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GENERAL INTRODUCTION

After damage there is a disturbance of protein
metabolism the extent of whieh has been shown to be influenced
by the previous state of health or nutrition of the animal.
As yet the underlying mechanisms regulating these post-
traumatic metabolic processes is unknown, but it has been
suggested that the endocrine system, particularly the adrenal
cortex may occupy an integral role.,

The experiments to be described arose out or the
observaticn by Cuthbertson that rats on a protein-free diet
for 14 days did not show any increase in the excretion of
urinary nitrogen after fracture of the left femur on the
l4th day, while still eating the same diet; whereas, other
rats eating diets of different protein levels did show an
increase in the nitrogen exeretion curve, In view of the
findings in man, that accompanying the high output of
urinary nitrogen after damage of a previously healthy indivi-
duzl was an increased output of gluconeogenic substances,
presumably from the adrenal cortex, it was desired to
investigate the possible role that the adrenal cortex
might play in the metabolic behaviour after damage, of
the animals eating the protein-free diet.

A review of those features of protein metabolism
pertinent to the subject, follows together with a discussion
regarding the behaviour of protein metabolism after trauma

and the possible factors influencing this behaviour.
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LIETHODS IN STUDYING PROTEIN *ETABOLISM

In 1842 Liebig (1) first suggested that urinary
nitrogen might be used as a measure of the utilization of
protein by the body. This approach consists in measuring
the difference in nitrogen content of the inges ted food
and that of excreta (meinly feces and urine) and is still
used as an approximation of the rate at which the organ
handles protein. This method (nitrogen balance) only
informs one as to the beginning and end of the metabolism
of protein (mainly characterized by its nitrogen content)
and other experimental approaches have been devised to gain
insight as to the intermediary metabolism of protein.

As regards the feces, recent investigations (2, 3)
have shown that the concept that fecal nitrogen consists
largely of unabsorbed food residues, is incorrect. It is
now generally accepted that fecal ma tter consists of:-

A large bulk of hacteria (approximately 9% of
total solids), unabsorbed gastric, hepatic, pancreatic and
intestinal secretions, leucocytes and desquamated epithelium
of the gastro-intestinal tract, and although some investigators
(4, 5) question whether the stool nitrogen can be considered
as catabolic nitrogen in the same sense as urinary nitrogen,
it is nonetheless generally conceded that in balance studies
due consideration must be given to fecal nitrogen (4).

Various investigations have shown, that providing

the composition of diet protein is such that it is capable
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of being completely digested and absorbed (1, 3, 4) then
the nitrogen of the stool is relatively constant in amount,
although in certain conditions it may be considerably
increased as in diarrhoea, where the fecal nitrogen consists
not only of an unusually large amount of unabsorbed food,
but also of an abnormal amount of intestinal secretions and
debris.,

Abnormally high fecal nitrogen may be expected in
any condition which involves lesions in the gastro-intestinal
tract. Recently Hoelzel and Da Costa (&, 7) have demonstrated
the production of experimental ulcers in rats and mice by the
administration of low or protein-free diet otherwise adequate,
and Weech and Paige (8) revorted similar findings in dogs.

And therefore, in the experiments with low protein diets here
one must bear in mind the possible double efrect of the low
protein diet, i.e., inadequate nutritive value per se and
possible production of peptic ulcers leading to inadequate
absorption and increased fecal excretions

Abnormally high fecal nitrogen may be found in any
condition involving failure of secretion by the glands respon-
sible for the proper hydrolysis of protein. There is a recent
report by Toerkischer and Wertheimer (9) in which they find
marked diminution in gastric secretion with little or no free
HCl and with low proteolytic enzyme content in adrenalectomized
rats in good general condition, occurring 2-5 days after

adrenalectomy, @ state remedied by administration of cortin.
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Generally it is common practice in balance
experiments to estimste the fecal nitrogen as 10% of the

total nitrogen intake.
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OTHER METHODS FOR STUDYING INTERLEDIARY _ETABOLISL OF PROTEIN

Angiostomy:

A technique devised by London (10) who prepared
Tistulae of afferent and efferent blood vessels of different
organs, mainly liver and kidneys, thus enabling one to analyze
blood before and after it has left an organ which has previously
been prepared in the above manner. Thus one can analyze samples
of blood at will and also one can introduce substances and study,
by analyzing blood samples leaving the organ, vhe manner in which
the organ handles the introduced substance.
Growth:

liezsure of growth in any organism may be used as an
index of the manner in which protein is being utilized. Exten-
sive studies having thus been carried out mainly in the rat by
the fundamental work of Osborne and lMendel (ll) and later in
the classic studies of Rose (1l2).

Perfusion of Isolated Organs:

A procedure devised independently by Emden and Knoop
some years ago - consists in studying an isolated organ, which
has been removed invact and through which is circulated physio-
logically isotonic fluids which keep cells alive for some time,
To this fluid may be added substance whose metabolism mayv be
observed in perfusate. This method is one in which the organism

is not operating in its usual in vivo environment and has thus

been severely criticized by many.



Tissue Slice:

This technique, revised by Jarburg, modified by
later investigators, notably Dixon, consists in measuring,
manometrically, the ratio Oy consumption and COg production
0f tissue slices immersed in a suitable physiological medium;
the desired substrate may be added to this medium, and the
efi'ect on tissue respiration noted,

Plasma Pheresis:

In the hands of Whipple et al, this has become a
valuable tool in studying at least the metabolism of one of
the body's most important protwins, viz., plasma proteins,
and will be discussed in fuller detail in section on
"Protein Stores".

Isotopes:

Isotopes, chemical elements difrering from those
commonly found only in atomic weicht,have been shown to be
treated in the same way as those compounds which possess
natural form, when incorporated into the latter and fed to
animals. By use of such "tagged" compounds, their course in
the body is traced by determining the amount of isotope in the
various tissues, either by mass spectograph which identifies
the amount of heavy isotope or the Geiger Counter which

differentiates compounds with radioactive isotopes and measures

the latter.

