 
led him to suppose that “relatively huge quantities” must be produced 
by the bird during the ordinary cycle. Chu (48) records that injection of 
estrone into hypophysectomized pigeons did not maintain gonadal activity, 
but hypertrophy of the oviduct was seen in the females. 

Crop-gland. Folley (95) found that the simultaneous injection of estrone 
antagonizes the crop-gland stimulating effect of prolactin, and a maximum 
inhibition of 54% was observed. Similar results were reported by Bates, 
Riddle, and Lahr (7). 

Oviduct. 

IV. EFFECT ON INTACT MALES 

1. Plumage 

The effect of estrogens on the plumage of cocks of ordinary breeds of 
fowl is essentially similar qualitatively to that seen in capons. Moreover, 
it is doubtful whether there is even any quantitative difference in the 
response of cocks and capons. The latter, however, are far easier to work 
with, and have usually been preferred as experimental animals. Most 
of the information about the effect of’estrogens on plumage is therefore 
dealt with in Section B, V, b. Certain investigations have, however, been 
made on cock birds. Thus, Caridroit (37, 38) found that the plumage 
of the domestic cock could be completely feminized by the injection of 
estrone benzoate. This effect could be obtained at  a dose level which did 
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not affect spermatogenesis or comb growth, or inhibit spur development. 
As in capons, feathers of different regions differ in sensitivity to  estrogens, 
those of the dorso-lumbar region being most sensitive. Changes in feather 
form have a lower threshold than those in pigmentation. In breeds of 
fowl where the cocks are henny-feathered, injection of estrogen does not 
affect plumage. In a bird such as the pigeon, in which there is no sex 
dimorphism i n  plumage and no effect of gonadectomy, estrogens are also 
without effect on plumage (Lipschutz, 154). 

2. Testis and Comb 

The early post-hatching development of the testes and comb in chicks 
can be inhibited by the injecttion of estrone, as shown by Breneman (15). 
The same result can be obtained in partly grown fowl. 

In more recent work, Morato-Manaro, Albrieux, and Buiio (163), using 
White Leghorn cockerels three months old, applied 1.875 mg. of estradiol 
benzoate per day for 10 days, by inunction. Treated combs showed a 
reduction of 39%, and were white and floppy with less elastic tissue and 
more connective tissue than normal: The testes showed atrophy of tubules 
and interstitial tissue, and a sharp decrease in spermatogenesis caused, 
in the author’s view, by depression of pituitary activity. The hind half 
of a comb divided by cautery, the fore half only of which was treated with 
75 mg. of estrone over 18 dttys, showed some decrease in size. 

Morato-Manaro. Albrieux, and Buiio (162) described the effect of pro- 
longed treatment with estrogens on the comb and testes of normal cocks 
and on the comb of the capoil. They reported shrinkage and a change 
in histological appearance, similar to that which occurs in the capon, in the 
combs of cocks treated with amounts up to  50,OOO I.U. of estrone in oil 
solution, injected over about a week. The combs decreased in size by 30%. 
The testes were pale and smaller than normal and showed reduced sperma- 
togenesis and interstitial tissue. Zoridek (219) recorded the production of 
‘pituitary dwarf’ fowls, following the injection of 50,000-100,000 I.U. 
of estradiol benzoate twice weekly from the age of 6 weeks. The dwarf 
cocks were just over half the weight of normals, and showed spongy bones 
with open epiphyses, shrivelled combs, and atrophic testes reduced to 3.4% 
of the nornial weight, and containing only Sertoli cells and spermatogonia. 
Emmens (85) administered large doses (up to 10,000 I.U. per week) of 
estradiol benzoate to adult Brown Leghorn cocks, and produced testicular 
atrophy, and comb atrophy almost as great as that seen in the capon (Fig. 
16), and also inactivity of the thyroid epithelium with colloid-filled vesicles. 
The combs of these birds grew rapidly to a normal size after the injections 
were stopped. Further data (Emmens, 88) show that the implantation 
of 40-100 mg. tablets of estrone greatly reduces the size of the testes but 
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may hardly affect the comb. The condition of the testes of the birds 
treated with estradiol was as described by Zondek, and was somewhat 
similar to that seen in the hypophysectomized bird (Fig. 17). The testes 
regained an almost normal histological appearance, although still below 
normal weight, in a bird which was allowed to recover for 80 days after 
treatment. Comparable results in short experiments were obtained by 
Hoskins and Koch (136). Rbgnier (180) found that injection of estrogens 
depressed the growth of cock combs before or after puberty in the same 
way as castration. These effects are mainly to be ascribed to  depression 
of pituitary activity by the massive dosage with estrogens, but it is probable 

Fig. 16. Effect of Estrone on the Cock’s Comb 
(a) Before treatment. 

(b) Same bird 37 days after implantation of a 65 mg. tablet of estrone. 
(Emmens, 88.) 

that the effects on the comb are also contributed t o  by direct local inhibition 
of the endogenous androgens by the exogenow estrogens. Such an effect 
would be in keeping with the known fact that, the effectiveness of androgens 
on the capon comb can be decreased by the simultaneous administration 
of estrogen (see p. 403) and with the results of Morato-Manaro and Al- 
brieux’s (161) interesting experiments on divided combs. The probability 
of such a direct action is increased by Muhlbock’s (164) demonstration 
that a very rapid shrinkage of the cock’s comb can be obtained by the 
local application of estradiol benzoate. A partial depression of the activity 
of the anterior lobe is nevertheless clearly brought about by estrogenic 
treatment; Zondek (219) considers that only the growth and gonadotrophic 
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principles are seriously affected, though the cortico trophic and anti-insulin 
functions may be slightly depressed. Albrieux, et al. (2) showed that 
progesterone has no effect on the capon comb. 

V. EFFECT ON CAPONS 

1. Head Furnishings 

It is generally agreed that the estrogenic substances have no stimulating 
action on the atrophic comb of the capon. Even when comparatively 
large amounts are tested by the sensitive technique of direct inunction, 
no comb growth-promoting activity has been found in estrone or estradiol 
(174). Mbreover, Muhlbock (164) found that continued administration 
of high doses of estrogens caused further atrophy of the comb even in 
capons. 

2. Plumage 

Tn some birds, even where there is sex dimorphism in the plumage, 
the plumage type seems to be determined by genetic factors. Thus, the 
plumage of the English sparrow is affected neither by castration nor by 
ovariectomy ; injection of androgens or estrogens is similarly ineffective 
(Keck, 142). In many species, however, hormones, notably estrogens, 
play a dominant rdle in determining plumage type. The fact that, in the 
fowl, ovariectomy leads to the appearance of display plumage, while 
castration does not affect the plumage type in ordinary breeds, indicates 
that ovarian hormone given to normal or castrated male birds might lead to  
feminizing of the plumage. Thus in Brown Leghorns, in which the breast 
feathers of the cock are black and those of the hen are fawn, the adminis- 
tration of estrogen to a capon or cock with growing feathers should cause 
them to take on the brown color seen in the female. 

Freud, de Jongh, and Laqueur (103) were able to  realize this theoretical 
expectation, and subsequently a great deal of work has been done on the 
feminization of plumage by the injection of estrogens, based mainly on 
the work of Juhn and Gustavson (139), .Juhn, Faulkner, and Gustavson 
(138), Greenwood and Blyth (119), Champy and Demay (46, 47). The 
type of response obtained is greatly influenced by the growth-rates of dif- 
ferent feathers, and of different parts of the same feather. The problem 
has been worked out in great detail by the Chicago school, including Lillie 
and Juhn (153). The chief conclusions from this work bearing on the 
response of feathers to ovarian hormone, are as follows: (1) A different 
rate of growth is shown by the feathers in different plumage tracts, and 
there is a correlated difference in sensitivity to estrogenic substance. For 
instance, the breast feather grows much more rapidly than the saddle- 
hackle, and is less sensitive to  estrogen. (2) Not only is there a growth- 
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Fig. l i b  
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Fig. 17. Comparison of the Effect of Hypophysectomy and Estrogeniration on the 
Testis of the Fowl 

(a) Testis of normal cock, showing active spermatogenesis. 
(b) Testis of cock 35 days after hypophysectomy, Rhowing degeneration of tubules. 
(c) Testis of cock after administration of 105 mg. of estradiol monobenzoate by fort- 

nightly and finally weekly injections over 110 days. 
(Emmens, 88.) 

rate gradient in different parts of the body, but gradients are exhibited by 
each individual feather. The growth-rate of the feather along its length, 
i .e .  apical-basal growth-rate, is approsimately constant, and the bottom 
of the feather has therefore much the same sensitivity to estrogen as the top. 
A sharp growth-rate gradient ici, however, shown by the barbs, the tips of 
which grow faster than the bases. As a result, the base of the barb is 
more sensitive to  eqtrogen than the tip, and it is possible to feminize the 
base with a level of estrogenic stimulation which is ineffective on the tip. 
This fact, together with the rapid response of the growing feather after 
injection of the estrogen and after it ceases to be available, makes it pos- 
sible to  get a great variety of response patterns. Some of the more ex- 
treme types found in the breast feathers of Brown Leghorn capons are 
shown in Fig. 18. A stimulus which is of short duration and only strong 
enough to  affect the sensitive bases of the barbs results in a ruchis spot 
(Fig. 18a). Such a stimulus is provided by a single small dose of a quickly 
absorbed estrogen. A stimulus of short duration but sufficient intensity 
to  feminize any part of the barb results in a narrow complete bar (Fig. 18b). 
Such a stimulus is provided by a large dose of quickly available estrogen. 
A stimulus of low intensity exerted over a long time, such as is given by 

' 
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the daily administration of small amounts of estrogen causes a rachis stripe 
(Fig, 18c). Finally, a strong stimulus applied for a long period, causes a 
wide complete bar (Fig. 18d). This type of stimulus is easily obtained 
by the daily injection of a large dose of estrogen. Application of such a 
stimulus during the whole time that a feather is growing will, of course, lead 
to the feather being entirely female in color. Analogous changes occur in 
feathers of other tracts, notably in the saddle hackles (Fig. 19). It should 
be emphasized that existing plumaie cannot be altered, and an effect of 
circulating hormone is only visible when it acts on a feather in process of 
regeneration after a normal moult or after plucking an area. For experi- 
mental purposes the latter technique is adopted. 

Greenwood and Blyth (120) made a careful study of the quantitative 
arrpects of the response of Brown Leghorns. They found that neither the 

Fig. 18 (above). Types of Response of Breast Feather of Brown Leghorn Capon to 
ERtrogenic Stimulation 

Description in text. 
(Parkes, 173.) 

body weight of the b&d, nor the season of the year, influenced the response, 
but the age of the bird was an important factor, because older birds re- 
sponded more vigorously as determined by the amount of the feather 
feminized. They further made the most interesting observation (121) that 
intradermal injection of estrone produced an effect on feathers in the 
immediate locality and that a very small dose was effective. Although 
most of the work has been carried out on Brown Leghorns, enough is now 
known of other breeds to suggest that in every case in which the feathering 
of the hen is determined by the action of ovarian hormones, growing 
feathers in the cock or capon can be changed to the female type by adminis- 
tration of an adequate dose of estrogen. Thus, in the Sebright capon, 
the typical henny feathering can be restored by the injection of estrone 
(Champy and Demay, 47), while similar results have been obtained for 

' 
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ducks, pheasants (Champy, 43, 44)) and other birds (Emmens, 92). Dif- 
ferent breeds and species, however, show very great differences in sensitivity 
to estrogens. Curious effects, indicative of genetic constitution, have been 
obtained by Danforth (55) and others, by the injection of estrogens into 
crosses between certain breeds of domestic fowl. 

Fig. 19 (below). Effect of Estrone on the Structure of the Saddle Hackle 
of the Brown Leghorn Capon 
(a) Normal saddle hackle. 

(b) Saddle hackle regenerating in estrogenized bird, showing feminine structure. 

All the estrogens which have been investigated, including the synthetic 
ones, seem to be able to  evoke the plumage response. Thus, Cook, Dodds, 
and Greenwood (50) found that the response could be produced in Brown 
Leghorn capons by 1 -keto-1 , 2,3,4-tetrahydrophenanthrene and 9,lO-dihy- 
droxy-9,10-di-n-butyl-9 , 10-dihydro-l , 2 ,  5 , 6-dibensanthracene. Diethyl- 
stilbestrol (Dodds, Lawson, and Noble, 80) and triphenylethylene (Hain, 
126) have the same effect. 
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The rate of feather growth can easily be ascertained, so that the time 
during which the injection has yielded an effective concentration of hor- 
mone can be calculated from the width of the bar or the length of the stripe 
of female color. The feather reaction therefore offers an excellent test 
for the duration of action of estrogenic compounds when administered in 
various ways. In  the strain of Brown Leghorns used by Parkes (173) the 
breast feathers of capons grew a t  the rate of about 2 mm. per day. Exami- 
nation of the relation between dose of estrone, given as a single injection, 
and width of bar produced, showed that 0.1 mg. gave a faint response only, 
while 0.25 mg. and 1 mg. gave a response indicating effectiveness for about 
one day and two days respectively. Increase of dose above 1 mg. did not 
increase the duration of response. A similar result was obtained with 
estradiol, and it must be concluded that even large doses have only a 
transient effect. 

The esters of estrone and estradiol, however, have a very different action. 
Estrone acetate is little different from the pure hormone, but estrone ben- 
zoate in a dose of 1 mg. produces feminization for 13 days. More recently, 
work on aliphatic esters of estrone, similar to  those used by Miescher, 
Scholtz, and Tschopp (159) on female rats, shows that in birds also the 
prolongation of effect by esterification is proportional to the length of the 
acid chain. With the higher esters, however, the minimum dose required 
to produce any 'response is much increased. Parkes (173) also obtained 
similar results with esters of estradiol. The monobenzoate was slightly 
less effective than estrone benzoate; but the diesters of estradiol showed 
considerable extension of action over the corresponding mono-esters. 
Thus, a single injection of 1 mg. of the diacetate feminized the plumage 
for about 6 days, while estradiol-3-benzoate-17-acetate was found to be 
the most effective of the substances examined, the action of 0.25 mg. 
lasting for 11 days, and that of 1 mg. for 19 days. Estradiol dibenzoate 
has a very prolonged action, but the threshold dose is 100 times that of the 
free hormone. The mechanism of this effect of esterification was clearly 
shown by Deanesly and Parkes (72). These authors found that intrave- 
nous injection of free estradiol produced a response of the same duration 
as that following intramuscular injection (Fig. 20). The monobenzoate 
on the other hand, given intravenously, was much less effective than when 
given intramuscularly, being little better than the free hormone given 
intravenously (Fig. 21). The dibenaoate injected intravenously also 
produced a transient effect and had a threshold dose about the same as 
the free hormone. These results suggested strongly that the prolonged 
action by the esters was due to delayed absorption from the site of injection, 
not to delayed hydrolysis after absorption. This supposition was borne 
out by the further observations of Deanesly and Parkes that inunction 
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on to  the surface of the skin just before the growing feathers emerged led 
to  the effect of estradiol being as prolonged as that of the monobenzoate. 

Fig. 20 (above). Response of the Breast Feathers of the Brown Leghorn Capon to a 
Single Injection of Free Estradiol Administered by Different Routes 

(a) 0.25 mg. in oil solution given intramuscularly. 
(b) 4 mg. in oil solution given intramuscularly. 

(c) 5 mg. in propylene glycol solution given intravenously. 
(d) 0.25 mg. in oil solution given by inunction on to the skin of the feather tract. 

(Deanesly and Parkes, 72.) 

Fig. 21 (middle). Response of the Breast Feathertl of the Brown Leghorn Capon t o  a 
Single Injection of Estradiol Monobenzoate Administered by 

Different Routes 
(a) 0.25 mg. in oil solution given intramuscularly. 

(b) 4 mg. in oil solution given intraniuscularly. 
(c) 5 mg. in propylene glycol solution given intravenously. 

(d) 0.25 mg. in oil solution given by direct inunction on to  the skin of the feather 
tract. 

(Deanesly and Parkes, 72.) 

The movt conclusive result, however, was obtained by the intramuscular 
implantation of a 2 mg. crystal of estrone into each of a group of capons, 



402 A, 6. PARKES AND C. W. EMMENS 

a treatment which feminized the plumage for nearly 3 months (Fig. 22), 
as compared with the 2-day result given by the dame amount of hormone 
in oil solution. The nature of the effect of esterification in prolonging 
the response to intramuscular injection is thus amply shown by the fact 
that administration of the ester by a method which makes entry into the 
blood stream instantaneous (intravenous injection) removes its superiority, 
while administration of the free hormone in such a way that absorption 
is necessarily slow removes its inferiority. 

n' 

Fig. % (below), Response of the Breast Feathers of the Brown Leghorn Caponto  
Estrone 

(a) 4 mg. given in one injection in oil solution. 
(b), (c), and (d) 3 mg. given by implantation of a solid crystal of pure hormone. 

(b) Feather which had begun to grow a t  the time implantation was made. 
(c) Feather which grew following a plucking 29 days after implantation. 

(d) Feather which grew following a plucking 62 days after implantation. Reversion 
t o  the male type has begun at the base of the feather (d), so the total effect of 

the implantation of estrone has lasted for nearly 3 months. 
(Deanesly and Parkes, 72.) 

VI. EFFECT ON RESPONSE TO EXOGENOUS ANDROGENS 

Early in the work with active androgenic extracts, Juhn, d'Amour, and 
Womack (137) reported that the effect of androgenic or estrogenic extracts 
on capons was neither augmented nor inhibited by the simultaneous 
injection of the other. Schoeller and Gehrke (192) later found that the 
effect of male hormone concentrates on the capon comb might be in- 
creased by the simultaneous administration of estrogenic preparations. 
Workers using pure substances have been unable, however, t o  confirm this 
result. Callow and Parkes (32) recorded that 1 mg. of androsterone plus 
1 mg. of estrone given over 5 days produced a slightly lower response than 
1 mg. of androsterone alone. Morato-Manaro, Albrieux, and BuAo (162) 
found that 30@0 I.U. of estrone inhibited the action of 0.15 units of male 
hormone when given with it as a mixed injection, and Morato-Manaro 
and Albrieux (161) afterwards reported further experiments in which 
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they found that the comb-growth-promoting effect of 2 'bird units' of 
androgen was completely inhibited by the addition of 25,000 I.U. of estrone. 
Gley and Delor (1 14) showed that estradiol benzoate decreases the response 
of the capon comb to testosterone, and Muhlbock (164) was able to abolish 
completely the response to 100 y of androsterone daily by the simultaneous 
injection of 5 mg. of estradiol benzoate, or the inunction of 0.5 mg. of 
estrone or estriol daily (Fig. 23). Subsequently, Muhlbock (166) reported 
that when a technique of simultaneous unction with testosterone was used 
diethylstilbestrol did not exert the same antagonistic effect as estrope and 
estradiol. Emmens and Bradsham (91), however, showed that this 
difference was purely quantitative and did not indicat,e any essential 
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Fig. 23. Inhibition of the Effect of Androsterone on the Capon Comb by the 
Simultaneous Administration of Estradiol Benzoate 

(Mtihlbock, 164.) 

difference between diethylstilbestrol and the natural estrogens. Hoskins 
and Koch (136) found that the comb response in the capon to the adminis- 
tration of androsterone could be greatly reduced by the simultaneous 
administration of estrone. Emmens (88) obtained a progressive decrease 
in. the response to  testosterone propionate when increasingly large doses of 
estradiol benzoate were given simultaneously by injection a t  a different 
site. Even 10 mg. of the benzoate, however, did not abolish completely 
the response to  150 y of testosterone propionate. Emmens also observed 
that the atrophic comb of the heavily estrogenized cock did not respond 
normally to  5 mg. of testosterone propionate. Danby (54) found that 2.5 
mg. of estrone decreased the response of the chick's comb to 0.015 mg. of 
testosterone. There can thus be no doubt that estrogens have an antago- 
nistic action towards the comb-growth-promoting properties of both testo- 
sterone and androsterone. 
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I. INTR.ODUCTION 

One of the most obvious properties of many naturally occurring sterols 
is their ready crystallization in characteristically similar crystalline forins. 
The appearance of cholesterol itself ready crystallized in gall stones nat- 
tirally led to its early investigation-when Chevreul recorded its elemen- 
tary analysis in 1823 he \vas already able to \vrit.e a h i s h y  of studjes of its 
nature. And throughorit the 19th Century we find records of crystallo- 
graphic measuremenh combined with chemical research on sterols iso- 
lated from different plant and animal sources ; even occasionally a crystal 
is described simply as of a “sterol.” It. is easy to see how crystallographic 
similarities arise now that we know, a t  least in outline, the structure of the 
molecriles involved and the way in which these molecules nirist be packed 
within the crystals. I t  is easy also to see now why t>he investigation of 
sterol structure should have been a field in which X-ray crystallographic 
nieasuremenks could prove particularly effective. 

It is the natural ambition of every X-ray crystallographer to determine in 
detail the exact atomic arrangement within the crystals tinder examina- 
tion, In so doing he must of necessity also determine the chemical struc- 
ture of the compound investigated, whether it be sodium chloride or a com- 
plex silicate, benzene or a sterol or protein. But as t,he compound becomes 
chemically more complicated, the interval before the final stage of the X-ray 
analysis is reached lengthens, and the intervening stages assume an im- 
portance of their own. Thia has been particularly true of the investigation 
of the sterols and of the groups of compounds related to them, bile acids, 
sex hormones, and heart poisons. There has in fact been an interval of 
ten yeais between the first X-ray measurements of J. D. Bernal on choles- 
terol, ergosterol, and calciferol (4), and C. H. Carlisle’s detailed analysis 
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of one particular sterol derivative, cholesteryl iodide (19). The interval 
has, for historical reasons, been longer than would be necessary if the X-ray 
investigation of the sterols were to begin to-day since it has depended upon 
the development in the meantime of certain crystallographic techniques and 
the better understanding of others (41, 56, 60). But it has served to em- 
phasize both the value of the information acquired in the early stages of 

PHOTOORAPH 1 
Model of Cholesteryl Iodide 

C the photograph has been reversed to show a view more familiar to the 
chemist. 

A and B show views derived directly from the crystal structure (see %igB. 1-5). In 

an X-ray investigation (25, 13) and also the necessity for the final bom- 
plete analysis. . 

The X-ray investigation of the sterols wa29 begun almost by accident rtt 
the Auggestion of Professor J. B. S. Haldane in 1932 (4) and had as its 
object the determination of the position of calciferol in the main sterol 
series. This is an application of X-ray measurements which has recurred 
from time to time in this field. The X-ray diffraction pattern given by any 
crystal is iisually very individual and the first use that may be made of it 
is as a means of rapid identification (13). But in addition to this in- 



10101 'I (001) 

E O T O Q R A P H ~  
X-Ray Oscillation Photographs of Ergosterol 

In each cnse the rotation axis is indicated followed by the beam direction at the 
beginning of the oscillation. 

looll I (loo) 

PHOTOQRAPH 3 
X-Ray Oscillation Photographs of 

a) y-Sitoeterol b) Stiflasterol 

PHOTOQRAPH 4 
X-Ray Oscillation Photographs of Calciferol 
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dividuality there is ,often a general similarity in the crystal structures of 
compounds of closely related chemical structure. Certain of the sex 
hormone crystal structures-androsterone is an esample-show a marked 
likeness to common types of sterol structure (5, 12). Most of thecardiac 
aglucone structures on the other hand are widely different; but here again 
it was possible to find a degradation product which from its X-ray photo- 
graphs appeared closely related to the sterols (9). X-ray evidence was 
accordingly able to play a part in relating not only calciferol, but also these 
other groups, to the sterols. 

From the X-ray photographs obtained, the nest step in the analysis 
is the determination of the size of the crystal unit cell and the space group 
or symmetry operations controlling the molecular arrangement. These, 
combined with the crystal density: provide a measure of the weight of the 
crystal asymmetric unit present. Three possibilities then arise : the crys- 
tallographic unit may be either equal to the chemical molecule or a mul- 
tiple or a sub-multiple of it. The third case implies that the molecules 
have symmetry and does not operate here since all steroids are asym- 
metric. Usually the difference between the crystal unit and the molecule 
represented in the second case does not matter much; the order of mag- 
nitude of the molecular weight is known and, from tthe crystal data, a 
measurement can be made of its esact size, which is useful here in distin- 
guishing the different molecular weight groups within the main sterol 
series e.g. cholesterol from ergosterol (13). Occasionally, when a new 
type of compound is first isolated, i t  is desirable to find a crystal in which 
the molecule is the unit, and this is usually possible by the examination of 
derivatives. Though calciferol itself happens to  crystallize with four 
molecules in the asymmetric unit, the molecular compound pyrocalciferol- 
calciferol adopts an arrangement where there are only two, one of calciferol 
and one of pyrocalciferol. Calciferol therefore could be characterised 
crystallographically as a single chemical individual (4). 

