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PREFACE

15 1919 there was published in this series a ¢ Report on the Present
State of Knowledge Concerning Accessory Food Factors (Vitamines)’,
prepared by a Committee which the Council had appointed jointly
with the Lister Institute. The rapid growth of knowledge in this
new field of work soon made that monograph obsolete at many
points, and a completely new edition, nearly doubled in content,
was prepared by the same Committee and issued in 1924. That
this summary of methods and results was found useful by workers
in this and other countries has been well indicated by the numbers
80ld—10,000 copies of successive impressions have been distributed
already. Fresh advances of knowledge soon made complete revision
necessary again, and this was undertaken by the Committee in
1930. On this occasion, however, much more complete revision
was seen to be required, and the report now presented is an entirely
fresh resumption of current knowledge and of technical methods in
this subject.

The Committee in preparing this report had the great advantage
of Dr. Arthur Harden's services as general editor. They were
assisted in the preparation of material for particular sections by
Dr. W, B. Aykroyd, Dr. C. W. Carter, Professor S. J. Cowell,
Mrs. M. A. Boas Fixsen, Miss E. M. Hume, Dr. G. F. Marrian,
Dr. R. A. Morton, and Miss M. H. Roscoe. All the members of the
Committee named on the preceding page are responsible jointly
for the final shaping of every chapter and for the whole work as
now produced. To all these the Council are greatly indebted, and
they believe that their feelings of gratitude will be shared by the
innumerable workers now interested in this field of study.

It can hardly be contemplated that the rapid and accelerating
growth of the subject can be conveniently followed further by fresh
revisions of such a monograph as this. The labour entailed and the
sacrifices of time made by research workers in successive revisions
of such a monograph are not likely to be justifiable again. The
Council have joined with the Reid Library of the Rowett Institute,
Aberdeen, and the Imperial Agricultural Bureaux Council, in giving
financial support to a new periodical journal, ¢ Nutrition Abstracts
and Reviews’, of which the first number appeared in October
last. The Council hope that this will provide for the future a
regular means of bringing together and making more readily avail-
able the results of research work as they accumulate in the now
widely distributed and often disconnected fields of work, medical,
agricultural, dietetie, and commercial, in which the subject of
nutrition is being so rapidly developed.

In an Appendix is given the report of the International Conference
on Vitamin Standards, held under the auspices of the Permanent
Standards Commission of the League of Nations in London during
June, 1931. The recommendations given here for adoption of
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4 PREFACE

international standards for those vitamins of which present know-
ledge makes this practicable, together with definitions of units of
activity in terms of the standards for use in each case in quantita-
tive estimation of the vitamin, have now been adopted by the League
of Nations, In their first report of 1919, mentioned already, the
Committee referred to the scepticism, then shown in some quarters,
even of the real existence of the subject of their monograph. They
admitted that there was then no knowledge of the actuaY chemical
nature of the vitamins, but they said that ‘the study of their
functions is progressing on real and objective lines, and has become
in certain cases even quantitative’. It is gratifying to notice that
within only a dozen years research work has advanced so far as to
allow not only quantitative study but a formal international
agreement upon precise quantitative standards in the case of no
less than four, the so-called A, B;, C and D, of the vitamins.

MzptcanL Researcr CounoilL, 10th May, 1932,
38, Old Queen Street,
Westminster, S.W. 1.
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CHAPTER I
HISTORICAL INTRODUCTION.

As food constituents vitamins are characterized by the disproportion
between the great importance of their nutritional functions and the
very small amounts necessary for the adequate fulfilment of those
functions. In a normal dietary they are present in quantities far
too small to yield any appreciable contributions to the energy supply
of the body, or to bulk appreciably as structural elements for the
tissues. They are, nevertheless, definite chemical entities, and in the
last eight years much light has been thrown upon the actual chemical
nature of some among them. It would seem, indeed, that at least
one has now been artificially prepared. During the same period,
extended researches have shown that they are more numerous than
was earlier suspected. Eight years ago only three were clearly
recognized ; now we must believe in the existence of at least eight.
Each one upon good evidence has been shown to exert its own in-
dividual functions in nutrition.

Since a supply of them is essential for the animal body, the
vitanins are, of course, generally present in the natural foods which
are instinctively consumed by men and animals. They are primarily
formed during the synthetic activities of the green plant on the
land, or those of algnae and other smaller organisms in the sea. From
these they are transferred to the tissues of animals, terrestrial or
marine. There is some evidence, however, to show that one vitamin
at least, and perhaps others, may be synthesized in the organs of
certain animal species. Such animals can dispense with, or are less
dependent upon, an external supply of the vitamin which their own
tissues produce. Such cases are rare, however, and we have no
knowledge of such synthetic powers in the human body.

It is not surprising that popular experience should have wholly
failed in the past to reveal the existence of nutritional agencies
which function in such small amounts, and are unconseciously con-
sumed in every adequate dietary. The distribution of vitamins in
vegetable and animal foods alike may be partial and irregular, but
broadly speaking it is safe to say that the adult individual finds a
good supply of vitamins in his food so long as that food is reasonably
varied, has received no artificial or accidental separation into parts,
and has had no destructive influence applied to it. This geveraliza-
tion does not, however, cover the nutritional demands of infants and
children.

In the observation of phenomena the importance of contributory
factors is often overlooked until the effects of their removal come to
light. In the case of vitamins and their functions, demonstration, so
far as it depended upon observation, first came when commercial
adventure or other human enterprise had led to the preparation and
consumption of foods in which the natural materials had been
fractionated for the sake of taste, appearance, or convenience;
treated by destructive methods; or, in other cases, only preserved
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too long before consumption. Owing on the one hand to the partial
and irregular distribution of vitamins in the natural produets, or on
the other hand to their relative instability, it may happen that they
are thus removed or destroyed. '

Safety in this connexion is evidently greater when a variety of
foods is consumed. In countries where geographical conditions
prevent such variety the danger is more imminent. It is a fact, at
any rabe, that the most striking evidence for the evil effects of the
artificial treatment of food first came from rice-eating districts of
the East when they had been invaded by milling machinery from
the West. The recognition some twenty to thirty years ago of
beri-beri and scurvy as deficiency diseases provided good evidence
both for the evil effects of fractionating natural foodstuffs such as
the cereals, and for the putritive importance of vitamins.

The evidence from disease would have led sooner to a con-
ception of these food constituents and their functions but for a not
unnatural bias in thought. It was difficult to implant the idea of
disease as due to deficiency.

Disease is so generally associated with positive agents—the
parasite, the toxin, the materies morbi—that even expert thought
turned naturally to such positive associations and believed with
difficulty in eausation prefixed by a minus sign. Even in the case
of deficiencies arising within the body there was a similar tendency.
When the importance of internal secretions was first recognized
there used to be much hesitation in believing that symptoms might -
be frankly due to their failare. When each iresh internal secretion
was described there was always an effort to show that its function
was to ‘neutralize’ some, always hypothetical, toxic substance.
Symptoms on this view were due to the unmasking of a deleterious
agent rather than to simple deficiency in a normal and necessary
agent. To distinguish between these two possibilities was, of
course, a scientific duty ; but, at any rate in the earlier literature of
internal secretions, a bias against the simpler view interfered with
the fair interpretation of experimental results.

So in connexion with the later conception of disease as due to
dietetic deficiencies. Even when a distinguished Dutch investigator,
through his admirable studies, which will a little later receive
reference, had clearly established more than thirty years ago that
beri-beri arose during the consumption of decorticated but not of
whole rice (making it clear, therefore, that something in the cortex
was necessary to normal nutrition), he was led to suggest, not the
simple view that some substance in the cortex was of direct use
to the body, but rather that it was necessary to neutralize the other-
wise deleterious effect of a diet over-rich in starch.

While it is true that the simpler idea of the nature of deficiency
diseases is now generally held, it must be stated that there is good
evidence, which is referred to later on, to show that there are times
when certaindietetic ingredients necessitate a larger intake of specific
vitamins for normal development and function. In such cases some
investigators regard the vitamin action as antagonizing those of
harmful agents, .

Fortunately, in the case of deficiency diseases it proved possible
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some years ago, by the choice of suitable animals, to supplement
clinical and sociological observation by controlled experiments. As
usual, experimental work on animals made knowledge more quanti-
tative, and in some cases revealed some well-known pathological
conditions as deficiency diseases. Illustrations of this will shortly
be given, _ :

1f, however, the evidence for the existence and importance of
vitamins had arisen entirely from the study of deficiency diseases
our views might have remained too limited, too much confined to
the standpoint of pathology and therapeutics. Butin the very years
during which the aetiology of beri-beri was being cleared up, and
the suggestion established that a qualitative food deficiency may be
responsible for striking pathological symptoms, experiments were
in progress on quite independent lines to show that something more
than a supply of energy and protein is required to maintain so
fundamental a physiological phenomenon as growth, and to demon-
strate that normal metabolism as a whole is not possible without
the influence of food constituents which, because of their minute
amount, could justifiably be spoken of as accessory’ food factors in
nutrition.

From such experiments, then, the conception of the vitamin rose,
and at the present time the evidence from all kinds of feeding
experiments, whether carried out from the physiological or patho-
logical standpoint, is being consolidated. The earlier stages in the
history of such researches will be now reviewed.

As often happens in the development of science, a fundamental
idea is foreshadowed in many quarters, but has long to wait before
it emerges as a basis of accepted knowledge. As in other cases, so
with recognition of vitamins as physiological necessities. Their exis-
tence was suggested long ago, but a certain right moment in the
history of the science of nutrition had to arrive before it could attain
to universal recognition. Some workers had discovered suggestive
facts, but failed to realize their full significance ; while the work
and words of true pioneers lay forgotten because published when
average minds were not ready to appraise them at their right value.

No one can deny that the recorded experience of voyagers and
explorers in the eighteenth century, and particularly, perhaps, the
records of the British Navy which deal with the incidence and cure
of scurvy, would have directed thought towards our modern con-
ception of vitamins had the times been ripe. The knowledge
concerning nutrition was then, however, entirely vague, and the
days of animal experiment in such matters had not yet come. The
earliest experiments, indeed, supplied evidence which was of an
independent kind, reached from a different angle.

It is now generally agreed that the first clear evidence, based
upon experiment, for the existence of dietary factors of the nature
of vitamins, came from the school of Bunge at Basel. In 1881
Lunin, one of the workers in that school, fed mice upon an artificial
mixture of the individual constituents of milk, of all the con-
stituents, that is, which were then known, namely, the proteins,
fats, carbohydrates, and salts. He found that upon such a mixture
the animals failed to survive,and was led to conclude that ‘e natural
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Sfood such as milk must therefore contwin besides these known
principul ingredients small quantities of unknown substances
essential to life’ [1881] Such a statement, already half a century
old, when allowed to stand out clear and apart from a context which
ten((iied to bury it, seems to contain the essentials of what is believed
to-day.

It will not be uninstructive to seek for an explanation as to how
such a significant remark could remain for years almost without
notice, instead of being an immediate challenge to further investi-
gation. It may be noted first of all that the title of Lunin’s paper
[1881] ‘ Ueber die Bedeutung der anorganischen Salze fir die Er-
nihrung des Thieres’, was one prone to eonceal the important but
incidental suggestion it contained. The thought of the Bunge school
was, a8 a matter of fact, both then and long afterwards, concerned
largely with the inorganie factors of nutrition. After an interval of
ten years, during which, so far as one can discover, no effort had
been made to follow up the pregnant suggestion of Lunin's work,
another member of the school came again to Lunin’s point of view,
He, however, was once more concerned primarily with the study of
an inorganic element in nutrition. Socin, the worker in question,
though, as the title of his paper [1891] ‘In welcher Form ist das
Eisen resorbiert?’ indicates, he had not set out to seek further for
those wholly unknown substances essential to life the existence of
which Lunin had predicted, was nevertheless, owing to the nature
of his experiments, inevitably driven to a belief in them. Socin, it
is true, was led to think that the ineffectiveness of the synthetic
diets employed by him might be due to an inadequacy in the quality
of the protein contained in them, a view not wholly unjustified and
foreshadowing knowledge which only long afterwards became
definite and proven. He became convineed, however, that other and
unknown substances must be sought, substances which, he states,
are certainly present in whole milk and egg yolk. He remarks,
moreover, with. conviction that to discover them was the first task
to be faced before new feeding experiments were undertaken, Here
was a strong enough challenge to investigate, yet we have again no
knowledge of any attempt in Bunge'’s laboratory to follow up the
challenge. Perhaps an explanation of this is to be found in the
circumstance that Bunge, though in his well-known book he observes
that it would be worth while to continue the experiments which
had suggested the existence of unknown nutritional factors, was
himself inclined to disbelieve in them. He thought that the real
error in the synthetic diets used by his pupils (which was, so to
speak, ‘ dissected * milk) was that the method of its preparation had
involved the separation of inorganic constituents from certain organic
combinations, in which latter form alone could they adequately
subserve the purposes of metabolism. Other causes may have con-
tributed to the long neglect, first of Lunin’s and then of Socin’s
suggestions, It must be admitted, indeed, that no experimentum
cructs was carried out in Bunge’s laboratory, In Lunin’s experi-
ments the fate of six mice only (those placed by him upon a normal
salt mixture—all others bad been given deficient mineral supplies)
really brought sugyestions for the existence of unknown factors; and
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no data are given as to their consumption of food. Neither Lunin
nor Socin made any attempt to complete the evidence by making
discriminate additions to the diets which had proved inadequate.
Lastly, as already suggested, since the main intention of their work
and the titles of their publications were remote from the special
issue, their significant remarks might well have appeared as little
more than obiter dicte when read without the light of modern
developments. ) . -

Fourteen years after these observations were described an in-
vestigator distinguished in many fields was led to repeat and extend
them. This was the late Professor Pekelharing, whose conclusions
[published in 1905] unhappily remained wholly unknown to the
majority till recently. It is, indeed, remarkable that the results of
such significant statements as his, though published in the Dutch
language alone, should not have become rapidly broadeast. After
speaking of experiments carried out on lines similar to some of
those done in Bunge’s laboratory, and indicating that they pointed
to the existence of some unknown essential, Pekelharing goes on
to say: « Till now my efforts, constantly repeated during the last few
years, to separate this substance and get to know more about it
have not led to a satisfactory result, so I shall not say any more
about it. My intention is only to point out that there is a still
unknown substance in milk which even in very small quantities is
of paramount importance to nutrition. If this substance is absent,
the organism loses the power properly to assimilate the well-known
principal parts of food, the appetite 1s lost and with apparent abun-
dance the animals die of want. "~ Undoubtedly thissubstance occurs
not only in milk but in all sorts of foodstuffs both of vegetable and
animal origin.” Here we have a clear statement of the vitamin
doctrine already a quarter of a century old, Itisto beregretted that
Pekelharing refrained from publishing any of his experimental
data. There is little doubt that he was led to undertake his physio-
logical experiments because of his intimate knowledge, not then
shared by the majority of workers outside Holland, of the impor-
tant researches now to be mentioned. For there was at this time
other evidence available to indicate that orthodox teaching concern-
ing nutrition was incomplete—evidence different in kind from that
just discussed. It demonstrates for the first time the existence of
what we have now learnt to call Deficiency Disease.

Following researches carried out from 1890 onwards Christiaan
Eijkman, who was at the time a military doctor in the Dutch
Indies and later became Professor of Hygiene at Utrecht, had,
in 1897, come to the conclusion that the disease beri-beri resulted
from the continuous consumption of decorticated (polished) rice. His
view was more particularly supported by a study made with his
collaborator Vorderman of diet and health in no less than 101 of
the prisons in Java [Eijkman, 1897, 2). The evidence so obtained
was striking enough, but Eijkman’s view was strengthened by his
discovery that birds (fowls, pigeons, and ducks) when fed upon
polished rice developed a disease, which he named polyneuritis
gallinarum, the symptoms of which closely resembled those of
human beri-beri. He found further that the avian disease failed
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to develop when the birds were fed upon whole rice, or rice grains
still associated with the pericarp or ‘silver skin’. This observation
made it possible to add the results of controlled animal experiments
to those of statistical studies and greatly contributed to advance
in the subject.

Eijkman himself, as was mentioned above, at first viewed the
facts he had discovered from a standpoint more in accordance with
the thought of contemporary pathologists than with our present
conceptions. He concluded that foods such as rice, overrich in
starch, produced a substance in the intestine which acted as a
poison to nerve cells, for which the outer layers of the rice grain
contained an antidote. Somewhat later, however, another Dutch
seientist, Grijns [1901], gave a different interpretation to the facts
in putting forward the view that beri-beri, whether in birds or man,
was due to a ‘deficiency '—to the absence from the food of an
essential nutrient. This, in rice, happens to be confined to the
cortical parts of the grain which are removed by polishing. To
Grijns belongs the credit of first picturing clearly what is to be
Jjustly called a deficiency disease, as well as that of first investi-
gating the properties and distribution of a vitamin,

In 1907 Braddon further established the correctness of Eijkman’s
observations upon the influence of rice diets by widely extended
studies upon rice-eating native races [1907]. They were fully
supported, moreover, by the discriminating investigations of Fraser
and Stanton [1909).

It is now difficult to understand how, even long before Eijkman's
work, scurvy failed in practical medicine to obtain recognition as
a disease due to a deficiency in food. The possibility of such causa-
tion was doubtless, just as in the case of beri-beri, against the trend
of thought in current pathology. A better reason, perhaps, was the
absence of definite evidence based upon controlled animal experi-
ments to replace the vaguer impressions of clinical experience.
The means for such experimental studies was first provided in 1907
by the researches of two Norwegian scientists, Holst and Frolich,
who showed that typical scurvy ecould be produced in guinea-pigs
by deficient diets and as easily cured by suitable additions. That this
opportunity for experiment, like that given by Eijkman’s discovery
of polyneuritis in birds, has since greatly advanced the subject will
be made clear in later sections of this monograph.

A survey of the literature of the first decade of the present
century will show that the facts brought to light by the researches
80 far described had by then exerted little or no effect upon orthodox
views and teaching concerning human nutrition. Calorie-supply,
protein-minima and such factors still dominated the general con-
ception of nutritional adequacy. We are now to see that researches
described in the course of the next three years led to a change in
the outlook.

Reference may first be made to the work of Stepp [1909; 1911;
1912]. This author’s original concern was to decide whether fats and
lipoids must be supplied in the food in order that life may be main-
tained. He found that whereas mice lived satisfactorily for several
months upon certain foods, such as wheat bread made with milk,
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they were unable to live longer than a month when fed upon the
same diet after it had been subjected to prolonged extraction with
aleohol and ether. That the extraction itself bad only lowered the
nutritive value of the foodstuffs by removing some essential compo-
nent wasdemonstrated by restoring the extract to the extracted fgod,
when it once again became adequate for the nutrition of the mice.

Stepp made a number of experiments in’ order to ascertain the
nature of the essential factor removed by the extraction process.
The addition of the ash of the extract, or of certain neutral fats
in a pure condition, did not remedy the deficiency, but he found
that milk and egg-yolk did. This led him to suggest the existence
of an unidentified indispensable dietary unit, which he appears to
have regarded as a member of the lipoid class. He was unable to
identify this substance with cholesterol, lecithin, kephalin, or
cerebrone, since all members of that class of substance failed to
restore the nutritive value of the extracted foodstuffs. He remarks
in one of his later papers: ‘Jt is nof impossible that unknown
substances indispensable for life go into solution with the lipoids,
and thot the latter thereby become what may be termed carriers for
these substances.’

Attention should now be turned to the classic experiments
carried out by Hopkins in this country. As early as 1906 he wrote
as follows: ‘But further, no animal can live upon a mixture of
pure protein, fat, and carbohydrate, and even when the necessary
morganic material is carefully supplied, the animal still cannot
flourish. The animal body is adjusted to live either upon plant
tissues or other animals, and these contain countless substances
other than the proteins, carbohydrates, and fats. Physiological
evolution, I believe, has made some of these well-nigh as essential
as are the basal constituents of diet; lecithin, for instance, has been
repeatedly shown to have a marked influence upon nutrition, and
this just happens to be something already familiar, and a substance
that happens to have been tried. The field is almost unexplored,
only it 18 certain that there are many minor factors in all diets, of
which the body takes account., In diseases such as rickets, and
particularly in scurvy, we have had for long years knowledge of a
dietetic factor, but though we know how to benefit these conditions
empirically, the real errors in the diet are to this day quite obscure.
They are, however, certainly of the kind which comprises these
minimal qualitative factors that I am considering. Scurvy and
rickets are conditions so severe that they force themselves upon
our attention, but many other nutritive errors affect the health of
individuals to a degree most important to themselves, and some of
them depend upon unsuspected dietetic factors’[1906]. '

Some results of his experiments, which had extended intermit-
tently over several years, were published in 1912 [Hopkins, 1912].
Young rats were fed upon an artificial food mixture containin
caseinogen, starch, cane sugar, lard, and inorganic salts. When the
animals were fed upon the diet composed of these constituents in
the crude condition, they were able to live and to show a ecertain
amount of growth. When, however, the ecomponents had been
carefully purified, growth invariably ceased after a comparatively
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short period, and the rats declined and died. In experiments of
the kind it is of the utmost importance that the material of which
the control synthetic diet is composed should be fully purified,
Inadequate purification led earlier workers, and, as we are to see,
later workers also, to claim that successful nutrition may be
obtained on artificial dietaries. Hopkins employed diets in which
very complete purification of the protein, carbohydrate, and (as
the author then thought) of the fats administered was a special
feature. A novel feature of these experiments was that Hopkins
showed by estimations of the energy consumptions of the animals
that this failure was not due to an insufficient food intake. It was
found that growth ceased at a time when the animals were con-
suming food in more than sufficient quantity to maintain normal
growth, :

Another series of animals which received, in addition to the basal
ration of purified foodstuffs, a very small daily allowance of milk
afforded a great contrast to those just described. In all cases the
milk addendum, although its total solids amounted to only 4 per
cent. or less of the whole food eaten, induced normal growth, and
greatly improved the general condition of the animals.

The extraordinary effect of this apparently insignificant addition
to the diet upon the growth of the experimental rats is well illus-
trated by Figures 1 and 2, which have been reproduced from the
original paper. A similar growth-stimulating action was exerted
by the addition of protein-free and salt-free extracts of milk solids,
or of yeast, to the basal diet. As the milk ration was administered
separately and in advance of the administration of the main dietary,
it could not have affected the palatability of the food or diminished
its monotony. Some authors have stated their inability to obtain
normal growth with amounts of milk so small as those used by
Hopkins. It is true that when an animal depends entirely on
milk for its vitamin supply growth cannot be maintained for
long periods on so small an amount,

"In discussing his results Hopkins remarked: ‘It is possible that
what is absent from artificial diets and supplied by such addenda
as milk and tissue extracts is of the nature of an organic complex
{or of complexes) which the animal body cannot synthesize. But
the amount which seems sufficient to secure growth is so small
that a catalytic or stimulative function seems more likely.’

After reference to possibilities which had more weight when his
paper was written than now, he wrote in conclusion : * If the attach-
ment of such indispensable functions to specific accessory constit-
uents of diets is foreign to current views upon nulrition, so also s
the experimental fact that young animals fail to grow awhen they
are absorbing daily a sufficiency of formative material and energy
for the purpose of growth.’ .

Attention should now be turned to the work and writings of
Casimir Funk, to whom we owe the term Vitamine, which, slightly
modified by omission of the final e, has now become indissolubly
attached as a class name to the substances with which this mono-
graph is concerned. This investigator has greatly helped to
advance our knowledge of the subject, and at a time when

~



G0 -

T /'

/
50 L
/:r":"'(\(
30,, 20 40

Fie. 1. Lower curve, six rats on artificial diet alone. Upper curve, six
similar animals receiving in addition 2 e.c. of milk each per diem.
Abscissae, time in days; ordinates, average weight in g. (Repro-
duced by permission from the Journal of Physivlogy, 1912, 44, 482.)
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Fra. 2. Lower curve (up to eighleenth day), eight male rats upon pure
dietary ; upper curve, eight similar rats taking 8 c.c. of milk each a
day. On the eighteenth day, marked by vertical dotted line, the milk
was transferred from one set to the other. Average weight in g.,
vertical ; time, horizontal. (Reproduced hy permission from the Journal
of Physiology, 1912, 44, 433.)
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recognition of its importance was only awakening he did much
towards securing that recognition. Owing to publications by William
Fletcher, Fraser and Stanton, Schaumann, Grijns and others during
1907-10, by the year 1911 much fresh interest had been awakened
in the aetiology of beri-beri and in its experimental cure. In that
year Funk entered the field, and having experimented at the
Lister Institute, first with E. A. Cooper, and then alone, he
described, at the end of the year [1911}, a courageous attempt,
which was largely, though not entirely, a pioneer effort, to isolate
from rice polishings the substance which is active in the cure of
the disease. In the actval isolation of a pure active substance
the endeavour was unsuccessful. Others we may note were
engaged at the time upon a similar endeavour and the results
were soon afterwards published. These we now know were
equally without success. Funk, it is true, separated fractions from
the rice polishings in which the active agent was very much more -
concentrated than in the original material. A crystalline fraction to
which he attached most importance at the time, and for which he
provided an empirical formula, was curative for polyneuritis in
pigeons in doses of about 20 mg. In contrast with this, however,
a crystalline produet, isolated during recent years in the laboratory
where Eijkman did his fundamental work, which is possibly, though
not certainly, the pure vitamin, has proved to be many thousand
times as active as Funk’s preparation. A year and a half after his
first paper appeared Funk himself showed that hisoriginal ‘vitamine
fraction’ from polished rice could, as a matter of fact, be separated
into two substances, one of which was nicotinic acid, which by itself
is entirely inactive, while the second was certainly not the pure
vitamin, His later efforts in the same patient endeavour need not
receive notice here.

In June 1912 he published a paper entitled ¢ The Etiology of the
Deficiency Diseases’ in the course of which the term Vitamine
was for the first time employed. This paper provided an interest-
ing review of the existing literature concerning beri-beri, scurvy,
and pellagra, and, in advance of current views, the expression of
an opinion, to be later justified, that the last, not less than the first
two, is to be numbered with deficiency diseases [1912].

In thus assembling the facts concerning these three pathological
conditions, and by giving objectivity to the conception of ‘de-
ficiency’, in the right sense, by the provision of a group name for
definite entities, this paper undoubtedly helped to a public and
professional recognition of the reality of deficiency disease; a
recognition which at that time came none too readily. It is right,
however, to say that the author’s own experimental work had not
then in itself gone far to support the view which he justifiably
based on the general evidence available at the time, that vitamins
are necessary for growth and general health, While he was not
the first to express that view he must be reckoned among those
who first impressed it upon scientific opinion,

It is certain that publications which appeared in the years
1911-18 led ultimately, though with some delay, to the full
beliefs of to-day. It is nobt easy or necessary to attempt
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an estimate of the exact share of each in producing that desirable
result.

A few words may be said here concerning Funlk’s choice of the
term Vitamine, The prefix vita connotes of course the importance
of the substances tolife ; the ending amine, owing to the special sig-
nificance of the word in organic chemistry, implies that they are of
the nature of organic bases, or compounds derived from ammonia by
substitution. Funk separated bases of this kind in his attempted
isolation mentioned above, and he believed that the nature of vita-
mines in general could be thus defined, Complete proof, however,
that any one of them has this constitution is yet lacking, and we
now know that two of them at least do not even contain nitrogen.
Funk bas nevertheless argued with some reason that the readiness
with which the term was accepted proved its convenience and
adequacy. The suggestion due to J. C, Drummond, that by dropping
the final ¢ the unjustifiable connotation just mentioned might be
to a degree avoided, was nevertheless a wise one, and the name
Vitamin is now established.

The work of Osborne and Mendel at Newhaven, Conn. [1911;
1912, 1913, 1, 2, &c.] and of MeCollum and his colleagues in Wis-
consin (later in Baltimore), published from 1912 onwards, yielded
results of much importance. Alike at Newhaven and Wisconsin the
conviction that vitamins are essential to life came, however, rather
slowly, It will not indeed be out of place here to say a few words
concerning the progressive experience of the American workers
which ultimately Jed to that conviction. That experience when
duly surveyed becomes very instructive.

Osborne and Mendel had, for some years previous to 1912, been
carrying out experiments, of which the results have become
classical [1911], on the relative nutritional value of various pure
proteins.  These experiments, carried out on rats, called for the use
of synthetic dietaries in which the proteins to be tested were com-
bined with carbohydrates, fats, and mineral salts, Of necessity it
became of prime concern with these investigators to decide whether
such diets when made of pure materials had defects other than
those which might appertain to any particular protein under study,
It is noteworthy that at one stage in their studies Osborne and
Mendel decided that a synthetic diet of the above nature, if con-
taining an adequate protein, could, as a matter of fact, support
life and growth. They published curves demonstrating excellent
growth in young rats, and remark : ‘ These are so far as we know
the first successful feeding experiments in which lasting growth
has been obtained with carefully purified foodstuffs and artificial
salt mixtures,’ ‘

In view of the later experience of the authors themselves, and
of that of a multitude of more recent, investigators, it may seem
difficult to explain the apparent success of these particular experi-
ments. It was doubtless due in the main to the circumstance that
the diet contained about one-fourth of the carbohydrate supply
as milk sugar which had not been specially purified. It was
pointed out a little later that when milk sugar was used in such
experiments it was necessary that it should be carefully purified.

B2
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The sugar when first separated from its source adsorbs a consider-
able proportion of the milk vitamins. Using purified milk sugar
Hopkins and Neville [1913] could obtain no growth with a
diet. otherwise exactly similar to that employed in the above
experiments,

It should be understood, however, that the greater number of
Osborne and Mendel’s experiments, made both before and after the
dates of those just discussed, were not carried out on purified
foodstuffs alone, During the earlier stages of their studies they
had met with experimental difficulties, especially (as they then
believed) in the endeavour to secure an efficient salt mixture for
their synthetic diets. Their chief interest, as we have seen. was
in the nutritive value of proteins. Now whole milk had been shown
to form by itself an adequate diet for rats; it can support growth
for long periods, if not indefinitely. Osborne and Mendel saw that
if the proteins were removed from milk,and the proteins alone, all
other substances necessary for proper nutrition should remain in
the fluid. The milk protein could then be replaced by any individual
protein under study. By ahappy inspiration therefore such ‘protein-
free-milk * was made a constituent of their experimental diets, and,
except during the period when the above-mentioned experiments
for a while deceived them, they looked upon it as probably essential
for nutritional success. It was employed primarily as a means.of
obtaining a physiologieally correct salt mixture, but the authors
came to recognize that it might supply other constituents of impor-
tance. As a matter of fact their protein-free preparation contained,
as we now know, some of the vitamins of the original milk.

During the following year, however, Osborne and Mendel en-
deavoured to repeat their experiments, but now taking care that
all materials used should be of ‘the highest degree of purity’. <To
our surprise,” they write when discussing the results, ‘ the artificial
protein-free milk made with these purer chemicals failed in every
case but one to promote more than slight growth.,” They still sup-
posed at first that some mineral deficiency was in question; but, as
appears later in the paper just mentioned, a critical examination of
their data led them at last to conclude that some specific essential
was present in the fats of natural milk. ¢It would seem’, they wrote,
‘as if a substance exerting a marked influence upon growth was
present in butter ...’ [1913, 1, p. 319

The experience of the investigators at the Wisconsin centre will
next be described. McCollum and various colleagues had been
engaged, from 1907 onwards, in scientific studies of nutrition, with
special reference to the rationing of farm stock. Special attention
had been given to the determination of nitrogenous and mineral
deficiencies in individual cereals and in other food materials used
in practical dietaries. McCollum apparently came to feel, as others
have felt, that many nutritional problems would be simyplified if
the adequacy of dietaries could be defined in terms of their indi-
vidual pure constituents, and during the year 1912 he was engaged
with Davis in testing the ability of synthetic diets to maintain
health and growth in rats—a line of inquiry which of necessity has
already received frequent reference in this historical survey. Like



HISTORICAL INTRODUCTION 21

Osborne and Mendel, McCollum and Davis came at first to the
conclusion that they could obtain adequate nutrition with such
diets, They found later, however, that the growth, apparently
promoted by these, ceased abnormally soon, and in a paper published
in 1913 they describe an experience which first brought their inves-
tigations into the field of vitamin studies [1913]. They had found
that when, on a synthetic diet of which the fat constituent was
lard, growth had prematurely ceased, the administration of butter
fat or ether extracts of egg yolk secured its immediate resumption.
They were then led, like Osborne and Mendel, to recognize that
a factor essential to nutrition was associated with ecertain (but not
all) fats. It may be noted as of interest that their paper just
mentioned was submitted for publication in the same month (June
1913) as Osborne and Mendel’s paper also dealing with the specific
influence of butter fat, to which reference has been made.

A year late} McCollum and Davis [1914] demonstrated at once
the objective nature of the factor associated with animal fats and
its relative stability by showing that it could be transferred from
saponified butter fat to olive oil which otherwise contains none of it.

In 1915 these authors published an important paper [1915, 2] in
which it was made clear that at least two ‘accessory’ diet factors
were essential for normal growth. Owing to the special interest
which Eijkman’s studies had conferred upon polished rice, MeCollum,
who had previously employed wheat-grain in his studies, decided
at this time to make the former the basis of a synthetic dietary.
McCollum and Davis had been convineed by previous experience
that growth and well-being could be maintained in animals fed
on a mixture of purified proteins (casein), starch, milk sugar,
butter fat, and a suitable mixture of mineral salts. They held,
therefore, that polished rice, if its low content of protein and
certain mineral deficiencies were first corrected by suitable additions,
ought when mixed with hutter fat to form a completely adequate
dietary. When submitted to trials, however, this diet entirely
failed to induce any growth in young rats. The explanation soon
came to hand. It will have been noticed that the above-mentioned
synthetic diet, the apparent success of which led to the expectation
that the rice diet would be adequate, contained milk sugar. Once
more the circumstance that this sugar adsorbs the vitamins of
milk had led to unreal success with an artificial dietary. Hopkins
and Neville's earlier experience on this point had not till then
impressed these later investigators. Mc¢Collum and Davis found,
as did Osborne and Mendel, that purification of the commercially
‘pure’ lactose it contained could make all the difference between
adequacy and inadequacy in a synthetic diet. Such experiences
should not be looked upon as trivial in their bearings. They
illustrate how exceedingly small may be the amounts in which
accessory components of food can exert a potent action, a significant
circumstance wholly unrealized by earlier students of nutrition and
involving a lesson which had to be learned by all experimentalists.
McCollum and Davis quickly saw the significance of the facts
Lefore them. They realized that what was associated with the
unpurified sugar could not consist in the main at least of the sub-
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stance associated with butter fat. They sought for this second
substance elsewhere and found it widely spread in natural food
materials, wheat germ being specially vich in it. They now
suggested the names ‘fat-soluble A’ and ‘ water-soluble B’ as labels
for these two entities, so introducing the current alphabetical
nomenclature of vitamins, which, though displaying some incon-
veniences owing to the increasing complexity of the field, has yet
Justified itself on the whole,

Evidence derived from the observed distribution of ¢ water-soluble
B’ and the antiberi-beri vitamin discovered by Eijkman pointed to
an identity between these two dietary factors, which has since been
disproved. For a considerable time from 1915 onwards the rela-
tively simple conception held the field that only three vitamins,
fat-soluble A, water-soluble B, and antiscorbutic vitamin C, were
capable of demonstration by biological methods. Following E.
Mellanby’s discovery in 1918 of the existence of ah antirachitic
vitamin associated with certain fats, evidence for the subdivision
of the fat-soluble vitamin into vitamin A and an antirachitic
vitamin D gradually accumulated. More recently the existence
of the fertality vitamin E has been discovered and laborious
researches on water-soluble B have brought to light the complex
nature of this factor and necessitated the recognition in it of at
least five different principles. The historical sequence of the
researches leading up to our present knowledge of the subject
will be dealt with in detail in later sections of this monograph.



CHAPTER II

THE FAT-SOLUBLE VITAMINS. VITAMIN A.
Historical.

ArTER the recognition by MeCollum and Davis [1913] of the existence
of a fat-soluble vitamin necessary for growth, observations gradually
accumulated which indicated that more than one accessory food factor
was present in some of the natural fats and oils.

A convenlent starting-point for the history of the further develop-
ment of the subject is found in the recognition by E.Mellanby [1918-
19,1, 2; 1919; 1920 ; 1921] of rickets as a deficiency disease. He was
able to demonstrate that experimental rickets could be induced in
puppies by withholding from the diet a substance (the antirachitic
vitamin) which appeared to be similar as regards distribution and pro-
perties to the fat-soluble vitamin A. Although calcium and phosphorus
deficiencies were naturally of importance, the potency of the anti-
rachitic vitamin in effecting the ealcification of bone was so pronounced
as to imply that the substance held a key position in the aetiology of
rickets. Cod-liver o0il was much superior to all the other fats tested
(e.g. beef suet, butter, lard, and various vegetable oils) in promoting
the calcification of bone and in preventing rickets. Mellanby was
inclined to identify this antirachitic vitamin with the fat-soluble A
recognized by McCollum and Davis some five years earlier [1913].
The evidence was not complete, but further support to the idea was
given by the observation that butter through which oxygen was
bubbled at 120° C. lost both its growth-promoting [Hopkins, 1920] and
antirachitic power [Mellanby, 1921]

The advance due to Mellanby was consolidated and extended to
experiments on rats by Sherman and Pappenheimer [1920-21 ; 1921];
Korenchevsky [1922]; McCollum, Simmonds, Parsons, Shipley and
Park [1921]; and other workers, The experimental procedure neces-
sary for the production of rickets in rats emphasized the importance of
the caleium / phosphorus ratio in the diet, as well as the deficiency of
antirachitic vitamin. The following results gained widespread accep-
tance:

(1) A fat-soluble vitamin similar in many respects to vitamin A is
necessary for the production of perfectly formed bones, even when
the calcium and phosphorus content of the diet is adequate and
well-balanced.

(2) Deficiency of either ealcium or phosphorus or an unbalanced
proportion of these two elements increases the importance of an
adequate supply of antirachitic vitamin,

(3) The power of controlling calcification of bone and of promoting
growth is most potently exerted by fish-liver oils [Goldblatt and Zilva,
1923} Body fats exhibit some little poteney with the exception of lard,
which, like most vegetable oils, is usually devoid of both antirachitic
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and growth-promoting activities. Egg yolk and milk usually contain
both vitamius,

{4) Rickets is a disease associated with growth and affects suscep-
tible animals at their most active period of development; with
increasing age an animal becomes less dependent on the antirachitic
vitamin.

The similarity in distribution of vitamin A and the antirachitic
vitamin extends to lean meat, milled cereals, and yeast, all of which
contain very little or none of either principle. The antirachitic
vitamin, like vitamin A, is associated with the unsaponifiable portion
of fat, and no connexion can be traced with fatty glycerides as such
[Steenbock and Boutwell, 1920, 1; Steenbock, Nelson and Hart,
1921; Drummond and Coward, 1921; Zucker, Pappenheimer and
Barnett, 1921-22; Zucker, 1922]. Both substances are resistant to
heat alone, but in the presence of oxygen destruction of both occurs
at elevated temperatures.

Separation of the two Fal-soluble Vitamins,

McCollum, Simmonds, Becker and Shipley [1922] showed that the
antixerophthalmic action of cod-liver oil was destroyed by 12-20 hours’
oxidation at 100°C., whereas its antirachitic action could be demon-
strated after this treatment [see also Steenbock and Nelson, 1923).
Similarly it was found by Goldblatt and Zilva [1923] that the rates of
destruction by heat and oxidation of these two properties in cod-liver oil
differed markedly, the antirachitie principle being much the more
resistant to oxygenation and to heat. Vitamin D was not unattacked
but was only decomposed by a more prolonged or more drastic treat-
ment than was necessary to effect the destruction of vitamin A.

In addition to this evidence differences were recorded, both qualita-
tive and quantitative, in the distribution of these two principles in
foodstuffs. McCollum and his co-workers made the very significant
observation that butter, while much weaker than cod-liver oil in both
its antixerophthalmic and antirachitic actions, was relatively much
stronger in the former than the latter, thus indicating that these two
different properties of butter depended on two different substances.
These workers also found that coco-nut oil, which, like many other
vegetable fats was lacking in fat-soluble vitamin A, unlike these con-
tained ¢ a substance which stimulates the deposition of caleium salts in
rickets in a manner similar to cod-liver oil’ [McCollum, Simmonds,
Becker and Shipley, 1922].

This conclusion was strengthened by the gradual accumulation of
evidence from 1923 to 1925 that antirachitic (vitamin D) but not
antixerophthalmie (vitamin A) properties could be produced by the
action of certain radiations upon the animal organism or upon natural
foodstuffs composing the diet (see pp. 69, 70). Since then it has been
accepted that vitamin A (the antixerophthalmic vitamin) and vitamin D
{the antirachitic vitamin) are distinet fat-soluble dietary factors, both
of which are required by mammals for satisfactory growth and nutri-
tion [Steenbock and Nelson, 1923; 1924-25; Steenbock and Black,
1924 ; Hess and Weinstock, 1924, 1, 2; 1924-25; 1925, 1, 2, 3].
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Vitamin A,
Tue Errects or ViTamin A DEericiexcy.
Growth.

Tue first indication that a fat-soluble accessory food factor, not
identical with any of the coromon triglycerides or any of the known
“lipoid ” substances, was necessary to ensure satisfactory health and
growth in small laboratory animals fed on artificial diets, was provided
by the work of Stepp [1909; 1911; 1912]. Stepp showed that mice
fed on foodstuffs which had been previously extracted with alcohol
and ether died after a few weeks. If the alcohol-ether extract was
restored to the diet, the animals were enabled to live in good health.
The unknown factor involved was shown not to be inorganie, since
the addition of the ash of the extract to the diet did not remedy the
deficiency. The addition of various triglycerides, or of cholesterol,
lecithin, or kephalin tothe extracted diet was equally ineffective. There
is little doubt, however, that the dietary deficiency studied by Stepp
was complicated by the removal by the aleohol of factors other than
those which we now regard as fat-soluble, possibly of the water-
goluble B vitamins, since butter was found to be deficient and
skimmed milk relatively rich in the missing constituents,

More clear-cut results were obtained when McCollum and Davis
[1913] discovered the ¢ fat-soluble A’ vitamin and showed that rats
failed to grow normally when fed on artificial rations in which lard
or olive ail was the only source of fat. Good growth, however,
followed the addition of an ether extract of egg yolk or of butter to
the diet. Similar results were shortly after published by Osborne
and Mendel [1913, 1, 2).

At this period and during the following few years no distinction
was recognized between vitamin A and the antirachitic fat-soluble
factor discovered later by Mellanby. It is certain, therefore, that the
dietary deficiency studied by many early workers in this field was a
deficiency of both vitamins A and D and not simply of vitamin A.

Young rats fed on a diet deficient only in vitamin A usually grow
for a few weeks. This period is followed by one in which the body
weight remains at an approximately constant level. The animals then
show a sharp decline in weight and death rapidly follows. The timely
administration of adequate supplies of vitamin A is soon followed by
a resumption of growth.

The initial growth of animals fed on diets free from vitamin A is
believed to correspond with the period during which they are
utilizing their own reserves of vitamin A, The duration of this
initial period of growth depends therefore largely on their previous
dietary history [Smith and Chick, 1926].

Xerophthalmia.

Many years before the discovery of the vitamins the belief was
widely held that certain types of conjunctivitis oceurring in children
were of dietary origin. M. Mori [1904] made the important observation
that the disease known as ¢ hikan’, prevalent among children in Japan
and characterized by xzerosis of the eonjunctiva, could be prevented
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by giving various fish-liver oils. He concluded that the cause of the
condition was a deficiency of fat in the diet. Bloch [1917, 1, 2, 3]
and Monrad [1917] as a result of studying cases of conjunctivitis
occurring in Danish children also concluded that the disease was a
dietary one. The former, while agreeing with Mori in believing that
a fab deficiency was the main aetiological factor, suggested that a
- vitamin deficiency might be a contributory cause. Monrad, on the other
hand, definitely 1nclined to the belief that a deficiency of accessory
food factors was the cause,

Knapp [1908] described an infective condition of the conjunctiva
of rats fed on inadequate dietaries. Osborne and Mendel [19183, 2;
1914; 1915] called attention to the frequency with which infected
eyes in rats were associated with a deficiency of what was then known
as the fat-soluble accessory factor, and they pointed out that the
administration of fats rich in the factor resulted in a prompt alleviation
of the symptoms. Similar observations were recorded by McCollum
and Davis [1915, 1)

The analogy between the human disease and that oceurring in rats
as a result of a deficiency of ‘fat-soluble A’, was clearly pointed out
by McCollum and Simmonds [1917], who held that ¢ xerophthalmia’
should be regarded as a deficiency disease.

In rats, the first symptom observed is a swelling of the eyelids which
is followed by an inflamed condition of the conjunctiva. Haemo-
rrhagie and purulent discharges follow ; the cornea becomes affected
and ultimately blindness results. The first symptoms are usually
observed shortly before or simultaneously with the slowing in the rate

“of growth [Osborne and Mendel, 1921].

The histological changes which oceur have been studied in detail by
Stephenson and Clark [1920]; Wason [1921]; 8. Mori {1922, 1, 2J;
Yudkin and Lambert [1921-22,1, 2]; and G. M. Findlay [1925] among
others, There have been some differences of opinion as to whether
the bacterial invasion, which invariably accompanies the disease, is the
primary cause of, or a secondary effect following, the changes that
occur 1n the conjunctiva and cornea. Stephenson and Clark were
unable to detect any histological change in the eyes preceding the
bacterial invasion, and they therefore considered that the primary
change was a lowering of resistance to infection. S. Mori stated that
the primary change oceurred in the lachrymal glands and that the re-
sulting diminution of the secretion was the cause of the xerosis of the
cornea and conjunctiva. Similar views have been advanced by Findlay,
who has also made the important observation that the tears of rabbits

_fed on vitamin A-deficient diets are definitely deficient in lysozyme,
thus providing an explanation for the extreme susceptibility to local
bacterial infection in the eyes of these animals,

Hume [1922] and Goldblatt and Soames [1922] simultaneously
showed that exposure of rats, fed on diets deficient in fat-soluble
vitamins, to ultra-violet radiation was ineffective in preventing the
appearance ofthe symptoms of xerophthalmia,although at first promot-
ing growth. Since ultra-violet radiation was known to be specific in
the cure of rickets, this fact suggested that the aetiological factors
responsible for xerophthalmia and rickets were different. Further
work by Bloch [1924, 1, 2], drawing attention to the infrequency with
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which dietary conjunctivitis accompanied rickets in children, pointed
to the same conclusion. It was realized, therefore, when a distinction
was made between the two fat-soluble factors, vitamins A and D, that
a deficiency of the former was the cause of xerophthalmia,

Xerophthalmia is not an invariable symptom of vitamin A deficiency.
Emmett [1920] observed that 120 out of 122 rats developed the typical
symptoms when fed on vitamin A-deficient diets. On the other hand,
Oshorne and Mendel [1921] recorded an incidence of only 50 per cent.
and Green and Mellanby [1928, 2] of 88 per cent. With more highly
purified diets Osborne and Mendel [1924] reported an 80 per cent.
incidence. Stammers [1924,1], and Sherman and Storms [1925] have
shown that adult rats are less susceptible to the disease than the young.
It seems probable, therefore, that variation in age and in the degree of
purity of the diets employed may to some extent account for the irregu-
larity in the occurrence of xerophthalmia,

The specificity of xerophthalmia to vitamin A deficiency was at one
time questioned by Mc¢Collum, Simmonds and Becker [1922], who
observed a similar condition in rats receiving adequate supplies of
vitamin A, but whose diet was unbalanced with regard to its inorganic
constituents, S. Mori [1923] concluded from histological studies that
the anatomical changes occurring in the eyes of rats in this condition
were identical with those observed in xerophthalmia caused by vitamin
A deficiency. Subsequently [Simmonds, Becker and McCollum,
1927, 1, 2; J. H. Jones, 1927 ; McCollum, Simmonds and Becker,
1926-27] it was shown that the cause of this new type of xeroph-
thalmia was the substitution of ferrous sulphate for ferric eitrate in the
diet and the destruction of the vitamin A in the diet by the ferrous
sulphate. Jones regarded the destruction of the vitamin to be the
result of an oxidation catalysed by the ferrous salt.

Night-blindness (Hemeralopia).

For many years ophthalmologists have recognized a connexion
between the occurrence of conjunctivitis in human beings and certain
types of hemeralopia or night-blindness (see p. 234). Fridericia and
Holm [1925] have shown that vitamin A-deficient rats placed in the
dark after exposure to light show a subnormal rate of regeneration of
the visual purple. Holm {1925] tested the ability of rats to jump off
a table in a dim light, after previous exposure to bright sunlight. In
this way it was shown that vitamin A-deficient rats had developed a
well-defined hemeralopia, ‘ at a stage where it was impossible to per-
ceive any other signs of avitaminosis’. This condition did not develop
unless the animals were previously exposed to bright light for
considerable periods. The administration of vitamin A to hemeralopic
Eats resulted in a disappearance of the symptoms within two to three

ays.

These results have been confirmed by Tansley [1981]), who followed
the course of the regencration of the visual purple in normal and
vitamin A-deficient rats. The visual purple was extracted from the
retinas by a dilute solution of digitonin and quantitatively estimated
by a photographic method. She was able to show that the retinas of

the deficient rats contained in every case subnormal amounts of the
visual purple,
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Susceptibility to Infection.

The history of the development of knowledge relating vitamin A
to infection has been complicated by the slow differentiation of the fat-
soluble vitamin complex. It is true that at a relatively early stage in
the history of this work the absence of vitamin A from the diet had
been associated with xerophthalmia, and the fact that irradiation of the
animal did not cure xerophthalmia [Hume 1922] was interpreted by
Steenbock and Nelson [1923] as evidence that vitamin A and the
antirachitic vitamin were different entities. Since all the earlier work
concerned with vitamin A deficiency also involved a vitamin D defici-
ency, the expression ‘fat-soluble vitamin’ deficiency will be used in
describing this earlier work.

Early attempts to correlate immunity reactions with vitamin defiei-
encies failed to bring out any connexion between the two. Thus Zilva
{1919, 2] found that animalsfed on ¢ vitamin A ’-deficient diets showed
no diminution in agglutinin or amboceptor titres. Findlay and Mac-
kenzie [1922] were unable to show any decrease in the opsonic activity
of the blood-serum of ¢vitamin A’ deficient rats, Cramer, Drew and
Mottram [1922] detected a marked thrombopenia in rats deprived of
vitamin A, to lack of which they ascribed this increased susceptibility.
Bedson and Zilva [1923], on the other hand, were only able to detect
a slight decrease in the platelet count and did not regard the observed
change as a specific lesion produced by the deficiency. Cramer, Drew
and Mottram [1923), however, maintained their original findings, butin
alater paper [Cramer and Kingsbury, 1924] the thrombopenia was
regarded as a result of, rather than the cause of, the bacterial invasion.
The observations of Falconer [1926] were in close agreement with
those of Bedson and Zilva.

McCollum [1917] was the first to draw attention to the susceptibility
of rats when fed on diets deficient in fat-soluble vitamin to respiratory
infection [see also Drummond, 1919, 2] Under similar dietetic condi-
tions puppies also often developed broncho-pneumonia [E. Mellanby,
1919). This question of the relation of diet to infection later
attracted more interest [Steenbock, Sell and Buell, 1921} and was
extended to the intestine by Cramer [1923]. Following up S. Mori’s
[1922, 2] observations on the hyperplasia of epithellum produced
by diets deficient in fat-soluble wvitamin, Wolbach and Howe
[1925] discovered the metaplasia of epithelium and the keratinization
changes produced by this dietetic defect. Although primarily con-
cerned with the epithelial changes they also noted the local infective
conditions often found at the seats of epithelial change. It is interest-
ing to note that Wolbach and Howe remarked on the ‘cysts’ found
under the tongue in these animals, a condition later alluded to as
abscesses by Sherman and Munsell [1925], one of the commonest
forms of infection to be found in rats fed on diets deficient in fat-
soluble vitamins. Cramer and Kingsbury [1924] no doubt meant the
same lesion, or a similar one of the submaxillary glands, when they
referred to a ¢ subcutaneous abseess in the neck’ in animals eating diets
defective in this respect.

As regards the differentiation of the parts played by vitamins A and
D respectively in susceptibility to infection, E. Mellanby {1926, 2]
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analysed the dietary of a large number of puppies which had died from,
or escaped, an epidemic of broncho-pneumonia and found that the
susceptibility to this disease was correlated with a deficiency of fat-
soluble vitamin in the diet, but that this susceptibility was not related
to the calcification of the bones. Dogs, for instance, whose dietincluded
butter, although often developing defective bone and even local ate-
lectasis (collapse) of the lungs, escaped broncho-pneumonia: when the
butter was heated and oxygenated, broncho-pneumonia often developed
as well as badly calcified bones. Cod-liver oil produced perfect bones
and also protected against broncho-pneumonia.

Goldblatt and Benischek [1927] repeated the work of Wolbach and
Howe on the dietary factor responsible for hyperplasia and metaplasia
of epithelium, but they took the added precaution of giving vitamin D
in the basal diet in the form of irradiated cotton-seed oil, so that the
diet was deficient only in vitamin A. The epithelial changes were thus
proved to be due to deficient vitamin A intake, and the infective lesions
also found, such as keratomalacia, broncho-pneumonia, and enteritis, -
could now be definitely aseribed to lack of this particular vitamin.

Green and Mellanby [1928, 2] reinvestigated this problem on a
large scale with the object of finding out why animals ceased to grow
and died on diets deficient in vitamin A. They found that rats on such
diets almost invariably died with multiple infective foei of the type
described by previous workers, and that these lesions could be readily
observed macroscopically. The addition of vitamin D in the form of
irradiated ergosterol did not increase the resistance to bacterial infec-
tion—in fact, this addition often appeared to hasten the onset, possibly
because of the increased rate of growth. The incidence of the infective
foci in 92 rats fed on diets deficient in vitamin A was as follows:

Xerophthalmia, 38 per cent.

Abscess at base of tongue, 72 per cent.

Infections of lungs, 9 per cent.

Infections of genito-urinary tract (including renal and bladder
caleuli), 44 per cent.

Middle-ear abscess and septic nasal sinuses, 20 per cent.

Other seats of infection were prostate glands, seminal vesicles, spleen,
intestine, and ovaries. Fifty control rats on the same diet with the
addition of some source of vitamin A, as for example dried cabbage,
butter or cod-liver oil, developed no sign of any of these infections.
Green and Mellanby therefore gave the name ‘anti-infective vitamin’ to
vitamin A to signify that animals deprived of this substance died
of bacterial infective lesions.

A further development of this work was the demonstration by
Green and Mellanby [1930] that carotene (see p. 39) also has the specific
cffect of preventing the local infections above described as well as
the hyperplastic changes of the epithelium. A point of interest about
this work 1s the quantitative relationship between the amount of
carotene ingested and the degree of infection, Thus a daily dose of
0.03 mg. of the specimen of carotene used prevented the development
of all infective foci in the young rat; 0-01 mg, allowed a moderate

dfoigrftae of infection; while 0-005 mg, had no significant protective
eliect,



30 VITAMINS

_ Two important problems in this connexion remain for future
investigation :

(1) The specificity of vitamin A in its relation to bacterial resistance.

{2) The significance of this relationship in the case of man and other

animals.

There is a general consensus of opinion that in the case of other
vitamins deficiency of intake also lowers the resistance of animals to
infection, but there is no evidence that the relationship is as direct as in
vitamin A deficiency, For instance, the work of Grant, Suyenaga and
Stegeman (1927, 1, 2), and of Eichholz and Kreitmair [1928] has shown
that a lowered resistance to certain types of bacterial infection results
from vitamin D deficiency.

To what extent these results are applicable to some human infections
remains to be established. The fact that some of the infective
conditions observed in rats are commonly found among human
beings, especially children, suggests that a deficiency of vitamin A
- intake is a factor of importance in the aetiology of these human
diseases. This might well apply, for instance, to broncho-pneumonia,
- middle-ear disease, and septic nasal sinuses. Several attempts have
been made to see whether vitamin A therapy, either curative or
prophylactic, can influence certain cases of infection, For instance,
Mellanby and Green have treated puerperal septicaemia with diets
specially rich in vitamin A, and their results indicate an increased
resistance in cases of this disease, except in those of the fulminating
type and in those complicated with peritonitis and septic thrombo-
phlebitis [1929 ; Green and Mellanby, 1930]. The same workers have
also recorded the results of treating women late in pregnaney with
vitamin A preparations and have compared the amount of puerperal
sepsis which developed after parturition in these cases with that in an
equal number of women who received no such addition to the diet.
Here again the results showed a definite increase in resistance to
infection inthe former group[1930] (see p. 270). Donaldson and Tasker
[1930] at the Crown Gold Mines, Johannesburg, tested this form of
treatment in cases of pneumonia among the native workers, To 100
cases of pneumonia they gave daily 11b. of liver, to a second 100
radiostoleum (a preparation containing vitamins A and D), and a third
100 received no additional treatment. The untreated cases had a
mortality of 13 per cent., that of the first and second groups was 8 per
cent. On the whole, therefore, although the evidence is at present no
more than suggestive, it seems possible that the animal results may
prove to have some bearing on certain types of human infection. It
1s of interest to note that Bloch [1921]in an analysis of 64 cases of vita-
min A deficiency in human beings, diagnosed on the basis of xeroph-
thalmia, found a high rate of other infective conditions. There were 15
cases of pneumonia, 12 of bronchitis, 15 of otitis media, 27 of pyuria,
and 14 of pyodermia.

The animal experimental method has also been used to see whether
vitamin A deficiency influences the resistance to infections transmitted
to the animals and not developed autogenously. Thus Lassen [1930]
has found that rats inoculated by mouth and by subcutaneous injection
with Breslau bacilli (paratyphoid) succumb more readily when the
diet is deficient in vitamin A than when rich in this substance. An
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obvious difficulty in this type of work is that animals deprived of
vitamin A have much less vitality than animals on complete diets and
therefore die more readily when exposed to the strain of a septicaemia.
Topley, Greenwocd and Wilson [1931] determined the mortality of
mice consuming diets respectively rich and adequate in vitamin A
when associated with other mice infected with B. aestrycke. Theyfound
no increase in resistance in the mice fed on the richer diet.

The subject is one of great practical importance and is attracting
much attention among laboratory and clinical investigators. For the
time being it is impossible to assess the significance or the limita-
tions of the animal results so far as human disease is concerned.
It may be, as claimed by Cramer and Kingsbury [1924], that a
deficiency of this substance in the body simply brings about a break-
down of the local defences of such organs as the intestine, eyes, and
lungs against bacterial invasion and has no effect on the general
humoral defences. Even if this is its mode of action, the prophylactic
and therapeutic uses of vitamin A in human disease ought to be of
great value,

Susceptibility of the Central Nervous System to Toxic Influences.

The experimental production of a syndrome resembling subacute
combined degeneration of the spinal cord has recently become a -
problem of some interest and promises to open up to scientific study
from a nutritional aspect a number of human nervous diseases which
have hitherto been almost entirely subject to clinical study alone,

Hart, Miller and McCollum [1916] described changes in the anterior
horn cells of pigs’ spinal cords caused by diet. No changes in the
conducting fibres were described and the authors decided that they
were dealing with a form of beri-beri, not, however, due to a deficiency
of vitamin B, which was present in abundance in the wheat germ
contained in the diet. Indeed the pathological condition was aseribed
rather to a toxic action of the wheat germ. The changes in the cord
could be prevented by adding alfalfa meal and meat scraps to the diet
and the protective action of these foodstuffs was attributed to a com-
bined action of additional proteins, fat-soluble vitamins, and a better
salt mixture, but not to any one of these substances alone. Hughes,
Lienhardt and Aubel [1929] observed degeneration of fibres in the
spinal cord, and in some peripheral nerves, of pigs after feeding them
from the time of weaning on white corn, tankage and bone-ash. They
also found that these changes could be prevented by cod-liver oil,
butter fat, yellow corn, and alfalfa leaf meal, and suggested that the
preventive dietary factor was probably vitamin A

Someyearspreviously E. Mellanby[1926, 1]described the production
in dogs of a condition resembling combined system disease with degen-
erated nerve fibres in tracts of the cord by the use of diets rich in
cereals, especially in wheat germ, and deficient in fat-soluble vitamins.
He ascribed this effect to a nerve toxamin in the cereals, which like
the de-caleifying toxamin also contained in cereals could only operate
in the absence of a fat-soluble vitamin,

In 1929, in a lecture in Kenya, E. Mellanby [1930, 1, see also 1931,
1, 2] gave further results of the experimental production by dietary
measures of subacute combined degeneration of the cord, which he
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found could be hastened and intensified by adding a small quantity of
ergot (2-5 g. daily) to the diet. Vitamin D which was found to be a
constituent of ergot [Mellanby, Surie and Harrison, 1929] played
little or no part in the processes. The addition of vitamin A-con-
taining substances such as mammalian-liver oil or butter prevented
the neuro-toxin contained in ergot from being effective. ~Carotene
(about 5 mg.) or carotene-containing substances (e.g. carrots or cabbage)
also prevented degeneration of the spinal cord, and this condition, if
permitted to develop, was rapidly improved by the addition of carotene
or vitamin A to the diet, and the degeneration of the central nervous
gystem was arrested.

It is not yet possible to make any definite statements as to the
significance of these facts with regard to nervous disease in man.
E. Mellanby suggests, however, that they probably explain the appear-
ance in epidemice form of convulsive ergotism, a condition which was
common at one time in rye-eating countries, These epidemics appear
in times of famine and drought and are ro doubt due partly to the con-
sumption of ergotized rye and partly to the fact that butter, vegetables,
and other sources of vitamin A and carotene are unprocurable, If
the diet is rich in vitamin A dogs can eat large quantities of ergot
continuously without causing any affection of their nervous system
[E. Mellanby, 1931, 2]. ’

Lathyrism is another disease associated with degenerative changes
in the spinal cord similar to those occurring in dogs fed on vitamin
A-deficient diets with addition of ergot. This disease which is often
widespread in some Indian provinces is also a disease of poverty and
develops in persons eating largely of peas (Lathyrus sativus). In
this ease also it is possible that the absence of vitamin A and carotene
from the diet allows a neuro-toxin in the peas to exert its harmful
effect on the nervous system [E Mellanby, 1931, 2},

In pellagra somewhat similar degenerative changes are found
in the nervous system. In view of the fact that pellagra occurs
commonly, but not exclusively, among maize-eating populations, it is
of interest to note that yellow maize not only does not produce the
characteristic demyelination of the cord in dogs when 1t forms the
cereal element of diets deficient in vitamin A, but actually prevents
ergot from producing this effect [E. Mellanby, 1931, 2]. Yellow
maize apparently containg sufficient carotene to give the necessary
protection against the neuro-toxin of ergot. White maize has been
found to possess little or none of such a protective property.

Whether administration of vitamin A or of carotene results in
any great improvement of the nervous manifestations of pellagra has
not been tested. Clinical evidence suggests that vitamin A may
play a significant part in preventing the development of certain
other conditions characterized by nerve demyelination which are more
commonly found in this country. Pernicious anaemia, for instance,
and disseminated sclerosis have been treated with mammalian
liver, and good results have been claimed. Whereas it is now recog-
nized that the abnormal condition of the blood in pernicious anaemia
can be successfully treated with watery extracts of mammalian liver
[Minot and Murphy, 1926, this substance has no curative or preventive
action on the lesions in the central nervous system, often present in
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the later stages of that disease. It is reported, however, that whole
liver has been found to be curative both of the blood condition and
of the nervous lesions [Ungley and Suzman, 1929].  In this case, the
beneficial effect on the cord may be due to the vitamin A contained
in the liver, as suggested by E. Mellanby’s experiments. Similar
curative effects of whole liver in disseminated sclerosis have. been
described by Goodall and Slater [1931]. Owing to the well-known
fact that remissions often occur normally in cases of disseminated
sclerosis, it is too early yet to accept liver therapy as a specific treatment
in this disease, but the evidence so far is promising. The argument
based on the frequent occurrence of remissions in this disease is,
however, double-edged and may imply unrecognized dietetic influences,
as was proved to be the case in pernicious anaemia.

Keratinization of Epithelial Cells.

Closely linked with the question of susceptibility to bacterial
infections are the pathological changes in epithelial surfaces that have
been repeatedly observed as a symptom of vitamin A deficiency.
S. Mori [1922, 1, 2] was the first to draw attention to these changes
which he observed in the larynx, trachea, and in the ducts of
various glands. Wolbach and Howe [1925, 1928] showed that the
substitution of stratified keratinizing epithelium for normal epithelium
in the alimentary tract, the respiratory tract, the genito-urinary tract,
the eyes, the parocular glands, and the pancreatic duct was a character-
istic effeet of vitamin A deficiency in rats and guinea-pigs. They
claim [1925] ¢ that the substitution of keratinizing epithelium in all
locations is not secondary to infections, and presumably is a primary
effect of the withdrawal of factors essential for the chemical activities
or maintenance of differentiation of the epitheliums cdncerned’. As
Green and Mellanby [1928, 2] have stated, the susceptibility to infec-
tion may be ‘due to the favourable medium which obstruction by
desquamated keratinized cells provides for bacterial growth’,

The continued appearance of keratinized epithelial cells in the
vaginal tract of the rat has been observed by several workers and
used as a criterion of vitamin A deficiency [Evans and Bishop, 1922, 1,
2; Macy, Outhouse, Long and Graham, 1927 ; Coward, 1929, 1]. Since
inthenormal rat the presence of keratinized epithelial cells indicatesthe
period of oestrus, Evans and Bishop at first wrongly assumed that the
prolonged keratinization observed was due to a prolongation of oestrus,
but later experiments [Evans, 1928, 3] clearly showed that this could
not be so since the same phenomenon was observed even after double
ovariectomy. Coward [1929, 1], and Coward, Morgan and Dyer[1930],
on the other hand, found this symptom of little use for the diagnosis
of vitamin A deficiency, since not only did they fail to find constantly
a ‘cornified” vaginal smear after cessation of growth, but in certain
cases the vaginae of the young rats did not open until after the other
symptoms of vitamin A deficiency had appeared.

Reproduction,

Failure in reproduction by rats deprived of vitamin A has been
observed for many years [ Drummond, 1919,3 ; Shermanand MacLeod,
1925}  Parkes and Drummond [1928] tried to determine the nature

C
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of this sterility by histological examination of the gonads of animals
in different stages of vitamin A deficiency. No degeneration or other
abnormalities of structure were found even in rats which had ceased to
grow when far below adult weight. When similar rats were changed
to a vitamin A-rich diet, they grew to maturity and reproduced
freely. Since, however, it is now realized that these rats were
probably also suffering from a shortage of vitamins D and E, the effects
cannot be ascribed simply to a deficiency of vitamin A,

Sure [1928, 1] demonstrated that a deficiency of vitamin A leads to
resorption of the foetus, as does a deficiency of vitamin E.

ProrerTiEs AND ATTEMPTED IsoraTion or Viramiy A,
Properties.

In the early literature on the general chemical properties and
stability of fat-soluble A, many apparent contradictions are to be
found. These can partly be ascribed to the difficulties encountered
in even roughly quantitative estimations of the vitamin by animal
growth tests, On the other hand insufficient care to exclude more
than one factor influencing the stability of the vitamin has led in
many cases to confusion, A striking example of the latter is seen in
the question of the stability of vitamin A to heat. McCollum and
Dawis [1914] originally pointed out that since the fat extracted from
boiled eggs was highly active, the vitamin must be resistant to heat.
Osborne and Mendel [1915; 1920, 1] found that the vitamin in butter
fat was highly thermostable, while Steenbock and Boutwell [1920, 2]
were able to show that the vitamin from vegetable sources was also
stable to heat. On the other hand Steenbock, Boutwell and Kent
[1918], and Drummond [1919, 2] reported experiments which indicated
that the vitamin in butter fat was destroyed to a large extent by heat.

The explanation of these discrepancies became clear when it was
shown by Hopkins [1920] that although the vitamin in butter was
resistant to temperatures up to 120° C. it was readily destroyed by
aeration at all temperatures. Hopkins’s results on butter fat were
independently confirmed by Drummond and Coward [1920], while
Zilva [1920, 1; 1922] showed that the vitamin in fish-liver oils was
also destroyed by aeration at ordinary temperatures and more rapidly
if ozone were employed.

Attempts to isolate Vitamin 4.

The important observation that vitamin A was resistant to alkaline
saponification was made by McCollum and Davis {1914]. This fact,
confirmed by Steenbock and Boutwell [1920, 3], Steenbock, Nelson
and Hart [1921}, and Drummond and Coward [1921}, formed the basis
of many of the subsequent attempts to concentrate and isolate the
vitamin from various sources. Provided that adequate precautions
against oxidation are observed, the vitamin in cod-liver oil is stable
to treatment with a hot solution of alcoholic potash or sodium ethoxide,
and may be quantitatively recovered in the unsaponifiable fraction by
extraction of the soaps with ether or some other suitable solvent.
Since the unsaponifiable matter present in many natural fats and oils
containing the vitamin forms only a small fraction of the total bulk,
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a considerable degree of concentration may be accomplished by this
rocess. A
P The technique of the process [Steenbock, Sell and Buell, 1921;
Drummond, Channen and Coward, 1925] was modified by Takahashi
et al. [1925], who converted the soaps into calcium salts and obtained
the unsaponifiable matter from the alcoholic extract of these, and by
Marcus [1928] who extracted the semi-solid mass of soaps with ethy.
lene dichloride and claimed to have obtained quantitative extraction
of both vitamins A and D. Dubin and Funk [1923] extracted cod-
liver oil with acetic acid and saponified the extract in the usnal way.

The cholesterol in the unsaponifiable fraction of cod-liver oil can
be precipitated by digitonin without removing any of the vitamin A
activity [Drummond and Coward, 1922]. Since approximately 50
per cent. of the unsaponifiable matter of many natural oils containing
the vitamin consists of cholesterol, a still further degree of concentration
can be obtained by such a process, and the cholesterol-free unsaponifi-
able matter has been the starting-point for several attempts to isolate
this vitamin. This fraction has been shown to contain carbon, hydro-
gen, and oxygen, but no nitrogen, phosphorus, iodine or other halogens
{Takahashi, 1922 ; Drummond, Channon and Coward, 1925]. The
absence of 1odine 1s of particular interest since at one time the sug-
gestion was put forward that the therapeutic action of cod-liver oil
was due to traces of this element {Kopp, 1836, 1, 2.

