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Foreword
by Elmer V. McCollum

The invitation of the editors of Vitamins and Hormones to write a
Foreword to the new publication came as a pleasant surprise, and I am
glad to comply. The time is ripe for the founding of such a venture,
since it is no longer possible for anyone to read sufficient of the current
papers and the library files dealing with these two classes of substances to
assimilate all the knowledge which has accumulated. We must increas-
ingly depend upon our colleagues, who maintain mastery of specialized
experimentation, to appraise for us the numerous contributions which they
alone can interpret, sifting error from truth and assembling scattered data
to make a connected account which places a body of related facts in proper
perspective. This is the function of the new publication.

It is astonishing that we have progressed so far in so short a time in
developing the chemistry and physiology of vitamins and hormones, their
sources and the methods for their assay. The vistas of opportunity for
further researches in many directions make it clear, that the future is full of
promise.

So far as I have been able to discover, the earliest carefully conducted
experiments which clearly demonstrated the existence of what are now
known as vitamins were those of N. Lunin, a pupil of von Bunge, in Basel,
in 1881. He used substances which he believed to be pure, and combined
what Prout had, long before, distinguished as the saccharine, the oleage-
nous, and the albuminous principles, together with certain inorganic salts,
to form his experimental diets. He observed that the rapid decline of his
experimental animals on these diets could be arrested and a degree of
normality re-established by the provision of a small addendum of a natural
food, whole milk. He correctly interpreted his observations to mean that
there existed essential nutrients which had been hitherto unsuspected.
Von Bunge gave wide publicity to his pupil’s studies in his text-book of
physiological chemistry. For years I sought to learn something of Lunin
the man, but without success. It is highly probable that the fertile mind
of Professor von Bunge conceived the plan for Lunin’s important experi-
ments. Pekelharing, in 1905, repeated in principle the experiments of
Lunin and offered a like interpretation of the results. It was not until
after the distinguished studies of Hopkins and of Funk were published
that vitamin research was launched upon its amazing journey.
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In the case of the hormones there has never been any question that the
demonstration by Bayliss and Starling, in 1902, of the existence of the
chemical regulator, secretin, clearly places them as the fathers of the
hormones. The vitamine and the hormones are the most fascinating
substances which occupy the attention of physiologists and biochemists of
today.

The vitamins participate as components of catalysts which enable the
more inert chemical substances, serving as raw materials for the fabrication
of living tissues, to undergo the changes which come under the term
metabolism. To their peculiar properties are due the fundamental proe-
esses of life. The balance and integration among the bewilderingly
complex chemical processes of different tissues are in great measure con-
trolled by the hormones. Physically, mentally, sexually and emotionally,
we are largely the product of our hormones.

The first volume of Vitamins and Hormones appears at a time when
clinicians are cautiously attempting to apply both vitamins and hormones
for the benefit of their patients. The future of preventive and of curative
medicine is filled with promise in these departments of learning.

The editing of a publication and the preparation of carefully prepared
digests of researches by men actively engaged in productive research are
labors of love. Workers in many fields of science will be grateful to the
editors and to their contributors for furthering the cause of education by
giving of their time and labor to the making of the new publication. They
will have many appreciative readers and well-wishers.



Editors’ Preface

The basic research on vitamins and hormones is conducted by investi-
gators in the fields of organic chemistry, biochemistry, physiology, bio-
physics and medicine. The results of this research are published in a
large number of medical, biological and chemical journals, many of which
are not readily available to the scientist or clinician.

To accumulate, correlate and digest the current literature in a field in
which research is active and to point out where knowledge is incomplete
requires a thorough grasp of the subject. To indicate the directions in
which future research would be most fruitful and useful one must have
sound imagination. Each chapter in this volume was written by a well-
qualified investigator who endeavored to evaluate the present status of his
special subject and to indicate what knowledge is lacking.

This volume contains a very complete subject and author index because
it is intended primarily as a reference book. With each succeeding volume,
“Vitamins and Hormones” will rapidly become a complete reference on all
active research in the vitamin and hormone field.

The editors wish to take this opportunity to thank each contributor for
the fine manner in which he has accepted and completed his assignment,
in spite of the heavy schedules and added responsibilities resulting from
the war effort. It is hoped that their efforts will be rewarded by an en-
couragement of intelligent and useful research in vitamins and hormones,—
in the laboratory, and in the clinic.

It is our hope that this is the first of a succession of yearly volumes of
Vitamins and Hormones which will chronicle progress and point the way
to new achievements.

RoBERT 8. HaRRI8
KENNETH V. TBIMANN
March, 1943
Cambridge, Mass.
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1. InTRODUCTION

The story of choline has many fascinating chapters. The early litera-
ture is voluminous because of the relationship of the substance to the
ubiquitous phospholipids on the one hand and because of its chemical
similarity to neurine, muscarine, and other organic bases of physiological
interest on the other. Its nature was a matter of some dispute and its de-
tection and determination have offered many difficulties which still occupy
the attention of chemists. The marked physiological activity of its syn-
thetic acetic ester, discovered in 1906 by Hunt and Taveau (1), aroused a
new interest in choline which was heightened when Ewins (2) and Dale (3)
in 1914 discovered acetylcholine in a natural product, ergot. The
brilliant researches of Loewi and of Dale and their colleagues were reviewed
by Dale (4) in his Croonian Lectures in which he presented the growing
body of evidence that acetylcholine occurs in the animal body and is the

1



2 C. C. LUCAS AND C. H. BEST

chemical agent responsible for humoral transmission of parasympathetic
and certain other nerve impulses to effector organs.

1t is obviously impossible to discuss the many phases of the choline story
adequately in a short review. We propose to limit this presentation to the
chemical and nutritional aspects and even then to deal only with the more
outstanding contributions.

The older methods of detecting and estimating choline were deseribed by
Barger (5) and later reviewed by Zemplén (6) and Sichel (7) in Abder-
halden’s Handlexikon. An excellent general review of both the chemical
and biological aspects is given by Guggenheim (8) in the latest (3rd) edition
of “Die biogenen Amine.” The physiological significance of choline
derivatives has been reviewed by Alles (9) and Gaddum (10). -

II. DiscovERY, NOMENCLATURE, CONSTITUTION AND SYNTHESIS

The name choline first appeared in the chemical literature in an article
published 80 years ago (11) although previous to that time the compound
had been twice isolated. Curiously enough, choline was originally obtained
by Strecker (12) from a source in which it is present in very small amount
—hog bile (lecithin content from 0.1 to 0.6 per cent, free choline less than
3 mg. per 100 cc., total choline about 0.25 per cent). The first isolation was
effected during a study of the mother liquors from the precipitation of the
bile acids. Finally a purified and concentrated solution of the base in al-
cohol was obtained to which chloroplatinic acid was added. The resulting
light yellow, flocculent precipitate was found to be easily soluble in hot
water, from which solvent the chloroplatinate separated in crystalline form,
The free compound was originally described by Strecker-as a strong organic
base containing sulfur. Thirteen years later, in a further paper on new
components of hog bile, he corrected the latter claim, reported an improved
technique for isolating the base and named it choline. He gave analyses of
the chloroplatinate! from which he deduced the empirical formula CsH;3NO.
The correct formula, CsH;sNQs, differing only by H,O from that given by
Strecker, could not be deduced until the confusing chemistry of ammonia
and the substituted ammonias (amines and quaternary bases) and their
hydrates had been clarified by Wurtz and Hofmann, It is of historical in-
terest that Strecker suggested ‘“‘ethylene-oxide trimethylamine” as one
possibility for the chemical nature of choline.

The minute amount of choline obtained by Strecker from hog bile and ox

C H N Pt
t Found by Streeker....................... {igg :g 4.6 g}g 319

Calculated for chloroplatinate of
CHNOg. ..o 19.5 45 4.5 31.8
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bile undoubtedly originated in lecithin which was hydrolyzed by the baryta
treatment involved in the isolation. This was demonstrated clearly by
Dybkowsky (13). Strecker does not seem to have realized this although he
made the pertinent observations in his second paper that the glycerophos-
phoric acid which he also found did not occur in the original extract but ap-
peared only after boiling with baryta, and that barium salts of the fatty
acids were formed simultaneously.

In 1852, Babo and Hirschbrunn (14) isolated a new organic base by boil-
ing the alkaloid derived from white mustard (Sinapts alba) seed with
alkali. They called the base sinkalin to indicate its origin from the alkaloid
sinapin upon treatment with alkali. Fifteen years later it was shown by
Claus and Keesé (15) to be identical with the base isolated by Strecker from
bile. Thus Babo and Hirschbrunn were really the first to isolate pure
choline although they did not so denote it. Strecker’s designation, choline,
although not assigned until ten years later, came to be generally accepted.

The nomenclature and even the very nature of these strongly basic or-
ganic compounds was temporarily confused by Liebreich (16) who isolated
an apparently new base from hydrolyzed brain ‘“‘protagon” (lecithin).
Liebreich called the base “neurine.” His analytical data (due to impurity
of the chloroplatinate) led to the formula CsHiNO, corresponding to a
vinyl-trimethyl-ammonium hydroxide. Acceptance of Liebreich’s ana-
lytical data led to association of the name neurine with the vinyl compound.
The identity of Liebreich’s base from ‘‘protagon” with choline from bile
was almost immediately suggested by Baeyer (17) and established by
Dybkowsky (13). The name “neurine” for this base was eventually
dropped although a relic persisted for some time in the modified form of
“bilineurine”, proposed by Liebreich (18) to distinguish it from the cor-
responding vinyl base with which it was at first confused. Subsequently
the term neurine was reserved for vinyl-trimethylammonium hydroxide, a
very poisonous base resembling choline and derived from it by spontaneous
decomposition (19) as well as by chemical treatment. The vinyl compound
was actually prepared synthetically by both Hofmann (20) and Baeyer (17)
before it was recognized as a decomposition product of a natural substance.

Clarification of the situation began in 1866 when Baeyer (17) isolated
a more highly purified product from brain “protagon’ and studied its
chemical behavior. Treatment with excess concentrated hydriodic acid
(Equation 4) converted the base to a substance containing two atoms of
iodine, one of which was easily replaced (behaving like that in potassium
iodide), the other was removed by digestion with moist silver oxide, ap-
parenily giving back the original ‘“neurine” (Equation 5). The behavior
was similar to that of a dibromo compound prepared 8 years previously by
Hofmann (20) from trimethylamine and ethylene bromide (Equation 3).
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Baeyer repeated Hofmann’s preparation, obtaining a substance which, like
the product from ‘“neurine,” was convertible by moist silver oxide to a
compound apparently identical (analyses of chloroplatinate) with “neu-
rine.” This behavior seemed to establish the base from “protagon” as hy-
droxyethyl-trimethyl ammonium bydroxide, and Baeyer suggested that the
choline from bile and sinkalin from white mustard seed are identical with it.
However, the somewhat variable analytical data on several different chloro-
platinate preparations made it appear possible that ‘‘neurine” was a mixture
and that both hydroxyethyl and vinyl bases were present. Baeyer ob-
served that the finding of this compound in products as diverse as bile, white
mustard seed, and brain indicates a wide distribution in nature and that the
compound would therefore probably prove to be of considerable metabolic
importance.

The elegant yet simple synthesis of “névrine” (i.e. Liebreich’s ‘“neurine”
= choline) by Adolf Wurtz (21) in 1867 was a classical preparation. Act-
ing upon the suggestion of Baeyer that “neurine” was the hydroxy-ethyl
base, Wurtz effected the first direct unequivocal synthesis of choline (as
chloride) by warming trimethylamine with ethylene ehlorhydrin in a sealed
tube on a water bath for twenty-four hours (Equation 1). On cooling, a
mass of beautiful, prismatic, colorless crystals formed. This chloride was
converted to both the gold and platinum double salts and into the free base.
The properties of the chloride agreed with those of a sample of a natural
material obtained from Liebreich, as did those of the aurichloride, platini-
chloride and free base made from the synthetic product. Shortly after-
wards, Wurtz (22) obtained free choline directly by treating a concentrated
aqueous solution of trimethylamine with ethylene oxide at ordinary tem-
perature (Equation 2).

(CH3)sN + CICH,-CH,-OH — CI(CH;);N.CH;-CH,.OH. .(1)

Trimethyl- Ethylene Trlmethyl-ﬂ-hydroxyethyl
amine chlorhydrin ammonium chloride
CHOLINE CHLORIDE

(CH3)sN + [1 "0+ H0 — (HO)CH:)N.CH,.CH,.OH.(2)

1"
Trimethyl-  Ethylene Trlmethyl~6-hydroxyethyl
amine oxide ammonium hydroxide
CHOLINE

Almost simultaneously, Baeyer (23) reported further work on Liebreich’s
“neurine” which finally cleared up the earlier chemical difficulties, Al-
though his synthetic efforts in 1866 seemed adequate proof of the structure,
2 possibility remained that the treatment with moist silver oxide might have
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converted the halogen compounds to a product with a vinyl rather than a
hydroxyethyl group. Baeyer discovered that the variable analytical data
obtained in his studies of the chloroplatinates of the synthetie base were due
to the unsuitability of these very soluble and hygroscopic crystals. Utiliz-
ing the less soluble aurichloride, which was obtained as a beautifully micro-
crystalline yellow salt, he found that the one made from the natural
material possessed the correct composition for one derived from trimethyl-
hydroxyethyl ammonium hydroxide. However, a careful reinvestigation
revealed that heating the di-iodo or di-bromo compounds with an excess of
moist silver oxide did indeed convert them to the vinyl compounds (Equa-
tion 5).

(CH;sN + BrCH,.CH;Br — Br(CH;);N.CH,.CH,Br. .. .(3)

Trimethyl- Ethylene Trimethyl-8-bromethyl
amine bromide ammonium bromide

(HO)(CH,)sN.CH,.CH,.OH + 2HI —
I(CH;);N.CH,-CH,1 + 2H,0..(4)

Liebreich’s ‘“Neurine”’ Trimethyl-g-iodo-ethyl
(i.e. Choline) ammonium iodide

I(CH;)sN.CH:- CHol + Ag0 — (HO)(CH;)sN.CH:CH: + 2Agl. .(5)

Trimethyl-vinyl ammonium hydroxide
NEURINE

Baeyer found vinyl-trimethyl ammonium hydroxide and its derivatives to
differ from Liebreich’s “neurine’” and explained the previous confusion by
finding that the chloroplatinate of the unsaturated base crystallized with
one molecule of water which was not completely removed at the drying tem-
peratures ordinarily used. Proof that “water of constitution” (and not of
crystallization) occurred in natural ‘neurine’” was ingeniously established
when Baeyer showed that treatment of ‘‘neurine’” chloride with acetyl
chloride gave a new basic substance forming a gold salt less soluble than
that of the parent substance and whose composition agreed with that of a
compound derived from “neurine” by replacing one hydrogen atom with
one acetyl group (Equation 6).

CI{(CH;);N.CH,.CH;-OH + CH;-CO-Cl —

CI{CH;)sN.CH,.CH,;.0.CO.CH; + HCI..(6)
ACETYLCHOLINE CHLORIDE

Baeyer also found that the chloroplatinate of this acetylated base is much
less soluble in water than is that of “neurine.” Thus Baeyer confirmed
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what Wurtz had already established—the presence of an alcoholic hydroxyl
group in natural “neurine” (choline).

Choline has since been prepared synthetically in several ways, starting
from the easily made trimethyl-(8-bromethyl)-ammonium bromide, The
conventional treatment with silver oxide and water leads to loss of hydrogen
bromide and formation of the vinyl base, but Bode (24) effected the con-
version by boiling the bromide for 8 days with a solution of silver nitrate.
Kriiger and Bergell (25) simplified and shortened the preparation by heat-
ing trimethyl-bromethyl-ammonium bromide with an excess of water in a
sealed tube at 160° for four hours. The resulting choline bromide was con-
verted to chloride in the usual way by digesting with silver chloride. Lu-
cius and Thoms (26) treated the bromo compound with aleoholic potash at
120° for one hour. A mixture of choline and neurine resulted. Upon
evaporation, to remove alcohol, and treatment with dilute hydrochlorie
acid, neurine chloroplatinate was precipitated by adding platinum chloride
and the choline double salt was obtained from the mother liquor.

Synonyms

In the older literature choline is referred to by various names which have
since been dropped: the origins of the terms sinkalin, neurine, and bili-
neurine have already been described. Impure samples of choline have been
mistaken for new bases and names, usually derived from the biological
source of the material, have been assigned which were later dropped. Dur-
ing a study of the seeds of the beechnut tree (Fagus sylvatica) Habermann
{(27) isolated a base which he believed to be identical with a similar material
previously isolated and called fagin by Buchner. The base of Buchner and
Habermann was apparently choline. Harnack (28), in the course of a
study of the poisonous mushroom fly agaric (Admaniia muscaria), isolated
muscarine and also found an apparently new base called ‘“amanitin.”
Several years later its nature was established when Schmiedeberg and Har-
nack (29) prepared somesynthetic choline and found amanitin to be identical
with it. Gossypin, luridin, and other imperfectly characterized basic ma-
terials from plant and animal sources are probably impure choline,

I1I. ProPERTIER OF CHOLINE AND IT8 MORE IMPORTANT SALTS

Choline (CsH;sNOg; mol. wt. = 121.13) can be obtained with difficulty
a8 a colorless crystalline mass although it is usually found in a syrupy state
owing to the extraordinary hygroscopicity of the compound. Griess and
Harrow (30) first prepared the erystalline form, describing it as a colorless,
odorless compound with a caustic bitter taste, readily. decomposing at
elevated temperatures to give off trimethylamine. Because of its marked
tendency to absorb water and carbon dioxide, Guggenheim (31) suggested
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that probably the crystalline material of Griess and Harrow was the car-
bonate, but Meyer and Hopff (32) found the crystals easy to obtain if a
concentrated aqueous solution be left in high vacuum over phosphorus
pentoxide.

When pure choline is heated it neither melts nor distills but breaks down
into trimethylamine and glycol. Small amounts of g-dimethylamino-
etharol and dimethyl-vinylamine are also formed (32).

Choline is extremely soluble in methyl and ethy! alcohol and in formalde-
hyde as well as in water. It is only very slightly soluble in dry amy] al-
cohol, dry acetone and chloroform. Choline is insoluble in dry ether, pe-
troleum ether, benzene, toluene, carbon bisulfide and carbon tetrachloride
(33) (34). It is therefore not extracted from alkaline aqueous solutions by
organic solvents in more than traces, except by amyl alcohol. Thus it does
not go over into the alkaloid fraction in the Stas-Otto or Dragendorff pro-
cedures for isolation of these compounds. Moist ether dissolves traces of
choline and ether containing phospholipids will dissolve significant amounts
of choline (35).

Choline is a strong base, liberating ammonia from its salts and pre-
cipitating, as hydroxide, (from aqueous solutions) the salts of the heavy
metals. Its solutions dissolve fibrin and prevent the coagulation of pro-
teins.

Dilute aqueous solutions an long standing have often been observed to
give rise to neurine although this does not occur in concentrated solutions.
The change is due to micro-organisms (literature given by Gulewitsch in 33).

The behavior of choline solutions on warming has been the subject of
several studies. Wurtz (36) found dilute solutions to be stable to heat but
that concentrated solutions gave off trimethylamine when boiled, leaving an
oily liquid, boiling above 190°, which he believed to be glycol. Nothnagel
(87) found that up to 4 per cent concentration there was little detectable
break-down but in stronger solutions decomposition did occur with forma-
tion of trimethylamine, a base (perhaps neurine), an aldehyde-like sub-
stance and a non-volatile, water-soluble material. Solutions acidified with
hydrochloric acid are more stable than the free base when heated. Roman
(34) has reported that during evaporation of very dilute solutions on the
water-bath losses occur; if at least 0.3 mg. are present in the final cc. the loss
on taking to dryness is usually less than 10 per cent; with more dilute solu-
tions it increases and with less than 10y may reach 100 per cent. Evapor-
ation in vacuo (300 mm. Hg) leads to smaller losses but extremely dilute
solutions cannot be so treated and still give quantitative results. He found
pure, dry choline to decompose even at 40° under reduced pressure (300
mm. Hg). Choline chloride does not decompose appreciably even at 180°
(86). Gulewitsch (33) studied the effect of heating choline in alkaline solu-
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tions. Aqueous baryta and alcoholic solutions of sodium ethylate have
been used in the isolation of choline and the effects of both were therefore
investigated. He found only a negligible breakdown after boiling choline
either in baryta solution for six hours or in 5 per cent sodium alecoholate for
twenty-four hours,

All choline salts prepared to date are very soluble in water except the
periodide, phosphotungstate, phosphomolybdate, reineckate, and the
double salts with gold chloride, with mercuric chloride and with Mayer’s
reagent (potassium mercuric iodide) and Dragendorff’s or Kraut’s reagent
(potassium bismuth iodide).

The chloride, nitrate, sulfate, carbonate, acetate, oxalate, picrate, and
picrolonate are readily soluble in both water and alcohol. The mono-
phosphate, chloroplatinate, acid tartrate, and rufianate are soluble in water
but insoluble in aleohol. The double salts with cadmium chloride and with
zince chloride are soluble in water but insoluble in aleohol. The useful
properties of several of the more important salts are briefly given in the
following paragraphs. _

Chloride: (CsHuON -Cl) extremely soluble in water, deliquescent; very
soluble in absolute ethyl alcohol (distinction from betaine), in methyl al-
cohol and formaldehyde. Less soluble (but significantly more so than free
choline) in acetone, chloroform, and carbon tetrachloride. Insoluble in
ether, petroleum ether, benzene, toluene, carbon bisulfide.

Chloroaurate: (CsHON-Cl- AuCls) sparingly soluble in water; very in-
soluble in alcohol. Deep yellow needles (from hot aleohol) or octahedra
and cubes (from very dilute alcohol). M.p. 243-244° (slow heating);
249° (rapid heating) (38), 257° (39), 267-270° (40).

Chloroplatinate: (CsHyON -Cl);PtCl; moderately soluble in water; very
insoluble in alcohol (difference from ethanolamine). Dimorphous: crystal-
lizes from hot (1:1) alecohol-water in cubes and octahedra, but from water in
monoclinic rthomb-shaped crystals or six-sided pyramids. Both forms of
crystal are anhydrous, orange-red in color, stable in the dry state but inter-
convertible by recrystallization from suitable solvents. The conversion of
the isotropic crystals (from aleohol) to the anisotropic forms (by dilution
with water and evaporation) may be readily followed under a polarizing
microscope. This behaviour distinguishes the chloroplatinate of choline
from those of potassium, ammonium, trimethylamine, and neutine, and is of
great value for identification purposes (41). The melting point (decom-
position) is not characteristic; by quickly heating 241-242° (32); by slower
heating, temperatures from 209° to 235° have been noted.

Mercuric Chloride Double Salt: (CsHuON -Cl:-6HgClz) insoluble in cold
water; sparingly soluble in hot water; very insoluble in alcohol (difference
from ethanolamine). M.p. 249-251° (33), 242-243° (42).
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Periodides: lodine in potassium iodide solution precipitates choline (30)
as a very insoluble oil or crystalline material depending upon the condi-
tions (43).

Hezxatodide: (CsHuON -1-15)—Dblack greenish-iridescent oil with strong
metallic lustre obtained when potassium tri-iodide solution is dropped into
an excess of choline chloride. Very insoluble in water; soluble in alcohol
and potassium iodide solution. On contact with powdered iodine, or treat-
ment with KI; solution, is converted to the crystalline ennea-iodide.

Ennea-todide: (CsH1 ON-1-15)—glistening green needles, very insoluble
in water; very soluble in alcohol and concentrated potassium iodide solu-
tion. Obtained by treating choline chloride with an excess of potassium
tri-iodide; the cloudy preecipitate which forms immediately, changes, within
a few minutes, into green crystals. In the air theyv lose iodine rapidly and
go over to the oily hexaiodide. On boiling in wateriodine is lost and choline
iodide is formed (43).

Reineckate: (CsHuON - CyH/N6S4Cr) very insoluble in water, dilute hy-
drochloric acid, dilute ammonia, 0.1 N sodium hydroxide; insoluble in
absolute alcohol, ether and benzene; soluble in acetone (44) (45) (46) (47).
In the presence of excess ammonium reineckate the slight solubility in
water is greatly depressed (46).

IV. DeTECTION AND EstiMaTiON OF (CCHOLINE

No highly sensitive color test for choline is known. Rosenheim (48)
noted the development of a reddish-violet coloration upon evaporating a
saturated aqueous solution of alloxan with a dilute aqueous solution of
choline or its salts; upon adding alkali the color changes to blue-violet.
Since the reaction is given also by ammonia, amino acids and proteins (49)
and has a limit of sensitivity of about 0.04 per cent it is unsuitable for the
estimation of choline in tissue extracts.

As early as 1910, Kauffmann (50) noted that choline could be detected
by the characteristic odor of trimethylamine which was given off upon
heating with concentrated solutions of sodium or potassium hydroxide.
The test is a sensitive one, the odor of trimethylamine being recognizable in
dilutions as great as 1:2,000,000, but the reaction lacks specificity since
many betaines behave similarly.

Sanchez (51) has described the formation of iodoform (recognized by its
odor and reactions with aniline and resorcinol) when choline is heated with
iodine and strong sodium hydroxide. The reaction is, of course, quite
lacking in specificity.

There are several very sensitive although non-specific precipitants for
choline. At a dilution of 1:2,000,000 choline in alcoholic solution may be
detected by the precipitation (on standing) of double salts with platinum,
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gold, and mercuric chlorides (52). In water the reactions are much less
sensitive, that with platinum chioride failing completely. In aqueous solu-
tion potassium tri-iodide gives a precipitate at dilutions from 1:20,000
(53) to 1:2,000,000 (54) depending upon the conditions (55) (56); reinecke
salt gives a precipitate at 1:50,000 (57), phosphotungstic acid at 1:20,000
(53), and phosphomolyhbdic acid at 1:10,000 {(53).

Choline gives precipitates with potassium mercuric iodide (Mayer’s
reagent) and with potassium bismuth iodide (Dragendorfi’s or Kraut’s
reagent). Schoorl (58) discusses the use of these precipitates, of the salts
with picric and picrolonic acids, of the double salts with platinum chloride
and gold chloride, and of the periodide for the detection of choline under the
microscope.

Quantitative micro-chemical procedures for determining choline in bio-
logical materials depend upon either the insolubility of choline periodide
and reineckate or the breakdown of choline to trimethylamine under the
influence of strongly alkaline solutions,

The periodide separation is generally considered to be the most sensitive
of the various procedures for precipitating choline. Although Griess and
Harrow (59) had utilized the insolubility of the periodide to isolate choline
as early as 1885, the procedure as now used apparently had its origin in 1896
when Dr, Florence of Lyon first described a medico-legal test for semen
stains (60). This test, based upon the formation of typical crystals when
the suspected material was treated with iodine dissolved in potassium iodide
solution, was subsequently shown to depend upon the insolubility of choline
periodide.

Within a year, Richter (61) noted that other substances than semen
gave the Florence reaction and Struve (62) also observed the reaction in
many human secretions where semen could not be present as a contaminant;
moreover, Struve got a positive reaction from egg yolk (hydrolyzed) but not
from egg white, and found it in the juice expressed from various parts of
many plants (hyacinth flowers, flowers and leaves of the rose and linden,
ete.), and in all the wines which he examined. When Struve found that
the substance responsible for the test occurs both free and combined in
almost all plant and animal tissues, the free form being water-soluble, the
combined forms being ether- and alcohol-soluble, he suggested that choline
was the causative agent, but he considered the crystals obtained in the test
too unstable for isolation and investigation.

Bocarius (63), however, devised a procedure for obtaining a sufficient
quantity of the crystals to prove by chemical identification that choline
was indeed the agent responsible for the test. Human semen, preserved
with 2 per cent formalin, was cleared with lead acetate, filtered, freed of
lead and concentrated to one-third ite volume. The solution was slightly
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acidified with hydrochloric acid and treated with sodium tri-iodide. After
several hours the large crop of typical Florence crystals was centrifuged
down, washed with ice-cold water, treated with silver oxide to free the base
and finally converted to the chloroplatinate. Suitably purified, this was
found to be identical with the well-known choline chloroplatinate (Pt
found 31.65 per cent; theory 31.64 per cent).

Rosenheim (48) combined the periodide reaction on a microscope slide
with the chloroplatinate precipitation in aleohol (cf. Donath, (64)) as a
characteristic test for choline in biological materials.

Booth (55), in a re-investigation of the periodide test for choline, gives
the limiting dilution for the test on a microscope slide as 1:50,000 and says
that while acetylcholine never gives a crystalline precipitate, tiny black
granules can be detected to a dilution of about 1:10,000. The water-sol-
uble choline precursors found in brain, kidney, and liver do not give a pre-
cipitate with potassium tri-iodide.

Kahane and Lévy (56) attempted to assay choline by finding the greatest
dilution of the unknown solution at which a special iodine reagent under
specified conditions would just give the characteristic periodide crystals.
In their procedure the limiting choline concentration is about 1:40,000 to
1:50,000. Neurine and tetramine give a similar reaction at even greater
dilution, trimethylamine at 1:2,500, trimethylamineoxide at 1:1,000 and
betaine at 1:500.

Carayon-Gentil (65) (66) claims that Florence's reagent does not pre-
cipitate all the choline in extracts of insects and marine invertebrates and
reports finding that peptides interfere with the precipitation.

The chemical composition of the choline periodide precipitate, the condi-
tions under which it forms and its suitability for use in the quantitative
estimation of choline, were studied by Stanék (67). He found that a
crystalline ennea-iodide or an oily hexa-iodide may form, depending upon
the condit'ons, Both forms of the periodide are very insoluble in water.
Stantk proposed, therefore, the use of potassium tri-iodide as a reagent for
the quantitative precipitation of choline and reported recoveries of 96-101
per cent when analyzing known solutions. He described how choline may
be recovered from this precipitate by treatment with finely divided copper
and cupric chloride. After filtering off the insoluble cuprous halides,
traces of copper are removed from the filtrate with hydrogen sulfide and
upon again filtering and evaporating, choline chloride is obtained.

Stangk (68) soon discovered that betaine also is precipitated by potas-
sium tri-iodide, but that this occurs only in acid solution. Since choline is
precipitated in neutral, or even weakly alkaline solution (bicarbonate or
borate), the reagent may be used for the separation of the compounds as
well as their individual determination. The procedure separates choline
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and betaine quantitatively from inorganic salts and many other types of
compounds found in plant extracts and avoids the use of phosphotungstic
acid and mercuric chloride,

Stanék (68) found many other basic substances to be precipitated with
the tri-iodide reagent. In the paper in which he gives final details of his
method, Stanék (69) states that proteins, peptones, purines, alkaloids,
trimethylamine, trigonelline, stachydrine, and muscarine are also pre-
cipitated. A valuable eritical study of the periodide procediire for the
isolation and estimation of choline soon was reported by Kiesel (70) in which
further interfering substances are mentioned.

Sharpe (71) devised a quantitative chemical method for the determination
of choline which was based on Stanék’s work. The periodide precipitate is
washed free of excess reagent with ice-cold water and decomposed with
dilute (1:1) nitric acid. The liberated iodine is extracted with chloroform,
the latter is then washed with water to remove nitric acid and the iodine is
titrated with 0.05 N sodium thiosulfate. Sharpe recovered 90.6 per cent,
91.5 per cent, and 94 per cent, respectively of choline added in amounts of
17.0 mg., 4.9 mg., and 1.9 mg. to 20 to 50 cc. portions of blood. However,
incomplete working directions made it difficult for others to repeat the pro-
cedure exactly, and it did not receive wide acceptance.

Roman (72) described the first micro-chemical method for the estimation
of choline. A similar procedure was proposed (but not described in detail)
within a few months and apparently independently by Maxim (73).
Roman reinvestigated the Stanék method very carefully and showed that
for a micro-procedure it is necessary to have the iodine concentration as
high as possible while keeping the potassium iodide concentration as low as
possible. However, too great a concentration of iodine must be avoided
lest it be precipitated upon dilution of the reagent in the test solution, for it
is difficult to wash the choline precipitate free of iodine without loss of some
periodide. Roman believed the conditions were adjusted optimally if 0.3
cc. of a reagent containing 157 g. iodine and 200 g. potassium iodide per
liter were used per cc. of choline solution. Quantities of choline up to 5 mg.
per cc. can be handled by the reagent. Smaller quantities (down to 0.005
mg.) can be determined with equal accuracy (average errors 4-1 per cent,
maximuym errors 5 per cent) but require the same amount of reagent to
maintain & suitable medium for maximum precipitation. For details of the
procedure the original paper should be consulted. Several modifications of

" Roman’s method have been published recently (74) (75).

Erickson, Avrin, Teague, and Williams (74) improved the periodide
micro-method by suggesting the use of an alundum filter stick, of the im-
mersion type, which enables one to remove the supernatant fluid (while the
centrifuge tube containing it remains in the ice-bath) without disturbing
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the precipitate or allowing it to warm up and lose iodine. A further im-
provement was the introduction of a bromine oxidation to convert the
iodine to iodate; the latter is thenallowed to oxidize added iodide, liberating
six atoms of iodine per atom in the original ennea-iodide precipitate. Thus
one obtains 54 titratable atoms of iodine per mole of choline precipitated.
They use 0.005 N thiosulfate for the final titration, 1.00 cc¢. being then
equivalent to 0.01122 mg, choline. Details given in the original paper in-
dicate that the procedure is not difficult to follow. It appears to be a
valuable contribution to the still imperfectly investigated subject of the
micro-determination of choline in biological materials.

At the present time the most popular micro-method for the determination
of choline appears to be by precipitation as reineckate. Quaternary am-
monium bases form much less soluble reineckates than do tertiary amines,
which in turn are less soluble than those derived from secondary amines.
Heterocyclic compounds also form insoluble products, and hence many
alkaloids are precipitated by ammonium reineckate. Further, the w-
amino acids form sparingly soluble reineckates (difference from a-amino
acids). It is obvious, since so many different types of compounds are pre-
cipitated by ammonium reineckate, that it is by no means a specific reagent
for choline and/or acetylcholine (76).

When Paal (77) used ammonium reineckate to determine the amount of
choline liberated during hydrolysis of lecithin, the absence of related
quaternary ammonium bases permitted use of the reagent. However, addi-
tion of reinecke salt or the free acid to blood filtrates and organ extracts, as
practised by Kapfhammer and Bischoff (78) and Beattie (57), is an entirely
different matter. Bischoff, Grab, and Kapfhammer (79) reported finding,
with their reineckate procedure, up to 194 v acetylcholine per gram in
skeletal muscle, while by bio-assay Plattner and Krannich (80) and Chang
and Gaddum (81) could not demonstrate more than 0.08 v per gram, a differ-
ence of almost 2500-fold. The former workers also reported finding up
to 45 mg. per kg. of free choline (as chloride) in muscle.

During the period 1933 to 1935, Strack and his collaborators in Leipzig
partially clarifipd the situation as far as the determination of free choline
is concerned. They showed (82) that certain tissues, notably liver and
placenta, possess enzymes which liberate choline rapidly from phosphatides,
and that the alcohol extraction procedure of Bischoff, Grab, and Kapf-
hammer does not inhibit the enzymes rapidly enough. However, Strack,
et al. (83) could not find any free choline in beef, dog, or rabbit muscle,
even after 5 hours incubation, so that liberation from complexes could not
account for the considerable quantities apparently isolated from muscle
by Bischoff, et al. Strack, et al. used a hot water extract which was evap-
orated to dryness, taken up in alcohol and precipitated with mercurie
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chloride. The precipitate was treated with hydrogen sulfide and the
solution from this, after concentration, was treated with gold chloride.
No chloroaurate of choline was obtained from skeletal muscle. However,
when a reineckate precipitation was used, an insoluble product similar to
that of Bischoff, et al. was obtained from which a chloroaurate could be
prepared which resembled that of choline. On careful investigation it
proved to be the chloroaurate of carnitine (m.p. 155°, Au = 39.36 per cent).

This observation led Strack and Schwaneberg (84) to study more care-
fully the reineckate procedure for the estimation of organic bases in tissues.
In spite of its lack of specificity, they found ammonium reineckate to be a
very useful reagent for the isolation of some of the bases. The separation
of simpler bases depends upon careful adjustment of pH, but this is un-
necessary with the quaternary ammonium bases. By extracting the
precipitate with alkali the reineckates of compounds containing a free or
potential carboxyl group may be dissolved. Choline reineckate, being
insoluble in dilute ammonia, may thus be separated from the corresponding
salts of betaine and carnitine. This treatment is claimed to effect a better
separation of choline and betaine, for example, than does Stan&k’s periodide
procedure.

A colorimetric modification of the reineckate method for the estimation
of choline and acetylcholine was proposed by Beattie (57). The precipitate
. is dissolved in acetone giving a pink to bright red solution, the color of which
is compared with that of a standard acetone solution of the appropriate
reineckate or with that of an artificial standard (methyl red) solution.
Values determined in this way on extracts of natural products are certain
to be too large since other substances are also carried down as reineckates.