Enzyme Isolation:

Certain aspects of protein metabolism have vielded
fruitful results by isolating from tissues the enzymes involved,

such as arginase in urea formstion, but as vet this field is

relatively undeveloped,
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SIGNIFICANCE OF URIN.EY NITROGEN LiVELS 41D FACTORS AFTECTING IT

Liebig (1) believing that protein contained nitrogen
as an integral component, suggested thzt the urinary nitrogen
might be used as a measure of the rate of protein destruction
in the body. It was later found (3, 4) that the feeding of
nitrogen substances (ma inly meat protein) resulted in the
excretion of about an equivalent amount of nitrogen, mostly as
urea and ammonia, in feces and urine, and it was further estab-
lished (15,16) that atmospheric nitrogen was not utilized by
the body, nor was any "metabolic" nitrogen lost in respiration.
Until the work of Schoenheimer, the prevailing view regarding
the metabolic imnortance of urinary nitrogen was succintly
stated by Lusk (17) "That urea, the principal end product of
protein breakdown wes shown toO be not an adventitious product,
but one normally proportional to the protein destruction".

However, with the demonstration of the constant
dvnamic interchange of chemical compounds within the body (18)
where it has been shown that nitrogenous compounds found in the
urine include representative of compounds both endogenous &and
exogenous in origin, one might well ask what does the level of
nitrogen exeretion actually represent? It might be that
nitrogen which the tody for some reason oI other cannot retain,
and as Schoenheimer has stated (19) "The nitrogen excreted by &
normal sznimal in nitrogen equilibrium is a sample oI the pool
originating from the constant and rapid chemical interaction
of food and hody proteins", and it can be no more than the

minimal level of catabolism of nitrogenous compounds.
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In previous discussion evidence was presented rhich
showed that the fecal nitrogen is relatively constant and within
certain limits, independent of the nitrogen content of the diet
and other extra-renal loss of nitrogen (sweating, hair loss, etc.)
1s not sufficient to significantly alter the total nitrogen
excretion. In view of the above, one may consider that under
most experimental conditions the urinary nitrogen as the only
imnortant variable moiety and one which would be expected to
reflect the changes in nitrogen excretion under various
conditions which affect nitrogen metabolism,

Folin (20, 21) in his extensive studies on the
composition of human urine, first established the relationship
between the quantity of nitrogen intake and composition of that
excreted, From the above it became evident that in studies
using urinary nitrogen as a metabolic index, due consideration
must be given to the quantitative changes in nitrogen intake,

Protein (consisting of difterent amino acids) performs
certain functions relating to growth and maintenance, functions
which no other nutrients are capable of carrying out,

Theat one of the limiting factors of the nutriticnal
value of a protein appears to be in the nature of its amino
content stems from the results of the intensive studies by
Rose et al (22).

Rose, uicCoy and Meyer (:3) emploved synthetic diets,
the nitrogen of which was furnished by a mixture of crystalline

amino acids. At first thev found that a mixture of all of the
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then known amino acids failed to produce nitrogen equilibrium.
It was reasoned that one or more unknown amino acids were
lacking, and studies along this line led to discovery of the
amino acid, threonine, which, when added to the then mixture
of crystalline compounds, induced positive nitrogen balance
and growth. Continuing his research by altering the various
components of this mixture, Rose (24) was finally able to
clarify the amino acids with respect to their necessity for
growth in the rat. The absence of one of the indispensable
amino acids will block all protein synthesis, and a relative
deficiency in such an amine acid will permit only a subnormal
rate of synthesis.

Another important consideration in the evaluation
of the nutritive value of any protein is its digestitility
and the concomitant availahility of its amino acids from the
gastrointestinal tract.

Therefore, the degree to which amino acids of the
intake fulfill the requirements of the body, will under certain
conditions determine in part theamount of their nitrogen
appearing in the urine,

Carbohydrate and fat are the main energy-producing
substances in the food. Their relative or absolute lack results
in an increased catabolism of body tissue protein or its

pr ecursors in order to supply energy which would otherwise be

derived from carbohydrates and fat,
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Metabolic observations on the effects of starvation
have yielded much information on the "protein sparing" actions
of carbohydrate and fat, The nitrogen excretion during star-
vation is thus almost three times higher than when no nitrogen,
but suft'icient calories, in the form of carbohydrate and fat,
are supplied,

The following table containing data from an experiment
if Cathcart's (25) illustrates this point.

Urinary nitrogen

(amount)
l4th day of starvation 7.78
lst " on cream (300 cc.), starch (400 g.) diet 7.43
Bnd 14} n " " " n n 14 1t 3 . 58
3 I.d " 14 n 14} n " n " n 2 o 84

Here the nitrogen excretion of an individual vwho had been
fasting for 14 days is 7.78 g. and is reduced to 2.84 g. after
S days intake of 400 g. starch per day.

Carbohydrate exerts a specific "sparing action"
guite apart from the fact that it furnishes energy, for the
"sparing effect™ exhibited by a given quantity of carbohydrate
cannot be accomplished by an amount of fat possessing double
the caloric value (26) the difference between the protein

"sparing action™ of fat and carbohydrate is not completely

understood as yet.

Specific Dynamic Action:

Dynamic action may be defined as the energy expended
by a subject in the utilization of food; by comuon usage the
rate of metabolism of a subject under conditions of rest and

in the postabsorptive state is spoken of as "basal"., Heat
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production is &t & minimum. However, merely by the ingestion
of food and with no accompanring physical exertion, the heat
production of the subject rises above the basal level in amounts
up to 30%. This phenomenon was already known to Lavoisier (27).
There is a dynamic action involved in the metabolism of all
nutrients, whether carbohvdrate, fat or protein., The exact
chemical reactions in metabolism causing a heat measurement
are not known in full,

Until now the prevailing belief has been that the
relatively high specific dynamic action of protein dominates
the heat production of a subject fed a mixed diet, but evidence
has ac:umulated since 1935 (28) which refutes this prevailing
belief. Forbes and Swift (29, 30) have shown that contrary to
general belief, protein was not shown to dominate the dynamic
eftects of nutrient mixtures. Rather, l:erd was found to be
more potent than either protein or carbohydrate. These studies
by Forbes and associates add much to our concepts of energy
metabolism. It is clear that the dynamic efr1ect of diets are
not the adaitive dynamic efrects of their components. In fact,
there is probably no one value for the dynamic effect of protein,
fat and carbohyvdrate, the dynamic value of each depending on the

amount of the other two being simultanecusly metabolized.

Temperature:

The influence of environmental temperature upon the
metabolism of an organism must be borne in mind in any metabolic

studies. Goto (31) Terroine and Trautman (32) and Houssay and
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Artund (33) have shown that above 280 or 30° C. the heat
produc tion of rats increases (adult male or female rats).
Horst, iiendel and Benedict (34, 35) in a re-examination of
this problem have shown that for the adult male rat the most
ideal temperature for measuring the basal metabolism of rats
is at 28° to 300 C. and that within these limits there is no
aprreciable variation in basal metabolism. Hence, this con-
tribut ing factor in the control of urinary nitrogen level
remains constant under these conditions.