Takahashi and his colleagues [1922; 1923 ; 1925] made extensive
studies of these active concentrates and by fractional distillation under
reduced pressure isolated material which they regarded as the pure
vitamin [1925]. This material, termed by them *biosterin’, was
described as a reddish-yellow transparent viscous oily substance, and
was assigned the formula C, H,;0,. The suggestion that this sub-
stance was an unsaturated alcohol related to the sterols was
advanced by them.

Drummond, Channon and Coward [1925], following up earlier work
[Drummond and Coward, 1924] on the chemical nature of the
cholesterol-free unsaponifiable fraction of cod-liver oil, were able to
show that the claim of Takahashi to have isolated the vitamin was
unfounded. They succeeded in effecting some degree of concen-
tration by distillation in a high vacuum, but the most active fraction,
of the same order of activity as ¢biosterin’, proved to be a complex
misture containing, amongst other substances, the unsaturated hydro-
carhon squalene, and a solid saturated alcohol. These two substances
were found to be devoid of growth-promoting activity. Since the
remainder of the most active fractions appeared to consist largely
of a complex mixture of unsaturated aleohols, physiological tests
on oleyl alcohol, selachyl aleohol, and phytol were carried out. All
these substances were inactive. The 1nactivity of phytol was also
demonstrated by Javillier, Baude and Lévy-Lajeunesse [1925).

A further unsuccessful effort to isolate vitamin A from Liver
oil was made by Drummond and Baker [1929], using the colour test
(p. 87) as criterion almost exclusively, Attempts to concentrate the
cholesterol-free unsaponifiable fractions of both eod-liver oil and sheep-
liver fat by distillation at low pressures met with no success, since
the extensive decomposition which occurred led to considerable losses

c2
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in the total vitamin activity. On the other hand, distillation of the
unsaponifiable matter of shark-liver oils yielded certain fractions
possessing a higher activity than the original material. The most
active fractions were found to consist very largely (90-95 per cent. or
more) of selachyl, batyl, chimyl, and oleyl aleohols, each of which was
physiologically inactive. The vitamin was probably present only to
the extent of less than 1 per cent. in such unsaponifiable fractions,
and the difficulties in the way of the isolation of vitamin A from these
sources would appear to be great,

The physiological activity of vitamin A preparations does not appear
to be impaired by chemical treatments which involve reactions with
hydroxyl groups, e.g. acetylation, benzoylation, ete. On the other
hand, processes which affect double bonds, e.g. oxidation, hydrogena-
tion, bromination, lead to complete destruction of the activity
[Drummond, Channon and Coward, 1923).

Karrer and his co-workers [Karrer, Morf and Schopp, 1931, 1, 2;
Karrer ef al, 1931] have confirmed the observation first made by
Rosenheim and Webster [1927, 6], that the liver oils of certain fishes,
such as the halibut, are much richer sources of vitamin A than cod-
liver oil. They used livers of halibut (Hippoglossus) and of mackerel
as starting materials, and the colour reaction with SbCl, was relied on
for controlling the progress of purification. This consisted mainly in
saponification of the liver oil and removal of the sterols by cooling to
—60° C, a methyl aleoholic solution of the unsaponifiable portion. The
final purification was effected by fractional adsorption on fibrous
alumina and furnished a faintly yellow viscous oil, which, it is claimed,
contains at least 50 per cent. of vitamin A. The oil (obtained from
halibut) had a colour value of 10,000 (cod-liver oil=1) and a bio-
logical activity of 0.5y (i.e. the smallest amount producing distinct
increase in growth). It still contained about 5 per cent. of vitamin
D. A molecular weight estimation in camphor (Rast) gave mol. wt.
820, a figure in agreement with the mol. wt. 333 calculated by Bruins,
Overhoff and Wolff {1931] on the basis of diffusion experiments and
colour tests.

The oil obtained from the unsaponifiable fraction of the liver oil of
mackerel bad similar properties to that from halibut, but was free
from vitamin D (vitamin A activity not stated). Its elementary
analysis gave figures agreeing with the formula C,,H, 0 (or C,,H,,0)
and 1t yielded uncrystallizable esters with acetic and p-nitrobenzoic
acids, the elementary composition of which again agreed with the
above formula. On ozonization both preparations furnished geronic
acid.

On the basis of this work Karrer, Morf and Schopp [1931, 1, 3]
make the interesting suggestion that both vitamin A and carotene
contain the ring-system of SB-ionone, since geronic acid is obtained by
similar treatment from both B-ionone and carotene. A constitutional
formula containing the B-ionone ring-system with an aliphatic side-
chain, similar to that present in carotene, is tentatively advanced.

Heilbron, Heslop, Morton, Drummond and Rea [1932] have
obtained results which in many respects confirm those of Karrer and
his co-workers, Specially selected halibut oils were used and the
extraction was followed spectroscopically. The final stages of the

.
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concentration were effected by fractional vacuum distillation at
pressures below 0-00001 mm. The product resembled that described
by Karrer, namely a poly-ene alcohol, of molecular weight circa 300,
The degree of unsaturation appears to correspond with 4 or 5 double
bonds, whilst the earbon content (circa 82 per cent.) is lower than
would be expected for C, H,,0. The distilled preparations promote
growth in rats in daily doses of 0-1y.

Tae Corour REACTIONS AND ABSORPTION SPECTRUM ATTRIBUTED
ro ViTamin A,

Attention was drawn to the possible significance of the colour
reactions of cod-liver oil when it was recognized by Rosenheim and
Drummond [1920] that the purple colour developed with sulphuric
acid is due to a chromogen which is also a normal constituent of all
liver fats, whether derived from fish, bird, or mammal. The dis-
tribution and general properties of this chromogen, such as resistance
to saponification, solubilities, lability towards oxygen, suggested to
them a relationship with vitamin A [ef. Drummond and Watson, 1922},
The extremely unstable nature of the reaction, however, prevented
its use for quantitative comparison of different oils.

The discovery that arsenic trichloride and similar reagents give with
cod-liver oil, and other liver fats, a brilliant blue eolour reaction, which
is sufficiently stable for colorimetric purposes, paved the way for the
quantitative application of this reaction [Rosenheim and Drummeond,
1925]. Tt was found that the distribution of this chromogen is similar
to that of vitamin A, whilst the positive reaction given by carotene
strengthened the previous suggestions of a relationship between this
pigment and vitamin A. There is an essential difference between the
absorption spectra (see later) of the colour produced in the reaction
with carotene and of that produced from the cod-liver oil chromogen,
but the fact that the cod-liver oil chromogen appears in the livers of
vitamin A-deficient rats after administration of carotene [Moore, 1930,
1931] provides additional evidence of the specificity of this reaction
for vitamin A.

By substituting antimony trichloride for arsenic trichloride and using
Lovibond’s graded colour glasses, Carr and Price [1926] made it
possible to measure accurately and to compare the colour value of
different oils. The reaction is carried out by mixing chloroform
solutions of the oil and the reagent. The rapid matching of the tran-
sient blue colour is greatly facilitated by the use of the colorimeter
described by Rosenheim and Schuster [1927]. In order that different
observers should obtain concordant results it is essential that stan-
dardized conditions should be adhered to. These have been defined
by the Pharmacopoeia Commission [1981], as it was eonsidered that
this colour test might prove of value for indicating the degree of
deterioration of pharmaceutical cod-liver oils, The Pharmacopoeia
Commission deprecates the use of the term *blue unit’ in expressing
the colour value of cod-liver oil and points out that ‘the figures given
to a glass on the Lovibond scale represent merely a grading in
a series of glasses, and do not represent an amount of biological
activity’,
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The application of the test is limited, as pointed out originally by
Rosenheim and Drummond [1923), to medicinal cod-liver oils and
similar liver fats, which are usually only slightly pigmented. Since
other carotenoids as well as carotene, such as xanthophyll, lycopin, and
crocefin, give colours with AsCl; and SbCl, which are superficially
similar to those given by cod-liver oil, the blue colour alone cannot
be regarded as a specific test for vitamin A, The colour given by the
yellow pigment carotene can, however, be differentiated from that of
the colourless vitamin A contained in cod-liver oil by its specific
absorption at 590 mp [Dulitre, Morton and Drummond, 1929]

Whilst the maximum intensity of the absorption band of the pro-
duct of the SbCl, reaction of liver oils was stated to be at 614 mu by
Wokes [1928] and at 608 mu by Drummond and Morton [1929), 1t
has been found by Gillam and Morton [1931] that the blue colour is
complex, and possesses two absorption bands with maxima at 572 my
and 606 mp. The relationship of these bands to each other and to
vitamin A remains undefined, although certain evidence (see later)
suggests that the chromogen giving rise to the band at 572mp is
probably related to vitamin A, and that the band at 606 mpu is due to
the product of slow oxidation of another substance present in liver oils
[Heilbron, Gillam and Morton, 1931].

Fish-liver oils show selective absorption in the ultra-violet region
of the spectrum at about 820-328 myu [Takahashi ef al., 1925 ; Schlutz
and Morse, 1925 ; Heilbron, Kamm and Morton, 1927 ; Woodrow,
1928], which has been brought into relationship with wmitamin A by
Morton and Heilbron [1928).  Their results showed a striking parallel
between the depth of the blue colour given by the SbCl, reagent and
the intensity of the selective absorption at 828 mu in various fish-liver
oils, ete. Later work led these authors [Gillam and Morton, 1931 ;
Heilbron and Morton, 1931]to the view that the substance responsible
for the ultra-violet absorption band at 328 myu is probably identical
with the chromogen giving rise to the 572mpu band in the SbCl,
reaction,

Coward, Dyer, Morton and Gaddum [1931] found that the intensity
of the colour produced by the action of antimony trichloride on the
unsaponifiable fraction of an oil [see also Norris and Church, 1930, 1, 2,
3,4 ; Swith and Hazley, 1930] was in better agreement with the result
of their biological test for vitamin A than the intensity of the colour
produced with the oil itself. It seems therefore advisable in all cases
to make the colour test on the unsaponifiable fraction rather than on the
fat itself. Tests based on measurement of the intensity of absorption
of the oil at 328 my gave slightly better agreement with the results of
the biological tests, but certain of the oils examined showed serious
discrepancies between the results of the biological tests and both of
these physical tests, so that the latter cannot yet be regarded as trust-
worthy measures of vitamin A. Until the specificity for vitamin A
of the chemical and physical tests has been fully established by the
isolation of vitamin A itself, biological evidence must obviously remain
indispensable as final proof for the presence of vitamin A,

Other colour reactions. A red colour reaction with pyrogallol and
trichloroacetic acid was considered characteristic for vitamin A by
Fearon [1925; of, Willimott and Moore, 1926 ; Euler, Myrbick and
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Karlson, 1926], but was found to be non-specific by Rosenheim and
Webster [1926, 3, 4]. _

A blue colour reaction with AsCl,, SbCl, ete., superficially resem-
bling that shown by cod-liver oil with the same reagents, is given by
‘oxycholesterol” [Rosenheim, 1927], a mixture of chemically undefined
substances obtained by treatment of cholesterol with oxidizing agents
[Lifschiitz, 1918). The reaction differs from that given by cod-liver oil
in its absorption spectrum and other characters. When tested bio-
logically, the product was found to be devoid of vilamin A activity
[Rosenheim, 1927]. As Seel and Dannmeyer [1930; 1931] and Seel
[1931] aseribed antixerophthalmic and growth-promoting properties to
¢ oxycholesterol’, the subject was reinvestigated and the results showed
that three different preparations of ‘oxycholesterol’, when tested in
doses up to 1 mg. daily, failed to prevent the death of rats deprived of
vitamin A or to cure xerophthalmia [Rosenheim, Hume and Crawford,
unpublished results, 1931},

Tae Revation or Viramin A 10 CAROTENE.

The close parallel that exists between the vitamin A poteney of
many foods of vegetable origin and their content of yellow fat-soluble
pigments has frequently been commented upon (see p. 45). Steenbock
and his colleagues [1919; 1920, 1, 8; 1921} emphasized this relation-
ship and suggested that the vitamin was identical with, or closely
related to, one of these pigments. Similar views were expressed b
Rosenheim and Drummond [1920] and by Coward [1923], who,
working with the white and yellow petals of flowers, stated that
¢some lipochrome—generally carotene—is always associated with the
vitamin in plant tissues’,

Steenbock and Boutwell [1920, 8] showed that on fractionating the
unsaponifiable matter of pigmented vegetable oils with light petroleum
and aqueous alcohol, the vitamin A activity was associated with the
carotene fraction, soluble in light petroleum, rather than with the
xanthophyll fraction. Furthermore, Steenbock, Sell, Nelson and
Buell [1921] claimed that carotene which had been recrystallized
several times, when fed to animals on vitamin A-deficient diets, caused
a resumption of growth. Steenbock suggested that vitamin A might
be the leuco-compound of a lipochrome [1919]. Palmer and Eckles
[1914,1,2, 3, 4, 5] and Palmer [1915] had previously shown that the
plant carotenoids are the source of the so-called animal lipochromes,
Since the animal organism was known to depend upon vegetable foods
for its supplies of vitamin A, this fact seemed to supply additional
support for the view that vitamin A was closely related to the
carotenoids.

On the other hand, it was soon found that the parallel between
vitamin A potency and yellow pigmentation did not extend to fats of
animal origin. Steenbock, Sell and Buell [1921] found that although
highly pigmented butters tended to possess a high vitamin activity,
the relationship was not constant, and in the case of cod-liver oil the
acﬁivnty was vastly greater than would have been expected from the
colour,

Palmer and his colleagues [1919, 1, 2, 8 ; 1921] were unable to agree
with the views expressed by Steenbock and his co-workers, and by



40 VITAMINS

experiments in which chickens and rats were successfully reared on
diets free from carotenoids, but containing pig’s liver, claimed to have
demonstrated the non-identity of the vitamin with any of these pig-
ments. No vitamin A potency was demonstrated in pure crystalline
carotene by Drummond [1919, 2], Rosenheim and Drummond [1920],
Stephenson [1920], or Drummond, Channon and Coward [1925],
while Stephenson [1920] found that the yellow pigment could be
removed from butter fat without causing loss of vitamin activity.

The weight of evidence against the theory that vitamin A was
identical with one of the carotenoid pigments thus appeared over-
whelming and for some years the theory was abandoned.

The feeding tests with pure carotene were carried out by the above-
mentioned authors at a time before it was clearly understood that
vitamins A and D were separate principles and that vitamin D itself
was also necessary to maintain growth in young rats. Attention was
drawn to this point by Euler, Euler and Hellstrom [1928). These
workers were struck by the fact that the colour reactions supposed to
be due to vitamin A were also positive for carotene, as had alread
been pointed out by Rosenheim and Drummond [1925] Euler and
his colleagues therefore subjected crystalline carotene to a further
feeding test, with the result that this pigment was found to supplement
satisfactorily a vitamin A-deficient diet in doses of about 0-005 mg.
per rat per day. These findings were confirmed in a later communica-
tion {Euler, Euler and Karrer, 1928]. Xanthophyll [cf. Willimott and
Moore, 1927]; lycopin, a-crocetin, capsanthin, bixin, and norbixin
were found to be inactive.r The suggestion was tentatively advanced
by Euler and his colleagues that vitamin A activity was associated
with a certain system of double bonds present in the molecules both of
carotene and of the vitamin A contained in liver oil.

The vitamin A-like sctivity of erystalline carotene was shortly after-
wards confirmed by Collison ¢t al. [1929], and by Moore [1929, 1, 2],
although the fact that pure carotene became decolorized by oxidation
in ethyl oleate solution [Hume and Smedley-MacLean, 1930;
Drummond, Ahmad and Morton, 1930], whilst impure specimens
were more stable, led at first to some confusion [Duliére, Morton
and Drummond, 19291,

Although it was apparent that the classical vitamin A of cod- and
other fish-liver oils (nearly colourless) was not identical with carotene
(orange-red), the possibility still remained that the activity of carotene
might be due to the presence of traces of the former, Carotene is less
potent than some liver-oil concentrates; if therefore the activity of the
pigment were due to traces of the liver-oil vitamin, the absorption
band at 828 my attributed to vitamin A might be visible in carotene
solutions. Capper [1930, 1] was unable to detect this band in such
solutions, although the absorption due to the pigment itself was
insufficient to obscure it if present. i

The blue colours given by carotene and the liver-oil vitamin A with
antimony trichloride have been shown to differ appreciably. The colour
given by carotene is characterized by an initial band at 590 my [Euler,
Euler and Hellstrom, 1928 ; Dulidre, Morton and Drummond, 1929 ;
Moore, 1929, 2] The blue colour due to the liver-oil vitamin on the

1 The claim that dihydre-a-crocetin was active has not been sustained.
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other hand shows a band at about 610 myu. Moore [1929, 8; 1930]
has put forward evidence that carotene is converted into the ¢liver-
oil vitamin’ ¢n vive. The rat proved to be an exceptionally suitable
animal for this experiment, since as Palmer and Kennedy [1921]
showed, this animal normally contains little carotene in its body. The
liver fat of rats suffering from vitamin A deficiency was found
[Rosenheim and Webster, 1926, 3] to give no blue colour with
antimony trichloride but, after feeding with large amounts of purified
carotene, the liver fat was found by Moore to show the characteristic
absorption band at 828 my, and to give an intense blue eolour with
antimony trichloride with a band at 610-630 mp. These findings
were shortly afterwards confirmed by Capper[1930, 2] and by Drum-
mond, Ahmad and Morton [1930]

These results suggest either that carotene is converted into vitamin
A in vivo, or else that the growth-promoting potency both of the
pigment and of liver-oil concentrates is due to the presence of traces
of the same intensely active substance. In this connexion the
possibility should not be lost sight of that photo-synthetical pro-
duction of both vitamin A and carotene might be the cause of their
association in the plant. The statement, based on spectroscopic
observations only, has been made that carotene is converted in the
liver into vitamin A by the agency of an enzyme, provisionally
called carotenase [Olcott and McCann, 1931]

The relation of vitamin A to carotene is conveniently summarized
in the following table ;

Carolene Vitamin A4 of liver oils
Synthesized in the plant, Stored in animal.
Orange-red Almost colourless,
328 mu absorption band absent. 328 myu absorption band present.
Greenish-blue SbCl, reaction showing  Vivid blue SbCl, reaction showing
absorption at 590 myu. absorption at 572 and 606 mu.

It has been shown that ¢ carotene’ from carrots and other sources
is a mixture of isomerides of widely differing optical activity [Kuhn
and Lederer, 1931, 1, 2 ; Karrer, Euler et al,, 1931; Rosenheim and
Starling, 1931}, Specimens of carotene prepared by the usual method
[Willstatter and Stoll, 1918; for details see Escher, 1909] from carrots
or leaves of spinach, chestnut, nettle, ete., possess the same elementary
composition, agreeing with the formula C, H,,, but vary in their optical
activity from [a)y < 5° to+60° The dextrorotatory component of
the mixture has been called a-carotene and is slightly more soluble
than the optically inactive B-carotene. The existence of alaevorotatory
form is indicated by the earlier work of Kohl [1902] and the recent
observations of J. H. C. Smith [1931}, and of Karrer ¢t al. [1931].

The highest recorded rotations of a-carotene are ,[a]+ 380° {Kuhn
and Lederer, 1931, 2] and [a),;5 + 458°, the latter having been ob-
served by Karrer and Morf[1913, 2] in a specimen prepared by Kuhn,
presumably from carrots. Red palm oil appears to be a good source
of a-carotene [Kuhn and Brockmann, 1931, 2), whilst carotens
prepared from paprica {Zechmeister and Cholnoky, 1927] seems to
consist mainly of B-carotene. The most easily accessible product
from carrots is a mixture of a-carotene and B-carotene, containing
from 75 to 90 per cent. of the latter,

The methods for the separation of ‘carotene” into its constituents
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are as yet far from satisfactory, and depend primarily on the relatively
slight differences in solubility of the isomerides in such selvents as
light petroleum, pyridine, etc. Fractional recrystallization is followed
by fractional precipitation with iodine and removal of the latter
with sodium thiosulphate. For the final purification of a-carotene
fractional adsorption on suitable adsorbents (fibrous alumina) is
essential,

On aceount of the difficulties of the separation process, it has not
yet {December 1931) been ascertained whether - and 8-carotene have
equal growth-promoting activity [See Karrer ef al,, 1931 ; Kuhn and
Brockmann, 1931, 1),

Tue Brovocrican Esrimarion or Viramix A.

The biological estimation of vitamin A is generally based on its
growth-promoting property, though some American workers claim to
have obtained good results by estimating its antixerophthalmic poteney.

Any test which depends on the growth-promoting property of the
vitamin under examination demands that (@) the basal diet should be
uniformly free from that vitamin, and (b) all growth-promoting factors
other than the one under test should be abundantly supplied. Much
of the early work on the distribution of ¢ vitamin A’ was done before
there was proof of the separate existence in the fat-soluble complex
of the antirachitic vitamin D. Steenbock and Nelson [1923] in the
course of work on the differentiation of vitamins A and D recognized
the growth-promoting action of the latter, and demonstrated the
necessity of supplylng it in the basal diet of all experiments dependent
on the growth response of test animals, They suggested providing
vitamin D in tests for vitamin A either by the irradiation of the test
animals or by supplying aerated cod-liver oil which exhibited no
antixerophthalmic potency ; the exact technique of the method was
described later [Steenbock, Nelson and Black, 1924-25]. Drummond,
Coward and Handy [1925] proposed to administer irradiated choles-
terol and Steenbock and Coward [1927] suggested the irradiation of
the whole basal ration as a means of supplying this factor. Much of
the earlier work on vitamin A has therefore been repeated with the
tests modified so as to include adequate supplies of vitamin D in the
basal diet and many of the early results have been found still to hold
good. This is probably due either to the fact that vitamin D was being
administered along with the vitamin A, as was the case with butter and
cod-liver oil, or to the fact that the vitamin D reserves of the animals
were large. On the other hand, some later work has given different
results from the early work, which must presumably have been done
on animals whose reserves of vitamin D were exhausted. A notable
example of this is shown in the work on carotene, which was
repeatedly found to be inactive when a basal diet was used which was
devoid of vitamin D, but its activity is readily demonstrated when the
basal diet contains vitamin D,

The necessity for an adequate ration of the vitamin B complex and
for increasing this as the test animals get older is also stressed for all
basal diets used in the estimation of vitamin A.
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Technique of the Biological Test.

Standard of reference.  Much work has been carried out with the
aim of discovering for vitamin A (as for other vitamins) some stable
substance which could be used as a standard of reference in estimations
of this vitamin and in terms of which a unit could be defined. The
International Conference on Vitamin Standards held by the Health
Section of the League of Nations (London, June 1931) adopted as
provisional standard of reference a sample of crystallized carotene, the
unit being defined as the vitamin A activity of 1y (0-001 mg.) (see
Appendix II). )

LErperimental animals. Young rats immediately after weaning,
of about 40 g. weight, are suitable. The breeding stock should be so
fed that the young rats are not endowed with excessive reserves of
vitamin A and, though healthy, cease to grow at about 100g. weight
when fed upon a vitamin A-free diet.

Erperimental diets. Seeing that the estimations of vitamin A
poteney are based on a growth response, the basal diet should contain
optimal amounts of all other essential constituents, The different
basal diets employed usually consist of :

Caseinogen . . . . . . . . . 15-20 per cent.
Starch (sometimes partially dextrinized) about . . 75 per cent,
Dried yeast or yeast extract, about . . . . 8 per cent.
Salt mixture—Osborne and Mendel’s or

McCollum's or Steenbock’s, about . . . 4 per cent.
A ‘hardened ’ vegetable oil (vitamin A-free) about . f . 15 per cent.

Coward, Key, Dyer and Morgan [1930; 1931] found that ‘light
white’ easeinogen was more satisfactory than other preparations.
Some workers consider the provision of fat in the basal diet un-
necessary.

An adequate amount of vitamin D must also be given, About
4 units (International Standard, see p. 83) twice a week are required
for each rat, The vitamin D may be given as irradiated ergosterol or
by irradiation of the rat or of the oil or yeast contained in the diet.

Arrangement of the test. The test may be either prophylactic or
curative. In the former, doses of the material to be tested are given
either from the beginning of the feeding with the experimental diet
or from about three wecks after, when the rat’s reserves of vitamin A
have been partially exhausted. The doses are given daily until con-
sistent differences between negative controls and test animals are
obtained. Comparisons are made between doses of different test
materials (or of test material and standard) which cause equal incre-
ments in weight when the averages are compared for groups of about
ten animals on each dose. The rats from each litter used must be so
distributed among the groups that equal numbers occur in each group,
and the sexes should be represented as equally as possible in each
group. A test with the standard material should be included in each
estimation,

In a curative test, the animals are allowed to exhaust their reserves
of vitamin A, as indicated by cessation of growth, after which doses
of the test substance are administered for about five weeks, In this
test comparisons are also drawn between doses which give equal
average inerements in weight.  Owing to the large margin of error
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in estimations of this type it is often difficult to decide how
closely these average increments in weight should coincide in order
that the doses causing them may be considered equal in vitamin A
potency. Some workers find it more satisfactory to determine the
gg‘s)%s] which just maintain weight in the test animals [Collison ef al.,

An economy in animals and labour is said to be effected by the

method described by Coward, Key, Dyer and Morgan [1930; 1931],
They have drawn up a ¢ curve of response ’ in which the mean increase
in weight during five weeks of groups of rats, which had previously
become steady in weight by deprivation of vitamin A, is related to the
daily dose of a standard sample of cod-liver oil. The eurve covers a
range of daily doses from 0-25 mg. to 7-5 mg. and the most useful
part of it is that dealing with a mean weight increase of about 20 g.
i five weeks. The curve is used in the following way. About
10-12 animals similarly prepared receive the same daily dose of the
test substance (e.g. 1 or 2 mg. of cod-liver oil, 0-1 g. butter) for five
weeks. The mean increase in weight of members of the group is
determined. The dose of the standard eod-liver oil whieh brought
about the same increase is read from the curve, and the ratio of this
to the dose of test substance measures the vitamin-A potency of the
unknown substance relative to that of the standard oil. In this way
substances may be compared either at the same time, or at different
seasons of the year, by determining their potency in terms of that of
the original oil,
. If further research should confirm the general applicability of such
reference curves to vitamin testing, it would obviously be necessary
to construct such curves for the standard materials suggested for inter-
national adoption.

Until such are available and proved to be trustworthy it is prefer-
able to retain the usual principle employed in the biological estimation
of vitamins—that of equating the vitamin potency of doses of test
material and standard which produce an equal biological effect.

Tee Distrisurion oF Vitamin A 1x NaruraiLy Occurring
FoopsTurrs.

The important question of the distribution of vitamin A among the
commonly used foodstuffs of both vegetable and animal origin has for
many years received much attention, Of necessity much of the
work has been largely qualitative in nature, making anything but
a rough comparison between such foodstuffs difficult. Many of the
results obtained will be found in Table XXI, Appendix I.

In assessing the relative values of different foodstuffs as sources of
vitamin A in human dietaries, it must be borne in mind that the real
dietetic value of any particular foodstuff depends not only upon its
vitamin-A content calculated on a weight basis, but also upon the
amount which may with convenience be included in a normal diet.
Thus milk and butter, while being relatively poor in vitamin A when
compared on a Weight basis with cod-liver oil, are nevertheless
extremely valuable sources of this factor, owing to the prominent
position which they occupy in a normal human diet,
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Foodstufls of Vegetable Origin,

Although it seems possible that the vitamin-A potency of vegetable
tissues may be due solely to the presence of the yellow lipochrome
pigment carotene (see p. 39), the fact has not been proved. The total
amount of carotene present in a vegetable foodstuff may nevertheless
be a valuable indication of its value as a source of vitamin A [Euler
et al, 1930]. The relationship between yellow pigmentation and
vitamin-A content as determined by biological tests has been shown
to hold for a variety of vegetable foodstuffs, Thus Steenbock and his
collaborators [Steenbock, Boutwell and Kent, 1919 ; Steenbock and
Boutwell, 1920, 1, 3] pointed out the marked superiority of yellow
maize over white maize as a source of vitamin A. This observation
has since been confirmed by several workers, notably Hauge and Trost
[1928; 1930}, Hauge [1980] and W. C. Russell [1930]. Hauge has
pointed out that the vitamin-A value of maize is related to the degree
of yellow pigmentation in the endosperm and bears no relationship
to the colour of the pericarp. The superior vitamin-A content of the
outer green leaves of lettuce to that of the inner white ones [Dye,
Medlock and Crist, 1927], can, in a similar manner, be correlated
with the larger amounts of carotene which are contained in leaves in
which photosynthesis is active. Crist and Dye [1929] have shown the
same relationship to hold between green and bleached asparagus.

Green vegetables are rich sources of vitamin A owing to their high
carotene content. Spinach, cabbage (green outer leaves), lettuce,
Brussels sprouts, green peas, the French artichoke [Morgan and
Stephenson, 1923), and watercress [Coward and Eggleton, 1928), all
contain large quantities of this factor, Among root vegetables, carrots,
and yellow sweet potatoes are rich in vitamin A, while white potatoes,
turnips, onions, parsnips, mangolds, radishes, and beetroot contain little
or none,

Some fruits, such as the tomato, banaha, and date, contain amounts
of this factor comparable with those present in many green vegetables,
Morgan and Smith [1928-29] have shown that much greater amounts
are present in the ripe tomato than in the green fruit. The tropical
fruit papaya is reported to be exceptionally rich in vitamin A [H. G.
Miller, 1926-27) and the mango contains about as much as an average
sample of butter [Perry and Zilva, 1932]. Apples, figs, oranges,
lemons, grapefruit, pineapple, and peaches contain small but appreci-
able amounts, Morgan [1923] has shown that the oil of orange peel
contains vitamin A, whereas the oils from lemon and grapefruit peel
are inactive.

Cereals are in general rather poor in this factor, but, as has already
been mentioned, yellow maize contains appreciable amounts. Nuts,
while containing large amounts of fat, are usually poor sources
of the vitamin [Coward and Drummond, 1920]; Rose and MacLeod
[1921-22], however, reported fairly large amountsin almonds. Many
vegetable oils such as arachis oil, linseed oil, cotton-seed oil, olive
oil, and coco-nut oil contain little or no vitamin A ; red palm oil
and some samples of maize oil [Stammers, 1924, 1] are rich sources.
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Foodstuffs of Animal Origin,

Animal organisms possess the power of storing reserves of vitamin A
which have been obtained directly or indirectly from vegetable sources.
The amounts of vitamin present in the different tissues of an animal
will therefore depend not only upon the power of that tissue to store
reserves, but upon the previous dietary history of the animal. Thus
the amounts of reserve vitamin A stored in the tissues of a grass-fed
animal are usually much higher than those stored in the tissues of
a stall-fed animal. The importance of this fact in the consideration
of the vitamin A content of milk and butter is obvious (see p. 219).

By far the greater proportion of the reserve vitamin A in the
animal body is contained in the liver. Sherman and Boynton [1925]
studied the distribution of vitamin A among the tissues of the rat.
It was shown that the lung and kidney contained more than forty
times, and the liver two hundred to four hundred times, that present
in the muscle. Significant quantities were also shown to be present
in the blood, As might be expected therefore, the liver fats of grass-
fed animals, such as the sheep and ox, are among the richest sources
of vitamin A known, being often much richer than cod-liver oil
[Rosenheim and Webster, 1927, 6].

Cod-liver 0il. Qsborne and Mendel [1914] were the first to show
that cod-liver oil, the therapeutie value of which had long been known,
contained what may now be termed the ‘fat-soluble complex’. A few
years later Zilva and Miura [1921, 2]in the course of the elaboration
of their quantitative method demonstrated the extremely high vitamin
content of cod-liver oil, 2.2 mg. being sufficient to induce growth in
rats previously deprived of ‘vitamin A’, while over 200 times the
quantity of butter was required to produce the same effect. They there-
fore concluded that the high therapeutic value of cod-liver oil was
due to its high vitamin content. Other fish-liver oils were found to
be as potent as cod-liver oil [Zilva and Drummond, 1921]; examples
are the liver oils of the herring, salmon, hake, pollock, shark, halibut,
and baddock.

1t is important to realize that different samples of cod-liver 0il may
differ by as much as 30-fold in their vitamin-A. potency [Coward, Dyer,
Morton and Gaddum, 1931). This may be due partly to a difference
in the potency of the original oil [Zilva and Drummond, 1922] and
partly to the effect of storage. Zilva, Drummond and Graham [1924]
found that neither the sexual condition nor the age of the fish was
responsible for the variable potency of cod-liver oil, and they
suggested that possibly variation in the food might be the cause of
this.

It had already been shown by E. Mellanby [1918-19,1 ; 1921] that
cod-liver oil was rich in the antirachitic vitamin.

That the ultimate origin of the fat-soluble complex present in the
liver of the cod was probably to be found in the marine algae which
are capable of effecting a synthesis of this factor was suggested by
the researches of Drummond, Zilva and Coward [1922]. In this con-
nexion it has been shown by Ahmad [1930] following up earlier work
by Jameson, Drummond and Coward {1922] that a marine diatom
(Niteschia closterium) can synthesize vitamin A when grown under
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artificial conditions. The whole of the activity present in the diatom
could be accounted for in the supposition that 3 per cent. of the yellow
pigment present in the ether-soluble material obtained was carotene.
Ahmad suggests that such marine diatoms are the ultimate sources of
the vitamin A in fish-liver oils, the carotene which they synthesize
being converted into vitamin A in the body of the fish which feed upon
them. No vitamin D however was detected in V. closterium (see
. 87).

P In Liew of the widespread use of cod-liver oil medicinally, the question
of the effect of the different methods of preparation and refining on
the vitamin content is of considerable importance. Work bearing on
this problem has been carried out notably by Holmes and by Drum-
mond and Zilva, The monograph by Drummond and Hilditch [1930]
summarizes much of the more important work done in this direction
and presents a large amount of new and valuable data.

1t has been known for some years that exposure of cod-liver oil to
light results in a loss of its vitamin-A activity [Peacock, 1926]. The
ease with which vitamin A is destroyed by oxidation has already been
pointed out in preceding paragraphs. Since, therefore, oils such as
cod-liver oil contain a large number of antoxidizable substances {e.g.
the unsaturated fatty acids), it might be expected that loss of vitamin
would occur in such oils on exposure to the air. The problem
of the storage of cod-liver oil for medicinal use, under conditions
which will ensure a minimum destruction of vitamin A by light and
oxidation, is a question of great practical importance. The matter
has been investigated by Drummond and Hilditch {1930). Experi-
ments in which various bottled samples of cod-liver oil were stored
in the dark or exposed to the light, clearly showed the necessity
of storing such oils in dark coloured containers or in the dark.

Huston, Lightbody and Ball [1928] have extended the work of
Moureu and Dufraisse [1928] on antioxzidants to the question of
retarding the destruction of vitamin A in milk fat and cod-liver oil.
Loss of vitamin activity was decreased by the addition of relatively
high concentrations (0-05-0-1 per cent.) of quinol (hydroquinone).
Drummond and Hilditch have studied the effects of different amounts
of quinol on the oxygen uptake of cod-liver oil, with the result that
although the oxygen uptake is lessened, ‘amounts of hydroquinone
that might be regarded as practicable on the industrial scale are of
little or no value in protecting the oil from oxidation’.



CHAPTER III

VITAMIN D (THE ANTIRACHITIC, CALCIFYING
VITAMIN).

Ix the previous chapter vitamin D has been deseribed as a fat-
soluble substance having the specific function of controlling the
deposition of calcium and phosphorus in tissues, Since bones and
teeth are largely composed of calcium phosphate it is evident that the
structure of these tissues is largely determined by the adequacy of
the vitamin D supplied to the body during their period of develop-
ment  Although these are the tissues most prominently influenced
by this factor it is certain that calcium-phosphorus metabolism is a
process affecting other organs of the body, and to this extent, there-
fore, these organs are influenced by vitamin D. Knowledge on
this point is still, however, meagre. Like vitamin A, vitamin D can
also be regarded as necessary for growth (Steembock), since young
.animals deprived of it ultimately cease to increase in weight but
resume growth on its addition to the food. This property of
growth-promotion is also probably related to the regulation of
calcium-phosphorus metabolism by vitamin D,

Before considering the properties and function of vitamin D in
greater detail two points of general interest may be stated.

{1) The relation of vitamin D to caleium and phosphorus meta-
bolism is the only instance in the present knowledge of vitamins
“where it is possible to state the function of a vitamin in terms of
chemistry. This, of course, does not mean that we know how the
vitamin acts, but the biological problem can be presented in terms of
known chemical entities.

(2) The extent of defective bone formation, as seen in the high
incidence of rickets in countries in the temperate zone, the widespread
defeet in the structure of teeth and the high incidence of dental caries
suggest that a deficient intake of vitamin D may be the most important
dietetic defect at present known.

Although our knowledge of the chemistry of vitamin D has in
recent years been greatly increased, all fundamental studies of this
substance are still dependent on its biclogical properties and the only
methods of estimation at present available are biological. In the
present chapter, therefore, the part played by this vitamin in the
animal body is first described and its chemical and physical properties
are dealt with later.

Biology of Vitamin D,
Vriraxiy D 1x revation To Rickers avp Arvriep Disorpers.

‘While some bone defects develop independently of the vitamin D
intake, those most commonly found in man, namely rickets, osteo-
porosis, and osteomalacia, are directly related to this vitamin. These
bone conditions are alike evidence of an abnormal ealcium-phosphorus
metabolism and this fact explains many of the difficulties which faced
the earlier workers interested in the antirachitic vitamin, It is true
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Fre. 3. Children 6 years of age showingsevere rachitic deformities compared with
normally grown child (centre) of the same age.
Vienna, 1920. Amerikanische Kinderheilstiitte.

To face p. 49]
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thab there is still much to be learnt as to the factors which determine
the development of one or other of these bone defects apart from the
deficient supply of vitamin D. It is known, however, that the type of
animal under nvestigation, the rate of growth, the age and the
composition of the defective diet all influence the form taken by the
defectsin calcification of the bones. Some of these subsidiaryinfluences
will be described more fully in later sections.

Tre Diagrosts or Ricxers,

Simple clinical examination will often enable a diagnosis of human
rickets to be made when a combination of such signs as beading of the
ribs, deformity of the limbs, head, and chest wall, and enlargement of
the epiphyses 1s present (see Fig. 3). But even in such cases it may not
be possible to decide at once whether the changes found in the bones
are due to defective calcification still proceeding (active rickets) or are
the result of such a process which was formerly active but has now
ceased (healed rickets). The deformities in the bones may long outlast
the period of active rickets as shown radiographically, Insuch cases
radiography is of great service and usually enables a satisfactory
diagnosis of the state of activity of the disease to be made. Eliot
{1925] and M. G. Wilson [1926] consider that the very earliest stages of
rickets can be recognized in radiograms of the infant’s forearms long
before any clinical symptoms are apparent. In their experience
radiographical evidence of very slight rickety changes in the bones
may be recognized even in the majority of apparently healthy
infants, though these changes do not progress if measures are taken
to provide some source of the antirachitic factor for the infants.

Estimations of the concentration of inorganic phosphorus in the
blood have been employed, particularly in the United States, both as
a means of diagnosing active rickets and as an indication of the
progress of the disease following treatment. Although in general the
blood-phosphorus is low in clinical as in experimental rickets and is
raised towards the normal figure shortly after the institution of
therapeutic measures, several workers have expressed doubt as to the
reliability of blood-phosphorus estimations as an indication of the
healing of rickets. Koch and Cahan [1927] obtained perfect calcifi-
cation of bones in rats which showed persistentlylow blood-phosphorus
values. Hess, Weinstock, Rivkin and Gross [1930] found that giving
very small doses of irradiated ergosterol to rats raised their inorganic
phosphorus to a normal level without healing the rickets. On the
other hand, small doses of cod-liver oil might cause rickets to heal in
rats without raising the inorganic phosphorus of their blood. These
observers occasionally saw cases of active rickets in infants in which
there was a high level of inorganic phosphorus in the blood, and con-
sider this test not infallible, although at times useful, in helping to
establish a diagnosis,

An attempt was made by Redman [1928] to apply to children
suffering from rickets the test originally described by Zucker and
Matzner [1923-24), namely, the determination of the reaction (pH) of
the faeces, which in dogs and rats is changed from alkaline to acid
when active rickets is controlled by any therapeutic measure [Jeph-
cott and Bacharach, 1926; Grayzel and Miller, 1928]. The results

D
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it;l children, however, were too variable to give the test any practical
value.

For all ordinary purposes clinical examination supplemented by
radiography suffices to establish the diagnosis, and a series of radio-
graphs taken of any individual at regular intervals should enable a
sufficiently accurate estimate to be made of the efficacy of any
particular treatment adopted. (See Fig. 6.)

ExperimenTAL Rrckers axp OsTEOPOROSIS IN ANIMALS.

Most of our knowledge of the aetiology of rickets and allied disorders
has developed as the result of the application of the experimental
method to animals. In some, e.g. the dog, rickets is a naturally
occurring and commonly found disease just as it is in children, and
the deformities produced are of the same kind (see Figs. 4 and 5). In
others, for instance the rat and the rabbit, the disease is probably
unknown in nature but can be easily produced under laboratory
conditions,

The detection of these diseases in animals and the determination of
their degree of intensity depend upon a technique similar to that used in
the ease of human beings. Whereas, however, accurate clinical
examination in children is usually restricted for obvious reasons to
radiography, histological and chemical examinations of the bones are
also greatly used in experimental work on animals, In animal
experiments each of these methods has its own particular value, For
instance, the radiographic method will at once reveal the presence of
rickets by the characteristic changes at the epiphyseal ends of the
growing bones. This mode of examination has the merit of being
possible during the life of the animal and may be repeated at will.
Slight degrees of osteoporosis may, however, be undetected by this
method.

Histological diagnosis involves the preparation of the bones for
microscopic examination, but allows the determination of both rickets
and osteoporosis and their differentiation. In rickets the abundant
uncalcified osteoid tissues, present at the epiphyses in varying amount
according to the intensity and duration of the disease, can be dis-
tinguished from the normally ecalcified bone. In osteoporosis, a
condition in which there is absorption of old bone and defective
formation of new bone, the bony trabeculae and periosteal bone are
small in amount and osteoid tissue may be deficient or absent, Often
rickets and osteoporosis are present in the same bone.

The chemical examination of bone in these diseases in animals
has the advantage of giving a numerical answer as regards the degree
of ealcification, but does not allow any differentiation between rickets
and osteoporosis. )

Further consideration of these methods will be given in a later
section (p. 84) where methods of determining vitamin D are dis-
cussed. )

Tre ArrioLocy oF Rickers.

Prior to the experimental work on puppies [E, Mellanby, 1918-19,
1, 2; 1919, 1920, 1921, etc.} in which it was shown that the antirachitic
vitamin was the corner stone of the aetiology of rickets, many



F16. 4. Photograph of two puppies after being fed for 18 weeks after weaning on
the same diet deficient in vitamins A and D. Puppy 1 (left) was the offspring of a
mother fed during pregnancy and lactation on a diet rich in A and D and containing
bread as the cereal, whereas the mother of puppy 2 (right) was fed on a diet deficient
in these vitamins and having oatmeal as the cereal. It will be noted that puppy 1
shows little sign of rickets, while puppy 2 has developed severe rickets.

Fie. 5. Rickets following a diet of 175 c.c. whole milk, white bread ad lib., and

10 c.c. linseed oil per diem. Time of experiment, 51 months. Increase in weight
during period of experiment 2,670 g.

To face p. 50]
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hypotheses had been advanced to explain the cause of this disease.
These could be classed roughly as (1) dietetic, (2) environmental, and
(3) infective.

L. Dietetic. By some supporters of the dietetic theory, a deficiency of
fat and an excess of carbohydrate were supposed to be the cause of the
disease, but deficiencies of other food factors such as protein and cal-
cium were also regarded by some authorities as of importance. These
views were mainly based on clinical observation; the small amount
of experimental evidence available seemed to point against the dietetic
explanation [L. Findlay, 1908),

In his experimental work on rickets in puppies, Mellanby [1918-19,
2] used a diet of the following constitution : separated milk, cereal, lean
meat, orange juice, yeast, and some form of oil or fat. Although other
factors such as the type and amount of cereal eaten influenced the
results obtained, the main deciding influence was the kind of fat in-
cluded in the food. Thus fats such as olive oil, cotton-seed oil, linseed
oil, and lard allowed rickets to develop in the young growing animals,
while cod-liver o1l and egg yolk, and to a less extent butter, prevented
the pathological condition from developing. In order to explain this
result Mellanby put forward the suggestion that the preventive fats
contained an antirachitic vitamin, the properties and distribution of
which appeared at the time to correspond fairly closely with those then
recognized for vitamin A.

Some years later [1921] experimental work on rickets was extended
by other workers to rats, and although the results obtained at first
were not in complete agreement with those of the experiments on
puppies, there is now a fundamental consensus of opinion that an
antirachitic vitamin is closely associated with calcification in bone, One
of the earlier difficulties of producing rickets in rats was probably due
to the fact that, whereas the rickets-producing diet used by Mellanby
for puppies was eaten with avidity so that rapid growth was maintained,
in the rat experiments of Sherman and Pappenheimer [1920-21;
1921), Korenchevsky [1922], McCollum, Simmonds, Parsons, Shipley
and Park [1921), and other workers, the diets were such that but
poor growth was obtained and deficiency of the fat-soluble vitamin
frequently led to osteoporosis rather than rickets. Korenchevsky,
however, obtained the definite result [1922] that deprivation of fat-
soluble vitamins alone, the diet containing adequate amounts of all
other elements, produced rickets in rats provided the age was not
greater than 3-6 weeks at the beginning of special feeding. The ques-
tion of age had been shown previously to be of great importance in
puppies [Mellanby, 1920]. Goldblatt [1928] found that the percentage
of ealcium deposited in the bones of rats decreased as the supply of
antirachitic vitamin was diminished, and that rachitic lesions were
produced along with osteoporosis even when the diet still contained
a small but insufficient amount of the vitamin, Korenchevsky and
Goldblatt, therefore, confirmed Mellanby’s conclusions, namely that
experimental rickets can be produced by deprivation of fat-soluble
vitamins alone, the diet being adequate in all other respects. It is
clear, however, that in order to produce rickets in rats with certainty
it is usually necessary to alter the caleium-phosphorus ratio as
well as to exclude the antirachitic vitamin (see p. 59). In puppies
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Mellanby [1921] found that although the calcium-phosphorus ratio
influenced the development of rickets, this effect was not of signifi-
cance when abundant antirachitic vitamin was present in the diet.

2. Environmental. The effect on the production of rickets of bad
hygienic conditions and of lack of exercise was emphasized by Lataste
[1884] and by Hanseman [1906] who developed the Domestica-
tion Theory of Rickets. This view arose mainly from observations on
the common oceurrence of rickets in wild animals confined in cages.
It is a matter of interest, however, to note that Bland-Sutton [1889]
had succeeded in raising lion cubs in the Zoological Gardens free
from rickets by feeding them on diets which included cod-liver oil
and bones. L. Findlay [1908] from experiments on puppies also
came to the conclusion that lack of exercise was the main cause of
rickets. In the light of E. Mellanby’s work this conception was
re-examined by Findlay in conjunction with Paton, from both the
experimental and statistical points of view. These workers found
puppies brought up in the country and properly exercised to be free
from rickets, whereas others reared in the laboratory, although receiv-
ing a diet containing much more butter fat, developed the disease
(see L. Findlay, 1922]. )

Fergusson and L, Findlay [1918] made an inquiry into the dietaries
and home conditions of rachitic and non-rachitic families in Glasgow
and drew the conclusion that there was little difference in the diets
of the two classes, but that the onset of rickets was favoured by
imperfect maternal care, by improper housing, and by the absence of
faclities for open-air life, the child being thus deprived of the desire
to exercise its museular system. A more careful scrutiny of the diets
on the basis of Mellanby’s work with puppies showed, however, that
the diets of the rachitic families were such as might be expected to
result in more rickets than those of the non-rachitic families [E,
Mellanby, 1918-19, 2; 1919].

Observations made in India by Hutchison and Shah [1922] supported
the *confinement’ hypothesis and dealt with the incidence of the
disease in India among the Mahomedans and Hindus of the labouring
classes, as compared with those of higher caste who adopt the practice
of ‘purdah’. The higher caste women marry when twelve years
old and thereafter are confined to houses which admit but a minimum
of light and fresh air. Their diet was found better than that of the
labouring inhabitants in that it contained more milk, eggs, and butter,
but, in spite of this, rickets was much more eommonly found in the
children, and Jate rickets in the women, of the higher caste,

The Glasgow School thus held the view that rickets was due
primarily to confinement and lack of exercise and that diet was of little
or no significance. Mellanby [1920] however, in experiments devised
to test the point, found that confined puppies did not develop rickets
on an adequate diet, whereas those allowed complete freedom on a
defective diet acquired the disease: nor did confinement prevent the
cure of the disease when suitable diets were administered containing,
among other things, substances rich in the antirachitic vitamin such
as cod-liver oil, milk, and egg yolk. Mellanby concluded that exercise

ph}yed'a subsidiary part in the aetiology of rickets and that diet was of
prime importance,
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During this controversy as to the relative importance in the aetiology
of rickets of the antirachitic vitamin and of lack of exercise, important
evidence from other quarters was accumulating which finally settled
the issue.

As long ago as 1890 Palm [1890] drew attention to the rclation
between the geographical distribution of rickets and the incidence of
sunlight. The significance of these observations remained for long
unrealized, and interest was centred on the alternative views that
rickets arose from either faulty diet or unsuitable environment. It
gradually became clear, however, from the results of more recent work
that a lack of sunlight was the dominating factor in the environ.
mental conditions conducive to rickets. Huldschinsky {1919 ; 1920]
and other workers found that infantile rickets could be cured by
exposure of the patient to the ultra-violet rays of the mercury-vapour
quartz lamp, whilst Hess and Unger [1921, 1, 2)] showed that a
similar result was obtained by exposure to sunlight. The latter workers
have pointed out that the seasonal incidence of this disease is in
all probability closely related to the prevalence and active power of
sunlight, the great majority of cases developing between November
and May. The extended investigations of Chick and her colleagues
in Vienna [1922 ; 1923] afforded conclusive evidence of the therapeutic
value of sunlight and ultra-violet rays in infantile rickets.

By 1922, therefore, it was established that both the dietetic and
environmental hypotheses were required to elucidate the actiology of
rickets and that the specific factors influencing this disease were
(1) the antirachitic vitamin supplied in the food and (2) the action
of sunlight and ultra-violet radiation on the skin. The extraordinary
story describing the correlation of these two effects is related
elsewhere (p. 74).

8. Infective. The hypothesis that rickets is due to an infection
was advanced by many workers including Morpurgo [1902; 1907),
J. Koch [1912], Marfan [1911), Paton [1920], and Bull [1918] and
received wide support from clinicians. In recent years the idea has
been discarded, although it is probably true that after suffering from
an infection children are more prone to rickets, and also that rachitic
children are often more susceptible to infection,

Dericiescy or Viramin D 1x tae Dizr.

Since the methods that have been shown to prevent or cure rickets
in experimental animals are equally efficacious in human rickets, it
is highly probable that vitamin D plays the same part in the calcifica-
tion of bone in the human subject as in experimental animals. It has
long been observed that infants fed at the breast are much less liable
to contract rickets than those fed on cow’s milk, and it would there-
fore be expected that human milk would contain a greater amount of
vitamin I than cow’s milk, Hess, Weinstock and Sherman [1927],
and later Outhouse, Macy and Brekke [1928), were not able to demon-
strate by rat-feeding tests that this was true. No satisfactory ex-
planation of this discrepancy has been forthcoming. It is well
known that breast-feeding itself is by no means a certain safeguard
against the development of rickets, whereaf giving vitamin D to
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The vitamin D content of cow’s milk is a variable quantity, the
antirachitic potency depending on the environment and diet of the
cow. In summer the potency of the milk is influenced by the
seasonal effect of sunlight and in winter the vitamin D content
can be raised considerably by including cod-liver oil or irradiated
yeast in the diet of the animal (see p. 220). o

The known poverty of some samples of cow’s milk in respect of
vitamin D may well be a factor in determining the incidence of
human rickets. Milk is at no time a rich source of this vitamin and
skim milk contains mere traces of it. The fact that rickets is common
in some districts among infants whose diet consists largely of cow’s
milk is therefore compatible with the view that the absence of a
sufficient supply of vitamin D is responsible for the oceurrence of
human rickets,

The only natural products which are known to be rich in vitamin
D are egg yolk and cod-liver oil and other similar fish oils. Cream
and butter contain small amounts and certain animal fats, such as beef
suet, have a definite antirachitic effect on laboratory animals. Fresh
vegetables, fruit, and meat have no appreciable antirachitic activity,
and cereals, as will be seen later, may actually favour the develop-
ment of rickets. Children who, on account of poverty or for any
other reason, cannot be supplied with adequate amounts of dai
produce, including eggs, and consume vegetable fats (in the form of
margarine) containing no vitamin D, in place of animal fats, are
obviously liable to suffer from a deficiency of this vitamin unless its
supply is ensured in some special way as by administration of cod-liver
oil or by exposure to natural or artificial ultra-violet radiation.

Revarion or RicEers To SUNLIGHT AND OTHER SOURCES
ofF Urtra-vioLET RaAYs.

It is an interesting fact that the stimulating effect of ultra-violet
rays on calcification was first discovered in the case of children (p. 54),
and that only at a later stage were the observations confirmed by
investigations made on animals,

Using a diet upon which young rats in the laboratory invariably
contract rickets, Hess, Unger and Pappenheimer [1921-22, 1] kept
siX rats in complete darkness and found that they all contracted rickets
in 22-34 days. Seven other rats, on the same diet, exposed daily to
sunlight in the open air for 15-20 minutes, but otherwise kept
under the same conditions, failed to develop rickets in the same
period. These investigators also observed [1921-22, 2, 8, 4] that the
curative power of the sunlight was lost when it passed through a flint
glass window, and that the rays from the mercury quartz lamp and
the carbon are lamp were also effective. 'When the time of exposure
was reduced to the minimum sufficient to proteet white rats, black rats
were not protected, probably owing to the greater absorption of the
rays by the pigment. This suggests that a similar function of the
pigment in negro infants may be a factor in the abnormal susceptibility
of these children to rickets in northern climates.

Similar results were simultaneously obtained by Powers and his
colleagues [Shipley, Park, Powers ¢f al., 1921-22 ; Powers, Park,
Shipley, McCollum and Simmonds, 1922, where a detailed historieal
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account of the discovery of the action of light waves in rickets is given]
with a diet containing twice the optimal amount of calcium but low
in phosphorus and fat-soluble vitamins.

The exact position of the active rays of the spectrum was investi-
gated by Hess and Unger [1922] and it was found that the curative
rays were confined to that part of the spectrum having wave-lengths
about 309 mp or shorter. Huldschinsky [1926; see also Luce, 1926]
stated that the active rays were of wave-length 289-320 mpy, and
finally Hess and Weinstock [1926-27]fixed the wave-length as 303 my,
or possibly 313 mpu on the basis of experiments with filters. Rays of
wave-length less than 290 myu are more effective than those between
290 and 313 mpu. These observations accounted for the negative results
with sunlight filtered through glass, since window glass 1s opaque to
the radiations noted.

The penetrating power of ultra-violet rays of this order of wave-
length is very small and necessitates the assumption that the primary
process in the antirachitic action of sunlight is restricted to a very
thin layer of skin. The transmission of epidermis for a 0-08 mm.
layer falls from 55 per eent. at 813 my to 44 per cent, at 800 my, 26 per
cent. at 294 mp and then very sharply to 2.9 per cent. at 289 mpu
[Lucas, 1931 ; ¢f. Glitscher and Hasselbach, 1926].  The spectrum of
sunlight includes a considerable range of ultra-violet rays, the intensity
falling off rather rapidly in the region of 830 to 296 mpu. The
shortest wave-lengths detectable vary somewhat with the seasons, and
the intensity of ultra-violet rays is subject to wide variations [see
Luckiesh, 1930], From December to February the shortest rays
have been given as 312 my ; from September to November, 308 sy ;
from March to May, 301 my ; and from June to August, 296 mpu. The
summer intensity of ultra-violet rays may often be ten times that
recorded in winter.

The effects of ultra-violet rays striking the skin are not confined
to a favourable effect on the calcification of bone. For instance, latent
and actual tetany have been cured by these rays [Huldschinsky, 19201,
This is of special interest in view of the fact that tetany, at least in
children,is nearly always related to rickets, and many facts point to a
common factor in the aetiology of the two diseases (p.64). Powers,
Park, Shipley, McCollum and Simmonds [1922] observed that sun-
light brought about a greater consumption of food in rats, stimulated
activity, improved the appearance, and increased their reproductive
capacity.

There is no doubt that a deficiency of sunlight can play a very
important part in determining the incidence of human rickets. The
geographical distribution of the disease indicates tha this is the case.
Certainly the disease occurs in ali parts of the world and affects all
races of mankind, but it is particularly frequent among the urban
populations of temperate climates, where it has a seasonal incidence
corresponding to the months of the year when there is least available
sunshine [Hess and Unger, 1921, 2; Chick et al., 1922 ; 1923]. A high
incidence of rickets in children has been observed in manufacturing
centres, no doubt partly on account of the screening effect of a smoky
atmosphere on the ultra-violet radiation from the sun. Climates noted
for their long hours of bright sunshine are not, however, incompatible



VITAMIN D (ANTIRACHITIC, CALCIFYING) 57

with a high incidence of rickets. The disease has been reported as
prevalent in certain districts in Southern Europe, North Africa, China,
Australia, and Central America. It is possible for children brought
up in tropical eountries to be largely protected from the direct rays
of the sun during their early years. The fact that such children may
develop rickets does not therefore indicate that sunshine is a negh-
gible factor in the aetiology of the disease. When the skin is deeply
pigmented the protective effect of ultra-violet radiation islessened, as
was noted by Hess, Unger and Pappenheimer [1921-22, 4] in rats.
Tt is probably for this reason that negro children are peculiarly suscep-
tible to the disease when they live in temperate climates and are
habitually clothed in the European style.

The relation between vitamin D and sunlight was studied in
connexion with human rickets by Chick et al. [1922, 1923] at the
University Kinderklinik, Vienna. Observations on prophylaxis
were made upon young Infants receiving two types of diet in the
same wards. Diet I consisted of undiluted fresh milk with added
sugar ; diet II of standardized full-cream dried milk with the addition
of cod-liver oil. Between the months of May and October no case
of rickets was detected among a total of 42 infants. Between
November and April, 18 out of 51 infants developed rickets, and all
these cases oceurred among the 25 infants receiving diet I.  During
the summer months the infants spent a great part of their time out
of doors and the authors ascribe their protection from rickets to the
action of sunlight. During the winter the infants receiving diet IT were
protected by the vitamin D contained in their cod-liver oil. Further
observations demonstrated that cases of active rickets could be cured
in the summer by exposure to sunlight, no matter whether the
subjects received diet I or diet II. In the winter rickets could be
cured by diet IT but progressed on diet I.

Systematic radiographic studies were made during the cure of cases
of well-developed rickets by administration of cod-liver oil and by
exposure to sunshine or the radiations of a mercury-vapour lamp
respectively. The types of healing in these three cases, as shown in
X-ray photographs, were found to be indistinguishable from one
another {Wimberger, 1922).

The mechanism by which ultra-violet radiations from the sun or
artificial sources exert their antirachitic action has not been fully
explained, but it seems probable that vitamin D is produced in
the skin itself or in the blood cireulating immediately below the
surface by activation of a precursor already present (see p. 75).

Such an assumption is strengthened by the fact that the presence
of ergosterol has been demonstrated in animal and human skin
(Rosenheim and Webster, 1927, 5 ; Hentschel and Schindel, 1930].
Hess and Weinstock [1925, 2] showed that excised human skin fed
to rats conferred an absolute protection against rickets after it had
been irradiated by a mercury-vapour lamp, but no protection without
such irradiation, = More recently Falkenheim [1928] found that parts
of the skin which had not been directly irradiated, but which had been
contiguous to areas exposed to ultra-violet rays, developed an appre-
ciable antirachitic activity. It is therefore probable that irradiation
of the skin compensates for a deficiency of pre-formed vitamin D in
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the diet by activation in situ of the precursor of vitamin D (i.e. ergo-
sterol) the activated produet then being available for carrying out its
specific activities in the tissues generally in the same way as if it had
been absorbed from the alimentary tract. The fundamental cause of
rickets is therefore a deficiency of vitamin D, but this deficiency can
be supplied either by the ingestion of the pre-formed vitamin or by the
exposure of the surface of the body to radiations which have the
power of producing it in the tissues.

RevaTION oF Rickers To THE MINERAL AND OTHER
Consrrruests oF THE DIET.

Mellanby's conclusion that a deficieney of a fat-soluble vitamin in
the diet resulted in the appearance of rickets in puppies could not at
first be confirmed in the case of young rats [Sherman and Pappen-
heimer, 1920-21; 1921 ; McCollum, Simmonds, Parsons, Shipley and
Park, 1921 ; Korenchevsky, 1922]. It was found that rickets could
only be produced in these animals by giving diets deficient in
caleium and phosphorus, or containing them in unbalanced propor-
tions, The disease could then be cured by correcting the balance of
these elements without any addition of fat-soluble vitamin, in which
the diets were deficient. Deprivation of fat-soluble vitamin alone
with a normal supply of calcium and phosphorus resulted in osteo-
porosis rather than rickets, Korenchevsky [1922], however, was able
to produce rickets in rats by depriving them of fat-soluble vitamin
alone, the diet containing adequate amounts of all other known require-
ments, provided their age was not greater than 3-6 weeks at the
beginning of the period of special feeding. Other workers have also
succeeded in producing rickets in rats simply by depriving them
of fat-soluble vitamin [(roldblatt, 1923]. There is no doubt, however,
that a deficiency of either caleium or phosphorus, or a faulty balance
of these elements, in a diet containing inadequate supplies of the cal-
cifying vitamin will intensify the rickets-producing effect of the diet.

Deprivation of Calcium Alone.

Korenchevsky[1922] found that young rats kept on a diet containing
very small amounts of calcium, but otherwise complete, developed
osteoporosis and in some instances mild rickets. If the mothers of
the young rats had been kept on a calcium-deficient diet during lacta-
tion, the changes produced in the bones of the young rats were more
pronounced, resembling those of rickets of moderate severity. This
latter pathological condition was not prevented by moderately large
doses of cod-liver oil given both to mothers and offspring.

Deprivation of Caleiwm and Vitamin D.

A combined deficiency of calcium and fat-soluble vitamin has
been shown to produce rickets in rats more effectively than the
deficiency of either factor alone. As with calcium deficiency alone,
. the intensity of the effect was greatest when the defective diet was
begun at an early age [Korenchevsky, 1922] Mellanby [1921]
found that moderately severe rickets could be produced in dogs
that were receiving butter, which contains only small amounts of
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vitamin D'; when calcium salts were added to the diet containing
butter, rickets was either prevented or appeared in a much less
severe degree,

Deprivation of Phosphorus and Vitamin D.

Reference has already been made to the work of Sherman and
Pappenheimer(}1920~21 ; 1921] in which rickets was first produced in
rats by a diet deficient, among other things, in phosphorus and fat-
soluble vitamin, and then cured by the addition of basic potassium
phosphate. Fora time this and similar work of other American investi-
gators resulted in a widespread belief that phosphorus deficiency rather
than any vitamin deficiency was the most important aetiological factor
in the production of rickets, Mellanby's experiments on the rickets-
producing effect of certain cereals [1922 ; 1925 ; Gireen and Mellanby,
1928, 1{ which will be referred to again in a later section, demon-
strated, however, that both in dogs and in rats a severe type of rickets
could be produced with an adequate supply of phosphorus in the diet.

Balance between Calciuwm and Phosphorus.

McCollum, Simmonds, Parsons, Shipley and Park [1921] sug-
gested that the relative proportions of calcium and phosphorus in the
diet were of greater importance than their absolute amounts in
determining the occurrence of rickets in rats. In the absence of
an adequate supply of vitamin D rickets may be produced in the rat
by diets containing either an abnormally high or an abnormally low
ratio of calcium to phosphorus, It is known that excess of calcium in
the diet diminishes the amount of phosphate absorbed [see Forbes and
Keith, 1914]. Mellanby [1921] has suggested that excess of phosphorus
as compared with caleium, leading to a loss of caleium from the body,
may be the determining cause of the greater rickets-producing effect
of acid-caseinogen, which contains phosphorus but no calcium, than of
casein, which contains calcium as well as phosphorus. Mellanby’s
work referred to above (p. 52), in which the diets were composed of
natural foodstuffs ineluding cereals and small but inadequate supplies
of vitamin D, made it clear that for dogs the ratio of calcium to phos-
phorus does not necessarily determine the rickets-producing action
of a diet. Moreover, this ratio can be varied within very considerable
limits without the appearance of rickets provided an adequate amount
of vitamin D is supplied. The usual modern technique of testing
foods and other substances for vitamin D depends upon the fact that
this vitamin can compensate for the imperfect calcium-phosphorus
ratios generally provided in experimental rickets-producing diets
(McCollum No. 3143 ; Steenbock No. 2965).

KBelation of Mineral Supply to the Occurrence of Human Rickels.

The fact that rickets oceurs in infants who are receiving the bulk
of their food in the form of milk suggests that neither caleium nor
phosphorus deficiency plays any determining réle in the causation
of the human disease. Human milk contains much less phosphorus
than cow’s milk, so that if phosphorus deficiency were as important
a factor in determining the occurrence of rickets in infants as it
appears to be in young rats, rickets should be much commoner in
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infants fed at the breast than in those receiving cow’s milk. Actually
the reverse is found to be true, so that the conclusion seems inevi-
table that phosphorus deficiency is not the determining factor. 1t is,
however, possible that a deficiency of calcium or phosphorus, or of
both elements, plays a part in causing rickets in older children who
may receive little or no milk and an insufficient supply of vitamin D.
Direct evidence on this question is, however, difficult to obtain.

Relation of the Acid-Base Balance in the Diet to the Occurrence

of Rickets.

The suggestion has frequently been made that a disturbance in the
acid-base balance of the diet plays a part in determining the occur-
rence of rickets [Aub, 1928-29; Elliot, Crichton and Orr, 1922 ;
Jones, James and Smith, 1923-24 ; Zucker, Johnson and Barnett,
1922-23]. The marked discrepancies in the results obtained by these
workers, however, suggest that the acid-base ratio of a diet can be of
relatively little importance in determining the development of rickets.

Relation of Vitamin D to Cereals.

Excess of carbohydrate in the food has long been regarded as
a factor predisposing to rickets in infants [Cheadle, 1906] 'This
hypothesis has now been placed upon a definite scientific basis by
Mellanby’s experimental work with puppies [Mellanby, 1922 ; 1925],
He showed that when the diets of puppies were deficient in the anti-
rachitic vitamin, the intensity of the rickets which they developed was
related to their intake of cereal. When all other factors in the diet and
environment were kept constant, rickets was most strongly developed
in those animals which ate the most bread, The explanation seemed to
be that the consumption of extra quantities of bread induced a greater
rate of growth, which necessitated an increased supply of calcifying
vitamin to promote normal calcification of the bone. Since 't.hls
supply was not forthcoming the bones were less efliciently caleified
than in those animals which grew at a less rapid rate. It appeared
most likely that it was the carbohydrate in the bread which was
responsible for the more intense rickets, and in the few instances in
which it was possible to induce puppies to eat large amounts of pure
starch or sugar for a period of several months, it was found that the
calcification of the bones was less perfect than in puppies that had
not received such additions, The whole effect produced by increasing
the bread in a diet did not, however, appear to be explained by these
experiments. Further investigations on the rickets-producing effect
of different cereals showed that the carbohydrate moiety of a cereal
was not the only factor concerned with intensifying the severity of
rickets in the absence of a sufficient supply of vitamin D. Of the
cereals studied oatmeal produced the most severe rickets, then maize
and barley, and finally rice and wheat flour, which interfered least with
bone calcification, The germ of wheat added to a diet also intensified
its rickets-producing effect. Qatmeal contains 67-5 per cent. of carbo-
hydrate, while flour contains 76.4 per cent. {Sherman, 1920, 1], so
that it cannot be an excess of carbohydrate which endows oatmeal
with its greater rickets-producing effect.
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The nature of the offending substance or substances has been
sought in a long series of feeding experiments [Mellanby, 1925] It
could not be definitely identified with the protein fraction of the
cereal, nor with the absolute or relative amounts of caleium and
phosphorus.  Oatmeal contains about three and a half times as much
caleium, and four times as much phosphorus, as white flour, so that
giving oatmeal in place of white flour certainly does not lead to any
quantitative deficiency of either of these elements. Moreover, a con-
sideration of the ratios of calcium to phosphorus in the various cereals
fails to support the view that imperfect balaneing of these elements
is responsible for their rickets-producing effect. The ratio of calcium
to phosphorus in catmeal is 1:5-7, and in white flour1:4-6. These
figures are not very different, but the two cereals differ widely in
their power of interfering with normal calcification. Wheat germ
has a calcium-phosphorus ratio of 1:14-8, and rice of 1:10.7; these
figures are of the same order, though differing widely from those of
oatmeal and white flour and yet wheat germ interferes greatly with
calcification, while rice interferes much less. Mellanby [1926, 1] has
suggested that the name foxamin might be employed for the agent
in question to indicate its unfavourable action and the fact that it
can be neutralized by a sufficiency of vitamin D. Efforts to trace
the chemical identity of this factor associated with cereals have so far
not been successful.

If oatmeal is boiled with 1 per cent. hydrochloric acid until all the
starch is converted to sugar and the solution is achromic to iodine,
the ‘toxamin’ action of the cereal is destroyed [E. Mellanby, 1925].
On the other hand Holst [1927] found that the rickets-producing
effect of oatmeal could be demonstrated in the filtrate from the cereal
after it had been boiled with 0-5 per cent. hydrochloric acid. Thus,
whereas a short period of boiling with dilute acid appears to bring the
rickets-producing substance into solution, more prolonged boiling of
the cereal destroys its action.