The reineckate procedure of Jacobi, Baumann, and Meek (85) is un-
doubtedly somewhat more specific. The ground tissue is extracted with
boiling 1:1 alcohol-ether mixture for 3 minutes. The filtrate is taken
almost to dryness on a steambath and then saponified for 2 hours at 80°
with baryta. This not only liberates choline from its complexes but prob-
ably also destroys some of the interfering substances. After neutralization
with acetic acid and filtration, the choline is precipitated wjth ammonium
reineckate. The mixture is allowed to stand in the cold for 12 hours to
ensure complete precipitation. After filtration the choline reineckate is
dissolved in acetone and the color intensity is measured with an Evelyn
photoelectric colorimeter, using a light filter which transmits at 520 mg,
or a spectrophotometer may be used. The chemical results were found to
agree with bio-assays performed by the method of Chang and Gaddum (81),
using the acetylation technique of Fletcher, Best, and Solandt (86).

Engel (87) has recently deseribed improvements on this procedure.
Much more exhaustive extraction is advised and methanol is recommended



CHOLINE A8 DIETARY FACTOR 15

as a superior solvent. The combined extracts are taken to near dryness
in vacuo and the residue is saponified with baryta for 2 hours at 100°.
After neutralization the choline is precipitated with a methanol solution
of reinecke salt, left for 4 hours at 3°, filtered and washed three times with
small portions of cold ethanol (3°). The precipitate is then dissolved in
acetone and the concentration of choline reineckate is determined with a
photoelectric colorimeter, using filter 520. A Dbiological assay is also
proposed by Engel in which the protection afforded by the sample is com-
pared with that of known amounts of choline in preventing kidney hemor-
rhages in rats on choline-deficient diets.

Shaw (88) attempted to devise a micro-procedure of greater specificity
by performing the reineckate precipitation in 0.1 N sodium hydroxide solu-
tion. The small precipitate is suspended in sufficient water to give a
turbidity equal to that of a standard tube. It is then placed in a water-
bath at 60° for 2 minutes to dissolve the choline reineckate; any insoluble
material is rejected. A special iodine solution is then added and the re-
sulting brown color is compared with that of a choline standard treated
similarly. Upon adding alcohol, the color due to choline is discharged.
By difference, the color due to choline in the sample is obtained. For ex-
act details the original must be consulted.

Lintzel and Fomin (89) have described a micro-method of estimation
which depends upon the oxidative degradation of choline to trimethylamine
under the influence of an excess of potassium permanganate added slowly
to a hot, strongly alkaline solution. The volatile bases which distil from
the reaction mixture are absorbed in hydrochloric acid. The acid con-
tents of the receiver are evaporated to dryness, an excess of formaldehyde
is added, the mixture is made strongly alkaline with caustic soda and the
trimethylamine (the only base volatile from such a mixture) is aerated into
standard sulfuric acid (0.02 N). The unused sulfuric acid is back-titrated
with 0.02 N trimethylamine solution. Conditions were found which caused
a quantitative decomposition of choline, yet which did not appreciably
oxidize trimethylamine. Betaine and y-butyrobetaine are claimed to be
relatively stable under the same conditions, but neurine and carnitine
behave as does choline; no data for other betaines or quaternary am-
monium bases are given. Lintzel and Monasterio (90) simplified and
shortened the procedure by eliminating the first acid absorption. The
volatile bases are passed into an ice-cold mixture of formaldehyde and
strong sodium hydroxide. Ammonia and mono- and dimethylamine are
held back, only trimethylamine heing carried over to the standard acid in
the receiver. Although Lintzel and Monasterio devised the method for
estimating lecithin in blood and plasma, it can be used to estimate choline
in any mixture provided other quaternary ammonium hases are known to



16 C. C. LUCAS AND C. H. BEST

be absent. The only weakness of this ingenious and simple method is its
lack of specificity, although it is probably at least as specific as many other
procedures which have been proposed for the estimation of choline.

The quantitative method proposed by Klein and Linser (91), based on a
simple alkaline degradation of choline to trimethylamine, naturally suffers
from the same lack of specificity as does Kauffmann’s test. However, it is
useful when dealing with somewhat purified material, such as a lecithin-
rich fraction. Various problems associated with the estimation of iree
choline (particularly the difficulty of effecting a clear-cut separation of
choline from phosphatides) are discussed by Klein and Linser.,

Most of the recently devised micro-methods appear to be satisfactory
for use upon hydrolyzed phospholipid materials. In other words, they
may be used to determine total choline in a specially purified fraction from
which other quaternary ammonium bases are absent. However, a chemi-
cal method suitable for the determination of free choline in body fiuids or
tissue extracts has not yet been described. ‘The failure to discover a
precipitant or chromogenic compound with high specificity for choline
leaves the chemical estimation of this important metabolite in tissues as a
problem for the future.

The bio-assay is still the most specific and sensitive method for detecting
choline and of estimating small amounts with approximate accuracy, but
it possesses many dangerous pitfalls for the chemist and is only reliable in
the hands of a competent physiologist. Alcohol, calcium, potassium,
histamine, adenosine compounds, traces of protein, lecithin, cholesterol,
and several as yet unidentified compounds occurring in tissue extracts,
may cause profound disturbances in the assay. The method was proposed
in 1906 by Hunt and Taveau (92) who observed that acetylcholine possesses
from 1000 to 100,000 times the physiological activity of an equivalent
amount of choline, depending upon the organ or tissue preparation used
in the assay. For further discussion of the pertinent literature and for
details of the method one may consult Chang and Gaddum (81) and
Fletcher, Best, and Solandt (86).

V. CHOLINE A8 A DiETARY FacTOr

This aspect of the choline investigations was a direct outgrowth of the
discovery of insulin. Banting and Best were not particularly interested
during the early phases of the insulin work, in long-continued experiments
on diabetic animals. They felt that it was sufficient, at the time, to show
that all signs of the disease could be eliminated for six or seven weeks by
the administration of the anti-diabetic hormone and that the abnormalities
reappeared promptly upon cessation of the injections. In the light of our
present knowledge it was fortunate that when Professor Macleod and his
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group initiated the studies, in which they observed insulin-treated de-
pancreatized animals for several years, that an adequate diet was not
always used. A great deal of knowledge of the accessory food factors and
of other aspects of nutrition has, of course, accumulated since that time.
The depancreatized dog suffers from the loss of several of the digestive
ferments and the absorption of food material from the intestine is seriously
impaired. When Allan, Bowie, Macleod, and Robinson (93) in Toronto,
and Fisher in Chicago (94) noted large yellow livers in the insulin-treated
animals, many possible explanations suggested themselves. When it was
found that the abnormal conditions could be prevented by the inclusion
of raw beef pancreas in the diet, it became apparent that some constituent
of this tissue was responsible for the improvement. Dr. Hershey (95)
first alone and later with Dr. S. Soskin (96) working in Professor Macleod’s
laboratory, studied the effects of feeding crude egg-yolk “lecithin” to
the diabetic dogs receiving the diet which favored the production of fatty
livers. This work was in progress when one of us (C. H. B.) succeeded
Professor Macleod as Professor of Physiology in Toronto. Macleod was
not, at that time, convinced that a definite result attributable to
the “lecithin’ had been obtained. It became apparent, however, as one
watched the subsequent experiments, that the phospholipid mixture was
effective in a manner similar to that of pancreas. The logical inference
was, therefore, that the phospholipid fraction or some unidentified sub-
stance associatzd with this material in the pancreas was responsible in
part at least for the effect on liver fat.

Experiments on depancreatized dogs are exfremely tedious, and in
studies of this type, unless a large number of animals are observed, the
results are difficult to interpret. Huntsman, Hershey, and Best (97)
decided to make studies on the white rat in an effort to enlarge knowledge
of the factors which control fat deposition in the liver. They investigated
the effect of, first, a crude and then a highly purified lecithin on the fatty
livers which they found could be produced in the rats by feeding a diet very
rich in fat. Purified lecithin turned out to be effective in the prevention of
fatty livers and sometime later, it was established that the active con-
stituent of the lecithin was choline (98). The addition of pure choline to
the diet prevented the deposition of excess fat in the liver.

Later it was found that as little as 1 mg. per rat per day is an effective
dose. Best, Ferguson, and Hershey (99) showed that choline, when given
in sufficient amounts to diabetic dogs, prevented the development of fatty
livers and alleviated the condition when it was administered in curative
experiments.

This conclusion has been supported by all subsequent investigators
(100) (101) but it has been shown by Dragstedt and his colleagues (100)
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(102) that other factors contribute to the effect of the pancreas. This
aspect of the subject will be referred to again later.

The discovery of this effect of pure choline focussed attention on the
food materials which can be shown to contain this substance, and a diet
which contained much less choline than the mixed ration which previously
had been provided was devised. This finding permitted a more dramatic
demonstration of the effect of choline on liver fat in both rats and de-
pancreatized dogs.

In subsequent experiments (103) (104) it was shown that the feeding of
choline prevented the deposition of neutral fat and to a lesser extent that
of the cholesterol esters in the livers of animals receiving pure cholesterol
in their diets. It thus appeared that choline was involved in the metab-
olism of cholesterol as well as in that of neutral fat. In curative experi-
ments choline accelerated the removal of cholesterol esters as well as neutral
fat from the liver.

Further details of those and other aspects of the early choline studies
will be found in the reviews by Best and Ridout (103), Frame (106), Griffith
(107) and in the symposium on the biochemistry of choline (108). Certain
phases of this subject have recently developed with great rapidity and
most of the space available will therefore be devoted to them.

VI. Tue Lirorroric EFrFECT OF PROTEINS AND AMINO AcCIDS

The first intimation that choline and betaine were not the only sub-
stances possessing lipotrepic activity came in 1935 when Best and Hunts-
man (109) noted that casein exerted a similar influence. The observation
was made during a study of the curative action of choline on the fatty liver
of rats in various states of nutrition. In one of their experiments, in order
to obtain a diet absolutely free of choline, they fed only sucrose to rats
with fatty livers and noted that the livers became even more fatty. Upon
repeating this experiment with 20 per cent casein replacing an equivalent
amount of sugar, the further increase in liver fat was not observed. This
first evidence of the lipotropic effect of casein was communicated, before
publication, to Channon, who, with his collaborators in Liverpool, sub-
sequently confirmed and extended the results (110). Rats were fed a low
choline, high fat (40 per cent) diet supplemented with increasing amounts
of casein up to 50 per cent. After three weeks the analyses showed that
the amount of fat in the liver depended on the quantity of protein in the
diet and that the liver fat decreased with increasing amounts of dietary
protein, This effect of casein was also demonstrated on the glyceride
fraction of the cholesterol fatty liver (111).

In curative experiments Best and Ridout (112) demonstrated thdt the
cholesterol fraction of liver lipids was definitely decreased by a high casein
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diet. The experimental animals received a small dailv dose of cholesterol
(18 mg.). Beeston, Channon, and Wilkinson (111) in preventive experi-
ments, failed to demonstrate an effect of easein on the deposition of choles-
terol esters. These investigators fed, however, about ten times as much
cholesterol (2 per cent of the diet).

Best, Grant, and Ridout (113) found that under certain experimental
conditions a maximal lipotropic effect of casein was obtained at a 30 per
cent level in the diet. They showed that gelatin possessed little or no
lipotropic activity but that carefully prepared dried egg white and beef
muscle powder were effective. The former had approximately the same
potency as casein, the latter definitely less.

In 1936, Beeston and Channon (114) in confirmation of Clurtis and
Newburgh (115) showed that cystine caused a large increase in the liver fat
of rats on a low casein, high fat diet. Above a certain low level of eystine
intake the deposition of fat does not bear any definite relationship to the
amount of cystine ingested. This observation probably has a bearing on
the failure of added cystine to influence the liver fat of rats on certain diets
in which the basal protein probably provided sufficient cystine to produce
a maximum effect.

Preliminary studies of Beeston and Channon (114) failed to reveal an
amino acid in casein with lipotropic properties, but showed that lysine,
glutamic acid, aspartic acid, serine, glycine, and phenylalanine lacked
activity in this respect when tested on the fatty liver produced by an
alipotropic diet. In 1937, Beeston, Channon, and Platt (116) reported
that cystine also caused a considerable increase in the glyceride fraction
of the cholesterol fatty liver. Its effect was counteracted when the dietary
casein was increased to 15-20 per cent. They further noted that glycine,
when present to an extent greater than 1 per cent in diets producing choles-
terol fatty livers, progressively increased the liver glyceride. No further
mention has been made of this and no confirmation has vet been noted.
In the same paper they reported that experiments both on the fatty liver
and the cholesterol fatty liver suggest that tyrosine has some effect in
preventing glyceride deposition. This lipotropic action of tyrosine is
reaffirmed in a later paper (117), in which they also report having retested
and found negative, serine, lysine, aspartic acid, and phenylalanine. Nega-
tive results were also reported with alanine, proline, hydroxyproline, his-
tidine, valine, leucine, and arginine, In 1941, Singal and Eckstein (118)
confirmed the negative effects of dl-valine and dl-leucine. They also
found that djenkolic acid and dl-isoleucine possessed no lipotropic activity.
The same workers (119) using mice, showed definitely that cvsteine and
homocystine act in the same manner as cystine on liver fat. This anti-
lipotropic effect of homocystine had been indicated earlier by Channon,
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el al. (120) who reported that further evidence was necessary to confirm
the point.

A great step forward was made in 1937 when Tucker and Eckstein (121)
confirmed the effect of cystine on liver fat and made the interesting dis-
covery that methionine was lipotropic and probably responsible in large
part for this action of casein. Their results indicated that the effect of
methionine was more easily seen if the basal diets were such that the liver
fat in the control rats was high. They suggested that the lipotropic action
of casein—and presumably any protein—was due to “‘a resultant effect of
the simultaneous opposing influences of the cystine and methionine of the
diet.” The lipotropic action of methionine has since been repeatedly
confirmed (122) (123).

Channon, Manifold, and Platt (122) showed that methionine exerted its
lipotropic effect on the glyceride and cholesterol fractions of the cholesterol
fatty liver. They also found that the effect of the methionine was more
marked when egg albumin was used as the basal protein. They attributed
this finding to the fact that the liver fat was much higher in the albumin
controls than in the casein controls. Some of their earlier experiments had
shown that a level of 0.5 per cent dietary methionine exerted little lipotropic
effect when the liver fat of the controls was only moderately high
(16 per cent).

Channon, et al. (124) investigated the lipotropic effect of a series of pro-
teins and noted marked differences in them. A short time later, Tucker
and Eckstein referring to this paper, pointed out that the lipotropie ac-
tivities corresponded roughly with the methionine content of the proteins,

The first attempts to assess the effects of cystine and methionine on liver
fat gave apparently anomalousresults. Tucker and Eckstein (125) showed
that the addition of cystine to a diet containing 40 per cent lard and 5 per
cent gliadin exerted little effect, although when casein was used as the basal
protein the effect was marked (121). When albumin was used as the basal
protein a similar inability to demonstrate the cystine effect was encountered
(126). The probable explanation is found in the results of Beeston and
Channon (114) who showed that, under their experimental conditions the
effect of cystine in increasing liver fat was not proportional to the amount
fed when more than 7 mg. /rat/day was provided. Basal diets containing
5 per cent gliadin or albumin contain more than this amount of cystine
in the average daily ration of a rat weighing 150-200 g.

In 1939, Singal and Eckstein (119) reported that casein exerted the same
lipotropic effect in mice as had been observed in rats. They found, how-
ever, that arachin failed to influence the fatty livers of mice and attributed
this to its low methionine content. Some support for their explanation of
the non-lipotropic action of arachin is found in the observation of Best,



CHOLINE AB DIETARY FACTOR 21

Grant, and Ridout (113), published some years previously, that gelatin
(which contains little or no methionine) possesses no significant lipotropic
activity.

The next important advance was the suggestion of du Vigneaud, et al.
(127) that methionine exerts its lipotropic action by contributing its methyl
group for the synthesis of choline, a transmethylation reaction which was
subsequently proven to occur (128). This phase of the methionine-choline
relationship is discussed elsewhere in the review.

In 1940, Best and Ridout (123) found that the lipotropic actwmes of
both the d- and l-forms of methionine were of the same order. They re-
ported further that when the methionine in the diet was increased over 0.5
per cent no corresponding decrease in liver fat was observed although there
was still a considerable amount of fat in the liver (10-17 per cent). They
studied the relative lipotropic effects of (a) 30 per cent casein, and (b)
cystine and methioninc as free amino acids in amounts equivalent to the
quantities in this dietary level of casein. The average liver fat value from
the methionine-cystine supplemented diet was 16.8 per cent and from the
casein supplemented diet 7.1 per cent. They were led to the conclusion,
already suggested by Tucker and Eckstein (125), and later by Channon,
et al. (126), that there were probably other factors in addition to cystine
and methionine which may be involved in the explanation of the lipotropic
effect of proteins.

Channon, et al. (126) confirmed Best and Ridout’s finding concerning the
limited lipotropic action of methionine. They pointed out that when an
8 per cent casein diet was supplemented with 0.15-0.2 per cent methionine
(0.42-0.47 per cent in all) the maximum methionine effect was obfained;
whereas casein exerts an increasing lipotropic effect up to 30 per cent which
is equivalent to a total of 0.83 per cent methionine in the diet. They con-
clude that either methionine exerts its effect quite independently of choline
or some factor other than the provision of labile methyl groups becomes
limiting for the body synthesis of choline. They mention in this connec-
tion the possibility—already suggested by du Vigneaud, et al. (127)—that
the production of aminoethanol might be the limiting factor. It is inter-
esting to note that a short time later DeWitt Stetten, Jr. (129) demon-
strated that ethanolamine serves as a precursor for the biological synthesis
of choline.

Tucker, Treadwell, and Eckstein (130) found that 5 per cent casein
diets supplemented with enough cystine and methionine to bring thelevel
of these two amino acids up to that contained in 15 and 20 per cent casein
diets, gave lower liver fat values in rats than did the high protein diets.
This finding is apparently in direct conflict with that of Best and Ridout
(123) mentioned above. It should be pointed out, however, that the
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latter workers were experimenting at a much higher level of dietary pro-
tein—35 per cent instead of 1§ and 20 per cent—and that in other ex-
periments they used 5 per cent beef powder protein in the basal diet in
place of casein. Provided that the beef powder used by Best and Ridout
did not exert any influence other than that which may be attributed to
its methionine and cystine content (3.19 and 0.97 per cent respectively)
then these combined results indicate that between the 20 and 35 per cent
protein levels the lipotropic effect of the dietary protein increases steadily
whereas that due to a 5 per cent basal protein diet supplemented with
increasing amounts of methionine rapidly reaches & maximum. The reason
for this phenomenon may be as Channon, ef al. (126) have expressed it that
“added methionine is incapable of exerting its full effect in the absence of
some other protein constituent.” On the other hand the deficiency may
be more general and involve all the essential amino acids and the nitrogen-
ous equilibrium of the animals.

These divergent findings prompted Treadwell, Groothuis, and Eckstein
(131) to reinvestigate the question of the relative lipotropic efficacy of 15
and 20 per cent protein diets as compared with 5 per cent protein diets sup-
plemented with sufficient methionine and cystine to raise the quantities of
these sulfur-containing amino acids to the same levels contained in the
high casein rations. They confirmed their previous results (130) and
pointed out that there was no evidence whatsoever in their results to con-
firm the previously quoted contention of Channon, ef al. (126). On the
contrary the free amino acid appeared to be supertor to the same amount
found in the protein. It should be noted that neither group of workers has
attemnted to repeat exactly the other’s procedure. Treadwell, et al. call
attention to the fact that their rats, which weighed 100-125 g. ate much
more and gained more weight on the high protein diet than on the me-
thionine-cystine diets. They advance the theory that since there was much
more new tissue protein laid down in the rats on the high protein diets that
this involved an increased demand for methionine and hecause of this
demand less methionine may have been available for lipotropic action.
This is in effect the same idea expressed by and demonstrated by Griffith
and Mulford (132) and it is therefore evident that the difference in food
intake alone might be held responsible for the different lipotropic effects of
the two diets, They conclude that it would be of interest to repeat this
work on adult rats in which the growth factor is practically ruled out.
A better method of eliminating the ambiguity caused by the excessive
food intake of the one group would be to use the paired feeding technique.

One of Treadwell, ¢f al.’s experiments involved the addition of cystine
in increasing amounts to a low casein (5 per cent), high lard (40 per cent)
basal diet supplemented with sufficient methionine to make the total
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methionine content equivalent to that of a ration containing 20 per cent
casein as the sole source of protein. Contrary to the results reported by
Beeston and Channon (114) a definite increase in liver fat was observed
when the cystine level was raised. Although it is not pointed out, this
finding indicates that under the conditions used by these workers, there
appears to be an antagonism between the effects of the two amino acids
even when fed at high levels, The converse experiment in which in-
creasing amounts of methionine were added to the basal diet containing
0.6 per cent cystine, showed that methionine exerted an additional lipo-
tropic effect when fed in excess of 0.5 per cent. It should be recalled that
under slightly different conditions Best and Ridout (123) and Channon, et al.
(126) found that increasing the methionine content of the diet above 0.5
per cent did not produce any further effect on the liver fat.

The fact that food intake has a marked effect on liver fat—at least in
young rats—has been demonstrated by Griffith and Mulford (132). They
showed that with increasing intake of food the liver fat increased. In
addition, Mulford and Griffith (133) have pointed out that the usual low
protein diets (18 per cent) used in producing renal lesions and fatty livers
in young rats, contain a sub-optimal level of dietary sulfur, 0.14 instead of
0.19 per cent, and that a supplement of 0.05 per cent of extra sulfur as
cystine results in longer and heavier animals, these gains being obtained
with little or no inerease in food consumption. It therefore appears that
cystine brings about an increased utilization of food under the conditions
described, and they advance the theory that cystine exerts its anti-lipo-
tropic effect by virtue of raising the metabolic level nearer to normal thus
creating an increased demand for lipotropic factors. These points will be
discussed further in the section on intermediary metabolism of choline
and other lipotropic factors.

The seemingly conflicting nature of some of the mass of experimental
data presented to date on the lipotropic effect of the proteins makes the
task of drawing any clear cut conclusions a difficult one. However, the
following points may be noted.

Cystine is anti-lipotropic but this action is probably non-specific and
due to the raising of the metabolism nearer to the normal level thus re-
sulting in an increased demand for lipotropic factors. Attention must be
drawn, on the other hand, to the work of Treadwell, ef al. (131) whose
results indicate the possibility of a direct antagonism between methionine
and cystine.

Methionine exerts a lipotropic effect through its contribution of labile
methyl groups for the synthesis of choline. On low protein diets, high
levels of methionine may not exert their full effect because of a deficiency
of some other protein constituent. This might explain why 5 per cent basal
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protein diets supplemented with the same amounts of methionine and
cystine contained in a 30 per cent casein diet fail to lower the liver fat to
the same extent as the casein itself does. It should be borne in mind that
even in the experiments of Treadwell, Groothuis, and Eckstein the liver
fat is never reduced below 10 per cent by methionine alone or in combina-
tion with cystine. Adequate amounts of casein will produce much lower
values.

VII. INTERMEDIARY METABOLISM OF CHOLINE AND OTHER LIPOTROPIC
Facrors

The demonstration in 1938 that methionine is an indispensible amino
acid (134) and the removal of cystine from this category, evoked a renewed
interest in the réles of the S-containing amino acids in nutrition. Butz
and du Vigneaud (135) had previously discovered that methionine loses
its methyl group when boiled with strong sulfuric acid and from the re-
action mixture a new S-containing amino acid, homocystine, was isolated.
Although to date neither homocystine nor homocysteine has been isolated
from food or tissue proteins the above observations naturally raised the
question as to whether methionine loses a methyl group in intermediary
metabolism and as to the ability of homocystine to replace methionine in
the diet.

Both du Vigneaud and Rose commenced studies along these lines in
1938. The methionine-free diets used in New York and Urbana were
superficially identical, but the two groups obtained strikingly different
results—the rats in du Vigneaud’s laboratory not only failed to grow but
lost weight. Rose’s animals grew, but at a subnormal rate (136) (137).
The discrepancy was eventually traced to the vitamin B supplements
chosen by the two groups. Rose and Rice used a mixture'of tiki-tiki and
a milk vitamin concentrate; du Vigneaud had used crystalline thiamin
chloride, riboflavin, and nicotinic acid (0.02 mg. each daily) with 25 mg.
of ryzamin-B. When the rats in du Vigneaud’s laboratory were autopsied
at the end of the experimental period it was discovered that they had not
only failed to grow but that the livers appeared fatty. This observation
suggested the possibility of & choline-deficiency in du Vigneaud’s diet and
this was soon proven to be the case. The crud¢ vitamin preparations used
by Rose were subsequently shown by du Vigneaud, et al. (138) to contain
considerable choline—about 3.5 mg. in the daily supplement, or ten times
that found in the daily dose of rvzamin-B which had been used by
du Vigneaud’s collaborators.

At the Toronto meeting of the American Society of Biological Chemists
in 1939, du Vigneaud, Chandler, Moyer, and Keppel (139) first reported
that rats were unable to grow on a synthetic diet which contained homo-
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cystine or homocysteine in place of methionine, but that when choline
was added growth promptly ensued. Their subsequent publication (138)
of the details of the work proved to be the first chapter in a rapidly growing
volume of nutritional research which led to a new metabolic chemical
change being discovered and definitely established—transmethylation.
The interrelationships between choline and other methylated compounds
have been considerably clarified during the last three years, particularly
8o during the past few months. An excellent review of the subject by
du Vigneaud (140) describes the progress of these studies to the end of 1941.

The fact that homocystine cannot replace methionine in the diet, except
in the presence of choline (or related substances), was soon confirmed in
other laboratories (141) (142). The explanation proposed by du Vigneaud,
et al. (138) was that choline acts as a donor of methyl groups in the syn-
thesis of methionine from homocystine. By visualizing the process as a
reversible one, they were led to suggest that dietary methionine (which
is lipotropic) may be a precursor of choline so far as methyl groups are
concerned. The hypothesis was advanced that methyl groups in a utiliz-
able form are indispensible in the diet because the animal organism is in-
capable of generating methyl groups for the essential methylations. The
idea of transmethylation reactions had been in mind for several years. As
early as 1935, both Lewis (143) and Brand, et al.. (144) had raised the
question as to whether the methyl group believed to be released during
metabolism of methionine was utilized in the synthesis of creatine, but
at that time no technique was available for settling the point unequivocally.
The hypothesis suggested by du Vigneaud, ¢t al. to account for the choline-
homocystine-methionine relationship was quickly subjected to critical
test, utilizing tracer elements (deuterium, radio-active sulfur, and heavy
nitrogen) in the dietary components and following them in compounds
isolated from the tissues and excreta.

The close chemical relationship of betaine to choline, and the known
lipotropic properties of betaine, led Chandler and du Vigneaud (145) to
test its ability to induce growth in diets containing homocystine but no
methionine. It proved to be active but not as potent as choline and it was
tentatively assumed that it exerted its effect through conversion to choline
in the body. The work of Stetten (146) (147) indicates that only the
methyl groups of betaine are utilized in choline synthesis (see also page 29).

Whether the effect of choline on growth might be an indirect one, by
preventing the development of fatty livers in animals on diets containing
homocystine as the sole source of sulfur-containing amino acids, was ex-
amined by Moyer and du Vigneaud (148); for it appeared possible that
choline, by preventing liver damage, might allow that organ to carry on
methylations or other reactions essential to growth. When triethylcholine,
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which had already been shown to be lipotropic (149), was fed to animals
on diets containing homocystine in place of methionine, development of
fatty livers was prevented but no growth occurred. Obviously, the pres-
ence of a fatty liver was not entirely to blame for failure of growth in the
experiments in which choline was not fed.

The proof of the reality of the transmethylation reactions which had been
postulated was brought out in a series of papers from du Vigneaud’s labora-
tory describing the results of feeding compounds containing labelled methy!
groups. By catalytic reduction of carbon monoxide with heavy hydrogen,
deuteriomethyl alcohol was obtained which was converted to deuterio-
methyl iodide. The latter compound was used to methylate sodium
homoeysteinate in liquid ammonia, giving deuterio-methionine, and to
methylate ethanolamine, giving deuteriocholine.

When deuteriomethionine was fed at a 70 mg. level for 3 weeks to rats on
a diet lacking choline and methionine (150) the choline subsequently
isolated from the carcasses as chloroplatinate was found to contain deute-
rium. That all of the deuterium was present in the methy! groups of the
isolated choline was later demonstrated by oxidative degradation with
alkaline permanganate (151). The trimethylamine thus liberated was
distilled over into hydrochloric acid and isolated as chloroplatinate. This
material contained all the deuterium originally present in the choline, thus
clearly establishing the biological transfer of the intact methy) group from
the methionine into the choline molecule.

It was simultaneously shown that labile methyl groups from methionine
play other roles in metabolism. The muscle creatine of the rats fed deuterio-
methionine (isolated as the zine chloride complex of creatinine) was shown
to contain deuterium and it was demonstrated that the deuterium was in
a deuteriomethyl group. This was established by hydrolyzing the
creatinine to sarcosine with baryta and decomposition of the latter to
methylamine with silver oxide. The methylamine was separated as the
chloroplatinate and found to contain all the deuterium atoms originally
present in the creatine, again showing that the deuteriomethyl group of the
dietary methionine is transferred intact, this time into the creatine mole-
cule. As might be expected from the above findings, the creatinine ex-
creted in the urine was also found to contain the deuteriomethyl group,
and the deuterium content of the methyl groups of the choline, creatine,
and creatinine were found to be of similar magnitude.

In subsequent feeding experiments they took advantage of the latter
finding to follow the degrec of replacement of normal methyl groups in
body compounds by deuteriomethyl groups, thus enabling them to avoid
premature sacrificing of the animals and also to avoid wasting the costly
nutriments in unnecessarily prolonged periods of feeding.
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Deuteriocholine was fed to rats on a diet lacking methionine and choline,
but containing homocystine, and after three weeks the animals were sac-
rificed. The deuterium content of the tissue creatine showed that in that
time 24 per cent of the methyl group had been replaced by that coming
from the deuteriocholine. After eight weeks on the diet, 29 per cent of
the theoretical maximum deuterium content had been attained. Deute-
rium was found in the methionine from tissues of rats on a similar diet.
This evidence that the methyl groups of choline and methionine can be
interchanged and also utilized in,the synthesis of creatine established
beyond doubt the labile nature of these N-methyl and S-methyl groups, thus
giving direct and incontrovertible proof of the occurrence of biological
transmethylations.

Methionine has recently been shown to be more effective than choline
(roughly ten times) as a methyl donor for creatine formation. Also, by
feeding deuteriomethionine at 0.6 per cent and 1.4 per cent levels in the
diet, the rate of methyl transfer has been found to be proportional to the
amount fed (140).

The diets originally employed for the study of methyl transfer con-
tained homocystine but no methionine, It has since been demonstrated
by du Vigneaud, Simmonds, and Cohn, quoted in (140), that the methyl
group of dietary choline appears in tissue creatine even if sufficient methi-
onine and no homocystine are fed, although the amount of deuteriomethyl
group present in the creatine is less on a diet of deuteriocholine plus methi-
onine than on one containing deuteriocholine plus homocystine. This
obviously indicates preferential use of methyl groups from methionine.
By feeding 1.4 per cent deuteriomethionine in the presence of 25 mg. choline
per day, transfer of methyl groups to newly formed choline still occurred.
The presence of choline did not materially alter the amount of methyl
transfer from deuteriomethionine to creatine, indicating that the methyl
group of choline is either not directly transferred to creatine or undergoes
transfer much less readily than does that of methionine. These in vivo
findings agree with the results of <n vitro experiments performed by Borsook
and Dubnoff (152), who found that liver slices synthesize extra creatine
from guanidoacetic acid in the presence of methionine but not in the pres-
ence of added choline.

Beeston and Channon (153) noted that addition of cystine to low-
protein, low-choline diets increased the liver fat and the need of choline,
an effect just the opposite to that subsequently found to be produced by
the other sulfur-containing amino acid, methionine (154). The view held
by some workers that there is a real antagonistic relationship between
cystine and choline has been disputed by Griffith (155) (156), whose ex-
planation receives support in the finding of du Vigneaud (140) that the
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feeding of cystine does not interfere with transmethylation reactions.
Further confirmation comes from the recent report of Stetten and Grail
(157) that the phospholipids of fatty livers caused by cystine feeding differ
in composition from those due to choline deficiency: the former leads to
deposition of extra lecithin, the latter to loss of lecithin. Griffith bases
his contention on three clearly established facts: (1) the choline require-
ment is markedly influenced by the nutritional level; (2) the choline re-
quirement is not directly related to the amount of cystine in the diet; and
(8) the 18 per cent casein diets used in many of his pertinent studies is a
sub-optimal source of cystine and of total sulfur, supplying only 0.14 per
cent of the latter, whereas with adequate dietary choline 0.19 per cent of
protein-sulfur appears necessary for normal growth of young rats. Griffith
contends that supplementary cystine improves the nutritional level, in-
creasing the demand for choline. That the effect of the added cystine is to
improve the metabolic efficiency seems clear since gains in body weight
and length are observed with little or no increase in the food consumption.
Griffith has found that during the growth period, between the ages 25-45
days, young rats exhibit the greatest need for cystine (this may be supplied
as such or as methionine, which appears to be used as cysting). The
cystine supplement to an 18 per cent casein diet which produces the greatest
stimulation of growth and therefore presumably maximum increase in
efficiency of food utilization, is approximately the.same as that which
causes the greatest deposition of liver fat. Increasing the cystine beyond
this point, even twenty-fold, causes no appreciable augmentation of liver
fat. This work of Griffith, supported by data from other laboratories
(even if the conclusions drawn from them were different) provides strong
support for his contention that the apparent direct antagonism of cystine
and choline is really the manifestation of a greater need of choline at the
improved nutritional level induced by an adequate supply of dietary
cystine.

To get further information about the lipotropic properties of casein,
Mulford and Griffith (156) fed high-casein diets to determine at what
dietary level of the protein (and methionine) the necessity of a choline
supplement would be obviated. About 30 per cent of casein appeared
necessary. The conclusion was also drawn from these experiments that
methionine which is used as a source of labile methyl groups is not available
as a source of cystine sulfur. The correctness of this remains to be proven.

That the sulfur of ingested methionine can be translocated into tissue
cystine has been shown by Tarver and Schmidt (158) who fed methionine,
containing radio-active sulfur, to young rats and subsequently isolated
crystalline radio-active cystine from the hydrolyzed hair. The nature of
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the intermediate steps in the transformation has recently been elucidated
by du Vigneaud and Stetten and will be discussed later.

The lipotropic activity of betaine, originally demonstrated by Best and
Huntsman (159) and repeatedly confirmed (160) (161) (145) (162) is
claimed to be about one-third of that of choline, suggesting that only one
methyl group is available for transmethylation. This indication that
not all methyl groups in biologically important compounds are available
for transmethylation is borne out by the behavior of creatine and sarcosine,
peither of which is lipotropic. They are not methyl donors, %.e. do not
permit in vivo formation of methionine from homocystine (163) and do not
protect young rats from hemorrhagic degeneration of the kidneys (164).
That demethylation of sarcosine (a compound in which two of the three
methyl groups of betaine have been removed), does occur in rats and
rabbits with formation of glycine has been established (165) (166), but the
methyl group is apparently destroyed by oxidation. One must distin-
guish, therefore, between demethylation and transmethylation.

The lipotropic activity of glycine-betaine led to a study of other betaines
and by now ten others have been investigated. Only alanine-betaine (160)
and cystine-betaine (167) have exhibited lipotropic activity. FErgothi-
onine (thiolhistidine-betaine) (168) (138), trigonelline (nicotinic acid-
betaine) (148) and the betaines of glutamic acid (169), serine (170),
threonine (170) and allothreonine (170) do not exert any lipotropic action.
Stachydrine (proline-betaine) and B-alanine-betaine, which were tested
only as methyl donors, were ineffective (148).

Moyer and du Vigneaud (148) have made a very comprehensive study
of compounds which ean act as methyl donors. Of particular interest
were a number of homologues of choline which they prepared and examined;
the only one found to support growth with homocystine as the dietary
source of sulfur was dimethyl-ethyl-hydroxyethyl ammonium chloride,
f.¢., choline with one of the methyl groups replaced by ethyl. This com-
pound, which is lipotropic, also prevents kidney hemorrhages (169) and
perosis and favors fowl growth (171). Moyer and du Vigneaud have
brought the literature up to date in a most useful table which presents not
only the effect of the various compounds on growth with homocystine
but also the lipotropic and anti-perotic activity, the ability to prevent
kidney hemorrhages and the effect on the growth of fowl. The most sig-
nificant feature is the high degree of specificity of structure in relation
to the ability to act as a methyl donor. Only five out of about thirty-five
compounds which have been tested were found to support growth under
the conditions of their experiments: choline, calcium phosphoryl-choline,
dimethyl-ethyl-hydroxyethyl ammonium chloride, lecithin and betaine.
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Out of about fifty compounds which have been tested for lipotropic
action by various workers, nineteen have been reported to possess activity.
In some cases the findings are contradictory, e.g. S-methylcysteine has
been claimed to be inactive (172) yet Singal and Eckstein (167) found it to
be lipotropic and claimed similar activity for dithiodiglycolic acid.