The unit cell dimensions, and the space group, themselves limit the pos- 
sible shape and size of the molecule, but often this limitation is insufficient. 
to be of much practical use. In addition, other evidence is desirable and 
in the study of the sterols the most valuable additional data were provided 
by the optical properties of the crystals, first examined by Bernal. The 
crystals of cholesterol, ergosterol, and calciferol were plates in which y, 
the greatest refractive index, was inclined a t  a steep angle to the plane of 
the plate. The direction of y adopted as that of the molecular length, 
together with 0, the width, and a the thickness, gave, combined with the 
unit cell size, the characteristic dimensions of the sterol molecule, length 
17 to 20 A.U., width 7.2 A.U. and thickness 5.0 A.U. These dimensions 
were quite incompatible (4,6) with those required by the accepted Wieland- 
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Windaus 1928 sterol formula, I (72, 78). They led Rosenheim and King 
(63) to  suggest, the drastically revised version, which with the modification 
proposed by Wieland and Dane is that now accepted, I1 (7). 

In the establishment of the details of this skeleton X-ray evidence was 
not at first able to play much part. There was a certain amount of work on 
degradation products of the sterols, par,ticularly on Diel’s hydrocarbon 
CI8Hl6, I11 (27, 28), which was of assistance in showing the identity of the 
hydrncarbon obtained from the sterols with synthetic y-methyl cyclopen- 
tano-phenanthrene (7, 11). Further, the close similarity in type of the 
crystal structures of the first sterols examined, particularly ergosterol, 
with the double layer structures of long chain alcohols indicated that the 
hydroxyl group in these sterols must be in a terminal position in the skele- 
ton, i.e. in position C3 as fhally adopted (4). Correspondingly the ab- 
sence of a similar double layer structure among the sex hormones indicated 
that here the active groups were probably a t  opposite ends of the molecule 
(5). But in general so much chemical evidence was already a\ .ilable that 
the main outline of the sterol molecule was rapidly established without fur- 
ther assistance from X-ray data. 

I11 

1n.greater detail, however, the structure of the individual steroids and 
even of their underlying skeleton present a number of problems, particu- 
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lady of stereochemistry, which are most difficult to solve by classical 
chemical methods. For the solution of these points the X-ray method is 
again available, but only if pushed to the final stage-the actual determina- 
tion of the detailed crystal structure of at  least one sterol derivative. The 
essential process involved in this determination is the calculation of the 
electron density in the crystal unit from the observed intensities of the 
X-ray reflections. But the process is not a direct one and its final success 
in the X-ray analysis of cholesteryl iodide (19) has depended on several 
favorable circumstances. In the first place, work on crystal structures in 
other fields had shown the simplifications introduced into the calculations 
by the presence of a heavy atom in the crystal (60). Secondly, methods 
ha4 been developed for the ready calculation of the electron density in 
three dimensions, and these methods are essential in dealing with any non- 
planar molecule (40, 41). And thirdly, a wide survey of sterol crystals 
had been undertaken (13) which showed that, of the sterol compounds con- 
taining a heavy atom, cholesteryl iodide has a particularly favorable type 
of molecular arrangement on which to base an exact X-ray analysis. 

In the analysis of cholesteryl iodide the position of every atom in this 
particular molecule has been fixed with a considerable degree of cer- 
tainty. The arrangement found confirms the correctness of the skeleton 
(I) above, and also the correctness of the ideas about sterol structure ex- 
pressed by Bernal asa result of the first X-ray measurements. The molecules 
are lath-shaped, and are packed roughly in the way originally suggested. 
The iodine atom is attached to C 3. Naturally a number of problems of 
sterol chemistry still remain to  be solved, but the framework established 
for cholesteryl iodide must be present. as a largely unchanged unit in the 
majority of sterol crystal structures. It seems, therefore, most worth 
while t o  review first in some detail the X-ray investigation of cholesteryl 
iodide, and then to discuw, with this as background, the remaining X-ray 
measurements in three of the main steroid groups, namely the sex hor- 
mones, heart poisons, and sterols. In addition tvlro other crystallographic 
investigations have reached several stages tnwards completion and are of 
interest as providing data on contrasted chemical and crystallographic , 
structure types. These are the analyses of palmitic acid-desoxycholic 
acid and of cholesteryl chloride and bromide. They too will form part of 
our background. 

11. THE CRYSTAL STRUCTURE OF CHOLESTERYL IODIDE 
The aim underlying the X-ray analysis of cholesteryl iodide has beeh the 

determination of the structure of the molecule using as little chemical 
information as possible. As mentioned above, the data we have to work 
with are the observed intensities of the X-ray reflections, and the quantity 
which we wish to calculate is the electron density at  everv point in the 
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crystal unit cell, p(xy2). The two are related by the formula first given by 
W. H. Bragg (15 cf. 16) involving the use of Fourier series:- 

Here the quantity F~L.,, the structure factor or amplitude for a reflection 
from any particular plane (hlcl) can be derived directly from the observed 
intensity of the reflection. But the second quantity, the phase angle, 
(Ykkl ,  can only be said to be directly L‘observable” in particularly simple 
Htructures, where it is fixed on first principles from the symmetry and lim- 
ited number of atoms present (e.g. in sodium chloride). In more complex 
cases two methods for “observing” phases have been attempted: (1) the 
examination of two isomorphous structures identical except for the replace- 
ment of one atomic species in the first by a heavier atom in the second (59, 
21), and (2) the introduction of one outstandingly heavy atom whose con- 
tribution alone should largely determine the phases of the X-ray reflections 
(60). 

The second method appeared to us much the most promising for our pur- 
pose. It has already been applied with success in several researches, the 
most notable of which is J. M. Robertson’s analysis of platinum phthalo- 
cyanine (60). Here the platinum atom is at  a centre of symmetry in the 
crystal structure, and makes a maximum contribution to every X-ray re- 
flection. These contributions far outweigh those of all the carbon and 
nitrogen atoms in the structure, and hence the phase of every reflection is 
that of the platinum atoms alone. A Fourier series formed direct from the 
observed F vglues of the (hOZ) reflections and using these phases showed a 
projection of the molecule in which the positions of all the carbon and 
nitrogen atoms present were clearly discernible. 

IV 

In cholesteryl iodide, IV, the situation is rather more comp::-oted. 
Neither crystal nor molecufe has a centre of symmetry. The atoms do not 
lie in a single plane, and hence X-ray analysis in three dimensions is w e n -  

, 
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tial. The positions of the heavy atoms are not fixed by crystal symmetry 
and hence have first to be found. And lastly, since the molecules are asym- 
metric, the positions of the heavy atoms in the crystal will be related to 
one another by higher symmetry than are the positions of the molecules as 
a whole. The phases deduced from the heavy atom contributions .Will in 
turn introduce greater symmetry than the true phases. And the use of 
these phases will therefore only limit the possible positions of the atoms in 
the structure and not fix them unambiguously in three dimensions as in 
the case of the phthalocyanines. 

At the outset of the X-ray analysis of cholesteryl iodide an interesting 
complication occurred. A second crystalline modification was found in the 
preparation, very similar in cell dimensions to the first but differing in the 
intensities of dhe reflections. The unit cell dimensions are compared in 
Table I. Both structures appeared suitable for exact analysis. In both. 
there are only two molecules in the unit cell, related to one another by a 

TABLE I 
U d i  Call DirnSnSiona of iha Two Forma of Cholestsryl Iodida 

Space 
m b c 8 p s Group 

Cholesteryl Iodide A 10.93 10.34 21.47 149" 1.300 2 P21 
Cholesteryl Iodide B 12.67 9.04 21.89 149' 1.276 2 

simple two-fold screw axis of symmetry (space group, PZ,). And the fact 
that the direction of this axis of symmetry, the crystallographic b axis, is 
also the diiection of the least refractive index, a, of the crystals suggested 
that it was roughly normal, in both cases, to the plane of the sterol ring 
system. A detailed examination of both structures waa therefore begun. 

The first step in the structure analysis was the preparation of projections 
of the structure on a plane normal to the b axis. Crystallographically these 
particular projections should have a centre of symmetry, and, accordingly, 
the heavy atom phase angles ih this plane should closely approximate to the 
true phase angles. The projections were easily obtained from the meas- 
ured intensities of reflections of the type (M)Z). The actual position of the 
iodine atoms in the projections were first deduced from vector maps pre- 
pared by Patterson's method using the observed Fz values (56). For these 
projections the phases need not be known. The peaks appear at vector 
distances from the origin which correspond to prominent interatomic vec- 
tors in the structure. The iodine-iodine vector introduces such a much 
more powerful peak than any others that it is readily identified (Figs. la 
and 2a) and parameters assigned to the iodine atoms in the crystal. These 
are given in Table 11. Fourier projections were then derived for both struc- 
tures using the observed F values and the phasz angles calculated from the 
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iodine contributions. These are actual projections of electron density, and 
are shown in Figs. l b  and 2b. . 

These two projections are very interesting. In both it is easy to detect 
the outline of the sterol ring system and the side chain attached extending 
from it in exactly the way predicted by Bernal. In the stable form A the 
two molecules overlap throughout their length and this obscures some 
details of the projection. The metastable variety B shows a more open 

TABLE I1 
Paranieters of the Iodine Atoms in  Choles tq l  Iodide 

A B 
2 -  .043 2' = -.a3 2 = .217 2' -.217 
g - . %  y' = .75 g = .25 y' = .75 
e - .248 2' = -.a8 2 = .042 2' = -.a2 

4 
C 

WIIIII 
Fro. 1 

Cholcsteryl Iodidc A 
a) Patt.erson projection (Pzz) on (010) 

The peak I. is that  due to the iodine-iodine vecton. 
b) Projection of electron density bzz) on (010) 

distribution of electron density and the position of almost every atom in the 
sterol skeleton is here fairly obvious. The relation between the two 
crystal structures is also clear (Fig. 3). In a single layer parallel to the 
plane of the projection the arrangement of the molecules is nearly the same, 
as suggested by the similarity in the dimensions a and c of the unit cell. 
The two structures differ principally in the relative-arrangement of the two 
layers to one another in the unit cell. Structure A is derived from structure 
B by sliding one layer of molecules over the other a distance of 4.7 A.U. 
into rather closer packed positions. Since the projection of B shows a 
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clearer view of the sterol skeleton the X-ray analysis was continued on this 
form alone. 

c 
FIQ. 2 

Cholesteryl Iodide B 
a) Patterson projection (Pzz) on (010) 

The peak I. is that due to the iodine-iodine vector. 
b) Projection of electron density (pzs) on (010) 

- 
C 

FIG. 3 
Diagram to Show the Arrangement of the Molecules in Cholesteryl Iodide B (above) 

and Cholesteryl Iodide A (below) 
Atomic positions projected on (010) 

From the Fourier projection two out of the three parameters of nearly 
every atom in the crystals can be approximately measured. The next 
step, the determination of the third parameter paralle1,to the b axis, is 
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much more difficult. The natural procedure is to calculate electron density 
curves parallel to  the b axis running'through the atomic positions found in 
the first projections. But here the difficulty mentioned above begins to 
operate. Parallel to the b a& the iodine atom positions are still related 
to one another by a centre of symmetry at the origin, though this is not 
true any longer for the positions of the molecules as a whole. The use of 
the phases of the iodine atoms alone introduces, therefore, a centre of sym- 
metry into the structure. The consequence is that for every atom shown 
in these first three-dimensional electron density calculations a mirror 
image atom also appears, produced through the operation of the spurious 
centre of symmetry. The curves obtained, some of which are shown in 
Fig. 4, are symmetrical corresponding to  possible carbon atom positions 
above or below the plane of the iodine atom at y = i. The direct cal- 
culations therefore only limit the positions of each atom in the unit cell 
to two possible alternatives. 

Even so, and without pursuing the structure any further, it would be 
possible to  make a few more deductions about the sterol skeleton. All 
the electron density curves show maxima not far from the plane y = t 
corresponding to the presence of a roughly flat molecule. Some of the 
curves, e.g. C 14 and C 15, show maxima both in the region of y = $ and 
y = 2. These maxima must represent atoms in different molecules since 
the distance between them is at least iy or 4.5 A.U. The curves therefore 
distingukh atoms belonging to  the two molecules in the unit cell from one 
another. Further, the distribution of the maxima about the plane y = i 
is not regular; the molecule is clearly not exactly planar. Andfourthly, 
there are signs of maxima in two regions some way from the plane y = 2 
near the suspected positions of the methyl groups of the sterol skeleton 
a t  C 18 andC 19. 

For the final stages of the analysis some additional data had to  be intro- 
duced, and here the natural assumptions that the normal distance between 
single bonded carbon atoms is 1.54 A.U., and the angle between their 
valencies the tetrahedral angle, were found sufficient. If the positions 
of two of the carbon atoms are fixed-in practice C 10 at y = and C 1 
at y = 4 + .09 or 0.34 were chosen-it& possible to sort out the atoms 
belonging to  one molecule from those of its mirror image with very little 
ambiguity. The result provides approximate positions for all the atoms 
in the molecule, from which a new set of now nearer true phase angles may 
be calculated. 
parameters more exactly. Two types are shown. The first, the curves 
of electron density along lines parallel to  b a.s before, are now no longer 
symmetrical (Fig. 4). The second, (Fig. 5), maps of electron density in 
three layers normal to  the b axis, between them include all the atoms in the 

New calculations of electron density follow to fix the atomic . 
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FIG. 4 
Cholesteryl Iodide B 

Curves showing electron density along lines parallel to b passing through atoms 

The dotted lines are the curves calculated wing the phases due to the iodine atoms 

positions deduced were employed. 

c 1 0 - c 1 9  

alone. For the full curves the phases corrected for the carbon atom 
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skeletofl. Of these the map a t  the level y = 2 is the most striking since 
it shows the five-membered character of ring D. 

Putting together the evidence of the curves and maps we obtain the 
model of the sterol molecule photographed in Plate 1. The general form 
of the molecule is clear and is in good agreement with chemical views both 
in the linking together of the atoms in rings and in the non-planar char- 

- 
C u 

FIQ. 5 
Cholesteryl Iodide B 

Sections showing electron density.in planes parallel to (010) a t  heights y = 0.25 (a), 

atomic positions sincc these are approximately in the same plane as 

with the exception of the methyl groups, near y = 0.12. 
There arc a numtwr of spurious pcaks in thcw sections due to  the imperfections a t  

the present stage of the an:ilysis. 

0.33 (b), and 0.12(c). The section a t  height y = 0.25 shows most of the 

the iodint, atom. Thc rcniaindcr fall near the sertion at y = 0.33 

acter of these rings. 'I'he side chain continues the general line of the 
sterol ring system and is shown to be attached in the cis position to the 
methyl group at C 13, 3 point about which there has been some argument 
(65, 76). The stereochemical relation of the atoms C 13, C 16, C 17, 
C 20, C 21, ant1 C 22 are now all established. As earlier suggested, in the 
one case through the preliminary crystallographic evidence (68), in the 
other .by the work of Wieland and Dane (75 cf, also 29), the junction 
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between rings B and C is trans and also almost certainly that between C 
and D. The trans junction of C:D involves a slight but definite distor- 
tion of the valencies in the five-membered ring. A further distortion occurs 
over the ring system in the region of the double bond; it is noticeable that 
the atoms C 4, C 5,  C 6, and C 10 all lie approTimately in one plane. Here 
a note of caution must be inserted. During the coursc,of the analysis it 
was assumed that the distance C 5:6 would be short, about 1.34 A.U., 
so that the double bond was to some extent “put in” to the molecule. 
But it is in fact difficult to  correlate the possible atomic positions observed 
with any other double bond configuration. Finally the iodine atom is 
attached to C 3 and is in the “trans” position of Fig. 17 (cis t o  methyl a t  

The crystallographic view of the structure founded on preliminary in- 
vestigation is also largely confirmed. As suspected, t’lie smsllest refractive 
index (Y is nearly perpendicular to the plane of the ring system. In ‘form 
A, y also lies nearly along the molecular length but this is not the case in 
form B. The reason is clear since in form B, owing to the extended arrange- 
ment of the molecules in the b plane, the molecular length does not actually 
correspond to the direction of greatest atomic density in this plane. 

This crystal structure determination, 
though it gives us the clearest view of the sterol skeleton so far obtained, 
is still a good way from being technically perfect. One reason for this is 
the instability of the crystals studied. The metastable form, particularly, 
gradually decomposes on keeping with loss of iodine, possibly due to  the 
comparatively close approach of the two iodine atoms in the crystal. 
This has resulted both in a general weakening of the X-ray intensities 
and in experimental difficulties in measuring them exactly. While, 
therefore, considerable reliance can be put on the general conclusions of 
the analysis and particularly on the stereoehemical deductions made, in 
detai; refinement and confirmation would be very desirable. 

c 10). 

One word remains to be said. 

111. THE INVESTIGATION OF THE CHOLEIC ACIDS 

One group of steroids which differs stereochemically from the cholesterol 
type established by the analysis of cholesteryl iodide is constituted by the 
closely related group of the bile acids. *Chemical evidence has proved 
that in the parent acid, cholic acid; the steroid ring system is completely 
reduced and the junction between ring A and B is almost certainly of the ’ 
cis decalin type unlike the trans form found for the junctions B:C and 
C: D in cholesterol itself. While the investigation of this stereochemical 
difference is an important aspect of the crystallographic work in the bile 
acid series, perhaps the X-ray examination is even more interesting in the 
light that it throws on the problem of the constitution of the “choleic” 
acids. 



X-RAY CRYSTALLOGRAPHY AND STEROL STRUCTURE 423 

In 1916, Wieland and Sorge (73) showed that the substance “choleic 
acid”, which had been isolated from bile many years earlier, consisted of 
desoxycholic acid, V, and a small amount of a fatty acid, stearic or palmitic 
acid, in the proportion of 8 molecules of desoxycholic acid to 1 of fatty acid. 
Later work by Rheinbold (61, 62) and others, established the fact that 
certain bile acids and particularly desoxycholic acid could form a whole 
series of molecular compounds with various chemical substances amongst 
which were fatty acids and hydrocarbons. In the fatty acid series it was 
noticeable that the proportion of desoxycholic acid to fatty acid varied 
with the chain length of the fatty acid. The numbers of molecules of 
desoxycholic acid to fatty acids appeared to fall into well defined groups, 
2, 3, 4, 6, and 8 which suggested an analogy with Werner’s coordination 
compounds in inorganic chemistry. 

OH ’ 
V 

In 1934, Go and Kratky examined by X-ray methods a whole series of 
choleic acids (38, 39), including the compounds of desoxycholic acid with 
stearic, palmitic, lauric, heptylic, butyric, and propionic acids. They 
found to their surprise that powder photographs of these compounds were 
practically indistinguishable. Accurate measurements of, cell dimensions 
did show very small differences but these were only of the order of 1% 
as shown in Table 111. Further, the intensities of thereflections given by 
all these compounds were nearly identical ; accurate photometric measure- 
ments indicated sm’all differences but these were hardly noticeable to  the 
eye. It was clear that the crystal structure was based on the same essen- 
tial molecular lattice throughout. The aell dimensions found corresponded 
to an orthorhombic crystal unit containing four molecules of desoxycholic 
acid’ in all the compounds examined. But this cell was in the case of 

1 In dealing with this investigation I have renamed the crystallographic axes in 
order to point the relationship of this structure to the other steroid crystals men- 
tioned. This is perhaps too bad as already two nomenclatures exist, that given by 
Steinmetz when the crystals were first isolated by Wieland and Sorge, and that used 
by Iiratky and Go.  The relations between a, b, and c as given here and a,, b., c. 
(Steinrnets) and ak, bk  and Ck adopted by Kratky are as follows: a = b. = b k ,  b = a. = 
ck, c = c. = ak. 
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Fatt acid in 
c h o c k  acid 

Stearic acid 13.53 7.23 25.90 
Palmitic acid 13.45 7.2325.92 
Lauric acid 13.48 7.21 25.77 
Caprglic acid 13.49 7.21 25.75 
Heptoic acid 13.52 7.2225.77 
Butyric acid 13.49 7.2325.80 

Propionic acid 13.57 7.23 2Y.79 

the longer fatty acids, stearic, palmitic, and lauric, too small to accom- 
modate the complete fatty acid molecule. The relation is shown in 
Table I11 by the comparison between R/I,,,., the unit cell molecular weight, 
and Mmi,,. the unit cell molecular weight to he expected from the chemical 
analytical data. 

These contradictory results h a w  been explained in the following way. 
The crystal structme of the choleic acids is based on a framework of 
desoxycholic‘acid molecules through which run long canals containing the 
fatty acid molecules. These canals are parallel to the crystallographic b 
axis which is the direction of the greatest refractive index according to 
Steinmeta. Since this axis is short, only 7.2 A.U. long, the longer fatty 

%ax. %in. 
(cryst.) (chemical) 

__----__ 
2534 1.126 1.729 3420 
2521 1.122 1714 3392 
2505 1.126 1709 2552 
2505 1.137 1726 1712 
2516 1.133 1727 1698 
25161.124 1714 1656 

or + 1 EtOH 
1702 

2530 1.123 1722 1250 
or + 1 EtOH 

1296 

TABLE I11 
X-ruy  Measurements on the Choleic Acids 

Mmax. 
Mmin. 

.506--) 

. 5 0 5 4  

.670-$ 
1.009-1 
1.017-1 
1.035-1 

1 .OO7-1 
1.378-4 

1 . 3 2 9 4  

K 

- 
8 
8 
6 
4 
4 
4 

3 

Here I< = !’coordination” number i.e. no. of molecules of deeoxycholeic acid in the 
crystal per molecule of fatty acid. 

acid chains must extend over several unit cells. It would be most natural 
to imagine the fatty acid chains filling these canals in a more or less irregular 
manner according t; their chain lengths. This does not fit exactly with the 
idea of quite regular coordination numbers, though it would agree if the 
coordination numbers are in fact only approximately regular. Kratky 
and Go suggest that regularity of coordination numbers could be achieved 
if the fatty acid molecules tend to start only from a definite point in the 
crystal structure, leaving small gaps if the chain lengths did not quite fit 
the crystallographic interval available. Giacomello and Kratky (36) 
have further shown that correlation of the actual length of the b dimension, 
7.2 A.U., with fatty acid chain length does give a quantitative explanation 
of the observed coordination numbers, except in the case of fatty acids 
above GI. Here the X-ray data requires a higher coordination number 
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than 8, and it is possible that further chemical analysis might confirm this. 
Clearly, in any case, the analogy with Werner's coordination numbers in 
inorganic compounds is false. The numbers are a consequence of the 
crystallographic relationships. 

One might have 
expected that an increase in the size of the real crystal cell due to the 
presence of long fatty acid chains would appear on the X-ray photographs 
as very weak layer lines superimposed on the main stmcture. These 

There are problems for the crystallographer here. 

__..._ ....... .." 

Palmitic Acid-Desoxycholic Acid 
a) Patterson projection (Pzz) on (010) 

b) Projection of electron density (pzz) on (OlO) ,  with a Sketch of the approximate 
atomic positions projected on (010) superimposed 

have been sought for and not found; certainly their intensity would be 
very small, since the desoxycholic acid molecules which form the bmic 
structure constitute 90% or more of its weight. On the other hand, there 
may actually be no &perstructure if there is irregularity in the correlation 
of the sequences of 'the fatty acids in canals in different parts of the struc- 
ture. The theoretical consequence of this, diffuse reflections along certain 
lines, would be even weaker and more difficult to detect than a super- 
structure. 

The arrangement of desoxycholic acid molecules in the crystal unit which 

a) from Rend. A d .  L i n d  tl, 101 (1938); b) mainly from Cam. chim. ilol. 60,246 (1939). 
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makes this canal structure possible has been more fully investigated by 
Cagliotti and Giacomello (18). Giacomello estimated first the intensities 
of reflections of the type (h02) and from the F2 values derived a Patterson 
series m described above (37). This series shows a projection of peaks 
due to the main interatomic vectors in a plane normal to the b axis, the 
proposed direction of the fatty acid chains. Three points are noticeable 
in this projection, Fig. 6a. First, the main peak system consists of rldges 
3.7 A.U. or more from the origin. Secondly, within the ridges the interval 
between peaks is about 2.16 A.U. Thirdly, there is a marked peak at t8he 
face-centred position. The effects agree well with the ,idea that there are 
fatty acid chains running normal to the plane of the projection and con- 
stituting, in projection, heavy scattering masses at  the centre and corners 
of the unit cell. The appearance of the ridges can be explained if here the 
plane of the projection is also normal to the sterol ring system, the molecule 
in projection being therefore at  least 3.7 A.U. either from the fatty ac.id 

chains or from neighbouring desoxycholic acid 
molecules. Within each ridge it is noticeable that 
the distance 2.16 A.U. corresponds to the distance 
between groups of atoms around the ring junctions 
in the sterol.skeleton (Fig. 7). 