The antagonistic effect of cereals, and especially oatmeal, to bone-
calcification, has been demonstrated with rats as well as with
dogs [Green and Mellanby, 1928, 1; Holst, 1927). How far this effect
of cereals is of practical significance in relation to the production of
human rickets remains to be proved. The animalfeeding experi-
ments showed that the cereal effect could be obtained only when the
diets were deficient in vitamin D. Even when large quantities of
oatmeal were given, normal calcification could be brought about by
giving cod-liver oil at the same time, and a considerable degree of
protection against rickets could be secured by exposing the animals
to ulira-violet radiation. It is probable that when the diets of young
children contain a bare minimum of vitamin D, and when at the same
time the amount of exposure to sunshine is strictly limited, the con-
sumption of large quantities of cereals may determine the onset of
frank rickets.

Viramiy D axp Mareryar Feepine v ReLariox o Rickgrs.

It has been the experience of those studying rickets, both in rats
and dogs, that when mothers receive in their diets during pregnancy
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and lactation some potent source of vitamin D, their young are
distinetly less susceptible to rickets when themselves subjected to
vitamin D deficiency than other young animals whose mothers have
not been well supplied vith this vitamin. Thus both Korenchevsky
[1922] and Goldblatt[1923] found that when rats were given cod-liver
oil during pregnancy and lactation their young did not develop rickets
when later receiving diets totally devoid of antirachitic vitamin,
Grant and Goettsch [1926] kept rats during pregnancy and lactation
on diets deficient in vitamin D but adequate in other respects, and
found that their first two or three litters did not develop rickets when
diets deficient only in vitamin D were subsequently given to them, but
the fourth and fifth litters developed severe rickets under these condi-
tions, In this instance it appeared that the mother’s original stores
of vitamin D took a considerable time to become depleted and that
until the birth of the fourth litter she was able to pass on sufficient
vitamin D to her young to protect them subsequently from rickets.
‘When the mothers’ diets were deficient in calcium as well as vitamin D,
severe rickets developed in the first litter.

Mellanby observed early in the course of his experiments with
dogs that if the mother had received cod-liver oil during pregnancy
and lactation it was much more difficult to induce rickets in her
puppies when they subsequently received diets deficient in vitamin D
(see Fig. 4). He demonstrated, moreover, that the influence of the
maternal feeding lasted for a considerable period in the life of the
offspring [1926, 2]. Two bitches were allowed to become pregnant
at the same time and to one was given cod-liver oil during pregnancy
and lactation, while to the other was given olive oil. After weaning
the puppies were divided into six pairs, each containing one from
each mother, and received diets some of which were designed to
have a rickets-producing action. In each case the puppy from the
mother which had not received cod-liver oil developed severe, or
moderately severe, rickets, while the corresponding puppy from the
other mother developed no rickets or only slight rickets, depending
on the rickets-producing potency of the particular diet which it
received. Cod-liver oil was given to both members of one pair and
their bones developed quite normally. After the lapse of four
months when the animals were well grown, the diet of this pair
was changed to one containing minimal quantities of vitamin D
and a rickets-producing cereal. After six further months of such
feeding the animal whose mother had received cod-liver oil during
pregnancy remained free from any suggestion of bone abnormality,
while the other whose mother had not received cod-liver oil developed
definite bony changes which resembled those found in late rickets in
man.

It is not yet certain what degree of protection against human
rickets can be obtained by the consumption of adequate quantities of
vitamin D by pregnant and nursing women (see p. 269). Hess and
Weinstock [1924, 1] tried the effect of giving cod-liver oil to mothers
during the last two months of pregnancy, but concluded that it had no
appreciable prophylactic effect, for almost all the babies developed
rickets during the subsequent winter. Weech [1927] found that
administering large doses of cod-liver oil to women during lactation
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definitely diminished the severity of rachitic manifestations in their
infants, although it could not be relied on to afford absolute protec-
tion (see also p. 273), i

In the light of animal results it would certainly be expected that
at least some degree of protection would be afforded to infants by
ensuring liberal supplies of vitamin D to the mothers during pregnancy
and lactation. Inany case, as will be seen in the later section dealin
with osteomalacia, for the mother’s own sake it is advisable that she
should receive ample supplies of vitamin I during this period.

If any considerable degree of protection is afforded to a young
animal by antirachitic measures applied to the lactating mother, it
might be expected that such measures would produce a demonstrable
increase in the vitamin D content of the mother’s milk.

Much work on this point has yielded conflicting results, but the
balance of evidence supports the view that the young receive at
least some measure of protection from rickets if the mothers are
supplied liberally with vitamin D during pregnancy and lactation.

Seecral Conprrions ravouriNg THE OCCURRENCE
or Rickers 1n CHILDREN,

According to our present knowledge of the aetiology of rickets the
supply of vitamin D is the most important factor, and this can either
be ingested ready-made in the diet or can be produced in the skin
under the influence of ultra-violet radiation, As far as the production
of vitamin D in the skin is concerned the usual limiting factors are
the intensity of the solar ultra-violet radiation, the duration and
extent of exposure of the body surface to light, the degree of pig-
mentation of the skin, and the nature and amount of the clothing
worn. Under ordinary circumstances efficient protection against
rickets can be secured by supplying vitamin D in the diet; never-
theless, cases are sometimes met with in which rickets develop in
spite of what appears to be an adequate supply of vitamin D.

Prematurity.  Premature infants are notoriously liable to develop
rickets. It hasbeen suggested that the normal infant receives from its
mother during the last few weeks of pregnancy important stores of
vitamin D which help to protect it from rickets during its post-natal
career. Whether failure to receive this supply explains the in-
creased incidence of rickets in premature ehildren or not, there are
reasons for supposing that administration of vitamin D has the same
effect in these as in normal children. Gerstenberger and Nourse [1926]
state that cod-liver oil can protect premature infants against rickets,
but it must be given almost immediately after birth and in rather large
doses. Hess [1930] records cases in which rickets appeared in prema-
ture infants receiving cod-liver oil, but irradiated ergosterol caused
healing of the rickets.

Coeliac disease. In this disesse which is associated with infantilism
one prominent and constant feature is the passing of bulky stools con-
taining abnormally large amounts of undigested fat. There is a general
failure of growth and an osteoporotic eondition of the bones, which
may or may not show typical rickety changes in addition. The main
disturbance appears to consist in an inability to absorb fat from the
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intestinal canal, and seeing that vitamin D in food is associated with
fats, there is likely to be simultaneous deficient absorption of this
vitamin, even though the supply in the food may be adequate for
protection against rickets in a normal child, It is stated by Parsons
[1927] that ¢ coeliac rickets’ can be cured by exposing the patient to
ultra-violet radiation and giving vitamin D by mouth in the form of
irradiated ergosterol.

Renal rickets. There is a form of chronic nephritis in children
which leads to infantilism and often to rickets. In this condition the
concentration of inorganie phosphorus in the blood may be raised far
above the normal level. The appearance of rickets in these cases is
not associated with any deficient supply of vitamin D, for there is no
healing response to foods rich in vitamin D, even when well digested
by these patients, and no response to irradiated ergosterol or to irradia-
tion with ultra-violet light.

Inrantine Terany.

The association of laryngismus stridulus, carpopedal spasms, or
generalized convulsions with rickets in infancy has been commented
upon for many generations. These symptoms occasionally appear in
infants who do not exhibit the classical signs of rickets, and those
suffering from obvious rickets sometimes exhibit an increased excit-
ability of their nerves (latent tetany) without showing any of the
more severe manifestations of tetany. Theincidence of infantile tetany
is similar to that of rickets, Both show a pronounced seasonal
variation [Japha, 1905 ; Moro, 1926] with exacerbations in the winter
and early spring, and both are particularly liable to affect premature
infants ; in the United States negro infants are more frequently affected
than whiteinfants. There is one point of difference. Flond rickets
is seldom met with in poorly nourished infants, for this condition is
essentially one associated with good growth, but tetany, especially the
latent form, is by no means uncommon in cases of malnutrition,

A pronounced lowering of the concentration of ealeium in the serum
is one of the more constant findings in tetany, but not in rickets,
unless tetany is also present. A lowering of the serum calcium,
associated with rickets, can be produced in rats by feeding them on
diets deficient in vitamin D and in caleium, but relatively rich in
phosphorus [Shipley, Park, McCollum and Simmonds, 1922].  Shohl,
Bennett and Weed [1928] produced tetany in rats by giving them
alkaline phosphates after they had been on a rickets-producing diet ;
the tetany appeared in spite of the fact that the rickets showed
histological evidence of being eured. This type of tetany is probably
similar to that found in the alkalosis produced by forced breathing.

The fact that infantile tetany and rickets are so closely associated
suggests that the lowering of the blood-caleium in the former is con-
nected with a deficiency of vitamin D. This view is strongly supported
by observations on vitamin-D therapyin infancy. Adequate doses of
cod-liver oil are found to prevent tetany just as they prevent rickets.
Cod-liver oil is also effective as a curative agent, although its effect is
sometimes delayed. Irradiated ergosterol has a more rapid action
and may raise the serum calcium to a normal level in 10 or 14 days.
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The acute symptoms may be rapidly alleviated by giving large doses
of caleium chloride or of ammonium chloride, which latter salt is
stated by Gamble, Ross and Tisdall [1923]to increase the proportion
of ionized calcium in the blood ; but a real cure can only be assured
by supplying in some form sufficient vitamin D to restore to normal
the disturbed caleium metabolism.,

Tae Revation oF Viramiy D ro tHE Pararayrorn Graxps,

MacCallum and Voegtlin [1909] discovered that when the para-
thyroids of dogs were removed the caleium in the blood was lowered,
an observation which indicated that these glands played a part in
calcium metabolism.

Erdheim {1914] on the basis of pathological anatomical studies of
human osteomalacia and of experimental work with rats traced a
connexion between osteomalacia or rickets and abnormalities in the
parathyroid glands.

In recent years, largely through the work of Mandl [1926 ; 1929]
Collip {1925}, and Aub and his collaborators [1928-29], the subject
has again become one of great interest, and it is now recognized that
the parathyroid secretion is an important factor in calcium-phosphorus
metabolism. Anybody who has seen the dramatic effects produced
by removal of a parathyroid cyst on the bone and blood condition in
osteitis fibrosa cystica, or the effect of Collip’s extract (parathormone)
in tetany, must have been impressed by this relationship. The admini-
stration of vitamin D is also effective in the treatment of tetany,
so that it is a matter of interest to know how parathormone and
vitamin D are related.

The relation of the parathyroids to calcium-phosphorus metabolism
has been elucidated by three types of observation :

(1) By determining the effect of removal of the glands,

(2) By observing the effect of injecting extracts of the glands [Collip,

1925 ; 1926 ; Greenwald and Gross, 1925 ; 1926].
(3) By observing the effect of the removal of parathyroid tumours
in cases of osteitis fibrosa eystica [Mandl, 1926),

Removal of the glands from normal animals brings about a reduction
of the calcium in the blood. The tetany which also results may be
relieved temporarily by giving milk and other foods rich in calcium
and abolished by repeated subcutaneous or intramuscular injection of
extracts of the parathyroid glands, Parathormone raises the serum
calcium in these animals to normal. Large doses produce hypercal-
caemia, a condition which in normal animals especially is associated
with illness and sometimes death,

After parathyroidectomy dogs exerete smaller quantities of caleium
than the normal. On the other hand, the injection of parathormone
increasesthe excretion of both calcium and phosphorus (Greenwald and
Gross). In hyperparathyroidism the excretion of calcium and phos-
phorus is abnormally high, whether this eondition is produced artifi-
cially in normal animals by the injection of parathyroid extract or is
due to a tumour of the parathyroid glands in eclinical cases. In
hyperparathyroidism associated with osteitis fibrosa cystica, the blood
bas a high calcium and a low phosphorus content [Harrison, Shorr,

E
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McClellan and Du Bois, 1930]. Removal of the tumour lowers the
caleimn of the blood greatly and increases the phosphorus but to a
less extent. The excretion of both elements is greatly reduced by
this form of treatment.

The effect of the secretion of the parathyroid is to maintain or
raise the caleium and phosphorus exeretion at the expense of the
bones, Administration of vitamin D), however, in ordinary amounts
brings about the incorporation of calcium and phosphorus in bones.
Their actions are therefore in opposite directions. The fact that both
vitamin D and parathyroid extract relieve tetany might suggest that
they had a similar type of action. Vitamin D seems to raise to
normal the calelum of the blood in cases of tetany by increasing the
retention in the body of ecalcium which may be available in the food
supplies. Parathyroid extract, on the other hand, raises the calcium
in the blood by withdrawing it from the great tissue reserve of this
substance, namely the bones.

Experiments have beenmade to ascertain whether vitamin D and the
parathyroids are related by administering the vitamin to parathy-
roidectomized animals. Some observers have found that vitamin D
acts just as well under these conditions as in the intact animal, large
doses of irradiated ergosterol (400 to 800 times the therapeutic dose)
producing hypercalcaemia even in the absence of the parathyroids.
There is also evidence that these large doses of vitamin D (in the
form of irradiated ergosterol) raise the blood ealcium at the expense
of the bones [Kreitmair and Hintzelmann, 1928 ; Baumgartner ef al.,
1929 ; Hess, Weinstock and Rivkin, 1928-29; 1929-30], an action
which is similar to that of the parathyroid extracts.

Taylor, Weld, Branion and Kay [1931, 1, 2] have presented
evidence to show that the action of large doses of irradiated
ergosterol in producing a rise in serum caleium takes place through
the intermediary of the parathyroid glands, and have shown for
example that large doses had no effect in relieving the tetany

roduced in dogs after an intensive operation in which thyroid and
parathyroid glands and all accessory parathyroid tissue had been
removed.!

Viramix D v oo Propayraxis AND TREATMENT OF
Rickers AxD Arvrep DIsorpEgs.

Rickets, osteomalacia, and infantile tetany have been shown to be
due primarily to a deficiency of vitamin D, although other factors
such as the supply of cereals and mineral salts may play an important
part in their causation when there is a coincident partial deficiency
of vitamin D. The prevention and treatment of these diseases should
therefore not present any great difficulty, for there is a considerable
choice of methods available for supplying vitamin D. Many of these
methods have already been tested on a large scale, and though they
may all have been found efficacious in achieving their immediate
purpose, there may be advantages and disadvantages associated with
some of them which require a somewhat detailed examination.

1 For a review of work on the parathyroid glands, see Hunter [1931].
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Gencral Adjustment of Diet,

Much may be done to prevent rickets and osteomalacia by includ-
ing in the diet a regular supply of natural foods containing vitamin
D and by cutting down the amount of cereal. There are few natural
foods rich in vitamin D, unless cod-liver and similar fish oils are
considered natural foods. Egg yolk is powerfully antirachitic and
may be given even to young infants. Milk, cream, and butter may
contain appreciable quantities of the vitamin and the amount can be
increased by feeding cows in the open air on good pasture. Milk is
of cousiderable value also on account of its relative richness in caleium,
Animal fats such as suet and dripping contain small amounts of
vitamin D which give them a better nutritive value than vegetable
fats which usually contain none.

The problem of cutting down the cereal content of a diet without
increasing its cost is by no means easy to solve. It is quite true that
the anti-calcifying effect of cereals can be neutralized by adequate
supplies of vitamin D, but some evidence has been obtained in con-
nexion with the work of M, Mellanby [1924 ; Mellanby and Pattison,
1926], on carious teeth in childhood, that even small supplies of
vitamin I may be more efficacious in promoting normal caleification
if the diet contains minimal quantities of cereals [see also Boyd et al.,
19285 1929]. As regards cereals, it seems advisable to choose those
which have the least anticalcifying action, such as white bread and rice.
It is possible, as will be mentioned below (p. 70), to render cereals
such as oatmeal antirachitic by irradiation. Greater use may be
made of fresh vegetables and potatoes with little increase in the cost.

Insistence upon the breast-feeding of infants is strongly advised
whenever possible, :

Cod-liver Oil Therapy.

The specific properties of cod-liver oil as an antirachitic agent were
first proved experimentally by E. Mellanby [1918-19, 1]. Since then
1t has been abundantly shown that cod-liver oil can almost always be
relied upon to cure rickets if it is given in adequate doses. It contains
large amounts of vitamin A as well as vitamin D and it appears likely
that some of the beneficial effects observed after giving it to children
are due to this fact. As a prophylactic agent it should be given early
in the infant’s career, especially to premature infants and during the
winter months. Many experiments have been carried out on a large
scale to test its prophylactic effect. Hess and Unger [1917] demon-
strated that giving cod-liver oil to negro infants was more effective
than breast-feeding in protecting them from rickets. Gerstenberger and
Nourse [1926] found that 35 c.c. a day protected premature infants.
Eliot [1925] could not altogether check what she interpreted as
radiographic evidence of early rickets in infants by giving cod-liver oil,
although those receiving it were protected from obvious clinical
manifestationsof the disease. Similarly M. G.Wilson [1926] considered
that cod-liver oil had no great influence in preventing the radio-
graphic changes in the bones which she considered to indieate very
early rickets. ~ According to these observers a very slight degree of
rickets may be regarded as physiological and almost universal in
apparently healthy young infants even when they receive cod-liver oil.

E2
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In climates where there is little available sunshine the prevention of
rickets depends on supplying liberal quantities of vitamin D by
cod-liver oil administration, There are no serious objections to its
routine use in infancy and childhood. Most young children not merely
tolerate it but grow to like it. 1t may be given as a prophylactic
measure after the second or third week of life in doses of one quarter
of a teaspoonful, and be increased so that the dose at the age of three
months is one-half teaspoonful twice a day, and at eight or mine
months two teaspoonsful a day. There appears to be no danger what-
ever of these doses causing untoward symptoms in infants correspend-
ing to those deseribed by Agduhr [1926, 1, 2]in experimental animals,

. The healing effect of cod-liver o1l can often be detected radiographi-
cally within two or three weeks, but the treatment should be continued
for at least a year, during which time most of the growth deformities,
even in severe cases, will become rectified. Cases are sometimes met
with in which vitamin D concentrates, such as irradiated ergosterol,
promote healing when ordinary doses of cod-liver oil given for many
weeks have had no appreciable effect.

The toxicity of cod-liver oil. It is a matter of common experience
that cod-liver oil, especially in the adult, may produce anorexia and
gastric discomfort. Much of this effect is psychological and results
from its disagreeable taste and oily nature. A part is undoubtedly
due to its physiological effect in inhibiting gastrie secretion and motility,
for, as has been shown by Roberts in the treatment of hyperchlor-
hydria [1980], cod-liver oil is much more effective in this respect than
more highly saturated fats such as olive oil and butter fat. In these tests
the various oils and fats were placed directly in the stomach so as to
eliminate any psychological effect due to flavour.

Apart from these detrimental effects there is some evidence that
cod-liver oil can do harm under certain conditions after absorption
from the alimentary canal.

Normal adults taking large quantities of cod-liver oil (say 2 ounces
daily) occasionally develop some degree of tachycardia and praecordial
discomfort, even when there is no question of gastric disturbance
[E. Mellanby, 1924). The subject has been brought into a position
of prominence by the investigations of Agduhr [1926-29), who found
that cod-liver oil, when given continuously to animals, may produce
toxic effects on the heart and the development of the following
abnormalities—pigment degeneration and fatty degeneration of the
heart-muscle, transformation of the muscle-cells into connective tissue,
and caleareous incrustations. Parallel experiments with other oils,
e.g. olive oil, rape oil, and cocoa fat, did not show alterations in the
heart comparable with those produced by cod-liver oil. i

It is undoubted that under certain experimental conditions cod-liver
oil produces degenerative changes in the heart and the problem is
to decide to what extent such results may be extended to man.
Agduhr's results were undoubtedly magnified by the type of diet chosen
for his work. Just as vitamin D in excessive doses produces much
greater toxic effects when added to synthetic diets than when added to
diets of natural foodstuffs [see Harris and Innes, 1931}, so also the toxic
effects of cod-liver oil are much greater under these same experimental
conditions. The inhibition of the toxic effect of excessive cod-liver
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oil by increasing the supply of the vitamin B complex, as shown by
Harris and Moore [1929, 2], indicates the importance of testing the
action of cod-liver oil in a well-balanced diet.

Another eriticism of Agduhr’s results applies especially to those
experiments in which he obtained the greatest effects, namely in calves
and herbivorous animals. These animals take cod.liver oil or any
form of fat very badly, and indeed rabbits die soon after the addition
of small quantities of fats to the food unless green vegetables are also
given liberally [M. Mellanby and Killick, 1926]. It seems desirable
that some of Agduhr’s work should be repeated with animals eating
well-balanced diets and receiving quantities of cod-liver oil more com-
parable to the relatively small amounts taken by an average human
being. At the same time the results should probably be used as a
warning that constant administration of large quantities of cod-liver
oil to children and adults on ill-balanced diets may have an insidious
and untoward toxic effect especially on the muscle-cells of the
heart,

There is no reason to believe that any of the toxic actions ascribed
to cod-liver oil are due to its vitamin eontent. Norris and Church
[1930, 8] have shown that small doses of isoamylamine, as found
in cod-liver oil, and also choline, given continuously, may produce
paralysis, convalsions, and lack of growth, and that these symptoms
can be prevented by giving more yeast. They suggest that these bases
may be the toxic agents in cod-liver oil,

Ezxposure to Sunshine or Artificial Sources
of Ultra-violet Radiation.

When the composition of the diet is such that it is neither power-
fully rickets-producing nor powerfully protective, exposure of the skin
to ultra-violet radiation from the sun, even in an unfavourable climate,
may suffice to protect the individual from rickets or allied disorders.
Chick and co-workers [1922; 1923] demonstrated the protective value
of natural sunshine in Vienna; rickets could be both prevented and
curedin the summer by allowing infants to remain in the open, although
this effect could not be obtained in the winter, Huldschinsky’s [1919]
observations on the curative effect of artificial ultra-violet irradiation
mark an epoch in the study of rickets and have been repeatedly
confirmed. In many parts of the world Light Clinics have been
established for the purpose of providing protection against rickets in
districts where natural sunshine is not available during a considerable
part of the year. This method of prophylaxis is undoubtedly effective,
but is costly in operation and nof free from danger, and must entail
considerable time and expense on the part of the mothers who have
to attend regularly with their children. It has, moreover, the dis-
advantage, as compared with the administration of cod-liver oil, of not
supplying vitamin A, which is frequently also deficient in the diets
of children suffering from a lack of vitamin D.

Concentrated Preparations of Vitamin D.

Since the discovery of the extremely powerful antirachitic activity
of irradiated ergosterol, it has been possible to give much larger doses
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of vitamin D than could previously be given in the form of cod-liver
oil. The efficacy of this substance, both in the prevention and cure
of rickets, has been proved by numerous observers in all parts of the
world. It has also been shown to be effective in the treatment of tetany
and osteomalacia [Hottinger, 1927, 1; Starlinger, 1927}, Several
interesting comparisons have been published between the effects of
cod-liver oil and irradiated ergosterol in preventing or curing rickets.
Barnes, Brady and James [1930] found that one drachm of cod-liver
oil given three times a day to children prevented or cured rickets in
95 per cent, of cases, Daily doses of irradiated ergosterol of equiva-
lent potency as tested on rats prevented or cured rickets in 44 per
cent. of casesonly. De Sanctis and Craig [1930] gave three drachms
of cod-liver oil daily to 103 infants and found that 97 were protected
from rickets; ten minims daily of the American preparation of
irradiated ergosterol known as ‘viosterol’, which, according to rat
dosage, should afford good protection, prevented rickets in only 77
out of 123 infants.

These results show the desirability for enforeing standardization of
commercial preparations of vitamin D sold for therapeutic use and
the need which existed for the efforts which have been successfully
made to secure international agreement as to a standard substance to
be adopted for purposes of comparison in vitamin D tests and as to
the unit in which the results are to be expressed (see Appendix II).

Irradiation of Foods.

The observation of Steenbock and Black [1924] that foods previously
without antirachitic value were capable of preventing or curing rickets
after they had been exposed to ultra-violet radiation (p. 74), led to
clinical trials of the antirachitic effect of irradiated foods [Steenbock
and Daniels, 1925] The fact that vegetable oils develop high
antirachitic potency after irradiation suggests that they might be irradi-
ated with advantage before being incorporated into margarines.

Mellanby [1925 ; see also Green and Mellanby, 1928, 1] has shown
that the anticaleifying effect of oatmeal is neutralized by exposure o the
radiation from a mercury-vapour lamp for thirty minutes. If the
oatmeal is freed from fat, irradiation does not increase its calcifying
action, On the other hand, irradiated oatmeal loses its calcifying
action when its fat is extracted and the fatty moiety can be shown to
stimulate calcification. These facts indicate that the ergosterol present
in the oatmeal is changed to vitamin D by the ultra-violet rays,
When this substance is removed the anticalcifying effect of the cereal
remains [M. Mellanby, 1929).

Toxicity of Irradiated Ergosterol.
Hypervitaminosis D.

This subject has become a question of practical interest, especially
to those concerned with the care of children. While, on the whole,
it would appear that the danger to children of this form of therapy
is very small, especially if their diet is otherwise balanced, it is not
possible at the present time to lay down any clear cut rules as to the

limits of safety. ) o
Pfannenstiel [1927; 1928] observed in rabbits and Kreitmair and
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Moll[1928] in rats, cats, rabbits, dogs, and guinea-pigs, that large doses
(from 1-40 mg. daily) of irradiated ergosterol brought about death
of the animals in periods ranging from 15-40 days. The symptoms
were rapid loss of weight, anorexia, diarrhoea, and roughening of the
coat, while examination of the tissues revealed large deposits of
calcium in the arteries, myocardium, lungs, kidneys, stomach, and
Intercostal muscles.

These results have been confirmed by numerous workers and the
pathological lesions have been described by Huckel and Wenzel
(1929, 1, 2], Varela ef al. [1929], Spies and Glover [1930], Duguid
[1930], Hoyle [1930, 1, 2] and others. The predominating lesion is in
the arteries and appears to be primarily a degenerative change in the
muscular layer followed by ealcification. The caleifying process
extends from the larger to the smaller arteries, especially the renal
vessels, until almost all are involved. A premature calcification of
growing cartilage was observed by Collazo ¢f al. [1929] and Schmidt-
mann [1928]  Klein [1929] and Harris and Stewart [1929] recorded
a large increase in the calcium and inorganic phosphorus content
of the blood after massive doses of irradiated ergosterol. There
is an increased urinary excretion of both calcium and phosphorus,
and this loss hasbeen shown by Kreitmair and Hintzelmann [1928]} and
Baumgartner et al. [1929] to be associated with a decalcification of the
bones particularly affecting the ribs.

There is, however, an extremely wide margin between the thera-
peutic and toxic doses. Kreitmair and Moll [1928] obtained toxic
effects with 5,000-10,000 times the curative dose ; Harris and Moore
[1928] used 100,000 times the prophylactic dose; Bills and Wirick
{1930] state that 100 times the prophylactic dose is harmless in rats,
1,000 times is just perceptibly harmful over along period, whilst 4,000
times is definitely toxic.

Some workers have been unable to obtain these toxic effects even
when very large doses of irradiated ergosterol were given. There is a
great lack of uniformity in experimental conditions, including the
species of animal used, the nature of the diet and the mode of irradia-
tion of the ergosterol, all of which appear to be important factors.
These divergent results have raised the question as to whether the
toxic effect was actually due to the antirachitic principle or to some
toxic by-product produced during the irradiation of ergosterol. The
opinion that the antirachitic and toxic actions are the effects of
different substances [Holtz and Schreiber, 1930] has been rendered
very improbable by the observation that calciferol (p. 77), the purest
form of vitamin D yet known, is also toxic in large doses [Askew et
al., 1932]. Most workers find ergosterol itself to be non-toxic though
Kreitmair and Moll {1928] produced caleification in the vessel walls
by its administration, but only after large doses for a very long period,

Many of the negative results mentioned above have been obtained
by workers using natural diets rather than laboratory synthetic diets.
Schmidtmann [1928] and Rabl [19:29] have shown that a high calcium
diet favours the early production of lesions, while according to Herzen-
berg(1929]a low calcium diet delays the appearance of lesions ; Harris
(1930] notes that a high Ca, low P diet definitely increases the toxic
effect. Duguid ef al. [1930] found that irradiated ergosterol was much



72 VITAMINS

more toxic to rats living on a synthetic high Ca, low P dict than to rats
fed on a mixed diet of bread and potatoes. The work of Hoyle [1930,
1,2] also showed that the nature of the diet was a veryimportant factor :
80,000 times the usual therapeutic daily dose of ergosterol irradiated
in alcohol caused death of rats on a synthetic diet in 2-8 weeks,
while rats on bread and milk, apart from retarded growth after
30 to 40 days, showed no lesions except occasional urinary calculi.
Neither bread alone nor milk alone, nor a synthetic diet constituted to
resemble the bread and milk diet prevented the toxic action. When
the dose was increased to 200,000 times the normal dose the bread and
milk diet lost its protective effect.

There are other conflicting observations, Harris and Moore
[1929, 1] noted a loss of toxicity when irradiation of the ergosterol in
alcohol was prolonged sufficiently to destroy the antirachitic factor,
whilst Hoyle [1930, 1, 2] finds no such loss under similar conditions,
The nature of the solvent in which ergosterol is irradiated possibly
influences the toxicity, though Harris and Moore [1929, 1] found that
a pure specimen of ergosterol irradiated in air could still, 1n adequate
doses, produce typical lesions. Dixon and Hoyle [1928] using ergos-
terol irradiated in oil found that a dose as high as 17 mg. daily caused
poor growth, but apart from the presence of calcium phosphate caleuli
In the urinary tract there were no morbid lesions. Hoyle and Buckland
[1929] with a larger dose confirmed this result in the main, while
Hoyle [1930, 1] found that ergosterol, after irradiation in alcohol,
caused intense tissue calcification although urinary caleuli were rare,

Very few instances of toxic effects due toirradiated ergosterol have
been deseribed in human beings, which is not surprising in view of the
enormous doses required to produce these effects in animals, Large
doses of irradiated ergosterol have, indeed, been given to infants
without the appearance of toxic symptoms. Hess, Poncher ¢t al.
[1930] in a prophylactic investigation, observed no toxic symptoms
after daily administration of 20-52 times the prophylactic dose of
irradiated ergosterol (‘ viosterol’) for long periods and of 250 times
for short periods. The children were lively, the appetite was in-
creased ; constipation was the rule. Bamberger |1929] records
loss 1n weight, vomiting, anorexia, with blood, albumin, and hyaline
casts in the urine and a raised blood calcium and phosphorus content
in 10 of 11 tuberculous children receiving large doses of ¢vigantol’
(0-2-0-25 mg. irradiated ergosterol per kg. body-wt.). No such
effects were observed with a cod-liver oil concentrate given in amounts
equivalent in antirachitic potency; it would therefore appear that the
toxic effect of ¢ vigantol’ was not due to its vitamin D content. Gybsrgy
{1929] observed anorexia, vomiting, renal disturbances, and hyper- -
calcaemia in tuberculous children on daily doses of 5-10 mg. irradiated
ergosterol, but normal children did not show such symptoms or hyper-
calcaemia on a dose of 6 mg. Hess and Lewis [1928] report toxie
effects 1n 9 out of 22 normal and rachitic children receiving doses of
0.5-66 mg. per kg. body-wt. Klausner-Cronheim [1930] records
the appearance of albumin, red cells. and casts in the urine of 3
rachitic children receiving from 1 to 5 mg. of irradiated ergosterol
daily. Putscher{1929]found abnormal calcification similar to that seen
in animals in a child that had received 6 drops of *vigantol” daily.
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Bamberger and Spranger [1928] describe parenchymatous nephritis
in a child dead from ‘vigantol’ poisoning.

Although there appears to be a wide margin of safety in the use
of irradiated ergostercl in human therapeutics, it is clearly desirable
that it should be prescribed on a standardized basis and that the
possibility of toxic effects, particularly as revealed by urine examina-
tion, should be borne in mind, Animal experiments suggest that there
is more danger when the diet is deficient or faulty in some respect.

GExeran CoNcLusioNs,

A deficiency of vitamin D is the principal factor which determines
the occurrence of rickets, defectively formed teeth and infantile tetany.
The same deficiency is the cause of osteomalacia, a disease which may
be regarded as the pathological analogue of rickets, occurring in adult
life under special conditions of deprivation and often associated with
pregnancy (see p. 239).

Deficiency of vitamin D arises either from a lack of vitamin D in
the diet or from a deficient exposure of the skin to those radiations of
short wave-length which are capable of producing vitamin D at the
surface of the body. 'When the total amount of vitamin D supplied
from either or both of these sources is large, rickets and the allied
conditions will be prevented, although normal bones cannot be formed
in the absence of the necessary minimum quantities of mineral elements.
‘When the amount of vitamin D supplied is small, the occurrence of
rickets may depend on other factors in addition to vitamin D defi-
ciency. Thus rapid growth, a large intake of cereals, deficiency of
caleium or phosphorus, an unsuitable proportion of the one to the
other, or adefective supply of vitamin D to the mother during pregnancy
and lactation may then determine the onset in individual cases. It
is unlikely that all the factors which may influence the oceurrence of
rickets in the presence of limited amounts of vitamin D are at present
recognized ; nevertheless, except in rare pathological cases, liberal
supplies of vitamin D can apparently counteract them all,

Chemistry of Vitamin D.

A remarkable result of the work on rickets was the discovery that
light rays—either in the form of direct sunlight or of the radiation
from the mercury-vapour quartz lamp— exert a profound influence on
the disease. The first observations were clinical (see p. 55) and not
only failed to clarify the problem, but tended to complicate the issue
by raising the apparent paradox that rickets could be cured by two
such dissimilar agents as ultra-violet rays and dietary factors.” The
attack on the problem by the biochemist, which finally led to its
solution, only became possible when means were found to study the
question experimentally in the laboratory on animals, rats in particular,
kept on a rachitogenic diet. Since the sunlight effects could not be
satisfactorily explained in terms of calcium and phosphorus meta-
bolism alone and were similar to those produced by including cod-
Liver oil in the diet, the idea arose that sunlight striking the skin
might cause a photosynthetic production in the skin of the antirachitic
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vitamin, which was then liberated into the blood-stream. Its produc-
tion would thus be analogous to that of vitamin-A potency in green
leaves, which probably occurs as a result of photosynthesis.

Activarion or Syxraeric Diers BY IrrapIATION.

A valuable clue, directing the experimental attack into the right
channel, was unexpectedly supplied by the discovery that the effect
of irradiation on the animal could be equally well evoked by irradiation
of its rachitogenic diet. The experimental work which led up to this
discovery was carried out by Hume [1922], Hume and Smith [1923)
and by Goldblatt and Soames [1923, 1, 2).

Hume {1922] had observed that ultra-violet irradiation could
replace cod-liver oil up to a point as far as the promotion of growth
was concerned, but that it could not permanently supply the growth-
promoting function of the oil, nor could it prevent xerophthalmia,
Hume and Smith [1923] reported that rats eating a diet deficient in
fat-soluble vitamins, when kept in glass jars which had been exposed
to radiation from a mercury-vapour lamp for ten minutes on alternate
days, maintained growth longer than control rats not so treated.
The implication that the air in the jars could be activated by the rays
was negatived by Webster and Hill [1924], who only obtained growth
effect by exposing the animals themselves to the radiation [ef. Chick
and Tazelaar, 1924; Nelson and Steenbock, 1924-25; 1925, 2; Hughes,
Nitcher and Titus, 1925]. Hume and Smith [1924] then observed
that rats housed in previously irradiated glass jars containing sawdust
and fed on a diet deficient in fat-soluble vitamins grew as well as those
undergoing direct irradiation, and that the degree of bone calcification
was directly proportional to the growth, The growth-promoting and
caleifying properties resided in the irradiated sawdust consumed by
the rats, and were later shown to be due to the sterols of the sawdust
which had become antirachitic by irradiation (see p. 75).

About the same time Goldblatt and Soames [1923, 2] found that
the livers of irradiated rats on a diet deprived of fat-soluble vitamins
had acquired growth-promoting properties, whilst the livers from non-
irradiated rats were entirely inactive.

Steenbock and Black [1924] confirmed this observation and extended
it by irradiating liver and the deficient diet directly, and they offered
what is now known to be the correct explanation. The observed effects
are due to the production, not of vitamin A, but of vitamin D, and
both growth-promoting and bone-caleifying properties are imparted
by irradiation to animal tissues and to synthetic diets deficient in
the antirachitic vitamin. In confirmation of this view they discovered
that various foodstuffs, incapable in themselves of preventing or curing
rickets, became endowed with antirachitic power on exposure to
ultra-violet rays. Hess and Weinstock [1924, 2; 1924-25; 1925, 1]
arrived at sinnlar conclusions. On further analysis it was found that
the capacity to become activated resided only in those constituents of
the diet which contained fats. The fats themselves, i.e. edible
vegetable oils such as olive oil, cottonseed oil, arachis oil, &e,
although inactive by themselves, became antirachitic after irradiation.
It was also noticed that this activity was completely lost again on

?
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prolonged irradiation. This remarkable property of fats is not due
to their main constituents, the fatty acids and glycerol, but is restricted
entirely to that small moiety of substances composing the ¢ unsaponi-
fiable” fraction,

Subsequently three distinet groups of investigators [Steenbock and
Black, 1925; Hess, Weinstock and Helman, 1925 ; and Rosenheim
and Webster, 1925] discovered independently and simultaneously
that the animal sterol, cholesterol, and the plant sterol, phytosterol,
could be converted under the action of ultra-violet rays into very rich
sources of vitamin D, although neither substance possessed any anti-
rachitic action prior to irradiation. Even when cholesterol (obtained
from brain) was subjected to purification by recrystallization more
than twenty times, 1t retained the power of acquiring antirachitic
potency under the action of ultra-violet rays.

TrE REcoGNITION OF ERGOSTEROL AS THE PARENT
SussTancE oF Vitauix D.

It was found by Rosenheim and Webster [1926, 1] that after
irradiation of cholesterol more than 99 per cent, remained unchanged.
By taking advantage of the insolubility of the digitonin-cholesterol
compound, the antirachitic factor could be accumulated in a small
amount of an amorphous substance not precipitable by digitonin.
Such a behaviour is analogous to that of the vitamin D of cod-liver
oil, which is also not precipitable by digitonin [Nelson and Steenbock,
1925, 1) The preparation obtained from irradiated cholesterol
sufficed to meet the antirachitic requirementsof ratswhen administered
at what was then considered the extraordinarily small dosage of
001 mg. per rat per day. Rosenheim and Webster also observed
that the sterol of fungi, ergosterol (obtained from ergot of rye or from
ytefalst fat) when irradiated became ‘highly protective even in doses
of 1 mg.’

A very large number of substances allied to cholesterol (isomerides,
hydrocarbons, oxidation products, &c.) were then investigated [Rosen-
heim and Webster, 1926, 5; 1927, 2; Hess and Windaus, 1926-27).
The negative results obtained in this work, together with other
considerations, led Rosenheim and Webster [1926, 5] to recognize
that cholesterol contained a significant impurity which could not be
eliminated by recrystallization. Cholesterol, in view of its single
ethenoid linkage, readily forms a dibromide, from which the sterol
can be regenerated by reduction with sodium amalgam and acetic
acid. It was found that the cholesterol, purified by way of the
dibromide, no longer possessed the power of becoming antirachitic
after irradiation with ultra-violet rays. Such cholesterol is very
transparent in the ultra-violet, no trace of selective absorption being
shown. From this work of Rosenheim and Webster, it seemed
probable that the precursor substance (provitamin D) was more
readily attacked by bromine than cholesterol, or, at any rate, that it was
destroyed in the purification process. It seemed legitimate therefore
to assume that, since it resisted separation from cholesterol and was
precipitated by digitonin, the provitamin was either an unsaturated
sterol or a cholesterol derivative. From this point progress proved
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to be rapid, and spectroscopic investigations afforded valuable contri-
butory evidence.

The first preliminary spectroscopic investigations were carried out
by Hess and Weinstock [1925, 2, 3] who recorded a qualitative change
in absorption on irradiation. The activated material absorbed ultra.
violet rays somewhat less strongly than the non-irradiated cholesterol,
a difference in the integrated absorption over a range of wave-lengths
being detected by means of a thermopile and galvanometer. Schlutz
and Morse [1925] and Sehlutz and Ziegler [1926] carried the matter
farther when they recorded that highly purified cholesterol (M.P.
148-5°) showed ‘two characteristic absorption bands at about 294
and 279 mu wave-length’, They further suggested that the absorption
might be due to a small amount of a highly absorptive impurity.

A quantitative study of the absorption spectrum of cholesterol was
carried out by Heilbron, Kamm and Morton [1926; 1927] Large
quantities (2 kg.) of cholesterol were subjected to fractional crystal-
hzation from ethyl acetate, and the various fractions examined
spectrographically. It was established that ordinary cholesterol
contained a small quantity of another compound, capable of being
accumulated in the least soluble fraction. The intensity of absorption
in the original cholesterol was only one-fourth of that obtained with
this fraction. A sample of the coneentrated product was subsequently
irradiated and tested biologically by Rosenheim and Webster {1927, 3]
and found to possess an antirachitic potency 3-4 times as great as that
obtained by irradiating the original sample of cholesterol. The
“impurity” in cholesterol was characterized by three well-defined
absorption maxima in the ultra-violet at 2935, 281.5, and 270 mpu
respectively. Since these maxima disappeared on irradiation and at
the same time the material acquired antirachitic activity, it became
evident that the bands provided criteria for a photosensitive precursor
substance. Pobl[1926] published similar data, arrived at independently
and by a different technique. The spectroscopic observations thus
effectively strengthened the evidence of the biological and chemical
work and led to a search for the ¢impurity’ (provitamin D), which
proved successful in a short time.

Attention was directed again to the fact that Rosenheim and
Webster [1926, 1] had obtained positive results with ergosterol.
This trebly unsaturated sterol is destroyed by bromine, it is precipi-
tated by digitonin, and can be activated. When Rosenheim and
Woebster first examined irradiated ergosterol they obtained complete
protection with 1 mg,, but did not test smaller amounts. DBy pro-
gressively reducing the dosage, it was found that the antirachitic
potency was of a much higher order than that obtained with any
other substance. The daily dose of irradiated ergosterol needed to
protect a rat against rickets is exceedingly small, 0-0001 mg. or less
sufficing. It was also found that ergosterol possessed a highly
characteristic absorption spectrum, showing the same maxima as
those recorded by Pohl and by Heilbron, Kamm and Morton, but with
enormously increased intensity as compared with cholesterol. The
identification of ergosterol with provitamin D was jointly announced
by Rosenheim and Webster [1927, 8, 4] and by Windaus and Hess

(1927}
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The laboratory results obtained by animal experiments were rapidly
confirmed by extensive clinical experience and enabled the dietetic
and environmental theories of the aetiology of rickets to be at last
reconciled (p. 52). It is obvious that among the factors of hygiene
advocated at different times as influencing rickets, sunlight and ultra-
violet rays are of pre-eminent importance. Diet and sunlight both
influence the caleification of bone, the former by virtue of ils content
of vitamin D, sunlight by gemerating vitamin D in the skin from
ergosterol., Thus, many observations which formerly could not be
brought into intelligible relationship are now seen to be consistent.

Tae Isoratioxn oF CrysTaLLINE VITaMIN D (CALCIFEROL).

When ergosterol 18 irradiated a complex resinous mixture of at least
six substances is formed, either simultaneously or consecutively, one
of which is the antirachitic vitamin. In spite of the persevering
attempts of chemists in many countries, this intractable resinous
mixture could not be brought to crystallization. Success was more
than once announced [Jendrassik and Kemenyffi, 1929 ; Reerink and
van Wijk, 1929 ; 1931), but the claim that the crystalline products
represented vitamin D 1tself was not substantiated. It seems, how-
ever, as if the final stages in the isolation of the vitamin had now
been reached, concurrently in England and in Germany, and fittingly
in the same laboratories in which the original discovery of the parent
substance of vitamin D was simultaneously made in 1927,

The first step towards success was taken when Bourdillon and his
co-workers [Askew ef al., 1930, 1] produced from the irradiation
mixture small amounts of a crystalline substance of high antirachitic
activity by the use of an ingenious new method, distillation i vacuo
combined with fractional condensation. Later they were able to
obtain several grams of this substance, termed by them caleiferol,
which retained 1ts biological and physical properties unchanged on
repeated recrystallizations [Angus ef al., 1931).  This fact did not, in
their opinion, exclude the possibility that the substance was a mixture
or a molecular compound of a highly active substance with an inactive
isomeric one. It was then found that calciferol, as obtained by distil-
lation, yielded a well-characterized crystalline ester, the 38 :5-dinitro-
benzoate [Callow, 1931}, by means of which it could be freed from an
inactive isomeric admixture of very high dextro-rotation. The latter
substance, pyrocalciferol, is formed by thermal effects during the pro-
cess of distillation of the irradiation product. Pure calciferol has an
antirachitic activity of 40,000 international units (see p. 83) per mg,,
M.P. 115-117°, [a},,,, + 122° and has been isolated as the dinitro-
benzoate directly from the undistilled erude mixture of irradiation
products of ergosterol [Askew et al., 1931; 1932],

Meanwhile Windaus [1931] also obtained a crystalline substance,
differing from calciferol in its optical activity, by applying the reaction
of Diels {1929] with maleic or citraconic anhydride to the products of
long-wave irradiation of ergosterol, This substance had an antirachitic
activity of 20,000 international units per mg. and the subsequent
isolation by Linsert [1931] of a second erystallized product of apparently
equal activity led Windaus and Littringhaus [1931] to assume the exis-
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tenceof two vitamins, ‘vitarain D,” and ‘vitamin D,’. They subsequently
recognized the identity of their vitamin D, with caleiferol, since 1t
furnished a dinitrobenzoate identical with that of calciferol previously
described by Askew ef al. In addition they stated that ‘vitamin D,’
is a molecular compound of calciferol (their vitamin D,) with another
Inactive, but isomeric alcohol. Reerink and van Wijk’s {1931] crys-
talline product, ‘substance L', appears to be an unstable mixture of
various substances, of which calciferol is probably a constituent.

It would therefore seem probable that calciferol (vitamin D, of the
German workers), a stable crystalline substance of the highest
antirachitic activity yet obtained, is vitamin D in a state of purity.

Tuz Cuexicar CHANGES 0CCURRING ON JRRADIATION OF ERGOSTEROL.

One of the most striking chemical changes induced by the action
of ultra-violet rays on ergosterol is the loss of preeipitability by
digitonin [Rosenheim and Webster, 1927, 5], which indicates a steric
inversion connected with the secondary alcohol group, The hydroxyl
group, however, seems to be only indirectly involved in the activation
process, since the irradiated esters of ergosterol are inactive as such,
but acquire high activity after hydrolysis [Windaus and Rygh, 1928).
The acetate, benzoate, and palmitate form the only exceptions, their
activity after irradiationt probably being due to the nature of the acid
radical which may easily be split off by the esterases of the animal
organism, The fact that ergosterol methyl ether cannot be activated,
although spectroscopically almost identical with ergosterol [Heilbron
et al., private communication), is further evidence for such a view.

Reduction of the irradiation products with metallic sodium destroys
the antirachitic activity, and a crystallized isomeride of dihydro-
ergosterol ean be obtained from the reaction mixture [Windaus, 1930,
1} The inactive produets resulting on prolonged irradiation yield on
treatment with cyanic acid a mixture of allophanic acid esters, from
which two crystallized isomerides of ergosterol, suprasterol 1 and
suprasterol 11, have been separated by Windaus ef al. [1930],

The strong laevo-rotation of ergosterol decreases slowly under the
influence of irradiation and gives place to a slight dextro-rotation
[Windaus and Linsert, 1928). According to the same authors the
hydroxyl group itself and three double bonds are still present in the
reaction mixture freed from ergosterol, and the molecular weight and
composition remain the same as those of ergosterol.

Irradiation apparentlyinducesa stereoisomeric change orarearrange-
ment of ethenoid linkages, or a combination of changes of these types,
the nature of which will remain unknown until the elucidation of the
constitution of calciferol has been achieved. Calciferol is an alcohol,
isomeric with ergosterol, and, like the latter, yields well-erystallized
esters, Two of these have been described, the p-nitrobenzoate and
the 3 : 5-dinitrobenzoate, the latter of which led to its isolation [Askew
et al., 1931} Like ergosterol it possesses a system of eonjugated
double linkages, as demonstrated by the Diels reaction (condensation
with maleic or citraconic anhydride), a fact made use of by Linsert in
the alternative method of isolation [1931],

A specific relative position, as yet unknown, of the three double
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bonds in the ring system of ergosterol is probably essential for its
photo-chemical conversion into calciferol, giving rise to the specific
groupings to which antirachitic activity is due.

Corour TEests For Viramin D.

Shear [1925-26] found that cod-liver oil and irradiated cholesterol
gave a characteristic red colour with a solution of aniline hydrochloride
in excess of aniline. The suggestion that this reaction might serve for
the detection of vitamin D was disproved by Rosenheim and W ebster
[1926, 1] and by Sexton [1928]. Bezssonoff’s [1924, 1] phospho-
molybdotungstic acid reagent was also found to be unspecific by
the same observers. A number of other colour reactions have been
proposed from time to time [Jendrassik and Kemenyffi, 1928 ; Steig-
mann, 1928 ; Stoeltzner, 1928; Meesemaecker, 1930; Cruz-Coke,
1930}, but so far none of them has proved to be specific for vitamin D,
The colour reactions of calciferol, so far described, are not sufficiently
specific for its detection in the presence of other irradiation products
of ergosterol.

Seeciricity oF EraosTEROL As Provrramix D.

Ergosterol is the only substance known to acquire intense anti-
rachitic activity on irradiation. It would seem that this is an inherent
property of the substance and not due to an impurity, for Windaus
and Brunken [1928]found that ergosterol recovered from its inactivable
peroxide still becomes highly active on irradiation.

This unique property of ergosterol appears to be due to its mole-
cular structure, and in particular to the specific position of the three
unsaturated bonds in their relation to the hydroxyl group. None of
the artificially prepared isomerides, of which twelve are already known,
can be activated (iso-ergosterol [Reindel ef al., 1927), wu-exgosterol,
ergosterol D [Windaus and Auhagen, 1929), ergosterol F, suprasterol
I and suprasterol IT {Windaus ef al., 1930] ete.). Other substances
which gave negative results, although possessing sterol structure, are
digitaligenin, choledienic and choletrienic acids, dehydro-ergosterol,
dihydro-ergosterol, dihydro-cholesterol, coprosterol, sitosterol, stig-
masterol, cholesterilene, and oxycholesterilene ; further, all the open
chain unsaturated compounds examined: squalene, nerolidol, y~ionone
and sphingosine.

The relatively slight activity acquired by naturally occurring sterols
(cholesterol, zymosterol, fungisterol, a-sitosterol, &e.) is assumed to
be due to admixture of ergosterol, the evidence for its presence being
based so far mainly on spectroscopic observations. The difficulty of
removing the last traces of admixed ergosterol probably accounts for
the results reported by various observers [Jendrassik and KemenyfH,
1927; Bills ef al., 1928; Koch, Koch and Lemon, 1929 ; Koch and
Ragins, 19297 who found irradiated purified cholesterol slightly anti-
rachitic when administered in large doses. It has also been claimed
by the last-named authors that products possessing after irradiation
alow but definite antirachitic activity are obtained by heating purified
cholesterol above its melting-point under conditions which avoid
appreciable oxidation. These undefined substances seem to be of the
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same type as those described by Bills and McDonald [1926], which
are formed from cholesterol by the action of fuller’s earth (Horidin).
These authors considered that the mode of action of their products

differed from that of vitamin D, a conclusion confirmed by Kon,
Daniels and Steenbock [1928].

ProroceEMISTRY OF ERGOSTEROL,
The Technique of Irradiation.

Many sources of radiation have been tried, but it seems probable
that the quartz mercury lamp is the most convenient, It suffers,
however, from the defect that the output of ultra-violet rays falls off
with use, and for accurate work the output needs to be controlled [cf.
Gillam and Morton, 1927] Windaus and his collaborators made
extensive use of the magnesium spark. The preparations obtained
from ergosterol by means of either source of ultra-violet rays show
no essential differences in antirachitic activity or stability.

It is difficult to define optimal conditions. Provided that measures
are taken for an efficient circulation or stirring of the solution, and
for exclusion of oxygen during the irradiation, preparations of high
activity may easily be obtained if not less than 35 per cent., and not
more than 80 per cent. of ergosterol are changed in the process.
The rate of change may be ascertained by estimating, by precipitation
with digitonin, the amount of unchanged ergosterol in the irradiated
product.

Effect of Radiations of Different Wave-length on Ergosterol.

It would appear that only ultra-violet rays and, to a less extent,
cathode rays [Knudson and Moore, 1928, 1929] are able to supply the
form of energy which is suitable for the conversion of the ergosterol
molecule into vitamin I). The ultra-violet radiations of relatively
long wave-lengths contained in sunlight are adequate for this purpose
[Rosenheim and Webster, 1927, 5], and are presumably the source
of energy by means of which the synthesis of vitamin D from ergo-
sterol is effected in nature.

It seems to be established that irradiation with wave-lengths shorter
than 270 mp (‘short-wave irradiation’) leads to a rapid inactivation
of the vitamin which is formed, and that in ‘long-wave irradiation’
(with wave-lengths longer than 280 mpu) both the production and the
inactivation of the antirachitic substance take place at a slower rate.

X-rays do not produce any antirachitic activity, and according to
Morrison, Peacock and Wright [1928] even exert an inactivating
effect on ergosterol irradiated by ultra-violet rays [cf. Sumi, 1929],

Exposure to white light in the presence of sensitizers (eosin, chloro-
phyll, haematoporphyrin, &c.) changes ergosterol into well-defined
crystalline products, which are devoid of antirachitic activity [Windaus,
Borgeaud and Brunken, 1927}  Attempts to activate ergosterol by
the action of heat with catalysts, or by purely chemical methods, have
also been unsuceessful,

Role of Temperature.

Antirachitic activity is produced by irradiating alcoholic solutions of
ergosterol over the wide temperature range of — 195° to + 78°C. [Web-
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ster and Bourdillon, 1928, 1, 2] The products obtained at —183° and
—195° are definitely less active. Cholesterol containing ergosterol
as an impurity can also be activated when irradiated at —183°
[Bills and Brickwedde, 1928). The results provide no grounds for
departing from the assumption that the formation of vitamin D
from ergosterol and its subsequent inactivation are purely photo-
chemical processes.

Stability.

Although irradiated ergosterol has been found to be unstable, the
crystalline vitamin D preparation, calciferol, is remarkably stable
under ordinary laboratory conditions. On heating in vacuo to 180°
it loses its antirachitic potency and undergoes a change (isomeriza-
tion ?) which has not yet been fully investigated. A similar effect
is produced by further irradiation with long- or short-wave ultra.
violet rays.

From evidence collected by the Accessory Food Factors Com-
mittee it appears that solutions of irradiated ergosterol in olive oil,
prepared under certain defined conditions, retain their activity un-
changed for 2 years at 0°, but are liable to lose their activity slowly
at room temperature. (See Appendix IL)

Whilst the stability of the irradiation mixture in oily solutions
seems therefore well established [cf. Holtz and Schreiber, 1930}, the
experience of different observers as to its stability when kept in a
dry condition is somewhat conflicting. This may partly be due to
differences in preparation and to the difficulty of completely excluding
traces of oxygen during the irradiation. But even when all the
operations were carried out in an evacuated system constructed of
quartz and glass, Windaus and Auhagen [1931] found a decrease
in the optical activity and an increase in absorption of their prepara-
tions when kept in a high vacuum at ordinary temperature. The
changes due to ‘age’, however, seem- to be unconnected with the
vitamin itself, for the decrease of antirachitic activity is only slight in
comparison with the rapid change of the other properties, At
temperatures between 100° and 200° the antirachitic activity is lost,
and a stable substance with an intense absorption at 290 my is formed.

These facts seem to confirm the suggestion advanced by Askew e al,
[1930, 1] that one of the first products of irradiation of ergosterol is an
unstable substance of low absorption and no antirachitic activi
which is converted by heat into a substance absorbing at 290 my. The
remarkable stability of calciferol, whether prepared from the erude
irradiation product by means of the dinitrobenzoate or maleic anhydride
or by distillation, is probably due to the removal of this unstable
substance by the processes employed.

The Absorption Spectrum of Vitamin D.

The discovery ‘of the fact that a highly antirachitic substance is
produced from ergosterol by a photochemical reaction raised the hope
that a study of the changes taking place in its ultra-violet absorption
spectrum during irradiation would lead rapidly to the elucidation of
the mechanism of the vitamin formation. In spite of many years’
Intensive and laborious research, the information supplied by photo-

F
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chemistry has proved disappointing in its results and the isolation of
the crystalline substance, considered to be vitamin D, was finally
effected by the methods of organic chemistry.

A detailed discussion of the extensive literature dealing with the
spectrographic data, often contradictory, is outside the scope of this
Report. The early investigators were misled by the disappearance of
the characteristic absorption bands of ergosterol on irradiation, and
the appearance of a new band at 247 mp [Pohl, 1927 ; Morton, Heil-
bron and Kamm, 1927]. They assumed that this new band was
characteristic for vitamin D, but such a view, although offering a
simple explanation of what proved to be a complex reaction, became
untenable. It was soon shown that the exposure of ergosterol to
ultra-violet irradiation produced a mixture of substances, and that the
amount of vitamin present in the mixzture was independent of the
period of irradiation, apparently owing to simultaneous formation and
inactivation of the vitamin [Rosenheim and Webster, 1027, 5]
Moreover, animal experiments proved that the substance (or sub-
stances) showing absorption between 230-250 mpu was devoid of
antirachitic activity [ Webster and Bourdillon, 1928, 2; Bills, Honey-
well and Cox, 1928; Bourdillon ef al, 1929]. For a time it was
assumed that three groups of substances were formed in suceession,
the first of which had an absorption similar to that of ergosterol {maxi-
mum at 280 myp), but twice as intense, and was tentatively held to be
vitamin D[Bourdillon e¢ al., 1929] This viewalso was later abandoned
[Bourdillon ef al., 1930], mainly on account of the results obtained
with filters, which allowed a differentiation between the action of
irradiation with rays of short and long wave-length respectively
[Reerink and van Wijk, 1929; Windaus, 1930, 2; Askew et al,
1930, 2},

The lncertainty concerning the absorption spectrum was finally
settled by the isolation of the crystalline vitamin D. The absorption
of calciferol was found to be between 260-270 smpu with a maximum
of € =485 at 265 mu which disappears rapidly on further irradiation
with short or long waves, The fact, however, that the absorption
between 260-270 mpu is liable to be increased by the simultaneous
formation of small quantities of substances with high absorption at
280 mp and 290 mp makes the study of absorption of doubtful
utility for the estimation of vitamin D in mixtures.

The Estimation of Vitamin D.

At the present time purely chemical or physical methods for
estimating vitamin D are not available. The only methods are
biological, and depend on the power of vitamin D to promote or
restore normal bone formation in rats which would otherwise become
rachitic when maintained on diets lacking vitamin D and containing
calcium and phosphorus in an unfavourable ratio,

Standard of reference. A standard preparation of irradiated
ergosterol (vitamin D) has been made available for workers in all
laboratories by the National Institute of Medical Research of Great
Britain [Med. Res. Council, 1930], and has been provisionally adopted
by the (League of Nations) International Conference 1931 on Vitamin
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Standards and Units (see Appendix II). By reference to this standard
it is possible to state the antirachitic potency of any substance in terms
of the unit of the standard, and the results obtained in different labora-
tories are directly comparable, whether the criteria employed in the
tests are macroscopic or X-ray examination of the bones or estimation
of the ash content. Further, the use of a stable standard enables trust-
worthy comparison to be made of results obtained at different times in
the same laboratory, and makes it possible to obtain relative values of
the antirachitic potencies of substances such ag summer and winter
"milk which obviously cannot be compared directly.

The unit of Vitamin D adopted by the International Conference
is defined as the amount of vitamin that possesses the antirachitic
activity of 0-001 g. of the standard solution. This corresponds
approximately to 1/10,000 mg. of the ergosterol originally used in
the preparation of the standard.

Animals suitable for vitamin D fests. The young rats used
in tests for vitamin D should be obtained from a healthy and
vigorous colony. The stock breeding diet should be kept as nearly
uniform as possible throughout the year and be so low in vitamin D
content that the reserves of that factor in the young animals are not
too great to permit of the development of a suitable degree of rickets
on standard rachitogenic diets.

Experimental diets. A severe degree of rickets can in general be
produced in young rats by feeding them for about three weeks on a diet
devoid of vitamin D and having a high-calcium, low-phosphorus con-
tent, The two such diets in common use, in each of which the ratio
Ca:Pisabout 4:1, are:

(a) McCollum’s diet No. 3143 [McCollum, Simmonds and Becker,
1922] consisting of :

Ground yellow maize . . . . . . 33 per cent.
Whole wheat . . . . . . . . 8,
Wheat gluten . . <. . . . 18,
Gelatin . . . . . . . .18y,
Sodium chloride . . . . . . .1

1 ”
Calcium carbonate . n

and (b) Steenbock’s diet No. 2965 [Steenbock and Black, 1925] con-
sisting of :

Ground yellow maize . . . PR .+ 76 per cent.

Wheat gluten 0y

Sodium chloride . . . . . . »w

Calcium carbonate . . . . . . . 8, .

These diets may be given dry or mixed with water to form a stiff
paste. It should be noted, however, that the constituents may vary
1n rachitogenic properties. . .

At the end of three or four weeks’ feeding on this diet, young rats
will have noticeably swollen wrists and show other signs of rickets,
provided that their initial reserves of vitamin D were not too great.
Control with X-ray esaminations is desirable before beginning the
period of test feeding when the curative method is employed, p. 85.

CoxparisoN oF TEst SUBSTANCE WITH THE STANDARD.
Three methods of estimation have been recommended by the
Accessory Food Factors Committee, viz. (a) estimation of the ash con-
F2
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tent of the bones (humeri or femora) [Steenbock and Black, 1924 ;
Chick, Korenchevsky and Roscoe, 1926 ; Soames and Leigh-Clare,
1928], (b) McCollum’s ‘line’ test using the tibia or ulna and radius
[McCollum, Simmonds, Shipley and Park, 1922: Steenbock and
Black, 1925; Dyer, 1931; Key and Morgan, 1932], (¢) X-ray examina-
tion of these bones [Poulsson and Lévenskiold, 1928; Schulz, 1929 ;
Bourdillon ef al., 1931]. Whichever method is used, the rats of each
litter must be divided equally between test and standard.

(a) Ash Content of Bones (Prophylactic Test).

Young rats of about 40 grams weight are used. The aim is to find
a dose of test substance which, given daily for 3-4 weeks to young
rats on one of the above diets, will cause the production of bones
having the same percentage of ash as those produced when some
selected daily dose of the standard is administered. A preliminary
experiment may be necessary to find an approximation to these doses.
This is followed by a further comparison using a large number of
animals (about 10 on each dose) ; if the average ash contents in bones
of the two groups of rats are not in reasonable agreement, a further
ex{)eriment 15 performed with doses more nearly equal in antirachitic
value,

To determine the ash content of the bones the animals are killed
by coal gas, the bones of both hind legs dissected free from all flesh
(the patella being also removed), weighed, dried at 105° to constant
weight, extracted with alcohol and ether to remove fatty substances,
weighed, ashed, and the ash is weighed. The extraction of fat in this
process 1s important, since the fat content of the bones varies widely
with differing nutritional conditions of the animals [Chick, Koren-
chevsky and Roscoe, 1926],

The caleium in the bones has been shown to be a constant propor-
tion (37 per cent.) of the total ash. The degree of calcification (or
degree of rickets) can, therefore, be expressed either as A, the per-
centage of ash contained in the dried, fat-extracted bone, or as the
A [ R ratio, the ratio of the amount of ash in the bone to the amount
of organic material, other than fat.

A convenient dose of the standard preparation for this test is 0.1
unit daily, but 0-05 to 0-2 may also be used. These doses cover the
useful range. The standard and, if necessary, the test substance,
should be so diluted with an inert oil that the daily dose is contained
in some amount easily and accurately administered.

(b) The ‘ Line Test’ (Curative).

Rats of about 5060 grams weight are fed on one of the rachitogenic
diets for 3-4 weeks, after which period the selected doses of test
material and of standard are given daily for 10-14 days. At the end
of that time the rats are killed, the distal ends of the ulnae and radii
are removed and immersed in 4 per cent. formaldehyde for 24 Lours
to clear. They are then split longitudinally, immersed in 1-5 per
cent. silver mitrate for a few minutes and exposed to light. This
converts the phosphates of the bones into silver phosphate, which is
reduced on exposure to light, black colloidal silver being deposited in
the calcified parts of the bones. The degree of healing produced by
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the doses is estimated by macroscopic examination of the blackened
areas of the cut surfaces, )

The degree of rickets produced in control (untreated) rats is shown
by the wide uncalcified cartilaginous metaphysis between the shaft
and the head of the bone, In a completely healed rat, this region is
completely calcified, i.e. blackened. Different degrees of healing are
indicated by narrower or wider ¢lines’ of calcification across the
metaphysis. By comparing the widths of these ‘lines’ the efficacy
of the various doses in curing rickets may be compared. 1t is useful
to draw up a scale of reference showing degrees of healing to which
are given values 1 ton, where n is the number of different degrees which
the worker finds distinguishable with his own technique. This scale
can then be used to assess the result for each rat and from the values
thus obtained an average can be calculated for those of a group
receiving the same dose. A preliminary experiment is often necessary
to determine the dose approximately equal to the selected dose of the
standard. When this has been found, a larger experiment should be
made with about ten animals on the dose of standard and ten on the
dose of test substance that appears to be equal in activity.

A convenient dose of standard for this test is 0.5 or 1 unit.

The bones of rats used in a prophylactic test may be examined by
this method also and judged according to the width of metaphysis
produced.

(¢) X-ray Ezamination (Prophylactic or Curative).

The bones of rats treated as described in either of the two previous
methods are examined by X-ray photography and the degrees of
rickets or degrees of healing respectively judged with the use of a
scale of reference drawn up as described in the ‘line’ test.

If the curative method is used the degree of rickets can be estimated
ab the end of the preparatory period by an X-ray photograph of one
knee-joint after lightly anaesthetizing the rat with ethyl chloride.
Daily doses of the standard and of the material to be tested are then
administered to rats of the same litter, which, after 14 days, are killed
with coal gas, and X-ray photographs taken of the same joint as before.

(d) Ash Content of the Bones and Degree of Growth of Rats on Basal
Dicts deprived of Vitamin D but complete in other respects (Pro-
phylactic Tests). )

Methods (a), (b), and (¢) are those commonly in use and, though of
undouhted practical value, are open to criticism on theoretical grounds
hecause the basal diets are defective not only by absence of the vitamin
to be estimated, but also by the unfavourable salt mixture they con-
tain. In method (d) the basal diet contains a normal salt mixture and
is deprived only of fat-soluble vitamins, vitamin A being conveniently
added in the form of 20 per cent. wheat embryo [Soames and Leigh-
Clire, 1928].

The period of experimental feeding lasts 50 to 60 days, after which
the rats are killed and the leg bones removed and analysed as in method
(4). The increase in body-weight during the test period may also be
used as a measure of the efficacy of the vitamin D dose which hag
been received [Steenbock, Nelson and Black, 1924-25)
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In this method the period of experimental feeding is much longer
than in the other methods, but on the other hand, the experimental
diet contalns optimal proportions of all constituents other than
vitamin D ; the general health of the rats is more satisfactory and
intercurrent illness is avoided. At the present time, however, there
is but limited experience of this method and it has not been employed
in routine tests.

(¢) Estimation of Vitamin D by the change produced in Faecal pH.

Curative tests. This method elaborated by Jepheott and Bacharach
[1926 ; 1928] is based on the change in reaction of the faeces from
slight alkalinity to slight acidity observed when healing takes place
in rachitic rats [Zucker and Matzner, 1923-24]. The authors obtained
quantitative results when certain precautions were observed, and
adopted, as unit for measurement of vitamin D, 1 /10 of the amount
required to change the faecal pH from 7-3 to 6.7. At present
there is, however, little evidence of the applicability of this method
in practice [see Redman, 1928 ; 1929},

Comparison of Methods.

In comparing the above methods, it is evident that X-ray ezamina-
tion has the advantage that the condition of the joints prior to the
curative test can be controlled. The procedure is rapid and a perma-
nent photographic record for future reference is provided. In the
¢ line’ test photographs can also be taken of the macroscopic appearance
of the bones. Both these methods are extensively used, although
involving an error depending on the judgment of the observer in
matching the scale values, Estimation of the ash content of the
bones has the advantage that the criteria adopted are entirely
objective; the tests, on the other hand, are more laborious and time-
conswning than in the other methods.

Distribution of Vitamin D in Foodstuffs,!

So far as it is possible to compare the distribution of the different
vitamins, it would appear that vitamin D occurs more sparsely distri-
buted in natural foodstuffs than the other vitamins. This is at least
partially compensated for by the direct influence of sunlight on the
skins of animals, for it has been shown experimentally that vitamin D
from irradiated impure cholesterol can be absorbed through the skin
of rats and rabbits when it has been rubbed on the surface of the
skin after shaving off the hair[Hume, Lucas and Smith, 1927). There
is also experimental evidence that some birds derive vitamin D from
the oil of their sebaceous ¢ preen’ gland, which is expressed from the
gland by pressure of the beak, and the ergosterol of which becomes
activated by exposure to sunshine on the surface of the feathers when
the birds preen themselves [Hou, 1928, 19291, )

The chief sources of vitamin D in the ordinary food supplies of
human beings are milk, butter, eggs, and, to a very small extent,
fresh green salads and vegetables. For therapeutic purposes cod-
liver oil and certain other oils are valuable, and in some cases
proprietary preparations of irradiated ergosterol of stated potency

are useful,
3 See Table XXI, Appendix I,
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Milk, Butter, and Eggs.

Crawford, Golding, Perry and Zilva [1930] have shown that
vitamins D and A are associated wholly with the fat of milk. Thus
the potency of the butter may be taken asa measure of the antirachitic
activity of the milk from which it was made.