The lipotropic activity of some of these compounds is difficult to ex-
plain, particularly that of dithiodiglycolic acid, but they may exert their
influence indirectly upon the labile methyl supply by varying the quantity
of precursors or methyl acceptors.

Recent studies of cystathionine, ll-S-(8-amino-g-carboxyethyl)-homo-
cysteine, and of the fate of dietary serine have materially contributed to
clarification of the part played by homoeysteine in metabolism. Although
cystathionine does not support growth of rats in the absence of methionine
and choline it can replace cystine in a diet low in methionine (173).
Binkley, Anslow, and du Vigneaud (174) found that slices of rat liver or a
saline extract of liver can split the thio-ether, liberating cysteine. The
cleavage occurs more rapidly under anaerobie conditions, but considerable
hydrogen sulfide is then also liberated. The latter decomposition is in-
hibited by the presence of sodium cyanide. Muscle and kidney are in-
active, as is boiled liver. Binkley and du Vigneaud (175) have more
recently shown that an enzyme present in rat liver effects the conversion,
under anaerobic conditions, in the presence or ahsence of cyanide, of a
mixture of serine and homocysteine into cysteine. Methionine is much less
effective than homocysteine in serving as the sulfur-containing precursor.
The unnatural enantiomorphs (d-homocysteine and d-serine) are not acted
upon appreciably by the enzymes. These findings support the theory of
Brand, et al. (176), rather than those of Nicolet (177), or Toennies (178)
concerning the path by which dietary methionine becomes converted into
tissue cystine, but as Binkley and du Vigneaud point out the whole story
is not yet clear.

The importance of serine in this ¢ycle in the intact animal has been shown
by Stetten’s (179) discovery that dietary serine containing heavy nitrogen
(N15) leads to the formation of tissue cystine rich in isotopie nitrogen.
This indication that the nitrogen (and probably the carbon chain) of serine
is utilized in building the cystine molecule in the rat enhances the signif-
icance of the findings of Binkley and du Vigneaud and strongly supports
their hypothesis concerning the formation of cystine from methionine via
homocysteine and serine.

VIII. THE Vitamin B CoMPLEX AND THE LiroTRopic FACTORS

In 1935, Best, Huntsman, McHenry, and Ridout (180) reported a
favorable influence of choline on the gain in weight of young rats receiving
a diet low in lipotropic factors and rich in fat. Subsequently McHenry
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and Gavin and their collaborators have made a number of extremely im-
portant additions to our knowledge of the choline field. In 1936 (181)
McHenry reported a relationship between thiamin and choline in the
production of fatty livers. In thiamin-deficient animals, when no thiamin
is provided, fat does not accumulate in the liver in the absence of the
dietary lipotropic factors unless liberal amounts of fat are used. With
thiamin and without fat in the diet, fat is formed and is deposited in the
liver. This fat is rich in glyceride and low in cholesterol and its deposition
is prevented by the administration of small amounts of choline. Some of
the members of the B-complex (riboflavin, pyridoxin) also increase the
deposition of fat in the liver but not unless thiamin is also supplied (182).
Engel’s work (183) on calcium pantothenate provides further evidence.
He states that the addition of calcium pantothenate to a synthetic diet
containing thiamin, riboflavin, pyridoxin, and choline, caused a 100 per
cent increase in liver fat. A lack of thiamin or riboflavin resulted in low
levels of liver fat. The omission of pyridoxin had no effect until, at the
end of a 7 week experimental period there was a marked increase in the
liver fat. This increase which was observed while the food consumption
was low, is difficult to explain.

In 1937, MacLean, Ridout, and Best (184) showed that choline caused
a gain in weight of rats which had previously been on a choline-free diet
and they suggested that the presence of this substance in the diet favored
the normal distribution of fat in the liver and the body depots. In other
words it prevented fatty accumulation in the liver and increased the de-
position in the fat stores of the tisstes.

The results of studies (185) using deuterio fatty acids deposited in the
tissues of rats, showed that when these animals were placed on a diet low
in lipotropic factors, the fat which accumulated in the liver did not contain
the labelled fatty acids. Longenecker, Gavin, and McHenry (186) demon-
strated that the fat deposited in the liver of animals on an alipotropic? diet
was not due to an increased absorption of fat from the intestines but was
in all probability produced by the formation of fat from carbohydrate.
A study of the effect of thiamin upon the deposition of liver and body fats
has been made by McHenry and his collaborators. It would appear
probable that the liver fat which accumulates in the absence of choline, is
due in large part to synthesis from carbohydrate sources. McHenry and
his colleagues have made the further most interesting suggestion that
thiamin is essential for this conversion (187). This may account for the
source of the deuterium-free fat deposited in the rat livers in the experi-
ments of Barrett, Best, and Ridout (185) mentioned above, for vitamin B,
was present in the diets which they used.

In 1938, Halliday (188) reported that a diet deficient in vitamin B,

t Bee Bection XIX, page 47.
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(pyridoxin) caused the production of fatty livers. The administration of
liver preparations containing pyridoxin decreased the fat content of the
liver. McHenry and Gavin in 1938 (189) observed that the body fat of
rats was increased out of proportion to the food intake by supplementation
of a diet containing thiamin and riboflavin with a source of vitamin Bs.
Later these workers (182) using crystalline pyridoxin in conjunction with
thiamin, riboflavin, and choline, showed that the pyridoxin caused an
increase in body fat in the rats which were maintained on a fat-free diet.
This effect was slightly augmented by the further addition of nicotinic acid.
In 1941 (190) McHenry and Gavin presented evidence that pyridoxin was
concerned in the conversion of protein to fat. They had previously shown
that thiamin alone does not accelerate the synthesis of fat from protein
though it does so from carbohydrate. When pyridoxin was added to a
high-protein diet containing B, and B; and nicotinic acid, it was found that
the loss of body fat could be prevented. These results indicate that pyri-
doxin may play an important part in gluconeogenesis.

In 1932, Blatherwick (191) and his collaborators noted the production
of fatty livers when dried liver tissue was fed. The active factor was not
identified but there was a tendency by Blatherwick and subsequent work-
ers to attribute this result, in part at least, to the cholesterol contained in
the liver (192).

Recently McHenry and his collaborators (193) have fed an aleobolic
extract of beef livers. This material did not contain cholesterol but when
added to a fat-free diet containing supplements of vitamins B;, B,, and B,
it produced very fatty livers which contained large amounts of cholesterol.
Choline had only a slight effect on this type of fatty liver but the adminis-
tration of the pancreatic extract lipocaic, prevented the deposition. More
recently these workers have shown that biotin produces the same type of
fatty liver as does the liver extract (194) (195). Furthermore they have
made fractions of liver, kidney, muscle, wheat germ, yeast, and rice polish-
ings by the procedure used for the preparation of lipocaic and they found
that all of these extracts were as effective as lipocaic in preventing the
biotin type of fatty liver. They made the further interesting discovery
that the administration of inositol prevented the development of the
biotin fatty liver in much the same manner as the extracts of pancreas or
the various other tissues (196).

In a recent paper Engel (197) has reported that the addition of inositol to
a purified diet containing an adequate amount of choline and in addition
thiamin, riboflavin, pantothenic acid, pyridoxin, and corn oil, was neces-
sary to reduce the liver fats to normal values. Further claims arealso
made for the necessity of pyridoxin even in the presence of choline to
prevent the accumulation of fat in the liver in prolonged experiments.
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These researches promise to shed a great deal of light on the intermediary
metabolism of food materials and the effect of the members of the vitamin
B complex on these interchanges. The comments of Griffith (198) and
Mitchell (199) on this aspect of the subject are very valuable and serve
to emphasize some limitations of this method of approach.

IX. THE REraTION OF CHOLINE AND THE OTHER LIPOTROPIC
Facrors To THE KIDNEY

Very important new evidence of the significance of the lipotropic factors
in nutrition was obtained by Griffith and Wade in 1939 (200), when they
noted hemorrhagic degeneration of the kidneys in young male rats fed an
alipotropic diet. These investigators, using animals from 21 to 26 days of
age, observed fatty livers within 48 hours. The amount of liver fat in-
creases for the first 4 to 6 days, and during this time there is no interference
with appetite or growth. The kidney changes appear between the 6th
and 8th day and are accompanied by a rise in blood N.P.N. The rats
appear sick and in some cases exhibit ocular hemorrhages and an extensive
regression of the thymus.®? Protein but not blood is found in the urine,
and the excretion of phenol red and of inulin is greatly decreased.

It is of great interest that recovery from the kidney lesions takes place
spontaneously in the animals which survive. Renal function improves
rapidly and the repair is evident from gross examination of the kidneys.
The signs of hemorrhage disappear but the recovered organs are enlarged
and in some cases rough and scarred with a white inerustation. There is
evidence (201) that the renal damage may persist for many weeks and that
the glomeruli as well as the tubules may be involved. The liver remains
fatty throughout the period of the recovery of the kidney (202) indicating
that there is not suffi¢ient choline made available to remove all signs of its
deficiency.

By using arachin, which contains very little methionine, as the source of
protein, Engel and Salmon (203) demonstrated hemorrhages in the adre-
nals, lungs, and myocardium as well as in the kidney and the eye. Under
these conditions none of the animals survived. These findings illustrate
dramatically the importance of a source of dietary choline in the mainte-
nance of cellular nutrition. Weichselbaum (204) reported some years ago
that fatal liver hemorrhages occurred in rats receiving neither cystine nor
methionine.

Histologically, Christensen (205) and Gyoérgy and Goldblatt (206) have
noted the following changes during the acute phase of the kidney lesions.

8 Christensen and Griffith, J. Nutrition (1942), have recently reported the results
of & more complete study of the relation of choline to these changes in the thymus
gland.
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Vascular congestion and degeneration of the tubules are the principal
lesions. Congestion of the peripheral cortical capillaries and the capsular
blood vessels produces the enlargement and the deep red appearance.
Hemorrhage is found only in the capsule and at the edge of the cortex.
In the most severe lesions the glomerular and other blood vessels are
congested. The renal tubules in the deep part of the cortex and in the
outer part of the medulla are necrotic and are always filled with casts.

All of the kidney changes are prevented by the addition of 1-2 mg. of
choline daily to the basal diet, while the liver lesions require more—4 to
6 mg. daily.

The addition of thiamin, riboflavin, pyridoxin, pantothenic acid, ascor-
bic acid, or vitamin K has no effect on the incidence or severity of the renal
or hepatic lesions in these young rats (201). Nicotinic acid appears to
oppose the action of choline, as does cholesterol—the latter the more
vigorously.

Cystine aggravates the effects of an alipotropic diet on the kidney (207)
but this is true only within a certain rather low range of cystine intake
(208). Some evidence has been secured that this effect of cystine is a
general metabolic one, compensatory for the low cystine intake, rather
than a direct chemical or physiological antagonism between cystine and
choline.

It is of great interest that triethylcholine, which prevents fatty livers
but does not replace choline in promoting growth on an alipotropic diet
containing homocystine, does Inhibit the production of the kidney lesions.

Griffith and Mulford (209) made a careful study of the relative anti-
hemorrhagic potencies of choline and betaine. Betaine is approximately
one third as active as choline under their experimental conditions, and they
have suggested that only one of the three methyl groups of betaine may
be available. The methyl group of methionine is apparently effectively
utilized. At present it is impossible to predict from a chemical formula
what methyl group will be available from a compound which contains
them. A general discussion of the relation of chemical structure to lipo-
tropic, anti-hemorrhagic and growth-promoting activities has been given
elsewhere.

Griffith (210) has reviewed the various possible explanations of this
action of the lipotropic and anti-lipotropic substances on the kidney lesions
and they need not be recapitulated here. Since all these materials cause
kidney changes which apparently correspond extremely closely to those
they induce in liver tissue it is reasonable to suppose that the kidney effect,
like the liver change, is exerted through the mechanism of an altered rate
of phospholipid “turnover.” This may not involve transport of phos-
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pholipid from the kidney but may be concerned with the nutrition of the
kidney cells.

X. Tre Lirorroric FacTors AND CIRRHOSIS OF THE LIVER
PropuceEp BY DIETARY MEANS

The favorable results obtained in 1937 by Patek (211) and in 1941 by
Patek and Post (212) in the treatment of clinical hepatic cirrhosis by means
of a highly nutritious diet supplemented by vitamin B concentrates, has
undoubtedly stimulated further experimental work in this field. In 1939,
Gyoérgy and Goldblatt (213) found that rats kept on a diet deficient in
pyvridoxin but containing thiamin and riboflavin, exhibited hepatic lesions.
These continued to appear when pyridoxin was added to the diet but were
prevented when yeast or Peters’ eluate was provided. The hepatic
changes which consisted of fatty degeneration, necrosis and sometimes
hemorrhage, were not, however, consistently reduced under these experi-
mental conditions. Basing his suggestion on the results of Neale and
Winter (214) Gyorgy suggested that the effective substance in yeast
might be purine in nature.

Rich and Hamilton in 1940 (215) (216) were able to produce, by dietary
means, a cirrhosis of the liver in rabbits which closely resembed the Laennec
type in man. The characteristic change was scarring—the newly formed
connective tissue either surrounding the lobules in bands or extending
diffusely through them and breaking them up in an irregular manner.
The dietary evidence indicated that these lesions were due to the lack of
some substance in yeast but not specifically to the absence of B, B;, Bs, or
nicotinic acid. The fat content of the livers varied considerably and in
general became proportionately less as the scarring process advanced.
The occurrence of the lesions appeared to he independent of the fat or
protein content of the diet. The fact that the diet was deficient in choline
was appreciated by these authors. Machella and Maguire (217) using the
Rich and Hamilton diet were not able to produce hepatic cirrhosis in rats.

In an extension of his work on fatty livers in depancreatized dogs,
Chaikoff working with Connor produced cirrhosis in the livers of nor-
mal dogs by providing diets very rich in fat and administering alcohol
in large doses (218). Fatty livers and cirrhosis were found in four of sixteen
animals. Later (1940) similar lesions were produced by high fat diets
alone (219). These authors believe that the accumulation of excessive
amounts of fat persisting for long periods stimulates fibrosis to such an
extent that a true cirrhosis, which may cause death of the animal, is pro-
duced.

We will not attempt to review here the literature in which the effect of
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excessive amounts of cystine in the diet on liver histology is described
but a brief summary will furnish a groundwork for recent results obtained
when both cystine and choline were provided. In 1927, Curtis and New-
burgh (220) described very extensive interlobular hemorrhagic necrosis
of the liver of rats after 4 days on an 8 per cent casein diet with 20 per cent
of added cystine. Using a slightly lower protein intake, with 25 per cent
fat and from 5 per cent to 10 per cent added cystine, Earle and Victor
(221) in 1941 found that when the cystine feeding was prolonged a portal
cirrhosis was produced. This apparently resulted from proliferation of
connective tissue and of bile ducts, which is a part of the repair process
after the hemorrhage and necrosis.

In a later paper (222), these authors noted that the liver lesions are pro-
portional to the level of cystine in the diet rather than to the total amount
of the amino acid ingested. They found that choline antidoted the effects
of small amounts of cystine but not of larger ones. These results were
confirmed by Webster (223) who produced lesions by diets low in protein
and high in fat. Yeast in adequate amounts did not prevent these lesions
but increasing the casein level, adding betaine or reducing the fat, did.
The character and extent of the hepatic lesions thus differs considerably
in these various investigations.

We now come to a more direct consideration of the effect of choline
and other lipotropic factors on these hepatic changes. Gyorgy and Gold-
blatt (224) found that 10 to 20 mg. of choline daily appreciably reduced
the incidence and severity of liver damage on a 10 per cent casein, 22 per
cent fat, diet. The effect was much more dramatic when cystine was also
fed. Choline and cystine together also protected the rat liver against the
injurious effects caused by ingestion of dimethylaminoazobenzene (butter
yellow) (225). By reducing the casein level from 18-per cent to 10 per
cent and raising the fat intake to 22 per cent the liver injury could be pro-
duced regularly. These authors consider that the pathogenesis of dietary
liver injury (necrosis and cirrhosis) is closely related to the llpotroplc
effect of casein and to fatty infiltration of the liver.

Blumberg (226) noted cirrhosis in rats on a high fat, low protein diet
with added wheat germ and corn oil and later (227) on a diet lower in
lipotropic factors (10 per cent casein and 55 per cent fat) he found that
the cirrhosis developed to a marked degree within 125 to 150 days. dl-
methionine (25 mg. daily) inhibited the development, and 1 per cent
choline chloride prevented it.

It is important to note that choline alone as well as in combination with
methionine or cystine prevented the development of cirrhosis in Blum-
berg’s experiments.

Daft, Sebrell, and Lillie (228) produced cirrhosis in less than three
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months in rats on a low protein, low fat diet with only 0.5 per cent added
cystine. Choline, methionine, and casein, either singly or in combination
prevented this development. These substances exerted curative effects
(229) but as would be expected the fibrous tissue persisted, while the liver
cells regenerated and the gross appearance of the liver improved. The
histological findings are described in a later paper (230). These workers
also studied the effects of alcohol which aggravates the hepatic changes
produced by dietary deficiency (231). Later (232) these authors pre-
sented evidence that on a 4 per cent casein diet choline alone prevented
cirrhosis in the rats, cystine prevented the hemorrhagic necrosis while
methionine inhibited the development of both conditions.

In 1942, Gyorgy and Goldblatt (233) expanded and somewhat modified
their previous theories on the relationship of the lipotropie factors to
dietary cirrhosis. They stress the point that the factors predisposing to
fatty livers—high fat, low protein diets, the absence of choline and other
lipotropie substances and the presence of cystine—are the same as those
which in more prolonged experiments lead to necrosis and cirrhosis.
Furthermore, the preventive and curative measures are the same for both
fatty livers and cirrhosis—casein, methionine, and choline in adequate
amounts producing improvements in both cases.

These are indeed the main generalizations which can be made at this
time, but a few other points may be mentioned. In all the work on lipo-
tropic factors it has been apparent that more consistent results are ob-
tained in rats than on rabbits or guinea-pigs. This is true in the study of
dietary cirrhosis. Choline and the other lipotropic factors exhibit their
effects best when the pathological condition is produced only by their ab-
sence from the diet, less dramatically or not at all when they are working
against a_toxic substance. Cystine may provide an exception to this rule
since Gyorgy and Goldblatt (233), Blumberg and McCollum (227) and
Lillie, Daft, and Sebrell (231) all found that the combination of cystine
and choline is more effective than choline alone. But here again in the
presence of higher concentrations of cystine, choline is ‘ineffective. The
mechanism . of this favorable effect of cystine with choline needs further
study, but certain aspects of this point have already been discussed.

It is thus obvious that the work reviewed here establishes beyond doubt
that the lipotropic factors are intimately connected with dietary cirrhosis.
The relationship of this type of cirrhosis to that observed clinically is not
as yet clear.

XI. CHOLINE AND HypPERPLASIA OF THE FoREsTOMACH IN RaTs

Pappenheimer and Larimore (234) in 1924 found hyperplasia of the
squamous epithelium in the forestomach of rats on a white flour diet. The
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rats plucked and ate their hair, and hairs were found imbedded in the ab-
normal epithelium. Since no lesions were produced in normal animals
after ingesting hair, the authors suspected a dietary deficiency. Many
experiments have been devised to find this missing essential in the diet.

In 1937 (235) Sharpless produced the epithelial lesions by low protein
and by white flour diets. Cystine was found to be protective against the
effects of the former but not the latter, suggesting that the white flour diet
caused the lesions not through its deficiency of protein but because of a
non-specific factor (236). A combination of at least three members of the
B complex is necessary to replace the deficiency in the white flour diet,
namely, lactoflavin, nicotinic acid, and at least one factor other than B,
in rice polish concentrate. Further work (237) on the known factors in
rice polish concentrate revealed choline to be one of the essentials and
pyridoxin, riboflavin, and cystine have recently been added (238). Choline
or riboflavin supplements fed alone aggravate the lesions. Therefore as
Sharpless points out, the actions of the protective factors are interde-
pendent. He states also, that the epithelial injury seems to take place
through the irritation of abnormally sensitive tissue by hair, harsh food
particles, pepsin and hydrochloric acid or bile, and that the dietary sup-
plements afford their protection by reducing the contact between the
epithelium and these irritants and also by lowering its sensitivity to them.

Although the fundamental cause of the gastric epithelial changes still
remains obscure, the action of choline in helping to maintain normal epithel-
ium suggests a correlation between two observations previously made—
namely, that protein tends to prevent (239) and fat to aggravate (240)
the lesions.

X1I. CHoLINE, BurTer YELLow, AND HEepaTic TuMors

. When Sasaki and Yoshida in 1935 (241) and Kinosita in 1937 (242)
reported that the feeding of o-aminoazotoluene or p-dimethylaminoazo-
benzene (butter yellow) would produce hepatic tumors in rats, a new field
in cancer research unfolded. These investigations have brought to light
the possibility of some extremely interesting, but probably indirect relation-
ships of choline to carcinogenesis.

The basal diet used in these studies consisted of unpolished rice with a
small amount of carrot. When butter yellow was added liver tumors were
produced. The butter yellow must be fed for at least 32 days to produce
cancer, and if it has been fed for 60 days, tumors will be produced even after
it is withdrawn from the diet (249). The effects of various dietary factors
have been studied. '

Sugiura and Rhoads (243) (244) investigated the effect of yeast and of
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rice bran extract. They found that rice bran extract would prevent the
hepatic tumors for a period of 150 days and 15 per cent brewers’ yeast for
as long as 284 days. If no protective measures were taken the lesions
developed after 100 days on the diet and showed a greater incidence as
the period on the diet increased. A supplement of 15 per cent yeast
favorably influenced the accompanying cirrhosis, but when adenomatous
hyperplasia of bile ducts, cholangioma, or hepatoma appeared, yeast
exerted little influence. Kensler, et al. (245) reported that large amounts
of riboflavin and casein inhibited the production of hepatoms on the rice-
carrot diet. A supplement of liver (246) or replacement of rice by wheat
(247) gave a marked reduction in the incidence of tumors.

Gyérgy, Poling, and Goldblatt (248) replaced the basal diet of rice by
one low in protein (6 per cent casein). Under these conditions they found
that casein, and more particularly, the administration of choline and cystine
afforded ‘“‘definite but not regular protection against pathological changes
in the liver.”

Miller, et al. (249) replaced the rice diet by two types of ration: one
designed to simulate the rice-carrot diet in terms of low protein and low
vitamin levels, and the other low in protein (12 per cent casein) but ade-
quate in other respects. With the latter type, the animals were main-
tained in better condition and the incidence of tumor production was
satisfactory. These workers tested a great many different substances for
effects on carcinogenesis by butter yellow. Casein (18-40 per cent), and
yeast (31-51 per cent) offered partial protection; whole dried beef liver
(20 per cent) and the water-soluble, alcohol-insoluble fraction of liver
(1.2-2 per cent) provided nearly complete protection at 4 months (less at
6 months); and xanthine, l-cystine, dl-inositol and choline (0.1-0.5 per
cent) gave no protection. After studying 34 diets, these authors conclude
in general that: “the nutritionally adequate diets offered at least partial
protection against hepatoma formation; (b) the protective supplements
were usuglly rich in both protein and vitamin B complex, particularly
riboflavin; (¢) the non-protective diets were deficient in at least one of these
factors.”

White (250) found that butter yellow added to low protein diets retarded
growth in young rats and the further addition of I-cystine or dl-methionine
caused a prompt stimulation of growth. Low cystine diets (251) however,
did not prevent tumor growth but did increase the latent period of their
development. At 200 days 96 per cent of the rats on a high cystine-butter
vellow diet had hepatie tumors, while at the end of 500 days only 60 per
cent of those on low cystine diets had developed liver cancers.

Another link with the B-vitamins is found in the results of du Vigneaud’s
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(252) experiments with butter yellow. They seem to indicate that biotin
may be carcinogenic when butter yellow is fed to rats in spite of a highly
protective diet.

Jacobi and Baumann (253) conneet choline with tumors through the
phospholipid and through the labile methyl supply. Tumor tissue con-
tains much phospholipid; phospholipid turnover is higher in tumors than
in many normal tissues although not as high as in intestinal mucosa or
liver. The lecithin of tumors has a higher rate of turnover than cephalin.
Also, they suggest that butter yellow contains methyl groups which might
enter into physiological transmethylations, and it resembles those sub-
stances which prevent kidney lesions in that its methyl groups are attached
to nitrogen rather than to carbon. The demethylation of butter yellow
destroys its carcinogenic power. These investigators found butter yellow
to be effective in the prevention of the development of hemorrhagic
kidneys (253).

It is obvious that only a beginning has been made in this interesting and
promising field.

XIII. TuE RELATION oF CHOLINE AND THE OTHER LIPOTROPIC
Factors To AviaN NuTrITION

Under certain experimental conditions, a shortening and thickening
of the bones, particularly noticeable in the tarsus and tibia of young birds,
is produced when certain diets are provided. This condition is known as
perosis. In many cases a distortion and dislocation of the hock joint re-
sults, and the slipping of the tendo calcaneus has provided the basis for
the term “slipped tendon” disease. In 1936, it was shown that perosis
may be caused by a deficiency of manganese. .In 1940, however, Jukes
(254) showed that when the supply of manganese was adequate, perosis
was not, prevented unless choline was also supplied in the diet.

The effect of choline in preventing perosis has been observed in both
chicks and young turkeys (255) (256). The chickens need approximately
0.1 per cent and the turkeys about twice as much choline in the diet to
protect them from this abnormal condition. It is most interesting that
these birds are completely unable to utilize methionine as a substitute for
choline (257).

There is a very interesting interrelationship between choline and glycine
deficiency in so far as perosis is eoncerned. If glycine is added to the diet
of chicks, perosis is produced; and if choline is then given, the condition is
alleviated and growth greatly stimulated (256) (258). Jukes (256) has
suggested as a possible explanation for these observations on the effects
of glycine on perosis that the glycine, which is a precursor of creatine,
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prevents the appearance of museular dystrophy. The perosis is not seen
in the presence of the museular dystrophy presumably because there is
less pull of the muscles on the bones in this condition.

Jukes (258) has obtained evidense by adding certain analogues of choline
to diets deficient in this substance, that the growth-promoting and anti-
perotic properties of choline are truly distinct. He has found that methyl-
diethyl-choline and beta-methyl-choline will protect against perosis but
do not promote growth. On the other hand, betaine and betaine aldehyde
promote growth but are devoid of anti-perotic activity for chicks. These
results link choline with the metabolism of either muscle or bone—perhaps
with bath.

In rats, as we have seen, methionine and betaine are effective lipotropic
substitutes for choline. It is of considerable interest that neither possesses
anti-perotic activity. In the rat, both substances form choline in the body
by methylation of aminoethyl aleohol. Apparently such a reaction does
not occur in the chick., As Jukes points out, under certain conditions,
choline is apparently a specific in the prevention of perosis.

Jompounds other than cheoline derivatives under different conditions
exhibit anti-perotic effects. Jukes (259) has shown that injection of a
biotin concentrate into chicks on a raw egg white diet prevented completely
the perosis which developed. Growth was improved, but the accompany-
ing dermatitis was not entirely prevented.

XIV. TeE PrRELIMINARY WORK ON ACETYLCHOLINE PRoDUCTION

The possibility that choline as a dietary factor, might affect the rate of
formation of the neurchumor, acetylcholine, has been frequently dis-
cussed and some work preliminary to an extended study of this possibility
has already been carried eut (260) (261). In rats which had been for a
long period on a diet deficient in lipotropic factors, the vagus nerve was
carefully dissected out and stimulated under standard conditions. While
the results in general were not satisfactorily consistent, it was found that
in some series the vagus effect was less in the choline-deficient rats than in
the controls receiving the same ration plus choline. Furthermore, it was
possible to restore the vagus effect by the intravenous injection of choline
in these animals. This problem demands a great deal of further work but
it is hoped that more clearcut experiments can be devised as a result of the
rapid progress which is being made in this field. By the use of gelatin or
arachin, diets more nearly free of lipotropic factors can be planned. Guan-
idoacetic acid offers a further possibility of depleting the supply of lipo-
tropic factors in the body. Experiments along this line are in progress in
our laboratory. If a definite connection between the amount of choline
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or its precursors in the diet and the liberation of acetylcholine can be
established this will become one of the most important aspects of this
subject.

XV. THE INFLUENCE OF CHOLINE ON LACTATION

Sure (262) has reported an influence of choline on lactation and normal
growth of the young. When lactating rats were kept on a choline-deficient.
basal ration with various vitamin B supplements and cod liver oil the
growth of the young was arrested at about the 13th day, signs of paralysis
were noted and death occurred at about 17 days of age. 15 mg. of choline
daily cured the paralysis and growth was resumed. If choline were given
in the maternal diet alone, no beneficial effect was noted but a division of
the 15 mg. supplement between mother and young caused the rate of
growth to return to normal. Choline also was shown to be an essential
nutrient for young rats after weaning.

XVI. Tue Errecr oF CHOLINE ON BLoop CHOLESTEROL
AND EXPERIMENTAL ATHEROSCLEROSIS

Steiner (263), Baumann and Rusch (264), and Himsworth (265) demon-
strated that choline has no effect on the hypercholesterolemia of chole-
sterol-fed rabbits. It has also been shown by Baumann and Rusch, and
Himsworth, that choline has no effect on the cholesterol deposition in
the liver or aorta of these animals. Steiner (263) concluded from a macro-
scopic examination that choline delays but does not prevent atherosclero-
sis in rabbits. Andrews and Broun (266) believe that choline exerts a
protective action against atherosclerosis. Steiner has suggested that
choline hastens reabsorption of the atheromatous plaques (267).

Huber, Broun, and Casey (268) reported that lipocaic is effective in
preventing atherosclerosis in cholesterol-fed rabbits. The results of exper-
iments by Andrews and Broun suggest that the potency of lipocaic may
be due in part to its choline content but they believe that some other lipo-
tropic substance may also be present.

It is apparent that some new approach to this aspect of the problem is
urgently needed. The biotin and inositol studies may provide further
leads.

XVII. Tae QuestioN oF Lirorropric FacTtors OTHER THAN
CHOLINE IN PANCREAS AND PANCREATIC JUICE

During the insulin studies the lipotropic effect of raw pancreas had
been noted. The findings by Best and Huntsman (269) that betaine was
lipotropically active and that a similar effect was exerted by the protein
casein (270) under certain conditions, indicated that several different types
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of compounds possessed lipotropic activity. Thus there was a possibility
that the influence of the pancreas might be due to the presence in that
organ of a protein or some substance other than choline with lipotropic
activity. This possibility was not explored, however, and in 1936, Drag-
stedt, Van Prohaska, and Harms (271) reported that they had found a
substance which permitted the survival and prevented or relieved the
fatty changes in the livers of depancreatized dogs. These authors con-
sidered that the active substance, which they named ‘lipocaic,” was a
hormone. It has never appeared to us that their evidence justified this
conclusion. Their work did show, however, that some factor in addition
to choline was present in pancreas and that a part of the lipotropic effect
must be attributed to this second factor or factors. Dragstedt (272) stated
that it required much more choline than was present in an effective amount
of pancreas to produce a comparable lipotropic effect. He felt that the
pancreas exerted a specific effect which was not shared by other tissues.
In this connection McHenry and Gavin (273) have shown that many other
tissues may contain a non-choline lipotropic fraction which alleviates
fatty changes in the liver of rats. Dragstedt and his collaborators did
establish, however, that the pancreas exerted a lipotropic effect not at-
tributable to choline.

Dragstedt’s experiments have been eriticized by Chaikoff and Kaplan on
various grounds. It would appear, however, that the results of these two
groups of workers are not in great disagreement. Entenman and Chaikoff
(274) in a recent paper agree with Dragstedt and his collaborators that
choline is not the only factor involved in the lipotropic activity of pan-
creas. They did find, however, that with 250 g. of raw pancreas a day they
were able to prevent the deposition of fat in the livers of depancreatized
dogs and the amount of choline contained in this pancreas was also effec-
tive. Choline is therefore an important member of the pancreatic lipo-
tropic family. Kaplan and Chaikoff (275) (276) were interested in the
blood lipid level as well as in the fat content of the liver of their depan-
creatized dogs which were maintained with insulin. They found that the
ingestion of raw pancreas raised the level of blood lipids and lowered the
liver fat but when the pancreas had been heated its effect on blood lipids
was eliminated while that on the liver fat remained. These authors feel
that the heat stable fraction is quite likely choline but they have not as
yet identified the heat labile material. This heat labile fraction is secured
by several extractions of the pancreas with acetone and ether. It should
be borne in mind that substances which are heat stable in the pure state
may be very labile if heat is applied in the presence of contaminating
substances.

There has been considerable controversy over the effect of pancreas and
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pancreatic extracts on the so-called “fat” fatty livers of rats. Shapiro
and Wertheimer (277) and Channon, Loach, and Tristram (278) have re-
ported the presence in pancreas of a substance other than choline which
decreased the fat content of the liver of rats. Aylward and Holt (279),
MacKay and Barnes (280), and Best and Ridout (281) were not able to find
any factor other than choline and protein in the pancreas which affected
the fatty livers produced by feeding a diet low in choline and other lipo-
tropic factors.

The experiments of McHenry and Gavin (282) who showed that choline
was not effective in preventing the deposition of cholesterol and neutral
fat in the livers of animals fed a liver extract or biotin are of great interest
in this connection. They agreed that choline and protein were the only
substances in pancreas which prevented the “fat” fatty livers, These
findings may help to explain why some groups of workers failed to detect
a lipotropie factor other than choline and protein but they do not offer an
explanation why other groups, working with diets which presumably did
not contain appreeciable amounts of biotin, should conclude that a new sub-
stance was present. Subsequent'y McHenry and Gavin (283) showed that
inogitol exerted a pronounced lipotropic effect on the biotin fatty livers.
Reécently Owens, Allen, Stinger, and Dragstedt (284) have reported that
although inositol does exert some lipotropic activity in depancreatized dogs,
the effect is not as marked as the same amount of lipocaic. Inositol ap-
parently exerts little effect on the signs of lipocaic deficiency other than fat
acecumulation in the liver. The situation is, therefore, that choline and
protein (presumably methionine in large part) are the recognized factors
in pancreas which exert a lipotropic effect in rats with the “fat” fatty livers.
Inositol counteracts the biotin fatty livers but does not affect the ‘“fat”
fatty livers. The inositol content of pancreas and panereatic extracts has
nof been determined. Dragstedt and his collaborators feel that there is
still an unidentified component of pancreas, t.e., in addition to choline,
protein, and inositol which affects the deposition of liver fat.

Dragstedt and his collaborators concluded that lipocaic, the unidentified
lipotropic factor in pancreas, was a second internal secretion. The evi-
derice for this conclusion was that in their experiment dogs with pancreatic
ligation did not develop fatty livers, and second that the administration of
pancreatic juice to animals with fatty livers, produced no curative effect.
In 1938, Ralli, Rubin, and Present (285) reported that the ligation of
pancreatic ducts in dogs produced, in from thirteen to fifteen weeks, fatty
liver changes which were essentially the same as those observed in de-
pancreatized dogs. Montgomery, Entenman, and Chaikoff (286) reached
gimilar conclusions. The same workers in 1940 (287) showed that the
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administration of 2 g. of choline daily completely prevented the appearance
of fatty livers in the duct-tied dog. Later Chaikoff and his collaborators,
Montgomery and Entenman (288) found that the daily administration of
400 cc. of pancreatic juice from normal dogs, prevented the deposition of
liver fat in both depancreatized and duct-ligated animals.

It would appear, therefore, that it is not legitimate to assume, as
Dragstedt and his collaborators have done, that ligation of the pancreatic
duets does not produce fatty infiltration of the liver. We have seen these
fatty changes in duct-ligated dogs repeatedly in our own laboratory. Fur-
thermore the evidence obtained by Chaikoff, Montgomery, and Entenman
shows that pancreatic juice does contain a factor affecting deposition of
liver fat. It may be remarked here also that pancreatic juice contains the
heat labile fraction which Chaikoff, Montgomery, and Entenman found
to be present in pancreas. This factor affects the level of blood lipids in
depancreatized animals.

We may conclude that there is no evidence that the pancreas contains
a second internal secretion and that the work of Dragstedt and his col-
laborators, and of Chaikoff and his group, shows that there is an unidenti-
fied substance in pancreas which affects fat metabolism.

XVIII. CaoLINE BIOSYNTHESIS

In 1934, Best, Channon, and Ridout (289) studied the effect on liver
“lecithin’’ produced by the addition of choline to three types of diet, first—
a 60 per cent grain, 40 per cent fat ration; second—an 80 per cent grain,
20 per cent fat ration to which cholesterol was added; and third—a 100
per cent grain diet. The choline apparently caused a slight increase in the
per cent of lecithin in the liver lipids of the first two groups and no sig-
nificant change in the third. The ‘lecithin” was calculated from the
phosphorus content of the ether-soluble fraction. In the first two cases
the control livers were fatty and the livers of the choline-fed animals were
not; in the third case, which was designed as a control, the livers of neither
group were fatty. Choline did not influence the absolute amount of
“lecithin” in the livers. In these experiments estimations of choline by
biological assay showed that choline administration did not materially
increase the proportions in which the choline-containing phospholipids
occur in the phospholipid mixture.*

Beeston, Channon, and Wilkinson (290) interpreted the results of their
experiments to mean that casein, but not choline, produced a slight increase

¢ From the data given in the paper one may calculate the increments in total cho-
line in the livers of the animals fed choline over those of the corresponding control
groups. They were 55 mg., 61 mg., and 22 mg. respectively.
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in the absolute amount of ether-soluble phosphorus in liver lipids. These
investigators did not determine the effect of casein on the choline content
of the livers.