With the idea obtained of the molecular arrange- 
ment from this projedtion, Cagliotti and Giaco- 
mello constructed models and derived approximate 

Outline of Skel- values for the atomic parameters. From these 
eton to 'lustrate parameters phase angles were calculated for the 
nent Interatomic Vectors 

different, X-ray reflections and a Fourier pro- Present 
jection of electron density formed. In this part 

of the ,X-ray analysis experimental errors can easily appear, and it, is 
probable that in detail the molecular arrangement may be rather dif- 
ferent from that, employed by Cagliotti and Giacomello. The Fourier 
projection, shown in Fig. 6, is clearly extremely rough. It needs refine- 
ment, and this is very difficult to get purely by trial and error methods. 
Nevertheless, it does appear to give useful evidence on the choleic acid 
structure. It fits as expected with a view of the bile acid molecule pro- 
jected parallel to the plane of t.he ring system. The four molecules in the 
cell are grouped in two pairs. In each pair the individual molecules form 
two sides of an arch so that they surround the fatty acid chain in t$e 
centre. The arch appears to, be a consequence of the cis-decalin con- 
figuration of the ring junction A:B extended by the hydroxyl group a t  
C 3 which is turned inwards towards the fatty acid chain. This hydroxyl 
group might accordingly supply the point of attraction to the chain 
postulated by Kratky and mentioned above. The second hydroxyl group 
at C 12 cannot be seen in the projection and is, presumably, in the plane, 

FIQ. 7 

* 
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of the ring system. There is evidence that the chain is attached to  the 
ring system cis to  t,he methyl group a t  C 13, a point which the later 
work on cholesteryl iodide has confirmed. 

These choleic acid structures are clearly of an unusual and interesting 
type, and one which probably has a bearing on their physiological behavior. 
It is much to be hoped that the crystallographic study will be pursued 
further. 

IV. THE CRYSTAL STRUCTURE OF CHOLESTERYL CHLORIDE AND BROMIQE 

The X-ray analysis of cholesteryl chloride and bromide is in as great a 
state of incompletion as that of palmitic-desoxycholic acid. But it seems 
worth while giving some account of it, nevertheless, 
since the type of molecular aiirangement, found 
here is by far the most common in the sterol series. 

Cholesteryl chloride‘ and bromide both crystal- 
lize in thick monoclinic lath shaped plates elon- 
gated along the symmetry axis, b, the dominating 
face being the c face (001). Figure 8 shows the 
general appearance of t11c crystals as seen in the 
microscope and this appearance is common to 8 

dp T 
.. 

large number of sterol crystals. The crystal 
opt,ics also are characteristic. Thc plane of the 
optic axes is (010) i .e. /3 is parallel to h while y, the 
greatest refractive index, is inclined at a consider- 
able angle to the main face. The unit cell dimen- FIG. 8 

sions measured are given in Table 1Va. Here the Crystal of Cholesteryl 1 
direction of the c axis adopted from among those Bromide 

crystallographically possible is nearly along y. a) seen in 

Since in each unit cell there are only the two ,,) Cross section nor- 
molecules required by the crystal symmetry (a 
two-fold screw axis) their orientation was estab- 
lished by Bernal folloming the optic orientation. The length of the mole- 
cules was placed nearly along c ( y )  and the plane of the sterol ring 
system parallel to b(/3). 

This molecular arrangement received support from two other char- 
acteristics of the X-ray diffraction pattern. The fir& of these was quite 
unexpected. The X-ray photographs of both cholesteryl chloridc and 
bromide show very marked diffuse reflections which appear as %mear” 
lines running through certain of the sharp X-ray reflections. These smear 
lines are particularly well marked on photographs of reflections of the type 
(h01) where they ’are oriented along lines of constant 1. It is clear that 
they correspond to diffuse reflections in certain Rlanes, the norqal to  which 
in the crystal lies parallel to the c axis. The .2: and g coordinates of the 

; y h o ? i )  b 

a 
c !  (ool) 

the microscope 

mal to b axis 
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molecules are fixed, but the z coordinate is to some degree variable, This 
variability can hest be explained by the possibility of small molecular trans- 
lations in the direction of the molecular length, and consequently provides 
confirmatory evidence that, the length is nearly parallel to c. The dis- 
order is not necessarily due to active movement of the molecules at  normal 
temperatures, but may be frozen in as a result of the molecular arrange- 
ment present. I t  so happened that the phenomenon was first observed 
during a quite different investigation of substances showing liquid crystal 
formation, particularly of p-azoxy anisole and p-azoxy phenetole (8). 
It led the authors to look once again for the liquid crystal phases 
of cholesteryl chloride and bromide which are of the typically cholesteric 
variety, showing beautiful iridescent colours. 

The other evidence on the molecular arrangeme t in these crystals comes 
from a study of the intensities of the X-ray reflectioqs. The most striking 
feature of these is the strength of the reflection (200) and to a less degree 
("1). It is clear that a large proportion of the atoms must lie in these 
crystallbgraphic planes. The effect is illustrated and amplified hg the 

7 

TABLE IVA 
Unit Cell Dimensions of Cholesteryl Chloride and Bromide 

Space 
a b C 8 n Group 

Cholesteryl chloride 10.6 7.55 21.7 132' 2 P21 
Cholesteryl bromide 11.0 7.55 21.6 134" 2 P21 

Patterson projections calculated lt9 before from the intensities of the ChOZ) 
reflections which show the main vector pattern in the crystals projected on 
(010). In these diagrams (one is shown in Fig. 9a) there are two irregular 
series of maxima running along the lines z = 0 and 5 = 3, and correspond- 
ing to two main sets of interatomic distances. One of these must be 
between atoms in the same molecule, which if they lie parallel to the c axis 
would have a common interatomic vector parallel to a of approximately 
zero. The other corresponds to distances between the two molecules 
where the common interatomic vector parallel to a is approximately 3 (13). 

Here we have clearly a projection derived from the same view of the mole- 
cules as was obtained by Cagliotti and Giacomello in the case of the choleic 
acids; only the molecule in this case is a sterol and not a bile acid. The 
plane of the projection is evidently normal to the sterol ring system and 
the molecules appear, as a consequence, essentially long and thin. Further, 
as in the choleic acid projection, the main ridge in the Patterson diagram, 
here at  x = 0, is composed of a series of peaks 2.2, 4.4, 6.6 A.U. from the 
origin, and these distances correspond closely with the vectors expected 
between carbon atoms concentrated about the ring junction8 in the sterol 
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ring system (Fig. i ) .  In this projection the peak heights are probably 
enhanced by ,the co:ncidence of the main carbon-carbon vectors with the 
carbon-halogen vect.ors. 

The general orient,ation of the molecules in tlic crystal, and also roughly 
their dimensions, follow from these resulk Crystallographically there 
remains to be fixed the z parameters of the rnolecules relative to one 
another. A t  this point the presence of the halogen atoms is of assistance. 
Comparison of the c plane intensities from cholesteryl chloride and bromide 
enables one to deduce that the halogen paramet.ers must be small, of the 
order of .04 c. The peak x in the Pattersgn projection of cholesteryl 
bromide is therefore clearly due to the bromine-bromine vector and pro- 
vides mother measure of this quantity. The molecular arrangement 
which results is shown in Fig. 9b and also diagrttmmatically in Fig. 10. 
Here it is perhaps worth pointing out, in relation to this crystal structure, 
that the peaks due to the bromine-bromine and chlorine-chlorine vectors 
in the crystal are not immidiately obvious in the Patterson projection as 
are the iodine-iodine vectors in cholesteryl iodide. While this is partly 
due to their absolutely smaller weight, it is also partly due to the over- 
lapping of the carbon-carbon vectors in this particular view of the sterol 
skeleton. A s  a consequence it would be impossible to  rely here on the 
phase angles calculated from the positions of the halogen atoms of one type 
alone to  form electron density projections by Fourier series. A rough 
attempt has, however, been made a t  calculating such a series by a com- 
parison of the intensities in the two structures, cholesteryl chloride and 
bromide (24 cf. 21). The result of this calculation, shown in Fig 9b, 
does confirm the general view of the sterol structure expected in the case 
of cholesteryl bromide. The configuration of the molecules appears to  be 
the same as that  found in cholesteryl iodide although it cannot be so &c- 
curately fixed here. In fact, in Fig. 9b it  is a view of the cholesteryl iodide 
model which is inserted, with change of halogen atom, into the cholesteryl 
bromide unit cell. The halogen atoms are at,tached as before a t  C 3 and 
appear to have the same stereochemical configuration. 

The crystal structures of cholesteryl chloride and bromide are closely 
related to those of cholesteryl iodide in the type of molecular packing pres- 
ent,. The principal difference is a crystallographic one, the symmetry 
axis here being approximately parallel to, instead of approximately per- 
pendicular to, the sterol ring system The cholesteryl iodide variety is 
far more suitable for detailed X-ray analysis, since the molecular projec- 
tion which is most easy to determine crystallographically, i.e. that on a 
plane normal t o  the symmetry axis, shows in outline the sterol ring system. 
But the fact that this symmetrical projection in the case of cholesteryl 
chloride and bromide shows the alternate view with the atoms concen- 
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trated along lines, had historical advantages. Here, unlike cholesteryl 
iodide, the direction of greatest atomic concentration wm necessarily along 

Fro. 9 
Cholesteryl Bromide 

A) Patterson projection (Pzz) on (010) 
B) Very approximate projection of electron density on (010) 

The view of the molecule superimposed on this projection is taken from the 

positiona of the chain carbon atoms would give a better fit here. 
From Tmnr. Rq(. 8m. (Ledon) W, 148 (1940). 

cholesteryl iodide model (Plate Ib). A slight rearrangement of the 



X-RAY CRYSTALLOGRAPHY AND STEROL STRUCTURE 43 1 

the molecular length, and correspondingly the evidence provided by the 
optic orientation was a reliable guide to the molecular orientation. On 
this feature of sterol crystallography rested Bernal’s deduction of the size 
of the sterol molecule. 

V. A CLASSIFICATION OF STEROL CRYSTAL STRUCTURES 
With the examination of cholesteryl chloride and bromide we return 

again to the early X-ray measurements on sterol crystals and the correla- 
tion of these with the relative molecular arrangement, size and shape. 
Both in these two crystal structures and in cholesteryl iodide the detailed 
analysis has served to confirm the general lath shaped form of the molecule. 
In both, the molecular dimensions can still be fairly described by the values 
of thickness, 4 A.U., width 7.5 A.U., and length 21 A.U., originally assigned 
to them;-values which again were little different from the corresponding 
figures deduced for the first sterols measured. In both, the molecular 
arrangements are a simple form of “lath close packing.” But the two 
groups represent different crystallographic types of molecular arrangement 

TABLE IVB 
Unit Cell Dimensions of tha Two Structure Types 

Cholesteryl bromide 11.0 2 X 3.96 7.55 21.6 

Cholesteryl iodide B 12.57 2 X 4.52 6.45 21.89 

a asin8 b C 

a b a sin 8 C 

which it is useful to  distinguish since the crystallographic units present 
here are fundamental to a large variety of sterol crystal structures. 

The contrast between the two structures is clear from the cell dimensions 
repeated in Table IVb. As the detailed analysis has shown, the molecular 
dimensions can be fairly closely correlated with these cell dimensions. 
In cholesteryl bromide, approximately a sin p = 2 X thickness, b = 
width, c = length. In  cholesteryl iodide, b = 2 X thickness, a sin /3 = 

width, c = length. The underlying difference between the two structures 
is more intricate, and probably depends on the deviation in the molecular 
character from that of “perfect laths.” In the packing together of sterol 
molecules, the methyl groups projecting at  right angles to the ring system 
must present something of a problem. In cholesteryl iodide B the stag- 
gering of the molecules in the b plane is very nicely arranged to avoid 
collision, but the packing is rather open and a closer adjustment is effected, 
maintaining the same molecular orientation, in cholesteryl iodide A. The 
difficulty of this orientation appears to be that the monoclinic symmetry 
axis is here nearly normal to the sterol ring system and necessarily brings 
tuo  methyl groups between every pair of molecules parallel to this axis. 
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Closer fitting can be effected in the alternative structure type where the 
symmetry axis is parallel to the plane of the ring system and there are, 
between molecules, alternately four, and no methyl groups. This is 
perhaps one reason why this alternative structure type, that of cholesteryl 
chloride and bromide, is so much the most common in the main sterol 
series. 

The distinction made between these two monoclinic structures, based on 
the relative orientation of the unique crystal symmetry axis to the molec- 
ular axes in the crystal, can be used as the basis of a general classification 
of sterol crystal structures. Naturally the classification cannot avoid 
being somewhat arbitrary since the molecules are not actually simple laths 
and the main molecular axes seldom if ever exactly coincide with the 
crystallographic ax&. But certain relations between sterol crystal struc- 
tures are so cpmmon that it seems worth while pointing them out. 

To take first the cholest,eryl bromide type of structure which is found 
so often that we have come to speak of it as the “normal” type (Fig. 
10,-1). Here the monoclinic symmetry axis b corresponds in direction 
to the i3 refractive index, and the unit cell dimensions may be described, 
following the form above, as in general a sin f i  = nt X thickness, b = 
nw X width, c = n1 X length. For the classification the-orientation in 
the crystal of the molecular axes, thickness, width and length (taken in 
order) to the crystal axes may be described by the symbols abc (also in 
order) followed by numerals nt n, n1 to represent the multiplicities. For 
cholesteryl bromide the symbol is then abc 211 which may be conveniently 
shortened to a 211. The product of thg figures gives of course the number 
of molecules in the unit cell. 

Cholesteryl iodide, on the other hand, belongs to a much smaller group 
of crystals in which the monoclinic symmetry axis b is more nearly some 
multiple of 4.5 A.U., the thickness, and optically coincides with the direc- 
tion of the least refractive index, a (Fig. 10,-2). This we call the re- 
versed type with cell dimensions b = nt X thickness, a sin /3 = n, X 
width, e = nt X length. The symbol for classification bac ntnwnl or more 
shortly b ntn,n1 becomes for cholesteryl iodide b 211. 

In neither cholesteryl bromide nor cholesteryl iodide does the plane of 
the ring system exactly coincide with the crystallographic planes suggested 
by the classification, and it, is not surprising to find a number of sterol 
crystals which fall so clearly midway between the two types that it seems 
undesirably arbitrary to classify them as belonging either to one or to the 
other. These have been separated into a group to themselves, ab, or 
crossed. The length of the molecules is still along c but the plane of the 
ring system is probably nearly a t  45” to b (Fig. 10,-3). The group symbol 
becomes ab.c(nt X nw)-n l .  An example which is midway between cho- 
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lesteryl chloride and iodide is provided by A4-cholestene-7-ol(~-cholesteral) 
with cell dimensions a sin = ‘2 X 5.83, b = 0.15, c = 17.75 A.U., struc- 
ture type ab (21)l. 

.t 

B 

2 

’ 
d 

B 

A 

C 

- b  

3 

FIQ. 10 
DIAGRAM TO ILLUSTRATE STRUCTURE TYPES 

1. Arrangement of the molecules in cholesteryl bromide, structure type a 211 (A) 
projection normal to (Ool), (B) projection on (OlO) ,  (C) projection on (100). 

2. Arrangement of the molecules in cholesteryl iodide B, structure type 6 211. (A) 
projection on (OOI), (B) projection on (loo), (C) projection on (010). 

3. The probable arrangement of the molecules in A‘ cholestene-7-01, structure type 
at, (21)l. (A) projection normal to  (Ool), (B) projection on (OlO), (C) projection 

4. The probable arrangement of the molecules in estrone 3, structure type 
c212. (A) projection on (010). (B) projection normal t o  (100). (C) projection 
on (001).-molecule a t  0, ___ molecule at +, ---------- hydrogen or hy- 
droxyl bond. 

Crystaliographically a third type of structure is possible in which the 
monoclinic symmetry axis b is most nearly parallel to the molecular length. 
If the nomenclature of the crystal axis is arranged so that the directions 
of the molecular thickness, width, and length, are given by the axes c, 

on (loo). 

Partly from Trans. Roy. Soe. ZSS, 151 (1040). 
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a, and b respectively, the group symbol becomes cab, shortened to c, 
ntn,nl. This is a very uncommon type of structure though a few examples 
are known (Fig. 10,-4). 

This classification only applies strictly to monoclinic crystals containing 
lath shaped molecules. Actually about two-thirds of the steroid crystals 
examined so far are monoclinic so that it has a fairly wide validity; the 
remainder are triclinic and orthorhombic. It is in practice very easy to 
fit nearly all the triclinic structures into the same grouping. since they 
usually show close relations to one or other of the monoclinic series? 
The orthorhombic structures present more of a problem. 

In the orthorhombic structures all three axes are symmetry axes, and 
so the structure might belong to any or all of the main divisions given above. 
An added complication is that here there is even less tendency for the 
direction of .the molecular axes to coincide with the direction of the crystal 
axes. A case in point is provided by the bile acid framework in the struc- 
ture of palmitic-desoxycholic acid. Here the general direction of the 
molecular length is at an angle of about 45" to the a and c axes. Never- 
theless the crystals show certain relations to the normal type of sterol struc- 
ture. The crystals are platy, elongated along an axis ( b )  7.2 A.U. long 
which is shown by the X-ray analysis to correspond mainly with the 
direction of the width of the bile acid ring system. There are deviations 
naturally from the normal sterol type, due to the presence of the cis- 
decalin ring system; and the usual optic orientation is, of course, destroyed 
by the presence of the fatty acid. But the relation can still be traced 
here, and it is even more marked in cgrtain other sterol structures. These 
have, therefore, been grouped into the main divisions established above, 
followiag generally secondary considerations such as crystal habit. 

This form of classification mas suggested first as a result of the general 
survey of steroid structures carried out by Bernal, Crowfoot, and Fanku- 
chen. In the original paper (13) 105 sterol crystal structures are listed 
and related to one another. Table Jr is a form of abstract of this collection. 
It gives the main varieties of crystal structure which have been found 
with one compound to illustrate each type. Inside each main division 
a, b, ab and c the subdivisions are based first yn the varying multiplicities 
of n, and secondly on the space groups shown. The symbols fall into a 
reasonable sequence into which new structures can be inserted as found 
without disturbing the general order. Table V does not, however, give a 
good perspective view of steroid crystallography. In the original table 
the relative importance of the a or normal structures was much more 
obvious. Of 105 compounds listed, 78 fell [into this division. And among 

2 An exception is cholesteryl salicylate, but here the molecule may deviate con- 
siderably from the typical lath shape (43). 
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ab (21)l 
ah (21)2 

ab (22)l 

a0 (41)2 
ab (8)2 
ab (8)4 
ab (82)2 
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P21 
P1 
P21 
A2 
P21 
P212L21 

C2 
C2 
C1 
C2 

TABLE V 
A Classification of Sieroid Crystal Structures - 

n - 
2 
2 
2 
4 
4 
4 
4 

4 
4 
8 

16 8 

4 
4 
8 
8 
I6 I0 

I6 

2 
4 
4 
8 
8 

2 
4 
4 
4 
4 
4 

8 
16 
32 
32 

2 

4 
4 - 

Compound Width 'hicknesc Length 

C 

-- I - 
U 

119" 
127)' 
134" 
106" 
115. 
1190 

- 

iiao 

90" 
900 

117' 
90" 
93' 
92" 
90" 
102" 
1000 

80" 
1204 

94; 
- 

U 
- 
140" 
1030 
80" 
1171' 
80" 

B 

1234 
124' 
93" 
110" 
104' 
90' 

120" 
100' 
112) 
1010 

B 

- 

- 

- 

- 
1080 

112. 
94' - 

a sin@ b a c sine - 
28.77 
16.2 
15.5 
35.42 
34.82 
35.2 
Y .O 

30.3 
42.11 
72.0 
74.3 
148.0 
20.4 
19.95 
34.8 
34.9 
71.4 
71.0 
35.0 

c sin 8 
- 

- 
11.3 
17.1 
19.2 
33.11 
35.4 

a h  normall 
5.85 

2 X 4.16 
2 X 3.96 
2 x 4.7 
2 X 4.4Q 
2 X 4.71 
2 x 4.84 

2 X 5.42 
2 X 4.03 
2 x 4.5 
2 X 5.15 
2 x 4.9 
4 x 4.55 

4 X 5.02 
4 x 4.97 
4 x 4.5 
L X 6.51 
3 x 4.8 

4 x 3.97 

7.16 
7.7 
7.55 
7.76 
7.57 
7.69 
9.5 

7.62 
7.7 
7.65 
7.28 
7.6 
7.15 
7.66 
7.2 
7.35 
7.68 
7.43 
7.62 

2 X 16.5 
20.4 
21.6 

2 X 18.4 
2 X 19.25 

2 X 16.6 

2 X 15.15 
2 X 21.4 
4 x 19.65 
4 X 18.6 
8 X 18.5 
20.5 
19.26 

2 X 17.8 
2 X 17.7 
4 X 20.6 
4 X 17.75 
2 x 18.0 

z x a0.i 

0.74 
10.5 
11.0 
9.19 
9.92 
10.75 
10.5 

10.85 
8.07 
10.10 
10.30 
9.8 
18.20 
15.85 
20.5 
20.2 
20.44 
16.05 
38.5 

0-Ergoatadienetriol I 
UGholeatene dibromide 
Choleateryl bromide 
Choleatanol 2HIO 
Ergosterol HIO 
a-Spinsaterol acetate 
Ergosterol acetate maleic an 

hydride adduct I 
Coprostane 
Dibromocholeateryl chlorid' 
Oetreasterol 
@-Spinaatenol HIO 
Cerevisterol I 
Pyrocalciferol ? 
Choleaterylene 
Calciferol 
Calciferol-pyrocalciferol 
r-Sitosteml HxO 
a-Choleatanetriol I1 
@-Dihydrofucosterol 

Pal 
P1 
P21 
P1 
P21 
c 2  
A2 

P22121 
P212121 
A2 
P212121 
A2 
P21 
P212121 
P21 
CZ 
A2 
P212121 
P2r 

P21 
P21 
P212121 
P1 
P22121 

a 112 
a 211 

a 212 

a 214 

a 218 
a 411 

a 412 

a 414 

a 812 

hac reverw 
b 211 
b 221 

b 222 

z sin p C a - 
12.67 
16.0 
14.6 
14.0 
13.4 
- 

a 

b 

2 X 4.52 
2 x 4.7 
2 x 4.45 
1 X 5.23 
2 x 1.20 

a sin B 

0.45 
x 8. 
x 7. 
X 6. 
X 6 .  
- 

b 

Cholesteryl iodide B 
Choleateryl acetate 
Choleatene hydrochloride 
Anhydrous cholesterol 
Suprasterol I1 

21.89 
17.6 
19.2 

2 x 18.9 
2 X 17.7 

C csinB 

2 x 5.83 
2 X 5.1 
2 X 6.05 
2 X 5.32 
10.85 
12.0 

4 X 6.65 
14.8 
14.6 

4 x 12.9 

6.15 
6.23 
6.1 
6.23 
11.0 
12.30 

5.85 
19.7 
19.1 
12.56 

17.75 
2 X 21.15 
2 X 17.8 
2 X 38.15 
19.8 
18.25 

2 X 15.3 
2 X 16.35 
4 X 18.5 
2 X 10.4 

13.96 
12.3 
12.1 
11.3 
11.2 
13.0 

30.8 
15.4 
15.8 
52.7 

14.80 
34.0 
35.6 
71.3 
19.25 
18.29 

26.5 
31.4 
88.4 
32.1 

A~-Choleatene-7-01 
Cholesterol MeOH 
a-Ergostenol 
Dicholeateryl ether 
Cholestane 
Dibromo-cholesteryl bro- 

eid-A~~~-Cholestene-3,4-diol 
Choleatane-6-01-EtOH 
Cholesterol HIO 
Anhydrous ergosterol 

mide 

C a b 

mb: 
c 112 6.62 

7.60 
x 6. - 

P21 Hydmxyketone from cholec 
tanol (androatane-3@)+1 
17-one) 

Estrone 3 
Cholestene 

0.3 

2 X 4.61 
2 x 11.) 

2 x 11.0s 

2 x 11.05 
19.4s 

c 212 P21 
c 221 P21 
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the a group two structure types occurred most frequently and have a 
special importance, a 211 and a 212. The relation between these two is 
interesting. 

