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Foreword

This volume presents an integration of the results of the researches spon-
sored by the IHerman Frasch Foundation for Research in Agricultural Chem-
istry at the Missouri Agricultural Experiment Station.  The major purpose
of these investigations was to make a comparative study of the energetic
efficiencies of agricultural processes, such as those concerned in the produetion
of meat, milk, eggs, and muscular work, along with the factors influencing these
efficiencies.  The field is a very broad one and the discussions in this volume
range over a wide territory.  They include such important considerations as
the energy cost of maintaining animals, of transforming feed into body tissue,
milk, eggs, and other desired products, the relation of the speed with which the
transformations occur to the efficiency of the process, the influence of the size
of the producing animal on the eflicieney and profit of the produetive enterprise,
and the influence of the rate of the process on the rate of aging.  Many of the
factors influencing efficiency, such as egzymes, minerals, vitamins, and hor-
mones, are analyzed, largely with the aid of available literature.

The broad research project, the results of which are reported herein, was an
institutional enterprise involving the cooperation of four departments in the
Missouri Agricultural Experiment Station,  Dairy Tusbandry, Animal Hus-
bandry, Poultry Husbandry, and Agricultural Chemistry.  The chairmen of
these respective departments —\. (. Ragsdale, 5. A, Trowbridge, H. 1.
Kempster, and A. GG, Hogan - constituted the research committee, with the
author of this volume serving as leader. The resecarch plan was organized
under the direction of Dean F. B. Mumford, who was Director of the Missouri
Agricultural Iixperiment Station during most of the period of this investi-
gation.

Many technical aspects of this rescarch have been published as research
bulletins of the Missouri Station and as technical articles in scientific journals.
This volume brings together in integrated form the essential material incor-
porated in these many publications, along with much additional material
brought together by the author.

The Frasch Foundation and its technical adviser, The American Chemical
Society, working through its trustee, The United States Trust Company of
New York, was represented on this research projeet during part of this period
by Dr. R. W. Thatcher, distinguished agricultural chemist and president of the
Massachusetts State College of Agriculture.  Most of the long-range bioener-
getic plans were formulated with Dr. Thatcher’s advice and encouragement.
Following Dr. Thatcher’s death, this position was ably filled by two other
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v FOREWORD

representatives of Land Grant College staffs—first, by Dr. F'. J. Sievers, Direc-
tor of the Massachusetts Agricultural Experiment Station, and later by Dr.
H. R. Kraybill, Head of the Department of Agricultural Chemistry of Purdue
University.  Dr. Kraybill has organized the plan through which the publica-
tion of the book was made possible.

This volume provides an excellent example of the results of a cooperative
cffort, between an important private Foundation interested in the field of
agriculture and an Agricultural Ixperiment Station associated with one of the
Land Grant Colleges.  The suceess of this cooperative endeavor in the devel-
opment of a large volume of valuable research data and in its publication for
general use, offers encouragement for similar plans of cooperation in the
future.

The author desires Lo express his grateful appreciation to the Guggenheim
FFoundation for a Kuropean traveling IFFellowship in connection with the
preparation of this volume.

M. I. Mriuner, Direclor,
Missouri Agricultwral Experiment Stalion
Columbia, Mo.,
November, 1911,
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Chapter 1

Introduction: Factors in the Efficiency Complex

The situation is complicated and its difficulties are enhanced by the im-
possibility of saying everything at once. J. II. Woodger

Ascertainable truth is piece-meal, partial, uncertain, and difficult.
B. Russell

The efficiency complex involves innumerable genetic and environmental,
as well as physiologic and economie factors.  This book represents an attempt
to integrate some physiologic and cconomice factors influencing efficiency with
special reference to investigations with which the writer has been associated.
Special attention is called to the operation of the principles of diminishing
returns, limiting factors!, and organismic interrelations and compensations
in the efficiency complex. Much of the subject matter under consideration
is, frankly, not applicable to the operation of an agricultural enterprise.
But such apparently impracticable investigations are extremely important,
partly because they “have dignified the calling of agriculture and have given
the farmer an intellectual background and basis for his thinking that cannot
be casily measured’.

1.1: Efficiency and profit, immediate and long-range. 'The animal hus-
bandman, by employing special techniques, finds it possible to accelerate the
speed of growth, milk production, egg production, and muscular work, of his
animals. Whether this inereased productivity results in greater tmmediate
cnergetic efficiency, of course, depends on the relative acceleration of the
productive processes on the one hand and maintenance cost on the other.
But supposing that an increase in immediate energetic efficiency oceurs, how
will this affect the future health, fertility, and longevity (factors in long-
range efficiency) of the animal? Ilow do successive production increments
compare with successive immediate and long-range cost increments? Ob-
viously, the efficiency complex must be viewed from four standpoints: that
of the animal and that of the animal husbandman, that of immediate efficiency
and that of long-range efficiency.

1 Cf. Blackman, F. F., Ann. Bot., 19, 281 (1905); Liebig, J., “Die Chemie in inrer
Anwendung auf Agrikultur’’, 1876

2 Mumford, I. B, “Fifty years of Agricultural Eixperiment Station Work”.  Address,

Fiftieth Anniversary Exercises, University of Missouri, Agricultural Experiment Sta-
tion, Columbia, June 21, 1938.



2 BIOENERGETICS AND GROWTH

Energetic efficiency is the ratio of the desired form of output energy to the
given form of input energy. In animals, the desired form of output energy is
milk, meat, eggs, muscular work, wool, and so on ; the input is a given category
of feed energy, such as gross feed energy, digestible feed cnergy, metabolizable
feed energy, net feed energy. Gross efficiency® is the percentage of the
energy in the given feed category, inclusive of maintenance, recovered in the
desired product; net efficiencyt is the percentage of the energy in the given
feed category, crclusive of maintenance, recovered in the desired product.

But the problem does not end with energetic cfficiency. Monetary profit
offers a further and very substantial complication. Two 800-1b cows produc-
ing milk at the same energetic efficiency as one 1600-1b cow are not as profitable
commercially. This is because the labor cost of milking, feeding, cleaning,
housing, bookkeeping, cte., is nearly twice as great for two 800-1b cows as
for one equally efficient 1600-1b cow, and the profit will be correspondingly
less for the two small than for the one large cow. Energetic efficiency of
milk production is a biologic index of “dairy merit”, probably independent.
of body weight as such: rats, goats, and cows probably produce milk equally
efficiently? but not cqually profitably (see Chs. 3 and 22). Profit is de-
pendent not only on energetic efficiency—a biologic characteristic—but also
on many other factors, including labor and other overhead costs per unit of
milk production, which are in turn dependent on size of animal and other
factors. Similar problems are involved in producing meat, eggs, wool,
muscilar work, and so on.

1.2: Growth, form, and function. Growth is the basis of and closely related
to many productive agricultural processes. Kgg milk, fat, and wool produc-
tion are special types of, or closely related to, growth. 'The function of an
animal is, furthermore, related to its form, the development of which is a
growth phenomenon. Growth, form, and function (e.g., the production of
meat, milk, eggs) are closely interrelated, and special emphasis has been given
to various aspects of growth phenomena (Chs. 16 to 20).

1.3: Organizational energy or the energy expended for the “work’ of
growth and morphogenesis. One expense of the overall or gross productive
cost is the transformation of the original feed into the final productive pre-
cursors, circulating in the blood stream, or in temporary storage in the body.
But there must be another expense, that of transforming the relatively simple,
amorphous precursors, or building stones, into the complexly organized and

output energy (of milk, eggs, meat, work, etc.)

input cnergy (of gross energy, TDN, etc.) (L)
The term ‘“‘gross’ is preferred to “‘total’” efficiency in order to avoid the implication
that we are dealing with “total’”’ energy changes.
output energy
gr oo e = e o s = — (1.2)
input energ{' less maintenance energy
The term “‘net” is preferred to “partial’’ beeause of the well-established usage for
“net” (all reactions and efficiencics are partial).
3 Brody, S., J. Nut., 17, 235 (1939).

* Gross efficiency =

t Net efficiency =
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thermodynamically rather improbable living organisms and related biologic
products. This assumed energy cost of morphogenetic “work’” may con-
ceivably be of several different. categories.  IMirst comes to mind potential or
“structured”’ energy, analogous to the energy “structured’” into a spring on
winding it, or into a storage cell on charging it. The biologist’s “action
current”’, and indeed the whole field of electrophysiology, as well as muscular
exercise (contraction and relaxation), is based on such charge-discharge
phenomena. Bergson* and Terroine and Wurmser®® suggested that the
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configuration of the formed tissue is on a different energetic level from that
of the building-stone precursors.

1 Two orders of phenomena ave observed in living tissues, anageneses and katagenests.
The role of the anagenetic energies is to raise the inferior encrgies to their own level by
assimilating inorganic substances. Henri Bergson, “Creative Evolution”, 1907.

5 Pour édifier son organisme et le développer, il doit en méme temps exercer un travail
contre Uéstériour ot surtout dans la plupart des cas dlever le potential chimique des
substances dont il dispose. Il'y a donele besoin d’énergie.  Terroine, I, and Wurmser,
R., “L’énergie de croissance. I. Le développement de VAspergillus niger”. Bull.
Soc. Chim. Brol., 4, 519 (1922). o )

¢ C'f. Bohr, C., and Hasselbalch, K. A., “Ueber die Kohlensaure production der
Huhnerembroys”’, Skand. Arch. physiol., 10, 149 (1900); “Ueber die Warmeproduction
und den Stoffwechsel des Embryos”, Id., 14, 398 (1903). Tangl, F., “Beitrage zur ener-
getik der ontogenese”’, Pfl. Arch., 98, 327; 98, 475 (1903); 104, 624 (1904); 121, 347 (1908);
130, 1, 55 (1909). Joseph Needham, “('hemical Embryology”’, Cambridge, 1931.



4 BIOENERGETICS AND GROWTH

Next comes to mind an example of energy expenditure as is associated with
the work of rearranging furniture. Such work is immediately paid for, to
entropy, by dissipation of heat to the environment. The potential energy
of the room is not increased by such work.

This problem of organization energy is fascinating in its obscurity and con-
troversial implications, physicochemical, biological, and even theological, or
metaphysical’. It cannot be put to a dircct experimental test because, for
the second assumption, it is not possible to separate or differentiate the heat
of morphogenctic work from the heat of maintenance of the formed tissue®.
This intriguing problem of organizational energy is discussed in some detail
in Chapter 3.

1.4: Basal metabolism, maintenance cost, and efficiency. Living is an
expensive process. Circulation, respiration, excretion, and muscle tension
never cease while life remains, even under conditions of absolute rest. There
are, moreover, energy wastes associated with inevitable activities of enzyme
systems in their own right, independently of physiologic usefulness, and there
is also an cnergy cost for maintaining the thermodynamically unstable living
state (Ch. 3). These and related processes add up to the large energy cost
of maintenance. The minimum encrgy cost (when the animal is at rest in a
thermoneutral environment in the post-absorptive condition), called basal
metabolism, is a popular subject for rescarch.. The total maintenance cost,
as contrasted to basal metabolism, is not being investigated actively.

Beeause most feed consumed by animals is expended for basal metabolisin
and maintenance, we have given the problems considerable attention (espe-
cially in Chs. 13 to 15).

The following example illustrates an agriculturally practical aspect of or-
ganizational energy as well as of maintenance in relation to time, to energetic
efficiency, and even to profit.  We estimated mathematically (Ch. 23) that
the net efficiency of egg production (not including maintenance cost) appears
to be of the same order as the net efficiency of milk production; the gross
efficiency (including maintenance cost, which is proportional to the time in-
volved) of egg production, however, is only about half that of milk produc-
tion. This difference in gross efficiency in the face of equal net efficiency
may be explained by the greater structural complexity of egg (Ch. 23);
there is required relatively more time and conscquently relatively more
maintenance energy to produce unit egg energy than unit milk cnergy.
The periodic or cvelie nature of the egg-production process, in contrast to the
continuous one of milk production, is another factor contributing to the
lower gross energetic cfficiency of egg production. This exemplifies how
organizational complexity may condition in a practical way the gross effi-

7 Bergson, loc. cit., and his other books.
8 Needham, loc. cit.; Tyler, A., Pub. Staz. Zool. Napoli, 13, 155 (1933); Quart. Rev.

Biol., 17, 197 (1942).
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ciency of productive processes aside from the encrgy cost of morphogenesis,
a more controversial problem (Ch. 3).
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Fig.1.2—Gross energetic efliciency of milk (F.C.M.) production for cattle of different
body weight and different productive levels (see Sect. 5.4).

1.6: Nutritional categories. Productive processes transform input energy,
which is food, or “feed” as it is called when used by farm animals, into desired
products, milk, egg, meat, work, etc.
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The transformation involves several steps. The feed (gross-energy cate-
gory*) undergoes digestion, and the digested material (digestible-energy
category) cnters the blood stream or storage organs. Undigested material
and fermentation gases are climinated from the alimentary canal. Some
of the digested nutrients are eliminated by way of the kidneys; the remainder
is metabolizable energy. Of the metabolizable energy, part is eliminated as
heat increment of feeding (“specific dynamic action”, referred to as SDA),
the rest is the net energy calegory. Net energy is, then, that part of the total
energy which is retained in the body for useful purposes, such as maintenance,
growth, milk production, egg production, or muscular work. The fraction
of feed energy eliminated in feces, urine, and SDA depends on the balance
between nutrients (Ch. 20), on the plane of nutrition (Ch. 5), and on the
animal’s inherited ability to digest and utilize the feed.

1.6: Organismic and atomistic viewpoints. 'The encrgetic efliciency of
productive processes depends on many interrelated factors. The specialist
investigating one of these factors may be unfamiliar with the methods, aims,
and literature of the others. The animal husbandman, however, is (theo-
retically) a student of the efficiency complex as a whole?, because the animal
is broader than any of the specialized or atomistic fields of knowledge.

The organism is particularly remarkable for its adaptive and regulative
(homeostatic) devices adjusting it to fluctuating environmental conditions.
Chapters 10 and 25 are concerned with some homeostatic or organismal de-
vices and similar interrelations.  Chapter 11 discusses an especially important
homeostatic mechanism--body-temperature regulation---and the influence
of environmental temperature on the efficiency of biological transformations.

The seasonal temperature rhythm is associated with the scasonal and diurnal
light rhythms. Chapters 8 and 9 discuss the relation of these rhythms to
productive processes.

Light not only furnishes energy to animals by way of the plant, but also
catalyzes many productive processes. Other catalytic processes are discussed
in Chapters 6 and 7.

There are individual differences in digestibility!?, metabolizability, and
net-energy availability, with corresponding differences in the overall effi-
ciency of the productive process.  Of course, digestion itself is a very complex
proeess in which innumerable factors participate, and it is possible that each
of these factors is controlled by a separate gene or set of genes. “How
many genes may be involved in the development of the reflex stimulating
the salivary gland or the secretion of hydrochloric acid in the stomach 17713
It is customary to overlook the variability of the individual factors and to

* The gross- and net-energy feed categories are not related to the gross and net effi-
ctenctes (equations 1.1 and 1.2).

¢ If anyone wishes to search out the truth of things in serious earnest, he ought not
to select one special science; for all the sciences are conjoined with cach other and
interdependent. Descarles.

10 Craft, W. A., and Willham, O. 8., “Nutrition and geneties”’, Proc. Am. Soc. Animal
Production, p. 260, Nov. 27-9, 1936.
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conduct genetic investigations not on the ultimate factors but on complexes,
such as inheritance of the complex “growth rate’”) “milk production”,
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“egg production”, cach of which is, of course, the resultant of innumerable
interrelated inherited factors.
The productive level is, by definition, directly proportional to the net-
energy consumed above the maintenance level. Tt is not directly propor-
1t Palmer, L. 8., and Kennedy, (., “Food consumption and efficiency’’, J. Biol. Chem.,

90, 545 (1931). Morris, H. P., Palmer, L. S., Kennedy, C , “Food requirements for the
growth of the rat’”, Minnesota Agr. Exp. Sta. Technical Bull. 92, 1933.
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tional to the fotal feed intake above the maintenance level, because digesti-
bility, metabolizability, and net-energy availability of rations tend to decrease
with the feed intake in accordance with the principle of diminishing incre-
ments (Ch. 5). Feed intake is, however, an excellent index of the productive
aptitude of an animal'?, regardless of the nature of the productive process.!3
Indeed, there appears to be a good correlation!* between growth rate in youth
and milk-production rate at maturity (both being apparently correlated to
the same extent with the feed consumption level); and dairy steers from
high-milking dams fatten as efficiently as beef steers!®, high feed consumption
being the common characteristic of both.

High productivity is, rightly, sought for, but it should also be realized that
it involves certain hazards. Thus, unusually high milk production may result
in milk fever and related metabolic disorders, consequences of the inability
of the digestive and assimilative systems to keep pace with the demands of
the milk-producing apparatus. Long-range hazards of unusually high
productive levels may be lessened resistance to infection, circulatory damage'®,
and perhaps accelerated senescence (Ch. 18).  Ixtreme muscular effort in
hot weather is associated with relatively high mortality of horse and white
man. (The less ambitious mule and colored man usually refuse to exert
themselves unduly, with corresponding lower hot-weather mortality.)

The highly productive, and consequently highly efficient, animal is such
because of a hereditary configuration in which all the participating efliciency
factors are developed harmoniously for the given high production level.  Rela-
tive overdevelopment or underdevelopment of one of the vitally participating
factors may be catastrophic to the individual or even to the race. Mention
was made of milk fever, increased susceptibility to infection, cardiac damage,
and early senility as examples of possible hazards of unusually high rates of
milk production under certain conditions; of high mortality of horses from
“sun stroke” as result of hard muscular work in hot weather; and of high
mortality of fowls as result of highly accelerated winter ecgg production by
artificial lighting and feeding (Ch. 23) associated perhaps with nutritional
deficiencies (Ch. 20).” Other examples wil be cited presently (Ch. 7).

There are many individual peculiarities, genetic and environmental, affect-
ing efficiency. Individual farm and laboratory animals—not to speak of
humans—differ in their wisdom for selecting diets when offered free choice??.
These may be hereditary or environmental. It is interesting to note that

12 Jickles, C. M., and Reed, O. ., “Cause of wide variation in milk production”,
Univ. Mo. Ag. Exp. Sta. Res. Bull 2, 1910.

13 Kleiber, M., Proc. Am. Soc. Animal Production, Nov. 27-8, 1936.

1 Prentice, K. P., Hoard’s Dairyman, 81, 120 (March 10, 1936).

15 Winters, I.. M., “Efficiency variations in steers’’, Proc. Am. Soc. Animal Produc-
tion, (Nov. 7-8, 1936) and Minnesota Ag. Exp. Sta. Res. Bull. 94, 1933; Fuller, J. G.,
“The dairy breed steer in the feedlot”’, Proc. Am. Soc. An. Prod., p. 88, (1930).

18 Cf. Graham, W. R., Jr., et al., Proc. Roy. Soc. 120B, 330 (1936); .J. Nut., 7, 407
(1934); Am. J. Physiol., 122, 150 (1938) who reported that one unit milk production is

associated with 300 units of blood flow through the mammary gland. See also Scct.
21.4.3.
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the growth rate of “superior” individuals is not maximum. By ‘“superior”
one!” means those who are the most efficient users of food and have the highest
livability. Contrary to the common belief, the most rapid growth is often
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Fig. 1.4—Gross cnergetic efficiency, Qo, expended per unit work, Qw,, in horses at
different work rates, approaching the absolute expense, Q 4, per unit work, Qwy4, as limit
(see C'h. 24 for dctails).

associated with the highest carly mortality”.  Very rapid growth may be
economical to the animal husbandman by saving overhead maintenance cost
but not. profitable to the animal whose longevity may be impaired thereby.

17 Dove, W. F., Am. Nat., 89, 469 (1935), I’roc. Am. Soc. Animal Prod., p. 243 (Nov.

27, 1936); J. Hered., 30, 157 (1939). Muaine Agr. Exp. Sta. Ann. Rep. for 1939, p. 727,
also for 1938 and for 1935.
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It is generally known that there are individual differences in susceptibility
to rickets and to nutritional cataract!®, and to cancer induced by estrogens
and carcinogens!®.

Neuro-psychiatric peculiarities offer another category of influences on the
efficiency of productive processes. Thus animals vary in the amounts of
energy they expend for activities un-related to the productive process. Rund-
quist?® developed two strains of rats which differed in spontaneous activity.
We are familiar with the fidgety horse, a ‘“‘hard keeper”, because he wastes
80 much energy on useless motion, and the placid horse, an “easy keeper”.
Some of these temperamental differences are due to endocrine peculiarities?.
Skill in competitive sports, such as running, is, in part, a matter of eliminating
useless motions, the result of training as well as heredity.

We thus end this chapter with the introductory statement that the effi-
ciency complex involves innumerable genetic and environmental, physiologic,
and economic factors with corresponding difficulties of integration enhanced
by the impossibility of saying everything at once. We shall, therefore, break
up our efficiency complex into its several components discussed in the following
twenty-four chapters.

1.7: Appendix: The following summary of the efficiency equations will be uscful as
reference in future discussions.

energy output (as milk, eggs, meat, work)

Gross* efficiency = - - - 1.1
Y energy input (various categories of feed) (a1
. _energy output
Nett efficiency = ——— - gy oup (1.2)
energy input ut less maintenance energy
Equation (1.1) may be expanded into its constituent components still further:
Gross - energy output . a3)
efficiency cnergy output + maintenance energy ’
+ other expenses in producing product
Equation 1.3 may be further expanded:
Overall or gross _ encrgy output (1.4)
energetic = energy of : (A) product + (B) maintenance + (C) “work”
efficiency of organizing precursors into product 4+ (D) increased me-

tabolism of productive system as result of its greater ac-
tivity and of whole body as result of higher hormone and
nutrient concentration in the blood 4+ (E) wastes inci-
dental to transformation of precursors in blood to prod-
uct + (F) maintenance cost of growing product and so on.

18 Lambert, W. V., Ellis, N. R., Black, W. Il | and Titus, H. W., Proc. Am. Soc. Ant-
mal Productwn, p. 236 (Nov l‘)?ﬁ)

19 Allen, K., J. Am. Med. Assn., 114, 2107 (15)40).

20 Rundquist, L. A., “Inheritance of uchvnty J. Comp. Psychol., 16, 415 (1933).

2 Cf. Hall, V. K., and Lindsay, M. “bpuntanoous activity and the thyroid gland”,
I’ndo('nnologj, 22, 66 (1938); Brody, I. B. 1d., 29, 916 (1941).

* (Gross energy cost of a process = cost, including maintenance.
t Net energy cost = cost not including maintenance.
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One might legitimately ask whether the “maintenance’ of a productive animal in-
cludes item (D) in equation (1.4). The distinction in the denominator of equation
(1.4), as between (C) and (F), and between (C) and (D) above, arc necessarily arbitrary
and subject to criticism, but they serve to illustrate the complexity of the situation.

The apparent efficiency will vary with the category of feed to which the product is
compared. The computed cfficiency will be greatest if the cnergy of the product is
compared to the net energy of the feed, less if compared to metabolizable energy, still
less if compared to digestible energy, and least if compared to gross energy.

While from the cconomic viewpoint the overall or gross efficiency [equation (1.1)]
is all-important, from the theoretical viewpoint, the net efficiency [equation (1.2)] may
be the more important, because it is not complicated by maintenance (not a part of the
productive process), which is dependent on a miscellancous array of extraneous factors.
Because of the basic character of net efficiency, Terroine and Wurmser} termed it. “‘rende-
ment energetique réel”, that is real efficiency, as contrasted to the overall or gross ener-
getic efficiency which they termed “rendement energetique brut”, that is crude or appa-
rent efficiency. During growth, for example, the gross growth efficiency decreases with
increasing age, perhaps not because the cost of organization increases, but because the
amount of growth in comparison to the size of the maintenance-expending body decreases.
The importance of the distinction between gross and net efficiency will become increas-
ingly evident.

t Terroine, K., and Wurmser, R., loc. cit.



Chapter 2

Energetics, Energy Units, and Dietary-Energy Categories™

Science is the attempt to make the chaotice diversity of our sense-experi-
ence correspond to a logically uniform system of thought. Albert Einstein

2.1: Energetics. Bioenergetics, concerned with energy transformations in
living things, is a branch of general energetics gencralized by the first and
second laws of thermodynamics. We shall discuss these briefly, and then
attempt to extend the thermodynamic form treatment to the discussion of the
several nutrient categories and wastes.

2.1.1: The first law!, or the principle of conservation of energy, asscrts that
the total amount of energy in an isolated system remains constant. If
cnergy appears at one place, an equal quantity of cnergy disappears simul-
taneously in another place; if energy disappears in one form, an equal quan-
tity of energy appears simultancously in another form.  All known forms of
energy (mechanical, electrical, magnetic, chemical, ete.) have been converted
quantitatively into heat.

The principle of conservation of maller is another form of the principle of
conservation of energy. Matter and energy are inseparable ; according to the
theory of relativity and to other considerations?, matter and energy are dif-
ferent expressions or measures of the same thing, and they are frequently
hyphenated in writing, as energy-matter.

The first law is not concerned with mechanisms or rates of energy changes,
but only with the initial and final energetic states of the system. It holds
true for living as well as for non-living systems: the energy equivalent of work
performed by an animal, plus the maintenance energy of the animal, plus

* Grateful acknowledgments are made to Allen k. Stearn, Professor of Physical
Chemistry, University of Missouri, for valuable suggestions and for reading the manu-
script; also to ProfessorsHenry K. Bent and Earl A, Long of the same department for
valuable suggestions.

1 This first law may be said to have been conceived by Lavoisier, ‘‘the father of the
science of nutrition””, but formulated by Robert Julius Mayer (a physician) in 1842,
Ierman Helmholtz (a physiologist) in 1847, and substantiated experimentally by James
I’rgscott: Joule (a brewer) in 1843 who determined the mechanical equivalent of heat.
Itis curious that this great generalization of physies is not due to professional physicists:
physicists ‘‘were tired of futile generalities and anxious to make amends for the wasted
time by conscientious factual research’” (Epstein, P. S., “Textbook of Thermo-
dynamies’’, pp. 27-34, 1937.

2 Lewis, G. N., Science, 30, 84 (1909). The relation between energy, E, and rest mass,
m, is given by the equation £ = mC?, in which C is the velocity of light.

12
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the heat increment of feeding must equal the energy generated from the oxi-
dation of nutrients. This definiteness gives the first law a sense of universal
finality, and a firm basis for bioenergetic investigations even if the mechanisms
of the reactions are unknown.

The first law is usually represented by the equation
Al =g —w (2.1)

in which AL represents increase in the energy content of the system which is equal to q,
the heat absorbed from the surroundings (when its sign is positive and heat evolved
by the system when its sign is negative), less w, the work done by the system upon the
surroundings?.

When work is performed isothermally, AK = —w; when heat is transferred without
work, AE = q.

The concept of change in encrgy content, AE, is usually employed when gases are
involved at constant rolume.  A{ constant pressure, it is customary to employ the concept
change in heat content, AIf, when equation (2.1) is written

AH = q — w (2.1a)

For reactions not involving gases, the valus of A¥ and A/l are equal.  For reactions
involving gases,

All = A5 + RTAn = Ay 4 1.9887an

in which n represents number of mols of the gas, and R = 1.988 ("al/°C.

Biologists employ AH rather than AK hecause their observations and methods involve
constant, pressure.

When a reaction oceurs reversibly, w is maximal work, and AF or All is the latent
heat of the reaction.

A reaction is said to be reversible when it proceeds from stage A to the subsequent
stage B in such manner that the energy change is just enough to permit the reversal
back from stage B to stage A without loss of energy. When other conditions do not,
enter to change a situation, natural processes are probably never reversible. This
coneept of reversibility is, nevertheless, very important in the elueidation of thermo-
dynamie theory, and in man-made system changes, such as in the slow-charging-dis-
charging standard cadmium cell, the concept of reversibility 1s virtually realized in
practice.

As regards the applicability of the first law to animals, many contnbutions were made
beginning with Lavoisier!, to whom the modern concept of animal heat is attributed,
in 1777, long before the law was formulated. The proof of the applicability of the first
law to animals (dogs) is, however, attributed to Rubner?, confirmed (on man, working,
riding a bieyele) by Atwater and Benediet®, and (on eattle) by Armsby?.

3 The notations are after Lewis, (i. N., and Randall, M., “Thermodynamics’’,
MceGraw-Hill Book Co., 1923.

* Lavoisier, A L., “Expériences sur la respiration des animaux et sur les changements
qui arrivent & Pair en passant par leur poumons’, Mém. de I’Académie de Science,
(1777) p. 185  Lavoisier and Laplace, P. 8., Id. (1780) p. 379. Lavoisier and Seguin,
Id. (1789) p. 506.

5 Rubner, M., “Calorimetrische Untersuchungen’; Z. Biol., 21, 250, 337 (1885);
30, 73 (1894). TFor the history, see Rubner “Die Gesctze des Energieverbrauchs bei
(]l((;é'sl'lrnaln'ung", Leipzig, 1902, and Lusk, (i, “The Scienee of Nutrition”, Philadelphia,

5 Atwater, W. O, and Benediet, . G, *The Metabolism of Matter and Energy in the
Human Body”’, U. S Dept. Agr. Bull. 136, 1903.

l‘:"Armsby, H. P., “Principles of Animal Nutrition””, New York, 1903, and following
editions.
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The proof consists in comparing the heat of oxidation of nutrients outside and within
the body. Outside the body the heat of combustion, AH,, is determined with an ordinary
calorimeter. Within the body, the nature of nutrients (carbohydrates, fats, proteins)
oxidized is determined from the respiratory quotient and urinary nitrogen (Ch. 12).
The amount of each nutrient oxidized is computed, with the aid of appropriate factors,
from the CO, production, O; consumption and urinary nitrogen execretion. The heat
dissipated by the animal, measured by direct calorimetry, is compared to the com-
puted heat production of the nutrients oxidized. (The heat equivalents of nutrients
and their end products are listed in the summary to this chapter.) The observed and
computed heat production agreeing to within 1 per cent is taken as proof of the applic-
ability of the first law to animal processes.

2.1.2: The second law.® The first law states that all forms of energy are
quantitatively convertible to heat. The second law is concerned -with the
driving force of reactions, with “chemical affinity’’, with the losses involved
in various reactions, and especially limitations on the conversion of heat into
work, that is into energy forms other than heat.

The second law is a statement of the experience that the availability of a
given energy form for work is dependent on its tendency to “run down” from
its relatively high energy level to the general (lower) level, and that there is
a tendency toward cqualization of energy levels.

Thus steam can do work not because it is hot, but because it is hotter than
the environment ; compressed air can do work not because it has a high pres-
sure, but because it has a higher pressure than the environment, and so on.
Heat cannot be employed to do mechanical work if it is equally distributed.
Only that fraction of atmospheric heat creates wind (which may run wind-
mills) that is distributed unevenly. The heat in the ocean or earth surface
is practically unavailable for work because of its practically even distribution.
It may, therefore, be said that the total energy of a system is made up of :
(1) “bound”, unavailable for work, called entropy, and (2) “free”, available
for work. This is one aspect of the second law.

Another aspect of the second law is that only a part of heat energy is con-
vertible to work. This is because work is orderly, relatively large-scale mo-
tion, whereas heat is random, uncontrolled, disorderly molecular motion; and
it is not possible to convert disorderly into orderly motion of molecules
without loss in kinetic energy (heat) of the molecules. Over a century ago
(1824) Carnot formulated the equation indicating the maximum heat energy
theoretically convertible into work.

Carnot formulated his efficiency equation for heat utilization in an imagi-
nary limiting-ideal engine—one of those scientific fictions so important in the
development of science—an engine that is frictionless, does not lose heat and
is completely reversible.  Carnot’s equation is

8 The second law, older than the first, was formulated in 1824 by S. N. .. Carnot, a
28-year old French-Army engineer. The modern elucidation of the second law, how-

ever, is due to mid-nineteenth-century contributions of Clausius, Gibbs, Ilelmholtz,
Lord Kelvin, van’t Hoff and others. For the history, see Lewis and Randall, loc. cit.

p. 5.
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Ty — T

=q — 2.2
‘ w=q (2.2)

or in the differential form,
dw=q% (2.28)

in which w represents the theoretically maximum work-energy obtainable in
the ideal Carnot engine from the heat-energy, ¢, operating between absolute
temperatures T of the boiler and T of the condenser.

Under the usual conditions of about 300° C and 30° C at the boiler and con-
denser respectively, the ideal Carnot engine converts less than half of the
heat, ¢, into work, w. Ordinary heat engines are, of course, much less effi-
cient.* Only when the lower working temperature is absolute zero (—273° C)
would the Carnot cengine convert all the heat energy into equivalent work
energy. This brings out another aspect of the significance of absolute tem-
perature and its zero. The zero on the absolute-temperature scale may be
defined by the temperature at which the Carnot engine is 100 per cent efficient.
This idea will come up again in connection with the discussion of entropy and
the “third law” of thermodynamics, which defines the absolute zero as the
temperature at which entropy is zero for solids.

Although living organisms are not heat engines (life processes are not oper-
ated by temperature differences, and the heat produced by the body is the
end product rather than the motive power of the body processes as it is in a
heat engine), the principle that the efficiency of transformation of one energy-
form into another is less than 100 per cent, even theoretically, appears to be
as generally true for isothermal chemical processes as for heat engines.

As applied to isothermal chemical reactions, the Carnot equation (2.2) is
usually written (Helmholtz’ free-energy equation)

AF = AE — TAS (2.3a)
or (Gibbs’ free-energy equation)
AF = AH — TAS (2.3b)

in which, as in equation (2.1), AE represents the change in intrinsic or internal
encrgy, and A H represents the change in heat content; or more simply, it
represents the heat of reaction determined by direct calorimetry or computed
indirectly with the aid of Hess’ lawt from published thermochemical data?®
of constituent reactions.

T, — T

Tl ’

t Hess’ law, formulated in 1840, is that the heat liberated or absorbed in a reaction
is independent of the manner in which the reaction takes dplace. Thus the heat of
formation of CO, not determinable directly, may be estimated from the following equa-
tion indirectly: C + O, = CO; + 94 Cal; CO + 30, = CO; + 68 Cal. Therefore, C +
340, = CO + 26 Cal.

9 “International Critical Tables’’, McGraw-Hill Book Co., 1929. Landolt, H. H.,

and Bornstein, R., ‘Physikalisch-chemische Tabellen’’, Berlin, 1923. Lewis and
Randall, loc. cit.

* The efficiency, e, of the Carnot engine as given by eq. (2.2) ise =
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The symbol AF represents the free energy change of the reaction, i.e., the
theoretically maximum amount of useful work, analogous to w in Carnot’s
equation (2.2), obtainable from the AIT of the process at constant temperature
and pressure; and T'AS is analogous to the part of the heat in Carnot’s equa-
tion which is not convertible to work.

The numerical values of the free energies, AF, of chemical reactions are
extremely useful to students of intermediate metabolism in the animal body,
as well as to workers in inorganic, organic, and industrial chemistry for pre-
dicting the direction and extent of a chemical reaction. It is a measure of
the driving force, of the chemical affinity, of the given reaction. If the
standard AF has a large negative value (exothermic) the reaction will, when
properly catalyzed, take place vigorously and essentially (-ompletely, if AF
has a positive value (endothermic) for a given reaction it will not take place
unless supplied with energy from external sources; if AF is zero, the system is
in equilibrium and no change occurs. Indeed AF may be, and preferably is,
computed from equilibrium data by the equation

AFY = —RT In K 2.4)

in which K is the equilibrium constant of the given reaction, In its natural
logarithm, and /'° the free energy in a standard state or at unit activity.

In some reactions AF may be determined from clectromotive-force measure-
ments:

AV = —nFE (2.5)

in which 7 is the number of equivalents of chemical change, I’ the value of
the Faraday, and I/ the clectromotive force of the cell.

The characteristic second-law feature in equation (2.3), however, is the
term TAS, which represents the amount of energy degraded from the free or
high-grade form (cquivalent to work) to the bound or low-grade form (equiva-
lent to heat) during the process. It corresponds to the wasted heat or bound
encrgy not convertible to work in Carnot’s engine [eq. (2.2)].

This increase in bound energy is made up of two factors: capacity, AS, and
intensity, 7' (absolute temperature), just as, for example, the work energy
of a quantity of heat, ¢, in steam operating botween temperatures 7'y and 7
is proportional to (7 — T.).

The entropy change in calories per degree (involving simple heat change) is given, for
a reversible path, by the equation*

Ty
AS=f s = f dq

* When the tunpemtum remains constant, as in fusmn AS = ¢/T, derived directly
from the Carnot eq. (2.2). Typical entropy values in F.U. for the standard state:
C 13 S 7. 6 Hz, 16 Nz, 23, !2‘02, 25
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in which dS is the increase in entropy for an infinitesimal change; dg is the infinitesimal
amount of heat absorbed; AS is the increase in entropy for a finite process. When the
temperature is constant (as in fusion), AS = ¢/T.

The numerical value of AS of a reaction may be computed from equation (2.3) or,
preferably independently, from data on heat capacity and latent heat for a wide range
of temperature and, in accordance with the third law, extrapolated to absolute zero and
the entropy interpolated at the desired temperature. The equation form used for this
purpose is

Al
Sr=ASem = 5_‘0 T 2AT + Y - Tt‘ (2.6)

in which Sz is the entropy at the absolute temperature 7', €, is the specific (molal) heat*
at constant pressure, and AIfy, is the heat of transition (fusion, ete ), or change in heat
content of the substanee during the transitions which it undergoes in raising its tempera-
ture from the absolute zero, 0, to the given absolute temperature, 7. As previously
indicated, the “third law’? provides a measure of absolute entropy by stating that the
term Sy, the entropy at the absolute zero, is equal to zero for systems in equilibrium.

The value of AS of a substance may be computed in some cases with the aid of statisti-
cal mechanies from spectroscopie data.

The following are illustrative values! of A/, AF, and AS at the specified “standard
state”” or “reference state” of temperature and pressure, in which case the free energy
18 designated by AF°. Unless otherwise specified the “standard state” is assumed to be
25°C (298°K), one atmosphere pressure, and in case of solution one mol per 1000 gm
solvent. Iach of these conditions, as well as those fixed by these conditions, such as
iomzation, hydration, solution, ete., affects the thermodynamic values. By way of
tllustration, consider the oxidation of glucose

Cell120s + 60, = 6CO, + 6H,0 (2.7a)
Since the change of H,O liquid (1) to 11,0 gas (¢) involves an energy change
H,0 (1) = H0 (g) — 9.7 Cal (at 100°C)

it is obvious that the value of A/l in equation (2.7a) will depend on whether the H,O
is in the [ or ¢ state At 25°C and one atmosphere pressure, when the H,0 is in the !
state, (O in the ¢ state and Cgll1:06 in the s (solid) state, equation (2.7a) is written:

Csll1206 (s) + 60, (9) = 6CO: (g) + 6H,0 () + 674 Cal (2.7b)

That 15, /1 = —674 Cal/mol glucose. (The value of AF° = —685 Cal). If the H,O
is in the ¢ state, the value of AII would be less by 6 X 10.4 = 63 Cal than that given in
equation (27b). According to Baas-Becking and Parks, the free energy of the reaction
under natural conditions when the partial pressure of CQO.is 0.003 atmosphere is 709 Cal :

6C'0, (0.0003 atm) 4 6H,0 (liquid) = 60, (O 2 atm) + CeHl1506; AF295 = 708.9 Cal (2.7¢)

Typmul heat capauty at constant pressure, Cp per mol: fm H, = 6.5 + 0.0009T;
for O, and Ny = 6.5 + 0.001 T. )

1 Taken from Lewis and Randall, loc. ¢it.; Parks, G. 8., and Huffman, H. M., “The
Free Energies of Some Organie (' ompounds”, New le\ 1‘)32 Borsook, g , “Reversible
enzymatic reactions”’, Ergeb. d. Iyn:z/mfo:schung 4, 1(1‘)%) Burl\ D. “The free encrgy
of nitrogen fixation by living organisms”, J Gen. Physiol., 10, 559 (1927) Proc. Roy.
Soc., 104B, 153 (1929); J. Phys. Chem., 35 432 (1931); Baas- Becklng, L. G. M., and
Pm'ks G S, “Energy relations in the metabolism of autotropic bacteria’’, Physwl
Rev., 7, 85 (1927); Needham, D. M., “Energy-yielding reactions in muscle contractions”’
Enzymologia, 6, 158 (1938). Stephenson M., “Bacterial metabolism”, Longmans, 1939,
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The symbol AF represents the free energy change of the reaction, i.e., the
theoretically maximum amount of useful work, analogous to w in Carnot’s
equation (2.2), obtainable from the Al of the process at constant temperature
and pressure; and T'AS is analogous to the part of the heat in Carnot’s equa-
tion which is not convertible to work.

The numerical values of the free energies, AF, of chemical reactions are
extremely useful to students of intermediate metabolism in the animal body,
as well as to workers in inorganic, organic, and industrial chemistry for pre-
dicting the direction and extent of a chemical reaction. It is a measure of
the driving foree, of the chemical affinity, of the given reaction. If the
standard AF has a large negative value (exothermice) the reaction will, when
properly catalyzed, take place vigorously and essentially completely; if AF
has a positive value (endothermic) for a given reaction it will not take place
unless supplied with energy from external sources; if AF is zero, the system is
in equilibrium and no change occurs. Indeed AF may be, and preferably is,
computed from equilibrium data by the equation

Al = —RT In K (2.4)

in which K is the equilibrium constant of the given reaction, In its natural
logarithm, and [° the free cnergy in a standard state or at unit activity.
In some reactions A" may be determined from electromotive-force measure-
Yy
ments:

AF = —nFE (2.5)

in which n is the number of equivalents of chemical change, /' the value of
the Faraday, and F the electromotive force of the cell.

The characteristic second-law feature in equation (2.3), however, is the
term T'AS, which represents the amount of energy degraded from the free or
high-grade form (equivalent to work) to the bound or low-grade form (equiva-
lent to heat) during the process. It corresponds to the wasted heat or bound
energy not convertible to work in Carnot’s engine leq. (2.2)].

This increase in bound energy is made up of two factors: capacity, AS, and
intensity, 7' (absolute temperature), just as, for example, the work energy
of a quantity of heat, ¢, in steam operating between temperatures 7'y and 7',
is proportional to q(T, — T%).

The entropy change in calories per degree (involving simple heat change) is given, for
a reversible path, by the equation*

Te Ty
a8 =f dS=f d—?
T Ty 1

* When the temperature remains constant, as in fusion, AS = ¢/7', derived directly
from the Carnot eq. (2.2). Typical entropy values in E.U. for the standard state:
C, 13; 8, 7.6; I,, 16; 3N,, 23; 30., 25.
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in which dS is the inereasc in entropy for an infinitesimal change; dg is the infinitesimal
amount of heat absorbed; AS is the increase in entropy for a finite process. When the
temperature is constant (as in fusion), AS = ¢/T.

The numerical value of AS of a reaction may be computed from equation (2.3) or,
preferably independently, from data on heat capacity and latent heat for a wide range
of temperature and, in aceordance with the third law, extrapolated to absolute zero and
the entropy interpolated at the desired temperature The equation form used for this
purpose is

Sr=A8en =Y, %’de + Z-Agi'
tr
in which Sz is the entropy at the absolute temperature T, C,, is the specifie (molal) heat*
at constant pressure, and MM is the heat of transition (fusion, ete.), or change in heat
content of the substance during the transitions which it undergoes in raising its tempera-
ture from the absolute zero, 0, to the given absolute temperature, 7. As previously
indicated, the “third law’’ provides n measure of absolute entropy by stating that the
term Sy, the entropy at the absolute zero, is equal to zero for systems in equilibrium.
The value of AS of a substance may be computed in some cases with the aid of statisti-
cal mechanies from spectroscopic data.

The following are illustrative values! of AIf, AF, and AS at the specified “standard
state”” or “reference state’” of temperature and pressure, in which case the free energy
is designated by AT, Unless otherwise specified the “standard state’” 18 assumed to be
25°C (298°K), one atmosphere pressure, and in case of solution one mol per 1000 gm
solvent. Iach of these conditions, as well as those fixed by these conditions, such as
ionization, hydration, solution, cte., affeets the thermodynamie values. By way of
illustration, consider the oxidation of glucose

2.6)

Cel 1206 + 60, = 6CO, + 6H.0 (2.7a)
Since the ehange of HuO liquid () to H,0 gas (¢9) involves an energy change
11,0 (1) = H,0 (g9) — 9.7 Cal (at 100°C)

it is obvious that the value of AH in equation (2.7a) will depend on whether the HyO
is in the [ or g state. At 25°C and one atmosphere pressure, when the H,O is in the {
state, ('O, in the ¢ state and Cgll1206 in the s (solid) state, equation (2.7a) is written:

CelT1204 () 4+ 602 (g) = 6CO, (9) + 61,0 (1) + 674 Cal (2.7b)

That is, aAll = —674 Cal/mol glucose. (The value of AF® = —685 Cal). If the H.O
is in the g state, the value of AII would be less by 6 X 10.4 = 63 Cal than that given in
equation (2.7b). According to Baas-Becking and Purks, the frec energy of the reaction
under natural conditions when the partial pressure of ('O, is 0.003 atmosphere is 709 Cal:

6C0, (0.0003 atm) + 61,0 (liquid) = 60, (0.2 atm) 4 CsH1206; AlF29s = 708.9 Cal  (2.7¢)

* Typical heat capacity at constant pressure, C,, per mol: for Hy = 6.5 4+ 0.0009T;
for Oy and Ny = 6.5 4+ 0.001 T.

10 Taken from Lewis and Randall, loc. eif.; Parks, G. 8., and Huffman, H. M., “The
Free Energies of Some Organic Compounds’’, New York, 1932; Borsook, H., “Reversible
enzymatic reactions’’, Irgeb. d. Enzymforschung, 4,1 (1935); Burk, D., “The free energy
of nitrogen fixation by living organisms”, J. Gen. Physiol., 10, 559 (1927); Proc. Roy.
Soc., 104B, 153 (1929); J. Phys. Chem., 3b, 432 (1931); Baas-Becking, L. G. M., and
Parks, G. 8., “Energy relations in the metabolism of autotropic bacteria’, Physiol.
Rev., T, 85 (1927); Needham, D. M., “Energy-yiclding reactions in muscle contractions’’,
Enzymologia, 6, 158 (1938). Stephenson, M | “Bacterial metabolism’’, Longmans, 1939.
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Likewise as regards pressure.  In equation (2.7b) it is assumed to be one atmosphere.
Under natural conditions of photosynthesis the partial pressures of CQ, and O, are
0.0003 and 0.2 atmosphere, respectively, and A/ = 708 Cal rather than 685.

The most interesting biological examples illustrating thermodynamic equations are
found in the literature! on the metabolic activities of nitrogen-fixing soil bacteria and,
of course, in the recent studies on intermediary metabolism in animals.

Most bacteria are heterotrophs; they obtain energy for their metabolic processes by
oxidation of carbohydrates leq. (2.7)] and related organic compounds, as does man.
But there are, especially among soil hacteria, many antotrophst? obtaining energy not
from oxidation of organie matter but from oxidation of H,, N,, 8, NH,, NO,, Fet!t,
and so on, as illustrated by the following reactions.

C + 0, = CO, + 94 Cal
1 + 30, = H,0 + 68 Cal
(Al = —68 Cal/mol 11y; AF° = —56 Cal)
S + 130, + H,0 = H,80, + 142 Cal
(A = —142; AF° = —119)
S 4+ 0, = 80, + 71 Cal

The nitrosomonas or nitrite producers obtain energy by oxidation of ammonia to
nitrites:

NI; + 130, = HNO, + 11,0 + 79 Cal
The nitrobacter or nitrate producers obtain energy by oxidizing nitrites to nitrates:
HNO, + 30, = IINO; + 21 Cal

The above are exothermie reactions.  The formation of ammonia from atmospherice
nitrogen is endothermic.

iN: + 3/2 H,O = NII; + 3/4 O, —82 Cal
All = 482 Cal; AF° = 479 Cal

The energy for the endothermic formation of NII, is obtained from the exothermie
oxidation of such carbohydrates as glucose which yield 700 Cal free energy per mol,
more or less depending on conditions [eq (2.7b)] Theoretically, therefore, one mol
glucose furnishes sufficient free energy, AF, to convert about 4 mols N, to NH;.  Actu-
ally, however, not one but 30 to 50 mols glucose are required to furnish the needed energy,
the “machine efficiency’’11 of the process is only 2 to 3 per cent.

Practically, therefore, the value of AF is no better indieator of the “machine’” effi-
ciency of a reaction than is the value of w in the Carnot equation (22). Iaving
organisms, like engines, have irreversible heat losses due to various causes which in
organisms go under the name of “maintenance’”’; and these “maintenance’” losses, there-
fore, tend to be inversely proportional to the speed of the process. There is a time ele-
ment affecting the irreversible losses.

The value of AF, as previously explained, is the best measure of the chemical affinity,
the driving force of spontancous reactions.

1t Burk, D., J. Gen. Physiol., 10, 559 (1927); Proc. Intern. Cong. Soil Sci., 3, 67 (1930);
Baas-Becking and Parks, loc. cut.
12 Winogradsky, S., Ann. Inst. Pasteur, 4, 213, 257, 760 (1890); Id., 6, 92, 577 (1891).
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As a matter of fact, however, reactions in biologic systems are not ‘‘spontaneous’’
in the sense that this expression is used in relation to inanimate systems. Biological
reactions are mostly coupledi®. Fven the conversion of sugar to aleohol and carbon
dioxide may be considered as a coupled reaction. The part of the molecule which is
oxidized to CO; (exergonictt) is coupled with and furnishes energy to the part converted
to fatty acid or aleohol (endergonic?).

(:5111203 = 2(:21150}{ + 2CO; + 22 Clll
(e. alcohol)

The following fermentation or glycolysis reactions may also be considered as examples
of internal oridation-reductions not involving external (molecular) oxygen:

Cetl 1206 = 2CH,;- CHOH-COOH + 26 Cal
(lactic acid)

CelT1605 + 11,0 = 2CH,;-CHOH-COOH + 32 Cal
(glycogen)

(CeH 1105 4 L0 = CglT1206 + 6 Cal)

Cell1:0s = 3CH;- COOH 4 15 Cal
(acetic acid)

The fermentation of glucose to produce lactic acid (glycolysis) is an important method
of supplying energy to animal tissues when the oxygen supply for normal oxidation
energy is inadequate as in violent exercise and in cardiorespiratory insufficiency due to
disease. It is, therefore, of great importance in intermediary metabolism. Micro-
organisms produce in their metabolism a great variety of incompletely oxidized products,
a few of which arce listed below.  Many of them, such as aleohol, acetic acid, citric acid,
oxalie aeid, kojic acid, gluconic acid, fumarie acid, and so on, are of very great
importance.

Coll106 4 4302 = 3(COOH): + 31.0 + 193 Cal
(ozalic acid)
CH,- CHOH-COOIL 4+ KNO; = CH;-CO-COOL + H.0 4 KNO, + 31 Cal
(lactic acid) (pyruwvic aced)
C13-CO-COOIL + I,O = CH;-COOH + H-COOH + 6.5 Cal
2014 CHO + H,0 = CH0IL + CH;-COOIL 4 22 Cal
(acetaldehyde)

NIL-PO(OLI). NI,
/ ‘
HN=C + 11O = lIN: C + H.;P.Oc + 12 Cal
N(CH,)CH,-COOH N(CH;)CH,-COOH
(phosphocreatine) (creatine)

(Phosphocreatine hydrolyzes during muscle contraction and resynthesizes during
recovery.)

13Cf, Borsook, Burk®, Kolekar, H M | “The nature of energetic coupling in bio-
logical syntheses’, Chem. Rer [ 28, 71 (1911).

Y Coryell, C. D, |Science, 92, 380 (1910)) suggested that the terms exothermic and
endothermic be confined to heat changes, AH ; exergonie and endergonic be used for desig-
nating Al changes (ergon, from Greek, meaning work).
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It should perhaps be re-emphasized in conclusion that we have not been concerned
with the internal energy, E, of systems but merely with heat-content changes, AH;
free-energy changes, AF; and entropy changes, AS. Thus AH, the heat of formation
of CO from C and O; or the heat of combustion of C to CO (under standard conditions)
is —26 Cal; likewise, the heat of formation of CO, from CO, or the heat of combustion
of CO to COs, is —68 Cal. We are concerned not with total energy but with changes or
increments for well-defined reaction stages under well-defined conditions.

Similarly the molal heat of formation, AH (at 25°C and 1 atmosphere pressure) of
formic acid from its elements, C, Hy, and O,, is —100 Cal and corresponding free energy,
AF, is —85 Cal; the heat of combustion, AH, of formic acid to H,0 and CO, is —63 Cal,
and so on for other compounds as given in the literature.

Another factor needing re-emphasis is that environmental conditions such as tempera-
ture, pressure, but especially concentration of reactants and products, influence to a
greater extent the free energy, AF, that is the theoretically maximum work derivable
from the energy, than they do the heat-content change, AIf. The application of this
observation is of the greatest practical agricultural importance, especially as it relates
to plane of nutrition, which we shall discuss throughout the book. The simple illustra-
tion was already cited that in the reaction

C + 0; = CO.

the values of both AH and AF are —94 Cal per mol when the oxidation is done under a
pressure of one atmosphere O; and CO.. But when the partial pressure of CQ, is 0.0003
atmosphere and of O, 0.2 atmosphere, the value of AF = —99 Cal, whereas AH is still
—94 Cal.

Finally, an important but apparently mysterious equation nceds to be clarified. It
was already noted that the work, w, by an expanding gas from volume v, to v, against a
pressure, p, is proportional to p(v. — v;):

w o« p(: — 0)

This proportionality is generalized (when p has always its equilibrium value 7) to the
less evident* equality '
w = —RT In (v;/rs) 2.8)

in which R is the gas constant (1.988 gm-cal or 0.082 lit-atm) and In is the natural loga-
rithm (2.303 times the common logarithm) of the given ratio.

Likewise, it may be shown that the free-energy, AF, accompanying the dilution of a
solution from concentration ¢, to c; isothermally is given by the sccond-law equation
form

AF = —RT In C]/Cz (283.)

This equation form is used for computing kidney work in concentrating urine against
a higher osmotic pressure, for electromotive force developed between different ionic
concentration, ¢, and c,, and so on. The free-energy change, —AF, equivalent to the
work of concentration of urine from blood by the kidney is given®® by the equation

v2 ve vy vy
* The derivation: f pdv = f RT/vdv = RT f dv/v = RTf (Inv, — Inp) =
v v1

7] 1
—RTInwn/v..

18 For numerical illustration see Borsook, H., and Winegarden, H. M., Proc. Nat.
Acad. Sci., 17, 3 (1931). ' B ) o e

71
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C plasma , . . .. .
—~AF = nRT In -Epcm in which n is the molar concentration in the urine excreted

during a given interval. Similarly the work of transporting water from plasma to urine

is —AF = nRT In 2PI2SD8
n urine

Turning to more general considerations, the meaning of the definition of
the second law, that the difference in energy potentials tend to come to a dead
level, is exemplified by daily experiences: when bodies of different tempera-
tures are brought together, the temperatures become equal, thermodynamic
equilibrium is established, and the energy becomes useless for work perform-
ance.

Statistically viewed, when molecules moving at different speeds (that is,
when the bodies are at different temperatures) are brought together, they
collide in accordance with the theory of probability, and a compensation of
velocities, or thermal equilibrium, is established. Considered in this way,
entropy is a condition of maximum probability (Boltzmann). It is improb-
able that heat will be transferred from a colder to a warmer body, just as it
is improbable for a river to rise above its source. Both thermodynamic laws
are common-sense laws, with many analogies and implications, yet not with-
out apparent contradictions, two of which may be noted.

The definition of entropy as condition of maximum probability, maximum
energetic levelling, maximum disorganization, and so on, all imply a ‘“running
down of the universe”, an implication which raises the following question
often asked by children to whom this concept is explained: if the universe is
running down, it must have been previously “wound up”. Who wound it
up? How was it wound up? What was the “first cause” and the cause of
this cause of this winding up?

A second apparent contradiction concerns the evolution of complex organ-
isms from simple and the growth and development of complex bodies from
apparently simple eggs (Ch. 16). While there is a tendency toward levelling,
yet there are many integrative, directive, creative and individuative activities
illustrated by evolution of species, growth and development of individuals,
or even by the writing of an orderly book from disorderly data and thoughts.

The fact is that we are not aware of all the factors operating at the living
organizational level which may, conceivably, have selective mechanisms
analogous on the molecular level to “Maxwell’s demon”. Probability pre-
dictions (Boltzmann derived the second law on statistical considerations)
are known to be upset by “thought” (leading to action) with which the living
are endowed.

This apparent contradiction may, perhaps, be rationalized, in harmony
with Boltzmann'’s statistical derivation of the second law, by saying that
biologic phenomena are relatively local and that general statistical laws need
not apply to local events. The limitation of the second law has no significance
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for single molecular events. Intelligent purposive action may interfere with
the normal operation of probability. Thus life insurance tables for the
United States do not necessarily reflect the life expectation in a local com-
munity living up to unusually high health standards, especially for its children.
Improbable events may occur locally in accordance with the caleulus of prob-
ability and, of course, by proper coupling with external energy-yielding sys-
tems. It was noted™ that biologic syntheses, for example, are normally
coupled between two reactions, one representing an increase in free encrgy,
+ AFy, the other a decrease, — AF., and that the absolute value of AF is
larger than of AFFy.  This way one system is more highly organized (entropy
lowered) at the expense of simultancous disorganization (entropy raised) in
an interrelated system.  In the more familiar example of refrigerating ma-
chines heat is raised from a colder to a hotter body; but, of course, by perform-
ing work on the system at the expense of external energy.  The overall result
of such operation is a net increase in entropy, a deerease in free energy.  There
is philosophic questioning concerning the applicability of the second law to
living systems', but, as illustrated by the following examples, there is no reason
for practical questioning from the standpoint of the present book.

It is sometimes said, and with truth, that the agricultural industry is the
only one (with the exception of those utilizing water and wind power) engaged
in increasing the supply of free energy for man’s use with the aid of green
plants, the “great anabolizers”, by the basic photosynthetic process

6CO2 (0.0003 atm) + 6HO (1) + 709 Cal -> O, (0.2 atm) + CeIl;,04 (2 9a)
(solar energy)

thus supplying the chemical energy for the basic catabolic process
Coll1:06 + 60, — 6CO. + 61,0 + 674 Cal (2.9h)

This photosynthetic process involves a local increase in free energy, a local
decrease in entropy.  But from the viewpoint of the system as a whole, this
geobiologic increase in free energy is coupled or linked with the solar decrease
in free energy, and the thermodynamic efficiency of photosynthesis is not
very high even theoretically.!$: 1 There is an increase in entropy of the

B.Cf., anter aba, Ostwald, Wilhelm, Z. physik. Chem., 34, 248 (1900); Borsook, loc.
cil.; Rolekar, loc. eil.; Burk, D., J., Physieal Chem., 35, 432 (1931).

17.Cf. inter alia, Guye, C. IS, “Physico-Chemieal Isvolution”, London, 1925  Jeans,
J. H., “Activities of life and the second law of thermodynamies”, Nature, 133, 171
(1934); Donnan, F. Gi., Concerning the applicability of thermodynamies to the phenom-
ena of life. J. Gen. Physiol., 8, 685 (1926); Nature, 133, 99, 530 (1931); Scientia, 24,
282 (1918). Smuts, J. (', “Holism and Evolution”, New York, 1926. Watson, D. 1. |
“Iintropy and Organization”, Scrence, 72, 220 (1930).

¥ Borsook, p. 39.

Y Cf. Transeau, 14 N, “The accumulation of energy in plants”, Ohio J. Sce., 26,
1 (1926): The carth receives about one two billionth of the sun’s energy. Of this part
received, about 35 per cent is refleeted into space, 65 per cent absorbed. Ot this absorbed
part, 0.12 per cent enters into the life eyele.  Of this 0 12 per cent, about 24 per cent is
utilized by agricultural plants. Of the 24 per cent utilized by agricultural plants, the
plant stores 1 to 25 per cent, some 75 per cent of the energy utilized by the plants being
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system as a whole; the law of degradation of energy definitely holds. Organ-
1sms, however, capture and transform much of the energy that would otherwise
be lost.

Tt may similarly be said that farm animals are wasteful converters of feed
into milk, eggs, meat. Thus man obtains about 1500 Cal of useful energy by
consuming a pound of grain directly but only about 300 Cal (20 per cent) by
consuming milk produced at the cost of & pound of grain (Ch. 21), or about
150 Cal (10 per cent) by eating meat (Ch. 3) or eggs (Ch. 23) produced at
the cost of a pound of grain. These animals are, however, humanly useful
because they utilize feeds which man cannot or does not wish to utilize di-
rectly.* Draft animals have an overall energetic efficiency of about 10 per
cent, 90 per cent of the free energy being wasted (Ch. 21).  The same is true
of inanimate machines, humanly useful but energetically wasteful.  Tn brief,
while humanly useful, productive processes involve overall free energy losses:
the entropy tends toward a maximum, the free energy to & minimum.

In the case of plant growth, the radiant energy of the sun would be lost any-
way, so that whatever photosynthetic use is made of this energy by man is a
gain, although the utilization of the energy is low; likewise, while farm ani-
mals are wasteful in their utilization of roughage energy, yet whatever utiliza-
tion is made by the animals for productive purposes is total gain to man who
cannot himself consume roughage. lLoss and gain are thus relative terms
depending on the viewpoint.

2.2: Energy units and energetic equivalents. Kquivalent quantities of
different forms of energy vield equal quantities of heat (first law).  All forms
of energy may, therefore, he represented in heat units, Calories or British
thermal units (Btu), as indicated in the appendix to this chapter.

While living organisms arc not heat engines, it is customary to express the
energy exchange in heat units hecause work energy and storage energy in
animals are measured by calorimetric methods, in heat units.

The heat units commonly employed are the small or gram-calorie, the heat
required to raise the temperature of one gram of water 1° C at 15° C; the
large or kilogram-calorie, the heat required to raise the temperature of one
kilogram of water 1° C, written with a capital C; mega-calorie, equivalent to
1000 Cal or 1,000,000 cal, which is Armsby’s Therm. The Btu is the heat

used for its maintenance. The overall efhiciency of the photosynthetic process is thus
extremely small, although the thermodynamie efficiency of the photosynthesis may be
80 per cent. Warburg, O., Z. physikal Chem 106, 191 (1923)  See also Spoehr, H. H .,
J. Ind. Eng. Chem., 14, 1144 (1922) Holsberg, . L, Id , 6, 524 (1924); Briggs, G. I5.,
“Energetic efficiency of photosynthesis in green plants”, Proc Roy Soc , 106B, 1 (1929).
Wurmser, R., Ann. d. Physiol., 1, 47 (1925). Adams, E. Q , .J. Am. Chem. Soc., 48,
292 (1926).

* It is said [Brit. Med. J., 2, 269 (Aug. 2, 1941)] that the protein mainstay of the
German Army is not meat but “brattling”’, a soybean-skimmilk sausage; that, hkewise,
peanut and cottonseed meal (after the oil has been extracted therefrom), usually fed to
cattle, is at present used in Germany as a meat substitute in the form of sausage, etc.,
at, perhaps, 10 per cent of the cost of meat. Soybean is, of course, a staple in China.
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required to raisc the temperature of 1 Ib of water 1° F. A Calorie (kg-cal)
is thus about 4 Btu (3.9681 Btu) or 1 Btu is equivalent to about 1 Cal (0.2522
Cal).

2.3: Feed and nutrient energy categories. There appears to be some anal-
ogy between the thermodynamic energy categories discussed in section 2.1
and the feed and nutrient categories discussed in this section.

Thus the energy equivalent of the oxygen consumed (about 5 Cal/lit) by
a working animal above that consumed at rest is analogous to what was called
A H in section 2.1, the total energy associated with the work, and the maximum
theoretically obtainable work by the animal is analogous and, perhaps, close
to what was termed free encrgy, AF, in section 2.1.
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We shall discuss four feed and nutrient categories: net energy, sometimes
alled “production energy”, equivalent to Kellner’s “starch values’; metab-
olizable energy; digestible energy or TDN ; gross energy.

The net-energy category formulated and defined by Armsby?® as the maxi-
mum proportion of the feed energy convertible to work, milk, egg, meat, and
maintenance seems to correspond to the free energy, AF, of thermodynamics,
although the latter is confined to the theoretically maximum (not actual)
energy convertible to work, and not to storage (as for milk production).

20 Armsby, H. P., “The Principles of Animal Nutrition”, 1903; “The Nutrition of
Farm Animals”, 1917; “Net Energy Values for Ruminants’’, Penn. State College Bull.
42, 1916. Sce also Fraps, G. S., “Practical applications of productive energy values to
problems concerning feeds and feeding’’, Proc. Am. Soc. Animal Production, 1937;
“The production coefficients of feeds”, Texas Agr. Exp. Sta. Bulls. 185 (1916), 203
(’16), 329 (’25), 373 ('28), 402 (’28), 436 (’31), 454 (’32), 461 (’32).
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The analogy, here as elsewhere, between nutrient and thermodynamic cate-
gories is only formal.

The metabolizable-cnergy (or physiological fuel value) category, defined by
Armsby?® as the net energy plus heat increment of feeding, seems to corre-
spond to change in the heat content, A H, of thermodynamics.

The heat increment (above the postabsorptive level) associated with the
nutritive process, usually called “specific dynamic action”, or SDA—which
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Fig. 2.2—Time curves, following feeding, of methane percentage and methane volume
in expired air of goats (see also Fig. 12.8 b, p. 323).

might be called food-utilization tax —appears to be analogous to the entropy
term, T'AS, of thermodynamics.
And just as we have the basic thermodynamic equation
AF = AH — TAS (2.3)

S0 we may write
NE =ME — SDA (2.10)
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in which V£ is the net energy, M E is the metabolizable energy, and SDA the
specific dynamic action or the heat increment of feeding. This analogy is
closer for work processes than for maintenance and storage, to which the net
energy concept also applies.

The other two feed categorics are gross energy, which is simply the combus-
tion value of the original feed or food ; and digestible energy which is the gross
energy less the fecal energy.

The gross-energy category has no important nutritional significance since
it gives no clue to the nutritional value of the feed. Thus the gross energy
(combustion value) per unit weight is practically the same for dry starch as
for dry wood, despite the fact that starch is utilized completely by the body,
whereas the wood is not utilized at all.

While the digestible-energy category is much more significant nutritionally
than gross energy, it is also ill-defined. The so-called digestible energy, de-
fined by the difference in combustion value of the feed and feces, is not really,
but only apparently digestible, since the feces contain not only indigestible
material but also voluminous excretions from the body proper into the diges-
tive tract and sceretions of juices and enzymes by the digestive-tract wall, as
well as abrasions from the walls and a rich flora of bacteria and, in cattle
especially, a fauna of protozoa. The metabolic part of the feces (not part of
the undigestible feed or food) is highly variable depending on the amount of
roughage in the ration, plane of nutrition, balance between nutrients and so on.

Moreover, some species, such as ruminants, produce anaerobically (by fer-
mentation) enormous quantities of gases which have a high caloric value.
These gases, not being part of the feces, are consequently classed with the
digestible nutrients !

The most voluminous gases in the rumen are®* CHy and CO,, but there are
also said® to be Ha, HsS, and CO (Fig. 2.4). Fatty acids are also formed.?

1t is difficult to determine the ratio of CO. to CHy because the fatty acids
formed in fermentation liberate ('Os from carbonates.  We obtained data on
the C'O,/CT4 ratios as they exzst in the paunch of cattle, goats, and sheep at
various times after feeding; as well as pereentages of methane in expired air,
as shown in Figs, 2.1 and 24.  These data enabled us to estimate that the
average well-fed dairy cow produces about 300 liters per 24 hours of each
fermentation produet,® ('l (IFig. 2.4) and CO,.  Assuming that the energy
equivalent is 9.5 Cal/lit for C'Hyand { Cal/lit for COg, the fermentation-energy
loss is about H00 C(al/day,** equivalent to about a third of the resting main-
tenance energy cost of a 1200-1b cow (Ch. 15).

2 Washburn, L. E., and Brody, 8., “Methane, hydrogen, and carbon dioxide produc-
tion in the dl;!\(’sth(‘ tract of ruminants’ ) Univ. Mlssourl Agr. Exp. Sta. Res. Bulls. 263,
1937, and 295, 1939.

22 Olson T M. “Ruminant gases’, J Dairy Sci., 28, 684 (1942).

23 See, :Llsu, (‘olo, H H., Mead, S. W., and Kleiber, M | “Bloat in Cattle’’, Calif. Agr.
Exp. Sta. Bull. 662, 1942

2 According to Rossini [J. Research, 8, 49 (1931)] the molar heat of combustion of
CH, at 25°C and one atmosphere is 212.8 Cal.
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The fermentative production of fatty acids, methane, and COz in the rumen
may be variously represented, as
2(‘3“10()5 —o——) 2(:‘1[);()_! + 3(‘()1 + ()}14
(cellulose) (butyric acid)

after Krogh and Schmit-Jensen2®, involving a 3 to | proportion between the
volumes of CO, and C'Hg; or it may be imagined to oceur as follows?:

(1) Cell 1005 4 1,0 — 3CO, + 3C'H,;  (2) CO, + 41, --> CH, 4+ 2H,0

The above discussion indicates a great loss of feed energy in the form of
fermentation gases. The loss may not, however, be as great as it seems, be-
cause the fermentation losses appear to come from the indigestible part of
the ration, or the fermentation loss is compensated by greater digestibility
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Fig. 2 3—The time course of gas formation after green alfalfa feeding (Cole, et al.)

associated with the fermentation process.  This is indicated by the fact that
the percentage of metabolizable energy of a given ration is the same for cattle
and rabbits (Figs. 5.3 and 5.4), despite the great ditference in fermentation
gases produced by these two species.