The antirachitic potencies of milk, butter, and eggs vary according
to the diet on which the cows and hens respectively have been fed.
With ordinary methods of feeding, summer milk is more potent than
winter milk, und eggs laid in summer are richer than those laid in
winter, Winter milk may, however, be made as rich in vitamin D
as summer milk [Golding and Zilva, 1928] and winter eggs as rich as
summer eggs [Bethke, Kennard and Sassaman, 1927] by giving the
cows and hens cod-liver oil daily in amounts which need not be great
enough to flavour the milk, butter, or eggs. The vitamin D content
of the milk of cows has also been raised by the daily addition of 200 g,
of irradiated yeast to the cows’ diet [Wachtel, 1929; Hart, Steenbock,
Kline and Humphrey, 1930 ; Steenbock, Hart, Hanning and Hum-
phrey, 1930}  Direct sunlight incident on the animal also influences
the potency of the milk of the cow according to Chick and Roscoe
[1926, 2] and of the goat according to Steenbock, Hart ¢t al. [1925],
but the latter workers were unable to increase the vitamin D content
of milk by irradiation of the cow from a quartz mercury lamp [Hart,
Steenbock, Scott and Humphrey, 1927 Steenbock, Hart, Riising,
Hoppert et al., 1930]. The milk from the same cow was, however,
increased about fifteen times in potency by direct irradiation from the
same lamp.

Green Vegetables.

The cow, when on pasture, probably obtains some vitamin D from
grass, which appears to contain a small amount of this factor when
directly under the influence of sunlight, though the vitamin so formed
seems to be destroyed when the green leaf is cut and stored for a day or
two either in the light or in darkness [Coward, unpublished results
on artificial irradiation of growing plants]. Thus it is probable that
green salads and vegetables contain appreciable amounts of vitamin D
immediately after cutting, if previously exposed to direct sunlight, but
that by the time they are purchased from retail shops, they probably
contain almost none. Slight amounts of vitamin D have been detected
In summer spinach, but none in winter spinach [Chick and Roscoe,
1926, 1; Roscoe, 1927, 1; Boas, 1926]. None was found in the
green marine diatom (Nifaschia closterium) grown under laboratory
conditions, when exposed {o sunshine through filters permeable
to the ultra-violet portion of the sun’s spectrum [Leigh-Clare, 1927, 1),

The vitamin D content of eggs has been increased appreciably by
the irradiation of hens kept in pens on a winter feed [Hart, Steenbock,
Lepkovsky, Kletzien and Johnson, 1925], but when the hens are kept
out of doors in the sunlight and given an adequate diet, irradiation
cannot bring about any further improvement.

Mellanby, Surie and Harrison [1929] found that mushrooms
bought in the open market in winter were inactive. Vitamin D has,
however, been found in ergot of rye (from which ergosterol was firs
isolated by Tanret in 1889), and also in the embryo of rye by
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Mellanby, Surie and Harrison [1929]. Scheunert and Rescke [1931]
have shown that the fungi ‘Pfifferlinge’ and ¢Steinpilze’, freshly
collected or preserved, also contain vitamin D). Preserved ¢ Morchel’
also contained this factor ; but ¢ Champignons ’ grown in the dark and
tested when fresh or preserved were inactive. The daily rat dose
necessary to indicate the presence of vitamin D in these plants was
about 2 g. per day.

Liver Oils.

Fish-liver oils constitute the richest known source of vitamin D in
nature. A valuable quantitative survey of liver oils from different
species of fish is given by Bills [1927] who found the antirachitic
value of the liver oil from the puffer fish to be fifteen times that of
the cod and sharlk, which were roughly equal to one another in potency
[see also Hess and Weinstock, 19256-26]. In comparison with these,
negligible amounts only would seem to be present in the liver
and body fats of mammals, such as whale, seal, sheep and ox [Rosen-
heim and Webster, 1927, 6]. According to Poulsson [1929] and
S.and S. Schmidt-Nielsen [1930] the liver oils of eartilaginous fishes
(dogfish, ete.) contain less vitamin D than cod-liver oil, and this is also
true of the liver oils of Cyclostomata (lampern and sea lamprey)
[Callow and Fischmann, 1931].

The stomach oil of the fulmar petrel (Fulmarus glacialis) [Rosen-
heim and Webster, 1927, 1] and of the Australasian petrel (4 estralata
lessoni) [Leigh-Clare, 1927, 2] have been found rich in vitamin D,
though inferior to a good sample of cod-liver oil.

Potency of liver oils compared with that of other sources of vitamin D.
By the use of the standard of reference deseribed in the section on
the estimation of vitamin D (p. 83) the relative antirachitic potencies
of samples of milk, butter, cod-liver oil, and other oils ean be
expressed 1n terms of the unit there defined.

Of thirteen samples of milk thus tested at different times of the
year ab the Pharmaceutical Society’s Laboratory in London, using the
‘line’ test, the two most potent contained only 0-2 vitamin D unit
per c.c., or 112 units per pint. These samples were produced in the
months of August and October respectively. Using a similar method
of estimation, the vitamin D value of twelve samples of butter bought
in the open market varied from 01 to 1-5 units per g., the average
being about 1.0 unit perg. The two most potent samples were
obtained in May and June and contained 1.4 and 1.5 units per g.
respectively. . .

Thirty-one samples of cod-liver oil similarly examined had potencies
ranging from 25 to 200 units per g. Even higher potencies are
given for some cod-liver oils by Drummond and Hilditch [1930], Thus
cod-liver oil may possess from 20-400 times the potency of an equal
weight of fresh butter in summer and 1 g. of cod-liver oil may possess
the vitamin D value of a pint of fresh milk. :

It must be remembered, however, that in milk the rich supply of
calcium salts and phosphates enhances the efficiency of the relatively
small amount of vitamin D which it contains. The value of milk as
an antirachitic agent in diet would be therefore much underestimated
if ganged only by its content of vitamin D (see also p. 217).
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Origin of vitamin D in cod-liver oil. There is, as yet, no satisfac-
tory explanation of the rich deposits of this vitamin which are present
in the liver oils of many fishes. It is difficult fo suppose that a deep-sea
fish, such as the cod, is exposed to a sufficient intensity of sunskine to
activate a precursor in its superficial tissues and it has been assumed
that the antirachitic vitamin in its liver is derived from the food it
consumes. The ultimate source of the fat-soluble vitamins has been
traced by Drummond, Zilva and Coward [1922] and others, through
a series of intermediaries which include the smaller fish on which
the cod feeds, and the eopepods and mollusea in the plankton which
forms the diet of the former, to unicellular marine organisms. The
liver oil of the caplin, Mallotus villosus, which forms the chief
food of the Newfoundland cod in midsummer when its liver is
richest in oil and in vitamin D, is, however, relatively poor in this
vitamin [Bills, 1927] and although a marine diatom Nifzschia clos-
ferium was found able to synthesize large amounts of fat-soluble
vitamin A [Jameson, Drummond and Coward, 1922], no traces of
vitamin D have been detected in it [Leigh-Clare, 1927, 1]. It must
be remembered, however, that although the amount of vitamin in the
daily food of the fish may be small, it may be retained in the liver
so effectively that in the mature fish the accumulation will be
considerable.

The suggestion that the rich depots of vitamin D in fish-liver oils
may be formed by some unknown method of direct synthesis has
been made by Bills [1927] on the basis of some interesting experi-
ments with young catfish (Icfahwus punctatus) under laboratory
conditions.



CHAPTER 1V
VITAMINS AND DENTAL TISSUES.

TrE importance of vitamins in relation to teeth and associated perio-
dontal tissues has been revealed by experimental investigation on
animals. In some cases the results have been afterwards subjected to
clinical trial on human beings and the facts obtained by animal
investigation have been shown to be of significance in human dental
problems. Clinical trials on man are obviously necessary before any
appraisement can be made of the relative importance of the experi-
mental results obtained with animals, because of the variation among
different species in their reaction to deficiencies of the various vitamins,

Two types of dental defect are commonly found in civilized man:
(1) dental caries, and (2) periodontal disease, including pyorrhoea
alveolaris, The first of these concerns the tooth itself, the second
involves both the soft structures adjacent to the tooth and the hard
alveolar bone. The actiology of these diseases seems to be closely
bound up with the dietetic factors which control the structure of the
hard and soft dental tissues respectively. Various vitamins seem to
control the structure of these tissues, although other factors of the diet
appearalso to be of importance. Thus vitamin D is concerned with the
structure of the teeth and alveolar bone, while vitamin A plays a
similar part with regard to the structure of the marginal epithelium
of the gums., Experimental work on guinea-pigs has demonstrated
that a deficiency of vitamin C in the diet also produces pathological
changes in the teeth and periodontal tissues,

Viramix D v Revarion to taeE TEETH,
The investigations carried out by M. Mellanby (1918-30) have

included animal experiments and clinical investigations on man.
The former have demonstrated the importance of specific dietetic
factors in controlling the development of the teeth, and in determining
their reaction to harmful stimuli, The earlier experiments proved
that the production of normal or perfectly calcified teeth in young
dogs could be ensured by an adequate supply during the period of
growth of a fat-soluble vitamin, later identified as vitamin D, thus
showing a complete analogy with the production of well-calcified bones
and protection from rickets [M. Mellanby, 1918; 1920; 1923, 2; 1929].

Young puppies fed on diets deficient in vitamin D exhibit obvious
defects in the development of their teeth and jaws, the most important
of which are the following : .

1. Delay in the eruption of the permanent teeth, affecting particu-
larly those teeth which normally erupt at a late period.

2. Thickening of the jaw bones and irregularity in the arrangement
of the teeth, most noticeable in the lower incisors.

3. Irregularly formed and poorly calcified enamel, the surface of
which is pitted and grooved and frequently pigmented.
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Photographs («) of the lower jaws and photomicrographs (b) of ground sections
of the carnassial teeth of three puppies of the same family all of which were given
the same basal diet consisting of bread, separated milk powder, lean meat, orange
Jjuice, yeast and salt. The diets were begun and the animals all killed at the same
time.

Fie. 7. Basal diet plus olive oil. («) The surface enamel of the teeth is rough and
pigmented. Eruption delayed. (b) Theenameland dentine are thin and imperfectly
formed, and many ‘interglobular’ spaces (uncalcified areas) are present in the
dentine,

Fic. 8. Basal diet plus olive oil, but for the last month of life cod-liver oil was
given. (a) The enamel surface is rough, pigmented and thin, having been formed
prior to the improvement in diet. (b) The earlier formed dentine is similar to that
seen in F1e. 7b, but has had much well formed tissue added since the change of diet
from one containing little vitamin D to one containing an abundance of this
substance.

Frc. 9. Basal diet plus cod-liver oil. («) The teeth are smooth, white and shiny.
(b) The enamel and dentine are thick and well calcified, and there are no ‘interglo-
bular spaces’ in the dentine.

[ Between
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Fic. 8 (b)

Fia. 9 (b)

pp. 90 and 91)
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4. Defective development and irregular calcification of the dentine,
which can be satisfactorily studied only by microscopic examination
of ground scctions of the tecth.

5. Abnormal development of the calcified tissucs at the gingival
margin and hence irregularity of the periodontal membrane,

Macroscopical and microscopical appearances of the structure of
well and badly formed teeth are represented in Figs, 7-17. It
will be sccn that when olive oil, which contains no vitamin D,
was given as a supplement to a rachitogenic diet, the tooth surface
in puppics was rough and pigmented, only a thin layer of enamcl
was formed and the subjacent dentine was not only defective in
amount, but was also irregularly laid down, and contained numerous
dark areas of defective calcification (the so-called interglobular spaces)
interspersed hetween the spheroidal masses of calcium deposit. When
an adequate supply of cod-liver oil, which contains abundance of
vitamin D, was given in place of olive oil, the surfice was smooth,
white, and shiny, and much thicker layers hoth of enamel and of
dentine were produced ; the dentine exhihbited a perfectly uniform
structure with a complete absence of interglobular gpaces. It was
easily possible to deviso diets intermediate in their caleifying activity
between these two examples,

M. Mellanby urges that the term hypoplasia should not be limited
to gross naked-eye defects, but should be used for any dcfect of tooth
structure. This point is of considerable importance in connexion
with the relation of dental structure to dental discase.

LReference to Figs. 76, 81, 96 makes it clear that during the period
of growth the quantity and character of the dentine laid down at an
given time may depend on the vitamin D content of the dict at that
time. The puppy whose tooth is figured in Fig. 81 received no vitamin D
for 5 months, during which time only a small amount of hadly calcified
dentine was laid down, For the next month it received cod-liver oil,
and during this period the dentine formed was quite regular in structure
and was almost equal in amount to that formed during the previous
five months. The chango from a diet with poor to one with good
calcifying qualitics was found to be reflected very quickly in an
improvement in the structure of the developing tecth, whereas the
reverse change from a good diet to a poor one was followed by defective
calcification of the tceth only aficr a long and varisble period. This
delay is interpreted as indicating a utilization of vitamin that has
previously been stored.

Efect of Muternal Feeding.

The amount of vitamin I consumed by a bitch during pregnancy and
lactation was found to influence the ealcification of the deciduous tecth
of her offspring [M. Mellanby, 1921 ; 1928; 1929]). These tecth crupted
ab an earlier age and were hetter culeificd when the mother received
liberal supplics of vitamin D, Of great practical importance was the
observation that the feeding of the mother during pregnaney and lacta-
tion might have an ¢ven greater effect on the development and structure
of the permanent, than of the deciduous, teeth of the oflspring. ' When
the puppics themsclves received a liberal supply of vitamin D after
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weaning, the character of the previous maternal feeding had only
a comparatively slight influence on the development of the permanent
teeth. But when the puppies were fed after weaning on diets deficient
in vitamin D the previous maternal feeding had great influence on
the state of calcification of these teeth. When the mother’s diet had
possessed poor calcifying properties the teeth of her offspring erupted
at a laber date, and their structure was much more defective than
when her diet had contained liberal supplies of vitamin D. Even
after a puppy had been fed for a period on a good diet the character
of the dental tissues laid down subsequently during a spell of bad
feeding was influenced by the previous maternal feeding. The results
demonstrated that the principles of maternal feeding which have been
found to operate in the case of experimental rickets operate also in
determining the structure of the teeth,

Facrors ormer THAN Viramix D wHICH MAY INFLUENCE THE
Strucrure or THE Teere or Purpiks,

Variations in the amount of protein or pure carbohydrate in the
diet of puppies were found to have no definite effect on the structure
of the developing teeth, whether the basal diet contained much or little
vitamin D. Similarly the quantity of fat in the diet had little influence,
although the quality, that is to say its content of vitamin D, was of
paramount importance. The water-soluble vitamins, including the
B complex and C, bad little or no effect. The principal food factors,
other than vitamin D, which were found capable of influencing the
calcification of the teeth, were the type and quantity of cereal and the
amount of caleium [M. Mellanby, 1929).

Effect of Cereals on the Structure of the Teeth.

When the dietof a puppy contained an abundant supply of vitamin D,
the developing teeth exhibited a perfect structure whatever the
quantity or type of cereal. But when there was little or no vitamin D
in the diet, both the quantity and quality of the cereal might exert
an influence on the type of calcification of the teeth. The observa-
tion that the greater the amount of carbohydrate eaten, either in
the form of cereal or of starch or sugar, the more defective is the
development of the teeth, may possibly be explained in part by the
suggestion that the more rapid increase in weight which occurs with
an increase in the energy-producing portion of the diet demands an
increased supply of vitamin D, and if this is not forthcoming the
relatively greater deficiency of the vitamin will be reflected in more
defective calcification of the teeth. Bub that this is not the whole
explanation is clear from the results obtained with different cereals.
Of those tested, white flour and rice were associated with the produe-
tion of the least badly calcified teeth and oatmeal of the worst. Rye,
barley, and maize were intermediate in their effects. The .antxcalmfym g
action of the cereal in the puppy’s diet was observed only in the absence
of an adequate supply of vitamin D, and could be completely controlled
by liberal quantities of this factor, no matter what type of cereal was
included in the diet [M. Mellanby, 1923, 2; 1929]
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F165.10-13. Photographs (enlarged) of the surface enamel of the molar teeth of experimental dogs ;
10, abundance of fat-soluble vitamins; 11, some fat-soluble vitamins; 12, little supply of fat-soluble
vitamins; 13, very little supply of fat-soluble vitamins, Fies. 14-17, Photographs enlarged) of the
surface enamel of human molars.

FiGs. 10 and 14. Normal—smooth and shiny.

Fies. 11 and 15. Hypoplasia—some roughness.

Fres. 12 and 16. Severe hypoplasia—rough.

Fics. 13 and 17, “Gross’ hypoplasia—comparatively large areas of deficient enamel,

To fuce p. 92
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Effect of the Mineral Supply on the Structure of the Teeth.

The absolute or relative amounts of calecium and phosphorus in an
experimental diet were found to influence the degree and character of
the calcification of the teeth. When there was little or no vitamin D
in the diet extra supplies of calcium in the form of carbonate resulted
in a slight but distinet improvement in the structure of the teeth.
The effect of adding phosphates under these conditions was variable,
but the beneficial effect sometimes observed was only slight. The
addition of caleium salts, the carbonate, phosphate, or hydrogen phos-
phate, to diets containing butter resulted usually in great improvement
in the calcification of the teeth. When liberal quantities of vitamin D
were given, the addition of calcium salts to a diet otherwise containing
very little of this element sometimes resulted in the production of an
inereased amount of dentine, though the structure was always perfect
or nearly perfect even when the diet contained only small amounts of
calcium. In the presence of sufficient quantities of vitamin D the
ratio of caleium to phosphorus could also be varied within considerable
limits without producing any effect on the development of the teeth.
It therefore appears safe to conelude that an adequate supply of vita-
min D is of greater importance in determining the perfect development
of the teeth than an abundant or carefully balanced supply of calcium
and phosphorus (M. Mellanby, 1923, 2 ; 1929],

Errecr or Urtra-viorer IRraDIATION ON THE STRUCTURE
or TEE TEETH.

Exposure of puppies fed on diets deticient in vitamin D to the rays of
a mercury vapour lamp for half an hour three times a week resulted in
adistinct improvement in the calcification of their teeth [M. Mellanby,
1924; 1929} When the diets had a potent anticalcifying action,
as for example when they contained large amounts of oatmeal, the
effect of irradiation was comparatively slight; in no instance did the
irradiation of puppies under these conditions bring about the same
Improvement 1n the structure of the teeth as was observed when a
potent source of vitamin D was included in the diet.

The irradiation of food destined for the feeding of animals that
received no other source of vitamin D was followed by a great
improvement in the calcification of their teeth. Fats such as olive
oil which previously had no stimulating effect were found after
irradiation to be capable of promoting the formation of teeth with
an almost perfect structure. Qatmeal, after exposure to the mercury
vapour lamp, not only ceased to have a deleterious effect on calcifica-
tion, but actually acquired definite calcifying properties, which were
due in all probability to the activation of the parent substance of
vitamin D (ergosterol) originally present in the cereal. Precisely similar
results were obtained by irradiating the germ of wheat and maize.
The administration of small quantities of irradiated ergosterol to
puppies resulted in the production of teeth of good structure.

The series of experimental results just outlined makes it quite clear
that a plentiful supply of vitamin D during the period of growth
s essential for the production of normal or perfect teeth in the dog.
M. Mellanby has carried out similar experiments on rabbits and rats
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[1930, 2], which indicate that this principle holds good for these
species also. Toverud [1926, 1931] studied the calcium content of
the teeth of rats fed on complete and deficient diets, His analysis
showed the calcium and phosphorus of the ash of the teeth to be reduced
and the magnesium increased, especially with diets poor in calcium and
fat-soluble vitamins, while with diets poor in ealcium and rich in vita-
min almost normal values were obtamed. Toverud also concluded
from his experiments that the chemical composition of the molars is
influenced if the mothers have been fed during pregnancy on diets
deficient in calcium and fatsoluble vitamins.  Orban [1927), also
working with rats on defective diets, found big differences in the rate
of growth of the incisors as well as in the structure of the developing
dental tissues, He concluded that milk, eod-liver oil, and caleium
salts greatly improve calcification,

Appricasruiry oF Aximar Resurrs 1o Maw.

The same factor, therefore, which influences the caleification of the
long bones in the dog, the rabbit and the rat, determines the caleifica-
tion of the teeth in these species. Since it has been abundantly proved
that this factor is just as effective in promoting good caleification of
the bones in the child as in experimental animals, it may reasonably
be expected that the caleification of the teeth of the child will also Le
influenced by the available supply of this factor during the period of
growth, Although it has not yet been possible to test this assumption
on any large scale, limited trials have shown [M. Mellanby, 1928]
that the addition of a daily dose of cod-liver ol to children’s diets
results in the production of good teeth which appear sound to naked-
eye examination and show a normal structure microscopically.

Vitamin D however is usuallydeficient in the ordinarydiet, especially
of the poorer classes, and on the assumption that this factor is of
primary importance in the development of normal deciduous teeth
in man, as well as in dogs and other animals, it might be expected that
the teeth of the average child would be defective in structure. This,
indeed, has been shown to be the case [M. Mellanby, 1923, 1; 1927, 11,
Microscopic examination of a large and representative collection of
human teeth showed that the majority were defective in structure,
contrary to the view generally expressed that only a negligible pro-
portion of children’s deciduous teeth in England are defective, or
hypoplastic. The sections examined varied considerably in structure,
from perfect teeth, as seen in dogs fed on diets containing liberal
amounts of vitamin D, to very defective teeth resembling those seen
in dogs on diets very deficient in this vitamin. It soon became
evident that the macroscopical structure of the majority of these teeth
was also defective or hypoplastic, as revealed by a careful examination
of the enamel surface for discoloration and obvious pits and grooves,
and more especially for the general ‘feel’ as gauged by rubbing with
a blunt probe. The macroscopic appearance 1s, in fact, related to the
histological structure of the enamel and dentine, teeth with varying
grades of roughness usually showing corresponding histological defects
(see Figs. 10-17). With practice it is generally possible to predict
the internal structure of a tooth from a superficial examination. ’

In Tables I and II are classified according to their microscopical
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structure over 1,000 shed and extracted deciduous teeth of British
children. These teeth were obtained partly from private sources
and partly from children attending public elementary schools.

TasLe L
Teeth obtained from private sources.
Slight
Number Normal hypoplasia Hypoplasia
examined. Per cent. Per cent. Per cent,
Incisors . . . 113 53 43 "4
Canines . . . 54 1 57 32
1st molars . . 55 14 31 55
20d molars . . 40 0 15 85
Total 262 28.3 39.3 324
Tasre II,
Teeth obtained from children attending public elementary schools.
Slight
Numter Normal hypoplasi Hypoplasi
cxamined Per cent, Per cent. Per cend.
Incisors . . . 123 45 31 24
Canines . . . 102 € 27 67
1st molars . . 194 5 16 79
2nd molars . . 355 1 6 93
Total 774 9.7 154 74.9

These results show that varying degrees of abnormality were found
in 72 per cent. of the former and in over 90 per cent. of the latter,
indicating that the majority of children’s deciduous teeth are defective
in structure, that the old eriteria of dental structure are not justified,
and that the teeth of poorer children are more defective than those
of the child in better circumstances,

ReraTioN oF STRUCTURE OF TEETH TO DENTAL DiIsEassE.

To demonstrate the possibility of promoting the development of
good teeth in man would be 1n itself a noteworthy achievement.
From the point of view of preventive medicine, however, it is still
more desirable to be able to lessen the incidence of dental caries. It
has not been easy to study in detail the influence of food factors on
the production of dental caries, for the reason that it is difficult
to produce this condition in experimental animals. MeCollum,
Simmonds, Kinney and Grieves [1922] and Marshall {1922), Bunting
[1925] and others have described caries-like lesions in rats fed on diets
deficient in fat-soluble vitamins and calcium. M. Mellanby {1930, 2]
found it almost impossible to produce dental earies in dogs, even when
their diets were thoroughly bad in the sense both of producing defective
calcification and of encouraging fermentation in the mouth, Neverthe-
less, she had previously found it possible to study the effect of varia-
tions in the diet on the response of dog’s teeth to harmful stimuli other
than microbic invasion [M. Mellanby, 1923, 3; 1930, 2] When the
teeth of puppies or grown dogs are filed at regular intervals it is found
that the dentine in such teeth exhibits a reaction to the injury. Changes
can be seen in the already existing primary dentine, and over alocalized
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area, corresponding with the site of injury, a new formation of
secondary dentine occurs adjacent to the pulp. The amount and the
quality of this secondary dentine were found to vary in the dog ac-
cording to the calcifying properties of the diet on which the animal
was fed during the experiment. With a liberal supply of vitamin D in
the diet, abundant well-formed secondary dentine was usually produced,
while, with an insufficient supply of the vitamin, secondary dentine
was either not produced at all or was obviously defective in character.
The animal experiments therefore demonstrated that the ealcifying
properties of a diet influenced the character of the reaction of teeth
to injury as well as their original structure.

Dgxran Carirs,

Relation between Structure and Presence of Caries in
Human Teeth.

M. Mellanby [1923, 1; 1927, 2] concluded from a study of a large
number of human deciduous teeth that there was a close relation
between structure, or calcification, and liability to caries, as indicated
in Table III. Out of a total of 1,036 teeth examined superficially
and microscopically, 925 were found to support the general principle
that caries is liable to occur in teeth that are imperfectly calcified,
while well-calcified or properly formed teeth are not subject to caries.

TasLe III
Blight Severe
Normal hypoplasi Hypoplasi hypoplasia
149. 1228, 256. 408,

No, |Percent.l No, |Per cent.| No, ‘Per cenf.| No, ancent.
i

Nocsries. . | 69 | 600 | 104 | 466 | 11 | 48| 2 | 63
Slight caries. ‘ 81 | 20:6 46 20-6 39 15.1 22 54
Caries. . . 6 @ 40 50 22.4 86 33.9 59 14.5
Severe caries I 23 | 154 23 10-4 120 ’ 46.7 301 73:8

It is obvious that in a rough estimate of caries and structure in teeth,
some of which were shed, some extracted and some obtained post-
mortem, it was impossible to regard as exceptions teeth showing no
caries although slightly hypoplastic. It was therefore decided to regard
as exceptions to the main rule only those teeth in Table 111, the figures
for which are printed in italic type, and which number 111.

An explanation of most of these discrepancies was forthcoming when
the character of the secondary dentine was examined. Of 59 teeth in
which the primary structure of the tooth was defective and there was
no caries, 33 had well calcified secondary dentine. Similarly, of 52
teeth with carious cavities and yet well calcified primary dentine,
47 either had no secondary dentine, or it was badly caleified. It would
therefore appear likely that in 80 of the 111 exceptions to the general
principle, the resistance to caries had been raised or lowered after
eruption by the same factor which had been shown in experimental
animals to determine the character of the response of their teeth to
harmful stimuli, namely the calcifying potency of the diet at the time
of application of the stimulus.
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These facts suggest strongly that one very important factor determin-
ing the incidence of dental caries is the initial structure of the teeth,
which in turn depends on the specific calcifying properties of the diet
taken during the period of their development, and especially on the
presence of suficient vitamin D. They also suggest the possibility that
even when the initial structure of the teeth is defective the resistance to
dental caries may be raised by increasing the calcifying potency of the
diet, which ensures the formation of well calcified secondary dentine
at any spot where bacterial invasion may be threatened or may actually
have begun, 'This second suggestion has been put to the test of direct
experiment,

The Influence of Dictetic Factors on the Initiation, Spread and
Healing of Dental Caries in Children.

A series of four investigations to test the effects of dietetic variation
on the spread of dental caries in children was made by M. Mellanby
and Pattison in a Sheffield Hospital for surgical tuberculosis. In the
first of these [M. Mellanby, Pattison and Proud, 1924] the diets of
different groups were varied so as to differ as far as possible in
caleifying properties. Thirty-two children aged about 7 years were
divided into three groups; group 1 were given a diet which was
designed to promote perfect calcification of the teeth ; group 3 received
a diet which had poor caleifying properties, including little vitamin D
and no extra sources of caleium, but much cereal ; group 2 were kept
on the ordinary hospital diet. The teeth were carefully examined at
the beginning of the investigation, records being made of the posi-
tion, extent, and degree of hardness of each carious point. After a
lapse of seven and a half to eight months the teeth were again examined,
The results are given in Table IV,

Taerzs IV,
Sheffield Imvestigation I.
Average no. of feeth per Avrerage amount of
child showing initiation farresiing’ of caries
Diet. or increase of caries. per child,
1. Abundant fat-soluble vitamins (no
oatmeal). 1.4 1.6
2. Intermediate amount of fat-scluble
vitamins, 2.9 1.0
8. Comparatively  little fat-soluble
vitamins (some oatmeal), 5.1 0.7

In the second investigation [M. Mellanby and Pattison, 1926] 71
children of ages varying from 6 to 12 were also arranged in three
groups. The diets given to the members of the three groups were
similar to those used in the first experiment, but were so adjusted that
the total quantities of protein, carbohydrate, and fat were approximately
thesame. The energy values of the diets, the calcium and phosphorus
intake and ratios, and the acid-base ratios were also fairly uniform.
Every child used a toothbrush twice a day, At the beginning of
the investigation the teeth of the children about to receive the best
caleifying diet were, according to careful naked-eye examination, rather
worse calcified and were more carious than those of the other children,
At the end of the period of special feeding (64 months) examination
of the teeth gave the results shown in Table V.

G
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Tasre V.
- Sheffield Investigations 11, II1, and IV.

Average amount
Average mo, of teeth per  Average ‘degree’  of ‘arresting?
child showing initiation  of increase of  (hardening) of

Diet, or increase of caries.  carles per child.  caries per child.
II. 4, Abundant fat-soluble 1.8 2.0 2.0
vitamins (no catmeal)
b. Intermediate amt. of 3.0 4.0 1.2

fat-soluble vitaming
(no oatmeal).
6. Comparatively little 5.8 67 0.04
fat-soluble vitaming
(some oatmeal).

I11.7. Muach vitamin D added 1.0 1.1 3.9
(Irradiated ergosterol).
IV, 8. Cereal-free; much vitamin D. 0.87 0.32 4.7

The striking correspondence between the results of these two inves-
tigations leaves little room for doubt that the initiation, spread, and
arrest of dental caries in children can be controlled to a very con-
siderable extent by including in their diets an abundance of those
food factors which had previously been shown in animal experiments
to exert a favourable influence on the calcification of the teeth.

" In the third investigation undertaken by M, Mellanby and Pattison
[1928] the effect on the spread of caries of giving a liberal supply of
vitamin D in the form of irradiated ergosterol only without other
alteration in the hospital diet was tested on 21 children. After these
children had received the vitamin D preparation for 6% months it was
found that the average number of teeth per child in which caries had
spread was 1.0, the average ‘degree’ of increase 1-1 and of hardening
3.9 (see Table V, Investigation I1I, diet 7). Inmany instances the sott
and active caries observed at the beginning of the test was found to be
undergoing arrest or actually to have become arrested when the final
examination of the teeth was made. This experiment makes it clear
that it is the fat-soluble vitamin I that is responsible for raising the
resistance of the teeth to caries and not the fat-soluble vitamin A,
which in the previous investigations had been supplied to the children
together with vitamin D.

Since 1928 an extension of the Sheffield investigations has been in
progress in three ‘Cottage Homes’ in Birmingham, under the auspices
of the Dental Disease Committee of the Medical Research Council.
Although in this case the basal diets were not standardized as in the
Sheffield work and the vitamin additions were less, this scheme had
the advantage of extending over a longer period and of involving
larger numbers of children (332). The results corroborate those
obtained in Sheffield, as will be seen from Table VI, p. 99. In this
Table the Sheffield results are given in a form comparable with the
Birmingham figures. The progress of caries was significantly reduced
in the group receiving additional fat-soluble vitamins as cod-liver
oil and in the group having additional vitamin D in the form of irra-
diated ergosterol. )

By analogy with the animal experiments, showing that cereals, and
especially oatmeal, interfere with calcification, it seemed probable
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that extra cereals in the form of oatmeal might increase the spread of
caries when the supply of vitamin D was limited. Extra oatmeal was
given to a group of children in the Sheffield investigations, and the
spread of earies 1n this group was found to be greater than in any other.
The effect of the omission of cereals was not tested in the investiga-
tions described above, Independently, Boyd and Drain [1928;
Boyd, Drain and Nelson, 1929] observed during the routine examina-
tion of the teeth of children attending a hospital department that in
twenty-eight instances arrest of previously extensive and active caries
was taking place. It was then found that without exception these
children were receiving treatment for diabetes and were being strictly
dieted, their food consisting chiefly of milk, cream, butter, eggs, cod-
liver oil, meat, bulky vegetables, and fruit. Twomost noticeable features
of such diets are their richness in fat-zoluble vitamins and mineral
salts and their poverty in cereals, features which had characterized
the diets used by M. Mellanby and her co-workers to raise the
resistance of children’s teeth to caries.

Tasre VI
P " Percentage
ercentage of teeth carious. increase
in ¢ degree’
First Final or exlent
ination ination. Increase, of caries,
Sheffield :
Olive oil group, (Diet 6) 25.96 85.96 1000 62.13
Cod-liver oil group. (Diet4) 42.86 44.41 1.55 10.28
Vitamin D group. (Diet 8) 45.13 46.14 101 6.57
Birmingham :
Olive oil group. 15-59 23.22 763 45.85
Cod-liver oil group. 1926 22.23 297 9.81
Yitamin D group. 22.18 24.27 2.09 10.12

Further observations on the effect of giving similar diets to thirteen
children not suffering from diabetes were carried out by Boyd and
Drain, who report that in each instance pre-existing caries was com-
pletely arrested in ten weeks or less. It was found that considerable
quantities of carbohydrate could be taken by the children without
hindering the progress of the arrest of their caries, providing that
dairy produce, cod-liver oil, vegetables, and fruit were consumed in
sufficient quantities at the same time. Incidentally it was remarked
that oral hygiene did not seem to play any part in the arrest of caries,
for this was noted in several instances in which the children did not
use a toothbrush,

Believing that the results obtained by Boyd and Drain were due to
the fact that vitamin D was given in abundance while cereals were
absent from the diet (although these authors did not themselves make
any statement to this effect) M. Mellanby and- Pattison [1932] have
carried outa similar investigation to test this supposition. The results
(see p. 98, Table V, Investigation IV, diet 8) indicate that the total
omission of cereals from the diet, together with the addition of vita-
min D, hastens the arrest of existing caries and prevents the initiation
of new carious points to greater extent than the addition of vitamin
D to a diet containing cereals.

G2
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Bunting and his collaborators[1930] have compared the active caries
in children in different institutions in which the dietary was controlled
to some extent. Inone of these each child had one pint of milk, some
fruit and green vegetables daily ; the amount of sugar was reduced and
a mouth wash was used. At the end of one year, the teeth of 80 per
cent. of the children were found to be free from active decay as
compared with 24 per cent. in a second institution in which the mouth
wash alone was used, and 18 per cent. in the control institution where
no additions to the diet were made and no mouth wash used. They
therefore conclude that caries is a specific infective process the
activity of which is dependent on certain metabolic changes, and state
that, of the methods they employed for combating dental caries, dietary
measures appeared to be the most important,

There is, therefore, a considerable body of evidence pointing to the
fact that dietetie factors, and especially vitamin D, determine to alarge
extent the resistance of children’s tecth to dental caries, For practical
purposes the ideal to aim at is by correct feeding during prenatal life,
mfancy, and childhood, to encourage the production of normal or
perfect teeth in the adult. This, with the continuance of a sound
dietetic régime throughout life, should result in a very greatly dimin-
ished incidence of dental caries in the community,

Prriovoxtar Diseask.

Dogs, especially pet dogs, are, like man, very susceptible to perio-
dontal disease. These animals were therefore chosen by M. Mellanby
for an extensive study of the aetiology of this disease of the tissues
surrounding the teeth [1920; 1929; 1930, 1, 2] It was found that
dogs could be kept under laboratory conditions for periods up to 8
years and, so long as the diet was complete from birth onwards, they
remained free from periodontal disease, If, however, the diet was
deficient in vitamins A and D and rich in cereals, especially during
the period of growth in the early months of life, this disease ultimately
developed. These dietetic defects acted in two ways, (1) by allowing
the abnormal development of periodontal tissues, and (2) by allowing
these abnormally formed tissues to change their anatomical relations
to the teeth and become subject to invasion by micro-organisms.

Vitamins A and D in relation to the Structure of
Periodontal Tissues.

Experiments on puppies brought up on diets rich and poor respec-
tively in both vitamins A and D, or deficient in either vitamin A or
D only, showed that vitamin A primarily controls the normal develop-
ment of the soft periodontal tissues, including the sub-gingival
epithelium and the underlying connective tissues, while, as might be
expected, vitamin D is largely responsible for the normal ealcification of
the alveolar bone and the other hard tissues.

Thus, if the diet is deficient in both fat-soluble vitamins A and D,
as for instance when olive oil replaces cod-liver oil, the following
abnormalities develop :

(1) Thickening of the gingival region (see Figs. 18, 20; cp.
Fig. 19).



Fia. 18. Fra. 19. Fre. 20.
The comparative effects of a deficiency of vitamins A and D together and of vitamin A alone on the development of the gingival tissues.

Photomicrographs ( x 40) of the gingival regions of the carnassials of three dogs. Nofe: The alveolar bone and periodontal membrane are not seen here.
(Sections decalcified and cut in celloidin ; enamel therefore lost.)

F1c. 18. Diet poor in vitamins A and D. Nofe: Gingival regions hypertrophied ; sub-gingival epithelium (S. Ep.) much hypertrophied and irregular with
small processes ; some connective tissue reaction or cell infiltration (C.I.) in corium.

Fic. 19. Liberal supply of vitamins A and D in diet. Nofe: Gingival region thin; sub-gingival epithelium (S. Ep.) thin and regular; no connective tissue
reaction or cell infiltration in corium.

F1e. 20. Much vitamin D but very little vitamin A in diet. Nofe: Gingival region hypertrophied ; sub-gingival epithelium (S. Ep.) hypertrophied and
irregular with some processes ; some connective tissue reaction or cell infiltration (C.I.) in corium.
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(2) Imperfect development of the alveolar bone, particularly of the
alveolar crest, and of the laminae durae, with the inclusion of osteoid
tissue and poorly calcified bone. )

(3) Imperfection of the epithelial attachment to the hypoplastic
enamel.

(4) Poor calcification of the laminae durae, )

(5) Hypertrophy of the sub-gingival epithelium, with the develop-
ment of finger-like processes (see Figs. 18, 20, ep. Fig. 19).

(6) Abnormal arrangement of the connective tissue of the corium,
with connective tissue reaction and cell infiltration (see Figs. 18, 20,
cp. Fig. 19).

(7) Irregular thickness of the periodontal membrane.

Irregular alignment of some of the teeth and tilting of the teeth in
relation to the Jaw are also sometimes found when the diets are defici-
ent in vitamins A and D.

Vitamins A and D in relation to Periodontal Disease.

The term *periodontal disease’, which is susceptible of various
neanings, 1s here used in its widest sense, that is to say, to denote
any morbid condition affecting the tissues surrounding the teeth,
ranging from simple gingivitis to ‘ pyorrhoeaalveolaris’ with extensive
absorption of bone.

McCollum, Simmonds, Kinney and Grieves [1922] found what
they term ‘attaching-tissue’ lesions after death in some rats fed on
experimental diets, especially when these were low in calcium, phos-
phorus and fat-soluble vitamins.

In M. Mellanby’s experiments [1930, 1, 2] the majority of the
dogs used were about 2 months old when the experiments were begun,
and in some cases were born in the laboratory from mothers whose diets
were controlled throughout pregnancy and lactation. Inafew experi-
ments in which curative rather than prophylactic measures were tested,
the animals were several years old when brought to the laboratory
suffering from periodontal disease.

The periodontal tissues of dogs kept in kennels in a laboratory and
fed from the time of weaning for 8 years on a diet containing among
other ingredients white bread and a liberal supply of vitamins A and
D are rendered very resistant to periodontal disease. On the other
hand, the periodontal tissues of animals kept under similar conditions
of diet and environment, but receiving comparatively little vitamins
A and D for the first 63 years, are very susceptible to the disease

_ These experiments stress the fundamental importance of including
vitamins A and D in the diet during the early developmental period
if the periodontal tissues are to resist disease. ~A large supply of these
vitamins given later, even from the fifth month onwards, does not
entirely compensate for a deficiency during the early period of life,
although vitamin A given in large doses may then prevent the spread
of the pathological condition. Conversely, the addition of a liberal
supply of vitamins A and D to a diet composed largely of white
bread, for nearly a year after weaning (i.e, for the full developmental
period), renders the periodontal tissues resistant to disease in later life,

even when the diet of the adult animal is deficient in these vita-
mins for long periods.
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It will be noted that hyperplasia of the squamous epithelium
adjoining the teeth produced by vitamin A deficiency in the developing
period of growth 1s a special instance of the general effect of this
deficiency (see p. 33). The susceptibility to bacterial infection of
this hyperplastic epithelium of the gums or gingival margin is a
condition which would also be expected from other known instances,
in which infective foci and epithelial overgrowth are commonly
associated with a deficient intake of this vitamin. Just as the
administration of vitamin A in such conditions tends to correct the
pathological changes of the epithelium and to heal the septic foci, so
also in pyorrhoea alveolaris in dogs massive vitamin A therapy seems
to increase the resistance of the gum tissues to micro-organisms to
the extent that the exudate of pus is greatly diminished and may even be
suppressed [M. Mellanby, 1930, 2],

{ Viramiy C axp Dentan Trssues.

One of the earliest investigations on the influence of the diet on the
teeth was that of Zilva and Wells [1919], who fed guinea-pigs on
a scorbutic diet of oats, bran, and autoclaved milk. Ground and
decaleified sections of the teeth showed defects in the pulp, odonto-
blasts and dentine. In the pulp various degrees of degeneration of a
type designated as fibroid’ were found, and in the dentine an irregular
“osteoid’ condition. Changesin the teeth were observed even in the
mildest degree of scurvy, but never when a sufliciency of vitamin
C was added to the basal diet (see Figs. 31-24),

Howe [1919; 1921; 1928] has also carried out much experimental
work on guinea-pigs and monkeys, primarily, however, with a view
to establishing the relation of diet, and in particular of vitamin C, to
caries. He concludes that a deficiency of this vitamin leads to decal-
cification of the teeth, Toverud {1923 ; 1926] made a histological and
chemical examination of some of the teeth of Howe’s guinea-pigs and
found the defects deseribed by Zilva and Wells. Robb and
collaborators [1921] found similar changes in the teeth of guinea-pigs
on a scorbutic diet.

Extensive investigations by Hojer [1924 ; 1926 ; Hsjer and Westin
1925] and others have also emphasized the importance of vitamin C in
determining the structure of the teeth in guinea-pigs. They summarize
the defects that follow vitamin C deficiency as follows:

(1) The gradval change and disappearance of the odontoblastic
layer.

)22) The amorphous calcification of the ‘predentine’ and the absence
of canals in this layer.

(8) The previously calcified dentine becomes porous.

(4) The dilatation of the vessels in the pulp. )

(5) The production of nerve lesions and oedema of the pulp tissues.

As a result of these investigations a method was devised for the
estimation of the antiscorbutic value of foods (p. 204).

The results experimentally obtained on guinea-pigs have not been
tested on man and it is difficult to appraise their value in terms of
human beings. In the vase of the dog, M. Mellanby [1929] was
unable to show that vitamin C played any significant part in the
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Fie. 21. (x270) Fie. 22, (x40)

Effect of vitamin C deficiency on the teeth of guinea-pigs. Photomicrographs of transverse section of the decalcified incisor root, stained with
haematoxylin-eosin.
Fies. 21 and 22. Guinea-pig protected from scurvy (10 c.c. of decitrated lemon juice per diem).

Tomes canals (T) well marked in the uniformly stained broad layer of dentine (D), ‘predentine’ (P) lightly stained, odontoblasts (0) long
and parallel.
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Fie. 23. (x270) Fra. 24. (x40)

Effect of vitamin C deficiency on the teeth of guinea-pigs. Photomicrographs of transverse section of the decalcified incisor root, stained with
haematoxylin-eosin.
Fies. 23 and 24. Guinea-pig partially protected from scurvy after 14 days on experimental diet.

Tomes canals (T) in dentine (D) poorly marked, and absent in the ‘predentine’ (P) which is darkly stained, odontoblasts (O) short, dis.
organized and separated from the dentine (D).
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calcification and structure of dental tissues, but this may be explained
by the relative insusceptibility of the dog to the absence of this vitamin
from the food. Rats also appear to exist in health on diets lacking
this vitamin.

Florid scurvy in man is now relatively rare except in persons living
under special conditions. When it occurs, periodontal changes
similar to those described by Zilva and Wells in scorbutic guinea-pigs
may develop. Since periodontal disease in man is pathologically
similar to that ohserved in guinea-pig scurvy, it has been unduly
assumed that it is related to a vitamin C deficiency. In dogs it has
been shown experimentally that this is not the case [M. Mellanby,
1930, 2], but that periodontal disease is related to vitamin A deficiency.
As regards man, Hanke [1929; 1930] claims to have produced
evidence that dental caries and pyorrhoea are sometimes associated
with a deficiency of vitamin C alone. If vitamin C deficiency
plays a part in the aetiology of human periodontal discase, it seems
clear that the deficiency is only partial and is not accompanied by
other well-recognized scorbutie changes. The work of Zilva and
Wells has clearly shown that dental tissues in guinea-pigs are peculiarly
susceptible to vitamin C deficiency and are among the earliest to suffer
from this dietetic defect. Itmay be, therefore, as they suggest [1919),
that this also applies to man and that the so-called ¢latent scurvy’ may
play a part in human dental discase. 'Whether this is the case or not
remains to be tested by further work,



CHAPTER V
VITAMIN E.

Hisroricar.

Iris only within the last ten yearsthat the existence of a specific
vitamin essential for reproduction (at any rate of the rat and mouse)
has been established. The view held previously was that a diet
which would satisfy the animal’s needs for growth and well-being
would also be adequate for reproduction. The first indication that
this was not necessarily the case was given by Mattill and
Conklin [1920], who found that rats reared on whole milk, though
growing well and appearing to be in good health, were usually sterile.
They therefore suggested that milk was deficient in some dietary
factor essential for reproduction. Evans and Scott [1922], during
a study of the effect of nutrition on the oestrous cycle, found that
rats reared on a diet containing adequate amounts of protein, of salts
and of all the known vitamins were partially sterile in the first
generation and wholly soin the second. This sterility was corrected
by an unknown substance X, present in certain natural foodstuffs,
e.g. fresh lettuce leaves, wheat embryo, and dried alfalfa. In
subsequent investigations Evans and Bishop [1923, 1, 2, 3]
showed that X was fat-soluble, but was not identical with any of
the known vitamins. In the female, sterility was a disturbance of
uterine function leading to foetal death and resorption. Evans’s
standard sterility diet contained caseinogen 18, starch 54, lard 15,
butter fat 9 and salts 4 per cent., the ratsreceiving in addition a daily
ration of dried whole yeast. If the butter fat was replaced by 2
per cent. of cod-liver oil the results were unchanged.

Sure [1923, 1, 2], during an investigation of the influence of
diet on reproduction, had independently come to the same con-
clusion as Evans and Mattill and their co-workers. He found
that sterility resulted when rats were maintained on diets contain-
ing whole or skim milk as the source of protein, with cod-liver oil
and an alcoholic extract of wheat embryo to supply vitamins A,
D, and B respectively. This sterility was neither corrected by
inereasing or improving the supply of protein, nor by increasing
the dose of water-soluble vitamins. It disappeared, however,
when an unknown substance, apparently identical with Evans's
factor X, present in Georgia velvet bean pod meal, polished rice,
yellow corn, rolled oats, and lettuce leaves, was added to the diet.
Sure suggested that the new factor should be called vitamin E and
this suggestion was universally adopted in 1925.

Mattill and bis co-workers [Mattill and Carman, 1922-23 ; Mattill
and Stone, 1923; Mattill and Congdon, 1924; Mattill, Carman and
Clayton, 1924], in the course of further work on milk diets, became
satisfed that vitamin E corresponded with the essential factor
which they had considered to be lacking in whole milk. They
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described degeneration of the testes resulting from deprivation of
this dietary factor. A

The chief opposition to the acceptance of the existence of vitamin
E as an essential anti-sterility dietary factor came from the work
of Nelson. Mattill, Evans, Sure and Daniels and Hutton [1925-26]
had all reported failure of reproduction when rats weve fed on diets
containing milk as the only possible source of vitamin E, but
Nelson and his co-workers [Nelson, Heller and Fulmer, 1923 ;
Anderegg, 1924] and also Mazé [1925], Woods [1925], and Palmer
and Kennedy [1922-23] obtained good reproductive records when
rats were reared on diets of whole milk powder alone. When, how-
ever, a certain amount of lard was added to such a diet, sterility
occurred. Nelson suggested that the sterility-producing power of
Evans’s diet was due fo its high lard content. The resulting high
calorie value of the diet would occasion a low intake and hence a
possible deficiency of some of the known dietary essentials. Though
at one time more inclined to accept the existence of vitamin E
[Anderegg and Nelson, 1925], Nelson and his co-workers were still
unconvinced in 1926 [Nelson et al., 1926 ; Guest, Nelson, Parks
and Fulmer, 1926), and reported that whereas sterility resulted
from the ingestion of a skim-milk diet, supplemented by cod-liver
oil and dried yeast, in the form of a dry powder, good reproduction
occurred when the same diet was fed as a liquid paste [Anderegg
and Nelson, 1926] Sure was, however, unable to confirm this
[1926, 3; 1927, 1),

The arguments of Nelson and his eo-workers against the existence
of vitamin E have been satisfactorily met [Mattill, Carman and
Clayton, 1924 ; Mattill and Clayton, 1925, 1926 ; Evans, 1924, 1;
Evans and Burr, 1927, 1]. These workers agree that lard has the
power of increasing the sterility-inducing properties of a diet, but
claim that this does not invalidate the proof of the need of the rat
for vitamin E. That a high content of fat is not in itself sterility-
producing was shown by the fertility associated with diets contain-
ing a high content of butter fat.

It was afterwards shown that lard neutralizes the effect of
vitamin E when the latter is mixed with the diet and not given
as a separate ration [Evans and Burr, 1927, 2, 8] This fact
accounts for many diserepancies in the literature of the subject.
Butter fat constituting 5 per cent. of the diet appeared to be an
inadequate source of vitamin E when the diet also contained 15 per
cent. of lard, but proved an effective source when mized in a diet,
low in fat, such as was used by Nelson and his co-workers.

Sure’s later investigations of vitamin E [Sure, 1924-25; 1925 ;
}926, 1,2,8;1927,1,2,8, 4; 1928,1; 1929-30] have been collected
in a single pamphlet [1930]. The researches of Evans and his co-
workers [Evans, 1924,1, 2; 1925 ; Evans and Bishop, 1924 ; Evans
and Burr, 1924; 1925, 1, 2] were summarized in a monograph in
1927 which contains most of the established facts concerning vita-
min E [Evans and Burr, 1927, 1. When not otherwise stated the
information given below is derived from this monograph.
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Tae Resvrrs or Deprivation or Viramix E.

Female Sterility.

In female rats rendered sterile by deprivation of vitamin E, the
ovaries are undamaged, ovulation and oestrus oceur as usual, and
the proportion of successful matings is within normal limits.
Implantation of the fertilized ovum is proved by the appearance of
red blood-cells in the vaginal smear—the ‘placental sign’ of Evans
and Burr—at the normal time, about the fifteenth day of preg-
nancy. Instead, however, of the birth of a litter at the end of
term, the foetuses die in the uterus and are resorbed. The weight
curve of the pregnant rat follows at first the eurve of normal
pregnancy, but soon falls more and more below it: after the
twentieth day there is a gradual loss of weight. The foetus shows
the first signs of retarded development at the eighth day of
gestation. By the twelfth day defects in the blood system are
shown by the solid appearance of the liver and by the deficiency of
blood islands in the yolk sac and of erythroblasts in the heart and
blood-vessels. Death of the foetus occurs about the thirteenth
day, the allantois at this stage showing complete atrophy.
Resorption of the foetus is accomplished by the twentieth day.
The placenta, which is unaffected, persists and grows after the
death of the foetus until the twentieth day; after this it also is
rapidly resorbed. Foetal death appears to be due to starvation
and asphyxia resulting from defects in the allantois and yolk sac.

The sterility in the female is not incurable as is the case in
the male, The ingestion of vitamin E in adequate amounts will
always permit a successful gestation, however long has been the
previous period of deprivation. The minimum daily dese need not
be given until the fifth day after mating, but administration must
be continued until the nineteenth day. Parenteral injection has
been found to be as effective as oral administration.

Male Sterility.

In male rats and mice [Beard, 1925-26, 1, 2] lack of vitamin E
causes a gradual loss of reproductive power leading to complete
and incurable sterility within 85 to 150 days [Evans and Burr,
1927, 1; Mason, 1925; 1926] These observers agree that the
suseeptibility of different rats to deprivation of vitamin E shows a
wide range of variation. Mason found that young rats placed at
weaning on a diet devoid of vitamin E showed the first signs of
sterility within 50 to 63 days, while if the rats were sexually
mature before they were deprived of this factor, no ill effects were
seen for 75 to 100 days. Evans and Burr showed that rats born
of mothers deprived of vitamin E, except for minimal amounts
during gestation, if reared without addition of vitamin E had no
period at all of fertility. )

Evans and Burr divide the onset of sterility in the male into
six stages. In the first stage, in spite of a sufliciency of apparently
normal spermatozoa, there is a loss of reproductive potency; in
the second the spermatozoa lose their motility. In the third stage
groups of spermatozoa fused together are found in the vaginal
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plug, which is, in the succeeding stage, devoid of spermatozoa.
The penultimate stage is characterized by loss of power to form
the plug, although some degree of sex interest is retained. This
disappears in the final stage. ]

Mason {1926] in a careful study of the histology of the testis
found a gradual degeneration and removal of the germinal epithe-
lium completed in 83 to 50 days. The germ cells degenerate in
an order which is the reverse of that of their formation, the mature
spermatozoa being the first to disappear.

The histological studies of Evans and Burr {1927, 1}, Juhasz-
Schiffer [1931], and Mattill, Carman and Clayton [1924] are in
accord with those of Mason, except for the fact that Mattill and
his eco-workers found a great proliferation of the interstitial tissue
in the degenerated testis. Evans and Burr showed in addition
that a considerable degree of sterility, as shown by mating
tests, precedes any abnormality of the testis which can be
detected by histological examination. Both sets of observers found
great variations in the susceptibility to lack of vitamin E of the
different tubules of the same testis, This variation explains the
fact that a partial success sometimes appears to attend curative
efforts. Once degeneration has set in, in any given tubule, the
process in that tubule cannot be arrested by the administration of
vitamin E. If, however, when the attempted cure is begun the
testis still contains a few normal tubules, these can be preserved
and thus a certain measure of reproductive power retained.

Mason [1929] found a normal erythrocyte and haemoglobin
content in the blood of sterile male rats sutfering from deprivation
of vitamin E. No histopathological changes were shown by the
adrenals, spleen, liver, pancreas, thymus, thyroids, or lymph glands.

Verzir et al. [1931] noted a lowered basal metabolism in male
rats reared on a diet devoid of vitamin E.

Vitamin E and Lactation.

Sure [1925; 1926, 8; 1927, 1, 3] brought forward evidence
tending to indicate that vitamin E consisted of two parts, one
thermostable and promoting reproduction, and the other thermo-
labile and promoting lactation. He [1928; 1930] stated later,
however, that he could not find sufficient satisfactory evidence
in favour of this theory, and has since concluded that vitamin E is
not needed in lactation,

Evans and Burr [1928, 2] reported the development of paralysis
about the time of weaning in suckling young of mothers deprived
of vitamin E. Approximately 35 per cent. of the animals thus
affected died, about 17 per cent. recovered, and the remaining 48 per
cent. remained paralysed but appeared otherwise healthy. Prophy-
laxis with vitamin E administered either to the mother or directly
to the young was successful, but curative measures failed. Sure
[1930] has not observed this paralysis.

Decreased Growth and Vigour.

The earlier work on vitamin E was generally taken to show
that rats receiving a diet deficient in vitamin E, but complete in all
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other respects, exhibit normal growth. Evans and Burr [1927, 1]
noticed, however, when attempting the cure of male sterility, that
although the cures were not successful, yet the administration of
vitamin E was marked by an increase in the rate of growth.
Evans [1928, 2] subsequently investigated this point more fully,
and found that rats of both sexes reared on a diet deficient in
vitamin E showed, after the eighth month of life, but not before, a
consistently poorer rate of growth than did rats when receiving the
same diet supplemented daily by a few drops of wheat germ oil.
The same effect was obtained by using the unsaponifiable fraction
in place of the crude oil, showing that it must be attributed to the
vitamin E content of the oil rather than to any other constituent,
As castrated rats behaved in the same way, it appeared that the
growth and well-being of the rat did not depend on the condition
of the testis. Mason [1929] recorded that in groups of male rats
receiving a sterility-inducing diet, the ingestion of fresh or dried
lettuce leaves or dried alfalfa markedly improved the rate of growth,
Sinee this effect was apparent in young rats from the beginning of
the experiment, it does not appear that Mason was dealing with
the same condition as Evans. The possibility that the differ-
ences in the stock diets used by different observers may cause
variations in the amount of vitamin E present in the bodies of rats
bred on these diets must not be disregarded. A careful considera-
tion of Mason’s work, however, suggests that the increased growth
in his experiments might have been due to the vitamin B, content
of the leaves rather than to their content of vitamin E.
Juhasz-Sebiffer {1931] observed a 150 per cent. increase in the
rate of growth of embryonic chicken tissues, cultured in adult
chicken’s plasma, as the result of the addition of wheat germ oil.
If the oil was autoclaved, no such effect was observed (see p. 110).

Uterine Deciduomata.

Evans [1928, 1] stated that when pseudopregnancy was induced
in rats by mating with vasectomized males, a large proportion (50
per cent.) developed uterine deciduomata. When, however, such
- females received vitamin E in abundance, the proportion develop-
ing the tumours was only 3-7 per cent. No explanation of this
phenomenon is yet available.

Fuxcriox or Vitayin E v taE Bopy.

The part played by vitamin E in the reproductive processes is
far from clear. In the pregnant female, lack of this vitamin appears
to cause intra-uterine death by preventing the normal development
of the yolk sac and allantois. The maternal parts of the placenta
remain unaffected and the germ cells suffer ng damage. Inthe male,
on the other hand, permanent degeneration of the germinal epithe-
lium occurs. The fact that vitamin E plays such different parts in
male and female reproductive organs led Mason [1929] to suggest
that vitamin E might be composed of two factors, one influencing
the testis and the other concerned with uterine function. He found
evidence for this in the observation that dried lettuce was less
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effective than fresh in preventing male sterility, whereas Evans
had reported that desiccation of lettuce caused no decrease in its
power to cure female sterility. Mason, however, himself concluded
that there was insufficient evidence for this theory of a dual
pature of vitamin E.

Vitamin E disappears from the body of the female rat during
normal metabolism at a rate which is unaffected by the occurrence
of gestation. It would appear, therefore, that it either fulfils some
definite function even when pregnaney does not oceur, or is excreted
unused.

Verzir [1931] found that the intraperitoneal injection of vitamin E
concentrates from wheat germ caused a genital hypertrophy in
young female rats similar to that following the injection of anterior
pituitary hormone. He also noted [Verzir and Kokas, 1931, Verzir
et al.,1931] that male rats, reared on a diet devoid of vitamin E, had
a silky infantile coat like that of castrated rats, and thatif, during
the period of deprivation, anterior pituitary hormone was injected
daily, the rats developed, instead, the bristly coat characteristic of
the normal male. He suggested, therefore, that vitamin E is neces-
sary for the synthesis of the hormone of the anterior lobe of the
pituitary.

Srorace oF Viramiy E,

Rats reared from weaning on a standard sterility-inducing diet
show an extent of initial fertility which indicates that the animal
has a considerable power to store vitamin E. Once the body’s reserve
has been exhausted there is no return of fertility, and the second
generation is consistently sterile. Vitamin E has been found present
m normal rat muscle and absent from the tissues of rats deprived
of this factor. Further proof that storage takes place is given by
the fact that a single large dose of a curative substance given
either orally or parenterally about the day of mating, produces an
effect equal to that of the same total amount administered in small
daily doses during gestation. It has been observed that a sterile
female, enabled by the ingestion of a diet rich in vitamin E during
pregnancy to give birth to a litter, will sometimes store sufficient of
this factor to carry through one or more successful gestations after
a return to the sterility-inducing diet. The extent of this after-fer-
tility will depend upon the amount of the vitamin administered.

Vitamin E content of fueces. The amount of vitamin E present
in the faeces depends on the amount ingested by the rat [Juhasz-
Schiffer, 1931). There is no evidence that the factor is synthesized
in the alimentary canal.

Cuenrcar Investicartion or Vitamin E,

Solubility. Vitamin E is fat-soluble and can be extracted by fat
solvents; light petroleum, ether, acetone, benzene, absolute aleohol,
and 76 per cent. aleohol have all provided successful extracts.
Extraction with alcobol is not so complete as with ether; in the
latter case the extracted residue was found to have lost all power to
prevent or cure sterility. Vitamin E is very slightly soluble in water
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and highly soluble in methyl alcohol, but the solubility falls away
rapidly on dilution with water. It is more soluble in pentane than
is sitosterol, a fact which is of use in preparing a concentrate of
the active fraction. .

Stability. Saturation with bromine in glacial acetic acid, treat-
ment with acetic anhydride, and exposure to ashing temperatures
are all destructive of vitamin E. It is also partially destroyed by
exposure to ultra-violet radiation for 45 minutes. Itisundamaged
by hydrogenation, by distillation 4n vacuo at 250° C,, by exposure
in air for two hours to a temperature of 170° C., or by autoclaving at
20 pounds pressure for two hours [Sure, 1926, 3], If any destruction
occurs when a current of air is passed through it at a temperature
of 97°C. it only does so at a very slow rate. Neither strong acids
(e-g- 20 per cent. HCI) nor the enzymes naturally occurring in wheat
germ destroy it. Vitamin E is not destroyed by sapenification,
and is found present in the unsaponifiable fraction.

Vitamin E, therefore, appears to be remarkably stable to heat,
resembling in this respect vitamin A. The evidence was, however,
all obtained by Evans and Burr in experiments with wheat germ oil,
and it does not necessarily follow that the vitamin will prove to be
equally stable when present in other foodstuffs. Evans and Burr
found that the vitamjn E content of many animal and vegetable
tissues was unaffected by cooking or by rapid drying, as judged by
the power to cure female sterility. Mason [1929] recorded, however,
that when lettuce was dried most of the power to prevent male
sterility was lost, but he used a lower temperature than did Evans
and Burr and in consequence the period of desiccation was more
prolonged. Evans and Burr were unable to obtain a potent un-
saponitiable fraction from ox muscle, but Sure [1927, 1] was
successful in doing so from cotton-seed oil.

Under certain conditions vitamin E is susceptible to oxidation.
Supplee and Dow [1925] observed that whole-milk powder packed
in air lost its content of this vitamin after two years, whereas the
same sample of powder kept in the presence of de-oxygenated air
for the same length of time had retained all its original potency.
Mattill [1927] stated that vitamin E was destroyed by the oxidative
changes which accompany the development of raneidity in fats and
oils, This process was accelerated by the presence of ferrous sulphate
and by some other conditions, but was delayed by the presence of
substances containing hydroxy-groups,and the stability of vitamin E
in wheat germ oil was probably due to the abundance of these groups
in the oil. Butter fat when protected from oxidative changes was
found to contain a considerable amount of vitamin E.

This connexion between rancidity and the destruction of vitamin
E was further elucidated by Evans and Burr [1927, 2, 3]. This
work was undertaken to investigate the fact, repeatedly observed,
that a high lard content increased the sterility-inducing power of a
diet. On a diet containing 9 to 15 per cent. of lard there was a certain
amount of initial fertility, which, when the lard was increased to 22
percent.,disappeared. Atthe same time adaily dose of wheatgerm oil
was still effective in inducing fertility, showing that the lard was not
in itself responsible for the sterility. Evans and Burr found further
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that, if the wheat germ oil given as a daily dose was replaced by
wheat germ mixed with the other constituents of the diet, there
was a definite ratio between the amount of lard in the diet and the
amount of wheat germ which must be included to ensure fertility.
(This observation was not confirmed by Mattill and Clayton [1926]).
The same relation held true with wheat germ and hardened cotton-
seed oil or oleic acid, but not with butter or stearic acid. It appeared
that lard, hardened cotton-seed oil, and oleic acid in some way
neutralized or antagonized the vitamin E in the wheat germ. This
antagonism was found to increase with the degree of rancidity of
the fats, but it was not proportional to the acid number. The
unsaponifiable fraction of commercial oleic acid was found to con-
tain most of the antagonistic or destructive body [Evans and Burr,
1927, 38].

Wadllell and Steenbock [1928; 1931] demonstrated an apparent
destruction of vitamin E in their stock diet and in wheat germ when
an ethereal solution of ferric chloride was poured over the diet, the
ether afterwards being allowed to evaporate. Both male and female
sterility occurred. If the ferric chloride was dissolved in water, no
such effect was observed. Although female rats might have large
reserves of vitamin E they were apparently unable to use them
while consuming the iron-treated ration. These reserves became
effective when the diet was replaced by one devoid of the vitamin.

Cummings and DMattill [1931] suggested that the destructive
action of certain fats on vitamin E was due, as suggested by Fride-
ricia [1924] in the case of vitamin A, to the action of peroxides
produced during autoxidation, They showed that the fats, such
as cod-liver oil and lard, which most readily destroy vitamin E, are
those which have the highest autoxidizable value. These fats
contain powerful pro-oxidants while anti-oxygenic capacity is
shown by wheat germ oil, cotton-seed oil, and other substances.

Olcovich and Mattill [1931; see also Olcott and Mattill, 1931,
1, 2] obtained from the unsaponifiable material of green lettuce leaves
a non-crystallizable fraction containing both vitamin E and the
anti-oxidant. Separation of the two was effected by solution in
light petroleum and subsequent treatment with 92 per cent. methyl
alecohol. Vitamin E remained in the petroleum and the anti-oxidant
passed into the alcohol. Fractional distillation of the latter in vacuo
yielded a fraction distilling at 160-180° C. which, on cooling, gave
monoclinicerystals with marked anti-oxidant capacity. The formula
of this substance appeared to be C},H,,0; and one hydroxyl group
of a phenolic character was present.

CoxcextraTION OF VITaMIN E,

Evans and Burr obtained from wheat germ oil a concentrate of
the active principle which represented 0-25 per cent. by weight
of the original oil, and of which 5 mg. given as a single dose to the
female rat on the day of mating supplied sufficient vitamin E to per-
mit of the birthof a litter. The concentrate was prepared as follows.
The unsaponifiable fraction was treated with cold pentane and the
precipitate removed, after which hot methyl alcohol was added to
the solution and another precipitate discarded; after standing, the



112 VITAMINS

additional precipitate formed on cooling was removed and the
portion soluble in light petroleim was treated with digitonin to
remove sterols. The remaining solution was again saponified and
the sterols in the unsaponifiable fraction removed by precipitation
with digitonin. After extraction with methyl alcohol, the active
fraction was distilled in vacuo at 200-233° C.

The refractive index of the concentrate was about 1.5018, the
iodine number 220, and the molecular weight 400. Analysis gave
a composition of 81.7 per cent. C, 12.2 per cent. H, 6-1 per cent. O.
This work emphasizes further the strong similarity between vita-
min E and vitamin A (see p. 37).

MEerBODS EMPLOYED IN TESTING FoR THE PrESENCE oF Viramin E.

Rats reared on a diet deficient in vitamin E show wide variations
in the length of the period of initial fertility. Some are able to
give birth to two or even three litters in succession before sterility
occurs. This is partly due to the reserves of vitamin E stored in
the body at birth and partly to the presence in the basal diet of
small amounts of the vitamin. For this reason the most satisfac-
tory method of testing a foodstuff for the presence of vitamin E is
to investigate its power to restore fertility to a female rat which has
exhibited one or more typical resorptions as the result of receiving
a sterility-indueing diet. A typical resorption cannot be presumed
in the absence of any one of the following conditions:

(1) & normal oestral cycle and ovulation, proved by taking vaginal
smears

(2) insemination at the time of cestrus, proved by the presence
in the vagina of the vaginal plug containing spermatozoa ;

(3) implantation of the fertilized ovum, proved by the placental
sign ;

l:‘(4) foetal death and resorption, proved by the characteristic
weight curve.

The normality of the reproductive power of the rat must be
subsequently established by the successful birth of a litter after
vitamin E has been administered.

It has been generally accepted that resorptions of the foetus as
described above are characteristic only of the deprivation of vita-
min E, but Sure [1930] has claimed to have observed resorptions
of apparently identical character in rats deprived of vitamin A
but receiving abundance of vitamin E. In view of the cessation
of ovulation in rats deprived of vitamin A, these observations
are hard to interpret.

The other method of testing for vitamin E is to add the
substance under investigation to a diet deficient in vitamin E but
complete in all other respects, and to observe the reproductive
behaviour of young rats reared from weaning on this diet. This
method is inconclusive unless observation is continued for a very
long period. A report of sterility in female rats mated with males
bred on the same diet is obviously inconelusive of deprivation of
vitamin E: resorptions must be observed after mating with normal
males,
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Distrisutiox o Viraxix E ix NATURE.

The suggestion of Cummings and Mattill [1931], that vitamin E
is destroyed during the autoxidation of fats, offers an explanation
for the conflicting nature of some of the evidence regarding its
distribution in nature. If the test substance is incorporated in a
diet containing lard or some other highly autoxidizable fat, the
estimated vitamin E content will be much lower than would have
been the case had the lard been replaced by butter or cotton-seed
oil, or the test substance been offered as a separate ration. The elfi-
ciency of any natural substance as a source of vitamin E will depend
not only on the actual amount of the factor contained in it, but also
on the balance of anti- and pro-oxidants associated with it. The
reserves possessed by the experimental animals will also markedly
influence the results obtained.