The structure type a 211, 18 compounds, (the cholesteryl bromide type) 
is one of the most homogeneous groups listed and consists almost entirely 
of ether, ester, halogen and keto derivatives. The structure type a 212 
(36 compounds) can be considered as built up from two units of the a 211 
type placed end to end in the c direction. This can be achieved in two ways 
to give orthorhombic and monoclinic symmetry respectively, and the sig- 
nificance of the two is rather different. In the main monoclinic series, 
seventeen compounds belonging to the space group P2, (and for conve- 
nience P l ) ,  the doubling of c doubles the asymmetric unit and suggcsts 
that here the molecules are united end to end by hydroxyl bonds. Fig. 
18 shows the characteristic double layer structure which results, drawn 
for the type structure? ergosterol-HzO. In the orthorhombic group, on 
the other hand, the asymmetric unit is the molecule itself and, while it is 
possible for end to end association to occur in the space group P22121, 
this is not the case with P212121. The group of compounds here is similar 
to  those found in a 211 while the monoclinic double layer series consists 
almost entirely of steroids having terminal hydroxyl groups. Similar 
relations between double and single layer structures can be paralleled in 
other parts of the table; compare, for example, A'-cholestene-7-01, ab'211, 
with a-ergostenol, ab 212. The crystallographic classification points here 
to a chemical difference which we shall find recurring as we deal from a 
chemical point of view with these main groups of steroids. 

VI. THE SEX HORMONES 

The X-ray investigation of the sex hormones began in 1932 almost 
simultaneously with that of the sterols proper. At that time even the 
molecular formulae of these compounds were unknown, but their relation 
to the sterols, which was proposed shortly afterwards, was supported by the 
X-ray evidence available (5 ) .  The first compounds to be examined, 
estrone, VI, and estriol, VII, were followed by equiline (34), androsterone, 
testosterone, and progesterone (12) as each hormone in turn was isolated. 
But the chemical investigation rapidly outstripped the scope of the early 
X-ray work, and the crystallographic study has been left on one side in the 
years between. 

The compounds examined in this group are only 12 in number, and i t  
therefore seems worth while to give the crystallographic data on them in 
full in Table VI. This includes the six hormones mentioned above to- 
gether with six compounds which are closely related to or derived from 
them. The most immediately striking point about this table is the variety 
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of crystal structures represented. Only two, estrone 3, and estriol are 
actually isomorphous. The variety is presumably associated with the 
relative shortness of the molecules compared with those in the main 
sterol series-the lath character is less pronounced, and chemical differ- 
ences may be more effective. Even quite different types of molecular 
arrangement may have much the same stability. In spite of this it is 
fairly easy in all cases to deduce the approximate orientation of the mole- 
cules to the crystal axes, and-this is shown by the classification symbol 
in the 1ast'column.of Table VI. Between them these compounds show all 
the main divisions of sterol crystal structure. 

The variation in crystal structure is particularly well illustrated by the 
structures of estrone itself. Here three polymorphic modifications have 
been distinguished which show three quite different types of molecular 
arrangement. The relation *between them is illustrate& diagrammatically 
in Fig. 11. The first modification, the orthorhombir stable form estrone 1 

VI VII 

is only grown from the vapour phase, and the small rectangular plates 
which form are often markedly elongated along the c axis unlike almost 
all other steroid crystals examined (47, 48) The arrangement of the 
molecules must approxiinate closely to that shown in Fig. 12. The three 
refractive indices have been measured and show greater differences between 
them than do those of the other two modifications of estrone, as shown in 
Table VII (47, 48, 54, 55, 70). This is an indication that here the molecu- 
lar axes are nearly parallel to the crystal axes. The strong intensity of 
the reflection (400) confirms t.his view. So far only one other steroid 
examined, cholesterylene, shows a parallel structure. The other two 
estrone modifications are more normal. In the second orthorhombic form, 
estrone 2, the birefringence is much lower and clearly there is very con- 
siderable slanting of the molecules with reference to the crystal axes. The 
third modification, estrone 3, which is monoclinic was the one first to be 
measured crystallographically by Bernal (5). The crystal plates are 
similar in appearance to many sterol crystals but the symmetry axis b 



Substance Space 
group 

~ 

p212121 
P212121 
P21 
m, 
€92,2121 
P 2 1  
=I 

€ 9 1  

m121 
F2121211 
P21 
P212121 
m12121 

Equiline 
Estrone 1 
Estrone 2 
Estrone 3 
Estriol 
Bromo-methoxyestrone 
Androstane-3@)-01-17-one 
Androsterone 

.- 

4 
4 
4 
4 
4 
4 
2 
2 

4 
4 
4 
4 
4 
4 

Testosterone 
a-Progesterone 
Pregnandiol 
Pregnane 
3-Chlor-androstanone I mpt. 175" 
3-Chlor-andrustanone I1 mpt. 128" 

~~ 

90" 
90" 
90" 

112" 
112" 
90" 

109" 
111" 

125" 
90" 
90" 

100" 
90" 
90" 

TABLE VI 
Sez H o m n e s  and Related Substances 

Optic 
Sign 

- 
- 
- 
- 
- 
- 
- 
+ 
+ + + 
+ 

a 

~ 

9.06 
16.28 
9.9 
7.60 
7.50 
9.0 
6.62 
9.45 

14.73 
10.27 
10.2 
12.0 
10.73 
12.41 

b 

6.42 
7.46 
7.7 

22.1 
22.8 
13.8 
22.1 
7.7 

11.09 
13.88 
7.3 
6.29 

11.41 
10.67 

C 

23.5 
12.15 
18.2 
9.22 
9.06 

12.8 
6.3 

11.95 

11.01 
12.31 
24.6 
22.6 
13.80 
12.56 

Optic orientation 

a = a, b = 8, c = y 

a = a, b = 8, c = y 
a = a, b = y, c = 8 
b = 7, (I 10" from I (001) 
b = y, a 17" from I (001) 
a = a, b = 8, c = y 

14" to  c in acute < b = y , a  

b = 8, y c 8" from I (001) 

b = 8, y nearly along c . 
a = a, b = 8, c = y 
a = a , b  = 8 , c  = y 
b = 8, y nearly I (001) 
a = a, b = B, c = y 
a = aJ b = 8 , c  = y 

towards c 

Structure 
Type 

a212 
a411 
a212 
c212 
c212 
b22l 
el12 
a211 

ab (22P 
b221 
a212 
ab (21)2 
(sb) 221 
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A. B. 

FIG. 11 

Interrelationship of the Three Polymorphic Forms of Estrone 
The molecules lie approximately flat in the plane of the paper. 

Molecule at 0 
Molecule at f ----- 

(Except in the case of estrone 1 where only molecules at 4 and i respectively are 
shown .) 

From Z. Krist. A. 93,471 (1936). 

is normal to the main face and follows the length 
of the molecule. The type of arrangement present 
here has already been illustrated in Fig. 10,-4, 

In spite of their differences, these structures, 
and indeed all the sex hormone structures, have 
one feature in common: they are all character- 
istically single layer structures. In none is there 
evidence of association between chemicalry iden- 
tical groups tending to double the apparent molec- 
ular length.' The implication of this became 
clear as evidence accumulated that the hydroxyl 
group of estrone was in the same position as the 
hydroxyl group of cholesterol, namely C 3. 
In the sterol structures, wherever there is a 0 

hydroxyl group at C 3 it is usual to find that the 
crystal structure is a double layer structure 
caused by association between the terminal hy- 
droxyl groups. The fact that such association 
does not occur in the ses hormone crystal struc- 
tures led Bernal to suggest that there must be 
active groups placed a t  opposite ends of the 

FIQ. 12 
Suggested Structure of 

Projected on Estrone 
( 1 ~ )  
Molecules at 4 -*- 

molecule (5).  In all the crystal structures of es- #- 
trone it is possible then, as the figures show, for # -- 5 -  - - 
hydrogen bonds to exist between the ketone and Hydrogen bond,. . . , . . . 
hydroxyl groups in neighboring molecules. This nom Z.  ~ r i ~ l .  A U, 467 (lm6). 

*With the possible but not probable exception of equiline on which the published 
data is incomplete. 
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feature of sex hormone st,ructure has since received ample chemical 
proof. 

Chemically the most striking evidence of the relation of the sex hormones 
to the sterols was provided by the degradation of epicholestanol to andro- 
sterone by Rusicka and his co-workers in 1934 (64, cf. also 17, 32). The 
identity of the androsterone, VIII, obtained in this preparation with the 
naturally occurring hormone was checked by X-ray measurements, and 
it is perhaps a nice point that androsterone itself crystallizes in a single 
layer structure of the normal sterol type, a 211. The isomeric compound, 
androstane-%(p)-ol-17-one, IX, obtained from cholestanol, on the other 
hand, shows an unusual and interesting structure type. The crystals 
are elongated along the 2, axis but this direction of elongation as in estrone 

TABLE VII 
Refractive Indices of Estrone and Estn'ol 

Substance a B r 
Estrone 1 1.511 1.621 1.697 
Estrone 2 1.594 1.628 1.647 
Estrone 3 1.620 1.642 1.690 
Estriol 1.533 1.642 1.686 

VIII IX 

1 proves to be that of the molecular length. There are only two molecules 
in the unit cell, and these are placed vertically above one another along 
the b axis. The orientation of the molecules perpendicular to this axis 
is fixed by the optic orientation and the very strong reflection (102). 
Chemically androsterone and androstane-3(fl)-ol-l7-one differ only in the 
stereochemical configuration of the hydroxyl group. There is, in both 
crystal structures, some indication of this configuration, but i t  is far from 
conclusive. In androsterone the molecular thickness derived in the usual 
way is rather large and the molecular length rather short, effects which 
might be explained if the hydroxyl group projects from the plane of the 
ring system. In androstane3(@)-01-17-one the unusual crystal habit 
suggests relatively easy growth of the crystals parallel to b. This growth 

' 
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might bc favored by the hydrogen bond syst,em, particularly if the hydroxyl 
group followed the plane of the ring system; compare for example estrone 1. 
But while these conclusions agree with present, chemical views, they are 
little more than speculations, and require exact X-ray analysis for their 
confirmation or rejection. The cryst:dlographic rclations in androstane- 
3(P)-ol-l7-onc are so simple t.hat. it. might. he wort,li while here to attempt 
a straightforward trial and error analysis. The corresponding chlorides 
(19) unluckily crystallize in orthorhombir xt nictures I\-hich are more dif- 
ficult to deal with (Tablc 1'1). 

1-11, THE HEART POISONS 

The heart poisons of the digitalis group were first examined crystallo- 
graphically in 1934 (9). Strophanthidin a.nd the toad poisons, bufagin 
and cinobufagin, followed soon after in 1935-6 (22, 23). The main 
purpose of the measurement,s was t.o see if some relation could be traced 
through the crystallographic data betwen tliese compounds and the 
sterols and sex hormones and, as in the cwe of the sex hormones, the re- 
search has not, been pursued since. Only a limited number of compounds 
were measured, and all of these are listed in Table VIII. 

The first, obvious fcatiire of t,hc cardiac nglucones seemed to be their 
dissimilarity from most, of the sterols in crystallography, particularly in 
optic character in relation to unit, cell dimensions. This was not, sur- 
prising in view of the possible functional groups present, particularly ter- 
tiary hydroxyl groups which might. reasonably be expect.ed to destroy most 
of the correlation established in the main sterol series. A clerivative 
was therefore examined in which thcse groups were removed. I t  was 
a lactone prepared by dehydration of digosigenin and reduction of the prod- 
uct, and had the chemical composition C23H3E02 (X). I t  pruved to 
crystallize in the n 211 structure t,ype and it was correspondingly easy to 
deduce approximate dimensions for this molecule as in the case of similar 
sterol crystals. These dimensions fitted \yell with the idea that the genins 
contained the cyclopent,eno-phenanthrene skeleton with a lactone ring 
attached to it, :it C 17. Fig. 13 s1ion.s a drawing of the proposed crystal 
structurc. The dimensions found ent,irely excluded any molecular struc- 
ture in which the lactone ring was attached t,o ring B of the sterol skeleton 
as had been earlier suggested in the case of strophanthidin (30). 

Yow that, the chemical struct,ures of the digitalis group of genins are 
reasonably well established it is possible to review the remaining crystallo- 
graphic data in a different way. The proposed formulae (33) for the four 
genins, dianhydro-gitosigenin, XI, digitoxigenin, X I ,  digoxigenin, XIII ,  
and gitoxigenin, XI]', are given below. Of these the crystal strricture 
of the first, dianhydro-gitoxigenin a h  appears to be of the a 211 t'ype. In 



TABLE VIII 
Heart Poisons 

b 

7.7 
-- 

7.85 
7.16 

-16.75 
13.3 

7.41 

18.22 
7.29 
15.79 
8.14 
8.62. 

Substance 

Lactone from digoxigenin 
(octahydro-trianhydro-dig- 
oxigenin), X 

Dianhydro-gitoxigenin, XI 
Digitoxigenin, XI1 
Digoxigenin, XI11 
Gitoxigenin, XIV 

C 

11.7 

12.8 
14.95 

53.3 

43.9 
dooi 
8.91 
15.97 
19.45 
44.76 
24.22 

12.85 

b = 8, y 23" from I (001) 

b = = y  
a = 8, b = a , c  = 7 
a - 8 , b  = a , c  = y 
I c = 8, b = u, c = 7 

b = u. 

b = Q, y 8" from c 
a = u, b = Y ,  c = B 

- 
I 

- 
2 -  

2 
4 
4 
8 

12 

4 
2 
4 
16 
8 
- 

1.240 
1.261 

a 

10.6 
- 

9.62 
18.13 
9.62 
6.16 

19.54 

13.70 
13.54 
7.61 
28.74 
21.79 

Strophanthidin A 

Strophanthidin B + )H*O 
Bufagin + EtOH 
Cinobufagin 
Acetylcinobufagin 
Cinobufagone 

m2121 

C I  
P21 
P212121 
cm1 
P212121 

B 

101" 
- 

9310 
90" 
90" 
98" 

90 
Y 
71)" 
131' 
90" 
90" 
90' 

1 .  Optic orientation Y 

446f 9 
447f10 
487f10 
443jAO 
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b 
x 

E'IO. 13 
Probable Molecular Arrangement in Lactone from Digoxigenin 

i: Projection on (010). 
3; Diagram to show arrangement along [OlO] 

(Projection approximately between [OlOj and y direction) 
1. - h e -  Molecule in plane of paper. 
2. -0-0-Molecule elightly behind 1, related to it by screw axie E. 

' 3. - - - Molecules halfway in front of or behind 1 
R o m C k m ~ a n d I d ~ 5 ) , 9 8  (1934). 
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habit the crystals are usually not of the normal variety; needles bounded 
by the faces (102) and (20i) are the most common form. The optics also 
deviate but this deviation can probably be correlated with greater slope 
than us&l of the molecule in the bc plane. The most important feature, 
however, is that as in the sex hormones the crystal structure is a single 
layer one, which suggests t.hat the hydrosyl group which has been shown 
to be present at C 3 interacts in the crystal with the lactone carbonyl 

HO 

XI XI1 

OH 
HO HO 

XI11 XIV 

group of the succeeding molecule. The same is true of both digitoxigenin 
and digoxigenin. These crystal structures are orthorhombic, and it is 
much less easy to predict the molecular arrangement. The crystal optics 
deviate considerably from the normal, which can probably largely be ac- 
counted for by the tertiary hydroxyl groups present, combined with 
considerable fitaggering of the molecular to the crystallographic axes. 
Digoxigenin certainly also contains solvent of crystallization. Tn the 
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fourth compound, gitoxigenin, the crystal structure is quite different, a 
double layer structure. The molecular dimensions are closely controlled 
by the cell dimensions and space group found, and these provided strong 
evidence, even in the original investigation, both of the 
lactone ring in this genin and of t he  existence of one 
hydroxyl group a t  C 3. The molecular arrangement sug- 
gested is shown in Fig. 14. In the original drawing the 
, position of the second and third hydroxyl groups were not, 
of course, inserted. I t  seems reasonable to suggest now 
that one of these, the hydroxyl group at C 16 can inter- 
act with the lactone carboriyl group in the neighboring 
molecule in the crystal. The interaction requires only 
slight rearrangement of the molecular positions from those 
first given. This would account for the fact that only in 
this structure is the hydroxyl group a t  C 3 free to form a 
double layer. 

The crystallography of strophanthidin, XV, is very 
difficult to correlate with its molecular structure, beyond 
saying that both are more complicated than in any 
other steroid examined. Two forms have been observed. 
Strophanthidin A from ethyl acetate has a very com- 
plex orthorhombic arrangement, strophanthidin B, from 
methyl alcohol and water, is triclinic (31) and contains 
3 H2O per molecule of strophanthidin (45). 

The  toad poisons, bufagin and cinobufagin, were first 
measured in order to determine their molecular weight%. 
The empirical formulae for the two compounds were 
originally given as CzsH3sOs and C~SHSO,, but in 1932-3 
Jeiisen and his collaborators put forward instead the 
formulae CZ4Hs2Ob and C26H3206 as more probable ( 1 G ,  
20). The X-ray measurements on hufagin confirmed 
Jensen’s view (cf. also 26). The crystallographic unit 
had a molecular weight of 44G f 9 agreeing with the 
value 446 calculated for the formula C2&0b (400) -/- 
one molecule of alcohol of crystallization (16) which 
was proved to be present. In the case of cinobufagin 
the molecular weight found of 447 f 10 (22) suggested 

- 
position of the 

FIQ. 14 
Diagram of 

Structure Pro- 
posed for Gi- 
toxigenin (XIV) 
Projected on 
(010) 

From Chemislry 
and Industry At, 953 
(1934). 

that the formula might be C2eH340s (442) and showed it was certainly 
not C25HszOs (428). This was confirmed by the subsequent examination 
of acetyl cinobufagin and cinobufagin (23) (see Table VIII). 

All three cinobufagin crystal structures are very complex and cannot give 
any direct information from the preliminary data on the molecular struc- 
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ture, for which formula XVI has been proposed (49, 71). But bufagin 
again appears to have the a 211 type of crystal structure. In habit the 
crystals are of the normal variety, and it seems reasonable to suppose that 
the fact thathere a, the smallest refractive index, is parallel to b, is due 
to the presence of e.g. a tertiary hydroxyl group and not to any considerable 
deviation in molecular arrangement. The molecular dimensions were 

0 0 

XVI XVII 

therefore given aa 44 X 7 X 16 A.U., with a query on the position of the 
alcohol of crystallization in the unit cell. From these dimensions one would 
have expected a rather longer molecule than that represented by the 
formula XVII proposed by Fieser (33). But the presence of the alcohol 
of crystallization makes it impossible to be certain at this stage what is 
the actual length of the molecule itself. Again it should be noticed that 
the crystal structure is of a single layer type. 
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VIII. THE STEROLS 

Of all the steroids examined by the X-ray methods by far the greatest 
number belong to the main sterol series. Nearly 100 different sterols 
and sterol derivatives have been studied, and since the information on the 
major part of these has been collected together by Bernal and others (13) 
no attempt will be made to reproduce the accumulated data here. 

Chemically the compounds measured present a very assorted collection. 
They have been gathered from almost all the main laboratories working 
on sterol structure, and many obvious gaps exist in the chemical sequence. 
For example, of the stereoisomers of cholestanol, three only have been 
measured, cholestanol itself, epicholestane and coprosterol, but not ths 
fourth, epicoprosterol. Measurements on epicholesterol and allocholesterol 
are also obviously badly needed for comparisons between the cholesterol 
series and other groups such as that of the photo-derivatives of ergosterol. 

Crystallographically too these compounds show wide variations in struc- 
ture types. Some of them, c.g. the crystal structures of cholesterol and 
of coprosterol, are very complicated and could hardly be expected to  yield 
much exact chemical information. Others, particularly the halogen deriva- 
tives of cholesterol, are comparatively simple and have already been 
analyzed in some detail. Certain of the crystal structures found are very 
individual, and here the compounds present could easily be recognized 
by simple morphological examination of their crystals, Morphological 
measurements were, for example, made by Steinmete to confirm the identity 
of the hydrocarbon obtained synthetically by Wieland and Jacobi from 
cholanic acid with coprostane prepared by Windaus from cholesterol. 
Hydrated cholesterol itself and cholestene hydrochloride form even more 
easily recognizable crystals. But the greater number of sterol crystals 
have such close similarity that optical and morphological measurements 
are of little use in distinguishing them one from another. In  all, however, 
i t  has been proved possible by the X-ray measurements to fit molecules 
corresponding in size and shape to those represented by the present chemi- 
cal formula, the reduced cyclopenteno-phenanthrene ring system i i t h  
side chain and substituents of varying complexity. 

Among the compounds studied, the halogen derivatives of cholesterol 
form the group in which the most obviously beautiful crystals are to be 
found. These crystals were many of them isolated in the course of Mauth- 
ner's researches on the reactions of the double bond in cholesterol and of 
the hydroxyl group. Morphological descriptions of several of them occur 
in the course of the original papers. One good example, cholestene hydro- 
chloride drawn by Becke and Karny from the crystals prepared by Mauth- 
ner (52, 1) is reproduced in Fig. 15. Another is a-cholestene dibrornide 
(51). The chief interest in the X-ray investigation of these compounds is 

' 
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naturally in attacking the same tw? points in chemical structure, the 
position of the double bond and of the hydroxyl group in cholesterol. 

Probably the best crystallographic evidence on the position of the 
double bond in cholesterol is that obtained from cholesteryl iodide. But 
additional evidence is supplied by the examination of cholesteryl chloride 
hydrochloride, XVIII. The crystal structure of this is extremely similar 
to that of cholesteryl chloride or bromide, but the intensities of the. X-ray 
reflections differ considerably. The change can be followed by forming 
as before a Patterson projection on the b plane. Compared with the 
corresponding projection of cholesteryl bromide (Fig. 9), the new pro- 

jection (Fig. 16) shows an additional line of peaks due 

FIQ. 15 
Crystal of Choleatene 

Hydrochloride 
Here the nomencla- 

both to new chlorine-chlorine interatomic distances 
and also to new carbon-chlorine distances. Fig. lG 
illustrates an arrangement of the molecules that 
would account for the observed effects. From a 
chemical point of view the most significant feature 
is that the new line of peaks is midway between 
the original lines, suggesting that the extra chlorine 
atom projects at right angles to the skeleton; and 
peak A, from its strength, probably corresponds to 
the chlorine-chlorine distance within the molecule. 
This distance is 4.2 A.U. and fixes the position of 
the chlorine atom and therefore one end of the dou- 
ble bond system in the neighborhood of C 5,  as 
would be expected from chemical theory. 

In dishssing the position of the hydroxyl group 
tureofthecrystalaxes there are two points t20 be considered, first its point 

beenchangedfrom of attachment to the sterol ring system, and secondly 
its stereochemical configuration. Starting with a that used by Becke 

and Karny to conform 
with the reduced skeleton and a trans-configuration of the 
scheme. junction between rings A and B, two possible con- 

From SQ*a. Amd. figurations for a hydroxyl group attached a t  C 3 
have been distinguished. In one, which following 

Rusicka, Furter, and Goldberg (66), we may call cis, the hydroxyl group 
projects from,the plane of the ring system, in the other, trans, it should 
lie almost in the plane of the ring system (Fig. 17). The same distinction 
may be continued when there is a double bond impinging on the ring 
junction as in cholesterol itself. 

Unfortunately, the evidence that the iodine atom in cholesteryl iodide 
is attached to C 3 and has the trans configuration does not establish 
corresponding facts about the hydroxyl group in cholesterol. In the first 
place the iodide used was actually made in an indirect way by a rather 

. 
Wim 116, IIb. lOlQ (1907). 
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XVIII 

Y 
FIQ . I  16 

Cholesteryl Chloride Hydrochloride 

projected on (010). 
The dotted lines show chlorine to chlorine distances. 

(A) Patterson projection, Pzz. (B) Probable arrangement of the molecules, 

From Trana. Rev. Soc. (London) 2SB. 173 (1840). 
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Cl i i r lS"  "cis" 

FIQ. 17 
The Stereochemistrv of the Sterol Hydroxyl Group at C 3 

curious reaction from &cholesterol (14). As a simi- 
lar reaction yields cholesteryl chloride and bromide 
and as an apparently identical iodide has since also 
been prepared from cholesterol (42), we may rea- 
sonably take it that the hydroxyl group in cholesterol 
is attached to the same carbon atom as the halogen 
atom, i .e. C 3, but there are additiond difficulties in 
accepting its oonfiguration. Reduction of cholesteryl 
chloride gives a compound, a-chlorcholestane, which 
is ideptical with the product obtained by the action 
of phosphorue pentachloride on epicholestanol, while 
E,. different compound, /3-chlorcholestane is obtained 
through the action of this reagent on cholesbnol 
(67). Clearly Walden inversion must have occurred 
at least once, and the configuration of tKe hydroxyl 
group in cholesterol cannot be correlated for certain 
with the position of the halogen atom in the cho- 
lesteryl halides, although there are indications, both 
chemical (3) and ,crystallographic in favor of their 
iddti ty in configuration. Only one point can be 
made. From its crystal unit cell dimensions and 
even more from the intensities of the c plane reflec- 
tions it is clear that it is a-chlorcholestane that has 
the same configuration as cholesteryl chloride and 
that no inversion occurs during the reduction. 