In studies of the above authors the humidity of the
room and the size of the containing metabolism cage were also
shown to be contributing factors in the control of the basal
metabolism of these animals.,.

The conclusions reached in these stuaies viere as
follows:

1) The metabolism of adult male rats increased, on

the average, 7.3% per dezsree decrease in environ-
mental temperature below 30° C. (or © F).

2) At thermic neutrality the metabolism of femsle rats
was lower than that of males, both at young =nd
adult ages, and vith both sexes the metabolism
decreases vith age.

Level of Urine Volume:

In view of the fact that the products of catabolism
are excreted in aqueous solution in the urine, the levels of

urinary nitrogen are renorted to be afiected by either "retention"

or "diuresis".
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Voit (36) observed that the copious drinking of
water is usually associated with a small increase in nitrogen
elimination., Lusk (37) and Peters =nd Vam Slyke share this
view (o8). Larshall (39) reported that twenty fold increase
in urinary volume induced by the ingestion of very large
quantities of vater, lead to a two-fold increase in urea
elimination in the urine.

On the other hand iacKay 2nd iuacKay (40) have shown
that water deprivation caused an increase of urea in the urine,
especially when dehvdration is produced by intravenous admini-

stration of concentrated sucrose solutions.
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DISCUSSION OF THE DYNAMICS OF PROTEIN MLT.BOLISL
IN REIATION TO PROTEIN STORES.

One of the earliest statements put forth as to the
nature of protein metabolism was that of Pfluger's (41l) which
is essentially = modification of an earlier one by Liebig (1)
in which he believes that there is a decided difference between
circulating protein and living protoplasm; the former being
comparatively stable toward oxidizing agents, vhile the latter
is in & very unstable equilibrium and is partially susceptible
to oxidation and further, that all protein catabolized first
becomes an integral part of living tissue and only as such
undergoes oxidation, a orocess which is supposed to constitute
the most fundamental chemical decomposition of protein catabolism.,

Pfluger's attitude with respect to the abhove is not
one of unqualified commitment as in the latter part of the paper
he practically admits the possibility of a certain amount reing
catabolized in solutiomn, i.e., without having acquired the structure
of living protoplasm. A view more in keeping with that of Voit
(42) which was first formulated in 1867, and holds that the
protein of the absorbed food passes through the blood to the
difrerent tissues and cells =nd is there catabolized under the
influence of living protoplasm, but without first becoming an
integral part of the latter.

0, Folin (20) in a presentation of a new theory of
protein metabolism, interpreted Voit's statement as meaning
that "living protoplasm is in & state of suspension, the cir-

culating protein is in solution, and the chemical decompositions

that constitute protein catabolism teke place only in solution,
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The small amount of living protoplasm which dies in the
course of 24 hours is at first only dissolved, thereby becoming
@ part of the circulating »rotein derived directly from the
food".

In 1905, folin (20) =fter an extensive study of
various urinary components under diverse nutritional conditions
postulated his view of endogenous and exogenous protein
metabolism. He stated that there were two forms of protein
catabolism vhich were essentially independent and difrerent,
one being extremely variable in quantity and the other heing
constant. The former yielding in the urine, chiefly urea and
inorganic sulphates, no creatinine and no neutral sulphur.,

The latver, constant, is largely represented by creatinine
and neutral sulphur, and to a less extent by uric acid <nd
ethereal sulphates.

And therefore according to Folin's view, protein
synthesis in the adult orgenism, in nitrogen equilibrium,
is restricted to the renlacement of an increasing "wear cnd
tear" or endogenous guota., This quote corresponds anproxi-
mately to the minimum eXcretion of nitrogen, on a diet con-
taining little or no nitrogen but otherwise adequate. ‘Uhen
more thsn this minimal quantity of protein nitrogen 1is ingested,
the excess over the endogenous requirement is considered to
be gquickly catabolized =nd apnears in the urine, mainly =2s urea,

Some vears later, experimental data began t0 apnear,
which contradicted Folin's, now classical, theories regarding

protein metabolism. In 1913, icCollum =nd Ho=gland (43) by
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feeding CHO and alkaline salt, nitrogen-free diets to pigs
increased the total endogenous nitrogen output in their urine
without inereasing the creatinine fraction, and likewise
Teroinne, Bonnet, Danmenville and Mourot (44) argued that when
the rate of endogenous nitrogen metabolism is increased there
should occur a corresponding increase in creatinine and neutral
sulphur. But it was found that the endogenous nitrogen metabo-
lism, and later by Deuel, Sandiford and Boothby (45) that the
basal metabolism can be increased without changing the excretion
of creatinine,

Folin's concept of protein metabolism was found
lacking in the development of other aspects of protein metabolism,.
McCollum (46,47), Osborne and liendel (48) and Mitchell, Nevens
and Kendall (49) all questioned whether the "wear and tear"”
quota really involved the destruction of any intracellular
protein. The function of the "endogenous metabolism™ according
to0 these authors is to supply compounds such as essential amino
acids for specific and indispensable but non-protein use, ihen
these are supplied from the diet there is no need for the nreak-
down of the tissues.

A complete break from Folin's classic concept was made
in 1935 when Borsook and Keighley (50) proposed & new theory of
protein metabolism completely difrering from Folin's view. They
states that in an animal in nitrogen equilibrium the breakdown
of intrecellular protein is continually in progress even when

abundant quantities of amino acids are obtainable
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from the diet. This breakdown bears no "wear and tear"
connotation, it greatly exceecds Folin's endogenous quota

and is dircctly proportional to the level at which the
nitrogen balance has been set at by the previous dietary
history and therefore, as a consequence, in nitrogen balance,
& corresnonding quantity of amino acids is synthesized into
tissue protein and peptides. ‘hen protein is ingested, in
the course of the next 24 hour period, some of amino acids
contribute toward maintaining constant concentration of free
amino acids and peptides in the blood while the remainder is
catabolized; this latter nitrogen appears in the urine. The
last moiety might be called the "exogenous quota" distingui-
shing it from the urinary nitrogen arising from the catabolism
of tissue protein and amino acids vhich is the "continuing
metabolism" nitrogen or the above authors.