Evans is the only observer who has consistently employed the
curative test, which is far more satisfactory than any other method,
owing to the wide variations existing in initial fertility (see p. 112),

The richest natural sources of vitamin E appear to be green
leaves and the embryos of seeds. From wheat germ an cil can
be extracted that is effective in the cure of female sterility in the
rat in daily doses of 15 to 20 mg. Vitamin E is absent from the
endosperm of cereals. Vegetable oils, as a rule, contain definite but
small amonnts of this vitamin.

Vitamin E is present in small amounts in animal tissues, the
richest sources being the muscle and subcutaneous fat. Ox and
cow tissues appear to be uniformly richer than the corresponding
tissues of the pig or rat. Although vitamin E is present in fresh
pig fat, lard owing to high autoxidizability is almost entirely
devoid of it. Simmonds, Becker and MeCollum [1928], however,
reported the presence of vitamin E in samples of lard.

Vitamin E is present in milk and butter, the varying results
obtained by different observers being partly due to differences in
technique and partly to variations in the samples used. Mattill
{1927] showed that much of the vitamin E in the original milk-
fat was lost in the usual processes of butter-making.

Owing, presumably, to its high autoxidizable index, cod-liver
oil is as a rule a poor source of vitamin E [Evans and Bishop,
1923,1; Sure, 1927, 2; 1930 ; Mattill, 1922; Hogan and Harshaw,
1926], but evidence bas been produced that some samples of the
oil may contain it [Simmonds, Becker and MecCollum, 1928;
Nelson e al., 1927)

Evans and Hoagland [1927] carried out some experiments which
indicated a synthesis of vitamin E by green and etiolated Canadian
ficld pea seedlings grown in nutrient solution. The possibility of
contamination of the solution by bacteria was not,however,ruled out.

The accompanying Table VII gives an approximate estimate of
the distribution of vitamin E in those substances which have been
investizated. When the dose is expressed in g. it indicates that
this amount was given as a separate daily dose; when expressed
as per cent., that the substance was included in this proportion in
the dry diet.

I
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Distribution of Vitamin E.

o indicates that the vitamin wus not detected ; + that the material contains the vitamin; + + that it is a good source of it ;
+ + + that it is a rich source of it.

Yeast fat . .

Anti-Sterility , Prophylactic
Foodstuff. Value. Curative Dose. Dose. QCbserver.
Fats and Oils,
Almond eil B . . . . . [ . - Sure (1926, 1]
Batter fat c ... ++ - 5-10 % v [1927, 4]; Nelson of al. [1926]
s» 3 pasture . . . . . + 24 % 24 7 Evans and Burr [1927, 1] (high lard dlet)
sy 3y dry feed . . . . . o aee " ( .
Coco-nut oil . . . . . . + 15 % 3 i ) ]
: . oto + <12 % . (high lard diet Sure 927, 2
Cod-liveroil . . <. ++ 2% 45 Simmonds et al. (1928] ; l\'els)son o al. [1927]
Cotton-seed oil , . . . + .. 8-15 Z Evans and Burr [1927, 1] Sure [1924]
[ hyd:og(xnuted . . . + .. 15 % Kennedy and Palmer [1926]
Hemp~seed cii . . . . . + + . 52 Sure [1924-25]
Lard o . Evang and Burr [1927, 1]
* M * N - * * . + 15 % Simmonds e al, {1928]
Linseed oil . . . . . . o Sure {1926, 13
Maize oil . . . . . . + 4+ + . 8% 51
Mustard-seed o;l . . R . . o . 0
Mutfon fat . . B . . . + 60¢g Evans and Burr (1927, 1]
Ot oil . . . . . . . + + + - b Y Kennedy [1926]
Olive 0il | . . . . . . + vor 5-15 Evans and Burr [1927, 1]; Sure [1926, 1]
Palm oil . - . . . . ++ - | Sure {1926, 1]
Palm-kernel oil . . - . . o ces s »
Peach-kernel oil . . . . . + + 5% "
Peanut oil . . . . . + .. <B 7 '
Pig fat . . . . . . . + 5.0 g Evans and Barr [1927, 1]
Sesame oil . . . . . o . Sure {1926, 1]
Walnut oil . . . . . . + 22 % . Evans and Burer [1927, 1]
Wheat germ oil . . . . . ++ + 0.025 g. .. 1
. . (]

3
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Cereals.
Flour, white wheaten
Muizo, whole grain, yellow
» ermbryo . . . .
Rice, polished .
s polishings, cther extract.

Wihieat, whole grain ., . .

. embryo . . .

Outs, whole grain . .

s rolled . . . .
Legumes.

Georgin velvet bean pod meal .

8oya bean . . . . .
Other Seeda.

Alfalfa seed . . . B

Lettuce ,, . . . .
5 ,, other extract .
Nuts.
Coco-nut press cake . . .
Pesnnuts | . . . .
Walnuts . . . . .
Vegatables.
Alfalfa, fresh . . . .
’» dried - . 0 .
Begonia leaf, fresh . . .
Kale, green fresh . . .
Lettuce, fresh . . . .

" dried . . . .
»” " . . * .
- ether extract

iy Pea seedlings, green, fresh
[T ”" etiolated, fresh
Tea leaf, dried . . .

RN

c vt e e e

DY

+4++

ato +

+

+++
+++
+++ 4+

+ o+ +++

++4+
++++ ot bbbt
44+ ++ bt r 4

05g.

<76 Y%
<01g

06g

25 g.
25 g.

(0.25 gm. dry wt.)
025 ¢g.

60-62 %
67

62 9
50 %
38 %
82y

20 %
50 %

20 'g.
6.0 g.
(malo fertility)
16y
(male fertility)

car

Evans and Burr {1927,1

]
Sure (1923, 2]; Miller and Yates [1924)
Evans and Buar[lﬁ&? 1} (lard diet) Miller and
Yaton [1924]

" e {lard diet) Sure {1923, 2]
3 b2] 1”
k24 1 ”

’ L2 11

Sure [1923, 2]
" Emes, 2]]
w (1926,1

Evans and Burr [1927, 1]

" 1
124 ”
” »  (lard diet)
144 1"
e »w  (lard diet)
" ”
»” "

Miller and Yates [1924]

Evans and Burr [1927, 11; Mason [1929]

Mason [_’1’929]
Evans and Burr [1927, 1]

2y ”
1 7
31 13
” 1
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Tapre VII {continued).

91T

Anti-Sterility . Prophylactic
Foodstuff. A 4
3 Value. Curative Dose “Dose. Observer.
Fruits.
Banana, fresh . . . . . . + + 27 g Evans and Burr [1927, 1]
Orange juice . . . . . . + 4-16 c.c. ” »
- Moeat.
Ox, hypophysis, . . . . . ++ 40 ” n
ys  liver . . . . . . ++ 5.0 5.0, <20 7 »” ;3 Clayton [1929]
» muscle . . . . . ++ 50 1.0, 267 ” I » ”
Pig, heart . . . . . . ++ <50 e » »
»w  liver N . . . . . . + + <50 s »
,y muscle . . . . . . ++ <5.0 . ” i <
1 palr;creas . . . . -!+- I g g . ” »” E
w 8pleen . . . . N . o -
Pi&centa, human . . . . . + + <bB.0 :,, " >
Rat, hgart . . . . . 4+ + <1.26 5 » E
” llgdney . . . . . . + + <2 kidneys . 5 » 74
5y liver . . . . . . . ++ 9.0 , » [42]
' x;m::!e . . . . . . i+ gg : . :, ,’,
' eutes . . - . . . -+ < estes s »n
Milk and Milk Products.
Cnsemogen . . . . . + . 18 :A ' ,s (lard diet)
Milk, cow’s, fresh . . . . . + . 100 ” »
No fartility
» y  dried . . . - . + with 25 ¥ " 4 (lard diet).
60 % Anderegg and Nelson {19"5] (no lard}
. »  skimmed, dried . . o . .- Evans and Barr [1927, 1
Miscellansous.
Cholesterol . . . . . . + Knudson and Randles [1925]
Egg-yolk, raw . . . . . . ++ 1 of one yolk Evans and Burr [19"7 1]
Yeast ., . . . . . . . o to + 5% » 43 Mattill and Stone [1993]




VITAMIN E 117

Pracricat APPLICATIONS OF THE WORK OX YVITAMIK I,

The discovery of vitamin E is of practical importance to those
engaged in the breeding of rats for experimental purposes. In
many cases it is desirable to plan stock diets, which, while securing
adequate growth and health, do not produce young rats with large
stores of the other fat-soluble vitamins. A knowledge of the
distribution of vitamin E will prevent the cccurrence of sterility
as the result of the use of such diets.

Some work of Vogt-Moller and Bay [1931] indicates that vita-
min E may be of importance to the farmer and stock-breeder.
They investigated the effect of intramuscular injection of single
doses of wheat germ oil on 11 healthy but sterile cows; in 9 cases
pregnancy ensued.

Card ct al. [1929; 1930] found that if hens were deprived of
vitamin E for a sufficient length of time, their eggs failed to hatch,
though development started normally.

A number of workers are at present investigating the part played
by vitamin E in the problems of human fertility. The only results
as yet published are those of Vogt-Meller [1931). Two women who
had experienced 4 and 5 previous miscarriages were treated with
wheat germ oil. In both cases a successful pregnancy occurred.



CHAPTER VI

THE VITAMIN B COMPLEX.

Multiple Nature of the Vitamin B Complex.}

Ix 1915 MecCollum and Davis [1915, 1, 2] reported that young rats,
fed on a purified synthetic diet containing butter fat to supply the
fat-soluble vitamin already discovered by them [1918], required for
normal growth an additional food factor, which was named ¢water-
soluble vitamin B’ in the following year [McCollum and Kennedy,
1916} ¢ Water-soluble vitamin B’ was considered by McCollum and
his co-workers to be identical with the antineuritic vitamin discovered
by Eijkman [1897, 1), and found by him and many others to be
preventive and curative of polyneuritis developing in birds on a
diet of polished rice. It had already been shown by Eijkman and
numerous clinical investigators, that the antineuritic vitamin was
protective against human beri-beri, and avian polyneuritis and beri-bert
were and are generally taken to be analogous.

The fact that the distribution and properties of the water-soluble
B factor, as ascertained by the use of rats, closely agreed with those
of the antineuritic factor established by experiments on pigeons,
coupled with the similarity of the symptoms exhibited by rats and
pigeons suffering from deficiencies of these factors, led to the suppo-
sition that these two factors were identical [see Drummond, 1917,
where the evidence is summarized]. This supposition was provisionally
accepted by most workers, the evidence to the contrary [see Mitchell,
1919, where this evidence is critically reviewed] being regarded as
insufficient to decide the question [see, for example, Emmett and
Lauros, 1920].

More recent work, however, on the rat, has shown that this animal
requires for normal growth at least two watersoluble vitamins, here
called vitamin B, and vitamin B, (see note below), both of which are

1 Note on the Nomenclature of the Vitamins of the B Complex.

In England the Biochemical Society has adopted the plan of indieating the
various vitamins of this complex by subscribed numbers, eg., By, B,, B;, &e, a
descriptive adjective or phrase being added when necessary.

The following terms are at present in use :

Vitamin B, for the more heat-labile, antineuritic (antiberi-beri) vitamin, dis-
covered by Eijkman {1897, 1].

Vitamin B, for the more heat-stable, ¢ P-P? (pellagra-preventive) factor discovered
by Goldberger and others in 1926, found necessary for prevention of dermatitis in rats,

Vitamin By for a heat-labile factor of this group, described by Williams and
Waterman [1927-28), present in yeast and whole wheat and necessary for full
normcal nutrition in the pigeon.

Vitamin B, for the heat- and alkali-labile factor described by Reader [1929, 2],
present in yeast and necessary for the rat ; this factor has been known previously
as ‘vitamin B'.

Vitamin By for the factor described by Carter, Kinnersley and Peters [1930,1, 27,
which is necessary for weight maintenance of pigeons.

Factor Y for the Leat- and alkali-stable factor described by Chick and Copping
{1930, 2], present in yeast and many other foodstuffs, deficient in egg-white.

All the above are found in fresh yeast.

In America some workers use the term vitamin B for vitaminB,, as defined above,
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contained in water-soluble vitamin B. It can now be seen that the.
assumption that *water-soluble vitamin B’ as originally defined
by McCollum and his colleagues was a single entity and identical
with the antineuritic vitamin was due to several reasons. Since the
antineuritic vitamin—vitamin B,— necessary for life, is also necessary
for growth, it forms an important part of the vitamin B complex;
to find some similarity between its distribution and properties and
those of ¢ water-soluble vitamin B’ was natural, since 1n experiments
with rat growth no substance could be found rich in ¢ water-soluble
vitamin B’ unless it contained a due proportion of the antineuritic
factor. The abundant presence of both factors in yeast, a substance
much used in nutritional researches, assisted in the confusion. Again,
an observation of Chick and Roscoe [1928], that caseinogen, the usual
source of*protein in vitamin experiments with rats, is only with great
difficulty completely freed from vitamin B,, suggests that the study
of *water-soluble vitamin B’ may sometimes have approximated to
that of vitamin B, alone, owing to the presence of some vitamin B,
in the basal diet.

Evipence ror taE MurtieLe Narcre or Viramx B.

Vitamins B, and DB, For some years before vitamin B was
shown eclearly to be separable into two or more components, sugges-
tions of its multiplicity are to be found in the literature. Schaumann
[1911]. Cooper [1912] and Chick and Hume [1917-19, 1) demonstrated
that some materials, potent in the prevention or cure of polyneuritis,
were incapable of maintaining the weight of birds on a diet of polished
rice. Cooper [1912; 1914, 1], working with pigeons, observed that the
weight-maintaining and antineuritie factors are differently distributed
in natural foodstutfs, The factors which avert loss of weight in rice-
fed birds are, however, not identical with vitamin B,, and are
apparently not all essential for the growth of young mammals,
R. R. Williams and Waterman [1927-28, 1928] and Eddy, Gurin and
Keresztesy [1930] have found that one ‘pigeon’ factor, now termed
vitamin B, 1s thermolabile and present in substances which are rela-
tively lacking in the more heat-stable vitamin B,.

Smith and Hendrick [1926] recorded an observation of importance
in the history of vitamin B research. In attempting the chemical
identification of vitamin B, Seidell and his co-workers [Seidell, 1921,
1,2; 1922,1,2; 1924,1; 1925; R.R. Williams and Seidell, 1916 ;
Bertrand and Seidell, 1923] had learned that the vitamin, after
adsorption on fuller’s earth, could be extracted therefrom by sodium
hydroxide or baryta solution and converted into a erude picrate, which
given in small doses was found to protect rice-fed pigeons from poly-
neuritis, Smith and Hendrick discovered that a daily dose of 1 or 2 mg.
of Seidell’s vitamin picrate could not induce growth in rats when given
as the sole source of vitamin B in an otherwise complete diet. When
autoclaved yeast was added to the ration good growth occurred, though
loss of weight and death were the result when autoclaved yeast was

and vitamin G for vitamin B, whilst others term the antineuritic factor vitamin F
(S_l:err_nan‘;. Funk gave the name of vitamin D (now reserved for the antirachitic
vitamin) to ‘ Biog’,
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given without the picrate. Since the antineuritic vitamin is known
to be rapidly destroyed by temperatures much over 100°C,, it followed
that the growth-stimulating factor in autoclaved yeast could not be
that vitamin,

Shortly afterwards Goldberger, Wheeler, Lillie and Rogers [1926]
put forward some parallel results. During the previous ten years
Goldberger and his colleagues in the U. S. Public Health Service
had been engaged in a clinical investigation of pellagra, the
various steps of which will be recounted later (p. 177), and it was
with direct reference to their clinical researches that the labora-
tory study of vitamin B in rats was undertaken. Goldberger and his
co-workers observed that autoclaved yeast could not sustain growth
in young rats when given as the sole source of vitamin B in amounts
equal to 30 or 40 per cent. of the basal diet. 40 per cent. of an
85 per cent. alcoholie extract of whole maize, capable of curing poly-
neuritis in the rat (and, therefore, potent in vitamin B,), was like.
wise ineffective for growth. But when small amounts of both were
given together (10 per cent. autoclaved yeast: 5 per cent. maize
extract), the rats grew normally. It was thus clearly shown, in this
and the preceding experiment, that the antineuritic vitamin will not
of itself promote growth in rats fed on diets totally lacking in vitamin
B, unless supplemented by a second factor present in autoclaved

east.
Y In the same year Goldberger and Lillie [1926] produced by means
of diet a ‘pellagra-like’ condition in the albino rat. It was found
that when 6 per cent. of the alcoholic maize extract, rich in the
antineuritic vitamin B,, was fed to rats on a vitamin B-free diet,
the animals failed to grow and a certain number developed ‘a derma-
titis ab one or other of the following sites: ears, front of neck and
upper part of chest, forearms, backs of forepaws, shins, and the backs
of the hind paws. This dermatitis, particularly as it affected the paws,
was sharply defined and bilaterally symmetrical” The dermatitis
rapidly disappeared and growth was resumed when 9 per cent. of
autoclaved yeast or 6 per cent. of Seidell’s [1922, 1] ¢ activated solid’,
a preparation containing both factors in the vitamin B complex, was
included in the diet. Goldberger and Lillie tentatively suggested
that the experimental rat disease, which developed on diets deficient
in the B-vitamin contained in autoclaved yeast, was the analogue of
pellagra in man. They termed this vitamin the P-P, or pellagra-
preventive factor. It is now known in this country as vitamin B,
(antidermatitis) and is termed vitamin G by some American authorities.

Confirmation of Goldberger’s results, and those of Smith and
Hendrick, came from Chick and Roscoe [1927]. These workers fed
to young rats as the sole source of vitamin B an alecholic extract
made from material adsorbed on charcoal in Peters’s [1924] process
for purification of the antineuritic vitamin contained in brewer’s yeast.
This extract, known to be highly effective in curing polyneuritis in
pigeons, was found incapable of sustaining growth in rats unless
supplemented by autoclaved yeast. Animals fed on the extract alone
remained stationary in weight, and in some cases, after six to eight
weeks, developed symptoms roughly similar to those described by Gold-
berger—loss of hair, blood-stained urine, econjunctivitis, and red,
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inflamed patches of skin on the nose and the backs of the forepaws,
which later became oedematous. i

Almost simultaneously with the publication of the experiments of
Goldberger and his colleagues, and those of Chick and Roscoe, a
number of investigators put forward further evidence indicating that
vitamin B is separable into two components. Randoin and Lecoq
[1926, 1, 2; see also Scotti-Foglien, 1926, 2] showed that certain
yeastsof different origin, possessing equal power of maintaining growth,
varied in their antineuritic potencies. Hauge and Carrick [1926, 1] dis-
covered that a certain brand of yeast would produce growth in chicks
and yet not prevent the development of polyneuritis, while whole maize
possessed converse properties. It was observed by Salmon [1927] that
the seeds of the velvet bean were more effective than the leaves in
preventing polyneuritis in pigeons, while the leaves were superior for
the maintenance of growth in young rats,

R. R. Williams and Waterman {1927-28] found that when an
aqueous yeast extract was passed through fuller’s earth, a substance was
adsorbed (vitamin B,), which prevented polyneuritis in pigeons on a
vitamin B-free diet, yet did not promote growth in rats unless supple-
mented by autoclaved yeast. Sherman and Axtmayer [1927] recorded
a supplementary relationship between whole wheat and autoclaved
yeast and between whole wheat and dried skim milk, when these were
used to supply vitamin B in an otherwise complete diet.

Among others who contributed data bearing indirectly on the ques-
tion of the complex nature of vitamin B may be mentioned Hassan
and Drummond {1927), who observed that a yeast extract autoclaved
in alkaline solution at 120° C. for one hour could accelerate growth
in rats fed on diets excessively high in protein and low in vitamin
B; Palmer and Kennedy [1927, 1, 2], who found that when wheat
embryo, an excellent source of vitamin B,, was given as the sole source
of vitamin B, better growth could be obtained by the addition of
autoclaved yeast; and Evans and Burr [1928, 3}, who recorded that
‘tikitiki’, a dilute alcoholic extract of rice polishings used with good
effect in infantile beri-beri, is deficient in the second component of
the vitamin B complex. Other results obtained by these last two
groups of investigators, and by Chick and Roscoe [1928), suggested
that commercial caseinogen is liable to contain some vitamm B,.
Careful purification is thus necessary if caseinogen is to be used for
experimental work on this vitamin.

To sum up, it may be said that differences in heat-stability, distri-
bution in nature, and solubility in aleohol made possible the identifica-
tion and separation of the components of the vitamin B complex
now known as vitamins B, and B,.

Furraer Comrorests or 18E Viramin B CowrLEx.

Vitamins B, and B,. It has been found that pigeons require for
their nutrition not only vitamin B, but a second factor, vitamin B,
[B. R. Williams and Waterman, 1927-28), which occurs in wheat but
1s only present in traces in marmite, and without which the birds fail
to increase in weight. These two factors, however, do not suffice for
the full normal nutrition of the pigeon, a third, vitamin B;, being also
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required [Kinnersley and Peters, 1925; Carter, Kinnersley and
Peters, 1930, 1, 2] (see p. 165). ~

Vitamin B,. Reader [1929, 2; 1930, 1, 2] has demonstrated that
rats require for their growth, in addition to vitamins B, and B,, a
third factor (vitamin B,) which is thermolabile and differs from the
vitamin B, required by the pigeon. Its presence is necessary for the
groivél; of the rat and its deficiency leads to characteristic symptoms
(p. 167).

Fuctor Y.  Inaddition to the foregoing it has been shown [Chick
and Copping, 1930, 2] that yeast and watery yeast extracts contain a
factor (factor Y) differing from all the preceding by not being inacti-
vated by prolonged heating in alkaline solution. It1is necessary for the
continual normal growth of the rat and although plentiful in yeast
is entirely absent from egg-white, which is rich in vitamin B, (p. 167).

The rat thus requires for satisfactory nutrition four vitamins of this
group, B,, B,, B,, and factor Y ; the pigeon at least three vitamins,
B, B, and B,

Our present knowledge of the various components of the vita-
min B complex is rendered imperfect and unsatisfactory by the
conflicting statements. of different workers on such properties as
solubility and stability to the action of heat and alkali. These
discrepancies are especially marked in case of the antidermatitis
vitamin B,, and the facts suggest that these characteristics are greatly
affected by the source from which the vitamin is. derived and the
medium in which the test is carried out.

Properties such as the above are largely used as eriteria in the
experimental work directed to separation of the different members
of the group from one another and in the evidence produced for their
separate identity. The study of the more recently described members
of the group, vitamins B,, B,, B,, and *factor Y’ is thereby greatly
complicated,

Vitamin B, (Antineuritic Vitamin),
BErr-BERL

There is now a general consensus of opinion that beri-beri is a
disease of dietetic origin. It occurs principally among the rice-eating
populations of Japan, India, the Malay Peninsula, Dutch Indies, and
Philippine Islands, but is also endemic among the inhabitants of
Newfoundland, Labrador, etc., who subsist largely on a diet of white
wheaten flour. In Europe under normal peace conditions beri-beri is
rare owing to the great variety of foods consumed, but in war time
when the diet becomes considerably restricted there is a liability to
outbreaks of the disease. ,

Beri-beri may appear in two well-marked forms. In one (‘dry’ type)
there is great muscular wasting, anaesthesia of the skin, and finally
paralysis of the legs, and in some cases of the arms, diaphragm and
intercostal muscles. There is an associated degeneration of the
peripheral nerves involving both motor and sensory fibres. In the
“web’ type of the disease the most marked symptom 1s oedema involv-
ing the limbs and trunk and effusion of fluid into serous cavities.
There is marked dilatation of the heart, particularly of the right side,
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together with congestion of the liver and abdominal viscera. There is
usually little or no congestion of the pulmonary circulation. Heart
failure, frequently sudden in onset, is common and the mortality is high.

As regards the aetiology of beri-beri the earlier workers [Eijkman,
1897, 1,2, 3; Grijns, 1901 ; Braddon, 1907; Fraser and Stanton, 1909;
Strong and Crowell, 1912 ; and many others] have laid stress on the
association of the disease with the eating of highly milled rice from
which the germ and pericarp have been removed, and its cure or pre-
vention when these milling products are restored to the diet (see
Fig. 25).
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Fro. 25. Showing the various stages in milling of the rice grain, I, Rice grain in
the natural eondition, retaining the husk or enclosing glumes. IL After removal
of the husk, but retaining the pericarp or ¢silver-skin’, and the embryo, which is
shaded. III. After milling and polisliing; both ‘silver-skin’ and embryo are
removed nnd the grains are then ‘polished’ by rubbing with tale between sheepskins.

As early as the year 1885 Tahaki [1885 ; see also 1887 ; 1906] had
found that beri-beri in the Japanese navy was abolished by changes in
the dietary, the chief of which consisted in the partial replacement by
barley of the polished rice which had been the staple article of diet,

In 1886 a commission was appointed by the Duteh Government to
investigate the cause and nature of beri-beri. After the departure of
the Commission from Java, Eijkman, who was one of the assistants
to the Commissioners, Pekelharing and Winkler, continued the
investigation in a laboratory attached to the military hospital of
Batavia (Java) and observed a sudden outbreak among the laboratory
experimental fowls of a disease strongly reminiscent of human beri-
beri, the birds developing marked polyneuritic symptoms. The epizo-
otic lasted only about five months and was traced to the use by the
laboratory assistant, on economical grounds, of boiled rice from the
hospital kitchen for feeding his fowls, The disease disappeared when
a new chef in the hospital kitchen refused to supply ‘military’ rice
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for fowls which were under the ‘civil’ administration of the laboratory
[Eijkman, 1890, 1896, 1929].
Following this pioneer observation the development of polyneuritis
in animals, and in particular in fowls and pigeons, has been the subject
of intensive study on the part of Grijns, Schaumann, Vedder, Chamber-
lain, Funk, and MeCarrison among others. [For bibliographies upon
the subject the following should be consulted: Braddon, 1907;
Schaumann, 1910; McCarrison, 1921; Funk, 1922; Kruse and
McCollum, 1929 ; Peters, 1930, 1, 2 ; Sherman and Smith, 1931.]
The discovery of avian polyneuritis was an important step towards
the elucidation of beri-beri, though its precise relation to human
beri-beri, accepted by Eijkman and later workers as an analogous
disease, has of recent years become less certain. 'While there is no
room for doubt that deprivation of the antineuritic vitamin must be
regarded as a cardinal factor in both diseases, the diversity of their
pathology and symptomatology, and the growing uncertainty as to the
réle which other recently characterized and little-understood factors of
the ‘vitamin B complex’ may play in their actiology [R. R. Williams,
‘Waterman and Gurin, 1930; Peters, 1930, 1, 2] render the problem
extremely complex.
The question is made more obscure by the association of inanition
with avian polyneuritis (see p. 180) which has been stressed by
Drummond and Marrian [1926], and by the possibility that a
coexistent inanition may be masking the picture of pure deficiency
[McCarrison, 1928) Finally the fact that an ill-balanced diet
involving deficiencies of proteins and inorganic salts and an excessive
allowance of carbohydrate may play a part has been repeatedly
mentioned by elinical workers on human beri-beri, and has been
discussed by Aykroyd [1930, 2],
Beri-beri, both in man and animals, may therefore prove to be a syn-
drome rather than a clinical entity due to a vitamin deficiency.
In an extensive study of avian polyneuritis McCarrison [1928] has
distinguished two types of the disease, which he terms polyneuritis
columbarum, analogous to the condition deseribed by Eijkman and
others, and beri-beri columbarum.
Polyneuritis columbarum is characterized by loss of appetite,
asthenia, intestinal fluxes, and symptoms attributable to derangements
of the mervous system (opisthotonos, emprosthotonos, peripheral
neuritis) (see Figs. 26, 27, 28). Pathologically the condition shows :
{1) Degeneration of a variable number of cells of the central nervous
system.

(2) Diminution in the size of the heart.

(3) Adrenal enlargement.

{4) Atrophy of all other organs (the pitwifary in males excepted).

(5) Degenerative changes of the alimentary canal,

(6) Diminution of blood volume, anaemia, acidosis, and in some cases,
oedema.

Beri-beri columbarum is indistinguishable clinically from poly-
neuritis columbarum. The pathological features of avian ben-beri
which serve to distinguish it from polyneuritis proper are the hyper-
trophy and dilatation of the heart, particularly of the right side,
associated with fatty degeneration of the cardiac muscle and sub-



Fics. 26 and 27.

Fie. 28.

F1e. 26. Pigeon suffering from polyneuritis and showing head retraction (opistho-
tonos) as the result of a diet of polished rice,

Fie. 27. The same pigeon the day after having received a curative dose of yeast
preparation.

F16. 28. Pigeon suffering from polyneuritis, showing emprosthotonos,
(Reproduced from Schaumann (1910). Arch. Schiffs. u. Tropenhyg. 14, Beiheft. 3.)

To face p. 124)
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serous ccchymoses ; the chronie passive congestion of the abdominal
viscera ; the more marked dogenerative changes of the central nervous
system and skeletal muscles; and the high proportion of cases
manifesting oedema, hydropericardium, hydrothorax, and ascites.

The cardiac enlargement found in human beri-beri has been ascribed
by Aalsmeer and Wenckebach [1929] to oedema of the cardiac muscle
which results in an interference with its contractile power without
disturbance of its excitability. Newcomb [1930], on the other hand,
was unable to detect any significant difference in the water content of the
heart-muscle from cases of beri-beri and polyneuritis in pigeons, and
concluded that the cardiac enlargement in the former case was a true
hypertrophy of the ventricular muscle-fibres.

MecCarrison regards polyneuritis columbarum as a true form of
deficiency disease, whereas beri-beri columbarum, in its fully de-
veloped form, is believed to be something more than the manifestation
of a specific dietary deficiency. He considers that in the latter type of
the disease there is superimposed on a pure vitamin deficiency a toxic
factor which s related rather to a relative deficiency of the antineuritic
factor than to an absolute lack of it in the diet. This can be seen
by reference to Table VIII. Where the intake of the antineuritic
vitamin was withheld completely, uncomplicated polyneuritis resulted.

Tasre VIII,
Vilamin inlake expressed as percentaye Percentage of cases develuping
of normal requirement, beri-beri columbarum,
20 8
50 23
64 40

[After McCarrison, 1928.]

McCarrison found no evidence to suggest that the toxic factor was
produced from rice as a result of bactenal action, and he regarded it
as being a product of disordered metabolism, as are the ketone
bodies in diabetes mellitus, Thus he says: ‘the diversity of symp-
toms and pathological changes resulting from vitamin deficiency
will be determined by the varying biochemical response of different
individuals to this influence, and by the extent to which the specific
excitant of true beri-beri is producecly within their bodies.” The concep-
tion that beri-beri is in part at least a toxaemia is no new one. Eijkman
{1897, 3] first suggested that a substance present in the cortical
layers of rice was required to neutralize the deleterious effects
of a diet over-rich in starch. A toxic factor was stressed. as a causa-
tive agent in the writings of Mott and Halliburton [1899], of Stanley
(1903}, of Hamilton Wright [1905], of Braddon [1905; 1907] and
notably of Walshe [1917-18 ; 1920] among others.

McCollum, Simmeonds and Pitz |'11916] believed that wheat embryo
contained a toxic factor which could be extracted by ether, R, R,
Williams [1927] has described a toxic condition in pigeons, charac-
terized by loss of weight and appetite, mild diarrhoea, nerve
degeneration sometimes associated with paralysis, and head retrac-
tion, when the birds were fed on exclusive diets of rice-bran or rice
polishings, both potent sources of the antineuritic vitamin. No such
symptoms were observed on a diet equivalent to whole rice.  Williams
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suggests that toxaemias may play a role in determining the symptoms
of deficiency diseases. The foodstuffs productive of these diseases are
not necessarily toxic in the ordinary sense, though they may become
80 when other dietary defects remain uncorrected.

A beri-beri-like condition has been described in swine restricted to
diets of cornand wheat grain or the outer coats of rice [Moore, 1914 ;
Hart and McCollum, 1914 ; and Hart, Miller and McCollum, 1916].
These diets were rich in the antineuritic vitamin though deficient in
proteins and inorganic salts.

It is important to remember that the diets in countries where beri-
beri is prevalent are invariably ill balanced, and that there are other
deficiencies in the diet which may modify the character of beri-beri.

With regard to deficiencies of proteins or salts there is compara-
tively little evidence, although Kohman [1920] produced oedema in
rats on a diet deficient in protein,

Finally, the possibility that vitamin defieiencies other than that of
the antineuritic vitamin B, may be involved in the aetiology of beri-
beri must be considered. A number of little understood but suggestive
facts indicate that the clinical and pathological picture characteristie
of a particular deficiency disease may be profoundly modified when
there is a coexistent deficiency of other dietary factors. Thus a rat
fed on a diet involving a total deficieney of the vitamin B complex
rarely develops either paralysis or dermatitis, but rapid death vsually
ensues without symptoms of either.

Rosedale [1927] has claimed that both rats and pigeons need a
factor other than vitamin B,, in the absence of which beri-beri-like
symptoms develop, characterized by oedema and intestinal stasis,. A
similar view was expressed by Vedder and Williams [1913].
R. BR. Williams, Waterman and Gurin [1930], and Peters and his
colleagues [Peters, 1930, 2] have confirmed the finding of Jansen
and Donath [1927], that highly purified preparations of the anti-
neuritic vitamin do not protect pigeons from loss of weight in the
absence of other factors, and these authors have concluded that avian
beri-beriis a disease involving multiple deficiencies, which may account
for its varied symptomatology.

Peters [1930, 1, 2] obtained evidence that proteetion against avian
polyneuritis after the 80th day of polished-rice feeding is not afforded
by doses of vitamin B, that are entirely effective in this respect before
this period. The inference drawn from this observation is that in such
cases the traces of vitamin B, contained in the diet and in the animals’
own reserves are sufficient to prolong life until the development of
secondary deficiencies of other vitamin factors, the store of which in
the body is depleted more slowly than the antineuritic factor,

The study of polyneuritis in the rat has yielded results substantially
similar to those observed in pigeons. Schaumann [1910] observed
paralysis in the hind limbs of rats fed on a diet of horse flesh pre-
viously autoclaved at 120° C. Drummond [1918, 1] reported that only
a small proportion of animals deprived of ‘ water soluble B’ deve-
loped signs of paralysis. A detailed study of this condition was made
by Hofmeister [1922), who found that it could best be studied in a
more chronic form where rapid decline was prevented by employing
a diet only partially deprived of the vitamin. In a few cases aspastic
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condition of the limbs occurred, accompanied by tremors and convul-
sions, but in most of the animals ataxia was followed in a few days
by paralysis. No degenerative changes were observed in the peripheral
nerves, but slight swelling of the myelin sheath and an increased
number of nuelei in the sheath of Schwann were observed. In the
brain and cord Hofmeister found small capillary haemorrhages and
chromatolytic changes of the nerve-cells.

Woollard [1927] and Stern and Findlay [1929] have confirmed the
histological findings reported by Hofmeister. The former observed
that similar, though less pronounced, changes could be detected in
rats receiving daily doses of marmite (a commercial yeast extract) but
otherwise starved. The latter workers noted slight chromatolytic
changes in the ganglion cells of the cord following uncomplicated
vitamin B, deficiency, while degeneration in the myelin of the peri-
pheral nerves was only seen in cases of long-standing paralysis. These
inconspicuous differences are in marked contrast to the striking
changes found in birds,

Tke researches of recent years have not shaken the established fact
that human beri-beri is primarily due to deficiency in the diet of the
antineuritie vitamin. On the other hand, it is probably unwise to
regard the beri-beri problem in the tropics as being solely a question
of polished or unpolished rice. The work of McCarrison [1928]
suggests that human beri-beri may occur in spite of the presence of a
certain amount of vitamin B, in the diet. From this it follows that
relatively undermilled rice may sometimes be associated with the
disease, particularly when the diet is deficient in supplementary foods,
Huwman beings rarely live upon rice alone, and the usual consumption
of a certain amount of other foodstuffs prevents an absolute correlation
between the incidence of beri-beri and the vitamin B, content of the
rice consumed. McCarrison’s observation [1924] that the vitamin B,
content of unpolished rice may, by washing, be reduced to that of milled
rice, may help to explain certain puzzling features, described by the
same author, in the epidemiology of beri-beri in India. Undermilled
rice of poor commereial quality may require vigorous washing before
it is fit for human consumption.

Clear and convincing evidence has nevertheless accumulated from
many lands that the substitution of undermilled for milled rice will
cause beri-beri to disappear. Even in India, where, as MeCarrison has
shown, some facts seem at first sight to clash with the vitamin B
deficiency hypothesis, the association of beri-beri with milled rice, and
its absence when undermilled rice is eaten, is as clear as elsewhere.
Infantile beri-beri responds at once to treatment with extracts of rice
polishings [Wells, 1921] (see p. 153), but with regard to the effect on
adult beri-beri of treatment by vitamin B, the evidence is not so
abundant. Various observers have, however, attested the value in the
adult disease of rice polishings, or extracts of rice polishings [Bréaudat
and Denier, 1911 ; R. R. Williams and Saleeby, 1915 ; Jansen and
Donath, 1926, 1].

The number of clear-cut clinical experiments on record, in which
adult beri-beri was treated by vitamin B, alone without other dietary
alteration, is not large, Failure to secure obvious benefit by means
of vitamin B, extracts may be due to too small a dosage. Moreover,
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lv;vheln nerve degeneration is excessive, improvement must necessarily
e slow.

The diets on which beri-beri develops are usually deficient in other
factors besides vitamin B,, and some of the symptoms grouped under
the heading ¢ beri-beri” may well be due to other deficiencies. The
oedema of wet beri-beri has been aseribed to shortage of protein. In
treatment, while stress should be laid on vitamin B, as the most im-
portant curative agent, it is reasonable to give in addition a good all-
round diet containing abundant protein, vitamins, and mineral salts.

Prystorocicar Siex1ricaxce oF THE AntiNevriTIc VIirass B,.
Growth and Muintenance,

As a result of the work which proved the multiple nature of the
vitamin B complex, it may be regarded as firmly established that
vitamin B,, in addition to affording protection against polyneuritis,
is an essential factor for the normal growth of young rats, and for
the maintenance of normal weight and health in adults. Deficiency
of this vitamin, as of most other vitamins, is a limiting factor for normal
growth and rapidly makes itself felt.

After a period of obscurity, a similar view of the relation of vitamin
B, to weight maintenance in the pigeon has now become possible.
As early as 1911 Schaumann and Chamberlain had noted that,
whereas rice-bran or yeast prevented polyneuritis and maintained the
weight of birds, the extracts of these substances retained their anti-
neuritic potency but failed to prevent loss of weight. Cooper [1912,
1914, 1, 2], in hisinvestigation of the vitamin B, content of foodstuffs,
found that the amount needed to restore the weight of rice-fed birds
did not correspond to the amount needed to cure polyneuritis, and it
was also observed that activated fuller’s earth, after treatment with
alkali, lost its weight-maintaining properties without sensible deteriora-
tion of its antineuritic activity [R. R.Williams and Seidell, 1916] Funk
and Macallum [1916] concluded that the antineuritic and weight-
maintenance factors were identical, but they suggested that a larger
amount of the vitamin was required for the latter than for the former
function. Emmet and McKim [1917] also observed that activated
fuller’s earth was potentin curing avian polyneuritis, but was much less
effective in restoring weight than unmilled rice and other cereals.
They recognized the necessity for postulating the existence of two
factors, thus confirming the suggestion made originally by Chamberlain
and Vedder. This view was not accepted by Seidell [1922, 1] who held
that the curative and weight-maintaining properties of his preparations
were due to the activity of one substance. The experience of later
workers, however, has confirmed the belief that the antineuritic factor
does not suffice for the maintenance of body-weight in pigeons when
added to a basal diet of polished rice [Kinnersley and Peters, 1925 ;
Jansen and Donath, 1926, 1; R. R. Williams and Waterman, 1928;
R. R. Williams, Waterman and Gurin, 1930; Carter, Kinnersley and
Peters,1930,1]. In the nutrition of the pigeon, as in that of the rat,
the antineuritic vitamin is to be regarded as one of several water-
soluble accessory factors required for maintenance of normal weight

and health (see p. 121).  Lack of this factor, both in the rat and in
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the pigeon, and presumably in other species, results in decline in
weight, as well as in the ultimate development of polyneuritis.
Vitamin B has been found necessary for the growth and maintenance
not only of mammals and birds, but also of the frog [Emmett and
Allen, 1919 ; Harden and Zilva, 1920, 2; Billard, 1922], and of insects,
Drosophila [Northrop, 1917 ; Bacot and Harden, 1922], and the flour
beetle, Tribolium confusum Duval [Sweetman and Palmer, 1928],

Storage and Ulilization of Vitamin B,

Animals possess a definite but limited store of vitamin B,, which
in the case of the rat or the pigeon is exhausted within three or four
weeks, as judged by the onset of polyneuritis after this time [Vedder
and Clark, 1912 ; Funk and Macallum, 1915].

The amount of growth which occurs in young animals placed on a
vitamin B-deficient diet seems to bear some relation to the vitamin
content of the previous diet [Steenbock, Sell and Jones, 1923].
Similarly the administration of an excess of the vitamin B complex to
pigeons for some days before placing them on a deficient diet delays
the subsequent loss of weight for a time which varies with individual
birds [Pilcher and Sollman, 1925]. It has in fact been experimentally
shown that the livers of normal rats contain vitamin B, which to
a large extent disappears when they are fed on a diet deficient in this
vitamin [Osborne and Mendel, 1923). In man the latent period of
beri-beri appears to be not less than 90 days [Fraser and Stanton,
1911] (see p. 250).

Drummond [1918, 1] observed that the length of time over which
a rat is able to maintain itself on a diet deficient in vitamin B with-
out serious loss of body-weight is directly proportional to the age at
which the restriction 1s imposed. Adult animals were found to be
capable of surviving long periods of deprivation, during which
they suffered slow decline of body-weight, though no such feature of
the growth curve was seen for young animals, Ultimately both young
and adult animals exhibited a rapid decline in weight, followed by
death, This led to the belief that the needs of the body for vitamin B
are greater during growth than during maturity. As pointed out,
however, by Osborne and Mendel [1922, 1], the rafe of decline in
animals possessing undoubtedly different nutritive reserves does not
necessarily indicate a difference in the requirement of the vitamin
for ydung and adult animals. They [1922, 1; 1925) found that
whereas a daily supplement of vitamin B in the form of 200 mg.
of dried yeast gave normal growth in rats, at whatever age the experi-
mental diet was imposed, with doses of 50 mg. of yeast daily the
rate of growth was retarded from the beginning of the experiment.
With still smaller doses of yeast the larger animals failed in every
case even to maintain weight, while the smaller animals failed to give
continued growth for any length of time. They concluded that the
vitamin B requirement under conditions of growth or maintenance on
a diet of constant composition bears some quantitative relationship to
the mass of active tissue.

There is some evidence for the view that there is a definite daily
utilization of the vitamin [Chick and Hume, 1917-19, 1; Kinnersley,
Peters and Reader, 1928] Not only do symptoms of polyneuritis

I
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tend to appear in any given pigeon at a fairly constant date after the
commencement of a polished-rice diet, but the duration of the cure
following the administration of a given dose of vitamin B, is related
to the size of the dose. Moreover, the rate of growth of young

.animals is roughly proportional to the vitamin B content of the diet
[Osborne and Mendel, 1917, 2; McCollum and Simmonds 1917,
Drummond, 1918, 1].

Loss of Appetite and Inanition.

In his well-known experiments with young rats fed on deficient
diets, Hopkins [1912] noted that the food intake became much
reduced in the later stages of avitaminosis. He made the important
observation that growth is inhibited even when the food intake is
more than quantitatively sufficient in ealorie value to maintain normal
growth. The food, although absorbed normally, is not utilized.
Hopkins concluded that the influence of accessory food factors on
appetite is secondary to their more direct effect on the growth
processes. Diminished food consumption during vitamin B deficiency
has been noted in pigeons [Chamberlain and Vedder, 1911, 1, 2;
MeCarrison, 1921; Kon and Drummond, 1927] in dogs [Karr,
1920; Cowgill, Deuel and Smith, 1925], and in rats [Funk and
Macallum, 1915 ; Osborne and Mendel, 1917, 2). Drummond [1918, 1]
regarded this as an adjustment in response to the lowered calorific
requirement of the animal, a view supported by the fact that poly-
neuritis develops earlier in animals foreibly fed than in those allowed
. to feed naturally [Braddon and Cooper, 1914 ; Marrian, Baker,

Drummond and Woollard, 1927]. The significance of loss of appetite
in avitaminosis has been discussed by MeCarrison [1921] and by
Peters [1930, 1, 2]. They take the view that it is protective in its
effect on the pigeon, whether by allowing the liberation of essential
factors during tissue wasting or in some other manner not at present
understood. Kon and Drummond [1927] have suggested that such
an explanation may underlie spontaneous cures from head retraction
observed in pigeons fed on polished rice,

The inanition resulting from lowered food intake is believed by
Drummond and his associates to be responsible for many of the
features observed in avitaminosis. Thus fall of body-weight, ruffled
feathers, fall of body temperature, and hyperglycaemia are regarded
as being due to partial starvation rather than as specific manifesta-
tions of lack of vitamin B, Pigeons receiving water and 1 g. of
marmite daily, but otherwise starved, presented a picture closely
resembling that seen in avitaminosis. A number of other observers,
whose work is referred to below, have called attention to the fact
that many of the features of vitamin B deficiency are closely bound
up with the condition of inanition which always accompanies it. It
has, indeed, proved extremely difficult, if not impossible, to disentangle
the effects of the one from the other [see for example, Simonnet,
1920;1921]. Nevertheless, avitaminosis is not to be explained merely
in terms of inanition. Much evidence has accumulated to show
that the vitamin exerts some favourable influence on the metabolism
of the animal which is reflected in its continued growth and well-
being.
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The immediate effect on the appetite of removing either vitamin
B, or B, was well shown in the work of Boas-Fixsen [1931] with
adult rats. A decline was noticed within 48 hours, even when the
previous diet was entirely adequate, and was greater when vitamin B,
was removed. These facts argue a very limited capacity for storage
of the vitamin, which appears to be excreted day by day chiefly in the
faeces.

Relation of Vitamin B, to Metabolism.

Much of the literature bearing on the relation of vitamin B, to
metabolism is conflicting, Attention has been divided between the
exact significance of vitamin B, for metabolic processes as a whole and
its relation to one or other of the main sources of food material.
It is important to bear in mind that many of the findings refer to the
significance of vitamin B as a whole and require reinterpretation in
the light of the multiple nature of this complex.

Many observers have recorded the fall of body temperature in
monkeys, rats, and birds during avitaminosis, particularly in the termi-
nal stages, in which there appears to be complete loss of temperature
regulation [Eijkman, 1897, 3; Drummond, 1918, 1; Novaro, 1920 ;
Abderhalden, 1920, 2 ; Cramer, Drew and Mottram, 1921 ; MeCarri-
son, 1921; Farmer and Redenbaugh, 1925-26, 1; Drummond and
Marrian, 1926 ; Kon, 1927, 1] In such cases administration of the
antineuritic vitamin is followed by a recovery of body temperature
within 24 hours,

An indirect relation between vitamin B, deficiency and failure in
certain oxidase systems was suggested by two studies. Dutcher
[1918, 1] observed a diminution in the catalase content of certain
organs, while G. M. Findlay [1921, 1] noted that the glyoxalase con-
tent of the liver was decreased in the absence of vitamin B, but
increased again when it was administered,

Opinion is, however, sharply divided as to whether there is a
specific diminution in the oxidative capacity of the tissues due to
vitamin B deficiency. In the living animal, associated with the fall
in temperature, there occur a lowered basal metabolism and altera-
tions in respiratory exchange, first described by Ramoino [1916] and
confirmed by others, but especially stressed by Abderhalden
[numerous papers, including some with Schmidt and Wertheimer,
1920-22)  Their view that the changes were specific to vitamin B,
deficiency was successfully challenged by Drummond and Marrian
[1926), whose contention that they were due to the accompanying
inanition receives support from the work of Anderson and Kulp
[1922] and Gulick [1922 ; 1924] on poultry and rats respectively [see
also Farmer and Redenbaugh, 1925-26, 1; Galvao and Cardoso,
1931} In comparative experiments with the oxidase systems in
isolated tissues from normal and avitaminous animals, it is necessary
to distinguish between experiments in which (a) actual oxygen uptake
or () hydrogen transfer in the presence of dyes is measured. These
processes can be carried out either in presence or absence of various
substances added as substrates, and have been studied upon muscle,
liver and brain tissue, usually obtained from pigeons. Drummond
and Marrian [1926] working with liver and muscle did not confirm

12
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the claims of Abderhalden ef al. [1920-22], or of W. R. Hess [1921]
and Hess and Messerle [1921] that there was a specific change either
of actual oxygen uptake or of dye reduction in presence and
absence of succinate ; a similar view was reached by Roche [1925].
This failure to demonstrate changes has not, however, deterred further
investigation. Later, Kollath [1929), from a comparison of the effects
of vital staining by methylene blue in normal, starving and poly-
neuritic pigeons, concluded that in polyneuritis a definite change in
the oxidation-reduction potential of certain organs could be demon-
strated, associated with changes in cell permeability. This was
succeeded by a reiteration by Abderhalden and Vlassipoulos [1930]
of the claim that differences in oxygen uptake of pigeon’s tissues can
be demonstrated in the absence of added substrate. As compared
with the normal, an average of 12 observations showed a fall for the
liver of avitaminous pigeons of 18 per cent. (not shown by starving
birds), and for the brain falls of 12 per cent. for starving and 23 per
cent. for avitaminous birds. Using similar methods, Gavrileseu and
Peters [1931; Gavrilescu, Meiklejohn, Passmore and Peters, 1932,
unpublished results] find a slight, statistically insignificant, reduction
in oxygen uptake by pigeon’s brain without added substrates for
avitaminous as compared with normal birds. With added glucose,
or more readily with lactate, decreases of 20 per cent. and 40 per
cent. respectively were found, more marked in the optic lobes. On the
other hand, tissue from avitaminous birds behaved normally in the
presence of succinate as substrate. Vitamin B, concentrates added in
amounts of 1 y (0001 mg.) or less per 100 mg. tissue largely restored
the oxygen uptake in presence of glucose and lactate, but had little
influence on normal brain with added lactate or on avitaminous brain
with added suceinate, They inferred that the active agent in the
concentrates was vitamin B, Aft least these results exclude the
possibility that the observed diminution in oxygen uptake was due
solely to a diminished amount of tissue substrates. The present
position, therefore, is that the deprivation of vitamin B, superimposes
specific biochemical lesions in the glucose-lactate system upon any
changes that may be due to the accompanying inanition, There
appears to be some correlation between these specific changes and
the opisthotonus symptoms.

The problem of the relation of vitamin B to the quantity and type
of foodstuff metabolized has been the subject of a number of investi-

ations.

® Calorie infake. Asregards the total calorie intake, it has been claimed
that the vitamin B requirement of an animal is roughly proportional
to the total ealorie intake x weight /¢ [Cowgill, Smith and Beard,
1925 ; Beard, 1925], whereas Plimmer, Rosedale and Raymond
[1927] consider that 1t is simply proportional to the calorie intake;
these relations, however, have been disproved by Roscoe [1931, 1].

Protein intake. Although Funk observed that increase in the
ration of protein did not affect the rapidity of onset of polyneuritis,
some relation between vitamin B and protein metabolism has been
established. Thus the amount of vitamin B required by the rat in
order to ensure proper lactation has been found to be proportional
to the protein content of the diet [Hartwell, 1922} and in order to
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obtain normal growth there must also be a definite relation between
the vitamin B content of the diet and the protein intake [Drummond,
Crowden and Hill, 1922; Reader and Drummond, 1926] Later,
Hassan and Drummond [1927] showed that the vitamin related to
protein metabolism is stable to treatment with hot alkali, indicating
that vitamin B, is not the accessory factor concerned, although
vitamin B, may be,

Tscherkes [1926] claimed that vitamin B bore a relation both to
protein and to carbohydrate metabolism.

Carbolydrate intake. It was first observed by Funk [1914, 1, 2]
that polyneuritis in pigeons was the more rapidly produced the greater
the amount of carbohydrate ingested by the birds. The difference in
the time taken to develop polyneuritis by different individuals was re-
garded as being determined, in part at least, by the amount of vitamin
stored in the body as a consequence of the previous diet, and by the
amount and nature of the food eaten during the avitaminous period.
Funk’s observation was confirmed by Braddon and Cooper [1914],
though they did not accept the suggestion that the protection afforded
against polyneuritis during starvation was due to the liberation of a
supply of the antineuritic substance in the process of tissue wasting,
Abderhalden and Lampe [1913] observed that pigeons starved to
death did not develop polyneuritis, though this may have been due to
the fact that in most cases death from starvation falls within the
period required for the development of the disease [Chamberlain and
Vedder, 1911, 1,2]. In afew cases symptoms resembling those of
polyneuritis have been observed in starving birds before they have
succumbed [Chamberlain, Bloomberg and Xilbourne, 1911 ; Marrian,
Baker, Drummond and Woollard, 1927).

Collazo [1923] found that, after the Introduction of econsiderable
amounts of carbohydrate into the crops of normal and avitaminous
animals, death invariably occurred in the latter though not in the
normal controls. 1Monosaccharides produced the most toxic, starch
the least toxie, effect, while disaccharides occupied an intermediate
position. He concluded that carbohydrate metabolism is deranged
as a result of the deprivation of vitamin B, with the production of
toxic substances, and showed [Rubino and Collazo, 1923] that the carbo-
hydrate thus introduced was actually absorbed, but that the liver was
unable to store it, the toxic effect not being due to physical reasons
as suggested later by Kon [1927, 2] .

It has also been claimed that the vitamin B requirement is lower
on a high protein than on a high carbohydrate diet [Funk and Collazo,
1925 ; Randoin and Simmonet, 1924] and can be diminished by sub-
stituting part of the carbohydrate of the diet by fat [Evans and
Lepkovsky, 1929 ; 1931).

Curbolydrate metabolism. Disturbance of carbohydrate metabolism
when the vitamin B complex is absent has been noted by Randoin
and Simonnet [1924] and confirmed by Roche [1931), who found an
increase in the ratio G/N of the deproteinized blood filtrates partly
caused by hyperglycacmia and partly by the accumulation of inter-
mediate products of carbohydrate metabolism [cf. Kon, 1929 ; 1931},

Kinnersley and Peters [1929; 1930, 1] have found that the brains
of pigeons in the terminal stages of deficiency of vitamin B, have an
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increased lactic acid content. The increased lactic acid appears to be
localized in the region of the hind brain, and in this respect differs
from the condition after exercise when the raised lactic acid content is
general. Fisher [1931}, using monoiodoacetic acid [Lundsgaard, 1930]
as fixative agent for lactic acid, has shown that the lactic acid content
1s also raised in the heart, liver, and muscles of the polyneuritic pigeon,
returning more slowly after exercise to the normal. Birds cured
with marmite behave normally.

Ipawashiro and Hayasaka [1928; Hayasaka and Inawashiro
1929-30], in an exhaustive investigation of the metabolism of beri-
beri in man, have found that the lactic acid content of the blood is
higher than normal and takes longer than usual to return to the
initial level after exercise. They think that the resynthesis of lactic
acid in the musecles is retarded in beri-beri.

These observations justify the belief that a deficiency of vitamin B,
induces a fault in the metabolism of lactic acid and agree with the
results of the brain studies of Kinnersley and Peters,

Hyperglycaemia. Studies of the blood-sugar level and the respira
tory quotient during avitaminosis have contributed further evidence
bearing on the theory relating the antineuritic vitamin to carbohydrate
metabolism.

Funk and Schénborn [1914] first recorded the fact that pigeons fed
on a diet of polished rice developed hyperglycaemia with a corre-
sponding dimmution in the glycogen content of the liver, and this
has been confirmed as regards the hyperglycaemia by many other
workers for the pigeon, and for the rat by Lepkovsky, Wood and
Evans {1930] and by Eggleton and Gross[1925]. Since asimilar condi-
tion was observed in pigeons during starvation [Marrian, Baker,
Drummond and Woollard, 1927], it was attributed to inanition.

During avitaminosis B, no change occurs in the concentration of
non-glucose reducing substances in the blood [Gulland and Peters,
1930] or in the rate of absorption of glucose {Eggleton and Gross, 1925),

While there can be little doubt thai inanition is an important
contributory factor in the development of hyperglycaemia as well as
of certain other features of avitaminosis, it 15 difficult to accept the
view stated by Drummond and his associates, that no relation exists
between vitamin B, and earbohydrate metabolism, in the light of the
evidence of Funk, Braddon, Cooper and later workers.

Relation of Vitamin B, to Secretion of Glands.

A considerable literature has accumulated bearing on the relation
of the antineuritic vitamin to glandular function. Much of this is
conflicting, owing to differences of technique, not infrequently faulty,
and to the variety of experimental animals employed. There appears
to be no justification for the view that this vitamin is specifically
related to the activity of any particular organ of the body. Dis-
orders of function of glands, as of other organs, undoubtedly occur
as the result of deprivation of vitamin B,, but it is probably safer to
regard these as local manifestations of a general ‘tissue anarchy’.

Nevertheless, a marked feature of vitamin B, deficiency is the
atrophy and cellular degeneration produced in many organs (intestinal
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to the size of the organ, while the cortex showed an almost complete
absence of lipoids, MecCarrison noticed a relationship between this
adrenal hypertrophy and the oceurrence of hydropericardium in his
experimental birds. He regarded the excess of fluid as analogous to
‘wet’ beri-beri in man, and developed a theory of the cause of oedema
in this disease on the basis of excessive adrenaline secretion., The
enlargement of the adrenal gland and its increased adrenaline content
were confirmed by Kellaway [1921] and by Korenchevsky [1923],

There has been much uncertainty as to the relative parts played by
vitamin B deficieney and the associated inanition in the hypertrophy
of the adrenal glands. The weight of opinion is in favour of the view
that in pigeons the hypertrophy due to avitaminosis B is confined to
the cortex [G. M. Findlay, 1921, 1; Stern and Findlay, 1929; Beznsk,
1923; Marrian, Baker, Drummond and Woollard, 1927 ; Marrian,
1928]. The adrenal hypertrophy was found to be greater in cases of
uncomplicated vitamin B, deficiency than in cases where the bird was
deprived of both vitamins B, and B, [Marrian et al,, 1927; Marrian,
1928), thus confirming the finding of G. M. Findlay [1928] with regard
to rats. Gross [1923] working with rats found neither hypertrophy of
the gland nor inerease of adrenaline content as compared with normal
animals,

Sexual glands. Deficiency of vitamin B also exerts a powerful
influence on the sexual glands. In male animals (monkeys, pigeons,
fowls) atrophy of the testis occurs [Funk and Douglas, 1914;
MeCarrison, 1919; Dutcher and Wilkins, 1921], accompanied by
absence of spermatozoa and spermatocytes. Similar changes were
observed in the rat by Allen [1919} and Parkes and Drummond [1925],
but there is some doubt whether this was due to deficiency of vitamin
B or of vitamin E [Mattill, 1926-27]. The testicular degeneration in
birds seems to be a true deficiency effect and not due to inanition.
The effect of vitamin B, deficiency is much more marked than that of
vitamin B, [Marrian and Parkes, 1928], '

In female mice on a diet deficient in vitamin B anoestrus commences
abruptly, the normal oestrous-cycle ceasing just before decline in
weight setsin, Anoestrus is due to the failure to produce oestrin and
not to an inability to respond to it on the part of animals suffering
from vitamin B deficiency {Parkes, 1928],

Sure [1927, 8; 1928, 2, 3], who has been ineffectively criticized by
H. G. Miller[1926-27], finds that the requirement of the female rat for
vitamin B, and B, is three to five times greater for lactation than for
normal growth, This inerease in the requirement of B vitamins
appears to be due to inefficient transfer of vitamin to the milk by
the mammary gland. Thus a daily dose of 500 mg. of a yeast con-
centrate was required by the mother for the normal suckling of a
litter of six, whereas a dose of 180 mg. sufficed for successful
rearing when 30 mg. was supplied to the mother and the remaining
150 mg. was given to the young directly.

On the other hand Evans and Burr [1928, 1] consider that ¢lactation
delinquency ’ is related particularly to the antineuritic vitamin and is
in no way due to an inadequate supply of vitamin B,, the requirement
of the lactating animal for vitamin B, being five times that for normal
growth of the young non-lactating animal.
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Relation of Vitamin B, to Gastro-intestinal Bovements.

Many observers have noted that intestinal atony or stasis results
from prolonged vitamin B deficiency in pigeons [Vedder and Clark,
1912 McCarrison, 1921 ; Anderson and Kulp, 1922 ; Plimmer and
Rosedale, 1926 ; Rosedale, 1929], in rats [Gross, 1924], in monkeys
[McCarrison, 1921}, and in dogs [Cowgill et al., 1925 ;1926 ; 193C]. The
last-named authors have specially studied the gastric movements and
consider that the defective motility of the storzach is a secondary
effect due to the condition of anhydraemia which accompanies the
vitamin deficiency. On the other hand, Kon and Drummond [1927]
found no delay in the passage of a barium meal through the intestinal
canal of polyneuritic pigeons.

Bradycardia.

Carter and Drury [1929] showed that pigeons fed upon a diet of
polished rice develop bradycardia and heatt block. This condition is
abolished by vagal section or atropine, and ean be relieved by giving
whole wheat or yeast. Deprivation of the vitamin B complex in
young rats leads to a severe bradycardia which is different from that
seen in the pigeon in that it is of ‘sinus’ origin and is not due to
vagal influences [Drury, Harris and Maudsley, 1980]. These authors
found that the lowered heart rate could be restored to normal within
a few hours after administration of materials rich in vitamin B, and
the response was found to be roughly graded to the size of the dose
given. It is, however, premature as yet to ascribe these effects to lack
of any particular member of the vitamin B complex,

Relation of Vitamin B to Bacterial Infection.

Rats and rabbits fed on diets deficient in vitamin B show no loss of
ability to form agglutinins, preeipitins, haemolysins, and bacteriolysins
[Zilva, 1919, 2; Werkman, 1923] and the opsonic index of the serum
of such rats were found to be normal [G. M. Findlay and Mackenzie,
1922].  On the other hand a lowered bactericidal action of such rat
serum has sometimes been observed [Smith and Wason, 1923 ; G. M,
Findlay and Maclean, 1925]. Rice-fed pigeons have a lowered resis-
tance to bacterial infection [G. M. Findlay, 1923, 1] and may develop
septicaemia [Barlow, 1930].

Blood Changes in Relation to Vitamin B, Deficiency.

Anaemia has been ohserved in polyneuritic pigeons [Abderhalden,
1921, 1; Weill, Arloing and Dufourt, 1922 ; Palmer and Hoffman,
1922-23 ; Barlow, 1930}, and in young rats deprived of vitamin B,
[Sure, 1929 ; Sure and Smith, 1929 ; Sure, Kik and Walker, 1929,
This is sometimes complicated, especially in the later stages of the
deficiency, by loss of water from the blood (anhydraemia), a condition
which is also seen in inanition due to restricted diet[see Rose, Stucky
and Mendel, 1929-30; Stucky and Rose, 1929].

A marked fall in the white-cell count, due to a reduction in the
number of lymphocytes, has been observed [Cramer, Drew and Mottram,
1921), whilst a large proportion of aged or moribund polymorphs are
found in the blood-stream [Happ, 1922},
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Exeretion of Vitamin B.

Much discussion has centred round the question as to whether
vitamin B is excreted unchanged [see Van der Walle, 1922, where the
literature is quoted]. Positive results were obtained by Cooper [1914,1]
with an alcoholic extract of pigeons’ faeces, and by Muckenfuss [1918,
1919] and Gaglio [1919] with urine. Van der Walle has carefully
examined the question, and has shown that the undoubted curative
effect of normal urine on polyneuritic pigeons is due to the presence
of a small amount of the antineuritic vitamin, This possesses the
characteristic properties of the vitamin, and disappears from the urine
when the diet is deficient in vitamin B,.

The excretion of the B-vitamins in the faeces would explain the
rapid depletion of reserves and the habit of coprophagy which are
commonly observed in rats on diets deprived of these vitamins. To
diminish access to facces 1t is usual, in the study of these vitamins, to
maintain the experimental animals in eages provided with bases of
wide-meshed wire. Steenbock, Sell and Nelson [1923] found that rats
allowed to eonsume their own faeces might derive as much as half
their necessary intake of vitamin B from this source. When copro-
phagy was prevented it was found necessary to double the vitamin B
content of the diet in order to ensure an adequate supply. Although
these findings were at first disputed by MeCollum, Simmonds and
Becker [1925], they have been accepted by later workers [Salmon,
1925; Sinith, Cowgill and Croll, 1925] Heller, McElroy and Gar-
lock [1925] considered that the B-vitamin present in rat faeces was
formed by spore-bearing organisms in the intestinal tract, which were
capable of synthesizing the vitamin ; these organisms when grown
on a synthetic medium, stated to be free of B-vitamins, caused a
marked response in growth when fed to rats. Kennedy and Palmer
[1928] found a substance present in rab fasces which improved
a diet ‘ complete’ in all respects including the antineuritic vitamin ;
this substance was soluble in strong aleohol and only moderately
heat-stable, which properties resemble those of vitamn B, and do
not coincide with those of vitamin B,. The work of Roscoe [1931, 3],
however, suggests that both B-vitamins are to some extent present in
rat faeces, although much better growth was obtained when the faeces
were used to supplement diets already containing either vitamin B,
or B, At present it must be regarded as uncertain whether the B-
vitamins present in the faeces are derived from the animal’s reserves
or from synthesis by micro-organisms in the intestine (see p. 174).

Arrexprs 1o Isorare Viramx By

The numerous early claims recording the isolation of the antineuritic
vitamin have proved, in the light of later work, to have been prema-
ture. Even now the unequivocal isolation of this factor has not been
realized, though the preparations of a number of workers [Kinnersley
and Peters, 1925, 1927, 1923; Jansen and Donath, 1926, 1,2; 1927;
Levene, 1928; Guha and Drummond, 1929 ; Windaus, Tschesche,
et al. 1931] have reached a high degree of activity, and represent a
considerable advance upon the work of former investigators. The
earlier literature, therefore, need only be briefly reviewed.
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Cooper and Funk (1911} found that the curative substance present
in an alccholic extract of rice polishings was precipitated by phospho-
tungstic acid. The active fraction thus obtained was stated to be free
from proteins, carbohydrates, and salts, and to resemble an organic
base. Employing the method usually adopted for separating certain
organic nitrogenous bases Funk [1911] obtained from the silver nitrate-
baryta fraction a crystalline substance melting at 238° C., and having
the formula C,,H,;0,N,. This substance was curative for pigeons in
doses of 20-40mg.  The same process was applied to yeast, milk, and
ox brain and led to the isolation of the same substance [Funk,
1912-13, 1} Funk considered that the chemical properties of the
curative substance placed it in the class of pyrimidine bases. Nicotinic
acid, which was isolated during the fractionation of yeast and rice

olishings, was believed to be a decomposition product of the vitarain
[Funk, 1918, 1] The substances isolated by Funk, however, proved
not to be the active vitamin in pure form, but nitrogenous bases con-
taminated with traces of the vitamin [Barger, 1914 ; Drummond and
Funk, 1914).

Vedder and Williams [1913), using a hydrolysed alcoholic extract
of rice polishings, confirmed Funk’s observation that the curative
activity for avian polyneuritis was precipitated in the pyrimidine
fraction, and they concluded that the antineuritic factor is present as
a constituent of certain nucleic acids present in rice polishings and
yeast. The precipitation of the active substance by silver nitrate and
baryta has been confirmed by many workers [Cooper, 1913; R, R,
Williams and Saleeby, 1915; Myers and Voegtlin, 1920; Seidell,
1921, 1; Tsukiye, 1922 ; Jansen and Donath, 1927 ; Kinnersley and
Peters, 1925, 1928; Guha and Drummond, 1929).

Further attempts to isolate the factor were made by Suzuki, Shim-
amura and Odake [1912), who separated a erystalline picrate which
they termed oryzanin; and by Edie ef al. [1912), who obtained a
crystalline basie substance, torulin, belonging to the pyrimidine group.
Abderhalden and Schaumann [1918] attempted to isolate the anti-
neuritic vitamin from yeast, and by precipitation of an aleoholic
concentrate with acetone they obtained a crystalline produet which
they named ‘ eutonine’, This substance was curative for polyneuritic
pigeons in doses of 5 mg., but did not maintain body-weight.

Hofmeister [1920] attempted unsuceessfully to purify the curative
substance present in rice-meal by fractional precipitation of an alco-
holic extract with potassium bismuth iodide,

Seidell [1916;-1917; 1921, 1; 1922, 1] employed fuller’s earth to
adsorb the vitamin from autolysed yeast, or from an aqueous yeast
extract. The fuller’s earth was washed and dried after adsorption,
constituting his ¢ activated solid’, which protected pigeons from poly-
neuritis in doses of 0-1-0-2 g. daily. Baryta extracts the vitamin
from the activated solid, and on fractionation of the resulting solution
by silver precipitation the vitamin is found to follow the histidine
fraction. 'The final preparation protected pigeons from loss of weight
in doses of less than 1 mg. on alternate days. Later Seidell [1924,
1, 2] prepared a crude picrate from an extract of his activated solid.
By fractional crystallization from 95 per cent. acetone he obtained a
crystalline picrate of an active produet having an empirieal formula
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CH,,0,N,.C.H,(OH)(NO,),, This product protected pigeons from
loss of weight in doses of 2 mg. daily.

A concenirated preparation of the vitamin B complex which has
been much used in feeding experiments and as a starting-point for
further purification may be made by the method of Osborne and
Wakeman [1919]. An acidulated aqueous extract of yeast was sub-
mitted to fractional precipitation by aleohol, the fraction thrown out
by 80 per cent. alcohol containing the bulk of the activity. After
washing and drying, a preparation was obtained which had, weight for
weight, sixteen times the activity of the original yeast as tested by
growth experiments on rats. A method of concentrating the
Osborne-Wakeman fraction has been described by Levene and van
der Hoeven [1924; 1925; 1926}, which involves a preliminary
de-amination with nitrous acid followed by repeated treatment of
the extract with small quantities of silica gel at pH 8.0. Tt is claimed
that under these conditions vitamin B, is adsorbed by the silica gel
almost entirely free from vitamin B,. The activated gel is extracted
with lithium hydroxide at pH 9-8, and the extract fractionated in
alcobol and finally precipitated by acetone. The preparation thus
obtained, when examined by growth tests on rats, was active for
vitamin B, in daily doses of 0-07-0-1 mg.