Historically the first crystallographic evidence that 
the hydroxyl group in cholesterol was at  C 3 came 
k m  the fact that in the crystal the molecules have 
a double layer arrangement. The crystal structures 
of all the forms of cholesterol are rather complicated, 
and a simpler exampl? to take is ergosterol-HzO 
shown in Fig. 18. Still better evidence is supplied 
by the direct comparison of the crystal structure of 
dicholesteryl ether with, for example, those of ostrea- 
sterol and actiniasterol. These all crystallize in 

C 

FIG. 18 
The Probable Arrange- 

ment of the Molecules in 
Ergosterol HIO Structure 
Type a 212 
(A) Projection normal to 

[0011. 
(B) Projection on (010). 
(C) Projection on (100). 
h Tmnr. Roy. &a. (London) 

u). 156 (lU40). 
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the same space group, A 2, but whereas in dicholesteryl ether the molecule 
is the asymmetric unit, in the two sterols the unit is a double molecule. 
In all three structures the length of the asymmetric unit is approximately 
4c and is clearly double the normal length of a sterol molecule (cf. table 
IV, A and R). In dicholesteryl ether the doubling of the molecular 
length is produced by the chemical elimination of water between the two 
hydrosyl groups, and these must be terminally placed to account for the 
effect observed. In ostreasterol and actiniasterol the same applies, only 
the doubling is due here to hydrosyl bonds between the two corresponding 
hydroxyl groups. Actually the appearance of a double layer crystal struc- 
ture is not conclusive evidence that there is a terminal hydrosyl group 
present-r even a hydroxyl group a t  all. Occasionally compounds such 
as esters or even hydrocarbons (e.g. pregnane and ergosteryl acetate (69)) 
show, presumably for reasons of convenience of packing, apparently double 
layer structures. On the other hand it is very rare to find a hydroxyl 
group at C 3 and no double layer unless there is some other active group 
capable of hydrogen bond formation in a different direction, as in the sex 
hormones. The only exception so far appears to be pyrocalciferol, and even 

TABLE IX 
a b C B n 

Dicholesteryl ether 11.30 6.23 76.3 110" 4 
Ostreasterol 10.10 7.65 78.6 117" 8 
Ac tiniasterol 10.12 7 .58  82.0 121' 8 

here the asymmetric unit is doubled in another direction-and also here 
the data are very poor. 

In the formation of double layers the terminal hydroxyl groups may 
interact either directly with one another or through water molecules, as 
in the case e .g .  of the oxalic acid crystal structures where both types of 
interaction are known (44, 58). Among the sterols there appears to be 
difficulty about the first process. It is not easy to obtain most, sterol 
crystals anhydrous, and when these are prepared they seem to show very 
complex crystal structures (e.g. anhydrous cholesterol and ergosterol). 
All the normal sterol crystal structures contain solvent of cry&tallization, 
usually water, somethes methyl alcohol which probably plays a similar 
part. The case of ethyl alcohol of crystallization is more doubtful. It 
does certainly interact with the sterol hydroxyl groups in some structures, 
notably i-cholesterol + EtOH which is exceedingly similar to i-cholesterol 
ethyl ether, both in cell dimensions and in the intensities of the X-ray 
reflections (2). But here the crystal structure is of an essentially single 
layer type. The nearest comparable structure in the sterol scries is that 
of dibromocholesteryl chloride (Table X). 
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One might expect that crystal structure would be one of the properties 
of a molecule most sensitive to stereochemical .changes, such as that, in 
the configuration of the hydroxyl group at C 3 passing from the cis to  the 
trans series. There is in fact every indication that this is so; cholestanol 
and epicholestanol are crystallographically quite distinct and parallel 
differences appear between other compounds belonging to the two series. 
Unfortunately it is impossible from the preliminary X-ray examination 
to be quite certain which group has the cis, which the trans configuration. 
This is another point on which more detailed X-ray analysis is needed. 

The group of compounds examined whiah show the most marked simi- 
larities to one another in crystal structure is, as would be expected, the 
group of naturally occurring sterols in all of which there is a hydroxyl 
group at C 3, usually in the same configuration. These sterols differ 
from one another in such features aa the number of double bonds present 
and the number of earbon atoms in the side chain. The difference in 
molecular weight of sterols belonging to the different series can usually be 
detected through accurate measurement of the crystal unit cell dimensions 

TABLE X 

i-cholesterol + EtOH 8 . a  7.6 421.4 
i-cholesterol ethyl ether 8.23 7-68 43.3 
Dibromocholeeteryl chloride 8.07 7.7 42.8 

a b C 

In all cmee n - 4, Space Group R12121. 

and densities. Actually the sterol crybtals themselves are not very suit- 
able for these molecular weight determinations for the reason discussed 
above. They contain solvent of crystallization, the weight of which 
ought to be deducted from the erystal molecular weight, but which is 
difficult to determine accurately owing to the frequently very hygroscopic 
character of the anhydrous crystals. Better measurements can be carried 
out on derivatives such aa hydrocarbons, ketones, and acetates. Thus 
the carbon content in the ergosterol series can be established from the 
measurements on ergotetraene; that in the cholesterol series from choleste- 
none, and so on. Some of the measurements careed out are listed in 
Table XI. 

Both the differences and the similarities between the different members 
of these sterol series are shown by the X-ray crystallographic data. The 
fundamental crystallographic unit throughout is the double layer structure 
of the type a 212 shorn in the case of ergosterol-H20 in Fig. 18. The 
cell'dimensions of the sterols listed in Table XIIa are either roughly equal 
to or some multiple of the ergosterol-H20 cell dimensions, and even 
where these m&iplicitieg occur they appear more aa a superstructure on 



Compound 

1 

'ij 

.s fl 
$ Z  

1 
1 
1 
2 
2 
4 
2 
2 

Cholestenone 
Ergotetraene 
y-Spinasterol acetate 
Ergosterol H2O 
Stigmasterol H20 
T-Sitosterol HtO 
@-Sibsterol HtO 
6-Sitosterol acetate 

Molecular wt. 
measured 

385f3 
38417 
46033 

18+401+7 
18+406f7 
18+415+6 
18+414f7 
460f6 

TABLE X I  
Molecular. Weight Determinations in the Slcrol Seriu 

doo110.26f0.02 
16.00f0.05 
31.0f0.20 
34.82f0.04 
36.64m0.06 
71.40f0.20 
35.00f0.10 
36.4f0.1 

__ 
1.078f0.002 2 
1.065f0.005 2 
1.064f0.004 4 
1.055+0.003 4 
1.055fO.004 4 
1.035f0.002 16 
1.049f0.004 4 
1.049+0.002 4 

a'14.63f0.05 
7.73f0.04 
13.28f0.02 
9.92f0.04 
9.51f0.09 
20.+f0.10 
10.33fO.10 
10.43f0.04 

7.86f0.015 
9.67f0.04 
6.95f0.03 
7.57f0.03 
7.59&0.02 
7.58f0.02 
7.55&0.01 
7.03f0.02 

dolec 
ukr 
wt. 

calcu. 
Iated 

384 
378 
456 
396 
412 
414 
414 
456 

Formula 



454 

Space 
Group 

-__3 

P21 

P1 

P1 

A2 
P21 
p21 
A2 
A2 
P21 
A2 - 
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" 

4 

4 

4 

16 
4 
4 
8 

16 
4 
8 - 

Compound 

7.57 

7.57 

7.74 

7.58 
7.65 
7.59 
7.58 
7.6 
7.45 
7.65 
7.7 

7.62 
7.74 

7.35 

7.28 

Ergosterol HzO 

Zymosterol HzO 

7-Sitostanol (and ab-sitostanol?) 2 HzO 

38.5 

35.51 

37.4 

82.6 
41.3 
37.2 
82.0 

148.0 
39.0 
78.6 
37(dooi) 

30.0 
37.5 

37.4 

74.3 

7-Sitosterol HzO 
8-Sitosterol H10 (from rubber) 
Stigmasterol H1O 
Actinimterol V I  (lugworm sterol) 
Cerevisterol I 
Cerevisterol I1 
Oatreaaterol 
Brassicasterol (impure preparation) 

&Dihydro-fucosterol 
Spinastanol 2H10 (?) 

p21 
P1 

P1 a-Spinastenol 2H10 (1) 

16 
4 

4 

P-Spinastenol HpO 

C 

35.6 
35.4 
30.4 
38.4 
34.8 
35.4 

8 

102' 
loo' 
117' 
1521 
129' 
9oo 

n 

8 
8 
4 
4 
8 
8 

a 

a 

20.5 
20.2 
11.5 
20.3 
25.0 
13.4 

-~ 

T 
Higher Plaz 

9.92 

9.65. 

9.94 

20.44 
10.33 
9.51 

10.12 
9.8 

10.6 
10.1 
Q.6 

38.5 
10.00 

10.4 

10.30 

T 
Photodert 

Compound 

Calciferol 
Pyrocalciferol-onlciforol 
Dihydrocaloiferol 
Lumisterol 
Suprasterol I 
Suprasterol I1 

Space Group 

P2, . 
c 2  
P21 
P21 
c2 
P22121 

' 

b 

7.2 
7.35 
7.26 
7.25 
7.5 

10.4 
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A 

zal Sterols 

Morphology 

Laths, [OlO], {001), (IOS), 

Plates, (001 J 

Plates, [OlO], {001) , { 1011, 111) 

Laths, [OlO], (OOl), (100), ll20) 
Rhomb-shaped plates, (001), (111) 
Rhomb-shaped plates, {OOl), (lll), (201) 
Plates, {001), (Ill), or (101), (111) 
Laths, [OlO], (001), IlOl), (111) 
Laths, [OIOI, {OOl), (1011, (111) 
Irregular plates, (001) 
Very thin irregular plates giving very few 

Laths, [OlO], {OOl), (loll, 1411) 
Laths, [OlOJ, (001), twins, p = 1.031 

X-ray reflexions 

Plates, (001), {2Tl), (101), (011) 
P = 1.032 

Prisms, [Olo], (001), (lo/), (111) 
p = 1.030 

3 

'rgosierol 

Optics 

+, b = 8, y .62" from (001) I a212 
+, b near 8, y 59" from (001) 

+, b = 8, y 81" from (001) 

+, b = 8, y 65' from (001), 2E largc 
+, b = 8 ,  y inclined to  (001) 
+, b = 8, y 78" from (001) 
+, b = 8, y inclined to (001) 
+, b = 8, y nearly I to  (001) 
+, b = 8, y 58' from (001) 
b = 8, y inclined to  (001) 
b = 8, y inclined to  (001) 

b = 8, y c. 80" from (001) 
9'7' from [OlO], y inclined t o  (001) 

+, b = & y  nearly normal to (001), 
2V = 70" 

a212 

a212 

a414 
a212 
a212 
a214 
a218 
a212 
a214 
a2121 

a812 
a212 

a212 

a214 

Morphology Optics 

+, b =i 8,  y nearly I t o  (001) 
+, b = 8, y nearly I to (001) 
+, b = 8, y 64-60" from (001) 
+?, b = 8, y 31" from (001), 2E small 
? normal 
+, a =i a, 6 = 8, c = y, 2E emall 

Structure 
TY pe 

a412 
a412 
a212 
a212 
a412 
b222 
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the niain unit which is indicated throughout by the stronger X-ray re- 
flections. Plate I1 shows some X-ray photographs of ergosterol-H20 
which illustrates the characteristics of the diffraction effects obt,ained 
from all the compounds in this group. The general similarities in the 
intenvities of the stronger X-ray reflections indicate that the same general 
molecular skeleton and arrangement are present throughout. But the 
intensities of the weaker X-ray reflections particularly are very sensitive 
to small changes in the crystal Rtructure, -and consequently the X-ray 
photographs of different individuals, while generally similar, are usually 
quite distinct. The measurements of 8-sitosterol. illustrate the point. 
The 8-sitosterol examined had been isolated originally from rubber and 
was thought at first to be a terpene alcohol related to amyrin. The form 
of the X-ray reflections observed justified its classification as a sterol 
closely related to ergosterol long before its identity with 8-sitosterol was 
established. Between other members of the group greater differences 
exist. Compare for example the photographs in Plate I11 of psitosterol 
and stigmasterol with the corresponding phot,ographs of ergosterol. There 
is a marked change in the position of the strong reflections in stigmasterol 
which corresponds to c!,ange in the slope of the molecules to the c plane. 
Stigmasterol is correspondingly easier to separate from sterol mixtures. 

The X-ray crystallographic investigation of the sterols has covered in 
the last 10 years a good deal more ground than could have been envisaged 
when the. first measurements were begun. From the initial discovery 
that sterol structure was not what it was thought to be the method has 
naturally been turned to more detailed examination of the problem both 
through the survey of sterol crystals in general cnd through the detailed 
analysis of particular structures. But at the end we return to the point 
from which the research set out. What is the position of calciferol in the 
sterol series? Table XIIb gives the unit cell dimensions of calciferol, 
calciferol-pyrocalciferol, and dihydrocalciferol, All of these show dif- 
ferences from the main ergosterol group, but hardly greater differences 
t h e  might be expected from the change of configuration of the hydroxyl 
group. The most obvious alteration is in the relative increase in the 
molecular thickness, as deduced from the optic orientation and cell dimen- 
sions, together with ’an apparent decrease in molecular length (10). This 
did in fact affect Bernal’s orighal calculation of ‘sterol’ dimensions. Com- 
pme for example the figures 5 X 7.2 X 17-20 A.U. with those derived 
from cholesteiyl chloride and bromide 4 X 7.5 X 21 A.U. But in spite of 
the difference, there is still a very general similarity in certain of the 
X-ray reflections, particularly those from the c plane in calciferol and 
ergosterol (Plate IV). It is difficult to escape from the conclusion that the 
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relative positions of the atoms in the molecule are largely unchanged in 
passing from ergosterol, XIX, to calciferol. This can only be reconciled 
with the present formulation of calciferol (50, 53, 79) if the molecule re- 
tains in the crystal a configuration similar to that shown in the formula 
XX and not XXI. While at first sight this seems physically unlikely there 
are other indications in its favor. Crystallographically the matter can 

HO 

x LX xx 

XXI 

only be finally settled by the detailed analysis of a derivative of calciferol 
or of one of the other vitamin D compounds. This could easily be carried 
out following the scheme adopted for cholesteryl iodide if only a suitable 
heavy atom derivative could be obtained. It seems worth suggesting that 
if possible this derivative should be one which leaves the configuration of 
the hydroxyl group unchanged. A single analysis might thus also settle 
one of the other outstanding problems of sterol structure. 
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IX. CONCLUSION 

The sterols are 80 widely distributed in nature and many of them of 
such importance in biological processes that any method capable of throw- 
ing more light on their structure might be welcomed on their account alone. 
But the use of X-ray methods here described has also a wider interest 
as an illustration of the application of a new tool in chemical research. 
It is clear that the structure of the steral skeleton was a particularly suitable 
subject for crystallographic study. The rigidity of the framework, the 
possibility of making a variety of derivatives with very little alteration 
in the fundamental molecular structure, the characteristic molecular shape, 
all are favorable circumstances. Obviously in not all fields of organic 
chemistry could such significant and far reaching conclusions have been 
drawn from relatively so little experimental evidence as were derived from 
the first X a y  study of the sterols. But the later methods of analysis 
developed during the course of the research, and particularly the use of ~ 

heavy a tom,  aa in cholesteryl iodide appear to be capable both of wide 
application , and of giving more detailed information. 

From the analysis of cholesteryl iodide it is already possible to say some- 
thing of the general soope of this method of attacking problems of molecular 
structure. It is, of course, limited by the crystallographic condition that 
the contribution of the heavy atom to the intensity of any particular X-ray 
reflection should outweigh that of all the other atoms in the structure. 
This does not mean that the heavy atoms must actually outweight all 
thes'e other atoms, since it is seldom in an organic compound that a maxi- 
mum scattering effect is obtained. But it does mean that there is an upper 
limit to the size of the molecular structure which can be directly analyzed 
by this method. Clearly no atom on this earth is heavy enough to de- 
termine by its contribution alone the phase angles for reflections from 
protein crystals. But there are still a large number of problems which 
might -be solved in this way on the structure of molecules of the same 
order of complexity as the sterols. 

There is another limitation of a rather different kind on the degree of 
accuracy which can be achieved in X-ray analysis of these complex molec- 
ular structures. The knowledge of the relative atomic positions which we 
obtain at  the end of the analysis of cholesteryl iodide may fairly be described 
RB organic chemical rather than physicochemical, if the distinction may be 
made. It is possible to fmd which atom is nt,tached to which in the struc- 
ture and roughly their orientation in space, but not to measure exact 
interatomic distances or bond angles. One reason for this is the order of 
complication of the molecular structure. The positions of the heavy 
atoms only approximately determine the phases in three dimensions, 
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and the complete solution still depends'on the exact measurement of too 
many parameters to be achieved at present. But this difficulty of making 
exact measurements may also depend partly on the character of the crystal 
structures themselves. It seems probable that in a complex crystal 
structure of this kind the atomic positions are actually not so precisely 
ordered throughout space aa they are in simpler examples. Ohe indication 
of this is the relative weakness of reflections from planes of small spacing 
in cholesteryl iodide; another is the existence of smear lines among the re- 
flections from cholesteryl chloride and bromide. It is presumably the 
weakness of the intermolecular forces combined with the size of the mole- 
cules that is responsible for this degree of disorder within the crystals. 

It is natural to wonder how far the later crystallographic work on the 
sterols was in fact as6isted by the knowledge we had by then of the outlines 
of the sterol skeleton. In crystal structures such as those of the phthalo- 
cyanines the crystallographic evidence does provide a direct determination 
of the molecular structure, which is entirely independent of chemical con- 
siderations. In a large part also of the determination of the cholesteryl 
iodide structure the X-ray evidence is unambiguous; but there are points 
where experimental difficulties occur and where chemical information is 
a valuable aid in the crystallographic analysis. Doubtless X-ray studies 
of new types of molecular asld.crysta1 structure will prove to involve 
additional problems and complications of their own. But whether the 
crystallographic analysis of a complex asymmetric molecule 'can be made 
completely independent of its chemical study is probably largely an 
irrelevant question since the two methods naturally supplement one 
another at  every stage of the investigation. 
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castration as  treatment of, of prostate, 

effect of 

Carcinoma 

355 

354 

estrogens on, 354, 357 
estrone on, of breast, 354, 358 
liver on, 312 
Rtilbesterol on, of breast, 357 
susceptibility and nucleoproteii~ 

metabolism, 317 
vitamin A deficiency, 311 

Caries 
acids in, 270 
bacteria as cause of, 265,268,274,299 
carbohydrates, fermentable and, 299 
cereals and, 264, 266, 268, 293-299 
dentin, €3. acidophilus odont~olyticus 

isolated from, 274 
dentin, decalcification of, in, 269, 270, 

271 
dentin, leptothrixin, 269 
devitalization as eta e of, 8 0  
effect of B. acidophifus on, 275 
effect of 8. mutans on, 274, 2% 
enamel structure as factor in, 272, 282, 

299 
etiology of, 266 
fats and, 284 
fluorides, effect on incidence of, 260 
fluorides in pre-eruptive, 299 
fluorides and rate of deposit, 20 
fluorides in relation to, 290 
fluorine and, 256,282,288,289,292,299 
fluorine and solubility of hard tissues, 

heredity in relation to, 258 
inflammation in, 272 
leptothrix in, 275 
in molars, maxillary, 265 
in molars occlusion, 258 
mottled teeth and 286, 288, 296 
parasitic nature o/ ,  270 
plaques, bacterial in, 281 
plaques in, 256, 278, 299 
in rats, 266, 265, 267, 288 

289 
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rickets and, 281 
saliva flow mid, 279, 280, 281 
stages of, 270 
structure of, 268 
sugar and, 257, 264, 267, 278 
susceptibilit,y index, 257, 258, 259, 280, 

26 1 
theories, rhrmical-pitrasitic, of, 256 
‘theory, Reptic’, 269 
tissue softening in, 270 
vitamin C deficiency and, 80 
yeast and, 275 

~-apo-2-caroterial, 185 
p-apo- I-carotennl, 1% 
Caroteriase, 163 
Carotene 

absorption spectrum of, 186 
activity and vitamin A,  161,163,163,188 
and antimony trichloride, 162 
in blood, 198 
in butter, 197 
in cabbage, 159, 197 
in carrots, 197 
chemistry of, 163-167 
in colostrum, 194-195 
conversion to vitamin A, 162 I!& 205 
in dairy products, 194 
in diet supplements of, 20 
diffusion constants of, 17’2 
tlistributiori of, i i i  plants, 1l.i 
effectiveness for man, 204 
egg yolk, 197 
excretion of, 204 
in farin products, 194 
:tiid fat syntheses, 7 
in gastro-intestinal caricer, 328 
i n  green leaves, 159 
in greeii plant leaves, 1% 
in green seaweeds, 159 
growth effect of, 161 
intestinal absorption of ,  
in liver, 197 
in liver oil, 197 
in milk, 197 
in palm oil, 197 
in root crops, 197 
separation from vitrtrnin .i. 19.1 
in  spinach, 197 
in tomato, 197 
i n  treatment of derniatitis, 21 
in vegetables, 159, 194 
vitamin diet and, 81 
in  whole wheat, 197 

formula of, 164 
properties of, 163, 165 
vitamin A activity of, 165, 177, 194 

degradation of, 184-186 
effect of, on other vitamiris. 194 

Cu-Caro tme 

8-Carotene 

properties of, 163, 1G4, 165, 173 
vitamin .4 activity of, 164-165, 188 

8-Carotene oxide 
formula of, 164 
properties of, I65 
vitamin A activity of,  ItiS 

:wt,ivity o f ,  165 
prnprrties of ,  l(i3, Iti4, l(i5 

biological activity of, lfj0-161, 202 
properties of, 161, 165 

p-aminobenzoic acid in, 239 
carotene in .  163-197 

>IS aiitic:wciiiogen, 344 
and B vitamins, 0 
clioline action on, 6 
protection against p-dimethylamino- 

azobenzene, 332 
in treatment of dermatitis, 22 

effect of, on breeding season, 376 
effect oii plumage, 371, 395 
inhibitioli o f  color of beak, 371 
acid phoap1i:rttlse lo\vered by, 3% 
:is trc:itinent for r:trcinomn, 351 

xt iv i ty  of liver of rat with  tunlor, 327 
p-aminobcnzoic acid, 244 

nction of p-:cniinobenzoic acid on, 233 

melanin pigment in, 217 

metabolism and vitamin B, 322 
metabolism and vitamin E, 31.5 
oxicla tion mechanisms, 13.2 
proliferat,ion and vitamin A, 309 
proliferntirm m r l  vitamin E, 145 

action of fluoride on caries froni, 268 
diet of, caries, 264, 266, 2!2J-2!)0 
vitamin F: content) of, germ, 1 l . i  

( lcrevisterol 
structure of, 438, 454, 455 

(’1iemico-piLr:isi tic* theory of  ciiric‘s, 268 

(!hic.kt.ii wrconia i l l o i i s~ .  :#)!) 
Chicks 

7 -0nro teiie 

( ‘:irotenoids 

(hrrotu 

Chseiil 

Castration 

( ‘:1t:1lnse 

(htecliolnsc 

Canities 

Cell 

(‘ereals 

23,276 

I-’-nitiiiiof)crrzr,ic. :rv i t l  :Irrtl r l l i tr i  t i o r i  o f .  

nndrogenized, :qq)carance of, 31%; 
asymmetry of gori:ids in, 365 
biotin in nutrition of, 33 
egg white injury in, nutrition, 63 
estimated minimal daily requiremerits 

tissue dysfunction of, in vitamin E 

215 

for vitamin c, 143 

deficiency, 122 
influence of, on antisterility action of ’ Chimyl alcohol, 167 

tocopherol, 145 3-Chlor-androstanone, 488 
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a-Chlorcholestane, 460 
Cholanic acid, 447 
Choleic acid, 428 
CholePtnne, 436. 
epi-Cholestane 447 
CholestaneS-o~-ethyl alcohol, 435 
a-Cholestanetriol, 435 
Cholestanol, 440, 447, 460, 452 
e i Cholestanol, 440, 450, 452 
bolestene, 435 
a-Cholestene dibromide, 447 
8-Cholestene dibromide, 435 
ciu-A~~Wholestene-3,4-dio~, 435 
Cholestene hydrochloride, 435, 447 
A4-Cholestene-7-ol, 433, 435, 436 
Cholestenone, 452,453 
Cholesterol 

ascorbic acid and metabolism of, 145 
inbod fa t , l4  
cr stafstructure of, 436, 447. 451, 462 
e&ct df choline on. 12 
fatty livers and, 3 ' 
feeding and,' 9 
formation and vitamin B complex, 14 
muscle metabolism and, 132 
synthesis of, 1, 12,13, 132 
vitamin E and metabolism of, 327 

s i Cholesterol, 447 
8holesterol methyl alcohol, 435 
Cholesteryl acetate, 436 
Cholesteryl bromide, 428, 429, 431, 432, 