This new theory was based on two lines of experi-
mental evidence, ZExperiments in which nitrogen balance was
maintained for one day with non-sulphur-containing amino acids
or ammonia, the sulphur was considerably in excess of the so-
called "endogenous" sulphur excretion. In view of the fact that
nitrogen balance was maintained, an incre=sed "endogenous meta-
bolism™ could not e invoked to account for a sulphur excretion
in excess of endogenous levels,

Other experiments indicated that, over one day
periods, whether the body nitrogen is spared by & protein or by

non-sulphur-containing amino acids or ammonia, the same
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amounts of sulphur and, by inference, of nitrogen are con-
tributed to the urine by tissue sources. ‘hese contributions
from the body could not have come fiom the pool of circulating
free amino acids =nd must have come from protein snd peptides
because concentration of the former in the tissues is remark-
ably constant znd independent of the dietary state end remeins
unchanged even in starvation (49,31,52,5.,54).

Iven before isotones were available for tissue studies
it was necessary to envisage extensive synthetic processes con-
tinually in oneration and greatly in excess of those required to
replace the losses of the "wear and tear" quota ot the classical
theory. iladden and w#hinple (55), from their experiments on
plasmapheresis and revplenishment of plasma proveins, conclude
that a dynamic equilibrium exists in the hody wherety proteins
of the plasma, liver, and other tissues are constantly exchanging.

Schoenheimer and collaborators (18) using N9 as a
tracer, furnished direct evidence that nearly all proteins of the
body are continually underzoing synthesis and breakdown. In the
liver and intestinal mucosa, more than half of the protein is
broken down and resvnthesized in ten days; in the muscles it is
slower, and still slower in the erythrocytes.

Schoenheimer et al (66) using glycine, l-leucine,
d-leucine, and dl-tyrosine labelled with Nl5, found that the rate
of incorporation of dietary isotonic nitrogen in nlasma proteins
was apnroximately the same as in the proteins of the kidney, liver
and intestinal tract. All fractions of the plasma, fibrinogen,

euglobulin, pseudoslobulin and albumin, interchan:-ed N9 at the
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same rate. In contrast to the plasma proteins, porphyrin and
the proteins of erythrocytes exchanged N1 very slowly, indica-
ting that the cycle of degradation and synthesis of Hb
1s much slower than in organ and muscle proteins.

Tarver and Schmidt (57) using radioactive 53 as a
tracer, obtained results similar to Schoenheimer and reached
the same conclusion, viz., a continual synthesis and breszkdown
Of body protein, the rate varying in different organs and with
difterent proteins.

kitchell, Burroughs and Burroughs (38) in criticizing
Schoenheimer's conclusions, mzintained that "In all likelihood,
the chemical reactions that Schoenheimer hes detected by means
of isotope nitrogen, between dietary amino acids 2nd tissue
protein, relates not to the fixed protein of cells, but to the
dispensable reserve proteins, readily subject to mobilization
by many experimental procedures and is readily reformed”.

However, Tarver and Schmidt (57) showed that no
separation can be made bhetween fixed =nd "reserve", that is
labile, tissue protein. They fed methionine containing radio-
active sulphur to rats fasted & to 8 days, and to dogs fasted
8 days and found radioactive sulphur in the proteins of many
organs .

The last remaining support of the classical theory
was removed when Bloch, Schoenheimer and Rittenberg (o84)
found that urinary creatinine is derived only rrom creatine
in the tissue and that creatinine once formed is not degraded

further and urinary creatinine remains undiminished even on a

protein-free diet,
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As w=s predicted from the new theory, the protein
sparing action of CHO occurs in the well nourished animal as
well as in the starving animal and was verified experimentally
in the dog by Larson and Chaikoff (09) and in man by Cuthbertson
et al (60). Larson and Chaikoff observed in dogcs, in nitrogen
equilibrium, a retention of nitrogen when extra glucose was
given at ot nearly at the same time as the protein, and when
extra glucose was withdrawn, the stored nitrogen was slowly
excreted. According to the clas-ical theory (Folin's), no
storage was to he expected because in well fed animals in
nitrogen equilibrium, the "wear and tear" guota is supplied
by the diet, and the remainder of the dietary nitrogen is the
exogenous and should be quickly catabolized.,

In summa tion:- the growing body of experimental
evidence points to a dynamic concept of protein metabolism
where even in the fasted animal there is an active and simul-
taneoi;s breakdown and resynthesis of protein,

To introduce the concept of "labile™ or "reserve"
protein at this point might seem unwarranted, as there is an
implication in the terms "labile" and"reserve" that this protein
is somehow difirerent from the main mass of body procein, a point
seemingly in contradiction with the results ohtained hy
labelling S and N, although a v=st amount of evidence, apnears

in the literature to supnort the concept of reserve protein

store.
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PROTEIN STORES

The reserve store of protein may be defined in the
manner of sladden and shipnle (55) "As all protein which may be
given up by an organ or tissue under uniform conditions without
interfering vith organ or body function'". (No difierence physiol=-
ogically or anatomically from rest of body proteins).

Many investigators believe that to justify the term
the stored protein should exist as a phvsically demonstrable
entity comparable to glycogen sn: fat intraceliular masses, and
some claim to have Tound such ~rotein deposits (61,62), these
Observations remaining, as yet, unconfirmed, The car<ful
analvses of Luck (63) of the protein of the rat liver after
storacge has heen induced, indicated all fractions of this
protein to have participated equally in this storage process.

Early evidence for the existence of such a store of
reserve protein is seen most clearly in the mathematicsl treat-
ment of the lag in attainment of nitrogen balance in passing
from one level of nitrogen intake to another, iartin and
Robinson (64) discovered the relation that the utilization of
the stored nitrogen foliows the course of a first order reaction;
only the "labile nitrogen" undergoing this rate of catabolism
because this first order degradation stops abruptly long before
any significant loss of body vorotein occurs (45). Other early
evidence of a storage of "labile nitrogen" is given by Chambers
and Milhorat (65) in which they show that in normal exercised
dogs the extra urinary nitrogen apnearing from work can be
completely spared by carbohvdrates., It gradually disapnears as

the fast of the animal is continued.
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Cuthbertson et al (60) showed that in sdults, the
superimposition of various proteins (for one day) on a basal
diet, which hsd previously been shown to suffice for the main-
tenance of nitrogen equilibrium, caused a retention of nitrogen
and sulphur. The degree of retention of nitrogen and sulnhur
bore a quantitative relationship to the total increment in the
energy value of the diet, the retention of the nitrogenous
material diminishing with time. On resumption of basal conditions
the retained nitrogen was eliminated at a slow even rate.