Jacobi, Baumann, and Meek (291) studied the total choline content of
growing rats fed a basal choline-free ration which contained 18 per cent
of egg white. Over an 8-week period as much as 76 mg. choline was syn-
thesized by one animal. The amount of choline formed was somewhat
reduced by a diet rich in fat but not influenced by (a) an increase in the
amount of egg white, (b) the addition of cystine, (¢) substitution of casein
for egg white, or (d) the addition of choline to the diet. The increase in
choline content was general throughout the body and was observed even
in those cases where fatty livers developed. Since these rats received
appreciable amounts of methionine, a now well-recognized choline pre-
cursor, the new choline was presumably formed by transfer of methyl
groups to ethanolamine,

In a later paper, Jacobi and Baumann (292) reported the choline con-
tent of rats exhibiting signs of choline-deficiency to be slightly greater than
in normal animals. Choline synthesis appeared to proceed during the
period when the signs of choline-deficicney were exhibited. They con-
cluded that the symptoms of choline-deficiency are due to a lack of a
methyl-containing substance other than choline itself. There are, how-
ever, other possible explanations for their findings. The observation
that young rats on a diet low in methionine lost weight but exhibited kidney
hemorrhages which could be prevented by choline, indicates that with an
inadequate supply of choline and its precursors, the active material is
utilized in the prevention of kidney hemorrhages rather than in the promo-
tion of growth. It would have been interesting to know whether a lipo-
tropically equivalent amount of methionine would have promoted growth
or exerted the same effect as the choline.

The use of tracer elements by du Vigneaud and Stetten has shown that
choline is formed by the methylation of cthanolamine (293) (294). Methi-
onine, betaine, and other lipotropic agents may act as methyl donors.
Stetten (295) in a study of the rate of formation of choline, showed that
the synthesis proceeds without hindrance even when the signs of choline
deficiency are present.

In a more recent paper Stetten and Grail (296) have reported results on
the synthesis of choline in rats on low choline diets which are in conflict
with those of Jacobi and Baumann. Stetten and Grail found that the liver
fat which results from dietary choline deficiency is poor in lecithin whereas
that which results from feeding cystine or homocystine is abnormally rich
in this phosphatide. Jacobi and Baumann determined choline by a colori-
metric modification of the reineckate method. Stetten used a similar
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method for determining total choline but also did total lipid N and lipid P,
from which he was able to calculate the amounts of lecithin and sphingo-
myelin. It is interesting to note that ethanolamine and serine produced
no great increase in liver lipid but did cause a rise in the monoaminophos-
phatides (cephalin) of the liver.

In the hands of Stetten guanidoacetic acid has proved to be an anti-
lipotropic agent with properties which make it a most useful tool in the
study of the intermediary metabolism of choline (295) (296). By using it
to deplete the labile methyl supply in the body of the rat, fatty livers were
produced in which the choline-containing phospholipids, lecithin and
sphingomyelin, were reduced to about one-thirtieth the normal values.
However, it was also found that in the presence of even larger quantities
of dietary guanidoacetic acid, the rate of choline synthesis (determined
by methylation of isotopic ethanolamine) was not in the least impaired
(295). Stetten and Grail (296) point out that the effect of ingested
guanidoacetic acid is, therefore, to accelerate destruction of choline. It
would appear that synthesis of choline, by methylation of ethanolamine,
goes on at an undiminished rate, probably at the expense of available
methionine. But as the labile methyl supply is drained away forming
creatine (with a firmly bound methyl group), which is eventually excreted
as creatinine, a condition is soon reached in which the newly formed choline
has to give up its methyl groups to maintain the essential metabolic reac-
tions. Thus in turn the choline reserves are depleted.

Although the precursors which are used for the biosynthesis of choline in
the body of the rat have been identified, much remains to be learned about
the process. An investigation of the mechanism of synthesis of choline
in plant tissues might throw new light on the complex problem of choline
formation and utilization in the body of higher animals.

XIX. THE MECHANISM OF THE LiPOoTROPIC ACTION OF CHOLINE AND
OTHER SUBSTANCES

To describe the action of choline in the prevention and cure of fatty
livers, it was suggested some years ago that the term “lipotropic” be used.
This has now .come into fairly general use and serves to distinguish the
effect of choline on fat metabolism from its other physiological actions.
We would now like to introduce the adjective “alipotropic” to describe
diets free from choline, betaine, methionine, and other lipotropic factors.
The term “anti-lipotropic” to describe the effect of eystine, cholesterol,
and other substances may also be useful. 1t has already been used by
Stetten.

In the very early experiments it was considered possible that choline
acted through the formation of phospholipids (207). Phospholipid esti-
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mations, however, showed no increase in the amount of these substances
in liver tissue. It wasrealized at ihe time that there might be a more rapid
“turnover” and that this could happen without an increase in the amount
present. The first proof that this actually takes place was obtained by
Dr. Arnold Welch who had worked with us for a time in Toronto. Welch
conducted a very ingenious experiment in which he fed arsenocholine and
subsequently studied the arsenic c¢ontent of the phospholipids. His
arsenocholine possessed lipotropic properties similar to those of choline
itself (208). The concentration of the arsenocholine in the phospholipids
suggested that the dietary substance had entered into combination with
the other components of the phospholipid molecule.

The recent paper by Welch and Landau (299) concerning the fate of
ingested arsenocholine partially resolves some of the apparent discrepancies
in the literature dealing with the several functions of choline and reopens
the whole question of its mode of action in exerting lipotropic and anti-
hemorrhagic effects. From the carcasses of rats which had been fed for
one week on a diet containing 1 per cent arsenocholine chloride (without
exhibiting signs of toxicity) they isolated the phospholipids. After hy-
drolysis with hydrochloric acid and removal of the fatty acids, the choline
fraction was precipitated as reineckate, converted to aurichloride and re-
crystallized as such. Analyses for gold, nitrogen, and arsenic indicated
that choline and arsenocholine were present in the ratio 1 to 14.2. The
arsenic analogue forms derivatives similar to those of choline, but somewhat
more soluble, 8o that some slight loss of arsenocholine undoubtedly oc-
curred. The evidence seems clear cut, however, that the intact arseno-
choline molecule is utilized in the biosynthesis of lecithin. The compound
is completely inactive as a methyl donor. These facts coupled with its
possession of marked lipotropic (300) (301) (302) and anti-hemorrhagic
effects (303) suggest that arsenocholine is biologically active only as an
intact molecule. It is, therefore, a logical assumption that choline also
may exert its lipotropic and anti-hemorrhagic effects through reactions
involving the intact molecule. There may be some support for the concept
in the observations that the triethyl and diethyl-monomethyl homologues
of choline, although inactive as methyl donors, possess lipotropic and anti-
hemorrhagic properties.

Welch and Landau suggest that the available data may be interpreted
in the following way: fatty livers develop when there is a deficiency of
choline for synthesis of compounds concerned in lipid transport, and renal
hemorrhages occur at a critical growth period when there is an acute de-
ficiency of compounds required for the synthesis of material essential for
cell structure. Not all of the metabolic reactions involved need be of an
identical nature, and indeed there is already some evidence to support this.
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Jukes (304), and Jukes and Welch (305) have found certain choline deriva-
tives to be ineffective in preventing perosis in fowl, although possessing
marked lipotropic and anti-hemorrhagic activity in rats.

Excellent evidence that choline acts by stimulating the formation of phos-
pholipids was obtained by Chaikoff and his collaborators at Berkeley
(306) (307). They used radio-active phosphorus as a tracer substance,
and their analyses show quite convincingly that choline and the other
lipotropic factors accelerated the rate of formation of phospholipids in the
liver and other tissues, the site of the most active interchange being the
liver. More recently Stetten (308) obtained similar results. He labelled
the choline molecule with heavy nitrogen and, upon isolation of pure
choline from the phospholipid of the bodies of the choline-fed animals, was
able to detect a high concentration of the isotopic nitrogen in the choline.

As far as the synthesis of choline is concerned, the generally accepted
precursor or “methyl acceptor” is ethanolamine, although it has not ex-
hibited any lipotropic activity when tested (309) (310) (311). By feeding
a series of compounds containing isotopic nitrogen (N!®) Stetten (312)
was able to show that ethanolamine does indeed serve as a choline precursor.,
Its failure to exhibit lipotropie activity is not surprising since it could not
form choline without a supply of labile methyl groups and the diets used in
the tests were deliberately designed to be as free as possible of nutrients
containing such units.

Stetten (313) fed labelled ethanolamine to two groups of rats, one on a
diet sufficiently deficient in labile methyl groups to cause fatty livers, the
other group adequately supplied with methyl. There was no marked
difference in the amount of isotopic choline found in the phospholipids of
the two groups. The resuit was the same on high protein diets as on low
protein diets. Methylation of ethanolamine to produce choline proceeds
unimpeded in the body of rats even when the supply of labile methyl is low.
The choline content of the body is dependent to only a limited extent upon
the amount in the diet, the level being maintained by biological methyla-
tion (314). However, metabolic processes dependent upon the presence of
free choline are not favorably influenced by this biologically synthesized
choline which is found combined in the tissue phospholipids. Stetten
found that no ethanolamine arises in the body by demethylation of choline,
and the nature of the demethylated product has not yet been discovered.
The suggestion of Jacobi and Baumann (315) that choline must be oxidized
before its methy! groups can be liberated fits many of the known facts.
As the above authors point out, the physiological réle of choline oxidase
(816) has not yet been established and it may be significant that the two
organs most obviously sensitive to choline deficiency, liver and kidney,
contain the highest concentration of the oxidase. The observation that



50 C. C. LUCAS AND C. H. BEST

this enzyme is inhibited #n vitro, by stearic acid (317) led Handler and
Bernheim (318) to investigate the choline oxidase activity of fatty livers.
A diet poor in methionine (arachin 15 per cent) and free of choline pro-
duced livers with a mean lipid content of 35 per cent in which the choline
oxidase activity was markedly depressed.

Other activities of the liver are seriously affected when the animals
are maintained for long periods on an alipotropic diet. Gluconeogenesis
may be so inhibited that the depancreatized dog remains aglucosuric with-
out insulin (319). In rats the ability of the liver to store glycogen and to
eliminate injected dye (320) may be greatly reduced.

These results taken together, leave little doubt that the mechanism by
which the lipotropic effect is produced, is by the stimulation of phospho-
lipid interchange between the liver and other tissues. As mentioned
above Stetten and Chaikoff found that the liver appeared to be the most
active tissue in this interchange. Since in other studies on phospholipid
metabolism, the conclusion drawn from the use of tracer substances has
varied with the particular tracer used, it is of great significance in the in-
vestigation of lipotropic substances with three different labels, ¢.e., arsenic,
radio-active phosphorus, and isotopic nitrogen, the same answer has been
obtained, namely, that there is an increased rate of phospholipid turnover.

The source of liver fat in the absence of dietary lipotropic factors varies
under different conditions. It is well established that dietary fat may be
deposited in the liver, Barrett, Best, and Ridout (321) could detect no
transfer of previously deposited deuterio-fatty acids from depots to liver
when diets low in lipotropic factors and consisting essentially of sugars were
provided. Under these conditions when no fat was ingested, the liver fat
was presumably formed from dietary carbohydrate. The studies of
McHenry and Gavin, which have already been referred to, have led to
similar conclusions.

The mechanism of the anti-hemorrhagic action of choline, betaine, and
methionine is probably closely related to that of the lipotropic effect.
Cystine and cholesterol which may counteract the lipotropic effect also
interfere with the anti-hemorrhagic action. Choline accelerates the phos-
pholipid turnover in the kidney (322) but to a lesser extent than in the
liver. Since the anti-hemorrhagic effect is seen in tissues other than the
kidney it is probable that this action is of a general nature and is concerned
with the phospholipid metabolism of the cells rather than the mobilization
of fatty acids, which is a very prominent role of the liver.

Choline promotes growth of young rats when added to a diet low in lipo-
tropic factors (323). It also accelerates growth when added to an alipo-
tropic diet containing homocystine, which by itself is neither lipotropic nor
growth-promoting (324). In the latter case, as has been discussed -else-
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where, the growth effect is due to the production of methionine from homo-
cystine by utilization of the methyl groups of choline. However, since
homocystine has not been isolated from food proteins or body tissues, it
would appear that we must look elsewhere for the explanation of the growth
effect of choline, which is produced when it is added to an alipotropic diet.

It makes relatively little difference whether choline is called simply a
dietary factor, as we have termed it, a vitamin (Gyoérgy), or a vitagen
(Rosenberg). We find much to support the positions which both Gyérgy
(325) and Rosenberg (326) have taken and it is obvious that some inter-
national group should, when such procedures are again feasible, make a
ruling on the point. In the meantime choline should take its place with
the other members of the B-complex from which it cannot now legitimately
be separated in any complete consideration of metabolic changes.

It is a great pleasure to acknowledge the help given us by Dr. J. M.
Beveridge in the preparation of this article.
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A. Introduction

Nutrition has taken its place as a fundamental science in medicine. Only
in recent years has much progress been made in acquiring new knowledge
of factors affecting the nutritional status favorably or adversely. In the
early years of the 1900’s, physicians attempted only to see that their
patients reccived carbohydrates, proteins and fats in proper quantities
and proportions. It was only later that the importance of minerals and
vitamins was appreciated. Even then, attention and interest were only
given to marked undernutrition and malnutrition. More recently, animal
experiments have shown that the addition of the so-called protective
foods to a diet already considered adequate increased the rate of growth and
led to a significantly longer life. Dietary studies here and in Canada show
that many people are not receiving food either quantitatively or qualita-
tively commensurate with the highest possible level of health. With the
war, additional impetus has been given to the study of nutrition both in
the individual and in population groups aiming to improve the physical
condition of the fighting and the home fronts,

B. Prevalence of Malnutrition

The true prevalence of malnutrition is difficult to realize. It is true
that relatively few deaths in the United States occur from pellagra or
beriberi and that scurvy and rickets are seen less frequently than for-
merly; but, by newer standards, some degree of malnutrition has been
found to be present in large percentages of all population groups studied.

I. EviDENcE FROM MORTALITY STATISTICS

Relatively few people die of recognized nutritional diseases as the
mortality statistics for the last available six year period show (Table I).
This, however, is not wholly reliable since mislabeling, non-recognition
of the nutritional factors causing death and the statistical practice of giving
precedence to certain diseases over othrers, all play their parts in masking
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the true state of affairs. For instance, in the 2,569 deaths due to “al-
coholism’ in 1938, how many really died of beriberi and nicotinic: acid
deficiency, with aleohol only a contributory cause? How much beri-
beri is concealed in the 370,600 deaths in 1938 due to ‘“‘diseascs of the
circulatory system,” or in the 75,431 entered in the subclassification “dis-
eases of the heart, unspecified”; how much deficiency disease is masked
by the terms ‘“‘senility,” “‘cirrhosis of the liver,” “psychoses,” and possibly
other headings? In the Psychiatric Division of Bellevue Hospital alone,
for instance, at least 94 deaths that were recorded during a recent five-year
period as due to ‘“‘alcoholic encephalopathy” are now known to have been

TABLE I
Deaths from Various Causes in the Uniled Siates Registration Area, 1935-1988
Cause of Death 1938 1937 1936 1935 1934 - 1933
Pellagra....................... 3,206 | 3,258 | 3,740 | 3,543 | 3,602 | 3,955
Beriberi....................... 42 21 11 7 5 1
Scurvy..........oi 30 27 33 30 36 28
Rickets....................... 244 235 270 261 202 339
Alcoholism........... . ... L 2,569 | 3,305 3,714, 3,349 | 3,655 | 3,207

Cirrhosis of the Liver
Not Specified as Alcoholic...| 9,849 | 9,243 | 9,785 | 9,286 | 8,960 | 8,742

Specified as Aleoholic ....... 959 | 1,037 802 797 773 607

Total.....ooooverennnnn, 10,808 | 10,330 | 10,587 | 10,083 | 9,733 | 9,349
Dementia Praecox and Other

Psychoses................. 1,369 | 1,676 | 1,678 | 1,383 ; 1,468 | 1,449
Benility............coiiiuii.. 9,242 | 9,904 | 11,367 | 10,010 | 10,061 | 11,318
Diseasss of the Circulatory

System.................... 370,600 375,582 (371,675 340,786 (333,206 (314,004
Unspecified Diseases of the

Heart........... e 75,431 | 68,959 | 66,307 | 55,192 | 49,986 | 44,321

due to nicotinic acid deficiency (1). These deaths must have entered the
official mortality statistics under the heading of either “alcoholism’ or
“psychoses.” Even the apparent rising incidence of deaths from beriberi
from 1 in 1933 to 42 in 1938 suggests that better recognition and diagnoses
would give more reliable statistics and a clearer picture. Evidence based
on hospital records are subject to the same criticism as that on mortality
records (2). The recorded diagnoses, in addition to the factors mentioned,
i.e. non-recognition, mislabeling and precedence given to certain diseases
over others, are affected by two additional factors. The first is that the
hospitalized population is not a representative group, because patients
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with malnutrition enter the hospital only when sequelae develop and, on
discharge, only the sequelae appear as the discharge diagnoses. The
second is that certain anatomic lesions of malnutrition may be so prevalent
that they are disregarded. This is paralleled by records of other highly
prevalent conditions. According to Bellevue Hospital records in 1938,
dental caries was recorded in only 0.68 per cent of its patients, whereas it
is common knowledge that the incidence of dental caries in the adult popu-
lation is near 90 per cent.

II. EVIDENCE FROM MogrBIDITY RATES

A more important aspect of this problem, however, is that nutritional
diseases are rarely fatal, and that morbidity rates are high in proportion
to the mortality. For example, Goldberger and his associates (3) esti-
mated from a survey that there were at least 33 cases of pellagra for each
death reported in 1917. Only pellagra with cutaneous manifestations was
considered and because of this Sebrell (4) recently pointed out that this
estimate would be too low for today. Improvements in treatment in
recent years would modify further the morbidity-mortality ratio. Inde-
pendently, Sydenstricker and Sebrell estimated that there were 100,000
cases of active pellagra in the United States in 1938 (5, 6).

Known and surmised data point to the importance of nutritional diseases
and nutritional depressions. By nutritional depressions are meant the
pre-anatomic states of pellagra, beriberi and scurvy, plus non-fatal ana-
tomic lesions such as rickets, dental caries, cheilosis, xerosis conjunctivae
and iron-deficiency anemias. Qur problem, essentially, is not obvious
deficiency diseases. As Tisdall points out, the man dying of tuberculosis
is not the most important factor in the tuberculosis problem. The mild
deficiency states are those which, over periods of years, affect resistance
against disease, vigor and efficiency (7). Nutritional depressions are
responsible for underweight, underheight, bow-legged, knock-kneed chil-
dren; for much of the fatigability and chronic illness occurring in those
ever-complaining adults in whom “nothing organic” can be found.

There are no exact statistics regarding the prevalence of “nutritional de-
pressions’’; but that they are present in significant samples of the popula-
tion can readily be deduced from the medical, laboratory and dietary data
included in nutritional surveys during the past few years.

An indirect medical survey of a portion of the adult male population
being conducted by the National Selective Service shows that up to March
15, 1941, of one million men between the ages of 21 and 35 examined physi-
cally, approximately 400,000 have been found unfit for general military
gervice; and in the opinion of Brigadier General Hershey (8) “possibly one-
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third of these are suffering from disabilities directly or indirectly connected
with nutrition.” _

More direct medical surveys include, at the present time, as a rule,
only the prevalence of dental caries, iron deficiency anemia, vitamin C un-
dersaturation, and evidence of deficiency of riboflavin and vitamin A,

1. Denlal Caries

Dental caries is one of the most widespread of human diseases. Borsook
and Halverson (9) in a survey in Pasadena found in 80 individuals in 25
families in which 56 were less than 18 years of age that only 17 of those
less than eighteen years of age had no dental caries. Harris (10) believes
that 90 per cent of the civilized world is affected by this condition.
Hollander and Dunning (11) found that in 12,753 employees of a large.
insurahce company in New York, there were from 12 to 24 carious teeth
in each person. At present, teeth account for nearly 20 per cent of the
rejections by the National Selective Service. Klein and Palmer (12), in a
study sponsored by the Milbank Memorial Fund found that in two groups
of New York children examined, a private school group and a public school
group, both were attacked about equally by dental caries, irrespective of
the socio-economic difference between them. The only difference was
that the well-to-do children received more dental care and therefore had
less teeth extracted.

Although the cause of dental caries is unknown, .most authorities agree
that there is a definite relation to diet. The relationship between dental
caries and each of many factors such as carbohydrates, vitamin C, vitamins
D and A, the calcium-phosphorous balance, the alkali-acid balance have
been studied. The only favorable effect seemed to come from a reduction
of the carbohydrate intake and more especially of the sugars. Authorities
agree, however, that it is when teeth are being formed, from before birth
to 8 years of age, or 14 years of age if the three molars are included, that diet
plays its very important réle.

2. Underweight

Usually, in the middle and higher income groups, caloric requirements
are met by the size of an individual’s appetite. However, in different
sections of the country, and in different socio-economic groups, this does
not always hold true. In Youmans’ (13) Tennessee study of 900 indi-
viduals, there was a high incidence of undernutrition. Hardy, Boyle,
and Newcomb (14) in a study on approximately 7,000 children from widely
different economic levels between the ages of 2 and 18, found that under-
weight occurred more frequently at low than at high income levels and
more frequently in negroes than in white people.
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3. Iron Deficiency Anemia

All surveys show a high incidence of iron-deficiency anemias, especially
in the lower income groups. A study of 883 rural school children in Florida
showed that 50 per cent were definitely anemic, while an additional 31 per
cent were at border-line levels. This left only 19 per cent of the children
with a satisfactory level of red blood cells and hemoglobin (96). Youmans
(13) found anemia present almost entirely in women and children in the
group he studied. Borsook and Halverson (9), on the other hand, in their
California study found only one individual in 80 to have a hemoglobin
value as low as 11 grams per 100 cc. This, however, concurred with the
comparatively high level of iron consumption of this group revealed by
the dietary survey done concurrently. In the Canadian studies (7) in
Halifax, Quebec, Toronto and Edmonton, on about 75 families in each city,
it was found that an iron-deficiency was present in many of the women,
teen-age girls, and children under 11 years of age. The prevalence in
children and women is explained by:

1. The fact that women eat much less meat than men.

2. The increased metabolic requirements due to growth in children and
due to menstruation, lactation and pregnancy in women. Authorities all
agree now that there is a greater incidence of low hemoglobin in pregnant
women than in non-pregnant women of any average population group.
Figures from 30 to G0 per cent have been quoted. However, work by
Labate (15), by Becker, Bickerstoff, and Eastman (16), and by many others
shows that hemoglobin levels are easily maintained at normal levels by
the supplementary administration of iron. Labate, in 1939, showed that
of 307 pregnant women with no iron therapy, 72 per cent had red blood
counts lower than 4 million, with hemoglobin less than 11.6 grams per
100 cc.; while of 325 other pregnant women who had received iron therapy,
only 28 per cent failed to meet these criteria.

4. Vitamin A Deficiency

Although there are extensive references, dating back to the early part of
the nineteenth century, on the conjunctival and corneal changes which are
now known to be associated with avitaminosis A, it was not until Kruse
(17) showed that xerosis conjunctivae responded to oral administration
of large amounts of vitamin A, that a reliable method for the detection of
early signs of vitamin A deficiency was available. It is not meant to
imply that the ocular changes are the only changes, for avitaminosis A is
characterized by widespread epithelial changes throughout the body; but
the eye is easily accessible for examination and gross and biomicroscopic
study can detect all manner of changes, from the very mildest to the most
marked. Kruse (17) suggests that night-blindness and adaptometer tests
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may not be indicative of changes as early as those shown by biomicro-
scopic examination. Recent work has shown that there is no direct cor-
relation between dark adaptation tests and biomicroscopic examination.
This may be explained in several ways:

1. As mentioned above, dark adaptation may be the result of a later
change than the anatomic change seen biomicroscopically;

2. Changes in dark adaptation depend on more factors than just vita-
min A;

3. Changes in dark adaptation may be due to a marked acute vitamin A
deficiency, while the anatomic changes, which always take longer to form,
seen by the biomicroscope may be the result of a chronice, though mild,
vitamin A deficiency. While there is no definite proof yet of the above
postulates, so-called “inconsistent’” results by the two tests mentioned
would fall neatly into place were they shown to be true.

Wiehl and Kruse (18) have shown that 86.6 per cent of 494 pupils in a
public school group and all but one of 143 W.P.A. employees had some
degree of xerosis conjunctivae. In 7.7 per cent of the public school group
and in 45.5 per cent of the W.P.A. group, the xerosis conjunctivae was
sufficiently advanced to form Bitot’s spots, a condition considered to be a
far advanced lesion due to avitaminosis A. On the wards of the Psychiatric
Division of Bellevue Hospital, xerosis conjunctivae with grossly visible
Bitot’s spots occurs in about 60 per cent of all patients (19). The preva-
lence of these lesions is greater in colored than in white, in male than in
female, and in old than in young patients. If the findings showing that
any or all of these changes are due to a vitamin A deficiency are confirmed,
the true prevalence of vitamin A deficiency will be many times greater than
heretofore supposed. It may also be probable that the daily allowance of
5,000 units of vitamin A recommended by the Food and Nutrition Com-
mittee of the National Research ‘Council may not be sufficient.

5. Riboflavin Deficiency

In 1940, Kruse, Sydenstricker, Scbrell, and Cleckley (20) showed evi-
dence that the ocular changes of limbie vascular congestion and corneal
vascularization were manifestations of riboflavin deficiency and that ad-
ministration of large doses of riboflavin caused these manifestations to
regress. Before this, medical surveys did not indicate the prevalence of
riboflavin deficiency. Recently Wiehl and Kruse (18) reported that 2.3
per cent of a private school group, 75.8 per cent of a public school group,
and 38.4 per cent of a W.P.A. group they studied, showed at least mild
corneal vascularization. In a small group of 50 patients examined in the
Mental Hygiene Clinic at Bellevue Hospital, all showed some degree of
corneal vascularization. Riboflavin deficiency, on the basis of biomiero-
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scopic examinations, is many times more prevalent than previously sus-
pected, even if half the corneal changes were due to factors other than
riboflavin.

6. Vitamin C Undersaturation

The prevalence of vitamin C undersaturation is high as is shown in
reports on hospital and population groups. Vitamin C undersaturation,
i.e. low plasma levels of vitamin C, while preceding low levels of vitamin C
in the leukocytes, and periosteal and subcutaneous hemorrhages by a
considerable period of time, indicates the necessity for dietary readjust-
ment. A study of 157 consecutive patients admitted to the Medical
Service of the Psychiatrie Division of Bellevue Hospital in the fall of 1939
showed 42 per cent to have plasma ascorbic acid levels telow 0.4 mg. per
cent. Only 10 per cent showed levels of 0.8 mg. per cent or more. The
cooperative survey in New York City reported by Wiehl and Kruse (18)
found plasma ascorbic acid levels below 0.6 mg. per cent in 5.5 per cent of
the private school group, 49.9 per cent of the public school group, and 55.8
per cent of the W.P.A. personnel. Borsook (9) found, in his Pasadena
study, that none of his group had vitamin C undersaturation, and this is
easily explajned by the easy availability of citrus fruits and leafy vegetables.
A dietary survey done simultaneously with the examinations showed that
each individual obtained about 70 mg. of vitamin C daily.

7. The Prevalence of Rickets

With the development of knowledge of the cause and prevention of this
disease, the prevalence of severe rickets has been greatly reduced in recent
yvears. Twenty years ago, the prevalence of clinically detectable rickets in
infants in some regions was estimated at about 75 per cent. Present
figures indicate that the prevalence of active and healed elinical rickets
is approximately 20 per cent of children of preschool age. This figure
varies greatly from community to community, depending on urbanization,
age, season of the vear, race and the practice of preventive treatment,

I1I. EvIDENCE FROM DIETARY SURVEYS

Dietary surveys all concur in finding large numbers of unsatisfactory
diets. The most extensive and comprehensive of these surveys, covering
thousands of families of employed wage earners and clerical workers in
cities, and non-relief, non-sharecropper families on farms, has been con-
ducted by the Bureau of Home Economics of the United States Depart-
ment of Agriculture and reported by Stiebeling and her associates in Cir-
cular No. 507 (21) and Miscellaneous Publication No. 405 (22) of the
Department of Agriculture. )
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1. Expenditure for Food

From the reports of Stiebeling, et al. (21), most city families spent be-
tween 25 and 40 per cent of their income on food, and farm families spent
between 34 and 64 per cent of their total family income for food (22).
Analysis showed that nutritionally satisfactory diets were rarely obtained
when the expenditure for food was below $2.50 per person per week. The
weekly per capita food expenditure did not reach this level until the weekly
per capita income exceeded $8.00 to $9.00. Data calculated from the
report (23) on consumer incomes in the United States by the National
Resources Committee indicate that 42.8 per cent of families of two, 65.9
per cent of families of three and four, 78.5 per cent of families of five and
six, and 90.2 per cent of families of seven or more members had incomes,
during the approximate period of these dietary surveys, permitting per
capita expenditure for food of less than $2.50. These families, therefore,
were probably not spending enough for food to provide a satisfactory diet.

Increased expenditures for food meant, of course, increased purchase
of all food, especially the so-called protective foods, whose purchase in-
creased in as great or greater proportion as the purchasing power. . For
example, families in North Atlantic cities spending $3.75 to $4.47 per person
weekly for food purchased from two to three times as much butter, eggs,
succulent vegetables, and meat, poultry and fish, as families spending from
$1.25 to $1.87, while the figures for fruit were three to five times as high.
This study by Stiebeling and Phipard (21) was made in 1035-37. * Since
then there has been a definite increase in the cost of living and estimates
of costs need an upward revision if they are to be applied to 1942. On a
smaller scale, Borsook and Halverson (9) studied the diets of 50 families
in Pasadena with incomes from relief to those of $3,000, most of them
between $1,200 to $1,800. The expenditures for food ranged from $.89
to $4.80 per person per week, with most of them less than $2.08. The
diets of those people who spent less than $2.08 were inadequate as measured
by present standards while the diets of those who spent more were nearly
all adequate. The results agree fairly well with those of the large scale
study of Stiebeling and Phipard.

2. Calories

Considering 3,000 calories as the satisfactory daily intake per require-
ment unit,! then if a corresponding intake is distributed in a family in ac-

! The ‘“‘requirement unit’ is a standard ‘‘average’ person—taken to be a mader-
ately active man weighing 70 kg. The requirement (or consumption) of each nutritive
element, whether calories, protein, or specific vitamins is thus expressed for each
individual within a family or other consuming group on a scale related to the require-
ment of the standard unit, which allows for differences in age, hody build and activity.
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cordance with the needs of each member, the diet would be adequate
in terms of energy value. In the survey by Stiebeling and Phipard (22),
an analysis was made between food expenditure and caloric intake. In
the food expenditure range between $1.25 and $1.87 per person per week
almost 40 per cent of the diets of city families furnished less than 2400
calories. With increasing expenditures for food, diets of higher energy
value were reported. At the expenditure level $2.50 to $3.12 per person per
week, only 12 per cent of the diets furnished less than 2100 calories a
requirement unit a day, while at the $3.75 to $4.37 level, three-fourths
of the diets provided more than 3600 calories a unit a day. Borsook (9)
also found that more of the ample income families had diets of 3000 or
more calories than those on restricted budgets. Twenty-two of the 50
families studied had less than 3000 calories per consumption unit per day,
while 14 of these had less than 2700 calories per consumption unit per day.

In a dietary study in Halifax in 1939, including records of 385 individuals
in 82 families with family incomes between $450 and $1500 per year,
Young (24) found the average consumption for men to be about 2600
calories (Canadian Standard—2800 calories), with, however, only 16 per
cent under 70 per cent of the standard, and the average consumption for
women about 2000 calories (Standard—2400 calories) with 11 per cent
under 70 per cent of the standard. In another Canadian study in Toronto,
Patterson and McHenry in 1939 (25) obtained records from 80 families
comprising 313 individuals. The family incomes annually were between
$1500 and $2400, a higher range than that of the Halifax survey. The
eighty families, as a group, received on the average 93 per cent of the caloric
standard (2800 calories). Twenty-eight per cent of the families were
above their standard and only three families below 70 per cent of the
standard. _

Hunter and Pett (26), also in 1939, approached their survey in another
Canadian city, Edmonton, in another way. Believing that a health hazard
would in some cases be concealed by the family inventory method of food
consumption, they obtained individual consumption records. In thesc
families with incomes between $500 and $1500, the average daily con-
sumption for the whole group was about 2000 calories, 87 per cent of the
Canadian Dietary Standard. All the members in 11 of the 76 families
studied received diets deficient in calories, while in the rest of the
families, one or more members received diets deficient in calories. Of the
whole group, only 47 per cent had diets adequate in calories.

3. Protein

From experimental evidence, it has been concluded that 45 g. of protein
furnish the average minimum requirement for nitrogen equilibrium in a
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70 kg. adult. A 50 per cent safety margin has generally been added to the
average minimum in computing average requirements. The diet of 25
per cent of city families (Stiebeling and Phipard, 21) provided less than 70 g.
of protein a day, with only 2 per cent of the diets furnishing less than 45 g.
per day. At least 40 per cent of the protein usually came from ‘“good”
protein sources (milk, cheese, eggs and lean meats), and Stiebeling and
Phipard concluded that both the quality and the quantity of protein in the
diets were, on the whole, adequate.

Other studies (9, 24, 25, 26) concur in these results. Borsook found that
none of his 50 families had less than 45g, of protein per unit per day, with
only 12 of the families taking less than 66 g. per unit per day,and that more
than one-half of the protein was of animal origin.

In the Canadian studies, none of the families in Halifax received in their
diets less than the recommended average; in Edmonton, 12 per cent had
diets grossly deficient in protein, most of these being mothers and children;
and in Toronto in a higher income group, only 2 of 80 families were below
the minimum of 45 g. per unit per day.

4. Carbohydrate and Fat

Carbohydrate and fat make up the remainder of the calorie-producing
factors in the diet. The balance between the two are kept fairly normal
in the surveys reviewed. Fat and carbohydrate as a rule were supplied
adequately, especially where the total caloric intake was adequate.

3. Iron

Human iron requirements are not known exactly because of the difficulty
associated with their determination. Sherman (27) considers 8 mg, daily
sufficient to maintain equilibrium and recommends 50 per cent as a
margin of safety, making 12 mg. the daily allowance, The daily allowance
of iron recently recommended by the Food and Nutrition Board of the
National Research Council is 12 mg. for men and women and 15 mg. for
women during pregnancy and lactation.

In the survey by Stiebeling, et al. (22) many of the families had liberal
supplies of iron in their diets. The diets of less than 5 per cent of the 4000
families studied failed to furnish as much as 10 mg. of iron per unit per
day. However, in the low level of food expenditure (23), $1.38-$2.07
per unit per week, as many as 54 per cent of a group in some areas obtained
less than 12 mg. of iron per unit per day. At the next higher expenditure
level, $2.08-$2.76 per unit per week, onlv 15 to 25 per cent attained less
than 12 mg. of iron per unit per day. This shows clearly the relationship of
food expenditure level to the adequacy or inadequacy of this nutritive
essential in the diet.
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In the Canadian surveys (24, 25, 26), the daily iron intake was found to
be grossly deficient, especially by the women and the teen-age girls. In
Halifax, 44 per cent of the women, in Quebec, 32 per cent of the women,
teen-age girls and children under eleven years of age, and in Edmonton,
90 per cent of the children under eighteen and 95 per cent of all the women
in the study, received insufficient iron. Even in Toronto, where the next
higher income-group, the middle income group, was surveyed, 44 per cent
of the women obtained diets deficient in iron. The problem, evidently,
is therefore one of both economy and education.

6. Calctum and Phosphorus

The average minimum requirements of calcium and phosphorus for
maintaining equilibrium were concluded by Sherman (27) to be 0.45 g.
of caleium and 0.88 g. of phosphorus for a 70 kg. man. The addition of a
50 per cent safety margin to allow for variations in the metabolism of
different individuals and in the availability of the nutrients in different
foods, brings the values of calcium to 0.68 g. per unit daily, and phosphorus
to 1.32 g. per unit daily. Certain physiological conditions increase the
requirements, for example growth in infancy, childhood and adolescence,
and pregnancy and lactation in women., The recent recommended daily
allowances by the Food and Nutrition Board of the National Research
Council are given as 0.8 g. of calcium for both men and women, and for
pregnant and lactating women 1.5 g. and 2.0 g., respectively. For children
under twelve years of age 1.0 g. of calcium is recommended while 1.0 to
1.4 g. daily are recommended for adolescents and young adults between
twelve and twenty years of age.