Kinnersley and Peters [1925; 1927; 1928; 1930, 2] employ an
aqueous extract of baker's yeast which is treated successively with
normal lead acetate, baryta to remove yeast gum, sulphuric acid to
remove barium, and mercuric sulphate at pH 2:0 to 8-0, The acid fil-
trate, from which many impurities have been removed, is brought to
pH 7.0 and treated with purified norite charcoal which adsorbs the
active factor. The vitamin B, can be recovered from the charcoal either
by boiling with 50 per cent, alcohol (by volume) acidified with HCl
or by boiling successively first with N/10 HCl followed by the acid
alcohol. In the latter case two different types of extract are ob-
tained of which the first has a curative activity of approximately 0-4
mg. per pigeon day-dose, and the latter 2.0 mg. per day-dose. The
extracts so obtained can be freed from metals in aqueous solution with
H,S at pH 4-0, concentrated at pH 8.0, and stored as stable vitamin B,
solutions after addition of alcohol to 15 per cent. Alternatively they
can be used for the preparation of purer concentrates. The methods
which have been found most successful have been alcobol fractionation
and fractionation with sodium phosphotungstate at varying acidity.
Preparations have been obtained with a pigeon day-dose of 0-012 mg.
and the purer specimens have been found free from vitamin B,.

In 1926 Jansen and Donath [1926, 1, 2], working in the laboratory in
Batavia in which Eijkman made his fundamental discovery, announced
the isolation of the antineuritic vitamin in crystalline form. In their
method the vitamin present in an extract of rice polishings is adsorbed
on acid clay at pH 5.0, and extracted therefrom with baryta by
Seidell’s method. The baryta extract, freed from barium with H,SO,,
is submitted to fractionation with silver nitrate and baryta which
precipitates more than 50 per cent. of the vitamin at pH 6-5. The
decomposed precipitate is decolorized by norite, and the clear filtrate
treated with phosphotungstic acid. The filirate obtained after de-
composition of the precipitated phosphotungstates is evaporated to
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dryness and extracted with absolute alcohol. Addition of platinic
chloride precipitates nearly all the vitamin. The platinum precipitate
is decomposed and the filtrate fractionated with alcohol and acetone.
The acetone-insoluble fraction is further purified, and the vitamin
obtained as a crystalline bydrochloride, It consists of rosettes of small
bars, melting at 250° C., the composition C;H,,ON, being assigned to
the free base. Jansen and Donath found that daily doses of 0-002 mg. of
the crystals protected rice birds (Munia maia) from polyneuritis for
three weeks.

Eijkman [1927], and R. R. Williams, Waterman.and Gurin [1930],
have confirmed the potency of these crystals, and a careful test [Jansen,
Kinnersley, Peters and Reader, 1930] has yielded the following
results for curative activity—pigeon day-dose, by mouth, 0-009 mg.;
by injection, 0-007 mg,; rat day-dose, 0-005 mg.

The application of the methods of Jansen and Donath and others
to yeast has led to the isolation of a highly active erystalline
compound by Windaus, Tscheche, ef al. [1931]. The analysis of a
crystalline picrolonate (M.P. 229° C.) showed that the substance con-
tained sulpgur and led to the tentative formula C,H ,ON,S for the
free base. The conversion of the picrolonate into the hydrochloride,
melting at 245° C. (Jansen and Donath’s hydrochloride melts at 250°C.)
entails a loss of 40 per cent. in the yield. The average curative
pigeon-day dose, by injection, is stated to be 0-0024 mg.

The sulphur content of Jansen and Donath’s erystalline hydro-
chloride was subsequently demonstrated, and the identity of the
crystalline antineuritic preparation from rice with that obtained from
yeast seems to be established [Tscheche, 1932],

The acid clay preparation from rice polishings, which is the starting-
point of Jansen and Donath’s process, is largely used in Java for the
cure of beri-beri and forms a satisfactory stable preparation of vitamin
B,. This preparation has been adopted by the (League of Nations)
International Vitamin Conference, 1931, as the provisional standard
for the antineuritic vitamin B, (see Appendix II).

Administration of Conpounds of Known Chemical Composition.

Several compounds of known chemical composition have been
administered to animals suffering from polyneuritis in the hope, which
has not been fulfilled, that some known pure substance might prove
to be identical with the antineuritic vitamin. As has already been
noted, deprivation of vitamin B, is not the only cause of the classical
symptom of acute polyneuritis (head retraction) in birds. In view of
later experiments the claims as to the alleviation of polyneuritic
symptoms by some of the earlier workers must therefore be accepted
with caution,

Funk [1912-13, 2] investigated a number of purine and pyrimidine
compounds and found that certain of them, adenine, allantoin, yeast-
and thymus-nucleic acids among others, exercised a marked though
temporary alleviation of the symptoms in polyneuritic pigeons,
Schaumann {1908] and Grijns [1909] had failed to find any benefit
from the administration of nucleic acid prepared from yeast or katjang-
idjo beans, Similarly Drummond [1917] found yeast-nucleic acid
and adenine to be inactive.
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R. R. Williams [1916; 1917] observed that eertain hydroxypyridines
exerted an antineuritic effect, but passed readily into a stable isomeric
form which was inactive. Trigonelline, betaine, and nicotinic acid,
which Funk bad suggested to be a decomposition product of the
vitamin, produced a similar curative effect. He found, however, that
the activity of his preparations disappeared on keeping, and he was
unable to reproduce the curative effect in birds receiving a second
treatment. IMoreover, protective tests with these compounds failed.
R. R. Williams and Seidell {1916] obtained from yeast a crystalline
material which exerted antineuritic properties. On attempting to purify
the substance the antineuritic properties were lost, and the resulting
product was found to be identical with adenine. R. R. Williams
advanced the theory that the vitamin was liberated in an unstable
form by acid and alkaline hydrolysis and readily passed into a stable
isomer which was inactive, Reinvestigation of these claims failed to
confirm them [Voegtlin and White, 1916-17; Harden and Zilva, 1917;
McCollum and Simmonds, 1918; Guha and Drummond, 1929].

Sahashi {1926, 1, 2; 1927] 1solated from oryzanin a substance
identified as 2 :6-dihydroxyquinoline, which he found to possess
temporary antineuritic properties in doses of 4-15 mg, Later [1928]
he stated that 4 (or 5)-glyoxaline methylethylearbinol in doses of
6 mg. temporarily cured polyneuritic pigeons, although the birds
invariably died within 7-10 days. Gulland and Peters {1929] have
examined a number of glyoxaline and pyrimidine compounds including
those investigated by Sahashi, but with negative results. From its
behaviour to silver nitrate and baryta, and from the fact that it gave
a strong Pauly reaction, Jansen and Donath [1927] had suggested
that their crystalline preparation of vitamin B, might contain a
pyrimidine or glyoxaline ring. On the other hand Kinnersley and
Peters [1928] found that the substance responsible for most of the red
coloration with Pauly’s reagent did not follow the curative activity
on fractionation. Comparative tests of the Jansen-Donath crystals and
an active antineuritic yeast preparation showed that both gave an
orange colour considerably less intense than that given by an equal
amount of histidine [Jansen ef al., 1930].

Danysz-Michel and Koskowski [1922] claimed that symptoms of
polyneuritis could be suppressed in rice-fed pigeons by the adminis-
tration of histamine, Abderhalden [1923] and Peters [1924] have
also reported cases in which histamine exerted a temporary curative
effect, but they lay stress on the fact that the results differ quanti-
tatively and usually qualitatively from the effects produced by the
admimstration of extracts of the antineunitic vitamin.  Thus histamine
given in daily doses exercised no protection against polyneuritis.

Prorerries oF Viramiy By,

The preparation of highly active concentrates of vitamin B, ina
relatively pure state has clearly emphasized the profound influence
exerted by the presence of extraneous material on many of the pro-
perties of the vitamin. This is exemplified in its solubility, its
stability to heat, and to alkalis, and its relation to various adsor-
bents. It follows, therefore, that any statement as to chemical or
physical properties is valid only in so far as the conditions under
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which these properties have been determined are accurately defined.
Nevertheless, the results of the earlier investigators on the properties
of the vitamin as it occurs in natural foodstuffs or in erude extracts
have a practical value in problems of dietetics.

Solubility. Eijkman (1906] found tbat the antineuritic substance
was soluble in water, and was not precipitated by moderate concen-
trations of alcohol. This solvent in varying concentrations has heen
widely used to extract the vitamin from various natural sources.
For the extraction of yeast and rice polishings a 70 per cent.
concentration of aleohol was the most effective [Funk, Harrow and
Paton, 1923], 95 per cent. aleohol being only an indifferent solvent
[Funk, 1912-13, 1; Vedder and Williams, 1913]. The insolu-
Lility of crude preparations of the vitamin in the higher concentrations
of alcohol has been utilized by Oshorne and ¥Wakeman [1919], and
Seidell [1926], who employed €0 per cent. aleohol to preapitate their
active fractions. Kinnersley and Peters [1927] have demonstrated
that while the vitamin is precipitated by alcohol during the early
stages of purification, fractions with an activity of 1-8 mg. (pigeon
day-dose) which have heen freed from alecoholinsoluble material are
soluble in absolute alcohol. They also showed that the solubility of
the impure vitamin in the higher concentrations of aleohol is largely
determined by the hydrogen ion concentration of the solution. Jansen
and Donath [1926, 1, 2] found that their ecrystalline preparation
was also soluble in absolute alecohol, and a simular conclusion has been
reached by Guha and Drummond [1929], and by R. R. Williams,
Waterman and Gurin [1930],

Vitamin B, can be readily extracted from yeast and rice polishings
Ly 70 per cent. acetone [Funk, Harrow and Paton, 1923), but is
insoluble in pure acetone [Seidell, 1926 ; Jansen and Donath, 1926, 2 ;
Kinnersley and Peters, 1928]. It cannot bLe extracted bLy benzene
from wheat embryo or white beans, or from their alccholic extracts if
these are freed from water and alcohol [R. R. Williams and Waterman,
1926}, but is removed by benzene from the alecholic extract if this is
not perfectly dry [see McCollum and Simmonds, 1915].

Cooper[1912; 1914, 3] was able to detect distinct traces of the anti-
neuritic factor in an ether extract of egg-yolk, but concluded that this
was due to the presence of an ether-soluble substance having a
marked adsorptive affinity for the vitamin. This explanation may
account for the ohservation of Myers and Voegtlin [1920] that olive
oil and oleic acid removed the antineuritic factor from a solution of
autolysed yeast. Vitamin B, present in a purified yeast concentrate
15 not dissolved by ether, ethyl acetate, chloroform, or carbon tetra-
chloride {Kinnersley and Peters,1928], It is soluble in glacial acetic
acid [Levine, McCollum and Simmonds, 1922], and in 70 per cent.
acctic acid [Funk, Harrow and Paton, 1923).

Stbility to heut, There is general agreement that the resistance
of vitamin B, to heat in faintly acid or acid media is considerable.
Most observers have detected little or no destruction of the vitamin
after exposureto 100°C.  Eijkman[1906]found no destruction of the
antineuritic properties of unmilled rice after heating to 100° C. for
three hours, and Drummond [1917] cbserved that yeast or marmite
heated for 50 minutes at 100° C, at their natural acidity (pH 4.0-50)
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showed no deferioration of growth-promoting properties for the rat.
Chick and Hume {1917-19, 2] made a systematic examination of this
question, in which they were careful to avoid certain errors into which
some investigators have fallen. In particular they recorded the
temperature of the interior of the foodstuff as well as the general
temperature of the steamer or autoclave. The former is frequently
lower than the latter. They compared the minimal amounts of the
unheated and the heated substance required for the cure of poly-
neuritis in pigeons, Using wheat embryo and yeast extract they con-
cluded that only slight destruction of the antineuritic vitamin could
be detected after heating at 100° C. for 1-2 hours, With higher
temperatures there was a progressively increasing degree and rate of
destruction, the original potency being reduced to one quarter or less
after 2 hrs, at about 129° C. Grijns {1901 ; see also Eijkman, 1906 ;
Weill, Mouriquand and Michel, 1916] found that 1-2 hours’ exposure
to a temperature of 120°C. destroyed the antineuritic properties of
unmilled rice, katjang-idjo beans, and buffalo meat, but Eijkman [1906]
did not succeed in entirely destroying the protective value of horseflesh
under these conditions. Marked destruction of the antineuritic proper-
ties of various foodstuffs, such as meat, eggs, yeast extract, and wheat
flour when heated for varying periods at temperatures of 110-124° C.
has been noted [see Holst, 1907 ; Vedder, 1918 ; Chick and Hume,
1917-19, 2], but dried peas and whole barley appeared to suffer no loss
at 118° C. for ten minutes [Holst, 1907].

As most people derive their supply of vitamin B, from the cereals
in their diet, the practical conclusion to be drawn from the evidence
cited is that in the baking of bread or biscuit, a relatively short
operation during which the temperature of the interior of the material
does not rise above 100° C,, no serious diminution invitamin B, content
need be apprehended, This proved to be true in the case of wheaten
biscuit made from whole flour on which pigeons throve well [Chick and
Hume, 1917-19, 2] Continued heating of foodstuffs at 100° C.,,
however, leads to some loss of the vitamin. In preserving and
canning foodstuffs the temperatures employed are frequently much
higher than 100° C., and canned foods of all descriptions may contain
very little or no vitamin B,, and, as a practical rule, shonld therefore
be regarded as free from it, unless they have been specially investigated
and found to contain it. '

Influence of hydrogen ton concentration on the stability of vitamin
B,. Vitamin B, resists hydrolysis with acids; thus there was
no diminution in the antineuritic properties of pressed yeast after
heating with 20 per cent. sulphuric acid for 24 hours [Cooper and
Funk, 1911}, and Vedder and Williams [1913] claimed that, after
hydrolysis with 50 per cent. sulphuric acid, an extract of rice
polishings had an enhanced curative potency. The stability of this
vitamin towards acids has been confirmed by many workers
[McCollum and Simmonds, 1918; R. R. Williams, Waterman and
Gurin, 1929] Kinnersley and Peters {1923} found that crude
antineuritic concentrates stored in 99 per cent. alcohol at pH 1.0-2:0
kept their activity at room temperature for at least three years, but
some highly purified preparations gradually lost their activity
under these conditions,
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The action of alkalis, on the other hand, leads to ready destruction
of vitamin B, even at low temperatures. Schaumann [1910]and Vedder
and Williams [1913] investigated the effect of strong caustic soda;
Osborne and Leavenworth [1920-21] showed that the growth-
promoting value of yeast was destroyed by treatment with 0-1 IV caustic
soda for 90 hours at room temperature, whilst Cooper [1913] found
that the antineuritic potency of horseflesh was destroyed by treat-
ment with 10 per cent. ammonia at room temperature for 24 hours.

Sherman and Burton [1926), using the rat-growth test, have noted
a progressive destruction of the vitamin B complex on heating at
100° C. at decreasing hydrogen ion concentrations, Kinnersley and
Peters [1928] found that on heating an antineuritic concentrate (pigeon
day-dose 0-059 mg.) for one hour with 0.5 N caustic soda, there was
complete destruction of the vitamin. Heating a preparation of activity
3.0 mg. for one hour with 0-1 N soda in the presence of oxygen
reduced its activity by approximately 80 per cent., whereas heating
it for ten minutes with 0-1 N soda 1n nitrogen reduced the activity
by about 30 per cent. The sensitivity of the vitamin was found to
be much increased in the presence of aleohol.

Adsorption of vitamin B,. Chamberlain and Vedder [1911, 1, 2]
were the first to show that the antineuritic vitamin present in an
aqueous extract of rice polishings was adsorbed by bone black, and
was not removed from the adsorbate by absolute aleohol, water, or
ether. Cooper [1913] found that not more than 30 per cent. of the
vitamin was removed by this adsorbent, even after filtering an aqueous
extract six times through it. Later Peters [1924] showed that the
vitamin adsorhed on norite charcoal could be eluted by extraction with
50 per cent. acid aleohol.

Seidell [1916] found that vitamin B, was adsorbed by fuller’s earth
or Lloyd’s reagent from a solution of autolysed yeast, and the *acti-
vated solid’ resulting from this treatment was found to be highly active
in curing avian polyneuritis. Later [1926] he showed that as much as
90 per cent. of the vitamin was adsorbed. Harden and Zilva [1918, 1]
also reported a quantitative adsorption of the vitamin by fuller’s earth,
and by * dialysed iron’ in marked contrast to the behaviour of vitamin
C. Jansen and Donath [1926, 1]used acid clay to adsorb the vitamin
from an acidified extract of rice polishings in the first stage of their
purification process.

A more systematic study has demonstrated the important influence
of the hydrogen ion concentration of the medium and of the presence of
colloidal impurities on the adsorption of vitamin B, by different
adsorbents. Emmet and MeKim [1917] found that kieselgubr did not
adsorb the vitamin, while Zajdel and Funk [1926] obtained only a
very incomplete adsorption by colloidal ferric hydroxide at varying
hydrogen ion concentrations,

An examination of the adsorption of the vitamin by Lloyd’s reagent
and silica gel has been made by Levene and van der Hoeven
[1924). Optimum adsorption occurred at pH 4.0. Partial extrac-
tion of the adsorbed vitamin was obtained at pH 3.0, but elution
was much more complete at pH 9-0. These authors found that
silica gel was a much more effective adsorbent for vitamin B, than
for B, and claimed that by the use of this adsorbent in small

K



146 VITAMINS

quantities they were able to prepare antineuritic concentrates
virtually free from vitamin B, Similar results were obtained by
Salmon, Guerrant and Hays [1928, 1, 2\. They showed that the
maximum adsorption of vitamm B, by fuller’s earth was obtained,
under their conditions, within the range pH 3-0~5.0 with optimum
adsorption at pH 4.0. Increasing alkalinity up to pH 9.0 rapidly
diminished the amount of vitamin held in adsorption, while at still
more alkaline reactions adsorption was negligible. In this respect
the antineuritic vitamin was found to behave like an organic electro-
lyte such as quinine, in contrast to vitamin B, which resembled an
organic non-electrolyte, showing optimal adsorption at pH 0.08.
These workers found evidence of 1nactivation of vitamin B, amounting
to as much as 50 per cent, in alkaline solutions, thus emphasizing the
importance of employing only weakly alkaline eluents. Kionersley
and Peters [1925; 1927), who use norite charcoal in their preparation

of antineuritic concentrates, find that adsorption of the vitamin after
~ the treatment with mercuric sulphate is most complete within the range
pH 5-0-7.0, and optimal at pH 7.0. They find, however, that the plL
of optimal adsorption of the vitamin from crude preparationsis modi-
fied by the presence of impurities. In the more highly purified fractions
the vitamin is most completely adsorbed at pH 9.0 [Peters, 1930, 1, 2].

Miscellaneous properties. The antineuritic vitamin withstands
desiccation for long periods of time [Jansen, 1923 ; G. M. Findlay,
1923, 1] as is shown by its abundant presence in dried foodstuffs,
It does not appear to be susceptible to oxidation by atmospheric
oxygen, in this respect differing sharply from vitamins A and C.
Exposure to ozone [Zilva, 1922] has no deleterious effect upon it.
Zilva [1919, 1] claimed that exposure to ultra-violet radiation did not
destroy the vitamin, a conclusion supported by Hogan and. Hunter
[1928]. On the other hand, R. R. Williams [1924], Kennedy ‘and
Palmer [1929], and Chick and Roscoe [1929, 2] found that longer
exposures result in some destruction. Kinnersley and Peters
[1928] find that the vitamin in acid solution is stable to hydrogen
peroxide, or potassium permanganate, or to heating with 5 per cent.
nitric acid. Treatment with nitrous acid is without effect on the
vitamin [McCollum and Simmonds, 1918 ; Peters, 1924 ; Levene and
van der Hoeven, 1926). This fact is regarded as strong evidence that
the vitamin is neither a primary nor a secondary amine. Vitamin B,
passes through a parchment membrane [Eijkman, 1906; Cham-
berlain and Vedder, 1911, 2; Shiga and Kusama, 1911 ; Drummond,
1917; Seidell, 1922, 1; Zilva and Miura, 1921, 1], These last observers
believe that the vitamin has a molecular weight of the order of
800-350, or that it forms a complex of about this molecular weight
with some other substance.

MerHODS OF DETECTION AND Estimation oF Virawiy B,

No satisfactory colour reaction, or other chemical test, for vitamin
B, has yet been discovered, in spite of much effort in this direction.
Funk {1913, 1] and Funk and Macallum [1913] found that a pro-
nounced blue colour was given by Funk’s crystalline preparation from
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rice polishings and by various alcoholic extracts of the vitamin in the
presence of the uric acid and phenol reagents of Folin and Denis.
Eijkman [1927] found that the reaction with the uric acid reagent
was given by Jansen and Donath’s erystalline preparation of
vitamin B, but that it was much weaker than that produced by a
solution of uric acid of the same concentration. The lack of speci-
ficity of this test renders it valueless in identifying vitamin B,. The
same criticism has been made by Bezssonoff (1924, 2] and by Levine
1924-25] of the colour reaction proposed by Jendrassik [1923] as a
test for the vitamin, '

The biclogical method of testing for the presence of the antineuritic
vitamin, while open to many objections, remains the only one that
is as yet satisfactory. The animals which have been most usually
employed for this purpose are the fowl, the pigeon, and the rat.
The rice bird (Aunia maia) has also been used.

Experiments with Fowls and Pigeons.

The principal methods adopted in experiments with these animals
have been of three types, viz. the protective, the weight maintenance,
and the curative.

Profective test. The protective test, in the form originally em-
ployed {Eijkman, 1897, 3; Vedder and Clark, 1912; Cooper, 1912 ;
1914, 1, 2; Chick and Hume, 1917-19, 1 ; Jansen and Donath, 1926,
1; and later workers], involves an estimation of the daily ration of a
particular foodstuff necessary to prevent polyneuritis when added to
a vitamin-free diet such as polished rice. The test is open to several
objections unless very large numbers of birds are used. In the
first place difficulties arise owing to the variability of the times
of onset of polyneuritis in different individuals, If a given bird
fails to develop symptoms within a specified time, it is always
possible that the bird in question might not have become poly-
neuritic in this time even upon polished rice alone [Peters, 1924], or
that polyneuritis might have developed later if the experiments
had been prolonged. Thus Vedder and Clark [1912] reported a
case of polyneuritis which developed in a pigeon after one hundred
days on the experimental diet. There is also the disadvantage that
relatively large amounts of the test substance are required and that
the experiments are time consuming.

Weight-maintenance test, Another test for the presence of
vitamin B, [R. R. Williams and Seidell, 1916 ; Seidell, 1922, 1] is one
in which the criterion adopted is the maintenance of the body-weight
of the animal on a diet of polished rice, or other vitamin-free diet,
when supplemented by the substance under test. Peters [1924]
offered the criticism that this criterion is based on the assumption
that the factors necessary for the cure of polyneuritis and for weight
maintenance are identical. This is now known not to be the case (see
p. 121). A further disadvantage of this test for vitamin B,, when
employed over a considerable period of time, as in the experiments of
Plimmer and his co-workers [1927], is that the animal may become
depleted of some other essential factor which may be absent or
deficient both in the test substance and the basal diet.

K2
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Curative test. In the curative test the experimental animal is
fed on a vitamin B,-free diet until severe symptoms of polyneuritis
have developed. The foodstuff or vitamin concentrate under consid-
eration is then administered in varying doses to separate birds, and
determination made of the minimal dose required to effect recovery.
In a successful test there is a dramatic recovery from a condition of
complete helplessness (see Figs. 26, 27). It is not unusual to see
normal gait and flight restored within an hour or two of the admini-
stration of the vitamin.

The discovery by Funk [1912-13, 2], and R. R. Williams [1916),
that the administration of a number of known chemical substances
may be followed by a complete, though temporary, recovery from
the classical symptom of head retraction led to the eriticism and
abandonment of the curative test by various workers. Moreover,
head retraction has been shown to develop in certain cases in starva-
tion, even when extracts of the antineuritie vitamin are administered,
as a result of ‘washing out’ the tissues of starving birds by giving
large amounts of water by mouth [Chamberlain and Vedder, 1911, 2;
Chamberlain, Bloombergh and Kilbourne, 1911; Eijjkman and
Hoogenhuijze, 1916; Marrian, Baker, Drummond and Woollard,
1927], and in other conditions, The spontaneous cure of head
retraction in rice-fed pigeons has been reported by Kon and Drummond
[1927]; temporary recovery has also been observed after artificially
raising the body temperature of the polyneuritic animal, and as a
result of the administration of glucose [Peters, 1924 ; Roche, 1925).

This test has been reviewed by Kinnersley, Peters and Reader
[1928], who have defined the conditions necessary for obtaining
reliable and quantitative results. They find thaf, subject to these
conditions, any particular bird tends to develop symptoms of poly-
neurilis at a constant time (within narrow limits) after the commence-
ment of rice feeding, while the duration of the cure in experiments
with their antineuritic concentrates has been found proportional
to the dose of vitamin B, administered. Although the onset of
symptoms varies somewhat from bird to bird, they consider that
the test provides a method which is economical in time and material,
and which may be relied upon to give fair accuracy in the standardization
of antineuritic concentrates. When the curative method is used for
the estimation of the vitamin content of natural foodstuffs other
difficulties may arise. Thus when the test foodstuff itself is given by
mouth after the development of acute symptoms, slowness of digestion
or absorption from the alimentary canal may delay the recovery for
several days and complicate the interpretation of the experiment.
If an extract of the foodstuff is prepared, the inevitably large losses
of the curative factor incurred 1n the extraction process may result
in considerable errors. Thus in the case of dried peas the curative
dose of the natural material was 10 g., whereas that of the alcoholic
extract was the equivalent of 40 g. [Chick and Hume, 1917, 2; 1917~
19, 2; see also Cooper, 1912; 1914, 1),
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Experiments with Rats.

Growth test The rat-growth test for water-soluble vitamin B
introduced by McCollum and Simmonds [1918], which has been
widely employed, particularly in America, involves the determination
of the minimum ration of a foodstuff required for normal growth or
maintenance when added to a diet complete in all other essential
dietary constituents, Many of the earlier workers contented them-
selves with ascertaining whether the experimental material, when
constituting a certain percentage of the diet or a certain daily dose,
did, or did not, satisfy the requirements of the animal. ~Their results,
therefore, at best give only a rough idea of the quantitative distribu-
tion of what we now know as the antineuritic vitamin in different
foodstuffs, Moreover, the failure to recognize the multiple nature of
the vitamin B complex frequently led to erroneous or misleading
conclusions.

A further source of error which complicated the results of earlier
workers with the rat was the failure to prevent coprophagy (see p.
138). Itisnow usualin the study of the B-vitamins to limit the access
of the experimental rats to their own faeces by employing cages with
bases made of wide-meshed wire.

The prineiplesunderlying the rat-growth test as a quantitative method
for the estimation of vitamin B, have been examined and defined by
Sherman and MacArthur [1927], and by Chick and Roscoe {1929, 1].

Curative test. M. K. Smith [1930] and Kinnersley, Peters and
Reader [1930] have introduced a curative test for vitamin B;, using
respectively the young and adult rat as experimental animals. Smith’s
method consists in the determination of the minimal dose of a test
material required to effect a cure of acute polyneuritis in young rats
which have been reared after weaning on a basal diet free from the
vitamin B complex, supplemented by autoclaved brewer’s yeast to pro-
vide vitamin B,and bycod-liver oil. Under these conditions the animals
grow for a time, but subsequently decline in weight and finally, in
from 50-80 days, develop typical paralytic symptoms characterized
by lameness of the hind- and fore-limhs, inco-ordination, spastic gait,
convulsions, and cartwheel and rolling movements. The antineuritic
vitamin was usually administered intravenously, and after an
injection improvement was noticeable within 8-5 hours and was
followed by a cure in 18-24 hours. The duration of the eure appeared
to be related to the size of the dose. Subsequently the animal
declined in weight, but could be restored by a second injection, The
author claimed that the method gave quantitative results when com-
paring the minimum doses of various antineuritic fractions. More-
over, the vitamin appeared to be specific in relieving the polyneuritie
symptoms in the rat, since none of the pure substances tried which
have been claimed to produce ‘cures’ in pigeons was found to be
effective on the rat.
 InKinnersley, Peters and Reader’s test, adult rats are allowed to fall
in weight on a vitamin B, - free diet (to which vitamin B, has been added
as alkalized marmite). Upon appearance of symptoms, a dose of
vitamin B, is given by mouth which takes effect within 30 minutes;
the authors claim that the duration of cure is proportional to the dose
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administered. Care must be taken to distinguish the symptoms of
vitamin B, deficiency from those of vitamin B, deficiency (p, 167)
with which they may be confused.

Vitamin B, (Antidermatitis Vitamin).
Symeromarorosy oF Virayin B, Dericisncy v THE Rart.

Human pellagra is a disease which produces a wide variety of
symptoms. To give a rough description, the typical pellagrin shows
dermatitis on the face and hands and those parts of the body exposed
to sunlight, accompanied by inflammation of the alimentary tract
from the mouth to the rectum, and often, in the later stages, by mental
disorder and lesions of the central nervous system.

The symptoms observed by Goldberger and Lillie [1926] in albino
rats fed on diets containing the antineuritic vitamin but devoid of the
heat-stable P-P (pellagra-preventive) factor resembled human pellagra
in that certain rats developed symmetrical dermatitis, particularly
of the paws, fore-arms, neck, and ears. Depilation cceurred in
almost all cases. In addition to the skin lesions, the authors
deseribe a tendeney for the lids of one or both eyes to adhere to-
gether, with an accumulation of dried secretion on the margin of
the lids in some instances, Ulceration of the tip of the tongue and
at the angles of the mouth occurred in some rats, and diarrhoea in
rare cases. The shortest period taken for symptoms to develop was
seven weeks. The eondition noted by Chick and Roscoe [1927] among
rats receiving Peters’s antineuritic concentrate from yeast as the
sole source of ‘vitamin B’ appears to be substantially the same.
Very similar skin and eye lesions were observed, developing in
some animals after about six to eight weeks, Neither stomatitis
nor diarrhoea was recorded, but post-mortem examination indicated
¢a very unhealthy condition of the whole alimentary tract, especially
in the small intestine, which showed signs of inflammation with
atrophy of the mucous membrane and often contained blood-stained
mucus

G. M. Findlay [1928] and Stern and Findlay [1929), who produced
a similar ¢ pellagrous’ condition in rats by the method of Chick and
Roscoe (i.e. using Peters's concentrate as a source of vitamin B,),
made histological studies of the skin, alimentary tract, adrenals,
liver, pancreas, and central nervous system, for the full details of
which the original papers should be consulted. The skin condition
showed congestion, with invasion of small round ecells, followed
by the production of flakes of keratinized material on the free
surface of the epidermis. Occasionally the whole epidermis was
destroyed. Examination of the spinal cord revealed a vacuolation
and swelling of the anterior horn cells. No very definite or
characteristic lesions were found in other organs of the body.

Sherman and Sandels [1928-29] observed in rats on avitamin B free
diet a somewhat similar condition, but clearly defined dermatitis of
the fore and hind paws did not occur, The symptomatology of
vitamin B, deficiency as recorded by Salmon, Hays and Guerrant

1 Vitamin G of some American writers.
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[1928] agrees well with that described by Goldherger and Lillie and
by Chick and Roscoe. Salmon and his colleagues found a ¢large
coccus’ constantly associated with the skin lesions of vitamin B,
dcficiency in the rat, and put forward the idea, which has not beon
confirmed, that rat ‘pellagra’ needs a microbic in addition to a dictary
cause for its development. ) o

Bing and Mendel [1929], using an extract of rice polishings as the
sole source of the vitamin B complex, induced a scabby dermatitis in
mice, mostly on the medial surface of the fore and hind legs. Apart
from Goldherger's work on black-tongue in dogs, a discase which
stands in a somewhat doubtful relation to vitamin B, deficiency, this
is the only attempt which has been made to investigate the effects
of Jack of vitamin B, in any animal other than the rat.

To sum up, it may be said that skin lesions, often symmetrical,
sometimes occur in rats and mice fed on diets devoid of vitamin B
but otherwise complete. The symptoms appear after about 6-16
weeks on the deficient diet, during which period growth ceases.
Severo conjunctivitis or ophthalmia 1s constantly recorded, stomatitis
occasionally, Red-stained urine is noted by some investigators,
Diarrhoea, 8o marked a symptom in human pellsgra, is exceptional
in the vilamin B, dcficient rat. All lesions are curable by foods
containing vitamin B,,

It may be remarked that dermatitis associated with vitamin I,
deficieney appears to he produced in the rat with some uncertainty.
In none of the experiments just recorded did more than a proportion
of animals show skin lesions, and several investigators have failed to
ohserve any characteristic symptomatologybeyond, perhaps, a eondition
of general wretchedness,  Those who have done much work on vita-
min B, are puzzléd by the changeable nature of the lesions oceur-
ring in the vitamin B,deficient animal and by the frequent failure
to produce any characteristic skin symptoms, Complete cessation of
growth without any accompanying decline in weight is, however, a
constant feature of young rats provided with vitamin B, but deprived
of vitamin B,.

Seraration or Viramin B, rrom Viramix B,

Naturally occurring substances containing one B-vitamin tend as a
rule to contain the other, though in some there are marked quanti-
tative differences. An exception exists, however, in egg-white,
which, according to Chick and Roscoe [1929, 1], contains vitamin B3,
without admixture of vitamin B,. In order to investigate the
properties of cither vitamin it has usually been necessary to work
with material eontaining both, such as yeast, and attempts have been
mude to oblain a scparation of vitamin I3, from vitamin B, without
loss of potency.

Separation by heat.  The relative stability of vitamin B, to heat
enables fractions free from vitamin B, to Le easily prepare(f, but the
applieation of heat sufficient to destroy the antineuritic vitamin does
not leave vitamin B, unimpaired [Chick and Roscoe, 1929, 2).

Separation by ad-orption, Salmon, Guerrant and Iays 1928, 1]
attempted to cffect a separation of the B-vitamins hy sclective
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adsorption on fuller’s earth. When an extract of soya-bean leaves
was treated with a very small quantity of fuller’s earth, vitamin B,
was adsorbed with a very small admixture of vitamin B, ; according
to Narayanan and Drummond [1930], however, fuller’s earth
effectively adsorbed vitamin B, also, from a solution containing very
little vitamin B}, at pH values from 6.8 to 0.01. The removal of the
vitamin became more nearly complete as the acidity was raised.

At neutral or slightly alkaline reactions vitamin B, is probably
more strongly adsorbed by norite charcoal than vitamin B, [Peters,
1924 ; Narayanan and Drummond, 1930].

Separation by lead acetate precipitation. Theantineuriticconcentrate
prepared from yeast by Peters’s method [1924] is free from the
vitamin B, present in abundance in the originalyeast. Chickand Roscoe
[1929, 2] attempted to determine at what stage of the process vitamin
B, isremoved. 1t was found that during precipitation of the original
aqueous yeast extract by lead acetate a considerable amount (roughly
one-half) of the vitamin B, was carried down with the precipitate,
when the precipitation took place at a pH of about 4.56-4.7. At
neutral or slightly alkaline reactions precipitation with lead acetate
removed vitamin B, more nearly completely from solution, but the
further the reaction was carried towards alkalinity the more vitamin B,
was precipitated also.

Prorerties oF Viramix B,

Heat-stability. Almost all the investigators who have attempted
to uaravel ¢ water-soluble vitamin B’ into its component parts have
used autoclaved yeast as a source of vitamin B,, it being assumed
that the antineuntic vitarain is destroyed by being exposed for a few
hours to temperatures of 120°-130° C. [Grijns, 1901; Eijkman,
1906 ; Chick and Hume, 1917-19, 2] Vitamin B, is often referred
to as the ‘heat-stable factor’ in the vitamin B complex. Its heat-
stability 1s, however, only relative, depending largely on the reaction
at which heating takes place. Chick and Roscoe [1927] found that
brewer’s yeast when heated at 120° C. for five hours at its normal pH
of about 4.5-5.0 loses half its vitamin B, potency. Subsequently,
R. R. Williams, Waterman and Gurin [1929] investigated the
destruction of vitamin B, in brewer's yeast heated for six hours at
different reactions at 120°C. They concluded that at this temperature
much vitamin B, survived if the reaction were that natural to yeast
(pH about 4-5), and more if it were more acid (pH 1.6-2.0). 1f the
reaction were acid some vitamin B, was also found to survive this
temperature. At pH 8-14 both vitamins were destroyed. Similar
results have been recorded by Chick and Roscoe {1930]. At pH 50
about 50 per cent. of the original vitamin B, was lost when the yeast
was heated for 4-5 hoursat 123° C. When an aqueous yeast extract,
ata pH of 8.3-10, was subjected to 122°-125° C. for 4-5 hours, between
75 and 100 per cent. of the original vitamin B, was lost; on heating
for 2 hours at 98°-100° C. (pH 8-3) the loss was about 50 per cent.;
at room temperature for ten days (at pH 8-8), 30 per cent,

The constituent of the B-vitamin complex which is able to correct
the deleterious effect of excessive protein (70 per cent.) in a diet
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(Hassan and Drummond, 1927 ; Hartwell, 1928] is now generally
supposed to be identical with vitamin B,. This factor, as contained
in marmite, was found to survive heating in ¢ strongly alkaline’ solu-
tion for 1 hour at 120° C. (Hassan and Drummond), a result which has
been confirmed by Reader [1929, 2].

The discrepancy between this result and that obtained by Chick
and Roscoe suggests that the stability of vitamin B, to high tempera-
tures may be influenced by other factors than the pH, for example,
by the salt content of the solution.

Since a number of investigators have shown that there are other
factors in the vitamin B complex in addition to vitamins B, and B,
factors which are necessary for the continued growth of rats or for
the maintenance of weight in pigeons [R. R. Williams and Waterman,
1027-28: 1928 ; Hunt, 1928, 2; Reader, 1929, 2] the sensitivity of
vitamin B, to heat and alkali under various conditions is of considerable
importance. If it be assumed that vitamin B, survives unchanged on
heating, whatever the reaction, the danger arises that an unrecognized
shortage of this vitamin may be mistaken for lack of an unknown factor,
The existence of other B-vitamins eannot be satisfactorily proved unless
the most rigid precautions are taken to exclude a quantitative de-
ficiency of vitamins B, and B,.

Solubilify. The antineuritic vitamin has long been known to be
soluble in alcohol in strengths ranging from 88 per cent. to absolute
{Fraser and Stanton, 1911} Drummond [1917] found that ¢ water-
soluble vitamin B’ could not be satisfactorily extracted with absolute
alcohol, but succeeded with 70 per cent., an observation readily
explained in the light of later knowledge that the second factor in
the vitamin B complex is relatively insoluble in strong alcohol.

Goldberger, Wheeler ¢f al, [1926] in the course of their demon-
stration of the dual nature of vitamin B, found that an 18 per cent.
alcoholic extract of whole maize was deficient in vitamin B,, though
rich in the antineuritic factor. It was observed by Salmon, Guerrant
and Hays [1928, 1] that the vitamin B, contained in an extract from
soya-bean leaves was precipitated by 82.7 per cent. aleohol. Simi-
larly, Sherman and Sandels [1928-29) found vitamin B, to be insoluble
in 95 per cent. alcohol, an chservation confirmed by Chick and Roscoe
{1929, 2]. It wasnoted by both these latter groups of workers that the
vitamin B, recovered from the residue insoluble in strong alcohol was
reduced in amount, a fact suggesting that alcohol in high concentra-
tions had a destructive effect upon it. Narayanan and Drummond
[1930), on the other hand, found vitamin B, to be very soluble in
50 per cent. alcohol, which extracted about £8 per cent. of the
vitamin B, originally present in a yeast fraction.

Dialysis.  Vitamin B, dialysed through a cellophane membrane,
permeable also to vitamin B,, at a pH of about 8-0 [Chick and Roscoe,
1929,2]. Zilva and Miura [1921,1] observed that ‘water-soluble vitamin
B’ passed a collodion membrane of such permeability as to permit
diffusion of semi-colloidal substances such as methylene blue and
safranine.

Susceptibil ity to ultra-violet irradiation. Hogan and IHunter [1928]
reported that the vitamin B, present in yeast was destroyed by an
exposure to ultra-violet irradiation which left vitamin B, unimpaired.



154 VITAMINS

In attempting to repeat this work, Chick and Roscoe [1929, 2] con-
firmed the susceptibility of vitamin B, to damage by ultra-violet radia-
tion, but found that irradiation of a yeast extract for six hours at a
distance of 40 cm. destroyed only about half the vitamin B, originally
present. Its content of vitamin B, suffered also, so that ultra-violet
irradiation does not provide a satisfactory method of separating
vitamin B, from vitamin B,.

Action of nitrous acid on vitamin B, Vitamin B,, like vitamin
B, [Peters, 1924], does not appear to be susceptible to the action of ni-
trous acid, so that its activity cannot depend on the presence of amino-
nitrogen. Levene [1928] reported that vitamin B, was destroyed
by de-amination, but the results of other workers are opposed to this
view. Chick [1929] found that de-amination had no effect on the
vitamin B, activity of a yeast extract, and later Narayanan and
Drummond [1930] recorded a similar result, which is in accord with
the observation of McCollum and Simmeonds [1918] that ¢water-
soluble vitamin B’ is resistant to the action of nitrous acid.

It will be seen that the literature concerning the properties of
vitamin B, is full of contradictions. The probable explanation lies
in the fact that, in common with the other recently described
members of the vitamin B complex, vitamin B, is not yet a well-defined
chemical entity. Its solubility and precipitation limits, and also its
stability to heat, are influenced greatly by the circumstances under
which the tests are made, including not only the pH, but also the
presence of other substances, mineral salts, adsorbents, &e. Doubt-
less these discrepancies will be cleared up as the result of further
investigations.

Meraops oF Estivarion oF VitaMiv B,

Two methods have been described for the estimation of vitamin B,
In both the rat is used as the experimental animal; in one the
criterion adopted is the cure of dermatitis developed in absence of
this vitamin, and in the other the restoration of growth. Only the
latter can as yet be used with any degree of accuracy.

Curative test. Goldberger and Lillie [1926] and Chick and Roscoe
[1927] showed that the dermatitis which developed in rats on diets
deficient in vitamin B, could be cured by the administration of this
vitamin, and the latter workers [1928] investigated the dermatitis-
curing effect of the substances tested by them for content of
vitamin B, by other methods [see also Aykroyd and Roscoe, 1929;
Chick and Copping. 1930, 1; Chick, Copping and Roscoe, 1930;
Roscoe, 1930], It is, however, difficult to obtain quantitative results,
as there is a great variation in the time elapsing before symptoms
develop and in their type and severity, as well as in the general
condition of the animal. It was found, however, that, with the
substances tested, the curative value ran parallel with the growth-
promoting potency, slightly less of any material being needed to cure
symptoms than to promote good growth. .

Leader [1930], Sherman and Sandels [1931] and Sure and Smith
[1930-31] obtained symptoms of dermatitis with greater frequency
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when the diet contained some vitamin B, than when it was entirely
deficient. When the dermatitis developed on diet containing only
a small amount of vitamin B, it seems possible that the symptoms
may have been due to a partial lack of the vitamin; but when,
as In the cases observed by Sure and Smith, the rats received as
much as 10 per cent. of autoclaved yeast in their diet, grew normally,
but yet developed symptoms of dermatitis, it would seem that the
symptoms were not the same as those observed by other workers
with vitamin B,-deficient animals, or else that the factors preventing
dermatitis and promoting growth were not identical. In either
case experiments based on the cure of symptoms so obtained cannot
be used for accurate quantitative estimation of vitamin B,.

Growth test. In this test comparison is made between the amounts
of different materials needed daily by young rats to promote growth,
at a given standard rate, when these are administered as additions
to basal diets adequate in all respects and lacking only in vitamin
B,. These methods differ one from another in the form in which the
vitamin B, is supplied. Both yeast and the cereal embryos (which
contain relatively more vitamin B, than B)) have been used as the
starting-points for purified vitamin B, concentrates suitable for use in
these tests.

Goldberger and Lillie [1926] used an alcoholic extract of corn meal
and also an adsorbate on fuller’s earth from yeast extract [Seidell,
1922, 3] as sources of vitamin B,. The former contained only small
amounts of vitamin B, but the latter contained sufficient B, for good
growth if the dose was large.

Chick and Roscos [1927] used the vitamin B, concentrate prepared
from yeast by the method of Peters [1924; Kinnersley and Peters
1925), which is obtained by extraction with acid aleohol from a char-
coal adsorbate. This extract which is free from vitamin B, was also
used by Narayaran and Drummond [1930].

In the method of Chick and Roscoe, young rats about 40 g. in
weight, immediately after weaning, receive an experimental diet in
which the caseinogen providing the protein is specially purified.
Vitamins A. and D are supplied by a daily ration of cod-liver oil and
vitamin B, by O-1ce. (= 0-6 g. dried yeast) of Peters’s concentrate.
On this diet the body-weight should remain constant indefinitely, but
on addition of a source of vitamin B, growth is immediately resumed.
Determination is made of the minimum dose required daily to restore
growth to the extent of about 12 g. weekly increase in weight, over
a period of about five weeks.

Evans and Burr [1928,1 ] and Hetler, Meyer and Hussemann [1931]
used ‘tiki-tiki’, an alcoholic extract prepared from rice polishings
for the treatment of beri-beri in the Philippines (p. 127). The extent
of growth which occurred when more than a minimal amount of
this extract was given showed, however, that vitamin B, was present.
The former workers considered that this was contained in the
unpurified caseinogen and starch of the basal diet, but the latter
workers that it was contained in the tiki-tiki,

Guha and Drummond [1929] prepared vitamin B, concentrates
using adsorbates on charcoal and fuller’s earth from an alcoholic
extract of wheat germ. These were used by Guha [1931, 2, 3] in
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vitamin B, tests, as also was an aqueous aleoholic extract of yeast
fractionated with normal lead acetate [Guha, 1931, 1]. The latter
preparation, however, contained some vitamin B,

R. R. Williams, Waterman and Gurin {1929] in their tests for
vitamin B, used as source of vitamin B, an activated fuller's earth
preparation from yeast, deseribed by them in 1928 and shown to
contain no vitamin B,

Disrrizurion 1v Foopsrurrs or tae Vitaxiy B Comerex,
The (Antineuritic) Vitamin B,.

The distribution of the antineuritic (antiberi-beri) vitamin B, was
first studied systematically by Cooper [1912; 1914, 1, 3] at the Lister
Institute, using as criterion the prevention or cure of polyneuritis in
pigeons on a diet of polished rice. In response to war-time needs
this work was rendered more complete by other workers in the same
Institute [Chick and Hume, 1917, 1, 2; 1917-19, 1] A summary
of the chief results obtained is given 1n Tables IX and X.

Tasrte 1X.

Showing approximately relative values of the more important foodstuffs
(weight for weight) in natural condition for prevention of beri-beri.
(Value of wheat germ taken as equal to 100.)

Substance. Value. Approximate water conlent.
Per cent.
Wheat germ 100 10 to 13
‘Wheat bran 25 10 to 13
Rice germ 200 10 to 13
Yeast (pressed) 60 7
Peas {dried) 40 12
Lentils 80 10
Egg yolk 50 70
Ox liver 50 i
Ox muscle 11 75
Potatoes 4.3 80

Of subsequent work using the growth of rats as criterion, only that
which has been done since the discovery of the complex nature of vita-
min B and in which due provision of vitamin B, has been made in the
basal diet can now be accepted to indicate the distribution of the
antineuritic vitamin apart from other members of the vitamin B
complex [Salmon, 1927 ; Aykroyd and Roscoe, 1929 ; Roscoe, 1930 ;
1931, 1, 2; Aykroyd, 1930, 2].

Vitamin B, is widespread and has been detected in almost all the
natural foodstuffs examined except egg white, honey, and the endo-
sperms of cereals. Yeast, eggs, liver, and the embryos of cereals are
the richest known sources, and green-leaf vegetables must be regarded
as potent if dry weights are considered. Milk, meat, and fish are poor
in this vitamin; the roes of fish, however, like the eggs of birds, are
rich sources.

Cereals. 'The most important practical result emerging from the
work on vitamin B, is the fact that among its chief sources are to be



Tasite X,
Preventive Experiments.

Minimun Darny RATION WHICH MUST BE ADDED T0 A DieT oF PoLisuep Rice T0 PREVENT ONSET oF PoLyweuRiTIS { BERI-BERT)
18 A PigEoN oF 800 to 400 . WEIGHT,

Daily Ration.

Substance, Natural Foodsiyff. Dry Weight. Observer, Notes on Resulls,
(g-) (o-
Wheat gorm, sampls R.L, free fromn bran . 15 1.3 Chick and Hume [1917, 1,2 Complete protection.
1917-19, 1]
Whent bran, snmple R.L, free from germ . More than 1.5 More than 1.4 ” ' ! No protection with 1.5 g, daily,

Polyneuritis occurred in same timo
as in control birds,

. ' o . More than 2.6 More than 2.2 ’e ” Smull degreeof protection. Meantime
of onsel delayed about 2 weeks,
. . 0.5 0.85 " ’ Protection not secured in all cases.

Yeast oxtract, commercial sample A . . ; 1.0 0.7 - - Protoction.
Pressed yonst . . . . . 2.5 0.5 Cnoper {1912, 1914, 1, 8] "
Lontils , . . . . . . . -_— 8.0 ” » ]
Rurley, unhusked . . . . . 8.7 3.2 ” m ”
Barley, husked . . . . 6.0 4.6 ” » ”
Fgg yolk . . . . . . 8 1.5 ” » ”
Ox musncle ., . . . . . . 20 5.0 ”" 3 »
Ox hourt musele . . . . . . b 1.7 " 2 v
Ox brain . . . . . . 6 1.2 ' " »
Ox liver . . . . . . . 8 0.9 " ” "
Shoep brain . . . . . . . 12 2. ” " "
Finh musole , . . . . . . More than 10 More than 2 . " . i y H
Choeva , . . . . . . . Move than 8 More than 5.6 :, ',} mecmo{‘ not secured with thove
Cow’s milk . L. . More than 86 More than 8.5 " " amounts.

XATIROD d NINVIIA JHL
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numbered the cereals and edible pulses. In the case of the cereals
an interesting differentiation has been established [Chick and Hume,
1917-19, 1] between the different, constituents of the grain, the largest
deposit of the antineuritic factor being found in the embryo or germ,
the bran (pericarp and aleurone layer) eoming next in order of impor-
tance (see Fig. 29a,b). The endosperm, especially when deprived of the
aleurone layer (as is customary in the preparation of white wheaten
flour or ¢polished’ rice), is deficient in the antineuritic factor, and if
employed too exclusively as a diet will oceasion polyneuritis in birds
or beri-beri in man [see also Edie and Simpson, 1911] The experi-
mental work on cereals has been done chiefly with rice and wheat,
but there is confirmatory evidence in the case of maize and rye, and
no reasonable doubt exists that, as a rule, among cereals, the anti-
beri-beri factor is chiefly concentrated in the embryo.

The potency of the cereal embryo in curing avian polyneuritis was
found to be very great. Chick and Hume found that 2.5 g (and
occasionally 1 g.) of wheat germ was sufficient to cure a pigeon showing
fully developed symptoms ; in case of rice and maize embryo, cures
were obtained with amounts varying from 0.5 to 1 g. and from 1 to
3 g. respectively.

The prevailing opinion, based on observation of rice-eating popu-
lations consuming decorticated rice, has located the principal deposits
of the substance preventing beri-beri in the wall of the husked
grain, and in the outer layer (aleurone layer) of endosperm, which is
removed during steam milling. This view was based upon the
connexion between beri-beri and decorticated rice, and the prevention
or cure of the disease effected when rice bran or its extracts were
added to the diet. A truer explanation recognizes the richer source
of the vitamin to be the germ removed with the bran. In the case of
wheat and rice the germ, weight for weight, was found to be respec-
tively five times and ten times as potent as the bran in the cure of
polyneuritis.

The wheat grain has also been investigated by Bell and Mendel
[1921-22; 1922 ; see also Osborne and Mendel, 1919, 2] who used
growth of mice as criterion for the presence of the vitamin B complex
and found that the embryo contamned about one-sixth of the total
amount in the grain. White flour (American patent flour) con-
tained no appreciable amount of vitamin B, ; low grade flour and
bran were about twice as rich, and standard middlings, which con-
tained most of the embryo, four times as rich as the unmilled grain ;
the remaining grades (first and second clear) were about equal to
the unmilled grain. It must be remembered that in the preparation
of bread yeast is added, and this will introduce a small amount of
vitamin B, ; the amount of yeast added is usually less than 1 per
cent. of the flour.

Pulses. The foodstuffs next in importance to the cereals in pre-
vention of beri-beri are the pulses. Grijns [1901] and others have
demonstrated the value of certain beans ( katjang-idjo’, Plaseolus
radiatus) in prevention and cure of avian polyneuritis or human
beri-beri. Dry peas and lentils were found to occupy a high place in
the series of foodstuffs collected in Table IX. Experiments with
rats confirm the results which have been obtained with pigeons [see
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Fio. 29a! Diagram of a longitudinal section through a grain of wheat, showing :
B, pericarp, forming the branny envelope ; 4, aleurone layer of cells forming the
outermost layer of the endosperm removed with the pericarp during milling; E,
parenchymatous cells of the endosperm ; G, embryo or germ.

F16. 29b.) Cross-section through the branny envelope and outer portion of the
endosperm of wheat grain, showing : P, the pericarp ; E, endosperm, consisting of
a, layer of aleurone cells, and p, parenchymatous cells.

! Reproduced from Figs. 1and 2in Dr, J. M. Hamwr’s ¢ Report to the Local Govern-

ment Board on the nutritive value of bread made from different varieties of wheat
flour’, 1911,
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%c%ollum, Simmonds and Pitz, 1917, 2; Osborne and Mendel,
19, 1].

Ljggs are also valuable sources of the antiberiberi factor, and
this property was found unimpaired in two samples of dried hen’s
eggs examined. These large deposits of antineuritic factor in the
seeds of plants and eggs of animals (birds and fishes) suggest a due
provision made for the wants of the young offspring during the early
period of life. Vedder [1913, p. 61] mentions the usual prevalence
of beri-beri among pregnant women 1n countries where the disease is
endemic.

Yeast is the richest known source of vitamin B, and is unaffected
in this respect by autolysis and extraction. Yeast extract A (Table
X) was a commercial preparation (marmite) much used as a substitute
for meat extract in preparation of soup cubes, &e, Yeast has been
largely used as a source of vitamin B for rats, in the form of fresh
yeast, dried yeast, autolysed yeast, and yeast extract. Kennedy
and Palmer [1922, where the Literature is quoted] found yeast to be
very variable in potency. Satisfactory results were obtained with
about 06 g, fresh brewer’s yeast administered daily, but even then
reproduction was not normal. Other observers have used such quanti-
ties as 3-6 per cent. of dried yeast in the diet, 0.1-0.2 g, dried yeast
daily, or an equivalent amount of extract [Drummond, 1917; see
Osborne and Wakeman, 1919].

Meat is comparatively deficient in this factor, and large quantities
were required for curing or preventing pigeon polyneuritis. This was
specially true of muscle-fibre which was less valuable than heart, liver,
or brain. Meat was also found to be deficient in vitamin B as tested
on rats [Osborne and Mendel, 1917, 2}, and in this case also the heart,
liver, and brain were found to be more efficacious.

Vegetables and Fruifs. Of the green-leaf vegetables tested, water-
cress and lettuce proved to be about twice as rich as cabbage and
spinach and not inferior to egg-yolk or the embryo of cereals, if dry
weights are compared. Of the ¢ root vegetables’ examined, carrot is
the richest and about equal to cabbage or spinach, turnip is less rich
and potato by far the poorest [Roscoe, 1931, 2], The lower water-
content of the potato and the larger quantities ordinarily consumed,
however, give it an enhanced importance as a source of vitamin B,
in an ordimnary diet,

There are as yet few trustworthy quantitative studies on the vitamin
B, content of fruits.

Milk. Fresh cow's milk is often so poor in vitamin B, that it has
proved difficult to administer sufficient amounts to the experimental
animals (Table X), and it has been necessary to test the dried product.
Studies on human milk [Macy and co-workers, 1927; 1930] have shown
it to be even poorer than cow’s milk in antineuritic vitamin (see p. 164),

The (Antidermatitis) Vitamin B,

In general vitamin B, has been found to accompany vitamin B,
in ordinary foodstuffs. Hen's egg white, which contains the former
and is devoid of the latter [Chick and Roscoe, 1929, 2}, appears to
be unique in this respect. The quantitative distribution of these two
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vitamins, however, shows many differences and these were put forward
as an argument in favour of the multiple nature of the ¢ water-soluble
B’ vitamin many years before the separate existence of vitamins B,
and B, was demonstrated [see for example Mitchell, 1919].

Vitamin B, is frequently found to accompany the proteins of ¢ high
hiological value’, probably in an adsorbed state, and in some cases is
removed ouly with difficulty, e.g. from caseinogen [Chick and Roscoe
1927). The richest known sources are liver, yeast, milk, and green-
leaf vegetables if dry weights are compared. Egg yolk, egg white,
and meat (ox muscle) are inferior.

Meat and milk are much richer in vitamin B, than in the anti-
neuritic vitamin, but the reverse is true of egg yolk and green
vegetables. The potency of green vegetables in this vitamin appears
to run parallel with the degree of greenness of the leaf. Egg white has
proved very useful in the study of the vitamin B complex as pro-.
viding a source of vitamin B, unaccompanied by vitamin B,.

In the cereals and their components there are also marked differences
in the distribution of vitamins B, and B,, 'Wheat embryo, one of the
richest sources of the former, is relatively poor in the latter, inferior
in this respect to meat and milk. The endosperms of wheat and
maize on the other hand, while devoid of vitamin B, have been found
to contain srall but appreciable quantities of vitamin B,

The distribution of vitamins B, and B, is shownin Table XI. The
vitamin B, content of a foodstuff, as there stated, is estimated from pro-
tective and curative pigeon tests (see p.147)or from growth experiments
on rats in which the remainder of the vitamin B complex was supplied
and vitamin B, was the only limiting factor. The results given for
the vitamin B, contents depend on experiments expressly designed to
estimate the vitamin B, content of a foodstuff. The distribution of
(oldberger's P-P and the blacktongue-preventive factors is not
included here (see p. 183).

Most of the work on the distribution in nature of the B-vitamins
has been concerned with the whole complex. In column 6 of Table
XI is given an estimate of the richness in this multiple factor
of foodstuffs whose relative content of vitamins B, and B, is still
unknown.

The values given refer to substances in the fresh natural state.
It should be noted that the drying of natural foodstuffs which have
a high water-content, e.g. fruits and vegetables, increases their content
of B-vitamins relative to bulk. The temperature required to preserve
foods by canning may seriously affect vitamin B,. The heat neces-
sary for cooking, e.g. boiling of vegetables or stewing of meat, on the
other hand, does not of itself as a rule impair the vitamin B, potency
of the foodstuff concerned, but loss tends to occur through diffusion
of the vitamin into the cooking water [Roscoe, 1930],

In the following table o indicates either that the vitamin in ques-
tion has not been detected, or that it is present in very small amount ;
+ that the material contains the vitamin; + + that it 1s a good source;
and + + + that it is a rich source,
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TasLe XI,
Distribution of Vitamins B, and B, in Foodstuffs.
— — Water-soluble
Substunce. Vitemin B, | VitaminB,. | "y - " p
Cereals and Cereal Products. References. Refs. Refereices.
Barley (anbusked) ., . . + , 2 B . + 13,45
»»  (husked) .-~ . + 1
Buckwheat. . . . 2
Custard powders and eog “
substitutes. . . . . S . . o}é6
Dari. . ., . . . +4 12
Maize, whole . . R 34+ |28 + 17,8
,» embryo, <44 | 20,21 4+ 17
y» endosperm. , , . o} 2 o {7
Gluten . . , , . o {2
Malt, . . . + |4 . + 14,9511
s extract (commelclal) . + {12,138, 14 . . + | 11, 13, 14
Millet . . . . ., . . ++ |2 + |15
Qats, whole - e e + |2, 16,17 . . 17, 18
Rice, whole. . . . . +4 {22 15
, embryo , . . . |+++ 120,21
s bran . . | . + 4 | 19, 20, 21
» Polished . . .. ol . °
,, starech . , . o . o
‘Parbox]ed' rice, whols | . ++ | 22
»  polished . +4 |22
Rye . . . .. +4+ 12
Wheat whole . . ++ |2 84, 8 7, 84
s germ ., .+ ] 2,20,2195 7
yw bran . . ++ | 2192021 447
»  middlings. , +4+ 12 7
y  Hour, reﬁned (endo-
Sperm) « . . . . . o | 21, 22, 23 o |17
Liegumes.
Beans, green string , . . . . . 24
5 Daricot. . .. ++ 2
y» kidney . . . . I +4 |25
» Iongo . . . -l | . +4+ | 26
» Soy. . . + | 227 + | 27
y velvet . . e 4+ |27 + | 27
,»  katjang-idjo (Phaseo-
usradiatus), . , . |+4+ |19
Lentils . . .. ++ 11,2 S +- | 28,48 -
Peas, fresh . . N I ol +4 | 2
py dry o .o L L. ++ {22130 ++ [ 7
Other Seeds,
Coffee beans, fresh . . + (2
Cotton seed . . . [ +
Nuis,
Almond., . . . N + |2 . + | 32
Brazil-nut . . Ve e . . . . + | 82
Chestout . « e e + |2 . + | 82
Coco-nut . e e e . . el + {32
Filberts. . . . SN +4 |12 . + | 32
Hazel . e e e e . +4 | 2 . + | 82
Hickory-nut e e s . . . +-+ | 82
Pea-nut. . S ++ 182380 . + | 34
Pecan . . . e . . . + 4 | 82
Pine. . . . . . ++ | 82
Walnut, black . . . . + 132
. English . f . + 132




THE VITAMIN B COMPLEX

163

b _ Water-soluble
Substance. : Yitamin B, | VitaminBy,.|  Vitamin B.
Vegetables, References. Refs. {?efm'mces.
Artichokes. . . . . . . P ++ | 35, 36
Asparagus . . . - . . . . . ++ | 88
Bamboo shoots. . . . . ]
Beet, leaves and stem . AN P I + | 37
w Toot . .. . . . . + | 87
, sugar, xoot . . . oo - o |39
Bilimbi (Arerrhoa carambola). ol o] + | 6
Cahbage, green leaves. . ++ | 40 +4 | 40
ys  eliolated , ++4 | 40 + | 40
Carrots . . . . . . . + 4 | 41 + | 41
Cauliflower. . . . . . P cdo + | 42
Celery . . . . . . . . . + | 88
Clover . .« . . . . . . . . . + 4 | 37,88
Dandelion . . . . . . ++ | 88
Dasheen (Caludium oolocasm) . I + | 39, 43
Duhat (Eugenia Jambolana) . L R . + |6
Lettuce . . . . 4+ | 40 + | 40
Lucerne (Alfalfa) ... . . N +4 | 87,88
Mushroom . . . e . . + | 44
Okra. . . . . « . . . . . . + |35
Opion . . . . . . . + | 40 + | 40
Parsley . .. L . ++4 | 38
Parsnips . . . . . . P . ++ |29
Pollen . . . . . . +4 | 45
Potatoes, raw . ++ | 41 + | 41
' peel . . ++ | 21
Pumpkin . . . . . . . . + | 46
Radish . - . . . . + | 47
Rape leaves. . . . 4 1 27 ++ | 27
S$pinach, . . . . . . + | 40 ++ | 40
Sugar cane. . . . . . . . . . o |69
Swede . . . . . + | 89
Sweet potato . . . . + | 49
vy leaves . . . . . + | 85
Timothy grass. . . . . - . + | 87,38
Turnips. . . . . . + | 41 41
. greens. . . . . . . + 4+ | 50,51
Veivet bean, leaves . . + 127 +4 | 27
Watercress . . + | 40 ++ | 40
Fruits.
Alligator pear (Avocado) . I R + | 35,62
Apple . . + | 41 + | 41 + | 83,29
Banana . . + | b4 + | 54
Breadfruit . ... . . . . 4 | 89
Cherry , . . . . . . N . + | 64
Currant, . . . . . . o ! 21
Date. . + 21
Grape c e e e e . . . B + | 29,53
Grapefrait . . . . . . ' . + | 88
Green pepper . . . . . . . . o+ | 85
Lemon juice . . . . . B + | 29,53
Lime juice . . . . + | b6
Melon, cantaloup . . . . . . + | 29,51
Orange juice . . 8 + . + | 9,29, 63, 58
Paw-paw (Papa) a) . [ . . + | 60
Peach , ., . . . . . + | 29, 61
Pear. . . . .. Sl + | 54,53
Prune , . . i . N I + | 53, 29
Ralsin . . . . + | 62
Strawberry. . . . . + | 63
Tomate ., . . . . PR + 1 . ++ | 29,53,64,65
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o S Water-soluble
Substance. Vitamin B, | Vitamin By | "y p
Meat and Fish, References, Refs. References,
Oysters . . . . . . . . + 4+ 3
Clams . ., . , . . . B o | 69
Blood . . o |70 + | 66
Fish musele (hake) + |1 . . o | 67
p TOBL . . . . .. + |21
Meat, lean beef, mutton and
pork . . . . ++ | 1,80,75 +4 | 7
Ox brain . ++4 | 12, 56
4y heart ++ |1
,, kidney . . . + 4+ | T4
» liver. +4 |12 73 +4+4 |7
,y testes . + | 19
Pig brain . . . 4 {72
sy heart . . + | 72
4, kidney . . + |72
+ liver . N . +4+ (71,72
Sheep brain  , . ., ., ., +4+ |12
s bancreas (sweetbreads) . . . ++ 173
Milk and Milk Products.
Milk, cow's, fresh , . + [12,80,76,79) ++ | 7,79
” y dried, ., , N P +4 (2%
» »  sterilized . . . + |6
” 5 Dboiled , . . . + | 6
s sy pasteurized , . . . . + | 82
’ y condensed . + | 83 . . + | 6
' »»  skimmed (dried) + |77 . . + | 82
y Boat's. . . . L. . . . . +
» human ., ., . . + | 80, 81 + | 80,81
Cheese . . . . . . o | 12 + |7
Eggs, Hen's,
5y White . 86 +4+ | 88
y Yolk ++ | 1,86, 7 + 17
Miscellaneous,
Beer (stout) o |87 + | §7
Sugar . . . . . o |6
Tea . . . . . o |6
Honey . e e e o | 45, 88 o | 88
Molasses, beet . . . . . . . + | 87
. cane . . . . R ++ | 87
Yeast, brewer’s . +44+ ] . + 4+
y dried . . . . 4| . + 4+
,  extract (marmite) 444 . + 4+
yy  autolysed . . +++ 18
v  autoclaved . o . + +
1. Cooper, 1912 15. Aykroyd, 1930, 1
2. Plimmer, Rosedale, Raymond and 16, McCollum and Kennedy, 1916
Lowndes, 1927 17. Smith and Kendriek, 1926
8. Steenbock, Kent and Gross, 1918 18. McCollum, Simmonds and Pitz,
4, Harden and Zilva, 1924 1917, t
5. Southgate, 1924, 1 19. Schaumann, 191¢
6. Med. Ros. Coun. Report, 1924 20. Chick and Hume, 19¥7-19, 1
7. Aykroyd and Roscoe, 1929 21, Chick and Hume, 1917, 1
8. Kinnersleyand Poters (unpublished) 22, Aykroyd, 1932
9. Cooper, 1914, 1 23. Ohler, 1914
10. Stammors, 1924, 2 24. Quinn, Butris and Milner, 1927
11. Bacharach and Allchorne, 1928 25. McCollum, Siminonds and Pitz,
12. Cooper, 1914, 1 17, 2
13, Randoin and Lecoq, 1927, 2 26, Santos, 1922
14. Randoin and Lecoq, 1926, 2 27. Salmon, 1927
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28, Jones and Murpby, 1924

29, Sherman, 1926

30. Vedder and Clarke, 1912

31, Osborne and Mendel, 1917, 1

32, Cajori, 1920

33, Johns, Finks and Paul, 1919

34, Daniels and Loughlin, 1918

85, Santos, 1922

36, Morgan and Stephenson, 1923

87. Osborne and Mendel, 1919, 8

38. Oshorne and Mendel, 1922, 2

39, Steenbock and Gross, 1919

40. Roscoe, 1930

41, Roscoe, 1931, 2

42. Russell, Morrison and Ebling, 1926

43, Miller, C. D., 1927

44, Orton, MeCollum and Simmonds,
1922

45, Dutcher, 1918, 2

46, Morgan and Francis, 1924

47. Morgan, 1924

48. Eddy, Kohman and Carlsson, 1926

49, Blackberg, 1928-29

50, Burton, 1928

51. Newton, 1928

52, Weatherby and Waterman, 1928

53. Osborne and Mendel, 1920, 2

54. Kansas Agr. Exp. Sta. Report,
1926-28

55. Quinn, Burtis and Milner, 1927

56. Funk, 1912-13,1

57. Aykroyd (unpublished)

58. Willimott, 1928
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59. Miller, C. D., 1929

60. Miller, C. D., 1926

61, Kohman, Eddy,
Halliday, 1926

62. Dutcher and Quthouse, 1922-23

63, Kohman, Eddyand Halliday,1928

64. Sherman and Grose, 192324

65. House, Nelson and Haber, 1929

66. Kollath, 1930

67. Drummond, 1918,2

68. Jones, Murphy and Nelson, 1928

69. Jones, Nelson and Murphy, 1928

70. Hoagland, 1923

71, Osborne and Mendel, 1917, 3

72. Oshorne and Mendel, 1918

73. Eddy, 1916

74. Hoagland and Snider, 1930

75. Chick and Copping, 19380, 2

76. Gibson and Concepeion, 1916

77. Johnson and Hooper, 1921

78. McCollum and Davis, 1915, 2

79, Hunt and Kraus, 1928

80. Macy, Quthouse,Graham and Long,
1927, 2

81. MeCosh, Macy and Hunseher, 1931

82. Johnson, 1921

83. Daniels and Brooks, 1927-28

84, Sherman and Axtmayer, 1927

85, Hunt, 1928, 1

86. Chick and Roscoe, 1929, 1

87. Nelson, V. E., Heller and Fulmer,
1925

88. Hoyle, 1929

Carlsson  and

Vitamins B, and B,

The litorature of the last 20 years dealing with the behaviour of
pigeons fed on polished rice supplemented with yeast extracts and
other sources of the antineuritic vitamin exhibits much disagree-
ment as to whether full maintenance of weight can be induced by
addition of the antineuritic vitamin alone. Thus Emmett and McKim
{1917] showed that there were quantitative differences between the
amounts required to cure polyneuritis and to give full nutrition when
the birds were treated respectively with a yeast concentrate or the
original yeast. Evidence related to the same- question was early
presented by Cooper [1913), who found that potency to prevent poly-
neuritis and to protect against loss of weight did not run parallel in a
series of foodstuffs. Hence some workers held that curative and weight-
maintenance factors in the pigeon were different, though others [e.g.
Seidell, 1922 1] used weight maintenance upon polished rice as a
means of testing for ¢ vitamin B’. Kinnersley and Peters [1925] found
that one of the most potent antineuritic concentrates obtained by them
up to that time (daily dose 0-08 mg,) did not arrest loss of weight in
pigeons fed upon polished rice when given in sufficient amounts to
protect against polyneuritis for at least 44 days. Somewhat later
Jansen and Donath {1926, 2], finding that their erystalline vitamin B
preparation could protect against loss of weight as well as against
polyneuritis if supplemented by meat powder and cod-liver oil,
considered that any factor required, other than the antineuritic vitamin,
was protein in character. A step towards clearing up these difficulties
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was taken when R. R. Williams and Waterman [1927-28; 1928]
showed that pigeons upon an artificial diet or on polished rice did not
gain in weight when vitamin B, adsorbed upon fuller’s earth, was
administered, or when this was supplemented with autoclaved yeast
containing vitamin B, When, however, instead of the latter, air-
dried yeast was given, the birds at once Improved in condition and
attained a maximum weight-level. The same effect was produced
by whole wheat. They interpreted this to show that yeast contained
in addition to the antineuritic vitamin B, a thermolabile factor which
was not adsorbed by fuller’s earth. Special experiments were made
to show that the unknown factor in unheated yeast was not vitamin
A, D,or E. The essential facts have been confirmed [Peters, 1930,
1, 2] and vitamin B,, as it is now called, has been found to be present
in whole wheat, in wheat germ and in other foodstuffs, as well as in
yeast [Eddy, Gurin and Keresztesy, 1930].