That the nitrogenous metarolites are stored as nrotein
appears probable from the weight of evidence reviewed by Borsook
and Keighly (50). These investigators present new data to
indicate that in an sdult man in nitrogen equilitrium and a
urin ry nitrogen excretion of about 10 grams daily, about hslf
of this nitrogen comes from catabolism of stored protein, the
extent of which storage is a2 function of the previous dietary
history, this fraction being termed the "continuing"nitrogen
metabolism. In this dynamic picture, extensive synthetic
processes involving amino acids halance the catabolic portion
of the "continuing" nitrorsen metabolism.

That general protein body "stores" might exist is
indicated in the work of Addis, Poo a2nd Lew (66,67) who measured
the decrease in the protein content of various organs in rat fasted
over a period of days. Thev observed that the proportions of the
original protein content lost by various orgcans was widely dirtferent,

the liver losing 40%, prostate and seminal vesicles 29%, heart,
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kidneys, drawn blood and al imentary tract 18-28%, musele
skin and skeleton 7% an. bone 5% of its protein content
respectively, and also approach the problem from the opposite
viewpoint, that is, the superimposition of protein in various
organs on different dietary protein levels, and found that
each level of protein intake was associated with its own
characteristic pattern distribution of protein amongst various
organs. On diets containing 6, 11, 16, 27, and 43 protein,
the greatest total gain in body protein occurred surprisingly
enovgh, on diet containing only 27% protein. Each organ and
tissue had its own mode of reaction to an increasing supply
of food protein,

Luck (68) hes also shown that the administration of
high protein diet to various animals resulted in enlargement
of the liver and an even greater increase in its protein
content, and brings forward two possible interpretations of
this observation:

"the liver can be said to convert the rich influx of amino
scids into "reserve" protein which is then deposited in the
organs as (inert storage material) or, alternately, it might be
maintained that the protein so deposited, far from being inert
storage ma terial, represents am increase in functioning hepatic
material® - a view more in keeping with the observations of
Schonheimer (18) and Tarver and Schmidt (57). ‘“hether the
inerease in liver cells occurs 1o handle the increased work of

deamination and urea formetion (68) to which it is now subject
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remains problematical, although it has been shown that during
fasting the liver is one of the first orgens which most resdily
sacrifices its protein content.(66).

That the liver has no "storage" protein which is
distinctive in its physiologic proverties and chemical difieren-
tiation is supvorted by thre following observations:

(2) Grund (69) did not observe any change in P/N ratio of liver

in fasting.

(b) Lee and Lewis (70) railed to find any significant change

in the relative amounts of cystine, tryptophane and tyrosine

in liver, kidney or muscle protein with change in nutritional

state of the animel and more recently Kosterlitz and Cramb (71)
found no significant change in either the Rrotein nitrogen in liver

phospholipid phosphorus

pr Buscle protein nitrogen  ,r ratg fasted for 2 days.
muscle protein phosphorus

(¢) Luck (63) found that the various fractions of the liver

proteins increased equiproportionally with increased protein
intake and none ot the liver proteins could be singled out as a
reserve, labile or cell inclusion protein in the classical sense,
(d) :nd last but not least, Tarver and Schmidt (57) working with
radioactive sulphur showed that no distinction could be made
between reserve store (i.e., more labile in resvonse to fasting,
damage, etc.) or tissue proteins. In the feeding of methionine
labelied with SX to rat fasted 3-8 days and dogs fasted 8 days,

it was found that SX was taken up into the proteins of many

organs in spite of the fast,
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A fascinating experimental approach to this protlem
is the one employed by Whipple and co-workers (72) - namely,
"plasmapheresis". From their experiments (to be discussed relow)
they conclude "That a reserve store of plasma protein building
material is one subject for which the evidence is overwhelming
and it may be accepted as a fact".
That such a store exists was 1irst demonstrated by
Morawitz (72A) in 1906, when he found that regeneration of the
blood plasma proteins occurred during fasting following their
acute depletion by bleeding. He combatted anaemia by injections,
simultaneous with the bleeding, of an equal guantity of red
blood cells suspended in Locke's solution to which 3% gum
acacia had been added, This was the first use of a technique,
later called "vnlasmapheresis™ by Abel, Rowntree and Turner (73).
Morawitz f>und that by a large one-stage plessmapheresis
the total plasma proteins of a dog could be reduced to about
2% and that return to a normal level occurred during fasting,
in 2 days in one instance and in 4 days in &nother. In the
second instance,the dog was denleted again at 4 days, this
time the reduction of the total plasma concentration to &%,
and regeneration wzs observed, reaching a level of 5.4% in
3 days, (the normal being 6-7%») all in the fasting animal.
Bv another method, Whipple et al (74,75,76,77) have
measur ed wh=t they term "the reserve store of nlasma protein
building material"™ - one thet may not be svnonymous with the

labile store that Cuthbertson (78) claims.
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The method and the calculation determining this
store have been described in detail by Liadden et al (72)
but a brief summary will sufiice here. The normal dog 1is
depleted of circulating plasma protein by daiLy plasmapheresis
while consuming a constant basal diet low but adequate in
nrotein., With the normal dog it will be found necessary to
remove more plasme (and plasma protein) in the initial days
or weeks of the regime than in subsequent weeks in order to
maintain & steady hypoproteinemia, This "excess quantity" of
plasma protein removed in the first weeks of a prolonged
period of plasmapheresis represents the "reserve store",
It is & greater quantity of protein than is represented by
the difference in the circulating mass of plasma protein
before and during experiment, (i.e., 6%-4% x plasma volume
equals about 9 grams plasmes protein in & 10 kg. dog), its

measurement being graphically represented in Fig. 1.

Table taken from Madden and Whipple
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The excess production noted in the initizl 4 weeks (Fig.l),
must be attributable to protein materials present in tne body
at the start of the experiment.