The metabolizable energy, or physiologic fuel value, category in nutrition
(eq. 2.10) corresponds to the heat change, A H, in thermodynamics (Section
2.1). The physiologic fuel value of nutrients, especially of nitrogenous nu-
trients, is considerably below that of the bomb-calorimeter fuel value, AH,
because the oridizing powers of the body are below those of the bomb calorim-
eter. Thus protein is not completely oxidized in the body : for each gram of
protein catabolized about 1.3 Cal are excreted in the urine in the form of in-

2 Krogh, A , and Schmidt-Jensen, H. O., *“The fermentation of cellulose in the paunch
of the ox and its significance in metabolism experiments’, Biochem .J., 14, 686 (1920).

2 Barker, II. A. [(Arch. Mikrobuol., T, 404, 420 (1936)] reported methane production by

bacteria, thus: CO, 4 201,011 — CHy 4+ 2CH30H. The aleohol or similar compound
acts as the H donor for reducing CO,.
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completely oxidized products such as urea, creatinine, and so on, thus reducing
the bodily oxidation value of protein to 4.35 Cal/g, or 1973 Cal/lb from the
calorimeter-combustion value of about 5.65 Cal/g or 2563 Cal/lb. Less con-
spicuous urinary energy losses are incurred by other nutrients. Moreover,
as previously noted, gas production in the digestive tract involves losses of
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Fig. 2.4a—Time course of composition of rumen gas in Jersey cow 8312 following
feedings of alfalfa hay; grass; alfalfa hay and grain.

partly oxidized products. It will be shown in Chapter 5 that the metaboliz-
able-energy category, obtained by deducting these losses from the digestible-
energy category, is about 85 per cent of the 7D N (digestible-energy category)
in cattle and about 93 per cent of the 7D N in rabbits, the exact percentage
depending on the plane of nutrition, balance between nutrients, and especially
the amount of fermentable material fed.
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T}}e net-energy category in nutrition corresponds to the free-energy change,
A.F, in thermodynamics. Armsby? built his famous cattle-respiration calo-
rimeter for the purpose of measuring this net-energy category of nutrients.
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Fig. 2.4b—Time course of composition of rumen gas in Jersey cow 8312! after feed-
ing of grass.
Unfortunately, it is more difficult to evaluate the net energies of feeds than
the free energies of chemical reactions. The net-energy category has not,
therefore, come into practical use in the feeding of farm animals. Instead

27 Armsby, H. P., “Nutrition of Farm Animals’’, 1917.
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the digestible-nutrient category, termed for short TD N, is commonly used in
the feeding of farm animals.?8

TDN = digestible carbohydrates 4 digestible protein 4 digestible fat X
2.25.

The conversion of weight units, such as grams or pounds 7D N, or metab-
olizable nutrients, or net-energy nutrients, to Calories offers difficulties. The

LlTsfcl:S/Jo MIN. RATIO
T T T T T _—— T )
i , RESPIRATORY  GASES
wo 'k S i 4
= RNIRASS) 2
3 Jo !\\ = p%l P O\'} \: _‘_’_‘,\\\,\ 3 f
O v \‘\\K i ,‘-’. Ol|=a
=2 s SEvetle BB
+ NG4S S
%5 i RA Zz
2V =Ko 8
Y 10 I~ '
— CH, <
o o
% T T T
| /»—L\\ RUMEN GASES
6o (O S ALFALFA  HAY
N AND GRAIN
(VW)
9 50 ‘
=
ém Of Reiis s o
o \»-----.;\_ CHa A e N Io——
& 3o <= N —+
A ”~— \
< 20, ",/ —
9 EATING, //
3%
' \ H, /, Ol —
RS - ‘;—/ _ > A -
o ~ :\ . . SO
HRS-2 O 4 20 2

12 16
TIME AFTER FEEDING

Fig. 2.4c—Time course of composition of rumen gas in Jersey cow 8312! after a feed-
ing of alfalfa hay and grain.
average heats of oxidation of the three principle foodstuffs in a bomb calorim-
eter are estimated® to be .

Carbohydrates 4.10 Cal/g 1860 Cal/lb
Fats 9.45 Cal/g 4287 Cal/lb
Protein 5.65 Cal/g 2563 Cal/lb

28 Morrison, F. B., “Feeds and Feeding’’, 1936, presents extensive TDN tables.

29 Fries, J. A., U. 8. Dept. Agr. Bureau of Animal Industry, Bull. 94, 1907. Armsby,
loc. cit. Atwater, W. O., and Bryant, A. P., “The chemical composition of American
food materials”, U. S. Dept. Agr. Bull. 28, 1903. Benedict, F. G., and Atwater, W. O.,
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It must be emphasized that there are very wide variations in individual
determinations.?

The convention had developed among students of human nutrition3® to
multiply the grams carbohydrate in the diet by 4, the grams of the protein
in the diet by 4, and the grams of fat in the diet by 9, and assume that the
result represents the physiologic fuel value (metabolizable energy Cal) of the
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Fig. 2.4d—Time course of composition of rumen gas in Jersey cow 83121 after a feed-
ing of alfalfa hay.

diet. The difference between these 4:4:9 physiologic-fuel factors and
4.10:5.65:9.45 bomb-calorimeter conversion values previously cited is as-
sumed to represent the dietary losses in the urine (energy of creatinine, urea,

Id., Bull. 136, 1903. Benedict and Milner, [d, Ball 175, 1907. Rubuner, M , “Die
Gesetze des Energieverbrauchs bei der kKrnahurng”, 1902 Sherman, H (', “Chemistry
of Food and Nutrition’’, Macmillan, 1938, Landolt and Bornstein, loe. eit.  *“Interna-
tional Critical Tables”, loc. cit. Maynard, L. A, “Ammal Nutrition”’, 1937.

30 Sherman, H. C., loc. cit.; Chatfield, C., and Adams, G., “Compilation of American
food materials’’. U. S. Dept. Agr. Circular 549, 1940.
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etc., amounting to about 1.3 Cal/g protein), feces (assumed 2 per ceqt loss for
carbohydrates, 5 per cent loss for fats and 8 per cent loss for proteins), and

fermentation gases.
There is no agreement for the conversion of animal feeds to metabolizable

energy. Some authors estimate the metabolizable-energy values in rumi-
nants by assuming that they produce 4.5 g CH, per 100 g digested carbo-
hydrate, and that this CH, together with the associated CO. has a thermal
cquivalent of 60 Cal per 100 g, or 273 Cal per 1b, of digested carbohydrate?!;
and that the urinary energy in cattle is between 4 to 5 per cent of the gross
feed energy (Ch. 5). Armsby? reported (for cattle) metabolizable values of
1600 Cal (1500-1700) per pound TDN for roughages, 1830 Cal (1720-
2200) for concentrates, and 1660 Cal (1580-1870) for mixed rations. Chris-
tensen and Hopper? reported (for sheep) 1670 Cal for roughages and 1690
Cal for mixed rations. Forbes and Kriss®* reported 1690 Cal metabolizable
cnergy per pound TDN, or about 3.6 Cal per g TDN. In the interest of
uniformity the writer suggested?® that the TDN be converted to Calories
by multiplying g TDN by 4, or Ibs TON by 1814, or oz TDN by 113.4.
The resulting caloric values would represent, roughly, the metabolizable
energy of the TDN. The conversion factor 4 Cal/g TD N is somewhat too
high for ruminants and somewhat too low for omnivors and carnivors. In
any case, the given conversion factor is a rough estimate, and its relation to
the actual metabolizable energy necessarily depends on the nature of the ra-
tion and in ruminants on the amounts of rumen fermentation. To avoid
complications with consequent misunderstandings, we say that our efficiency-
computations in this book will be based in most cases with respect to con-
sumed TD N, assuming that 1 g TD N is equivalent to 4 Calor 1 lb TDN to
1814 Cal.

The above considerations make it evident that the apparent efficiency of a
biologic process, as defined by equation (1) (Ch. 1) depends on the nutrient
category used as reference base [denominator in eq. (1)]. The apparent effi-
ciency is greatest when employing the net-energy category in the denominator
as reference base, and least when employing the gross-energy category. For
muscular work, the efficiency with respect to the net-energy category is repre-
sented by the rate of oxygen consumption of work above rest, thus:

Net efficiency _ work accomplished in Cal. equivalents
of work oxygen consumed at work above rest in Cal. equivalents

3 Kellner, [Landw. Vers.-Stat., 83, 415 (1900)] reported 4.2 to 4.3 g CH, per 100 g
carbohydrates digested. Armsby (‘“Nutrition of Farm Animals”’, p. 638) reported 4.8
g CH, for roughages and 4.7 g for concentrates.

32 Armsby, H. P.; “The Nutrition of Farm Animals”, p. 278. See also Penn. State
College Bull. 12, 1916, on “Net Energy for Ruminants’’.

3 Christensen, F. W. and Hopper, T. H., “Digestible nutrients and metabolizable
energy in certain silages, hays, and mixed rations”,J. Agr. Res., 67, 177 (1938).

3 Forbes, E. B., and Kriss, M., Proc. Soc. Amumal Production, p. 1131 (1931).

3% Brody, S., “Report of the conference on energy metabolism’, National Research
Council, Washington, 1935.
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If the Calorie equivalent of oxygen consumed is replaced by the Calorie
equivalent of the total feed consumed, the apparent efficiency will be only
50 per cent of that when oxygen is used as reference base, since the net energy
of herbivor’s feed is about 50 per cent of the gross energy.

2.4: Summary and appendix. Scction 2.1 discusses the principles of thermo-
dynamics and their relation to biology and especially to agriculture. The
thermodynamic uniqueness of the agricultural industry is that it increases
the local available free energy (or decreases the entropy) for man’s use by
utilizing the solar radiant energy which would otheirwise be lost. It appears
that, with one or two exceptions, all other human activities lower the local
free-energy® reservoir. This explains the national importance of agriculture
in general and of soil conservation in particular, since soil is the basic national
resource, the thread that binds us, by way of plants, to the source of all
energy, the sun.

Some attention is givén to the philosophic aspects of the applicability of
the principle of degradation of energy to such constructive processes as growth,
development and evolution of organisms. An attempt was made to bring
out formal analogies between nutrient and thermodynamic categories.

The following symbols and definitions were used in Section 2.1.

AE: Change in internal energy ot a system during a process. AU is often employed
synonomously with AE.

AH: Change in heat content associated with a process, as in the heat of combustion
or heat of formation. This includes pressure-volume energy as indicated by the
relation AH = AE + A(PV) and by AH = AE + PAV, in which A(’V) represents
change in pressure volume product and PAV is work done by or upon the system.

Carnot Cycle: a theoretical sequence of operations converting heat at a higher tempera-
ture, 11, to work plus heat at a lower temperature, 7',.

AS:  Change in entropy, in bound energy, in low-grade energy, in randomness, not
convertible to work.

AF: Change in free energy, which is capacity to do work or in the theoretically ob-
tainable maximal useful work from the reaction at constant pressure and tempera-
ture. AF = AH — TAS is the fundamental thermodynamic equation for a process
at constant pressure and temperature corresponding to Carnot’s equation for a
process involving a temperature gradient. (When there is also pressure-volume
work, the maximum work including this pressure value is represented by AA,
and AF = AA — PAV.)

T: Absolute temperature = Centigrade temperature, ¢, +273°.

K°:  Absolute temperature scale (named after Lord Kelvin) for which the zero is

—273.1°C.
In: Natural logarithm, 2.3026 times the common logarithm.
e: Base of natural logarithms, 2.71828.

F: Faraday = 96,500 coulombs = 23.07 Cal
q: Heat absorbed [eq. (2.1)].
w: Work done [eq. (2.1)].

% Cf. Ostwald, Wilhelm, “Der Energetische Imperative’, Leipzig, 1919. The impera-
tive reads, “Waste not free energy, treasure it and make the best use of it”’. In 1886
Boltzmann expressed the same idea: “The struggle for existence is a struggle for free
energy’’.
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R: Gas constant = 1.987 Cal/degree = 8.31507 joules/degree = 8.31507 volt-

coulombs.
n. Number of equivalents or mols involved.
('p:  Heat capacity at constant pressurc per mol.
Cv:  Heat capacity at constant volume per mol.

Qo,: c.mm. of Oy taken up per mg dry tissue per hour; Qco,: = ¢.mm CO, given out per
mg dry tissue per hour.

Section 2.2 discusses the energy units employed in agricultural bioener-
getics, espccially as they relate to farm animals. It 1s suggested that the kilo-
gram-calorie, designated by Calorie with a capital C, be employed as the basic
unit. Armsby’s Therm, or mega-calorie, is 1000 Calories. The following
conversion table shows several interrelations.

(See following pages for caloric equivalents.)

Section 2.3 discusses the four feed and nutrient energy categories: net energy,
metabolizable energy, digestible energy and gross energy, also the heat incre-
ment of feeding (SDA) and the fermentation, urinary and fecal energy losses.

SDA: “Specific dynamic action”, the heat increment of feeding above the post-ab-
sorptive level. Tt is analogous to the entropy term, T'AS, in thermodynamics.

N.E.: Net energy is the gross energy (combustible energy of the original material)
less the fecal, urinary, fermentation-gas, and SDA cenergy. It is the cnergy
convertible into the maximum amount of work, milk, egg, meat, ete. It is
analogous to the free energy term, AF, in thermodynamics.

M.E.: Metabolizable energy is N I plus the SDA. N.E. = M.E. — SDA. 1t is the
gross energy less the feeal, urinary and fermentation energy. It is analogous
to the A/ term in thermodynamies.

D E.. Digestible energy is gross energy less fecal energy.

TDN - Total digestible nutrients = digestible carbohydrates 4 digestible protein +
digestible fat X 2.25. 1 g T'DN is estimated to be roughly equivalent to 4 ('al/g
or 1814 Cal/lb. The exact value depends on species, plane of nutrition, balance
between nutrients and other factors, and is, therefore, subject to correction and
even debate. The average calorimetric-combustion values are, however, fairly
definite, about 1.1 Cal/g for earbohydrates, 5 6 for protein and 9.4 for fat.

It will be shown in Chapter 5 (Fig. 5.4) that empirical observations on
cattle yield the following energy values for the several categories.

Gross energy of feeds Digestible Metabolizable energy Net energy
(heat of combustion) cnergy (physiological fuel value) of fee
(Cal/g) (Cal/lb) (Cal/g)  (Cal/lb) (Cal/g) (Cal/lb) (Cal/g)  (Cal/lb)
Cattle 4.5 2000 3.2 1600 2.7 1200 2.2 1000
Rabbit 4.5 2000 2.9 1300 27 1200 2.3 1000
Percentage values
Digestible energy,  Metabolizable energy, ¢, of Net energy, % of
% of gross gross digcstﬂ‘;[e gross  digestible metabolizable
Cattle 71 60 85 49 69 81
Rahbit G4 60 03 51 79 85

In gencral, the heats of combustion of nutrients vary directly with the
hydrogen and carbon content, and inversely with the oxygen content, roughly
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Approximate Combustion Values, Cal/g

Carbon S Suceinic acid [CoH(COOH).] 3.0
Hydrogen 34.5 Oxalie acid [(COOH):) 0.668
Sulfur 3.2 Citrice acid (C¢HgOy) 2.478
Methane 13.3 Lactic acid (C.IT;OCOOH) 3.66
Ethyl alcohol (C.lI;0H) 7.07 Urea (CH,ON,) 2.528
Glycerol [C3H;(OH);) 4.3 Creatinine (C4H,N3;0) 4.6
Glucose (CgH,204) 3.75 Creatine (CsHy0:N;) 4.24
Sucrose (Ci2H2201;) 4.0 Urie acid (CsH,O3NY) 2.74
Lactose (Ci2H,:0,,) 4.0 Glyein (C,H,0.N) 3.11
Stareh (C¢H;005) 4.2 Tyrosin (CeHy;O3N) 5.915
Acetaldehyde (CH;CHO) 6.12 Alanine (C3H;NO,) 4.35
Acetie acid (CH;COOH) 3.49 Urinary nitrogen substances in
Propionic acid (C.H,COOH) 4.96 rats on casein diet: 3.059 Cal.
Butyric acid (C;H,COOH) 5.95 cequivalent {0 6.67 lit. Oz or 5.47
Palmitic acid (C,H3,0,) 9.35 lit ('O,
Stearic acid (C,7H;COOH) 9.53 Wood, sugar, charcoal 8
Oleic acid (CisH340,) 9.5 Gluten 6
Tributyrin (CisHas0s) 6.4 Hemoglobin 5.9
Olive oil 9.4 Casein 5.7
Iog fat 9.5 Egg yolk 8.1
Sheep fat 9.5 Iigg albumin 5.7
Butterfat 9.2 Muscle 5.7
Heals of Combustion of Nutrients or Feeds*
][ealss(:)‘fcﬁz;ngro\;::::)xyr;'s::;n% of r Elemental Composition
Caljg | Cal/kg | Cal/ib E cajor WS G L4 | a | n
Starch and glycogen LT[ 4200 01905 | 119 | 190.5 | 11 6.2 49
Sucrose 10 [ 1000 L1814 ] 113 (st o2 0 61! 52
Gilucose 38 13800 | 1724 | 108 1 172.4 1 10 6.7 | 53
Fat 19,45 1 9100 | 4264 | 200 | 426.4 | 75 11.8 13
Protein l 5.65 | 5700 | 2585 1 162 | 258 5 52 70 23 16
Urea bo.5 | 2500 | 1134 | 71 | 113.4 ] 20 | 6.7 27 |47
C‘reatinine 46 1600 | 2040 | 128 | 20t 1 43 6.2 14 37
(‘orn meal 44 | 4100 | 2000 | 125 | 200 1.4
Straw .4 [ 4400 | 2000 | 125 | 200 0.6
IHay 4.5 | 4500 | 2040 | 128 | 201 1to2
Soybeans 5.5 ] 5500 | 2500 | 156 | 250 5.9
Wheat bran 4.5 | 4500 | 2040 | 128 | 204 2.5
Linseed oil meal 5.1 | 5100 | 2313 | 115 | 231 5.6
Average cattle and rab- ) ] [
bit ration 4.5 14500 | 2040 | 128 | 204 } ‘|

~ * (‘onversion factors used: 1 i{g = 1000 g = 2205 lbs = 35274 oz., 1 Ib = 16 oz =
153.6 g = 0.4536 kg; 1 oz = 28.35 g.  Sce preceding reference, Sherman, Morrison, May-
nard, and others for sources of data.
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in proportion to the combustion values of hydrogen, carbon, and oxygen as
indicated in the following table. (The heat of combustion of hydrogen in
Cals/g is 34.5; carbon 8.08; sulfur, 3.2; methane, 13.35; ethyl alcohol, 7.07;
the heat equivalent of oxygen is 2.6 to 3.4 Cal/g or 4.7 to 5.1 Cal/liter). The
average heat of combustion of carbon in tissue is assumed to be the same as in
glucose, 113 Cal per gram atom of carbon.

The following tables list additional illustrative values of heats of combus-
tion of nutrients, feed stuffs, and several familiar substances and other equiv-
alent values used in this book.

Table of Energetic Equivalents
Metabolic water from nutrients
100 g protein yields 41 g H,0
100 g fat yields 107 g H.O
100 g CH yields 60 g H.O

Heat equivalent of 0. and CO,

1 liter O, = 5.14 Cal for glycogen
4.4 Cal for oils (cottonseed, cod liver, corn, ete.)
4.6 Cal for fat (as butterfat)
4.6 Cal for protein
5.06 Cal for starch
5.08 Cal for sucrose
4.8 Cal for hay

22.4 lit. O, = 30 g glycogen.

1 lit. O, = 5 Cal (5.05 at R.Q. 1.0, and 4.69 at R.Q. 0.70, and 4.825 at R.Q. 0.82)
= app. 15,500 ft-lbs (15, 580 to 14 ,470) = 2134 kg-m (2155 to 2001).

11lit. CO, = 5to 6.7 Cal (5.05 at R.Q4 1.0, and 6.7 at R.Q. 0.70).

1gCO, = 2.5t034 Cal (2.57 at R.Q. 1.0, and 3.41 at R.Q. 0.70).

1g O, = 3.5 Cal (3.53 at R.Q. 1.0, and 3.28 at R.Q. 0.70).

(Note: At 0° G 760 mm pressure and 45° Iat. 1 lit. CO; = 1.9652 g;

1 llt 0, = 1.4292 ¢; 1 lit. air = 1.2928 g; 1 lit.
water vapor = 0.8038 g; 1 g water vapor = 1.2440 liters).

Calories
1 Cal = 1 kg-cal = 1000 gm-cal = 3.968 Btu at 60° F = 4185 joules
= 3086 ft-lbs = 426.7 kg-meters
1 cal = 1 gm-cal = 4.185 Joules = 42670 g-cin = 41.3 cc-atm = 0.04133 lit-atm
1 Btu = 0.252 Cal at 15° C = 778 ft-lbs :

Work units (force X distance)
1 ft-1b = 0.1382 kg-met = 0.000324 Cal = 0.001286 Btu = 0.0005 ft-tons
1 kg-meter = 7.233 ft-lb = 0.002344 Cal = 0.009298 Btu
1 hp-hour = 1,980,000 {t-lbs = 641.3 Cal
1 joule = 0. 2423 Cal = 10,000,000 ergs = 10,198 gm-cm = 0.00987 lit-cm

Power unils, unils work per unit tume
1 hp (horsepower) 33,000 ft- Ib};s per minute (or 550 ft-1b/sec or 1,980,000 ft-lbs
ver hour
4562.4 kg-m per minute
746 watts = 0.746 (about 3/4) kilowatt
2.1 liters oxygen/min = 10.7 Cal/min = 642 Cal/hr

I T T

watt = work at the rate of about 1/4 Cal/sec
kilowatt = 101.9 kilogram-meters per second
737.56 foot-pounds per second
1000 joules per second = 10,000,000,000 ergs per sec
=1 —13tn
0.746 P

1 kg-m/sec = 9.81 watts
watt-hour = 0.85968 Cal
kw-hour = 859.68 Cal = 3412 Btu
1 lit-atm = 10.333 kg-m = 74.73 ft-lbs = 101.32 joules = 24.207 cal = 0.09607 Btu



Chapter 3

Energetic Efficiencies of Growth and Work Processes

Waste not free energy; treasure it and make the best use of it. Wilhelm
Ostwald

While there is no sharp dividing line between the two, it is convenient to
divide agriculturally productive processes into two general classes (1) work
and (2) growth, including “growth’ of fat, milk, egg, wool, ete.

Thus defined, “growth” means the constructive or assimilatory synthesis
of one substance at the expense of another (nutrient) which undergoes dis-
similation. This is only one definition of growth; others will be considered
in Chapter 16. In thermodynamic terms, the energetic efficiency of growth
is the ratio of the growth work performed to the free energy expended. Tradi-
tionally, however, the energetic efficiency of growth is defined by the ratio of
energy stored in the organism by the nutrient energy consumed.

3.1: Energetic efficiency of muscular work and the maintenance complica-
tion. Equation (2.2) indicates that the theoretically maximal efficiency of
the Carnot heat engine is, under the usual temperature conditions, about 50
per cent. The maximal efficiency of actual heat engines is up to 20 per cent
for stecam cngines, up to 25 per cent for gas engines, and 40 per cent for diesel
engines. The average efficiencies are, of course, below maximal estimates.

Animals, however, operate not by virtue of changes or differences in tem-
perature and pressure, as do heat engines, but by chemical energy operating
at constant temperature and pressure, and the efficiency of isothermal con-
verters, as of some electric transformers, approaches 100 per cent under cer-
tain conditions. Thus the efficiency of a slow-charging and discharging cad-
mium standard cell is almost 100 per cent [eq. (2.5)]. Furthermore, the free
energy, AF, of the major body fuel, glucose, is practically identical with its
heat of oxidation, A H, at constant temperature and pressure [egs. (2.7a) and
(2.7b)]. The efficiency of muscular work might, therefore, be expected to be
much higher than that of a heat engine.

Actually, however, the mazimal efficiency of muscular work in our horses,
after deducting the ‘ wastes” for maintenance and walking without load, was
observed to be no higher than the maxzimal efficiency of the Carnot engine,
not over 40 per cent (Ch. 24).

37
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We measured work performance in horses by the method illustrated in Fig.
24.1 (p. 901), by multiplying the weight pulled, W, by the distance pulled,
and the energy expenditure of these horses by the rate of oxygen consumption,
assuming that virtually all energy was obtained by oxidation of glucose, as
no doubt it was. The energy from the glucose thus oxidized [eq. (2.7)] is
the heat of reaction, A H, which as previously noted is virtually identical with
its free energy, AF.

No work was expended for moving the treadmill, which was actuated at
desired speeds by an electric motor.

The energy expended by the animal included the following items:

1. Work accomplished

2. “Basal metabolism”

3. Heat increment of feeding (SDA)

4. Standing, above that of lying

5. Walking without load, above that of standing

6. Overcoming internal resistance (viscosity of muscle colloids)

7. Overcoming external resistance (wind, contact of feet with ground,
ete.)

8. Useless incidental movements associated with pulling

9. Additional internal work of circulation, respiration, exeretion, muscle
tension, cte.

10. “Recovery” processes (sce Ch. 6)

To simplify matters, we measured the oxygen consumption during: (A)
standing, which covers items 2, 3, and 4; (B) walking without load, item 5;
and (C) pulling the load, item 1. Item 10 was insignificant under the given
conditions.

We then had three categories of efficiency :

Gross (or total*) _ useful work accomplished (Cal)

efficiency of work (9, consumed (Cal) 3.1)
Net (or partialt) useful work nccomphbhed (Cal)

cfficiency of work ™ O.'r consumed durmg work above that of rest (Cal) 32)
Absolute useful work accomplished (Cal) - 3.3)

efficiency of work ~ O consumed during work above that of w 1lkmg
at the same speed without load (Cal)

The oxygen consumed in Calories, of course, corresponds to A I7 in thermo-
dynamics.

It is obvious that the value of the gross cfficiency [eq. (3.1)] will depend on
the speed of work. The longer the time taken for performing a given quantity

* The term “‘gross’’ is preferred to ‘‘total”’ efficiency in order to avoid the implication
that we are dealing with “total’’ energy changes.

t The term “‘net’’ is preferred to “‘partial’”’ because of the well-established usage for
“net”’ (all reactions and efficiencies are in a sense partial).
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of work—that is, the longer the time of holding the muscles in a state of un-
productive tension—the greater the overhead maintenance cost (items 2 to 4
above). On the other hand, the greater the speed of work, the greater the
energy cost of the moving muscles in overcoming the internal resistance of
the viscous colloids which make up the body. The gross efficiency of muscu-
lar work as a function of speed must, therefore, be of a rising and declining
type (Ilig. 24.3, p. 904) as it is for such machines as automobiles (Fig. 24.4,
p. 905).

The speed or time factor also affects the net [eq. (3.2)] and absolute [eq.
(3.3)] efficiency because the energy expenditure for overcoming the internal
resistance of the body colloids differs with speed.  Speed of work affects the
efficiency in animals in a manner somewhat analogous to that of temperature
and pressurc on the free-energy values of chemical reactions, or on the work
efficiency of Carnot’s engine.

It is important to note, on the basis of the data in Chapter 24, that for given physio-
logic work levels the efficiencies, gross, net, and absolute, are the same in (large) Per-
cheron horses, (small) Shetland ponies and (shll smaller) men. At a given physiologic
age and condition the efficieney of work is independent of the size of the animal.

The observed maximal efficieney of muscular work in horses on treadmills will be
shown in Chapter 2t to be of the order of 25 per cent for gross efliciency [eq. (3.1)], 28
per cent for net efficiency [eq. (3 2)], and 35 per cent for absolute efficiency [eq. (3.3)].

Fenn!, and Hill and associates?, reported efficiency computations of a different but
related kind.  Hill’s computation on the theoretical maximum muscular work efficiency
is based on the consideration of the energeties of an isolated frog-muscle strip.  Hill
imagines a reversible eyele- similar to the I’V or Carnot cyele- -in which the maintenance
and related elements do not enter as complicating factors. Under such theoretical
conditions, the “theoretical maximum work” was computed to be about 40 per cent
approximately the same as for the Carnot engine.

Of this 10 per cent theoretical efficiency perhaps 60 per cent is, according to Hill,
actually recoverable as work  What becomes of the remaining theoretically recoverable
40 per cent work energy? Ihll thinks it is expended in overcoming the internal resist-
ance of the body colloids. This resistance is wasteful of eneigy, but is useful to the ani-
mal beeause without it, he would “tear his tendons, break his bones, ‘pull’ his muscles,
strain his joints’.

Fenn computed & maximum gross work-efliciency of 23 per cent trom data on the run-
ning of a man (carrying himsell no external load as in our horses). The work per-
formed when running at maximum speed was computed to be at the rate of 2 95 hp and
energy cxpended at the rate of 13 hp.  Of the 13 hp expended 7.8 hp (60 per cent) was
estimated to represent, “waste of recovery”, and 5.2 hp (40 per cent), “initial”’ (anaer-
obic) phase of muscle contraction. 295 hp of the “initial” energy (22.6 per cent of the
total 13 hp or 57 per cent of the “initial” 5.2 hp) was used for work apportioned as fol-
lows - 1.68 hp (56.9 per cent of the 2.95, or 1‘2 9 per cent of the 13 hp) for acceleration of
limbs; 0.67 hp (227 per cent of 2.95, or 5.2 per cent of 13 hp) in friction of foot with
ground; 0.10 hp (3 4 per cent of 295, or 0.77 per cent of 13 hp) for overcoming gravity;
0.13 hp (4.4 pm cent of 295, or | per cent of 13 hp) inwind resistance.  Unlike Hill, I‘enn

l]‘(‘nll W. () ,Anl J. l’hl/\ml 90 3-!‘3 ]‘)2‘) 92 .)8? 1‘)'30 93, 433 1‘)30
2I'uru‘.avm K., Il AV, ‘md l’(xrl\mson, . L., Proe. ICm/ S'oc 102B, 28, 43, 380

(1927-8).
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attributes much of the energy loss to overcoming external rather than internal viscosity
resistance. Unlike Fenn’s and Hill’s running men, our working horses incurred no
appreciable oxygen debt, so that Fenn’s theoretic computations are not quite applicable
to our working-horse data. None the less, these figures should be suggestive.

A basic difference between the work of an animal and of an engine is that
the animal expends cnergy even when not working. The all-day or all-life
energetic efficiency of an animal is, therefore, a complex function, among other
factors, of the percentage of time spent for the work. The energy cost of
maintenance tied up with the time factor is, aside from the economic aspects,
a central problem in biology and agriculture which, necessarily, will frequently
come up in this book, in various guises.

3.2: Energetic efficiency of growth and the maintenance complication.
The growth-process category of biologic transformations is largely in the
nature of storage: in higher animals and man the proteins, carbohydrates,
fats, minerals, and vitamins in the diet are transformed into body, milk, egg,
and so on, containing the same or derived substances. The situation is more
complex in the case of bacterial and plant growth. The purely storage aspect
of growth may be of no particular thermodynamic interest, but there is prob-
ably a work aspect to growth which is of thermodynamic interest.

Thus, the growth process involves creation and maintenance of : internal
surfaces, differences in electromotive potentials, and differences in osmotic
pressure, especially such as are involved in secretion, excretion, absorption,
and in general trarsformation of amorphous nutrients to complex organisms.
The configuration of the living organism, as for example, the newly-hatched
chick, is on a quite different physico-chemical level from that of the yolk,
white, and shell from which the chick developed, and it is, thercfore, reason-
able to assume that growth includes a work component involved in changing
the configurations from that of food to that of organism.

In addition to the ‘“ work-of-growth” component, there are many irrevers-
ible free-energy losses which may be lumped together under the heading of
“maintenance cost”. Life is, so to speak, a flame, and simultaneously with
the growth, building-up, process, there is a continuous oxidation, levelling,
or catabolic process as predicted by the second law of thermodynamics. This
“maintenance cost” is, perhaps, in part at least, the price paid for maintaining
the thermodynamically unstable and statistically improbable complexly
living, growing, evolving configuration, in the face of the opposite tendency of
levelling disorganization to increase in entropy, as predicted by the second
law of thermodynamics. Here speed of growth, size of body which has to be
maintained, age on which speed and body size depend, and liberated catabolic
enzymes enter as complicating elements in the estimation of the work of
growth.

3.2.1: Efficiency of growth of bacteria: yeasts: and molds. The energetic
efficiency of growth of bacteria, especially of autotropic bacteria, is surpris-
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ingly low. Burk? reported a gross efficiency of about 3 per cent for the bac-
terial conversion of atmospheric nitrogen to ammonia. Meyerhof* reported
an efficiency of about 6 per cent for the assimilation of carbon from CO.
(by mitrobacter) with the energy obtained from oxidation of nitrites to nitrates.
Meyerhof’s computations on the basis of the observed N/C ratio and assump-
tion that the bacterial-body carbon has a combustion value of 113 Cal per
gram atom of carbon (the same as in glucose, which according to Parks is 118
Cal per gram atom) was substantiated by Baas-Becking and Parks® on the
basis of free-energy considerations. These authors also worked over Ruh-
land’s® data with respect to the free-energy efficiency of bacteria which obtain
their energy for reducing CO, into body tissue by oxidizing hydrogen. The
efficiency of this assimilation is among the highest, about 26 per cent. (Eight
mols Hs are oxidized for the reduction of 1 mol COq; I, + 30, = H,0, AFos =
—56 Cal; the assimilation of 1 mol CO, to CeH;206 requires 118 Cal, & of 709,
561}>2§§ X 100 = 26 per ceut.)

As previously explained, the gross efficiency of growth of bacteria, as of
other organisms, tends to increase with the speed of growth, since the major
proportion of irreversible energy loss is associated with what is called
“maintenance’’, a tax which must be paid regardless of whether or not the
organisms grow. Thus, according to one observation’, whereas during the
first 10 days of growth of bacteria, when growth was most rapid, the gross
efficiency was about 20 per cent, the growth cfficiency during a 30-day period
was 12.5 per cent because the organisms made very little growth in the last
20 days although the maintenance expense continued. Similar results were
reported by Rubner® and others on other species of bacteria.

The gross cnergetic efficiency of yeast growth appears® to be of the order
of 10 per cent, the exact valuc depending on the rate of growth.

Rubner!?, who was particularly interested in the influence of body size on
maintenance cost, observed that the energy cost of maintenance, in terms of
Calories per day per gram body nitrogen, is 1.0 for an adult man, 3.0 for a
child, 3.0 for a dog, 15 for a mouse, 17 for a sparrow, and 20 to 60 for common
bacteria, depending on species, temperature and so on.  Other conditions
being equal, the smaller the organism, that is, the greater the ratio of surface
area to weight, the higher the maintenance cost per unit weight.

A possible objection to Rubner’s reasoning as it relates to bacteria is that
dead bacteria may have as great a “maintenance cost” as live ones, because

3 Burk, D., Intern. Cong. Soil Sci., 3, 67 (1930).

¢ Meyerhof, O., Pfluger’s Arch. ges. Physiol., 164, 353 (1916).

5 Baas-Becking and Parks, Physiol. Rev., T, 85 (1927).

6 Ruhland, W, Jakrb. Wiss. Bot., 68, 321 (1921).

T Tangl, 1., “Energetik der Entwicklung,” Pfluger’s Arch., 98, 475 (1903).

8 Rubner, M., “Energieverbrauch im Leben der Microorganismen,”” Arch. Hyg., 48,

206 (1904); 67, 161 (1906). .
9 (f., for example, Brown, II. T'., “Studies on Yeast,” Ann..Bot:, 28, 197 (1914).
10 Rubner, M., “Kraft und Stoff in Houshalte der Natur,” Liepzig, 1909.

see ¢q. (2.7¢). Therefore, the efficiency is
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as indicated by Buchner’s" epochal discovery, cell-free bacterial extracts
ferment sugar, and bacterial cultures always contain a large proportion of
dead and autolyzing cells and considerable concentrations of the bacterial
enzymes. Buchner’s discovery, incidentally, marks the beginning of the
modern era of enzyme chemistry. In brief, the fermentation speed is not
necessarily a function of the bodily need, or indeed even related to the body,
but varies with enzyme concentration, often liberated on the death of the
organism.

Tt is possible that similar purposeless irreversible free-energy losses occur in
bodies of higher organisms, a sort of tax to entropy, similar to that on con-
version of heat to work in a heat engine. It is, at any rate, doubtful that the
basal metabolism is simply the work of the physiological processes, such as
that of circulation, respiration, sceretion, excretion and muscle tonus. The
energy cxpenditure for blood circulation under basal conditions is variously
estimated from 5 to 15 per cent of the total ; for exeretion (kidney), 5 per cent
of the total; for respiration, up to 15 per cent. Krogh'? estimates that the
energy for the functional activities made under basal conditions amount to
about 25 per cent of the total metabolism. How is the remaining 75 per cent
of the basal energy expended?

Brown? reported the interesting observation that the heat production of a
population of non-growing yeast is about 100 times that of an adult man of
equivalent mass; and that growing yeast generates considerably less heat
per unit substrate fermented than do non-growing. This indicates the
danger of extrapolating maintenance values from non-growing to growing
organisms. Moreover, it may be illogical to do so because “maintenance”
properly refers to a steady state, whercas growing organisms are not in a
steady state.

The encrgetic efficiency of growth of molds is, apparently, much higher
than that of bacteria and yeast. Terroine and Wurmser!'® reported a gross
efficiency (including maintenance) of about 60 per cent, of the same order
as of the chick and silk-worm embryos (see below) in contrast to an effi-
cieney of 10 to 30 per cent for bacteria and yeast.  The greater cfficiency of
molds may be attributed to more rapid growth and to greater control of cata-
bolic enzyme activity. On the other hand, this difference may be due to
methodologic research differences.  While bacterial and yeast cultures con-
tain a high concentration of catabolic enzymes liberated by autolyzing and
perhaps living cells, the mold mycelia are harvested quantitatively before
they autolvze. If a method were employed for harvesting bacteria and
yeast cells prior to their loss or excretion of catabolic enzymes, the efficiency
of the two might be the same.

11 Buchner, 1., “Alkoholische Garung ohne Hefezellen,”” Ber deut. chem, Ges., 30,

117, 1110 (1897).
12 Krogh, A., *“The respiratory exchange of animals and man,”” p. 58, 1916.
13 Terroine, 15, and Wurmser, R., Bull. Soc. Chim. Biol., 4, 519 (1922).
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The net efﬁciency (not including maintenance) of mold growth was esti-
mated by Terroine and Wurmser to be about 72 per cent. But, as for yeast
and bacteria, one may question the significance of maintenance as obtained
on a 310n-growing organism in relation to the maintenance cost of a normally
growing one.

3.2.2: Energetic efficiency of prenatal growth. The bird, insect, or fish
embryo is particularly suited for growth efficiency investigations because of
the complete control of the organism, the definiteness of the nature of the
nutrients, and the convenient relative isolation (Needham calls it cleidoic
or closed-box system) from complicating environment. The gross energetic
efficiency of growth of the chick up to hatching is obtained by estimating the
combustion values of: (1) the egg, (2) the newly-hatched chick, and (3)
the unused part of the egg, such as the left-over yolk and membranes.

Such measurements on the energetic efficiency of embryonic growth of the
chick, silk worm, and fish were made by Tangl* and his pupils. Tangl’s
aim was to investigate what he termed Entwicklungsarbeit, the “work” of
growth and development.

As in the case of bacterial growth, the gross efficiency, including main-
tenance, is easily determined, as indicated by the following example.

C'ombustion value of a hen’s egg .. 87 Cal 1009,
s ¢ “ hatched chick 38 Cal 439,
‘ “ ¢ unused material (yolk, membianes, ete.) 26 Cal 309,
Iinergy lost during meubation 23 Cal ’7%
The gross cfficiency is, then X 100 = 62 per cent.  The ener
Y I O g + 23 kY
loss is 38 + 23 X 100 = 38 per cent. ITow shall one explain the loss of the

23 Cal, or 27 per cent? According to Tangl, the 23 Cal represent the fint-
wicklungsarbeit, “work of development”. This cannot be entirely true, be-
cause at least some of it must have been used for maintenance, and there
is no simple method for differentiating the maintenance from the work

components.
The following efficiency computation based on silk-worm datal® yields very

similar results.

(& ombustmn value of a bateh of unincubated silk-worm eggs 71.402 Cal 1009,

¢+ hatched larvae 31.879 Cal 44.65%,

« ¢« unused material 22.291 Cal 31.229,

Inergy lost during incubation 17 232 Cal 24.139,
31.879

Total efficiency, 31879 + 17.232 X 100 = 65 per cent;
: 17.232
energy 1038, 317879 + 17.232

X 100 = 35 per cent.

1" Cf inler alia, Tungl F., Pfluger’s arch., 98, 327 (1903). Tangl, F., m(] Farkas K.,
Id., 104, 624 (1904) Tangl Id 130, 1, 55 (1909). For a comprehensive review, see
Needham J., “(‘hemlcul I‘,mbryology " vol. 2, Cambridge University Press, 1931.

16 F:ukas ., Pfluger’s arch., 98, 490 (1903).
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Sinee the finished chick embryo is about 50,000 times the size of the silk-
worm larvae, these two sets of data furnish an opportunity for comparing the
influence of body size on the gross efficiency of embryonic growth of large
and small embryos.

From the foregoing tables of Tangl and Farkas,

Chick Silk-worm

(%) (%)
Energy loss during incubation . p
Gross efficiency, assuming that unused material did not part1c1-
pate in the growth process. 62 65

Thus, the gross efficiency of embryonic growth is of the order of 60 to 65
per cent.

To equalize species differences with respect to weight, the efficiencies may
be computed in terms of unit dry weight, as follows:

For the chick embryo, from Tangl,’® we have

Combustion value of chick embryo 5.77 Cal/g dry wmp;ht
Energy lost during incubation . 3.50 ¢ o«

il : : , 5,77V — = ar ¢
Gross efficiency of chick growth 577 £ 35 63 per cent

For the silk-worm embryo from Farkas, we have

Combustion value of sitk worm . 5.33 Cal/g dry wmghb
Knergy lost during incubation . .3 105 (e

. .. . 33 .
Gross cfficiency of silk-worm growth ...... 533 + 310 = 63 per cent

The above comparison indicates that in spite of the size and species differ-
ence between chick and silk worm, there is no significant difference in gross
efficiency of the two.

Similar efficiency values may be obtained from data on frogs!®

Combustion value of frog embryo............. .5 Cal/g dry welght
Energy lost during incubation . . .......... 53 e
Gross efficiency of frog-embryo growth ...... . X 100 = 51 per cent

and on the sea urchin.?

Combustion value of Fundulus heteroclitus
embryo ....... . 4.8 Lal/g dry mfzttcr
Fnergy lost durmg incubation ceeei... 33 Lo«

1.8 X 100 = 59 per cent

Gross efficiency of embryo growth.. ......... IS+ 33

It is instructive to note that the fuel value per gram dry substance of chick
embryo increases in sigmoid fashion from 5.1 Cal at the fifth day of incuba-
tion to 6.2 C'al at the end of the incubation period (21 days). The fuel value
of dry unincubated egg-and-white mix is 6.94 Cal per gram.!®* This is a

18 Fauré-Fremiet, K., and Dragoiu, J., Arch d’Anat., 19, 411 (1923).

17 Glaser, O., Biochem. Z., 44, 180 (1912).
18 Needham, “Chemical Embryology,” vol. 2, p. 964.
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cogent argument against the use of increase in ‘““dry matter” as index of
growth in energy.

It is significant that while gross encrgetic efficiency per gram dry matter
is the same for the finished embryo in chick and silk-worm, there are changes
in the efficiency during the period of growth, as indicated by the following
table from Needham!® based on Tangl’s data on the chick.

Age (d% 3 5 7 9 11 13 15 17 19
Gross efficiency (%) 43 44 47 49 56 66 66 66 67

Needham explains this rise in efficiency (1) by possible decline of basal
metabolism per unit weight with increasing weight, as inferred from Rubner’s
law; and (2) by extrapolation of Miss Stephenson’s recapitulation theory
to the effect that the enzymes are brought under continuously increasing
control of the organism during ontogeny with consequently increased ‘dis-
ciplined” processes.

Instead of increased ¢discipline” growth, the apparently lower energetic
efficiency in carly embryonic life may reflect a greater speed of morphogenesis
involving a greater work-energy component in comparison to the weight
increment.

There is some confusion concerning the nature of this work energy of
morphogenesis and growth. It may become resident in the formed struc-
tures, a species of configurational energy analogous to the energy stored on
winding a spring. But existence of such configurational energy is somewhat
hypothetical, since it is apparently not possible to measure it convincingly.
Needham!® has discussed the literature on this hypothetic organizational
cnergy and appeared to conclude that it amounts to 4 per cent of the growth
transaction. Bohr and Hasselbalch!® reported that during the first few days
of incubation of the chick embryo, heat was absorbed rather than dissipated,
or at any rate, that there was a low heat production in comparison to oxygen
consumption. This apparently ¢“missing heat”” may be due to endothermic
reactions, to the retention of “organization cnergy” in the tissues®. Rap-
kine? observed unusually high respiratory quotients which he interpreted
as indicating synthesis by coupled oxidation-reduction reactions as contrasted
to simple combustion.

The situation is summarized in Section 1.3. For the present it may be
noted that Tangl’s research ignored the possibility that the energy expended
for the “work” of growth and development may be structured in the tissue
as potential energy (analogous, for example, to the energy expended for
charging a battery or winding a spring); it assumed, on the contrary, that
the energy expended for the “work” of growth and development is expended

19 Bohr and Hasselbalch, see ref. 6, Chapter 1. _
20 Terroine, E., uulem‘r R, Bull. Soc. Chim. Buol | 4, 519 (1922); Meyerhof, O,

Biochem. Z., 35 280 (1911).
2t Rapkine, L., Arch. d’anal. microscopique, 26, 482 (1929).
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as heat analogous to that expended for rearranging the chairs in a room, in
which case the potential energy of the chairs or room is not increased. Tangl,
accordingly, measured the developmental energy by the difference in caloric
values of the substrate (egg) and of the formed tissue (newly hatched chick,
or silk worm, or fish). The heat thus measured by Tangl, however, included
not only (1) the work of developing the organism, but also (2) the work of
maintaining the organism. The net result of Tangl’s work is that we are
still ignorant of the magnitude of the organizational energy, since there is no
method for separating (1) from (2) above.

The evidence seems to favor the viewpoint that much of the energy expended
for organization is dissipated in the form of heat, as Tangl tacitly assumed,
rather than structured into the organism. This may be inferred partly from
the fact that unlike the structured energy in a battery or spring, the energy
of differentiation is not reversible ; differentiation processes are not reversible.
Morcover, the energy in the formed tissue has not been shown to be higher
than that of its constituent amino acids, carbohydrates and fats.

Several other sets of data substantiate the idea that much, if not all, of the
organization energy is dissipated rather than structured.  Thus, the pubertal-
growth acceleration in children is associated with a metabolic acceleration?2.
The basal heat production in adult convalescent patients tends to parallel
the speed of gain in weight during convalescence?’. Rapidly growing rats
(speed of growth controlled by litter size** and also by changing age®®) have
a much higher oxygen consumption or heat production—regardless of the
reference base employed—than slowly growing rats. Rapid morphogenesis
is associated with rapid metabolism.?® The high basal heat production of
adolescent children may, however, be attributed to a flare-up of high endocrine
activity at that time. The high oxygen consumption of patients convalescing
from emaciating diseases, or of rats on a high plane of nutrition, may be at-
tributed to the lIatter factor (SDA, ete.) rather than to extra thermodynamic
work of growth,

Tyler’s” and Collier’s®® results are more convincing. Tvler reported that
the oxygen consumption or energy liberation by the differentiating sea urchin
varies with the amount of differentiation. Thus, the total oxygen consump-
tion of two half-sized embryos up to the end of gastrulation is greater than of
one normal-sized embryo. The two half-sized dwarf embryos are assumed

22 Du Bois, K F., “Basal metabolism in health and disease,”” 1936.  Topper, A., and
Mulier, H.,.Am J. Dus Child. 43, 327 (1932). Lewis, C. A, [d., 61, 1014 (1936). Daven-
port, C'. B., “Child Development,” 10, 181 (1939).

2 Coleman, W., and Du Bois, It T, Areh. Int. Med., 16, 887 (1915). Evans, F. A.,
and Strang, J. M., J. Clin [ne , 11, 829 (1932).

2 Brody, 5. B., Am. J. Physiool | 138, 180 (1942).

2% Kibler, 1T 11, and Brody, S ,J Nut., 24, 161 (1942)

% Barth, I, (G, Biol Bull | 78, 366 (1940), Biol Rev , 78, 366 (1940)

2 Tyler, A\, Pub Stu: Zool. Napoli, 18, 155 (1933); Hgol Bull., 68, 451 (1935); The
Collecting Net, 12 (July 10, 1937); Biol. Bull., 74, 99 (193%8); T1, 82 (1936).

2 Clollier, Jane G., “The relation between metabolism and morphogenesis during
regeneration.’”’ Doctoral Dissertation, Dept. Zoology, University of Missouri, 1942,
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by Tyler to expend the same amount of cnergy for maintenance and growth
as onc¢ whole embryo. The difference in energy expenditure is assumed to
result from the extra differentiation work involved in developing two embryos.
similar results were obtained by other methods of increasing developmental
rates.

Collier reported an 85 per cent increase in oxygen consumption at the peak
of regencration of the fasting worm Tubifex tubifer. Here the plane of
nutrition did not enter as a complicating factor, as all animals were fasted.
Measurements made of the oxygen consumption of intact and regenerating
animals of the same size and in the same condition showed that there was an
85 per cent increase in oxygen consumption at the peak of regeneration. The
obvious interpretation is that the extra oxygen consumption represents the
“machine work” of regeneration.

3.2.3: Energetic efficiency of postnatal growth. It is not possible to meas-
ure the energetic efficiency of postnatal growth with the precision obtained on
prenatal growth of the chick, because of the many variables influencing
postnatal growth, such as differences in muscular activity, food supply and
feeding habits, nature and quantity of food especially balance between
nutrients, environmental temperature, and so on. ‘There are, moreover,
economic difficulties in making balance sheets of income and outgo of energy
and especially determination of the composition of the gains.

Farmers estimate what they call efficiency—-really a reciprocal function of
efficiency —by the amount of feed consumed for making a given gain in
weight.  The terms “amount of feed” and “amount of gain” are poorly
defined sinee the energetic equivalence of availability of feed and the energetic
cquivalent per unit body weight gain are highly variable. There is an
enormous amount of such rough-and-ready data in the agricultural experi-
ment stations. The following are a few illustrations of efficiency estimates
for postnatal growth.

It is instructive to quote, by way of introduction, Rubner’s®*® “law’’ of
growth, to the cffect that the amount of energy required for doubling the
birth weight is the same per kilogram in all species, except man. About
4800 dietary Cal are required to construct a kilogram of normal body substance
containing 30 g nitrogen and 1720 Cal. The cnergetic efficiecncy of the
carly postnatal growth is thus 1720/4800 X 100 = 35 per cent. The follow-
ing is an example of Rubner’s computations: Cal in the gain, 1500; Cal for
maintenance, 2500; thercfore, the energetic cfficiency of growth is 1500/
(2500 + 1500) = 37 per cent.

Rubner evidently refers in this example to what we call net energy of the
feed. Indeed, he makes no mention of the feed used—only the energy in
the gain and the (roughly estimated) energy cost of maintenance. The

29 Rubner, M., “Das Problem der Lebensdauer und seine Beziehungen zu Wachstum
und Ernahrung,”” 1908.
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efficiency would, of course, be much lower if the energy in the gains were
divided by the energy in the food consumed, and this value would vary with
the feed category employed—gross, digestible, metabolizable, or net. To
indicate the differences obtained by two comparable investigators, one may
cite Lusk?), who reported that pigs retain 20 per cent of their dietary calories
during the first doubling of body weight, whereas Rubner stated that 40
per cent of the ingested energy is retained. Lusk reported the combustion
value of the gain as 866 Cal per kilo, whereas Rubner stated that the com-
bustion value of the gain as 1722 Cal per kilo. Yet, both Lusk and Rubner
seem to agree that the milk energy required for a pig to double its birth weight
is about twice the amount of energy deposited in the body.

Attention should be directed to Kleiber’s reasoning for assuming, as does
Rubner and Lusk, that when other conditions are equal, productive efficiency
is independent of body weight. According to Kleiber®, the ratio of feed
consumption to basal metabolism and maintenance is independent of body
weight, and, thercfore, the excess feed that may go for productive processes
is independent of body weight. Thus the ratio of available calories ingested
to basal metabolism is 4.4 in chicks, 4.2 and 5.6 in steers and 5.0 in a rabbit.
In support of this, Kleiber® cited data?® showing that 820-1b cattle and 114-1b
sheep make the same gains per unit feed consumed during a 60-day period.
The daily absolute gains were different, 24 lbs in cattle and %1 1b in sheep,
but both required 1040 1bs feed to gain 100 lbs weight. Moreover, it appears
that rabbits and cattle arc equally efficient converters of feed into live weight34,
presumably at equivalent physiologic ages.

Kleiber’s observation that the ratio of maximum food consumption to basal
metabolism, and also that the total productive efficiency, is independent of
species and live weight cannot be generally true. An extreme deviation from
this rule is the relatively very low ratio of food consumption to basal metabo-
lism in children, as contrasted to that in growing farm animals. Another
illustration is that pigs grow at a higher energetic efficiency than cattle
because, presumably, pigs have a relatively greater feed-consumption capacity
in proportion to maintenance cost than cattle. Lactating dairy cattle, of
course, consume 3 great deal more feed in comparison to their maintenance
cost than do beef cattle. Then, too, Kleiber’s rule cannot hold for animals
differing in physiologic age. Indeed, as noted in Chapter 1, whatever dif-

30 Tusk, G., “The Science of Nutrition,’”” Saunders, p. 569, 1928.

3 Kleiber, M., Terernahrung, b (1933); also in Report on the Conference on Energy

Megabolism, National Research Council, Committee on Animal Nutrition, Washington,
1935.

32 Kleiber, M., “Problems involved in breeding for efficiency of food utilization,’
Proc. Am. Soc. Antmal Production, Nov. 27, 1936.

3 Rochford, L. H., “Some extension activities in California.”” 7The Extension Animal
Husbandman, serial No. 42, 1936.
( ggﬁlfleiber, M., “Kaninchen und Ochsen als Futterverwerter,” Die Tierwelt, 36, 437
1 .

’
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ferences there are in efficiency of different species and individuals at different
ages must be due to differences in the ratio of feed consumption to maintenance
cost.

Generalizations of the type of Rubner’s and Kleiber’s necessarily involve
large margins of error. None the less they are useful, serving as pegs on
which to anchor ideas, however insecurely.

The difference between Rubner’s and Lusk’s estimates of 35 per cent and
20 per cent efficiency, respectively, for early postnatal growth (during the
first doubling of body weight) of pigs, and Tangl’s values of 62 per cent ef-
ficiency for prenatal growth of chicks does not imply a contradiction. It is
entirely possible that the additional muscular, thermo-regulatory, digestive,
excretory, and related activities characterizing postnatal life may involve a
sufficient energy increment to account for this difference in gross efficiency.

Moreover, the increase in size of a given animal associated with increasing
age would be expected to increase the energy cost of its maintenance and
reduce correspondingly the total efficiency of growth unless this increase in
maintenance is compensated by an increase in growth rate. In the case of
different species, such as in cattle and chickens, there is such compensation
and, therefore, nearly the same efficiency of growth, at cquivalent physiologic
ages. 'This is substantiated by the efficicncy data cited on pp. 51-3.

But the increase in size associated with increasing age in the same animal
is not thus compensated by increase in growth rate, with resulting decrease
in efficiency of growth with increasing age or weight.

An interesting aspect of Rubner’s generalization is that he excludes man
therefrom. The human infant retains during the first doubling of body weight
about 5 per cent of the dietary energy while the other species retain, according
to Rubner, 35 per cent of the dietary energy. The reason for this exception
will become clear on examination of the age curves of growth in man and other
species in Chapter 16. In comparison to the body weight, the growth rate
of the human infant is very much less than that of any other species; in other
words, the maintenance cost of the human infant is greater in comparison
to his rate of gain than is that of other species®.

Let us next cite a few illustrations on the efficiency of growth of farm
animals, and the most common laboratory animal, the rat. As previously
noted, postnatal data are not well defined because of the differences in the
availabilities of the various diets and differences in the energy equivalents
of the weight gains (Ch. 2, 5). The following data® illustrate the variability
in the energy content of the weight gains of “paired” rats, that is, rats appa-
rently alike in every respect including nature and quantities of food consumed.

3 Cf. Lusk, G., “The Science of Nutrition,” pp. 568-571, 1928.
% From Mitchell, H. H., and Carman, G. G., Am. J. Physiol., 78, 406 (1926).



50 BIOENERGETICS AND GROWTH

Combusticn

Final Days on Gain in value of the
weight Sex experiment weight gains
(g) (®) (Cal/g)
118 M 56 25 0.32
134 I 56 38 2.66
165 M 56 68 2.44
169 M 56 73 2.56
228 I 156 162 2.35
241 M 156 180 2.84
185 I 156 119 3.26
223 M 156 157 3.10
280 M 156 215 2.37

Both the gains on a given food intake and the caloric values of the gains
vary enormously in these homogencous and pair-fed animals. The variability
is likely to be far greater when comparing heterogeneous animals.

15
I L rrrt rrTT
2
|
!
10 [
U
2 L‘#
Q_ / ’ 21
It
; /
£ 5|REDUCED LITTERS
;g 6 16
g By s
<4
~
. / , (NORMAL LITTERS
3 ; Aty *
L
a
2 l B S T | b edd LA Al
5 10 20 30 40 50

Body Weight, Gims.

Fig. 3.1—The influence of the rate of growth (brought about by varying the litter size
in suckling rats) on the heat production for given weights. The rapidly growing rats ex-
hibited a higher heat production regardless of the reference base employed, than did the
normals. Courtesy 1. B. Brody and Am. J. Physiology, 188, 180 (1942).

The following efficiency estimates, randomly listed from data by the same
authors, illustrate the order of efficiency of growth of rats and its variability.
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Gross eﬁciencg of

growth wit,
Metabolizable Energy respect to consumed

Initial Weight energy in the metabolizable
weight gain consumed gains energy

(8) (®) (Cal) (Cal) (%)

84 34 1302 8 0.6

89 76 1852 156 8.4

70 122 4642 352 7.6

70 194 5210 593 11.4

70 220 5534 751 13.6

Rubner’s rule of 35 per cent efficiency does not apply to these rats, since
these animals are beyond the age of first doubling of body weight.

The following estimates® on the gross efficiency of growth of Jersey cattle
with respect to 7D N consumed indicate an carly efficiency near 35 per cent
with a decline to 5 per cent at age 2 years.

m @) 3) (4) Gross
Live Gains TDN TDN efficiency
Age weight Gains (Cal/day) consumed (Cal) (%)
(mos) (Ibs) (Ibs/day) (1) x 909 (Ibs/day) (3) x 1814 2)/4)
1 77 0.57 518 0.77 1397 37
2 100 0.77 700 - 1.53 2175 25
3 153 1.10 1000 1.83 3320 30
4 171 1.27 1154 2.43 4408 26
5 210 1.30 1182 3.26 5014 20
6 257 1.57 1427 3.96 7183 20
7 294 1.23 1118 4.61 8363 13
8 331 1.07 1118 4.76 8635 13
9 363 1.00 973 4.92 8925 11
10 393 1.00 909 5.45 9886 9
11 423 103 909 5.47 9923 9
12 154 0 93 936 5.08 10848 9
13 482 0.93 845 6.17 11192 8
1t 14 1.07 973 6.59 11954 8
15 541 0 9 818 6 97 12644 6
16 570 0.97 882 7.32 13278 7
17 605 117 1064 8.04 14585 7
18 639 1.13 1027 8.17 14820 7
19 665 0 87 791 8.04 15673 5
20 700 .17 1064 8.86 16072 7
21 726 0.87 791 9.03 16380 5

The following estimates on the gross efficiency of growth of Holstein cattle
confirm those on the Jersey cattle.

Lbs TDN

(1 (2) (3) () Gross consumed
Live Gams TDON TDN efficiency per lb

Age weight Gains (Cal/day) consumed (Cal) %) weight gain

(mos) (Ibs) (Ibs/day) (1) x909 (Ibs/day) (3) x 1814 2)/%) 3)/(1)
1 108 0.87 791 1.2¢4 2250 35 1.4
2 142 1.13 1027 2.17 3936 26 1.9
3 184 1.40 1273 2.15 3900 33 1.5
4 229 1.50 1364 3.22 5841 23 2.2
5 273 1.47 1336 1.13 7492 18 2.8
6 325 L.73 1573 5.08 9215 17 2.9
7 371 1.53 1391 5.74 10412 13 3.8
8 418 1.57 1427 5.91 10721 13 3.8
i 10757 10 4.9

9 454
7 The weights are avernges of cattle employed in our metabolism measurements,
The TDN consumptions are averages of those given in Ragsdale, A. C., Univ. Missouri
Agr. Fxp. Sta. Bull 338, 1931, and some other data.

.20 1091 5.93
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Lbs TDI:I‘]
4 Gross consume:

Live (l.) Gl;l:l'zs TON 4 {énﬁ') eﬂiC(iex;cy weleh lgbain

0.

(£55 ‘belsg)ht (lb?/?ilan;) (((151939)') ((:f)br;s/l:i':;) (3) x1814 (2)/4) (3)/(1)
10 488 1.13 1027 5.75 10793 10 5.1
11 531 1.43 1300 6.76 12263 10 4.7
12 572 1.37 1245 7.44 13496 9 5.4
13 610 1.27 1154 7.80 14149 8 6.1
14 654 1.47 1336 8.33 15111 9 @.7
15 698 1.47 1336 8.97 16272 8 6.1
16 740 1.40 1273 9.51 17251 7 6.8
17 781 1.37 1245 10.1 18321 7 7.4
18 826 1.50 1364 10.5 19047 7 7.0
19 863 1.23 1118 10.9 19773 6 8.9
20 899 1.20 1091 11.0 19954 6 9.2
21 942 1.43 1300 11.6 21042 6 8.1

The conversion factors employed, 1 b TDN is equivalent to 1814 Cal
(or 1 g TDN to 4 Cal), and 1 1b gain in live weight is equivalent to 909 Cal
(or 1 g to 2 Cal), may be justly criticized, as the caloric equivalents per unit
weight undoubtedly change with age and with other conditions. Thus, the
combustion value per gram fat is equivalent to that of 2 g protein. In
addition, 2 g protein is associated with about 6 g of water, while fat is not.
An animal gaining protein alone would, therefore, gain 8 times as much weight,
vet the same amount of energy as one gaining fat alone. This is an extreme
illustration. It was reported®® that rats fed a relatively high protein dict
had an average combustion value of 1.8 Cal per g of tissue, whereas rats fed a
low-protein diet had an average combustion value of 2.8 Cal per g (highest
value was 3.6 Cal/g). The combustion value varies even for the dry tissue
from 5.6 to 5.8 Cal per g. There are also variations in the energetic avail-
ability of TDN depending on many conditions. The tables, however,
indicate the general trend.

The following estimates on steers indicate the nature of the energetic effi-
siency of beef production and how it is related to weight. As before, TDN
is assumed to be equivalent to 1814 Cal per lb and 1 lb gain in weight to
909 Cal per Ib.

Gross efficiency (%)

Initial weight Weight gain TDN consumed (gain, Cal/TDM,
(lbs) (Ibs) (ibs) Cal)
764 388 3400 5.7
412 488 2691 9.1
485 402 2195 9.3

The efficiency of beef production within the given limits is thus seen to be
below 10 per cent. The apparent efficiency would be reduced still further

by deducting the unedible part of the body weight.?®

38 Johnson, 8. R., Hogan, A. G., and Ashworth, U. S., Univ. Missouri Agr. Exp. Sta.

Res. Bull. 246, 1936. )
39 Leitch, 1., and Godden, W., (Imperial Bureau of Animal Nutrition, Tech. Communi-

cation 14, 1941) estimate that for fattening in beef animals, 9 to 10.7 ewt live-weight, the

gross efficiency is 5.7 per cent with respect to dry matter; 16 per cent with respect to -

energy; 9 to 12 per cent with respect to protein,
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The fact that efficiency is independent of body weight as such, but that
it is rather related to physiologic age, is indicated by the following efficiency
estimates on two groups of S.C. White Leghorn Chickens, one group growing
very rapidly and the other growing slowly. The estimate of the fast-growing
groups was based on unpublished data by Gustav Heuser; that of the slow-
growing group on data by Card and Kirkpatrick (Storrs Station, Bull. 96). In
spite of size differences the early-growth efficiency of chickens is very near
that of cattle. KEfficiency values of the same order were obtained for early
growth of rats.

Body weight (g) % efficiency
Age Heuser  Card and Kirkpatrick Heuser Card and Kirkpatrick

1 day 39.9 37

1 week 62.7 53 35 26

2 121.4 83 38 22

3 193 119 33 19

4 380 173 32 21

5 481 220 29 18

6 504 315 23 20

7 719 410 18 19

8 759 495 26 15
13 878 8.0
24 1490 2.5

It was assumed in the above computations for chickens that the metaboliz-
able energy equivalent of the feed (not TDN) was 3 Cal/g, and 1 g weight
gain is equivalent to 2 Cal. The resulls would, of course, differ with the
conversion factors employed. (Heuser’s ration was: yellow corn 57, wheat
middlings 20, egg white 10, dried liver 7.5, cod liver oil 1, steamed bone
meal 2, lime stone 1, salt 0.5.)

As previously noted, there is an enormous amount of data on growth and
feed consumption, published and unpublished, in our agricultural experi-
ment stations from which total efficiencies may be estimated, but which
cannot be analyzed here.

3.3: Energetic efficiency of milk and egg production. The problem of
encrgetic efficiency of milk and egg production will be discussed in detail in
Chapters 21 to 23. This section compares, for the sake of completeness,
the gross cfficicney of milk and egg production with that of growth. The
gross energetic cfficiency of milk production in “good” dairy cattle and
dairy goats is of the order of 33 per cent with respect to TDN consumed
(assuming 1 1b TDN = 1814 Cal); and this efficiency, like that of growth
at a given physiologic age, is roughly independent of body weight, or even
of species as such. When other conditions are cqual, it is approximately the
same in dairy cattle, dairy goats, and white rats, as indicated in the table on
p. 857. It is true that the milk production per unit body weight is greater in
small than large animals, but the basal metabolism, or maintenance cost,
per unit body weight is also greater in small than large animals with the net
result that the two balance and the energetic efficiency is approximately
independent of body weight. In this case Kleiber’s rule holds. About }
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of the consumed TDN (Ib TDN X 1814) is usually recovered in the milk
of good dairy animals regardless of body size—if other conditions are equal.

The total energetic efficiency of milk production is comparable in magnitude
to the total efficiency of very early postnatal growth, but it is very much
greater than of beef production at later ages.

As egg is a more complex substance than milk, it requires more time for
its elaboration, so that a greater proportion of the chicken’s food would be
expected to be used for maintenance in elaboration of egg than of an ener-
getically equivalent quantity of milk with consequent lower total efficiency
for egg than for milk production. The total energetic efficiency of egg pro-
duction in good egg producers is approximately half that of milk production
in good dairy animals.

It thus seems that, when other conditions are equal, the greater the struc-
tural complexity of the product the lower the energetic efficiency of its pro-
duction. Milk, the least complex product, may be produced at the highest
efficiency ; this is followed by egg, and this by growth (meat).

3.4: Relation between the net energy category of feed and the efficiency
of productive processes. The net energy of a feed is, by definition, the part
transformed into the desired product: work, body tissue, milk, egg, and so
on. The net efficiency of a productive process [eq. (1.2), excluding mainte-
nance cost] should, therefore, be about 100 per cent with respect to the net
energy category of feed ingested. The net efficiency of growth should be less
if the efficiency is computed with respect to the metabolizable-energy category
of feed (perhaps 70 per cent in cattle), and least (50 per cent in cattle) if it
is with respect to the gross-energy category of ingested feed.

In discussing efficiency it is, therefore, imperative to specify what category
of efficiency—gross or net—and what category of feed—gross, digestible,
metabolizable, or net—is under consideration. The literature on productive
processes is confusing, from the energetic-efficiency viewpoint, either because
of poor specifications or because of lack of appropriate conversion factors
under the given feeding conditions.

Thus, as explained in the preceding section, the gross efficiency [including
maintenance cost, (eq. 1.1)] of milk production with respect to TDN con-
sumption (assuming that 1 Ib TDN is equivalent to 1814 Cal) is about 33
per cent. Yet Kellner’s*® balance experiments on three lactating cows
yielded an efficiency of about 65 per cent.

Kellner, however, referred to the net efficiency [not including maintenance
cost, eq. (1.2)], and the efficiency was with respect to the metabolizable-
energy category of feed. It will be shown in Chapter 21 that the net effi-
ciency of our data is of the same order as that of Kellner’s.

40 See Armsby, H. P., “The Nutrition of Farm Animals,” p. 493, 1917; Kellner, O.,
5th Int. Kong. Milchwirtschaft, 1911; Kellner, O., “Die Erniahrung der landwirtscha-

flichen Nutztiere,”” Berlin, 1919. Armsby and Moulton, “The animal as a converter of
matter and energy,” New York, Reinhold Publishing Corp., 1925.
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Jordan® and Eckles®, like Kellner, reported their milk-secretion studies in
terms of percentage utilization of the metabolizable category of feed above the
maintenance cost, which in our terminology is the net efficiency [eq. (1.2)]
of milk production with respect to pounds DN consumption (Ib X 1814).
Jordan’s and Eckle’s values were near those of Kellner’s. Jordan reported
49, 57, and 64 per cent of “feed utilization”; Eckles reported 63, 68, 67,
51, 73, 60, 63 and 50 per cent utilization.