433, 436, 450, 469 
crystal structure of, 436 
projection of electron density, 430 
structural formula of, 448 
unit cell dimensions of, 428, 431 

Cholesteryl chloride, 428, 432, 433, 4W 
structural formula of, 448 
unit cell dimensions of, 428 

Cholesteryl chloride hydrochloride 
Patterspn projection of, 449 

Cholesterylene 
crystal structure of, 435, 437 

Cholesteryl iodide, 429, 430, 431, 432, 
433, 448, 450, 459 

structural formula of, 448 
X-ray evidence, 451) 
X-ray study of, 431, 435, 458, 459 

as amphicarcinogen, 344 
casein and, 6 
cholesterol effects on, 12 
cirrliosis action on, 340 
dermatitis treatment with, 22 
in diet, 219 
p-dimethylaminoazobenzene and, 334, 

338 
effect of cholesterol on, 340 
effect on hepatomas, 307, 321 
fat formation and, 9 
fatty acids and, 12 
formation of, 333 

Choline 

hydrochloride and vitamin M de- 

hyperplasia of epithelium and, 330 
lesions of kidqey and, 338 
lipotropic action of, 11, 21 

ficiency, 91 

in liver, 6 
livers, fatty and, 3, 6, 11 
syntheses of fattv acids and. 4 
cumors of nervois system and, 321 
ulceration and, 321 
vitamin B com lex and, 12 
warts induced gy  methylcholanthrene 

in yeast, 6 
Chorio-allantoic membrane 

effect of estrone injection on, 388 
Chorionic hormone 

mixed epithelioma, 367 
pseudo-seminoma, 357 
in  testicular tumors, 357 

anti sterility activity of, 120 

vitamin E and synthesis of nuclear, 146 

adsorption, 38, 168 
value in vitamin A measurement, 168, 

and vitamin A in fish oils, 169 
and vitamin H, 38 

Cinobufagin 
structure of, 441, 442, 445, 440 
toad poison, 445 

Cinobufagone 
structure of, 442 

Clostridium felsineum 
effect of p-aminobentoic acid on 

Clupanodonic acid, 20 
Cocarboxylase 

in liver, 336 
pyruvic acid and, 317 
thiamin and, 317 
vitamin content and activity of, 337 
in yeast, 16 

and cure of fatty acid deficiencies, 19 
in cure of rickets, 156 
effect on o-aminoazotoluene hepa- 

effect on p-dimethylaminoazobenzene 

in hyperplastic gastric lesions, 324 
physiological properties of, 156 
vitamin A activity of, 1513, 167-168 

Coenzyme 1 (diphosphopyridine nu- 

action on hepatomas, 3u) 
action on Walker ra t  carcinosarcoma, 

content in liver, 320, 335, 336 
and niacin, 319-339 

and, 321 

Chromans 

Chromatin 

Chromatography 

169 

growth of, 239 

Cod liver oil 

tomas, 334 

tumor, 334 

cleotide) 

319 
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toxicity of p-dimethlaminoazobenzene 
on. 339 

vitamih content and activity of, 337 
Coenzyme 2 (triphosphopyridine nucleo- 

action on Walker ra t  carcinosarcoma, 

and niacin, 319 

biotin in, 31, 313 
legumes and, 30 
vitamin H and, 31 

Coenzymes 
relation to p-aminobenzoic acid, 233 

Colostr um 
carotene and vitamin A in, 194 
vitamin E in, 117 

Comb, 393 
capon, 

tide) 

319 

“Coenzyme R” 

characteristics of, 366 
effect of 

estrogenic substances on, 395 
progesterone on, 395 
testosterone esters on, 372, 383 

effect on growth by androgenic sub- 

growth, 370 
growth a8 method for assay of andro- 

histology of normal cock, 370 
restoration of, by androsterone, 37“ 

effect of estrone on testosterone 

effect of estrone on, 394 
growth depression by estrogens, 394 
shrinkage of, by estradiol bcnzoate, 

development of, by androgenic ex- 

stances, 371 

genic extracts, 376 

chick 

cock 
response, 403 

394 
cockerel 

development of, a t  hatching, 366 
effect of inunction on, 369 
growth, 365 

‘characteristic curve’ In, 376 

tracts, 368 

effect of 
androgen on, 369, 403 
androstanediol benzoate on. 369 
androsterone inunction on,‘ 369. 
estradiol on, 395 
estradiol benzoate on, 390, 393 
estrolie on, 395 
estrone benzoate on, 393 
light on, 376 
male hormone on, 370 
testosterone propionate on, 369, 

371 
methods for expressing, 377 

characteristics of, 366 
effect. of androsterone on, 367 

hen 

index, size of, 367 
inhibition of, by estrone, 393 
production by androst,erone, 371 
regression of, after testosterone 

propionate in androgenized males, 

in study of androgenic activity, 370 
volume measurement of, by water dis- 

Competitive vitamers 
on malignant growth, 342 
of vitamin K,  342 

Concanavalin 
p-nminobenzoic acid in, 239 

Cone vision 
iodopsin and, 202 
vitamin A and, 202 

Copper 
in achroniotrichia, 219 

Coprostane, 435, 447 
Coprosterol, 447 
Corn 

Cornea 

Coumarans, 120 
Coumarins, 120 
Cres ti ne 

369 

placement, 377 

and dental caries, 268 
vitamin E in oil of, 115, 284 

and vitamin A deficiency, 72, 74 

arginine and, 148 
loss from muscle in nutritional muscle 

of .muscle and creitinurea, 133, 146 
urinary, in nutritional muscle dys- 

Creatinine 
ratio to creatine in urine, in nutritional 

Cresol-tyrosinase system 
p-aminof;enzoic acid in, 230, 232, 233 

Critique of the etiology of dental caries, 
255-304 

Crop gland 

Croton aldehyde, 14, 15 
Crystal structure, classification of, 431- 

Crystal structure of 
aretylcinobufagin, 442 
androstane-3(@)-ol-l7-one, 438 
androsterone, 438 
bromo-m thoxy-estrone, 438 
bufapin, 142 
calciferol, 435 
calciferol-pyrocalciferol, 435 
cerevisterol I, 435 
3-chlor-androstanone, 438 
cholestane, 435 
cholestane-6-01-ethyl alcohol, 435 
a-cholestanetriol 11,435 
cholestsnol 2.H20, 436 
cholestone, 435 

dystrophy, 133 

troy:hy, 133 

muscle dystrophy, 133 

effect of prolactin and estrone, 392 

436 
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Crystal structure of, 6-cholestene dibro- 
mide, 435 

cholestene hydrochloride, 435,447 
cis-A6~~-cholestene-3.4-diol. 435 
A'-cholestene4-ol, 435 ' 

cholesterol, 435, 447 
cholesterol H20,  435 
cholesterol-methyl alcohol, 435 
cholesteryl acetate, 435 
choleateryl bromide, 435 
cholesteryl iodide B, 435 
of cholesterylene, 435 
cinebufagin, 442 
cinebufagone, 442 
coprostane, 435 
coprosterol, 447 
dianhydro-gitoxigenin, 442 
dibromo-cholesteryl bromide, 435 
dibromo-cholesteryl chloride, 435 
dicholesteryl ether, 435 
digitoxigenin, 442 
digoxigenin, 442 
di oxigenin lactone, 442 
~-~ihydrofucosterol, 435 
equiline, 438 
8-ergostadienetriol I, 435 
a-ergostenol, 435 
ergosterol, 435 
ergosterol acetate nirtleic anhydride 

adduct I, 435 
estriol, 438 
estrone, 435,438 
gitoxigenin, 442 
ostreasterol, 435 
pregnane, 438 
a-progesterone, 438 
pyrocalciferol, 435 
7-sitoeterol, 435 
or-spinasterol acetate, 435 
8-spinasterol H20, 435 
strophanthidin, 442, 445 
suprasterol 11, 435 

syntheses of vitamin A from, 181 
fl-CyclociLral 

Cyclobutadiene 61 
trans - 1,2 - dyclobutane - bis - (tri- 

Cystine 
methyl-ammonium)-hydroxide, Gl 

amphicarcinogen as, 344 
biotin and, 37 
in diet supplements, 20 
effect on p-dimethylamisoaobenzene, 

in epithelial hyperplasia, 330 
and hepatoma formation, 340 

Cytochrome 
effect on p -  henylenediamine, 338 

Cytochrome 8 
in hepatomas, 338 
riboflavin in, 315 

Cytochrome oxidase 
in hepatomas, 338 

334,340 

inhibition by dimethyl-p-phenylene- 

inhibition by p-phenylenediamine, 339 
Cytopenia, nutritional, 91-100 

and p-aminobenzoic acid, 91 
and ascorbic acid, 91, 93 
and bone marrow, 95 
and calcium pantothenate, 91 
and choline, 91 
and diet, 93 
diseases in, 97 
and inositol, 91 
and niacin, 91, 93 
preventive factor in, 96 
and pyridoxin, 91 
and riboflavin, 91, 93 
and thiamin chloride, 91 
and vitamin A, 91, 97 
and vitamin D, 91 
and vitamin M, 91-100 

diamine, 339 

D 
Dark adaptation 

Decalci fica%on 

Deciduomata 

Deficiency disease . 

and vita in A tests, 201, 203 

of dentin, 269, 270 
of enamel with acid, 282 

vitamin A deficiency in, 326 
vitamin E deficiency in, 326 

leucopenia and aneniia and, 92 
macrocytic anemia and, 02 
nutritional cyclopenia and, 98 
vitamin M deficiency and, 92 

Dehydroandros teronc 
activity of, 366, 351 
description of, 362 
feminizing and masculinizing effects 

injection of in capon, 374 
cis-Dehydrortndrosterone, 364,380 
trans-Dehydroandrosterone 

activity of, 380, 381 
characteristics of, 363, 3G4 
effect of, on comb growth, 376 
saddle hackle regeneration, 374 

of, 36G 

Denticola, 269 
Dentine, 255 
Dermatitis 

Desoxycholic acid 

Desthiobiotin 

Desthiodiaminocarboxylic acid, 56-59 
Detoxication 

biotin deficiency and, 35 
fatty acids m d ,  21 

or-tocopherol combined with, 134 

biotin and, 55, 59, 62 
from biotin methyl ester, 56 

and p-aminobenzoic acid, 215 
of carcinogens, 327 
of hepatomas, 340 
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mechanisms, 344 
by vitamin I<, 327 

with fat synthescs, 6 
in yeast, I3 

Diaininocnrboaylic acids 
biotin and, 46-.k8, 50-51, 53-64, 62 
cyclic urea of, 13 
derivation, 66 
sulfate of, from biotin, 47, 60 
triatnine of, 50 

sntl biotin, 46, 53 
sulfone of, 47 

activity of, 60 
from biotin, 55 
and plienanthrencquinone, 53 
quinoxalirie derivative of, 57 

in monkey, 97 
vitamin A deficiency and, 72, 73, 74 
vitamin PIiI dcficicncy and, 53 

absence of cholcstcrol on, 140 
rhcck against, 120 
and diet, 123 
effect of @-tocopherol i n  I)rotecting, 120 
cxudntive, 120 
symptoms, 130 
as symptom for estimating ascorhie 

acid requirements, 143 
in vitamin E deficiency, 122,137 

Diazomc thane, 4244  
biotin and, 3,2 

IX benzan thracene 
action on hepatic vitamin A stores, 

ascorbic acid, 310 
similarity between estradiol and, 358 
similarity between, estrogenic sub- 

similarity between estrone and, 358 
and vitamin A, 310-311 
and vitamin D, 310 

IXbenzoquinoxalinc, 57 
Uibromocholesteryl bromide, 435 
Dibromocholcsteryl choloride, 435, 451, 

452 
2,6-Dichlorphcnolindophenol for as- 

corbic acid assay, 332 
Dicholesteryl ether, 435, 451 
Diethyls tilbestrol 

activity of, 386, 380 
antagonistic effect of, 403 
effect in feminization of gonads, 389 
effect of, on oviduct of immature fowl, 

effect of, on plumage, 399 
formula of, 387 

Dcut,eriuin 

1Aarninocarbosysulfonic acids 

l)i:tniinopelargoiric wid ,  56, 58 
Ihni ino  tetrahytlrothiophenc 

l.)ianhydro-gitosi~enin, 441, 442, 444 
1)iarrhea 

1)isthesis 

310 

stances and, 358 

391 

Diets 
caries-producing, 267 
and development of neoplastic tissues, 

306 
niacin in, 318 
rancidity of synthetic, 140 
relatioil of vitamins in, to malignant 

growth, 305 
teeth and, 293 
thidniiiie in, 317 

Digitalis, 4/11 
Digitonigenin, 441, .1&2, 44-1 
Digitosigenin, 441, 442, 443, 444 
nihydrocalciferol, 454, 455, 456 
Dihydrocrocetin methyl ester, 174 
B-Dihydrofucosterol, 435, 454, 455 
I)ihydrociuinoxalinc 

action on, 53 
biotin in, 52 
derivative of, 54 

Dihydrotcstosterone 
activity of, 362, 380, 381 
structural formula of, 3G3 

Dihydro-vitamin-A, 180 
4,4-Dihydroxy-a ,P-diethylstilbene, 386, 

3x7 
4,4’ - Diliydroay - y ,6  - diphenyl - ? I  - 

hesane, 387 
p-Diinethylaminoazobeiize~ie tumors, 305, 

318, 3N, 321, 322, 323, 326, 332, 333, 
:I43 

bio& and, 36, 313, 340 
as carcinogenic agent, 331 
casein and, 332 
cirrhosis produced by, 334 
coenzyme 1 and, 339 
composition of, 336 
effect 

of anaerobic glycolysis on, 337 
of biotin on, 313, 332 
of casein on, 333 
of eholine on, 334 
of cod livcr oil on, 334 
of cystine on 334, 340 
of enzyme activity, 338 
on liver, 320, 332 
of riboflavin on, 332, 335 
on tumor respiration, 337 
of vitamin A on, 334 
of vitamin D on, 331 
of vitamin E on, 334 
of wheat germ on, 334 
of yeast on, 332 . 

hepatic vitamin A and, 310 
metabolism of, 305, 338 
ribofl:tvin content of, 310 
riboflavin excretion and, 335 

p-Dimethylaminobenzaldchyde, 240 
Dimcthyl-p-phenylenediamine 

and p-dimethylaminoazobenzene, 338 
toxicity to carboxylase, 339 
santhine osidase, 339 
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Diphtheria bacillus 

DEotin in nutrition of, 33 

pimelic acid essential nutrient of, 37 

fat in livers of, 2 
tissue dysfunction of, 122 
vitamin E deficiency in, 122 

activity of p-aminobenzoic acid, 231 
oxidaae reaction of hair, 219 

absorption of, by p-aminobenzoic acid, 

requirement of, for vitamin E, 143 
tissue dysfunction in vitamin E de- 

ficiency, 122 
Dysentery, 91,101 
Dystrophy (see also muscle dystrophy) 

in  guinea pigs and rabbits, 130 
as symptoms for estimating vitamin E 

Dopa 

Dorno rays 8 

Duck 
216 . 

needs, 143 

B 

growth of, in caponized chicks, 370 

a7bumen and anticarcinogenicity, 344 
albumen and vitamin M content, 73 
p-aminobenzoic acid in, 242, 243 
shell-less, produced by injected 

white 

injury fracture in, 30, 31, 63 
and symmetrical aciiromotrichia, 218 

qbiotin in, 66 
biotin methpl ester in, 37, 38, 66 
carotene content of, 197 
vitamin A in, 197 
vitamin E in. 116 

Ear lobes 

Eg 

estrone, 390 

biotin and 34, 36 
diet for c$icks, 32 

E gyolk 

Ehrlich mouse'carcinoma 

ascorbic acid on, 323 
thiamin 'on. 318 

effect of 

vitamin A on, 312 
vitamin D on. 325 
wheat germ o h  on, 320 

biotin in. tissues. 36. 314 

Elaidin, 20,22 
Embryo 

effect of androsterone on, 365 
effect of estrone on, growth, 389 
estrogenization of, 389 
resorption, in vitamin E deficiency, 122 

action of weak acids on, 283 
caries in, 268, 282 
chemical composition of, 282 

Enamel, tooth 

decalcification by acids, 283 
destruction of, 270 
dissolution of, 255 
fluorine in, 285, 288 
hardness of, 283 
microorganism on, 270 
radiopacity changes in, 283 
structure and dental caries, 281-285, 

effect on diet on develo mont of, 123 
effect of fatty diet on &velopment of, 

and exudative diathesis, diet relation- 

nutritional, 122,126,135 
nutritional, in chicks on E deficient 

299 
Encephalomalacia 

139 

ship to, 140 

diet. 137 
s y m p t o b o f ,  139,143 

dysfunction and vitamin 
Endocrine 

123.3% 
E deficiency, 

dysfunction of, glands, la8 
effect of p-aminobenzoic acid on, im- 

effect of vitamins on cancer of, glands, 
balance, 225 

345 
growth of tumors in, glands, 353 
study in relation to malignancy, 353 

Enzvme ~~~~ 

ac*tivity in p-dimethylaminoazoben- 
zene, 338 

ascorbic acid and, action, 322 
biotin liberation in, digestion, 32 
carboxylase pre aration of, 339 
effect of pantottenic acid on, system, 

819 
effectof vitamins on, activity, 345 
in hepatomas 336 
inactivation by p-aminobenzoic acid, 

215,228,229,230 
in livere, 336 
toxicity of p-phenylenediamine to, 339 
tumors and, systems, 327 

Epididymis 
a-tocopherol in, 117 

Epithelial hyperplasia 
choline in, 330 
cystine in, 330 
pyridoxin deficiency in, 320 
riboflavin in, 330 
rice diet and, 331 
scarlet red in, 331 
vitamin A deficiency in, 199-309 and 

metoplaaia in vitamin A deficiency, 190 

absence of production by estrone, 354 
chorionic hormone in, 357 
effect of estrone on production of, 364 
effect of vitamin A on treatment of, 312 

xerophthalmia, 200 
Epithelial mucosa 

Epithelioma 



Equiline, 385,436,438 
E uilinin, 385 
B-%rgostadienetriol, 435 
a-Ergostenol, 435, 436 
Ergosterol 

administration of irradiated, 77-76; 
crystal structnre of, 435. 447. 457 
treatment with irradiated, 75 

Ergosterol-I&O, 435, 436, 450, 452, 454, 
455.456 

Ergosteryl acetate, 438,451 
Ergotetraenc, 452, 453 
Erythema rays 

216 
ICry throplingocytosis 

chick, 138 
Escherichin coli 

244, 245 

testinal. 221 

tilter action Ly p-aminobenxoic acid. 

produced by ferric chloride in diet of 

p-arninobenzoic acid in cultures of, 

effect of p-aminobenzoic acid on in- 

benzoate 
Estradiol 

effect on cock's comb, 390,393,394 
etrect compared with estrone, 389 
effect in decreasing response to 

effect i n  feminization of gonads, 

effect on oviduct growth, 392 
effect on plumage feminization, 

effect on sex receptivity, 390 
effect on testis, 393, 397 
hypertrophy of oviduct by, 392 
RS inhibilor of cstradiol benzoate, 

injection of, to produce 'pituitary 

intersexual genetic males produced 

testosterone, 403 

389 

400 

. effect on feathers, 401 

403 

dwarf' fowls, 393 

by, 389 
dincetate, 400 
dibenzoate, 400 

effect on brea.st feathers, 401 
effect on conih growth, 395 
effect compared with estrone, 386 
effect of feather bar, 400 
effect on testis, 304 

formula of, 387 
isolation of, from ovary, 385 
occurrence, 385 
preparat,ion from estrone, 385 
structure similar to carcinogens, 358 

a-l'stradiol, 385, 386 
8-E:stradiol, 385, 386 
Estrntrienr, 387 
L'stratriene-3,17-diol, 387 
Estratriene-3-ol-17-one, 387 
Estratriene-3,16,17-triol, 387 

Estrin 
tumors produocd by, 31 1 

activity of, 386 
Estriol, 437 

activity compared to estrone, 386 
effect of genetic males, 389 
formula of, 387,136, 438,440 
as inhibitor of androsterone, 403 
isolation from urine of pregnant 

osidrttion by tyrosinose, 2%) 

activity ag:tiii.t. aiidrogenic extracts, 

~rctivi ty of frans-rtiidrosteiicdi~l, 373 
activity of diethylstilbost.ro1, ,386 
activity of cstronc, 358 
activity of hexestrol, 386 
effect of, extract of placenta 011 ovi- 

hypertrophy of oviduct by extract, 392 
stimulation of breast feather response, 

substances 

women, 385 

Estrogenic 

40'3 

duct, 392 

398 

effect of, 385-403 
effect on atrophic capoil comb, 395 
effect on embryo, 388, 390 
effect on females, 390-393 
effect on intact males, 392-395 
synthetic, 385 

treatment, 394 

effect of, on testis, 397 
reversion after treatment of embryo, 

389,390 

antagonistic action of, H)3 
assay of, 386, 400 

Estrogenization 

Estrogens 

effect of, 
androgens on birds, 361-408 
on beak color. 367. 390 
on bursa of Fabricius, 392 
on carcinomata, 354, 357 
on comb, 394 
estrogens on birds, 361-408 
on feather of cocks, 393, 395 
on feather growth, 393, 397, 398, 

on feminization of plumage, 395 
on oviduct, 392 
on reproductive organs, 361 
on secondary sex characteristics, 361 
time of incubation on activity, 388 

graphic formulae of, 387 
rrtchis stripe after administration of, 

relative activity of, 386 
response of vestigial Mullerion duct to, 

role in canter, 359 
sensitivity of breeds and species to, 399 
vitamin E and, 327 

399 

398 

392 



Tktronc, 387 
acetate, 400 
:ictivity of, 358, 38b 

compared with estriol, 386 
conipared with estradiol, 386 
coinpercd with cntratiiol benmitc ,  

Ijeiizo:ite, 892, -100 
crystal structure of, 4%. 48d, 438, A;%), 

diect oh ~ ( J I I ~ I J ,  ;%J3, A!M, :;!)5 

3S!, 

440 

(Jf :tllt~l'O~tCl'(11le : i l l < 1 ,  !vL 
on c:wcirioni:t IJE t)re:tst, 354 
on choi io-:iIltiiitoic incnibraiic, 3hh 
on ~ m l i i  yonir development, 380 
on feathers, 398, 400, 101 
( J I I  gonads, 392 
on saddle linckle, 390 
on testis, 393 

cApithe1iom:t production by, 354 
estradiol preparation from, 38.5 
gynecogenic activity of, 358 
as inhibitor of androgen, 403 
International Standard of, 386 
isolation from urine, 385 
mammary cancer induced by, 3% 
oxidation ' y tyrosinase, 228 
polymorphic forms of, 439 
prolactin and, 392 
prostate tissue sensitivity to, 350 
similarity between dibenzanthracenc 

and, 358 
similarity between csrcinogens aiitl, 

35s 
in treatment of genetic female fowl, 

3130 
Ethinyl estradiol, 385 
Ethinyl testosterone, 364 
Ethyl androstanediol, 380 
Eye, color of 

androgenic activity and, 370 

F 
Fat  

accumulation in liver, 12 
biotin and, 29-36 
body weight and, 11 
deposition, 3, 11 
effect of gastropapillomna on, 330 
growth and, 19 
iodine number of, 4 
metabolism of, 24, 29-36 
oxidation of dietary, 140, 141 
synthesis, 1, 2, 3, 9, 21 

from bacterial protein, 7 
and body weight, 11 
from carbohydrate, 2 
on fat deficient diets, 5,  20 
in mammalian eggs, 7 
from protein, 1-S 
role of pantothenic acid in, 3 
role of thiamin in, 4, 14, 17 
unsaturated fatty acids and, 23 

thiamin and metabolism of, 1, 3, 19 
transport of essential fatty aCid8, of, 21 
artocopherol in body, 117 
vilarniii h, in, 196, 309 
vitamin E and metabolism of, 1-17 
vitamin I3 stabilizing action on, 123, 

tlrsaturation df, 16 
rffect of clioliiie, 12 
essential, 1, 4,  19-23 
formation of, 15 
glycerides on, 17 
hepatic structures, 20 
req~iireinent, 22 
syntheses of, 4, 7, 14-17 
transformed from carbohydrates, 19 
unsaturated, damage of, to tissues, 141 

in cod liver oil, 131 
role in exudative diathesis, 139 

Fatty livers 
effect of B coniplex vitamins on, 13 

biotin, 9 
choline on, I I  

143 
P:i tty acids 

Feathers 
breast, etrect of testosterone and other 

androgens on like thyroid de- 
ficiency, 373 

of different regions, sensitivity of, to 
estrogens, 393 

effect of estradiol on, 401 
of estrogen on, 397 
of ovarian hormone on, 398 

estrogen effect on, 398 
estrone effect on, 398 
factor vitamin Blo and, 223 
response to estradiol injection, 401 

to estradiol benzoate, 401 
to estrone, 402 
estrogenic stimulation, 398 
to ovarian hormones, 395 