Fasting experiments have vielded valusble results
and have been carerully studied in whipnle's laboratory.
Given a standard amemic dog fed an optimal oral dose of iron
with sugar and fat but no protein, thev obtain 40-50 grams
new haemoglobin each week for several weeks. Obviously the
protein (globin) must be formed to a considerable degree from
body: stores presumably held in cells in some protein form.
Such dogs show less nitrogen in the urine cspecially in the
urea-ammonia fraction as compared with normal non-anaemic
controls., This mi;ht indicate that the precursors of urea were
utilized to some extent in the building of new haemaglobin
under these conditions (i.e., @ shift of body protein or
treakdown products thereof) somewh:zt reminiscent of iliescher's
(79) observ:tions with salamanders, wlere he observed thet the
influence of diet was only of secondary importance in the
restitution of amputated limbs in these animals receiving no
food, regencrated their limbs as rapidly as well fed anim:-ls,

Howes (£0) found thzt rate of healing of stomach wounds
of adult rats was not noticeably affected by complete star-
vation or half feeding, so that in both cases one mirhit infer

that the animsls have drawn upon "readily aveileble stores"

for the reparative processes.
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From the experiments of “hipple et al, it may be
estimated that normal dogs have different msterials in
storage to form a quantity of plasma protein one to two
times that normally present in their circulation. This may
amount to a&s much or more than the total protein content of
the liver and indicates that a large portion must be stored
elsewhere, being larger than that given by plasma protein
regeneration during fasting (7:2,81,8%2) and probably more
nearly represents what the animel can produce when the only
demand on the stores is for plasma regeneration, Dogs once
subjected to plasma depletion and thereafter allored to return
to normal, exhibit larger reserve stores on subhsequent
depletion (72).

Other experiments performed in +hippnle's laboratory
reveal the process of "storige of plasma protein" forming
materials. Such stores can be experimentally induced and
reduced quantitatively.

In a standardized protein depleted dog, plasmapheresis
was discontinued for Z weeks and materials which ordinarily
would have been removed as plasma protein were stored in the
body depots, to be removed quantitatively as new plasma protein
during the subsequent three weeks of plasmapheresis.

A further example of the ability of the body to retain
plasma protein forming materials in time of need is given by
observations in a previously depleted dog that =te over 400

grams of raw pork kidney in one brief meal (75). The dog
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conserved the nitrogenous constituents of this single meal
as efficiently as it subsequently did a somewhat similar
quantity consumed over a period of 7 days.

Using som:vwhat similar techniques llelwick, Cowgill
and Burrack (83), have found that when dogs 2re fed a protein-
free, adequate vitamin and caloric diet and when simultaneously
subjected to quantitative plasmapheresis, whereby a basal level
0f serum protein concentration was reached and maintained
constant, then the dog is able in one week (with the above
dietary) to recenerate 20 to 30% of the total =mount of the
blood protein normally present in the plasme, which they infer
is the "reserve store of serum protein huilding materisals
normally present in the circulation".

These "reserve stores" can be replenished =nd the
znimal kept in nitrogen equilibrium not only by the adminis-
tration of an adequate diet but also by the intravenous in-
jection of homolocous plasma (74). w«lso during a fast a dog
produced 50-50 grams of new haemoglobin within a week =nd
another dog, while fasting, was able to regenerate new liver
cells in repairing extensive hepatic injury due to chloroform
poisoning (&4).

It is 2lso interesting to note a2t this point that
plasma can contribute to the body's nceds and may be considered
in dynamic equilibrium with body tissue protein as has recn
noted by ‘hipple et sl, that verious dogs could be kept in
nitrogen and weight equilibrium »v intravenous plasma injections

with oral fat and carbohydrate supplements (77,85,74) .
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This view is in keeving with that of Schoenheimer (56)
who, using glycine, l-leucine, dl-leucine and dl-tyrosine all
labelled with le, found that the rate of incorporaticn of
dietary isotope le into plasma proteins was approximately the
same as that in the proteins of the kidney, liver and intestinal
tract and also that all the fractions of the plasme proteins,
viz., fibrinogen, euglobulin, pseudoglobulin and albumin int-r-
changed NS at the same rate,

From the above experimental observations Madden and
Whiople (5o) conclude "a part of the body protein forms a reserve
against adversity in the sense that it can be circumspectly de-
pleted without apparent injury to the tody. <The supplies of
amino acids coming [rom outside the body, and the demand for
pro tein material within the body are in a constant state of
balance with these protein "reserve stores"™, a dynamic
equilibrium”.

This last, probably being by far the most important
concept which derives from all these experiments, i.e., the
fluidity of the body protein (including plasma protein) a ready
give and take bhetween the protein depot - a dynamic equilibrium
(86).

Borsook and Dubnoff (87) Schoenheimer znd Ratner (88)
have independently suggested, and a reconciliation between the
two may be in that the "labile™ nitrogen is not distinguished
primarily by a difrerence in composition, but by its location,
as many attempts have been made to distinguish this "l:bile"
protein from "fixed"™ organ protein. All these attempts have

failed (63,70,89,90). Some organs, the liver, intestine, and

kidney, change in size and protvein content quickly with changes
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in level of dietary protein. The "labile™ protein will then
arise in the coursc of a Tast, at first from the substance
of the labile organs. But these organs can increase or decrease
only within certain limits. Then, as the fast is prolonged
and the lower limits of size of the more labile organs =2re
approached, larger amounts of nitrogen will come from the organs
slower to change, such as the muscles. The liberated muscle
nitrogen will, in part, be resynthesized into liver and kidney
protein; the remainder will participate in mainteining the
characteristic and constant concentration of free amino acids
in the blood &nd tissues znd, in so doing eventually be
catabolized,

Thus, in the course of a fast, the source of the
sO called "reserve" protein will shift from organs which change
rapidly to those which change slowly, =nd hence its composition
and the N/S ratio in the urine will change. 'his explanation
is in accord with the failure to indetify any definitive
"reserve" protein with the changing N/S ratio of stored nitrogen
and urinary nitrogen in the course of a fast (45,91,92,93),
with the variations in protein content of different organs in
the course of a fast and on subsequent feeding (64,94,95), and
with diftrerent r=tes of interchange of isotopes of difrerent
organs (18,57).

One is tempted at this point, to ask then what is the
determining factor which marks off body protein from "reserve"

protein. In the opinion of the writer the only criteria that
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may be adopted in the tentative classification of the above
two, is thet the latter is im:ediately utilizeble and the
former being less readily available in any emergency -
fasting, post-damage, etec, As Youmens (96) emphasizes
"recent studies with isotopes indicate thet there is a general
pool of nitrogen formed from dietary and reactive body tissue
nitregen from which protein msy be formed for any purpose.
With more severe defi:iency the tissues of the body are dravn
on for protein to supnly the most necessary purposes, the less
important structures being drawn upon first. In severe
deficiency even such important organs as the heart yields some
of its protein. The protein of the active parenchynzal cells
of such organs as the liver seems to be affected l=st".

If one agrees to the above meationed classification,
then it may be noted that in the utilization of the "reserve
store™ for general nitrogen requirements or Ior plasma protein
formation, it is characteristic that a large bulk of the store
is used early and rapidly.