The net efficiency of milk production, not counting maintenance, is thus
seen to be nearly double that of the gross efficiency, including maintenance.
It is surprising that despite great differences in gross efficiency of growth,
milk production, and egg production, the net efficiency, excluding main-
tenance [eq. (1.2)], appears to be roughly of the same order in all three proc-
esses, as will be shown presently for milk production (Ch. 21) and egg
production (Ch. 23). Thus, Terroine and Wurmser®, who worked over growth
data by Kellner, Kohler, and Fingerling, concluded that the net efficiency of
gains in weight ranged from 45 to 63 per cent in a cow and 52 to 84 per cent
in a growing pig -—-values close to those for the net efficiency of milk and egg
production.

The differences in the gross efficiencies of growth, milk production, and egg
production may reflect differences in the time intervals required to produce
unit energy in the form of milk, egg, and body gain, with corresponding
differences in maintenance cost and consequently differences in gross effi-
ciency. Time, and therefore maintenance, profoundly affect the gross effi-
ciency of all productive processes.

Jordan** summarized the efficiencies of farm animals in terms of yield of
edible solids per 100 pounds digestible organic matter consumed as follows:

Efficiency in terms of edible
solids per 100 pounds of digestible
Animal and product organic matter in the ration

Cow, milk 18.0
Hog, carcass )
Calf, carcass
Fowl, egg
Fowl, carcass
Steer, carcass
Sheep, carcass

—
BB > S o
OO = = T

This is probably a good practical representation of the relative total effi-
ciencies of the several classes of animal converters as they existed in 1900.
Biologically and energetically, however, the representation is vague. Thus,
the caloric equivalence of “organic matter” obviously varies with its com-
position. Moreover, the amount of “edible solids” varies with the dietary

4 Jordan, W. H., N. Y. (Geneva) Agr. Fap. Sta. Bull. 197, p. 24, and 20th Report,
p. 29. See also his book, ‘“Feeding Farm Animals,” New York, 1901.

2 Eckles, C. H., Univ. Missouri Agr. Exp. Sta. Res. Bull. 7.

43 Terroine, E., and Wurmser, R., Bull. Soc. Cham. Biol., 4, 519 (1922).
4 Jordan, W. H., “‘Feeding of Farm Animals’’, 1901.
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habits of the consumer. Thus intestine (tripe) is a delicacy in some countries
and offal in others, and biologically considered the energy equivalent of the
offal is no less important than the edible parts.

This table underestimates the cfficiency of modern dairy cattle, not only
because the gross efficiency of milk production during the lactation period is
nearer 33 per cent than 18 per cent, but also because beef animals yield only
their bodies as edible end products for their rearing, whereas dairy animals
not only eventually yield their bodies but also produce milk and calves.
This, in effect, increases their life-time efficiency by spreading the cost of
rearing over a much larger volume of edible product.

As previously noted, good dairy cattle, typified by experiment-station herds,
produce milk at approximately 33 per cent gross efficiency with respect to
TDN consumed—about % of the 7D N cnergy is recovered in the milk (as-
suming 1 1b TD N is equivalent to 1814 Cal). Kgg is produced in compara-
tively good layers at approximately half this gross energetic efficiency, per-
haps 16 per cent. The gross encrgetic efficiency of meat production declines
rapidly with increasing age.

Pigs probably have a considerably higher gross enecrgetic efficiency of
growth*® because they consume more concentrated feed in more available
form—their “work of digestion” may be less—because they may have better
appetites, consuming more nutritionally available feed above their main-
tenance level, or what is the same, they may have a relatively low maintenance
level in comparison to their feed capacity. Pigs also have an exceptionally
high dressing percentage in comparison to other animals as indicated by the
following abbreviation from Whetham’s extensive tables®, the average of
“TLarge White,” “Middle White” and “Berkshire” breeds.

Live Carcass  Approximate Live Carcass  Approximate
weight (lbs) (%) age (days) weigth(lbs) (%) age (days)
60 69 97 190 81 204
70 71 105 200 81 213
80 73 114 210 81 221
90 75 122 220 81 229
100 76 130 230 82 237
110 77 138 240 82 246
120 7 147 250 82 254
130 78 155 260 82 262
140 79 163 270 82 270
150 79 171 280 32 279
160 80 180 290 82 287
170 80 188 300 83 295
180 80 196

While the dressing percentage is estimated to be about 75 per cent for
average hogs, it is thought to be 56 per cent for calves (average live weight
4 To produce 1000 Cal live weight, fattening pigs need 77 per cent as much S.E. (starch
equivalents) as bullocks. K. Breirem, cited by I. Leitch and W. Godden, Imp. Bureau

of Nutrition, Tech. Communication 14, 1941.
4 Whetham, Ilizabeth O., “Pigs Breeders’ Annual’’ (England), 1934 -5.
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190 1bs), 55 per cent for cattle (average live weight 940 lbs) and only 47 per
cent for sheep and lambs (average live weight 85 1bs).

It is interesting to comment on the magnitude of the meat industry. The
1940 per capita meat consumption in the United States was about 150 pounds
(67 Ibs pork, 55 1bs beef, 7 Ibs veal, 7 1bs lamb and mutton, 12 lbs lard). In
spite of some 3 billion pounds more meat production in 1942, the war de-
mands are expected to reduce the per capita civilian meat consumption to
135 pounds. The number of animals dressed in 1940 included about 78 mil-
lion hogs, 15 million cattle, 10 million calves, and 22 million sheep and lambs.
Dairy and poultry statisties will be cited, respectively in Chapters 21 and 23.

3.6: Summary. Agriculturally productive processes may be classified into
work and growth processes, the latter including growth of tissue, fat, milk,
egg, wool, and so on.

While ‘the body is not a heat engine, the theoretically maximal efficiency of
muscular work appears to be of the same order as of Carnot’s heat engine, 40
to 50 per cent. The actual gross maximal [eq. (3.1)] efficiency of muscular
work with respect to oxidized nutrients, which is roughly equivalent to the
free energy, AF, of thermodynamies, is of the order of 25 per cent; that is,
nearly 1 of the nutrients oxidized in an animal working at top speed may be
recovered in the form of useful mechanical work. The maximum net effi-
ciency [eq. (3.2)], not including the standing maintenance cost, is about
28 per cent; the maximum absolute efficiency [eq. (3.3)], not including the
cnergy expense when walking without a load, is about 35 per cent.

The growth process probably also involves work components, work of con-
verting amorphous food materials, into organized tissue, but it is very diffi-
cult to estimate its magnitude partly because it is impossible to separate the
energy expended for work from that for maintenance. The “maintenance”
concept is also very complex, including many processes, some of which, as
the catabolism of nutrients by enzymes excreted or liberated into the medium
following the death of organisms, really have nothing to do with maintenance.
Such unavoidable losses, of no benefit to the organism, may also occur in
living organisms. Some of the maintenance energy represents real work—
work of circulation, respiration, secrction, excretion, and so on; and some
energy may be expended to “maintain’ the thermodynamically unstable and
“improbable” structural living configuration.

The gross efficiency of growth, including the maintenance complex, is 3
per cent for certain autotropic bacteria, about 10 per cent for yeast, 60 per
cent for prenatal growth, 35 per cent for early postnatal growth, 5 to 10 per
cent for beef production in later ages, near 16 per cent for egg production,
and about 33 per cent for milk production. The net efficiency, which does

"not include the maintenance item is, of course, higher by the maintenance
cost, and is roughly the same for all these processes.



58 BIOENERGETICS AND GROWTH

The gross energetic efficiency of growth depends on the physiologic age
interval under consideration because the older the animal the greater the
maintenance tax in comparison to the productive increment. Thus Ham-
mond* reported that whereas 22} lbs feed “ weighed dry” is required to pro-
duce a pound of saleable beef for cattle finished at 3 years, it required only
114 1bs feed to make a pound of saleable beef for cattle finished at 13 years.

The efficiency of work, growth, milk production, egg production, and so
on, is discussed historically and comparatively. Body size as such, when
other conditions and especially phystologic age are equal, does not affect
energetic efficiency, although it is an extremely important factor in the
profit complex, which involves overhead expenses, such as the human labor
of management, housing, and so on. The profit aspect—contrasted to the
biologically energetic efficiency aspect—of body size, with special reference
to milk production, is discussed in Chapter 22.

47 Hammond, J., “The Farmers’ Weekly’’ (British), p. 13, Aug. 16, 1935.



Chapter 4

Specific Dynamic Action and Efficiency of Productive

Processes

The hypotheses which have been presented on specific dynamic action
transcend one’s power to coordinate them. Graham Lusk

4.1: Specific dynamic action, basal metabolism, and endogenous nitrogen
excretion. As previously explained [eq. (2.10)], the physiologic fuel value,
or the metabolizable energy, of a diet is composed of (1) net energy, or physio-
logically free energy, comparable to AF in thermodynamics, and (2) specific
dynamic action! abbreviated to SDA, which is a tax to entropy, comparable
to AS in thermodynamics, an extra heat increment incident to the nutritive
process in total, including the energy cost of excretion of the end products.

One may say that the resting heat production of an animal in a thermo-
neutral environment is made up of two components: (1) basal metabolism,
which is the irreducible energy cost of maintenance during complete rest,
and (2) SDA, an energy waste incident to food utilization. Basal metabolism
is, therefore, the resting energy metabolism in a thermoneutral environment
in post-absorptive condition, uncomplicated by heat increments incident to
food utilization or to low or high environmental temperatures.

Basal metabolism? is a convenient starting point for measuring the various
heat increments, as heat increments of : fever, feeding, lactating, gestating,
working, keeping warm in cold weather, and so on.

Endogenous nitrogen® excretion is similarly a convenient starting point for
measuring various nitrogen-excretion increments as, for example, those due
to food ingestion, and it is defined, empirically, as the lowest level of nitrogen
excretion attained after an empirically defined time interval on a low-nitrogen
but otherwise complete diet.

Both the basal energy and endogenous nitrogen levels are useful base values
for computing the energy and nitrogen costs of maintenance. The relation
of these basal values to total maintenance and to body size will be discussed
in detail in Chapters 13, 14, and 15; they are here considered in their relation
to the SDA problem.

! Rubner, M., “Die Gesetze des Energieverbrauchs bei der Ernahrung,” Leipzig,
1902; also Z. Beol., 42, 261 (1901).

2 Du Bois, E. F., “Basal Metabolism in Health and Disease,’’ 1936.

3 Folin, O., “A tfxeory of protein metabolism”’, Am. J. Physiol., 13, 117 (1905).
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One method of measuring the SDA of protein or of amino acids is by the
ratio of the heat increment above the basal level to the nitrogen excretion
above the endogenous nitrogen level following a single meal, as illustrated in
Fig. 4.3 and other methods are illustrated in Figs. 4.1 to 4.7.
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Fig. 4.1-—The heat increment of feeding in several classes of farm animals.

There is nothing particularly cdifying about the term “specific dynamic
action” outside of its historical connotation. Instead of the SDA designa-
tion, others arc used, including calorigenic effect of food, heat increment of
feeding, thermogenic effect, and thermal encrgy.

The calorigenic effect of drugs as of dinitrophenol?, or of hormones such as
thyroxine or adrenaline, consists in raising the metabolic activities of the body

4 Cf. Brody, S., Ann. Rev. Biochem., 3, 341-3 (1934).
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cells. Voit5 suggested and Lusk® advocated Voit’s theory that the nutrient
fragments likewise raise the metabolism of the body cells. This theory has,
however, apparently been disproved by the observation’ that when the liver
is removed, that is, when the deamination of protein is prevented (deamina-
tion of protein occurs mostly in the liver and to a less extent in the kidney?),
nutrients exert no specific dynamic effect; Lusk?, therefore, bravely dis-
carded his old teachings and adopted the thermodynamic viewpoint.

The fact that about 80 per cent of the resting SD A originates in the viscera!®
substantiates the theory that the SDA is due to the protein catabolism as
such rather than to stimulation of body cells.

The theory that SDA is the work of digestion!! has been disproved by feed-
ing bones and meat extract’ and agar and catharties’® when no SDA was
observed. Morcover, injecting amino acids gives the same SD A as ingesting!4.

It is instructive to reflect on the fact that, although the phenomenon of heat
increment of feed was observed over a century and a half ago', and although
it has aroused enormous interest and elicited a great literature®, there is no
generally accepted theory, nor indeed generally accepted quantitative defini-
tion ()f.SDA.

This is Rubner’s? definition of SD A : [f the postabsorptive energy expense of
maintenance of a mature normal animal (dog) at thermal neutrality is 100 Cal
a day, then if the animal consumes 100 Cal in the form of meat, its heat pro-
duction will increase to 131 Cal for the day. The extra 31 Cal is the SDA of
the 100 C'al of meat. If the animal is given 131 Cal, its heat production will
inercase to 137 ("al, and so on, as shown in the following table.

Relation between encrgy in the food and heat production by the animal.

Protein Diet (Meat) Fat Diet Cane-sugar Dict
Food Heat pro- Food Heat pro- Food Heat pro-
Trial No. energy duction cnergy duction energy duction
1 0 100 0 112.7 0 100
2 100 130.9 112.7 114.3 100 106
3 130.9 137.3 114.3 114.5 106 106.4
-4 137.3 139.3 114.5 114.55 106.4 106.42
5 149.3 139.9
6 139.9 140.1
7 140.1 110.2

It appears from the above table that under the given conditions the SDA
of lean meat is 40 per cent of the intake energy; of fat, about 15 per cent; of

5 Voit, (', “Hermann’s Handbuch der Physiologie,” 6, 209 (1881).

& Lusk, GG, “The Science of Nutrition,”” 1928.

7 Bollman, J. L., Mann, F. C ; and Magath, T. B., Am. J. Physiol., 78, 258 (1926).

8 Borsook, 1., and Jeffreys, (. 1. P., J. Bwl. Chem., 110, 495 (1935).

 Lusk, (i., J. Nut., 8, 519 (1931), and Ergeb. Physiol., 33, 103 (1931).

10 Dock, W., Am.J. Physiwol., 97, 117 (1931); 106, 745 (1934).

1 Zuntz, N., Pfluger’s Arch., 16, 63+ (1877); Med. Klin. p. 351 (1910).

12 Lusk, G., J. Biol. Chem., 13, 155 (1912-13).

13 Benedict, F. G., Am. J. Physiol., 30, 197 (1912).

1t Weiss, R., and Rapport, D., J. Buwl. Chem., 60, 513 (1924); Nord, F., and Deuel,
H.J., Id., 80, 115 (1928); Wilhelmj, Bollman and Mann, Am. J. Physiol., 98, 1 (1931).

15 Lavoisier and Laplace, ‘“Mémoire sur la chaleur,” Mem. de math. et de Phys. de
I’Acad. d. Sci., 1780, p. 855. Bidder, F., and Scbmidt, C., “Verdauungsafte und Stoff-
wechsel,’’ Leipzig, 1852.
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sucrose, about 6 per cent. That is, for example, of 115 Cal of physiologic
fuel value (metabolizable energy) ingested in the form of fat, about 15 Cal
is the entropy tax and 100 Cal is the physiologically free energy employed
for maintenance or related useful purposes.
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Fig. 4.2a—The heat increment of feeding in several classes of farm animals. The
B.M. areas represent basal metabolism and the AQ areas the heat increment of feeding
for the intervals shown on the time axis.

Murlin and Lusk!® substantiated Rubner’s values: “If what we now call
the basal metabolism of a typical animal be 100 Cal, per day, and 100 Cal
be administered to the animal of each of the several foodstuffs on different
days, then the heat production of the animal after receiving meat protein

18 Murlin, J. R., and Lusk, G., J. Biol. Chem., 22, 15 (1915). Murlin, et al., J. Nut.,
12, 613 (1936).
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will rise to about 130 Cal, after glucose to about 106 Cal, and after fat to about
104 Cal. These are typical average results.” The typical animal is pre-
sumably a mature one,
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Fig. 4.2b—See legend of Fig. 4.2a.

0

Kriss, Forbes, and Miller" reported that the average heat increment (in
100-g rats) resulting from the addition to a maintenance ration (sce Sect. 4.2)
of casein, starch, and olive oil, respectively, expressed as percentages of the
metabolizable energy of these supplements, were 31.4 per cent for casein,
22.5 per cent for starch, and 16.5 per cent for olive oil. These values, with

17 Kriss, M., Forbes, E. B., and Miller, R. C., J. Nut., 8, 509 (1934).
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reference to maintenance metabolism as base, were greater than with refer-
ence to fasting metabolism as base.

The literature on SDA is large and, as Lusk remarked in the quotation at
the head of this chapter, very confusing. Rubner’s theory! seems to be general
enough, or perhaps vague cnough, to embrace all thermodynamic theories.
It is that the SDA represents the waste heat from the many intermediate
and side reactions and oxidations incident to the nutritive processes. One
may compare it to the waste in lumber manufacture—the trunks are utilized
for the building industry but the branches and sawdust go into the brush
fire; or one may compare it to the encrgy waste in a heat engine, part of which
is free energy convertible to work and the rest is wasted, swelling the tide of
entropy.

The contradictions in the literature on the SDA values of a given nutrient
are due to the fact that the magnitude of the SDA of a nutrient is not a
constant but, on the contrary, is highly variable depending on many ecir-
cumstances, such as on whether or not the nutrient is stored or otherwise
usefully employed ; and this in turn depends on the balance between nutrients,
plane of nutrition, environmental temperature, muscular or other productive
activity, age, and so on.

Moreover, every amino acid has a characteristic SDA, a characteristic
speed of utilization and catabolism, which influence the real or apparent end
result. Thus, the SDA of the oxidative deamination of alanine is much
greater than of the hydrolytic deamination of arginine. The liberation of
nitrogen from the imidoazol ring of histidine is no oxidation. The SDA also
depends on the deaminized residuec.

The SDA value, moreover, depends on the reference base and units em-
ployed, whether it is represented in terms of heat produced to total nitrogen
excreted, to nitrogen excreted above the endogenous, or above the maintenance
level ; to grams of nitrogen, or to equivalents of nitrogen, and so on.

By way of illustration, let us discuss the fate of the amino acid alanine when
it is not stored in the body either because of excess ingestion or because of
unbalance of the amino acid mix. In such case the amino acid is deaminized,
producing urea, which is excreted by the kidney, and sugar, either stored
in the body, converted to fat, or oxidized. The deamination may occur by
three different methods: (1) oxidative; (2) simple; (3) hydrolytic.

(1) CH;-CH(NH,)-COOH + 30, = NIT; 4+ CIHI;-CO-COOH --> urea + sugar
(alanine) (pyruvic acid)
(2) CH;-CH(NII,)-COOII = NH; 4+ CH;-CO-CHO — urea + sugar
(pyruvic aldehyde)
(3) CH;-CH(NH,)-COOH + H,0 = NII; + CH;-CHOH-COOH — urea + sugar
. (lactic acid)

In the first of the three reactions oxygen is consumed and, conscquently
heat is produced, equivalent to 4 Cal per g N catabolized. In the formation
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of urea from NHj, there is also heat production, about 4 Cal per g N in-
volved!'® 19 responsible for perhaps 20 per cent of the SDA of protein2°,

Then, too, the urea and other end products are excreted by the kidneys at a
considerable energy cost, perhaps 1 to 2 Cal per g N excreted, accounting per-
haps for 25 per cent of the SDA of the catabolized protein, attributed to
kidney work!® 2, The efficiency of the kidney is estimated to be 2 to 5
per cent, 98 to 95 per cent of its energy expense being wasted as heat only,
which heat is part of the SDA heat.

When the deaminized fragment is oxidized there may be, in the case of
alanine, an additional heat production of about 30 Cal per g N excretion!®.

The heat liberated in deamination cannot be utilized for productive pur-
poses; indeed, the heat of SDA is of the same nature as that given off as end
product of muscular work. This is, of course, well known, having been
observed by Rubner®, Anderson and Lusk??, Rapport**, Meyer?® and others.
The SDA heat, like the heat of muscular work, can be useful only for keeping
the animal warm in cold weather. Yet a working or otherwise productive
animal on a given diet and level is likely to have a smaller SDA than a non-
productive one, beeause the nutrients are utilized at a higher rate for the
productive proecess, leaving that much less for SDA. And in cold weather,
the SDA spares the body from oxidizing body fuel to keep warm, giving the
appearance of a decreased SDA. This is generalized by Rubner’s compensa-
tion theory: there is a reciprocity between heat production by chemical body-
temperature regulation and the SDA. Rubner found that the feeding of 320
g of meat to a dog at 7°C did not increase his heat production ; but feeding
320 g meat at an environmental temperature at 30°C increased his metabolism
(above the post-absorptive level) by 50 per cent. The reason that there was
no apparent SDA at 7°C is that at this low temperature the “basal metabo-

18 Borsook, 1., Ergeb Enzymfors., 4, 32 (1935).

19 Borsook, H., Biol. Rev., 11, 117 (1936). Borsook, H., and Winegarden, . M.,
Proc. Nat. Acad. Ser , 17, 3, 13, 75 (1931).

20 Borsook, H., and Keighley, G., Proc. Nat Acad. Sei., 19, 626 (1933).

2L The oxygen consumption of the kidney is said to be very high, about 9 per cent of
that of the whole body at rest. However, Dock (loe cit) reported “that at least 80 per
cent of the SDA is due to inereased energy liberated by the hepatie cells during protein
ingestion,”” and that ‘“‘the oxygen consumption of the kidney was the same in rats on
high and low protein intake, although the total oxygen intake of the former was 35 per
cent greater than of the controls on the low protein diet ”  Borsook and Winegarden
[Proc. Nat. Acad. Sci , 17, 3, 13, 75 (1931)], and Lublin [Z. klin. Med., 109, 371 (1928)]
found an increased heat production as result of urea ingestion; but Carpenter [J. Nut.,
16, 499 (1938)] found no effect on heat production in humans following ingestion of 30 or
40 g urea; nor according to Carpenter, did the following find increased heat production
as result of uren ingestion: Tangl, Biochem 7., 34, 1 (1911); Lusk, J. Biol. Chem., 18, 37
(1912); Grafe, Deut. Arch. klin. Med , 118, 1, (1915); Kocher and Torbet, J. Biol. Chem.,
95, 427 (1932); Eaton, Cordill, and Gouax, Am. J. Physiol., 118, 37 (1935), also J. Nut.,
10, 429 (1935); Rajzman, Arch. internal. physiol., 43, 423 (1936).

22 Rubner, M., S. B. Preuss. Akad. Wiss., 16, 316 (1910).

23 Anderson, R. J., and Lusk, G., J. Biwol. Chem., 32, 121 (1917).

24 Rapport, D., Am. J. Physiol., 91, 258 (1929).
2 Meyer, I'., Arbeitsphysiol., 2, 372 (1930).
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lism” was higher on account of heat regulation, so that the heat of SDA
replaced the heat of chemical regulation.

Another methodologic factor contributing to the apparent variation in SDA
of protein is due to the failure to continue metabolism measurements, of
both energy and nitrogen, until after the nitrogen and heat production
return to the starting base level (Fig. 4.3). There are great differences in
the rates of catabolism of different amino acids, different diets, in different
individuals, under different conditions, and it is no easy matter to obtain
physiologically equivalent values for the nitrogen and energy involved in the
given SDA processes.

According to recent reviews?, to which the reader is referred for details,
some transformations of amino acids, as of glutamic acid?, to urea (and other
waste products) and to glucose are exothermic; others are endothermic,
therefore, not realizable spontaneously, and requiring the driving force of a
coupled exothermic reaction, and the SDA represents the difference between
the energy produced and that used in the endothermic reaction. There is
considerable disagreement among the experts? on all matters relating to SDA.

Carbohydrates undergo intermediate or preparatory stages, for example,
phosphorylation (Ch. 6), on their path to storage (glycogen deposition) or
oxidation, which changes involve a heat loss, the SDA. So do fats. More-
over, the conversion of fat to glucose?® involves an energy loss of about 21
per cent, although the difference between the efficiency of fat and glucose
utilization for work is only 11 per cent. Furthermore, physical changes,
such as solution, osmotic pressure?®, and so on, involve additional heat libera-
tion. The SDA of carbohydrates and fats may thus likewise be explained
thermodynamically. Previous to his 1931 review, Lusk? attributed the SDA
of carbohydrates exclusively to a plethora or mass-action effect. More
recently the evidence, including that in Lusk’s?® laboratory, favors a thermo-
dynamic interpretation. There is, in brief, no very good correlation?® of SDA
to blood-sugar level or even to the R. Q.*

28 Borsook!®; Lusk?; Aubel, E., and Schaeffer, G., Ann. Phystol. Physicochim. biol.,
8, 262 (1932); Krebs, H. A., Ann. Rev. Biochem., b, 247 (1936); Wilhelmj, C. M., Phystol.
Rev., 16, 102 (1935); Luck, J. M., Ann. Rev. Biochem., 1, 307 (1932); Lundsgaard, E.,
Skand. Arch. Physiol., 62, 223 (1931); Terroine, E. F., and Bonnet, R., Ann. Physiol.
Physicochim. biol., 3, 488 (1926); b, 268 (1929); Brody, S., Ann. Rev. Biochem., 8, 295 (1934).

27 Borsook, H., and Winegarden, H. M., Proc. Nat. Acad. Sci., 17, 75 (1931).

28 Borsook, H., and Winegarden, H. M., ““The free energy of glucose and tripalmitin,”’
Proc. Nat. Acad. Sci., 116, 559 (1930).

29 See, among others, Wilhelmj, Bollman and Mann, Am. J. Physiol., 98, 1 (1931);
Lublin, A, Z. Klin. Med., 109, 371 (1928-29); Carpenter, T. M., and Fox, E. L., J. Nut.,
2, 359 (1929--30); Carpenter, J. Nut., 16, 499 (1938); Lundsgaard, loc. cit.; Grollman, A.,
Am. J. Physiol., 89, 157 (1929).

30 Dann, M., and Chambers, W. H., J. Biol. Chem., 95, 513 (1932).

3t Mason, E. H., J. Clin. Invest., 2, 143 (1925-6); Rabinowitch, I. M., Id., 143; Deuel,
H.J., J. Biol. Chem., 76, 367 (1927); Baur, H., Deut. Arch. Klin. Med., 164, 202 (1929);
Edwards, H. T'., Margaria, R., and Dill, D. B., Am. J. Physiol., 108, 203 (1934); Car-

penter, T. M., and Lee, R. C., Am. J. Physiol., 102, 659 (1932).
32 Cathcart, E. P., and Markowitz, J., J. Phystol., 68, 309 (1927).
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Fig. 4.3—The relation between heat production and urinary-nitrogen excretion

Flotted from data by Williams, Riche and Lusk (1912). The data were obtained on a
emale bull-terrier dog weighing 13.5 kg after feeding 1200 grams of meat and kept jna
calorimeter at 26° to 27°C. The dog received no food for 24 hours preceding this feeding.
The upper left chart represents the course of the ratio of Calories above basal (AQ)
during given liours to nitrogen (in grams) above basal during the corresponding hours.
The average ratio for the entire 21-hour period under observation is 11.1; that is, the total
heat above basal produced during the 21 hours to the total urinary nitrogen excreted
above basal during the same period was 11.1 Calories per gram of urinary nitrogen.
(Williams, Riche, and Lusk say that ‘“for the whole period the average increase in metab-
olism for every 100 calories of extra 100 calories of protein oxidized is 45 calories,’’ and,
““the ingestion of meat containing 900 calories in protein caused an increase in metabolism
of 270 calories during a period o% 20 hours, or the ingestion of 100 calories caused an in-
crease of 30 calories in fleat production.”’)

The lower left chart represents the heat production and urinary-nitrogen excretion in
parallel manner; in the lower right chart the heat production and the urinary nitrogen
excretion above basal are represented as percentages of the respective basal levels. This
chart shows that the Calories reach a maximum value long before the nitrogen attains a
maximum. It also shows that while the heat production was increased two times, the
nitrogen excretion increased nearly six times. Note that the curve is not sytametrical
about the maximum; the maximum occurs during the fifth hour, while the basal level is
not reached again perhaps for 24 hours or longer.

4.2: Plane of nutrition and SDA. It is obvious that the SDA per unit
food, especially of protein, will vary with the amount of nutrient taken and
with the condition of the animal. Thus milk in moderate amounts ingested
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by a suckling animal? will have an inappreciable SDA because the nutrients,
especially the proteins, are largely stored, and the stored nutrients as such
have no SDA!. Likewise, a breakfast small enough so that the SDA of the
dietary nutrients merely cancels that of the body nutrients which would be
mobilized if the small meal were not taken, exerts no appreciable extra SDA34.
Richardson and Mason?® demonstrated that if only a maintenance ration is
allowed, and that fed at two-hour intervals, the heat production will not rise
appreciably above the basal level.

By the same logic, the SDA will depend on the reference base employed.
Employing basal heat production and endogenous nitrogen as reference base
(Rubner method) as most physiologists do (Fig. 4.1), the SDA will be less
than if the maintenance heat production is taken as reference base, as some
agriculturists do (Iellner method).

The Kellner method®, as interpreted by Kriss¥, takes the maintenance
metabolic level as reference base, and the SDA is evaluated not on the basis
of one meal, as by Rubner’s method (Fig. 3.1), but by feeding the animal for
days first on the maintenance level, then for days on the maintenance-food
plus the test-food. The difference in heat production between these two
planes represents the SDA of the test-food. The results obtained by the two
methods are different: the SDA of protein, fat, and carbohydrate is higher
when using maintenance than when using fasting heat production as reference
base3s, The lower SDA obtained by the use of the fasting heat production
as reference base is, as previously explained, attributed to the sparing of body
nutrients from oxidation when food is fed to fasting animals. This is indi-
cated by the fact that correcting for this sparing effect (on the assumption
that the SDA of body nutrients catabolized in fast is the same as the dietary
nutrients fed) raises the apparent SDA at submaintenance to near that
obtained by the use of maintenance heat production as reference base.

Kriss’ results with amino acids are, therefore, different from those obtained
by the other investigators. Thus, Lusk and co-workers reported that while
phenylalanine, alanine, and glycine have high SDA, glutamic acid, aspartic
acid, and asparagine give negativeresults. Lundsgaard, Terroine and Bonnet,
and others, reported that the SD A per gram nitrogen administered or excreted

8 Rubner!; Hoobler, B. R., Am. J. Dis. Child., 10, 153 (1915). Scc also Necheles, H.,
Am. J. Physiol., 101, 79 (1932); Levine, S. Z., et al., Id., 33, 722 (1927).

3 Benedict, ¥. G., Boston Med. Surg. J., 188, 819 (1920); Soderstrom, G. F., Barr,
D. P., and Du Bois, K. F., Arch. Int. Med., 21, 613 (1918). Wang, C. C., Id., 46, 316
(wzol)llichardson, H. B., and Mason, E. H., J. Bwol. Chem., b7, 587 (1923).

% Kellner, O., Landwirtschaftlichen Versuchstationen, 53, 1 (1900).

37 Kriss, M., “The specific dynamie effects of amino acids and their bearing on the
causes of specific dynamic effects of proteins,” J. Nut., 21, 257 (1941).

38 Kriss, M., Forbes, E. B., and Miller, R. C., “The specific dynamic effects of protein,

fat and carbohydrate as determined with the albino rat at different planes of nutrition,”
J. Nut., 8, 509 (1934).
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is virtually the same for all amino acids. Kriss, on the contrary, using
maintenance as reference base, reported that the important calorigenic factor
is, metabolizable energy—not nitrogen consumed or excreted (as reported by
Lundsgaard, Terroine and others), and not the nature of the amino acids
consumed (as reported by Lusk and associates). Kriss’ results apparently
contradict those of the preceding investigators. However, the contradiction
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Fig. 4.4—The course of heat production in relation to feeding in cows.

may not be real, because Kriss’ results are not comparable to those of the
other investigators unless corrected for the difference in reference base em-
ployed.

The following table indicates that when maintenance is used as reference
base, the carbon and hydrogen part of the amino acids is the major controlling
factor in the level of SDA. This table harmonizes with the theory that at
or above maintenance, the SDA represents the energy liberation of the
intermediate chemical reaction of all nutrients, regardless of their nature.
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SDA, tn Calories, employing the maintenance level as reference base on rats. (Kriss3?)

Coeffi-
Glu- As- cient
tamic Tyro- partic As- Varia-

acid Alanine Glycine Glycine sine Acid paragine tion
Food Category 21g 18g 24g 1.8g 1.3g 20g 20g (%)
Per 100 Cal energy me- 68 60 62 55 49 42 52 15
tabolized
Per 100 Cal amino acid 92 82 69 65 49 63 67 20
metabolized

Per 100 Cal gross energy 55 40 40 37 29 33 34 22

Per g amino-acid carbon 7 7 4 4 5 4 4 28
metabolized

Per g amino acid fed 2.0 1.7 1.2 1.2 1.7 1.0 1.0 29

Per g amino acid metab- 2.8 2.9 1.4 1.4 2.7 1.4 1.5 37
olized

Per milimol amino acid 0.4 0.3 0.1 0.1 0.5 0.2 0.2 60
metabolized

Per g extra urinary nitro- 29 13 7 7 19 13 7 60
gen excreted

Per g nitrogen fed 22 11 7 6 22 9 6 61

Forbes?® suggested that the reference base for SDA ecomputations should be
neither basal (fasting) nor maintenance metabolism, but fasting heat produc-
tion less the heat increment of utilization of body tissue catabolized during
fast.

Forbes suggests the use of maintenance as the most practicable reference
base, because ‘“‘above maintenance, heat increments are measured with the
minimum of ambiguity, with the heat production of energy equilibrium as the
base value”. Below maintenance the heat increments ‘“are of mixed or in-
definite significance by their contamination with energy expense of utilization
of body nutrients catabolized”.

To the present reviewer, however, it appears that the heat increment of a
food above the maintenance level would also be “of mixed or indefinite
gignificance by their contamination with energy expense of utilization”,
because the extra food above maintenance would be used for different purposes
depending on the nature of the productive process. In the adult, the extra
food would be used for fattening; in the young for growth; in the lactating
animal for milk production, and so on, each involving a different energy
expense of utilization and/or organization with resulting mixed significance.

There does not seem to be a definite SDA except under sharply defined
reproducible conditions. The contradictory results and theories in the
literature are due to the lack of definition of the influencing conditions. In
the nature of the case, the SDA—-and, therefore, the net energy—of a diet
must differ with each of the influencing factors.

4.3: Nutrient unbalance and SDA. The absence of a limiting component
from the metabolizable nutrients results in dictary unbalance and tends to
increase the SDA.

Such an unbalance may be illustrated by the absence of one of the ten odd
limiting amino acids from the dietary protein. As a result of the unbalance,
the animal will be unable to synthesize its characteristic tissues or other

39 Forbes, E. B., Pennsylvania Agr. Exp. Sta. Bull. 415, 1941.
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products from the remaining amino acids. As the other amino acids are not
utilized for protein synthesis, they are deaminized with consequently asso-
ciated SDA as previously explained.

But other limiting nutritional factors may have a similar effect. Thus
Mitchell4 reported that lack of common salt reduces the utilization by chicken
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Figure 4.5—The course of heat production in relation to feeding in goats.

of the metabolizable cnergy of a corn ration. Several reports* indicate simi-
lar declines in utilization of metabolizable energy when phosphate is the limit-
ing factor. While the influence of such deficiencies on SDA remains to be
worked out, it is reasonable to assume that the SDA is increased because, by
definition, the metabolizable energy is composed of net energy (the part

40 Mitchell, H. H., and Carman, G. G., J. Biol. Chem., 68, 165 (1926).

‘1 Riddell, W. H., Hughes, J. S., and Fitch, J. B., Kans. Agr. Exp. Sta. Tech. Bull.
36, 1934. Kleiber, M., Goss, H., and Guilbert, H. R., J. Nut., 12, 121 (1936).
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utilized for maintenance and production) and SDA (the part that is wasted),
and decreased metabolizable-energy utilization necessarily means increased
SDA.

4.4: Agricultural implications. The foregoing discussion indicates, first,
that while the literature on SDA represents things that happen, the happen-
ings are highly variable, depending on so many uncontrolled and uncontroll-
able factors that the results can be taken only as suggestive guides rather than
as quantitative relations. Secondly, the results were obtained on dogs and
rats, and it is evident that it is not possible to evaluate the SDA of individual
amino acids or any simple nutrient in large farm animals, especially in cattle,
with their basic diet of voluminous roughage and the associated fabulous
flora and fauna that converts even urea to protein, and which ferments the
rumen material with much heat production not differentiable from SDA.

Benedict and Ritzman published data on heat increment of feeding in
steers?? and sheep.®* These increments appeared unexpectedly early and
large. The theory given was that the anaerobic fermentation in the rumen
results in early formation and absorption of short-chain fatty acids, such as
butyric, which exert a heat-simulating effect of the Voit variety, prior to the
protein effect.#* The author has accumulated a great mass of similar data,
some illustrations of which are shown in Figs. 4.1 to 4.7, on which he hopes
to report in detail in the future.** More controlled data on steers will be
discussed in the following chapter.

Whatever the theories, which are necessarily more or less works of imagina-
tion, the fact is that the heat increment of feeding in large farm animals,
especially in ruminants, fed dietary unbalanced roughage, is huge. This
heat increment could be reduced or perhaps abolished by feeding at appro-
priate intervals a perfectly balanced diet, as did Richardson and Mason.3%
But, of course, farm animals are not kept for maintenance but for production,
and they are never fed proteins of 100 per cent biological value in particular
or perfectly balanced rations with regard to needs in general. It would not
be very profitable to feced milk to dairy cows or eggs to laying chickens.
Moreover, the handling of bulky farm feeds, especially by ruminants, involves
other energy expenses than those investigated by Rubner, Lusk, Terroine
and others on dogs, rats, and frogs. The heat increment of feeding in farm
animals is therefore large, about 20 per cent of the gross energy of the good
customary “balanced” mixed rations consumed (much higher when fed poor
roughage alone), or a heat production in dairy cattle under “normal” feed
conditions of about 50 per cent above that in the fasting condition.

4 Benedict, F. G., and Ritzman, Ii. G., ““The mctabolism of fasting steers,”” Carnegie
Inst. Washington, Pub. 377, 1927.

4 Ritzman and Benedict, “Heat production in sheep,” New Hampshire Agr. Exp.
Sta. Tech. Bull. 45, 193; ‘“Nutritional physiology of adult ruminants,” Carnegie Inst.
Washington, Pub. 494, 1938

44 See also data on goats: Magee, II. E., J. Agr. Sci., 14; on pigs, Capstick, J. W., and

Wood, T. B., Proc. Roy. Soc., 94B, 35 (1922); Deighton, T., Id., 96B, 340 (1923); and
J. Agr. Sci., 19, 140 (1929).
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The large heat increment is an effective protection against cold; this ex-
plains, in part, the ease of wintering livestock, especially ruminants, on a poor
hay diet in the cold western states where the temperature is often —40° F.
(Ch. 11). By the same token, the SDA is a serious burden in hot weather,
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Fig. 4.7—The course of heat production in relation to feeding in goats.

popularly expressed by saying that heavy feeding, especially with protein-
rich feeds, “burns out” the animal, and one of the major problems of animal
husbandry is to kecp down the summer body temperature in productive
animals (Ch. 11) and, thus, maintain productivity.

4.6: Summary. The basal energy and nitrogen (endogenous) catabolism
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represent the irreducible caloric and nitrogen maintenance expenses respec-
tively. Specific dynamic action, or SDA, or heat increment of feeding, or
calorigenic effect of foods, represents the extra heat incident to the utilization
of food or feed. The SDA of the extra protein is thus represented by the
ratio of the resting heat production in a thermoneutral environment above
the basal level to the nitrogen excretion above the endogenous level ; or when
using maintenance as reference base, it is represented by the ratio of the rest-
ing heat production above the maintenance level to the nitrogen excretion
above the maintenance level. Similar representation may be made with
respect to feed consumed or metabolizable energy consumed.

The SDA is very variable depending on the base level employed, on the
plane of nutrition, on the balance between nutrients, on the nature of the
productive process, and so on.

In cattle and sheep the SDA is further complicated by fermentation in the
rumen, including heat generation in the rumen, a heat not differentiable from
SDA heat. As a result, it is difficult to apply the great analytic literature on
SDA from the thermodynamic viewpoint to the interpretation of the heat
increment of feeding in farm animals, which must for the present rest on an
empirical basis.

An analysis of the literature on dog and rat is, however, presented by way
of background, giving special attention to the SDA following protein inges-
tion. If the ingested protein is not stored by the animal, its nitrogen is elimi-
nated in the urine, and the carbon may be either stored in the body or oxidized.
If ‘all the carbon is oxidized, then, of course, since the physiological fuel value
of protein is approximately 4 Cal/g, the heat increment of feeding of protein
is about 4 Cal per g protein ingested, or 4 X 6.25 = 25 Cal per g of extra
urinary nitrogen excreted. The usually observed SDA of protein (as of meat
fed to a dog as shown in Fig. 4.1) is about 30 per cent of its metabolizable
energy, from 8 to 12 Cal per g N excreted. The calorigenic effect of protein
evidently varies with the nature and balance of the amino acids, and with
the ability of the animal to store the protein or/and its deaminized fraction.
Variations due to storage of protein may be eliminated by comparing calori-
genic effects of a protein, not with the protein ingested, but with the extra
nitrogen excreted. The extra heat will then represent the heat evolved in
consequence of deamination, urea formation, and work of excretion of the
nitrogenous waste products.

Attention is called to a few applications, such as the importance of the heat
increment of feeding in outdoor wintering of animals in cold weather, or over-
heating in hot weather; the reduction of the SDA by frequent feedings of
small meals, by muscular work, by balancing the nutrients in the ration,
and so on.

The following chapter discusses the quantitative aspects of the influence of
the plane of nutrition on the utilization of rations, with special reference to
the heat increment of feeding in farm animals.



Chapter 5

Plane of Nutrition, the Principle of Diminishing Increments,

and Efficiency

The law of diminishing returns has been applied to phenomena which in-
volve deerease in the per unit effect of some causal factor as the magnitude
of the acting factor increases. W. J. Spillman

6.1: The principle of diminishing increments. If the dictary metabolizable
energy is perfectly balanced with regard to all nutritional needs, and if it is
fed below the maintenance level, it merely replaces what the liver would have
delivered to the blood for maintenance, and the SDA (the extra heat incre-
ment incident to food utilization process in total) will be inappreciable; the
SDA of the diet merely replaces that of the body nutrients, which would
otherwise have been mobilized for maintenance needs. Above the main-
tenance level, however, the SDA progressively increases, or the net energy
(the total food energy, less SDA and other food-utilization energy expenses)
decreases for successive increments of food intake. The tendency for decline
in utilization of successive dietary increments is an example of a ubiquitous
phenomenon often generalized by the principle of diminishing returns, or
diminishing increments, or the Weber-Fechner law, or the law of mass action
(Wilhelmy, 1850).

This principle has been long recognized: “Increase in yield cannot be pro-
portional to the fertilizer supplied, but it rises at a far smaller rate” (Justus
von Liebig, 1860). ‘““The man blessed with plenty of this world’s goods re-
quires a correspondingly larger increase in his good fortune than does the poor
man in order to derive the same amount of pleasure”. “'The more additional
means are expended, the less striking is the cffect, which stretches out to al-
most vanishing fineness” (I°. A. Lange, 1870), and so on.

Liebig! was probably the first to formulate this idea under the name of the
“law of the minimum”, which may be shown to be a special case of, if not
identical with, the principle of diminishing returns. Liebig’s formulation
is based on the relation of fertilizer supply to plant growth, as was, much

1 Liebig, J. V., “Die Grundsatze der Agriculturchemie”, 1855; “Die Chemie in ihrer
Anwendung auf Agrikultur”’, 1876.
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later, Mitscherlich’s® and, independently, Spillman’s.3 Tt is evident that
additions of successive units of fertilizer cannot increase the yield propor-
tionally, unit yield for unit fertilizer; otherwise the yield could become in-
finitely great by infinitely large additions of fertilizer. Likewise, the con-
sumption of successive food portions cannot benefit the consumer by equal
amounts.

A different biologic illustration of the principle of diminishing increments,
discussed in detail in Chapter 164, is the decline in the time rate of growth in
weight gains, dW/dt, with increasing age following the pubertal inflection.
This may be represented by several equations, such as

W_ o o
in which & represents the relative rate (or when multiplied by 100, the per-
centage rate) of decline of the differential time gains in weight, and e is the
base of natural logarithms.

Here is an actual numerical illustration® of equation (5.1): The weight gains
in successive months of a group of guinea pigs were observed to be 112, 90,

0, 56, 43, 35, 27, - grams. The value of & is then approximately:
—_— C —_ —_ ) —

1——~12H—2 90 _ 90 90 IO /O—/O—?»() g 56 B _ .22, or 22 per cent per month;

E = .22 (approximately). Having the value of &, the value of ¢ is easily

computed.®

The absolute gains per unit time decline for successive months, but the per-
cenlage decline, 100k, is constant. Since the gains in weight decline, the sign
of k is negative.

Equation (5.1) may be written in several other forms, such as:

aw

— = k(4 — W) (5.2)

dt
in which A is the mature weight, W, of the animal. 'The equation says in
effect that the time rate of growth, dW/dt, is proportional to the remaining
gains, A — W, yet to be made to reach the maximum weight, A. The farther
from the mature weight, 4, the more rapid the growth. As the animal gets
older, the values of the gains remaining to be made, A — W, become progres-
sively smaller, and so dW/dt becomes correspondingly smaller. The meaning
of the numerical value of £ is the same as in eq. (5.1).

2 Mitscherlich, 1. A., “Das Gesetz des Minimums’’, Landw. Jahrb., 88, 537 (1909);
“Zum Gesetz des PHanzenwachstum’, Landw. Jahrb., 63, 130, 167 (1919); Fuhlings
Landw. 7., 68, 130 (1919); and many other papers.

3 Spillm wn, W. J . “The law of diminishing returns”’, World Book Co., 1921; U.S.D.
Agriculture Tech. Bul] 318, 1933.

' See also, Brody, 8. ‘(.w\\ th Rates”’, lmv Mo. Agt lu\p Sta. Res. Bull. 97, 1927.

5 Brody, h “(ienetic growth const: wts”, J. Gen. Physiol., 8, 237 (1926).

% Becker, G. B. , Smithsonian Mathematical tables, ¥ 1871, "Smithsonian Institution,
Wftshmgton 1924 (pp. 226 and 263).
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The differential (time rate) equations (5.1) and (5.2) may bewrittenin the
integral (cumulative) form, giving not the differential weight gains, dW/dt,
but the total body weights, W, as a function of age, {,

W= A — BeH (5.3a)

In some cases, or from some viewpoints, A equals B (that is, W = 0 when ¢ =
0), in which case the equation is

W=A(1 - ™) (5.4a)

Equations (5.1) to (5.4) are growth equations; but such growth (following
puberty) is evidently an illustration of the principle of diminishing increments:
the weight, W, gets larger with increasing age, ¢, but the increases per unit
time become progressively smaller. Time, ¢, may be formally considered as
the “causative agent”, which has less and less effect on increasing the body
weight. The physiologic significance of a physical time® unit declines with
increasing age (Ch. 19).

Instead of body weight, W, and age, ¢, we may relate milk-energy produc-
tion, FCM (which represents milk corrected to 4 per cent fat, having a com-
bustion value of 340 Cal per pound, or 750 Cal per kg), to TDN (digestible
nutrient) consumption. In this case equation (5.3) becomes

FCM = A — Be™HTDN) (5.3b)

The FCM yield rises with increasing TD N production, but at decreasing
increments; the successive 7D N units consumed elicit progressively smaller
milk (FCM) production increments.

Instead of discussing particular products, as milk, or egg, or fat, or work,
we may say that as the dietary gross energy, @,, consumption is increased by
equal units, the net energy, @,, that is, the magnitude of the energy recovered
in the given product, become progressively smaller; that is

Q. = A — Be K@@ (5.3¢)

In addition to its application to the effect of fertilizer increments on crop-
growth increments, previously cited, this principle has been used in agricul-
ture for relating the effect of feed-intake on its net energy value’, on growth
rate® 8, and on milk production.?

¢ Brody, 8., “Relativity of physiologic time”, Growth, 1, 60 (1937).

7 Brody, 8., and Procter, R. C., “Influence of the plane of nutrition on the utilizability
of feeding stuffs’’) Univ. Missouri Agric. Exp. Sta. Res. Bull. 193, 1933.

8 Jull, M. A., and Titus, H. W., “Growth of chickens in relation to feed consumption”’,
J. Agr. Res., 38, 541 (1928); 48, 817 (1934); Pouliry Science, 11, 74 (1932). Titus, Poullry
Sci., 7, 254 (1928). Iendricks, W. A., “Fitting the curve of the diminishing increments
to the feed consumption-live weight growth curves’’, Science, 74, 290 (1931). Ilendricks,
Jull, and Titus, Id., 73, 427 (1931).

? Jensen, E., Klein, J. W.; Rauchenstein, E., Woodward, T. E., and Smith, R. H.,
“Input-output relationships in milk production’”, U.S.D. Agriculture, Tech. Bull.

815, 1942.
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Spillman® and Jensen® employed the equation

W = A — BR» (5.3d)
or when A = B,
W=A(Q1 — R» (5.4b)

which are evidently similar to our equations (5.3a) and (5.4a), respectively,
by letting

ek = Rn

R®, or ¢7* being the ratio of the successive increments—of the second to the
first, third to the second, and so on, which is constant—resulting from the
corresponding unit increments of fertilizer, food, or other causative factors.
W is the cumulative weight associated with the consumption of » units of food.

6.2: The principle of diminishing increments and the net energy values of
cattle and rabbit feeds. 'The net energy per unit food is the gross energy less
the energy losses associated with its utilization (Sect. 2.3). From the law
of the minimum, food-value tables notwithstanding, the net energy per unit
food is not a constant but varies with many circumstances, such as the balance
between nutrients in relation to their use in the body, amount of roughage,
environmental temperature, endocrine constitution of the animal, and plane
of nutrition. Brody and Procter’ have investigated mathematically, from
the viewpoint of the principle of the diminishing increments, the influence of
the plane of nutrition, or amount of feed ingestion, on the digestible-, metab-
olizable- and net-energy values of steer and rabbit rations.

The data were obtained by Forbes et al.!® (Pa.) on 433-kg steers, Mitchell
et al! (I1.) on a 613-kg steer, and Wiegner!? on a 2.8-kg rabbit. The data
(interpolated from smoothed curves) are given in Table 5.1 and the fit of
equation (5.4) to the relation between net energy to total feed intake is given
in Fig. 5.1.

As indicated by the statistical constants, Sy, r, and average deviations,
equation (5.4) fits the data excellently.

The average equation for the Pa. (Forbes) steers is

Qn = 24000(1 — ¢~ 0200)

which means that the average theoretical maximum net energy obtainable
per day is 24000 Cal, and that the net energy, @., rises with the intake of
gross energy, Q,, at decreasing increments; that for every 1000 Cal (about
1 1b feed) increase in gross energy, @,, the decline in the net energy rise is
about 2.5 per cent.

10 Forbes, Ii. B., Braman, W. W., and Kriss, M., et al., J. Agri. Res., 87, 253 (1928);
40, 37 (1930); J. Nut., 6, 183 (1932); 16, 565 (1938).

11 Mitchell, H. H., Hamilton, T. 8., et al., J. Agr. Res., 46, 163 (1932).

12 Wiegner, G., und Ghoneim, A., Die Ticrernahrung, 2, 193 (1930).
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Fig. 5.1—Net energy as function of gross energy intake. The data points represent
the observed values; the smooth curves represent the equations given in the upper-left
table. In the equations, @, represents the net energy, Q, the gross energy, and e the base
of natural logarithms. Curve ‘A’ includes all of Mitchell’s data; curve ““B’’ omits the
first (1/5-plane) datum. =£Sy includes 68%, of the observed data; r represents the corre-
lation coeflicients for the several curves. T'he table below gives computed values for
gross energy (G E.) and dry matter (D. M.) corresponding to different values of net
cnergy. The values were computed from the equations given in the upper-left table.

36-Pa. 47-Pa. 57-Pa. 60-Pa.

. “A’—I11l. “B"—IIl.
Net Wt 479 Kg. Wt. 481 Kg. Wt 398 Kg. Wt. 369 Kg Wt. 613 Kg. Wt. 613 Kg.
Energy B L PR . I

Gl GE | DM | GE. |DM. | GE |DM. | GE |DM., GE. | DM. | GE. | DM.
Cal Kg. Cal. Kg. Cal. Kg Cal. Kg Cal. Kg. Cal. Kg.
500 847 0.19 837 0.19 794 0 18 013 0.20 796 018 828 0.19
1000 1694 0.38 1673 0.37 1588 0.36 1826 0.41 1542 0.35 1656 0.38
1500 2621 0.58 2590 0 57 2419 0.54 2831 0.63 2338 0 53 2548 0.58
2000 3508 0.78 3466 077 3285 0.74 3790 0.85 3085 0.70 3376 0.77
2500 4436 0.98 4383 0 97 4152 0.93 4795 107 3930 0 89 4268 0.97
3000 5363 1.19 5299 1.17 5018 112 5845 1.31 4726 1.08 5159 1.17
3500 6371 1.41 6295 139 5957 133 6895 1 54 5572 1.27 6051 1.38
4000 7379 1.63 7291 1.61 6895 1 54 7945 1.78 6418 146 7006 1.59
4500 8347 1.85 8247 1.83 7870 176 9041 2.02 7264 1.65 7898 1.80
5000 9395 2.08 9283 2 05 8845 1.98 10183 2 28 8209 1 87 8 2.01
6000 11613 2.57 11474 2.54 10903 2 44 12511 2 80 10000 2.27 10764 | 2.45
7000 | 13911 | 3.08 | 13745 | 3.04 | 13069 | 2.93 | 14977 | 3.35 | 11841 2.60 | 12803 | 2.91
8000 16331 3.61 16135 3 57 15451 3 46 17626 3.94 13781 3.14 14841 3.38
9000 18952 4.19 18725 4 14 17906 4.01 20365 4.56 15871 3.61 16943 3.85
10000 21774 4.82 21514 4.76 20014 4.61 23333 5.22 17960 4.09 19172 4.36
12000 27944 6.18 27610 6 11 26643 5 96 29863 6.68 22537 513 23822 5.42
14000 35282 7.81 34860 7.72 33899 7.59 37489 8 39 | 27463 6.25 28790 6.55
16000 44315 9.81 43785 9 69 42996 9 62 46667 10.44 33035 7.52 34267 7.80
18000 55887 | 12.37 55219 12.22 | 55162 12.35 58128 13.01 39154 8.91 40191 9.14
20000 72177 | 15.97 71315 15.78 73646 16.48 73516 16.45 46318 10.54 46624 10.61
22000 | 100322 | 22.20 | 99123 21.04 (113357 | 25.37 96803 21.66 | 54726 12.45 | 53885 12.26
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Fig. 5.1 is supplemented by the several additional charts, explained below.

Figs. 5.2 A and B represent the net encrgy as function of intake of (1)
gross, (2) digestible, and (3) metabolizable energy, with their equations; Figs.
5.2 a and b represent the ratios of net energy to each: (1) gross, (2) digestible,
and (3) metabolizable-energy intake.

Fig. 5.3, plotted on arithlog paper, represents the various losses associated
with feed utilization as percentage of the gross energy ingested. The greatest
increase in energy loss with increasing plane of nutrition appears to be due to
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Fig. 5.2—Net energy as function of gross, digestible, digestible less methane, and
metabolizable energy. Curves A and B represent respectively Mitehell’s and Forbes’
(average) steer data; curves a and b represent the percentage ratios of net energy to
gross, digestible, digestible less methane, and metabolizable energy for Mitchell’s and
Forbes’ steers. In curves a, the values in parentheses represent the ratios with the 1/5-

plane omitted.

the SDA. Tt rises from about 3 per cent on the 0.5-maintenance ration to
about 20 per cent on the 3-maintenance ration.

The absolute loss is greatest for the fecal energy, but the range in loss is
only from 26 to 32 per cent. Iven fasting animals pass considerable fecal
material, since undigested feed constitutes but a part of the feces.

The methane percentage loss in steers is relatively constant, about 9 per
cent of the gross energy. The urinary percentage loss, of course, depends on
the nitrogen intake. In this case it ranged from 3 to 5 per cent.

The net energy percentage (of the gross-energy intake) declines for Forbes’
steers from about 54 per cent at 0.5 maintenance to about 40 per cent at full
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in the case of Forbes’ steers in terms of gross energy at maintenance; in the case of
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feed, and for Mitchell’s from about 65 to about 42 per cent. The declines in
digestibility and metabolizability with increasing plane of nutrition are less
conspicuous. .

The other charts and tables call for less explanation. The upper segment
in Fig. 5.4 presents the course of digestibility of the several dietary constitu-
ents with increasing plane of nutrition; the lower segment, the course of the
percentage changes of the various energy categories with increasing plane of
nutrition.

Fig. 5.5 presents the ratios of net energy to digestible energy plotted against
plane of (1) gross energy intake, (2) digestible energy, and (3) basal energy.
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Fig. 5.5—Ratios of net energy to digestible energy of the steer and rabbit data plotted
against planes of net nutrition expressed in terms of 1, 2, etc., times gross energy intake
(1G, 2G, etc.); digestible energy (1D, 2D, ete.), and “basal”’ energy (1B, 2B, etc.) intake
with the corresponding equations. The data are plotted on arithlog paper. Note that
the rabbit and steer data nearly coincide.

The equation of the ratio of net energy, Q., to digestible energy, Q,, plotted
against the plane of nutrition, Q,, is

Qn/Qa = 43¢ % + 54

indicating that the net energy does not fall below 54 per cent of the digestible
energy.

Finally, Fig. 5.6 represents the influence of the plane of nutrition on (1)
various energy losses; (2) various feed-energy categories; (3) body loss or
storage for the three groups of animals. The gains or losses at any point of
food ingestion are shown by the lengths of the ordinates at the given point
between the indicated limits. Note that at the maintenance-balance level,
the net energy value is identical with the basal-metabolism value, and the
total heat production curve crosses the metabolizable-energy curve.

In summary, increasing food intake tends to reduce the net-energy value
per unit food in accordance with the principle of diminishing returns. A
detailed analysis is presented on the applicability of the principle to the
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course of net-energy change of cattle and rabbit feeds with increasing plane of

nutrition as observed on 430-kg and 615-kg steers and on a 2.8-kg rabbit.
6.3: The principle of diminishing increments and food consumption during

growth. We have seen (Sect. 3.2.3) that as the animal grows larger, its main-
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Fig. 5.6a—The relations between the plane of nutrition and the energy losses in the
forms of feces, methane, urine, SDA in cattle; also energy storage (fattening) following
the maintenance level, and body losses preceding the maintenance level. The gains or
losses at any point of food ingestion are determined by the lengths of the ordinates at the
given point between the indicated limits. At the maintenance level the net-cnergy
curve crosses the “basal’”’ metabolism curve, and the metabolizable-energy curve crosses
the total heat production (basal plus SD.1 energy) curve.

tenance cost in comparison to weight gain increases and, therefore, the ener-
getic efficiency of growth decreases; that is, as the animal approaches mature
weight, the successive increments in body weight decrease per unit food intake ;
finally, growth virtually ceases while food consumption continues for main-
tenance alone.
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Spillman? and more recently Jull, Titus, and Hendricks® applied the ex-
ponential, or diminishing-increment, equation relating growth to feed con-
sumption in farm animals. Kquation (5.4) represents very satisfactorily

DRY MATTER CONSUMED
CALS. KGSJ ? 4 b 7 '\g

50000 —r—tr— -~ —~——
FCALS 10000 20000 30000 40000 /| )
B GROSS ENERGY
B DATA FROM MITCHELL
B STEER-WEIGHT 413 KGS, rFECES E.
40000—
i Y METHANE E.
i % RINE
*g 30000(— 2 URINE E.
2 B .
7 |
2 | z 5SD A E.
g - =
W b )
20000 >
STORAGE E.
1oooo
MAINTENANCE

l
4 W, "
°© % % % 4% “FULL FED!
Plane of Nutrition
Fig. 5.6b—Same legend as 5.6a.

the interrelation between weight and feed consumption during growth. It is
evident that while the general principle is the same, the causative factors are
of different nature for the effect of food-intake level on growth when age and
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body weight are increasing than for the effect of food-intake level on the net
energy at a constant age discussed in the preceding section.
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Fig. 5.6c—A continuation of Fig. 5.6a, as it relates to the rabbit.

Fig. 5.7 is offered as an illustration of the relation of body weight to the total
feed consumption with increasing age in immature chickens. The given equa-
tion indicates that the differential successive weight gains per kilogram feed
consumed decline at the rate of 9 per cent; that is, each weight-gain increment
per kilo feed consumed is roughly 9 per cent less than the preceding increment ;
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or what is the same, each increment is roughly 91 per cent of the preceding
increment. The value 3.7 represents the theoretical maximal body weight in
kg attainable by these chickens.
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Fig. 5.6d—A continuation of Fig. 5.6a, as it relates to the rabbit.

For additional illustrations of the application of equations (5.3) and (5.4)
to the interrelations between growth and feed consumption, the reader is re-
ferred to the literature cited and to the preceding chapter (Sect. 3.2.3) which
contains data suitable for analysis from this viewpoint.

The foregoing discussion was concerned with the interrelations between
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weight gains and “normal” food consumption associated with advancing age
during growth, regardless of the efficiency or economy aspect. We also have
the problem of influence of rate of weight gains and of plane of nutrition on
feed economy (in contrast to total economy including cost of labor, ete.). Is
it more economical to feed, for example, growing pigs ad libilum or to restrict
to lower levels? It is usually assumed that the greater the feed consumption
the more rapid the growth and the more economical the gains because of
the saving of some maintenance cost per unit weight gain. On the other
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Fig. 5.7—The relation between live weight and cumulative feed consumption
in growing chickens.

hand, as previously noted, the greater the feed intake the lower the feed
utilization, and the less the net energy per unit feed consumption. More-
over, underfed animals develop a “growth debt” which may enable them to
utilize food more efficiently than well-fed animals.

Considerable research has been conducted at the Missouri Station!? on the
growth of cattle on various planes of nutrition (Ch. 16). At this time refer-
ence is confined to the results of Ellis and Zeller'* on the feed required to in-

13 Missouri Agric. Exp. Sta. Res. Bulls. 43, 54, 55, and others.
1 Ellis, N. R., and Zeller, J. H., U.8.D. Agriculture, Tech. Bull. 413, 1934.
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crease the body weights of pigs by 50 pounds, from an initial 70 to a final 120-
pound level, when the pigs are fed ad libitum, at 4, 3, and 2 pounds feed per
100 pounds body weight. It was observed that while the growth rate de-
creased with decreasing feed allowance, the weight gain per unit feed con-
sumed increased : one pound feed yielded 0.24, 0.29, and 0.32 pound of body
weight gain when the animals were fed, respectively, 4, 3, and 2 pounds feed
per 100 pounds live weight. The lowest plane of nutrition required 40 per
cent more time to make a given gain in weight, yet yielded 33 per cent more
body weight per unit feed. These differences in weight gains are, however,
not indices of differences in gross energetic growth efficiency because the gains
in the slowly growing animals contained more lean and water and less fat
tissue than in the rapidly growing: the body fat constituted 36, 34, and 29
per cent respectively on the 4-, 3-) and 2-pound planes of nutrition.

6.4: The principle of diminishing increments and milk production. We
shall discuss two types of diminishing increments in milk production: (1) that
of energetic efficiency with increasing milk production level associated with
inherent differences in lactational capacity on a standard ration, and (2)
milk yield with increasing feed consumption in the same animals in which
feed consumption is deliberately controlled by adding more or less of grain
to the ration.

The diminishing-increment course of gross energetic efficiency of milk pro-
duction with increasing milk yield is indicated in Figure 1.2 (page 5). The
causal factor actuating the decline in increments is evident. The gross
energetic efficiency, which carries the maintenance burden, can never be as
great as the net efficiency, which is not thus burdened with the maintenance
tax. With increasing milk yield the gross efficiency approaches the net effi-
ciency as a limit. From its asymptotic nature, this approach occurs at ever-
decreasing increments.

The causal mechanism actuating the decline in milk increments with suec-
cessive units of grain intake in the same animal is of a more complex nature.
There is first the decline in feed utilization, in net energy per unit feed with
increasing feed intake (Sect. 5.2). Seccondly, there may be a decline in the
energetic efficiency of the entire milk-producing mechanism with increasing
lactation ratc above a certain production level similar, for example, to the
decline in the energetic efficicncy of an automobile with increasing driving
speed above about 30 miles an hour (Ch. 24). Table 5.2 appears to indicate
that the gross energetic efficiency of milk production tends to decline if in-
creased milk production is brought about by feeding beyond certain levels.

The gross encrgetic efficiency of milk production may be estimated (Ch. 21)
by dividing the Calorie cquivalents of the milk yicld (pound FCM X 340) by
the Calorie equivalent, of the feed consumed (pounds T'DN X 1814). The
net energetic efficiency of milk production may be similarly estimated by di-
viding the Calorie equivalent of the milk yield by the Calorie equivalent of
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the feed consumed above the maintenance level. There is, of course, a large error
in estimating maintenance—distinct from production—of a producing animal,
and for this reason the net energetic efficiency of milk secretion is less close to
reality than is the gross efficiency.

Tasrk 5.2. Milk Production as a Function of DN and Grain Consumption.

Feeding level % of TDN consumed Energetic efficiency of
Haecker’s stan«fnrd TDN above milk products
above total consumed maintenance Milk produced gross net
maintenence million Cal million Cal. million Cal. (%) (%)
96 91 10.256 4.256 2.593 25.3 60.4
101 102 11.096 5.132 2.783 25.1 54.2
105 110 11.931 5.963 3.000 25.1 50.3
110 120 12.937 6.973 3.196 24.7 45.8
114 128 13.661 7.697 3.325 24.3 43.2
116 138 14.329 8.364 3.388 23.7 40.5

The above values were computed from the following data by Jensen et al.’

Feeding level % of TDN consumed
Haecker’s standard TDN above Milk (FCM) Grain
above total No. consumed maintenence produced consumed
maintenence lactations (Ibs) 3 (Ibs) (lbs)
96 91 65 5654 2366 7626 1722
101 102 60 6117 2829 8184 2098
105 110 66 6577 3287 8824 2177
110 120 55 7132 3844 9400 3666
114 128 52 7531 4243 9780 4132
116 138 94 7899 4611 9965 5304
The following data are from Borland.1
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70 2 1511 7993 5.3 95.03 1.19 112.79 90.91 1.14 148.88
80 10 2248 8816 3.9 107.30 1.22 121.92 100.95 1.15 163.53
90 9 3455 10258 3.0 119.07 1.16 147.51 110.12 1.08 197.47
100 9 4221 11518 2.7 148.44 1.29 151.03 136.08 1.18 209.46
110 10 4751 10879 2.5 150.66 1.39 132.19 136.61 1.26 189.76
120 4 6221 12170 2.0 174.04 1.43 142.37 155.64 1.28 209.46
123 22 7300 12756 1.75 191.60 1.43 140.06 164.80 1.29 217.88

Grain costs 1.8¢ per lb  Grain costs 1.5¢ per 1b
Milk sells for 2.6¢ perlb  Milk sells for 3¢ per Ib

The gross and net energetic efficiencies of milk production as function of
plane of nutrition in Table 5.2 were estimated from the previously cited report
by Jensen and associates.” The increasein 7D N consumption was attained
by increasing the grain allowance ; the roughage was fed ad libitum in all cases.

Jensen’s original summary, from which the efficiency estimates were made,
is also listed in Table 5.2. Following Jensen’s summary table are listed simi-
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lar data by Borland'® and associates in which, however, not the TDN con-
sumed, but only grain supplement consumed is given. As previously noted,
the increased TDN consumption is achieved by increasing the grain allow-
ance, the animals being always allowed all the roughage they will consume.
Borland’s data include milk produced per pound grain offered, and the money
values involved. While the milk return per pound grain decreases with in-
creasing grain offerings, the profits per cow—and, therefore, per herd—increase
with increasing grain feeding, that is, when the cost of grain and return for
milk are as here given. The profits, of course, vary with the relative market
prices of milk and grain. The higher the milk price and the lower the grain
cost, the greater the profit on increased grain feeding. If the expenses of
housing, labor, and management were taken into consideration, the higher
grain levels would show higher profits (Ch. 22). Since the feed (and bedding)
item constitutes only about 50 per cent of the cost of milk production, the
remaining 50 per cent of the cost goes for labor (about 30 per cent) and other
expenses (20 per cent); and the labor and other overhead expenses are virtu-
ally the same for high and low-milking cows. It is possible, however, that the
high feeding level may have an unfavorable long-range effect, such as develop-
ment of mastitis and, in general, acceleration of the senescence process (Ch.
18), analogous to the unfavorable effect of overworking a horse, or driving
machinery above certain speeds. Paraphrasing Jensen, it is easy to obtain
large crop yields by the lavish use of fertilizer, but does it pay, both this year
and in the long run? The time and economic elements complicate all the
conclusions.

The above summaries demonstrate that increased TDN consumption,
brought about by increased grain allowance, tends to increase the milk yield,
but at decreasing increments with successive feed units in accordance with the
principle of diminishing increments. Jensen fitted the Spillman diminishing-
returns equation W = A(A — R") to these data, as shown in Fig. 5.8. The
satisfactory fit of this equation does not prove anything, since the range of
the data is so narrow that a linear or parabolic equation would probably fit
equally well. The theory and, therefore, the fitting of the equation of the
principle of diminishing increments to these data is, however, reasonable.

An important feature of Jensen’s data is the difference in response of “good”’
and “poor” cows to increased grain allowances, as illustrated by Fig. 5.9.
This, of course, is what might be expected : high milk production is not only
the result of high feed consumption but also of the ability or the competence
of the cow to convert the extra feed into milk.

The following table from Borland is cited by way of simple summary of the
discussion of diminishing milk increments with increasing grain allowance.