The average phosphorus intake in all the city groups (22) was above 0.88
g. per day per requirement unit, and below 1.32 g. only among families in
the two lowest expenditure levels. '

The data indicated that the diets were less adequate in calcium. About
half the city families and 20 per cent of the farm families received less than
0.7 g. daily per requirement unit. The lowest four or five expenditure
groups in all sections of the country were as a rule definitely deficient in
calcium.

Borsook (9) found 5 of 50 families to have less than 0.45 g. of calcium
per consumption unit daily and 16 families to have an intake between
0.45 g. and 0.66 g. daily. Twenty-one of the 50 families therefore had
an inadequate intake.

Young in Halifax (24) found one-third of the women, 88 per cent of the
boys and 91 per cent of the girls to be getting less than the minimum stand-
ard. This was substantiated by the average consumption of milk in the
group, 1.5 quarts per capita per week.
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The Quebec survey by Sylvestre and Nadeau (28), and the Edmonton
study by Hunter and Pett (26) showed essentially the same thing, the
marked deficieney in caleium intake by a very large percentage of the
children, especially teen-age girls, and by the women.

The Toronto survey (25), on the other hand, showed a much better cal-
cium intake by the family as a whole. However, the women and the girls
between 11 and 18 years still took insufficient amounts. The somewhat
higher income of this group and their greater consumption of milk explains
this trend.

7. Vitamin A

The human requirement for vitamin A is unknown. The Food and
Nutrition Board of the National Research Council has indicated that 5,000
international units for a moderately active man or woman would be satis-
factory. This figure was probably arrived at by doubling the amount of
actual vitamin A reported as necessary for good light adaptation (20 units
per kg. of body weight) and then adding an additional safety factor to com-
pensate for the fact that about two-thirds of the dietary intake of vitamin A
is in the form of the provitamin, carotene, which is only 40 to 70 per cent
as effective as vitamin A. Thus a dietary intake of the order of 5,000 units
with two-thirds being derived from carotene represents not more than 3,000
units, probably less, of vitamin A esters. As indicated previously, light
adaptation is probably a late manifestation of vitamin A deficiency, if it
is one at all. The high prevalence of gross xerosis conjunctivae supports
the belief that most American dietaries provide insufficient vitamin A to
prevent this anatomic lesion. It thus seems to the authors that the daily
vitamin A allowance should be considerably increased, possibly to as high
as 7,500 or 10,000 international units of actual vitamin A per require-
ment unit.

All surveys show the prevalence of a serious deficiency of vitamin A in
the diet. The Bureau of Home Economics statistics show that only 20 per
cent of the city families obtain 6,000 or more international units of vitamin
A per requirement unit daily, and only one-third receive 4,000 or more.
Among the farm families, however, 60 per cent of the diets furnished 6,000
or more international units of vitamin A per requirement unit per day.

In the Halifax study, 34 per cent of the families, in the Quebec study,
about 70 per cent of the individuals, and in the Edmonton survey, 67 per
cent of the adults had diets containing less than 5,000 units of vitamin A.

8. Vitamin B,

The vitamin B, requirement is known to be related to the caloric intake.
Cowgill (29) and others have shown that diets containing a vitamin/calorie
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ratio? of less than 1.7 are almost always associated with a high incidence of
clinical beriberi; that dists having a vitamin/calorie ratio of 2.3 or more
are seldom associated with clinical beriberi; while diets varying between
1.7 and 2.3 are border-line in character, in that there are only occasional
cases of beriberi (30). By converting Cowgill’s vitamin/calorie ratio to
international units and micrograms per hundred calories, we obtain the
following figures:

Diets containing less than 8.5 international units or 25.5 micrograms of
thiamin per hundred calories are associated with a high incidence of beri-
beri; diets containing 11.5 international units or 34.5 mierograms of thiamin
per hundred calories are seldom associated with clinical beriberi; diets be-
tween these values are associated with only occasional cases of clinical
beriberi.

If we apply these figures to the vitamin B; requirement on a 3600 ealoric
diet, we find that diets containing less than 255 international units of vita-
min B, or 765 micrograms of thiamin may be considered definitely inade-
quate in thiamin.

From Stiebeling’s data on thiamin intake, 5 to 22 per cent of city families
at the food expenditure level $1.25 to $1.87 per unit per week received less
than 255 international units (765 micrograms) of vitamin B,. At higher
expenditure levels, conditions are much better. The data groups families
receiving from 240 to 399 international units; it is therefore impossible
to give the percentage receiving less than 345 international units (1,035
micrograms) of thiamin. However, it can be said that those families re-
ceiving over 400 international units of thiamin per requirement unit are
receiving, under normal physiological conditions, sufficient to prevent the
development of classical beriberi. On this basis, at the expenditure level
$1.25-31.87, only from one-fifth to three-fifths of the families in different
regional groups received an adequate diet as far as vitamin B, is concerned.
At higher expenditure levels, however, the picture is much more
satisfactory,

Borsook and Halverson (9) found only 2 families to have vitamin B,
intakes of 340 international units, very little lower than the 350 unit mini-
mum requirement. Fourteen additional families had less than 500 inter-
national units as their daily intake, while only 13 families took as much as
or more than 750 international units of thiamin daily.

? The vitamin/calorie ratio expresses the relationship between the caloric intake
and the vitamin B, content of the diet. It is based on Cowgill’s (20) requirement-
prediction formula, and is obtained by dividing the vitamin B, milligram-equivalent
content of the diet by the number of calories in the diet. Thus a diet of 3,000 calories
containing 5,100 mg. equivalents of vitamin B, yields a vitamin/calorie ratio of 1.7,
The milligram equivalent is equal to 0.05 International Units of vitamin B,.
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In Canada, surveys showed the deficiency of vitamin B, in diets to be
much more serious. In Halifax, 100 per cent of the families consumed
less than 350 international units per requirement unit, the per caput con-
sumption being 210 international units. In Quebec, only the men had an
average consumption of about 415 units of vitamin B, all the other in-
dividuals had an average intake below 350 units. In Edmonton, 70 per
cent of the children and 77 per cent of the adults had grossly deficient
diets (less than 300 international units) with regard to vitamin B,, while
only 7 per cent of the children and 5 per cent of the adults had adequate
diets. In Toronto, 57 per cent of the families, at a slightly higher income
level, had an intake of less than 350 international units. Individual in-
takes showed that 90 per cent of the people were considered deficient in
vitamin B, (less than 500 international units).

Although the weekly food expenditures in the Canadian surveys are
comparable to or even higher than the $1.25-81.87 level in the Bureau of
Home Economics surveys (considering the five year difference between
the two sets of surveys and the rise in cost of living and the fact that the
surveys were made in two different countries), the evidences of vitamin
B, deficiency in the Canadian diets are even more striking than those in
the American diets.

These figures reflect a really serious situation. Recent knowledge (29,
31, 32, 33) concerning thiamin shows that many symptoms are produced
by deficiency and exist long before the development of clinical beriberi,
a condition usually called polyneuritis or polyneuropathy in this country.
These earlier symptoms are ususlly classified under the heading of a
neurasthenic syndrome and consist essentially of the triad of anorexia,
fatigability and sleep disturbances. When these symptoms exist in sus-
ceptible individuals for a period of time without correction other symptoms
are produced, such as gas, palpitation, queer feelings in the abdomen,
constipation, backache, headache, and all the other symptoms that are
often associated with a neurasthenic syndrome. In order to prevent such
a syndrome due to thiamin deficiency in all persons, a satisfactory 3000
calorie diet should furnish at least 600 international units (1,800 micro-
grams) of thiamin per nutrition unit.

The foregoing figures from the surveys assume a great significance in
view of the standard of satisfactory thiamin intake recently set by the
Food and Nutrition Board of the National Research Council which amounts
to 600 international units per day per requirement unit.

9. Riboflavin

The daily human requirement for the other members of the B-factor are
not well established. It is now considered that about 2.7 mg. of riboflavin
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constitutes a satisfactory daily intake of this vitamin. Here again, surveys
by the Bureau of Home Economics and others in this country show that
a marked dietary deficiency of this vitamin exists. Few of the city families
in Stiebeling’s study, at any but the highest expenditure level, received
2.7 mg. of riboflavin per requirement unit per day, while as many as 35
per cent of the farm families at the high expenditure level received less
than 2.7 mg. of riboflavin. This supports clinical ohservations (34, 4, 32,
35) regarding the high prevalence of this deficiency in the population.

10. Niacin (Nicotinic Acid)

Quantitative data concerning the human requirement of nicotinic acid
are crude and incomplete. The amount of nicotinic acid which constitutes
a satisfactory intake is now thought to be about 18 mg. per requirement
unit per day. The exact nicotinie acid content of the diets investigated
in the Bureau of Home Economics survey could not be calculated at the
time the reports were published. However, it was determined that the
diets of city families in the South in the food expenditure level, $0.63-$1.12
per person per week, did not, on the average, contain enough nicotinic
acid to prevent pellagra; while in the expenditure range, $1.25-$1.87 per
person per week, the diets in Southern, Central, Eastern and Pacifie cities
contained only 10 to 40 per cent more nicotinic acid than the pellagra-
preventive minimum.

11. Vitamin C

From metabholic studies, about. 30 mg. of ascorbic acid were found to be
necessary for equilibrium. About three times this amount is needed to
keep the body saturated with it. However, no evidence is available which
shows conclusively that saturation is necessary for a good state of health,
Neither does a “‘satisfactory’ blood level, since it is so dependent on the
immediate recent intake, rule out scurvy, The Food and Nutrition Board
of the National Research Council has recommended 75 mg. of ascorbic
acid daily as a satisfactory intake.

In Stiebeling’s reports, from 72 to 96 per cent of the diets in the ex-
penditure group $1.25-$1.87 contained less than 75 mg. of ascorbic acid,
At higher expenditure levels, although the number who received satis-
factory amounts of vitamin C rose with the expenditure, there were still
from 11 to 32 per cent of the diets at the $3.75-$4.37 expenditure level
with ascorbic acid contents below 75 mg. per day.

Borsook (9) found every family in his Pasadena study to have 70 mg.
or more of vitamin C daily. This is easily explained by the easy availa-
bility of leafy vegetables as well as citrus fruits.

Stiebeling found that although the diets of every family in the Pacific
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region in this study included at least 25 mg. of vitamin C per person daily,
the percentages of those under 75 mg. a day equalled those in other regions.

The Canadian investigations (24, 25, 26) showed that the vitamin C in-
take was insufficient in their diets too. Between 60 and 70 per cent of
their dicts contained less than their standard, which is 60 mg. of vitamin C
daily. The diets of the adults were found to contain less of the vitamin
than those of the children.

12. Vitamin D

Little is known of the vitamin D requirement of adults and older children,
although it is probably necessary. The Food and Nutrition Board of the
National Research Council indicate the advisability of a daily intake of
400-800 international units for infants up to one vear of age and for women
during pregnancy and lactation. Amounts of vitamin D up to the mini-
mal requirements for infants ean he taken by adults where a good supply
-of sunshine is not available.

There are no dietary statistics available for vitamin D intake combined
with its availability from sunshine. Its great importance in infancy and
during pregnaney and lactation warrants the use of supplementary vitamin
concentrates to insure a good quantitative intake.

13. Grades of Diets

The significance of many of these figures can be well appreciated when
examining the summary of the survey made by the Bureau of Home
Economies based on qualitative grading of the diets. Their specifications
per nutrition unit per day were:

Protein. ... .. ... . ... . ... .. .. ... 50 g.

Caleium. ........ ... ............ 0.45 g.
Phosphorus.................... ... .. 0.88 g.

Iron........... ... ..... R 10 mg.

Vitamin A ... .. .. ... ... .. .. 3,000 International Units
Thiamin...... . ............. .. S 1.0 mg. (333 International Units)
Ascorbic aeid. ... ... ... 30 mg. (600 International Units)
Riboflavin. ... ... ...... ... ... . ... 0.9 mg.

The diets of families were first classified (Table II) into three groups:
poor, fair, and good. To be fair or good, the diet had to meet the above
specifications; if it failed to meet the above specifications in one or more
nutrients, the diet was classed as poor. To be good, it had to provide at
least a 50 per cent margin bevond the specifications, and a 100 per cent
margin in the vitamins,

The criteria used for a good diet are satisfactory, except in riboflavin,
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when compared with allowances recently suggested by the Food and
Nutrition Board of the National Research Council (Table II).

Protein............................. 75-g.
Caleium............................ 0.68 g.
Phosphorus......................... 1.32 g.

Iron. ... ... 15 mg.

Vitamin A.......................... 6,000 International Units
Thiamin............................ 2.0 mg. (666 International Units)
Ascorbicacid. ...................... 60 mg.

Riboflavin. ......................... 1.8 mg,

The criteria for a fair diet are significantly deficient in vitamin B,, ascorbie
acid and riboflavin, in that they are less than one-half the satisfactory

TABLE II

Distribution of Over 2,000 City and Farm Families at All Levels of Food Expendilure
from All Regions in the United States, According to Grade of Diet*

City I Farm_ Total
Number of families.......................... 1,268 743 2,011
Per cent diets graded “‘good”t.............. 7.9 51.0 23.8
Per cent diets graded “fair”}............ ... 32.6 32.7 32.6
Per cent diets graded ‘““poor”............... 59.5 16.3 43.6

* From data in Table 45, Stiebeling and Phipard (21), and Table 34, Stiebeling
el al. (22).

f Diets to be graded ‘‘good’’ must contain protein 87 g., calecium 0.68 g., phosphorus
1.32 g., iron 15 mg., vitamin A 6,000 I.U., vitamin B, 500 I.U., ascorbic acid 75 mg.,
riboflavin 1.8 mg.

$ Diets to be graded ‘“‘fair’” (21a) must contnin protein 45 g., calcium 045 g.,
phosphorus 0.88 g., iron 10 mg., vitamin A 3,000 I.U,, vitamin B, 250 1.U., ascorbic
acid 37 mg., riboflavin 0.9 mg.

allowances set up by the Food and Nutrition Board. The diets graded
fair are therefore in many instances poor, and those graded good are in
many instances capable of producing nutritional disorders.

It should also be pointed out that the dietary calculations were based
on food materials entering the home, without allowance for waste and cook-
ing losses. Waste probably accounts for a 10 to 20 per cent loss, while
cooking losses, particularly for ascorbic acid and thiamin, may be as high
as 100 per cent.

It must be emphasized that the populations herein presented are families
of employed (non-relief) wage earners and clerical workers in cities, and
non-relief, non-share-cropper families on farms. Bearing this, and the
populations to which they apply, in mind, it probably is not too high an
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estimate to say that at least half of our people are not receiving a diet that
approaches satisfactory nutritional levels.

IV. EvipENCE FrOM FoOD SUPPLEMENTATION

Diets in Pregnancy

Studies of diets in pregnancy are important in revealing the prevalence
of suboptimal nutrition in a population group whose health is of special
concern to the community.

Ebbs, Tisdall and Scott (36) had exact records of the food intake during
the first four months of pregnancy of women attending the prenatal clinic
at the Toronto General Hospital. A group was selected which had been
consuming a poor diet containing approximately 1600-1900 calories, 60 g.
protein, 0.5 g. caleium and 10 mg. iron. This group was then divided
into two parts. No change was made in the diet of the first. Those in
the second were furnished each day with 1 egg, 30 ounces of milk, # ounce
of wheat germ, 1 ounce of cheese, 44 ounces of canned tomatoes, and
1orange. The dietary improvement increased their calories to about 2600,
protein to 100 g., calcium to 1.6 g., and iron to 24 mg. per day, besides
materially raising the vitamin intake. '

Williams and Fralin (37) conducted a similar study in Philadelphia.
The study included 514 women chosen from the prenatal clinics of the
Jewish Hospital, Preshbyterian Hospital, and the Philadelphia General
Hospital, from the Starr Centre Prenatal Clinic, and from the private prac-
tices of three Philadelphia obstetricians. The sample included white and
negro women, private and ward patients, primigravidae and multigravidae
from under 20 to over 36 years of age in different stages of gestation.

Eighty-four per cent of the women had caloric intakes below 2500
calories, 87 per cent received less than 85 g. protein, 97 per cent less than
1.5 g. calcium, 94 per cent less than 15 mg. iron, 96 per cent less than
9,000 International Units of vitamin A (more than half, in fact, had an
intake of only 2,000-4,000 Units), 98 per cent less than 1.8 mg. thiamin
(600 International Units), 91 per cent less than 70 mg. of vitamin C (over
one-half received from 30-70 mg.), and 98 per cent less than 2.5 mg.
riboflavin. From the few vitamin D values for food available, these
women received from none to 140 international units daily. However,
the frequent use of vitamin D concentrates in pregnant women insures,
for that proportion in whom it is used, sufficient amounts of this factor.

Analysis showed that though, in many instances, the poor diets were due
to economic circumstances, a lack of knowledge or poor diet habits was -
responsible for poor diets when the income was not low.
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Although both studies, in addition to many others (38,39,40,41), concur
in showing the very high prevalences of poor diets in pregnant women
they do not agree on their relationship to complications antepartum, during
labor, and postpartum (excluding, of course, those always associated with
nutritional impairment, e.g., neuritis, pellagra, anemia, etc.). However,
the importance of improving the nutrition of this population group is
agreed on by both. Improvement in nutrition of the pregnant women
would bring about better maternal health, child health and development,
and would also tend to improve the nutrition of the family as a whole (38).

C. Factors Contributing to Nutritional Failure

The circumstances mainly responsible for the nutritional failure in this
country can be classified under four headings: poor food habits, highly
milled grain and refined sugar, price rationing and intercurrent illness.
Each of these factors is inextricably interwoven with the others.

I. Poor Foop Hasirs

Poor food habits develop partly out of economic factors, expressed as
“price rationing,” and partly out of ignorance of the rules of good nutrition.
Popular taste and social custom, however, account for the wide use of
nutritionally inferior foods which include refined sugar, highly milled grain
products, candy, alcohol and sweetened carbonated beverages. Poor food
habits may also be negative. Non-consumption of adequate amounts of
the protective foods is often due to failure to promote the taste for them
it childhood, to local food customs, racial antipathies, and economic re-
strictions.

II. VitamMIN-FREE OrR ViTamMIN-Poor CALORIES

The role of highly milled grain products and refined sugar (white flour,
white bread, highly milled cereals, granulated cane and beet sugar) has
contributed enormously to the poor nutrition in our country. Food habits,
appeal to popular taste, and economic necessity, since these foods are the
cheapest source of calories, are closely bound up with their use.

Although transportation and refrigeration have had far-reaching effects
by increasing the use of fresh fruits and vegetables in the American dietary
in the last 100 years, the removal of 70 to 90 per cent of the B-factor and
iron from flour and the increase of the yearly per capita consumption of
sugar from about 10 to 100 lbs., has significantly reduced the amount of
vitamin -and mineral intake which is only slightly offset by the use of
fruits and vegetables (Table IIT),
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III. Price RatioNniNg

Stated simply, price rationing, the third factor involved in nutritional
failure, means that about one-half of the people in this country have only
three-fourths of the minimum cost of a nutritionally satisfactory diet
available for expenditure on food. Like the other factors, price rationing
does not stand alone, but is a part of and a cause of, poor food habits and
the use of the highly milled grain products and refined sugar. This aspect
of the nutrition problem properly belongs in the realm of economics, yet
the physician’ and public health worker must take it into account in
planning a nutritional program.

TABLE III R
Vitamin and Mineral Content of Flour
Whole White Reduction|  Enriched Flourt
Wheat* Flour*
Per Cent Min. Max.
Thiamin (mg. per lb) 2.04 0.23 89 1.66 2.5
Riboflavin} (mg. per 1b.).. R 1.13 0.18 85 1.2 1.8
Nicotinic acid (mg. per lb. ) ........... 12.3 3.7 70 6.0 9.0
Iron (mg. per lb.).. e 18.0 4.5 75 6.0 24.0
Calcium§ (mg. per lb ) Cee... 2400 72.0 70 500.0 [2,000.0
Phosphorus (mg. per lb.). ceievio.....]1,700.0 | 460.0 73 — —
Vitamin D§ (1L.U).... . ............. .. — — — 260.0 |1,000.0

* Council on Foods and Nutrition, American Medical Association (97).

+ Committee on Food and Nutrition, National Research Council; and U. 8. Food
and Drug Administration.

1 Inclusion in enriched flour and bread will not be required, but is optional, until
July 1, 1942,

§ Inclusion in enriched flour and bread is optional.

IV. INTERCURRENT ILLNESS

The fourth factor responsible for nutritional failure is neglect in pre-
venting and correcting malnutrition during and after illness. The part
played by intercurrent illness and therapy in precipitating nutritional
failure has scarcely heen recognized. It is especially common in patients
whose nutritional state has had little or no safety margin previously. In
Table IV are listed some of the more important illnesses in which nutritional
failure may occur.

D. The Recognition of Nutritional Inadequacy

With the growing recognition of the frequency of mild or early nutri-
tional deficiencies, the old methods of using only anthropometric measure-



TABLE 1V
Condilions that May Contribute lo Nutritive Failure*

I. By interfering with food intake
1. Gastro-intestinal disease
Acute gastro-enteritis
Cholecystitis and cholelithiasis
Peptic ulcer
Diarrheal diseases
Carcinomas of stomach and esophagus
2. Food allergy
3. Mental disorders, as
Neurasthenia
Neurosis
Psychoneurosis
Psychosis
4. Operntions and anesthesia
5. Infectious diseases associated with anorexia
6. Loss of teeth
7. Heart failure {anorexia, nausea, and vomiting by visceral congestion)
8. Pulmonary disease (anorexia, vomiting due to cough)
9. Toxemiu of pregnancy (nausea and vomiting)
0. Viseeral pain (as in renal colic, and angina that reflexly produces nausea
and vomiting)
11. Neurological disorders which interfere with self-feeding
12. Migraine
II. By interfering with absorption
1. Diarrheal diseases, as
Ulcerative and mucous colitis
Intestinal parasites
Intestinal tuberculosis
Sprue
2. Gastro-intestinal fistulae
3. Diseases of liver and gallbladder
4. Achlorhydria
5. Carcinoma of the stomach
I11. By interfering with utilization
1. Liver disease
2, Diabetes mellitus
3. Chronic aleoholism
IV, By increasing requirement
1. Abnormal activity, as associated with
Prolonged strenuous physical exertion
Delirium
Manic-depressive psychosis
2. Fever
3. Hyperthyroidism
4. Pregnancy and lactation
V. By increasing excretion
1. Polyuria, a8 in
Diabetes mellitus
Disbetes insipidus
Long-continued excessive fluid intake, us in urinary tract infections
2. Lactation

* Taken from chapter on ‘‘Nutrition and the Deficiency Diseases,’”’ from Preven
tive Medicine in Modern Practice. Paul B. Hoeber. New York Citv. 1942.
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ments and approximate estimates, by the presence or lack of subcutancous
fat and muscular firmness for diagnosis of nutritional status, became out-
moded. More specific procedures for determining the adequaey of in-
dividual nutrients were needed. With the advent of many chemical and
physiological tests, methods and procedures for detecting these early de-
ficiencies were developed. They are dietary history, medical history,
physical examination, and special examinations all combined.

1. Dierary Hisronry

The dietary history should include diet habits of the individual and
limitations of diet because of allergic conditions, food idiosvneracies, racial
food preferences, or other likes, dislikes or excesses. In addition, a record
of the total intake (the kind and amount of all food caten) for at least
three whole days should be examined. The average of the food values
per day should then be compared to those recommended by the Food and
Nutrition Board of the National Research Council (Tahle V).

I11. MepicarL History

The medical history, too, is important in evaluating a patient’s nutri-
tional status. Past or present illness may contribute to malnutrition in
that decreased intake, impaired digestion, absorption or utilization, in-
creased requirement or accelerated exeretion, may deplete the nutritional
stores which, in many cases, have been precariously near inadequate for
a long period of time. In such a way, peptic ulcer, diarrheal diseases,
sprue, disease of the liver or gall bladder, diabetes mellitus, hyperthyroid-
ism, pregnancy and lactation are a few of the conditions which by history
or physical examination can be etiologically indicated where malnutrition
is being investigated. Therapy, too, as in the treatment of allergies,
obesity, peptic ulcer and gall bladder disease, may contribute to malnu-
trition by nature of dietary limitations.

In the medical history, complaints such as easy fatigability, insomnia,
anorexia, photophobia, nightblindness, burning of the eyes, lacrimation,
burning of the tongue and mouth when tart foods are eaten, easy bleeding
of the gums, palpitation of the heart, dyspnea, frequent eructation of gas,
diarrhea, hyperesthesias, paresthesias or anesthesias of the fingers or toes,
may be elicited. These must be evaluated and when all other causes
have been ruled out, they may be suspected as nutritional in origin.
In infants and children, the mother’s story of the child’s lack of appetite,
lethargy, failure to gain weight and grow properly, irritability, or easy
bruising may indicate a nutritional basis for these complaints.



TABLE V
Recommended Daily Allowances for Specific Nuirienis®
(Committee on Food and Nutrition, Nntiox_ml Reaegrch Council)

- o
- 3 g
Calories | Protein g E g £ 4 :E V"B""h
LILEREIRIEIES
£ g {me. | LU, | mg. | mg | me. | me. LU.
Man (70 kg.)
Moderately active....| 3,000 70 | 0.8 12| 5,000{ 1.8 75| 2.7, 18
Very active.......... 4,500 2.3 3.31 23
Sedentary............ 2,500 1.5 2,2/ 15
Woman (60 kg.}
Moderately active....[ 2,500 60 | 0.8 12| 5,000| 1.5] 70| 2.2| 15
Very active.......... 3,000 1.8 2.7 18
Sedentary............ 2,100 1.2 1.8} 12
Pregnancy (latter
half)............... 2,500 86 | 1.5 15 | 6,000| 1.8 100/ 2.5{ 18 |400-800
Lactation.. .......... 3,000 100 | 2.0] 15 | 8,000 2.3} 150| 3.0| 23 |400-800
Children up to 12 yrs.
Under 1 year ||....... 100 per |3~4 per | 1.0| 6 | 1,500 0.4; 30| 0.6 4 [400-800
kg. kg.
1-3yraV........... 1,200 40 |1.0] 72,000 0.6/ 35 0.9 6
4-8yrs............. 1,600 50 (1.0 82,500 0.8 5012 8
T-9yrs............. 2,000 60 | 1.0/ 10| 3,500{ 1.0 60( 1.5/ 10
10-12yrs............. 2,500 70 |1.2112] 4,500/ 1.2] 75| 1.8) 12
Children over 12 yrs.
Girls, 13-158 yrs.......| 2,800 80 | 1.3/ 15 5,000 1.4] 80| 2.0} 14
16-20 yrs.......| 2,400 76 | 1.0{ 15| 5,000/ 1.2/ 80| 1.8 12
Boys, 13-15 yra.......| 8,200 85 [ 1.4{ 15| 5,000 1.6/ 90| 2.4| 16
16-20 yrs.......| 3,800 100 | 1.4 15| 6,000| 2.0( 100| 3.0| 20

* These are tentative allowances toward which to aim in planning practical die-
taries. These allowances can be met by a good diet of natural foods; this will also
provide other minerals and vitamins, the requirements for which are less well known.

t Requirements may be less than these amounts if provided as vitamin A, greater
if chiefly as the provitamin carotene.

1 One mg. thiamin equals 333 International Units; 1 mg. ascorbic acid equals 20
International Units (1 International Unit equals 1 U.8,P, unit).

§ Vitamin D is undoubtedly necessary for adults and other children; when not
svailable from sunshine it should be provided probably up to the minimal amounts
recommended for infants.

[ Needs of infants increase from month to month. The amounts given are for
approximately 6-18 months. The amounts of protein and calcium needed are less if
from breast milk.

9 Allowances are based on the middle age for each group, and for moderate
activity.
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II1. Prysical. EXAMINATION

The physical examination covers the routine items with special regard
to those usually associated with nutritional disorders. '

Underweight, underheight and pallor, though not specific signs, are
gauges of the general nutritional status. Edema may be associated
nutritionally with a deficiency of thiamin or protein, or may be a manifes-
tation of vascular, cardiac or renal disease. Special examinations, including
urine analysis, serum proteins, thiamin concentration in the blood, blood
pyruvate tests, x-ray of the heart, electrocardiogram, circulation time, and,
in the routine examination, associated signs of varicose veins, thiamin
deficiency or cardio-renal disease, help in differentiating the etiological
factors.

1. Vitamin A

a) Skin. Follicular hyperkeratosis is now known to be a manifestation
of vitamin A deficiency (42). The skin is dry and scaly and has a minutely
horny appearance. The lesion is actually a keratotic plug in a hair follicle,
which may have an unerupted hair buried under it, or a hair, broken and
injured, protruding through it. In colored individuals, these plugs may
be deeply pigmented, giving the skin an even deeper color than it is.
Subsequently, with the plugs gone, the skin is left hairless with small crater-
like follicles. When the lesion is more advanced, the skin between the
follicles becomes keratinized. The areas most commonly involved are the
anterior and lateral surfaces of the legs and thighs symmetrically and,
somewhat less commonly, the same surfaces of the upper extremities. The
back, abdomen and chest are very much less commonly involved.

b) Eyes. Xerosis conjunctivae (17), including Bitot’s spots and the
very much more advanced state, xerosis corneae, are manifestations of
vitamin A deficiency. Although xerosis conjunctivae is not the only early
change in avitaminosis A, the eye is a very convenient site for examining
the changes which may be mirrored in other epithelial structures in
the body.

Although microscopic examination by a biomicroscope and slit lamp
is very valuable in that early changes may be noted and simultaneous
examination of the corneal limbus for vaseular changes due to riboflavin
deficiency may be performed, gross examination is as valuable in detecting
advanced lesions. Gross examination, moreover, is indispensable where
the expense and unavailability of equipment are factors.

Normally, the sclerae are clear, bluish-white, the color of the choroid
showing through the transparent, smooth conjunctivae. The vessels are
small, unengorged, moderate in number. The caruncle and plica semi-
lunaris in each eye are pale and flat. The very earliest changes may,
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many times, be seen only by the biomicroscope. Yet, if examined closely,
the sclerae appear not quite so clear, a bit duller, a tinge of creaminess
having supplanted the blue-white. Progressive changes are easier to see.
The color of the sclerae change to yellowish-orange, taupe or gray-brown
in some areas. The conjunctivae become irregularly heaped-up and loose,
the uneven surface showing ridges and folds. The vascular network be-
comes more prominent, the vessels become engorged, more tortuous and
larger in size. The plicae and caruncles become red, swollen and en-
gorged with blood vessels. Progressively, the vascular network appears,
paradoxically, to become less prominent, but as the conjunctivae become
thickened, less translucent, more opaque, visibility of the vascular area
becomes diminished. The conjunctival thickening becomes most marked
near the canthus and the equator., Where the equator meets the limbus,
as the condition continues, the conjunctival thickening becomes a Bitot’s
spot. The Bitot’s spot is an elevated area, usually opaque, situated in its
characteristic area on the equator near the limbus, usually triangular in
shape with its base towards the limbus, although other forms have been
noted, with various surface contours, flat, dome, ridged, ete., and colored
white, creamy, yellow or orange, and is part of the whole process of con-
junctival change, being one of the most advanced to occur.

Opinions vary as to whether all of these “spots” are due to vitamin A
deficiency. Berliner (43) considers that many of the Bitot’s spots may
not be due to vitamin A deficiency and that many of the “spots” described
by Kruse are really pingueculae, subepithelial infiltrations, with unchanged
epithelium. On the one side are Berliner's contentions, with some of hig
work backed up by vitamin A plasma concentrations, on the other are
Kruse’s and others, with definite response to vitamin A therapy. That
all of the “spots’ are not due to vitamin A deficiency is probable in that
all of them do not respond to specific therapy. However, time and addi-
tional clinical, histological and -chemical investigative work will do much
to settle points of dispute.

2. Vitamin B, (Thiamin)

The signs and symptoms a...ibuted to vitamin B, deficiency are many
and may be considered as (1) those symptoms similar to a neurasthenic
syndrome, (2) those signs and symptoms involving the nervous system,
(3) those involving the circulatory system,

a) The Neurasthenic Syndrome. Many etiologies have been suggested
for the neurasthenic syndrome under which are listed complaints of easy
fatigability, weakness, insomnia, anorexia, headaches, irritability, pre-
cordial pain, various aches and pains, poor memory and difficulty in con-
centration, and even additional complaints referable to the heart, bowels
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and genito-urinary apparatus. Many psychiatrists believe it is the result
of physical factors. Psychotherapy has cleared up the complaints in some
cases. Endocrines and vitamins, in turn, have been used in attempts to
show their etiological relationship to this syndrome, but no one factor
has been found which will satisfactorily improve the condition in every case.

Neurasthenic syndromes have been produced experimentally by diets
poor in vitamin B, by Jolliffe and his co-workers (31) and by Williams and
his co-workers (33). The complaints, moreover, were made to disappear
in a short while by the addition of thiamin to the experimental diet.
Similar syndromes, however, have been reported as cleared up by the
administration of nicotinic acid (44), vitamin Bs (45) and vitamin E (46).
We should not assume, therefore, that the neurasthenic syndrome is due
to thiamin alone, or to nutritional deficiency alone. However, there is
definitely a group of individuals in whom the neurasthenic syndrome is a
manifestation of thiamin or other nutritional deficiency and whose symp-
toms can be alleviated by specific therapy.

b) The Nervous System. Peripheral Neuropathy. The peripheral
neuropathy of thiamin deficiency is a bilateral, symmetrical neuropathy
involving predominantly the lower extremities. Unilateral neuritises are
not, as a-rule, due to a deficiency of thiamin, although it may, when it is
involved, be an accessory factor. In its mildest form, the neuropathy is
ushered in by paresthesias of the toes and perhaps also by calf muscle
cramps, burning of the feet, and pains in the legs. Calf muscle tenderness
and solar hyperesthesia are the earliest signs elicited. The hyperesthesia
may extend up the ankles and legs in a sock distribution. These signs are
only suggestive in the presence of a history of deficient thiamin intake, but
when to these aré added absent ankle jerks, a diagnosis of mild peripheral
neuropathy can be made. Continued deficiency with spread of the lesion
brings about loss of the knee jerks and posterior and lateral column signs
consisting of impairment and then loss of vibratory sense and of position
sense, and a positive Babinski toe reflex. Foot drop is the last develop-
ment in this sequence of events. When in addition, the upper extremities
or the brain is involved, the neuropathy is deemed severe.

Wernicke’s Syndrome. The syndrome of ophthalmoplegia, cloud-
ing of consciousness, and ataxia was described by Wernicke in the 1880’s,
but it was not until 1938 that Alexander (47, 48) definitely showed the
nutritional origin of this syndrome by producing it in pigeons on a thiamin-
deficient diet. In 1940, he showed definitely that the disease occurring in
man was identical with that in the pigeons.

Although Wernicke’s syndrome has been seen most frequently in
alcoholics, it has also been observed in others who have had concomitant
illnesses which have interfered with their nutrition (gastro-intestinal dis-



86 NORMAN JOLLIFFE AND RITA M. MOST

orders or carcinomas accompanied by cachexia and vomiting, pulmonary
tuberculosis with associated vomiting, depressed patients who refused
to eat, etc.) Wernicke’s syndrome is a multiple deficiency disease. The
ophthalmoplegia is due to thiamin deficiency and responds rapidly to
specific therapy. The clouding of consciousness may be related to any-
thing that interferes with proper brain metabolism. Among the known
offenders are lack of carbohydrates, lack of oxygen, lack of thiamin, nico-
tinic acid and riboflavin, and probably lack of many other substances now
under investigation. The stupor frequently responds to thiamin therapy
but recovered cases often develop a Korsakov psychosis. The ataxia
shows no such response and the factors implicated have not as yet been
worked out.

Peripheral neuropathy has, in all but one of our series of 25 cases, ac-
companied the Wernicke’s syndrome. We have attempted to explain it
as an acute episode of complete deficiency of thiamin superimposed on a
chronic mild deficiency. The episode of complete deficiency may be
hrought about by sudden increased requirement as by febrile disease,
delirium, etec. This can even explain the occurrence of complete depletion
occurring in the absence of chronic manifestations.

Korsakov’s Syndrome. This psychosis consists of loss of memory
for recent events, tendency to confabulate and disorientation for time,
place and person. Although most frequently seen in chronie aleoholics,
it has also occurred in other conditions (head injuries, arteriosclerosis,
toxic and drug psychoses). Because peripheral neuropathy has so fre-
quently been noted in patients with Korsakov's psychosis, thiamin has
received attention as a therapeutic agent. Results conflict as to its effec-
tiveness. We have not found it to be the answer. The role of thiamin
has still to he determined.