(1) Addis, Poo and Lew (68) found thzt half of the
total protein of the liver to be lost during a 7 dsy fast, is
lost durine the first two days. Considering that 405 of the
protein content of the liver of a rat is lost during a 7 day
fast (67), liver storage protein appesrs readily available,
Its rate of conversion is probably no greater, however, than
that of the greater mass of stored protein found in the c-rcass

of the rat. This (last) mass lost four times as much protein
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as did the liver and from the data given it was available
at the same rate, 50% within the first two days. Its rate
of conversion is probably no greater, however, than that of
the greater mass of stored protein found in the carcass of
the rat.

(2) Following rapid severe depletion of plasma
proteins in the experiments discussed above (72,82) the rate
of regeneration Irom stored protein was most rapid in the
first few hours.

(3) In the depletion of the reserve stores (72) the
larger proportion is removed during the initial week or two,
but similar quantities may continue to bhe contributed by them
for as long as five or six weeks.

An explanation for the above is contained in the
proposal advanced by ifadden and “hipple (oo) "When the steady
state existing between body protein supply and demand is dis-
turhed the rate of reaction in direction of a new equilibrium,
is determined by the product of the active masses of the sub-
stances reacting as well as by other constants and conditions".

Thus, when the mass of stored protein is large, and
change of diet, plasma depletion, body injury, or other dis-
turbing factor is introduced, this mass will “e converted at a
faster rate than when the mass is diminished, other things being
equal. ‘lherefore, under such & concept the "labile" portion
is merely that portion of the'"reserve sto.e®™ which is mobilized

first and fastest and in other respects is not difrerent from

that made available more slowly.
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A curious fact which bears upon the plasma formation
is the remarkable increase in blood cholesterol which is
observed during the hyvoalbuminemia of nentrosis and is also
alleged to occur during experimental hypoproteinemia (97).

Its significance is, as vet, not clear,

Another experimental approach, although more direct,
in favor of the existence of a resdily available protein
"reserve" is that of lacKay et al, (98). He and co-workers
have sho.n that the fasting ketosis of rats is more severe,
the lower the protein content of the preceding diet, appnarently
because the prior protein intake determines the amount of
reserve protein available for catabolism during fasting.

That this reserve store is a source of anti-ketogenic material
is indicated by the fact that fasting rats, previously fed a
high protein diet, better maintain their glvcogen znd blood
sugar, as viell as sho ing lower levels of kctonemis, than rats
on a prior low protein intake.

Worthv of mention at this point are experiments
independently conducted in the laboratories of Weech (99) and
“lmen (100). Doth observed a pronounced fall in the concen-
tration of the albumin frection of the ple=sma in dogs fed a
protein deficient diet for three weeks end a similar but
smeller fall occurred in the albumin fraction of dogs fasted
completely, the globulin fraction remeining unchanged. A
return to adequate feeding is folloved by albumin regeneration,

The less pronounced hypoalbuminemia in the animals completely
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fasted wss accompanied by an increased blood cell volume and
was therefore, due in part to dehydration. If there is such
a thing as deposition or reserve protein, it certainly falils
to manifest itself under the conditions of these experiments.

Melnickm Cowgill and Burrack (83) revorted a dog
vhich was subjected to plasmapheresis and low protein diet.
This was carried for a period of 50 days uniil a steady low
level of hypoproteinemia was reached and maintained. Then
on subsequent fasting it was noted that after an initial
delay a progressive regeneration of serum protein took place,
This increase in serum protein was actually due to regeneration
of the blood protein and not to hemoconcentration as evidenced
by relative plasma volumes. If therefore, one assumes & steady
low level of hypoproteinemia (ca. 4 grams /) &s indicative of
depleted protein stores as do i.adden and -hipnle (55) then in
the ebove example the animal is drawing upon sources other than
these during the fast,

Turning our attention to the effect of low or protein-
free diets on urincry nitrogen excretion in rats and dogs, the
recent renvort of Cuthbertson and ..unro (78) is of interest.
They fed rats a protein-free diet until a steady low level 6f
nitrogen output was maintained. The left femur of these rats
was then fractured, and these rats, still fed the same diet,
failed to show a rise in urinary nitrogen output as seen in rats
previously fed different levels of protein intake,

They concluded, therefore, that the excessive output
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of urinery nitrogen, following injury (in rats fed diets
containing adequate protein) arises from a readily exhaustible
lebile protein reserve,

Other similar observations have heen made by various
authors (101,75,102). A dog with long standing anaemia (10l),
whose so-called reserve store was considered depleted by
frequent bleeding until a steady low level of haemoglobin
concentration had been reached, on being subjected to a
sterile abscess, gave a clinical picture similar to that in
the non-anaemic dog - i.e., fever, leucocytosis, pus formation,
etc., but the elimination of urinary notrogen was not increased
in the ansemic dog as was in the normal one in response 1o
abscess formation. The same was observed in dogs m=ade hypo-
proteinemic by plasmapheresis (75).

In the period immediately following trauma (fr=cture,
abscess formation) the absence of increased urinary nitrogen
levels (which is the¢ observed response of a previously liealthy
individual) may be due to:

(1) Depletion of stores, which Cuthbertson (78) and
Madden and Clay (103) msintein is the source of extra urinary
nitrogen excreted after damage in the previously healthy
orgeanism.

(2) The low or absence of increased nitrogen output
of the "depleted animal™ may be due to conservation of the
metabolic precursors by their recapture. Following on this

one would expect that onlr in the face of conditions which

.
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are a direct threat to the animal (depleted) will it draw
upon nitrogen metabolites,

(3) It may also be that the metabolic requirements
of the previously damaged organism's metabolic requirements
are very high, whereas those of the "depleted" anim=l are much
lower in this state, as it has been shown that persistent feeding
of low protein diets leads to decreased metabolic requirements
(35).

Or a combination of (2) and (3) may account for
Cuthbertson's observations (78).

The evidence for (3) lies both in the writer's
observations (under experimental section) and in an ohservation
of Weech, Goettsch and Reeves (104). A dog was maintained on
a protein-free, otherwise adequate diet until hoth the serum
albumin and total plasma hsd reached a steady low level
(globulin remaining feirly constant). Also the nitrogen
excretion had likewise reached a steady low level. On the
65th day of this regime a self imposed fast began which lasted
for ten succeeding days, except for salt and water given by
gavage. ''his anorexia was not associated with fever or
jnfection and during this period of fasting tlie urine nitrogen
rose from a previous steady low level to much higher with
considerable loss of nitrogen. The serum protein and albumin
rose to within normal values during this period with no evidence

of hemoconcentration.