1s Borland, A. A., Bean, A. L., and Jones, P. D., “The relation of grain feeding to milk
production”, Pennsylvania Agric. Exp. Sta. Bull. 424, 1942.
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Milk (FCH) yield
r 1b of grain
iege(

Grain fed in addition to
% of Haecker’s ad libitum rough-
standard (%) age, etc.) (lbs)

90 1.4
100 1.1
110 1.0
120 0.8
130 0.6

It may be noted'® that dairy animals produce about 80 per cent as much
milk energy on an exclusive, good, roughage ration as on a roughage ration
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Fig. 5.8a—Feed input and milk output of all cows fed at six different levels of feeding
at nine stations conducting experiments in series 1 and 1I1.

supplemented with about 1 Ib grain per 6 1b milk (#C3 ), and that it gener-
ally pays to feed at least 1 Ib grain to 5-6 1bs milk.

Why is an ad libitum roughage ration inferior to a roughage and grain ration?
Probably because of physical limitations in handling sufficient roughage to

16 Cf. Jensen®; Borland®; Woodward, T., 5., Shepherd, J. B. and Graves, R. R.,
Report U.S.D. Agr. Misc. Publ. 179,1933. Sherwood, D. H., and Dean, II. K., “Feeding
alfalfa hay alone and with concentrates’”, Oregon Agr. Exp. Sta. Bull. 380, 1940. Head-
ley, F. B., “Economics of feeding hay and grain to cows’’, Nev. Agr. Exp. Sta. Bull. 140,

1935. Graves, R. R., ¢t al., “Milk production on four planc of feeding U.S.D. Agr.
Tech. Bull. 724, 1940.
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supply the needed net nutrients for a high level of milk production, since one
pound of grain is equivalent in net energy to several pounds of roughage.
Hence the greater the lactational capacity of the cow, the greater should be
the ratio of grain to roughage. It is, moreover, probable that a pound of
TDN in the form of grain has a higher nutritive value than it has in the form
of roughage. In other words, roughages may be over valued when represented
in terms of the conventional TDN (Sect. 2.3).

The general conclusion follows that the greater the lactational capacity of
the cow the greater the effect of the grain supplement on milk production
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Fig. 5.8b—Chart, based on the smoother data of experiment series I and IT combined,
and roughage alone of series 11, nonpasture stations after adjustment of series IT data
for difference in basic producing ability of the cows.

(Fig. 5.9). This is an illustration of a broad principle: good environment is
good only in relation to the organism’s ability to benefit thereby (Ch. 10).

5.5: The principle of diminishing increments and egg production efficiency.
Fig. 1.1 (page3) indicates that the gross cfficiency of egg production increases
at diminishing increments with increasing egg-production level associated
with inherent differences in production capacity. The mechanism of this
relation is similar to that of increasing gross efficiency of milk production at
diminishing increments associated with inherent differences in lactational
capacity, explained in the preceding section.

While no data are available, there is no doubt that cgg production is related
exponentially to feed consumption in the same manner that milk production
is associated with feed consumption, that is, in accord with the principle of
diminishing increments.
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6.6: The principle of diminishing increments and muscular-work efficiency.
Figs. 1.3 and 1.4 (p. 7 and 9) and many charts in Ch. 24 indicate that the gross
efficiency of muscular work increases with increasing work rate, but at dimin-
ishing increments, in the same manner as the gross efficiency of milk or egg
production increases with increasing productive level and for the same reason:

v

14

MILK PRODUCTION (1,000 POUNDS OF 4 PERCENT F.C.M.)

A}

0 1 1 1 1 1 1 1
[s) 1 2 3 4 5 6 7
FEED ABOVE MAINTENANCE (1,000 POUNDS OF T.D.N.)

Fig. 5.9—Input-output curves of cows of different inherent productivity at the
nine experiment stations.

the greater the speed of work the less the maintenance cost per unit product,
approaching net efficiency (not including maintenance) as limit.

The fact that the gross efficiency of muscular work increases with increasing
rate of work does not mean that it is desirable to work at a high rate ; increasing
the rate of work beyond a reasonable level tends to injure the animal and
shorten its productive life. There is, above a certain productive level, an
incompatibility between immediate and long-range efficiency. The same
appears to be true of other productive processes such as milk and egg produc-
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tion; the span of the productive life is an important element in the overall
production and profit pictures.

6.7: Summary and appendix. This chapter discusses the common-sense
and mathematical aspects of the very broad principle of diminishing incre-
ments. This principle is illustrated in detail by the influence of the plane of
nutrition on digestibility, metabolizability, and especially on the net energy
values of rations. Increasing the plane of nutrition (above the maintenance
level) increases the losses per unit feed, and therefore decreases the net energy
per unit feed. In other words, the net-energy intake increases less rapidly
than the gross-energy intake, in accordance with the principle of diminishing
increments (Fig. 5.1).

The net energy value per unit feed is thus not constant but varies with the
plane of nutrition and with many other factors. Armsby’s published net
energy values'” do not, therefore, have the constant significance that they
were originally given. Armsby (like Kellner) assumed a direct proportional-
ity between net energy and gross energy consumption, an assumption con-
trary to the principle of diminishing increments.*

For practical purposes, however, it is legitimate to assume average values.
We conclude from the analysis of the data that the average cattle ration em-
ployed, which had a combustion value of 2000 Cal/lb (4.5 Cal/g) had an
average apparent digestible-energy value of about 1600 Cal/lb (3.2 Cal/g)
of the original feed, a metabolizable energy of 1200 Cal/lb (2.7 Cal/g) of
the original feed and a net-energy value of about 1000 Cal/lb (2.2 Cal/g)
of the original feed (see lower table in Sect. 2.6). The approzimate apparent
digestible energy of the given feed is thus about 70 per cent of the gross energy ;
the approrimate metabolizable energy of the given feed is about 60 per cent
of the gross energy, and the approzimate net energy value of the given cattle
ration is about 50 per cent of the gross energy. The exact values, however,
vary with the plane of nutrition and many other factors discussed in the text
(Table 5.1 and Figs. 5.3 and 5.4).

* Illustration of Armsby’s direct-proportionality or linear method for computing the
heat increment of feeding, the fasting heat production, and the net energy of feeds:

Heat increment Extrapolated
Dry matter in Heat produc- (Cal/kg fasting mainte-
Period {eed (kg) tion (Cal) dry matter) nance (Cal.)
1 3.6674 8224 706 5635
2 5.4676 94_95
Difference 1.8002 1271 (= 1271/1.8002) (= 8224 — (706 x 3.6674))

Different amounts of feed were allowed during periods 1 and 2, the corresponding heat
productions were measured and the difference in heat production (9495 — 8224 = 1271
Cal) was divided by the difference in feed consumption (5.4676 — 3.6674 = 1.8002 kg)
to obtain the average heat increment per unit feed increment (1271/1.8002 = 706 Cal/kg).
The net energy was then computed by deducting the heat increment from the metab-
olizable energy. The fasting heat production was computed by deductm% the product
of the heat increment per kg feed and the number of kg feed consumed, from the heat
production at a given plane of consumption [8224 — (706 x 3.6674) = 5635].
17 Armsby, H. P., “The Nutrition of Farm Animals, 1917.
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While discussing the general principles relating net to gross energy intake,
we learned many important details. Thus (Fig. 5.3) the apparent heat in-
crement, or SDA, of feeding, as conventionally defined, ranges in cattle from
3 per cent of the gross energy at 0.5 maintenance to about 20 per cent at full
feed; or it ranges from 8 per cent of the TD N encrgy at 0.5 maintenance to
30 per cent of the D N cnergy at full feed ; or it ranges from about 8 per cent
of the metabolizable encrgy at 0.5 maintenance to 38 per cent of the metaboliz-
able cnergy at full feed. The apparent range is less striking for the other
excreta. The various encrgy categories of feed declined correspondingly with
increasing plane of nutrition. Thus the digestible energy declines from 3.3
Cal/g feed at 0.5 maintenance to 3.0 Cal/g gross feed at full feed; the
metabolizable energy declined from about 3.0 Cal/g feed at 0.5 maintenance
to about 2.5 Cal/g feed at full maintenance; the net energy declined from
about 2.3 Cal/g feed at 0.5 maintenance to 1.6 Cal/g feed at full maintenance.
For purposes of computing efficiency, it is assumed in this book that 1 g DN
is equivalent to 4 Cal, or 1 pound TDN to 1814 Cal, corresponding to the 4
Cal/g of metabolizable energy, or physiologic fuel value, employed in com-
puting human food values. The actual metabolizable encrgy per unit 7D N
of the usual cattle fceds appears to he less than those here given, of the order
of 1600 Cal per pound TDN. '

An interesting aspect of this analysis is that while the apparent digestibility
of the rabbit ration (65 per cent of the gross energy) is about 8 per cent below
that of the cattle ration (73 per cent of the gross energy), the apparent metab-
olizable and net-energy values are the same for both species (the metabolizable
energy is about 60 per cent of the gross encrgy and the net is about 50 per cent
of the gross energy). This apparent 8 per cent difference in digestibility is
attributed to an 8 per cent greater methane production in cattle than in rab-
bits, and because the methane energy is conventionally counted as part of the
digestible but not of the metabolizable energy. Tt thus appears that the rab-
bit is a good assay animal for estimating the metabolizable- and net-encrgy
values of cattle rations, but that the apparent digestibility of the ration is,
perhaps, 8 per cent less in rabbits than in cattle. The real digestibility is
probably the same in both.

A curious aspeet about the methane and urinary energy is that the per-
centages of both appeared to decrease with increasing plane of nutrition.
The urinary energy appeared to be about 5 per cent of the gross feed cnergy
at 0.5 maintenance and 2-3 per cent at full feeding. The methane energy
declined from about 10 per cent at 0.5 maintenance to about 8 per cent at full
feed.

The principle of diminishing returns was also applied to normal growth
(successive time units elicit ever smaller weight gains), to egg production, to
muscular work, and especially to milk production. The gross energetic
efficiency of these processes increases with increasing rate of productivity
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because of declining maintenance cost per unit product; but the increasing
gross efficiency occurs at declining increments because the gross efficiency
approaches net efficiency (not including maintenance) as a limit.

The increase in milk production at decreasing increments with increasing
grain consumption was explained by a different mechanism. Whatever the
mechanism, the fact is that by increasing the grain allowance to the limit,
milk production may be increased 15 to 20 per cent above the level of cows
fed in accordance with the usual standards; and that milk production may be
decreased by about 20 per cent on reducing the customary feeding standards
by 20 to 30 per cent. The relative profitableness of heavy and light grain
feeding depends, of course, on (1) the relative feed and milk prices and (2)
the relative abilities of individual cows to utilize the extra grain allowance
advantageously. The lactation problem will be discussed in greater detail in
Chapters 21 and 22. 'The relative gross energetic efficiencies of various trans-
formations (growth, milk production, egg production, muscular work) in
different species and at different ages are discussed in Chapter 3.



Chapter 6

Metabolic Catalysts in the Efficiency Complex: Enzymes,

Minerals, and Vitamins in Biologic Oxidations

Among the most fundamental of the dynamic chemical events related
to life are the oxidations which yield energy to the cell. F. G. Hopkins

Oxidation was thought a few decades ago to be exceedingly simple. The
organic molecule was burned and encrgy produced much as in the steam en-
gine. There was no problem at all. Since then the problem of oxidation
has developed into a wide and fruitful field of scientific inquiry. Albertvon
Szent-Gyorgy:

There is a substance which even in very small quantities is of paramount
importance to nutrition. If this substance is absent the appetite is lost and
with apparent abundance the animals dic of want. C. A. Pekelharing, 1905.

6.1: Introduction. The primary purpose of this book is to present quanti-
tative analyses of metabolic processes of the organism as a whole in relation to
the energetic efficiency of agriculturally productive transformations. This
discussion would, however, fail in perspective if it overlooked the mechanisms
of these processes. It is not the purpose to discuss the problems of biologic
oxidation and catalysis in detail, but to outline in general fashion the con-
temporary theories and to point out the unity in what appears to be a confusing
diversity of enzymes, vitamins, minerals, and hormones in biologic oxidation
processes.

One aspect of biologic oxidation is that outside the body foodstuffs may
be preserved for centuries, as illustrated by the good state of preservation of
cereals recently found in the tombs of Egyptian kings, while within the body
the nutrients are oxidized stepwise in accordance with needs of the organism.
What are the mechanisms wherewith the body times the oxidation of the
nutrients at the given rates in accordance with the needs of the organism?

Needless to say, the efficiency of biologic transformations is dependent on
the exquisite timing and completeness of the oxidative reactions. Thus, to
cite typical illustrations, the lack of thiamine (vitamin B,) in the diet of species
requiring it retards the oxidation rate of pyruvic acid and, therefore, leads to
its accumulation in the tissues, which results in the well-known beriberi syn-
drome. Decrease of oxygen supply to the heart leads to angina pectoris, and
lack of oxygen supply to the kidney (due to narrowing of blood vessels) leads

100
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to high blood pressure!. Intake of certain selenium compounds in the feed
of farm animals leads to “alkali disease” in cattle due to the destruction of
certain oxidation catalysts?. Lack of the necessary traces of copper, zinc,
magnesium, iron, cobalt in animal feeds causes deficiency of oxidation cata-
lysts in the body with serious symptoms variously named, depending on lo-
cality and species, such as salt sickness, marasmus, perosis, and soon. When-
ever the oxidation process stops short of the final oxidation products H,O and
CO,, as for example when fat oxidation stops with the aceto-acetic acid stage, or
carbohydrate oxidation with the pyruvic acid, lactic acid or alcohol stage,
the energetic efficiency of food utilization is reduced by this much, in addition
to development of the intoxications with corresponding pathologic conditions.
Many disabilities associated with aging may be viewed as due in part to de-
clining ability of the circulatory system to si.pply the ti -ues with oxygen and
of the declining ability of the tissues to utilize the oxy gen at a sufficiently
rapid rate.

It is generally known? that food utilization is greatly depressed when the
diet is deficient in vitamins. The depression of food utilization may be only
apparent, due to anorexia* (diminished appetite), or real, as when the animals
are pair-fed, and consume the same amounts of foods in the absence of ano-
rexia. Thus Sure® reported (Fig. 6.1) that young rats, not suffering from
anorexia, fed a diet deficient in riboflavin (vitamin B;) gained about 6 g in
125 days, whereas litter mates receiving the same kind and amount of food
for the 125 days but supplemented with 20 ug riboflavin gained about 60
grams—a ten-fold gain! Analogous results werc reported by Shaw and
Phillips® and others.

This difference in food utilization results in part from differences in complete-
ness of food oxidation, as riboflavin is an essential component of about a
dozen flavoprotein oxidation enzymes. Tt is known that decrease in dietary
riboflavin decreases the corresponding flavoprotein enzymes, such as ribo-
flavin-adenine dinucleotid?, d-amino acid oxidase, or xanthin oxidase?.

The problem of the mechanism and timing of biologic oxidation, no doubt
a very old one, is new in its experimental aspects, beginning with the discov-

1 Goldblatt, H., et al., ‘ Experimental hvpertension”, J. Exp. Med., 69, 343 (1934);
67, 809 (1938); J. Am. Med. Assn., 119, 1192 (1942). Blackman, S. S., Bull. Johns Hop-
kins Hosp., 66, 353 (1939). Bent, R. J., and Zucker, M. B., ‘“Intermediate pressor
amine formation in the ischemic kidney”, J. Exp. Med., 24,235 (1941). Houssay, B. A,
and Braun-Menendez, E., Brit. Med. J., 2, 179 (1912).

2 Bernheim, F., and Klein, J. R., J. Biol. Chem., 139, 821 (1941).

3 Johnson, S. R., Hogan, A. G., and Ashworth, U. 8., Univ. Missouri Agr. Exp. Sta.
Res. Bull. 246, 1936. Hogan, A. C., and Pilcher, R. W., Id., Res. Bull. 195, 1933.

4 Voris, A. L., Black, A., Swift, R. W., and French, C. E., J. Nut., 23, 555 (1942).

$ Sure, B., Id., 22, 205 (1941).

¢ Shaw, J. H., and Phillips, P. H., Id., 22, 345 (1941).

7 Ochoa, S., and Rossiter, R. A., Biochem. J., 83, 2008 (1939).
8 Axelrod, A. E., Sober, H. A., and Elvehjem, C. A., J. Biol. Chem., 134, 749 (1940);

140, 725 (1941).
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eries of Pasteur?, Buchner'?, Harden and Young!, Fletcher and Hopkins,
Warburg??, Wieland!4, and Thunberg!®, and continuing with the contemporary
investigations on enzymes, vitamins, hormones, and minerals in nutrition’.

The following sections outline some of this work rather superficially. Still
there will be considerable overlapping of discussions due to the interrelations
of the various subjects. The nutritional applications will be discussed in
Chapter 20.

Fig. 6.1-—The rats of the same initial weight and age consumed during 125 days equal
amounts of food, but one of the pair reecived riboflavin (vitamin B.) while the other did
not. Acceptance of this result must await confirmation by a balance experiment with
rigorous accounting for all income and outgo. Print by Barnett Sure, J. Nutrition, 22,
299, 1941.

6.2: Aerobic and anaerobic oxidations with special reference to intense
muscular work. Biologic oxidations are classed as (a) respiratory, occurring
in the presence of oxygen and yielding H,O and CO, as end products, and

9 Pasteur, L., Ann. Chim. Phys., 58, 323 (1860).

10 Buchner, I1., Ber. deul. chem. Ges., 30, 117 (1897).

11 Harden, A., and Young, W. J., J. Chem. Soc., 21, 189 (1905); Proc. Roy. Soc., T7B,
405, 1906; Harden, A., ““Alcoholic Fermentations”, Longmans, 1932.

12 Fletcher, W. M., and Iopkins, F. G., J. Physiol., 36, 247 (1907); and Proc. Roy.
Soc., 89B, 444 (1917). Ilopkins, F. G., Biochem. J., 16, 286 (1921); J. Biol. Chem., 84,
269 (1929).

13 Warburg, O., Biochem. 7., 113, 257 (1921); 303, 10 (1939); Krgeb. Isnzymforsch., T,
210 (1938).

1 Wieland, ., Ber. deut. chem. Ges., 47, 2085 (1914) and Ergeb. Physiol., 20, 477
(1922).

15 Thunberg, 1., Skand. Arch. Physiol., 356, 163 (1918); 40, 1 (1920); 43, 275 (1923).

18 For contemporary reviews, sce Ann. Rev. Biochem. and Ann. Rev. Physiology;
Adv. Enzymology; Iinzymologia; Ergeb. d. Enzymforschung; Cold Spring Harbor Sym-
posia on Quantalive Biology, cspecially vol. 7, 1939; Biological Symposia, Jaques
Cattell Press, vols. 8 and 6, 1941; “Symposia on Respiratory Enzymes’”’, University of
Wisconsin Press, 1942; ‘‘Symposium on Biological Action of Vitamins’’, Ed. by E. A.
Evans, University of Chicago Press, 1941. Kalckar, H. M., ‘“Energetic coupling in
biological synthesis”’, Chem. Rev., 28, 71 (1941); Biol. Rev., 17, 28 (1942). Nord, F. F.,
“The mechanism of alcoholic fermentation’’, Chem. Rev., 26,423 (1940). There are many
important books, such as Stephenson, M., ““ Bacterial Metabolism”’, 1939; ‘‘Perspectives
in Biochemistry”, ed. by Joseph Needham and David E. Green, 1939; Oppenheim, C.,
and Stern, K. G., ““Biological Oxidation”, 1939. Bernheim, F., “Interactions of Drugs
and Cell Catalysts’’, Burgess, 1942.
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(b) fermentative, in which atmospheric oxygen does not participate, yielding
incompletely oxidized products, such as pyruvic acid, lactic acid, acetic acid,
alcohol, and so on. Corresponding to the respiratory and fermentative types
of oxidation there are two types of organisms: (a) aerobic, depending for their
energy on oxidation by atmospheric oxygen, and (b) anacrobic, depending for
their energy on anaerobic oxidations. But there is no sharp dividing line
between the two.

Thus, Pasteur? discovered that a plentiful oxygen supply causes yeast to
transfer from the anaerobic to the acrobic method of oxidation (“Pasteur
effect’””'®); and Tletcher and ITopkins!® discovered that muscle of aerobic
animals may be stimulated to work in the absence of oxygen, yielding lactic
acid (a product of anaerobic oxidation) rather than ('O and H,O.

Fletcher and Hopkins exercised an isolated musele.  But the same appears
to be true in intact animals. Thus it will be shown in Chapter 24 that during
prolonged hard work, horses and men may expend about cight-fold the energy
at rest, whereas during very tnfense muscular work (which cannot be prolonged
because of rapidly onsetting fatigue), they may expend 100 times the energy
at rest. This does not mean that the rate of oxygen consumption is increased
100 times. During very intense exertion, when the oxygen supply is too
slow for aerobic oxidation, the energy is obtained anaerobieally, from anaerobie
energy reservoirs. Under such conditions the animal is said to go into
oxygen debt. Lactic acid accumulation is associated with anacerobic oxidation
in animals. I[P reported an athlete who liberated over 4 g of lactic acid
per second while running at the rate of 11 yards per second. During the 15
seconds of sprinting, about 50 g (13 oz) of lactic acid was liberated, and the
oxygen debt reached 7 to 8 liters. But the oxygen debt is known to have risen
in a 70-kg athlete to 19 liters, with the liberation of 114 grams ( 1b of lactic
acid?),

Regardless of theories, the fact is that the “oxygen debt” is associated with
increase in concentrations of lactic acid and phosphoric acid (and perhaps
pyruvie acid) and also with a decrease in concentration of phosphocreatine
and adenosine pyrophosphate. The “recovery” (at rest) phase is associated
with a reverse process, decrease in concentration of lactic and phosphorie acids
and ¢ncrease in concentration of phosphocreatine and adenosine pyrophos-
phate? 23, It thus appears that when acrobic oxidation is inadequate, the

17 Pasteur, 1.9, ‘““Studies in Fermentation’, 1876.

18 Dixon, K. C., “The Pasteur cffeet”’, Biol. Rer., 12, 431 (1937) Burk, D., “The
Pasteur effect”, Cold Spring Harbor Symposia on Quantilalive Biology, T, 420 (1939).
Stern, K. G., Melnick, J. L., and DuBois, D., “The Pasteur enzyme’’, Science, 91, 436

1940).
( 19 %‘letchcr, W. M., and Hopkins, ¥. G., J. Physiol., 36, 247 (1907).

20 Furusawa, K., Iill, A. V., and Parkinson, J. L., “The dynamies of ‘sprint’ run-
ning”’, Proc. Roy. Soc., 102B, 50 (1927).

2t Hill, “Muscular movements in man’’, New York, pp. 30-32, 1927.

22 Lundsgaard, ., Biochem. Z., 217, 162; 227, 51 (1930); Harvey Lectures, 38, 65

1938).
( 2 %ee Eggleton, P., and Eggleton, G. P., ““A labile form of organic phosphate’’, Bio-
chem. J., 21,190 (1927). The phosphocreatine wasisolated from muscle filtrate by Fiske,
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energy is obtained by cleavage of phosphocreatine (also called phosphagen
and creatine phosphate) to creatine and phosphate.

NH.PO(OH), NH,
NH=C - HN=C\ + H;OP; + energy
N(CH;)-CH;- COOH N(CH,;)-CH,- COOH
(phosphocreatine) (creatine)

During recovery, phosphocreatine is resynthesized at the expense of another
energy source. The recurrent synthesis and cleavage of phosphocreatine
and adenopyrophosphate is thus analogous to recurrent charging and dis-
charging of a battery. Phosphocreatine, like a battery, is an energy res-
ervoir, discharged and charged in accordance with the conditions and needs.
Lohman discovered that adenyl pyrophosphate is the phosphate carrier; it
furnishes the phosphate for phosphorylation of the creatine, as indicated by
the Lohman reaction:

adenyl pyrophosphate 4 creatine — creatine phosphate 4+ adenylic acid

The energy for resynthesis (charging) of the phosphocreatine may come
from the oxidation of glycogen to CO, and H,0

H;PO, + creatine + glycogen 4+ O, — phosphocreatine + CO; + H,0

and perhaps from fermentation (glycolysis) of glycogen to lactic acid.

Lactic acid formation is not believed to be the direct energy source for
anaerobic muscular contraction, since the lactic acid forms after the work of
contraction?®, as indicated by the observation that muscular contraction may
occur and carbohydrate may be oxidized after poisoning the muscle with
iodoacetate when lactic acid formation is blocked®: ¥, and that up to a certain
level the oxygen debt is incurred without increase in blood lactate® 8.  Ac-
cording to Dill?8, the recovery period is, thercfore, made up of (1) an alactacid
and (2) a lactacid phase.

6.3: Oxidation-reduction potentials and biologic oxidation. It was said
above that oxidations are of two kinds: (1) aerobic, involving atmospheric
oxygen, and (2) anaerobic, in which oxygen does not participate. In other
words, while oxidation may mean combination with oxygen, it is not neces-
sarily such. More often oxidation means the loss of hydrogen, or dehydro-

C. H., and Subbarow, Y., Science, 66, 401 (1927); 67, 169 (1928); J. Biol. Chem., 81,
629 (1929).

24 Meyerhof, O., Ergeb. Physiol., 39, 10 (1937); Biochem. Z., 85 (1938); Lundsgaard,
E., Id., 217, 227 (1930),Ann Rev. Bzochem 7,377 (1938)

k) mbdcn G.T., Z. Physiol. Chem., 151 209 (1926).

26 Lundsgaard E.22; Barker, S. B., and Shorr, E., J. Biol. Chem., 129, 33 (1939).

27 Johnson, R. E., and levwmls II T, J. Bwl (*hem 118, 427 (1937) Sacks, J
et al., Am. J. Physiol., 118, 69, 232 (1‘)37),122 215 (1938) Hlll D. K, J. Physwl
98, 207 (1940). Mllllkan G. H., Proc. Roy. Soc., 123B 218 (1937).

38 Margaria R.E. Edwards H.T. and Dll] D. B., Am. J. Physiol., 106, 689 (1933).
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genation. But oxidation is not confined to gain of oxygen and/or loss of
hydrogen ; and reduction is not confined to loss of oxygen or gain of hydrogen.
Broadly defined, oxidation is loss of electrons, and reduction is gain of elec-
trons. Thus ferrous iron, Fet*, is oxidized by the loss of an electron, e:

Fett — ¢ — Fett+t

+++

or ferric iron, Fe™"", is reduced by the gain of an electron, e:

Fettt 4+ ¢ — Fett
This oxidation, or reduction, may involve oxygen

2FeO + O — Fe 04
or may not involve oxygen

FeCl; + Cl — FeCl;

The experimental work on biologic-oxidation mechanisms is concerned
mostly with anaerobic processes often conducted near freezing temperatures
because the aerobic processes at 37°C are too rapid for detailed observation
and analysis, or by “dissecting out” metabolic stages by differentially acting
metabolic inhibitors or poisons, such as iodoacetates, fluorides, cyanides, and
so on. Because of the difficulty of observing the details of normal aerobic
processes, it is not definitely established that most of the products formed in
tissues under anaerobic conditions, such as pyruvic acid, lactic acid, alcohol??
and so on, are necessarily formed under aerobic conditions of rest. It is
certain, however, as indicated in the preceding section, that when the circu-
latory oxygen supply is inadequate, energy expenditure is associated with
increased concentration of lactic acid, a typical product of anaerobic oxida-
tion; and that the absence of dietary thiamine involved in pyruvie acid oxida-
tion leads to the accumulation of pyruvie acid?®®, a typical product of anaero-
bic oxidation. Moreover, tissues or systems normally poorly supplied with
oxygen tend to have appreciable concentrations of lactic acid. Spermatozoa!
regularly obtain energy by glycolysis (fermentation of glucose to lactic acid),
and there is no doubt that there is more or less glycolysis in other animal
systems.

While the definition of oxidation as loss of electrons and reduction as gain
of electrons is an old one in general chemistry, its elucidation and general
acceptance in biology is recent. It is due largely to Mansfield Clark®, who
defined dehydrogenase activity as the taking up and passipg of electrons.

When a solution of Fet* is connected with one of Fet++ an electromotive

20 There is normally from 0.05 to 0.12 mg alcohol per 100 g brain, from 0.09 to 0.23 mg
alcohol per 100 g liver, from 0.04 to 0.14 mg alcohol per 100 g kidney, and so on [Harger,
R.N., and Gross, A. L., Am. J. Physiol., 112, 374 (1935)].

30 Peters, R. A., Biochem. J., 81, 2240 (1937). ] )
3t Moore, B. H., and Mayer, D. T., “Metabolism of semen”’, Univ. Missouri Agr.

Exp. Sta. Res. Bull. 338, 1941. . )
82 Clark, W. M., Hygienic Laboratory, U. 8. Public Health Service, Bull. 151, 1928.
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force is created, the magnitude of which depends on the relative concentra-
tions of the two ion forms. Potential differences are likewise set up if solu-
tions of any two electrolytes are connected. The voltage reading will depend
on the relative “electron pressures’”’ of the respective elements. This way,
the elements were arranged in an electromotive series, in some such order
as the following: Li, Rb, K, Sr, Ba, Ca, Mg, Al, Mn, Zn, Cr, Fe, Cd, Co,
Ni, Sn, Pb, H, Sb, Bi, As, Cu, Hg, Ag, Pt, Au, which is the order of ease
with which the elements donate their electrons, that is, become oxidized.
The electromotive potentials of the inorganic elements are known. The
potential driving the reduction of H+ by Zn° in the reaction,

Zn® 4+ 2H+ — Zn+t + H;

for example, is definitely known from electrode potential measurements.

Moreover, the free energics of the reactions are known [Sect. 2.1.2 and eq.
(2.5)]; the free energy, AF, of a reversible galvanic cell is related to its poten-
tial, E, by the equation

AF = —nFE 2.5)
and the potential, E), with respect to the hydrogen electrode taken as zero,
is computed from the equation

RT = concentration oxidized form

Ey = E n ;
h 0+ nkF concentration reduced form

This equation was previously cited [eq. (2.8), sect. 2.1.2]. F, is the characteristic
constant of the system when the half ccll of the given substance is connceted to a hydro-
gen electrode, that is, to platinum sponge saturated with hydrogen gas, when the con-
centration of the oxidized form is equivalent to the concentration of the reduced form
and when the pH is 7.0 at 30° C; R is the gas constant, 8.31507 volt coulombs; n, number
of equivalents, or electrons, freed when the reduced form is changed to the oxidized form;
F is the Faraday (96,500 coulombs); In represents the natural logarithm.

Living cells contain many substances which, like the above inorganic ele-
ments, may be arranged in an electromotive series. The electromotive-
series arrangement of substances in the body cannot be as precise as that of
inorganic elements acting in glass beakers because of the enormously greater
complexity of the thermodynamic equilibria in the body. But such EMF
arrangements are useful for prediction purposes.

There is a large literature?® on the oxidation-reduction potentials of various
biological substances—enzymes and substrates—involved in biologic

3 For review, see: Ball, E. G, in “Symposium on Respiratory Fnzymes’’, University
of Wisconsin Press, 1942; Barron, E. S. G., Physiol. Rev., 19, 184 (1939) ; Stephenson, M .18,
Kalckar, H. M., 194118; Gillespie, L. J., Soil Sci., 9, 199 (1920); Clark, W. M., Pub.
Health Rep., 38, 443 (1923); Medicine, 13, 207 (1934); J. App. Physics, 9, 97 (1928); Clark,
W. M, “Determination of Hydrogen Tons’’, 1928; Michaclis, L., ‘‘Oxidation-reduction
Potentials”’, 1930. Iewitt, L. F., ‘“Oxidation-reduction potentials in bacteriology and

biochemistry”’, London, 1935; Shaffer, P. A., J. Phys. Chem., 40 (1936); Wurmser, R.,
“Oxydations et reductions’’, Paris, 1930.
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oxidations. Many artificial dyes, such as methylene blue, made famous by
Thunberg, who used it as an oxidizing agent in biologic systems (in place of
oxygen), change color at certain oxidation-reduction zones and are thus used
as indicators for measuring O-R potentials. When thus arranged in an
electromotive series, oxygen is on top, with the highest positive voltage, and
hydrogen at the bottom, with the highest negative voltage. The various
biologically active substances come in between.

Nutrients are, of course, reducing agents; by this we mean that they tend to
be oxidized, to lose their hydrogens, and these, therefore, come low in the
electromotive series, ncar hydrogen, which is assigned a voltage of about
—0.4 for pII 7.0. The hydrogens (and electrons) from the substrate are
transported, stepwise, from one carrier or mediator, or from one H transport
system or II-acceptor to the other standing above it in the EMF series, until
finally the substrate hydrogen rcaches the atmospheric oxygen standing at
the top of the series, forming water, the final step in the oxidation process in
aerobes. The essential oxidation feature is the combination of hydrogen with
oxygen (or the transfer of electrons from hydrogen to oxygen), not the com-
bination of carbon with oxygen.

As previously noted, the position of the substrate fuel in the EMTF series
is low, near hydrogen, with a voltage reading of about —0.4. Then come?
the pyridinoprotein enzymes (voltage about —0.3), followed by the flavo-
protein enzymes (voltage about —0.1 to —0.2), followed by the iron-por-
phyrin enzymes, namely cytochrome-b(—0.04), cytochrome-c(+40.27), and
cytochrome-a(+40.29) ; followed by the cytochrome oxidases (40.4 to +0.6)
and, finally, oxygen (40.8).

The stepwise reductions, that is the successive passing of the hydrogens
or electrons, is thus from the substrate to the pyridine nucleotides, to the
flavoproteins, to the cytochromes and cytochrome oxidases, and finally to
oxygen. In other words, the substrates reduce the pyridinoprotein enzymes,
which reduce the flavoprotein enzymes, which reduce the porphyrin enzymes,
which reduce the atmospheric oxygen. This is an oversimplified diagram,
but it may give a general idea of the way biologic, stepwise oxidations occur.3®

The first step in oxidation is the phosphorylation (combination with phos-
phoric acid) of the glycogen or glucose, forming hexose phosphate; this
splits into triose phosphates; then into glyceraldehyde, as indicated in the
following over-simplified diagrams for oxidation of hexose and for oxidative
deamination of amino acid.

1. C4H,,0, Phosphorylase o b o oH,PO, —> 2C,H; 0 HyPO, —3chydrogenase
hezxose diphosphate triose phosphate
CH.OH-CHOH-CH,-H,PO,
glycerylphosphate

34 Cf. Ball, E. G.33 .
3 For another aspect, sce Szent-Gyorgyi, A., ‘‘ Towards a new biochemistry’’, Science,

98, 609 (1941).
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and H,PO,-CH,-CHOH-COOH —— CH,-CHOH-COOH
glyceric actd phosphate lactic acid

and CH;-CO-COOH _carboxylase o . cH,CHO (?)
pyruvic acid

II. CH,-CHNH,.co0H _dehydrogenase oy c—-NH.COOH ——

a-amino propionic acid a-tmino propronic acid
CH;-CO-COOH + (NH;)CO
pyruvic acid urea

These and similar oxidoreduction reactions are catalyzed by enzyme sys-
tems, of which the following are outstanding. (1) Phosphorylases, catalyze
phosphorylation, that is, combination of phosphate with glycogen, starch,
glucose, and so on, preliminary to cleavage.® (2) Decarboxylases, exemplified
.by carboxylase, which splits CO, from a-keto acids converting them to alde-
hydes and CO,, and by carbonic anhydrase which splits HoCOj3 into CO, and
H,0. (3) Dehydrogenases typified by lactic acid dehydrogenase, which
converts lactic acid to pyruvie acid; amino acid oxidase® or dehydrogenase,
which converts a-amino to a-keto acids; succinice acid dehydrogenase, which
converts succinic acid to fumarie acid; cytochrome reductase; which converts
reduced coenzyme II to oxidized coenzyme II; and alcohol dehydrogenase,
which converts alcohol to acetaldehyde. (4) Oxidases, including cytochrome
oxidase (also called Warburg’s enzyme or Aimungsferment, Ehrlich’s enzyme,
and indophenol oxidase), which catalyzes the oxidation (by oxygen) of re-
duced cytochrome-c¢ to (oxidized) cytochrome-c (equations given below);
tyrosinase, which oxidizes tyrosine to black pigments (seen in darkening of
cut potato or apple); and polyphenol, which convert polyphenols to quinones.
(5) Transaminases®®, or aminophorases, which catalyze intermolecular trans-
fer of the amino group and a hydrogen group as, for example, the transfer
of paired amino and keto acids to corresponding keto and amino acids. The
place of vitamins and minerals in these biocatalytic systems—enzymes and
coenzymes—is discussed below and also in Chapter 20.

The following examples indicate empirical applications of oxidation-reduc-
tion (O-R) potentials in the dairy industry. The O-R of milk normally
drifts down with time after milking, probably due to the oxygen removal by
aerobic bacteria or by other oxidations. If, however, copper or iron is
added (the potency of copper is ten times that of ferrous® iron), the O-R
potential rises, and oxidized flavors develop in parallel*?. On the other hand,
tin and aluminum lower the O-R potential of milk, and probably retard the

3 See the long series of reports by Cori® et al., beginning with J. Biol. Chem., 121, 465
(1937), the latest being J. Biol. Chem., 151, 21 (1943).

3 Krebs, H. A., Biochem. J., 29, 1620 (1935).

8 Cohen, P. P., “Transamination’’, Federation Proc., 1, 273 (1942).

3 Swanson, A. M., and Sommer, H. H., J. Dairy Sci., 23, 597 (1940). Dahle, C. D.,
and Palmer, L. S., Pennsylvania Agr. Exp. Sta. Bull. 347 (1937).

4 Tracy, P. H., Ramsey, R. J., and Ruehe, H. A, Ill. Agr. Exp. Sta. Bulls. 389, 1933,
and 407, 1934,
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flavor production®. Changing dairy cows from dry to fresh feed decreases
the O-R* and reduces development of oxidized flavors. Summer milk does
not develop oxidized flavors as readily as winter milk, and the O-R potential
of summer milk is below that of winter milk*3, This may be associated with
the increased ascorbic acid content in summer milk : increasing ascorbic acid
(reduced form) decreases the O-R potential, as can be proved by adding
crystalline ascorbic acid to milk®. In brief, anything which reduces the
O-R potential of milk also reduces the production of oxidized flavors in milk44,

Off flavor in plant products, such as a hay-like flavor in stored raspberries, is
probably also the result of oxidations similar to those in milk, butter, and
ice cream. The removal of oxygen, or what is more practical the maintenance
of an atmosphere of high N, or CO, concentration, is often a means of pre-
serving food products by reducing oxidation processes initiated by the
various catalysts in the tissues.

6.4: Interrelations between minerals, vitamins, enzymes, and hormones
in biologic oxidations: an illustration of unity in diversity. Keilin*® recognized
the identity in what were considered as several distinct enzymes, namely
Warburg’s enzyme (Atmungsferment), indophenyl oxidase (Ehrlich’s enzyme,
1885), and cytochrome oxidasec.

Szent-Gyoérgyi*®, and also King?’, recognized that the coenzyme l-ascorbic
acid,

CO-COH:COH-CH:-CHOH-CH.OH
— 0

is identical with the antiscorbutic factor, vitamin C. This discovery of the
relation between a vitamin and enzyme in biologic oxidation is important partly
because it focuses attention on the convergence of several apparently different
kinds of investigations into one, namely biocatalysis. Szent-Gyorgyi was
awarded the 1937 Nobel Prize in medicine for this and related discoveries.

6.4.1: Definitions and interrelations. Vitamins are organic catalysts, or
essential components of catalysts, in biologic oxidations and related processes.

Vitamins are exogenous catalysts, externally provided; hormones and en-
zymes are endogenous catalysts, internally produced by the body.

There is, however, no dividing line between the exogenous and endogenous
catalysts. Thus ascorbic acid (vitamin C) is an exogenous catalyst to primates

41 Thurston, L. M., “Proc. Intern. Assn. Milk Dealers, Lab. Sect.””, p. 121, 1935.

42 Greenbank, G. R., J. Dairy Sc:., 21, 144 (1938).

4 Webb, R. K., and Hileman, J. L., Id., 19, 476 (1936).

4 Greenbank, G. R., Id., 23, 725 (1940).

4 Keilin, D., and Hartree, E. F., Proc. Roy. Soc., 104B, 206 (1929); 119B, 114 (1936);
121B, 173 (1936); 122B, 298 (1937). )

4 Szent-Gyorgyi, A., Biochem. J., 22, 1387 (1928); J. Biol. Chem., 90, 385 (1931).
Haworth, W. N., and Szent-Gyorgyi, Nature, 131, 24 (1933). ~Tauber, H., Kleiner, I. S.,
and Mishkind, D., Proc. Soc. Exp. Biol. Med., 82, 577 (1935); J. Biol. Chem., 110, 211
(1935). Szent-Gyorgyi, A., Biochem .J , 26, 865 (1932); 27, 279 (1933).

" King, C. G, el al., J. Biol. Chem., 94, 483, 491 (1931-2); 97, 325 (1932). King,
Physiol. %{ev., 16,238 (1936); J. Am. Med. Assn., 111, 1098, 1555 (1938).
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and guinea pigs: they must ingest ascorbic acid; they cannot synthesize it.
Other animal species examined are not dependent on dictary ascorbic acid—
to them ascorbic acid is an endogenous catalyst; they can synthesize it. Of
course, green plants synthesize ascorbic acid, so that it is not a vitamin to
plants.

Moreover, even the self-sufficient animals are not always self-sufficient.
Low vitality, due, for example, to low vitamin A intake*, or to increasing
age®, results in low ascorbic-acid production, in which case ascorbic-acid
administration is indicated.

Hormones and enzymes are endogenous catalysts; however, the building
stones of these endogenous catalysts are derived from food, an exogenous
source. Thus thyroxine, the powerful thyroid biologic-oxidation catalyst,
is produced from food components, from the mineral iodinc and from the
amino acid tyrosine, which the body must obtain from food. Similar state-
ments may be made of other hormones, such as adrenaline, another tyrosine
derivative (Ch. 7).

Broadly speaking, an oxidoreduction enzyme is.a protein-complex catalyst of
high molecular weight, not dialyzable, and denatured by heat. The enzyme
contains, or is associated with, a coenzyme which is of relatively small molec-
ular weight, dialyzable, and may be thermostable. The “active part” of the
enzyme or coenzyme is the prosthetic group.

Now some vitamins serve as prosthetic groups in enzyme systems. The
best known example of such vitamins is vitamin By, or thiamine, which is the
prosthetic group of the coenzyme cocarboxylase, a pyrophosphoric acid ester
of thiamine. The cocarboxylase is, in turn, the prosthetic group of the enzyme
carboxylase previously mentioned, which is a pyrophosphothiamine magne-
sium protein®. This cnzyme carboxylase catalyzes the decarboxylation of
a-keto acids, particularly pyruvic acid. If there is deficiency of thiamine,
there is also deficiency of the coenzyme cocarboxylase and of the enzyme
carboxylase with the associated high level of pyruvie acid3® and polyneuritis
syndrome (Sect. 20.6). The reaction equations under the influence of car-
boxylase (decarboxylation of pyruvie acid) and dehydrogenases (conversion
of triose phosphate to phosphoglyceric acid, and oxidative deamination of
amino acid) were cited in the preceding section.

Vitamin Bs, or riboflavin, is similarly the prosthetic group of the coenzyme
riboflavin mononucleotide, which is in turn the prosthetic group of dehydro-
genase enzymes, such as Warburg and Christian’s “yellow enzyme” and of
the dehydrogenase enzyme cytochrome reductase, previously desecribed.
There are many riboflavoprotein enzymes catalyzing oxidation processes.
The coenzyme riboflavin adenine dinucleotide is a prosthetic group, among

48 Sutton, 1. 8., el al., J. Biol. Chem., 144, 183 (1942).

4 Phillips, P. H., et al., J. Dairy Sci., 28, 873 (1940); 24, 153 (1941). Holstein Friesian
World, 39, 369 (1942).
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others, of the enzyme xanthine oxidase, and xanthine oxidase and riboflavin
dinucleotide decrease during dietary riboflavin deficiency?.

Nicotinic acid is similarly the prosthetic group of the coenzymes I and II
(also known as codehydrogenases I and IT and by other designations), which
are, respectively, diphosphopyridine and triphosphopyridine nucleotides
(containing nicotinic acid or pyridine groups, adenine, phosphoric acid, and a
pentose). The pyridine nucleotides are in turn prosthetic groups of the
dehydrogenase enzymes which catalyze oxidation of lactate, malate,
B-hydroxybutyrate, glyceraldehyde diphosphate, citrate, glutamie acid, glucose-
6-phosphate, alcohol, succinate, formate, aldehydes and other substrates
previously mentioned. Some inorganic elements, such as iron, function as
prosthetic groups in enzyme systems similar to that of vitamins (Ch. 20).

Phosphorylation of the substrate (glucose, glycogen, and so on) is prereg-
uisite for all biologic oxidations, acrobic and anaerobic®™. The ubiquitous
participation of phosphates in biologic oxidation is, in fact, one of its most
impressive features. There is a long scries of phosphate esters, such as hex-
osemonophosphate, hexosediphosphate, glycerophosphate, phosphoglyceric
ester, phosphopyruvie ester, and so on, often associated with the names of
their discoverers, such as the ITarden-Young ester (fructose-1,6-diphosphate),
Neuberg ester (fructose-6-phosphate), Robison ester (glucose-6-phosphate),
Cori ester (glucose-1-phosphate) and so on, which play an important part in
oxidoreductions.

6.4.2: Minerals in biologic oxidation. As explained above, phosphate
occupics a key position in biologic oxidation. Pasteur observed its impor-
tance in 1860, Harden and Young confirmed it in 1905, and it is currently
under intensive investigation by the Cori, Lipmann and Meyerhof schools,
and by others. )

As explained in connection with phosphocreatine (Sect 6.2) some phosphate
esters serve as temporary biologic energy reservoirs, analogous to charged
batteries. Thus, according to Cori, the synthesis of 6 molecules of glucose
phosphate is coupled, or associated, with the oxidation of one molecule of
glucose. A mol of glucose phosphate, therefore, has a labile energy increment
which, depending on the energetic efficiency of the process, may be as high
as 115 Cal (3 of about 700 Cal, the free energy of glucose). This is, pre-
sumably, what Lipmann® refers to as phosphate-ester bond energy, the
main form or source of anaerobic encrgy as illustrated by the reactions:

glycerophosphate + H,0 <> glycerol + phosphate + energy

51 Lipmann, F., Advances in Enzymology, 1, 99 (1941). Cori, C. F., and Cori, G. T.,
Ann. Rev. Biochem., 10, 151 (1941). Sowden, J. C., and Fischer, H. O. L., Ann. Rev.
Biochem., 11, 203 (1942). Meycrhof, O., Cold Spring Harbor Symposia on Quantitative
Biology, 3, 239 (1941). Cori, G. T., Colowick, 8. P., and Cori, C. ¥., J. Biol. Chem., 128,
375 (1938). Colowick, S. P., Welch, M. 8., and Cori, C. F., Id., 33, 359, 641 (1940).
Kalckar, II. M., Biol. Rev., 17, 28 (1942), and Enzymologia, 6, 143 (1939).
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As the value of the equilibrium constant, K, is® about 40 at 38°C, we have
the equation
AF° = —RT log K = —4.58T log K = —4.58 X 311 X log 40 = —22.8 Cal

The phosphate group also catalyzes the oxidation and transport of fats®s.
Other inorganic elements may participate in the oxidation of fat and perhaps
in its transformation to carbohydrate?4.

Pasteur also observed that magnesium has an important function in yeast
fermentation, and it appears from the work of Cori, Lohmann, Ochoa, and
others that Mg*t, Mn*+ and perhaps Co**, may activate cozymases,
dehydrogenases, carboxylases, phosphatases, phosphoglycomutases, cholestori-
nases, and that Mg is involved in the phosphorylation of enzyme systems.
Carboxylase is a diphosphothiamine-magnesium protein®®.

Probably because of its other activation effects, such as that on bone
phosphatase®, manganese deficiency, as observed on chickens, leads to leg-
bone malformations, called perosis®. However, other deficiencies, such as
of biotin and choline, also lead to perosis®®,

Manganese has other functions®. Tts deficiency in young rats leads to
testicular degeneration®, subnormal vitality of the fetus and the new born®,
and abnormal maternal behavior including unsatisfactory lactation®. Man-
ganese deficiency also leads to a profound depression of hatchability of eggs
(5 per cent of normal when the manganese in the ration is reduced to 40
ppm) and the embryos show chondrodystrophy®. Manganese may play
an important part in the synthesis of ascorbic acid®.

Iron is another conspicuous inorganic element involved in biologic oxidation.
It is the prosthetic group of the hemins. ‘Hemoglobin, the red pigment in the
blood, is the best known hemin complex. The body of the average adult
man contains about 6 liters (or quarts) of blood the blood contains about
160 grams hemoglobin per liter; the red blood cells contain about 32 per cent
hemoglobin; hemoglobin contains about 0.33 per cent iron. The iron content
of a 70-Kg human body is about 4 g.

82 Kay, H. D. chhem J., 22, 855 (1928).

8 Bloor, W. R., “Fat transport in the animal body" Physiologic Reviews, 19, 557
(1939). Chmkoff . L., “Phospholipoid metabolism’’, Id., 23, 291 (1942).

8¢ McHenry E W. bczence 86, 200 (1937). Mchnry and Gavm G., J. Biol. Chem.,
134, 683 (1940); 138, 471 (1941).

8 Green, D. K., etal., J. Biol. Chem., 136, 795 (1940) ; 138, 327 (1941).

8 Wiese, A. C., ElvehJom L A. HLI‘t E B, et al., Poultry Sci., 20, 255 (1941).

57W1l[.';us, H. 8., Norris, L. C,, and Hous(‘r P.H., J. Nut., 14, 155 (1937). Caskey,
G. D., Gallup, W. l) and N()I‘l"ls L.C,Id, 17 407 (1939) Wnlgus H. S., and Patton,
A R., 1d., 18, 35 (1939).

8¢ Richardson, L. R., Hogan, A. G., and Miller, O. N, *‘Relation of biotin to perosis’’,
Univ. Missouri Agr Exp Sta. Res. Bull. 343, 1942. Hcgsted D. M, etal, J. Nut.,
23, 175 (1942). Jukes T. H., and Almquist, H. J., Ann. Rev. Biochem., 11, 516 (1942)

8 Gilman, H., Organomemlhc compounds in blology” Science, 983, 47 (1941)

80 Orent, K. R and McCollum, K. V., J. Biol. Chem., 92, 651 (1931)

61 Damels A. L and Everson G. J J.Nut., 9, 191 (193

62 Skmner J. T, and Steenbmk H., Am. J. Physzol 101, 591 (1932).

o3 Lyons,M and Insko, W. M., K(,ntucky Agr. Exp. Sta. Bull. 37, p. 61, 1937.
% Rudra, M. M. Nature, 144, 668 (1939).
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The divalent iron atom occupies a central position in the hemin part of
hemoglobin, binding, centrally, four pyrrol rings together into a tetrapyrrol
complex, while four CH bridges bind the four pyrrols externally.

The hemoglobin is oxygenated in the lungs (at high oxygen pressure) forming oxy-
hemoglobin. The oxygen is carried along the passageways—arteries, arterioles, capil-
laries (low oxygen pressure)—where it is freed from its loose combination with hemoglo-
bin, and travels across the capillary walls and membranes to the tissues and the body
cells. Then it passes back to the lungs to get more oxygen, and so on. The process is
usually represented diagrammatically by the equation

Hb + O, = 11bO,

in which Hb represents hemoglobin and HbO; oxyhemoglobin.

The amount of oxygen that can be taken up per unit blood varies with the species
and individual. Thus, according to Baldwin®, the oxygen capacity per 100 ce blood is
about 25 cc in mammals, 18.5 in birds, 12 in amphibia, 9 in reptiles and fishes. In ani-
mals which have the copper-containing hemocyanin* instead of the iron-containing
hemoglobin, the O, capacity is only 2 to 8 cc oxygen per 100 cc blood. The metabolic
rate of an animal is, of course, limited by the O, supply to the tissue, which in turn is
limited by the circulation speed and the O, capacity of the blood.

There is a similar mechanism for removal of the CO: from the blood. On reaching
the blood, the CO, combines to form BHCO;, is carried to the lungs in association with
the red cells, where H,CO; is formed due to increased acidity consequent on formation
of HbO,, and is exhaled as CO,. Carbonic anhydrase, a zinc-protein enzyme®, agsociated
with the red blood cells, catalyzes the cleavage of CO, from H,COj; in the blood.

Hemoglobin splits into heme (or hemin, the chloride form), the non-protein part con-
taining the iron-pyrrol complex, and globin, the protein part. Species differences are
due to the differences in the protein part.

The structure of hemoglobin thus rescmbles that of enzymes in being an organic com-
plex containing a protein and a prosthetic group. On removing the Fe from the heme,
porphyrin®? (hematoporphyrin, protoporphyrin) results; on removing the Mg from the
corresponding chlorophyll group, porphyrin (actioporphyrin) results.

It is interesting to contemplate the fact that chlorophyll, the green pigment in green
plants, is structurally identical with hemoglobin, the red pigment in animals. They
differ only in the central metal atom, chlorophyll containing magnesium instead of iron.

Another iron-containing respiratory pigment in aerobic cells, cyfochrome,
was elucidated chiefly by Keilin®®. Cytochrome resembles hemoglobin in

6% Baldwin, E., ‘““An introduction to comparative biochemistry’, Cambridge
(England), 1937. See also Redfield, A. A., ““The evolution of the respiratory function
(()f th;: blood”’, Quart. Rev. Biol., 8, 31 (1933); ‘“The hemocyanins”, Biol. Rev., 9, 175

1933).

* Hemocyanin is the copper-containing blue (when in oxygenated but colorless when
in reduced form) respiratory blood pigment in certain cold-blooded animals, especially
molluses and crustaceans, corresponding to hemoglobin. Hemocyanin carries an atom
of 0 per atom of Cu. Annelids have a green and also red respiratory pigments called,
respectively, chlorocruorin and hemorythrin.

8 Keilin, D., and Mann, T., ““Carbonic anhydrase”’, Nature, 144, 142 (1939).

87 Cf. Dobriner, K., and Rhoads, C. P., ““The porphyrins in health and discase’,
Physiol. Rev., 20,416 (1940).

% Keilin, D., Proc. Roy. Soc., 98B, 312 (1925); 100B, 139 (1926); 104B, 206 (1929);
106B, 418 (1930); Keilin, D., and Hill, R., Id., 107B, 286 (1930); Erg. Enzymforsch., 2,
239 (1933), and others.
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having the iron-porphyrin or heme group, but the heme is combined not with
globin as in hemoglobin, but with pyridine®, and the iron is not always in the
divalent form, but it exists, alternately, in two forms—ferrous and ferric.

In the presence of dehydrogenase, the metabolite is oxidized and the cyto-
chrome reduced :

oxidized (colored) dehydrogenase oxidized reduced (colorless)

metabolit .
etabolite + cytochrome nutrients cytochrome

In the presence of oxygen and cytochrome oxidase, the oxidized cytochrome
is regenerated :

Reduced (colorless) + 0, oy tehrome oxidase, oxidized (colored) cytochrome
cytochrome

The cytochrome is thus alternately reduced and oxidized, analogous to the
way in which hemoglobin is alternately oxygenated and deoxygenated. The
Fe in the cytochrome is oscillating between Fett and Fettt, transmitting
clectrons from II to O with the aid of cytochrome oxidase, while the Fe in
hemoglobin is always in the ferrous form.

Cytochrome has been investigated in its oxidized and reduced forms most spectacu-
larly in the bodies of inseets.  T'he scales of the inscets were removed and observed under
a microspectroscope.  Typieal 4-banded spectra appear under the spectroscope when
the inscct struggles and the cytochrome is reduced; the speetra disappear when the
insect rests and the cytochrome is osidized. Likewise in yeast, the spectrum appears
when the air is reduced and disappears when air is supplied.  In brief, the cytochrome is
in the reduced form when the O supply is poor, and in oxidized form when the O, supply
is good.

The eytochrome complex was called by Warburg? ““respiration catalyst” (Atmungs-
ferment), the metal being considered the essential catalytic feature which “activates”
the oxygen for oxidation. This reasoning is based on the spectacular cffect of such
chemically inert substances us cyanides on respiration. Cyanide causes almost in-
stantancous death by combining with the iron of the cytochrome and also with hemo-
globin. Inhalation of HCN for only two seconds causes unconsciousness in six seconds
and death in sixteen seconds. Other substances, as carbon monoxide, which combine
readily with these respiratory carriers, have a similarly fatal effect. According to War-
burg’s old theory, cyanide inactivales the metal, the activator of the oxygen for oxida-
tion.

Wieland®, on the other hand, believed that the essential process is not oxygen activa-
tion but hydrogen activation by catalysts called dehydrogenases!®, and that the cssential
featurc of oxidation is loss of hydrogen from the metabolite molecule, the oxygen acting
as a relatively passive H acceptor. The carbon serves as the framework for the hy-
drogen.  The essential overall reaction in biologic oxidation is accordingly

IIydrogen 4+ Oxygen — Water

Szent-Gyorgyi® belicves that there is no contradiction between Wieland’s and War-
burg’s theorics, and that both O and H are activated.

69 Cf, Theorell, H., Biochem. Z., 298, 242 (1938).
70 Warburg, O., Science, 81, 575 (1925); 68, 437 (1928); Bull. Johns Hopkins Hospital,
46, 341 (1930).
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Hemoglobin and eytochrome have many similarities: both have the same concentra-
tion of iron, both are quickly poisoned by cyanides, sulfides, and carbon monoxide.
The difference between the two is that the iron atom changes valence, (Fett = Fet+t)
in eytochrome but not in hemoglobin; henee the use of the term ““oxidation” for cyto-
chrome and ‘“‘oxygenation’ for hemoglobin. The molecular weight of cytochrome is
of the order of 16,500 (assuming 1 Fe per mol of eytochrome), the weight formerly given
for hemoglobin. It is now thought that the molecular weight of hemoglobin is about
68,000.

In view of the importance of iron in oxygenation and oxidation, it is evident that
iron deficiency leads to serious metabolie disorders, structurally evidenced by hypo-
chromic anemia (reduced hemoglobin formation). Like many other catalysts, however,
1ron is used over and over in the body. Therefore, it is only during growth, gestation,
or in blood loss, in diarrhea, and intestinal discase, that considerable dietary iron is
needed”™. The dictary utilization of iron has been investigated? most spectacularly
with the radioactive isotope Feb®,

It is generally known that 7odine™ is the important inorganic element in
thyroxine, a powerful oxidation accelerating hormone (Ch. 7).

There is no doubt that copper catalyzes iron utilization for hemoglobin
formation” and that many oxidase enzymes (such as ascorbie acid oxidase,
polyphenyl oxidase, cytochrome oxidase, catechol oxidase, tyrosinase, and
laccase) contain copper, or are copper-protein oxidases’,

Coball appears to be an essential trace clement in the utilization of iron in
sheep and cattle’™ but, apparently, not in rats.

Calcium™, likewise, has a stimulating effect on some oxidases, as on succinic
oxidase activity (bound up with eytochrome).

Just as hemoglobin and cytochrome contain iron,” so carbonic anhydrase
(associated with the equilibriumm between carbonic acid and carbon dioxide
in their transportation by the blood) contains zine. "This was discovered by
Keilin and Mann’® and substantiated and extended by Hove et al.,” who
previously demonstrated that zinc is a dictary essential®®,

Many other trace clements, such as Al, Be, B, Cr, Si, Sr, Sn, T, and Ni, are
present in animal tissues®!, but their function, if any, is not understood. Thus

" Heath, C.W., J. Am. Med. Assoc , 120, 366 (1912).

72 Salter, W. T'., “Iodine”’, Physiol. Rev., 20, 345 (1940).

3 Waddell, J., Elvehjem, C. A., Steenbock, 11., and Hart, K. B., J. Biol. Chem., 77,
777 (1928); 84, 115 (1929). Elvehjem, C. A, and Hart, k. B., /. Nul., 19, 207 (1910).
Elvehjem, C. A., “The biological significance of copper”’, Physiol. Rev , 16, 471 (1935).
Schultze, M. O., “Mectallic clements and blood formation”, Id., 20, 37 (1940).
Robscheit-Robbins, F. S., and Whipple, G. H., J. Exp. Med., 76, 181 (1912).

74 Tauber, I1., Ann. Rev. Biochem., 10, 51 (1941).

% Lines, . W, and Marston, 1I. R., J. Council Sci. Ind. Res. Australia, 8, 111, 117
(1935). Neal, W. M., and Ahman, C. F., J. Dairy Sci., 20, 741 (1937).

78 Axclrod, A. IS, Swingle, K. ., and Elvehjem, C. A, J. Biwl Chem., 140, 931 (1941);
146, 581 (1942).

77 Whipple, G. H., et al., J. Exp. Med., 69, 739 (1939); 76, 15 (1942).

78 Keilin, D., and Mann, T'., ““Carbonic anhydrase’’, Nature, 144, 442 (1939) ; Biochem.
J., 34, 1163 (1940).

7 Hove, Ii., Elvehjem, C. A., and Hart, 1. B., J. Biol. Chem., 136, 425 (1940).

80 Todd, W. R., Illvehjem, C. A., and Hart, Iv. B., Am. J. Physiol., 107, 146 (1934).

81 Calvery, H. O., Food Research, 7, 313 (1940). Rusoff, I.. L., Florida Agr. Exp.
Sta. Bulls. 356 and 359, 1941.
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vanadium# is regularly found in egg yolk and some tissues, but its function
is not known. Bernheim®, however, reported that vanadium stimulates
oxidation of phospholipins in the presence of liver. Molybdenum may have
some nutritional function®,

Some trace elements are important in food, especially in dairy technology?®®
(Sect. 6.3). Thus, tallowiness of sweetened condensed milk is attributed to
catalytic oxidations by contact with copper and/or iron. Tallowy, oily, and
fishy flavors of butter and ice cream are also attributed to such oxidations of
the fats or phospholipids catalyzed by contact with copper and/or iron. Ice
cream containing strawberries and related plant materials may develop off-
flavors due to the catalytic oxidative action of the plant enzymes on the
butterfat or on its phospholipids. The presence of iron (ferrous) in milk
may destroy enough vitamin A to cause ‘““salt ophthalmia” in animals fed
FeSO, with their milk®*. The low concentration of iron and copper in milk
may be “explained” by the fact that their presence would be destructive to
some vitamins.

Minerals have, of course, other functions, physicochemical® and structural®s.
Thus the skeleton contains about 85 per cent calcium phosphate, and in fact
the tctal body ash contains about 75 per cent calcium phosphate. About 70
per cent of the body’s phosphorus is in the skeleton. The phosphate is thus
an extremely important structural as well as catalytic group.

6.4.3: Vitamins in biologic oxidations with special reference to the relation
between vitamin B and bios. The vitamins are usually divided into fat-
soluble and water-soluble categories®?.

Little is known about the catalytic significance in oxidoreductions of the
fat-soluble vitamins. They are not universally distributed or nceded. Cock-
roaches®, for example, need no vitamin A ; goats® nced no vitamin E; yeasts
need no vitamins A, E, D, or K.

The functions of the fat-soluble vitamins are rather more specialized than
general oxidoreduction. Thus vitamin A is the prosthetic group of a very

82 Danicl, E. P., and Hewston, 1. M., Am. J. Physiol., 138, 772 (1942).

83 Bernheim, ., J. Biwol. Chem., 127, 353 (1939).

8t Teresi, J. DD., Elvehjem, C. A., and Hart, E. B., ““Molybdenum in the nutrition of
the rat”’, Am. J. Physwol., 187, 501 (1942).

8 Brown, W. C., and Thurston, L. M., ‘“Oxidation in milk and milk products”, J.
Dairy Sci., 28, 629 (1940).

8 Simmonds, N., Becker, J. E., and McCollum, E. V., Proc. Soc. Ezp. Biol. Med.,
24, 952 (1927).

86 Olson, F. C., and Brown, W. C., J. Dairy Sci., 27, 205 (1944).

8 Macallum, A. B., ‘“Paleochemistry of body fluids’’, Physiol. Rev., 8, 316 (1926).
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(1915). McCollum, E. V., and Davis, M., Id., 15, 167 (1913), and 23, 181 (1915).
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specialized conjugated protein system serving a visual function in higher
animals. The equilibrium visual purple (rhodopsin)= visual yellow (reti-
nene) = visual white in the retinal rods, involving also visual violet (iodopsin)
in the retinal cones, is concerned with adjustment of vision to bright and dim
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Fig. 6.2—Formulas of some vitamins and of some synthetic chemicals similar to vita-
mins which may “‘compete’” with or “block’’ the vitamin in its relation to some essential
enzyme system or action. See Sect. 7.1 for discussion of anti-vitamins and anti-hor-
mones.

light®. But riboflavin is also important in the vision mechanism, where it
forms a “photo compound”®, and in biological phosphorescence.

2 Wald, G., and Steven, DD., Proc. Nat. Acad. Sci., 26, 344 (1939). For a review of
Adams, Fredericia, Hecht, Wald, and others, see Isaacs, B. L., Jung, . F., and Ivy,
A.C.,J. Am. Med. Assn., 111, 1771 (1938).

93 ?hase, A. M., Science, 86, 484 (1937). Adler, E., and Euler, H., Nature, 141, 790
(1938).
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Vitamin A is apparently not a basic or general biocatalyst; nevertheless in
some species its deficiency leads to widespread and grave symptoms.
The vitamin A deficiency symptoms in humans are generally known. Vitamin
A deficiency in growing cattle leads to constriction of the optic foramen with
consequent, optic nerve constriction and blindness; syncope likely produced
by increased intracranial pressure; papillary edema and nyctalpia ; bleaching
of the tapetum lucidum of the retina, but not keratitis®*; degeneration of
germinal epithelium of the testes and absence of spermatozoa, and changes
in the pituitary (T. S. Sutton); enteritis, kidney and liver lesions, and diar-
rheaf®,

Vitamin E (a-tocopherol®®) may be a respiratory enzyme?, but the most
striking effects®, in case of deficiency, are on the pituitary®® and reproduction
in general, leading to resorptive sterility and degeneration of the germinal
epithelium in rats®® 1°° muscular dystrophy and paralysis in rats, guinea pigs
and rabbits!” and cencephalomalacia in chicks'® (Ch. 20).

Vitamin K, a quinoid'®? such as 2-methyl-1,4-naphthoquinone, may be an
oxidation catalyst!®t but it is known only as being necessary for prothrombin
formation. Prothrombin is, in fact, the proenzyme of thrombin, which
converts fibrinogen to fibrin in blood clotting.

Vitamin D (irradiated ergosterol or 7-dehydrochloesterol'®®) is known for
its catalysis of absorption of calcium and phosphates from the intestinal
tracts, bone formation, and prevention and cure of rickets!®,

On the contrary, most of the water-soluble vitamins of the vitamin B or the
bios type appear to be almost universally distributed and involved in basic
oxidoreductions.

The story of the development of our knowledge of the interrelation between

% Moore, L. A., “Carotene and calf blindness’’, J. Nut., 17, 443 (1939). Wolbach,
S. B., and Bessey, O. A., Physiol. Rev., 22, 233 (1942).

% Bechdel, S. 1., et al., Am. J. Vet. Res., 3, 27 (1942).

9% Smith, L. I., Chem. Rev., 27, 287 (1940).

97 Friedman, I., and Mattill, H. A,, Am. J. Physiol., 131, 595 (1941).

% Mattill, I. A., Ann. Rev. Biochem., 10, 409 (1941).

99 Wicske, B. P., and Bachrach, A. L., Nature, (Dec. 4, 1937) p. 943. Drummond,
el al., “Vitamin E: A Symposium”, Heffer & Sons, 1939. Drummond, et al., Endo-
crinol),ogy, 1, 275 (1939). Biddulph, C., and Meyer, R. K., Am. J. Physiol., 132, 259
(1941).

100 Mattill, H., and Conklin, R. E., J. Biol. Chem., 44, 137 (1920). Evans, H. M.,
and Bishop, K. S., Science, 66, 650 (1922); J. Med. Res., 8, 233 (1923).

101 Evans, H. M., and Burr, G. O., J. Biol. Chem., 76, 273 (1928). Goettsch, M., and
Pappenheimer, A.M., J. Exp. Med., 54, 145 (1931). Mackenzie, C. G., and McCollum,
E. V., J. Nut., 19, 345 (1940); 21, 225 (1941). Goettsch, M., and Ritzmann, J., J. Nut.,
17, 371 (1939). Evans, II. M., Id., 19, 517 (1940).

102 Pappenheimer and Goetsch, J. Kxp. Med., 53, 11 (1931). Adamstone, F. B., Arch.
Path., 31, 603 (1941).

108 Fieser, L. F., ‘““The chemistry of vitamin K, Ann. Int. Med., 16, 648 (1941).

104 Bernheim, F., J. Biol. Chem., 134, 457 (1940).

105 Bills, C. K., ““The chemistry of vitamin D”’, Physiol. Rev., 16, 1 (1935).

106 Mellanby, E., “Rickets’’, J. Physiol., 62, liii, liv (1919); Lancet, 1, 407 (1939).
McCollum, E. V., et al., J. Biol. Chem., 63, 293 (1922).
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vitamin B and bios!?” is fascinating. About 1860 Pasteur!%® observed that
yeast requires some factor for growth and fermentation which Wildier!®®,
in 1901, called bios. It is now known that bios is not a factor, but a family
containing perhaps a dozen members, designated “growth factors”. The
important development emerged that the yeast “growth factors” are identical
with a dozen-odd vitamins which make up what is now called the vitamin B
complex. Nine of these factors have been obtained in crystalline form.

The modern study of the B vitamins may be said to have begun!!® with the
antiberiberi or antipolyneuritis factor, now called thiamine or vitamin B.
About 1897 Eijkmann!! ohserved that beriberi results from the lack of a
substance present in rice polishings. In 1911 Funk'? prepared the beriberi-
curative substance from rice polishings ; detecting an amine therein, he named
the substance vitamin—a “vital amine”. It was a charmed name which
outlasted the accessory food substance and growth-factor designations em-
ployed by!'® Hopkins and by Osborne and Mendel.