It can be considered an established fact that a pigeon whose weight
has fallen upon a polished-rice diet does not rise in weight even when
receiving very large doses of vitamin B, concentrates. Many such
concentrates, though not all, however, have been found to stabilize
the weight at about SO per cent. of the maximum possible. The
recognition of the special entity, vitamin B,, described above as
necessaryfor rising nutrition under these experimental conditions, does
not clear up completely the discrepancy between the effect of different
vitamin B, concentrates. It appears that for maintenance at some
intermediate weight, vitamin B, alone is not sufficient, Experiments
by Carter, Kinnersley and Peters [1930, 1, 2] and simultaneous
work by R. R. Wilhams, Waterman and Gurin [1930], using both
their own preparations and one of Jansen and Donath, indicate that
some highly purified vitamin B, preparations in comparatively large
doses cannot alone maintain weight in pigeons feeding upon polished
rice, The missing entity, present in some vitamin B, preparations from
yeast and absent from others, is considered by Carter, Kinnersley
and Peters [1930, 2] to be distinet from the other factors of the
vitamin ‘B complex’ including vitamin B, and vitamin B,. It has
been provisionally termed vitamin B, and 1s present in whole wheat,

east and marmite, and in the acid alcoholic extracts from the norite
charcoal in the Kinnersley-Peters method of extraction of vitamin B,
from yeast, It is adsorbed upon fuller’s earth together with vitamin
B, and is more stable in alkaline solution than vitamins B, and B,
under the conditions so far investigated, Its characteristic effect 1s
that given together with vitamin B, to pigeons losing weight on a diet
of polished rice, it arrests this loss, but does not produce an increase,
for which vitamin B, is also necessary. Vitarins B, and B, appear
to be more readily stored than vitamin B,.

Randoin and Lecoq have repeatedly claimed that pigeons need in
addition to the antineuritic vitamin a factor dentretien, thought to be
more stable to heat than the antineuritic. As the pigeons were not
allowed to feed naturally, it is difficult to relate this work with the fore-
going, but it would appear that the vitamin B, factor is here indicated,
though Lecoq [1931] considers this factor d’enfrefien to be identical
with vitamin B, [see also Hauge and Carrick, 1926, 1].! The stability of

Y Tt is possible also that the claim of Rosedale [1929]), that a eurative factor for
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vitamin B, to heat and alkali suggests a possible identity with factor
Y (sce below). We may summanze briefly by pointing out that though
knowled.re alout these newer vitamin B factors has not yet reached
the same level of certainty as that about those which have been longer
known (there are as yet no definite pathological lesions known to he
attached to their deficieney), it is impossible to ignore the cumulative
evidence in favour of their existence available at the present time,

Vitamin B,.

Reader [1929, 2] showed that rats on a bazal diet with the addition
of alkaline autoclaved marmite (120° C. for 1 hour at pH 9) as a source
of vitamin B, did not grow at the normal rate when vitamin B,
was added in the form of Peters’s concentrate, but did so when un-
heated marmite was added. The existence of a thermolahile factor
in addition to vitamin B, was thus indicated. This factor [Reader,
1930, 1, 2] was found to accompany vitamin B, in the Kinnersley
and Peters process for the eoncentration of that vitamin as far as
the stage at which mercurie sulphate is added. The precipitate then
produced, which was almost free from vitamin B,, contained the
vitamin B,. This could be further concentrated by decomposing the
mercury precipitate with sulphuretted hydrogen, concentrating in
racuo and removing the precipitates formed by the successive addition
of 50 per cent. aleohol at pH 4-5 and of B0 per cent. acetone to the
concentrated filtrate from the former.

Vitamin B, can be estimated by a curative method on adult rats
which have been made polyneuritic by deprivation of vitamins B,
and B, and have then received doses of vitamin B, free from vitamin
B, (sce p. 140) [Reader, 1930, 2] In these circumstances the poly-
neuritic symptoms disappear, hut the animal remains in a eondition of
muscular weakness, with spastic gait, swollen red paws, and atendency
to sit in a hunched position, these symptoms forming the syndrome
characteristic of vitamin B, deficieney. Administration of vitamin
B, causes the disappearance of these symptoms and restores growth.
The daily dose required of the purest preparation so far cbtained
was 0-4 mg., but a crystalline specimen of vitamin B, from rice
polishings (Jansen ef al., 1920] was found to be effective ag B, ina
dose of 0-002 mg. per diem.

Factor Y.

The existence of Faetor Y [Chick and Copping, 1930, 2] was
deduced from the results of comparative experiments on the growth
of young rats receiving a basal diet in which vitamin B, was provided
by minimal doses of Peters’s purified concentrate from yeast, while
vitamin B, was rupplied respectively 2s an autoclaved yeast extract
or a preparation from egz white.  Growth was consistently found
to be cuperior in the former case. This fact indicated that a heat-stable
dietary fuctor, in addition to vitamin B,, was present in autoclaved
veast extract more abundantly than in egg white; this factor was
provisionally ealled factor Y, Its distribution was studied by a series
of comparative tests eimilar to the above in which the vitamin B, in

imr-ti_mxl stasis is pre~ent in the lead acetate precipitate frem rice-poli-hing ex-
tract, is to be explained in terms of one of these factors,
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the diet was provided by minimal doses of various foodstuffs [Roscoe,
1930 ; Chick and Copping, 1930, 2]. Factor Y was found to be absent
from, or present in small amounts 1n, onion, meat (ox muscle), wheat
embryo, and egg white and present more abundantly in yeast and
watery yeast extracts (even after strongly heating at 120-125° C.
i alkaline solution for 4 hours at pH 9-10), ox liver, egg yolk,
and green-leaf vegetables, i.e. in foods known to possess the highest
nutritive values,

Its great resistance to heat and alkali distinguishes this dietary
factor from all other known constituents of the vitamin B complex,

Growth Factors for Yeasts and Bacteria, and their
Relation to the Vitamin B Complex.

The evidence which is available seems to suggest the existence
of a number of growth factors for yeasts and bacteria. In certain
species growth appears to be dependent on the presence of the
appropriate factor, whereas in others growth can occur in a syn-
thetic medium containing only a small number of known chemical
compounds, It appears, further, that certain organisms possess the
ability to synthesize certain of the B-vitamins as judged by animal
tests, whereas in other cases no such synthesis can be demonstrated.

Growrn Facrors ror Yrasrs.

‘Wildiers[1901] first observed the fact that when a synthetic medium
containing only well-defined substances was inoculated with yeast
no growth occurred unless the inoculation were a large one. He
explained the phenomenon by supposing that the yeast required some
unknown substance for its development which was not present in
synthetic media, but was present in ordinary beer wort and in all
growing cultures of yeast. lle termed this substance ‘bios’, and
made a number of observations on its chemical and physical proper-
ties. He believed that yeast did not itself produce bios but was
entirely dependent on outside sources for its necessary supply.

In order to avold confusion of thought in this field, it has been
decided to retain the term ¢bios’ for growth-promoting factors for
yeast. Even this limitation leaves the difficulty that the term js still
used in a different sense by different workers; some imply a growth
stimulant, others an essential factor for growth, while others again
refer to a factor stimulating the production of carbon dioxide. As
these effects are not necessarily physiologically equivalent, caution
is required in interpreting the literature. In addition it is not clear
that due attention has always been paid to the need for accurate ad-
justment of media, temperature, &c., and the distinction of the effects
of such factors from that of bios.

Interest in this question has centred mainly round three problems,
viz:

The relation of bios to the growth of the yeast cell.

The relation of bios to vitamin B,, and the use of yeast growth as
a eriterion 1n tests for vitamin B,.

The synthesis of vitamin B, by yeast.
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The Relation of Bios to the Growth of the Yeast Cell.

For a discussion of the early literature the review of Tanner
[1925] should be consulted. ) ]

Pringsheim [1906] examined the phenomenon discovered by Wil-
diers critically and came to the conclusion that the failure of small
inoculations to grow in mineral solutions is due to the inability of the
yeast to adapt itself rapidly enough to the new medium. When a
larger inoculation is made some of the cells bud at the expense of
material derived from other cells which die, and at the same time
partially make use of the inorganic constituents of the medium. Subse-
quently they become adapted to assimilate this, and thereafter grow
normally.

According to Wright [1922] yeast, growing in a synthetic medium
to which lemon juice has been added, multiplies at the expense
of the lemon juice until a certain concentration of cells is attained,
after which the ammonium salt of the medium is utilized. Wildiers’s
bios, on this view, would be simply asource of suitable nitrogen. Certain
yeasts, according to Ide [1906], never seem to acquire the power
of rapid growth in synthetic media.

A fact of fundamental importance is that different species and
strains of yeast behave very differently in respect to their need for
bios. This may be deduced from the work of Bachmann [1919),
Lueas [1924], Copping {1929], and Fulmer, Nelson and White [1923],
the last named baving used a yeast which grew well on an artificial
medium in which a synthetic sugar, methose, replaced sucrose.

The answer to the question whether bios acts simply as a stimulant
to growth [sfacdonald and McCollum, 1920-21; Macdonald, 1923]
or 1s indispensable for growth [Funk and Dubin, 1921; Willaman
and Olsen, 1923] is probably different for different species of
yeast. Peskett [1927-28] found that there appears to be a critical
concentration of bios, in the presence of which a small seeding of yeast
will attain the same ultimate cell concentration as a large seeding. In
the presence of concentrations of bios below this critical value this is
not the case.

There seems, therefore, no reason to suppose, at any rate in the
case of certain strains of yeast, that bios is a substance ¢ indispensable
au developpement de la levure’, as believed by Wildiers, but rather
that it acts as a stimulant to the growth of the yeast cell. For some
yeasts, however, bios appears to be an essential factor for growth,

Concentration of Bios.

Meanwhile much effort has been devoted to the isolation of bios
and to the study of its chemical properties. Recent work has tended
to emphasize the complexity of the bios effect, and evidence, still some-
what conflicting in character, has been forthcoming in support of the
view that more than one factor is concerned.

Thus it was found by Fulmer and Nelson [1924], and Fulmer,
Duecker and Nelson [1924] that, in aleohol fractionation of an aqueous
extract of alfalfa, the fraction obtained with 40 per cent, aleohol and
the residue obtained after repeated extraction with 95 per cent. alcohol
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provided a much better growth stimulus to 8. cerevisiae when both
were present than when either was present alone,

Much work has been done on the fractionation of bios [W. L.
Miller, 1924 ; Luucas, 1924 ; Deas, 1924 ; Sims, 1924 ; Easteott, 1924 ;
1928]. Two fractions, bios I (precipitated by baryta) and bios II
(not precipitated; adsorbed by charcoal and yeast) have been obtained
from malt combings and rice polishings, and found to be separately in-
active but active in combination. Neither promoted the growth of rats
orcured avian polyneuritis, Bios I, which has also been isolated from
tea-dust, was found to be inactive inositol. VWhether this substance
bears a relation to yeast growth similar to that claimed by Reader
[1929, 1] for mannitol to the growth of Streptothriz corallinus remains
uncertain. Narayanan [1930] failed to obtain any growth stimulus
for 8. cerevisiae with inositol.

A crystalline material, melting at 223° C. and having bios activity,
has been isolated from yeast extract by a method involving its selective
adsorption or precipitation by ferric oxide hydrosol at pH 5-3, and sub-
sequent removal of the iron by baryta [Eddy, Kerr and Williams,
1924). The erystals had an empirical formula C,H,,0N,, were soluble
in water, acids, and alkalis, and in alcohol up to 80 per cent. concentra-
tion. Later, by conversion into the inactive sulphonamide and hydro-
lysis of this back to the original active compound, these authors brought
further evidence that the activity of their factor, which they termed
a~bios, was not due to traces of an adherent potent substance [Kerr,
Eddy and Williams, 1925-26]. By the use of phosphotungstic acid
and subsequent treatment with fuller’s earth, two fractions were
obtained from yeast extract [R. J. Williams, Wilson and Ahe, 1927}
which exhibited marked bios activity in combination, but little or no
action independently. In later work, Kerr [1927-28], by a method of
electro-dialysis, succeeded in separating a 8-bios and a y-bios which

* resembled the bios IT of Miller and Lucas.

Narayanan [1930] found that samples of Eddy’s a- and S-bios were
considerably less active in stimulating the growth of S. cerevisiae than
his own preparations. He observed that the bios activity was
precipitated by phosphotungstic acid and platinic ehloride, but not by
lead acetate. In agreement with Peskett and O’Brien {1930] no
evidence was obtained in favour of the complex nature of bios.

The Relation of Bios to Vitamin B,, and the Use of Yeast
Growth as a Test for Vitamin B,.

The employment of yeast growth as a test for the antineuritie vita-
min was based on the assumption of the identity of this vitamin with
Wildiers’s bios. R. J. Williams [1919] was led to this view by his
observation that the growth of yeast was markedly stimulated by the
addition to his synthetic medium of extracts known to contain the
antineuritic vitamin, and his suggestion was supported by the close
similarity of these two factors in their behaviour to phosphotungstic
acid, to acids and alkalis, and to heat,

Several modifications of the test were proposed {Bachmann, 1919 ;
R. J. Williams, 1920; Funk and Dubimn, 1920; Swoboda, 1920;
Eddy and Stevenson, 1919-20, 1, 2, 3; 1920}, but its reliability
was not firmly established. Thus Funk and Dubin found that the
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growth of yeast varied directly with the dose of the antineuritic factor
when small concentrations were employed, but that with higher con-
centrations of vitamin this relationship did not hold good, suggesting
the presence of inhibitory factors. K. W. Miller [1920] reported large
variations in the growth of colonies maintained under identical con-
ditions, while Whipple [1920] found that salts and nitrogenous organic
substances present in the vitamin extract introduced complicating
factors,

A further study of the question revealed many discrepancies
between the results of tests for vitamin B, obtained by animal ex-
periments and by yeast growth respectively. These concerned the
heat-stability of the factors involved [see E. W. Miller, 1920;
R. J. Williams, 1919; Eddy and Stevenson, 1920; Emmett and
Stockholm, 1920; Souza and McCollum, 1920 ; Funk and Paton,
1922], their occurrence in various materials such as commercial
glucose and hydrolysed meat extract [Souza and McCollurn, 1920] and
various vegetables [R. J. Williams, 1921 ; Eddy, Heft, Stevenson
and Johnson, 1921}, behaviour to adsorbents {Funk and Dubin, 1921 ;
Frankel and Scharf, 1921], production by moulds [Hoet, 1922], and
presence in the tissues of animals deprived of vitamin B [Heaton,
1922) It was also found that the bios I and II of Miller and his
colleagues had no antineuritic potency [Deas, 1924).

While the evidence is overwhelmingly against the suggested
identity of bios and vitamin B, the possibility raised by Eddy that
vitamin B, might be one factor related to the growth of yeast has
not yet received a final answer. According to R. J. Williams, Warner
and Roehm [1929] certain yeasts require for growth one factor only
which is not adsorbed by fuller’s earth or precipitated by phospho-
tungstic acid, while other species need at least two factors, one of
which resembles vitamin B, in its chemical and physical properties,
the other being similar to or identical with bios. In the Jansen-
Donath technique for the isolation of vitamin B,, the activity at various
stages up to the final precipitation by acetone as judged by the yeast
test gave good agreement with the results of animal tests, but beyond
this stage discrepancies appeared [R. J. Williams and Roehm, 1930;
Narayanan, 1930} The final erystalline product, however, showed
a high degree of potency in stimulating yeast growth.

Synthesis of Vitamin B, by Yeast.

The synthesis of vitamin B by yeast was demonstrated by V. E.
Nelson, Fulmer and Cessna [1921], who found that after subculture
for a year in a purely synthetic medium the yeast thus obtained
promoted growth of young rats, Harden and Zilva [1921] also showed
that various strains of yeast grown under similar conditions cured
polyneuritis when administered to pigeons. Eijkman, Hoogenhuijze
and Derks [1922], on the other hand, found that yeast grown on a
synthetic medium had no curative action on avian polyneuritis where-
as yeast cultured on natural wort was highly active, The liquid
scparated from the yeast at the end of fermentation was inactive. It
was concluded that yeast does not synthesize the antineuritic factor
but that it abstracts it from the medium when this contains the
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factor or the products of its break-down. Similar results were
obtained by Southgate [1924, 2]

Funk and Freedman [1923] concluded that the synthesis of the
antineuritic vitamin by yeast is determined by the presence of bios in
the medium, This has been confirmed by Macdonald [1922], Heller
[1923], Hawking [1927), and Peskett [1927).

Hoet, Leclef and Delarue [1924] found that of the organisms
Monilia candida, Torula rosex, and Mycoderma cerevisiae only the
first is capable of synthesizing the antineuritic factor. The observa-
tion that different strains may vary in their ability to form vitamin B,
may account for the negative results of Eijkman and his co-workers,
and of Southgate.

Bacrerian Reprovuction axp Growrm Facrors.

Much discussion has taken place with regard to the question
whether bacteria require growth stimulants of the nature of vitamins,
and further whether they are capable of synthesizing vitamins,
The general question can only be dealt with summarily here and for
further details the reader is referred to the Medical Research Council
System of Bacteriology, vol. 1, p. 252 ; vol. 2, passim.

The conclusion to be drawn from the large amount of experimental
work which has been done on this subject may be summarized briefly
as follows,

Some bacteria (Group 1), e.g. B. coli, B. pyocyaneus, &e., can be
cultivated continuously on purely synthetic media, whilst others
(Group 2), e.g. Staph. pyogenes albus, C. diphtheriae, Mleningococcus,
%c., can only be cultivated continuously in such media when certain
pure amino-acids are added.

~ The haemolytic streptococci and pneumococci (Group 3), on the
other hand, do not grow on synthetic media and require a growth-
promoting factor. This occurs in ordinary beef broth and in many
animal and vegetable extracts, fruit juices, &c. [see Hosoya and Kuroya,
1923, 1, 2; Weichardt, 1920 ; Davidsohn, 1924 ; Leichtentritt and
Zielaskowski, 19223 Reader, 1923]. This growth factor appears to
be more stable to heat and alkali than vitamin B,, less so than bios.

Finally the haemophilic bacteria, e.g. B. influenzae Pleiffer (Group
4), require a still more complex medium containing two unknown
factors {Fildes, 1921 ; Thijotta and Avery, 1921]. The first of these
(the V or vitamin factor) 1s very easily inactivated by heat or alkali,
occurs in many vegetable extracts and 1s synthesized by many bacteria.
The second (the X factor) contains iron and occurs in blood, but is
also present in potato and is produced by certain bacteria; in blood
1t is thermostable.

The interesting observation has been made by Reader [1927] that
Sarcina aurantiaca and two strains of streptothrix can be grown ona
suitable synthetic medium, but that growth is greatly enhanced by
the addition to the medium of traces of a tryptic digest beef broth.
The growth stimulant present has been shown to be an_organic,
water-soluble, and dialysable substance which is not precipitated by
either normal or basic lead acetate. It is found in muscle, serum,
wheat embryo,and in some antineuritic yeast concentrates having an
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activity of 001 mg. (pigeon day-dose). The factor is not inactivated
by alkali [Reader, 1928 ; Peters, Kinnersley, Orr-Ewing and Reader,
1928}, indicating that it is not identical with vitamin B, though pos-
sibly related to it. It has been shown that the Jansen-Donath
crystals of the antineuritic vitamin produce maximal growth of the
streptothrix in concentrations as low as 4:2 x 10~* mg. per 100 c.c. of
medium [Jansen, Kinnersley, Peters and Reader, 1930]. Reader
(1929, 1] observed that the addition of mannitol to the synthetic medium
containing a small amount of an antineuritic concentrate produced
a marked stimulant action on the growth of the streptothrix. Other
polyhydric alcohols, including inositol, were inactive. It was con-
cluded that mannitol acted as a specific source of food supply rather
than as an additive growth stimulant,

It was further shown [Orr-Ewing and Reader, 1928] that the
meningococecus could be grown successfully on a medium devoid of the.
streptothrix factor, but that in the course of its growth this factor was
synthesized.

There is therefore no conclusive evidence to support the view that.
bacteria require the presence of vitamin B, as such for normal growth.
On the other hand the synthesis of the vitamin by many, though not
by all, species of bacteria has been attested by a number of observers.
The subject is of much interest with respect to the possible synthesis.
of B-vitamins in the alimentary canal of animals on vitamin-free
diets, There is some doubt about the synthesis of vitamin B, by ..
coli [see Damon, 1921; Kuroya and Hosoya, 1923], but positive
results have been obtained with B. influenzae Pfeiffer, Mycobact.
smegmatis, Dycobact, phlei, and Mycobact. moelleri [Damon, 1923 ;
1924], B. vulgatus [Scheunert and Schieblich, 1923], negative with B.
paratyphosus, B. subtilis (a large amount of which was administered)
[Damon, 1921), B. adhaerens and B. friedlinder [Damon, 1923;1924].

Sunderlin and Werkman [1928] found that the growth of rats was
stimulated by the addition to thediet of culturesof Torula rosea, Qospora.
lactis, B. adhaerens, B. coli, B. subtilis, B. mycoides, Azofobacter
chroococcum, Rhizobium leguminosarwn, and by A ctinomyces.

Bechdel, Eckles and Palmer [1926] found that calves could be
grown to maturity on a diet carrying insufficient vitamin B to support
the growth of rats, This fact was later shown by Bechdel, Honeywell,
Dutcher and Knutsen [1928] to be due probably to the synthesis of
vitamin B by a flavobacterium present in the rumen of the animals.
Both the alcoholic extract of the contents of the rumen of a cow fed
on a diet low in vitamin B and cultures (on a medium free from
vitamin B} of a flavobacterium, which was abundantly present in the
rumen contents, protected rats against deficiency of the vitamin B
complex.

Refection.

Refection is the term used to deseribe a remarkable condition in
which rats can exist and grow normally without any supply of the
vitamin B complex in their diet [Fridericia ef «l, 1927; Roscoe,
1927,2]) The condition may occur spontaneously in rats on synthetie
diets containing the B-vitamin complex, or on those deprived of
it (Fridericia et al.) or of its constituents (Roscoe). In the last instance
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the symptoms of deficiency of vitamin B, (polyneuritis) or of vitamin
B, (dermatitis) are rapidly cured. Normal growth to maturity may
take place and breeding for two generations of refected rats has been
recorded (Fridericia ef al.).

The condition is infectious. It can be transmitted by feeding
the faeces of refected rats and may also spread in the absence of
direct contact, unless the refected animals are kept strictly segre-
gated. These facts have led Fridericia to postulate a virus of
refection,

The most noticeable feature of refected rats, apart from their
satisfactory growth and generally good condition, is the presence in
the faeces of a large proportion (up to 60 per cent.) of undigested
starch. In some cases as much as 45 per cent. of the starch of the
diet may be thus excreted in the faeces. The growth of the animal
appears to some degree to be related to the amount of starch
excreted, and this starch has been found to be very resistant to the
action of amylase or ptyalin. The phenomenon of refection has only
been recorded with diets containing raw starch; when the carbo-
hydrate is present as cooked starch (Roscoe) or as sugar (Fridericia)
refection has not been observed.

The faeces of refected rats appear to be richer in B-vitamins than
those of other rats deprived of these vitamins. This suggests that in
the refected state the vitamin B complex is synthesized in the
intestinal tract, owing (according to Fridericia) to the presence of an
infecting micro-organism, probably identical with that transmitting
the condition from rat to rat. All attempts to isolate any micro-
organism, however, have so far been unavailing and attempts to
induce refection by systematic feeding with small doses of various
living yeasts have also been unsuccessful {Roscoe, personal com-
munication]

Mendel and Vickery [1928-29] have reported their repeated failure
to produce refection in rats and the condition has not as yet been
observed in the United States. It seems possible that its occurrence
in European laboratories may be due to a chance infection of the
intestine with some wild yeast derived from the particular sample of
starch incorporated in the diet. The use of potato starch appears to
favour the occurrence of refection [Kon and Watchhorn,1928; Roscoe,
personal communieation], but in the United States this was also used
without success.

The non-specific nature of the protection afforded in refection is
shown by the power to correct a deficiency of the complete yeast B-
vitamin complex and is another reason for supposing that the protective
mechanism may be concerned with growth of a yeast or other micro-
organism in the animal’s intestine. An interesting case is described
by Boas-Fixsen in her investigation of the pathological state induced
by feeding young rats on dried egg white as sole source of protein
(Boas, 1924, 1, 2; 1927 Boas Fixsen, 1931). This condition, which
includes severe dermatitig, as well as nervous affections, develops on
diets containing marmite, but can be cured or prevented by whole
yeast and by many foodstuffs known to be rich in the vitamin B
complex. In the course of her work spontaneous cures took place
resembling refection, marked, in this case also, by the excretion
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of bulky faeces containing undigested starch. The refected condition
could be transmitted to unrefected rats on the egg white diet by feed-
ing them with these faecces or equally with the white faeces from
rats which had become refected on diets deprived of all B-vitamins,

A condition resembling refection has been noticed in pigeons fed
on a diet deprived of B-vitamins consisting of autoclaved rice and
dhal legumes) ; it differs, however, from that described by Fridericia
and his eo-workers and by Roscoe in the fact that it was developed
on a cooked diet and could not be transmitted to unrefected binds by
feeding the bulky faeces excreted [Taylor and Thant, 1928}



CHAPTER VII
PELLAGRA AS A VITAMIN DEFICIENCY DISEASE

Hisrory.

TrE records of pellagra do not extend far back into medical
history. The disease, which possesses very characteristic and easily
recognized symptoms, was apparently unknown to the physicians
of antiquity, a fact ascertained and used in controversy many
years ago. Its scientific history dates from the treatise written by
the Spaniard, Casal, in 1735, which was not fully published until
1763. It is interesting to note that Casal gave a full description
of the very poor diets customary in the pellagrous districts of
Andalusia, and actually aseribed the disease to faulty nutrition.

A few years later pellagra was recognized and received its name in
Italy, where it bas ever since been prevalent. FEarly in the nine-
teenth century it was observed in France and subsequently it spread
eastward across Europe, afflicting Hungary, Rumania, Turkey, and
Greece. In 1847 pellagra was recorded in Egypt by Pruner, and
towards the end of the century Sandwith [1898] gave a full account
of the condition in that country. Recently the disease has been
reported from more southerly countries in the African Continent,
such as Rhodesia and Nyasaland.

In the United States, pellagra first became seriously evident
about 1909 [Wood, 1920). Within a few years of its recognition it
became a terrible scourge among the negroes and poor whites of
the Southern States, 170,000 cases being recorded in 1917, with a
high mortality [McCollum and Simmonds, 1928].  Of recent years
the American outbreak has become milder in form and somewhat
lessened in prevalence, but in the cotton-growing districts of the
Southern States pellagra remains a very serious menace.

Vedder [1916), in supporting the dietetic origin of pellagra, which
was suggested by Funk [1912], pointed out some suggestive ana-
logies between that disease and beri-beri. It is interesting to note
that in both cases the theories of their aetiology have run a similar
historical course. Before the time of Pasteur and the germ theory
of disease many physicians unhesitatingly ascribed to beri-beri
and pellagra an origin in poor and monotonous diet. Later, when
microbes were at the height of their popularity,anew bacterial cause
of both scourges was discovered by enthusiasts almost annually. Of
recent years it has again become clear that the origin of beri-
beri and pellagra must be sought in faulty nutrition, but while there
is good evidence that beri-beri is related to deficiency of vitamin B,,
the exact relation between pellagra and dietary error still remains
to be demonstrated beyond question,

An enormous amount of human effort has been expended in the
study of this formidable disease, and some early work on the
subject has considerable interest and value. The voluminous early
literature has been collected by Harris [1919] to whose book those
interested should refer. Among a number ot shrewd investigators
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the French physician Roussel [1845; 1866] stands out. Roussel
realized clearly the value of milk in the treatment of pellagra, a
fact recorded by Casal and many others, and recommended that
pellagrins should be given broth, meat, eggs, and fish. He pointed
out the very important fact, which can be further developed to-day,
that the history of the spread of pellagra in Europe is the history
of the introduction of maize as a staple food. Brought from
America, maize reached Spain first, then Italy, and later France,
and thence its use spread gradually eastward. Pellagra followed
it across Europe into Africa, where maize, first used in Egypt, is
now tending to displace millet as the most widely used cereal. On
the other hand, the apparently sudden outbreak of pellagra in the
United States, where maize has long been used, has never been
quite satisfactorily linked to a change of dietary habits either as
regards maize or other foodstuffs.

A connexion between pellagra and chronie alcoholism has been
noted by several observers [Klauder and Winkelman,1923; Sweitzer,
1928 ; Kumer, 1931].

Tae QOccurrence of PrrrLaGRA oN DIETS CONSISTING CHIEFLY
oF CEREALS OrHER THAN MAIZE. -

Many observers in the last century were impressed by the intimate
connexion between maize and pellagra. Pellagra has been called
‘zeism’, and at one period research resolved itself into an effort to
demonstrate a pellagra-producing poison in maize. There are, how-
ever, a number of well-authenticated instances of the appearance
of the disease on other staple foods. Stannus [1911-12; 1913-14]and
Sheppard [1912] have reported its oecurrence on rice, W. H. Wilson
[1921] on millet, and Siler, Garrison and McNeal [1913] recorded its
prevalence in a district where wheat flour was the most widely used
cereal. A few cases [Sambon, 1913]in persons who bad never eaten
maize have been reported in the British Isles,

Such observations must be taken into account in an aetiological
inquiry, but perhaps too much can be made of them. It should
never be forgotten that pellagra is almost exclusively a maize eater’s
disease and that its occasional appearance among a population
consuming other cereals attracts attention by its very rarity,

TeHE PREVENTION OF PELLAGRA BY DIETARY ALTERATIONS.

Goldberger was appointed in 1918 by the U.S.A. Bureau of
Public Health to investigate the outbreak of pellagra in the South-
ern States, which was just then assuming grave proportions. He
appears [1914] to have been struck at the outset by two observations,
which he made the basis of his researches. One was the prevalence
of the disease among the very poor, the other, the immunity of
doctors and attendants in asylums where pellagra was rife.

The latter fact at once excluded the theory that pellagra is pri-
marily an infectious, microbe-borne disease. With regard to diet,
however, the patients were definitely worse off than the staff,
Goldberger gained the impression that their dietary, and the dietary

M
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of other pellagrins in the cotton-milling distriets, differed frow
that of individuals and populations without pellagra in being
mainly composed of cereals and almost devoid of animal protein.

An example on a small scale of the incidence of the disease
throughout the general population was discovered at an orphanage
in Missouri in which pellagra was found to be confined to one age
group, which, in comparison with the rest, had a diet very short of
fresh meat and other animal protein [Goldberger, Waring and
Willets, 1915]. Acting on the observation that pellagra does not
oceur when liberal amounts of animal protein are eaten, Goldberger
and his colleagues attempted preventive experiments, made pos-
sible by the recurrent nature of the disease. In two orphanages
containing large numbers of pellagrous children recurrence was
prevented by adding milk and eggs to the poor diet, composed
mainly of maize and other cereal foods. In other similar insti-
tutions under observation no dietary change was made, with the
result that pellagra recurred in 40 per cent. of the former year’s
vietims,

Goldberger and Wheeler [1915] restricted 11 conviets working on
a prison farm, who were otfered a pardon on the conclusion of the
experiment, to a diet mainly composed of maize endosperm for 6
months. After 5% months, 6 were found to be suffering from a con-
dition closely resembling pellagra. Inthe following year Goldberger
[1916] and a number of his colleagues in reply to critics, demon-
strated on themselves the impossibility of transmitting pellagra by
inoculation with the secretions of pellagrins. (See also Goldberger
and others, 1920.) In support of the dietetic theory a careful study
of the epidemiology of the disease in certain villages in South Caro-
lina [Goldberger, Wheeler and Sydenstricker, 1920] showed that
‘increasing supplies of milk and fresh meat were associated, one
independently of the other, with a decreasing pellagra incidence’.

Simultaneous work by W. H. Wilson in Egypt confirmed Goldber-
ger'sobservation that dietary measures can prevent pellagra. Wilson
[1921), adopting the hypothesis that the cause of pellagra is to be
found in a shortage of proteins of high biological value according
to Thomas's [1909] figures, showed clearly that pellagra may be
cured and prevented by the addition of milk or meat to the high
cereal diet with which he found the disease associated. Boyd and
Lelean [1919], working in eo-operation with Wilson in Egypt, reached
conclusions similar to his with regard to the causation of pellagra.

Tae Amixo-Acip Dericiexcy TrEoORY,

There is thus sound evidence that certain types of foodstuffs, taken
in adequate amounts, will avert pellagra. Goldberger [1922],
following Wilson and others, at first identified the preventive
agent with proteins of ‘high biological value,’ a value connected
with their content of the more important amino-acids. There was
considerable evidence in favour of the amino-acid deficiency theory
of pellagra. Kossel and Kutcher [1900], Osborne and Harris [1905],
.and Wilcock and Hopkins [1906] bad demonstrated that zein, the
principal protein of maize, is deficient in lysine and tryptophan.
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Thomas [1909] defined ¢ biological value' as the number of parts
of body nitrogen replaceable by 100 parts of the nitrogen of the
foodstuff tested, and by experiments on himself worked out values
for the proteins of a number of common food substances. His method
consisted in consuming a nitrogen-free diet for a few days until his
nitrogen output fell to a low figure, taken to represent only endo-
genous metabolism, and then testing the power of various foods,
fed as additions to the nitrogen-free diet, to replace the nitrogen
lost in tissue destruction. Thomas assigned to maize the low value
of 30 as compared with rice 88, wheat flour 89.5, ox muscle 105,
and milk 100. :

On the basis of Thomas’s figures W. H. Wilson [1921] showed that
diets associated with pellagrs in Egypt and elsewhere usually con-
tained only protein of low biological value. He suggested that
pellagra is liable to occur when the biological value of the protein
consumed daily falls below a value equal to that of 40 to 45 g. of
meat protein, and demonstrated that the diets of pellagrins are
usually below this figure.

The amino-acid deficiency theory rests, however, on shaky
foundations. It is difficult to accept Thomas’s results as absolute,
since they have not been confirmed either for man or the lower
animals, Martin and Robison [1922] pointed out the difficulties
underlying determinations of biolosical value and subjected Thomas’s
results to criticism, for the details of which their original paper
should be consulted. Taking great care to avoid fallacies they
attempted to estimate by experiments on themselves the biological
value of the proteins of milk and whole wheat, Their value for
wheat (85, C.JML, and 31, R.R.) agreed fairly well with that of
Thomas for wheat flour (395), but in the case of milk the difference
was large (50, C.J.}L, and 100, Thomas).

MeCollum [1911}, using Thomas’s method and working with pigs,
had found previously that zein could cover 73 per cent.of the animals’
nitrogen expenditure, Using the pig as the experimental animal
Hart and McCollum [1914] found the growth value of the proteins
of the wheat, maize, and oat kernels roughly equal. These growth
experiments, being probably complicated by unrecognized vitamin
deticiences, are, however, difficult to interpret, 1t may be
remarked that Thomas's work, which was performed before the
lmportance of the vitamins was realized, is also subject in this
respect to criticism,

Later work of McCollum, Simmonds and Parsons [1921), in which
young rats were reared to maturity on diets containing protein
from one source only, assigned to maize a low value and showed that
the foodstuffs may be arranged as follows in descending order as
regards the biological value of the constituent proteins:

(1) Ox kidney ;

(2) Whole wheat ;

(3) Milk; ox liver;

{4) Ox muscle ; barley; rye;

(5) Maize; oats;

(6) qu bean; navy bean; pea.

In this series the low position of maize is noteworthy, and a

M2
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similar result was obtained by Mitchell [1924], who also used the
rat as experimental animal, but employed the method of nitro-
genous exchange for determining the biological value of the
proteins investigated.

At present a fresh survey of the ‘biological value’ of proteins,
with fuller recognition of the role played by the vitamins, is
required. Until this is available and more trustworthy figures have
been obtained for the biological value of the proteins of maize
compared with those of other cereals, it is diﬂﬁ:ult to assess the
importance of amino-acid deficieney as a factor in the causation of
pellagra.

Tuae PrLLAGRA-PREVENTIVE FACTOR.
Funk [1912; 1913, 2] was the first to suggest that pellagra, like beri-

beri, might be due to & vitamin deﬁeienc;, and advanced the theory
that in the milling of maize a dietary factor is removed whose
absence leads to pellagra.

Voegtlin, Neill and Hunter [1920] administered to pellagrins a
95 per cent. alcoholic extract of ox liver in daily doses equal to
1 kg. of fresh liver. They claimed that the extract, which was
almost free from amino-nitrogen, produced as good a therapeutic
‘effect as  a diet containing a considerable quantity of milk, eggs,
and meat’. It was recorded by the same observers that alcoholic
extracts of rice polishings and yeast failed to produce parallel
results, which suggested that the curative substance was not ‘ water-
soluble vitamin B’.

Goldberger [1922] at first believed that amino-acid deficiency was
the cause of pellagra, but, in the course of clinical observations to
discover which foods could prevent pellagra, he obtained evidence
pointing in another direction. These experiments consisted in mak-
ing clear-cut additions to the dietary in certain asylums in which
pellagra recurred regularly, a dietary mainly composed of maize and
short of animal protein, and observing the effect of these additions on
the incidence of pellagra in the following spring. By this work the
value of milk and meat in both prevention and treatment was
further confirmed [Goldberger and Tanner, 1924].  Gelatin, butter,
and cod-liver oil were found to be without preventive effect. Supple-
ments of dried soy beans and cowpeas, legumes containing a high
proportion of vegetable protein, did not lower the proportion of
recurrences [Goldberger and Tanner, 1925]. Addition to the diet
of a liberal allowance of caseinogen, previously puritied by repeated
washings in acidulated water, had no effect in preventing the
systemic lesions of pellagra, though it appeared to have some
power to avert the appearance of the cbaracteristic dermatitis,
an observation difficult to reconcile with the theory that animal
proteins, or proteins of supposed high biological value, are all-
important in the prevention of pellagra. Having at about this
time accidentally discovered that yeast was effective in preventing
and treating experimental blacktongue in dogs, a condition thought
to be analogous to pellagra, Goldberger and Tanner tried the effect
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of yeast as a prophylactic in the human disease. - It was found
that 80 g. daily of dried brewer’s yeast gave complete protection.
This would supply less than 15 g. of protein, and later it was
discovered by Goldberger and his co-workers [1926] that a com-
mercial preparation made from an acid extract of yeast, which con-
tained very little protein-nitrogen, given in doses of 15 g. per diem,
was equally effective. This confirmed the earlier observation of
Voegtlin, Neill and Hunter [1920] referred to above (p.180). A non-
protein ‘P-P (pellagra-preventive) factor was therefore postulated
in yeast and other foodstuffs possessing similar preventive
properties.

Subsequently the ‘P-P’ factor was found by Goldberger and
Wheeler to be present in tomato juice [1927,1), wheat germ [1927, 2]
and canned salmon [1929]. Carrots and turnips {1927, 1] and Vir-
ginian cowpeas [1927, 2] were found to be poor sources of the factor.

As the result of the extension of these investigations to experi-
mental work on rats, Goldberger and his colleagues were able to
identify their pellagra-preventive dietary factor with a vitamin
contained in the yeast vitamin complex, differing from the anti-
neuritic vitamin in its stability to heat and in its distribution in
foodstutls. This vitamin is now known as vitamin B, and by some
American authorities as vitamin G. The therapeutic value of yeast
in pellagra has since been confirmed by other observers in U.S.A.
and elsewhere. In Russia, Teherkes [1929], investigating a severe
outbreak of pellagra in the Ukraine, recorded that a daily allowance
of 45 g. of yeast, 1 litres of milk, or 200 g. of meat was of great
effect in clearing up the symptoms of pellagra.

Carley [1930] tried the effect of dried brewer’s yeast on a number
of negro pellagrins in Mississippi. He states that 1 oz. per diem
assisted in alleviating the symptoms, and that a similar daily dose,
continued over a period of six months, was extremely effective in
preventing recurrence.

ExpermvExtarl Brackroxeve 1x Docs.

Chittenden and Underhill [1917] observed in dogs given a diet
composed of wheat-flour biscuits, peas, and cotton-seed oil, a patho-
logical syndrome which they suggested might be the analogue of
human pellagra. In periods ranging from one to six months the
dogs showed necrosis and gangrene of the tongue and buccal
mucous membrane, accompanied by a bloody diarrhoea. Death
usually ensued. The inclusion in the diet of large amounts of peas
or small amounts of lean meat delayed the appearance of these
symptoms.

Wheeler, Goldberger and Blackstock [1922] suggested that the
disease produced experimentally by Chittenden and Underhill was
identical with ¢blacktongue’ (camine typhus, Stuttgart epizootie,
&c). a canine disease well known to veterinarians, so named
because the affected animal develops necrotic areas on the tongue,
Pellagra and blacktongue appear to have a similar geographical
distribution in the United States, and Wheeler and his colleagues
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further suggested that blacktongue occurring spontaneously is, in
reality, camne pellagra.

Later, Goldberger and his collaborators [1925; 1926 ; 1928, 1, 2]
produced in dogs by dietary means a disease which they called ‘black-
tongue’. The diets of the dogs were modelled on those found to be
associated clinically with human pellagra, and on that used in the

rison farm experiment (p. 178) [Goldberzer, Wheeler and Sullivan,
1915). It was found that blacktongue and pellagra. developing on
similar diets, could be prevented by similar foodstuffs, and the
two conditions were accepted as analogous by the American workers,
A wide study of the distribution of the blacktongue-preventive
factor was undertaken with the purpose of acquiring practical infor.
mation of use in the prevention of pellagra [Goldberger, Wheeler,
Lillie and Rogers, 1928, 2; Goldberger, Wheeler, Rogers and Sebrell,
1930]. It was found that the blacktongue-preventive factor in
yeast was thermostable [Goldberger, Wheeler, Lillie and Rogers,
1928, 1], and this observation was nsed to link up human pellagra
with rat ‘pellagra’, the latter being associated with lack of
the relatively thermostable vitamin B,.

Though the possibility of producing a pellagra-like disease in
dogs was first suggested to Goldberger by Chittenden and Under-
hill's experiments, it soon appeared that the two groups of
investigators were dealing with different conditions. Underhill
and Mendel [1925] discovered that their syndrome could be relieved
by a number of substances containing carotene. Carrots and
yellow butter, which Goldberger had found lacking in the pellasra
and blacktongue-preventive factors, cured their experimental dis-
ease, while yeast, though rich in the P-P factor, was without
effect. Underhill and Mendel [1928] later recorded that erystallized
carotene possessed curative properties, a significant observation in
the light of the discovery that carotene and vitamin A have
similar physiological actions (see p. 39). The food-mixture given
by Underhill and Mendel to their dogs lacked vitamin A, and
this deficiency may have caused many of the symptoms observed,
while the diets employed by Goldberger, modelled on those asso-
ciated with human pellagra, contained that vitamin. It would
seem that the two groups of investigators had been dealing with
only superficially similar pathological conditions, which were asso-
ciated in reality with a deficiency of different food factors. It
is possible that Underhill and Mendel’s syndrome may have been
caused by lack of vitamin A and by other serious dietary defi-
ciencies, though on the other hand it was recorded that cod-liver
oil would not cure the affected dogs [Underhill and Mendel, 1925].

Tre Revatiox serweeN Vriraviy B, taE P-P Factor. axp 1HE
BLACETONGUE-PREVENTIVE FACTOR (GOLDBERGER).

Aykroyd and Roscoe [1929] pointed out that the distribution
in foodstuffs of the P-P factor, the blacktonzue-preventive factor,
and vitamin B, as determined by themselves showed fair agreement.
Table XII shows the correspondence,
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Compurison of the Preventive Value of Various Foodstuffs for
Vitamin B,-Deficiency in Rats, for Pellagra in Man, and
for Blacktongue in Dogs.
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The percentages refer to the proportions present in the diet,

. Blacklongue-preven-
Material. Vitamin B,. P-P Factor. tive Factor,
Rat. DMan. Dogs.
Maize endo- | Very poor. Associated with pel- . . .
sperm lagrainU.8.A.and
Italy.
Wheat flour | Very poor. Associated with pel- | Used in basal diet to
lagra in U.S.A. produce the dis-
ease,
Whole maize | Poor. Growth less | Traditionally asso. | No preventive ac-

Whole wheat

Peas

Wheatgerm

Fresh milk

Lean meat

Dried yeast

Liver

Dried egg
yolk

than half the nor-
mal.

Poor, but better
than maize.

80-40 % needed for
good growth (‘Clip-
per’ dried peas).

15-30 %,
growth,
8-10 % milk solids,

good growth.

good

7-10 % (dry weight),
good growth.

1-8 % good growth,

1.2 9 (dry weight)
ox liver, good
growth.

7-16 %, good growth.

ciated with pel-
lagra.

30-35 % (168 g.
daily), incomplete
protection  (Vir-
ginian cowpea).

30 %, protection al-
most complete,

20 % solids (1,200 g.
buttermilk ~ daily)
protected.

10 % (dry weight,
50 g. daily) pro-
tected.

7 9% (80 g daily)
protected.

Alcoholic extract of
ox liver effective in
treatment,

tion; used in basal
diet to produce the
disease.

66 % delayed onset
of the disease; no
protection.

68 %, slight protec-
tion; 78 %, almost
eomplete protection
(Virginian cowpea).

81 %, protection al-
most complete,

250-800 e.c. skim
milk daily protect-

d.

e
11% (dry weight)
protected,

b % protected.

11 % dried pork liver
protected.

17 9, protected.

Apart from similarity of distribution, other evidence points to

the identity of vitamin B, and the P-P factor. As previously
recorded, a diet deficient in vitamin B, often produces a pellagra-
like syndrome in rats and mice. Experimental blacktongue in
dogs (also a pellagra-like condition) develops on diets similar to
those associated with buman pellagra and the factor which pre-
vents its occurrence is, like vitamin B,, relatively thermostable.

It ismot justifiable, however, to assume that pellagra and vitamin
B, deficiency are synonymous. Evidence against the identity of vita-
min B, with the P.P factor, and the analogy between human pellagra
and rat dermatitis, is the fact that this last disease requires a highly
purified diet for its development. Again, it has been shown by
Aykroyd [1930, 1] that maize, millet, and rice, the last two of
which are rarely associated with pellagra, are all three equally low
in their vitamin B, content. This observation weakens the theory
that pellagra is due solely to a deficiency of vitamin B,
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PrrracrA Axp BERI-BERL

Diets composed almost exclusively of milled rice or refined wheat
flour are commonly found among populations liable to beri-beri,
but this disease is rarely recorded among maize-eaters. It is
possible that there is enough vitamin B, in their diet to enable them
to subsist long enough on this defective cereal to develop pellagra,
supposing the latter disease to be due to vitamin B, deficiency
and to occur after a longer depletion period than beri-beri. It could
also be argued that the exclusive eater of milled rice and refined
wheat flour, whose diet is deficient in both B vitamins, does not get
pellagra because he succumbs first to beri-beri. Against such
a theory is the observation that ‘parboiled’ rice, which contains
vitamin B, [Plimmer et al, 1927), usually confers immunity from
beri-beri [Fraser and Stanton, 1911] and is almost never associated
with pellagra, though it does not compare favourably with whole
maize and maize endosperm as a source of vitamin B, [Aykroyd,

1930, 1)

Tre Ma1ze Toxixy Turory or PeLLAGRA,

Lombroso’s theory that a poison produced in deteriorated maize
is the cause of pellagra—a theory still held officially in Italy—was
the starting-point of numerous investigations in the last century.
In spite of considerable effort, however, no conclusive experiment
in proof was put forward. At a somewhat later period the ¢ photo-
dynamic’ theory attracted adherents, It has long been known
that the skin lesions of pellagra occur on parts of the body exposed
to sunlight, and Aschoff [1905] suggested that this might be
explained by the presence of a photo-sensitizing substance in maize
analogous to that supposed to exist in buckwheat, It is said that
white hogs and sheep which consume buckwheat develop skin lesions
on the parts exposed to sunlight.

Horbaezewski [1910; 1912] atteropted to demonstrate the pre-
sence of a photo-sensitizing substance in maize by experiments on
white mice and rats. White mice fed on maize polenta and milk
developed dermatitis, when exposed to sunlight, in periods ranging
from two weeks to six months. Dermatitis was also recorded 1o a
number of rats given a diet of wheat flour and milk to which an alco-
holic extract of maize was added. Subcutaneous injection of maize
extracts into mice resulted in death in two or three hours in animals
exposed to light, while in the dark they survived for twenty to
thirty hours. An attempt to repeat Horbaczewski’s observations
on rats has proved unsuceessful [Aykroyd, 1931, unpublished results).

It is difficult to assess the value of Horbaczewski’s work.
His papers contain some contradictions, and some experiments are
imperfectly controlled and need confirmation, Nevertheless, the
possibility that maize contains a positive ‘pellagra-producing’
factor, perhaps operative only in the absence of the P-P factor,
should not altogether be lost sight of. It is conceivable that the
action of the P-P factor might be to neutralize a toxin rather than
to make up a deficiency, just as vitamin D ‘neutralizes’ the anti-
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caleifying effect of certain cereals though it also makes up a
deficiency. Since it has been found that maize does not greatly
differ from other cereals as regards its vitamin B, content, the
epidemiology of pellagra cannot at present be explained in terms
of a deficiency of this vitamin. If, however, a positive toxic factor
could be demonstrated in maize, this difficulty would be overcome.

Tae Present Positiox oF PErtacra REsEaARCH.

Though a considerable number of points remain obscure, from
the practical point of view much useful knowledge about pellagra
has been obtained in the last twenty years. Pellagra is unques-
tionably associated with a poor and monotonous diet, and its
appearance can be prevented by suitable dietary alterations. The
observations of Goldberger, Wilson, and others should be of the
utmost value to administrators and medical men in actual contact
with the disease. The efliciency of yeast, for example, in preven-
tion and in cure of milder cases, bas been conclusively demon-
strated. Yeast is cheaper than milk and meat, also efficient
pellagra.preventives, but is often a difficult addition to make to
a human dietary. The important question of the attitude to
be adopted towards the consumption of maize by pellagrins or
potential pellagrins remains unsettled. It is, however, interesting
to recall that in the last century the French physicians concerned
with pellagra directed their efforts mainly to the elimination of
maize from the diet of the people. Their campaign was ultimately
successful and the use of maize in France was discontinued. The
simultaneous disappearance of pellagra naturally appeared to be a
complete justification of the policy.



CHAPTER VIII
VITAMIN C, THE ANTISCORBUTIC VITAMIN.

ScUrvVY has for many centuries been regarded as a disease due to
dietetie errors, and rightly so. It was common knowledge in
olden times, especially among seafaring folk, that scurvy oceurred
after deprivation for long periods of fresh foodstuffs, and that it
could be prevented and rapidly cured when fresh vegetables and
fruits were available. Thus Bachstrom in 1784 (Observationes
circa scorbutum ; eiusque indolem, causas, signa el curam) wrote
as follows:

‘ From want of proper attention to the history of the scurvy, its
causes have been generally, though wrongfully, supposed to be
cold in northern climates, sea-air, the use of salt meats, etc.,, whereas
this evil is solely owing to a total abstinence from fresh vegetable
food and greens; which is alone the true primary cause of the
disease. And where persons, either through neglect or necessity,
do refrain for a considerable time from eating the fresh fruits of
the earth, and greens, no age, no climate or soil are exempted from
its attack. Other secondary causes may likewise concur, but
recent vegetables are found alone effectual to preserve the body
from this malady; and most speedily to cure it, even in a few
days, when the case is not rendered desperate by the patients being
dropsical or consumptive’ (translation given by Lind {1757, p. 894}).

Other theories of the aetiology of scurvy dating from more recent
times include, firstly, that of- bacterial origin, which has been
frequently advanced from different sources, and, secondly, the
suggestion that the cause is chronic poisoning from putrefying
meat or fish. Many adherents of the former theory [e.g. Coplans,
1904; Jackson and Moody, 1916] have brought forward some ex-
perimental support for their view, the explanation being, doubtless,
that any animal in a scorbutic condition, due to dietetic deficiency,
will be a ready prey to a secondary infection. The second view,
first advanced by Torup [quoted by Jackson and Harley, 1900, 1]
and supported by the work of Jackson and Harley {1900, 1, 2],
received wide acceptance in recent times, especially among the
leaders of some Arctic expeditions, with the result that the nature
of the stores taken and diet arranged was modified accordingly.
There is, however, little, if any, support for this view in the final
experience of the expeditions, and the interpretation placed by
Jackson and Harley upon their experimental results has not been
accepted by their scientific colleagues [Holst and Frolich, 1912, p. 42].

A diet deprived of all antiscorbutic foods is generally one which
affords an acid ash, and it was suggested by Wright [1900; 1908]
that scurvy was caused by a condition of acidosis brought about
by a diet deficient in organic salts of sodium and potassiurm.
Wright found a decrease in the alkalinity of the blood of scurvy
patients, some of whom responded favourably to treatment with
alkalis, whereas Lamb [1902] was unable to confirm this. The
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bicarbonate of the blood and plasma of scorbutic guinea-pigs is
somewhat Jower than that of normal guinea-pigs [Hess and Killian,
1918-19; Lepper and Zilva, 1925], but can be brought up to normal
by the addition of sodium citrate to the diet without alleviation
of the scorbutic symptoms. Moreover, scurvy can be cured by
the administration of daily doses of concentrated fractions of
lemon juice which contain only about 1 mg. of solid matter.

The pH of the blood of guinea-pigs does not decrease in scurvy
(Lepper and Zilva), thus showing that acidosis does not occur..

The idea that experimental scurvy in guinea-pigs was due to
chronic constipation [McCollum and Pitz, 1917; McCollum, 1918;
Pitz, 1918} has been found to be erroneous [Chick, Hume and
Skelton, 1918, 1, 2; Cohen and Mendel 1918; Cohen, 1917-18;
Hess and Unger, 1918, 1; Harden and Zilva, 1918, 3] and has
been abandoned by its originators.

Systematic experimental work on scurvy dates from the early
part of the present century, when Axel Holst and his colleagues at
the University of Christiania made a careful study of guinea-pig
scurvy, its aetiology, symptoms, and methods of prevention and
cure, and decided that it offered a complete analogy with the human
disease. One or two centuries previously, when scurvy was an
everyday occurrence and the common dread of all seamen, rough
‘experiments’ were from time to time made upon the human
material so unfortunately provided. Thus Lind, in the middle of
the eighteenth century, published the following account of an
‘experiment’, which expresses, as the result of his own careful
observation, what became the common knowledge of his own day.

*On the 20th May, 1747, T took twelve patients in the scurvy, on
board the “Salisbury” at sea. Their cases were as similar as I
could have them. They all in general had putrid gums, the spots,
and lassitude, with weakness of their knees. They lay together in
one place, being a proper apartment for the sick in the fore-hold;
and had one diet common to all, viz.,, water-gruel sweetened with
sugar in the morning, fresh mutton-broth oftentimes for dinner;
at other times light puddings; boiled biscuit with sugar, ete., and
for supper, barley and raisins, rice and currants, sago and wine, or
the like. '

‘Two of these were ordered each a quart of cyder a day. Two
others took twenty-five drops of elizir vitriol, three times a day,
upon an empty stomach ; using a gargle strongly acidulated with
it for their mouths. Two others took two spoonfulls of vinegar
three times a day upon an empty stomach ; having their gruels and
their other food well acidulated with it, as also the gargle for their
11.10}1ths. Two of the worst patients, with the tendons under the ham
rigid (a symptom none of the rest had), were put under a course of
sea-water. Of this they drank half a pint every day, and sometimes
more or less, as it operated by way of gentle physic. Two others
had each two oranges and one lemon given them every day. These
tl‘ley ate with greediness, at different times upon an empty stomach.
They continued but six days under this course, having consumed
the quantity that could be spared. The two remaining patients took
the bigness of a nutmeg three times a day of an electary recom-
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mended by an hospital-surgeon, made of garlic, mustard-seed, rad-
raphan, balsam of Peru, and gum myrrh; using for common drink,
barley-water well acidulated with tamarinds; by a decoction of
which, with the addition of ¢remor-tartar, they were gently purged
three or four times during the course.

‘The consequence was, that the most sudden and visible good
effects were perceived from the use of the oranges and lemous; one
of those who had taken them being at the end of six days fit for
duty. The spots were not indeed quite off his body, nor his gums
sound ; but without any other medicine, than a gargarism of elixir
vitriol, he became quite healthy before we came into Plymouth,
which was on the 16th June. The other was the best recovered of
any in his condition; and being now deemed pretty well, was
appointed nurse to the rest of the sick,

*Next to the oranges, I thought the cyder had the best effects.
It wasindeed not very sound, being inclinable to be aigre or pricked.
However, those who had taken it were in a fairer way of recovery
than the others at the end of the fortnight, which was the length
of the time all these different courses were continued, except the
oranges. The putrefaction of their gums, but especially their lassitude
?)nd weakness, were somewhat abated, and their appetite increased

y it.

* As to the elixir of witriol, I observed that the mouths of those
who had used it by way of gargarism, were in a much cleaner
and better condition than many of the rest, especially those who
used the vinegar; bub perceived otherwise no good effects from its
internal use upon the other symptoms. I indeed never had a great
opinion of the efficacy of this medicine in the scurvy, since our
longest cruise in the “Salisbury” from the 10th August to the
28th October, 1746 ; when we had but one scorbutic case in the ship.
The patient was a marine {one Walsh), who after recovering from
a quotidian ague in the latter end of September, had taken the
elizir vitriol, by way of a restorative for three weeks; and yet at
length contracted the disease, while under a course of medicine
recommended for its prevention.

‘There was no remarkable alteration upon those who took the
electary and tamarind decoction, the sea-water, or vinegar, upon
comparing their condition, at the end of the fortnight, with others
who had taken nothing but a little lenitive electary and cremor-
tartar, at times, in order to keep their belly open; or a gentle pectoral
in the evening, for relief of their breast’[Lind, 1757, p. 56].

Holst and Frolich [1907; 1912] showed that scurvy could be
induced in guinea-pigs by removing the greenstuff from the ordinary
diet of grain and cabbage leaves, and by giving a diet consisting of
grain and water only. It proved immaterial what grain was used,
and the experiments included uncooked maize, oats, barley, and
rice, as well as wheat and rye in the form of bread. In all cases
this diet caused severe scurvy from which the animals died in from
twenty to forty days, showing the haemorrhages and bony changes
characteristic of the disease. By supplementing the scurvy diet
with fresh vegetables, fruits, and fruit juices, these observers were
able to maintain the animals in health. For example, scurvy was
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prevented by a daily ration of 80 g. of fresh raw cabbage, dandelion
leaves, sorrel, carrot, or cranberries. When these antiscorbutic
materials were heated, their value was reduced by an amount
depending on the temperature and time of heating; after heating
at 100°C. for one hour (and in some cases for half an hour) the
came ration was found inadequate to prevent scurvy. A similar
result was obtained with dried materials; rations equivalent to
30 g. of raw carrot, dandelion leaves, or cabbage leaves failed to
prevent scurvy when in the dried condition,and equally disappointing
results were obtained with dried potatoes. The antiscurvy sub-
stance originally present in the expressed juices of vegetables
suffered a similar fate rapidly on keeping, but the expressed juices
of acid materials, e.g., lemons or sorrel leaves, were found to be
more stable in this respect.

A further result of first-class importanee was obtained by Fiirst
[1912] also working in Holst’s laboratory, He found that, whereas
dry cereals or pulses, e.g., oats, barley, lentils, peas, beans, were
unable to prevent scurvy in the dry condition, if soaked in water
and allowed to begin germination for 2-3 days they acquired anti-
scurvy properties. This result was confirmed by Chick and Hume
[1917, 1], and Chick and Delf [1919] as regards pulses. In the
case of cereals it was called in question by Weill, Mouriquand and
Péronnet [1918], but has since been frequently confirmed (see
Table X111, p. 205).

Even this important result had been anticipated as long ago as
1782, for we find in ‘ An account of the Diseases of India as they
appeared in the English Fleet’ (by Charles Curtis, formerly Surgeon
of the Medea Frigate, Edinburgh, 1807) the following passage (p.41) :

‘With regard to sea-scurvy,reports and accounts have been pub-
lished, as if this had been cured at sea, by lime or citron juice, lemon
rob, nitre dissolved in vinegar, nitrie acid and all which I would
suspect to be rather something hyperbolical. But there isa plan for
this purpose recommended by a Alr. Young of the Navy, which from
its practicability and perfect conformity to known and established
principles, is highly deserving of attention, and of being recorded
in such a publication. It proceeds upon the well-known fact, that
nothing more is necessary for the cure of this disease in any situation
where there is tolerably pure air, than—not dead and dried, but
fresh vegetable diet, greens or roots, in sufficient quantity. To be
sure, we cannot have a kitchen garden at sea, and a short and
scanty crop of greens can only be raised on board ship; but Leans
and peuse, and barley and other seeds brought under the malting
or vegetating process, are converted into the state of a growing
plunt, with the vital principle in full activity throughout the germ
and pulp and if eaten in this state without any sort of preparation,
except that of separating or rejecting the lusks, cannot fail to
supply precisely what is wanted for the cure of scurvy, viz., fresh
vegetable chyle.

‘For this purpose, besides the articles mentioned, which may all
be employed, he gives the preference for gram, an East Indian grain,
chietly used in the feeding of horses. The malting process is to be
performed in shallow frames of wood, constructed so as to preserve
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the water for successive operations; and a little experience will
readily lead to the proper degrees of heat and moisture for conduet-
ing it successfully.’

From the researches of Holst and his colleagues we are enabled
to make the following generalization. The antiscorbutic accessory
factor is found in nature associated primarily with living plant
tissues in which active metabolic processes are still proceeding.
When these active processes cease or are greatly reduced, as in
seeds, the antiscurvy vitamin also disappears. In the case of
seeds it is created anew during germination. The distribution of
this factor thus presents a marked contrast with that of the anti-
beri-beri factor, of which one of the principal sources is found in
dry seeds.

Errects oF Vriramixn C Dericiexcy.

Guinea-pigs as Experimental Animals.

The symptoms of severe scurvy in guinea-pigs are briefly the
following. Tenderness and swelling of the joints are the earliest
sign, and the animal will frequently adopt a position (scurvy
position), in which it rests on its side, while the affected member 1s
held twitching in the air. In other cases the animal lies down
with the side of its face upon the floor of the cage indicating that
its gums and jaw have become tender (‘scurvy face-ache position’,
see Iig. 80). Later on the teeth become loose, solid food is refused,
and death may occur a few days later. In cases where the antiscor-
butic given is only adequate for partial protection, the animal will
usually live on for a considerable time, exhibiting swollen and pain-
ful joints, but growing up and enjoying a measure of health and
spirits depending on the degree of protection afforded [see Delf,1918).

In animals dying from scurvy the principal lesions at the post-
mortem examination show close analogy with those characteristic
of the human disease. Haemorrhages occur in any position, but
are most frequent in the limbs. In cases where they occur in the
intestinal tract blood is frequently passed in life, and death occurs
suddenly. Rarifieation of the long bones is almost invariably
present, and these frequently show fracture in the neighbourhood
of the junction of shaft and epiphysis. The ribs are swollen
and often fractured at the juncture of bone with cartilage. The
teeth are loose and can easily be removed.

The histological changes produced at the rib junctions in the
guinea-pig are very striking. These changes are gradually produced
and become progressively more extensive as the period of deficient
diet increases. Tozer [1918; 1921, 1, 2] distinguishes ‘ incipient’,
<mild’, ‘ chronic’, and ‘acute’ scurvy, and these various degrees are
illustrated by Fig. 81, ii-vi, the normal condition being shown in
Yig, 81, i. No macroscopic changes occur for the first seventeen
days, but about this time, even when the rib remains flat and nor{nal
in appearance, microscopic changes are apparent. ‘The most notice-
able departures from the normal are a variable amount of
irregularity of the junction as a whole, slight disarrangement, and
usually shorteningof the rows of cartilage cells and of the trabeculae;
an inecreased amount of blood in the marrow cavity, and a reduction
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in thickness of the bone, especially near the junction’ (Fig. 31, ii). -
This condition may be characterized as one of ‘incipient” scurvy.
In the ‘acute’ stage which usually supervenes after 18-35 days of
deprivation the rib becomes swollen and the ‘microseopic changes
are more pronounced. The rib junction as a whole is disorganized,
the rows of cartilage cells have lost their alignment and are
scattered, and the trabeculae are shortened. The bone, which has
become thin, is usually fractured on one or both sides of the junction,
and, as a rule, quite close to it, the appearances suggesting that the
cartilageis telescoped into the marrow cavity. Thereis haemorrhage,
usually in the neighbourhood of the fracture, into the marrow cavity,
and into the surrounding muscles. There is also a mass of tissue
within the marrow cavity close to the junction and the fracture.
The amount of this tissue varies considerably, from a few threads
between the rather disorganized and possibly tractured trabeculae
to a large plug filling the marrow cavity, and displacing the marrow
from its contact with the junction for a considerable distance.” This
tissue, the ‘Geriist Mark’ of the German workers, was described by
Tozer as fibrous tissue, but according to Hojer [1924]it is a less differ-
entiated form of bone’ (Fig. 81, iv).

Partial deprivation of vitamin C leads either to ‘definite’ or
‘chronie’ seurvy, in which the condition is intermediate (Fig. 31, iii,
v, and vi). It may be pointed out that almost identical changes may
be produced by deprivation of vitamin A when the guinea-pig is
well supplied with antiscorbutic, and this renders it 1mpossible in
mild eases to ascertain from thehistological examination whether the
partial deficiency has been one of vitamin Cor A. In acute cases,
haemorrhage into the marrow cavity, fracture of the bone, and the
presence of connective tissue in the region of the junction may be
regarded as indicating scurvy, whereas atrophy of the bone marrow
is characteristic of a deficient supply of vitamin A,

In general the membrane bone (endosmal bone) formation in
scurvy of an early stage is both qualitatively and quantitatively
reduced. Osteoporosis follows progressively ‘and with that a new
formation of a calcified bone of spongy character’ which becomes
more porotic as the scurvy advances. Analogous changes occur in
bone formedin cartilage (enchondral bone) and are well marked in the
epiphyses of the long tubular bones. The diaphyses of the long bones
become porous, whilst at the epiphyseal junctions shapeless dense
columnar masses are formed, the ¢ Triimmerfeldzone’ of the German
workers, which are entirely lacking in collagen fibrils [Hgjer, 1924].

A very early symptom of lack of vitamin C is the change in the
structure of the teeth, which can be detected when the other scor-
butic symptoms are so slight as to be almost unrecognizable [Zilva
and Wells, 1919] (see p. 102) and which has been used by Hgjer
[1926] as the basis of a method of estimation of vitamin C. The
rate of growth of the incisors of guinea-pigs. which in animals on a
normal diet is constant and amounts to 0-75 mm. a day, is greatly
affected by removal of vitamin C from the diet and in total absence
of the vitamin the growth ceases entirely after 15-20 days [Dalldorf
and Zall, 1930].

The characteristic effect of scurvy on the tissues other than bones
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is atrophy. Thus a general atrophy of the connective tissue occurs,
specially attacking the collagen fibrils, and of the vascular walls,
whilst the muscular and lymphoid tissue, the liver, salivary glands,
adrenals, and kidneys undergo an atrophy combined with necrosis.
These changes may be traced at a very early stage of the latent
period of the disease [Hojer, 1924 ; see also Meyer and McCermick,
1927-28; K. D. Harris and Smith, 1928]. According to McCarrison
[1921] and Brouwer [1927], however, the adrenals are enlarged;
the lipoid content of their cortex is reduced [Peiper, 1922].