¢) The Circulatory System. The circulatory manifestations of vitamin
B, deficiency may vary considerablv. They are dyspnea on exertion,
palpitation, tachycardia, often precordial pain and edema, and often dilated
cervical veins, a palpable liver, and sometimes pulmonary congestion.
They may oceur in a person whose circulatory system is otherwise normal,
or they may be superimposed on one previously damaged by degenerative,
hypertensive or inflammatory disease. These manifestations may be
classified as follows:

(1) Edema and serous cffusions occurring in the absence of congestive
heart failure, enlarged heart, or recognized etiologic factors producing
cdema and serous effusions.

(2) Edema and serous effusions occurring with supporting signs and
symptoms of congestive heart failure, usually with definite roentgeno-
graphic evidence of cardiac enlargement.
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(8) Sudden circulatory collapse which may be the first manifestation
of circulatory failure or may occur after other signs of circulatory failure
are well advanced.

The circulatory manifestations occur in about one-third of vitamin B,
deficient subjects manifesting polyneuritis. They are more likely to occur
in patients with suggestive or mild involvement than in those having ad-
vanced neuritis. This factor is related to the ability of persons with mild
neuritis to perform muscular exertion.

‘Some of the more characteristic diagnostic features of the circulatory
manifestations of vitamin B, deficiency are:

(1) Mild nature of the polyneuritis.

(2) Increased or normal velocity of the blood flow in the presence of
congestive heart failure.

(3) Roentgenographic and electrocardiographic changes (although not
diagnostic in themselves). These will be discussed later in the seetion on
special examinations.

{4) Rapid response to specific therapy with complete and permanent
reversibility of the circulatory manifestations.

3. Riboflavin Deficiency (Vitamin B,)

a) Skin. In 1938, Sebrell and Butler (49) described the skin lesions due
to riboflavin deficiency. These were the macerated fissures, usually
bilateral, in the angles of the mouth, the lips abnormally red along the
line of closure, a fine scaly, slightly greasy desquamation on a mildly ery-
thematous base in the nasolabial folds, on the alae nasi, in the vestibule
of the nose and on the ears. These were relieved by the administration of
riboflavin but not of nicotinic acid.

The facial lesions we had noted in our patients (34) consisted of filiform
excrescenses from the sebaceous glands, varying in length up to 1 mm.,
closely to sparsely scattered over the skin of the face. Their characteristic
location was in the nasolabial folds, but in addition they occurred frequently
on the alae nasi, occasionally on the bridge of the nose and sometimes on
the forehead above the eyebrows. The skin on which the excrescences
were located was the seat of a fine, scaly, greasy desquamation. Oncasual
inspection, these filiform lesions resembled urea frost, but they could not
be brushed off by rubbing with the fingers. The lips, particularly the
lower, frequently showed a marked increase in the vertical fissuring, often
without a break in the mucous membrane.

We maintained patients having these lesions characteristic of riboflavin
deficiency on a diet poor in the B-complex and demonstrated that these
lesions respond to synthetic riboflavin, but not to thiamin hydrochloride,
nicotinic acid or vitamin Bi.
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b) Oral Manifestations. A specific type of glossitis can be seen in some
cases of ariboflavinosis. The tongue is smooth, the papillae flat or mush-
room-shaped, the color purplish-red or magenta-hued rather than the
searlet-red of nicotinic aeid deficiency. This glossitis may, not infre-
quently, be seen to develop in pellagrins, replacing the scarlet-red glossitis,
under nicotinic acid therapy with insufficient riboflavin in their diets.
Addition of riboflavin very quickly improves this glossitis.

¢) Eyes. Kruse, Sydenstricker, Sebrell, and Cleckley (20) in a pre-
liminary report early in 1940 described the ocular symptoms and signs
associated with riboflavin deficiency in a small group of patients all of whom
had cheilosis with or without glossitis at some time during the study and
the beneficial effects of riboflavin therapy on them. Itching, burning and
8 sensation of roughness of the eyes with mild photophobia were common
complaints and less frequently, severe photophobia, dimness of vision in
poor light and partial blindness. Ocular symptoms had been described pre-
viously in patients with oral signs of ariboflavinosis and, although the symp-
toms were attributed to a deficiency of vitamin A, it was noted that the
symptoms in a number of patients were relieved by riboflavin. Similar
symptoms were also noted by Spies (1939) in 50 cases of malnutrition
treated and relieved by oleum percomorpheum or carotene. Pock-Steen
(1939) (50) described such symptoms and signs in 109 cases of sprue, in
78 of which they were relieved by the administration of riboflavin.

No report on the slit lamp examination of the cornea appeared, however,
prior to the observations of Kruse, Sydenstricker, Sebrell, and Cleckley
although the experimental background of Bessey and Wolbach (51) was
suggestive,

The anatomic changes noted were circumcorneal injection, congestion
of the bulbar conjunctivae, corneal vascularities and corneal opacities.
Bessey and Wolbach (51) in 1939 had observed by slit lamp the corneal
vascularization, infiltration and opacities in rats on progressive depletion
of riboflavin, and occlusion and regression of the vessels and disappearance
of some of the opacities soon after riboflavin therapy. Furthermore,
they demonstrated these changes with india-ink injections of the vessels
post-mortem. Johnson and Eckardt, following their ohservations of
nutritional eataract in rats (52) and Bessey and Wolbach’s demonstration
of the relationship in rats between corneal vascularization and riboflavin
deficiency treated rosacea keratitis withriboflavin and found dramatic re-
sults in 32 of their 36 patients (53).

Kruse, Sydenstricker, Sebrell, and Cleckley (20), meanwhile, observed
that changes analogous to those in Bessey and Wolbach’s rats occurred
in human beings with riboflavin deficiency and that these changes were
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reversible with treatment. Their observations were enlarged (85) to 47
patients and careful examinations, including that done by slit lamp, were
made. (Slit lamp changes will be discussed in the section Special exam-
inations, p. 101.) In all cases, the functional disturbances, photophobia,
dimness of vision, and ocular discomfort not improved after correction of
refractive defects, were promptly, and sometimes dramatically, relieved by
the administration of riboflavin. The corneal signs were likewise im-
proved.

We know that injury to the eye, whether chemical, mechanical, due to
light, ete., may cause vascularization and keratitis of the cornea. Whether
other factors, in addition to these, can cause this vascularization is not
known, but it is not entirely improbable. Riboflavin administration, over a
period of 6 months, has not improved the corneal vascularization in all the
patients studied in our group. It is entirely probable that this period of
therapy is inadequate in many subjects whose lesions are chronic though
mild. The relationship between ‘the lack of riboflavin and other factors
causing corneal vascularization is vet to be investigated.

4. Nicotinic Acid

Pellagra was first described by Casal, a Spanish physician, in 1735.
However, it was not until Goldberger, in 1913, showed the relationship
between diet and the disease, that the infection theory of its etiology was
discarded. It was not until 1937 that the direct etiologic relationship of
nicotinic acid and pellagra was shown.

The complete picture of partial chronic nicotinic acid deficiency, the
scarlet-red stomatitis and glossitis, diarrhea, bilateral symmetrical derma-
titis, and mental aberrations, forms a characteristic syndrome which is
well known. It is not so well understood, however, that each entity may
occur alone or in any possible combination.

a) Skin. The pellagrous skin lesions is well known as a bilateral sym-
metrical dermatitis which can involve any part of the body but usually
involves first and most intensely those areas affected by trauma (in which
category sunlight is also included). These areas are usually the dorsum
of the hands, the wrists and elbows, the dorsum of the feet, the ankles,
the knees, the neck, the face, the folds under the breasts, the inguinal and
gluteal folds, the axillae, and the perineum, in the order of frequency of
their oceurrence.

The lesions start out with erythema and slight swelling. The swelling
increases slightly and bullae form. After a period of time, the skin dries
and ‘desquamates either in large scales, or in small flakes, the erythema
regresses and brown pigmentation ensues. The chronic lesions become
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thickened, indurated and deeply pigmented. The affected area is sharply
demarcated from the rest of the skin. In the “wet” form, there is oozing
of serous material from under the cracked scaling region.

These lesions respond fairly quickly to nicotinic acid therapy. Improve-
ment is apparent within a few days and, depending upon the extent of the
lesion, healing and regression occurs soon after.

b) Mucous Membranes. The changes in the mucous membranes arc
most easily seen in the mouth, The stomatitis and glossitis of nicotinic
acid deficiency are very characteristic. In the fully developed picture the
mucous membranes are scarlet-red, very often with superimposed gray
patches of Vincent’s infection. The tongue is often swollen, indentations
made by the teeth being easily seen at the sides of the tongue. The papillac
of the tongue become atrophic.

Nicotinic acid therapy dramatically changes the scarlet-red of the tongue
to a normal pale pink quickly, but the regeneration of the papillae depends
upon the length of time of their atrophy. In addition to this, the Vincent’s
patches clear up without local treatment when the underlying condition
clears. It was not until the advent of nicotinic acid therapy for pellagra
and this response of the glossitis: and stomatitis to it were recognized,
however, that these mucous membrane lesions without the dermal lesions
were recognized as manifestations of pellagra; in other words, that “pel-
lagra sine pellagra” was possible.

The mucous membranes elsewhere can undergo the same changes and
these can often be visualized in the distal end of the gastro-intestinal tract
and in the vagina. :

Milder but more chronic signs appear on the tongue. These signs con-
sist of redness of the tip and along the lateral borders, and after a time
atrophy of the papillae in these areas. These signs may take several
months to respond to therapy.

¢) Gastro-Intestinal Manifestations. The symptoms included in the
gastro-intestinal manifestations are vague and varving until very late in
the disease. These symptoms may vary from burning of the tongue,
pharynx, esophagus, abdominal discomfort, distention, even constipation,
to nausca, vomiting and diarrhea, the last of which is a serious sign in the
pathogenesis of the discase. Diarrhea in a pellagrin is serious and a sign
for the institution of heroic measures. In addition to large doses of paren-
teral nicotinic acid, other members of B-complex are given orally and
parenterally. We have found, in our debilitated pellagrins, many of whom
were aleoholics, that diarrhea and dementia were the 2 ID’s very close to
death. )

d) Nervous System. Neurasthenic Complaints. Spies and his co-
workers (54) state that pellagra patients are noted for their multiplicity of
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complaints, among which are many that are usually classified as neuras-
thenic. The most common of these symptoms are fatigue, insomnia,
anorexia, vertigo, burning sensations in various parts of the body, numb-
ness, palpitation, nervousness, a feeling of unrest and anxiety, headache,
forgetfulness, apprehension and distractability. They noted that the
‘“neurotic”’ symptoms showed a prompt response to nicotinic.acid therapy.
Probably of greater significance is their observation that these symptoms
return when, without the patient’s knowledge, nicotinic acid is withdrawn
and another medicament of similar appearance is substituted for it.
Central Nervous System. The organic psychoses which complete -
the triad of diarrhea, dermatitis, and dementia are the more obvious and
are better known. The most common, perhaps, is that in which loss of
memory, disorientation, confusion and confabulation are present. There
are also types in which excitement, depression, mania and delirium may
occur. In our experience, a paranoid condition is common in pellagra as
in many other organic psychiatric pictures. Spies and his associates (54)
report that all their psychiatric patients recovered, but the psychosis in
most of their cases was only of one to two weeks’ duration. We can con-
firm these findings with our own experiences at Bellevue Hospital. We
would, however, emphasize the fact that careful psychiatric examination
reveals that these patients are frequently left with residual organic mem-
ory defects. In the psychoses of longer duration associated with pellagra,
the response to nicotinic acid is certainly not spectacular, and specific ther-
apy may not help at all. This does not mean that a lack of nicotinic acid
was not important in the genesis of the mental picture. It does, however,
point out the fact that these metabolic disturbances finally proceed to strue-
tural changes. When this latter stage is reached, the process may become
irreversible. It must similarly be emphasized that many of the acute
excitements and deliria associated with pellagra clear up without nicotinic
acid therapy. Finally, pellagra patients are usually lacking in other fac-
tors contained in the well-balanced diet and probably necessary for normal
brain metabolism. It is therefore suggested that adequate amounts of
other vitamins be given to pellagra patients with encephalopathic manifes-
tations in order to insure maximal therapeutic results.
Encephalopathy. Jolliffe, Bowman, Rosenblum, and Fein (1) have
reported 150 cases of an ‘“‘encephalopathic syndrome’ heretofore almost
invariably fatal, which they believe is caused by nicotinic acid deficiency.
This syndrome may occur as the only manifestation of a deficiency disease
or it may oceur in association with pellagra, polyneuritis due to vitamin
B, deficiency, or the ophthalmoplegia associated with Wernicke’s disease.
The clinical picture of this syndrome is more or less well defined and is
characterized by clouding of consciousness, cogwheel rigidities of the ex-
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tremities, and uncontrollable sucking and grasping reflexes. To be ex-
cluded are the encephalopathic manifestations of groping, grasping and
sucking which may occur in the course of delirium tremens, infectious dis-
eases with delirium, expanding intracranial lesions, advanced cerebral
arterioscierosis and other diseases.

Since not all of the cases showing this syndrome presented the usual
skin and mouth lesions associated with pellagra, it was assumed that this
syndrome represents an acute complete nicotinic acid deficiency which
develops so rapidly that the structural changes in the skin and mouth,
characteristic of pellagra do not have time to occur. Patients manifesting
this syndrome and treated by hydration or hydration plus thiamin hydro-
chloride almost invariably died (95 per cent); patients treated by hydration
plus concentrates rich in the vitamin B complex showed a marked drop
in mortality (50 per cent); but when these patients were treated by hvdra-
tion plus nicotinic acid, the mortality fell to 15 per cent.

5. Pyridoxin (Vitamin Bs)

A syndrome specifically due to a deficiency of vitamin Bs has not as yet
been reported as a clinical entity. In rats, a deficiency of this vitamin is
known to cause ‘‘rat acrodynia” foci of degencration in striated and cardiac
muscles, and changes in the nervous system, particularly of the columns
of the spinal cord. Therapeutic effects have, however, been noted in
several diseases of the nervous system, although its true position in the
field of nerve tissue metabolism still remains to be determined.

a) Paralysis Agitans. Since muscular weakness and rigidity are char-
acteristic of paralysis agitans, and since vitamin Bg is involved in muscle
metabolism, Jolliffe (55) tested its effect in this syndrome. He admin-
istered 50 to 100 mg. of pyridoxin intravenously either daily or every
other day to 15 patients with paralysis agitans. Four showed subjective
and definite objective improvement. Two were only subjectively im-
proved. Of the 11 patients who showed no objective improvement, 10 had
suffered disability for more than 3 vears. Similar results were later re-
ported by Spies, Hightower, and Hubbard (56). Jolliffe (57) subsequently
reported a group of 32 ambulatory patients with Parkinson’s disease. In
the latter group, he noted improvement to oceur in all groups of cases.
These studies have been extended to 90 cases with permanent (6 months
or longer) improvement in nine subjects. He concludes that the syndrome
of paralysis agitans seems to include people who are helped by pyridoxin.

In a group of 12 chronic cases of paralysis agitans (including idiopathie,
postencephalitic and arteriosclerotic) treated with large doses of thiamin,
nicotinic acid, riboflavin, and pyridoxin, Loughlin, Myersburg, and
Wortis (58) noted no objective changes for the better. Several of the
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patients claimed to feel better subjectively, but this was also true for
several control patients who received injections of saline.

The reported material is still too meager too draw any definite conelu-
sions, but the evidence at hand suggests that:

(1) The best results are obtained in cases of short duration.

(2) The number of cases helped is small (about 10 per cent).

(3) In the latter, there is no evidence of any lack of pyridoxin, and the
general beneficial effects may be related to the general effect of pyridoxin
on muscle metabolism.

b) Pseudohypertrophic Muscular Dystrophy. Antopol and Schotland
(59) reported improvement in 6 cases of pseudohypertrophic muscular
dystrophy treated with pyridoxin. The treatment was instituted because
of the previous finding that foci of muscle atrophy developed in rats de-
ficient in vitamin Bs. They believed that their results were due to en-
hanced muscle metabolism, and did not imply that this form of muscular
dystrophy was due to a lack of vitamin Bs. On the other hand, Ferrebee
and his co-workers report entirely negative results in 21 cases of mus-
cular dystrophy (14 of the pseudohypertrophie type), and Wortis (60) has
seen no essential change in 5 cases of pseudohypertrophic muscular dys-
trophy treated with adequate amounts of vitamin Bs. These contrasts in
therapeutic resuits are difficult to explain and indicate that additional
factors may play a part in the results obtained.

6. Pantothenic Acid

Pantothenic acid has been identified as a chick-dermatitis factor and an
achromotrichia factor in rats. Graying of fur in black rats maintained on
diets deficient in vitamin-B-complex was first described in 1938 by Morgan,
Cook, and Davison (61). Addition of a “filtrate-factor,” now more
specifically known as pantothenic acid, restores the black pigmentation to
the hair in rats. Recently Ansbacher (62) has pointed to an additional
chromotrichia factor, para-aminohenzoic acid.

Woolley (63) has shown that on a purified basal diet, even in the presence
of inositol, but in the absence of pantothenic acid, alopecia develops in
mice, and that administration of pantothenie acid causes hair to grow back.

7. Inositol

Inositol has heen shown by Woolley (64, 65) to be the anti-alopecia factor
of mice. In addition to its being necessary for normal growth, inositol is
one of two factors, the other bheing pantothenic acid, whose absence pro-
duces the ‘“spectacled eye’ in rats (66, 67). What relation these findings,
with regard to pantothenic acid and inositol, have to human nutrition and
deficiency we do not as yet know.
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8. p-Aminobénzoic Acid
p-Aminobenzoic acid has been shown to be a chromotrichia factor for
the rat and a growth-promoting factor for the chick (62). Here again, we

may say that we do not know, as yet, whether this factor is necessary for
human nutrition.

9, Biotin (Vitamin H, Co-enzyme R)

‘“Egg-white injury,” an induced biotin deficiency, is caused by the bind-
ing of ingested biotin by a protein fraction of raw egg white, thereby pre-
venting its absorption. It has been observed commonly and experimen-
tally in animals when large amounts of egg white have been used in the diet.
A severe generalized eczematous dermatitis involving the eyelids and lips
is observed in these animals. Sydenstricker and his co-workers (68) ob-
served the signs and symptoms of experimentally produced “egg-white
injury” on 7 volunteers. Depression, lassitude, somnolence, muscle pains,
hyperesthesia and localized parasthesia, marked anorexia and precordial
distress, were similar to signs and symptoms of thiamin deficiency. A
fine branny desquamatory dermatitis, a striking grayish pallor, and lingual
changes characterized by atrophy of the papillae, either patehy or general-
ized, while the tongue remained pale, were observed during the ‘‘deficient
period.” Examination of the blood showed decreased hemoglobin con-
centration in spite of adequate iron intake. Parenteral treatment with
biotin concentrate brought about prompt relief of the depression, muscle
pain, precordial distress, anorexia and the ashen pallor. At the time of
publication, insufficient time had elapsed for the observation of further
changes.

10. Viltamin B Complex

There are still many factors of the vitamin B complex which are un-
known. Vitamin deficiencies, we know, are usually multiple. Treatment
of a deficiency syndrome with vitamin concentrates alone brings to light,
at times, manifestations which do not respond to any one known vitamin
alone, but do respond to the whole B complex.

11. Vitamin C (Ascorbic Acid)

Scurvy has long been known as a marked depletion of vitamin C in the
tissues. It is manifested by a bleeding tendency; and hemorrhage into the
skin and mucous membranes, hemorrhage into joints and muscles, and
bleeding from the gums are very common.

If this condition has existed for a long while, the individual is anemic and
his skin pale. The skin in a scorbutic may have many ecchymoses out of
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proportion to the trauma causing them. Hemarthrosis is manifested by a
painful and sometimes enlarged joint. Healing of muscles extensively in-
filtrated with blood is sometimes attended with calcification and fibrosis
leaving the musele hard and rigid. This is known as “scurvy selerosis.”

The classical piecture of scorbutic gums is well known. The genesis of
this condition starts with slight swelling of the gums, slight redness at the
gingival margins and oozing of blood upon slight pressure. Traumatic
factors in the mouth, collections of tartar at the gum margins, other factors
of constant irritation cause infection and subsequent necrosis of gingival
points. Progressively, the gums recede from the teeth and the interdental
spaces become larger. In a severe, acute case, the gums appear as markedly
swollen, heaped up bags of blood, the gums around the lower incisor teeth
being primarily and most severely involved. Within 24 to 48 hours, there
is a remarkable response to vitamin C therapy and within a week the swol-
len gums may recede to normal size. It is very important to include dental
therapy in treating scurvy.

Other general manifestations in scurvy may be epistaxis, pin-point hemor-
rhages in the gut with subsequent ulceration (peptic ulcer), melena, hemat-
uria, menorrhagia or metorrhagia.

The relationship vitamin C bears to repair tissue is well recognized. It
has been observed that even well-healed scar tissue has sometimes become
disrupted in advanced scurvy. The réle of vitamin C in speeding up the
healing of wounds in a good number of individuals with vitamin C under-
saturation has been noted, and delayed healing of wounds has been pro-
duced experimentally by its deficiency (69).

In the infant, skin and mucous membrane lesions are the same. Anemia
is present in the chronic case. However, in the absence of teeth, scorbutic
gums are not characteristic. The scorbutic infant is irritable, does not eat,
sleep or gain weight properly. The limbs, most commonly those of the
lower extremity, are intensely tender. The infant characteristically keeps
his lower extremities motionless and drawn up. The slightest touch of
these very tender extremities causes the child to scream. Later in the
disease, subperiosteal hemorrhage and even epiphyseal separation occur and
these can be seen by x-ray. Scurvy is not seen in breast-fed infants and
has become very infrequent since the addition of orange juice to the diets
of bottle-fed babies. However, although rare, we still have an occasional
scorbutic infant admitted to the pediatric wards of our hospital.

12. Vitamin D

Vitamin D is one of the factors regulating the absorption of calcium from
the intestinal tract. Vitamin D deficiency is manifested by rickets in the
young, formative years, and by osteomalacia in adults. Although grossly,
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osteomalacia is not manifest, many of the rachitic changes are easily ob-
servable, : '

The bone manifestations by which ricketé may be recognized vary with
the age of the infant depending most probably on the variations in the
growth and development of the bones and the varying activities of different
age periods.

During the first eight-month-period of life, the changes in the skull are
manifest. Because the infant lies on its head almost constantly, it develops
soft-spots in the skull and this is known as cranio-tabes. Frontal and
parietal bossing, developing usually at the end of the first year, gives the
rachitic head a somewhat square appearance. Bending of the ribs at the
costochondral junction (the *‘rachitie rosary”) and costochondral en-
largement at the ends of long bones (wrists, ankles) may appear as early as
six months and may proceed in the ribs up to 18 months and in the long
bones up to the fourth year. The thorax and spine may become de-
formed, due to sitting postures; the arms and legs bend due to weight bear-
ing during active rickets. Pelvic deformities are common and rank among
the commonest causes of dystasia. Fractures of the long bones are quite
frequent in very severe cases of rickets and are due to osteoporosis of the
bones. _

Poorly developed, weak muscles which are present in almost all severe
cases contribute to the fact that rachitic children seldom sit, stand or walk
at the usual age. Pot-belly and constipation are two other symptoms due
to loss of tone in the abdominal muscles and in the muscular walls of the
stomach and intestine.

Infantile tetany may be a manifestation in a very severe case of rickets
resulting from a disorder in caleium metabolism. -

13. Vitamin E (a-Tocopherol)

Vitamin E is essential in nuclear activity in animals especially those in-
volving cellular differentiation and proliferation (such as the developing
embryo in the female rat). Its relation to function in human beings isnot
established. Therapeutically, however, it has been used in habitual and in
threatened abortion with favorable results reported by some.

Experimental work (70, 71) has shown that in the experimental animal,
deficiency of vitamin E results in paralysis. Further work (71, 72) pointed
out that the nature of the changes might be either muscular or spinal cord
changes. Utilizing these experimental findings Bicknell (72) and Wechsler
(73, 74) each reported favorable results in amyotrophic lateral sclerosis
treated with vitamin E. Wechsler suggests that the syndrome may have
varying etiologics and that it is onlv in the group associated with a de-
ficiency of vitamin E that favorable therapeutic results are to beexpected.
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Of greater significance is his reported observation that on two occasions
when the administration of the vitamin E was stopped, the weakness re-
turned, and when treatment was resumed recovery promptly resulted.
While Bicknell (72) reported favorable results in 12 of 13 cases of muscular
dystrophy, and Stone (75) reported excellent results in 5 cases with vitamin
E and vitamin B complex, Wechsler (73, 74) failed to obtain any improve-
ment. Finally, Sheldon (76), Wortis (77) and their co-workers have
noted no objective improvement in a total of 27 cases of musecular dystrophy,
31 cases of amyotrophic lateral sclerosis, and 4 cases of progressive spinal
atrophy treated with large dcees of vitamin E, apparently for sufficient
periods of time. These discrepancies would bear explanation.

14, Vitamin K

Vitamin K is one of the regulatory mechanisms in the clotting of blood.
A deficiency in vitamin K is manifested by hemorrhagic tendencies. Vita-
min K deficiency is associated with intrinsic liver disease, obstructive liver
disease, and with the first few days of life in infancy. The administration
of vitamin K to the infant, dramatically improves his condition. The ad-
ministration of vitamin K in extra-hepatic biliary obstruction is also at-
tended by improvement. In intrinsic liver disease, however, if any im-
provement does occur, it is only temporary.

15. Vitamin P (Citrin)

Vitamin P, a flavone, has been found to influence capillary fragility-

Petechiae and hemorrhagic tendencies, similar to those seen in scurvy, are

manifestations of this capillary fragility. These will respond to vitamin P
administration while not responding to ascorbic acid.

16. Anti-Pernicious Anemia Factor

A combination of a macrocytic hyperchromie anemia, achlorhydria and
nervous system involvement (from paresthesias, through combined scle-
rosis, to mental symptoms) presents the familiar picture of Addisonian
anemia. Although the etiology is still unknown, the anti-pernicious anemia
factor is absent in all cases. This has been found to be abundant in liver,
and liver therapy, both parenterally and by mouth, has checked the disease
and improved the symptoms and signs very dramatically (except for irre-
versible neurological changes). The relation between the causes of the
disease and diet is still unknown, but diet has a very close association with
therapy.

IV. SrEciaL. EXAMINATIONS

Special examinations for the detection of malnutrition fall into two cate-
gories, one, those which can be done easily ; two, those which require either
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special equipment, special training, or take long periods of time. In the
first category can be included urine examinations, blood counts, x-rays,
electrocardiograms, and simple and routine blood chemistries (serum cal-
cium, phosphorus and phosphatase, plasma ascorbic acid, serum albumin
and protein, blood prothrombin and klood chlorides). In the second, the
more complicated examinations, blood vitamin A, blood vitamin B, blood
pyruvic acids, and biomicroscopic examinations of the eye, gums and tongue
for corneal vascularity, scorbutic changes and lingual papillary changes
are inciuded.

a) Urine. Urinary findings of albumin or glucose while pointing to
diagnoses of constitutional disease suggest that secondarily the nutritional
state is affected. The loss of albumin, if extensive enough, causes hypopro-
teinemia and anemia and eventually edema. In diabetes mellitus, earbo-
hydrate and fat metabolism are affected. In polyuria, in diabetes mellitus
and insipidus, and in genito-urinary infections, water soluble vitamins are
excreted in the excess fluid.

b) Bleod Count. A red blood count, hemoglobin (done by a reliable
method) and hematoerit, wherever possible, are done. Hemoglobins done
with a Sahli hemoglobinometer (14.5 g. = 100 per cent) are reliable. When
large numbers are to be done, methods using a colorimeter are rapid and
very accurate. Both sets of methods relv on the color change produced
by the addition of acid to blood with the formation of acid hematin. Win-
trobe’s hematocrit method is a well accepted method and should be em-
ployed when convenicnce allows complete blood studies. With the above
data, even mild anemias whether macrocytic hyperchromic or microcytie
hypochromic can be detected.

¢) Serum Prolein and Serum Albumin. In general, methods for deter-
mining serum albumin and serum protein are not very satisfactory. How-
ever, we have been using the Levy and Palmer (78) method for our de-
terminations. Nitrogen recoveries from serum with added ammonium
sulfate run as close as 99 and 100 per cent. The method involves the
digestion of the protein with formation of ammonium sulfate, the subse-
quent oxidation of this with equivalent amounts of hypobromite, substitu-
tion of the resulting bromide with iodide and iodometric titration. The
method is probably too lengthy for large nutritional surveys, but where a
laboratory is set up and time is not a factor, this method is excellent. The
biuret method (85) is simpler, less time-consuming, and has been found to
be satisfactory enough for this purpose. In large studies of apparently
normal individuals, the incidence of abnormal findings of the serum protein
and the serum albumin may run as low as one per cent. Even where diets
are fairly bad, the incidence of this finding is very low. Apparently protein
intake from any source must be very low and this deficient intake must
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continue for a fairly long while before the serum reflects this abnormal
situation. In renal failure and in intrinsic liver disease, the protein and
albumin are very frequently decreased.

d) Blood Chloride. This method consists simply of precipitation of the
chlorides with a standard silver nitrate solution, the excess silver nitrate
being titrated with thiocyanate solution. This method can be used in
the few cases where edema is present and a differential diagnosis is to be
made.

e) Vitamin A. Biomicroscopic Examination. The changesin the
conjunctiva which can be seen grossly have been discussed. Biomicro-
scopic examination, of course, has the advantage that early deficiency
changes are made easily visible, and that early improvement can also be
noted. However, the unavailability of this instrument, in addition to
its high cost, may not always make this procedure feasible. In any large
study, however, the use of this instrument is a “must.”

All the changes seen grossly are also seen, more exaggeratedly, with the
biomicroscope. The differences in thickness of the conjunctivae result in
three main degrees of transmission of light: transparency, translucency and
opacity. A transparent conjunctiva appears as a elear medium through
which the scleral landmarks and deep vessels can be seen distinctly. The
vascular network is least extensive and least complex in pattern. A trans-
lucent conjunctiva appears as a turbid medium, the scleral landmarks and
deep vessels being seen indistinctly as through a milky solution. The
vascular network is more elaborate and extensive. There are gradations
in translucence and visibility through the medium. With opacity, the
deeper layers and vessels are not visible through the conjunctiva. The
vascular network, although most extensive and elaborate, may appear,
hecause of the low visibility, to be as inconsiderable as in transparent con-
junctivae. Transmission of light is frequently not uniform for the entire
conjunctiva of one eye nor even for the entire area in either the temporal or
nasal zone. Transmission of light is often greater, too, in the super-
ficial than in the deeper layers. A Bitot’s spot shows more pronounced
changes than in other areas of the conjunctiva, and in their early stages the
hiomicroscope can detect very early opaque spots even before they become
clevated.

In addition, the biomicroscope makes visible the unevenness, the wrin-
kling, the roughness, the irregular thickening of the conjunctiva and the
occasional conjunctival cysts.

Blood Vitamin A. Except for the spectrophotometric method, meth-
ods for blood vitamin A are not overly accurate since carotenes and caro-
tinoids enter into the same reactions as vitamin A (80). Since the reaction
of each with the reagent is different and their respective concentrations
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vary from individual to individual, their total effect is not always equal
to the total concentration,

In spite of this difficulty, there is a definite place for the results obtained;
that is, although not too much can be deduced from normal values, when
low blood vitamin A values are obtained, a deficiency exists.

f) Vitamin B, Plasma Vitamin B;. The methods used for vita-
min B; concentration in the blood are yeast fetmentation (81) and thio-
chrome methods (82). As an early gauge of deficiency the findings are
not useful since these blood values have not been found to be decreased
until gross evidence of thiamin deficiency is already present. Experi-
mentally, however, it is a useful adjunct.

Blood Pyruvic Acid. Pyruvic acid is an intermediary production in
carbohydrate metabolism. For the complete oxidation of pyruvic acid,
vitamin B, is necessary. In line with this, it has been found that pyruvic
acid is not well taken care of by the thiamin-deficient individual. This
is the basis for the pyruvic acid test (83). Fasting blood pyruvic acids,
in individuals with gross manifestations of thiamin deficiency, are ele-
vated (84). In tests where large doses of glucose (about 100 g.) are given,
and blood pyruvic acid values are determined at half hour intervals for
four hours, normal curves rise to a peak at an hour and return to the fast-
ing level within three hours. In grossly deficient individuals, the fasting
level is higher. The curve rises to a much higher level, stays at this higher
level, and does not return to the fasting level even in four hours (85).

It is too early to say yet, in the work we are doing on groups of neuras-
thenies, whether this can be used as an early gauge of vitamin B, deficiency,
although some of our results show that it may be a possibility.

X-Ray Examination. The heart in the cardiac form o beriberi
may be normal in size or much enlarged. The rapid reduction in the
transverse diameter of the heart is rather dramatic with vitamin B, ther-
apy. Itiscomparable to the effect of thyroid medication on the myxedema
heart. Teleroentgenographic examination shows the enlargement of
the heart to be chiefly of the right ventricle and auricle, and frequently,
increase in the size of the pulmonary conus and pulmonary artery is noted.
The left auricle and ventricle often contribute to the enlargement of the
cardiac shadow, but as a rule, to a lesser extent than their mates on the
right.

Electro-cardiographic Changes. Although few patients with the
cardiac form of beriberi have normal electrocardiograms, the changes in
the tracings are not usually characteristic. Shortening of the P-R interval
(0.12 seconds or less) have been noted in beriberi in Java (86, 87). Others
(88, 89) have noted various abnormalities, the chief among which are
sinus tachycardia; flattening or inversion of the T waves, prolongation
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of the Q-T interval, low voltage of the QRS waves, depressed S-T seg-
ments, ventricular or auricular extrasystoles, and changes in the elec-
trical axis either to the right or left.

Electrocardiographic changes have also been noted in subjects with ex-
perimentally produced thiamin deficieney (33). ‘““They consisted of dimi-
nution in the amplitude of all complexes and particularly of the T waves of
the chest leads. In certain instances the T waves became isoelectric or
shallowly inverted. On restitution of thiamin to the diet the electrocardio-
grams became normal.” These observations by Williams, Mason, Wilder,
and Smith (33), confirmed the findings of Jolliffe, Goodhart, Gennis, and Cline
(31), in whose experimental subjects precordial pain and electrocardio-
graphic changes were likewise observed.

Circulation Time. In beriberi heart disease, an increased or normal
velocity of the blood flow in the presence of congestive heart failure is a
characteristic and diagnostic featurc.

g) Riboflavin. Biomicroscopic Examination. As we have men-
tioned above, a biomicroscope is often not easily available. Some changes,
however, when marked enough, can be seen cither grossly, or frequently
with a hand slit lamp. The corneal changes in riboflavin deficiency ob-
served through the biomicroscope with the slit lamp have been well de-
scribed and illustrated by Sydenstricker, Sebrell, Cleckley, and Kruse (35).
The earliest signs by slit lamp inspection are described by them as marked
congestion and proliferation of the limbic plexus. Arcus senilis and pig-
ment at the selero-corneal junction of colored individuals, when present,
seem to mask the advance of the vesselsinto the corneal area. Progress-
ing, very narrow capillary loops are formed which proceed through the
narrow, formerly avascular zone of the sclera adjacent to the sclero-
corneal junction. Very small capillaries arising from these loops send
digitations into the cornea, and anastomose forming a tier of loops from
which more capillaries arise. Both superficial and interstitial vasculariza-
tion and subsequent opacities have been observed. In chronie, relapsing
ariboflavinosis, Svdenstricker, Scbrell, Cleckley, and Kruse report ob-
servations of ‘“universal vascularization and extensive superficial and
interstitial nebulas.”

h) Niacin (Nicotinic Acid). Biomicroscopic Examination. Kruse
(90) has recently published his observations of changes in the tongue pro-
duced by acute and chronic niacin deficiency as seen through a biomicro-
scope.  In the acute process, there is redness and swelling of the tongue,
marginal indentations made by the pressure of the teeth, and finally
smoothness. Vascular proliferation and hyperemia, hypertrophy and
then their disappearance are the train of events oceurring in the patho-
genesis of the acute process in the lingual papillae. In the chronic form, the
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changes in the papillae go on from vascular proliferation and hyperemia,
through infiltration to atrophy. The tongue itself shows crevices, fissures
and loss of substance as the chronic process continues on its course. At
any stage, an acute process may be superimposed on the chronic. From
this, it can be seen that the pictures of niacin deficiency in the tongue may
be multiple and varied.

i) Vitamin C (Ascorbic Acid). Plasma Vitamin C. The macrophoto-
electric method (91) for determining the plasma vitamin C based on
the reduction of 2,6-dichloro-phenolindophenol has been found to be
both simple and reliable. Where an undersaturation of Vitamin C is to
be determined, this method is sufficient. In the few cases where scurvy
is suspected, the determination of the vitamin C concentration in the
white bload cells, while somewhat more complicated, is more significant.

Rumpel-Leede Test. The Rumpel-Leede Test for capillary fragil-
ity is simple to perform but its value in diagnoses is not too great. Ina
positive test, pin-point petechial hemorrhages are produced in the skin
distal to a blood pressure cuff which has been kept at the mean pressure
between the systolic and diastolic pressures for five minutes. All that
can be said for this test is that a large percentage of scorbutic patients
show a positive test although a positive test does not diagnose scurvy.