Peters' observed that thiamine deficiency in the diet results in deficiency of
cocarboxylase, the catalyst for splitting CO, from pyruvie acid with conse-
quent accumulation of pyruvie acid, associated with the beriberi syndrome.

The function of thiamine is that of a prosthetic group in a respiratory en-
zyme. But, of course, like other vitamins, it also influences growth rates
which are coupled with oxidoreductions; the carly assay work for thiamine,
as for other vitamins, was conducted by the growth method.

The knowledge of the B vitamins (necded by higher animals) thus paral-
lelled the knowledge of bios or growth factors (needed by yeast and other
plants). But it is only recentlys that it has become definitely known that
the two, bios and vitamin B, are identical. Yeast, liver, and rapidly growing
plants are the best source of the B vitamins,

Note, however, the difference in the synthesizing powers of animals and

107 Williams, R. J., Biologic Reviews, 16, 49 (1941); Enzymologia, 1, 387 (1941); Univ.
Texas Publ. 4137, 1941. See also: Tanner, W. ¥. Chem. Rev., 1, 397 (1925); Miller,
W. L., J.Chem. Ed., T, 257 (1930) ; Peskett, G. L., Biol. Rev., 8,1 (1933).

108 Pagteur, L., “Memoire sur la fermentation alcoolique’, Ann. chim. Phys., 68,
323 (1860) ; Pasteur, “‘ Etudes sur la biere”’, Paris, 1876.

109 Wildier, E., La cellule, 18, 313 (1901).

110 The carliest publication indicating that milk whey (free from casein, fat, sugar,
and even ash) contains an indispensable dictary substance, what is now called vitamin B,
is attributed to Lunin, G., Z. physiol. Chem., b, 31 (1881).

1t Eijkmann, C., Virchow’s Arch., 148, 523 (1897).

12 Funk, C., J. Physiol., 48, 395 (1911). Cf. Drummond, J. C., Biochem. J., 14,
660 (1920).

113 Hopking, I*. G., Analyst, 31, 385 (1906); J. Physiol., 49, 425 (1912). See also Hop-
kins and Neville, D., Biochem. J., T, 96 (1913); Osborne, T'. B., and Mendel, L. B, J.
Biol. Chem., 18, 233 (1912).

114 Peters, R. A., Biochem. J., 30, 2206 (1936); 81, 2240 (1937); 32, 2031 (1938); 33,
1109 (1939). Ochoa, S., and Peters, R. A., Biochem. J ., 32, 1510, 1938. Sherman, W. C.,
and Elvehjem, C. A., Am. J. Physiol., 117, 242 (1936). Thompson, R. H. S., and John-

son, R, E., Biochem. J., 29, 694 (1935).
115 Williams, R. J.107
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plants. Animals must obtain theirs from external sources, hence, by defini-
tion, they are exogenous catalysts to animals; yeast and other plants synthesize
them, hence, by definition, they are enzymes or hormones, endogenous cata-
lysts, to plants.

Many animals, especially ruminants (cattle, sheep), need B vitamins, yet
do not need them. They require them for their metabolic processes, and their
tissues cannot synthesize them ; but their gastrointestinal flora produce them
in great abundance. Cattle® certainly do not need thiamine'” (B,), ribo-
flavin!® (B.), niacin!'®, pantothenic acid'2?, pyridoxine?! (Bs), ascorbic acid,!*
and perhaps vitamin K, other than supplied by the rumen flora. Indeed,
it is said that cow manure is very rich in the B vitamins; it is certainly the
richest known source of biotin!?,

Prior to a certain age, when the rumen begins to function, calves apparently
do need an external source of the B vitamins, normally obtained from milk?.

As previously noted, primate and guinea pig must ingest ascorbic acid with
the food—it is a real vitamin, an exogenous catalyst to these species; but other
species investigated synthesize ascorbic acid in the body, perhaps in the liver!®
and elsewhere, in fact, ascorbic acid tends to be destroyed in the intestinai
tract of some species, such as cattle!”. It should be understood, however,
that low vitality due to any cause, such as poor nutrition and advanced age,
is associated with reduced vitamin C production in animals that normally
produce it, in which case ascorbic acid administration is indicated'?.

All animals must have ascorbic acid, an indispensable hydrogen carrier'?8,

ascorbic
i i oxidas_ez_\ X .
l-ascorbic acid dehydroascorbic acid + 2H
“2GSH

116 Burkholder, P. R., Proc. Nat. Acad. Sct., 28, 285 (1942).

17 Bechdel, 8. 1., Eckles, C. H., and Palmer, L. 8., J. Dairy Sci., 9, 409 (1926). McEl-
roy, L. W., and Goss, H., J. Biol. Chem., 130, 437 (1939); J. Nut., 21, 163 (1941). Wegner,
M. 1., Booth, A. N., Elvehjem, C. A.; and Hart, I&. B., Proc. Soc. Exp. Biol. Med., 46,
760 (1940); 47, 90 (1941). Bethke, R. M., et al., J. Nul., 21, 85 (1941).

18 McEKlroy and Goss!'” and J. Nut., 20, 527, 541 (1940). Wegner, et al.1'7

119 Wegner, et al. 117, (1940). Winegar, A. I, Pearson, P. B., and Schmidt, H., Science,
91, 508 (1940).

120 McElroy and Goss, 7 (1939), and J. Nut., 21, 163, 405 (1941). Wegner, et al.1'?

121 McElroy and Goss, 17 (1939). Wegner, et al.11?

122 Thurston, L. M., Eckles, C. H., and Palmer, L. 8., J. Dairy Sct., 9, 37 (1926); 12,
394 (1929). Huffman, C. F., et al., Id., 26, 983 (1942).

128 Wilhams, R. J.107

124 Savage, K. 8., and McCay, C. M., “The nutrition of calves”, J. Dairy Sci., 26.
595 (1942).

128 Hopkins, F. G., and Slater, B. R., Biochem. J ., 29, 2803 (1935).

126 Knight, C. A., el al., J. Dairy Sci., 24, 567 (1941).

127 Phillips, P. H., et al., J. Dairy Sci., 23, 873 (1940); 24, 153 (1941). Sutton, T. S,,
et al., J. Biwol. Chem., 144, 183 (1942).

128 The reverse reaction [¢f. Borsook, H., and Jeffreys, C. E. P., Science, 83, 397
(1936). Mopkins, F. G., and Morgan, K. J., Biochem. J ., 30, 1446 (1936)]:

dehydroascorbic acid + 2GSH — ascorbic acid + GSSG

Glutathione is also said to protect ascorbic acid (reduced form) from autoxidation.
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Why does not the guinea pig synthesize ascorbic acid? Because, says
Szent-Gyorgyi'®?, the guinea pig was evolved in the tropics, always surrounded
by ascorbic acid-rich green herbage; survival did not depend on ascorbic-
acid production. Therefore, in the course of evolution this species lost the
ability to produce it, or did not have to develop it. The same argument is
extended to primates, who cannot produce ascorbic acid: they originated in
the tropics.

Only dogs, pigs, and primates were definitely shown to be dependent on
dietary nicotonic acid. It appears that rats and chickens can synthesize
nicotinic acid,'*® without the aid of gastrointestinal flora.!®

It thus seems that therc are species, and perhaps individual differences in
vitamin requirements; one, but not another, for example, develops rickets
under the same conditions of vitamin D and calcium supply. The same is
true of other vitamins.

Moreover, there are interesting supplementary vitamineand substrate rela-
tions. Thus, as is generally known, vitamin D is most effective with a milk
diet, which is the reason for fortifying milk with vitamin 1D. There are similar
supplementary relations between vitamins. Thus biotin is practically with-
out cffect on yeast growth unless pyridoxine is simultaneously added to the
culture medium.'®  Certain rat acrodynias are more casily cured if both un-
saturated fat and pyridoxine are fed than if only one of them is fed.'3  Pyri-
doxine and the essential fatty acids (especially linoleic, arachidonic and lino-
leni¢) supplement cach other.!3

Some, but not other, species or individuals may perhaps possess alternate
catalysts when the normal one is lacking, or be more sensitively receptive to
a given catalyst or to its lack.

Thiamine and riboflavin supplement ecach other, as indicated by the enor-
mous acceleration of urinary riboflavin loss on decreasing the thiamine intake.1?s

Vitamins have many extremely interesting supplementary, antagonistic,
balancing and detoxifying effects.

Thus to cite a few examples, Holmes'® reported that ascorbic acid, in doses
from 250 to 500 mg per day, detoxifies the excessive production of histamine,

120 Szent-Gyorgyi, A. v., ““On oxidation, fermentation, vitamins, health, and discase”’,
The Abraham Flexner Leceture Series 6, Published for Vanderbilt University, by Williams
& Wilkins, Baltimore, 1939.

130 Dann, W. J., J. Biol. Chem., 140, 935; 141, 803 (1941).

131 Snell, 1. E., and Quarrels, K., J. Nut., 22, 483 (1941).

132 Spell, E. E., Eakin, R. K., and Williams, R. J., J. Am. Chem. Soc., 62, 175 (1940).

133 Birch, T. W., J. Biol. Chem., 124, 775 (1938). Richardson, L. R., Hogan, A. G,
and Itschner, K. ., ¢ Vitamin Bs, pantothenic acid, and unsaturated fatty acids as they
affect rat dermatitis’’, Univ. Missouri Agr. Exp. Sta. Res. Bull. 333, 1941.

134 Salmon, W. D, Proc. Am Soc. Biol. Chem., J. Biol. Chem., 140, CIX (1941). Burr,
G. 0., Proc. I'ed. Am. Soc. Exp. Buol., 1, 224 (1942).

135 Sure, B., and Ford, Z., Proc. Fed. Am. Soc. Ezp. Biol., 1, 137 (1942); J. Biol. Chem.,
146, 241 (1942).

138 Holmes, II. N., and Alexander, W., Science, 96, 497 (1942). Sce also Beyer, K. 1I.,
‘“ Ascorbic acid inactivation in animals’’, J. Pharm. Exp. Ther., 76, 149 (1942).
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CsHgN,, associated with hay fever, thereby relieving this ailment ; Carratala!®
observed a detoxicating action of ascorbic acid in gold therapy; Levine!3?
reported that vitamin C corrects in infants a disorder associated with excess
ingestion of tyrosine and phenylalanine; feeding rice bran and yeast extracts
tends to inhibit the development of certain types of cancer.’®® Fat synthesis
in the body is dependent on the presence of all three vitamins—riboflavin,
pyridoxine, and pantothenic acid"®. The dietary need for biotin varies di-
rectly with the consumption of raw egg white (avidin) which binds the biotin,
and there is an interesting interrelation between biotin, pimelic acid, and
avidin (see below, p. 126). Raw fish has a substance which apparently
similarly inactivates thiamine leading to “Chastek paralysis”, a thiamine-
deficiency syndrome resembling Wernicke’s disease in man due to alcoholism.'!
The toxic effects of the sulfa drugs arc antagonized or neutralized by thiamine
and p-aminobenzoic acid“® * (Fig. 6.2). Hyperthyroidism is relieved by
vitamins C and A¥., Methionine or choline and homocystine, detoxify pyri-
dine', forming harmless methyl pyridinium hydroxide. Riboflavin often
exerts a “sparing action” on thiamine®, and so on. We shall presently note
other supplementary relations, such as that of p-aminobenzoic acid and
inositol; pyridoxine and fatty acid; choline and methionine.

There is a curious structural relation between thiamine (B,;), riboflavin
(B:), pyrodoxine (Bsg), and nicotinic acid discussed above.

Williams employed the designation thiamine for vitamin B; because it
contains a thiazole group.

N

|

I

—C
N

But it also contains a pyrimidine or diazine group

C—

I
|
C_
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so that the formula of thiamine hydrochloride is

CH,
N=C.NH,HCI C=—C-CI,CH,0H
| /
CH;-C C——CH,—N
I A\
N—CH C CH—S

The relative functional importance of the two groups, thiazole and pyri-
midine, is discussed by Lipmann.'®

The interesting aspect from the viewpoint of unity in diversity is that ribo-
flavin (vitamin B,) also has a pyrimidine group. In this case, however, the
pyrimidine group is coupled not to a thiazole, but it is a part of isoalloxazine,
as indicated by the formula of d-riboflavin

CHg(CHOH)aCHgOH

\\/\

1)
Ny CO/

A ribytyl group, CH:(CHOH);CH,OH, is attached to position 9; hence the
name 6.7-dimethyl-9-d-ribytyl isoalloxazine.

This substance was apparently first observed by Szent-Gyérgyi'® in his
studies on biological oxidation-reduction systems (not vitamins). Szent-
Gyoérgyli called it flave and cytoflave.

Nicotinic acid (niacin), contains a closely related ring, not pyrimidine,
but pyridine. Indeed, 3-pyridine-3-carboxylic acid amide

1
|
C )
H<|: (lf.c'-Nu2
HC CH
N/
N

is the active antipellagra factor'®, when combined in the body with phos-
phoric acid, adenine and pentose (which together constitute cozymases I and
IT). Nicotinic acid has a —COOH group in place of —CONH,.

165 TLipmann, ¥., Nature, 188, 1097 (1936); J. Am. Chem. Soc., 80, 2674 (1938).

106 Szent-Gyérgyl A, and Banga, 1., Biochem. Z., 246, 203 (1932).

167 Elvehjem, C. A., Madden, R. J., Strong, E. M. d.n(l Wooll(*v,l) W., ¢“The isolation
and identification of the anti-black tongue factor,” J. Biol. Chem., 123 137 (1938).
Smith, D. T., Ruffin, J. M., and Smith, S. G., “‘Pcllagra successfully treated with nico-
tinic acid,” J. Am. Med. Assn., 109, 2054 (1937). Spies, T. D., Copper, C., and Blanken-
horn, M. A, Id., 110, 622 (1938). Elvchjem, C. A., “Relation of nicotinic acid to pel-
lagra,’? Physiol. Rev., 20, 249 (1940).
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Pyridoxine (Bs) also contains a pyridine ring. Pyridoxine hydrochloride is
1-methyl-2-hydroxy-3-4-dihydroymethyl pyridine hydrochloride

CH, 011
C
N
110C C-CI,OIL
I
CILC cit
N\ 7
N
HCI

This is an antidermatitis factor for rats'®® and a growth-stimulant for yeast!®?,
exised tomato roots!’®, and so on. Unlike nicotinic acid, however, pyridoxine
has not (yet) been shown to be a constituent of an enzyme, but it exists in
nature as part of a protein complex, which may be the enzyme.

Pyridoxine deficiency may lead to convulsions'” resembling cpileptic fits in
rats, pigs, and dogs. 1t is also needed by chicks. Pyridoxine appears to be
a factor in hemoglobin formation and fatty acid utilization.!”

It appears to be involved in protein metabolism and in the synthesis of
fat from protein.!73

We thus have two pyrimidine vitamins: thiamine (B) and riboflavin (Bs);
and two pyridine vitamins: nicotinic acid and pyridoxine (Bs).

Coenzymes I and II are pyridine (nicotinic acid) derivatives, composed of
one nicotinic acid, two pentoses (ribose), an adenine nucleotide, and two and
three phosphoric acids, respectively. Ilence the coenzymes I and II may be
called di- and tri-phosphopyridine nucleotides, respectively.

phosphate-ribose-adenine nucleotide niacin
Coenzyme I: phosphate-ribose-nicotinic acid enzyme

The flavoprotein enzymes, such as Warburg’s yellow enzyme, are struc-
turally similar to the coenzymes I and II except that they have riboflavin, a
pyrimidine group, instead of nicotinic acid, a pyridine group. The yecllow
enzyme, for example, is therefore diphosphopyrimidine nucleotide, just as
cozymase I is diphosphopyridine nucleotide :

168 Richardson, L. R., Hogan, A. G., and Itschner, K. F'., “Vitamin Bs, pantothenic
acid, and unsaturated acids as they affect dermatitis in rats,”” Univ. Missouri Agr.
Exp. Sta. Res. Bull. 333, 1941. Lepkovsky, S., “Pyridoxine.” Symposium Biological
Action of Vitamins, Univ. Chicago Press, 1941.
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17t Chick, H., et al., Biochem. J., 34, 595 (1940). Lepkovsky, S., Jukes, T. H., et al.,
J. Nut., 16, 197 (1938); Science, 96, 331 (1942). Vilter, R. W., et al., Nature, 146, 388
(1940) Lee, J. G., and Hogan, A. G., Univ. Mo. Agr. Exp. Sta. Res. Bull. 342, 1942.

172 Birch, T'. W., J. Biol. Chem., 124,775 (1938). Richardson, Hogan, and Itschneri®s,

173 McHenry, Ib. W., and Gavin, G., J. Biol. Chem., 138, 471 (1941).



ENZYMES, MINERALS, AND VITAMINS 125

phosphate-ribose-adenine nucleotide riboflavin
Yellow enzyme:
phosphate-ribose-riboflavin enzyme

There is a striking diffcrence between the amounts of different vitamin
requirements in relation to body size. It appears that the need for the uni-
versally required vitamins of the vitamin B group, which are definitely par-
ticipants in oxidations, such as thiamine, vary in proportion to energy metab-
olism, approximately in proportion to surface area; whereas the specialized
vitamins, such as vitamin A, are probably needed in proportion to simple body
weight.

When the encrgy-metabolism level is changed, the need for these oxidation
vitamins is probably changed proportionately. This was reported by Mills
and by Gyorgy as regards the influence of change of temperature on thiamine
and pyridoxine needs”, by Drill and Overman as regards the influence of
thyroid administration on pantothenic acid needs'’s, and by the Pennsylvania
Experiment Station!’ as regards the influence of exercise on thiamine need.
Fever is known to increase the need for vitamin C.177

The numerical values for the vitamin requirements of different species and
body weights cited in Chapter 20 bear out this statement as far as data are
available.

The following are some of the more recently investigated vitamin or bios
factors.

Pantothenic acid (name derived by R. J. Williams from the Greek meaning
from everywhere, since it was found in most diverse living organisms), of which
the lactone form is7¢ CHy- C(CHj).- CHOIL-CO, and the active form with

L 0O
\U

B-alanine is CH,OII-C(Cll;),- CHOH-CO-NH-CH,-CH,-COOH, a com-
ponent of the “filtrate factor”’ (chick antidermatitis), is a growth-stimulant
for yeast and perhaps for all microorganisms. It is a coenzyme in some fer-
mentation processes.'8

The vitamin H of Gyorgy'® and others was recently found to be identical
with coenzyme R of Allison, Hoover, and Burk!$? identical with biotin,
CoHs03N2S, a urea-thienyl valeric-acid compound.!8?

14 Mills, C. A, Am. J. Physiol., 138, 525, 390 (1911). Gyorgy, P., J. Nut., 16, 69
1938).
( 175 Drill, V. A., and Overman, R., dm. J. Physiol., 136, 474 (1942).

176 Report Office of Experiment Stations, U. S. D. Agriculture for 1941, p. 71.

177 Daum, K., et al., Proc. Soc. Exp. Biol. Med., 40, 129 (1939).

178 Williams, R. J., and Major, R. T, Science, 91, 246 (1940).

179 Lepkovsky, S., and Jukes, T. H., J. Biol. Chem., 114, 109 (1936). Jukes, T. .,
J. Am. Chem. Soc., 61, 975 (1939); J. Biol. Chem., 129, 225 (1939). Woolley, D. W., Wais-
man, H. A, and Elvehjem, C. A., J. Biol. Chem., 129, 673 (1939).

180 Pratt, K. F., and Williams, R. J., “The cffects of pantothenic acid on respnratony
activity,” J. Gen. Physiol., 22, 637 (1939)

181 Gyorgy, ., et al., Sczcnce 91, 243 (1940); 92, 609 (1940); 93, 477 (1941). du Vig-
neaud, V., ¢! al., Id., 92, 62 (1940).

182 Allison, F. K., Hoover, S. R., and Burk, D., Id., 78, 217 (1933).

188 du Vigneaud, V., Id., 96, 455 (1942).
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Biotin, found in milk, egg yolk, liver, yeast, etc., increases respiratory
metabolism in Rhizobium!®, fermentative and respiratory metabolism in
yeast!® protects rats!'$! against the raw egg-white toxic factor!ss, avidinl®,
and chickens against perosis.'® The superficial symptoms in the rat are
eczematous dermatitis involving eyelids and lips and an ischemic gangrene
of the tip of the tail.

A recent sensational observation is that biotin has a procarcinogenic effect
on tumor formation induced by feeding the azo dye butter yellow to rats'®® and
that riboflavin and related vitamins counteract the carcinogenic propertiest®.
Like embryonic tissue, tumor tissue is richer in biotin than normal adult
tissue'®% 1, Pimelic acid may be a biotin precursor, and one is an accessory
growth factor in the absence of the other!®2,

Inositol, a hexahydroxycyclohexane,

CHOH

N
HOHC  CHOH
HOHC  CHOH

CHOH

widely distributed in biological material in the form of phosphoric ester,
(“phytin” in plants, “muscle sugar’’ in animals) is a member of the bios com-

184 Burk, D., Winzler, R. J., and du Vigneaud, V., Proc. Am. Soc. Biol. Chemists, 1941.

185 Boas, M. A., Biochem. J ., 21, 712 (1927). Parsons, H. T., and Kelly, E., J. Biol.
Chem., 100, 645 (1933); Biochem. J ., 81, 433 (1937).

18 Eakin, R. E., Snell, E. IX., and Williams, R. J., J. Biol. Chem., 136, 801 (1940); 140,
535 (1941). Gyorgy, P., et al., Science, 93, 477 (1941).

187 Richardson, L. R., Hogan, A. G., and Miller, O. N, ““Relation of biotin to perosis,”’
Univ. Missouri Agr. Exp. Sta. Res. Bull. 343, 1942. Hegsted, D. M., et al., J. Nut.,
20, 599 (1940); 28, 175 (1942). Jukes, T. ., and Bird, F. H., Proc. Soc. Exp. Biol. Med.,
49, 231 (1942).

188 du Vigneaud, V., et al., Science, 95, 174 (1942). Sce also J. Am. Med. Assn., 118,
982 (1942).

189 Rhoads, C. P, et al., Science, 98, (1941); Cancer Res., 1, 3 (1941).

190 West, P. M., and Waglom, W. H., Science, 98, 525 (1941).

191 Laurence, W. L., Id., 94, 88 (1941).

1 192 dulgsigneaud, V., Barbara Long, et al., Science, 96, (1942). Eakin, R.E.,and E. A,

. P. .
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plex!®® and is one of the antidermatitis and antialopecia vitamins!®*. How-
ever, the alopecia also develops in mice even in the presence of inositol if
there is pantothenic acid deficiency!®®. It appears that mice can synthesize
inositol if pantothenic acid is present!*; the synthesis is perhaps accomplished
by bacteria in the digestive tract.

Inositol deficiency may lead to the “biotin type” of fatty liver in the rat'®?
or, like lipocaie, it appears to prevent the “biotin type” of fatty liver but not
the “thiamine type”.

There is a curious relation between inositol and p-aminobenzoic acid ; addi-
tion of p-aminobenzoic acid often precipitates the inositol-deficiency syndrome,
and vice versa, causing a graying of hair in black rats similar to the graying
due to pantothenic acid deficiency!?s.

p-Aminobenzoic acid,

coon
7

AN
NIL

a member of the bios complex!®®, was announced by Ansbacher?® to be an
“anti-gray hair factor” for black rats fed under certain conditions. Tt is said
that it is not the absolute amount of p-aminobenzoic acid that is important
in this syndrome, but its ratio to pantothenic acid, which controls the growth
of the vitamin-synthesizing powers of the gastrointestinal flora?®. Sure?®
reported that it may be a factor in fertility and lactation in the rat. It affects
tyrosinase activity?%.
Choline, a trimethyl hydroxyethyl ammonium hydroxide,

(CHa)s
N-OH
CH,CIH,OH

198 Basteott, K. V., J. Phys. Chem., 32, 1094 (1928).

19 Woolley, D. W., J. Biol. Chem., 136, 113 (1940); Science, 92, 384 (1940).

195 Woolley, D. W., Proc. Soc. Izp. Biol. Med., 46, 565 (1941).

1% Woolley, D. W., J. Kxp. Med., 76, 277 (1942).

197 (iavin, G., and Mecllenry, E. W, J. Biol. Chem., 139, 485 (1941); Proc. Fed. Am.
Soc. Exp. Biol., 1, 124 (1942).

198 Wisansky, W. A., Martin, Gi. J., and Ansbacher, S., /. Am. Chem. Soc., 63, 1771
(1941).

199 Rubbo, 8. D., and Gillespie, J. M., Nalure, 146, 838 (1940).

200 Anghacher, 8., Science, 93, 164 (1941). Martin, G., and Ansbacher, 8., J. Biol.
Chem., 138, 441 (1941); Proc. Soc. Kzp. Biol. Med., 48, 118 (1941); Proc. Fed. Am. Soc.
Exp. Biol., 1, 98 (1942).

20t Martin, G. J., Proc. Am. Soc. Kzp. Biol., 1, 58 (1942); Am. J. Physiol., 136, 124
(1942).

202 Sure, B., J. Nut., 22, 499 (1941).

203 Angbacher, S., et al., J. Am. Chem. Soc., 83, 1771 (1941).
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closely related to acetylcholine, is a component of the phospholipid lecithin,

phosphoric acid-choline

g]ycerol<fatty acid
fatty acid

is often thought of as a vitamin?%, sometimes as a bios or growth factor since
it is required by some bacteria and as a member of the B-vitamin complex?s,
However, growing rats can synthesize choline*® (see below). It is mostly
known for its catalysis of lipid phosphorylation (formation of phospholipid)
and transport and oxidation®”. Lack of dietary choline (or lecithin, or
certain other methyl-containing groups), however, leads to diverse syndromes,
such as perosis in chicks?®3, impairment of lactation®®? (rats), fatty livers??.210,
hemorrhagic renal lesions?!!, deficient vagus function (inadequate acetocholine
formation )2,

The body is apparently able to synthesize choline provided that the diet
contains “labile methyl” groups?3 24 215 guch as are present in methionine and
betaine. Indeed, it appears that it is not choline that is the important factor
but methyl groups in utilizable form for transmethylation (specific transfer
of methyl groups as needed) and that the methyl groups of choline, methio-
nine, and betaine are thus transferable.

From the above discussions it appears that choline is a “vitamin” in the
special sense that it supplies indispensable methyl groups if the diet is inade-
quate in methionine (below 0.8 per cent methionine; or if casein is the sole
source of protein, less than 30 per cent casein in the diet). Increasing cystine
in the diet, or increasing food intake of any kind, increases the choline require-
ment?%, High-fat and low-protein dicts similarly increase the choline re-
quirements, which if not satisfied may lead to cirrhosis of the liver?”.

6.5: Note on biologic synthesis with special reference to CO, assimilation

20 Best, C. H., et al., J. Physiol., 86, 315 (1936). Gyorgy, ., Ann. Rev. Biochem.,
11, 309 (1942).

205 King, C. G., Ann. Rev. Biochem., 8, 389 (1939).

206 Jacobi, H. P., J. Biol. Chem., 138, 571 (1941).

201 Welch, A. D., Proc. Soc. Exp. Biol. Mecd., 36, 107 (1936); 39, 7 (1938) Chaikoff,
1. L., J. Biol. Chem., 127, 211 (1939), and others.

208 Jukes, T. II., J. Nut., 20, 445 (1940). Jukes and Almquist®.

209 Sure, B., Id., 19, 71 (1940).

210 Best, C. II., Hershey, J. M., and Huntsman, M. E., Am. J. Physiol., 101, 7 (1932).
Best, C. H., and Ridout, J. H., Ann. Rev. Biochem., 8, 349 (1939). Best, C. H., Science,
94, 523 (1941).

a1 Griffith, W. T1., J. Nut., 19, 437 (1940); 21, 201, 633 (1941); 22, 239 (1941).

212 Splandt, D. Y., and Best, C. H., Nature, 144, 376 (1939).

213 Stetten, D., J. Biol. Chem., 140, 143 (1941).

214 du Vigneaud, V., et al., J. Biol. Chem., 134, 787 (1940); 140, 625 (1941).

215 du Vigneaud, V., et al., J. Biol. Chem., 131, 57 (1939) ; 134, 787 (1940); 139, 917 (1941);

140, 625 (1941), and other papers.
216 Griffith, W. H., and Mulford, D. J., J. Am. Chem. Soc., 63, 929 (1941); J. Nut., 23,

91 (1942).
217 Blumberg, H., et al., Science, 93, 598 (1941); Proc. Fed. Am. Soc. Exp. Biol., 1, 187

(1942).
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in heterotrophs. Anabolism, or biologic synthesis, is necessarily coupled
with catabolism, or biologic oxidation, discussed in the preceding sections,
and some of the same oxidoreduction catalysts involved in catabolism are
also involved in anabolism. This section presents a few examples of biologic
synthesis beginning with a brief footnote, by.way of reference to the litera-
ture, on the assimilation of CO,-carbon by heterotrophs.

Winogradsky?# discovered in 1890 that some soil organisms obtain cnergy
by oxidation of ammonia to nitrites, and nitrites to nitrates, and using this
energy for carboxylation, that is, assimilation of carbon from atmospheric
CO,, independently of radiant energy, for building up their tissues (Ch. 2).

The new development is that saprophytic bacteria and certain tissues of
warm-blooded animals thought to be able to utilize only complex organic sub-
stances (carbohydrates, fats, proteins, and their close derivatives) have been
observed to utilize CO,. These investigations have been greatly aided by the
use of isotopes—heavy carbon, C'3, and radioactive carbon, C''—as tracers.

The literature, adequately reviewed?9, indicates three paths of investiga-
tion. First is the fixation of CO; in urea formation by the liver. This was
demonstrated by Krebs?¢ in 1932, confirmed by Rittenberg®! using C'3, and
Evans®?) using C'.

Second is the utilization of CO, in heterotrophic bacteria, discovered by
Wood and Werkman?®*? in 1935 and adequately confirmed®* on propionic acid
bacteria.

Third, Evans and Slotin?% discovered and Wood and Werkman?¢ con-
firmed the utilization of CO, by pigeon-liver tissue; the latter showed that the
CO; carbon appeared in the a-ketoglutaric acid and other acids?’. Wood
and Werkman??® proposed the following equation to represent the assimila-
tion of tagged C into succinic acid (if such occurs), indicating that the carbon
is fixed in the carbonyl group adjacent to the methylenc.

(10, 4+ CH,COCOOH — CBOOICH,COCOOH 5 c800HCIL.CH.COOH + H,0

It appears that CO, may also be utilized by intact higher animals. C"O,
was administered in the form of Nat C"O; and the C'! was found in the newly
formed liver glycogen®?®.

218 Winogradsky, S., Ann. Inst. Pasteur, 4, 213 (1890); 6, 92, 577 (1891).

219 Van Niel, C. B., Ann. Rev. Biochem., 6, 607-8 (1937). Cori, C. F.,and G. T., Id.,
10, 157 (1941). Ball, E. G, Id., 11, 1 (1942). Werkman, C. H., and Wood, II. G., Adv.
Enzymology, 2, 135 (1942); Bot. Rev , 8,1 (1942). Tvans, It A | Jr, Science, 96, 25 (1942).

220 Krebs, H. A., Z. physiol. Chem., 210, 33 (1932).

221 Rittenberg, D., and Waebch, H., Id., 136, 799 (1940).

222 Bvans, B. A., and Slotin, L., J. Biol. Chem., 136, 805 (1940).

22 Wood, H. G., and Werkman, C. H., J. Bact., 30, 332 (1935); Biochem. J., 80, 48

1936).
( 224 )Wood, H. G., and Werkman, C. H., J. Biol. Chem., 135, 789 (1940); 139, 365 (1941).

225 Kvans, E. A., and Slotin, L., J. Biol. Chem., 136, 301 (1940).

226 Wood, H. G., and Werkman, C. H., Id., 139, 483 (1941); 142, 31 (1942).

227 Evans, E. A, Id., 141, 439 (1941); Science.?*®

228 Wood, H. G., and Werkman, C. H., Biochem. J ., 30, 48 (1936); 32, 1262 (1938).

229 Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and Hastings,
A. B., J. Biol. Chem., 140, 171 (1941). Conant, J. B,, et al., Id. 187, 557 (1941).
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In this connection a note may be in order concerning the photosynthetic
assimilation of CO;. Photosynthesis appears?®® to occur in two stages, (1)
CO, fixation and (2) utilization of radiant energy for activating the fixation
process. The first step appears to occur (but perhaps not in similar manner)
in both autotrophs and heteratrophs but, of course, not the utilization of
radiant encrgy in heterotrophs.

In photnsynthesis, Hz0 is the H-donor and CQ, is the H-acceptor. As the
potential difference between the two is 1.2 to 1.3 volts?®, “the wrong side’’ by
about 56 Cal per cquivalent, it follows that at least 56 Cal per equivalent, or
about 670 Cal (56 x 6) per mol hexose, is expended for the formation of hexose.
Chlorophyll is perhaps the hydrogen earrier in the dehydrogenation of H,0.

All the fermentation and oxidation processes, such as:

glycogen—— glucose-— triose —— glyceraldehyde-—— pyruvic acid—— lactic acid

and so on, are, of course, based on previous syntheses. The study of the
synthesis, experimental and theoretic (thermodynamic), is in the initial stage,
although there is an immense literature on the subject, for heterotrophs?®?
as well as for autotrophs.

It may be appropriate to mention an illustration of the reversal of the de-
carboxylation catalyzed by vitamin B;, or rather by thiamine pyrophosphate
or cocarboxylase. The decarboxylation reaction cited was

CII;-CO- COOII — Cll;-CHO + CO,
pyruvic acid acetaldehyde

Now it is believed that thiamine pyrophosphate similarly catalyzes the
reverse process in heterotrophs, namely carboxylation?®*-23, The process is
assumed to be associated with various theoretical “cycles” sponsored by
different investigators as, for example, the “citric acid cycle”’?®® or the “suc-
cinic acid cycle” all beginning with a carboxylation reaction, usually
carboxylation of pyruvic acid, under the influence of various catalysts, of
which carboxylase is one.

There is a great deal of discussion in the literature concerning another type
of synthesis, namely that of glycogen from lactic acid.

Though the idea has not generally been accepted??, Meyerhof?# suggested
that about 25 per cent of the lactic acid formed during intense museular work

230 Ruben, S ) et al., J. Am. Chem. Soc., 62, 3143, 3450, 3451 (1940), Science, 90, 570

(1935) ; Ann. Rev. Biochem., 6, 607-8 (1937).

232 See Werkman  and  Wood?!?,

233 Wood, . (i., and Werkman, C. H., Biochem. J., 32, 1262 (1938); 34, 7 (1940).

234 Krebs, 11. A., and Eggleston, L. V., Id., 34, 442, 460, 1234, 1383 (1940).

235 Krebs, H. A., and Johnson, W. A., Enzymologia, 4, 148 (1937).

238 Taki, K., Straub, F. B., and Szent-Gyoryi, A., Z. physiol. Chem., 247, 1 (1937).

237 Margaria, Edwards, and Dill,”® Sacks and Sacks?.

238 Me;)lerhof, 0., Arch. Ges. Physiol., 186, 11 (1920). Hill, A. V., Physiol. Rev., 2,
329 (1922).
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is completely oxidized during the recovery period, and the energy therefrom
converts the remaining 75 per cent of the lactic acid to glucose or glycogen.
The synthesis of glucose from lactic acid in muscle, and especially in the liver,
was demonstrated long ago®®®. As in the glycolysis of glucose to lactic acid
8o in the reverse process, the first stage is phosphorylation, and the first
product is phosphorpyruvic acid formed from lactic acid?4°.

In addition to Meyerhof’s theory?# of the synthesis of glucose from lactic
acid, others have been suggested?’2. Tentative data and theories are also
available?*? on the formation of triose from phosphoglyceric acid, glucose
from triose, and glycogen from glucose. Similarly, tentative data and theo-
ries are available for reductive amination processes, that is, synthesis of amino
acids from intermediate carbohydrate-metabolism products?, as for the
oxidative deamination processes (Sect. 20.7).

The reaction

CHy-CHNH,-COOH = CH,;-CO-COOH + NH} + 2H* + 2
(alanine) (pyruvic acid)

is reversible?. Thus glycolysis (in the presence of ammonia) may thus yield
alanine instead of lactic acid.

6.6: Summary and appendix. A brief discussion is presented of some of
the mechanisms of biologic oxidation or dissimilation or catabolism, and of
synthesis or assimilation or anabolism. Some of the water-soluble vitamin are
involved in all biologic oxidation, ranging from bacteria to man; the fat-solu-
ble vitamins, on the other hand, appear to be involved in special processes
found only in higher animals.

Biologic oxidation is a stepwise process involving many intermediate steps
and catalysts, as indicated diagrammatically:

glucose — hexose phosphate — intermediate compounds — H,0 + CO,

phosphorylation pyridinoprotein enzymes carboxylase and
catalysts and flavoprotein enzymes cocarboxylase
donors, such as iron-porphyrin enzymes (vitamin B;)
phosphorylases cytochromes

and adenylic cytochromes oxidases, etc.,

pyrophosphate involving vitamins and

inorganic groups.

The oxidation consists in elaborate, stepwise, transfer of electrons from the
clectron donors (substrates) to electron acceptors. The ultimate electron

239 KEmbden, G., ¢t al., Z. Physiol. Chem., 88, 210 (1913). Mcyecrhof, O., Arch. ges.
Physiol., 182, 284 (1920). Lundsgaard, E., ¢t al., Skand. Arch. Physiol., 73, 296 (1936).

240 Ferdman, D. L., and Epstein, S. ¥., Science, 91, 365 (1940).

241 Meyerhof, O., et al., Biochem., Z., 297, 113 (1938). Green, D. K., Needham, D. M.,
and Dewan, J., J. Biochem. 31, 2327 (1937).

22 Kluyver, A. J., Arch. Mikrobiol., 2,245 (1931). Conant, J. B., and Tongberg, C.O.,
J. Biol. Chem., 88, 701 (1930). Hastings, A. B., ¢t al., Science, 91, 421 (1940).

248 See Kalckar’s review, 19411,

24 Adler, E., et al., Biochem. J., 33, 1028 (1939).

246 Wurmser, R., Compt. Rend. Soc. Biol., 128, 133 (1938).
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acceptor in aerobic oxidation is atmospheric oxygen; but in fermentation
the acceptor may be formed by the electron donor. A central feature of
biologic oxidations is that they are coupled with phosphorylation of the
carbonyl groups of the substrate, forming various intermediate phosphate
esters.

The following is a list of definitions of the vitamins, minerals, and their
associated enzymes. The nutritional aspects of vitamins are discussed in
Sections 20.5 and 20.6. See Section 7.8.3 for vitamins and hormones in
green plants.

I. B vitamins or bios

1. Thiamine, vitamin B,, antineuritic factor: Eijkman 1893, Funk 1911; crystallized
by Jansen & Donath, 1926; C,,H,;0N,SCI1-HCI (Windaus 1931) ; a thiazole pyrimidine
synthesized by Williams, 1936. It exists in the organism in the free form and as
component of carboxylase and of cocarboxylase, a thiamine phosphoric ester (Loh-
mann and Schuster 1937) catalyzing the decarboxylation of pyruvie acid to acetalde-
hyde and CO, and also, carboxylation in the assimilation of CQ,.

2. Riboflavin, lactoflavin, vitamin B,: C;7H,0,NOs, (Kuhn, et al., 1934); an isoalloxa-
zine (Kuhn & Karrer, 1935), containing a pyrimidine ring. Exists as: (A) free
riboflavin; (B) ‘‘coenzyme’: (a) riboflavin-phosphate mono-nucleotide and (b)
riboflavin-adenine-dinucleotide; (C) flavoprotein, which is the “coenzyme’ in
combination with protein. The free riboflavin is available to animals after phos-
phorylation. Milk contains the riboflavin mostly in the free and coenzyme forms,
where it is called lactoflavin (Laki, 1933) and cytoflave (Banga and Szent-Gyorgyi,
1932). But egg, liver, ycast, young vegetation, and all rapidly-growing things are
rich in it. The blue B. pyacyaneous color, which disappears on removal of air, in-
dicates its reversible hydrogen-donating and accepting (carrier) functions. The
riboflavin protein enzymes (hydrogen carriers) are exemplified by the ‘yellow
enzyme’’ of Warburg and Christian, 1932, a mononucleotide; d-amino oxidase and
diamine oxidase, dinucleotides; the diphorases, dinucleotides; xanthin oxidase,
glucose oxidase, cytochrome-¢ reductase, mononucleotides, and so on.

While the most conspicuous symptom of thiamine deficiency is nerve disease, that
of riboflavin deficiency is skin (including eye, hair— alopecia—, etc.) disease,
resembling vitamin A deficiency, leading to visual disturbance (often cataract,
corneal opacity or keratitis) pellagra-like dermatitis, cheilosis (seec under pyri-
doxine), scaly desquamation, inflammation of tongue, and so on. However, ribo-
flavin deficiency also results in serious neuropathologic conditions?®.

3. Nicotinic acid, nicotinamide, niacin, PP (pellagra-preventing), G2, CsH:;0:N or
CgH;ON,, pyridine-3-carboxylie acid: found in rice polishings by Funk (1912), who
also thought that pellagra is a nutritional disease, but he did not connect nicotinie
acid deficiency with pellagra. This was done a quarter century later (1937-8) by
Elvehjem, et al., for blacktongue in dogs and by Lepkowsky, Jukes, et al., on man.

This vitamin exists in the form of two coenzymes (or coferments, or cozymases, or
codehydrogenases, or coreductases), coenzyme I, diphophosphopyridine nucleotide,
and coenzyme II, triphosphopyridine nucleotide (Warburg and Christian, 1935).
As for riboflavin coenzymes, the nicotinamide enzymes may exist in combination
with proteins; and as riboflavin enzymes, the nicotinamide enzymes are hydrogen
carriers. In fact the hydrogen or electron is passed from the pyridine enzymes to

246 Shaw, J. H., and Phillips, P. H., J. Nut., 22, 345 (1941).

247 G, after J. Goldberger, the pioneer investigator. See Public Health Reports, 30,
3117 (1915), and many papers thereafter.
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the flavin enzymes. Coenzyme I catalyzes the equilibria, lactate = pyruvate, B-
hydroxybutyrate = acetoacetate, alcohol = acetaldehyde, and so on; coenzyme
II catalyzes the equilibria, citrate = «-keto-glutarate, glucose-6-phosphate ==
6-phospho-gluconate, and so on.

The clinical symptoms are typical skin afflictions, mental confusion, and di-

arrhea.

. Pyridoxine, vitamin Bg, CsHyiOsN (Kuhn, 1938): a pyridine compound (1-methyl-

2-hydroxy-3-4-dihydroxymethyl pyridine, Kuhn and others, 1939), apparently
exists in the body in the form of pyridoxine-protein. The symptoms of pyridox-
ine deficiency in the rat, is a dermatitis or acrodynia, similar to pellagra in man
or blacktongue in dogs; also hypochromic anemia. Goldberger and Lillie, 1926,
designated rat acrodynia factor; Chick, 1930, called it the Y factor; Richardson
and Hogan, 1936, called it vitamin H; Lepkowsky, 1936, called it the I factor; Gyorgy,
1939, called it pyridoxine and vitamin B, which name has been generally adopted.
Pyridoxine appears to cure ‘“‘cheilosis’’, formerly believed to be due to ariboflavino-
sis. Pyridoxine and nicotinic acid appear to be related functionally as well as
structurally.

Both thiamine and pyridoxine are involved in the synthesis of fat from protein24.

. Pantothenic acid, CsH;O:N, [the commercially available salt is Ca(CsH;4NOs).l

a dimethyl butyryl amide (R. J. Williams et al., 1939) : an antidermatitis factor for
chicks (many workers, especially Jukes, 1939, and Elvehjem et al., 1939), growth
stimulator, etc.

. Biotin, coenzyme R, anti-avidin, or anti-egg-white injury factor, antiperosis factor,

vitamin H of Gyorgy, isolated and named by Kogl, 1935, C,oH403N2S, a urea-thienyl
valeric acid compound (du Vigneaud, Gyorgy, et al., 1940-2): Biotin deficiency in
rats is recognized by the “spectacle eye’ syndrome, and dermatitis in chicks, and
other lesions.

. Inositol, C¢ll;20s, hexahydroxycyclohexane (Eastcott, 1928), a carbohydrate deriva-

tive. It is an antialopecia factor (Woolley, 1940), very widely distributed. 1t is a
lipotropic factor (Gavin and McHenry, 1911).

. p-Amino benzoic acid, C;H;0.N, antiachromatricia factor for black rats (Ansbacher,

1941): very widely distributed in biologic material.

. Choline, lipotropic factor (Best et al., 1932): the methyl group is its essential com-

ponent. Like betaine, cholinc has 3 methyl groups. The amino acid methionine,
CH;-S- (CH,)- CHNH,-COOH, also has a methyl group; hence these three sub-
stances can be substituted for cach other. Deficiency of the methyl grouping leads
to “fatty livers’’, cirrhosis of the liver, hemorrhagic kidney degencration, disturb-
ance of lactation and: growth, and paralysis of the suckling young.

Many more members are suspected in the B-complex family, and some have been
proved to be present; but the chemical constitution of these has not yet been worked
out. To avoid confusion, only three of the best known of these factors are cited.
First is vitamin B, or the chick antianemia vitamin discovered and crystallized
from aqueous liver exract by Ilogan and associates?t?. It is a dietary essential
for at least the chick, pigeon, and guinea pig. Vitamin B, may be identical with a
spinach concentrate prepared by Williams et al. and designated folic acid??; it may

248 McHenry, E. W, and Gavin, G., J. Biol. Chem., 138, 471 (1941).
249 Hogan, A. G., Richardson, L. R., and Johnson, P. E., J. Biol. Chem., 119, 1 (1937).

Hogan and Parrott, E. M., Proc. Am. Soc. Biwl. Chem., xlvii (1939). O’Dell, B. L.,
Hogan, et al., Id., 149, 323, (1943). Hogan, Richardson, Johnson, and Nisbet, R. N.,

J.

ut., 20, 203 (1940). Hogan and Kamm, O., Science, 97, 353 (1943). Pfiffner, J. J.,

Hogan, et al., Id., p. 40

. 404.
260 Mitchell, H. K., Snell, E. E., and Williams, R. J., J. Am. Chem. Soc., 63, 2284 (1941).
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be identical with the norit eluate factor of Snell and associates, who called it Lacto-
bacillus caser growth factor?st; it may be related to the ‘‘extrinsic factor’’ of Minot
et al?52, A second of these unknowns on which there is an interesting literature
is the “‘grass-juice factor’’2%, richly present in young grass, good silage, and in milk
of cows fed on young grass or good silage. There was considerable interest in an
“anti-gray hair’’ vitamin first reported on by Morgan?® prepared from the ““filtrate
factors’’. The “filtrate factor’’ referred to above is found in water solutions of
extracts of liver, yeast, rice-bran, and related substances, after removing thiamine,
riboflavin, and pyridoxine by shaking with fuller’s earth. The “filtrate factor’
residue contains, among others, pantothenic acid and p-aminobenzoic acid, which
some claim to be anti-gray hair factors. It appears, however, that premature
graying of hair may reflect any one of many metabolic disturbances due to the lack
of any one of the scveral nutritional factors. To quote from Adolphus Grecly’s
account of his 1881 Arctic expedition: “When rescued at Cape Sabine my hair was
entirely white, probably due to semi-starvation, and darkened again within a year”’.
The mechanism of graying is a fascinating problem at present under investigation.

I1. Ascorbic acid, vitamin C, anti-scorbutic factor, is water-soluble, but it is not con-
sidered to be a member of the B-vitamin or bios family. Like higher animals, some
microorganisms synthesize it, others obtain it from the substrate, and still others
apparently do not need it at all.

The conspicuous symptom of vitamin C deficiency, in susceptible animalg, is
scurvy, a disease long known. Its scientific study on the guinea pig as well as on
man is associated mostly with Holst and Frélich (1907), with Zilva, who obtained
vitamin C in pure form and investigated its properties (1918), and with Szent-
Gyorgyi (1928) and King (1932), who recognized the identity of vitamin C with an
oxidation-reduction biocatalyst. Its chemical configuration was determined in 1933
by several groups of workers. Its empirical formula is C¢HsOs and its structural
formula is variously written as

CO-COH:COH-CH-CHOH-CH,OH

S

While most animals (primates and guinea pigs excepted) synthesize their own
ascorbic acid, its rate of synthesis declines with decline of general vitality due to
poor diet and perhaps advancing age, so that old cattle, for example, benefit by
ascorbic acid injection. It is a powerful general detoxifying agent, and its ad-
ministration is helpful during exposure to toxins, disease, and related stresses.

Citrin, vitamin P (P stands for permeability and for paprica from which an extract
was made) was reported by Szent-Gyorgyi®s as oceurr mg 105Lthe1 with vitamin C

21”2 Snel)l L. K. ,and Peterson W. H., ctal. ,J Bact., 39, 273 1940; J. Biol. Chem., 141,
521 (1941

262 Minot, G. R., Lanccl 1, 361 (1935). Minot and Murphy, W. P.,.J. Am. Med. Assn.,
87, 470 (1926). C.Lstle, B., Harvey Lectures, 30, 37 (1934-5). Castle and Minot,
‘““‘Pathological physiology and clinical dcscnptlon of the anemias,”” New York (Oxford
Press), 1936, Bethel, F. H., ¢t al., “Blood: review of recent literature,” Arch. Int. Med.,
61, 923 (1938), 63 1190 (1939), 84 148 (1939).

3 Hogan G., and Johnson S. R., Proc. Soc. Exp. Biol. Med., 36, 217 (1936).
Kohler, d I‘lvehJem C. A, and Hart E. B, J. Nut., 14, 131 (1037),15 445 (1938) ;
18, 527 (1939), 20, 459 (1940). .

204 Morgan, A. F., Science, 93, 261, (1941). Morgan, A. F., and Simms, H. D., “Grey-
m of fur and other dlsturbanccs due to a vitamin deﬁclency, J. Nut., 19, 233 (1940).

nti-gray hair vitamin deficiency in the silver fox,” Id., 20, 627 (1940).

255 Szent-Gyorgy, A., Nalure, 138, 27 (1936). St. Rusznsk and Benké, A., Science,

94, 25 (1942).
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and having similar functions. It appears to be a component of a hydrogen transport,
or of oxidoreduction system?e.

III. Fat-soluble vitaming
1. Vitamin A, antixerophthalmic factor, is a derivative of carotene, CioHss (Willstitter,
1906). The constitution of vitamin A was established by Karrer, Kuhn and Zech-
meister in 1931, and Kuhn, Iolmes, and others synthesized it in 1937.
The provitamin-A nature of carotene and related substance was demonstrated
nutritionally by Steenbock, 1919. The relation between the two is now believed
to be:

carotinase

1 g-carotene + 2H, 0 - —— —— 2 vitamin A

1n hiver

(CewHis) (CHy0)

However, the physiologic efficiency of this conversion is perhaps below 50 per cent,
depending on specics and other conditions.

The empirical formula of vitamin A is CyoH300Q. The structural formula of vitamin
A (half molecule of B-carotene) is:

CH; CH,

CH, CH,
H.C C-CH:CH-C:CH-CH:CH-C:CH-CH-OH
IIgIC (@-CH:«

CllI,

Karrer received the 1937 Nobel Prize in chemistry for this elucidation.

Vitamin A deficiency leads to many disorders, of which visual and structural
disturbances of the eye and inflammation and injury of epithelial tissues are the most
conspicuous.

2. Vitamin D, antirachitic factor, was rccognized to be distinct from vitamin A by
Mellanby and by McCollum (1919-22). Of ten-odd D vitamins, only two are prac-
tically important, namely Dy (Co7H;0), a 7-dehydrocholesterol activated by ultra-
violet light, and stored in the liver and skin; and D, (C,sH30), similarly activated
(plant) ergosterol, known as calciferol and viosterol. The activation of ergosterol
and cholesterol by ultraviolet light was demonstrated simultaneously by Steenbock
and by Hess (1925). This, of course, clucidates the old observation concerning the
beneficial effect of light on rickets. Vitamin D is produced not by the organism,
but by the action of light on the cholesterol or ergosterol, which are the provitamins,
as carotene is of vitamin A.

Windaus isolated, analyzed, and synthesized 7-dehydrocholesterol from cholesterol
(1932-5).

The most characteristic syndrome of vitamin D deficiency is softening of the
bones, with resulting bow legs, knock knees, pigeon breast, skull-shape abnormali-
ties, and 8o on. This condition of bone softness in the young is called rickets, and
in the old osteomalacia.

3. Vilamin E, a-tocopherol, CasHs00:, is mainly known for its effects on reproduction,
perhaps by way of the pituitary. Hence the designation for the compounds having
this action, as tocopherol, from the Greek for childbearing. The outstanding defi-

2% Wanra, C. A., and Webb, L. J., Science, 96, 302 (1942).
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ciency symptoms in the male rat is degeneration of the germinal cells of the testes
and, therefore, interference with spermatogenesis; in the female rat, interference
with placental function, leading to death and resorption of the embryo (Mattill
and Conklin, 1920; Evans and Bishop, 1922), hence the designation “‘resorptive steril-
ity”’. Many other symptoms have been reported, especially muscular dystrophy
(Evans and Burr, 1928; Goettsch and Pappenheimer, 1930) in rats, rabbits and
guinca pigs and encephalomalacia and exudative diathesis in chicks. Evans and
Burr (1922) recognized the presence of this vitamin (which they called X). Goats
do not need vitamin E. Fernholz worked out its chemical configuration (1937),
and Karrer and several other groups synthesized it (1938).

4. Vitamin K, an antihemorrhagic factor by virtue of the fact that it is the proenzyme
of prothrombin which catalyzes the formation of fibrin (in blood clotting) from
fibrinogen. Hence, deficiency of vitamin K (often due to obstructive jaundice,
biliary fistula, sprue, colitis, liver diseases, etc.) is a frequent cause of intestinal
bleeding. The presence of such antihemorrhagic factor was discovered by Dam
(1930-4). Doisy et al. isolated and synthesized it, as did others (Fieser, Almquist,
Ansbacher and Fernholz). There are several vitamin K substances of which K,
(C31H460:), a 2-methyl-3-phytyl-1,4-naphthaquinone, and K, (C4I;0:), a 2-methyl-
3-difornesyl-1,4-naphthaquinone, are the best known.

5. Fatty acids®’. The essential (unsaturated) fatty acids, formerly designated as
“vitamin F”’, function primarily as “building stones”, like methionine, previously
discussed. Their deficiency produces certain effects similar to vitamin deficiency.

The three major cssential fatty acids are:

CH,CH.CH:CHCII.CH: CHHCH,CH:CH(CH,);COOH (linolenic)

CH;(CH,),CH: CIICH,CH: CH(CH,),COOII (linoleic)

CH,(CH,),CH: CHCIH,CI : CHCIL,CIH : CHCII,CII: CII(CII,) ;COOII
(arachidonic)

Exclusion of these fatty acids leads, in the rat, to (1) scaly skin and caudal necro-
sis; (2) growth retardation; (3) kidney lesions; (4) poor reproductive performance;
(5) high water consumption and high R.Q. The kidney lesions are the most reliable
deficiency symptoms. Usually the higher the fat consumption the higher the need
for the unsaturated acids, as unsaturated fatty acids (linoleic acid) are synthesized
to some extent from carbohydrate. Certain eczemas in humans are said to be asso-
ciated with unsaturated fatty acid deficiency?s8.

It was previously noted!3 (Sect. 6.4) that fat has a sparing action on pyridoxine
and perhaps on several other vitamins. Corn oil is most effective followed by
linseed oil, but not cod liver oil. Corn oil (and presumably others rich in
unsaturated acids) is lipotropic, reducing liver fat?7.

IV. Mineral groups in oxidoreductions

The phosphate group occupies a central position in catabolic and anabolic
processes. Many reactions formerly attributed to or explained by hydrolysis are
currently elucidated more rationally (thermodynamically) by phosphorylation.
The phosphate group is also a component of many enzymes, as of carboxylase, which
is a diphosphothiamine-magnesium protein.

Iron is a component of many hemin catalysts, such as of hemoglobin, cytochrome,
catalase.

The manganese ion activates many reactions, anabolic and catabolic. The Mg,
Mn and Co ions may be interchangeable in some processes.

257 Burr, G. 0., Federation Proceedings, 1, 224 (1942).
268 Hansen, A. E., Am. J. Dis. Child., 63, 933 (1937).
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Magnesium is a component of chlorophyll (as iron is of hemoglobin) and of some
oxidation catalysts, as of carboxylase (sce under phosphate).

Zinc is a constituent of carbonic anhydrase.

Copper catalyzes iron utilization for hemoglobin, and it is a component of many
oxidases (polyphenol oxidase, monophenol oxidase, laccase, ascorbic acid oxidase)
also of hemocyanin, an analogue of hemoglobin in arthropod and mollusk blood.

Cobalt may serve some similar purpose in ruminants.

Calcium appears to be involved in some oxidase activities.

Vanadium may be involved in phospholipin oxidation.

Nitrogen is, of course, a constituent of thiamine, riboflavin, nicotinamide, pyri-
doxine, biotin, pantothenic acid, choline, as well as of the hemins (hemoglobin,
chlorophyll, ¢ytochromes, ete.).

Sulfur is a constituent of thiamine, biotin, and glutathione*.

In addition to the oxidoreduction processes, many inorganic groups are involved
in other types of catalysis, in such physicochemical functions as osmotic pressure,
and for structural purposes.

V. General definitions

Ozidation and reduction: loss and gain of electrons or loss and gain of protons.
It is generally accepted that biologic oxidoreductions are stepwise processes; by
enzymatic electron-transfer systems, the ultimate electron (and hydrogen) acceptor
in aerobic oxidation is atmospheric oxygen, forming H,0; in anaerobic oxidation
(fermentation, glycolysis, internal oxidoreduction) the electron acceptor is formed
by the elcetron dohor. The metabolites undergoing oxidation are the electron
(and hydrogen) donors. The conspicuous catalysts in anaerobic oxidation are pyri-
dine and thiazole enzymes; in acrobic oxidation, also alloxazine and hemin catalysts.

Ozygen debt: anacrobic oxidation in higher animals during intense muscular work
when the oxygen supply is inadequate, and intermediate metabolic products ac-
cumulate. TRecovery occurs when the oxygen supply becomes adequate, and the
intermediate products are oxidized.

Ozidation-reduction poteniial: the clectric potential of an clement in contact with a
solution of its ions at unit activity, referred to that of hydrogen (under standard
conditions) as zero.

Oxidation-reduction indicator: n substance existing in oxidized and reduced form
and changing color with change in the O-R potential.

Phosphorylation: combination of metabolite with phosphate, under the influence
of certain eatalysts (see glycolysis), especially adenyl pyrophosphate, which is the
phosphate “carrier’’. Adenyl pyrophosphate is composed of one adenylic acid,
and two phosphate groups which are ““donated” to the metabolite, thus:

glucose + adenyl pyrophosphate — hexose diphosphate + adenylic acid.
Adenylic acid is involved in alecohol formation from hexose diphosphate, thus:
phosphoric ester + adenylie acid — adenyl pyrophosphate 4+ alcohol + CO,
* Glutathione is a tripeptide consisting of glutamic acid, glycine, and cystein
(CHLSII-CHNH,-COOH). Sulfhydryl is the SI in the cystcinyl group. There is an
immense literaturc on the function of glutathione, which may be summarized, from the
oxidoreduction viewpoint, by,the equation:

2GSII + B —==—= GSSG + Bll;
(glutathione sulfhydryl, (glutathione disulfide,
reduced) oxidized)

Two molecules of —SH (written GSH) are oxidized to one of —S—S— (written GSSG).
This is reversible: glutathione reduces ascorbic acid (after oxidation by ascorbic oxi-
dase), thus serving as an clectron carrier.
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Most electron donors (metabolities) must be phosphorylated as the preliminary
step; for phosphorylation and oxidation are indeed coupled reactions. A possible
example of phosphorylation (Kalckar), forming phosphate-ester bonds, the source
of anaerobic energy (Lipmann):

COOH CcooH (0)
—2H e O)—P—
HICOH Y phosphats”? cﬂ‘ 0—P-OH
HCH, CH, OH
lactic acid phosphopyruvic acid

Glycolysis: conversion of carbohydrate to lactate by a series of catalysts, as
phosphorylase, phosphatase, aldalase, enolase, dehydrogenase, adenyl pyrophos-
phate, Mg+*, Mn**, and others. This, as other intermediary processes, may be
blocked (Lundsgaard, Krebs) in any of its stages by various ‘““poisons’’, such as iodo-
acetate, fluoride, heavy metal, and by certain enzymes as by amylase [Case and
McCullagh, Biochem. J., 22, 1060 (1928); Ronzoni, Proc. Soc. Exzp. Biol. Med.,
26, 178 (1928-8)].

Glycogenolysis: conversion of glycogen to glucose; glycogenesis: conversion of
glucose to glycogen.

Gluconeogenesis: formation of glucose from protein or fat.

Ozidase: enzyme which ““activates’ oxygen (Warburg).

Dehydrogenase: enzyme which “activates’” hydrogen (Wieland-Thunberg).

Carrier: “‘accepts’”” hydrogen and is thereby reduced, and then ‘“‘donates’ it to
another acceptor and is thereby oxidized. “Carriers’’ are thus reversibly reduced
and oxidized.

Dehydrogenation: is the catalytic transfer of hydrogen (by a ‘“carrier’”’ enzyme).

Example: Methylene blue is reversibly reduced (to colorless) by hydrogen and
oxidized (to blue) by oxygen, thus transferring H from donator
(metabolite) to oxygen (Thunberg).

lactio

Example: CH;- CHOH-COOH -4 7520 CH,CHO-COOH + 2H

Proenzyme, prosthetic group: a precursor of an enzyme, formed near the place of the
enzyme action; the active part of an enzyme. Thiamine may be considered as pro-
enzyme or prosthetic group of cocarboxylase (diphosphothiamin protein); nicotinic
acid of coenzyme I (diphosphopyridine nucleotide or simply pyridine protein);
riboflavin of yellow enzyme (flavin-adenine-nucleotide); carotene of vitamin A;
vitamin A of visual protein; vitamin K of prothrombin; cholesterol and ergosterol
of vitamin D; iron of iron protoporphyrin or hemin, as of hemoglobin and cyto-
chrome; copper of hemocyanin and of certain oxidases. Similarly iodine may be
considered as a prosthetic group of thyroxine, and thyroxine a prosthetic group of
thyroglobulin.

Metabolism: the sum total of the chemical changes in the body, including the
building up (anabolic, assimilation) and the breaking down (catabolism, dissimila-
tion) processes. .

Vitamin applications (Ch. 20): (1) understanding biologic oxidoreduction mecha-
nisms; (2) effect on more complete utilization of feed or food for productive purposes;
(3) ““detoxifying effects’ of some of the water-soluble vitamins under certain con-
ditions on, for example, gold, lead, sulfa drugs, alcohol, thyroxine, some bacterial
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toxins, pyruvie, lactic, and acetoacetic acids, histamine (as in hay fever). It is
probable that some cortical-adrenal hormones have similar effects. Unlike thyrox-
ine, excess intake of the water-soluble oxidation-reduction vitamins is apparently
harmless®?, ag it is easily excreted through the kidney and sweat glands. Less is
known about the effects of excessive and vitamins D and A and some other fat-soluble
vitamins.

Quantitative estimation of the need for each of the several vitamins and related
factors is confused by their sparing, synergistic, supplementary and antagonistic inter-
relations. For instance?®, vitamin I (tocopherols and also tocoquinones) retard oxi-
dation of vitamin A and carotene; hence the amount of vitamin A or carotene needed
is reduced by the presence of vitamin I and conversely, deficiency of vitamin E may
result in deficiency of vitamin A. Vitamin E is thus said to have a “‘covitamin A”’
activity?®. Then, too, some nutrients may actually replace others, serving the same
nutritional purpose, acting as ‘‘isotels’’26! (iso, the same; telos, purpose). For instance,
nicotinamide and nicotinic acid are ‘‘isotelic’’; they serve the same purpose in nutrition.
Pantothenic acid and beta-alanine are ‘‘isotelic’’ in yeast nutrition. Choline and meth-
ionine may replace each other in that both furnish methyl groups, and these are also
interrelated with pyridoxine, inositol, essential fatty acids and essential amino acids
in their lipotropic action262. Thiamine appears to be essential for the production of
ascorbic acid in dogs?® and vitamin A is necessary for the production of ascorbic acid
in cattle!?”. Avidin, biotin, and the bacteriostatic substance “lysozone’’ of Fleming and
Allison2% appear to be interrelated?%, (Biotin may be the “‘active’’ principle of lyso-
zone and the avidin acts as “binder’’ in the ‘“‘enzyme’’ system.)

259 Molitor, II., Federation Proceedings, 1, 309 (1942).

2600 Hickman, K. C. D., et al., J. Biol. Chem., 162, 303, 313, 321 (1944). Davies, A. W,
and Moore, T., Nature, 147, 794 (1941).

2601 Williams, R. J., Science, 98, 386 (1943).

262 Beveridge, J. M. R., Id., 99, 539 (1944); J. Biol. Chem., 164, 9 (1944).

268 Govier, W. M., and Greig, M. E., Science, 98, 216 (1943).

264 Thompson, R., Arch. Path., 30, 1096 (1940).

266 Meyer, K., and Laurence, W. L., Science, 99, 391 (1944).



Chapter 7

Metabolic Catalysts in the Efficiency Complex: Hormones

It is the avowed purpose of scientific thought to reduce the number of
mysteries, and its success has been marvelous. J. H. Robinson.

7.1: Orientation. As previously explained (Ch. 6) there is no sharp divid-
ing line between vitamins, i.e., exogenous catalysts taken with the food, and
hormones or enzymes, i.e. cndogenous catalysts produced within the body.
Thus, ascorbic acid is an exogenous catalyst—a vitamin—in man, monkey,
and guinea pig, and an endogenous catalyst in other species examined, in-
cluding the chick embryo (thus excluding possible vitamin C production by
intestinal flora). Likewise, the rat is independent of dietary biotin, folic
acid, nicotinic acid, and vitamin K which some other species must obtain
from food!.

Clearly, only such substances can be vitamins as are not digested during
their passage through the digestive tract and are composed of sufficiently
small molecules to be readily absorbed from the digestive tract into the blood.
The hormones, on the other hand, need not be so stable nor the molecules so
small. The body may have evolved mechanisms for producing internally
such catalysts as could not pass through the digestive tract, such as insulin,
or which could not reliably be obtained from food, as can ascorbic acid in
temperate climate (Ch. G). The peculiarity of some hormones of being de-
stroyed in the digestive tract was not fully appreciated in carly investigations.
Thus about 1914 Robertson, Professor of Biochemistry at the University of
California, formulated an apparently corrcet theory of anterior-pituitary
hormone function in growth?, but he attempted to prove it by feeding pitui-
tary. Evans, Professor of Anatomy at the same institution, however, in-
jected the pituitary substance, with the well-known results to be discussed
presently.

The endocrine glands arc very small bodics (for detailed weights sce Ch. 17). Re-
membeiing that 1 ounce is about 28.3 grams or 1 gram is 1/28.3 ounce, the pituitary in

1 “‘Synthetic diets’’ which support growth and reproduction in the rat do not permit
survival in the monkey or guinea pig even if vitamin C and the other available vitamins
are added. Waisman, H. A., Rasmussen, A. I., Jr., Elvehjem, C. A., and Clark, P. J.,
J. Nut., 26, 205 (1943).

2 Robertson, T. B., ‘“Principles of biochemistry,”” 1919, and ‘“Biochemical basis of
growth and senescence’’, Philadelphia, 1922. Sece, however, Robertson, J. Biol. Chem.,

4, 385 (1916).
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70-kg animals (weight of an average man or sheep) weighs only about 0.6 g, which is
about 0.0008 per cent of the total body weight. Likewise in mature 70-kg animals the
thyroids, one on each side of the trachea, weigh about 6.5 g, which is about 0.009 per
cent of the body weight; the parathyroids, usually four glands imbedded in the thyroids,
weigh together in mature 70-kg animals about 0.2 g; the adrenals or suprarenals, situated
above the kidneys, weigh about 8 g; the gonads, ovaries and testes weigh in mature
man about 10 and 25 g, respectively.

Most glands produce more than one hormone and some have more than one anatomic
part. Thus the adrenals or suprarenals have a medullary (central) part producing
adrenaline and a cortical (shell) part producing adrenocortical hormones. The pituitary,
or hypophysis, has a posterior lobe producing pituitrin (pitressin and pitossin or oxy-
tocin) and an anterior lobe producing especially gland activators or, as they are called,
trophic or tropic® hormones, wherewith it controls many other endocrine glands, espe-
cially the adrenals, thyroids, and gonads. Thus the anterior pituitary controls the
gonads by gonadotropic hormones, or gonadotropins. The gonadotropins stimulate
the gonads (ovaries and testes) to produce sex hormones (estrogen, progesterone,
androgen). The familiar sex processes arc thus controlled direetly by the sex hormones
and indirectly by the anterior-pituitary gonadotropins.

Hormones are said to differ from vitamins and enzymes by their endocrine-
gland origin.  But hormones are not always produced by specialized endo-
crine glands as usually understood. Thus following the early period of
gestation, the sex hormone progesterone is produced mostly by the plgcenta?,
which is not thought of as an endocrine, rather than by the corpus luteum,
the ovarian progesterone-producing endocrine gland. Gonadotropins, nor-
mally produced by the pituitary gland, are produced in great quantities by
the placenta (chorionic and equine gonadotropins) during gestations. In-
deed, the Ascheim-Zondek pregnancy test® is based on the excretion of cho-
rionic gonadotropins in the urine; and these placental or chorionic gonado-
tropins, like the pituitary gonadotropins, function therapeutically in hypo-
genitalism, cryptorchidism, and in growth acceleration’. It appears that
during gestation many pituitary functions are taken over by the placenta?.
Moreover, nerve endings, not thought of as endocrine glands, liberate such
hormones as acetylcholine® and sympathin, and embryonic tissues produce
various categories of hormones (organizers, evocators, etc.).