Fecundity, 125, 136 
Female 

genetic, 365 
sterility in, 107, 125-129 

Feminization 
of plumage by estrone benzoate, 400 
of males, after estrone injection, 388 

dose (M.F.D.) of tocopherol, 118 
effect of inositol on, 223 
effect of testicular hormone on, 370 

Petal resorption, 113, 141 
F'ibrpsi tis 

primary, effect of cu-t,ocopherol on 

Fertility 

primary, 132 
Fish liver oil 

vitamin A in, 161, 162, 167-172, 195 
Flavine adenine dinucleotide, 336,337 
Flavormotein. 315 
Fluorine 

in bones of fossils, 285, 286 
bone injury and, 295 
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caries and, 255,258,282,285, B), 291, 

anti-caries reaction to. 288 
effect on cnries incidcnre, 2b;o. 2t:i 
etiology Hiid, 296 
Coarse cereal, Rusreptibility t t )  

c.oricc.ntratiori und rtcicl pi'oclucti~~i) 

counts, L. acidopliilus, in, 2!)1 
decay and, 278,299 
density of, 294 
effect on enzyme activity, %M 
pnttmel associated with, 285 

milk in, 286 
niinimuin of, 290, 298 
mottled enamel and, 282, 290 
optimum and, 298 
osteosclerosis in, 294, 295 

l i t  incisors, &ect 011, 287 
saliva effect on, 279, 281 
season variations in, 296 
sodium fluoride, preposed to, 296 
tissues in, 285, 286 

dental hard, solubility tn, 289 
toxic effect, 298 . water, 285, 286, 1(30, W2, 295, B6, 

297,299 

achromotrichial action of, 3.5 
content of liver, 335, 336 
in diet, 222 
in graying of fur, 221 
intestinal synthesis of, 321, 345 
level in cancers, 321 
relation to malignant growth, 321 
resistauce to mammary carcinoma, 321 
as vitamin Bp, 223 
in yeast, 23 

Frog tadpoles 
dependence of pituitary gland of, on 

biotin in, 33 
Fucoxanthin, 162 
Fumaric dehydrogenaee 

riboflavin in, 315 
Fungi 

biotin, 33 
Furan. 158 

292,298 

368,289 

290 

content of, 388 
mottled and, 285, 291, 296, 2% 

. ox blood in, 286 
isteruptive action of, 2% 

Folic acid 

vitamin E, 116 
. Fruits 

G 
Gastric 

cancer and vitamin A. 305 
carcinoma, vitamin A; 330 
lesions, cod liver oil and, 321 

protein deprivation action on, 331 
vitamiu A deficiency and, 325 
whole wheat and, 330 

ptipillonias, vitamin -4 and, 330 
itlcers, thitirnin deficiency nnd, 330 

(: qtro-intestinal cancer 
.roteiic rind, 328 

itc1i:ttiv tlysfrinrtiori of. ;?Z% 
vit.iiinin .\ &nil, :3% 
vit:tniin H complex : L I I C I .  :r&j 

in  vitnniin clelicicnrics :rntl, :jz!i 

etrcct of hcated fat. in, 330 
effect of, in vitaniiri .i tlefirieiicy, 330 

(:astropspillomas 

Geronic acid, 187 
Gcnins, 441 
Gingivitis, 72-74 
Gitosigenin, 441, 442, 444, 445 
(iiczard 

122,135 
Wandular epi theliuiii 

Glycogen, 9,19,133 
Glycolysis, 31i 
Gonad (8) 

necrosis of ,  in vitrmirl E tleficiencJ-, 

lesions of stomach pylor i~,  331 

nssymetry of, 363, ;$88 
tlihrentintion, 365 
effect of estrone 011, rictivity of hypo- 

effect of 1ippert)rophy of, on plumage, 

effect of removal on plumage, 37.7 
regeneration in duck, 365 

activity of pituit.ary depresscti 1)s 
androstanediol benzo:t te, 360 

hormones, in testicrilar tuniors, ,357 
substances and testicrilar tllmOrH, 353, 

357 

relation to squamoiis cell wtcirioii1:is, 
330 

physectornized pigec 'IS, 392 

368 

%nadotrophic 

( ;ongyloncms neoplasticuin 

Granulopenic leucoper~i~i, (32 
Grass 

Gray hair 
carotene conknt. of, 163-1!)7 

effect of p-aminobenzoir :ii-itl 011. 21.5 
eqiiilin on, 219 
a-estradiol on, 210 
estriol on, 219 
stilbestrol on, 219 
testosterone on, 219 

melanin pigment in, 217 

hormone, 33 
inhibition by hormones, 359 

promotion by carotenoids, 161 

rato and vitamin A, 189, 191, 1 ~ 8  

Ascorbic acid a11eI: 7 
tissue dysfunction of, ill vitamiii I3 de- 

ficiency, 132 

Growth 

in vitamin E deficiency, 141, 142 

by cod liver oil, 156 

Guinea pig 
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Guppy 
effect of vitamin E on testis and 

striated musculature of, 116 
YuppresRion of testicular development, 

125 
tistme dysfunct,ion of, in vitamin E de- 

ficiency, 122 
(iynecogcnic effect 

of androsteronc, 365 
( +ynecogens 

effect of androsterone, 365 
effect of estrone, 358 
production of, by ovo-testis, 365 

H 
lIair 

effect of calcium pantothenate on color 

of egg .white diet, 30 
of peripheral nervous system on color 

of vi tamn B complex on'color of, 224 

vitamin A in intestines of, 168 
in liver of 167, 168 
in liver od of, 170, 171, 181 
in visceral oils of, 171, 187 

p-aminobenzoic acid and, 221 
inositol and, 221 
pantothenic acid and, 221 
tissue deficiency of, in vitainin E de- 

ficiency, 122 

p-aminobenzoic acid in, 241 
pantothenic acid in, 319 
poisons, 441-447 
a-tocopherol in, 117 

Hemolytic complement 
vitamin .A and, 199 

Hemorrhage 
in chick embryo, in vitamin E de- 

ficiency, 122 
diathesis and vitaniin K deficiency, 222 
in vitamin E deficiency, 122 
relation of vitamins E and K to, 144 

of, 223 

of, 224 . 

Halibut 

Hamster 

Heart 

Hemosiderin, 136 
Hepatic 

gastro-intestinal cnncer in  dysfunction 

svnthesis of fat in. 2, 20 
of, 328 

tbmora produced by' carcinogenic azo 

action of p-aminobenzic acid on, 321 
ascorbic acid in, 322 
biotin in, 314, 316, 337 
coenzyme 1 in, 320 
cytochrome C in, 338 
C oxidase in, 328 

effect of biotin on, 313 
of choline on, 321 
of pyridoxln on, 320 

dyes, 331 
hepatomas . 

of riboflavin on, 313, 316 
formation of.cystine, in, 340 
induced by szo-dyes, 307 

by choline, 307 
by p-dimethylaminonzobenzcrie, 315, 

320,320,340,343 
inouitol in, 321 
Drobein in. 308 
iiboflavin 'in, 308, 316, 328 
significance of vitamins in growth of, 

succinic oxidase. in, 340 
305,337,343 

. .  
thiamin in, 318 
vitamin contents significance of, 337 

wheat germ oil in, 326 

administration of, in carcinoma of 

characteristics of, 356,387 
effect on prostate, 356 

Hippocastmum, aesculue, 163 
Hippoglossus hippoglossus, 168, 169 
Hippoglossus vulgaris, 168 
Histamine, 139 
Hormomer, 341 

administration of, for growth inhibi- 
tion, 359 

p-aminobenzoic acid and, 215, 228 
in achromotrichia, 219 
in cancer, 353-359 
effect, of, on oviduct of immature fowl, 

exogenous, influence of, on developing 

gonadotrophic, 357 
and mammary tumors, 353, 358, 359 
of pituitary-gonad, effect of vitamin E 

feeding, 327 
synergistic relationship between E 

in formation and, 305 
incidence of, 313 

Hepaxanthin, 175 
Hexestrol, 358, 386 

breast, 357 

391 

bird embryo, 365 

and, 145 
in testicular tumors, 357 
treatment of prostatic cancer, 328 

activity of, cat,echoI, 231 
p-aminobenzoic acid and, 227 
antisterility activity of, 120 
dcrivation of tocopherols from, 144 
effect on hair color, 220 

Hydroquinones 

Hypercalcemia, 78 
Hyperplasia 

absence i n  oviducal mucoaa, 368 
oviduct, by e'strogenic extracts, 392 
and vitamin A deficiency, 309,310 

of calcified tissue in avitaminosis A, 

of oviduct, by estrogenic extracts, 392 

Hypertrophy 

202 

by estra.dio1 benzoate, 392 
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of thyroids influenced by p-amino- 

of Wolffian ducts 308 

in monkey, 75 

effect of activity .on plumage, 374 
of removal of, on testis, 396,397 

excretion of hormone after removal of 

gonad activity after estrone injection 

benzoic acid, 230 

Hypervi taminosis I!l 

Hypophysis 

seminoma, 367 

after removal. 392 
gonad activity after removal from 

hormone in testicular tumors. 357 
birds, 370, .394 

testicular maintenance after .removal 
from birds, 370, 394 

after estrogens injection, 392 
of dentin in vitamin A and C de- 

of enamel in vitamin A and D de- 

action of sulfonamide, 220 

effect of p-aminobenzoic acid on, 230 

I 

Hypoplasia 

ficiency, 284 

ficiency, 284 
Hypopro thrombinemia 

Hypothyroidism 

Indigo buntin 

387 
Inhibitols, 112 
Inositol, 23, 219, 223 

effect of anirogen on beak coloration, 

p-aminobenzoic acid in deficienoy of, 
220,223 

biotin and, 36 
in cancer tissue, 321 
effect on fertility, 223 

on hepatomas, 311 
on lactation, 223 
on sarcomas, 321 

fat syntheses, 0 
and fatty livers, 3 
formation of, 333 
as growth factor, 222 
lipotropic action of, 12 
in liver, 321;336,336 
aa procarcinogen, 344 
role of, in exudative diathesis, 139 
in vitamin M deficiency, 91 

Insulin, 229 
International Standard 

of androgen, 379 
of estrone, 386 
of tocopherol, 119 
of vitamin A, 181 
of vitamin E, 113, 114 

Intemexes, 388, 389 
Intersexuality, 305, 389 
Intestine 

aborption of oarotene, 204 

of vitamin A, 204 

of biotin, 345 
of folic acid, 321, 345 
of vitamin K, 327, 346 

treated diet, 138 

synthesis, 34 

ulceration of, on ferric-chloride- 

androsterone compounds, 381 
effect of androsterone on comb, 369,381 

Inunction 

of testosterone on comb, 378 
Iodopsin , 202 
&Ionone ring, 186, 173, 180 
8-Ionylidencacetaldehyde, 180 
Iron, 219 
Isoandrosterone 

activity of, 380,381 
description of, 382, 383 

K 
Kangaroo 

vitamin E deficiency in, In 
Keto-testosterone, 384 
Kidney 

calcification of, 78 
formation of calculi in, 202 
lesions and choline, 338 

pantothenic acid in, 319 
tocopherol, 117 

Kryptoxanthin, 185 

Lactate 

Lactation 

of, in vitamin E deficiency, 123 

L 

blood, in thiamin deficiency, 17 

and p-aminobenzoic acid, 216 
effect of inositol on, 223 
paralysis and vitamin E, 10s 

in biotin m a y ,  32 
effect of p-aminobensoic acid on, 239 
in microbiological w a y ,  241 

Lactobacillus casei, 32, 37 
Lard 

in cure of fatty acid deficiency, 19 
effect on caries, 284 

Larocaine salicylate, 217 
Lecithin, 333 
Leptothrix, 209 
Leucopenia 

Lactobacillus arabinosus 

and anemia, 92,94 
liver in diet, 95 
reticulocyte crisis in, 96 
and vitamin B deficiency, 102 
vitamin M end, 100 

ascorbic acid of white cells in, 323 
metabolism of thiamine in, 318 
platelets in, 329 
pyrimidine in, 329 
thiamin in, 329 

Leukemia 
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Leukocytes 

Leukosis-PI534 

Life caries index, 259 
Light 

Linoleic acid 

thiamin content of, 329 
vitamin A deficiency and, 72, 74 

ascorbic acid content in, 323 

influence on carotene synthesis, 159 
on comb responae, 376 

choline and, 21. 
in cure of dermatitis, 22 
eaaentiality of, 19, 20 
in lant oh, 17 

essential fatty acid content of; 20 
formation, 16, 132 
relation of tocopherols to metabolism 

of, 148 
syntheses of, 2 
vitamins in formation of, 1 

action on liver, 13 
biotin and, 36 
effect of fat, 3-4 
role of, in exudative diatbesis, 139 

Lipogenesia, 1, 2 
Lipotropic action 

choline and, 11, 21 
in fatty liver, 12 
of linoleic acid, 21 
and vitamin B complex, 6 

and dark adaptation, 201 

activity of, 19 
amino acid oxidase in, 336 
anaerobic gl colysis in, 336 
ascorbic aciJin, 310, 336 336, 337 
biotin and, 31, 42, 66, 313, 337 . 

Lip& 

Lipocaic 

Lithiasis 

Liver 

crystallized from, 41 
in, 33, 336, 336 
fat mfiltrat~on and, 36 
methyl ester from, 31 

cancer growth in, 312 
carotene in, 197 
cathepsins of vitamin K in, 327 
cholesterol in, 13 
cocarboxy~ase in, 336 
coenzyme 1 in, 320, 335, 336 
effect of aminoaaotohene on, 310, 

of aminossotoluene on tumor of, 
331 

of p-dimethylaminoaaobenzene, 332, 
336,337 

of p-dimethylaminoasobensene, on 
tumor of, 318 

of p-dimethylaminoaaobenaene, on 
induced cancem, 332 

of eodium auccinate on, 338 
fat in animals, 2 
fatty acid composition, 20 

340 

acid synthesis, 2 
livers and choline content, 6 
livera and thiamin content, 6 

flavine-adenine in 336 
flavine-dinucleotide in, 336 
folic acid in, 335, 336 
inositol in, 335, 336 
iodine number of fats in, 5 
lipocaic action in, 12 
niacin in, 336 
oxygen consumption of, 336 
pantothenic acid in, 319, 335, 336 
phen lenediamine in, 338 
pyrictoxin in, 335, 338 
pyruvate oxidation in, 35 
reticulo-endothelial cells in, 198 
riboflavin in, 335, 336 

in rat, 315, 316 
and tumor of, 315, 310 

thiamin in, 335, 336 
tocooherol in rat. 318 

storage in, 117; 118 
vitamin A in, 197, 309, 310, 335, 336 
vitamin D in, 310 
vitamins in;3 
xanthene-oxidase activity of, 317 

Luciferin-luciferase system 
p-aminobenaoic acid abtion on, 231 

Lumisterol 
structure of, 454, 455 

Lupinus albw 
p-aminobenaoic acid effect on, 239 

Lutain 
properties of, 165 
vitamin A activity of, 165 - .  

Lycopiine 

Lymphatics 

Lymph nojee 
pha ocytic cells in, 136 

Lympfoblastomata, 138 

Lymphopenia, 94 
Lysine 

properties of 165 
and vitamin A, 162,166,188 

and pha ocyte migration, 135 

effect on vitamin E on, 328 

effect on edema, 

M 
Mackerel, 167 
Macrocytic anemia, 92, 94 
Malaria 

Males 

activity of p-aminobenaoic acid 
against , 236 

as ermatic, 390 
e&ct of androgens on, 368 
feminization of estrogeniaed, 390 
genetic, 365,166,390 
sterility in, 107, 124 
susceptibility of, to muscular dye- 

trophy, 144 
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Malignant 
growth, competitive vitamers in, 342 

detoxification in, 344 
endocrinology as clue to, 353 
pyridoxin in, 320 
relation of diet to, 339 

of folic acid to, 320 
of vitamins to, 305, 306, 309, 325, 

327,339 344 
of vitamin b to, 32.4 

neoplaam metabolism, 322 
sarcomas influenced by wheat germ 

oil, 326 

syntheses in rowth of, 345 
vitamin A de8ciency in, 310 
vitamin E deficiency in, 3% 

p-aminobenzoic acid in, 243 

fat synthesis in, 7 

in achromotrichia, 219 

action of p-aminobenzoic acid on tox- 

Malignant tissues 

Malt 

Mammalian eggs 

Manganese 

Mapharaen 

Measles, 200 
Melanin, 217, 218, 219, 232 
Melanoma 

Meningococcus, 235 
Menstruation 

Metabolism 

icity of, 228 

vitamin A content of, in horae, 309 

vitamin A deficiency and, 72, 74, 75 

of carbohydrates, 24 
of p-dimethylaminoaaobenzene, a, 

338,339 
of fats, 24 
in hepatomas, 336 
in livens, 336 
of proteina, 24 
during tumor formation, 305 
of tumor tissue, 317 
vitamin A and, 330 
vitamin E and, 124, 325 
of vitamins in cancer, 305 
a-methyl adipic acid, 57 
a-methyltetrahydrothiophene, 61 

hepatomaa induced by, 320 
Me thylaminoazobenzene 

Methyl androstanediol, 380 
Methyl androstenediol, 380 
Methyl cholanthrene 

by, 321 

action of, on vitamin A, 310 
choline in tumors and warta induced 

influence of sscorbic acid on, 316, 218 
of riboflavin on, 316 
of thiamin on, 316, 318 

tumor irkduced by, 318 
vitamin E diet and, 326 

Methyl dihydroteatdsterone, 385,380 
Methyl furan, I68 

Methyl linoleate, 20 
Microbiological away 

of p-aminobenzoic acid, 215, 241 
of biotin, 32 
lactobacillus arabinosis in. 241 
neurospora craasa and, 241 

Milk 
aminobenzoic acid in, 24'3 

giotin in, 31, 33 
carotene in 197 
crystalline biotin from, 41 
fluorine in, 286 
mammary cancer transmission 

vitamin A in, 198-197 

effect on vitamin absorption, 201 

avidin absorption of, 342 
and biotin, 342 
in yeaat growth, 342 

p-sminobenzoic acid in, 243 

ascorbic acid requirement of, 79 
beriberi in, 88, 88 
biotin in nutrition of, 33 
calcium deficiency in, 77, 79 
diarrhea in, 97 
hemorrhage in, 79 
hypervitaminosis, in, 75 
macacus cylopsis, 81 
macacus sinicus, 96, 97 
macacus sylvanus, 87 
oeteomalacia in, 75 
pellagra in, 88 
rickets in, 75 
scurvy in, 79 
tuberculosis in, 76 
vitamin A deficiency in, 74 

Mottled enamel 
and carries, 286, 288 
fluorine in, 282,285,290,291,296,297 
incidence of, 296 
in rat molars, 297 

tissue dysfunction of, in vitamin E 
deficiency, I22 

after estrogenization, 390 
persistence of abnormal, 390 

vestigial, response to estrogens, 392 

p-aminobenzoic acid in, 244 
dystrophy 

through, 358 

Mineral oil 

Miotin 

Molasses 

Monkey 

Mouse 

Mffllerian duct 

of, after injecting estradiol ben- 
zoate, 389 

Muscle 

attacks and curves of, 136 
chronic. 125 
creatine loss in, 133 
in hamster, 133 
nutritional, 107,109,128,129 

in lack of vitamin E, 108 
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Muscle, dystrophy, n u t ~ i  tional, litera- 
ture on, 130 
minimal daily requirement, for 

oxidative functions in, 134, 147 
production of, by cod liver and other 

of, by cod liver oil in herbivorous 

by low fat diet, 141, 142 
susceptibiIity of male to, 144 
aa sym tom for estimating minimal 

daiyy requirement for vitamin 
E, 143 

vitamin E deficiency in, 124, 199 

preventing, 120 

fish oils, 131 

animals, 123 

fibre disintegration, 132 
glycogen level of, 133 
lesions of, 123, 130, 131 
metabolic function of, 133 
pantothenic acid in, 319 
riboflavin in, 315 
tocopherol in, 110,117 
vitamin 4 in, 309 
vitamin E and, 123, 135, 136 
vitamin M in, 100 

gizzard, dystrophy in 130 
response to vitamin h depletion, 123 

involuntary, lesions of, .135 
ekeletal, response to vitamin E deple- 

striated, dystrophy in, 130 
tocopherol storage in, 118 

dystrophic, discoloration of, 136 
metabolic needa of, for vitamin E, 123 

p-aminobensoic acid in, 239 

action of p-aminobnzoio acid on, 211, 
233 

oxidized with, 228,229 

clinical, 132 

Musculature 

tion, 123 

Musculature, striated 

Mushrooms 

Muahroom tyrosinase 

Myopathy, 128, 132 

Myristin, 18 
Myxoxanthin, 186 

N 
8-Naphthoate, 171, 172 

properties of, 172 
of vitamin A, 171 

Necrosis 
secorbic acid in, 323 
degenerative, 135 
of izzard in vitamin E deficiency, 138 

Neopfasms, 323,343 
biotin and, 36 314 
effect of ascorbic acid on, 323 

of diet on, 306 
of vitamin deficiency on, 308,343 

Neuropathy, 128, 132 

Neurospora c r w a  
effect of p-aminobensoic acid on 

in microbiological assay, 241 

p-aminobensoic acid in, 228 

analogues of 342 
ascorbic acid and, Yo 
black tongue and, deficiency, 89 
choline and, 8 
coenqyme functions of, 17 
deficiency in monkey, 102 
in diet, 93, 96, 318, 321 
in diphosphoDyridine-nucleotide, 319, 

effect on fat formation, 9 

factor. 23 
and fatty livers, 13 
formation of, 333 
in livers, 336, 339 
in mammary cancer, 316 
pellagra and, 89, 90 
in tnphosphdpyridine-nucleotide, 319 
in tumor tissue, 320, 339 
and vitamin K 342 
and vitamin d deficiency, 91 

action on benzopyrene akin tumor, 319 
on Walker carcinosarcoma of rat, 

Qrowth of, 239 

Neurosyphilis 

Neutropenia, 94 
Niacin 

339 

on keratinization of cancer, 319 
on oral cavity carcinomas, 319 

Niacinamide 

319 
Nicotinic acid\ (see niacin) 
Night blindness 

and retinal ro 
and vitamin A eficiency, 74, 200 
vitamin A treatment for, XIO 

Ninhydrin, 43 
p-Nitrobencoic acid 

p-aminobenzoic acid displaced by, 231 
Nuclear chroniatin, 146 
Nucleoprotein 

arginine in, 146 
function of xanthinwxidaae, in metab- 

metabolism and cancer susceptibility, 

di;rm 

olism of, 317 

317 

0 
Odontoma 

vitamin A deficiency in, 311 - .  
Oleyl alcohol 

vitamin A activity of. 187 - .  
Osteomalacia 

in rimates, 77 
a n i  ricketa in captivity, 71, 78 

Osteosclerosie 

Otitis media, 199 
fluorine in, 294-296 
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Ovarian cortex, 368 

Ovarian hormone 

stimulation by androeteroue uiid dehy- 

action in detcmiination of feathering, 

response of feathcrs to, 395 

absence of effect on plumage, 398 
effect of, on comb, 366 

dromdrosterone, 366 

398 

Ovariec tomy 

on display plumage, 395 
of estrogens on female after, 367 
of testosterone on plumage after, 368 

dysfunction of, 127 
effect of androgenic substance on, 368 

after estrogcnization, 390 
a-estradiol in, 385 
phagocytic cells in, 136 
weight after testosterone injection, 368 

effect of androgenic substances on, 368 
of hormones on, of immature fowl, 

enlargement of, by androgens and PS- 
trogens, 392 

of, after injection of androgens, 368 
in genetic male. 366 

Ovary 

of removal on plumage, 3157 

Oviduct 

391 

growth after eatradio1 benzoate injec- 

hypertrophy of, by estrogenic extracts, 
tion, 392 

392 b 

hype,rdasia of, by estrogenic extracts, 
392 

incompletely developed, in pullets 
from eggs injected with eetrone, 
390 

persistence of, after estrogenization of 
embryo, 389 

Ovotestis, 365 
after estrogenization, 390 
in intersexes, after injection of estrone, 