X-Ray Examination. Roentgenographic changes in the diagnosis
of scurvy in children are characteristic. Among the earliest changes are
slight fraying at the distal ends of the radius, ulna, tibia, fibula, and the
proximal end of the humerus. As the disease continues, there is increased
density at the ends of the diaphysis; submetaphyseal rarefaction; thinning
of the cortex of the diaphysis; lateral spurs at the end of the diaphysis;
ground-glass appearances of the shaft, and epiphyseal separation, Sub-
periosteal hemorrhage usually occurs after most of these can be seen.
It has been suggested that subperiosteal hemorrhage, which may be
present, cannot be visualized until ealcium salts are deposited in this
area (92).

Biomicroscopic Examination. Changes in vitamin A deficiency,
in riboflavin deficiency and in niacin deficiency as observed through the
biomicroscope have been noted by Kruse. In addition to these, Kruse
(93) has recently shown that early gingival changes associated with vita-
min C deficiency can be detected with the biomicroscope.

In the acute process, the subsurface vascular papillae become engorged
and. dilated first, the gum itself then becomes red and next the reddened
gum becomes edematous. Following this, there is recession of the gums
with exposure of the enamel at the neck of the tooth, subsequent beginning
formation of a pooket in this region often associated with secondary infec-
tion. These changes may be restricted to the interdental papillae, or may
also involve the marginal gingivae or even the entire gum.
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The changes seen in fully-developed scurvy have been described.

In the chronic process, the redness of the vascular reaction is soon ob-
scured by edema and cellular infiltration so that the gum appears swollen
and pale. Following this, atrophy becomes manifest by pitting, and then
actual loss of substance. There is some retraction of the gum at the
margin, gradual decrease in size of the interdental papillae going on to
complete disappearance. In severe degrees of involvement, there is
marked retraction of the gum at the neck of the tooth and excessive
atrophy of the gum substance giving it a whitish appearance.

Here, too, an acute process may at any time be superimposed on a chronic
state resulting in pictures of various combinations.

Vitamin D. Serum Calcium, Phosphate and Phosphatase. The
significant and diagnostic chemical findings in rickets are low serum
phosphate, high serum phosphatase, and usually a normal serum calcium.
This increased serum phosphatase, with an initial lag, drops to normal
with antirachitic therapy (94).

X-Ray Examination. With the aid of x-ray examination, rickets
can be recognized before clinical signs have appeared and the activity
of the process can be evaluated. The changes are noted at the lower ends
of the radius and ulna because here they are most distinet.

In active rickets, the epiphyseal line becomes indistinct and irregular;
the end of the shaft is fringed, and broadening and cupping occur early.
As the disease continues, these signs become more prominent and the dis-
tance between the visible end of the shaft and the epiphyseal center appears
greater than normal. Osteoporosis is evident.

. With healing, the first sign is a linear shadow which appears a short
distance beyond the end of the shaft on the epiphyseal side. As healing
progresses, the area between these two becomes “filled in.” The epiphyseal
center of ossification hecomes surrounded with a new area of calcification
with a sharp border. Increase in density of the shaft also takes place but
this proecess is very much slower. For determination of the degree of osteo-
porosis in the hones (perbaps as a measure of osteomalacia) anterior-pos-
terior x-rays of the wrist and lateral views of the ankle can be made at con-
stant distance and milliamperc-seconds. A graded aluminum wedge is
included in the film and the bone thickness is measured with a photoelectric
cell densitometer against a constant source of illumination. The findings
from this method, however, have not been found to provide much informa-
tion, except occasionally in large surveys.

k) Vitamin K (2-Methyl-3-phytyl-1 ,4-naphthoguinone). Prothrombin
Time. Quick’s method involves the determination of the time required
for clotting of recalcified plasma in the presence of an excess of added
thromboplastin (95). Reference to a chart converts the result to pro-
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thrombin per cent of normal. Values above forty seconds, by this
method, are definitely abnormal with a propensity for hemorrhage. Its
usefulness in nutritional surveys is not great except, however, in groups
such as expectant mothers. Its great importance also lies in determining
the pre-operative status of individuals with liver disease.

E. Summary

The prevalence of malnutrition, from surveys conducted here and in
several representative cities in Canada, is seen to be high.

More and more, emphasis is being placed on the importance of recogniz-
ing the pre-clinical states of malnutrition and to this end, newer methods
are being sought and employed. Dietary and medical history, phys-
ical examination and laboratory techniques, and special examinations in-
cluding biomicroscopic eye examinations, may all be employed, in so far as
possible, in determining the nutritional status of one individual, or of a
population group. The methods and the significance of their findings
are discussed.

Careful examination and special techniques will do a large share in weed-
ing out those without obvious manifestations of malnutrition but, neverthe-
less, with a subnormal status. Intensive specific treatment over long
periods of time plus good diet, since deficiencies are more apt to be multiple;
dietary education; eradication, where possible, of organic causes for “con-
ditioned” malnutrition; and, in many cases, treatment of the socio-eco-
nomic problems, would do much toward improving the happiness, physical
well-being, and efficiency of large groups of people.
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1. INTRODUCTION

I. Methods to Be Discussed

Physical methods which have been employed in vitamin and hormone
studies include: visible and ultraviolet absorption spectrophotometry,
photochemical techniques, colorimetry, fluorescence spectroscopy, fluoro-
photometry, infra-red and Raman spectroscopy, x-ray diffraction studies,
manometric techniques, polarography, and isotopic tracer methods. Of
these techniques, some have had limited application and others are not
universally regarded as physical. Since this discussion is limited to
methods which are both essentially physical and of broad application in
the vitamin and hormone field, only the following topies will be included:
visible and ultraviolet absorption spectrophotometry, colorimetry, fluores-
cence spectroscopy, and fluorophotometry. It has not been practicable to
consider all aspects of these techniques. In discussing colorimetry, for
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example, it has been necessary to omit reference to the many chemical
problems concerned with the devising of color reactions and of procedures
for eliminating interfering substances. In deciding what material to
include and what to exclude, preference has been given to the quantitative
and physical aspects of the methods discussed.

Of methods not considered, photochemical studies have played an essen-
tial réle in the elucidation of the vitamin D problem (1), x-ray diffraction
techniques have yielded useful information concerning the structure of
vitamin C (2) and of sterols and related compounds (3), both manometric
(4) and polarographic (5-10) methods have been used in assay procedures,
and infra-red absorption techniques have been suggested for the assay of
steroid hormones (11).
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Fig. 1. Schematic diagram showinﬁ the losses of intensity in a light beam on its
passage through a cell containing an absorbing solution

2. Preliminary Considerations

The techniques to be considered are based upon measurements of the
optical properties of substances in solution. Fig. 1 illustrates a plane-
parallel cell or cuvette filled with a solution. Suppose monochromatic
radiation of wave length “\”’ and intensity “I,” is perpendicularly incident
upon one face of the cell. Let the optical path length between the inner
walls of the cell be called “x”’, and the intensity of the transmitted radia-
tion be “I,”.! The incident radiation will be disposed of in the following
ways: (1) by reflection at the various interfaces; (2) by scattering without

1 In the absorption spectrophotometry of solutions, the symbol ‘‘x’’ customarily
refers to the path length of radiation through the solution rather than to the total
path length through solution and cell, and the symbols “Iy"’ and I’ refer to the
intensity of radiation incident upon and emergent from the solution. Primes are
used here to distinguish the intensities of radiation at the entrance and exit faces of
the cell from the intensities at the entrance and exit boundaries of the solution.
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change in wave length from particles in the solution; (3) by molecular
scattering with change in wave length (the Raman effect); (4) by absorp-
tion and conversion to heat, chemical change, ete.; (5) by absorption and
re-emission as fluorescent radiation “I/’; and finally (6) by transmission
through the cell and solution (“I,”). Permutations and combinations of
these effects may ocecur.

Of the above effects, interfacial reflections and scattering are of interest
herein only insofar as they may introduce errors into the measurements,
and the Raman effect accounts for such a small fraction of the incident
light that it may be neglected. Of primary concern, then, are the radiation
“I,” which is absorbed and degraded into other forms of energy or re-
emitted as fluorescence, and the fluorescent light “T;”’. The first of these
can be determined only indirectly, by measurement of the ratio of “I”
to “Ip” together with suitable correction for light lost by reflection and by
absorption in the walls of the cell, ete.* The second, “Iy”’, can be measured
directly.

The determination of I/l as a measure of “I,” at various wave lengths
throughout a considerable region of the spectrum is known as “absorption
spectrophotometry.” If measurement is confined to a single narrow band
of wave lengths, the procedure is ‘“‘colorimetry’’ in the sense employed
herein.® The qualitative examination of the fluorescent spectrum pro-
duced when a substance is excited by suitable radiation is called ““fluores-
cence spectroscopy.” The quantitative determination of total fluores-
cence, “I,", without attempt at analysis of the fluorescence spectrum, is
“flyorophotometry.” “Fluorescence spectrophotometry,” the determina-
tion of the relative intensities of various narrow regions throughout the
fluorescence spectrum, is a difficult and tedious technique and has had so
little application to problems of interest herein that it is not considered.

2 Corrections for losses in intensity attributable to the cell, whereby 1./I, may be
obtained from measurements of I,/1;, arc discussed later.

3 The term ‘‘colorimetry’’ lacks precision of meaning. It is applied by physicists
to the designation of color sensations in terms of the stimuli which evoke them (12).
It has been applied by chemists to the determination of the concentration of sub-
stances in solutions by the visual comparison of colors transmitted by solutions
(e.g., as in the Duboseq colorimeter). With the development of photoelectric
“eolorimeters,”’ it has come to be applied to the determination of concentrations by
measurements of the transmission of approximately monochromatic radiation at a
wave length corresponding to the absorption maximum of the substance in solution.
This last technique is essentially an ‘‘abbreviated absorption spectrophotometry.”
It has been suggested that the term ‘“‘absorptiometry’’ or ‘‘absorptometry’’ be
applied to it (e.g., see Mellon (13)), but it continues to be called ‘‘colorimetry’ by
most workers. .

¢ Also called “fluorimetry.”
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3. Applicability of the Methods Discussed

Absorption spectrophotometry and fluorescence spectroscopy have
greatest use in the purification and identification of substances with highly-
characteristic absorption or fluorescence, Their value in purification pro-
cedures arises from: (1) the saving of time in following the progress of
purification by such methods rather than by biological tests, after a corre-
lation between absorption or fluorescence and biologic activity has been
established; and (2) the guidance as to the choice of purification pro-
cedures afforded by spectroscopic clues as to the probable chemical nature
of the substance in question. Once the substance has been purified,
spectra may be of material assistance in its identification and characteriza-
tion. If the spectrum of the compound is sufficiently characteristic and
the absorption or fluorescence sufficiently marked, the spectroscopic
method may be used to determine the actual degree of purity of supposedly
pure preparations. When it comes to the assay of crude preparations for
small quantities of known vitamins, hormones, and enzymes, however, the
spectrophotometric and fluorescence spectroscopic methods are usually
inadequate either because they require too great quantities of material for
practical assay purposes or because they involve tedious and time-consum-
ing techniques.

Because of their lesser specificity, neither colorimetry nor fluoropho-
tometry are as useful in problems of purification and identification as are
absorption spectrophotometry and fluorescence spectroscopy. In assays
‘of crude preparations, colorimetry and fluorophotometry have marked
advantages arising from their greater simplicity and rapidity and in some
instances from their materially greater sensitivity. Once the chemical
nature of a vitamin or hormone has been established, the lack of specificity
of these methods may often be offset by the development of procedures for
eliminating the effects of the interfering substances most likely to be
present in the crude preparations to be examined.

II. ABSORPTION SPECTROPHOTOMETRY
1. Laws of Absorption and Methods of Presenting Data

When monochromatic light traverses a homogeneous absorbing medium,
the light transmitted by each succeeding layer of given thickness is a con-
stant fraction of the light entering that layer. Thusif “I” is the intensity
of light incident on the medium and the first cm. transmits 0.11, the second
em. will transmit 0.1 of the 0.1 entering it, so that the intensity “I.”
traversing 2 em. will be (0.1)(0.1 I), or 0.011. The fundamental differential
equation of absorption spectrophotometry is, therefore

-%-]l:—al (1)
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in which the constant “a’” is known as the ‘“‘absorption coefficient.” On
integration between the limits1 = 0and 1 = x, this yields

log. L_ —axX, or log, L ax (2)
I I.

an expression known as ‘‘Lambert’s law.”” If this relationship is stated in

logsyo , thus

I .
logw = = —Kx, or logm-l—° = Kx (3)
I, I
the constant “K” is known as the “extinction coefficient,” after Bunsen
and Roscoe (14), 1/K being the thickness which reduces the intensity of the
transmitted light to 0.11,.

For absorbing substances in solution, the absorption varies with the con-
centration as well as with the thickness of the solution traversed. In
1852, Beer (15) showed that absorption under such conditions is closely
proportional to the number of molecules in the light path, whence

a = fc 4)
where “8” is the absorption coefficient per unit concentration ‘“‘e”
Lambert’s and Beer’s laws may be combined in a single equation, thus:

'loge%g = fex (5)
or
I
logi 7* = kex (6)

Since confusion sometimes arises from the variety of ways in which the
absorption of vitamins, hormones, and enzymes is presented, the various
expressions and units used are summarized in Table I.

No exceptions to Lambert’s law are known for strictly monochromatic
light traversing homogeneous media. Deviations from Beer’s law, on the
other hand, are sufficiently frequent so that its validity should not be
assumed until demonstrated experimentally for the substance in question
within the concentration range of interest. Deviations from Beer’s law
are usually explained by the influence of concentration on the nature of
the molegular species in solution (e.g., the formation of polymers as con-
centration is increased, ete.). Other factors which can influence the
molecules of the absorbing material, such as the pH and the nature of the
solvent employed, may have profound effects on the spectrum, and the
possible influence of such factors must not be neglected in quantitative
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Finally, it is important to note that the

Lambert-Beer law applies only to strictly monochromatic radiation. If

TABLE 1
Summary of Expressions Used in Absorption Spectropholometry

Expression

Units Usually
Employed

Nomenclature

Principal Application

1 T
B = log.y

X in em, or mm,

¢ing./l. (mg./
ml.), %, or
g./ml,

8 = Absorption
coefficient.

Absorption of solu-
tions—Continental
usage.

1 1
k= ;‘logmr—:

x in ecm, or mm,

k = Extinction

Absorption  of solu-

e in g./1. (mg./ coefficient. tions—English and

ml.), %, or American usage.

g./ml.
L% = 'clxlOg”’II‘f x in em, E = Extinction | Absorption of solu-
* | ein%. coefficient. tions.

e = = logio }" x in em. ¢ = Molecular | Applicable only to
e ¥ ¢ in g. molecules extinction known compounds.
per 1. (moles), coefficient. Useful in computing

or

1 I,
€= = log, I":

the combined ab-
sorption of  sub-
stances present in
known molecular
ratios.

logio ¢, or loge ¢

Logs of molecular
extinction co-
efficients.

o

Used in compressing
data when compar-
ing substances hav-
ing widely different
¢'s on same graph,

Conversion Factors
¢ = Mk, where M = molecular weight, logss
¢ = MB, where M = molecular weight, logs,

k = 0.43438 g = 2.3026k

Note: The usual practice in absorption spectrophotometry is to express concentra-
tion in per cent as grams of solute per 100 ml. of solution.

i,

this law is assumed to hold in colorimetric procedures in which poorly=
defined bands of radiation are employed (for example, light limited by
filters transmitting broad 'bands of the spectrum) serious erfors may



PHYSICAL IDENTIFICATION OF VITAMINS AND HORMONES 115

result. If the incident radiation of intensity I, is made up of several
different spectral bands of mean wave length A, , ., A3, etc., of which the
corresponding incident intensities are fractions A, B, C, ete. of the total
incident intensity, and for which the extincetion coefficients of the absorb-
ing substance are k, , k;, k; , ete., then

Ik = L(ALIO* = 4 Bl05 4 Cl10 e ... ) (7)

Under such circumstances, the transmitted light does not fall off in in-
tensity as a simple exponential function of the distance traversed, or of the
concentration of solution employed.

2. General Characteristics of the Absorption of Vitamins, Hormones,
and Enzymes

The complexity of the band spectra of polyatomic molecules in general,
and the diffuseness of the spectra of molecules in solution in particular,
make the theoretical analysis of the absorption spectra of vitamins, hor-
mones, and enzymes impracticable at the present time, The use of spec-
trophotometry to characterize such substances is, therefore, entirely
empirical.

Two types of absorption are to be distinguished: “general” and ‘‘selec-
tive.” Strictly, general absorption is entirely independent of wave length,
but the term is usually applied to absorption which shows a progressive
change as a function of wave length without exhibiting maxima or minima.
Selective absorption is characterized by complex changes in absorption
as a function of wave length, involving one or more maxima and minima,
Selective absorption is of use in identification and assay procedures,
whereas general absorption is not. Only compounds containing unsatu-
rated linkages exhibit appreciable selective absorption in the region of the
visible and ultraviolet spectrum ordinarily investigated (8000 to 2000A..).
This restricts the applicability of absorption spectrophotometry to those
vitamins, hormones, and enzymes containing unsaturated linkages.
Tables II to V, which are summaries of the absorbing characteristics of
known vitamins and of certain hormones, have been prepared in order to
indicate those substances to which the spectrophotometric method is
applicable and in order to bring together in concise form data useful as
standards of reference. The data upon which these tables are based are
discussed in later paragraphs.

The important influence on absorption of factors such as pH, nature of
solvent, photochemical transformation, deviation from Beer’s law, etec.
has been indicated. The instances in which these effects are of particular
importance are indicated in the tables.
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TABLE 1I

Absorbing Characteristics of Waler-Soluble Vilamins

Absorption Maxima and Minima

Substance Solvent and pH Refe; and Remarks
Ao A . El%

Thiamin (B;) | Neutral wa- | min, 2140 | 5,800] 172 (28). Reference (39)
mol, wt. 337 ter or neu- | max. 2350 | 11,600 344 gives max. A,
for B,HCI tral EAOH | min. 2520 | 6,800 202 10,250; max. 2650 A.,

max. 2670 | 9,000{ 267 8,000. Beer'slaw holds
min. 3020 of 0 tilrough wide cone.
range (28).
Water, pH | max. 2480 { 11,800( 350 (387). Reference (39) gives
3.0 max. 2430, 10,600, at
pH 2.3.
Riboflavin Water min. 2100 | 23,400] 623 (41). Lumiflavin in
(By) max. 2200 | 30,900] 822 CHCl; has a similar
mol. wt. 376 min. 2400 | 14,700| 392 spectrum (40).
max. 2650 | 34,900( 929
min, 3100 | 2,180} 58
max. 3660 | 9,360{ 249
min, 4000 | 6,000( 160
max. 4450 { 10,600{ 282
min, 8300 o 0
Pyridoxin Water, pH | min. 2550 200, 11.9 | (47). For absorption at
(Be) 2.1 max. 2910 | 6,800 402 intermediate pH's, see
mol, wt. 169 min. 3140 0 0 Fig. 5.
‘Water, pH | max. 2550 { 2,800] 166
6.8 min, 2830 | 1,100 65.1
max. 3260 | 5,500 326
Water, pH | max. 2450 | 5,600 333
10.2 min, 2700 | 1,200| 71.0
max, 3116 | 5,850( 346
l-Ascorbic Water, dilute] min, 2120 562 31.9 | (52).
acid (C) solutions max. 2650 | 9,680
mol. wt. 176 min. 3010 0 0
Water, 20| max. 2650 | 8,800/ 500 (61). Unstable, espe-
mg./l. . ‘cially in alkaline solu-
tion. Beer’'s law holds
Water, pH <| max. 2450 | 9,680 550 only for dilute solu-
3, 20 mg./l. tions, up to ca. 2§
mg./l. (49, 80, 51).
Water, 10| max. 2450 | 9,680| 550
g./L
EtOH, 20| max. 2450 | 9,680 650
mg./l.
Nicotinic acid| Water min. 2400 | 1,910| 178 (54).
amide max. 2600 | 4,460| 417
mol, wt. 107 min, 2900 0
Biotin Water Negligible absorption (56).
Folie acid Water Negligible absorption (87).
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Absorbing Characteristics of Fat-Soluble Vitamins

Absorption Maxima and Minima

Substance Solvent - References and Remarks
MinA. . E|Jl
Vitamin A, | Ethano! max. 3280 | 60,000 (2,100 | (58). E}Zg decreases to
l(itﬁr)stal- 1800 on standing.
mol. wt. 286 max. 3240 | 49,200 1,720 | (50, 60). No appreciable
change in spectrum
Methanol | max. 3240 | 50,300 1,760 due to standing or to
irradiation with visi-
2-Propanol | max. 3240 | 48,300 |1,690 ble light according to
this ref .
Ether max. 3260 | 50,500 |1,770 18 relerence
Isooctane | max. 3260 | 47,500 (1,660
Hexane max. 3260 | 47,900 (1,680
Cyclohex- | max. 3260 | 45,700 |1,600
ane
Vitamin A, max. 3450 (61, 62). 83% methyl
(fraction alcohol soluble fraec-
rich in As) tion from fish-liver
oils.

Vitamin A, max. 2000 (63). 83Z ethyl alcohol
(fraction insolul 1e fraction from
rich in A,) mammalian-liver oils.

“Budb vitamin max. 3100 (64).

A'l
Vitamin D, Hexane or| max. 2650 | 18,200 | 460 | (75, 77, 78).
mol. wt. 398 ether min. 3100 0 0
Vitamin D, Ether max. 2650 | 19,200 | 500 | (75).
mol, wt. 384
Vitamin D, Ether max. 2650 | 18,700 | 470 | (75).
mol, wt. 398

Vitamin E | Isooctane | max. 2230 | 8,080 ( 183 | (79).
(a-toco- : min. 2550 300 7
pherol) max. 2080 | 3,140 73

mol. wt, 430 min. 3160 0 0

Vitamin K; Hexane max. 2400 | 16,000 | 355 | (82, 83). For vitamin K,

mol. wt. 452 min, 2410 {15,600 | 344 | the positions of the
max. 2430 | 18,700 | 412 maxima and minima
min. 2460 | 16,100 | 355 are the same, but the «
max. 2400 | 20,000 | 440 values are slightly
min. 2550 | 12,800 | 282 lower. See Fig. 12.
max. 2600 | 18,000 | 398
min. 2655 | 15,000 { 330
max, 2700 | 18,000 | 398
min. 2870 700 15.5
max. 3250 | 3,200 70.8]
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TABLE IV

Absorbing Characteristics of Fai-Soluble Provitamins

Absorption Maxima and Minima

Substance Solvent " References and Remarks
Min A, . |El%
a-Carotene 209%, ether,| max. 2470 | 23,900 420 | (70). Maxima at 4480,
mol., wt. 536 o min. 3100 5,68801 100 4790, and 5170 in CS,
ethanol max, 4450 | 146,500{2,580 and at 2800, 3450, 4600
min. 4630 | 106,800,880 and 4920 in CHCl, (53).
max. 4750 | 129,500{2,280 See references 53, 70,
min. 5050 0 0 and 71 for additional
literature.
B-Carotene 20% ether,| max. 2500 | 21,4001 400 | (70).
mol. wt. 536 o min. 3200 6,440 120
ethanol | max. 4530 | 113,400)2,500
min. 4720 | 112,600:2,100
max. 4800 | 118,00012,200
min. 5200 0 0
CHCI; max. 2800 | 20,100 385 | (72). Maxima at 3180,
min. 3200 6,970 130 4500, 4855 and 5210 in
max, 3500 | 15,5100 289 CS; (63). See refer-
min, 3625 12,0000 224 ences 53, 71 and 74 for
max. 4350 | 94,40041,764 additional literature.
min, 4450 | 93,200{1,730
max. 4620 | 101,400i1,892
min. 4800 | 91,200{1,700
max. 4020 | 94,300]1,760
v-Carotene Hexane max. 4075 | 11,500 229 | (73). Maxima at 4675,
mol. wt. 536 min, 4125 | 11,0001 205 4950 and 5300 in CS;
max,. 4350 | 23,900{ 429 (53).
min. 4400 | 22,500 420
max. 4600 | 34,000 634
min, 4800 | 23,0008 429
max. 4900 28,500 516
min, 5250 0 0
Ergosterol Ethanol min. 2300 1,430 36.1) (76). The spectrum in
(provita- max. 2620 6,940 175 isooctane 1s identical
min D) min. 2630 6,850 173 save for slightly lower
mol. wt. 396 max. 2710 | 10,000f 253 extinction coefficients.
min. 2755 8,680 217
max. 2820 10,6008 268
min, 2890 5,4501 138
max. 2930 6,060t 153
min. 3175 38 0.8
7-Dehydro- Ethanol min, 2300 1,508 39.1| (76).
cholesterol max. 2625 7,400f 193
(provita- max. 2710 | 10,400 271
min Dy) min. 2760 8,830] 230
mol. wt. 384 max. 2815 | 10,750 280
min, 2880 5,530 144
max. 2930 6,150} 160
min. 3210 36| 0.9




PHYSICAL IDENTIFICATION OF VITAMINS AND HORMONES 119

3. Precision of Measurement

The quantity logw(Is/Ix) in the Lambert-Beer law is known as the
“density.” Using “D" as a symbol for density, the Lambert-Beer expres-
sion may be written in the form

1
¢c=—D 8
TABLE V
Absorbing Characteristics of Oestrone and Androsterone
Absorption Maxima and Minima
Substance Solvent o References and Remarks
AinA. € Elc,:n.
Qestrone Ethanol max. 2240 | 6,100 | 226 (76)
mol. wt. 270 min. 2485 222 8.2
max. 2810 | 2,045 75.8
min. 2860 | 1,910 70.7
max. 2870 | 1,940 71.8
min. 3100 0 0
Aqueous min. 2450 429 15.9 | (85). Oestradiol and
ethanol, max. 2800 | 2,273 84.2 oestriol have almost
neutral min. 2950 0 0 identical absorption
and behave similarly
Aqueous min. 2025 570 21.1 toward pH change.
ethanol, max. 2800 | 2,025 0
N /3000 min. 2950 0 0
NaOH
Aqueous min. 2725 | 1,139 | 42.2
ethanol, max. 2050 | 3,029 | 112.2
N/100 min. 3200 0 0
NaOH
Androsterone | Iithanol max. 2925 42,6 1.47] (76)
mol. wt. 200 min. 2325 6.6 0.24

The determination by the spectrophotometric method of the coneentration
of a known substance in a solution of unknown concentration involves the
measurement of “D’’ (usually at the wave length at which “k” is a maxi-
mum) where both “k’” and “x’’ are known. An error AD in the deter-
mination of the density then involves the following error in the cstimation
of the concentration

Ac = — AD (9)
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The fractional error Ac/c in the estimation of concentration is equal to the
fractional error AD/D in the determination of densities, for

AD
Ac _ kx _ AD ,
kx

Hence if the measuring method is such that the expected error AD remains
constant independent of the value of D® (as is the case, for example, when
match points in adjacent pairs of photographed spectra are determined
visually) then it is advantageous that D be high in order to reduce the
fractional error Ac/c. An increase in D, however, involves an increase
in the concentration or cell length employed for measurement, either of
which requires the use of additional material.

The precision with which D may be determined depends upon the
spectrophotometric method employed and upon the skill and care of the
investigator. The usual methods of spectrophotometry are described in
detail elsewhere (16, 17). Of these, only two have been used extensively
in the study of vitamins and hormones: (1) the photographic method,
employing & sector or diaphragm type (e.g., Spekker) photometer, ‘in
which the measurement of D involves the visual determination of positions
of equal blackening, or “match points,” on adjacent spectra photographed

® The necessary condition for AD to be a constant independent of D may be seen
by putting AD in differential form and equating to a constant, —A, viz.
I,

dD - d log;oT = —A

whence:
—dTI = (log, 10) (—A)

--(11-1-- B, where B = A log. 10

Thus the condition is only fulfilled by a light-sensitive device in which the least
difference in intensity, dI, which can be distinguished bears a constant ratio to the
intensity I at which the measurement is made. This will be recognized as the Weber-
Fechner law for visual intensity discrimination. However, the Weber-Fechner law
does not hold for wide differences in intensity I. The justification for assuming its
validity in spectrophotometric measurements lies in the fact that observations are
usually made within a limited range of intensities within which the Weber-Fechner
law holds to a fair degree of approximation. For example, in photographic spectro-
photometry employing the visual matching of adjacent pairs of spectra, the exposure
time is usually adjusted so as to obtain approximately the same degree of blackening
of the plate for all spectrum pairs.
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through the solvent and the solution; and (2) the photoelectric method,
in which the transmission of the solution and solvent are measured alter-
nately at a series of wave lengths by means of a photoelectric cell. Twy-
man and Lothian (18) have discussed the conditions for securing greatest
accuracy in both of these methods. They state that in the photographic
method with visual matching the eye can detect density differences in the
photographic plate of about 0.06, which can be made to ecorrespond to
density differences, AD, in the absorbing solution of 0.01 if a high-contrast
photographic plate is employed and developed to a contrast, or v, of 6.°
This represents about the limit of attainable accuracy, and seems to exceed
considerably the precision to be expected in practice. Thus, von Halban
and Eisanbrand (19) state that AD, the errorin the estimation of D of the
solution, can be limited to about 0.02 to 0.04, and Loofbourow (20) has
found, in comparing determinations by various observers in his laboratory
of the spectra of the same solutions, that it is unsafe to rely on a limitation
of the overall error (including errors in the photometer and in its manipula-
tion) to less than AD = 40.03. If one assumes an error of the latter
magnitude in the determination of D, the fractional or percentage error
may be computed from the value of D at which the measurements are
made, since, as pointed out above, AD for visual measurements is inde-
pendent of D. With the photometers usually employed in the photo-
graphic method, the highest value of D which can be measured con-
veniently is about 2.0. Since the solution (presumed to be of unknown
concentration) must be adjusted in concentration by trial and error until
its absorption maximum falls within the range of the instrument, it is
most convenient to aim to employ solutions having densities of about 1.5
rather than higher values. Assuming, then, an average density value of
1.5 and a precision of measurement of D of 4:0.03, the percentage accuracy
to be expected in the determination of concentrations by the photographic
method is

+Ac _ +AD _ +0.03
c D 1.5

= £0.02 = £29% (11)

In the photoelectric method, precision is limited by a minimum deter-
minable difference, Al, in the light intensity rather than (as in the photo-

If AD is the minimum detectable density difference in the solution, v is the con-
trast (i.e., the ratio of change in density to change in log exposure) of the photo-
graphic plate and AD’ is the minimum density difference detectable by the cye in
examining the plate, then AD = AD'/+.

It should be noted that the contrast of the photographic plate, vy, varies with the
wave length, being in general considerably less at very short wave lengths (e.g., in
the range 1850 to 2300A.).
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graphic method) by a minimum determinable density difference AD.
The smallest value of AI which can be measured is, within the working
range of the system, independent of I. The probable error, or probable
deviation =+ Al from the true intensity I, can therefore be expressed as a
fraction of the full scale reading of the instrument {(galvanometer, microam-
meter, potentiometer, ete.) from which the data are taken. Under the
most ideal conditions, the probable error can hardly be expected to be
less than 0.1 per cent of full scale.” Under more usual conditions, as in
the employment of photoelectric colorimeters, an error of 0.5 per cent of
full scale is more likely.

The relationship between =+ Ae, the probable concentration error, and
£ Al, the probable error in determining the light intensity, can be derived
in various ways (18, 21). Perhaps the most straightforward is that of
Twyman and Lothian (18), which is substantially as follows:

From the I.ambert-Beer law:

I

I
If 1, is constant, differentiation of D with regard to I yields

kex = D = logy +— = lognlo — logwlx (12)

dD - _ logue
T I (13)
whence
dD - _ logme . di,
5T LT (14)
log I.

The fractional error in determining the concentration is, therefore, given by

80 _ oD _ 04343 Fal,

¢ D D I. (15)

This eoncentration error is least for a given intensity measurement error Al
when the denominator on the right hand side of equiation (14), Idog(lo/14),
is a maximum. To determine the corresponding optimum density, the
denominator can be differentiated with respect to I and equated to zero,
thus: '

d(i_\ [Ix logio %] = logw% — logye = 0 (16)

7 Hogness, ¢t al. (21) elaim a precision of Al/Is = 0.002 “under favorable working
conditions’” for their photoelectric spectrophotometer; that is an error of 40,2 per
cent. This is equivalent to an error of +0.2 per cent of full seale if I, corresponds
to full seale reading.
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Whence:

logu 1 = logue = 0.4343 (17)
Hence the greatest precision is obtained when measurements are made with
a combination of concentration and cell thickness such that D = 0.4343,
which corresponds to I, = 0.3681, , I, = 2.72I .
Applying equat’on (15) and assuming that measurements are to be made
at the optimum density, the concentration error becomes

+4c _ 04343 Fal: _ FaAL
c 04343 1, 0.3681,

(18)

If I, corresponds to full scale readings, and if the probable error is +0.5
per cent of full scale, then

+Ac  F0.005], _
T 0368L " F0.0136 = F1.36%, (19)
An error of the order of &1 per cent in the estimation of concentrations
may therefore be expected with the photoelectric method of absorption
spectrophotometry. These considerations apply as well to photoelectric
colorimetry and they will be referred to again in discussing the precision
obta'nable with colorimetrie techniques.

The amount cf material necessary for the measurements by either the
photographic or photoelectric techniques depends upon the shape of the
cell used as well as upon the density value D at which measurements are
made. In general, cells having face areas of the order of 1.5 sq, em. must
be employed to afford sufficient clearance for the light beam, To fill a
cell of such face area requires about 2 ml. per cm. of cell length, when
allowance is made for losses in manipulation, solution taken up by the cell
arms (if anv), ete. Using this value, the quantities of materials required
for measurement may be calculated from the Lambert-Beer law as follows:
W = ¢V, where “W” is the required weight of material in mg., *¢’’ is the
concentration in mg. per ml. and “V” is the cell volume in ml. V' = 2x,
where “x’" is the cell length in em. Combining these equations with
equation (6) and solving for W,

W= Tl - % =
in which “k” is in units of mg. per ml. concentration and em. cell thickness.
For the photographic method, W = 3/k if a density of 1.5 is employed
in the measurements, and for the photoelectric method, W = 0.8/k
using a density of 0.4.
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Table V1is a compilation of (1) the coneentrations of vitamins and hor-
mones necessary for optimum spectrophotometric determinations and (2)
the precision of concentration measurements obtainable, both as computed
from the above considerations.

4. Absorption of Miztures

The rules relating to the absorption of mixtures of substances are im-
portant in determining the relative concentrations of two or more sub-
stances in a solution and in compensating for the absorption of the solvent
and for reflections occurring at the cell faces. If solutions of concentra-
tions ¢, ¢z, €3, ete., and extinction coefficients ky , ke , ks, ete. are placed
one after another in the light path, and if In, Iy, , Ix, , -+ I, represent
respectively the intensity of the incident light and the intensities of the
light transmitted by each succeeding solution, then

Ly = Lloex, I, = 107, oo I = L 107495 (21)

On combining these equations by the elimination of like terms, the following
expression results:

I, = Ll0kem10-%em - o 10~ katn% 22)

It is obvious from this expression that the sequence in which the solutions
occur is immaterial; they may, in fact, be mixed together so that their
molecules are distributed in random fashion one after the other without
influencing the validity of the expression (provided there are no chemical
interactions). Equation (22) may be written

Iﬂ‘ = lo—kl oy x1—kgegxy - « - —kpopXy (23)

Iy
If the substances are together in a mixture, x is the same for all components.
On simplification and solution for ke, equation (23) then reduces to

Io

I (24)

kies + kaco + -+ 4+ kpen = %logw
Equation (24) may be applied in numerous ways. As a first example,
suppose that it is desired to determine the concentrations of each of two
substances in a mixture. If ¢; and ¢; are the unknown concentrations of
the two substances, k; and k; their extinction coefficients at a wave length
\, ki’ and ke’ their extinction coefficients at some other wave length A/, and
D and D’ the densities, logio(Io/Ix), of the mixture at the two wave lengths,
then from (24)

kien + ks =2 D; Koy + kioy = 2D’ (25)



PHYSICAL IDENTIFICATION OF VITAMINS AND HORMONES 125

whence
ksD’ — ks D kD' - kD
= o = 26
O ik —kk) T xak - kk) (26)

If the densities D and D’ are measured experimentally and the extinction
coefficients of the constituent substance are known at the appropriate
wave lengths, the concentrations of the substances may be computed from
(26). For greatest precision, the two wave lengths must be chosen so that
the absolute value of (k; — ki’ — ke + ko') is as great as possible.® The
setting up of a number of simultaneous equations analogous to (24) and
equal in number to the number of unknowns and the solving of these equa-
tions for the unknowns can be employed in a variety of ways. Twyman
and Allsopp (22) describe the extension of the method to mixtures of three
components and other problems. Of particular interest in the vitamin
field is the application by Reerink and van Wijk (23) of analogous simul-
taneous equations in demonstrating that the nature of the photochemical
transformation products obtained when ergosterol is irradiated with ultra-
violet light depends upon the wave lengths used for irradiation.