Some hormones, such as thyroxine may be taken by mouth. Some steride
(sex) hormones may even be absorbed through skin!®, especially mucous

s Corner, G. W., Endocrinology, 33, 405 (1943). Corner prefers ‘‘trophic’’.

4Vcnmng G. K. ,‘md Browne, S. L., Endocrinology, 21, 722 (1937). Hart, G. 1., and
Cole, H. H., Am. J. Physiol., 109 320 (1934).

5 éollip, J. B. Internalwnal Clzmcs 4, 51 (1932). Gurin, S., ef al., Science, 92, 456
1940
( “qzﬂmon U.J.,etal.,J.Clin. Endocr., 2,167 (1942). Burdick, H.P.Id., 33,1 (1943).
7F1nLler R. S et al Id., p. 603 (1‘.)43 ‘
8 Hartman C. (; Proc. Soc. Ezxp. Biol. Mc(l 48, 221 (1941). Newton, W. H., Physiol.
Rev 18, 419 (1938) )
Nachmansohn D., ¢t al., J. Neurophysiol., 4, 348 (1941); b, 499 (1942); 6, 383, 397
1943
( 10 l{/Ioore C.R.,etal., J. Am. Med. Assn., 111, 11 (1938).
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membrane. Most hormones are, however, proteins of high molecular weight
which cannot pass into the body without digestion.

Hormones are also more complex than vitamins in that while many vitamin
reactions may occur in test tubes in the absence of living tissue, hormone
reactions apparently cannot be dissociated from living cells. This explains
the relative abundance of information on the anatomic and physiologic aspects
of endocrinology and scarcity of information on the biochemical mechanisms
of hormone action. Biochemical progress has thus far been confined to the
isolation, identification, estimation, and synthesis of hormones; little is known
about the intimate biochemical hormone mechanisms.

The catalytic functions of hormones appear to be similar to those of vita-
mins. Thus carbohydrate metabolism involves the catalytic participation
of thiamine, riboflavin, and nicotinic acid (Ch. 6), and it also involves insulin,
anterior pituitary factors, corticosterone, and adrenaline. In some cases
there is a known or a guessed functional interrelation between vitamins,
hormones, and enzymes, as for example, between adrenaline, glutathione,
ascorbic acid, and cytochrome c.

The biologic effectiveness is probably of the same order, 1 to millions or
even to billions!, for vitamins and hormones.

There is another intcresting relation between vitamins, hormones, and some
other substances illustrated in Fig. 7.1. The sex hormones, the D vitamins,
adrenal cortex hormones, bile acids, saponins, and some carcinogens are phe-
nanthrene compounds; they contain the cyclopentano-phenanthrene nucleus
(cholesterol nucleus). Many differences, such as those between male and
female sex hormones, are very slight, differing only in saturation, in a side
chain, or even only in the position of a double bond.

In chemical structure vitamin D is similar to sex hormone, and in function
it is similar in some respects to parathyroid hormone (regulating calcium
metabolism). However, sex hormones also participate in calcium and other
forms of metabolism!2,

An inferred analogy between vitamins and hormones relates to what might
be called anti-vitamin and enti-hormone effects of some substances. It is
believed that the sulfa drugs (sulfanilamide, sulfapyridine, sulfathiazole,
sulfaguanidine, sulfadiazine, sulfamerazine, sulfasuxidine, succinyl-sulfa-
thiazole, etc.) owe their anti-bacterial potency to their structural similarity
to an essential bacterial growth factor, as to p-aminobenzoic acid!?® (Fig. 6.2),
and thus compete with p-aminobenzoic acid for an enzymatic system involved
in bacterial growth. There is similar antagonism between sulfapyridine, or

11 Kogl, F., and Tonnis, B., Z. Physiol. Chem., 242, 43 (1936) (biotin, 1 to 400 billion).

Adrenaline is effective in concentrations of 1 to 400 million. The whole human body
contains less than 20 mg of thyroxine.

12 Gardner, W. U., and Pfeiffer, C. A., Physiol. Rev., 23, 139 (1943).

13 Woods, D. D., Brit. J. Exp. Path., 21, 74, (1940). Burton, H., et al., Path. Bact.
64, 407 (1942).
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sterol), cholesterol (animal sterol), calciferol (vitamin D fromn ergosterol), activated
7-dehydrocholesterol (vitamin D from cholesterol), tachysterol (from ergosterol, an
intermediate product between ergosterol and calciferol often used in parathyroid defi-
ciency), progesterone, typical female sex hormones (estrone and progesterone), typical
male sex hormone (testosterone), adrenal cortical hormones (corticosterone derivatives),
bile acid (cholic acid), a typical carcinogen (methylcholanthrene).

Flf) 7.1—Configurational relationship between the formulas of ergosterol (plant

sulfamerazine, and nicotinic acid, both containing a pyridine group. The
sulfa drugs may thus be viewed as antivitamin. There may be similar drugs
inactivating other vitamins, such as pyrithiamine inactivating thiamine!s,

14 West, R., Proc. Soc. Exp. Biol. Med., 48, 679 (1942). Light, R. F., et al., J.
Nut., 24, 427 (1942). Teply, L. J., Axelrod, A. E., and Elvehjem, C., J. Pharm., 77, 207

(1943).
15 Wooley, O. W., J. Biol. Chem., 149, 285 (1943); Proc. Soc. Exp. Biol. Med., 63, 106

(1943). Wyss, O, et al., Id., 155. Wooley and White, A.G.C., J. Exp. Med., 78, 489
(1943).
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It may be cogent to note in this connection that when 2 to 5 per cent sulfur
is added to a chicken ration, the vitamin D in the cod liver oil therein is no
longer effective!®,

There are similar anti-thyroid drugs', thiourea and aniline derivatives,
especially 2-thiouracil (NHCSNHCOCHCH), 2-thiobarbituric acid, and so
on; p-aminobenzoic acid (NH,Cel[;COOH), sulfaguanidine, sulfapyridinc,
sulfathiazole, ctc., which inhibit thyroxine production, perhaps because of
their structural similarity to the thyroxine precursor tyrosine and because
they compete with it for the enzyme system involved in the production of
thyroxine from diiodotyrosine.

These facts and theories on the similarity of the sulfa anti-vitamin drugs and anti-
thyroid drugs lead to the thought that the hormone-like carcinogens, exogenous and
endogenous (as methylcholanthrene, Fig. 7.1) may, perhaps, likewise interfere with the
normal action of some cellular enzyme system!s and thus change a normal cell to a cancer
ccll. Increasing age is often associated with metabolic abnormalities, espeeially of the
scx and adrenal-steride hormones, as judged by increasing age incidence in their dys-
function. This may, perhaps, explain the mechanism whereby castration prevents and
alleviates prostate cancer!® and, perhaps, cancer of other genital tissues. Similarly,
ovariectomy reduces cancer incidence??, and estrogen injection increases it.2° A spec-
tacular associative featurc of prostatic carcinoma is a high concentration of the enzyme
acid phosphatasc in the blood!3; this declines sharply on castration. Castration per-
haps eliminates the production of some atypical sterides associated with aging, which,
analogous to the sulfa drugs in relation to p-aminobenzoie acid or nicotinie acid, inter-
fere with normal enzyme processes. A similar situation may hold for adrenalectomy,
as the adrenal cortex produces many sex-like steroids. The apparent nceessity of
pituitary presence for genital-cancer induction substantiates this suggestion of the
hormone-like nature of some carcinogens, and of their probable competitive interference
with normal function.

The carcinogenic effect on liver of feeding the azo dye “butter yellow’’2! to rats kept

18 Holmes, C. E., Pouliry Sci., 17, 136 (1938).

17 Mackenzie, J. B., and C. G., and McCollum, E. V., Science, 94, 518 (1941); Fed.
Proc., 1, 122 (1942) (sulfaguanidine); Endocrinology, 32, 185 (1943) (sulfanilamides and
thioureas). Richter, C. P., and Clisby, K. H., Proc. Soc. Exp. Biol. Med., 48, 684
(1941) (phenylthiourea), and Arch. Path., 33, 16 (1942). Kennedy, T. II., Nature, 150,
233 (1942) (allylthiourea). Carter, G. S., et al., Nature, 151, 728 (1943) (paraxanthine).
Astwood, K. B., J. Pharm. Exp. Ther., 78,79 (1942) (106 drugs);J.A.M.A.,122,78 (1943);
Endocrinology, 32, 210, 509 (1943). Williams, R. H., and Bissell, G. W., New Eng. J.
Med., 229, 97 (1943); Science, 98, 156 (1943). Gordon, A. 8., ¢t al., Nature, 162, 504
(1943). Martin, G. J., Arch. Bioc., 3, 61 (1943-14).

18 For tumor enzymology, sce Greenstein, J. P., J. Nat. Cancer Inst., 3, 419 (1943).

19 Huggins, C., and Hodge, C., Cancer Res., 1, 293 (1941); Arch. Surg., 43, 209 (1941).
Huggins, C., Science, 97, 504, 541 (1943); N. Y. Acad. Med., 19, 195 (1943). Estrogen
administration is also used instead of castration in prostate hypertrophy. Kakle,
P.J.,etal., J. Urol., 48, 83 (1942), Lane, T. J. D., Lancet, 1, 166 (1943). Neuswanger,
C. H., and Vermooten, V., N. Eng. J. Med., 227, 626 (1942). For contrary results, sce
Kretschmer, H. L., J.A.M.A ., 123, 755 (1943).

20 Loeb, .f., J.AM.A., 104, 1597 (1935); Am. J. Cancer, 30, 47 (1937). Robson,J. M.,
and Bonser, G. M., Nature, 142, 836 (1938). Allen, L., J.A.M.A., 114, 210 (1940).
Geschichter, C. F., et al., Arch. Path., 33, 334 (1942); J.A.M.A., 119, 885 (1942) and
references on the following pages.

21 Sagaki, T., and Yoshida, T., Virch. Arch. Path. Anat., 296, 175 (1935).
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on a riboflavin-low diet was explained by a similar mechanism?2. A metabolic product
of this dye, such as p-aminophenol, probably interferes with normal enzymatic activity,
which in turn may be compensated by adding more riboflavin, preferably in the form
of yeast and liver.

A curious aspect relating to the yeast-liver anti-carcinogenic action of the dye ‘““but-
ter yellow’ is that the vitamin biotin (anti-avidin factor) ncutralizes the protective
effect of the yeast or liver; biotin is procarcinogenic under the given conditions?. We
thus have a fascinatingly complex problem involving interrclations between carcinogens,
hormones, vitamins, and enzymes bearing on one of the most puzzling medical and
biological problems—cancer.

A spectacular type of cancer is one produced in the breast of some strains of mice that
received during suckling a ‘““mammary tumor inciter’’?4, apparently nucleo-protein in
nature. This inciter apparently becomes active only in late life under the influence of
estrogen or carcinogenic provocators?, Similar tumor inciters may, of course, be
absorbed during uterine life. An enzyme-virus theory of carcinogenesis has been
suggested?s.

Cancer incidence is a function of (1) tissue suseeptibility, (2) level or action fre-
quency of causative factor, and (3) time of influence.

The time element?? is, of course, an important factor in cancerinduction. The longer
onc lives, the greater the provocations; the longer the period of exposure, the greater
the probability of a mishap, especially since increasing age is associated with increasing
dysfunction, increasing number and amount of atypical metabolic products, especially
of sex-hormone origin, and cumulative excitation and trauma by the cyclically acting
sex hormones. It has, indeed, been demonstrated?® that heavy repetitive estrogen in-
jection induces genital cancer, especially breast cancer.

While hormones are named by their most spectacular effects, as ‘“sex hor-
mones”’, all hormones are, in fact, general metabolic hormones; they are all
involved in the transformation of energy-matter. Thus the thyroid is in-
volved not merely in energy metabolism but in virtually every process in the
body, including mineral metabolism, sex activity, growth and development,
and so on. The same is true for every hormone; they are all interrelated and
exert wide-spread effects. However, the precise influence of a given endo-
crine depends on the age of the organism and on the scope of interrelation.

22 Rhoads, C. P., et al., Science, 98, 308 (1941); Cancer Res., 1, 3 (1941); N. Y.Acad.
Med., 18, 53 (1942).

23 du Vigneaud, V., Rhoads, C. P., et al., Science, 95, 174 (1942).

21 Bittner, J., J. Cancer Res., 2, 711 (1942); Science, 96, 462 (1942).

% Gardner, W. U., Cancer Res., 1, 109 (1941). Rous, Peyton, J.A.M.A., 122, 573
(1943). For chemical cancmogens see: Fieser, L. F. “Products related to phenau-
threne,” Reinhold, 1936; ‘‘Cause and growth of cancer” , Univ. Pennsylvania Press,
1941. Dodds, E. C., Nature, 148, 142 (1941).

2 Potter, V.R. Cancer Res., 3, 358 (1943). White, P. R., Science, 98, Supplement,
p. 10 (1943); especially Smith, J. L., “Growth” Edmburgh 1932.

27 Cf., Cramer, W.,J.A.M.A,,119 309 (1942); ' Yale J. Biol. , 14, 121 (1942). Bittner,
J. J., et al., Science, 99, 83 (1944).

28 Gardner, W. U., et al., Proc. Soc. Kzp. Biol. Med., 33, 148 (1935). Zuckerman, 8.,
Lacquer, E., et al., Lancet, 2, 1259, 1433 (1936). For review of Edgar Allen’s book, see
Allen, J.A. M. A, 114 2107 (1940) Endocrznoloq v, 30, 942 (1942). Lacassagne, A., Am.
J. C’ancer 37, 414 (1939). Loeb, J. 220 and J. Nat. (’ancer Inst., 1, 169 (1940). Auchin-
closs, H., and Haagensen, C. D., J.A.M.A., 114, 151 (1940); Geschichter,20 (1942), and
many others.
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Thus the early chick embryo does well ecnough without endocrines?, but at
later ages the endocrines and their hormones become crucial. Likewise, the
effect of the pituitary sex hormones (gonadotropins) on sex activity varies
with age®’. Administration of some hormones, including anterior pituitary,
thyroid and sex hormones, may accelerate growth and senescence at the
same time®!.

As regards the scope of interrelation, some important endocrines, such as
the gonads, may be removed with much less effect on general metabolism than

tevebelium
4ypo,0h7:,r>» —
Agduliia ob!onqo’:t\ e

Spinal Covrd

Fons J

Spheno:d bonv

Fig. 7.2a—The pituitary or hypophysis, its position and relative size in 175 to 250
pound hogs (for pituitary weights, see Ch. 17). Figs. 7.2a-d courtesy II. D. Elijah and
C. W. Turner, Univ. Missouri Agr. Exp. Sta. Res. Bull. 357, 1942.

others, such as thyroid, adrenal, pituitary. The extirpation of the pituitary
is particularly serious, throwing out of gear practically all other endocrines
and consequently all productive processes.

The pituitary exerts the widest influence by way of its tropic hormones®
(Figs.7.2and 7.3). Toillustrate, sex activity is controlled by the anterior pi-
tuitary (A.P.) gland. The A.P. claborates, among others, two gonadotropic
hormones: (1) F.S.H. (follicle-stimulating hormone), involved in the matura-
tion of egg or sperm, graafian follicles, and secretion of estrogens; (2) L.H. or
I.C.S.H. (luteinizing or interstitial cell-stimulating hormone, the two appear

39 Fugo, N. W., J. Exp. Zool., 8b, 271 (1940).

30 Selye, H., and Albert, S., Proc. Soc. Exp. Biol. Med., 49, 361; 60, 159 (1942).

31 Silberberg, M. and R., Arch. Path., 38, 512 (1943).

32 Van Dyke, H. B., “The physiology and pharmacology of the pituitary body,”
University of Chicago Press, 1936-1943. Smith, P. E., J.A.M.A., 116, 1991 (1940).

Collip, J. B., Id., 116, 2073 (1940). Engle, E. T., and Levin, L., Id., 116, 47 (1941), and
many others. :
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.

to be identical)® involved in secretion of progesterone and inhibition of estro-
gen secretion, and in males in stimulation of the testicular interstitial cells and
androgen production. Lack of pituitary sex hormones arrest sexual develop-
ment, resulting in such abnormalities as the Frohlich syndrome.

L3LELLLy

A. S. ALOE COMPANY
QORY SUPPLIES

Fig. 7.2d—The pituitary or hypophysis, its position and relative size in 175 to 250
pound hogs (for pituitary weights, see Ch. 17).
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Fig. 7.3a—The position of the pituitary in relation to the hormonal configuration.
Courtesy Dennis T. Mayer, Missouri Agr. Exp. Sta.

Now, just as the pituitary controls gonadal activity by its gonadotropic
hormones, so it controls thyroid activity by its thyrotropic hormone, adrenal
activity by adrenotropic or corticotropic hormone, and so on. Among other
pituitary tropic hormones believed to exist are parathyrotropic, pancreatropic

8 Evans, I, M., et al., Endocrinology, 27, 803 (1940); J. Am. Chem. Soc., 64, 367 (1942).
Van Dyke, H. B., et al., Id., 80, 650 (1942) (L. H. is identical with I.C.S.H.).
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(stimulates insulin production), glycotropic (anti-insulin), diabetogenic (in-
creases sugar production), ketogenic (accelerates fat metabolism and ketone-
body production), lactogenic (prolactin), mamogenic (Fig. 7.3b) somatropic
(growth), and so on. The presence of some of these pituitary tropic hor-
mones, such as the pancreatropic, is still under investigation.

The anterior pituitary is the central mediating station through which vari-
ous environmental factors, such as season (Ch. 8), food supply (Chs. 6 and
20), and psychic stimuli (Ch. 10), control the sex cycle and other neuro-endo-
crine activities.
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Fig. 7.3b—The pituitary in relation to the mammary-gland growth and reproduction.
Courtesy J. P. Mixner, and C. W. Turner, Missouri Agr. Exp. Sta.

Returning to Fig. 7.1, not only are male (androgen) and female (estrogen)
hormones similar in chemical structure but both are exereted in the urine of
males and females. Men excrete about 100 and women about 300 I.U. of
estrogen (female hormone) per day. Between 4 and 7 years the estrogen
excretion in girls is 8 to 10 I.U. a day; between 7 and 11 years, 20 a day, and
about 300 a day thereafter. Boys excrete 20 to 30 1.U. estrogen up to about
14 years, then may increase to 100 (rather than 300 as in girls)?®,

3 Nathanson, I. T., Towne, L. and Aub, J. C., Endocrinology, 28, 85 (1941).
Nathanson and Aub, J. Clin. hzzdoc7 3 321 (194’5 Talbot, N. B., et al., Am. J. Dis.
Child., 66, 364 (1943). Greulich, W. W., et al., Monogr. Soc. Res Child. Develop. Nat.
Res. Council, 7, Serial 33, No. 3 (1942); J. Ped., 22, 518 (1943). The pioneer work is by
Gallagher, T F ,and Koch F. (., J.A.M.A., 108, 586 (1937) (one woman with “‘adrenal

virilism’’ excreted 480 capon units of Imdmgul a day as contrasted to 13-79 in normal
men and 13 to 50 in normal women).
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The androgen (17-ketosteroid) excretion is approximately the same, not
only in boys and girls but also in mature men and women?®®. Gonadotropin
excretion is about the same in men and women®,| in castrated men and post-
menopause women?.

Tt is curious that bulls and stallions exerete very little androgen (male)
hormones—far below the amounts exereted by men and women—but stallions
excrete enormous amounts of estrogen (female hormone)3. The androgen or
estrogen excretion may represent metabolic products rather than direct
gonadal secretions.

Gonadectomized animals excrete estrogens and androgens. Where are
they produced? The adrenal cortex hormones (Fig. 7.1) are chemically
similar to sex hormones and the adrenal cortex may produce sex hormones.
This is confirmed by changed excretion of these hormones in various diseases
of the adrenals.  The adrenal-cortex hormone adrenosterone shows properties
similar to androsterone, the active male sex hormone. The adrenal-cortex
hormone desoxycorticosterone (sodium-retaining factor) is structurally re-
lated to the female sex hormone progesterone, to 21-hydroxyprogesterone;
17-hydroxyprogesterone exerts a physiologic influence similar to the adrenal
cortical hormone corticosterone®.

There is no sharp dividing line between male (androgen) and female (estro-
gen) hormones structurally (Fig. 7.1) or functionally, as indicated by the
stimulating cffect of androgens on females, including growth of the uterus and
other female sex organs?®®, and of estrogens on males™ (when administered at
certain levels under certain conditions). Indeed, even the general design of
male and female sex organs is similar, being homologous (same anatomic
origin) and analogous (similar physiologic function). Thus the ovary and
testes follow a parellel course of development (Fig. 17.4), and sex cannot be
differentiated in the embryo until late in development and sometimes not even
in late life®,

This lack of dividing line may also be illustrated by sex inversion in all
species. 'To cite the best known example on a familiar farm animal®3, a young
female fowl assumes male characteristics on removal of its left (functional)
ovary. [Its right ovary is then virtually transformed to a functional testicle.

3 Aub, ctal?t, Scott, W. W_, and Vermulen, C., J. Clin Endocr., 2, 150 (1943) Koch,
F. C., Biological Symposia, 9, 16 (1942).

3% Varney, R. I'., Kenyon, A. T., and Koch, F. C., J. Clin. Endocr., 2, 137 (1942).

37 Catchpole, I R., et al., J. Clin. Endoc.,2,181 (1942). Hamilton,J B, Anat. Rec.,
88, (1944).

8 Koch, F. (', Biological Symposia, 9, 41 (1942). Doisy, Ii. A., Fed. P’roc., 1, 202
(1942); J.A.M A 118, 501 (1941).

39 Cf., Gordon, . G., J.AM.A. 114, 2519 (1940).

1 Geist, S. 11, J.A.M.A., 114, 1539 (1940); 117, 2207 (1941). Winterstein, M. P.,
Id., 116, 2679 (1911). Salmon, N. J., and Geist, S. 1L, J. Clen. Iindocr., 3, 235 (1943).

1 Beach, F. A.; Endocrinology, 81, 673, 679 (1912).

42 For curious anatomie as well as physiologic sex abnormalities, see Young, H. 11,
“Genital abnormalities”’, Baltimore, 1937.

43 Cf., Koch, F. C., ed., Biological Symposia, 9, (1942). TFor examples of remarkable
inversions in birds, see Danforth, C. 1L, p. 67; in amphibia, Humphrey, R. R., p. 81.
Other examples are given by R. R. Greene, p. 105 and Burns, R. K., Jr., p. 123.
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Crew* reported a “normal” fertile hen spontancously changed to an appar-
ently “normal” fertile rooster. Tt is evident that the female at any rate has
the potentialities of both sexes in spite of differences in chromosome pattern.
Interchanging sex glands in immature male and female rats leads to inter-
change of sex behaviorts. Female canaries (non-singing) assume male court-
ship behavior, including singing, on injecting male hormone®. Injecting
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Fig. 7.4—The influcnce of gestation on growth of rats. Courtesy H. II. Cole and G:
H. Hart, Am. J. Physiol., 123, 589, 1938. Evidently gestation accelerates the growth
of the mother.
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male sex hormone to females shifts toward male fashion, their muscular de-
velopment?, energy metabolism®, clectrolyte picture?®, work capacity®®, and
so on®, including sex behavior®. On the other hand, there is considerable

4 Crew, F'. A. I, Proc. Roy. Soc., 96B, 256 (1923). Sec also Riddle, O., Am. Nat.,
68, 167 (1924). Zowadowsky, M. M., T'rans. Lab Irp. Biol. (Zoopark, Moscow), 4, 9
(1928).

% Stone, C. P., lndocrinology, 24, 165 (1939). Gardner, W. U., ¢t al., Anat. Rec., 76,
249 (1939).

% Leonard, S. ., Proc. Soc. Iixp. Biol Med., 41, 229 (1929). Baldwin, F. M., et al.,
Id., 44, 373 (1940). Fredericks, 1. 1L., /. Acta. Brev. Neer. Physiol. Pharm. Microb.,
11, 24 (1941).

47 Engle, P., Endocrinology, 29, 852 (1941).

48 Sandiford, I., et al., J. Clin. Endocr., 1, 931 (1941).

4 Kenyon, A. T., et al., Endocrinology, 23, 135 (1938). XKorenchevsky, V., et al.,
Nature, 142, 998 (1938).

% Hoskins, R. G., Am. J. Physiol., 72, 324 (1925). Slonaker, J. R., Id., 112, 176
(1935), and others by this author. Simonson, K., et al., Endocrinology, 28, 596 (1941).

St Pratt, J. . A.,J. Clin. Endocr., 2, 460 (1942). Witchi, E., Id., 2, 279 (1942). Allen,
L., JJAM.A., 116, 405 (1941).

82 Koster, R., £ndocrinology, 33, 337 (1943).
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difference in growth rate and in other features in males and females after
both have been gonadectomized®s. There are also prenatal growth differ-
ences between the sexes, that is, before sex maturity’. Is sex determined
by the gonad or is the nature of the gonad determined by the sex of the
individual?

It appears that the urinary steroids may not be functional hormones but
hormonal degradation products. While some hormones, like thyroxine and
adrenaline, are known chemical entities, most are known only by their effects.
Of the many anterior pituitary hormones, only the lactogenic (M.W. about
25,000) have apparently been obtained in definite purity®; and it is not abso-
lutely certain that this hormone, originally called prolactin by Riddle, is the
lactation hormone. Indeed, the effect ascribed to a given hormone may
represent the effect of hormonal degradation produets, or of several hormones,
or perhaps of impurities associated with the hormones rather than of the hor-
mones themselves®,

There is a pendulum type of oscillation between the pituitary tropic hor-
mones and their controlled endocrines. Thus under condition of stress, the
pituitary liberates excessive adrenotropic hormone which induces the adrenal
medulla to produce adrenaline. If the the adrenaline production is exces-
sive, it reacts on the pituitary, depressing production of adrenotropic hor-
mones¥. The periodic sex endocrine activity is an expression of this type of
regulation (Sect. 7.2). Similarly, feeding thyroid depresses the production
of pituitary thyrotropic hormone and therefore depresses thyroxine produec-
tion%8; indeed it atrophies the thyroid. When the blood thyroxine level is
reduced, the pituitary again produces thyrotropic hormone and hence thy-
roxine. Likewise, massive administration of adrenocortical extract depresses
cortin production ; it atrophies the adrenal cortex®®.

Finally, as explained in Chapter 10, there is a remarkable homeostatic
interrelation between the food supply, endocrines, hormones, appetite and
related factors. Thus dietary deficiency in iodine leads to compensatory
hypertrophy of the thyroid ; dietary deficiency in calcium and vitamin D leads

8 Ilatai, S., J. Exp. Zool., 18,1 (1915). Moore, C. R., Biol. Bull., 43, 285 (1922).

8 Hill, A. H., Am. J. Phys. Anthrop., 24, 251 (1939).

8% White, A., Catchpole, II. R., and Long, C. N. H., Science, 86, 82 (1937). White,
Bosnes, R. W., and Long, J. Biol. Chem., 148, 447 (1932). Li, C. II., Lyons, W. R., and
Evans, H. M., Id., 140, 43 (1941). For rccent investigation of adrenocorticotropic and
adrenotropic hormones, see Li, Evans, and Simpson, J. Blol. Chem., 149, 413 (1943), and
Sayers, G., White and Long, Id., p. 425. Tyslowitz, R., Science, 98, 226 (1943) obtained
corticotropin by dialysis and ultrafiltration of pituitary extract. While it is perhaps
protein, its passage through cellophane membrane indicates it to have a much lower
molecular weight than prolactin.

8 Thompson, D. L., Collip, J. B., and Selye, H., Biol. Rev., 16, 1 (1940); J.A.M.A .,
116, 132 (1941). Thompson, K. W., Physiol. Rev., 21, 588 (1941). Sulman, F., J. Ezp.
Med., 66, 1 (1937).

87 Selye, H., J.A.M.A., 115, 2246 (1940) (injecting desocorticosterone acetate and re-
lated steroids as progesterone and testosterone involutes the adrenal cortex).

88 Reforzo-Membrives, J., Endocrinology, 32, 263 (1943).

® Ingle, D. J., et al., Anat. Rec., T1, 363 (1938).
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to compensatory hypertrophy of the parathyroids. The level of endocrine
funection in turn influences food intake, as illustrated by four-fold intake of
calcium following parathyroidectomy, two-fold intake of dietary energy fol-
lowing thyroid-hormone or insulin administration, and so on. Hormones and
diet are closely interrelated (Ch. 10). A most dramatic interrelation is the
influence of lack of certain vitamins, especially vitamin E in the rat® on pi-
tuitary, thus throwing the whole body economy out of gear (Chs. 6 and 20).
The interrelations between the hormones and between diet and hormones are
closer than most investigators appreciate ; hence the apparently contradictory
results and claims by different investigators. Any one of an innumerable
number of components—hormonal, dietary, or environmental—may become
the weak link in the metabolic chain that we call life.

This brings us to the question of whether or not it may be possible to em-
ploy hormones for increasing the productive rates and, therefore, the profit on
agriculturally productive processes. It is obvious that hormones have two
aspects in the efficiency complex. One is illustrated by the extirpation of a
gland taking part in a productive process. Thus extirpation of the sex glands
reduces the reproductive efficiency to zero; but it does not follow that the con-
verse of this process, namely administration of sex hormones to normal ani-
mals, increases the reproductive efficiency. Iikewise, removal of the thyroid
gland in the young stunts growth and development; yet this does not mean
that administration of thyroid hormone to normal young accelerates growth.
Similar statements apply to other endocrines. The organismic view pcint
(Ch. 10) leads to the inference that in the struggle for survival in the course
of evolution, or even in selection by man, the component parts of the body
had to develop so as to function in symphonic harmony of an optimal pattern.
Disturbance of this pattern is likely to cause unfavorable after-cffects, and
therefore reduced efficiency.

However, there are various efficiency aspects, immediate cnergetic and
monetary, and long-range energetic and monetary (Ch. 1). Increase in
immediate efficiency is dependent on greater increase in productive rate than
in maintenance-cost rate. TIncrease in long-range efficiency is dependent on
ahsence of unfavorable after-cffects sufficiently serious to offset the immediate
gain; long-range failure to the animal may or may not be associated with
failure to the animal husbandman. Thus injurious after-effects which are
developed in three years will not affect the monetary profit of the animal
husbandman if he plans to slaughter the animal within two years. 'This
problem is at present under investigation, and it seems best to study the facts
and reserve the judgment.

Under certain conditions hormone administration would definitely be help-
ful. Thus valuable old animals becoming infertile only because of definitely
. % Wieske, B. P., and Bachrach, A. L., Nature (Dec. 4, 1937). Barrie, M. O., Id.,

139, 287 (1938). Singer, E., J. Physiol., 87, 287 (1936). Biddulph, C., and Meyer, R. K.,
Am. J. Physiol., 132, 259 (1941).
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diagnosed hypothyroidism may be helped by thyroid administration. The
pituitary endocrine action of undernourished animals may be depressed be-
cause of the undernourished condition, in which case administration of whole
anterior pituitary substance, supplementing a good diet, may be helpful ; but
it may not be profitable to do so. In brief, we are not in a position to general-
ize on this problem at this time.

With the above organismic, or overall, outline of the hormone problem in
mind, we proceed to consider some details of cach of several endocrine systems.
The endocrine literature is extremely voluminous and is growing very rapidly.
This chapter does not attempt to cover the literature, but cites only a few
illustrative examples, especially in their bearing on the efficiency complex.
The current literature can be followed most easily with the expertly critical
reviews in the Annual Reviews of Phystology, Annual Reviews of Biochemistry,
Physiological Reviews, Advances in Enzymology, and especially the Journal
of the American Medical Association which emphasizes endocrinal applications
as well as the involved theory. Most original researches are reported in
Endocrinology and in the Journal of Clinical Endocrinology.

The following sections are intended to supplement this broad introductory
outline of the hormone field.

7.2: Hormones in reproduction and lactation. "There is an cnormous litera-
ture®! on the endocrines, hormones, and hormonic mechanisms of reproduc-
tion, including lactation.

There are many sex hormones, male and female, but, as alrecady noted, they
all contain the cyclo-penteno-phenanthrene or the cholesterol nucleus® having
the formula

which may be considered as a derivative of the three 6-carbon ring phenan-
threne, to which is fused the fourth 5-carbon ring.

In its unsaturated form the nucleus offers many points of attachment for
side groups in various sequences. This nucleus is, therefore, the mother sub-

61 The standard technical work is ‘‘Sex and Internal Secretions,” by many authors,
edited by Edgar Allen, Baltimore, 1939. The most fascinating popular book is “Hor-
mones in Human Reproduction’’, by G. W. Corner, Princeton Univ. Press, 1942.

82 Cf. Koch, F. €., in Allen®; Hopkins, F. G., Dodds, . C., Parkes, A. S., Ruzicka,
L., Cook, J. W., Reichstein, T., and Todd, A. R., “Synthetic organic chemistry in
biology and medicine’’, Nature, 142, 524 (1938). Fieser, L. F., “Chemistry of natural
products related to phenanthrene’”’, New York, Reinhold Publishing Corp., 1937, and
Am. J. Cancer, 84, 37 (1938). Bills, C. E., Physiol. Rev., 16, 1 (1935); ‘“‘Quantitative
Biology’’, Vol. 5, 1937.
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stance of many compounds, including androgens or male sex hormones (testo-
sterone, androsterone, and dehydrosterone, the last two probably being uri-
nary excretion products of the first); female sex hormones (ovarian follicular
hormone variously called estrone, theelin, progynon, menoformen, estradiol,
theelol or estriol, equilin, progesterone®); corticosterone®* (hormone from
adrenal cortex); vitamin D; bile acids; saponins; embryogenic organizers;
carcinogens, and so on (Ifig. 7.1).

The chemical differences in the various sex hormones are due mostly to differences
in substitutions in positions 3, 5, 17 in the above nucleus, and in stereochemical con-
figuration. The difference between estrone and progesterone is that the former has an
HO— in position 3, the latter an O==and by some minor differences in positions 10 and
17. The difference between testosterone and progesterone is only in position 17: Pro-
gesterone has the CO-CII; group, testosterone the H-OH group. The difference be-
tween corticosterone and progesterone is that the former, but not the latter, has an
OII in position 1 and in position 17; corticosterone has an CO-CILOH group, while
progesterone, a CO-CII; group. Indeed, corticosterone exhibits progesterone-like
activity®, It is impressive to contrast the unity of basic structure and wlttmate func-
tion, with the diversity in immediate function,

While the natural sex hormones are built about the phenanthrene nucleus, a synthetie
estrogen, diethyl stilbestrol (“stilbestrol’’), synthesized by Dodds®, namely,

HO—< >—C=(|]—-—©—OII
l

C.Ils  C.ls

which does not contain the phenanthrene ring, is at least twice as potent$” an estrogen
as the natural estrogen estrone. The formula of stilbestrol may be rearranged to appear
like estrone with two incompleted positions. This does not, however, work out with
3-dimensional models.

An enormous literature on stilbestrol has grown up®® since the appcarance of the
paper by Dodds, Goldberg, Lawson and Robinson in 1938. Stilbestrol has remarkable
growth-stimulating propertics on the uterus of immature rats and on the mammary
gland® 79 and has lactation-initiating properties?’®. Stilbestrol, however, depresses

83 Progesterone appears to be androgenic. Clausen, H. J | Endocrinology, 81, 187
(1942). There is some antagonism between estrogen and progesterone as presently
explained.

b Wintersteiner, O., and Smith, P. IX., Ann. Rev. Biochem., T, 253 (1938).

8 Robson, J. M., J. Physiol., 96, 83 (1939).

¢ Dodds, E. C., Goldberg, L., Lawson, W., and Robinson, R., Nature, 141, 247 (1938).

87 MaeBryde, C'. M., Dreedman, R., Doeffel, 1., and C‘astrodale, D., J.A.M A, 115,
440 (1940). )

68 “Diethylstilbestrol” (annotated bibliography), Merck & Co., Rahway, N. J., 54
pages, October 1940.

09 Jacobsen, K., and Skaarpp, C. 8., Acta Path. Microb. Sci., 16, 359 (1939).

7 Folley, S. J., Watson, H. M. 8., and Bottomley, A. C., J. Physiol. (May 14, 1940)
p. 15 (1 per cent ointment was applied thrice weekly to the udder of a virgin goat.
After a 30-day latent period, milk production increased to 1500 cc per day, the Iactation
curve resembling a normal lactation curve). Lewis, A. A., and Turner, C. W., Paper
presented before the Am. Soc. Animal Prod. Nov. 28, 1940, and Endocrinology, 31, 520
(1942). Stilbestrol stimulated rapid growth of the mammary duct system comparable
to that caused by natural estrogen. Lactation was induced in goats up to 600 ce.
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lactation after it is established™. The effect of the stilbestrol is assumed to be by way
of the pituitary. More recently another synthetic estrogen, octofolin? (a phenyl-ethyl-
hexane), less toxic for a given estrogenic effeet than stilbestrol has come into use™.

The chemistry of the sex hormones thus appears simple in general design.
The physiology of the sex cycle differs with the species: some breed only dur-
ing certain seasons (Ch. 8), others only at approximately monthly cyeles, still
others at 5-day cycles, and so on. We are most familiar with the monthly
and shorter cycles’™ in non-scasonal breeders.

As previously noted, the female sex eycle is controlled by the interplay be-
tween two classes of hormones: (1) the pituitary or gonadotropic hormones,
which stimulate the ovary to produce estrogenic hormones; (2) the estrogenic
hormones produced by the ovary under the influence of the pituitary gonado-
tropic hormones. These estrogenic hormones depress the pituitary produc-
tion of gonadotropic hormones; the activating stimulus for the ovary to
produce estrogens is thus removed. In this way there is brought about an
oscillatory or periodie cycle of high pituitary gonadotropic hormone production
and high ovarian estrogen production. This cycle continues from puberty
until the menopause’, when the ovary ceases to respond to the high gonad-
otropic hormone. Gonadectomy in either sex, or absence of sexual develop-
ment, is associated with a permanent clevation of gonadotropin excretion’.

The estrogenic hormones are very concentrated in the cgg follicles (ovarian and
graafian follicles).  Allen and Doisy (1922) injected the fluid from these follicles into
castrated mice and rats, bringing about the cycle without the presence of the ovary.
The course of the cycle is followed most easily by changes in the appearance of the
vaginal smear (Stockard and Papanicolaou, 1917) and is used for estimating the poteney
of the estrogen hormone (Iidgar Allen and Doisy, 1922). This method for assay of the
hormone led to its ever greater purification and final isolation (Doisy, 1929).

The steps in the estrus eyele are roughly as follows:

(1) Beginning with puberty, the pituitary (gonadotropic hormones) acti-
vates the ovary (and perhaps other tissues) to produce estrogen hormones

(2) The estrogen hormones stimulate growth of most sex organs, especially
the ovarian (graafian) or egg follicles, ripening of the eggs, ovulation, 7.e.,
shedding of the eggs from the ovarian follicles, and the phenomenon of estrus™.
Estrus is what farmers call heat, or sexual receptivity, when fertilization may
oceur,

t Turner, C. W., and Mixner, J. P., unpublished data.

2 Blanchard, W. W, et al., Endocrinology, 32, 307 (1943).

3 Tufford, A. R., J.A M.A., 123, 259 (1943). Roberts, H. K., et al., Id., p. 261.

7 Cf. Guthrie, Mary J., “Reproductive cycles in animals,” Growth, 3, 261 (1939).

75 Sub-human or sub-anthropoid species, apparently, do not have a menopause
(sudden cessation of reproductive activity); the reproducing ability seems to decline
gradually until the end of life. Also human males do not appear to have a sudden cli-
macteric comparable to the menopause in women, but a gradual decline.

7 Varney, R. I, et al., J. Clin. Endoc., 2, 137 (1942). Albright, F., et al., Am. J,
Med. Sci., 204, 625 (1942). Heller, C. G., et al., J. Clin. Endoc., 8, 573 (1943).

77 “Estrus (or oestrus) means ‘periodic sexual excitement of the female,” but estrum
means any recurrent excitement,”” G. W. Corner, Science, 86, 197 (1937).
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(3) After the eggs are shed from the egg follicles, the latter become endo-
crine organs called corpus lutea, producing another hormone, progesterone,
which controls the implantation and nourishment of the fertilized egg in the
uterus, including formation of the placenta. .

(4) If no fertilization occurs, this growth of the utcrine bed degenerates,
and this whole elaborate receptional structure for the fertilized egg is swept
out. In man and most anthropoids, this sweeping out, called menstruation,
is dramatic because of the hyperemia and bleeding of the endometrium
(lining of the uterus). In other species, it passes unnoticed, without bleed-
ing; these species do not menstruate. It is curious that those species that
have a marked estrus do not have marked menstruation, and conversely.

Women have menstruation, that is, a visible bleeding, or sweeping out of the recep-
tional set-up in the uterus, but no cstrus, that is, no sexual excitement at the time of
ovulation. They are, indeed, unaware of the time of occurrence of ovulation™. Ovu-
lation in women usually occurs sometime between the eighth and twentieth day after
the beginning of menstruation, when fertilization can occur. In farm and laboratory
animals other than anthropoids, fertilization can occur only during cstrus, that is,
during sexual excitement, which coincides with ovulation.

If the egg is not fertilized, the decline of estrogen hormone production by
the ovary releases the pituitary to produce more gonadotropic hormone, and
the whole elaborate sex cycle is repeated.

This brief outline illustrates the balance between the gonadotropic and es-
trogen hormones. The cyclic nature of sex activity is thus a pendulum-like
oscillation between pituitary and ovarian activity. This discussion also
illustrates the general design and sequence of the processes: egg follicle be-
comes the corpus luteum after the discharge of the egg, and this structure,
which previously produced estrogen (in the follicular solution) for producing
estrus in the female, now produces progesterone for producing the housing
facilities for the young. Though differing in function, the progesterone is
chemically similar to estrogens and androgens; by a slight change the same
material serves as estrogen, as progesterone, as androgen, and as one of several
other hormones (Fig. 7.1).

But this is not all. When the infant is born it has to be nourished ; thus it
comes about that at puberty, when the ovary becomes sensitized to the pitui-
tary gonadotropic hormone and produces estrogen hormones, the estrogen,
which is instrumental in maturing the sex organs and ripening the eggs, also
acts on the mammary gland causing it, especially the duct system, to grow
rapidly. The development of the mammary gland, the apparatus for nourish-

8 See, however, Rosenzweig, S., J. Clin. Endocr., 8, 296 (1943), indicating shiftin
psychic attitudes from the pre- to the post-ovulative phase. For cyclic temperature an
metabolism changes, see Rubenstein, B. B., Endocrinology, 22, 41 (1938). For an elcctro-
metric method of timing human ovulation, see Langman, L., and Burr, H. 8., J. Heredity,

83, 223 (1942). Too many factors, however, influence the electric potential difference
to make it significant [Snodgrass, J. M., Am. J. Physiol., 140, 394 (1943)].
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ing the young, is thus synchronized with that of the sex organs, the apparatus
for producing the young.

The milk-secreting alveoli (terminal-chamber) stage of the mammary gland
is perfected during gestation under the influence of the progesterone hormone,
the same hormone which controls the production and maintenance of the re-
ception and nutritional chamber for the embryo. It should be noted that the
effects of the various hormones are confined to specific tissues at definite ages,
in definite states of competence to react to the given hormones. The “logis-
tics”—to employ a current military term—of this process thus appear to be,
so to speak, arranged with foresight, economy, and the ultimate in perfection
of timing. One is tempted to carry the logistics of this reproductive cam-
paign both backward, to the emotional (ncuro-psychologic) mechanisms which
bring male and female together with all the familiar courtship devices and all
the far-reaching social implications, and forward not merely to the production
of milk, but also to the development of maternal behavior, found in mice as
well as men. These emotions are apparently under the control of neuro-endo-
crine mechanisms™, It is interesting to note that in some species, pigeons
for example, milk production (pigeons produce about 10 g “pigeon milk” a
day similar in composition to rabbit milk—65 to 80 per cent Hy0, 13 to 19
per cent protein, 7 to 13 per cent fat, 1.5 per cent ash) and brooding are shared
by both parents, and that for their proper functioning the male must have
testes as females must have ovaries. The gonadotropic hormones are prob-
ably the same in malec and female, and, as noted, the testicular hormones
differ only In detail from the ovarian sex hormones.

The discovery that ovarian activity is controlled by anterior-pituitary hormones
was made by Smith and Engle” and Zondek and Ascheim®. This pituitary control
of gonadal activity is demonstrated by: (I) hypophysectomy, which is followed by
cessation of sex function, and restoration by pituitary implants®!; (2) naturally sterile
dwarfs (mice) become fertile on pituitary implantation®?, (3) implantation of mature
pituitary tissues? or injecting gonadotropic preparation®! (or testosterone proprionatess)
in infant chicks or rats results’in extreme sex precocity (sex “maturity” in 15-day old
mice or 10-day old chicks). Cushing?® obscrved some thirty years ago that hypophysce-
tomy is followed by atrophy of the gonads.

So many hormones are referred to the anterior lobe that one wonders whether there

78 Riddle, O., Proc. Am. Phil. Soc., 76, 521 (1935).

79 Smith, P. E., Proc. Soc. Ezp. Biol. Med., 24, 131 (1926); Smith and Engle, 1. T.,
Am. J. Anat., 40, 159 (1927).

80 Zondek, B., and Ascheim, 8., Arch. Gynak., 130, 1 (1927).

8t Smith, P. K., Proc. Soc. Exp. Biol. Med., 24, 337 (1927); J.A.M.A., 88, 158 (1927);
Am. J. Anat., 46, 205 (1930).

8 Smith, P. 5., and MacDowell, E. C., Anat. Eec., 46, 249 (1930); 50, 85 (1931).

8 Smith, P. B., Proc. Soc. Exp. Biol. Med., 24, 131 (1926); Am. J. Physiol., 80, 114
(1927); Engle, E. T., Am. J. Physiol., 88, 101 (1929); Endocrinology, 16, 405 (1931); 16,
506 (1932). For age of normal sexual maturity in mice, see Engle, I5. T., and Rosasco,
J., Anat. Rec., 36, 383 (1927). .

8 Domm, L. V., and Van Dyke, H. B., Proc. Soc. Exp. Biol. Med., 30, 349 (1932).

8 Hamilton, J. B., Endocrinology, 33, 53 (1938).

86 Cushing, H., “The pituitary and its disorders,”” 1912.
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are special tissues that secrete each of the hormones. Warbritton and McKenzie??
reported the recognition of nine morphologically different types of cells in the glandular
lobe of the anterior pituitary of the ewe8®, The anterior pituitary appears to have
(1) chromophobe cells which do not stain well, and (2) chromophil cells which do stain
well.  Of the latter, there are (2a) acidophil cells which stain by acid dyes, and (2b)
basophil cells which stain by basic dyes. The lactogenic and growth hormones are
attributed to the acidophils, the gonadotropic to the basophils. The growth-hormone
production is attributed to the acidophils because of their absence in dwarf-mice8?
pituitaries and their overabundance in ““giants’’86,

As previously outlined, under the influence of the pituitary gonadotropic hormones,
the gonads (testis, ovary) produce sex hormones which control the growth of sex tissues,
including mammary gland, secondary sex characteristics, and sex functions in general.
The male (testis) hormones are the androgens; the female (ovarian) hormones are of two
kinds: (1) estrogens produced mostly in the ovarian follicles, controlling the estrus
cycles, including ovulation and mating, and (2) progesterone produced by the corpus
luteum, controlling implantation and nutrition of the fertilized ovum. The estrogens
are produced under the influence of the (pituitary gonadotropic) follicle-stimulating
hormone, or F.8.H.; progesterone is produced under the influence of the (pituitary
gonadotropic) luteinizing hormone, or L. H., identical with 1.C.S.H. (interstitial cell-
stimulating hormone).

The terminology of the sex hormones is involved??, as indicated by the following out-
line, which is by no means generally accepted.

The known female sex hormones are: (1) estradiol, the active estrogen principle in the
ovaries; (2) estrone, or theelin, produced from estradiol in the ovaries, is found in blood
and urine in males as well as in females (corpus luteum, placenta); (3) estriol, or theelol,
produced from estrone in the uterus (the conversion does not occur in the ovari-
cetomized), constitutes about 80 per cent of the estrogen in pregnant urine; (4) equilin,
and its isomers hippulin and equilenin, have thus far been found in mare urine only.

Assays for sex hormones arc growth responses of specialized tissues. Thus the
Corner-Hisaw test for progesterone is the growth response of the uterine endometrium;
the Allen-Doisy test for estrogen is a growth response of the genital tract including
estrus production; the Koch test for male sex hormones is the growth response of comb
and wattles of the capon. A test of another category is that for acctylecholine which
estrogens release in the uterus. The latest pregnancy test?! in humans consists in
administering prostigmine, which activates the acetylcholine and leads to hyperemia
and consequently induces menstrual flow provided the subject is not pregnant.

It was noted that the placenta produces gonadotropic hormone. The time curve
of its production with the advance of the period of gestation has been worked out for
cattle®? and women®. The following, for women?, is timed from the first day that the
menstrual period is missed.

- 4 days
Days 3 14 22 36 46 55-66 80 99 after birth

Urinary Hor-
mone per day| 150 65,000 | 125,000 | 1,040,000 | 260,000 | 130,000 65, 000 10, 400 0

87 Warbritton, V., and McKenzie, F. F., Univ. Missouri Agr. Exp. Sta. Res. Bul. 257,
1937.
88 Schooley, J. P., and Riddle, O., “The morphologic basis of pituitary function in
pigeons’’, Am. J. Anat., 5, 313 (1938).

89 Smith, P. K., and MacDowell, I. C.52 (1930).

2 Frank, R. T., J.A.M.A., p. 1504 (April 20, 1940).

91 Carapetyan, ., J.A.M.A., 122, 81 (1943). . . .

92 Purner, C. W., Frank, A. H., and Nibler, C. W., Univ. Missouri Agr. Exp. Sta.
Res. Bull. 150, 1930.

9 Evans, H. M., et al., J'A.M.A., 108, 287 (1937).
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The Aschcim-Zondek pregnancy test previously explained is a test for these urinary
gonadotropins. The function of the placental gonadotropins, perhaps, is to stimulate
the corpora lutea.

As regards lactation, Grueter and Stricker® in Strasbourg and Corner® in this coun-
try demonstrated that this process is under the control of the pituitary.

Some investigators®® maintain that milk secrction is the resultant of the action
of a series of distinct pituitary hormones: (a) lactogenic, which regulates milk produc-
tion by direct influence on the secreting cells of the mammary gland, and (b) several
metabolic hormones for protein, carbohydrate, fat, ete., each of which regulates milk
production by its influence on a particular milk precursor. Other investigators? main-
tain that the samc biochemical entity which stimulates milk seeretion by mammary
cells, i.e., the lactation hormone, also shows other hormonal propertics, among which
may be: (1) calorigenic in conjunction with the pituitary thyrotropic hormone; (2)
calorigenic in thyroidectomized animals; (3) diabetogenic®”; (4) crop-secretion stimu-
lant in pigeons; (5) releaser of brooding instinet in fowls and maternal behavior in rats?,
sustainer of liver, pancreas, and intestines in pigeons; (6) participator in acceleration
of growth. However, these may be due to impurities associated with the lactogenic
hormone. The “lactation hormone’ is customarily assayed by its influence on crop
gland growth?® in pigeons of either sex rather than by its milk-stimulating property.
The theory that the same substance which stimulates mammary-gland cells to produce
milk also induces maternal behavior gives a functional unity to a diversity of
phenomena,

The mechanism of mammary-gland growth is at present under investigation.
The following notes represent the ideas of my department colleagues!®® as sum-
marized in Fig. 7.3b. The mammary gland is made up of several components, including
the stromal connccting tissues which house the vascular system and glandular tissue,
and the parenchymatous tissue (ducts, alveoli, lobules, cte.)—the milk-conducting and
-scereting tissues.

As regards the parenchymatous tissues, at birth they usually consist of the primary
ducts from which sccondary duets have sprouted. The mammary duct tree develops
during the recurring estrous eyeles of puberty while the mammary lobule-alveolar system
(terminal-chamber secreting system) develops during the first half to two-thirds of
pregnancy. The hypertrophy of the gland preceding parturition is not duc to growth

9 Turner, C. W., in Edgar Allen’s ““‘Sex and Internal Seeretions.”’

% (‘orner, G. W., in Edgar Allen’s “Sex and Internal Secretions.”

9% Riddle, O., Cold Spring Harbor Symposia on Quantitative Biology, b, 218 (1937);
Ann. Rep. Dir. Dept. Genetics, Carnegie Institution of Washington, pp. 52-62, Decem-
ber 1937; also Sei. Monthly (August, 1938).

97 However, Bergman and Turner reported [Endocrinology, 22, 619 (1938)] chemical
separation of lactogenic and carbohydrate-metabolism anterior-pituitary hormones.
Also, Bergman, A. J., and Turner, (". W., J. Dawry Sci., 23, 1229 (1940).

98 Riddle®®. However, Leblond and Nelson [Am. J. Physiol , 120, 167 (1937)] reported
maternal behavior in hypophyscectomized animals.

9 Bates, R. W., Cold Spring Harbor Symposia on Quantitative Biology, 6, 191 (1937).
Lyons, W. R., Symposia on Quantitative Biology, b, 198 (1937). The discovery of this
crop test and that the pituitary extract that contains the lactogenic hormone is identical
with the extract that gives this crop test are due respectively to Riddle, 0., and
Braucher, P. F., Am.J. Physiol., 97, 617 (1931), and Riddle, Bates, R. W., and Dykshorn,
S. W, Id., 106, 191 (1933). Riddle named this pigeon-crop factor “prolactin’. Others
named it Iater galactin, lactogen, lactogenic hormone, mammotropin, and so on. One
cannot be certain of the role of this factor in milk production, since milk production is
dependent on many interrelated hormones, for example, thyroxine and cortin factors.

100 Mixner, J. P., and Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. Bull. 378,
1943. C. W. Turner in Edgar Allen’s ‘“Sex and Internal Secretions’”. Riddle, O.,
J.AM.A., 116, 2276 (1940).
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but to swelling with secretion. There is apparently little growth of the gland during
lactation, unless pregnancy occurs simultancously, in which case there may be additional
gland growth.

It is now gencrally believed that mammary growth is under direct pituitary control.
Corner!® was the first to report that he observed development of the mammary glands
of young castrated rabbits under the influence of injections of an alkaline extract of
sheep anterior pituitary. Turner et al.1%? first demonstrated that the presence of the
pituitary is essential for mammary growth, the ovarian hormones being ineffective in
the absence of the pituitary. The present theory, based on research in the Missouri
laboratory, is that estrogen (during puberty and estrus) stimulates the pituitary to an
increased secretion of a mammogenic duct-growth hormone, whereas progesterone
(during gestation) stimulates the pituitary to an increased secretion of a mammogenic
lobule-alveolar-growth factor. Kstrogen causes an incrcased hyperemia and vascularity
of the stromal tissue associated with an increased permeability of the vascular system193,
Thus more rapid growth of the mammary gland is promoted indircetly by increasing
the amount of pituitary mammogen and nutrients present in the intercellular spaces
in the region of the mammary gland. This action of estrogen explains the so-called
“local action” of estrogen in promoting mammary growth reported by Lyons!®,
Speert!®%, and others. This action of estrogen is dependent upon the presence of a
circulating pituitary mammogen.

Summarizing, while the rate of mammary growth may be influenced by many factors
(for example the thyroid and adrenals), the mammary gland is the specific target gland
of the pituitary. The ovarian hormones, estrogen and progesterone, act on the pituitary
to stimulate increased amounts of mammogenic factors. Fstrogen in addition causes
an increased hyperemia and permeability of the vascular system.

The mammogenic hormones are protein in nature. Their possible identity with
other pituitary hormones has not been fully investigated, although it is probable that
the lobulc-alveolar-growth factor is not the same as lactogen, thyrotropin, or gonado-
tropin.

As regards the mechanism which initiates lactation, it appears!® that cstrogen is the
primary stimulator of the lactogenic hormone produced by the pituitary. During
pregnancy progesterone cheeks the estrogen action. At parturition progesterone pro-
duction decreases, the inhibiting effect on estrogen is removed and lactation proceeds.
Once lactation is established, the stimulus of suckling or milk removal reflexly stimu-
lates the periodic release of lactogenic hormone from the pituitary.

It is not possible to discuss the influence of prolactin administration on the effi~iency
of milk production. All that we know is that injection of a erude extract!®” of the an-
terior pituitary gland, and in some cases stilbestrol, may show, among other effects,
initiation of milk production!®s,

101 Corner, G. W., in Edgar Allen’s, “Sex and Internal Secretions’’, and Am. J. Phy-
stol., 95, 43 (1930). ;

192 Gomez, E. T., Turner, C. W., and Reecce, R P., Proc. Soc. Exp. Biol. Med., 36, 286
(1937).

103 Mixner and Turner!00

104 I,yons, W. R., Proc. Soc. Exp. Biol. Med., 44, 398 (1940).

106 Speert, H., Science, 92, 461 (1910).

106 Meites, J., and Turner, C. W., Kndocrinology, 30, 711, 719, 726, 310 (1942).

107 White, A., Catchpole, H. R., and Long, C. N. H., “A crystalline protein with high
lactogenic activity’’, Science, 86, 82 (1937). The lactogenic activity of the crystalline
product does not exceed that of the cruder extracts generally employed.

108 Turner!®, Asimoff, G. J., and Krouze, N. K., “Lactogenic preparations from the
anterior pituitary and the increase of milk yield in cows”, J. Dawry Sci., 20, 289
(1937). Folley, S. J., and Young, F. G., “Stimulation of milk production by prolactin
in the cow,” J. Soc. Chem. Ind., 66, 96 (1937). Kay, H. D., “The biochemistry of milk
secretion’’, J. Roy. Soc. Arts, 86, 841 (1937), and others.
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7.2.1: Some applications of sex endocrinology. The cvolutionary and agricultural
advantage of this complex process of sexual reproduction—as contrasted to asexual and
other simpler reproductive methods not involving the complex neuro-endocrine mecha-
nism (see Sections 10.8 and 10.9)—is that it promotes most diversification in the off-
spring. This favors the best cvolutionary and agricultural selection, or “survival of
the fittest”’, under the given environmental conditions. The improved breeds of farm
animals and plants were, of course, achieved by such selection from variant individuals,
each a carrier of highly diverse genes.

A curious feature of some practical importance is the difference in sex mortality. In
man, at any rate, the male mortality is consistently above that of the female, and the
same appears to hold for other mammals. One possible explanation for the higher
male mortality is that the (maternal) female hormones may exert a lasting injury on the
malc offspring during his physiologically prolonged sojourn 7n ulero, that is, assuming
an antagonism between female and male hormones.

That there may be an antagonism between male and female sex hormones (depending
on dosage) is indicated by the fact!® that of the twin calves of opposite sex, the female
(called “free martin’’) scems to lose her sex function permanently by prenatal com-
mingling of the blood of the two sexes. Pituitary gonadotropins are produced pre-
natally, as indicated by the sex-stimulating effect of fetal pituitaries'?, There is other
evidence of scx-hormone antagonism, as indicated by atrophy of male genitals by in-
jecting large amounts of female hormone!t. However, the male organs are also in-
jured by injecting male sex hormone?2,

It is more reasonable to attribute the higher mammalian male mortality to his con-
stitutional difference—to his having one unpaired or X-chromosome. It is generally
known that there are two kinds of mammalian sperms, female-producing, having paired
or even number of chromosomes, and male-producing, having unpaired or odd number of
chromosomes (the opposite is true for birds and butterflies).  Mammalian males having
only one, the X-chromosome, carry as dominant some characters which in the female
are masked by the complementary genes in the Y-chromosomes.  Some of the unmasked
characters, such as hemophilia, are very dangerous in the male but harmless in his
mother because of protection by the complementary Y genc in the female chromosome.
Color blindness and baldness are well-known harmless dominants in men which are

recessive in women,

The literature on the influence of experimental manipulation of sex-hormone
level on growth and development is large and confused because it varies with
species, race or family within the species, individuals within the family, sex,
age, length of time of hormone administration, period following the hormone
administration, hormone dosage, diet, and so on.

By way of introduction it may he reealled that, in general, development or
maturation is more rapid in females than in males™?; also that breeding fe-
males often grow to be larger than non-breeding!®.  The results on human

109 Newman, . II., “Twinning’’, Univ. Chicago Press, 1923-1.

10 Smith, P. K., Anat. Rec., 43, 277 (1929).

1t Matthews, C. S., et al., Endocrinology, 29, 761 (1941).

12 Wilson, J. G., and H. C., Id., 33, 353 (1943).

13 Cf., among many others, Latimer, H. B., Anat. Rec., 40, 1 (1927); Sparks, C. A,
and Dawson, A. B., Am. J. Anat., 41, 411 (1928). Silberberg, M. and R., Endocr., 29,
475 (1941); 31, 410 (1942).

114 Slonaker, J. R., Am. J. Physiol., 82, 318 (1927). Cole, II. II., and Hart, G. H., Am.
J. dPII{ylsz;’ol., 123, 589 (1938). RBogart, R., ¢t al., Id., 128, 355 (1940). Silberberg, M.
an a1
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growth (see Fig. 16.62, the ratio of the growth rate of girls to boys) are in
agreement with those on other mammals. Ossification tends to be somewhat
more rapid in girls than in boys, even during prenatal and prepubertal life!s
and the onset of puberty accentuates these differences®. The differences
between the sexes cvidently are partly genetie, and independent of the sex
hormones, since, as previously explained, there are prenatal and prepubertal
developmental differences which extend to differences between early gonad-
ectomized males and females; there are also sex differences resulting from
hormonal action, since the pattern of sex behavior in each sex, especially in
the female, is influenced by administration of sex hormone from the opposite
sex.

The foregoing introduction may be useful in interpreting the experimental
data on the effects of gonatlectomy and sex-hormone administration.

Estrogen administration to normal females for considerable periods tends
to inhibit growth of the long bones, thereby retarding growth’. Precocious
sexual maturity in girls is often associated with short legs!8; on the other
hand, excessive limb growth has been checked by estrogen administration!®,
Estrogen administration to growing mice increased the breaking strength of
bones'?® but did not affect the bone length!,

The influence of sex-hormone administration or removal may be by the
intermediacy of the pituitary’® and thyroid?3, which lead to rate differences
in epiphysial closure, ossification of the bone matrix!*4, aging of cartilage'2s,
and so on!*,

Progesterone tends to neutralize the estrogen cffects'®”. While estrogen
depresses the growth rate, progesterone stimulates it'¥. This may explain

s TLill, A. 1L, Am. J. Anthrop., 24, 251 (1939).

16 Greulich, W. W., Am. J. Phys. Anthropol., 27, 13 (1940); Endocr., 30, 1023 (1942).
See also, Pryor, J. W., Anat. Rec., 25, 257 (1923). Francis, C. C., Am. J. Phys. Anthrop.,
27, 817 (1939). Bunuak, V., Id., 26, 69 (1940).

u7 Spencer, J., Gustavson, R. G., and d’Amour, F. E., Proc. Soc. Exp. Biol. Med.,
28, 500 (1931); Am. J. Anat., 50, 129 (1932). Zondek, B., Lancet, 2, 842 (1936); Am. J.
Cancer, 83, 555 (1938).

18 Reilly, W. A., Fndocrinology, 18, 117 (1934). Bayer, L. M., Id., 24, 260 (1939).

19 Goldzieher, M. M., J. Clin. Endocr., 1, 924 (1941).

120 Gardner, W. U., Endocr., 32, (1943); Physiol. Rev., 21, 193 (1943).

2t Silberberg, M. and R., Am. J. Anat., 69, 295 (1941).

122 Jivang, II. M., and Simpson, M. 1., J.A.M.A., 91, 337 (1928); Am. J. Physiol., 98,
511 (1931). Zondek, B., Lancet, 1, 10; 2, 812 (1936). Rubinstein, H. S., et al., Endo-
crinology, 26, 397, T2t (1939).

123 Kippen, A. A., and Loceb, L., ndocr., 20, 201 (1936).

124 Gardner, W, U., Physiol. Rev., 23, 139 (1943).

126 Silberberg, M. and R., Anat. Rec., 78, 459 (1940); Endocr., 29, 475 (1941).

128 Goldzicher!!?, McCullagh, E. P., and Rossmiller, H. R., J. Clin. Endocr., 1, 507
(1941); J.AM A ., 116, 2530 (1941). Turner, II. H., et al., Endocr., 29, 425 (1941). Rich-
ards, R. R., and Keuter, K., Id., 29, 990 (1940). Albert, S., Id., 30, 454 (1942). Finkler,
R. S., et al., J. Clin. Iindocr., 2, 603 (1942).

127 Bogart, R., et al., Am. J. Physiol., 128, 355 (1940); J. Agr. Res., 60, 847 (1940).
Silberberg, M. and R., Arch. Path., 31, 85 (1941); findocr., 29, 475 (1941); 31, 410 (1942).
Gilman, J., and Stein, H. B., Kndocr., 31, 187 (1942). Gardner'?,
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the fact that pregnancy stimulates the growth of the mother?8 despite the
increased estrogen production at that time.

Gonadectomy in males is usually followed by immediate growth retardation,
although ultimate growth acceleration may result'®®. Gonadectomy of fe-
males on the other hand is usually followed by immediate growth acceleration,
although there may be later growth retardation!s°,

Ovariectomy probably stimulates growth by removing the growth-inhibit-
ing effect of estrogen, although not as much as gestation!!. The effect de-
pends on the age of ovariectomy. Freudenberger'® ovariectomized 47-g
rats at age 4 weeks At the age of 6 weeks the ovariectomized rats weighed
4 per cent more, at 7 weeks 8 per cent, and at 13 weeks 20 per cent more than
the normal controls (the ovariectomized rats weighed 205 g; the controls 171
g) The visceral-organ weights of the ovaricetomized rats were greater than
those of the control by 77 per cent for thymus, 23 per cent for spleen, 18 per
cent for pituitary, 17 per cent for lungs and digestive tract, 13 per cent for
heart and liver, 10 per cent for thyroid and adrenals, 8 per cent for kidneys,
and 4 per cent for body and tail length.

While early gestation stimulates growth and increases the mature size of
the mother (Fig. 7.4), early breeding of dairy cattle!33, swine!3¢, and sheep!®s
retards growth because of the drain of heavy lactation (not gestation). ISarly-
bred heavily-lactating animals usually reach normal size but at a later age,
requiring a longer period to attain normal size. Early-bred heavily lactating
rats invariably reach normal size, often super-normal size!®, if properly fed,

Cole and Hart!¥ bred young rats and found no harmful effcet of lactation on the
growth of the immature mothers. However, the litter size was reduced at birth to 4 to
6 young, and the mothers had access to an excellent diet. The average litter size in this
strain of rats was reported to be 11.5 with a range of 1 to 19. These investigations report
remarkable growth acceleration (by about 16 per cent over the controls) of the mothers
by frequent pregnancies. The growth-accelerating effects of pregnancy on the mothers
were interpreted to mean that pregnancy stimulates the pituitary to sccrete growth
hormones. ‘‘Pregnancy is intermediate in its growth stimulus between that occurring

128 Cole and IHart!™ (1938). Bogart, R., et al.127 (1940). Asdell, S. A, et al., Cornell
Univ. Agr. Exp. Sta. Memoir 238, 1941.

120 Stotsenburg, J. M., Anat. Rec., 8, 233 (1909); 7, 183 (1913). Van Wagenen, G.,
Am. J. Physiol., 84, 461 (1928). Rubmstem122 Tan Y. Z., Anat. Rec., 80, 137 (1941)

130 Stotsenburg!??, (1909). Slonaker, J. R., Am. J Ihl/szol 93, 307 (1‘)30 82, 318
(1927). Freudenberger, C. B et al., Endacr 19 347 (1935); Proc. Soc E'zp Biol. Med
36, 144 (1937). Sh’tttod\ S. G , and bellgm‘m C G., Proc. Roy. Soc. Med., 3, 102 (1909-
10) (Pathol.).

131 Bogart, R., et al.127 1940. Asdell, S. A., et al.18 1941,

132]4reudenbe1ger‘3° 1935 and 1937.

133 Eckles, C. H., Univ. Missouri Agr. Exp. Sta. Bull. 135, 1915; Eckles, C. H., and
Swett, W. W Id., Res. Bull. 51, 1918.

134 Mumford F. B. , Univ. Missouri Agr. Exp. Sta. Res. Bull. 45, 1921. McKenzie,
F.F., Id. Res Bull. 118 1928. Carmichael, W. J., and Rice, J. B., Ill. Agr. Exp. Sta.
Bull. 226, 1920.

135 Briggs, II. M., N. Dak. Agr. Exp. Sta. Bull. 285, 1936.

136 Bogart, R., et al.1?” Cole and Hart™. Asdell et al.1%, 1941.

137 Cole and Hart!,



HORMONES 165

in virgin controls and rats regularly treated with maximum stimulating amounts of
growth hormone”’, As previously noted, the growth-stimulating effect of pregnancy is
also attributed to progesterone rather than to pituitary growth hormone.

While ovariectomy tends to stimulate growth (by removing the inhibiting
effect of estrogen), orchidectomy (testis removal) tends to depress growth and
mature size'®®, Stallions and bulls tend to be larger than geldings and steers.
This harmonizes with the previous statement that within limits androgen, but
not estrogen, tends to increase growth and mature size. There are some ex-
ceptions; when ovariectomized or orchidectomized early enough, man tends
to be above normal height because of delay in epiphysial closure.

Farm male animals are castrated in order to reduce restlessness and spon-
taneous activity'®® (which is, of course, at a feed cost), to facilitatefattening,
to increase palatability of the meat, and to increase the dressing percentage.

The data in Tables 7.1 and 7.2 on the growth of normal and castrated
lambs!4? and domestic fowl'¥! illustrate the situation.