388 
Oxidase system 

action of p-phenylenediamine on, 338 
action of succinic acid on, 338 

Oxidation-reduc tion 
aacorbic acid, 322 
effect of p-phenylenediamine, 338 

and vitamin E, 147 
and vitamin K, 327 

formulae of, 164 
properties of, 165 
vitamin A activity of, 165 

of succinic acid on, 338 

Oxycarotenes 

P 
PABA (see p-aminobenzoic acid) 
Palmitic acid,-8,-14, 22, 434 

Pancreas 

Pniit,othenic acid (see also Calciuiu pan - 
Ltiotilz in, 33 

tothenate) 
action on fat synthesis, 17 
:inalogues of, 342 
with biotin, 13 
choline and, 22 
content of heart, 319 

of kidney, 319 
of liver, 319, 335, 336 

in cure of dermatitis, 22 
deficiencies of, 5 
in diet, 219 
in doses, 224 
effect of B vitamins on, 6 

on fat formation, 9 
on fat syntheses, 3 
on mammary growth rate, 319 
on respiration rate, 318 
on sarcomas, 319 
on tumors, 319 
on yeast, 318 

factor, 23 
function on enzyme 8ystem, 319 
in human cancer, 319 
in lung tissues, 319 
in  mouse cancer, 319 
in muscle tissues, 319 
nutritional achromotrichia and, 221 

in ra t  cancer, 319 
in spleen tissues, 319 
in transplanted mammary cancer, 

and vitamin K,  343 
yeast growth stimulated by, 30 

Papillomatosis, 310, 321 
Paralysis 

lactation and vitamin E, 108 
in rats induced by low fat diets, 141 
recovery from, 141 
as symptom for estimating vitamin E 

need, 143 
Parathyroid, 77 
Parturition, 126 
Peanuts 

Pellagra 

Penicillic acid 

Penicillin 

depigmentation and, 218 

316 

source of choline, 6 

egg white in 34 
monkeys and, 71, 88, 89, 90 

effect of p-aminobenzoic acid on activ- 

as bacteriostatic a ent, 345 
potentiation of, t y  p-aminobenroic 

synthesis of, 175-177 

ity of, 231 

acid, 231 
Perhydrovitamin A 

Peridontoclasia, 259 
Perosis, 35 
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Pheiiaiithrenequinpne, 52, 53 
Phenol 

Phenolasc 

233 
p .  l’hcnylenerlitiiiiinc 

antistcrility iictivity of, 120 

wlation of p-aniinohenzoic ricid to, 232, 

nrtion on liver respiration, 338 
:md p-dimethylaminonzobenzene, 338 
stfect on cytochrome activity, 338 

on xanthine oxidase activity, 339 
osidase system and, 338 
tosicity to enzymes, 339 

in depigmentation, 220 

content of prostate, 355 
decrease by castration, 355 
increase after injection of testosterone 

propionate, 355 
in prostatic tissue, 355 
reduction by estrogens, 356 
in seminal fluid, 355 

:tscorbic acid in oxidation of, 324, 339 
fat, syntheses from, 11 
formation of, 12 
function of, 11 
nsidation of, emulsions by p-dimethyl- 

p-aminobenzoic acid in, 244 

action of procaine on, 216 
relation of p-aminobenzoic acid to, 

Phenyltliiocarbamide 

Phosphatase 

Phospholipids, 1 

arninoazobenzene, 339 
Phosphorylase 

Pigmentation 

216 
Pimelic acid, 37, 67 
Pituitary 

anterior, 128 
nnterior,’cytological changes in, 127 
anterior, dysfunction of, 126 
anterior, dysfunctional, disturbance of 

vitamin E deficiency attributed to, 
146 

tl\vwrfing of fowl by estrcidiol benzoate, 
393 

eRect of estrogens on activity of, %6 
394,305 

dTect of estrogens on corticotrophic 
function of, 395 

Kmadotrophic activity of, depression of 
by androstonediol benzoate, 369 

tmrinone of, and testicular growth, 
360 

Plucrnta 
etfect of estrogenic extracts of, on ovi- 

duct, 392 
iniplants (is assay test for vitamin E, 

114 
pawtge of vitaiiiin .4 through, 198 
vitamin E in, 110 

vitamins in, 17, 33, 115 
Plant 

Plant horniones 

Plaques 
auximer term used for, 342 

bacteria in, 279 
caries and, 256, 278, 199 
chemico-yylrasitic theory I 2771; 
in decay, 278 
fluorine in, 278 
pH of, 2i9 
saliva and, 279 

carotene in, 338 
vitamin A in, 328 

of capon mallard, effect, of testosterone 

of capons, testosterone etfect on, 373 
color of, eflect of castnilion on, 371 
dimorphism of, 373 
display of testicular wtivity, 371, 373 
effect of androgens on, 367, 373 

Plasma 

A in prothrombin, 3% 
Plumage 

on, 374 

of androgens on moulting of, 374 
of castration on, 371, 373, 395 
of estrogens on cock, 392, 395, 3!)Y 
of ovariectomy on, 368, 39.5 
of testosterone, 373 

of cock by estrone benzoate, 392 
of, by estradiol dincetate, 400 
of injection of testis, 373 

feminizing effect of testosterone on, 373 
hypophyseal activity on, 374 
male, after estrogenizntion of embryo, 

,in study of androgenic artivity. 370 
Poliomyeli tis 

in monkey, 8.5 
in virus, S6 

Polycystic terntoid 
of hypophyseal hornioiic i n ,  3% 

l’olyneuritis, 18 
Polypeptidase, 244 
Porphyrin, 136 
Porphyropsin 

Pregnancy 

Pregnane, 438, 451 
Pregnanediol, 438 
Primates 

after estrogenization, 390 
fenliiiization of, 365 

389 

vitsniin A in .  %M)2 

vitamin .4 requirement in, 203 
vitamin E in treat,iiig toveinis of, l2!l 

diseases of, in captivit,y, 101 
mineral requirements of, 72 
nutrition of, 71, 101 
osteomalacia in, 77 

esterase, activity of, 333 
hydkochloride, nction of, 216 
in persistent erythema, 216 
pigmentation effect on, 216 

Procaine 
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tuniorx and, 320 
1 iiniors, nininmxry, cHcct of ,  
ulceration effect of, 3a 
vitninin M deficiency in, !)I 
yeast growth and, 30 

Pyrimidines 
i n  leuliemiti patients, 3% 
thinniin and, 329 

I’yrornlciferol, 43.5, 454, 155 
Pvruvrrtes 

Procarcinogen 
r-aixhobenzoic acid as, 344 
io t in  as, 313, 333, 3-41 
dietary suppleincnts as, 343 
inositol as,  31.1 
vitamin B complex as, 314 

Progesterone, 136, 438 
effect on capon comb. 305 
vitaniin E : t i i d .  327 

I’rnlnctin, 392 
Prosf ate 

:wid plmplratttrce content of, 355 
pl~ospliataso in prostatio tumor, 355 

twnign hypertrophy of, 356 
cancer of, treated by hormones, 328 
cwtration 8s treatment for carcinoma 

effect of estrogens on carcinoma of, 355 
enlargement of benign, 356 

of, 354 

effect of estrogens on, 356 
of hexestrol on, 356 
of stilbestrol on, 356 
of testosterone on, 356 

estrogens and malignant disease of the, 
353. 354 

in treatment of carcinoma of, 356 
Inalignant enlargement of, 356 
sensitivity of, tissue to  estrone, 356 

Protein 
deprivation causing gastric lesions, 331 
i n  hepatoma. 308 
fat syntheses, 1-8 
metabolism of, 8, 24 
pyridosin and, 9, 11 

Prothrombin 
vitamin I< and, 327 

Pro-vitamin A (see carotene) 
Pseudo-seminoma 

chorionic hormone in, 357 
h e r  era1 sepsis, 199 
P y riioxin 

acrodynia and, 21 
choline and, 22 
coenzyme function of, 17 
deficiency and, 5, 23 
dermatitis and, 22 
in diet, 2, 11, 19 
effect on fat formulation, 9 

fatty acids and, 4, 22 
growth tumor, effect of, 320 
hepatoma epithelial and, 230. 3% 
hpperplasia effect on, 320 
liver content in, 335 

malignant growth and, 320 
mammary carcinoma and, 320 
metabolism of, 21 
pantothenic acid with, 17 
protein degradation and, 11 
sarcoma etTect of, 320 
synthesis of, 333 
tissue cancer content of, 320 

on fat syntheses, 3, 6 

in, 336 

in blood in tliiamin dcticiency, 17 
effect of vitaniins on utilization of, 
oxidation in liver, 35 

J’yruvic ticid, 15, 2.7, 275, 317 

Q 
Quinoiies 

Quinoxaline, 52, 55, 57 
antisterility actioii of, IW 

R 
Radiopacity, ‘L8d 
Rancidity 

effect of vitamin E on, 140 
induction of, in fats, 143 

of sterility by, fats, 141 
in synthetic diets, 140 

biotin in nutrition of, 34 
caries in, 256465 
coarse cereal caries, %J3-21)7 
effect of fluorine on, incisors, 287 
egg white toxicity in, 31, 63 
inter-relations of vitanlintl A and (:, 

minimal daily requirement for vitamin 

mottled enamel in molar of, 296 
tissue dysfunction of, in vitamin E de- 

Rat 

198 

E by, 143 

ficiency, 122 
vitamin C synthesis in, 198 

Reproduction- 
effect of estrone on genetically female 

fowl, 390 
of vitamiu E on, 108 

effect of androgens on, 361 
of estrogens on, 361, 3% 

Reproductive organs 

Hesorption, 120, 125 
Respiration 

biotin and, catalyst, 313 
infection and vitamin A deficiency, 200 

Respiratory quotient, 2, 3, 15 
Reticulocyte crisis, 95 
Reticulo-endothelial cells, 198 
Retina 

rods of, and night blindness, No 
rods of, and visual purple, 202. 301) 
rods of, and vitamin A, 202 

Rhodopsin, 202 
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lii boflaviii 
in adenocarcinoma, 316 
as anti-carcinogen, 344 
biotin with, 13 
in breast cancer, 315, 310, 320, 328 
p-dimethylaminoazobenaene induced 

enect on, 318 

growth and, 320 
resistance and, 315 
treatment by rat liver, 315 

coenzyme function of, 17 
cytochrome C in, 315 
dermatitis treatment with, 23 
in diet, 93, 96, 219, 321 
p-dimethylaminoazobenzene and, 315, 

effect on carcinoma ascite, 316 
on fat formation, 9 
on niethylc holan threne, 316 

epithelial hyperplasia, 338 
fatty acid and, 4 
fumaric dehydrogenase and, 315 
in hepatomas, 308, 313, 315, 316, 328 
hepatomas counteracted by, 315 
in liver, 315, 316, 336 
in mestastases, 315 
in muscles, 315 
in oxidase aldehyde, 315 
in oxidase d-amino-acid, 315 
in oxidase xanthine, 315 
in protcin flavin, 315 
in sarcoma rat, 316, 318 
vitamin B and, 4 
vitamin M deficiency and, 91 
yellow enzyme and, 315 

caries and, dibts, 268 

actinic rays and, 284 
calcium, 79 
in captive primates, 78 
cod liver oil in, I56 
dental carics in, 284 
in fat-soluble-A-deficiency, 156 
in monkeys, 71-75, 75-79 
phosphorus, 79 
treatment by ultra-violet irradiation, 

cancer, 310 

on incidence of, 319 

332, 335 

R.ice 

Rickets 

76 

Saddle hackles 

Saliva 

S 

effect of androgens on, 374 
of estrone on, 374, 399 

in acid attack on enamel, 279 
aniylol tic act,ivity of, '290 
antaci$properties of, 281 
antiseptic power of, 281 
bactericidal action of, 280 
flow of, and caries, 280 
and fluorine, 279-281 
fluorine and, amylase, 290 

in formation of plaques, 27!1 
in plaques, 279 

ascorbic acid in, 323 
in chick, from ferric chloride diet, 138 
effect of dietary vitamin A in mouse 

Sarcoma 

on, 311 
of pant,othenic acid on, 319 
of pyridoxin on, 320 
of riboflavin on, 318 
of thiamin on, 318 
of vitamin D on, 325 
of east extract on, 319 

ribo&vin in, 316 
thiamin in, 318 
vitamin A in Fujiwara, 309 
vitamin A in Jobling, 309 

Scarlet fever, 199 
and vitamin A deficiency, 199 

Scarlet red 
and epithelial proliferation, 331 

Sclerosis 
effect of vitamin E on amyotrophic 

and fluorine, 295 
Scombresox saurus 

vitamin A in oil, 100, 173 

ascorbic acid diet in, 7, 81, 83, 84 
comparison of monkey and infants, 79 
and guinea pigs scurvy, 79 
hemorrhage of gunis in, 79 
in monkey, 79, 80, F, 102 
scorbutic rosary in ribs, 80 
subperiostcd hemorrhages in, 79 

prostate origin of acid phosphatase in, 

changes in, in vitamin E deficiency, 122 
need of vitamin E by, 123, 125 
irreversible degeneration of, in vitamin 

E deficiency, 124 

excretion of hy ophyseal hormones 
after removaf'of, 357 

hypophyseal hormone in, 357 
Senile vaginitis, 199 
Serum 

calcium action, 78 
content, 77 

phosphatase and vitamin D, 324 
phosphorus level of, 70 

behavior affected by androgens, 370 
after testosterone proprionate, 309 

effect of androgen8 on embryo differen- 

glands dysfunction of, 128, 140 
hormones, 436-441, 444 
aa carcinogens, 363, 854 

~ prostatic tissue and, 366 

lateral, 132 

scurvy 

Seborrheic dermatitis, 35 
Seminal fluid 

Seminiferous epithelium 
355 

Seminoma 

Sex 

tiation, 365 
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relation to sterols, 440 
similarity in sexes, 355 
structure of, 352, 441, 436 

maturity, 136 
secondary characteristics, 361, 366, 

370. 376 
and dcid phosphatase, 356 
and androgens, 370 

y-Sitostanol, 45.1, 455 
8-Sitosterol, 456 
8-Sitosterol acetate, 453455 
y-Sitosterol, 435, 453, 454, 455, 456 
y-Sitosterol HoO, 435, 453, 45.1, 455 
Skin 

biotin deficiency and hemorrhage of, 

vitamin -4 deficiency and lesions of, 202 
30 

“SDectacle eve” 
thotin and: 35 

Spermatogenesis, 369, 393, 396, 397 
a-Spinastenol, 454, 455 
B-SDinastenol. 435. 451. 455 
h-Spinasterol ’acetate, 435 
7-Spinasterol acetate, 453 
Spleen 

pantothenic acid content of, 319 
phagocytic cells in, 136 
a-tocopherol in, 117 

in the female, 107-125 
in the male, 107-124 
in both sexes, a t  levels of vitamin E 

depletion, 142 
as symptoms for estimating vitamin E 

requirement, 143 
Sterols, 12, 13, 447458 

crystallography, 431, 434 
distribution of, 458 
relation of sex hormones to,, 440 
stereochemistry of, 450 
structure of, 454455 
x-ray crystallography, 441 

Stibosan, 228 
Stigmasterol, 453,454, 455, 456 
Stilbestrol 

Sterility 

activity of p-aminobenzoic acid, 232 
administration of, in carcinpma of the 

characteristics of, 356,358 
effect on rostate, 356 
oxidized gy, 228 

Streptococcus rnutnns, 274, 275 
Strophanthidin,. 441, 442, 445, 446 
Succinic acid oxidase, 338 
Succinic dehydrogenaie 

riboflavin in, 315 
Succinic oxidase 

in hepatomas, 338 
relation of toxicity to, 339 

Succinylsulfathiazole 
p-aminobenzoic acid and, 235 
in diet, 140 
intestinal synthesis and, 34 

breast, 357 

Suckling young 

Sucrose 

Sugar 

Sulfadiazine 

a-tocopherol in, 117 

diet supplements of, 20 
in treatment of dermatitis in rats, 21 

and caries, 264-267 

p-aminobenzoic acid as a block to, 237 
effect of p-aminobenzoic acid in men- 

Sulfaguanidine 
action of, 221 
p-aminobenzoic acid and rations of, 223 
as bacteriostatic agent, 345 
in diet, 34 
in diet deficiencies of animals, 321 

Sulfasuccidine 
action of, in inducing muscle lesions, 

132 
action of p-aminobenzoic acid, 221 
as bacteriostatic agent, 345 
in diet deficiencies of animals, 320 

actions of, in precipitating a syndrome, 

derived from a-biotin, 68 

action of p-aminobenzoic acid against, 

of p-aniinobenzoic acid on yeast 

and p-aminobenzoic acid, 215, 216.220 
hypoprothrornbinemia, 222 

SuIfone, 37 
Suprasterol I, 454, 455 
Suprasterol 11, 435, 454,. 455 
Symmetrical achromotrichia, 218 
Synergistic relationship 

mines, 145 

tropic hormones, 127 

ingococcus, 235 

Sulfathiazole 

132 
Sulfocaproic acid 

Sulfonamide 

231 

growth, 232 

between E and certain hormones, 145 
between vitamin E and other vita- 

between vitamin E and sex and gonado- 

T 
Tar 

Testis 

cancer induccu by, 311 
carcinomas, 326 

activity and plumage display, 371, 372 
atro hy of, 369 
coni t ion of, after estradiol treatment, 

394 
damage, 127 
degeneration , 125 

in arginine deficiency, 146 
in vitamin E deficiency, 122, 123, 125 

differentiation of, 365 
effect of hypophysectomy and estro- 

genization on, 397 
on plumage, 373 
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Testis, feminization of, by estrogen, 390 
r f t e d  tissue and plumage, 388 

ormone and fertility, 370 
inhibition by estrone, 393 
injection of and feminization of 

ovnry-like appearance of, after estro- 

removal of and beak color, 371 
after treatment with estradiol ben- 

tumors of, diagnosis by urine analysis, 

gonadotrophic substances and, 363 
hormones in, 357 

plumage, 373 

genizution of embryo, 359 

zoate 393 

’ 357 

Testosterone 
activity of, 378, 380, 381, 382 
nliDhatic esters of. 365. 382 
atrophy of sex organa from, 364 
characteristics of, 363 
crystal structure of, 436, 438 
description of, 362 
effect on comb, 366,369,383,386,403 

of estradiol benzoate on response to, 

of intra-comb injections of, 378 
of, on oviduct of immature fowl, 391 
of, on plumage, 368, 373, 374 
en prostate, 366 
of, on testis, 369 

effectiveness by intravenous injection, 

graphic formula of, 364 
gynecogenic action of, 372 
injection of, and breeding season 

of, and decrease in ovarian weight, 

masculinizing effect af, 366 
saddle hackle regeneration during in- 

time of maximum respoose of capon 

403 

378 

changes, 376 

368 

jection of, 374 

comb to, 384 
158-Testosterone, 364, 380 
Testosterone acetate 

comb response to, 382, 353, 384 
effect of, 366 

Testosterone acetate butyrate, 382 
Testosterone acetate propionate, 382 
Testosterone benzoate, 365 
Testosterone n-butyrate, 382, 383, 384 
Testosterone n-decanoate, 382,384 
Testosterone diacetate, 382, 383 
Testosterone dipropionate, 382 
Testosterone formate, 382, 383, 384 
Testosterone isobutyrate, 382, 383, 381 
Testosterone isovalerste, 382, 383, 384 
Testosteron palmitate, 384 

Testosterone propignate 
action of,’%4 

activity similar to diacetate, 383 
comb response to  369,382,386 
effect on beak cofor, 371 

on capon comb, 372,383,384 

on crowing, 368 
when given by various routes, 378, 

of implantation of, on comb growth, 

on sexual behavior patterns, 369 
estradiol benzoate as partial inhibitor 

implantation of, 370,381 
injection on acid phosphatase, 355 

Testosterone stearate, 384 
Testosterone n-valerate, 383,384 
Tetany, 77 
Theragra chalcogramnin, 171,172,178 
Thiamin 

384 

37 1 

of, 403 

analogues of, 342 
biotin and, 13 
in cancer tissue, 329 ’ 

carbohydrate deficiency and, 17, 18 
carboxylase and, 317 
casein and, 9 
choline and, 12 
deficiency, 20, 87, 88 

and blood lactatp, 17 
and blood pyruvate, 17 
and blood sugar, 17 
and gastric ulcers, 330 

dermatitis in  treatment of, 21 
diet and, 3! 6, 23, 318 
effect of acid on, 6 

on fatty h e r b ,  6 
on fat, 6, 23 
on fat deposition, 3 
on fat formation, 3-9 
on iodine number of, 4 
on requirement, 19 
on resistance to  breast carcinoma, 

on tumor, 317,318 
on sparing action of, 4,17, 18,19 
on syntheses from carbohydrates 

320 

and, 3,4,6,11,16 
in hepatoma, 318 
iso-caloric feeding and, 3 . 
in leukocytes, 329 
in liver 318, 336. 336 
metabojkm of, 318 
polyneuritis on, 18 
pyrimidine in, 32!) 
and pyruvate utilization, 3 
respiratory quotient and, 3 
aarcoma in rat and, 318 
supplement as, 6 
synthesis by pigeon, 3 
vitamin K and; 342 
vitamin M chloride and, 91 

Thiophene, 69 
Thiophenevaleric acid, 69 
Thrombocytopenia, 94 
Th roid, 128 

$sfunction and vitamin E deficiency, 

effect o! deficienc on feathers, 373 
hormone, 127, 2 2 l  

127 146 
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hyperplasia of, 127 
vitamin A deficiency in, 199 

Tissue culture, 142 
Toad poisons, 441, 445 
Tocopherol 

absorption spectrum of, 111 
antioxidant activity of, 144 
nntisterility action of, 145 
biological activity of, ll!) 
chemical relationship to vitamin Kcom- 

chemistry, 107,108,109 
detection and measurement of, 112 
esters as International Standard, 119 
in kidney, 117 
in liver, 117 
in muscle, 117, 118 
response of deficiency state to, 
requirement by invertebrates, 116 
storage by invertebrates, 116 

Tocopherol-a-allophanate, 119 
Tocopherol-8-azobenzene carboxylate, 

Tocopherol-a-calcium succinate, 119 
Tocopherol-a-palmitate, 119 
a-Tocopherol, 114, 120 

activity of natural, 120 
anti-sterility potency of, 118 
biological activity of, 119 
in body fat, 117 
in epididymis, 117 
ester aa, as'reference standard, 114 
in guppy, 116 
in heart, 117 
isolation of, 108 
in liver, 117 
in muscle, 117 
in newborn, 117 
in shark liver oil, 116 
in spleen, 117 
in treatment of rat dermatitis, 21 
in tuna fish oil, 116 
in uterus, 117 
in vitamin A deficiency, 325 

a-Tocopherol acetate, 119, 127, 134 
a-Tocopherol acid succinate, 119 
a-Tocopherol phosphate, 119, 134 
&Tocopherol 

activity of natural, 120 
antisterility potency of, 118 
biological activity of, 119 
existence of, 113 

anti-sterility potency of, 118 
biological activity of, 119 
existence of, 113 

pounds, 144 

in liver, 118 
in muscle, 118 

119 

7-Tocopherol 

a-Tocopherylamine, 119 ~ 

a-Tocopheryl quinone, 121 
Tomato 

p-aminobenzoic acid in, 239 
carotene content in, 197 

Tooth decay (see caries) 

Toxicity 
p-aminobenzoic acid, 215, 224 
relation to  carcinogenicity, 339 

to  ease of dxidation, 339 
to stability of free radical, 339 
to  succinic oxidase system, 339 
to urease, 339 

Triphcnyl ethylene 

Tryparsaniide 

Tryptophan, 80 
Tubercle bacilli 

Tuberculosis 

Tumors 

effect of, on plumage, 39Y 

p-aminobenzoic acid action of, 2'28 

p-aminabenzoic iiciti content of, 245 

in monkeys, 76, 101 

ascorbic acid and, 316, 322, 323, 3% 
benapyrene induced, 326 
biotin in, 33, 36, 312, 314 

and respiration of, 313 
caloric intake of, 345 
effect of ascorbic acid on, 318 

on calcium, 325 
on enzyme systeins, 327 
of niacin on, 318 
of thiamin on, 317, 318 
of yeast on, 332 

endocrines and growth of, 353 
estrin in, 311 
genesis of, 344 
growth of, 314 
hormones in, 357 
induced by p-dimethylaminoazoben- 

zene, 305,331-341 
by methylcholanthrene, 318 
by ultraviolet light, 325 

injection of extracts into, bearing ani- 

in liver, 340 
mammary, 353 
metabolism during growth of, 305 
niacin in, 320 
pyridoxin and growth of, 320 
riboflavin and, 315, 320 
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