With regard to other histological effects of vitamin C deficiency,
it may be noted that no marked change occurs in the blood picture
[Bedson, 1921; Herzog, 1921 ; G. M. Findlay, 1921, 2], while the
endothelium of the capillaries becomes swollen and degenerated,
and there results a stagnation of blood in the capillaries which
appears to be one of the factors leading to deficient oxygenation of
the tissues and thus to death [G.M. Findlay,1921,1]. Both in acute
aud chronic scurvy definite lesions of a degenerative character occur
in the bone marrow of guinea-pigs, and, possibly owing to these,
guinea-pigs with chronic scurvy are less resistant to infection than
normal animals [G. M. Findlay, 1923, 2]. On the other hand Zilva
[1919, 2] found no diminution in the power to form agglutinins and
amboceptor in scorbutic guinea-pigs.

The changes in the bone marrow and liver of scorbutic guinea-
pigs persist for a long time after the animal has received a
complete diet and consequently the symptoms of scurvy recur very
rapidly when such animals are again deprived of vitamin C [Mouri-
quand, Michel and Bernheim, 1924, 1, 2].

Monkeys as Experimental Animals.

In many ways monkeys are more suitable animals to use than
guinea-pigs for testing the antiscorbutic value of foodstuffs, since
they are capable of taking much larger doses of substances of
low antiscorbutic potency, whilst their daily requirement of anti-
scorbutic vitamin is almost exactly the same as that of guinea-pigs
(see p. 195). Monkeys have proved, for example, of special value in
the testing of milk, the protective dose of which for guinea-pigs
is just at or beyond the receptive capacity of this animal. A
convenient basal diet for monkeys consists of boiled polished rice
(100 g. dry weight), wheat germ 30 g. and autoclaved milk 200 c.c.
daily [Barnes and Hume, 1919, 1, 2; Harden and Zilva, 1919], In
experiments with milk, part of the autoclaved milk is replaced by
the milk to be tested. On this diet monkeys develop scurvy in
about 8-10 weeks, with symptoms closely resembling those of human
scurvy, Such are sponginess and bleeding of the gums with
loosening of the teeth (usually the earliest sign), and haemorrhage
under the periosteum, into the orbit, and in almost any part of
the body. There is weakness and ultimately almost complete power-
Jessness of the hind limbs, a condition which is characteristic of
infantile scurvy and is apparently the result of haemorrhages into
the hip and knee joints. 'The bones also become fragile and there is
enlargement and disruption of the rib junctions. When the disease

N
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is far advanced the whole body and limbs are tender. The effect
of antiscorbutie deficiency upon the weight of the monkey is similar
to that observed with guinea-pigs. Various genera and species have
been successfully employed, but Macacus rhesus is probably the
most suitable, although there is great individual variation.

Oria1n axp Prysiorocicar Funerion oF Vritaxin C.
Origin.
The only important fact known about the origin of this vitamin
is that it is produced during the germination of seeds [Fiirst, 1912).
Asregards its function in the plant or the nature of its precursor in
the seed nothing has so far been ascertained. Its high concentra-
tion in such different parts of the plant as the leaves (cabbage), the

fruit (lemons, &¢.), and the root (swedes) renders it difficult to draw
any definite conclusion either as to its function or mode of origin.

Requirements of Different Animals.

Animals derive vitamin C—directly or indirectly —from the vege-
table kingdom. Different species of animal, however, vary greatly
in their susceptibility to scurvy and in the amount of antiscorbutic
vitamin which they require for growth and maintenance. Thus,
while human beings, monkeys, and guinea-pigs are susceptible to
scurvy, rats, mice, and adult rabbits do not show the characteristic
symptoms of the disease, in spite of deprivation of vitamin C. It
appears, however, that the difference between these two classes
is one of degree only. It has been shown [Harden and Zilva, 1918,
4 ; Drummond, 1919, 1] that rats existing on a scorbutic diet do not
thrive so well, and are not so fertile, as those which receive some
antiscorbutic material, although Hartwell [1930] could not confirm
this. Parsons [1920] has shown that the liver of the rat, and, to a
much less extent, the muscle, contains vitamin C even when the
animal has been kept for a long time on a scorbutie diet, and that
this was also the case in the offspring of such rats reared on the same
diet [Parsons and Hutton, 1924 ; Lepkovsky and Nelson, 1924]. It
is evident that the rat requires vitamin C, but only in very small
amounts compared with such animals as the guinea-pig and monkey.
It is of interest that another rodent, the prairie dog of North
America (Cynomys ludovicianus), resembles the rat, a young
animal of 169 g. growing to a weight of 690 g. in six months
when maintained on a diet (soy-bean flour and butter) on which

inea-pigs acquired scurvy in 2-3 weeks [McCollum and Parsons,
1920]. The rabbit receiving a scorbutic diet of oats, beans, and
water generally loses weight and dies, but does not develop
the characteristic symptoms of scurvy. Female rabbits became
pregnant, but the young were born dead, and chowed typical
haemorrhages and bone lesions [G. M. Findlay, 1921, 3} The addi-
tion of swede juice to the diet produced a great improvement in
the condition of the animals,
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The fow! is also able to subsist on a scorbutic diet and like the
rat possesses under these conditions a store of vitamin C in the
liver [Carrick and Hauge, 1925, where the literature is quoted ;
1{auge and Carrick, 1920, 2], Calves [Thurston, Eckles and Palmer,
1926; Thurston, Palmer and Eckles, 1929] and pigs [Hughes, Aubel
and Lienhardt, 1928] slso thrive without any obvious source of
vitamin C, although well-developed scurvy has been occasionally
observed in pigs [Plimmer, 1920 ; Zilva, Golding and Drummond,
1924). It is still doubtful whether these animals acquire the vitamin
C contained in their livers by the accumulation of traces from their
food or by chemical change from some source of which guinea-pigs
are not able to avail themselves. Even among the animals which are
subject to Lypical scurvy there are great diftferences in requirement,
Thus, for protection from scurvy, a monkey weighing 2-3 kg.
requires about the same daily dose of orange juice, 1-5 ¢.c. [Harden
and Zilva, 1919, 1920, 1}, or milk, 100-150 ¢.c. [Barnes and Hume,
1919, 2), as a guinea-pig of 250-800g. A child of 8-10 kg. requires
about 600 e.c. of milk or 10-15 c.c. of orange juice per day, so that
its requircments are approximately the same as those of the
monkey per unit of weight, whereas those of the guinea-pig
are 5-10 times greater,

Gothlin [1931] has made use of a blood capillary resistance test
{p. 260) to ascertain the minimum dose of antiscorbutie substances,
such as orange juice, required to preserve a normal capillary
resistance in adults, This was found by experiments on patients in
an asylum, who were artificially fed, to be about 0-7-1.0 c.c. orange
juice per kg. per day; or 42-60 c.c. for an adult weighing 60 kg.

To protect a young guinea-pig from the ordinary symptoms of
scurvy a daily dose of 1.5 c.c. orange juice is needed, whilst 8 c.c.
are required to prevent degeneration of the dental pulp, Assuming
that the dose required to preserve normal capillary resistance
is of the same order as that required to prevent degeneration of
the dental pulp, it would follow that an average adult would
require 14-20 times as much antiscorbutic as a guinea-pig. The
requirements of a human adult for other foodstufts can be roughly
calculated by the use of these factors from the experimentally
determined values for the guinea-pig, provided that the foodstutts
are such that their vitamin C is as readily absorbed in the human
digestive tract asin that of the guinea-pig. On this basis a man would
require per diem about 1000 ¢.c. milk, 200 ¢. of boiled new potatoes,
350 of old; 400 c.c. of carrot juice, 60 c.c. of tomato juice, &e.

Storage and Excretion.

Although vitamin C is present in muscle and tissue, it does not
appear to be stored in the animal body to the same extent as vita-
min A, Experiments with guinea-pigs [Hess, 1920, p. 75; Harden
and Zilva, 1918, 2] show that a previous period during which large
doses of orange or lemon juice (freed from acid) are administered,
does not in any way increase the time necessary for the develop-
ment of scurvy on a deficient diet. Some idea of the relative
amounts stored by the guinea-pig and monkey may be gathered

N2
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from the fact that although the daily requirements are the same,
the guinea-pig develops scurvy in three weeks, the monkey in two
months: in the human being the period of development 13 six to
eight months (p. 267).

No evidence of excretion of the antiscorbutic vitamin in the
urine has been obtained [Van der Walle, 1922].

Effect of Vitamin C Deficiency on Metabolism.

In spite of much experimental work, it has not been found
possible to establish any definite relation between the onset of
scurvy and disturbed metabolism. As the disease progresses all the
metabolic processes of the animal are disturbed, owing to the state
of inanition which supervenes, and the changes reported by many
observers must be attributed to this cause. 1I, however, any meta-
bolic disturbance precedes or accompanies the onset of scurvy it
should reveal itself in the guinea-pig in the early stages of the
vitamin C deficiency, since scorbutic lesions are sometimes in
evidence by the tenth day and microseopic changes in the teeth
can be detected still earlier [Zilva and Wells, 1919]

Acting on this principle Shipp and Zilva [1928, 2] and Humphreys
and Zilva [1931] have investigated the metabolism of nitrogen,
calcium, and phosphorus by making daily observations of the intake
and output of these elements by guinea-pigs on a scorbutic diet.
The results for these three series of experiments were similar. No
definite indications of a disturbed metabolism were found in the
early stages of the disease. When the intake of food was diminished
as the disease progressed disturbances occurred, the balance in
every case becoming negative. Similar results were obtained
in Japan by Nagayama and his co-workers, who also found no
disturbance of carbohydrate metabolism [Nagayama, Machida
and Takeda, 1928; Nagayama and Sato, 1928; Nagayama and
Munehisa, 1929]. The experiments of Baumann and Howard
[1917] on the metabolism of calcium, phosphorus, and nitrogen
are vitiated by the low intake of the elements in question by the
experimental animals, 8o that their conclusion that the negative
balance observed is characteristic of scurvy cannot be accepted.
Jarussowa [1928], whose animals were forcibly fed, observed a nega-~
tive balance of mitrogen, but this did not become evident until the
24th day, long after the symptoms of scurvy bad been manifested.

The caleium and phosphorus contents of the blood of guinea-pigs
are very variable, but no definite change occurs in scurvy [Palladin
and Ssawron. 1924 ; Edelstein and Schmal, 1926 ; Shipp and Zilva,
1928, 2] The fall in blood-phosphorus noted during scurvy by
Euler and Myrbick [1925] was probably an accidental variation,
No change in the calcium and phosphorus of the serum of guinea-
pigs 9suﬁ‘ering from scurvy was found by Nagayamsa and Munehisa

1929).
[ Thl fatty tissues undergo no marked ehange in scurvy, but the
cholesterol is decreased in lungs and testes, slightly in muscle and
largely in the adrenals[Nagayama and Tagaya, 1929; Igarashi and
Tagaya, 1929].
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The excretion of lactic acid in the urine of scorbutic guinea-pigs
was found to run parallel to that in the urine of controls kept ona
restricted normal diet so thattbey lost weight at the same rate as the
scorbutic animals, and no specific effect of scurvy was detected [Shipp
and Zilva, 1923, 1].

According to Palladin and his colleagues, deprivation of vitamin
C is accompanied by a rise in the blood-sugar and blood-amylase,
which attains its maximum at the end of the second week and then
gradually falls off [Palladin, 1924]. This change in the blood-sugar
due to scurvy could not be confirmed by Lepper and Zilva (un-
published results). Other blood ferments (catalase, protease, esterase,
and peroxidase) are scarcely affected in the early stages of vitamin
C deficiency [Palladin and Normark, 1924]. The creatine of the
muscles steadily increases, whereas in starvation it first increases
and then decreases [Palladin and Kudrjwzewa, 1924]. At the same
time creatine appearsin the urine and steadily increases in quantity,
as does also the proportion of creatine- and creatinice-N to the
total N of the urine. Near the end of the scorbutic period, as death
approaches, the muscles contain comparatively little creatinephos-
phoric acid, whereas the lactacidogen is increased [Palladin and
Epelbaum 1929].

CoxcentraTIiON oF VIramix C.

The methods employed are based on the facts that the greater part
of the vitamin is precipitated by basic lead acetate [Zilva, 1924, 3],
i.e. by lead acetate in the slightly alkaline region, and that impurities
can be previously precipitated by treatment with the normal salt
[Bezssonoff, 1922, 1; Zilva, 1925], with aleohol [Harden and Zilva,
1918, 2; Zilva, 1924, 3], and by fermentation of the sugars in
the solution with yeast [Zilva, 1924, 1; Lepkovsky et al, 1925;
Grettie and King, 1929]. Owing to the great instability of the vita-
min (see p. 199) and the variations in the character of the medinm,
preparations of very variable activity are often obtained even from
the same natural source.

Lemon juice forms one of the best sources for the concentration
of vitamin C. Chemical and physical studies have afforded some
information as to the conditions governing the concentration of
the active principle [Zilva, 1924, 1, 3; 1925; 1927,1, 2; 1928;
1929; 1930; Daubney and Zilva, 1926; Hoyle and Zilva, 1927]. The
best results were obtained by Zilva by using the following proced-
ure. The bulk of the organic acids are removed from the lemon juice
by the addition of an excess of precipitated chalk and the mixture is
allowed to stand for about one hour. The liquid is then filtered
through a Biichner funnel and a saturated solution of normal lead
acetate is added. The proper quantity to be used can only be
ascertained by trial and must be such that the final preparation has
a reducing power to phenolindophenol (0-02 per cent. solution)
of not less than 6 c.c. for an equivalent of 5 c.c. of the original
decitrated juice (see p. 199). The quantity varies greatly with the
individual sample and unless the right amount of the reagent is used



198 VITAMINS

ab this stage, there may be a great loss of activity in the final
preparation. Afterimmediate filtration through a Biichner funnel or
centrifugation, the liquid (pH 5.0-54) is brought to pH 7.2 74
by addition of a 6 per cent. solution of ammonia. The precipitate
which contains the vitamin is quickly centrifuged and taken up in
10 per cent. acetic acid. The lead is then removed by the addition
of just sufficient saturated magnesium sulphate (3~5 c.c, for 50 c.c.
of decitrated juice) and subsequently of 2 volumes of 96 per cent.
alecohol. Afterfiltration the solution is concentrated to asmall volume
in order to remove the greater part of the acetic acid. An equivalent
of 1.5 c.c. of the original juice (i.e. a daily protective dose for a
guinea-pig), prepared daily in small quantities and administered
very soon after preparation to young guinea-pigs, is sufficient to
keep the animals alive for periods of about 60 days, although
scorbutic symptoms may be present. Considering the risk of lossin
activity involved in the manipulation, it would appear that the
greater part of the antiscorbutie potency of the juice can be obtained
in the final fraction by this procedure,

The active lead precipitate may be dissolved in acetic acid and
reprecipitated at pH 7.2 7.4 [Grettie and King, 1929; Sipple and
King, 1930]. Care must, however, be taken that the minimum
amount of acetic acid is used, and it is found that the reprecipitation
does not pecessarily lead to further concentration, as the loss of
activity may more than balance the removal of inactive matter
[Zilva, 1931]. Grettie and King [1929] and Sipple and King [1930]
have also introduced several minor modifications into the process
without materially inereasing the degree of concentration.

It is possible by the above method to effect such a concentration
that the protective dose for a guinea-pig (the equivalent of 1-5 c.c. of
lemon juice) may contain about 0-5-1 mg. of solid matter, whereas
1.5 c.e. of the original juice contains about 135 mg. The result
depends on the character of the juice, since the same procedure may
yield different figures with different samples.

The purest fraction so far obtained is undoubtedly a complex
mixture of substances. Concentrated preparations have been found
to contain phosphorus, pitrogen [Zilva, 1924, 3], amino-compounds
and amides [Zilva, 1925), irop, sulphur [Hoyle and Zilva, 1927}, and
iodine, the last of which can be separated from the active principle
by dialysis [Daubney and Zilva, 1926]. These preparations possess
strong reducing properties (see p. 199), give a faint coloration
with ferric chloride and a faint cloudiness with bromine water
[Grettie and King, 1929]. The amide nitrogen has no relation to the
antiscorbutie activity of the lemon juice [Zilva, 1925] and probably
the other substances mentioned above are also impurities.

The process detailed above for lemon juice can be applied to swede
juice[Zalva, 1925). Bezssonoff[1925] used a similar method with cab-
bage juice in which the active principle was reprecipitated several
times with lead acetate and extracted with alcohol and with acetone.
He claimed to have obtained a crystalline material which was protec-
tive for adult guinea-pigs in doses of 2 mg. Zilva [1930] was unable
to confirm this work.

The statement has been made by Rygh et al. [1931; 1932,1, 2;
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Laland, 1932] that substances possessing high antiscorbutic activity
can be obtained from an opium alkaloid, narcotine, by ultra-viclet
irradiation or by chemical methods. Unripe Citrus fruits are said
to contain narcotine, which disappears on ripening, giving rise to
vitamin C.

Partial demethylation of narcotine (from opium) yielded an o-
diphenol which, it is stated, possessed a high degree of antiscorbutic
activity.

A repetition of the experiments with partially demethylated
narcotine by Smith and Zilva {1932] has yielded negative results
and the conclusions of Rygh ef al. cannot be considered as established.

CoxpITIONS OF STABILITY oF VIramin C.

Vitamin C is very sensitive to oxidizing agents and to air [Delf,
1920; Hess, 1920; Hess and Unger, 1920-21; Zilva 1921; 1922;
Duteher, Harshaw and Hall, 1921] Inactivation takes place rapidly
in alkaline solution in the presence of air [Holst and Frélich, 1912,
Harden and Zilva, 1918, 6; Hess and Unger, 1919], but not under
anaerobic conditions [Zilva, 1923, 1}. Thus at pH 125 decitrated
lemon juice lost 80 per cent. of its potency on exposure to air for
half an hour and the whole of it in 8 hours, whereas when preserved
anaerobically for 24 hours it had not appreciably decreased in
potency. The antiscorbutic activity of a juice at pH 2.2 (the natural
acidity of lemon juice) was decreased by aeration for 1 hr. at 100°,
but to a much less extent than that of juice at pH 62 —-6.6.

Evidence is accumulating to show that the inactivation is
not direct. Lemon juice, and other sources of vitamin C, and active
preparations derived from them, possess reducing properties. Even
the purest antiscorbutic fractions reduce ammoniacal silver nitrate in
the cold and decolorize potassium permanganate [Zilva, 1924, 3]
Conditions favourable to the preservation of the vitamin are favour-
able to the preservation of these reducing properties of the active
solution, but the destruction of the antiscorbutic activity and of the
reducing properties proceed at different rates [Connell and Zilva,
1924, 1] Phenolindophenol is also rapidly reduced in the air to its
leuco-base by decitrated lemon juice and other sources of vitamin C,
and by using this indicator Zilva {1927; 2; 1928; 1929; 1930] studied
titrimetrically the behaviour of the reducing power of active solu-
tions in relation to their antiscorbutic activity. The reducing
capacity, like the antiscorbutic factor, is destroyed in alkaline
medium in the presence of air, and when the active solution is
aerated. When, however, phenolindophenol is added to decitrated
lemon juice until the indicator is no longer reduced and the solution
administered to the test animals immediately, no very appreciable
loss in antiscorbutic activity is detected, but if this solution is ad-
ministered after a few hours, the presence of the vitamin cannot be
detected, If the quantity of the indieator is insufficient completely
to destroy the reducing capacity, the leuco-compound formed is re-
oxidized in the air,and the resulting colour base is again reduced by
the active solution until the reducing power is entirely destroyed.
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That this reducing substance is not the vitamin itself is also shown
by the fact that the precipitate formed in decitrated lemon juice by
normal lead acetate at pH 5.0—5-4 (which is antiscorbutically in-
active) reduces phenolindophenol even more readily than the active
fraction obtained with the same reagent at pH 7.2 -7.4[1927, 2]
The latter fraction, which has a lower reducing capacity than its
equivalent of decitrated lemon juice, is also less stable than the
original juice [1928]and when its reducing capacity for the indicator
falls below a certain level it loses its antiscorbutic activity [1930].

All this evidence suggests that the ¢ phenolindophenol-reducing
principle’ exerts a protective action on the vitamin. It is not yet
known whether the inactivation of the antiscorbutie factor which
takes place rapidly in the absence of the reducing principle is itself
due to oxidation or to some other change. There is the possibility
that vitamin Cis composite in the sense of an enzyme and co-enzyme,
but experimental evidence so far obtained does not support this
view. Thus if the ¢ phenolindophenol-reducing principle’ obtained
by precipitation with normal lead acetate, which is free from vitamin
C, 1s added to the ‘active’ fraction in which the reducing power
and consequently the antiscorbutic potency have been destroyed by
mild oxidation, the vitamin activity is not restored [1930].

Zilva's results with respect to the behaviour of the reducing
substance to colouring matters have been confirmed by Tillmans
and P. and W. Hirsch [1932, 1, 2], but they claim, in disagreement
with him, to have found that the reducing power and antiscorbutic

_potency of lemon juice and preparations from it are always propor-
tional. When the reducing power is completely removed by the
addition of a colouring matter they ascribe the residual antiscorbutic
power to the action of the primary oxidation products formed.
On standing and on further oxidation these are slowly converted
into some substance or substances without antiscorbutic potency.
They conclude that the action of vitamin C is due to the reducing
substance and its primary oxidation produects,

Zilva, however, as explained above, has frequently obtained frac-
tions of high reducing power which were devoid, or almost devoid,
of antiscorbutic potency and these observations invalidate the
conclusions drawn by Tillmans and P. and W, Hirsch from their
experiments.

Another series of observations made by Zilva in these investiga-
tions has a bearing on the destruction of the reducing power and
the inactivation of vitamin C. If decitrated lemon julce in neutral
or acid medium is heated in an autoclave apaerobically at 115° C.
for one hour, a certain degree of diminution takes place both in
the antiscorbutic activity and in the capacity for reducing phenolin-
dophenol, although the reducing capacity for iodine is increased by
this treatment [1929]. Such heated juice when stored under neutral,
but not acid, conditions loses its vitamin C and phenolindophenol-
reducing capacity much more quickly than unheated lemon juice
[1927, 1928]. ‘Lhe autoclaved juices are also capable of oxidizing
p-phenylenediamine [1929] The addition of autoclaved to unheated
decitrated juice also accelerates the destruction both of the ‘pheno-
lindophenol-reducing principle’ and of the vitamin, as also does the
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addition of an ethereal extract from antoclaved decitrated lemon
juice,or of quinol, quinhydrone, benzoquinone [1929; 1930] or catechol
(unpublished results). It would therefore appear that in the process
of autoclaving a substance is formed, possibly of a phenolic character,
which promotes the destruction (either directly or after previous
oxidation by exposure to air) of the ¢phenolindophenol-reducin
prineiple’ and eventually of the vitamin. Itis also probable that the
reducing properties of antiscorbutic solutions may be due to several
substances, some of which, like the *phenolindophenol-reducing
substance’, may act as protective agents for the vitamin, whilst
others such as the ‘ phenolic substances’ may, under certain condi-
tions, acquire inactivating properties.

Decitrated lemon juice can be preserved aerobically at pH 1.0-
06 or at pH 7-0 for a week with no significant loss of potency
[Zilva, 1930]. Ttisstated by J. Williams and Corran [1930] that the
potency of acidified lemon juice at a lower pH than 1.8 (pH 1.1, 1
and 0-6) disappears completely in 7-8 months at 15-18° C. The latter
authors have also found that antisepties, in concentrations capable
of preserving lemon juice at ordinary temperatures from mould
growth, &c., have, as a rule, a very deleterious effect on the
stability of vitamin C,

Bezssonoff {1921, 2; 1922, 2; 1923] found that vegetable extracts
containing vitamin C give with a solution of phosphomolybdotung-
stic acid a blue coloration which is also given in great intensity by
quinol. He traced a marked parallelism between the antiscorbutic
potency of such extracts and the intensity of the blue reaction and
suggested that the antiscorbutic substances probably contained an
unstable radical which eould be split off in the form of quinol and
that this reaction could be utilized as a test for vitamin C. On the
other hand, it was found by Kay and Zilva {1923], that although the
parallelism found by Bezssonotf undoubtedly exists in many cases,
the substance giving the blue coloration can be removed by adsorp-
tion with fuller's earth from lemon juice, leaving a liquid which
gives no reaction with the reagent but possesses antiscorbutie
properties. Further, substances not containing vitamin C, such
as yeast, gave a positive reaction. Wedgewood and Ford [1924]
have also found that the colour reaction is not specific for
vitamin C. It is more likely that the colour is given by some pheno-
lic substances accompanying the antiscorbutic factor in its natural
source’s, since the reagent is a rpodification of Folin’s reagent for
phenal.

Our present knowledge of the conditions of stability of vitamin
C makes it plain that the preparation of active concentrates by
chemical fractionation on a large scale and the preservation of the
activity of such preparations are at present impracticable. It is,
however, possible to concentrate natural antiscorbutic juices under
carefully controlled conditions without incurring great losses of the
vitamin and also to preserve such preparations for a considerable
time (see p. 255).
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CHEMicaL axp Prysroat Properries oF Virammy C.

As already mentioned the purest preparation of vitamin C
so far obtained is a complex mixture, Information is, however,
available concerning the physical and chemical behaviour of the
active principle under various conditions,

Vitamin C dissolves readily in water and in all strengths of
aleohol [Harden and Zilva, 1918, 1; Hessand Unger,1918,2; Hart,
Steenbock and Lepkovsky, 1922]; in methyl alcohol, but not in
butyl aleohol, light petroleum, &c. [Hart, Steenbock and Lepkovsky,
1922]. It diffuses through a collodion membrane of such perme-
ability that it permits the passage of methylene blue, neutral red,
and safranine; membranes of lower permeability do not allow its
diffusion {Zilva and Miura, 1921, 1]. The diffusion proceeds differ-
ently from that of the sugar and the nitrogenous substances present
in decitrated lemon juice [Connell and Zilva, 1924, 2] The ‘ phenol-
indophenol-reducing substance’ dialyses, like the vitamin [Zilva,
1928]). Lemon juice can be filtered through a Berkefeld filter
without loss of potency [Harden and Zilva, 1918, 1}, but the vitamin
Cis partially retained by a Chamberland candle [Ellis, Steenbock
and Hart, 1921]. It is not adsorbed from neutral solution by fuller’s
earth [Harden and Zilva, 1918, 1], or by colloidal ferric hydroxide
(dialysed iron), but is taken up from orange juice by blood charcoal
[Ellis, Steenbock and Hart, 1921}, When decitrated lemon juice is
treated with adsorbents such as ‘norite’ or fuller’s earth, a varying
degree of diminution takes place in the vitamin C content of the
supernatant solution, which is probably due to oxidative changes
associated with the adsorbent [Zilva, unpublished results] No
convincing evidence of the existence of more than one antiscorbutic
principle has hitherto been advanced, although the early investiga-
tors were led by the varying behaviour of different foodstuffs to-
wards heat and drying to suggest that several such substances
might exist. The experimental evidence in favour of this idea
adduced by Scotti-Foglieni [1926, 1; 1927; 1928), Bezssonoff [1926, 2;
1927}, and Randoin and Lecoq [1927, 1] is open to criticism, and has
not been confirmed.

The effects of heat and oxidation on vitamin C have already been
discussed (p. 199).

Estimarion oF Viranin C 1xn Foopsturrs.

The researches of Holst and his co-workers on the distribution
of vitamin C were continued in 1916 at the Lister Institute, with
the aim of making a more complete survey of the commoner
foodstuffs and assigning to each some quantitative value as regards
antiscurvy properties [Chick and Hume, 1917, 1]. Young, growing
guinea-pigs (about 350 g. weight) were employed, the methods used
being in essential those of Holst and his colleagues. The principal
modification was the substitution of water in the scurvy diet of oats,
bran and water by a daily ration of about 60 e.c. of strongly heated
milk (autoclaved at 120° C. for one hour), to supply vitamin A
[see Hume, 1921). This addition of milk very greatly improves
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the general condition of the experimental animals, although the
onset of scurvy is not thereby seriously influenced.

Another suitable diet is that used by Zilva [Bracewell, Hoyle
and Zilva, 1930, 2] consisting of—

Bran 6 parts by volume

Barleymeal 2 , ,

Middlings S

Fishmeal 1, . .

Crushed oats 4 ,, ,
which was offered ad l7b., along with 40-60 c.c. of milk reconstituted
from a dried powder and autoclaved.

The use of autoclaved milk in the basal diet in such experiments
has been criticized on insufficient grounds by Hess and others for
the reason that such milk might retain a small and variable
amount of antiscorbutic. To avoid the use of milk Sherman and
his colleagues employed a ration of oats, 59 per cent.; skimmed
milk powder heated in open trays at 110° C., 80 per cent.; butter
fat, 10 per cent.; and salt 1 per cent. This diet they found to be
taken well by the animals [Sherman, La Mer and Campbell, 1921 ;
1922]. Eddy later [1929] substituted 1 per cent. of cod-liver oil for
the equivalent amount of butter fat and added yeast, so as to ensure
a good supply of vitamins D and B. Other scorbutic diets which
have been suggested to avoid the use of milk are those of Lopes-
Lomba and Randoin [1923, 1, 2] —meat peptone, starch, yeast, butter
fat, salt mixture, and filter paper—and of Bezssonoff [1926, 1]—
oats, bran, yolk of egg, and yeast.

On a diet deprived of vitamin C, but containing all other essential
elements, the guinea-pig shows normal growth for the first 15-20
days of the experiment; with onset of scurvy symptoms, about
the twentieth day, the weight of the animal begins to decline,
geath from acute scurvy ensuing about the thirtieth to fortieth

ay.

To obtain quantitative results it is necessary to determine the
minimal amount of the various foodstuffs that must be added daily
to the ‘scurvy’ diet in order to prevent occurrence of scurvy.
When this minimal amount (or more) is consumed, growth does not
cease about the twentieth day, but the animal continues to grow
in good health without symptoms of scurvy. As a general rule
the animals should be kept under observation during three
months,

In assessing the results of such experiments several interdepen-
dent factors have to be considered, namely, duration of test period,
extent of growth, cause of death, first appearance of scorbutic
symptoms, and degree of scurvy at death as determined by post-
mortem examination. The relative importance of these observations
in the assessment of the potency of a dose often varies with the
condition of the individual animals.

Sherman and his colleagues attempted to institute a quantitative
estimation of relative antiscorbutie potency based on the amounts
of two or more materials required to provide the same degree
of protection. Their experiments were made with filtered juice of
canned tomatoes, and were employed for estimating the loss of
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antiscorbutic potency undergone by this on further heating. A
detailed tabulation was made of the symptoms produced by the
specific doses of the juice and these were compared with the
symptoms of the animals receiving the heated juice. Thus 39 c.c.
of juice heated for an additional hour at 100° C. produced symp-
toms judged to be of the same degree of severity as those present in
the animals receiving 2 c.c. of original juice, so that the relative
antiscorbutic power of the former juice was in this case % or
about 50 per cent. [see also Kenny, 1926).

The chief source of uncertainty in such quantitative experiments
has not been found to lie in the nature of the basal diet used, but
in the clinical variations of the individual experimental animals and
in the indefinite nature of the ‘end-point’. Complete protection
from scurvy as used by some observers or a ‘definite degree of
partial protection’, as employed by Sherman, are in practice equally
difficult to define with accuracy, and it is ravely that differences
of less than about 50 per cent. of the dose can be shown to have a
definite effect.

Hgjer’s method. An entirely different principle is employed by
Hojer [1926], who determines the degree of scurvy by means of a
histological examination of the teeth, His method consists in
giving daily doses of the material to be tested, two control
animals being kept on the basal diet alone and two on the
basal diet with a fully protective dose of a known antiscorbutic.
After a period of 10-14 days all the animals are killed. The
lower jaw is examined histologically and from a consideration of
the changes (see p. 102) Hijer claims not only to be able to deter-
mine the minimum fully protective dose with an error of not more
than 10 per cent., but to determine quantitatively with moderate
accuracy the degree of protection afforded by doses which only
afford partial protection. This method has the advantage that
it only requires three weeks for a determination in place of the 2-8
months required by the older method. The dose required for
complete protection as judged by this method is about twice as
large as that required by the usual method [see Goettsch, 1928].

A modification of Hojer’s method has been described by Key
and Elphick [1931] in which, using the same criterion, four degrees
of scurvy are distinguished, the antiscorbutic potency being deter-
mined in terms of the dose of a standard antiscorbutic substance
which would induce the same degree of scurvy.

As a material to be used as a standard of reference in the
biological estimation of vitamin C, the (League of Nations) Inter-
national Vitamin Conference [1931] has adopted fresh lemon juice,
this source of the vitamin having been found remarkably constant.
This should be decitrated and used immediately (see Appendix II).

DrstriBurion oF VITAMIN C 1x FooDSTUFFS.

Tables XIII and XXI (see Appendix I) show the approzimate
antiscorbutic values of a series of foodstuffs, the values be}ng ba.sed
upon the minimal protective doses as determined for guinea-pigs.
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The sign + indicates that the vitamin is present, + + that the
material i is a good source, and + + + that it is a rich source of the
vitamin; o indicates that the vitamin has not been detected by
the method employed.

Tasre X111
Distribution of Vitamin C in Foodstuffs.

Anliscorbutic

Foodstuffs. value. References,
Careals,
‘Wheat, whole glam v e e e e e o 1
Germ . e e n e e
Bran . . . [
Endosperm, eg whxte wheaten ﬂoux,
polished rice . . . . o
Germinated Kafir corn (Sorghum wlgare) . + 2
Barley . . . « . . . . . . . [ 3
s sprouted. . . . . . . . ¢ + 8, 4
Malt,green. . . . . . . . . . + + 5
w kilmed . . . . . . . .. o 8
s, extract . . . . . . . . . o 7,89
Qats . . . . . . . o . . . . o 3
,, sprouted . e e e e . + 3
White flour and bread .. P [ 1
Maize (young cobs, green meahes) .. + 10
Vegetables.
Asparagus, raw . N 1
" boiled . . . e e e . very low 11
Beetroot, . . e e e e e + 13, 32
oy juice . . . ., e s + 12
Cabbage, raw, fresh green leaves NS 14
y  cooked 1 hr. at 100°C. . .. + 14
5y dried . . . . . . N + 15
,, canned, . . . . + + 11, 18, 17
Saverkraut . . Ce e . - oto + + 11, 42, 43, 44
Carrot, young raw ., . . . . + + 11, 18
5 old raw . . .o + 18
» youngcooked . . . . .. + 18
yy oldcooked . . . . . NN + 18
py dried . . . . . . .o + 18
o oJuice. .. . . L. .. + 12
young canned . . . . .. o 19
Caulxﬁowex raw . . . . . N XS 11
' boiled. . . . . + + 1,11
Celery, raw, . . . . N ++ 11
Cucumber . f e e e .. + + 20
Dandelion . . o N + 1
Endive . . . e e .. + 1
Lettuee . . . Coe A 1,11
Mangold leaves, . . . ' P e 11, 21
Mangeld, . . RN . .. +
Onion . ., , IS . - + to + + 22
Pepper, green . . . R R 23
Patato, raw. . . R ++ to ++ + 11, 24
» Cooked 1 hr at ]00 C . . . + 11, 24
s cooked 15 mins . . .. + + 11, 24
Pumpkin, juice and pulp. . .o + 2
Rhubarb, ~ e e e . ++ 11, 25
Sorrel ., . c e e P + 1
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Foodstuffs. Ant':‘s;;zr:utm References.
Vegetables (cont.)
Spinach, raw . . . . . R LR, 11,19, 26, 27, 28
" cooked PR . + to + + 11,19,26,27, 28
" eanned . . . e e + to + + 19, 26, 27, 28
Sugar cane juice . . . . . ° 2
Sweds (Rutabaga) juice . . N 12, 29, 30
Sweet potato juice, P . e + 2,41
Turnip tops. . . . s + 4 31, 38
” roobe <« o« . . . « e + + 13, 82, 33
Vegetable marrow juioe .« . [N A+ 2
. Watercress PN . . R 34
Desiccated vegetables as aclass, , . . o to + 1
Pickled cabbage . - - o 22
Liegumes.
Beans, green pods . voe e e e
5 Tummer . . © e e e 1
w string . . . . . ... . . + to + + 186, 23, 11
» Fremeh . . s e e }
. s, canned. . e e e doubtful 16
5 harieot. ., ., . . e [ 11
» sprouted . PR + + 35
Oow peas (Vignum sinense) sprouted P K 2
Lentils soaked , . . . . e + 36
” germinated Ve e e e s + + 36
Peas, green, raw . P s 11, 87
s s  canned e e e + o+ 11, 87
s dried and then soaked e e e + 85, 86
s germinated . e e e e + + 35, 36
Soy beans . s e e e . o 3
5 sprouted e e e e e e doubtful 2
Mushrooms . . e e e e [} 11, 39, 40
Tea infusion, greem . . . . , . . + + 49
" » black e e e e very low 49
Eeggs.
Fresh, whites . . [ [ 22, 38
5y Yyolks . se e e e o 22, 38
Dried . . « v e e e s o 22
Meat, etc.
Muscle, lean ., . e e e e very low to + 45,46
Liver, rabbitorpig . . . . . . . + + 47
» chicken . . C e e e e + 48
Meat juice, raw . e e very low 22
» eanned ., . . Coe e o 22
QOysters . . . . e . + 50
Milk,
Cow’s, whole, raw e e e e s + 51, 52, 83, 54, 55
5 whole, pasteuuzed « « « .+ . | probably lower 56
than raw, de-
pending on the
' method used.
5 whole, rapidly sealded . ., . . | very little less 58
than raw,
. ., sterilized at120°C, . . . | about B0Y of b1, 52, 69
value of raw
milk.
,»  condensed, sweetened . . . . + 60
" . unsweetened. . . . 50% value of 59
raw milk.
»+  Whole, dried . e oto + 68, 61, 62, 63
” n  raw irradiated . . . .
” ,: dried PR ! oto + 64,65
sy skimyraw . . [ + b7
dried. . e e e oto + 57

LA »
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Antiscorbutic

Foodstuffs. value. References.
Milk (cont.)
Goat's, raw . . . e e + 66, 67
Human, raw . . . . . . e e ofo + 68, 69
Lactic acid milk . . . .. + 7(')_, 71
Lactose . . « . « « « « « .+ o 72
Beer.
Kafir, as drunk in turbid condition contain-
ing residues of malt and yeast . . . + 2
Spruce ipfusion . . . . . . . . + 73
Paleale . . . . . . . . . . o 5,6
Honey. . .« « o o o o 4 o o « o 73,76, 77
Fruits.
Almonds, sprouted . . . . . . . + 35
Apples,raw . . . . . . . . . (+to+ +(depend- 78,11, 79
ing on variety).
»  baked Ce e e e e s S3IN6 88 raw 79
g canned . . . . . . . . + to + + 80
9 dried . . Ce e e e very low 78
5  concentrated j Jmce e e e e e + 81
Apricot, fresh . . . . . . . . . oto + 11, 113
" dried . , . e e o 113
” sulphured and dned C e e + 113
Bananas, raw . . . ., PO, + 4 78, 82
» baked . . . . , . . + to + 4+ .
' dried . . . . . . . . o to + } 78, 83
Blackberry . . . e e . + + 11
Bilberry (Vaccinium m;mllus) e e e . + 11
Cherrics e e + to + + 11
Cloudberries (Rubus chamemorus) P + 1
*Cocum (dried) . , ., . o e e + 85
Currants, fresh . , . . . , . . ++ 11
Cranberry (juice) . . s e e . very low 1
Gooseberries . e e e e e e . + + 11
Grape . . o . 4 4 4 . . . very low 11,12
p Juicedvied . . . . . .. o 84
» Concentrated. ., . . . . o 2
Grape fruit juice . . . . P B s 82, 86
w o dried . . .o + 4+ 84
Lemon Jjuice, fresh f R R 87, 88
" ,s concentrated or dued PR 89, 90
" ;s Ppreserved . . . . oto + + 88
. g, tablets . ., . . . ., , + + 91
» _peel (Aavedo). . . . . , , very low 92
Lime juice, fresh . . PN + + 87, 88
' s preserved . . . . , ., oto + 87
sy concentrated. . , , ., ., + 81
Manvo, fresh . e e e s + 4+ 10 + + + 116
* ,, dried (Amchur) e e e low 85
Melon (eantaloup) . . . . . . + + 105
Mulberry . . .. + 1
Naartje (Citrus nobilis Loulex xo) N R s 2
Orange juice, fresh , ., , ., R R 88, 12, 86
» gy dried . . . . ., . |++ 4+ 93, 84
' » concentrated . . . ., ., [+++ 94, 95
» marmalade , e very low 2
wo oPeel .. L. ..., ++ 96
" 4y dried, . . + 96
- 5, outer. . . . + 4+ 97
y»  cake (dried minced oranae) . oto + 2
Paw-paw (Carica popaya) . . . . . . |+ 4+ 2, 98
Peach and peach juice e . . + to+ + 2, 11
w canmed ., . .. + to + + 99, 100

*Dried fruit much esteemed as antiscorbutic by natives of India.
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Anliscorbutic
Foodstufs. value, References.
Fruits (cont.)
Feach,dried . . . . . e + 101
Pear. . . . . . . . e e . + 11, 100
s canned . P o to + 100, 102, 115
Pineapple fruit and Julce . e + + 2, 103
” canned . . . . . e + 4+ 103
Plums . . . [verypoorto + + 11
Prickly pear (Opunha decumana) e e + + 2
Prunes, fresh . . . . e e + 113
" dried . . . 4 e - o 96, 113
' sulphured and dned P + 113
Raisins . . . . . . . . . . . .o 104
Raspherry .. + + 1, 11
”» juice dried’ P o 84
Strawberry, raw and pleselved PN + 4 to + 4+ + 11, 106
*Tamarind, dried . - e low 85
Tomato,raw . . ., . . e e |+ 2, 107, 108,
109, 110, 111
» dried . . . . . ++ 2, 107
" canned . . + 4 to 4+ + | 111,110, 112
Commereialdried fruits except some peaches o 101, 113, 114

*Dried fruit much esteemed as antiscorbutie by natives of India,

References to Table X111,

. Holst and Frolich, 1912

. Delf, 1921

. Cohen and Mendel, 1918

. McClendon and Cole, 1919
. Harden and Zilva, 1924

, 1918, 5
. Gerwtenberoer, 1921

. McClendon et al., 1919

. Randoin and Lecoq, 1927

. Delf, unpublished

. Scheunert, 1930

. Chick and Rhodes, 1918

. Russell and Morrison, 1922
. Delf, 1918

. Delf and Skelton, 1918

. Campbell and Chick, 1919
. Fddy and Kohman, 1924

. Hess and Unger, 1919

. Remy, 1928

. 'Embrey, 1923

. Buock and Trevan, 1922

. Chick and Hume, 1917, 1

. Quinn, Burtis and Milner, 1927
. Givens and MecClugage, 1920
. Pierson and Dutcher, 1920

e

. Pierson, 1926

. Delf, 1920

. Delf, 1925

. Burton, 1928

2. Scheunert, 1927

. Shorten and Ray, 1921
Coward and Eggleton, 1928
. Fiirst, 1912

. Chick and Delf, 1919

88. Dougherty, 1926

. Eddy, Kohwan and Carlsson, 1923
. 8. Dakota Agri. Exp, Station, 1927

. Eddy Kohman, and Carlsson, 1926

49,
50,

. Hara, 1923

. Steidle, 1924

. Peck, 1924

. Wisconsin Agr, Exp. Station, 1929
. Ellis, Steenbock and Hart, 1921

. Wedgewood and Ford, 1924

. Dutcher, Pierson and Biester, 1920
. Medes, 1926

. Parsons, 1920

. Hart, Steenbock Lepkovsky aud

Halpm 1925
Mattill and Pratt, 1928-29
Randoin, 1923

51 and 52, Chick, Hume and Skelton,

53.
54,
55.
56,

1918, 1, 2
Barnes and Hume, 1919, 1,2
Kieferle and Zeile, 1926
MacLeod, 1927
Hess and Fish, 1914

. Johnpson aud Hooper, 1922

. Munsell and Kifer, 1929

. Hart, Steenbock and Smith, 1919
. Hume, 1921

Jephcott and Bacharaclh, 1921

. Cavanaugh, Dutcher and Hall, 1924
. Supplee and Dow, 1926

. Hottinger, 1927, 2

. Supplee and Dow, 1927

. Hunt and Winter, 1922

. Meyer and Nassau, 1924

. Hess, 1920~21

. Meyer and Nassau, 1925

. Stevenson, 1920

. Gathlin, 1931

. Harden and Zilva, 1918, 3
. Appleton, 1921

. Southgate, 1924, 1

Faber, 1920
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76. Hoyle, 1929 , 98. Miller, 1926
77. Kifer and Munsell, 1929 99. Kohman, Eddy, Carlsson and
78, Givens, McClugage and Van Halliday, 1926

Horne, 1922 100. Kansas Agricultural Experimental
79. Bracewell, Hoyleand Zilva,1930,1,2 Station, 1926-28
80. Kohman, Eddy and Carlsson, 1924 | 101. Eckman, 1922
81. Robison, 1919 102. Craven and Kramer, 1927
82, Jansen and Donath, 1925 103, Miller, 1925,
83, Eddy and Kellogg, 1927 104, Dutcher and Outhouse, 1922-23
84, Givens and Macy, 1921 105. Georgia Agricultural Experimental
85. Chick, Hume and Skelton, 1919 Station, 1927
86. Bracewell and Zilva, 1931 106. Kohman, Eddy and Halliday, 1923
87. Chick, Hume and Skelton, 1918, 3 107, Givens and McClugage, 1919, 1
88. Davey, 1921 108, House, Nelson and Haber, 1929
89. Harden and Zilva, 1918, 2 109. Wisconsin Agri. Exp. Station, 1929
90, Zilva, 1924, 2 110. . w1927
91. Bassett-Smith, 1920, 1921 111, Delf, 1924
92, Willimott and Wokes, 1926 112. Sherman, La Mer and Campbell,
93. Harden and Robison, 1920 1921, 1922
94, Goss, 1925 118. Morgan, Field and Nichols, 1931
93. Priston, 1926 114. Morgan and Field, 1929
96. Hess and Unger, 1918, 2 115. Kramer, Eddy and Kohman, 1929
97. Willimott and Wokes, 1927 116. Perry and Zilva, 1932

Vegetables. Among green-leaf vegetalles the cabbage [Delf, 1918]
and watercress [Coward and Eggleton, 1928] are two of the richest
sources of vitamin C. It is also present in sorrel, scurvy grass
(Cochlearia officinalis), lettuce, spinach, turnip tops, and other leaves,
and in grasses. The perennial rye-grass (Lolium perenne) is as
good a source as cabbage [Brouwer, 1927), but the antiscorbutie
potency to a large extent disappears when it is converted into hay or
silage [see also Lepkovsky et al., 1925]. Hay, as a rule, contains but
little of the vitamin and has been used by American investigators as
one of the components of a control diet on which guinea-pigs acquire
seorbutic symptoms in 2-8 weeks[see Hess and Unger, 1918,1]. Rossi
[1918], however, found fresh hay to possess antiscorbutic properties.

Among root vegetables there are great differences, raw carrot juice
(minimum dose about 20 cc.) and raw beetroot juice (minimum
dose more than 20 c.c.) proving comparatively feeble, while raw
swede juice is placed in the iront rank, the minimum protective
daily dose for a guinea-pig being 2.5 c.e. [Chick and Rhodes, 1918).

Neither the carrot nor its expressed juice ean be regarded as a
good source of antiscorbutie, but accurate quantitative experiments
with the cooked vegetable have not so far been made. Hess and
Unger’s results [1919] are summarized in Table XIII, but the
minimum doses were not ascertained. Young carrotswere found to be
decidedly more potentthanold. Using an extract of fresh carrot made
with absolute alcohol the equivalent of 25-50 g. of fresh earrots was
required daily for the protection of a guinea-pig [Zilva, 1920, 2].

The potato would appear to occupy & mean position. The most
extended investigations of this vegetable are due to Givens and
McClugage [1920], who examined 1t raw, cooked, and dried under
different conditions, and to Scheunert [1930]. The latter found
3 g. of raw new white potatoes or 4 g. of the same baked, to be a
protective dose, the presence or absence of the peel making no
difference. Old potatoes which had been stored for a year were
equally good. Drying in the air (35-80°C.) destroyed most of the
vitamin, but a considerable proportion of it remained when the

0
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potatoes were first steamed for 4 minutes or baked in their skins for
45-55 minutes, and afterwards dried [Givens and McClugage, 1920].

It is interesting to note that the cabbage and swede are nearly
allied species, and belong to the same natural order of plants, viz.
the Crueciferae. The old legend teaching that plants with a cruei-
form arrangement of the flower possess special virtue in the service
of mankind thus receives scientific support at this late date.

Fresh fruit. Many fruits have been examined for antiscorbutic
potency and in a number of cases the minimum protective dose has
been determined, but so far little systematic study has been carried
out as to the variation of vitamin C content with degree of maturity,
mode of cultivation, variety, &c. Information of this nature 1s
available only in the case of the apple, orange, and grape fruit.

Citrus fruifs. Many of the Citrus fruijts—orange, lemon, grape
fruit—are highly active, the minimum protective dose for a guinea-
pig being 1 to 1'5 c.c. daily of the juice. .

It is surprising to find that the juice of West India limes (C.
medica var. acida) is distinctly inferior to that of oranges and
lemons and of the sweet lime (C. limelta), but such it has proved to
be (see p.254). The experiments on this point included tests with
monkeys as well as guinea-pigs. Ordinary preserved lime juice
was found to be almost devoid of antiscorbutic properties [Chick,
Hume and Skelton, 1918, 8], but preserved lemon juice appeared to
be distinctly more satisfactory. Orange juice retained its anti-
scorbutic potency well for 16 to 19 months when preserved at room
temperature in presence of a small proportion of the oil of the rind,
whereas at 837° C. in the same time it became.practically inactive.
Lemon juice behaved in much the same manner at these tempera-
tures, and also retained its potency in presence of the rind oil at 0°C.
Potassinm metabisulphite (K,S,0,) preserves the juice well against
fermentation and mould growth, but at room temperature exerts a
destructive action on the antiscorbutic potency, even 0-02 per cent.
causing definite deterioration in 2% months[J. Williams and Corran,
19307 whereas at 0° C. as much as 0-068 to 0-1 per cent, has little
effect on the potency [Davey, 1921].  Even in absence of all preser-
vative comparatively little change occurs in expressed lemon juice
kept at 0°C. for seven months. Entire oranges and lemons can be
kept at 2-5°C. for five or six months without detriment to the
potency of their juice [Davey, 1921} According to J. Williams and
Corran [1930] the zone of optimal stability for lemon juice at ordinary
temperatures lies in the neighbourhood of the natural acidity of the
Juice (pH 2.2) and natural juice can be kept without loss of potency
for as long as fourteen months at room temperature without any
addition. It becomes, however, heavily infected with moulds and
yeasts. In general, conditions which preserve sterility tend to cause
deterioration of antiscorbutic potency.

Tablets, prepared by evaporating lemon juice over H,SO, at 13-5
to 15.5°C,, and mixing the syrup with a mixture of 97 per cent.
lactose and 3 per cent. gum tragacanth, contained a large proportion
of the vitaminC of the original juice,and retained their antiscorbutic
properties for over twelve months at low temperature. Each tablet
was the equivalent of half a fresh lemon [Bassett-Smith, 1920; 1921].
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A systematic investigation has shown that the vitamin C content
of the juice of the orange and grape fruit is remarkably constant
whether the fruit be picked at the beginning or end of the season
[Bracewell and Zilva, 1931]. The longer the fruit remains on the
tree the smaller is the yield of juice, so that the total vitamin C
content of the fruit diminishes. 'Thereisno correlation between the
content of soluble solids or the pH of the juice and its antiscorbutic
potency. As far as can be seen at present the conditions of cultiva-
tion of the orange, origin of stock, age of tree, or nature of soil do
not affect the vitamin content of the fruit. .

Apple. Observations on the apple have shown that different
varieties vary greatly in antiscorbutic potency {Bracewell, Hoyle
and Zilva, 1930, 1,2; Bracewell, Kidd, West and Zilva, 1931 ; Brace-
well, Wallace and Zilva, 1931]. Thus out of eight varieties grown in
England, Bramley’s Seedling was found to be much the most potent,
the minimum daily protective dose for a guinea-pig being 3 g. of
the flesh of the fruit, whilst 20 g. of Worcester Pearmain did not
afford full protection, No indications were obtained that the
character of the soil, the age of the tree, the season, or state of
maturity of the fruit had any influence on its vitamin C content.
Apples stored in air at 1°C., 3° C,, or 10° C., for periods of three
months, showed little loss of antiscorbutic potency. This loss was
somewhat greater when the fruit was stored at 10° C,, in a mixture
of 10 per cent. carbon dioxide, 11 per cent. oxygen, and 79 per
cent. nitrogen (gas storage) for three months. Bramley’s Seedling
apples, whether fresh or stoved at a low temperature in air, or
‘ gas stored’, lost only a very small fraction of their vitamin C
content when baked in their skins, during which process the
temperature of the interior of the apples rose to about 95°C.
Bramley’s Seedling apples frozen at —20°C., and kept at this
temperature for four months, did not lose any antiscorbutic
potency. Young apples of this variety about 3-2 cm. in diameter
and 23 g in weight, gathered at the end of July, were not more
active per g. of tissue than the apples of the same environ-
ment gathered in October; the total amount of vitamin in the
apple therefore increases as it grows on the tree. The distribu-
tion of the vitamin throughout the fruit is by no means uniform,
The concentration increases as the skin is approached from the core
and is more than six times as great in the peel as in the flesh near
the core, so that apple peel must be considered as one of the richest
sources of vitamin C. There are indications that a low nitrogen
congent may be associated with a high vitamin C content in the
apple. ‘

Bramley’s Seedling apple genetically considered is a triploid with
57 chromosomes, whereas the other varieties referred to above are
diploids with 34 chromosomes. Two other triploid varieties, namely,
Belle de Boskoop and Blenheim Orange, have so far been found to
possess also a high vitamin C content. The former is as active as
the Bramley’s Seedling apple and the latter somewhat less active
[Crane and Zilva, 1931]. Whether any correlation exists between
the genetic constitution and the vitamin C content of the apple
cannot at present be stated.

o2
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Scheunert [1930] has also observed a varying antiscorbutic potency
in different varieties of apple grown in Germany. These observa-
tions explain the variable results which were obtained by earlier
workers with random samples of apple or apple juice. [See Holst
and Frilich, 1912; Robison, 1919; Chick, 1920; Givens, McClugage
and Van Horne, 1922; Kohman, Eddy and Carlsson, 1924.]

The pear seems to be definitely inferior to the apple in vitamin C
content [Scheunert, 1930; Craven and Xramer, 1927].

Tomato. The tomato is a rich source of vitamin C, often barely
inferior to the Citrus fruits. In the canned form it is still highly
potent, 3 c.c. of juiece having been found sufficient as a daily dose
to protect guinea-pigs [Sherman, La Mer and Campbell, 1921 ; see
also Hess and Unger, 1918-19]. Tomatoes ripened in ethylene are
no richer in vitamin C than those ripened in the air and are less
rich than those which ripen on the plant [Clow and Marlatt, 1930 ;
House, Nelson and Haber, 1929]. Tomatoes grown and examined
in South Africa were found to be less potent than those grown in
England, 8 to 5 c.c. of the raw juice being the minimum dose as
a,gai{lst 1.5 c.c. for the English fruit (Delf and Pullinger, unpublished
results).

Many of the common fruits are comparatively poor sources of the
vitamin, grapes, cherries, plums, and peaches falling within this class.
Many * berries’—blackberries, strawberries, raspberries, currants,
and gooseberries—are moderately good sources of vitamin C, about
5 g. being a protective dose for guinea-pigs [Scheunert, 1930]

Certain varieties of the mango (e.g. Alphonso) are even richer in
vitamin C than the Citrus fruits [Perry and Zilva, 1932.]

Dried vegetables and fruits (see also p. 259). Dried vegetables, in
confirmation of human experience and of Holst’s experimental work,
have been found of very hittle value [Delf and Skelton, 1918; Givens
and Cohen, 1918} Fruit juices on the other hand can as a rule he
dried, and the dry material can be kept without any great loss of
potency. Dried grape juice and raspberry juice have, however, been
found to be almost devoid of vitamin C [Givens and Macy, 1921},

Meat. Meat with milk comes last in the order of merit [Chick and
Hume, 1917, 1]. Twenty c.c. of raw beef juice daily offered only
very slight protection to guinea-pigs; ra larger ration was not
tolerated. Watery extracts of as much as 20 g. of lean meat
offered no protection to guinea-pigs. That fresh meat possesses
definite antiscorbutic properties is, however, clearly evident from.
human experience (see p. 261).

Milk is a variable and by no means rich source of the antiscor-.
butic vitamin, As much as 100 c.c. of some samples of fresh raw:
cow’s milk daily and more may be required if scurvy in guinea-pigs
is to be prevented by its agency alone [Chick, Hume and Skelton,
1918, 1, 2], whilst as little as 20 c.c. of a summer pasture milk has.
been found to afford protection [Dutcher et al., 1920-21} and 40 c.c.
of milk were found sufficient by Schwartze, Murphy and Hann
[1929-80]. )

The dependence of the vitamin C content of milk on the diet of
the cow and the effect upon it of heating, drying, &c., are discussed
later on in Chapter 1X,

v
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Errecr or Hearing, Drying, AND PRESERVING ON THE
Viramiy C Coxtext or Foopsturrs.

The conditions of stability of vitamin C in lemon juice, &c., have
been already discussed (p. 199). The behaviour of foodstuffs towards
rise of temperature varies with different materials, owing to the
different conditions under which the vitamin exists in them. Oxida-
tion usually plays an important part in the changes which are

produced,
Effect of Heating.

Following the experiments of Holst and Frilich [1912] upon the
effects of heat, a more complete series of experiments upon this
point was carried out by Delf [1918). Working with raw cabbage
leaves, the minimum daily ration required to prevent scurvy in
guinea-pigs was determined to be less than 1-5 g. and greater than
05 g., ie, about 1 g. When the cabbage was heated in water
at 60° C. for one hour, symptoms of severe scurvy were just pre-
vented by a b g. ration. When the temperature was 70°, 80°, 90°,
or 100° C, for the same period, scurvy was not satisfactorily avoided.
If the time was reduced to twenty minutes, the same ration, 5 g.,
prevented scurvy when the temperature was 90° C, and just failed
to do 50 when the temperature was 100° C,

The conclusion drawn from these results is that when cooked for
one hour ab temperatures ranging from 80° to 100° C., cabbage
leaves lose about 90 per cent. of the antiscorbutic value originally
possessed (antiscurvy value of & g. ration reduced, by cooking to
the equivalent of about 0-6 g. raw cabbage). In a similar manner
the loss on heating in water either (a) for sixty minutes at 60° C.,
or (b) for twenty minutes at 90-100° C., was estimated at about 80
per cent, of the original (antiscurvy value of § g. reduced to the
equivalent of about 1 g. raw cabbage).

The destructive influence of heat on vitamin C is thus seen to be
enhanced to a comparatively slight degree with rise of temperature.
Upon the above estimates, the rate of destruction is accelerated only
aboutthreefold (the time required for destruction of 80 per cent. of the
original value being reduced to one-third) when the temperature is
raised from 60° C. to boiling-point, i.e., by 40° C,, so that the tempera-
ture coefficient would be about 1.8 for 10° C. rise of temperature.

These results contirm those of Holst and Frolich [1912]1n showing
the great sensitiveness of the antiscurvy factor in cabbage to
temperatures of 100° C. and below. This instability of the anti-
scurvy factor is a matter of the greatest importance in estimating
the antiscorbutic value of cooked vegetables and the relative merits
of different methods of cooking, and will be referred to later under
that heading (p. 262)

Delf’s work was subsequently [1920] extended to the juices of
cabbage, swedes, and oranges, and revealed the fact that cabbage
Juice was much more affected by exposure to 100° C. for an hour
than either of the other two under similar conditions of exposure.
Her results are summed up in Table XIV, the minimum daily

doses being stated which were required before and after treatment
for protection of guinea-pigs.
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Tasre XIV.
Minimwm doses in c.c.
Before After heating for 1 hour at Percentage loss of
treatment, /_";""—"_““““—‘\ pozm‘Jy'
100/ 180° 100° 130°
Cabbage juice 1 7.5 — 87 —
Swede juice 2.5 b 10 ) 50 75
Orange juice 15 1.5 3 0 650

Sherman, La Mer and Campbell [1921; 1922 ; La Mer, 1922], who
have investigated the effect of temperature and hydrogen ion con-
centration on the destruction of vitamin C in tomato juice, using
the method deseribed on p. 203, confirmed the comparative stability
of the vitamin at 100° C. and also the relatively low temperature
coefficient found by Delf for cabbage. Their results may be briefly
summarized as follows.

TasLe XV,
° o - Percentage Destruction of Vitamin C
pH. Temp. °C. Time—hours, in Tomato Juice,
4.3 60 1 25
» 4 35
”» 80 1 40
” 4 53
» 100 1 50
. 2 58
” 4 68
5.1~4.9 100 1 58
11-9 1 65 (inereasing to 90-95
Temperature on preservation for 24
coefficient hours at 10° C,, in par-
for 10° C. tially filled bottles)
(60-80°) 1.28
(80-100°) 1.12

These results suggest that the stability increases with the hydro-
gen ion concentration (acidity) of the vitamin solution. Holst had
previously arrived at the same conclusion, his opinion being based
mainly upon the fact that acid fruit juices retained their antiscor-
butic properties much longer than vegetable juices. Harden and
Zilva [1918, 6] have shown, as already mentioned, that the presence
of alkalis, even when dilute (1/50 N sodium hydroxide) and at
room temperature, has a rapidly destructive effect upon the anti-
scorbutic vitamin. These authors have called attention to the danger
involved in the practice of adding sodium carbonate when boiling
green vegetables.

It has been suggested that the loss in antiscorbutic value suffered
by vegetables during cooking might be lessened if the water in
which they are heated were made slightly acid with citric acid. The
suggestion was originally made in respect of germinated lentils in
order to preserve the antiscurvy value as far as possible where these
may form the only source of antiscorbutic material in a diet [Greig,
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1918]. It has, however, been shown experimentally by Delf [1918]
that, when 0.5 per cent. citric acid is added to the water in which
germinated lentils are boiled, the loss in antiseurvy properties is, if
anything, greater than when no addition of acid is made.

It follows, therefore, that in cooking vegetables there should be no
addition either of acid or alkali to the water in which they are boiled.

The commercial process of canning vegetables also leads to a
considerable degree of destruction of the vitamin C in vegetables
like cabbage and runner beans, whereas in tomatoes very little
destruction occurs unless there is exposure to air. Cabbage heated
with water in hermetically sealed tins for 1 hour at 90~100° C. lost
about 70 per cent. of its potency; runner beans exposed to 100° C,
under the same conditions on two successive days for a total of two
hours and twenty minutes lost about 75-90 per cent.[Campbell and
Chick, 1919]. Tomato when converted into a purée and canned,
during which process it was exposed at 80-100° C. for 100 minutes
in an open vessel and concentrated to half its bulk, lost 85 per cent.
of its antiscorbutie poteney [Delf, 1920].

Actual investigation of products canned commercially has shown
that in many cases vitamin C is still present, although a certain
amount of loss has usually taken place. This holds for many
fruits and vegetables (see Tables XIII and XXI).

Peaches, plums, and apricots, all fruits of comparatively low
vitamin C content, lose their vitamin C entirely when dehydrated
or sun-dried, but if they are dipped in alkali and then expused to
sulphur dioxide before being dried, they retain it satisfactorily.
This effect is probably due to the reducing effect of the sulphur
dioxide during the process of drying [Morgan and Field, 1929 ;
Morgan, Field and Nichols, 1931],

Raisins prepared by the hot or cold “dip’ process econtain no
vitamin C [Zilva, unpublished results].

Effect of Drying and Preservation.

The absence of the antiscorbutie principle from many dried food-
stufls, and its disappearance from some of the most powerful anti-
scorbutics when these are reduced to the dry condition, is sufficient
proof of the sensitiveness of vitamin C to drying, and in this respeet
the contrast between the antiberi-beri and the antiscurvy factors is
very marked.

Holst and Frolich [1912] devoted much attention to the question
of the effect of drying on the antiscorbutic principle of cabbage
with the object of finding some methed of preserving vegetables
without destroying their antiscorbutic properties. It was soon
found that at least three factors required comsideration. (1) The
effect of the actual process of drying; (2) the effect of preservation
of the dried material ; to which was added (3) the effect of cooking
the dried material.

These investigators did not determine the minimum dose of
fresh cabbage required for the protection of a guinea-pig, but
worked on a basis of 30 g. of fresh cabbage or its equivalent in
dried cabbage. This is now known to be twenty to thirty times
the requisite minimum dose of fresh eabbage. It was found that
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after drying in the airat 87°C. for 8 days this dose of cabbage
was still sufficient to protect from scurvy, and retained this power
even after being boiled for half an hour in 0'5 per cent. NaCl or
acetic acid solution. On preservation for 5 weeks of the dried
cabbage this dose retained its efficiency when the material was
kept dry, but lost it when it was exposed to water vapour.
Further experiments confirmed the importance of water vapour in
this respect [Holst and Frolich, 1920]. Cabbage dried as above
preserved its antiscorbutic properties (in doses equivalent to 30 g.
fresh cabbage) for 18 to 26 months when kept at 37°C. over
phosphorus pentoxide, but lost them over caleium chloride, a less
efficient drying agent. Partial loss resulted from preservation of
the dried cabbage at 4° C. in closed vessels, without any desic-
cating agent; over calcium chloride the loss was less at lower
temperatures. DMore definite results with regard to the loss in the
actual process of drying were obtained by Delf and Skelton [1918],
who found a loss of more than 93 per cent. of the antiscorbutic
potency, when the cabbage was dried at 87°C, and stored at air
temperature in a closed bottle for 2-8 weeks., When the cabbage
was plunged into boiling water before being dried, to inactivate
the enzymes, drying took place much more rapidly and the loss of
potency was somewhat less, but still very considerable. Even when
dried at 65° C. in an atmosphere of nitrogen [Ellis, Steenbock and
Hart, 1921] a loss of the same order was observed.

Fruit juices on the other hand may be dried without serious
loss of antiscorbutic potency by evaporation in vacuo [Harden and
Robison, 1919, 1920; Robison, 1919], or after admixture with
corn syrup by the ‘spray process’ [Givens and McClugage, 1919, 2],
The dry residue obtained from orange juice by Harden and
Robison when kept over sulphuric acid for 2 years at air tempera-
ture protected guinea-pigs from scurvy in doses of 05 g. (equal
to 45 ec. fresh juice), whilst another sample, kept in a sealed
vessel at 20° C. for 14 months, lost more than 85 per cent. of its
power [1921].  The material dried by the ‘spray process’ was still
effective after14-20months [Givens and MeClugage,1920-21}. These
authors also found that commercially dried lemon juice (raw and
neutralized), tomato juice, grape fruit juice, and orange juice were all
active after 14-20 months, whereas grape juice and raspberry juice
were inactive. Dried tomato was found to be active in doses of 1 g.

When dried in the sun (in India) carrots, egg plant, spinach,
turnips, and turnip tops lose nearly all their antiscorbutic power,
whilst tomatoes, potatoes, and ecabbage retain a certain proportion,
which is, however, still further diminished by cooking [Shorten
and Ray, 1919; 1921]. In this case what was actually determined
was that 50 g. of the fresh vegetable protected guinea-pigs from
scurvy for about 3 months, and that after drying the equivalent of
50 g. either did or did not protect. No minimum doses were
determined either before or after drying. Commercial mixed
dried vegetables were found to be inactive in the same dose.
Dried tamarinds, amchur (dried mango), and cocum, three Indian
fruits, were found to possess a low antiscorbutic potency [Chick
Hume and Skelten, 1919).



CHAPTER 1IX

SOME NUTRITIONAL ASPECTS OF COW’'S MILK WITH
SPECIAY. REFERENCE TO VITAMINS.

THE nutritional value of milk as a corrective to deficiencies of
various types in the diet is now generally accepted. It is valuable
tothe adult and probably indispensable to the child and its increased
consumption in this country should be advocated. In many diets
it is the chief source of fat-soluble vitamins, of protein of good
quality, and of ealcium salts. Its importance is well illustrated in
the experiments of Mann [1926] who compared the effects of several
different additions to the dietary of boys in an Institution under
well-controlled conditions. His results are summarized graphically
in Fig. 32, The diet of these boys was considered adequate,
although they were below the normal standard in height and weight.
Mann found that an increase of growth, as measured by both height
and weight, was promoted by the addition of one pint of whole
milk per diem. The milk used was pasteurized. No effect on the
height was produced by addition of caseinogen in amount equivalent
to that contained in the milk or of margarine in amount equivalent
to the extra calories. An improvement was, however, noticeable
with New Zealand butter.

Whatever may be the interpretation of these observations, the
results are important. They suggest that among the missing factors
supplied by the milk addition were the fat-soluble vitamins, though
the possibility cannot be entirely excluded that the extra caleium
givenmayalsohaveinfluenced the results. As mentioned later (p. 242)
a similar result was obtained when additions of whole and separated
milk respectively were made to the diets of school-children in
different towns in Seotland [Orr, 1928; Leighton and Clark, 1929 ;
Clark, 1929,

Untreated Cow’s Milk.

Cow’s milk in one form or another is the almost invariable sub-
stitute for human milk in cases where breast-feeding has for any
reason to be abandoned. Though a discussion of the means to be
employed for adapting cow’s milk for this purpose lies outside the
scope of this report, it is necessary to consider the matter, so that
attention to the vitamin issue alone may not give a wrong im-
pression. Some infants may be reared from a very early age upon
umnpdiﬁed cow’s milk, but for others some modifications are
required to render it more like human milk. The most usual diffi-
culty arises from the excess of caseinogen in cow’s milk. Dilution
of the milk, a method often employed, while ensuring the right
percentage of protein, lowers in similar proportion all the other
constituents including fat, carbohydrate, salts, and vitamins. A ehild
therefore fed upon milk diluted with water alone is partially starved
of a large number of essential dietary constituents. This important
fact_, must never be forgotten, and in the modification of cow’s milk