We shall close by considering the question whether or not sex homones can
increase reproductive efficiency in good, normal farm animals by speeding up
the reproductive process. Theoretically, breeding may begin earlier and
animals may be induced to produce larger litters. Actually, the normal
breeding age in good, normal animals is probably carly ecnough and the normal
litter size is probably large enough for the mother’s capacity.

138 Donaldson, H. H., and Hatai, S., J. Comp. Neurol., 21, 155 (1911), and many papers.
Some of the latest Rubinstein, H. 8., et al., Endocrinology, 25, 397 (1939); 28, 112, 229
(1941). Gordon, M. B., and Fields, K. M., J. Clin. Endocr., 2, 715 (1942). Dorff, G. B,
J. Clin. Endocr., 1, 940 (1941); Arch. Ped., 59, 799 (1942).

139 Hoskins, R. G. [Am. J. Phystol., 72, 324 (1925)] reported that in female rats gonad-
ectomy decreased voluntary activity up to 90 per cent; Wang, G. [Comp. psych. mon.
(ser.2) %6 (1923); Am. Naturalist, 68, 36 (1924)] reported that in male rats gonadectomy
decreased voluntary activity up to 60 per cent. Ilowever, gonadectomy in rats and dogs
decreases the basal metabolism, according to Lee, M. O., and Van Buskirk, K. F., [Am.
J. Physiol., 84, 321 (1928)] by only about 10 per cent, which is close to the limit of error
in metabolism measurements in rats. Other papers on the influence of sex on sponta-
neous activity: Slonaker, J. R., Am. J. Phys., 112, 176 (1935). Richter, C. P., Comp.
Psychol. Monographs, 1, 55 (1932); Quart. Rev. Biol., 2, 307 (1927). Stier, T. J. B,, J.
Gen. Psychol., 4, 67 (1930). Bugbee, P., and Simond, A. K., Endocrinology, 10, 349
(1926). There is a large literature on the influence of sex and sex hormones on basal
metabolism. Depending on dosage, administration of testosterone may increase metab-
olism by perhaps 30 per cent in enunchoid individuals [Thompson, W. O., and Heckel,
N.J.,J.A.M.A. 113, 2124 (1939); Jones, R., et al., 25th Meeting Assn. Internal Secretion,
1941. Sandiford, 1., et al., J. Clin. Endocr., 1, 931 (1941). See also: Lee, M. O., Am. J.
Phys., 86, 694 (1928) cites a 10 per cent variation in B. M. during estrus cycle. Mitchell,
H. H., and Card, L. E., World’s Poultry Congress, 1927 (737 Cal/met for capons and 852
for cockerels). Chahovitch, X., Compt. rend. Soc. Biol., 1153 (1928) (castration reduces
metabolism to 30-40 per cent). Ritzman, E. G., Colovos, N. F., and Benedict, F., N. H.
Agr. Exp. Sta. Tech. Bull. 64, 1936 (5-10 per cent reduction in metabolism of sheep on
castration). Shock, N.W., Am.J. Physiol.,139, 288 (1943) (menarche in girls and metab-
olism). Korenchevsky, V., British J. Exp. Path. 6, 21, 158 (1925) (castration affects
cnergy and N metabolism)]. ]

140 Hunt, W. E., et al., Univ. Md. Agr. Exp. Sta. Bull., 1938.

141 Waite, R. H., Univ. Md. Agr. Exp. Sta. Bull. 235, 1920. For more extensive data
on relative growth and feed consumption in roosters, capons and pullets up to 38 weeks,
sce Annin, é E., and Halpin, J. G., Poultry Sci., 17, 419 (1938) (no difference).

112 Phillips, R. W., et al., J. Animal Sci. 1, 27 (1942).
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There is a large literature on superovulation or superfecundity in mammals

treated with various gonadotropic preparations'4,

Casida#* obtained twin-

ning in cattle by injecting F.S.H. preparations followed by artificial insemina-
tion, and Loginova*® induced the production of quintuplet lambs by treating
ewes with pregnant-mare serum. Engle!% obtained up to 29 implanted em-
bryos on the ninth day of pregnancy in mature mice receiving pituitary trans-
plants However, the size of the delivered litter was not unusual. KEvans
demonstrated that superovulation does not increase the number born!4.

TaBLE 7.1.—Influence of Castration on Growth, Carcass Weight, and Dressing
Pereentage of Lambs.

Wethers

Live weight (lbs)

34.7
56.3
50.8
77.1
71.9
89.5
90.3

Age (weeks) [
Rams
5 37.6
10 53 0
15 57.8
20 80.7
28 81.3
36 95.7
44 89.8
52 102

1

01

f

Rams

19.4
25.5
26.9
38.5
37.9
45.5
42.9
48.0

Carcass weight (lbs)

Wethers

17.7
28.0
23.4
38.7
36.9
44.2
46.2
50.0

Dressing, per cent

Rams Wethers
51.6 51.0
58.1 49.7
146.5 46.0
47.7 50.2
46.7 49.3
47.6 19.4
47.7 51.1
46.9 49.2

TaBLE 7.2.—Influence of Castration on Growth and Economy of Gain of White
Plymouth Rock Chickens.

(9 weeks of age, 21 cockerels caponized and 21 controls.

Growth and feed consump-

tion equal until puberty; after 7 months, capons made more rapid gains.
1 ) 23

Age (weceks) o
Capons
9 1.10
14 2.23
18 3.19
23 +.71
27 4.86
32 5.77
36 6.24
42 7.13
+4 7.42
47 7.76

Cole'*® induced early sex maturation

Weight (lbs)

Cockerels
1.13
2.25

99
73
85
58
98
.58
.19
.79

S OIS OV U s A 1D b

Feed consumed (Ibs)

Capons

Cockerels
+4.57 4.75
6.09 5.83
6.28 6.23
7.62 7.00
8.80 8.68
9.43 9.41
9.25 9.47
5.30 5.19
5.94 5.39

and pregnancy in young rats before

normal sexual maturity by injecting pregnant-mare serum. The number of
implanted fetuses in these immature rats was up to 28. One rat uterus con-

13 Cole, H. H., Am. J. Physiol., 119, 704 (1987). Casida, L. E., et al., Am. J. Vet.

Res., 4, 76 (1943).

144 Casida, L. E., et al., Proc. Am. Soc. Animal Prod., 33 Annual Report, p. 302, 1940.
us Loginova, N. V., et al., Probl. Zivoin., 10, 114 (1938).
18 Engle, E. T., Proc. Soc. Exp. Biol. Med., 25, 84 (1927); Endocrinology, 16, 405 (1931).
147 Bvans, H. M., Am. Anat. Soc. Spring Meeting, 1940.
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tained 26 normal fetuses on the seventeenth day of pregnancy ; another had
23 living fetuses on the twenty-first day. In some cases 17 living young were
born. The young mothers were not injured by the early pregnancies and ex-
traordinarily large litters, but actually increased in body weight and in length
beyond the control animals.

An interesting aspect of Cole’s experiments is that the influence of pregnant-
mare serum gonadotropic hormones on litter size in rats rapidly decreased
with the age of the mother. In mice'*, on the other hand, superovulation
was induced in mature animals with pituitary implants, and in cats!48 by sub-
cutaneous injection of .S H. followed by the intravenous injection of L.H.

Research is being conducted on the induetion of fecundation in seasonal
breeders, cspecially sheep, during the non-breeding season'd. Estrogen
administration (stilbestrol and pregnant-mare serum) led to off-season estrus
and ovulation but not to feeundation in sheep'®®.  Adjusting the light-to-
dark ratio to simulate the natural-breeding scason seems promising in view of
the results reported by Bissonnette on goats and other species (Ch. 8). Thy-
roid administration is said to be promising in inducing breeding during the
non-breeding season'’!,

Minor applications are under investigation, such as the treatment of re-
current or threatened abortion with progesterone!®,

Summarizing, this section (7.2) outlines the role of sex hormones in repro-
duction, efficiency of agricultural processes, evolution, growth and develop-
ment and life in general.  The reproductive proeess, hm\ ever, is not dependent
on sex hormones alone but on all hormones acting in harmony, as well as on
diet, and on scason. 'This section is, therefore, incomplete by itself ; it must
be considered in conjunction with all the other sections in this chapter as well
as with chapters 6 and 20 (nutrition) and 8 (seasonal effects).

The endocrinology of reproduction illustrates a frequently encountered
pattern of endocrine action. The reproductive process is under the control
of the gonads (ovaries and testes), and the gonads are under the control of
the anterior lobe of the pituitary. In addition, other endocrines, for example,
the thyroid and the adrenal cortex, participate in the reproductive and lacta-
tion processes. The gonadotropins and sex hormones are produced by the
pituitary and by the gonads respectively ; but gonadotropins are also produced
by the placenta and perhaps other tissues, and sex hormones may also be
produced by the adrenal cortex (Sect. 7.4). The gonadotropins are usually
excreted with the urine; but in gestating horses the blood is very rich in

t7a Smith, P. B., and Engle, E. T., Am. J. Anat., 40, 159 (1927). Engle, E. T., Proc.
Soc. Exp. Biol. Med 26, 84 (1927) L'ndocrmology, 15 405 (1931).

18 Foster, M. A., ‘and Hisaw, F. L. , Anat. Rec., 62 75 (1935).

149 Hammond J. Jr. s Hmnmond J. and Pmrkes A S., J. Agr. Sct., 32, 308 (1942).
Warwick, E. J and Casida, L. E., I"ndocrmologj 33 169 (1943).

160 Frank ., and Appleby, A. J., Animal Sci., 2, 251 (1943).

161 Turner C. W , unpublished observations.
162 Katz,J etal., 'J. Clin. Endocr. ,1, 838 (1941).
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Fig. 7.5a—Gomparison of thyroidectomized and normal Jersey eattle at the same age.

Fig. 7.5b—Comparison of thyroidectomized and normal Jersey cattle at the same age.
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Fig. 7.5c—Comparison of thyroidectomized and normal Jersey cattle at the same age.
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Fig. 7.5d—Comparison of growth curves of the same animals.

The thyroid is indispensable for amphibian metamorphosis. Thyroid-
ectomized tadpoles grow in size but do not metamorphose into frogs™.  On

W.W., and Wharton, R. E., Am. J. Anat., 63, 37 (1938). Simpson, S., “Thyroidectomy
in sheep and goats,”’ Quart. J. Exp. Physiol., 6, 119 (1913); 14, 161, 185 (1924); Am. J.
Physiol., 80, 735 (1927). Simpson, k. D., Proc. Soc. Exp. Biol. Med., 24, 289 (1927).

18 Davenport, C. B., and Swingle, W. W., J. Ezp. Zool., 48, 395 (1927).

14 Silberberg, M. and R., Am. J. Path., 16, 505 (1940). Williams, C., Phelps, D., and
Burch, J. C., Endocrinology, 29, 373 (1941).

165 Dott, N. M., Quart. J. Exp. Physiol., 13, 241 (1923).

188 Kojimi, M., Quart. J. Exp. Physiol., 11, 351 (1917). Hammett, F. S., Quart. Rev.
Biol., 4, 353 (1929). Laqueur, E., et al., Acta brevia Neerl, 11, 46 (1941). Fishbourne,
M., Endocrinology, 22, 122 (1938).

187 Fleishchmann, W., et al., Endocrinology, 82, 238 (1943).

168 Bingwanger, F., Endocrinologie, 17, 150 (1936).

163 Landauer, W., Am. J. Anat., 43, 1 (1929).

170 Salmon, T. N., Endocrinology, 23, 446 (1938). Hunter, M. W., and Sawin, P. B.,
Am. J. Anat., T1, 417 (1942).

11t Allen, BB. M., Science, 44, 755 (1916); Hoskins, E. R., and M. M., Anat. Rec., 24,
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the other hand, feeding thyroid to small tadpoles metamorphoses them into
pigmy froglets'”. Indced, one assay method for thyroid activity is to deter-
mine the dosage for transforming a tadpole into a frogi’3. The Mexican
aquatic lizard axolotl normally spends its life in this (“tadpole” or larval)
form. On feeding thyroid it is changed to the terrestial (lung-breathing)
salamander (uradele) ambystoma, and this metamorphosis is likewise used as
assay for thyroxine hormone, Tt is evident that the thyroid has develop-
mental and differentiating factors as well as growth functions.

Cretin animals have a typical appearance : short legs, short dished (bulldog)
face, rough dry skin and hair, “pot-belly”, and so on. Sheep thyroidecto-
mized between one and five months developed some characteristics of primitive
sheep. The long bones and epiphyses fail to grow out. The effect of thyroid
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Fig. 7.5¢—Comparison of resting heat production of the same cattle.

removal depends on the age at which it is performed. In our experience!®
the earlier the age of thyroidectomy the more severe the results'’s, although
Hammett!® reported the opposite.

About 1895 Magnus-Levy' discovered that loss of the thyroid may reduce
the basal energy metabolism by nearly half, and that suitable thyroid feeding

172 Gudernatsch, Am. J. Anat., 16, 431 (1913-14); Arch. Entw. Mech. Org., 40, 571
(1914); 41, 57 (1915). Uhlenhuth, J. F., J. Gen. Phystol., 1, 473 (1919).

173 Cuyler, W. K., Stimmel, B. F., and McCullagh, D. R., J. Pharmak. Ezper. Therap.,
58, 286 (1936).

174 Spaul, E. A., Brit. J. Ezp. Biol., 2, 1 (1924).

176 C'f. Simpson, S., Quart. J. Exp. Physiol., 8, 119 (1913); 14, 161 (1924). Salmon?’®
(1938); Endocrinology, 29, 291 (1941). Straus, W. L., Endocrinology, 32, 238 (1943).

176 Hammett, F. S., Am. J. Physiol., 68, 1 (1924); 76, 69 (1926).

177 Magnus-Levy, A., Berlin. Klin. Wochensch., 33, 650 (1895); Deut. Med. Woch., 22,
491 (1896); Z. Klin. Med., 33, 269 (1897). For review of the literature, see the latest
edition of Du Bois, E. F., ‘“Basal metabolism in health and disease.”
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may almost double the metabolism. Metabolic rate was, therefore, generally
adopted as a measure of thyroid function. More recently, thiourea and re-
lated anti-thyroid compounds have been investigated as assay agents!’s,

The acceleration of bodily oxidation is, however, only one of the thyroid’s
catalytic manifestations. Dinitrophenol may be used to raise to normal the
energy metabolism of a thyroidectomized animal but not the growth or de-
velopment rate. In fact, all anabolic processes are retarded by thyroidec-
tomy, including the rates of digestion!™, peristalsis!®?, assimilation, especially
of carbohydrates'® (perhaps associated with decreased phosphorylation),
circulation rate'®?, milk production'®, egg production's4, muscular activity'®?,
nervous irritability!®, and so on. There is a possibility that the thyroid
elaborates more than one active principle, perhaps one which accelerates the
pulse rate independently of increased metabolism?®,

Hypothyroidism is associated with a tendency to fattening. This suggested
the investigation of the influence of partial thyroidectomy, surgical or perhaps
by anti-thyroid drugs (as thiourea) administration, on the fattening of farm
animals. Partial surgical thyroidectomy is said to yield desirable results in
fattening steers!®®, and also pigs'® thyroidectomized when weighing 30 to
40 kg, but not at later ages. Zorn'® concluded that the feed utilization was
shifted to a lower efficiency level, from muscle and skeletal growth to fatten-
ing. (It requires more dietary energy to produce a calorie of fat than of car-
bohydrate ; the exact cost depends on the nature of the dict, age, and other
conditions.) The term ‘“fattening” under these conditions is ambiguous un-
less accompanied by data on the composition of the gains!®,

It is human to assume, as did Moussu!® in 1899, that if some thyroid is
essential for normal growth, a little more thyroid would result in supernormal
growth, and he indeed reported acceleration of the growth rates in normal
dogs by feeding small amounts of thyroid tissue. The growth, however,

178 Dempsely:, L. W., and Astwood, K. B., Endocrinology, 32, 455 (1943). Turner, C.
W. and Reineke, E. P., unpublished data.

179 Fidinova, M., Bull. biol. Med. Ezptl. U.S.S.R., 1, 316 (1936).

180 Althausen, T. L., Tr. Am. Soc. Study Goiter, (1939) p. 37. Castleton, K. B., and
Alvarez, W. C., Am. J. Dig. Dis., 8, 473 (1941). Morrison, S., and Feldman, M., Id.,
6, 549 (1939).

181 Althausen, T. L., and Stockholm, M., Am. J. Physiol., 123, 577 (1938).

182 Abramson, D. L., and Sidney, M. ¥., Arch. Int. Med., 69, 409 (1942).

188 Graham, W. R., Jr., J. Nut., 7, 407 (1934).

181 Winchester, C. F., Endocrinology, 24, 697 (1939); Missouri Agr. EKxp. Sta. Res. Bull.
315, 1940. Taylor, L. W., and Burmester, B. R., Poultry Sci., 19, 326 (1940).

185 Hall, V. K., and Lindsay, M., Endocrinology, 22, 66 (1933). Lee, M. O., and Van
Buskirk, E. ¥., Am. J. Physiol., 84, 321 (1928).

188 Brody, E. B., “The thyroid and variability of muscular activity in the rat,”’ Endo-
crinology, 29, 916 (1941); J. Comp. Psychol., 34, 213 (1942).

187 Meyer, A. E., Endocrinology, 24, 806 (1939); 27, 97 (1940); 28, 816 (1941).

188 Andrews, F. N., and Bullard, J. F., Proc. Am. Soc. Animal Production, (1940), p.
112; J. Am. Vet. M. Assn., 102, 376 (1943).

189 Zorn, W., Zuchtungskunde, 14, 376 (1939).

190 Cf, Simpson, E. D., Proc. Soc. Exp. Biol. Med., 24, 289 (1927).

191 Moussu, M. G., Compt. rend. soc. biol., b1, 241 (1899).
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stopped earlier than in the controls, and mature size was slightly subnormal.
This 1899 result on dogs was confirmed in 1923 by Dott!*®2, Thyroid medica-
tion accelerated growth, and was followed by premature cessation of growth
with ultimate somewhat subnormal size. A considerable literature has de-
veloped since Moussu’s report.

Much of this literature!®® on the influence of thyroid administration on
growth is conflicting because of the variability of the thyroid effect with
species, age, sex, external temperature and particularly dosage. There is one
physiologically optimal thyroid-dosage level. Below this level the results are
not impressive because the animal’s thyroid probably reduces its own hormone
production in proportion to the amount of thyroid administered (in accord-
ance with the principle of homeostasis, Ch. 10). Above the optimal level, the
catabolic effect of the thyroid hormone overbalances the anabolic effect ; in-
deed, the extra hormone often becomes toxic.

This optimal thyroid dosage, moreover, varies with the external tempera-
ture!®® (Ch. 11) and with the species. Thyroid administration increases heat
production; therefore, animals having a good heat-dissipating mechanism
would naturally be expected to do better under thyroid treatment than species
not so well equipped for heat dissipation.

Then, too, thyroid administration increases the neuro-muscular irritability
in particular and variability in genecral'®, This is not unexpected, since
thyroid accelerates the metabolism of nerve tissue!*® and affects corresponding
neuromuscular activity'®, cortical alpha rhythms!'¥, thresholds to light and
sound!®®, and so on. This exaggerated variability of hyperthyroid animals
complicates the interpretation of the results of thyroid-hormone adminis-
tration.

There is a particularly striking species variability in the reaction to thyroid
administration. Thus the growth rate of mice is increased by a certain thy-
roid dosage. This was observed by Robertson!®® (who fed the equivalent of
19 mg fresh thyroid per animal per day), and recently confirmed??, by daily

192 Dott, N. M., Quart. J. Ezp. Physiol., 18, 122 (1923).

193 For perhaps the best general revxew on the effects of feeding thyroid on growth and
related substances, see Schneider, B. A., Quart. Rev. Biol., 14, 289 (1939). As it relates
to humans, see Lermfm Jacob, J. AMA. , 117, 349 (1941). Foralate review, see Koger,
Marvin, and Turner, C. w., “’The cffect of mild hyperthyroidism on growing animals”’,
University of Missouri Agr. Exp. Sta. Res. Bull. 377, 1943. Sce also Silberberg, M.
and,R., Arch. Path., 38, 512 (1943).

184 Dempsey, E. W. , and Astwood, E. B., Endocrinology, 32, 455 (1943). (Thyroxine
secretion is increased by cold and reduced by heat. A new method is described for thy-

roxin assay by the extent of thyroid hypertrophy associated with thiouracil adminis-
tration.)

195 Cohen, R. A., and Gerard, R. W., J. Cell. Comp. Physiol., 10, 223 (1937). Rossiter,
R.J., J. Clin. Endoc. , 2, 165 (1940) MacLeod, L. D., and Reiss, M., Biochem. J.,
34, 820 (1940) Gellhorn E., and Feldman, J., Endocrinology, 29, 467 (1941).

196 Hall, V., and Lindsay, M., Endocrinology, 22, 66 (1939).

197 Ross D, ., and Schwab, R., Id., 25, 75 (1938).

198 Asher L., Ohio J. Scz., 37 379 (1937

199 Robertson T. B., Austr. J Ezxp. Biol. Med., 5, 69 (1928).

200 Koger and Turner!s:,
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injection of 0.01 to 0.03 mg crystalline thyroxine). The mature size was not
changed; only the maturation rate or early growth rate was accelerated.
Thyroid administration to young mice and dogs accelerates the growth of the
epiphysial cartilage and thus leads to premature epiphysiodiaphysial union*.

Rats might be expected to react to thyroxine as do mice. But Koger and
Turner®®® could not accelerate the growth of rats, guinea pigs, or rabbits by
any thyroid dosage. There is evidently a species difference. Moreover,
different strains of rats reacted differently to a given thyroid dosage and
females appeared to tolerate the hormone better than males?®. The growth
rate of the smaller breeds of domestic fowl is apparently accelerated by thy-
roid administration, but not of the larger?s,

The growth of some children is accelerated by feeding about 1 grain (65 mg)
of desiccated thyroid per day. This favorable response of some children was
explained by one author as due to a ‘“masked hypothyroidism’’24, The results
are suggestive, but the individual variations in response cast doubt on its
significance for the practical acceleration of the growth process.

A noteworthy observation by Koger and Turner*® is that the total energy
stored was the same in the growth-accelerated and control mice, the difference in
size being due solely to differences in the storage of water, protein, and fat. The
thyroid-dosed mice had a higher water and nitrogen and a lower fat content.

The other thyroid-feeding effect, long known, is hypertrophy of the heart,
liver, spleen, and adrenals®®. The pancreas tends to hypertrophy and the
insulin content is increased®®. Of course, the thyroid gland is depressed”
(Sect. 7.1) in accordance with the principle of homeostasis (Ch. 10) and so
is the pituitary?20s,

As regards the influence of thyroid on other productive processes, it is
generally known that thyroid medication is useful in some cases of human

20t Falkenheim, M., Am. J. Physiol., 138, 175 (1943). Dott, N. M.192

202 Gudernatsch, J. F., Am. J. Phystol., 36, 370 (1915) reported that thyroid feeding
depressed growth in rats.

208 Turner, C. W., unpublished data.

208 Topper, A., and Cohen, P.,Am. J. Dis. Child., 86, 205 (1938). Dorff, G. B.,"“Masked
hypothyroidism,” J. Pediat., 8, 788 (1935). Molitch, M., Endocrinology, 22, 422 (1938).
Wilkins, L., /. Am. Med. Assn., 114, 2382 (1940) ; 116, 2459 (1941). Lerman, J.,J.AM.A .,
117,349 (1941). Thyroxine administrationincreased the growth rate and heat production
of dwarf mice, but so did a higher environmental temperature, indicating a non-specific
cffect [Bocttiger, E. G., Endocrinology, 28, 785 (1941)]. Hertz, S., and Galli-Mainini, C,,
J. Clin. Endocr., 1, 518 (1941).

206 The literature on the effect of thyroid administration on organ size is very latge.

See among others, Hoskins, E. R., J. Ezp. Zool., 21, 295 (1916). IHammett, I, S.17;
Am. J. Physiol., 76, 69 (1926); Am. J. Anat., 39, 219 (1927). Korenchevsky, et al. 2
(1943).

208 Fraenkel-Contrat, H., et al., Kndocrinology, 30, 485 (1942). Kojimi, M., Quart.
J. Exp. Physiol., 11, 351 (1917). Reforzo-Membrives, J., Endocrinology, 32, 262 (1943).

207 Reforzo-Membrives? (1943). Cameron, A. T., and Carmichael, J.,J. Biol. Chem.,
46, 35 (1921). Korenchevsky?®2 (1943).

208 Herring, P. T., Quart. J. Exp. Physiol., 11, 231 (1917). Evans, H. M., and Simp-
son, M. E., Anat. Rec., 46, 215 (1930). Campbell, M., and Wolfe, J. M., Proc. Soc. Exp.
Biol. Med.. 32, 205 (1934).



HORMONES 175

sterility?®. It may be similarly useful in farm-animal sterility, especially
with the loss of fertility during aging?!®.

Crew?!, indeed, published spectacular observations on “rejuvenation of
the aged fowl through thyroid medication”. He used 5 cocks and 7 hens, 5
to 8 years of age, “all showing the classical signs of old age”. The medication
consisted in feeding desiccated thyroid equivalent to 0.2 mg iodine per day
during the first fortnight, 0.4 mg iodine per day the second fortnight, and 0.8
mg iodine per day thereafter (“no control pan was maintained”, a rather
serious methodologic deficiency). The hens “quickly started to produce eggs
at a faster rate . . . head furnishings became red and turgid, the plumage tight
and close . . . all the birds became rejuvenated, looking fresh and being active

.. none of the hens became broody during the course of the experiment (12
months), though six out of the seven belonged to the setting breeds”. Three
months after cessation of the thyroid feeding ‘“they became progressively
senile”; two dying from roup and pneumonia, two from peritonitis associated
with oviduet rupture, one “died of what must be diagnosed as old age, no
organic lesion was present . .. all the hens that are still active exhibit the
classical signs of ovarian atrophy”. It is strange that no one followed up this
work in spite of the universal interest in rejuvenation and the extremely im-
portant agricultural implications of this observation.

Preliminary observations®? on two-year old Leghorn hens indicate greatly
increased egg production over several months associated with feeding thyro-
active material at a certain level. It is, of course, known that the thyroid is
involved in egg production, and that thyroidectomy in mature fowls severely
reduces cgg production®® which may be restored by suitable thyroid feeding.

There is also considerable literature®* indicating that milk production in
dairy cattle may be increased up to 20 per cent and fat production up to 50

209 See among others, Du Bois, E. F., ‘“Metabolism in Health and Disease,”” Lippin-
cott, several editions. Means, J. 1. "“The Thyroid and Its Diseases,” Lippincott,
1937. Foster, I'. C., and Thornton, M. J., Endocrinology Y, 24, 383 (1939). King, E. L.,
and Herring, J. S., J.A.M.A., 113, 1300 (1939) Davis, C. H., "Am. J. Obst., 46, 85 (1943)
Hamblen, K. C., ¢t al., J. Clin. Endocr., 1, 523 (1941) Drxll V.A, el al Endoc. , 82,
327 (1943). Parkin, G., and Greene, J. A., J. Clin. Endoct., 3, 466 (1943).

210 Reineke, E. ., and Turner, C. W., J. Am. Vet. Med. Assn., 102, 105 (1943). J.
Clin. Iindocr., 3, 1 (1943).

2t Crew, F. A. I, Proc. Roy. Soc. Edinburgh, 46, 252 (1924). Also, Cole, L. J., and
Hutt, F. B., Poult. Sci., 17, 60 (1928).

212 Turner, C. W., et al., unpublished data, Dairy Dept., University of Missouri,
July 1943.

213 Winchester, C. F., Endocrinology, 24,697 (1939); Univ. Missouri Agr. Exp. Sta. Res.
Bull 315, 1940.

24 Gmhwm W. R.® and Biochem. J., 28, 1968 (1934). Herman, H. A.] Graham,
W.R.,Jr., Turner C. W Ralston, N. P. Lowsert W. C., and Ragsdale A.C! Mlssoun
Agr. Exp 'Sta. Res. Bulls. 275, 1938 and 317, 1940. See '11so Jack, E. J., and Bechdel,
S. 1., J. Dairy Sci., 18, 195 (1965) Folley, 'S J. ., and Whlte pP., Thyroxme on milk
secretion and on the phosphatase of the blood and milk,” Proc. Roy. Soc., 120B, 346
(1936). Smith, J. A. B., and Dastur, N. “Thyroxme and blood hpmds and mllk
fat,” Biochem. J., 34, 1093 (1940).
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per cent, at least for short periods on the declining segment of thelactation
curve, by feeding thyroactive material (15 gm iodinated casein daily). How-
ever, the ascorbic acid content (no data on other vitamins) in the milk is

reduced??,

From the homeostatic viewpoint (Ch. 10) one would infer that it is not safe
to meddle with a naturally evolved physiological system by upsetting the
normal balance, as is done by thyroid or other drug administration. Thus
long-continued thyroid administration tends to lead to thyroid atrophy,
adrenal hypertrophy*¢, damage of the circulatory-renal?” and hepatic®? sys-
tems, and accelerate the rate of senescence?®. But, as above noted, such
injuries, even if present, may be without agricultural significance when, for
example, thyroid is fed to three year-old hens the last year before slaughter.

Inexpensive iodinated casein?*® and iodinated peanut protein22! prepara-
tions are available, as well as crystalline-d-I-thyroxine?? and also I-thyroxine??,
which may be used conveniently for experimental and feeding purposes.?**

It appears that Morse?5, in 1914, demonstrated that protein treated with
iodine exerts thyroxine effects. Subsequently, several investigators?2¢ demon-
strated the presence of thyroxine in casein and other protein treated with
iodine.

It should be noted, in conclusion, that, as might be cxpected, thyrotropic
hormone exerts effects (by way of thyroid) similar to thyroxine; thus there
appears to be a correlation between thyrotropic hormone concentration (in
the anterior pituitary) and the growth rate??.

7.3.2: Other thyroid interrelations. The preceding section was concerned
with the influence of thyroidectomy and thyroid medication on agriculturally

215 Van Landingham, A. II.; Henderson, H. O., and Weakley, C. E. Jr. Abstracts,
Meeting Am. Chem. Soc., Sept. 9, 1943, p. 10B.

216 Reforzo-Membrives®® (1943). Hoskins, R. G., J.A.M.A., 55, 1724 (1910); Am. J.
Physiol., 26, 426 (1910).

27 McEachern, D., and Rake, D., Johns Hopkins Hosp. Bull., 48, 273 (1931) ; Goodall,
J. 8., and Rogers, L., Lancet, 1, 486 (1927); Goodpasture, E. W., J. Ezp. Med., 34, 407
(1921). Menne, F. R., et al., Arch. Path., 17, 333 (1934). Hashinoto, H., Endocrinology,
6,579 (1921). Rake, G.,and McEachern,D.,J. Ezp. Med., 64,23 (1931). Schultz, M.g’.,
Public Health Repts., July 7, 1939 (p. 1205). Bodansky, M., et al., Proc. Soc. Exp. Biol.
lgsg.,) 82, 597 (1935). Andrus, E. C., and McEachern, D., Am. J. Med. Sci., 183, 741

2).

28 Drill, V. A, et al., Am. J. Physiol., 138, 762 (1942); 138, 370 (1943).

219 Sjlberberg, M. and R., Arch. Path., 36, 512 (1943).

220 Reineke, K. P., and Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. Bull. 355,
1942 (full history and bibliography). Reineke, Williamson, M. B., and Turner, J. Biol.
Chem., 147, 115 (1943) ; J. Clin. Endocr., 3,1 (1943).

21 Blaxter, IC. 1., Nature, 162, 751 (1943).

222 Reineke and Turner, J. Biol. Chem., 149, 555 (1943).

223 Reineke and Turner, Id., 149, 563 (1943).

224 Reineke and Turner, J. Dairy Sci., 26, 393 (1942).

22 Morse, M., J. Biol. Chem., 19, 421 (1914).

226 See, for example, Harrington, C. R., and Pitt Rivers, R. V., Nature, 144, 205 (1939).
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productive processes, growth and development, egg production, and milk
production. This section is concerned with other thyroid interrelations,
particularly those with diet and with other hormones.

A. Thyroid and nutrition. Thyroid administration, or hyperthyroidism,
accelerates all metabolic processes. Hyperthyroidism is consequently asso-
ciated with a correspondingly increased need for all nutrients—proteins,
minerals, and vitamins. If the calorie and protein needs are satisfied but
the vitamin needs are not, hyperthyroidism obviously will be associated with
and show symptoms of hypovitaminosis. Such cases have been definitely
reported for thiamine®® 2 and less definitely for pyridoxine and pantothenic
acid®?. The cardiac symptoms?? (bradycardia and tachycardia) and hepatic
damage (particularly low liver glycogen?!) associated with hyperthyroidism
are confused by the cardiac and hepatic syndrom associated with insuffi-
ciency of the B3 vitamins, particularly of thiamine.

While there is a large literature?® indicating some “antagonism” between
thyroxine and the B vitamins, this may be true only in the sense that thy-
roxine accelerates all metabolic processes, with a consequent increase in
need of the vitamins. Hypovitaminosis effects are probably secondary to
primary hyperthyroidism.

Hyperthyroidism increases the requirements for vitamin A, as for other
vitamins. But there are, in addition, other interrelations between vitamin A
and thyroxine. One of these is that vitamin A deficiency leads to thyroid
hypertrophy and degeneration of the epithelial cells®?. This, however, is
not an exclusive property of vitamin A. A second, more characteristic,
effect is that vitamin A (fish liver oil) excess depresses not only thyroid
activity but apparently the effect of thyroxine as well. As little as 1 per cent
cod liver oil in the stock diet of rats during 4 months reduced the thyroid
weight?34,

The body weight loss associated with thyroid administration may be re-
duced or prevented by sufficient vitamin A administration?3®. It has long
been known that excess vitamin A delays metamorphosis in amphibians?3,

228 Sure, B., and Buchanan, K. 8., J. Nut., 13, 513 (1937). Drill, V. A., and Sherwood,
C.R., Am. J. Physiol., 124, 683 (1938). Williams, R. H., et al., Arch. Int. Med., 72, 353
(lgég’)r')rm, V.A. etal., Am..J. Physiol., 132, 629 (1941); 136, 474; 136, 762 (1942); Endocr.,
31, 245, 567 (1942); 82, 327 (1943).

20 Drill, ef al., Am. J. Physiol., 138, 370 (1943).

23t Drill, J. Nut., 14, 355 (1937). MeclIver, M. A., and Winter, E. A., J. Clin. Inv., 21,
lgl’t"gll.g(t%)ta'nchevsky, V., et al., Brit. Med. J., 1, 245 (1943). Drill, V. A., Physiol. Rev.,
23, 355 (1943).

23 McCarrison, R., Brit. Med. J.,1, 989 (1931). Coplan, H. M., and Sampson, M, M.,
J. Nut., 9, 469 (1935). Sure, B., Endocr., 23, 575 (1938).

234 Freudenberger, C. B., and Clausen, F. W., J. Nut., 10, 519 (1935).

235 rill?2? and Proc. Soc. Exp. Biol. Med., 39, 313 (1938). Logras, G., and Drummond,

J. C., Biochem. J., 32, 964 (1938).
26 McCarrison, R., Ind. J. Med. Res., 11, 1 (1923).
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and it was observed more recently that vitamin A administration partially
counteracts the acceleration of energy metabolism following thyroid feeding?®¥.

A third interrelation between vitamin A and the thyroid is that carotene
cannot be converted to vitamin A in the absence of the thyroid. Hence, the
prevalence of xerophthalmia in thyroidectomized animals, such as rabbits?38,
which normally obtain their vitamin A from carotene. The yellow color of
milk produced by thyroidectomized goats that normally produce a white
milk?® is similarly explained.

The above results indicate that high intake of fish-liver oil should be very
helpful in hyperthyroid- and Graves’-disease conditions; and that hypo-
thyroid individuals should receive vitamin A as such, and not as carotene.
Hyperthyroidism increases the need for ascorbic acid as it does for the A and
B vitamins, and ascorbie acid deficiency in guinea pigs leads to hemorrhagic
infiltration and hyperplasia of the thyroid gland.

High ascorbic acid dosage appears to decrease the energy metabolism in
hyperthyroidism?!°, Hyperthyroid individuals should, therefore, benefit
by high ascorbic acid intake, as by high vitamins A and B intake.

While little is known about the interrelation between vitamin D and thyroid
function, it is definitely known that hyperthyroidism greatly accelerates
calcium catabolism?!!, perhaps in proportion to the increase in energy in pro-
tein catabolism®#, which may reach 100 per cent above the normal level.

The foregoing discussion indicates how dictary factors may exert hormone
or anti-hormone effects because of their interrelations with endocrines or the
hormones.” There are many such interrelations, such as those between vita-
min E and the pituitary (Chs. 6 and 20). The “pituitary-like effects of yeast
extracts’?4 may be explained by similar mechanisms.

Needless to say, the thyroid function is dependent on iodine supply (Chs. 6 and 20).
The thyroid holds § to £ of the total (about 40 or 50 mg) body iodine in man. Iodine
is taken up to saturation by the gland within 15 minutes after iodine-solution injection24t,
Thyroxine containg 65 per cent iodine; U.S.P. desiccated whole thyroid contains 0.17
to 0.23 per cent iodine. The iodine content of the thyroid is lowest in carly spring and
highest in late summer (Ch. 8). Iodine deficiency leads to thyroid abnormalities rang-
ing from relatively harmless goiter to serious cretinism.  Both of these and other thyroid
abnormalitics are found in man and animals depending on the iodine content of the soil
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in given geographical regions?% 246 (Northwest, Mississippi Valley, Great Lakes, St.
Lawrence Valley, the Andean plateau in South America) and in Europe (Alps, Pyrenees,
Carpathians, also Himalayan Plateau in Asia). In these goitrous regions the diet of
man contains less than 0.04 mg iodine per day; it should contain 0.1 mg (100 gamma),
to maintain the body iodine at the optimum level of about 50 mg (2 of which is in the
thyroid gland). The average human body contains, perhaps, 12 mg thyroxine.

While dietary deficiency of iodides—like that of chlorides—may be followed by serious
physiologic disturbances, the opposite, namely, moderate dictary excess of iodide—like
moderate dietary cxcess of chloride—is simply cxereted, probably without physiologic
disturbance. About 70 per cent excess dictary iodide is exereted in feces, the remainder
in urine and, in dairy cattle, in milk?$?, Blood iodide may be increased ten times normal
by dietary means with corresponding iodide increases in milk without apparent harm
to the animal??,

Thyroid abnormalities resulting from dietary iodine deficiency are now prevented
by the use of iodized salt. This salt contains one part of Nal, or KI, in 5000 parts of
salt (0.02 per cent, or one ounce in 300 1bs salt, or 1 part of iodine per million of salt?48),

Todine intake is not helpful in athyrcosis. In this case, desiccated thyroid is fed
or thyroxine is injected. When the basal metabolic rate is 20 per cent below average
(in humans), 1 to 13 grains (65 to 100 mg) U.S.P. thyroid is taken daily?!. Cretins are
given 15 to 1 grain up to 4 years, 1-2 grains 4 to 12 years.

According to the review by Boothby and Saniford29, the calorigenic effect of 1 mg
thyroxine administered intravenously is about 1000 Calories. This value is based on
the observation of the effect of a given dose on a given individual or set of individuals
in a certain condition. But the calorigenic effect per mg thyroxine necessarily changes
with increasing dosage level and varies with conditions. Thus Meceyer and Wertz2t
reported that thyroidectomized animals are very much more sensitive than normal to a
given thyroxine dosc. The response tends to be inversely proportional to the initial
level of metabolism.

An apparently curious aspect about thyroid administration is that it often improves
not only the hypothyroid, but also the hyperthyroid individual. Thyroid administra-
tion was observed to lower the metabolism by 30 per cent (to normal) in some cases of
hyperthyroid adenoma in exophthalmos??2,

B. Thyroid and adrenal medulla. Adrenaline, produced by the adrenal
medulla, is related to thyroxine chemically as well as physiologically. Chem-

215 McClendon, J. I., “The distribution of iodine with reference to goiter,” Physiol.
Rev., T, 189 (1927). Orr,J. B., and Leiteh, I., “Jodine in nutntion,” British Med. Res.
Council, special report series, 123, 1929.

216 Earlier papers on goiter: Marine, D, “Hyperplasia of the thyroid in dog, sheep,
and man”’, Johns Hopkins Hospital Bull. 18, 359 (1907). Weleh, H., “Ilairlessness and
goiter in newborn domestic animals,” Montana Agr. Exp. Sta. Bull. 119,1917. Smith,
G. E., “Fetal athyreosis,” J. Biol. Chem., 29, 25 (1917). llart, E. B., and Steenbock,
H., “Hairless pigs’’, Id., 83, 331 (1918); Wis. Agric. Exp. Sta. Bull. 12, 1918. Kelkus,
J. W., “Goiter and fetal athyreosis in farm animals,” Washington Agr. lixp. Sta. Bull.
156, 1920. Mills, R. H., “C'alf losses due to iodine deficiency,” J. Am. Vet. Med. Assn.,
86, 645 (1934). _ )

27 Meyers, J. H., Matthews, N. L., and Curtis, G. M., ““The cffects of increased iodine
feeding to a herd of sixty dairy cows,”” Ohio J. Sci., 40, 9 (1940). Meyer, A. E., et al.,
Endocrinology, 28, 816 (1941).

248 Committee on foods, J.A.M.A., 99, 1691 (1932). )

219 Means and Lerman, Arch. Int. Med., 56, 1 (1933). See Du Bois?, for details.

260 Boothby, W. M., and Sandiford, I., “Basal metabolismn,”” Physiol. Rev., 4, 69 (1924);
Proc. Staff Mayo Clin., 1, 166 (1926). )

261 Meyer, A. B., and Wertz, A., Endocrinology, 24, 683 (1939).
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ically, both are tyrosine derivatives, as indicated by the following. Adren-
aline?®® may be thought of as derived from one molecule of tyrosine,

Tyrosine Tyramine

OHQCHZ-CHNH;»-COOH — OHQCHQ-CHZNHZ —

Adrenaline

OHO CHOH- CH,-NH. CH,

I I

OHQOO CH,- CHNH,- COOH

I I

an aromatic ether, is derived from two molecules of tyrosine, with the elimina-
tion of the side chain of one?**.

While both adrenaline and thyroxine are metabolic (oxidation) catalysts,
the time relations of their effects are different. The influence of the thyroid
on metabolism is of the long-range steady type. The adrenal (medulla),
on the other hand, influences metabolism under emergency conditions, con-
trolling explosive outbursts of energy for short-time intervals. The adrenal
medulla is a typical “alarm” gland.

while thyroxine,

It is generally accepted that there is close interrelation between the adrenal medulla
and the sympathetic (autonomic) nervous system (Ch. 10). Thus splanchnic stimula-
tion increases adrenaline secretion, whercas splanchnic removal deercases it.  Stimula-
tion of the sympathetic system by drugs, as metrazol, or by electric means, resembles
the effect of adrenaline administration. The animal shows an emergency syndrome
with such symptoms as increased blood pressure, pounding of heart, ‘““standing-up”’
of hair, increase in respiration, shunting of the blood to the muscles, blanching of skin,
and so on.

The large literature on the interrelations between the adrenal medulla and the sympa-
thetic nervous system is best generalized by Cannon’s?% “‘emergency theory”’. Accord-
ing to this theory, under stress or emotion the physiologic resources are mobilized for
action through the agency of adrenaline acting on the sympathetic system. The dis-

23 For the original chemical papers, see Abel, J. J., “Method of preparing epine-
phrine,”” Bull. Jo%ns Hopkins Hospital, 13, 29 (1902). Aldrich, T. B., “The active prin-
ciple of the suprarenal gland,” Am. J. Physiol., b, 457 (1901); Takamine, J., “Isolation
of the principle of the suprarenal gland,” J. Physiol., 27, 29 (1901-2). For a review of
the literature, sce Grollman, A., “The adrenals,’”” 1936.

264 The importance of the thyroid in metabolism was demonstrated about 1895 by
Magnus-Levy. For the metabolic literature, see Du Bois, E. F., “Basal metabolisin
in health and disease.” For the chemical aspects, seec Kendall, K. C.; “Thyroxine,”
New York, Reinhold Pub. Corp. 1929, and Harrington, C. R., ““The thyroid gland, its
chemistry and physiology,” London, 1936. Kendall obtained an active principle of the
thyroid in crystalline form in 1914, Harrington and Barger synthesized it in 1927,

265 Cannon, W. B., Shohl, A. T., and Wright, W. S., Am. J. Phystol., 29, 280 (1911-12);
Cannon and Britton, S. W., Id., 79, 433 (1926-27); Cannon, ‘““The wisdom of the body,”
New York, 1932; “Bodily changes in pain, hunger, fear and rage,” Appleton, 1929,
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charge of adrenaline into the circulation accelerates heart action, mobilizes glycogen,
constricts blood vessels of skin and digestive system, thus making more blood available
for muscles and nervous system. In the event that this mobilization for action is not
followed by action, the mobilized sugar is excreted through the urine (““psychic gluco-
suria’”’). It waslong known that fright (barking dog) induces glycosuria in the cat, and
that attending exciting football games, or taking college examinations, is followed by
sugar excretion?® (Sect. 10.8).

While the adrenal medulla (and adrenaline sccretion) is highly responsive to the
nervous system (to the medullary, hypothalmic, and spinal centers), the thyroid is
relatively unresponsive. The thyroid function is of the long-range steady type, con-
trasted to the cmergency-explosive type of nervous reaction of the adrenal medulla.

There may be associated with this relative functional difference between the adrenal
and thyroid, a relative size difference. To quote from Robert Crile?7, ““the relative sizes
of the adrenal and thyroid glands of animals might vary according to the energy charac-
teristics and habits of the animals’’. The thyroid size in continuously sensitized man
is about twice that of the adrenal size; the adrenal size in rodents, which rely on explo-
sive outbursts of encrgy for survival, is about 23 times that of the thyroid.

C. Thyroid and anterior pituitary. As previously explained, the thyroid is
under the control of pituitary thyrotropic hormone?®® in the same manner
that the gonads are under the control of pituitary gonadotropic hormone.
Administration of the pituitary thyrotropic extract increases heat production
(by action on thyroid) by 30 per cent®®? to 60 per cent®°. The thyrotropic
hormone may be assayed by increase in heat production®® 29 increase in
size of the thyroid of the guinea pig®!, and/or the chick®* 263, The anterior
pituitary may also have a metabolism-accelerating principle which acts in-
dependently of the thyroid®¢, but this is not certain®s,

The pituitary and thyroid hormones appear to be synergistic or comple-
mentary in their effects on growth and development®6. The thyroid hormone
“primes’’ or “tones’ the tissues for the action of the pituitary growth hor-
mones®, It appears, moreover, that sufficiently early thyroidectomy in-
activates the pituitary so that the animal becomes virtually hypophysecto-
mized as well as thyroidectomized?®s.

D. Thyroid and posterior pituitary. A curious observation® relating the
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thyroid to the posterior pituitary concerns a polyuria (diabetes insipidus)
produced by placing a clip on the stalk of the pituitary. This polyuria is
abolished by removing the thyroid, and returned by feeding thyroid to the
animal (dog).

E. Thyroid and gonads. Thyroidectomy arrests sexual development (Fig.
7.5), and reduces energy metabolism; gonadectomy also reduces energy
metabolism and reduces the thyroid. On the other hand, administration
of sex hormone increases basal metabolism?°, Puberty and pregnancy also
enlarge the thyroid®!, perhaps by pituitary thyrotropic hormone stimula-
tion®"2,

As previously noted, the relation between thyroid and gonad is not fully clear, espe-
cially as it relates to rats. Lee?™ reported that thyroidectomy of young rats did not
seriously delay puberty but lengthened the estrus eycles. Hammett??) likewise, found
no relation between thyroid activity and development of the reproductive system and
suggested that the reported disturbed sex conditions are secondary to disturbed general
growth, not to specific sex disturbance. But this depends on age of thyroidectomy.
In our expericnce on cattle and goats early thyroidectomy arrests sex development
completely. The discrepancics may be due to differences in physiologic age at thy-
roidectomy.

F. Thyroid and central nervous system. Attention has been called to the
interrelation between “ emergency’’ emotions, adrenal and thyroid, and to the
influence of thyroid on nerve metabolism, on neuromuscular irritability and
on variability. All this is, of course, equivalent to saying that there is an
interrelation between thyroid, adrenal, and nervous system. By way of
further evidence, one may note that the thyroid gland appears to be heavier
in emotional than in non-emotional rats”®, and that certain types of insanities
ranging from ‘“amazing placidity”” and profound depression to high excita-
bility, irritability, and anxieties are often improved by either thyroid ad-
ministration or thyroid depression”’®. Ten per cent of the sufferers from
dementia praecox are hypothyroid and most benefit from thyroid medication.

On the other hand, manic-depressive swings in mood in psychotic persons
are often associated with swings in blood iodine®”. In brief, while hypo- or
hyperthyroidism is probably not the ““cause” of psychotic conditions, it may

270 Thompson, W. O., and Heckel N. J., J.A.M.A. (1939) reported 30 per cent increase
in metabolism following administration of 100 mg testosterone propionate to enunchoid
men.

271 Marine, D., Ohio J. Sci., 87, 408 (1937). Portes, B., and Roth, H. A.,, JAMA .,
115, 895 (1939).

2713 Marine, D., J.A.M.A., 104, 2250 (1935).

213 Lee, M. O., Endocrinology, 9, 410 (1925).

274 Hammett, I'. S., Quart. Rev. Biol., 4, 353 (1929).

275 Yeakel, K. H., and Rhoades, R. P., Endocrinology, 28, 337 (1941).

216 Hoskins, R. G., “Endocrinology,”” Norton, 1941. Carmichael, H. T., J. Abn.
Social Psychology, 38, 205 (1938). Brown, W. T., and Gildea, E. F., Am. J. Psychiatry,
94, 59 (1937).

277 Neustadt, R., and Howard, L. B., “Fluctuations in blood iodine in eyclic psy-
choses,” Am. J. Psychiat., 99, 1930 (1942).
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influence it, and the thyroid, in turn, may be influenced by the sensitiveness
or instability of the nervous system.

It is of course obvious that crctinism includes arrested development of the central
nervous system, that is, an arrested ‘‘mind’’, and this condition is often prevented by
beginning thyroid medication at a sufficiently carly age, provided of course the ‘“residual
physiologic capacity and latent growth potency of the neuroendocrine system’’?7® are
adequate.

Many remarkable cases of psychiatric interest could be cited. One from Means??,
concerns a mentally normal and unusually intelligent child of ten years who showed
typical myxedema. On administration of thyroid which cured the myxedema, she
developed a ‘“‘“mental decompensation’, a severe manic-depressive psychosis. The
psychosis disappeared on removing the thyroid medication but the myxedema returned.
This result of benefiting one function and injuring another obviously has applications
in agriculture as in medicine.

Then, too, according to Mecans, severe fright or worry may touch off a latent thyroid
abnormality; for example, an exophthalmic goiter may devclop in two or threec days.
Usually such development occurs gradually during a prolonged period of anxicty, sorrow,
strife, or fear. The same may be touched off by acute infection, pregnancy, parturition,
puberty, menopause, and other crises. On the other hand, many latent psychoses
(manic depressive, acute delirium, toxic exhaustion, and so on) are brought on by toxic
goiter?so, ‘

One could discuss the many theorics of the influence of thyroid activity on human
gocial leadership. But for our purpose the following is sufficient. Allee28! observed
that thyroid administration to hens at the highest “social level’”’ caused loss in their
“social order” in the flock if the thyroid caused them to moult. A lower thyroid dosage
level did not affect their ““social position’’, contrasted to the effect of raising birds in the
social (aggressive) position following low dosages of testostcrone propionate. The
dosage Tevel is very important in hormone cffect.

What was said about the influence of the thyroid on the central nervous system could
be said, if space permitted, about the adrenals and the other glands.

7.3.3: Some applications and summary of thyroid endocrinology. The
thyroid resembles the pituitary in influencing all other endocrines. Pituitary
control is by specific tropic hormones, but thyroid control is largely non-
specific. The essential thyroid effect is, then, to accelerate the speed of all
life processes, including those of the other endocrine glands and those of
agricultural importance : milk production, egg production, and in some cases
growth and reproduction.

The acceleration is not only for anabolic (building up) but also for catabolic
(breaking down) and senescence processes. Thyroid administration can thus
be practically helpful when the natural thyroxine production by the given
animal is below the level required for optimal efficiency. Some individuals

278 Gegell, A., et al., Am. J. Dis. Chald., 62, 1117 (1936). See also Wilkins, L., et al., J.

Clin. Endocrinology, 1, 3 (1941). “Thyroid medication in childhood,” J.A.M.A., 114,

2382 (1940).
279 Means?®,
280 Dunlap, H. F., and Moersch, F. P., Am. J. Psychiat., 91, 1215 (1935).
281 Allee, W. C., et al., Endocrinology, 27, 827 (1940).
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and even species are slightly hypothyroid by nature; in such cases slight
thyroid administration may be helpful. We have thus seen that the growth
rate of some strains of mice and of some humans is accelerated by thyroid
administration, but not that of the rats, guinea pigs, and rabbits investigated,
nor of most humans.

Under certain conditions and at certain times (in the declining phase of the
lactation period), the rate of milk production may be increased by thyroid
administration at low levels. The question whether the milk-production
efficiency (ratio of milk produced to feed consumed) is increased or decreased
by the accelerated milk production has not yet been answered. Nor has it
been determined how increasing the tempo of living by the thyroid administra-
tion affects the fertility and longevity of the animal, or its future usefulness.
Under certain conditions the question of future usefulness does not enter;
it is thus of little importance whether or not an animal’s fertility or longevity
is affected in the remote future by thyroid administration if it is planned
to slaughter the animal in the ncar future.

7.4: Adrenal cortex. As outlined above, the adrenal gland consists of a
medulla (central portion) which is associated with the sympathetic nervous
system, and produces adrenaline ; and a cortex (shell) which is associated with
the reproductive system and produces some 20 steroids?®? similar in structure
to sex hormones (Fig. 7.1), collectively referred to as corttn?®t. Addison’s
disease (described by Thomas Addison in 1855) is due to atrophy of the
adrenal cortex (usually by local tuberculosis). The adrenal cortex extract
cortin or the steroids isolated therefrom (more recently synthesized) function
successfully in replacement therapy when the adrenal cortex is removed or
atrophied.

There is some functional relation between the adrenal cortex and adrenal
medulla, in that cortin probably stimulates the sympathetic nervous system to
conduct impulses to the medulla?ss, and that both are involved in carbohydrate
metabolism?%, Adrenaline is not physiologically essential for life maintenance
(it appears to be useful only in emergency), but cortin is. Lack of cortin
leads to profound hypoglycemia®?, loss of sodium chloride*®” and water, to
potassium retention®¥, low blood pressure, weak heart action, reduced basal

28 For the history and chemistry of the adrenal-cortex hormones and their relation
to sex hormones, sce Pfiffner, J. J., Advances in Enzymology, 2, 325 (1942).

284 Hartman, I, A., et al., Proc. Soc. Ezp. Biol. Med., 26, 69 (1927),Am J. Phystol.,
86, 353 (1928). Rogof’f J. M. , and Stewart, G. N. Suence 66 327 (1927).

288 Secker, J., J. th/slol 94 259 (1918) 95, 282 (1919).

288 Cf, Long, "¢ N.H. Endocruwlogy, 30, 870 (1942). Kendall, E. C., Id., p. 853.
Hartman, F. A, Id., 8()1 See also Hartman JAMA. , 117, 1405 (1941) Kendall
Id., 116, 3304 (1941). Collip,Id 115, 2073 (1940) Ingle, D. J., and Lukens, F. D. W.
Endocrinology, 29, 443 (1941). Dill, D. B.,etal, Am. J. Physwl 121, 549 (1938), and
others. See also a series of articles by llartman, Kendall, Grollman et al., in Cold
Spring Harbor Symposia Quant. Biol., b, (1937).

287 In 100 ce blood from normal mdwlduals, there are about 330 mg Na, 600 Cl, 19 K,

and 85 sugar; blood from patients with Addison’s disease contains about 250 mg Na,
450 Cl, 26 K, and 50-60 sugar.
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metabolism (by about 25 per cent), disturbed temperature regulation, and
general muscular weakness. The two most obvious adrenal-cortex functions
are, then, salt and water balance?®® and maintenance of the blood sugar level
by gluconeogencsis?®? (sugar formation from protein). Two adrenal-cortex
steroids, 11-dehydrocorticosterone and 17-hydrocorticosterone, are appa-
rently involved in both salt and blood-sugar regulation. The particularly
potent salt-regulating steroid is desocorticosterone?®® and the particularly
potent carbohydrate former is corticosterone?®®, Both of these steroids were
isolated and synthesized (1937) by Reichstein (Zurich), but Kendall and
Mason and Wintersteiner and Pfiffner (U. 8. A.) made outstanding chemical
contributions and eclucidated the relations between the many steroids.

The sugar-forming potency of corticosterone (and to a less extent of 11-
dehydrocorticosterone and 11-dehydro-17-hydrocorticosterone) is great
enough to induce severe glucosuria?®® on its administration.

In the absence of cortin or its active steroids, lifec may be maintained in Addison’s
discase (or adrenalectomy) by increasing the intake of sodium salt, the amount depend-
ing on the condition (edema, ete.) and reducing intake of potassium salt; to overcome
the tendency to hypoglycemia, and consequent muscular weakness, increase the car-
bohydrate intake. IHartman outlined methods for measuring cortin deficiency and
emphasized the extra cortin demands in conditions of stress, ‘““infections, toxins,
shock, great heat, great cold, exercise’’20t, i

The fact that extra cortin is needed under conditions of stress does not mean
that it would benefit normal animals to have extra cortin. Indeed, as in the
case of thyroxine, the opposite may be true, depending on dosage and sensi-
tivity of the animal. As on administration of excess thyroxine or thyro-
tropic hormone, so on administration of excess cortin or adrenotropic hormone
there is increase in the catabolic rate, especially of protein deamination and
urinary nitrogen excretion. The excessive deamination is associated with
excess sugar formation and excretion. The effect on nitrogen metabolismh
and on growth is opposite to that of pituitary growth-hormone administra-
tion?*? (which increases protein anabolism and reduces nitrogen excretion).
There appears to be a reciprocal relation of the pituitary-growth and adrenal-
cortical hormones in their cffect on protein metabolism?®* 293,

It is interesting to note (Fig. 17.5) that on approaching maturity, when the rate of
total body gain declines rapidly, the rate of weight gain of the adrenal cortex increases

288 [oeb, R., Science, 76, 420 (1932); J. Exzp. Med., 67, 775 (1933). Thorn, G. W.,
et al., Id., 94, 348 (1941).
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S. H., et al., Macy Foundation, 1941. Schleser, I. H., and Asher, R., Am. J. Physiol.,
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rapidly until total weight gain is brought to a standstill. The adrenal cortex activity
may be the limiting factor in bringing growth to a standstill (C. W. Turner). Would
removing part of the adrenal cortex permit further growth? The adrenal-cortex spurt
in growth coincides with the gonad spurt in growth, and the sex hormones, at any rate
estrogen, arc known to depress the growth-promoting properties of the anterior pitui-
tary?%; dwarfing of rats and chickens was produced by administration of follicular
hormone?®, Corticosterone (not desocorticosterone) is particularly effective in re-
pressing lymphoid tissuc?% (thymus, lymph nodes). Corticosterone or cortin adminis-
tration, of course, atrophies the adrenal cortex by repressing liberation of corticotropic
hormone?%, Under stress adrenotropic hormone output is increased and the adrenal
is hypertrophied. The level of cortin metabolism apparently parallels that of basal
metabolism.

Just as the basal metabolism per unit weight is greater in small than in large
animals (Chs. 13 to 15), so is the cortin need per unit weight. A rat needs 40
times and a cat 4 times as much cortin per unit body weight as man (Hart-
man). The importance of the adrenal-cortical function in metabolism is
indicated by hypertrophy of one adrenal if the other is removed, and the fact
that such hypertrophy is avoided by administration of adrenal-cortical extract.
Also, newly-born of adrenalectomized mothers show abnormally large
adrenals®¥.

As previously explained, sex hormones and adrenal-cortex hormones are
related structurally (Fig. 7.1) and functionally. Gonad removal hyper-
trophies the adrenal cortex®®8, while sex-hormone administration reduces the
adrenal cortex. Progesterone is said to atrophy the adrenal cortex of male
rats®®?, although this problem is still under investigation. Estrogen, how-
ever, is said to have the opposite elfect—adrenal hypertrophy—and therefore
increase in protein catabolism and suppression of growth. The “infant
Hercules” type of precocious sexual and muscular development is associated
with adrenal-cortex tumor; so is virilism in women?®® (the circus’ ‘“bearded
lady”); and perhaps some types of feminism in men may be attributed to
adrenal-cortex dysfunction. Conversely® sex hormones, or hormone-like
bodies, particularly progesterone and stilbestrol, may substitute for some
adrenal-cortex hormones by causing sodium-ion retention and potassium-ion
excretion.

Riddle®* reported that adult pigeons and doves “showed male behavior to
an extent equalling that of any normal bird that T have ever observed”, vet
“these birds never possessed a gonad”. The male behavior of these gonad-
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less birds is attributed to adrenal-cortical male hormone production, said to be
produced by a special androgenic tissue, associated with the adrenal cortex.
Pseudo-male hermaphrodism with male behavior and functional prostatic
tissue in the absence of testicular tissue is attributed to androgen production
by this androgenic adrenal tissuedos,

Not only sex hormone but also lactation hormone (cortilactin) was prepared
(by isoelectric precipitation) from the adrenal cortex3®. This stimulates the
crop sac of pigeons similar to (pituitary) prolactin (Scet. 7.2).

Richter?% called attention to the influence of adrenalectomy on appetite
behavior (Chs. 10 and 20). Removal of the adrenals is followed by excessive
loss of sodium chloride and also by a compensating appetite for salt. A boy
who had excessive craving for salt was found to have an adrenal cortex eroded
by a tumor. Conversely, adrenal (and other) abnormality may often be
inferred from observation of the appetite.

Glutathione is said to be involved in growth acceleration (Chs. 6 and 16), and it may
be significant that adrenal tissuc is richest in glutathionesos,

As noted in the introduction, the adrenal cortex is interrelated with the anterior
pituitary adrcnocorticotropic hormone, with the pituitary occupying the ‘‘controlling”’
position. Thisisindicated by adrenal cortex atrophy on pituitary removal (the atrophy
is greater than could be caused by thyroid deficiency), and adrenal restoration to normal
on pituitary implantation3”.  The cffect on the microscopic picture of the adrenal
medulla appears within 2 hours after the pituitary administration3®®,  Under some con-
ditions A.P. administration may depress the catabolic effect of the adrenal cortex (and
thus accelerate growth)s*?, Under other conditions A.P. administration may lead to
adrenal hypertrophy (70-1309,,)%%; conversely, adrenalectomy or adrenal administra-
tion affects the pituitary’!'. Preparation of pituitary adrenotropic hormone was re-
cently reportedse,

In addition to the interrelation of the adrenal cortex to the pituitary and gonads,
it is also related to other endocrines, such as the thyroid. Hyperthyroidism leads to
hypertrophy of the adrenal cortex3!3, perhaps as a result of increased metabolism.
Apparently anything that increases metabolism (ineluding laetation) hypertrophies
the adrenal cortex. Then, too, it is said that the adrenal cortex exercises an inhibiting
control over the thyroid3!. Individuals with hypofunctioning adrenals arc particularly
sensitive to thyroxine, leading to “hyperthyroid erisis’’315 on thyroid administration.

303 Grollman, Id , p. 318.

30t Hartman, ef al., Am. J. Physwl , 134, 12 (1941).

308 Richter, C. P., Ann. Rev. Physiol , 4, 561 (1942). Sec also Clark, W. G., and
Clausen, D. I., Am. J. Physiol., 139, 70 (1943).

308 Hammett, . S., Protoplasma, 7, 535 (1929).

307 Smith, P. K., Am. J. Anat., 48, 205 (1930).

308 Angelmino, K., et al., Klin. Woch., 13, 1724 (1934).

300 Young, I'. G., Brit. Med. J., 2, 897 (1941). Mursky, L. A., Endocrinology, 26, 52
(1939).

310 Emery, F. E., and Atwell, W. J., Anat. Rec., 58, 17 (1933). Ingle?%.

3t Shumacher, I1. B., Endocerinology, 18, 676 (1934).

312 Sayers, G., While, \\., and Long, C.N.1I, Proc. Soc. Ezp. Biol., 62, 199 (1943). Li,
C. H,, Evans, I M., and Simpson, M. k£ , /. Bewl. Chem , 149, 413 (1943).

313 Korenchevsky, V., and Hall, K, Biochem. J., 36, 726 (1941). Ingle, D. J., and
Higgins, G. M., Endocrinology, 23, 419 (1938).

314 Marine, )., Bauman, K., Am. J. Physiol., 57, 135 (1921); 69, 353 (1922). Scott, W.
J.M.,J. Ezp. Med., 36, 199 (1922). .

316 Perea, G. A., and Parker, D. D., J.A.M.A., 122, 669 (1943).
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Summarizicg, the adrenal cortex produces hormones similar to sex
hormones. It is especially associated with the regulation of salt and water
metabolism and with carbohydrate and protein metabolism, and therefore
with growth, lactation, and related productive processes. Because of its cffect
on carbohydrate metabolism, especially gluconcogenesis, the adrenal cortex
function may, perhaps, be a limiting factor in milk production. Relative
hypofunction of the adrepal cortex in comparatively high-milking animals
may, perhaps, lead to the hypoglycemic type of milk fever. On the other
hand, hyperfunction of the adrenal cortex may cause inefficient feed utiliza-
ion and growth depression. The field is at present under intensive investiga-
tion, the results of which explain many phenomena, and find use in medicine;
but they have not yet been carried to the point of application in agriculture.

7.6: Calcium-phosphorus metabolism hormones: the parathyroids3®,—As
previously noted, all hormones arc metabolic catalysts, but some, like the
thyroids, are best known for their catalytic effect on energy metabolism,
although the effect is no less apparent on calcium metabolism?®?. The gonads
arc best known for their effect on sex activity, although they, too, catalyze
calcium metabolism, which is certainly true as regards the effeet of estrogen
on calcium storage, on blood caletum in birds®8, and on bone metabolism and
strength®?®,  On the other hand, ovariectomy often leads to hypocalcemia®?o,
The adrenal cortex is best known for its effect on energy and carbohydrate
metabolism and on maintenance of muscular efficiency, although it has an
equal effect on sodium retention and on electrolyte balance. Likewise, the
parathyroids (Fig. 17.30) are best known for their effect on calecium and
phosphorus metabolism; by controlling this, they may be said to regulate
growth and related productive processes3?.

The word “control” (of calcium metabolism) is perhaps too strong for
characterizing the parathyroid effect on calcium metabolism; “regulation”
is better. Just as adrenalectomized animals may be maintained under
quiet conditions by administration of extra salt, water, and carbohydrate,
so parathyroidectomized animals under quiescent conditions (not pregnant
or lactating) may be maintained by administration of extra calcium and
vitamin D.

Calcium occupies an extremely important position in the body economy in

316 Campbell, 1. L., and Turner, C. W., Univ. Missouri Agr. Exp. Sta. Res. Bull. 352,
19042, Dragstedt, L. R., Phystol. Rev., 7,499 (1927). 1less, A.F., ‘“Rickets and tetany,”
Lea & Febiger, 1929. Huggins, C., Physiol. Rev., 17, 119 (1937). Kay,H. D, Id., 12, 384
(1932). Logan, M. A., Id., 20, 522 (1940). Schmidt, C. L. A., and Greenberg, 1>. M.,
Id., 16, 207 (1935). Shelling, D. H., “The parathyroids in health and discase,”” Mosby,
1935. Thompson, D. L., and Collip, J. B., Physiol. Rev., 12, 309 (1932). A recent, shorter
review: Albright, ., J A.M.A., 117, 527 (1941).

317 Aub®, and Harvey Lectures, 24, 151 (1928-29).

318 Riddle, O., and Dotti, L. B., Science, 84, 557 (1936); Am. J. Physiol., 123, 171
(1938); Riddle, Ann. Rev. Physiol., 8, 573 (1941). Bloom, M. A., and McLean, F. C.,

Anat. Rec., 83, 99 (1942) (testosterone synergizes with estrogen in stimulating bone
formation).

319 Gardner, W. U | Endocrinology, 32, 149 (1943); Physiol. Rev., 23. 139 (1943).
, 320 Shapiro, H. A , and Zwarenstein, J., .J. KEzp. Biol., 10, 186 (1933).

321 Sherman, H. C., and MacLeod, F. L., J. Biol. Chem., 64, 429 (1925).
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general, and in growth, milk and egg production in particular. About 2
per cent of the body is calcium and 99 per cent of this calcium is in the skele-
ton®2,  While support is one of its obvious functions, the skeleton is not merely
an inert supporting structure. The skeleton is, on the contrary, like other
constituents of the living body, in rapid flux$3, The calcium in bone is
interrelated with the calcium-ion level in the blood, as body glycogen is
interrelated with the glucose level in the blood (Sects. 10.4 and .5).

The calcium-ion level in the blood is the resultant of dietary calcium and
vitamin D, caleium outgo (into bone, milk, egg, etc.), and parathyroid hor-
mone level (Ch. 20).

Normally, the blood serum or plasma contains about 10 mg per cent of
calcium (in whole blood about 5 mg per cent) half of which—about 5 mg per
cent—is in the form of calcium ion and the other half as calcium proteinate.
On parathyroid removal, the blood-serum calcium declines to about half
normal (5 mg per cent) and the organic phosphorus rises to about 25 per cent
above normal (from about 5 to about 7.5 mg per eent). On injecting para-
thormone (or on overactivity of the parathyroid, usually duc to tumor) the
opposite occurs—the blood calcium level may be doubled and the organie
phosphorus level may be halved. The quantitative effect is analogous to
that of thyroid removal and thyroid administration.