As a sccond example, suppose that it is desired to eliminate from the
measurements the effects of absorption of the solvent and of reflections
from the cell faces. This may be done by comparing the intensity “I.” of
the light transmitted by a cell containing the solution with the intensity
“To" of light transmitted by an identical cell containing the solvent alone.
For if “I,” is the incident intensity, “A’ the fraction of light transmitted
as a result of reflection losses at the entering cell surfaces, “B’”’ the fraction
of light transmitted as a result of reflection losses at the exit cell surfaces,
“a” the extinction coefficient of the solvent, “k” and “c” the extinction
cocfficient and concentration of the solute, and “x’’ the length of the light
path in the cell, then from equation (23)

I, = LA10™**B 27)
and
I, = LAI0™B (28)

t This may be demonstrated as follows: Given a solution of total concentration
¢ = ¢; + ¢p the absorption of which is to be measured in a cell of length x, let it be
required to choose the wave lengths (in terms of related extinction coefficients) at
which to measure the densities D and D’ such that the error ZAc, in the determina-
tion of ¢; will be as small as possible for a given error £A(D — I’) in the determina-
tion of the densities. Upon substituting c2 = ¢ — ¢, in equations (25), subtracting
the second equation from the first, and solving for ¢;, the following equation results:
e = [(1/x)(D = D) — ek, — ky))/ (ki — kg — k; + k,). Since the second numera-
tor term is constant, d=Ac; = xA(D — D')/x(k: — %, ~— k; + k;}. Hence the error
+Ac; is a minimum for a given error +A(D — D;) when the quantity
(k, — ki — ks + k;) is a maximum.
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Dividing (27) by (28),

I, _ LABIO™™™*

= 2
Io LABIO ** (29)

On simplification and on taking the logs of both sides, equation (29) reduces
to the familiar Lambert-Beer expression (except that I,’ occurs in place of
Iy) from which the coefficients arising from reflections and from absorption
of the solvent have been eliminated, viz.

’

logmi—o = kex (30)

This is the usual method of compensating for solvent and reflection effects
in the absorption spectrophotometry of vitamins and hormones.

As a third example, suppose it is desired to compute the absorption of
a complex molecule from the known absorptions of sub-molecular units
of which it is composed. A specific example considered in a later para-
graph is the absorption of thiamine as computed from the known absorp-
tions of its thiazole and pyrimidine rings. In such a case, the molecule
and its sub-units are all present in equi-molar concentrations. Hence if
a, &, &, ete. are the molecular extinetion coefficients of the sub-units,
“¢" is the molar concentration of the molecule (and hence of its sub-units),
and “¢"’ is the molecular extinction coefficient of the molecule, then from
(24)

ac + ec + - 4 e = %10810%2 @31)
but
1
€= logo }—0; ' (32)
whence
e=ate+t+ o+ e (33)

This simple relationship is quite useful, as will appear from the subsequent
discussion. The extension to more complex cages in which certain sub-
units occur more than once in the molecule can be made, obvious'y, by the
introduction of the proper integral coefficients in (33). It should he
emphasized that in the derivation of (33) it was assumed that the bonding
together of the sub-units did not influence their individual contributions
to the absorption, an assumption which is by no means universally true.
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&. Absorption Spectra of Individual Water-Soluble Vitamins

Vitamin B, (Thiamine, Aneurin). Early reports of the spectrum of
thiamine were in disagreement, it being variously stated that the spectrum
was characterized by a single marked maximum at 2600 A 24), a single
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Fig. 2. Absorption spectra of thinmine and its pyrimidine and thiazole cleavage
products. TReferences in parentheses

maximum at 2450 A (25), two maxima at 2390 and 2700 A (26), or two
maxima at 2350 and 2650 A (27). It was suggested that the differences
might be attributable to the use of alcohol as a solvent by some workers
(24, 25) and water by others (26, 27), but investigations by Wintersteiner,
et al. (28) of several erystalline preparations showed them to exhibit
maxima at 2350 and 2670 A in either alcohol or water solution. The
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single band at 2600 R was found, later, to be in error (29). The single
maximum at 2450 & proved to be characteristic of acid solutions of thia-
mine and the two maxima at 2350 and 2650 X of neutral or alkal ne solu-
tions (30). As has been suggested from the fact that the nitrogen of the
thiazole ring is quaternary when linked to pyrimidine (31), the spectrum of
thiamine is more closely represented by a summation of the spectrum of
the methiodide of the thiazole cleavage product (32) with that of the
pyrimidine cleavage product (33) than by a summation of the latter with
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11000} \ [ .
H \/ WATER, pH3
I’ N {an J
10000}~ / .
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Fig. 3. Absorption spectra of cytosine and of thiamine in acid and neutral
solution. References in parentheses

the spectrum of the hydrochloride of the thiazole cleavage product (32)
(Fig. 2). Changes of the absorption of various 6-amino pyrimidines as a
function of pH are qualitatively analogous to those observed in thiamine
(34, 35). This has led to the conclusion that the effect of pH on thiamine
is entirely attributable to its influence on the pyrimidine ring (35, 36), but
the data presented do not support this hypothesis quantitatively.

Fig. 3 shows the spectrum of thiamine in neutral alcohol or water solu-
tion according to Wintersteiner, et al. (28) and in water at pH 3.0 according
to Ogsten and Peters (37), together with the spectrum of cytosine (38)
which, of various naturally-occurring pyrimidines, most closely resembles
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thiamine in its absorption in neutral solution. Cytosine can be differ-
entiated easily on the basis of pH effects (Fig. 3). Various naturally-
occurring purines (guanine, uric acid, hypoxanthine) the spectra of which
respond to pH much as does that of thiamine, have absorption maxima at
wave lengths sufficiently different from those characteristic of the vitamin
to permit them to be distinguished easily from thiamine. Published
values of extinction coefficients for thiamine show considerable variation.

35,000 T T T T T T T T T T 7 LI
30000 |~ -
25,000 -
20,000 {~ - -1
t e
15,000 |- ~
10,000 =~ -
5,000 —
0 1 1 1 1 } 1
2000 2500 3000 3500 4000 4500 5000 5500

WAVELENGTH IN A
Fig. 4. Absorption spectrum of riboflavin in water, according to Kuhn, et al. (41)

The data of Wintersteiner, et al. (28), Melnick (39), and Ogsten and
Peters (37) have been used in the summary tables (Tables II and VI).
Vitamin B, (Riboflavin). The absorption spectrum of riboflavin
(lactoflavin) in common with that of other flavin complexes, is charac-
terized by marked maxima near 2200 and 2700 A, together with less
pronounced maxima near 3700 and 4500 A (40, 41, 42). The absorption
is due to the alloxazine nucleus (43). In nearly neutral water solution,
the precise position of the bands is 2200, 2650, 3650, and 4450 A (41)
(Fig. 4). The spectrum is not markedly influenced by pH, the principal
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offect being a slight shifting of the 3650 and 4450 A bands toward longer
wave lengths with increase in pH in the alkaline range (44). Lumilacto-
flavin, the photo-oxidation produet (soluble in CHC), has a similar
spectrum. (40).

Vitamin Bs (Pyridoxin). The spectrum of pyridoxin has been reported
by several workers (45, 46, 47). In nearly-neutral water solution it
exhibits two maxima, near 2550 and 3260 A (47). In strongly-acid solu-
tion (ca. pH 2) these bands no longer appear, but there is a marked maxi-
mum at about 29104 (47). Spectra of the vitamin according to Stiller,
et al. (47) for a range of pH from 2.1 to 10.2 are shown in Fig. 5. The
complex and characteristic effects of pH on the spectrum of pyridoxin
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Fig. 5. Absorption spectra of pyridoxin in wat(;r at various pH’s, according to Stiller,
et al. (47

should serve to distinguish it readily from other naturally-og¢curring sub-
stances. '

Vitamin C (Ascorbic Acid). Ascorbic acid (hexuronic acid) was first
reported to be characterized by a single absorption band at 2650 A (48).
On more careful investigation (49, 50, 51) it developed that the position of
the maximum is a function of the solvent, pH, and concentration (Fig. 6).
At low concentrations (up to about 25 mg. per 1.) in water at neutral pH
or in methyl alecohol the maximum is at 2630-2650 A for fresh solutions,
In ethyl alcohol, at high concentrations (ca. 10,000 mg. per 1.) in water,
and at 20 mg. per |, in water acidified to pH 3, the maximum for fresh
solutions is at 2450 A. In all of these instances, the extinction coefficient
is about the same (E}‘c%’m_ = 550). The deviations from Beer’s law are
marked, apparently because of the shift in absorption maximum with
concentration, but they are insufficient to cause appreciable error in the
measurement of concentrations less than about 25 mg. per . Departure
from Beer’s law is said to be especia/lly marked in methyl aleohol (50).
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An additional difficulty is encountered in the quantitative determination
of the spectrum of this substance because of the rapid degradation of the
absorption maximum which accompanies oxidation of the vitamin in solu-
tion. This effect is less marked in acid solutions. It may be suppressed
almost entirely by the addition to solutions buffered to pH 5 of KCN at a
concentration one-tenth that of the ascorbic acid (52, 53). The oxidation
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Fig. 6. Absorption spectra of l-ascorbic acid, according to Herbert, Hirst, et al. (50)
Curve 1, ascorbie acid or its sodium salt in water at 20 mg. perl. Curve 2, ascorbio
acid in aleohol or ncid water at 20 mg. per . Note that the extinction coefficients
above are lower than the more recent values listed in Table II.

is accelerated by the presence of copper ions or other heavy metal ions in
the solution, and these are bound by the KON, but there appears to be, in
addition, a direct action of KCN on the vitamin itself (52). In the
spectrophotometric assay for ascorbic acid of materials (e.g., fruit juices)
containing other substances, the band due to the vitamin may be degraded
in an aliquot of the sample by addition of copper sulfate solution and alkali,
and this aliquot may then be used as a blank (83). Thus the lability of
the vitamin may he made use of in distinguishing its absorption from that



132 JORN R. LOOFBOUROW

of other naturally-occurring substances having similar absorbing charac-
teristics.

Other Water-Soluble Vitamins. Nicotinic acid and nicotinamide have
a single marked maximum at 2600 A (54) (Fig. 7). Their spectra are
similar to that of adenine (55), but the extinction coefficient of adenine at
the 2600 A maximum is about three times as great. Biotin (56) and folic
acid (67) have negligible absorption throughout the visible and ultraviolet
regions of the spectrum. The spectrum of pantothenic acid appears not
to have been reported, but from its chemical structure it would be expected
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Fig. 7. Absorption spectrum of nicotinie ;mi(g4 v),mide in water, according to Warburg,
el al.

to show little if any absorption in the range of wave lengths usually in-
vestigated.

6. Absorption Spectra of Individual Fat-Soluble Vitamins

Vitamin A and Its Precursors. Vitamin A, is characterized by a single
broad band® with its maximum at 3280 A (58, 59, 60) (Table III). Vitamin
A; has similar absorption, but with the maximum displaced to 3450-
3500 A (61, 62). A third substance, A; , with vitamin A activity and with
an absorption maximum at 2850-2900 & has been found in mammalian

? This applies to measurements in solution at room temperature., As in the case
of many other substances, additional fine structure appears if the measurements are
made at very low temperatures, such as those of liquid air. Maxima at 3350, 2000,
2770, 2580, and 2510 A have been reported for such measurements (53).
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(63) and other liver oils (61, 62). Recently the occurrence has been
reported (64) of a fourth substance, “sub vitamin A,” with certain proper-
ties characteristic of A vitamins and with an absorption maximum at
3100 A. Typical spectra of the A vitamins are shown in Fig. 8. A
method of determining the adulteration of halibut and cod liver oils with
mammalian liver oils (e.g., whale liver oil) is based on the presence of the
band near 2000 X in the latter but not in the former (65).
Spectrophotometry has been used more extensively as an assay method
for vitamin A than for any other vitamin. The usual procedure is to
determine the absorption at 3280 X as an indication of the A, content of

Ay FRACTION (63)
(NOT TO SCALE)

WAVELENGTH (N A.

Fig. 8. Absorption spectra of crystalline vitamin A, in ethanol and of liver-oil
fractions rich in A; and A;. References in parentheses

the material to be assayed. Various absorptiometers, or ultraviolet
“colorimeters,” have been devised especially for this purpose (66). The
absorption of interfering substances (in particular, unsaturated fatty
acids) is not of great significance in oils of high activity (e.g., halibut liver
oils) which exhibit an extinction at 3280 A of Ei%, > 7, but for precise
assays of oils with lower 3280 A extinction, it is necessary to eliminate the
effects of interfering substances by measuring the absorption of the un-
saponifiable fraction (53). Since saponification is not a positive method
for removing all interfering substances, it has been suggested (67) that the
following criteria be used to determine the “normality” of vitamin A
preparations: (1) the absence of fine structure in the absorption spectrum
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(indicating cyclized vitamin A); and (2) a well-defined 6170 A maximum
in the antimony trichloride test, with Ei%, at 617 approximately twice
that at 580 mu. There is considerable controversy about the value of the
constant ““C” which should be used in the following equation for converting

the absorption at 3280 A to international biological units, “IU”:
C X Ei%, = IU perg. (34)

English workers favor a conversion factor of about 1600, whereas
American workers find values ranging from 2150 to 2700 (see Coy, et al.
(68)). These discrepancies are discussed at length in a recent review by
Morton (69).

The carotenoid precursors of vitamin A have spectra consisting of three
or more maxima in the visible and ultraviolet regions (70-74). The
number and positions of the maxima depend upon the particular carotene
isomer (o, 8, or v) and the solvent. Typical spectra are shown in Fig. 9,
and data for the absorption maxima and minima are recorded in Table IV,

Vitamin D and Its Precursors. The absorption speetra of the various
vitamin D precursors and their photochemical transformation products
have been reported in numerous papers concerning the chemistry and
photochemistry of vitamin D. The earlier literature has been reviewed in
detail with specific reference to the rdle of absorption spectrophotometry
in these investigations (1, 74). Brockmann's review (75) of the chemistry
of vitamin I contains references to later work.

The vitamin D precursors, ergosterol (provitamin D)), 7-dehydro-
cholesterol (provitamin 1D);), 22-dihydroergosterol (provitamin D,),
7-dehydrositosterol and 7-dehydrostigmasterol have closely similar spectra,
with four principal maxima at about 2625, 2710, 2815, and 2930 A (75-76).
Data are shown in Fig. 10 and Table IV for ergosterol and 7-dehydro-
cholesterol in ethyl aleohol.

Vitamins D, , D;, and D, are likewise similar in absorption, each being
characterized by a single broad band with a maximum at about 2650 3.
The molecular extinction coefficients are slightly different, being highest
for Dy (Table III) (75, 77, 78). The necessity of avoiding photochemical
degradation of the vitamin in obtaining spectra of vitamin 1) has been
emphasized (77). Of intermediate and end-products of importance in the
photochemistry of vitamin D, lumisterol has two maxima at 2650 and
2800 R, takysterol g single maximum at 2800 R, toxisterol a single maxi-
mum at 2480 ,&, and suprasterol only end absorption (1, 75). Vitamin D,
being a mixture of D, and lumisterol, has a spectrum intermediate be-
tween these. two. The extinction coefficients of the mixture (D) are
related to those of its constituents in accordance with equation (25).

Vitamin E (a-Tocopherol). Of gubstances possessing vitamin E activity,
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Fig. 9. Absorption spectra of a- and 8-carotene in 209, ether, 80% ethanol, accord-
ing to Miller (70)
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Fig. 10. Absorption spectra of 7-dehydrocholesterol and ergosterol in ethanol,
according to Hogness, et al. (76)

a-tocopherol is the most potent. Its absorption is characterized by a
broad maximum at about 2980 A, a minimum at about 2550 K, and a
narrow, highly absorbing band at about 2250 A (79) (Fig. 11). Spectro-
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Fig. 11, Absorption spectrum of a-tocopherol in isooctane, accarding to Emerson,
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Fig. 12. Absorption spectra of vitamins K, and K, in hexane, from data of Ewing as
reported by Doisy, et al. (82)
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scopic methods have been used as a means of tracing the disposition of
a-tocopherol in animals (80). B8-Tocopherol has similar absorption (81).

Vitamin K. The naphthoquinone ring of substances having K activity
results in their exhibiting complex selective absorption consisting of several
maxima and minima in the ultraviolet region of the spectrum beyond
2800 A (82, 83). Spectra of vitamin K; and K, are shown in Fig. 12, and
data are recorded in Table III.

7. Absorption Spectra of Selected Hormones and Enzymes

Hormones. Since only steroid hormones have been studied extensively
by absorption spectrophotometry, they alone will be considered here.
References to such spectroscopic dats as are available regarding other
hormones will be found in Morton’s review (53). Oestrone (theelin),
oestradiol, and oestriol in acid or neutral aqueous alcohol solution are
characterized by a broad band with its maximum at about 2800 A (84, 85),
and a somewhat more pronounced maximum at about 2240 A (76). In
alkaline solutions, the 2800 A band shifts to 2950-3000 A (84, 85). In
the case of oestrone, the shift has been attributed to enolization of the
17-keto group (84). Callow (85) states, however, that the shift is more
likely attributable to salt formation by the phenolic 3-hydroxy group, since
oestradiol and oestriol, in which tautomerism of the type suggested cannot
take place, both exhibit the change, whereas oestrone methyl ether, in
which the possibility of salt formation is blocked, does not show it.

Androsterone has a broad absorption band with its maximum at 2925 &.
Androstenedione has a similar broad band with its maximum at 2408 &
(76). For the spectra of certain related sterols, see reference (76).

Enzymes. Because of their close relationship to vitamins of the
B complex, certain enzymes and coenzymes should be mentioned. Di-
phospho- and triphosphopyridine nucleotides (coenzymes 1 and 2) owe
their absorption to the nicotinic acid and adenine portions of the molecule
(54, 86), the carbohydrate and phosphoric acid contributing inappre-
ciably, as would be expected. Since both adenine (54, 55) and nicotinic
acid (54) have a single maximum at 2600 &, coenzymes 1 and 2 afford a
simple test of the validity of equation (33), according to which the
molecular extinction coefficient of the coenzyme should equal the sums of
the molecular extinction coefficients of adenine and nicotinic acid. That
this is closely true may be seen from the following, in which the subscripts
“g,” “n" and ‘‘c”’ denote adenine, nicotinic acid, and coenzyme 2, re-
spectively:

From reference 54, 55:

& + & = 12,500 + 4,460 = 16,960
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From reference 54:
& = 16,650

TABLE VI
Assay of Vitamins and Hormones by Absorption Spectrophotomeiry
Concentrations shown are for 1 em. cells. Required concentrations for other cell
lengths may be computed by dividing the values shown by the cell length in cm.
About 2ml. of solution are required per cm. of cell length. Probable errors have been
computed as discussed in the text.

Photographic Photoelectric
Method Method
197 D= 1.5 1cm. cell [D = 0434, 1 cm. cell
Substance Solvent and pH A\ Al Elgn
Required |Probable (Required | Probable
[ error, (% error,
gg./ml. #g. /ml. | ug./ml, y@./mf‘
Thiamine (B:) Neutral water (2,670 257 5.81 (£0.12 | 1.68 [+0.017
or ethanol
Riboflavin (Bs) Water 2,850 929 1.61 [0.032( 0.47 [0.0047
Pyridoxin (Bs) Water, pH 2.1 {2,910{ 402 3.73 {£0.074( 1.08 (+0.011
Water, pH 6.8 13,2601 326 4.60 {£0.092! 1.33 (x0.013
l-Ascorbic acid (C) | Water, pH < 3 |2,450| 550 2.73 1+£0.055/ 0.79 [X0.0079
Nicotinamide Water 2,600 417 3.60 |=0.072] 1.04 |+0.010
Vitamin A, Ethanol 3,28011,720 0.872'0.017] 0.247 |4+0.0025
Vitamin De Hexane or 2,850 460 3.26 |=0.065| 0.944 (+0.0094
ether
Vitamin D, Ether 2,850, 500 | 3.00 |4-0.060| 0.868 |+0.0087
Vitamin E Isooctane 2,080 73 20.5 (£0.41 | 5.94 |+0.059
Vitamin K, Hexane 2,490 44 34.1 [40.68 | 9.88 [+0.099
«-Carotene Ether-ethanol (4,450/2,580 0.581|+0.012| 0.168 [=4-0.0017
B-Carotene Ether-ethanol [4,800]2,200 0.682(0.014| 0.195 {40.0020
y-Carotene Hexane 4,600 634 2.37 |£0.047| 0.686 {=0.0069
Ergosterol Ethanol 2,820 268 5.60 (+0.112) 1.62 [£0.016
7-Dehydrocholes- Ethanol 2,815 280 5.36 |£0.107| 1.55 |+0.016
terol
QOestrone Aqueous 2,800 84.2]17.8 10.356) 5.16 |=0.052
ethanol
Androsterone Ethanol 2,025 1.47j102.0 i:h2,04 20.6 |£0.30

Analogously, the spectra of flavin-adenine dinucleotide, flavoprotein
enzymes, pyridinoprotein enzymes, cocarboxylase, thiaminoprotein en-
zymes, etc., are equivalent to the summation curves of the spectra of their
absorbing constituents plotted on a molecular extinction coefficient basis,
the absorbing constituents being adenine, flavins, pyridine structures,
and thiamine on the one hand, the spectra of which have been discussed,
and proteins (characterized generally by an absorption maximum at
2800 A) on the other. Literature regarding the spectra of these sub-
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stances has been reviewed elsewhere (see, for example, Green (87) and
Hogness (88)). _

As linked together in coenzyme molecules, the absorbing groups exhibit
characteristic absorption changes on oxidation and reduction. Thus
diphosphopyridine nucleotide in the reduced form has a band at 3450 A
which does not appear in the oxidized coenzyme. Analogous changes
take place in the methiodide of nicotinic acid upon oxidation and reduction.
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Fig. 13. Absorption spectra of oestrone and androsterone in ethanol, according to
Hogness, et al. (76)

These relationships of absorption to oxidation-reduction are useful in the
identification and quantitative determination of coenzymes (87, 88).

III. COLORIMETRY

1. Methods and Precision of Measurement

Colorimetry in the restricted sense defined in Section I, 2 (otherwise
known as ‘“‘absorptiometry’’) presupposes the use of some means, such as
filters or a simple monochromator, for isolating a narrow region of the
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spectrum, The spectral region transmitted by the filter or monochromator
is chosen to coincide with the absorption maximum of the substance of
which the concentration is to be measured.” On the one hand, filters
have the advantage of simplicity and economy. On the other hand, mono-
chromators afford better isolation of the desired spectral region and per-
mit rapid determination of the absorption curve of the substance in ques-
tion. From the absorption curve, selection of the optimum wave band
for the measurements may be made easily and quickly. Good isolation of
narrow spectral regions may be obtained by the use of filters in combina-
tion with a light source, such as a mercury are, which emits a spectrum of
widely-separated lines. Resolution is gained in this way only at the
expense of flexibility, however, since only those wave lengths can then be
employed which correspond to the spectrum lines of the source.

Given a source of light and a system (monochromator or filters) for
isolating the spectral region to be employed in the measurements, the
problem of absorptiometry then becomes one of comparing the intensity,
“I,,” of monochromatic light transmitted by a solution with that, “I,,”
transmitted by a corresponding blank. The familiar Lambert-Beer law
may be applied, viz.,

kex = logy, (Io/Ix) (equation 6).

The extent to which this law is applicable depends upon how nearly mono-
chromatic is the wave band employed in the measurements and upon
how closely Beer’s law is approximated.

As in the case of absorption spectrophotometry, the value of Io/Iy
may be determined either (a) by the visual matching of intensities, ad-
justed for solvent and solution by some convenient means such as crossed
polarizing prisms, or (b) by photoelectric methods. With the first tech-
nique, (a), precision is limited to

+Ac/e = +=AD/D (from equation 10),

where ‘¢’ is the concentration measured, “D” the corresponding optical
density, logi (Io/Ix), of the solution, and = AD the error in visual density
matching (of the order of +0.05 to +0.1, depending upon the observer,
the color matched, etec.). Further error.is introduced by the limit of
accuracy with which the scale of the instrument can be read and by the
absolute accuracy error of the instrument itself, but the visual matching
error is the factor which ultimately limits the precision obtainable.

10 This substance is in general a colored complex formed by the coupling of the
substance to be assayed with a suitable reagent capable of combining with it to form
a colored compound.
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The photoelectric method, (b), is now almost universally used, and is
therefore of greater interest. The limiting precision obtainable with it is,
from equation (15)

+Ac 0.4343 FAlx FAlx
p D X I B L (85)
0.4343 Ip
where B D X I
TABLE VII
Relation of Concentration Error to Per Cent Transmission in Pholoeleciric Colorimetry
Per Cent Concentration Error
Per Cent Trans- l()()(—i*:A—c
D mission B ¢
100 lx_x) [Equation (35))
L EIA—I= 20008t | =T 0001t
o Iy

a 0 —_ —_ —

1 10 434.3 j +2.17 +0.43
0.6990 20 310.7 ! +1.55 =£0.31
0.5228 30 273.8 : +1.37 +0.27
0.4343 36.8 271.8 +1.36 +0.27
0.3979 40 275.4 +1.38 +0.28
0.3010 50 288.5 +1.44 +0.29
0.2217 60 326.5 +1.63 +0.33
0.1596 70 388.7 +1.94 +0.39
0.0969 80 560.2 £2.80 +0.566
0.0457 90 980.9 +4.90 +0.98

0 100 a — —

* Corresponding to an error of 0.5 scale division if I, corresponds to scale reading
of 100.

t Corresponding to an error of 0.1 scale division if I, corresponds to scale reading
of 100.

As has been shown in the case of absorption spectrophotometry (equations
16 and 17) the least error occurs when D = 0.4343, corresponding to 36.8
per cent transmission. Table VII illustrates the manner in which the
error varies with “D” and with per cent transmission. Within the range
of approximately 20 per cent to 60 per cent transmission, the error is
reasonably close to the minimum value. Hence for greatest precision,
concentrations should be kept within the limits corresponding to this range
of transmission values.

Were it customary for investigators using colorimetric procedures to
measure the extinction coefficients “k’’ of the absorbing complexes with
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which they are deal ng, it would be possible to compute from such data
the required concentrations of materials for optimum accuracy of measure-
ment and the probable concentration error for an error +A(Ix/Io} in the
intensity measurements. Unfortunately, however, extinction coefficients
are seldom given in the literature.

The usual practice in colorimetry is to determine a calibration curve
for the instrument in terms of concentration “c”’ and logs of readings “G’’:

¢ « (Ing Go — ]Oglo Gx) (36)

in which “Gy’’ and “G,” are the galvanometer (or other indicating device)
readings obtained through the blank and through the solution, respectively.
If, as is customary, the instrument is operated in such a manner that
Gy, the measurement obta ned on the blank, is 100 on the indicator scale
and G, corresponding to no light transmission, is 0 on the same scale, then
equation (36) reduces to

¢ « (login100 — logy G) = (2 — logw G) (37)

The symbol I, is frequently used (89) for the quantity (2 — logi G),
whence

cx L (38)

Two advantages of using a calibration curve are that (1) linearity of
response and (2) validity of Beer’s law are not assumed. The use of a new
calibration curve, made with a standard solution of the substance, for
each set of measurements is of use in eliminating errors due to changes in
the reagents or to variations which may occur from time to time in the
manipulations. If the calibration curve of ¢ versus L is a straight line over
a wide range of concentrations, then Ae = L = logw {Gs/Gx). This is
equivalent to the Lambert-Beer law (equation 6) with A = kx and (Go/G.)
= (Io/I,), and implies: (a) that the response of the instrument is a linear
function of the transmitted light intensity, (b) that Beer’s law holds, and
(c) that the light employed is approximately monochromatic.

The photocell circuits employed in colorimetric measurements and other
aspects of instrumentation have been reviewed in detail elsewhere (90-93).

2. Applications

Colorimetry has such broad application in the assay of vitamins and
hormones that the literature regarding colorimetric assay methods is quite
extensive. The majority of papers deal with the important problems of
the elimination of interfering substances and the improvement of the
specificity of color reactions. Recent work has been reviewed by Gyorgy
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(94) for water-soluble vitamins, by Morton (69) for fat-soluble vitamins,
and by Pfiffner and Kamm (95) for hormones. No attempt will be made
to cover the ground already presented adequately in these and similar
reviews,

llustrative examples of colorimetric tests employed for various vitamins
and hormones have been collected in Table VIII. In instances in which
extinction coefficient data are not given in the literature, the range of
concentrations employed and accuracies claimed by various investigators
for their particular experimental conditions are given in the table.

IV. FLUORESCENCE SPECTROSCOPY

1. Methods and Applications

The phenomenon of fluorescence involves the absorption of radiant
energy and its re-emission as radiant energy of different wave length.
Usually, the excited radiation is of longer wave length (lower frequency)
than the exciting radiation (Stoke’s law), but this is not universally true.
The frequencies of the fluorescent (excited) spectrum bands are char-
acteristic of the fluorescing substance and are independent of the fre-
quency of the exciting radiation, provided the latter is of short enough
wave length (high enough frequency) to produce excitation. In this
respect, fluorescence differs from the Raman effect, in which the frequency
of the scattered radiation deviates from that of the incident radiation by
fixed amounts, the deviation, Av, rather than the scattered-light fre-
quency, v == Av, being characteristic of the substance.

In fluorescence spectroscopy, the substance to be examined is excited
to fluorescence by incident light of appropriate wave length (the intense
line in the mercury vapor are spectrum near 3650 &, isolated by an appro-
priate filter, is frequently used). The fluorescent light is then sent through
a spectrograph and photographed or otherwise examined in order to deter-
mine the characteristic fluorescent spectrum of the substance in question.
The technique and its uses are discussed in detail by Dhéré (96). There
has been little application in the vitamin and hormone field. In the isola-
tion of carcinogenic hydrocarbons, however, which are closely related to
the steroid vitamins and hormones, fluorescence spectroscopy played a
major réle (97).

In a sense, the mere visual examination of the fluorescence of a substance
is an abbreviated fluorescence spectroscopy in which the eye serves as the
spectrum analyzer through its ability to distinguish the various colors of
visible fluorescent light. The technique, being extremely simple (con-
gisting as it does of the examination of the substance in a darkened room
while it is illuminated with ultraviolet light from which visible radiation



TABLE VIII
Colorimetric Tesis for Vilamins and Hormones

Color or Absorption
Substa! : tities R N
e, Reagent Mo Riscan | Quiics eaure
Thiamine (118, | Alkaline diazotate of Red-purple Min, 5ug. Ace.
119 p amino-acetanil- ppt., soluble +2%
de n isobutyl
aleohol
Riboflavin (120) | Reduction to leuco | X max. 4450 A. Range 2 to 16 ug. per
form by hyposulfite (riboflavin) ml, Acc. +08 to

and comparison of
absorption of two
forms

=+0.9 gg. per ml.

Pyridoxin (121) Diazotized sulfanilic Min, 10 ug.
acid and p-nitro-
aniline in alkaline
solution
Nicotinic  acid | Cyanogen bromide | A max. 40004400 | Min. 1 to 5 ug.
(122, 123, 124) and an aromatic | A,
amine (e.g. aniline)
Ascorbic acid (125, 2,6-Dichlorophenol- | Green, A max. ca. Ran%e 1 to 15 ug. per
126, 127) indopheno 5000 A. Acc. 1% to
+5%

Vitamin A; (69) | 8bCl, in CHCl, A max. 6170 A. | EI% = 6000. Com-
puted concentra-
tion required =
0.072 yg per mi. for
D 0434 Acc.
:i:0.0007 pg. per ml,

SbCl; in CHCl, A max. 6930 A.

Vitamin A; (61,
62)

Vitamin A, (63)

SbCl; in CHCI:

A niax. 4960, 5940

Vitamins D; and

» max. 5000 &.

SbCl; in CHCl, or 1% = ;
D, (128, 129) SbCl, and acetyl E‘g“i- 1220 0 OM“‘
: chloride in CHCl, per e Hg.
Vitamin E (130) | Nitric acid Amax. 4670 A. | Min. 0.5 mg. Acc.
+3%
Vitamin K (131) | Sodium diethyldithio-| **Deep  cobalt | Min. 5 pg. per ml.
carbamate and blue”’
alkali in alcoholic
solution
Oestrone (132) m-Dinitrobenzene » max. 5200 &. Min. ca. 8 ug.
and KOH in ethanol
Qestrone (133) Diazotized dianisidine| A max, 4100 &. Range 2.5 to 30 ug.
Ace. =109,
Androsterone m-Dinitrobenzene and| A max. 5200 A. Min, ca. 8 pug.
(132) KOH in ethanol

144
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has been substantially eliminated by suitable filters) deserves wide applica-
tion in the qualitative examination of substances, Mercury-arc sources,
such as the General Electric BH-4, are available with envelopes of appro-
priate filter glass which transmit the 3650 & mercury line readily but
absorb most of the visible radiation. Examination of biological fluids by
sich methods shows the presence of flavins, thiochrome, and various
other substances. Qualitative discrimination between such substances
is possible from the color of the fluorescence and its behavior toward pH
change, solvents, ete., and some degree of quantitative estimation may be
made by comparing the intensity of fluorescence with that of a standard
substance such as quinine suifate. Stimson and Reuter (98) have
reported data obtained in this way for the fluorescence of various purines
and pyrimidines in acid and alkaline solution. Some of these are of in-
terest as possible contaminants in the assay of B; by the thiochrome
method. Qualitative examination has been used for the estimation of
vitamin A in tissue sections, etc., by the method of fluorescence micro-
scopy (99-102).

V. FLUOROPHOTOMETRY

1. General Considerations

Fluorophotometry or fluorimetry is concerned in general with the quan-
titative measurement of the fluorescent light excited in substances under
standard conditions, and in particular with the determination of the
concentration of substances in solution by the application of such tech-
niques. The relationship between the concentration of a substance in
solution and the intensity of the fluorescent light which it emits when
excited involves many factors. If two simplifying assumptions are
made, however, namely (1) that the absorption of the fluorescent radiation
by the substance in solution is negligible and (2) that substantially all of
the exciting radiation is re-emitted as fluorescent radiation, a straight-
forward relationship may be derived for the intensity of fluorescent light
as a function of concentration (the intensity of the exciting radiation being
constant). To simplify the derivation, absorption coefficients 8 in terms
of log., instead of extinction coefficients, K, in terms of log, will be used.
If “I,” is the intensity lost by absorption in the solution and re-emitted
as fluorescent light of intensity “I;,”’ then (following previous notation)

L=LI=1 ~- 1, (39)
But

¢ = 51; (log. To — loge L) (40)
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from the Lambert-Beer law. Substituting for “I.” from (39) in (40):
¢ = ‘% llog, I, — log{(Ls — I)] (41)

Expanding the second part of the term in brackets in equation (41),
namely —log. (Io — Ij), by Maclaurin’s theorem:

— log(Io — I) = —log Io+ + + ’ + +I_'n + -0 (42)
2]:0 nIo
Substituting this expansion in (41) and simplifying:
Ii ]
SRR Tl S T 4
= BX[ +210+310+ T 43

If all but the first term of equation (43) could be ignored, “c” would be a
linear function of “I,”’ thus

b-—l]l—t

i
Bx

where A is a constant = —
Bx Io

It is evident from inspection of equation (43) that the terms of higher
order than the first are negligible if I; is small in comparison with I, but
not if I;is large. Thus, for Iy = 0.01 I,, the second term is but 0.5 per cent
of the first, and higher order terms are negligible. For I; = 0.11,, the
second term is still only 5 per cent of the first, but for I, = 0.5 I, the cor~
responding percentage is 25, and for I; = 0.9 I, it is 45. Hence, in order
that the relationship between concentration and fluorescent light intensity
be approximately linear it is necessary that the concentration or cell length
be small enough so that approximately 90 per cent or more of the incident
light passes through the solution unabsorbed (i.e. I; < 0.1 I;). In the
above derivation, it has been assumed for simplicity that all the absorbed
light is re-emitted as fluorescence, but essentially the same argument holds
if the intensity of the fluorescent light is a constant fraction of the intensity
lost by absorption, that is, if I; = BI, where B is a constant less than 1.
Light loss by reflection has also been neglected, but the introduction
of factors for reflection losses and for absorption by the cell does not alter
the conclusions. A third factor neglected is the “‘quenching” of fluores-
cence by various means—in particular, “self quenching’ at high concen-
tration levels. This is of importance with some substances, e.g. riboflavin.

The advantages of using small concentrations which result in a nearly
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linear relationship between concentration and fluorescence are that the
calibration of the instrument is simplified and the interpolation between
experimental points is made easier and more accurate. If a strictly linear
relationship holds and if r,, and r; are the instrument readings for two
known concentrations ¢; and ¢;, R the reading obtained with a solu-
tion of unknown concentration, Ry the reading obtained with a “blank”
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Fig. 14. Transmission curves of filters used in the thiochrome assay of thiamine,
Diagrammmatic view of an optical system for fluorop