The detailed mechanisms whereby these changes are brought about are at
present under investigation. Unlike the thyroid, the parathyroid does not
appear to be under pituitary control®?4, In addition to the calcium mobiliza-
tion from bone, parathormone, like cortin, may exert an cffect on selective
kidney function.

The caleium factor is particularly important in the dairy industry not only
because caleium is one of the most valuable dietary constituents in milk, but
also because it is often a limiting factor in milk production. The blood-
calcium level in high-milking cows may decline to very low levels with the
resulting dangerous “milk fever” (just as the blood-sugar level may decline
to abnormally low level in adrenal hypofunetion or in low carbohydrate in-
take, causing “milk fever”’). TUnder such or similar conditions, when the
caleium outgo into the milk greatly exceeds the income from feed, the para-
thyroid is hypertrophied in the performance of its function of mobilizing the
bone calcium3, But in spite of the hypertrophy, the blood caleium may
decline during heavy lactation and, in some species, during the later phases
of gestation. The low blood calcium in milk fever is probably not the result

322 Composition of bone: 60 per cent is ash; of the bone ash, 80 per cent is Cas(POy).,
13 per cent is CaCOs, 2 per cent is Mg;(PO,):; or 36 per cent of the ash is Ca, 16 per cent
is P; 0.5 per cent is Mg, and 5.5 per cent is CO,. It turns out that the Ca to P ratio is
about 2 to 1, and that the Cas(POs): to CaCOs ratio is about 1 to 1.5.

32 Schoenheimer, R., “The dynamic state of body constituents,” Harvard Univ.
Press, 1942.

324 Carnes, W. H., et al., Am. J. Physiol., 139, 188 (1043).

325 Marine, 1D., Proc. Soc. Exp. Biol. Med., 11, 117 (1914). Pappenheimer, A. M., and

Minor, J., J. Med. Res., 42, 301 (1921). Ham, A. W., et al., Am. J. Path., 18, 277 (1940).
Roberts, E., Anat. Rec., 79, 417 (1941). Campbell and Turner,¢ 1942.
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of low dietary calcium, out of the inability of the digestive, assimilatory and
calcium-mobilizing ~cchanisms to keep up with the milk-secreting mecha-
nisms.

While dairymep would like to develop a more efficient parathyroid in cattle,
or a parathyroid Yormone suitable for administration to cattle to avoid milk
fever, the cure n :ght be worse than the remedy. Increasing the parathyroid
efficiency might weaken the bones and deteriorate the teeth.  The organismic-
homeostatic viewpoint does not encourage parathyroid hormone administration
to normal animals just as, as a rule, it does not encourage the administration
of other hormones unless the animal is particularly deficient in some one
hormone as contrasted to the abundance of other factors.

Fortunately, as previously noted, the caleium-ion level in the blood is a
function not only of the parathyroid-hormone level but also of calcium and
vitamin D intake in proper form*¢.  The purely practical problem of avoiding
milk fever, thercfore, seems to be nutritional-- supplying a high level of dictary
calcium in proper form and vitamin D (irradiated yecast now available in
inexpensive form )37, It appears®™® that milk fever in dairy cattle is decreased
by feeding them a million T.U. units vitamin D (irradiated yeast) 30 days
before and 10 days after calving.

The overall parathyroid function is to maintain constant the caleium-ion level in
the blood serum, if neeessary by removing the ealeium from bones. By decalcification
of bone under adverse conditions of dictary calcium supply, excess parathyroid aggre-
vates rachitic processes. IHyperparathyroidism causes serious bone disease. Vitamin
D, on the other hand, promotes calcium deposition into the bone, if necessary by lower-
ing the blood caleium. In brief, while the primary function of the parathyroid hormone
is to maintain constant the calecium level in blood, that of vitamin D is to deposit caleium
in the skeleton, which necessitates its removal from the blood. The two processcs are
balanced in a normal well-fed animal. The effeet is opposite on serum phosphorus:
parathyroid hormone depresses the serum phosphorus, vitamin D raises it.

While under conditions of dietary calcium deficiency vitamin ) may, theoretically,
reduce the blood calcium level by building it into bone, it ordinarily has a calcemic
effect; it increases the blood caleium level by inereasing the caleium absorption from the
digestive tract. Indced, in casc of parathyroid deficieney, vitamin D; (7-dehydrocholes-
terol, from fish livers), vitamin D, (calciferol, an activated ergosterol) and dihydro-
tachesterol (““A.T.10”’, also an activated erogosterol derivative) tend to maintain the
blood calcium at a normal level???. A T. 10 wnercases the blood caleium level but,
unlike vitamin D, is not antirachitic.

The obvious prophylactic against hypocalecemic milk fever and rickets scems to be to

326 McLean, F. C., J.ANM A, 117, 609 (1911); Campbell and Turnerss,
327 Cf. Hart, K. B., et al , J. Biol. Chem., 62, 117 (1921); 71, 271 (1927). Macy, 1. G.,
elal., Id., 86,59 (1930). Henderson, J., and Magee, H. K., Buoc. J., 20, 363 (1936).

328 Monroe, C. I'., Krauss, W. E., and Sutton, T. N., “Control of milk fever,”’” Proc.
Am. Dairy Sci. Assn., 37th Meet., 1942,

329 McLean3?. ‘““There is a species difference in the caleemic effects of the 3 sub-
stances. Thus vitamin Dj is equivalent to 40,000 U.S.P. units/mg for both rat and
chicken; but while vitamin D, is equivalent to 40,000 units/mg in the rat, it is only 1000
units/mg in the chicken; erystalline dihydrotachysterol is equivalent to 80 U.S.P. units
in the rat and 360 in the chicken. In the chick vitamin Dj is 35 times as effective as
vitamin D, and dihydrotachysterol is 4.5 times as effective as vitamin D;.”” E. W,
McChesney, J. Nut., 26, 81 (1943).
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feed a high level of calcium in available form and irradiated yeast which, incidentally,
also increases the vitamin D level in milk.

The growth of knowledge of the anatomy of the parathyroids parallelled that of the
thyroids, beginning with about 1880 (Sandstrom). The relation of the parathyroids
to nervous symptoms has been known sinee about 1890 (Iorsley, Gley, Kohn), although
it was not until 1908 that McCallum and Voegtlin®0 discovered that parathyroid removal
in dogs is followed by abnormally low blood ealeium and by “twitching, rigidity, tachy-
pnoea, fibillary tremors, increased rapidity of the heart beat, ete.”, all of which are
overcome by intravenous injection of a 5 per cent solution of ealeium acctate or lactate.

This definitely established the fact that the parathyroids regulate calcium metabo-
lism. By 1925 potent parathyroid extracts had been prepared, especially by Collip3,
which substituted for the parathyroid in parathyroidectomized animals and caused
hyperealcemia in normal animals®e,

Much incidental information gradually accumulated, such as that the decline in
blood calcium is associated with an increase in blood phosphorus®? (there tends to be a
constant product of caleium and phosphate ions; the Ca/P ratio tends to be between 1
and 2, so that the proper functioning of the caleinum metabolism is also dependent on a
certain phosphate concentration®¥t); that meat3s aggravates and milk (or lactose33s)
helps in maintaining parathyroidectomized animals. At the same time the nutritional
literature®?, as well as the hormonal, indicates that lactose ingestion exerts favorable
influence on ealcium assimilation, as does a proper Ca/P ratio. Anything that decreases
the solubility of calcium salts (as excess oxalates, phosphates, alkalinity) decreases
caleium absorption.

The importance of ionie balance (“‘ionic antagonism’’) on neuro-muscular irritability
and permecability, especially in relation to caleium ions, has been long known38 and
also its widespread influcnee as, for example, on blood elotting, milk clotting, digestion,
and so on. The same is true as regards phosphorus, which is not only a part of bone and
every cell but is important in intermediate metabolism (phosphorylation, see Ch. 6).
The same substance, caleium or phosphorus, seems to be used for many different pur-
poses in the body and deficieney exerts correspondingly widespread effects.

7.6: Carbohydrate-fat metabolism hormones??. There is a similarity of
pattern in the anatomy, physiology, and cven in the history of our knowledge
of the various endocrines and hormones and their interrelations.

330 MacCallum, W. G., and Voegtlin, C., Bull. Johns Hopkins Hosp., 19, 91 (1908); J.
Exp. Med., 11, 118 (1909).
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As regards the carbohydrate-metabolism hormone insulin, we have first the
discovery of the relation of the disease diabetes to an organic lesion of the
pancreas; second, duplication of the disease by removal of the pancreas???
(Mering and Minkowski, 1899); third, the correlation of the disease with
special structures in the pancreas, the islets of Langerhans (Opie, 1901);
fourth, the idea of the presence of a hormone (M.W. 35000, named “insulin”
by Shaffer in 1916); fifth, the search for and discovery of the hormone.
Several groups of workers independently prepared active extracts, but one34°
carried the work to the stage of successful substitution therapy in man.

There is likewise a parallelism between the regulatory effect of insulin on
blood sugar and, for example, of parathormone on blood calcium. Bone is
the bodily reservoir for blood calcium, and glycogen is the bodily reservoir
for blood glucose (Sects. 10.4 and 10.5).

Insulin has at least three interrelated functions: (1) the homeostatic one
(Sect. 10.4) of maintaining constant the glucose level in the blood by shifting
the reaction glycogen = glucose to the right or left; (2) storing glycogen in
the liver and muscle; (3) catalyzing the oxidation of carbohydrate.

A more recent development is that the anterior lobe of the pituitary has an
insulin-antagonizing hormone, the so-called diabetogenic or glycotropic
factor?!. Houssay®* reported that an animal made diabetic by removal of
the pancreas is improved with regard to diabetic symptoms (high sugar and
ketone bodies in blood and urine) and lives longer if the anterior lobe of the
pituitary is likewise removed. Such an animal (depancreatized and hy-
pophysectomized) is called a ‘ Houssay animal””. It s, of course, very remark-
able that an injury to two organs is more favorable than to one, and this fact
emphasized dramatically the concept of balance. Young?%? confirmed the
observations that hypophysectomy decreases diabetic intensity in diabetic
animals, and he further observed that administration of A.P. extract to normal
animals may lead to severe, permanent, diabetes. The effect is apparently
by way of the islets of Langerhans, first overstimulated, than destroyed?4.
Diabetes may thus result from pituitary overactivity as well as from pancre-
atic underactivity.

It is important to note that removal of the adrenals in diabetic animals
likewise improves the diabetic condition®!. The adrenalectomy effect is
observed only in the presence of the pituitary, indicating that the pituitary
hormone acts through the intermediacy of the adrenals. This has been
adequately confirmed.

The problem of endocrine balance and its relation to kefosis is so important

30 Banting, F. G., and Best, C. I1., J. Lab. Clin. Med., 7, 251 (1922).

341 Houssay, B. A., and Biasotti, A., Endocrinology, 16, 511 (1931); Arch. ges. Physiol.,
127, 239 (1931). See Thompson, D. L., J. A. M. A., 115, 2169 (1940).

322 Young, I'. G., Endocrinology, 26, 345 (1940).

313 Campbell, J., and Best, C. H., Lancet, 1, 1444 (1938).

34 Long, C. N. H., and Lukens, ¥. D. W., J. Ezp. Med., 63, 465 (1936).
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in practice that it is desirable to outline it. First is the fact that in their
metabolic history fatty acids apparently pass through a ketone stage, most
conspicuously acetoacetic acid, CHz-CO-CH,-COOH. But the “ketone
bodies” also include beta-hydroxybutyric acid, CH;- CHOH-CH,-COOH,
and acetone, CH;-CO-CH;. The overall reaction leading from, say, pal-
mitin or palmitic acid to a ketone may be illustrated in several ways, for
example, by the, reaction

CieHzO; + 190, — CIL;-CO-CH,-COOH + 12CO. + 13H.0

palmitic acid aceloacetic acid ~

The accumulation of ketone bodies in diabetes used to be explained3‘® by
assuming that their oxidation involved a coupling with carbohydrate, that
one molecule of glucose is needed to burn “smokelessly” one to two molecules
of fatty acid, and that ketone bodies form in the absence of sufficient glucose.

The current idea seems to be®# that carbohydrates are not antiketogenic in
Shaffer’s coupled-reaction sense but, more simply, in the sense that when the
carbohydrate oxidation is low, fat oxidation is correspondingly high, and
relatively high fat metabolism necessarily involves relatively high ketone
formation. The fat metabolism is high when carbohydrate cannot be uti-
lized, as in diabetes, during starvation (either total or specific carbohydrate
starvation), when oxidation is confined to fat, following the administration of
anterior pituitary “diabetogenic hormone”’3¥’. This is assumed to mobilize
fat from the fat depots, causing hyperlipemia and fatty infiltration of the
liver, which liver fat replaces the liver glycogen (the effects of both insulin
and the pituitary diabetogenic hormone are on the liver—neither is effective
in liverless animals®8), and the metabolism is largely of fats. Insulin and
available carbohydrate prevent ketosis by inhibiting fat infiltration into the
liver and storing glycogen instead; the anterior diabetogenic factor, on the
contrary, stimulates hyperlipemea and fat infiltration into the liver, with
consequent high fat metabolism and thercfore ketosis. It is possible that
low blood sugar, or low dietary carbohydrate, stimulates the pituitary to
produce the diabetogenic factor.

Ketosis is of considerable agricultural importance. IKetosis, like a certain
type of milk fever caused by low blood sugar®'® (as well as by low blood cal-

345 Shaffer, P. A., “Ketogenic-antiketogenic balance”, J. Biol. Chem., 47, 449; 49,
143 (1921); 64, 399 (1922).

346 Sogkin, S., and Levine, R., Biological Symposia, 5, 61 (1941). MacKay, IX. M.,
¢“Ketosis”, J. Clin. Endocr., 3, 101 (1943). )

37 Long, (!. N. H., Cold Spring Harbor Symposia on Quantitative Biology, 5, 344 (1937).
A full review is presented on the possible existence of ketonuria-producing hormones in
the A.P. distinct form carbohydrate-metabolism hormones and of other diabetogenic
hormones. Sec also Russell, Jane A., “Relation of anterior pituitary to C. H. metabo-
lism”’, Physiol. Rev., 18, 1 (1938). .

38 Mirsky, I. A., Am. J. Physiol., 115, 424; 116, 322 (1936).

349 Little, W. ., and Wright, N. C., “Milk fever”, Brit. J. Exp. Path., 8, 219 (1925).
Nicholson, J. A., and Shearer, G. D., “Lactation tetany”, Vet. J. (Ireland), 44, 388
(1938).



194 BIOENERGETICS AND GROWTH

cium, discussed in the parathyroid section), is fairly common in high-produc-
ing ruminants in late winter and early spring®®. The explanation may be,
roughly, as follows®!: (1) the soluble carbohydrates have been fermented
and leached from the hay and silage by late winter and early spring; (2)
great quantities of fatty acids are formed by fermentation in the rumen3%,
especially if the fodder is low in soluble carbohydrate, and absorbed; (3)
lactation (and gestation) makes great demands on the soluble carbohydrates.
The result of the low glycogen reserve is high fat reserve in the liver with
ketone formation as explained above. The remedy is, obviously, feeding good
roughage (containing high levels of soluble carbohydrate) and, if necessary,
such feeds as molasses, up to two pounds a day (to lactating dairy cows).

Duncan, Huffman and Tobin reported that the acetone-body concentration in their
cows suffering from ketosis was 23 mg per cent in the blood and 155 mg per cent in the
urinc. Following recovery, the concentration was, respectively, 3 and 54 mg per cent
in the blood and urine. Manifestations of ketosis in cattle (depression or excitement,
decline in milk production and feed consumption, depraved appctite, stifiness) are said
to begin when the ketone bodies exceed, respectively, 10 and 20 mg per cent in the blood
and urine.

Summarizing, this section presents a diagrammatic outline of one aspect of
the hormonal regulation of carbohydrate and fat (ketosis) metabolism, with
notes on their relation to the nature of the food supply. Other neuro-endo-
crine factors influencing metabolism were discussed in the thyroid and adrenal
sections. Non-hormonal catalysts, including choline, influencing especially
fat metabolism, are discussed in Chapters 6 and 20.

7.7: Anterior-pituitary and growth hormones. The removal of the anterior-
pituitary (A.P.) in growing animals not only stops growth but leads to
marked loss in body weight?®*. Growth is resumed at the normal or even at
supernormal levels on injecting (but, not ingesting, except possibly in some
amphibians) A.P. extract®*, or simply by daily implantation of pituitary
tissues®s.

On the other hand, A.P. injection or implantation into normal animals
leads in young animals to gigantism?3%* 3% and in some species of adult animals

350 Sjollema, B., “Metabolic cattle disorders”, Nut. Abst. Rev., 1, 621 (1932).

381 Duncan, C. W., Huffman, C. F., and Tobin, H. A., J. Am. Vet. Med. Assn., 95,
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3_}” Washburn, L. E.,; and Brody, S., Univ. Missouri Agr. Exp. Sta. Res. Bull. 263,
1937.

383 Cushing, H., “The pituitary body and its disorders”’, Philadelphia, 1912,

3¢ Kvans, H. M., and Long, J. A., Anat. Rec., 21, 62 (1921); 23, 19 (1922); also Proc.
Nat. Acad. Sci., 8, 38 (1922). KEvans, Harvey Lectures, 19, 212 (1924); Evans, Meyer,
K., and Simpson, M. K., Memoirs Univ. Calif. (1933). Evans, et al., Endocrinology, 27,
605 (1940); Am. J. Physiol., 186, 614 (1942), and numerous papers since 1921,
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Surg., 18, 1708 (1929). Teel and Cushing, Endocrinology, 14, 157 (1928). Evans, Meyer,
and Simpson?3®,
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(dogs, but not rats) to acromegaly. In both there is marked visceromegaly?t®,
increased size of chest, thickening of skin and increased hair growth. The
effects on different organs varies with the species. Splanchomegaly has been
noted in acromegatic humans and dogs and splanchomicria in pituitary
dwarfism. The spleen is hypertrophied to double the normal size due to
hyperplasia of the reticular and endothelial cells of the red pulp3¥ and hyper-
trophy of the liver by truec hyperplasia3®,

The female rats administered pituitary growth hormone by Evans attained
700 grams as compared to 300-gram litter mates; and male rats reached 900
grams compared to 450-gram litter mates. The successive growth increments
in the rats decreased with successive hormone increments until further
hormone additions were without effect. Forces other than epiphyseal closure
operate to limit growth.

This upper limit may, perhaps, be reached without hormone administration
by dietary means alone. Thus the Anderson-Smith fed rats3s® weighed 300
grams at 63 days, more than the hormone-treated rats of Kvans and Long?°
that weighed 228 grams at 75 days. The Anderson-Smith fed rats weighed
500 grams at 123 days, close to the hormone-treated rats of Evans and Simp-
son®! that weighed 500 grams at 125 days. There may, however, have been
genetic size differences between the Evans and the Anderson-Smith rats,
80 that these two groups of rats may not have been comparable.

There is a large literature on pituitary gigantism associated with pituitary
tumors®2, and on dwarfism associated with defective pituitary inheritance?
or hypophysectomy36*,

These observations indicate that the pituitary has a major function in
growth and development. One problem at present under investigation is
whether this pituitary controlis (1) direct on the growing tissue, by means of
specific growth or somatotropic hormone(s), or (2) indirect by way of pituitary
trophic or tropic hormones, which act as ““triggers” on other ‘“target” endo-
crines, exemplified by action of the pituitary thyrotropic hormone on the

%7 Perla, D., J. Ezp. Med., 63, 599 (1936).

358 Brues, A. M., et al., Arch. Path., 22, 658 (1936).

369 Anderson, W. E., and Smith, A. H., Am. J. Physiol., 100, 511 (1932).

360 Evans, 1. M., and Long, J. A., Anat. Rec., 21, 62 (1921); 23, 19 (1922).

31 Kvans, H. M., and Simpson, Am. J. Physiol., 98, 511 (1931).

32 Marie, P., Rev. de Med. (Paris), 6, 297 (1886); Arch. Med. Exper. Anat. Path., 8,
539 (1891). Cushing, H., “The pituitary body and its disorders’’, Lippincott, 1912.
Cushing, H., and Davidoff, I.. M., “Acromegaly’’, Monograph of the Rockefeller In-
stitute, No. 22, 1927. Cushing, Harvey Lectures, 28, 90 (1932-33). Weinberg, S. J.,
“Gigantism”’, Ann. Med. Hist., 3, 650 (1931).

383 Bayer, L. M., and Gray, H., “Growth of pituitary dwarfs’’, Intern. Clinics, 8,
15 (1937). Engelbach, W., “Endocrine Medieine’’, Thomas, 1932; Kndocrinology, 17,
280 (1933); 18, 387 (1937). Schaeffer, R. L., Id., 20, 6% (1936).

381 Smith, P. E., J. A. M. A., 88, 1568 (1927); Am. J. Anal., 46, 205 (1930). Aschner,
B., Wien. Klin. Wchnschr., 22, 1730 (1909); Arch. ges. Physiol., 148, 1 (1912). Richter,
C. P., and Wislocki, G. B., Am. J. Physuwl., 95, 481 (1930). Thompson, K., and Gaiser,
D. W., Yale J. Biol. Med., 4, 677 (1932). Evans, H. M., et al., Univ. Cal. Memoir 11,

1933. Lee, M., and Ayres, G. B., Endocr., 20, 489 (1936). Parkes, A. 8., and Rowlands,
I. W., Proc. Roy. Soc., 126B, 214 (1938).
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thyroid, which in turn controls growth aspects (Fig. 7.3). It is evidently
a difficult, if not impossible, task to separate these two different types of
controls.

The following recent data3s on the growth of a human giant are instructive on what a
pituitary abnormality may lead to. The parents, brothers, and sisters were normal
(Fig. 7.6).

Age Weight Height

(years) (Ibs) (feet) (inches)
Birth 8%
1 30
9 178 6-0
11 6-7
14 7-5
19 435 8-6
21368 495 8-8
22 491 8-9%
(died from infection
of foot)

The literature reports taller men (cf. Biblical 9 ft 9 in for Goliath, 9 ft 9 in for an
Arabian giant reported by the Roman Pliny, etc.), but Dr. Humbred believes that this
man, less than 9 feet, is the tallest on record, representing the genetic ceiling.

Though large, these giants arc weak. Thus injection of A.P.E. enlarges the liver,
but the enlargement is often associated with a central atrophy or necrosig3®?’. Similar
results of external enlargement and internal degeneration were reported on bone growth
in guinea pigs and mice?8,

The medical literature is concerned with the use of growth-hormone preparations on
various types of dwarfs. Dwarfism is commonly divided into: (1) anterior hypopitui-
tarism; (2) primary anterior pituitary and sccondary thyroid deficiency; (3) primary
thyroid and secondary anterior pituitary deficiency. Uncomplicated hypopituitarism
(normal except hypofunction of the cosinophil cells) is associated with small size but
normal proportions; hypothyroidism is associated with abnormal bodily proportions
and maldifferentiation. The thyroid and pituitary—as well as many other endocrines—
act synergistically. The therapeutic hormone preparation necessarily varies with the
cause and nature of the dwarfism. The pituitary dwarf, whose bodily proportions, tex-
ture of skin and hair, and mental development are normal, although often sexually un-
developed, is treated with the “pituitary growth’ preparation. The thyroid dwarf,
whose bodily proportions, texture of skin and hair and mental development are ab-
normal, is treated with thyroid. Because of the synergistic interrelations of pituitary
and thyroid hormone, both are often employed together. Certain types of bone-growth
dwarfisms may be associated with defective adrenals. It has been reported®®® (but not
confirmed) that adrenalcctomy results in a stunting of bone growth similar to that of
hypophysectomy. Whichever the mechanism of action of the pituitary on growth, it is
undoubtedly indispensable during postnatal growth and development.

But in carly prenatal life, prior to the development of the functional pituitary and

365 Humberd, C. D., J. A. M. A., 108, 544 (1937). See also Gray, H., “The Minneapo-
lis Giant”’, Annals. Intern. Med., 10, 1669 (1937). For the older literature, see Silber-
berg, M. and R, Arch. Path., 86, 512 (1943).

366 T'yme Magazine, March 20, 1939, p. 57.

367 Putnam, Benedict, and Teel3%¢, Downs, W. G., J. Dent. Res., 10, 601 (1930).

368 Sjlberberg, M. and R., Endocrinology, 29, 475 (1941); also Am. J. Path., 16, 547
(1939); 16, 491, 505; 17, 189 (1940).

369 Ingalls, T. H., and Hayes, D. R., Endocr., 29, 720 (1941).
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the other endocrines?™®, the chick embryo for example, seems to be doing well enough
without the pituitary and at ages when growth and development are most rapid. Does
the egg contain all the hormones? Are these growth-development catalysts needed in
later life only to overcome some back pressure, some ‘“resistance’’; or are the hormones
needed to ‘‘detoxify’’ something that develops with increasing age?

Primitive organisms do not have this elaborate net-work of endocrines. Indeed, it is
said that early removal of the anterior pituitary in so highly evolved an organism as the
oxolotl salamander does not interfere with growth??!, Time, and stage of maturity,
both individual and racial, seem to be decisive factors in the production and action of
endocrines?’, Increasing involvment of cver more complex integrating devices—
neuro-endocrine systems—is a conspicuous feature of organic evolution, both individual
and racial. Simple cell division under simple nutritive conditions does not appear to
require a pituitary or other endocrine.
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Fig. 7.6-—Comparative growth of normal and giant boys. The values of the exponent
in the equation indicates the relative (or percentage when multiplied by 100) growth
rates. Thus prior to age 9 or 10 years the giant grew at 20 99, while the normal boy grew
at 10.9% per year (for elucidation of growth rate see Ch. 16).

The investigational difficulties are complicated by racial as well as species differences’
Thus different dove races vary in their thyroid size?”® and in pituitary lactogenic
hormone (prolactin) concentration’”. Differences in lactogenic hormone concentra-
tion were also observed between beef and dairy cattled’, goats3’, rats’??, mice3’8, and

27131213',{. )Co]lip, J. B., et al., Nature, 131, 56 (1933). Tugo, N. W,, J. Exp. Zool., 85,
40).

311 Burns, R. K., and Buyse, A., Anat. Rec., b1, 333 (1932).

372 Riddle, O., Cold Spring Ilarbor Symposia on Quantitalive Biology, 10, 7 (1942).
Martindale, F. M., Anat. Rec., 79, 373 (1941) (thyrotropic hormones in the chick first
found on the tenth day). Rankin, R. M., Id., 80, 123 (1941) (thyroxine secretion in fetal
pig begins at 52 days). )

373 Riddle, O., Am. Naturalist, 68, 385 (1929).

374 Riddle, et al., Am. J. Physiol., 126, 722 (1939).

375 Reece, R. P., and Turner, C. W., Univ#Missouri Agr. Exp. Sta. Res. Bull. 266, 1937.

376 Koger, M., Meites, J., and Turner, C. W. (unpublished, 1943).

377 Reece, R. P., Hathaway, I. L., and Davis, 1I. P., J. Dairy Sci., 22, 1 (1939).

378 Hurst, V., and Turner, C. W., Endocrinology, 81, 334 (1942).
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dogs?®"™ 380 at various ages and periods of gestation and lactation (lactogenic hormone
per mg pituitary is about 0.01 I.U. in non-lactating and about 0.05 I.U. in lactating

mice, rats, and rabbits). .
The analytic difficulties are further multiplicd by differences in interrelations and

synergisms in different species. Thus the thyrotropic and lactogenic hormones are
synergistic and mutually supplementary in their effects on growth in dwarf mice3®
and in heat production in pigeons3?, and so on.

The above discussion does not answer the question as to whether or not
there is anterior-pituitary hormone acting directly on body growth (independ-
ently of other target glands), as is believed by Evans. General agreement
will probably be delayed until (1) the pure A.P. growth hormone (if such is
present) is obtained, and (2) it is demonstrated that it does not act on other
endocrines, or that it stimulates growth in the absence of other endocrines or
hormones—perhaps an impossible demonstration since growth is an overall
process, the resultant of innumerable interrclated factors. It therefore seems
most logical to assume that growth is a function of many hormones, not of
one specific growth hormone.

“The most interesting agricultural feature of the claimed effect of A.P.
“growth hormone” injection in young animals is the increase in growth rate
and ultimate body size in general and protein retention in particular. The
ultimate body size following A.P. “growth hormone” injection is apparently
not larger than can be obtained by proper dictary means®3,  The important
claim, somewhat difficult to accept, is that on a given quantity of the same food
(when the animals are said to be “pair fed”, see Ch. 20) animals treated with
A.P. extract grow faster in weigh/tm.

Lee®® reported data on four groups of rats: (1) one was analyzed at the beginning of
the experiment; (2) another served as control; (3) a third was treated daily with 3 rat
units of pituitary growth extract, and was restricted in food consumption to the same
amount as that voluntarily eaten by its control mate; (4) a fourth was likewise treated
with growth extract but was allowed food ad libitum.

Lec’s data indicate that (A) the treated animals on the ad libitum diet consumed 10
to 15 per cent more food than the non-treated controls; (B) the treated animals gained
more weight than the untreated even if pair-fed (consuming the same amount of feed
as the controls); (C) the heat production per unit area was the same in the treated and
non-treated animals. The apparent conclusion is that growth hormone not only in-

379 Stockard, C. R., “The physical basis of personality”’, New York, 1931, and “The

%enetic and endocrinic bases for differences in form and behavior”’, Philadelphia (Wistar
nstitute), 1941.

380 Evang, H. M., et «l., Memoir Univ. Calif , 11 (1933).

31 Bates, R. W., Laanes, T., McDowell, K. €., and Riddle, O., Endocrinology, 81,
53 (1942).

382 Riddle, et al., Id., 20, 1 (1936).

38 Bryan, A. 1., and Gaiser, D. W., Am. J. Physiol., 99, 379 (1932). Anderson, W. E.,
and Smith, A. H., Id., 100, 511 (1932).

384 Lee, M. O., Proc. Assn. Res. Nerv. Menfll Dis., 17, 193 (1936), based on: Lee and
Schafer, N. K., J. Nut., 7, 337 (1934); J. Buol. Chem., 108, 355 (1935). Lee and Ayres,
G. B., Endocrinology, 20, 489 (1936). Marx, W., et al., Am. J. Physiol., 185, 614 (1942).
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creases food consumption, but also increases weight gains, even if the food consumption
is not increased.

Lee’s results, illustrated by Fig. 7.7a, b seem puzzling, because the hormone-injected
rats gained more weight than the controls in spite of the fact that (a) they consumed no
more food than the controls; (b) they must have had a higher maintenance expense than
the controls because they were larger; (¢) they probably had a higher maintenance
expense because, being restricted to the food intake of the smaller animals, they were
probably hungrier and more restless.

How should one explain in the face of the second law of thermodynamics (Ch. 2)
the greater weight gain of the hormone-treated animals on the same energy intake as the
controls? One possibility is that the differences in weight gain are due mostly to dif-
ferences in water, with proportionally greater protein and mincral storage (the caloric
value of 1 g of fat gain is equivalent to 8 g of non-fat gain). This idea that the weight
gain represents not encrgy but largely water is substantiated by the following tabula-
tion (last column by the writer) of Lee’s data.

Gains in empty carcass (g) in the form of: Estimated Cal

Gaininempty | . ai" cax:casss, .
carcass, weight | Cal/g protein
(8) Water Fat Protein Ash and 9{4 Cal/g
at
12 controls 716 324 281 96 22.7 3189
12 treated 1217 771 162 237 45.1 2874

The stored energy in the treated rals is scen to be less than in the unireated smaller rats.
The larger size of the treated animals is duc mostly (about 90 per cent) to water gain,
with corresponding gain in protein and ash (ratio water to protein is about 3.3 in both
groups; ratio of water to ash is about 14 in the control and about 17 in the treated ani-
mals). This result is somewhat similar to that on growth-acceleration of mice by thyroid
administration; the gains were due not to total energy but to extra water, protein, and
mineral storage.

Lee interpreted the greater water, protein, and ash content of the treated rats as due
to their chemical immaturity3® in the sense that “the increment of body material during
active growth is itself also characterized by a relatively high content of water, protein,
and salts and low content of fat’”’. Lee also investigated the changes in body weight and
body composition of normal and hypophysectomized rats pair-fed 33 days (Fig. 7.8B).
In spite of the same energy consumption, the hypophyscetomized rats lost weight much
more rapidly than the controls.

This impermanency of the gains in the A.P.-injected animal was termed by Lee
“lability of growth effeet’’, and is interpreted by him as due to storage of the labile
‘“‘deposit protein’’3®, ‘‘In some cases . ..control animals overtake and pass their
erstwhile treated mates’’. Lee’s interpretation that A P. growth-hormone injection
accelerates true growth is substantiated by Brues’*7 data on more rapid liver regenera-
tion after partial hepatectomy in hormone-injected than in (pair-fed) control rats.
The increase in size was due to truc hyperplasia®? of all liver components in the same
proportions as they existed initially. The liver in the injected rats contained more
water, ash, and protein than in the control rats. All visceral organs grew more rapidly

38 Moulton, C. R., J. Biol Chem., b7, 79 (1923). The mammalian embryo contains
70 to 100 times as much water as nitrogen; the mature animal contains about 20 times
as much water as nitrogen.

38 Rubner, M., Arch. Hyg., 68, 45 (1908).

387 Brues, A. M., et al., Arch. Path., 22, 658 (1936).

388 Lee, M., and Freeman, W., Endocrinology, 26, 493 (1940).
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following hormone injection than the body as a whole. Thus in dogs made acromegalic
weight hormone-treated animals
weight control animals

to be 1.87 for the body as a whole; 2.2, heart; 3.36, lungs; 3.42, liver; 1.16, spleen; 2.67,
pancreas; 2.43 kidneys. The glomeruli and tubules of the kidneys were greatly en-
larged, and subcutaneous and omental fat decreased.

The A. P. Growth extract stimulates the activity of the periostcal ossification zones???
without the benefit of increased phosphatase activity3®!. However, as previously noted,
the larger size may be associated with internal degeneration.

by A. P. growth extracts, the ratio was reported3?®

Summarizing, the anterior-pituitary occupies the highest position in the
endocrine order of growth regulators. However, the pituitary does not seem
to be essential in early embryonic growth, and it may even be removed in
some lower forms, for example, amphibian larvae, without inhibiting growth.
Morcover, growth continues for a considerable time even after the pituitary
is removed. At later ages, however, the pituitary appears to be indispensable
for growth and even for maintenance of mammals. This result is not surpris-
ing since, as explained in Sect. 7.1, removal of the pituitary leads to atrophy
of many of the major endocrines, such as thyroids, adrenals, islets of Langer-
hans, and others, thus interfering with the anabolic processes. Growth and
maintenance could not oceur without some of the major internal metabolic
catalysts.

There is no agreement on the answer to the question concerning the presence
of a special somatotropic hormone independent of the other pituitary tropic
hormones. The evidence favoring Evans’ theory is that certain A.P. prepara-
tions injected at a proper age in susceptible animals induce gigantism in young
animals (rats at any rate) and acromegaly in mature animals (some breeds of
dogs at any rate), resembling the corresponding states in man suffering from
certain types of pituitary tumor.

One of the outstanding effects in the production of gigantism is delay in
cpiphysial closure and stimulation of epiphysial cartilage?®®?; hence the alter-
nate name, chondrotropic hormone, for this pituitary growth factor(s).

The beneficial effects of pituitary administration to dwarfs is not proof of
the presence of a special growth hormone, since crude pituitary contains
tropic hormones for other growth-promoting glands which the dwarf may
lack. Thus one pituitary dwarf began to grow after insulin therapy3%,
indicating that insulin (its production is also under A.P. control) has growth-
promoting properties aside from its effect on carbohydrate metabolism.
Similarly, adrenalectomy prevents bone growth?*%, and so adrenal deficiency

389 Putnam, Benedict, and Teel3 (1929).

390 Handelsmann, M. B., and Gordon, M. B., J. Pharmacol. Exper. Therap., 38, 349
(lggQ)Wilkins, W. E., el al., Am. J. Physiol., 112, 477 (1935).

392 Ross, I&. 8., and McLean, ¥. C., Endocrinology, 27, 329 (1940).

393 Beck, H. G., and Suter, G. M., Id., 22, 115 (1938).
394 Ingalls, T. H., and Hayes, D. R., Id., 29, 720 (1941).
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may be corrected by A.P. administration, as A.P. contains an adrenotropic

hormone.
7.8: Notes on miscellaneous hormones

7.8.1: Hormones in evolution. The function of a given hormone may vary in different
organisms, at diffcrent cvolutionary levels. Thus in lower organisms, there are sub-
stances—such as estrin in insects, adrenaline in worms, oxytocic principle in fishes,
progesterone in beans—which appear to be useless to them but which serve as hormones
in more evolved organisms3*, Morcover, a given hormone may act on different tissues
in different species. Thus, lactogenic hormone stimulates the mammary gland to se-
crete milk, and the pigeon’s crop gland to proliferate and to secrete ‘“pigeon milk”’.
The testicular hormone is required for the growth of antlers in the red deer, but not in
the reindeer??. The ovarian hormonec is necessary for sexual dimorphism of feathers in
the fowl, but not in the sparrow, where it is controlled by the chromosomes of the epi-
dermal cellg???.

Keith®® in England and Stockard?® in the United States discussed the problem of
hormones in evolution®®, On the basis of his data Stockard concluded that breed char-
acteristics of dogs arc apparently due to cndocrine peculiarities, and that these are
transmitted in Mendelian manner.

Such characteristics as maleness, femaleness, broodinesst?, aggressiveness, and simi-
lar emotional patterns, or psychic states, so important in cvolution, scem to reflect
neuro-endocrine patterns. Indeed, the broodiness (maternal drive or maternal instinct
in birds) may be measured quantitatively by the amount of prolactin in their pitui-
taries??, and the potential genetic reproductive ability of domestic fowl may perhaps be
measured by the quantitative response (increase in weight) of the gonads, thyroids, and
combs on the administration of a given dose of anterior pituitary (gonadotropic and
thyrotropic) extract4,

7.8.2: Endocrines in embryogenesis'®. Embryonic growth and development are said
to be stimulated by ‘‘hormones’’ named ervocators, particularly involved in the quantita-
tive aspects of growth, and individualors or organizers, especially in developmental co-
ordination, differentiation, and morphogenesis (Ch. 17).

In the egg stage, the individual exists in a potential form of extraordinary plasticity.
The egg may divide to give rise to several individuals. Iuman identical (monozygotic)
twins result from complete division of a single cell (Siamese twing from incomplete divi-

39 Collip, J. B., Sci. Monthly (Nov., 1936); Thompson, D. L., Nature, 80, 543 (1932).

"°:iHowever, the antler in the red deer is anatomically distincet from the antler in the
reindeer.

397 Danforth, C. H., “Relation of genetic and endocrine factors in sex’’, Ch. 6 in Sex
and Internal Secretions (Ed. K. Allen), 1939.

398 Keith, A., ‘““The evolution of human races in the light of the hormone theory”’,
Bull. Johns Hopkins Hosp., 83, 155, 195 (1922); Nature (Aug. 18, 1923).

399 Stockard, C. R., “Human types and growth reactions’’, Am. J. Anat., 81, 261
(1923). “The physical basis of personality’’, New York, 1931. Also, Am. Anatomical
Memoirs, No. 19, Wistar Institute, Philadelphia, 1941,

490 See also, Zuckerman, S., Man, 36, 129 (1936).

401 Riddle, O., Cold Spring Harbor Symposia on Quantitative Biology, b, 218 (1937);
10, 12 (1942); Sci. Monthly (Aug. 1938).

402 Byerly, T. C., and Burrows, W. H., Proc. Soc. Exp. Biol. Med., 34, 844 (1936).

403 Munro, 8. S., et al., Am. Naturalist, 77, 256 (1943).

404 Needham, J., Proc. Roy. Soc. Med., p. 1577 (1936). Spemann, H., “KEmbryonic
development and induction”’, New Haven, 1938; Brit. J. Ezp. Biol., 2, (1925). Barth,
L. G., and Graff, S., Cold Spring Harbor Symposia on Quantitative Biology, 6, (1938).
Waddington, C. H., Proc. Roy. Soc., 126B (1938). Needham, First Growth supplement
(1939) p. 45. Waddington, Id., p. 37. Needham, J., “Biochemistry and morphogenesis”’,
Macmillan, 1942.




HORMONES 203

sion). The eggs of the Texas armadillo regularly divide into four parts, giving rise to
four young. In some parasitic insects one cgg often forms as many as 2000 separate
embryost®. Spemann and others produced “sccondary embryos’ by “induction”.
But this plasticity rapidly declines with differentiation. .

Spemann*® began his research to determine whether the causes of embryonie differen-
tiation are chiefly intrinsic or extrinsic. He cut in two, in various planes, eggs and early
cmbryos of newts. Prior to the gastrula stage, a whole embryo of half-size developed
from each half of the egg, provided the cutting was in the median plane. Following the
gastrula stage, when “labile determination’”” becomes ““final”’, cutting of the gastrula
results in abnormalities, and determination of the embryonic parts seemed to be fixed.
The above discussion indicates that the destinies of the parts of the embryo are not
fixed at the beginning, but become so only as development proceeds. These carly po-
tentialities rapidly disappear; each part acquires definite destinies which cannot be
altered by cxperimental procedure. Spemann demonstrated the presence of growth
organizers of various grades. Ile found that the head organizer would induce heads either
in head or tail region (individuation), and that tail organizers would produce heads in
the head region and tails in the tail region (cvocation). The competence, the response of
the receptor tissues to the organizer, to form head or tail is determined by the age of
the tissues as well as by the organizer  Thus at first gill-forming competence is present
over all the surface of the neurula, but later it is found only in the gill area.

The chemical nature of the evocator is indicated by the fact that it is not destroyed
by boiling®. Coagulated dead picees of dorsal lip induce sccondary neural axes just as
when living. Amphibian eggs coagulated by heat can produce new eyes and lenses when
implanted¢’. Cell-free extracts from neurulae induce neural tubes when implanted in
other embryos*s,

The organizers are found at all ages. The adult mammalian liver is rich in them?99,
In other words, the decisive factor is not the presence of the ““hormone’’, but the presence
of the competence in the tissue to be affected by it.  The coneept of hormone and tissue-
competence, or trigger-target, rclation is true for all hormones and tissues at all ages.
Thus the lactogenic hormone stimulates only the pigeon crop to grow and the mammary
gland to scerete milk, estrogens stimulate ouly female genital tissue to grow and andro-
gens stimulate male sex tissue. The organizers, like sex hormones, cortical sterides, and
vitamin D, appear to contain the cholesterol ring (Fig. 7.1).

Cancerous growths and teratomata may be due to the presence of uncontrolled evo-
cators or growth hormones, and also to the escape of tissues from the influence of the
““‘individuation field’’ (Ch. 10).

The growth evocators may be suppressed by dietary factors. Thus a sow receiving a
ration deficient in vitamin A may farrow pigs devoid of eyc-balls#? or limbs#!, These
defects may be expressions of faulty interrclations between vitamin, hormone, and
target tissuc (see, however, Sccts. 7.3.2 and 20.2).

In closing, one is tempted to mention the spectacular reports on the growth-accelerat-

405 Patterson, J. T., Quarl. Rev. Buol., 2, 393 (1927).

406 Waddington, C. H., Phil Trans. Roy. Soc., 221B, 179 (1932); J. Ezxper. Biol.,
13, 75, 86 (1936). Holtfreter, J., [Arch. Entwickim, 128, 584 (1933).

107 Lopaschov., G., Nature, 136, 835 (1935). Needham, et al., Proc. Roy. Soc., 114B,
393 (1934); Spemann, et al., Naturwiss., 21, 505 (1933).

108 Waddington and Walsky, A., J. Exp. Biol., 13, 92 (1936).

109 Needham, Waddington, and Needham, Proc. Roy. Soc., 114B, 393 (1934); 117,
280 (1936). Witschi, B., Proc. Soc. Exper. Biol. Med., 27, 475 (1930); 81, 419 (1934);
Arch. Entwickim., 103, 168 (1924). Bills, C. E., Physiol. Rez».,}ﬁ, (1935).

410 Hale, F., J, Heredity, 24, 105 (1933). Moore, L. A‘., J. Nut., 17, 443 (1939).

a1 Zilva, 8. 8., Golding, J., Drummond, J. C., and Coward, K. IL., Biochem. J., 16,
427 (1921),
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ing effects of thymus extract#? (in the tenth generation the rats matured in about one-
fifth the usual time) and growth-retarding effects of a pineal extract3, Thesc have not
yet been confirmed*4,

The supposed growth-§ccelerating effects of the thymus extract were attributed to
its glutathione, and similar results were said to have been obtained by injecting rats
with glutathione4s, There is a wide belief that glutathione stimulates cell prolifera-
tion4® (gee also Ch. 6). The problem appears to be confused and seems to have been
dropped for the moment.

7.8.3: Notes on green-plant hormones?’. As previously explained (Sect. 6.4.3), the
members of the vitamin B complex of the animal nutritionist are identical with the mem-
bers of the bios complex or the ‘“growth factors’’ of the microbiologist. The self-suffi-
cient green plants also need these factors, but green plants produce them internally, as
animals produce hormones internally. Therefore, by definition (Seccts. 6.1 and 7.1),
these factors are vitamins (exogenous catalysts) to animals and hormones (endogenous
catalysts) to the self-sufficient plants.

The plant hormones are produced not by endocrine glands (plants have none) but,
perhaps, by the undifferentiated, rapidly growing embryonic tissues; formation of proto-
plasm and of hormones may be simultaneous in the same growth centers.

As is generally known, there is differentiation of functions between leaf, stem, and
root; and looking back, it would scem natural to assume that some of the plant hor-
mones might be produced in one part of the plant and not in another. This was indeed
beautifully demonstrated as regards thiamine (vitamin B,), pyridoxine (vitamin Bs),
and nicotinic acid.

The demonstration, conducted by Robbins and associates at the University of Mis-
souri, consisted in cultivating excised tomato-plant roots ¢n viiro in a nutrient solution
of sugar and salts, with and without vitamin supplements. These isolated roots did not
grow on the basic sugar-salt solution, but did grow when supplemented with a crude
yeast extract*!® and still better with whole ycast*!®,

A search for the essential yeast constituents proved them to be thiamine? and pyri-
doxine!!, A similar, independent investigation by Bonner#? showed that excised pea
roots need thiamine and nicotinic acid, and flax roots nced only the thiamine supplement.

In addition to the vitamin type of plant hormone, there are others, the best known of
which is auxin (auxin A and auxin B, or auxentriolic and auxenolonie acids).

The auxin was isolated (interestingly enough, from urine), structure determined, and

42 Rowntree, L. G., et al., Endocrinology, 20, 342 (1936); 21, 659 (1937); 22, 335 (1938).

‘B3 Rowntree, et al., J. A. M. A., 1056, 592 (1935). Ann. Int. Med., 9, 359
(1935) ; Endocrinology, 20, 348 (1936).

414 Segaloff, A., and Nelson, W. O., Am. J. Physiol., 130, 67 (1940) ; Endocrinology, 21,
693 (1940). Smith, G., and Jones, E. E., Proc. Soc. Ezp. Biol. Med., 43, 157 (1940).
Evans, et al., Proc. Soc. Exp. Biol. Med., 46, 411 (1941).

46 Rowntree, et al., Endocrinology, 23, 581, 584, 593 (1937).

46 Hammett, I. S., Protoplasma, 7, 279 (1929); 11, 383 (1930); Proc. Am. Phil. Soc.,
68, 151 (1929), and many other papers. Voegtlin, C., and Chalkey, II. W., Public Health
Reports, 46,3041 (1931); Cold Spring Harbor Symposia on Quantitative Biology, 2, 84 (1934).

47 There is a very large literature on this subject which this section does not intend
to cover. A few key references: Wendt, ¥. W., and Thimann, K. V., “Phytohormones’’,
1937. Boysen-Jensen, P., “Growth Hormones in Plants’’, 1936. Avery, G. S., Second
Growth Supplement (1940), p. 73. Wendt, ¥. W., American Scientist, 31, 189 (1943).
Avery, G. 8., Jr., also Van Overbeek, J., Hamner, K. C., in Cold Spring Harbor Symposia
on Quantitative Biology, 10 (1942). Harris, R. S., and Thimann, K. V., “Vitamins and
hormones’’, New York, 1943 and 1944.

48 Robbins, W. J., Bot. Gaz., T4, 59 (1922).

419 White, P. R., Plant Physiol., 9, 585 (1934).

420 Robbins and Bartley, M. A., Sciencc, 85, 246 (1937).

41 Robbins and Schmidt, M. B., Am. J. Bot., 26, 149 (1939).

422 Bonner, J., Science, 86, 183 (1937). Bonner and Addicott, F. T., Id., 88, 577 (1938).
Addicott and Devirian, P. 8., Am. J. Bot., 26, 667 (1939).
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named by Kogl#3. Auxin A has the composition Ci;sHy:Os and contains three hydroxyl
groups forming a lactone. Auxin B has the composition C;3HzO4, an isomeric B-keto
acid of auxin A. There arc also many ‘““heteroauxins’’, laboratory products which show
auxin cffects on plants, the best known and most effective of which is indole-3-acetic
acid, also first isolated (from urine) by Kogli®,

Auxin is widely distributed, influencing, among other processes, the growth rates and
thereby the growth form (Ch. 17) of plant embryos, scedlings, and stems. Many growth
peculiarities and abnormalities are supposed to reflect corresponding patterns of auxin
distribution. The auxin concentration in given positions may be influenced by tem-
perature, light, gravity, x-rays, ultra-short radio waves, and certain gene peculiarities.
Plant curvatures or tropisms (hcliotropism, geotropism, ete.) are thus explained by the
effect of light, gravity, cte. on the auxin distribution, with resulting differences in growth
rates in the different parts. Photoperiodism of plants (Ch. 8) is similarly explained by
Hamner. The upright growth of pldnts against gravity is explained by the pattern of
auxin distribution. On the other hand, the “lazy’’ peculiarity (plant lies on the ground
in accordance with gravitational pull) of some corn varicties is explained by lack of
ability to shift auxin in response to gravity?. Plant dwarfism, as illustrated by the
corn variety nana, is explained by excessive auxin destruction by the gene nana'?%, and
S0 on.

The auxin effeet on plant growth and development reminds one of the thyroxine
cffeet on animal growth and development and of the influence of temperature and other
factors on thyroxine concentration. The dosage effeet of auxin on plants is similar to
that of thyroixine on animals: there is only one optimal dosage; too little or too much
leads to unfavorable results®2?.  There also appears to be a similarity or analogy between
the effects of auxin and thyroxine on ‘“‘basal metabolism’’ or respiration rates2s,

7.9: Summary. The introduction (Sect. 7.1) is an cxtensive summary of
this chapter. Emphasis is placed on the interrelations between vitamins
(exogenous catalysts) and hormones (endogenous catalysts). Special atten-
tion is given to interrelations between the various hormones in reproduction,
lactation, growth, and in the metabolism of minerals, carbohydrates, and fat
(ketosis) ; to the danger of disturbing hormonal balance and to the importance
of considering incompatibilities between immediate and long-range cfficiency
of agriculturally productive processes related to hormone administration.
The following quotation®? is an excellent summary of this balance concept.

“The most important concept in endocrinology which emerges from the feverish
activity of the past decade is the principle of endocrine balance. Discovered and re-
discovered by several investigators, the paradoxical truth has dawned finally that man
or beast may suffer less from the loss of several glands than from losing a single one.
For each of the precious juices the other secretions supply a partial antidote, so that
health and personality may be preserved, delicately poised. Henceforth the practicing
consultant and laboratory investigator, both, must think in terms of integrated hor-
monal cffects’.

43 Kogl, ., J. Soc. Chem. Ind , 57, 49 (1938).
4 For other synthetic plant ecatalysts, sec Zimmerman, P. W., and Iitcheock, A. It.,
Contr. Boyce Thompson Inst ,12, 1 (1941); 12, 321 (1943).

425 Van Overbeek, J., Heredity, 29, 339 (1938).

126 Van Overbeck, J., Plant Physiol., 13, 587 (1938).

427 Thimann, K. V., Am. J. Bot., 24, 407 (1937).

428 Commoner, B., and Thimann, /. Gen. Physiol., 24, 279 (1941).

429 Salter, w.e T., “The endocrine function of iodine’”’, Iarvard University
Press, 1940.




Chapter 8

Metabolic Catalysts in the Efficiency Complex:
Seasonal Rhythms

Once in each revolving year

Gentle Bird! We find thec here;

When nature wears her summer vest,

Thou com’st to weave thy simple nest.
Anacreon

Speaking teleologically, the breeding scason is regulated by the times
most suitable for the young to be produced and reared. F.II. A. Marshall

8.1: Introduction. The sun, some 93 million miles away, is the celestial
limiting factor in life processes in furnishing not only energy (Ch. 2) but also
catalysts which directly or indirectly condition many activities, one of the
most dramatic of which is seasonal sex activity. This is not a new observa-
tion, as indicated by the above quotation (cited by Rowan) from Anacreon,
600 B.C. Systematic investigation of the involved clock-like timing is, how-
ever, recent. 'The purpose of this chapter is to present several new observa-
tions on the seasonal metabolic and growth rhythms of goats' and fowls?
against the background of the literature.*

An evolutionary understandable but physiologically confusing arrangement
is that breeding in different species occurs in different calendar months, de-
pending on the length of the gestation period in relation to food supply and
warmth ; that is, mating occurs during such time as will be “most suitable for
the young to be produced and reared”.? This means that cach species has a
different physiologic timing mechanism for responsiveness to the activating
agents. Some species are stimulated to sex activity by increasing daylight,
or/and increasing temperature (spring), others by decreasing daylight or/and
decreasing temperature (late summer, autumn). Maize and soybeans bloom

1 Brody, 8., Sandburg, Mrs. Carl and Asdell, S. A., Univ. Missouri Agr. Exp. Sta-
Res. Bull. 291, 1938. Brody, S., “Temperature factors in animal production,” in “Tem-
perature, Its measurement and Control in Seience and Industry,” Reinhold, 1941.

2 Winchester, C. F., Univ. Missouri Agr. Iixp. Sta. Res. Bull. 315, 1940.

* This chapter overlaps discussions in Ch. 7 on hormones and Ch. 11 on the influence

of temperature on hfe processes (Figs. 11.19 and 11.20, influence of temperature on

growth of chickens).
3 Marshall, F. 1. A., Phul. Trans., 226B, 423 (1936); Proc. Roy. Soc., 122B, 413 (1937);

Biol. Rev., 17, 68 (1942).
206 o
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only when the days become shorter and reach a certain limiting short day;
spinach and wheat bloom only when days become longer and reach a certain
limiting long day. Deer, sheep, goats, and in general ruminating ungulates
tend to come under natural conditions into sex activity when days become
shorter; ferret, fox, field mouse, wildeat, hedgehog, and in general carnivors
and insectivors, and practically all birds investigated (juncos, crows, canaries,
starlings, turkeys, sparrows, doves, ducks, pheasants, quail, grouse) tend to
come into s:x activity only when days become longer. Horses, having a
gestation period of about 11 months, breed in the spring (March-July) so as
to foal the following spring.

Domeslication tends to free animals from the seasonal influence and to
shorten the estrus cycles. Thus dogs in the arctic regions have a single
sharply-defined breeding period, similar to that of the wolf, jackal, and dingo;
the domestic dog in temperate climate breeds twice a year and the time of
breeding is not sharply defined. Likewise the wildcat breeds once a year,
but the domestic cat breeds several times. The wild rabbit breeds in early
spring, the domestic rabbit throughout the year. Wild cattle, like deer,
breed in the autumn so as to calve in the spring ; domestic cattle breed through-
out the year. Domestic sheep, goals?, horses, and other species, however,
still tend to cling to a more or less seasonal rhythm?,

Species evolved in the tropics and subtropics do not respond sexually to
seasonal light stimuli. Thus the sex activity of guinea pig, guinea fowl’,
subtropic deer’, and primates® arc apparently independent of season. The
problem was recently debated? as to whether primitive man, and contempo-
rary man in the arctic, is scasonal, but with no conclusive decision. Fitt
published an impressive essay on the scasonal rhythm in man, on the effect
of spring.

“A spring rousing which is not merely a mechanical, physical process, but
a highly emotional one as well, associated with the demands of the reproduc-
tive instinct, characterized by haste, restlessness, and a high measure of in-
stability. This phase continues through the spring and summer until later,
with autumn or thercabouts, the consolidating, quieter phase sets in. This

1 Bissonnette, 1. 1L, “Breeding eycle in goats,” Physiol. Zool., 14, 379 (1941).

s Cf. Asdell, S. A., J. Agr. Sci., 16, 632 (1926) (goats). Turner, C. W., J. Dairy Sct.,
19, 619 (1936) (goats). Kupper, M., Union South Africa Dept. Agr., 13th and 14th re-
ports. Director Vet. Iid. and Res. Part I1, p. 1211, 1928 (cattle, sheep, goats, donkeys,

horses). Villegas, V., Phillip. Agr., 17, 477 (1918) (horses, cattle, water buffalo, sheep,
oats).

N Scott, H. M., and Payne, L. F., Poultry Sci., 16, 90 (1937).

7 Marshall,? 1942,

s Zuckerman, S., “The social life of monkeys and apes,” London, 1937.

® Llewelyn, L. T., “Scasonal rhythm in Fskimos,’’ Nature, 129, 868 (1932). Hunting-
ton, E., “Season of birth: its relation to human abilities,”” Wiley, 1938. Whitaker,
W. L., Science, 88, 214 (1938); Ashley-Montague, M. F., Id., 89, 290 (1939). Darby,
Hugh, and Childs, D., Am. Assn. Adv. Sci. Meeting, Jan. 1941 (Spring increase in estro-
gens). Sce also books on climate by Drs. C. A. Mills and W. F. Petersen.
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rhythm shows man to be still a creature of the sun, dependent upon its course
through the seasons’’*°.

In brief, under natural conditions and in regions which have sharply defined
climatic seasons, plants and animals pass a seasonal reproductive—and
productive—rhythm, so adjusted as to be most favorable for the rearing of the
young. The physiologic mechanisms whereby the sex activities are set into
motion at different calendar months remain to be worked out and applied
for increasing the efficiency (more frequent reproduction) and profit (as, for
example, by “hatching pheasant chicks on Christmas day’®*) of productive
processes.

8.2: Historical notes. In 1913 Turnois® observed that sex activity in some
plants depends on days of definite duration. About 1920 Garner and Allard!3
began publishing data on sex activity in plants in relation to daylight duration.
They called this phenomenon photoperiodism. Since then a large literature
has developed on the timing and on the mechanisms involved!®.

Photoperiodicity in animals was discovered in connection with investiga-
tions of the mechanism of seasonal bird migration. In 1907 Sharpey-Schafer!?
expressed the opinion that the ratio of daylight to darkness determines the
seasonal migrations of birds “in consequence of the necessity to most birds
of daylight for procuring food”. It was known that the (spring) northward
migration of birds is associated with enormous gonadal development. But
this was attributed to temperature. Rowan! first (1925) approached this
problem experimentally, disproved the temperature thcory for birds, and
demonstrated that migration is dependent on light and ‘“hormone elaborated
by the developing gonads’ (1938). Rowan substantiated the photoperiodic
theory by subjecting juncos (finch) and crows to increasing daylight in
December. “By the end of December, in spite of minimum reading of 52°
below zero F, the birds that had been kept on increasing day length were
singing and their gonads maturing”. Electric lights (devoid of ultra-violet)
were uscd in these experiments. The birds were brought into breeding
condition or quiescence simply by lengthening or shortening the period of
light exposure. However, the birds did not breed, because of inhibitory
effects of captivity on the breeding habits of juncos. There is a difference
between breeding condition and actual breeding?’.

10 Fitt, A. B., Rep. 16th Meel. Australasian Assn. Adv. Sci., 16, 704 (1924).

11 Bissonnette, T. H., and Czech, A. G., Am. Naturalist, 71, 525 (1937).

12 Turnois, J., Compt. rend. Acad. Sci., 166, 297 (1912).

13 Garner, W. W., and Allard, H. A., J. Agr. Res., 18, 553 (1920). Allard, H. A., Id.,
(Nov. 15, 1938). Hamner, K. C., Bot. Gazz., 99, 615 (1938). Loewhwright, W. F.,

IB;)%t_’ Rev., (Nov.,1938). Murrneek, A. E., Univ, Missouri Agr. Exp. Sta. Res. Bull. 268,

14 See, for example, Hamner, K. C., and Bonner, J., Bot. Gazz., 100, 388 (1938). Ben-
nett, J. P., and Shook, F., Plant Physiology, 18, 219 (1938).

16 Schafer, K. A., Nature, 77, 159 (1907).

16 Rowan, W., Nature, 115, 494 (1925). For a full review of his work, see Rowan,
Biol. Rev., 18, 374 (1938).

17 Rowan, W., Proc. Nat. Acad., 18, 639 (1932).
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Bissonnette!® confirmed Rowan’s results on starlings. Bissonnette!® and
Baker and Ranson? extended the results to mammals.

While the seasonal reproductive periodicity in animals investigated by
Rowan and by Bissonnette is photoperiodic (stimulus from visible radiations),
there are many examples of thermoperiodic sex responses (stimulus from
infrared radiations). Thus the breeding cycle in the white rat may be
lengthened by lowering the room temperature?. Ovulation in bats will
occur any time after the middle of February (in Columbia, Mo.) if they are
brought into a warm room?; but this varies with dietary and other habits
of the particular bat2s,

Marshall reported that temperature is an important contributing factor
to reproductive activities in deer:

“There is a common belief which is well attested that in deer general rut
docs not oceur properly until there has been a sharp frost, that is to say,
that a frost will awake both stags and hinds to their full sexual activity . . .
if there is an exceptionally mild autumn, such as occurs only once or twice
in a half-century, there is very little mating, and very few calves will be
dropped in the following spring’”4.

The annual sex periodicity of the 13-lined ground squirrel is apparently not
at all influenced by light.?® The sex rhythm in the male® appears to be the
same in “field” animals in dark hibernating burrows under natural conditions
of life and in animals exposed to light rhythms in the laboratory. Moreover,
ground squirrels, like deer, require a cool spell (4+4°C) to enable them to
breed”. The pituitaries of these animals showed a seasonal rhythm in
gonadotropic activity regardless of light effects.

It is generally known that plants respond to periodic thermal treatment. Such
thermoperiodic induction is known by various names, such as ‘“‘vernalization”. When
winter wheat is exposed during germination to a temperature a little above freezing,
it will flower and fruit the same year, though sown in the spring. It 1s generally known
that certain plants have to be nearly frozen every winter to make them grow the follow-
ing spring.

8.3: Mechanisms of seasonal sex periodicity. It is agreed that sex activity
has its basis in endocrine mechanisms controlled by the anterior pituitary.
But sex activity is also dependent on many other factors such, for example,

18 Bigsonnette, T. IL., Am. J. Anat., 46, 289 (1930); J. Exp. Zool., 68, 281 (1931).

19 Bissonnette, T. IL., “Reaction of ferrets to light’’, Proc. Roy. Soc., 110B, 322 (1932).

20 Baker, J. R., and Ranson, R. M., “Breeding in ficld mice,”” Id., p. 313.

2t Cf. Lee, M. O., Am. J. Physiol., 78, 246 (1926). )

22 Guthrie, M. J., “ Reproductive cycles in animals with special reference to the bat”’,
Growth, 3, 261 (1939).

23 Baker, J. R., J. Linn. Soc. (Zoology), 40, 123, 143 (1936).

24 Marshall, F. H. A.3, 1937.

% Cf, Moore, C. R., Simmons, G. I., Wells, L. J., Zalesky, M., and Nelson, W. O.,
Anat. Rec., 60, 279 (1934). .

26 Wells, L. J., Id., 409 (1935).

*7 Zalesky and Wells, Physiol. Zool., 13, 268 (1940).
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asfood. Light happened to be the limiting factor in the junco, crow, starling,
ferret, and so on. Rowan?® suggested that increased exercise associated with
longer days might possibly be the ‘““cause’ of greater sex activity. However,
Bissonnette?® did not find this for the starling, and observed that ferrets re-
sponded to light even if they could not move, even when they were approach-
ing death from tuberculosis.

It has been established that the pituitary in photoperiodic animals responds
with profound histological changes to changes in the day/night ratio®, and
that hypophysectomized ferrets are unaffected by light variations.®® How-
ever, the later observation is, perhaps, without significance because hypo-
physectomy abolishes sex activity and subjecting to light does not regenerate
the pituitary.

Assuming that light exerts its seasonal effect by way of the pituitary, several
investigated the path of transmission of the stimulus. Reports indicate that
cataract of both eyes® (but not of one?®®) abolishes estrus for some time, as
does cutting the optic nerve (in ferrets)®?, and there develops instead an in-
herent sex cycle by “alternate rise and fall in secretion or liberation of gonado-
tropic hormones’?, independently of light.

In brief, blind photoperiodic animals tend to have their photoperiodic cycle
replaced by an “inherent” sex cycle independent of the light periodicity.
This inherent cycle is apparently not as reliable as the photoperiodic cycle®.
Covering the eyes also tends to disturb the photoperiodic sex effect¥. How-
ever, this is not always the case®®.

Summarizing, the eye is normally the light receptor in photoperiodic ani-
mals. When the eye is removed, the optic nerve may, perhaps, serve as re-
ceptor when light is directed into the eye socket (Benoit) ; the naked skin may,
perhaps, be a receptor (Ivanova). The light probably initiates nervous im-
pulses which travel to the hypophysis by way of the hypothalamus?®. Some
species are freed from the photoperiodic influence by domestication, that is,

28 Rowan, W., Nalure, 116, 494 (1925); 122, 11 (1928).

29 Bissonnette, T. H., Science, 76, 253 (1937); Biol. Bull., 65, 452 (1933); Quart. Rev.
Biol., 8, 201 (1933).

30 Bissonnette, 1'. H., Biol. Bull , 68, (1935); J. Exp. Zool. (Aug., 1935); Anat. Rec.
(Sept., 1935).

3t Hill, M., and Parkes, A. S., Proc. Roy. Soc., 116B, 14 (1933). Bissonnectte, T. H.,
Endocrinology, 22, 92 (1938); J. Comp. Psychol., 22, 93 (1936).

8 Marshall, F. H. A., and Bowden, F. P., J. Ezp. Biol., 11, 409 (1934); 18, 383 (1936).

33 Bigsonnette, T. H., Proc. Roy. Soc , 110B, 322 (1932); Quart. Rev. Biol., 8, 210 (1933);
11, 371 (1936).

3 Bissonncette, T. H., J. Hereduty, 27, 171 (1936).

¥ Bissonncette, T'. H., Endocrinology, 22, 92 (1938).

3 Clark, W. K., et al., Proc. Roy. Soc., 126B, 449 (1939).

37 Benoit, J., Compt. rend. Acad. Sci., 199, 167 (1934). Ringoen, A. R., and Kirch-
baum, A., J. Ezp. Zool., 80, 173 (1939).

38 Benoit, Compt. rend. Acad. Sci., 201, 359 (1935), and many papers thereafter.
Riley, G. M., and Witschi, K., Anat. Rec., 70, 50 (1937) (Suppl.). Whitaker, W. L.,
J. Ezp. Zool., 83, 33 (1940).

33 Guthrie, M. J., Growth, 8, 267 (1939). IIaterius, H. O., Cold Spring Harbor Sympo-
stum on Quantitative Biology, 6, 280 (1937). Clark, W. E., et al.,?¢ 1939.
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by supplying food and warmth throughout the year, indicating that photo-
periodicity is dependent on many other factors, food and warmth being the
most obvious.

8.4: Seasonal food supply rhythms in relation to seasonal sex activity.
There is a seasonal rhythm not only in the amount but also in the nature of
the food supply, herbage, and other feeds and foods. Milk is much richer in
vitamin D (Fig. 8.1A), vitamin A (Fig. 8.1B)%, and in other vitamins and
fatty acids®? in summer than in winter. (Compare the seasonal rhythm in
vitamin D concentration, Fig. 8.1A, with that of the ultraviolet radiation,
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Fig. 8.1a- Seasonal rhythm of vitamin D concentration in milk.

Fig. 8.5C.) There are similar seasonal rhythms in vitamin D, phosphorus,
and calcium concentration in blood, which are opposite in trend to the seasonal
incidence in rickets?3. A reproductive aspect of vitamin ) or sunlight is illus-

40 Recomputed from Bechtel, . ., and Hopper, C. A., J. Nut., 11, 537 (1936).

4 Recomputed from Dornbush, A. C., Peterson, W. ., Olson, F. R., J.A.M.A., 114,
1748 (1940).

42 Booth, R. G., Kon, S. K., Dann, W. J., and Moore, T., Chem. Ind., 62, 270 (1933).
Biochem. J., 27, 1189 (1933); 29, 133 (1935).

43 See, for example, Hess, A. F., and Lundhagen, M. A, ‘‘A seasonal tide of blood
phosphate,”’ J. Am. Med. Assn., 79, 2210 (1922). Tisdall, ¥. F., and Brown, D, *‘Seas-
onal variation of the antirachitic effect of sunshine,” Am. .J. Dis. Chuld., 34, 721 (1927).
Brun, K., “‘Seasonal variations in the phosphate content of the blood,” Acta Pediatrica,
7, Supp. 2, p. 226 (1928). Baldwin, H. and R., Am. J. Dis. Child., 84, 994 (1927).
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trated by the result of Lucas, Hume and Smith*¢, whose marmosets refused to
take cod liver oil and failed to breed. Irradiation with ultraviolet light cor-
rected the breeding difficulty.

Friedman*® reported the presence of gonad-stimulating substances in imma-
ture oat plants, sudan grass, corn plants (but not in kidney beans, brown corn,
sorghum, or soybeans). Injecting 60 mg of one plant preparation produced
ovulation in the rabbit and ovarian stimulation in the rat. Copper salts, in
which immature plants are rich, are also gonadotropic?®, or at least augment
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