Here, therefore, is a dog whose reserve stores were
supposedly depleted, regenerates, during a fast, serum protein

and catabolizes tissue protein with consequent increase in

urinary nitrogen. In subsequent course of events when the
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dog began to eat voluntarily the serum protein and altumin
gr:dually declined as during the early days of the experiments.

It would, therefore, appear that when a "depleted"
animal is subjected to an injury which does not threaten its
immediate existence, it conserves those nitrogenous metabolites
which are drawn upon to meet its metabolic requirements during
fasting.

(4) It might be that in the "depleted" organism a lack
of response on the part of the adrenal cortex to put out
increased amounts of gluconeogenic substances fter damage
might explain in part the failure to observe a rise in urinary
nitrogen during this period, either due to atrophy of the
cortex, per se, or failure of the pituitary to secrete
increased amounts of corticotrophin after damage.

Curious is the observation that only a diet of raw
carrot or carrot powder and water is productive of a steady
and maintained hypooroteinemia in rats (105,106). An otner-
wise low or protein-free diet is however vithout efrect on
the plasme protein content in rats,

In the experiments of Cuthbertson the rats were
damaged on the 1l4th day of feeding of the protein diet. In
the work of other investigators it required from 16-18 weeks
to reach and maintain a steady hypoproteinemia. Therefore,
if one accepts hypoproteinemia as the criterion of depleted
protein reserve rather than a maintained low urinary nitrogen

output, the rats of Cuthbertson's should theoretically still
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possess & considerable protein reserve,

In view of the f-ct that hypoproteinemia due to
deficiencies in dietary protein cannot be prevented by body
tissue protein or some other source of endogenous protein,
the concept of reserve protein may perhaps not apply to the

lack of an observed catabolic process occurring after damage

in "depleted"™ =nimels,



- 40 -

S0.x:E PEYSTIOLOGICAL ASPECTS OF POST
TRAUMATIC & TAROLIC RESPONSE, .

The metabolic response to injury, being a complex
one, 1is arbitrarily divided into several phases., tirst, the
loss of tissue substance and varying degrees of cel lular
demage at the site of injury. This represents an immediate
loss of protein and other cellular and intracellular substznces.
The metabolic activity of neighbouring cells is disturbed and
therefore need arises for amino scids to replace or heal the
injured tissue, which will vary according to the nature of the
tissue lost or destroyed and the degree of fibrous repair.
Usually there is immediate and well marked disturbance
of cellular vitality in the injured zone due to the damage done,
The capillaries dilate and their permeability increases, leading
to what has been called "reactionary oedema™ snd to temporary
depression of local metabolism. The effects of the lesion
spread and there is a disch:rge of leucocytes from bone marrow,
Providing damage done is not fatal snd depending on
the nature =nd severity of the wound and the loss of blood or
plasma externally or into the tissue spaces, there will be a
period of reduced blood volume and "oligaemic shock™ may develop.
This phase of post,injury metabolism is characterized by a
def'inite metabolic‘depression during which the blood flow to
the kidney, liver, etc., is cut dovn to preserve the circulation
of the more vital centers and the function of these organs

suffers in conseguence.

That a general depression of metabolism occurs during

this period of traumatic shock h s long been recognized
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Declasse (107) in 1854 &nd i.eltzer (Lo8) in 1908, =nd has
been shoxn by nendersosn, Prince and Hegeard (109) in 1917,
in burns, to amount to a decrease in oxygen consumption of
45-50% in the cases studied.

Davis (110) and others hzve found a reduced oxygen
consumption in shocked dogs. Aub, 1920, (111,112) found that
the degree of fall in the basal metabolism of csts was roughly
proportional to the severity of the shock produced =nd that
recovery after transfusion wss usually associated with a prompt
return of the metabolic rate to normal.

The above changes during this period of depresscd
metabolism are accompanied or characterized by certain changes
in the biochemistry of the blood which vary according to stsge
of depressed vitality or compensatory reaction resched. There
is evidence of profound cellular disturbance, which in later
stages may be characterized by a l:srge ;ncrease of potassium in
the blood and tissue fluids, Scudder (113) and also an increase
in blood creatine may occur. And as shock developd, other
changes have been observed, such as hvperzlycemia =nd some
degree of nitrogen retention in the hlood. In the sbove stzte
the body temperature is in general lovered despite the dimini-
shed peripheral circulation. Of all changes produced, the
tissue anoxia is probaﬁly the most dangerous.

Following this piriod of shock with lowering metabolic
activity and with return of urin=ry flow to normal, there some-

times aprears in the urine the products of damaged tissues;
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this is msinly found in severe injuries such as crushing
injuries, bLrvaters (114). There islater a rise in metabolic
activity which has beem termed "traumstic inflamation™ or
the period of "traumatic nitrogen deficit" (115) or "protein
catabolic period" (l16), as it is mainly characterized by the
fiigh levels of urin.ry nitrogen and & period of negative
nitrogen balance.

Then pioneering work of Cuthbertson starting in 1929
(L17) from studies on the calcium and phosphorous metabolism
in bone fracture csases brought to light certain outstanding
me tabolic features occurring in the post-traums tic period.,
whereas the intake and output of calcium showed only minor
discrepancies, there was a definite loss of phosphorous from
the body. Furth:ir studies revealed a ..ell marked loss of
nitrogen, sulphur and phosphorous in above cases during the
period of rising metabolic activity in the post-traumatic
phase. The rise in the excretion of nitrogen and sulphur
being due to increases in the urea and inorganic sulphur
output and there was an accompanving creatinuria., The same
occurred on constant dietary intake and parallel ..ith loss in
nitrogen a rise in oxygen consumption occurred, although their
peaks often did not coincide.

That disuse atrophy, due to immobilization of limb by
splinting, only contributed in small part to above was shown on
normal controls (118), where only a small rise in nitrogen,
sulphur =nd phosphorous, and 10 a lesser degree of calcium weas

shown. ~11 these changes being slight compared to those noted

in the fracture case studies.
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The loss of body substance represented by the urinary
nitrogen and sulphur was not derived solely from the area of
injury as dislocation of ankle (119) produces as large a
metabolic disturbance as splintering of bones, and in the rat
(120} this general wastage of body substance cannot be fully
accounted for by the loss of muscle substance from the site of
injury or from injured limbs. The conclusion has been reached
by Cuthbertson (1:0)"that there vould appear in addition, a
generalized increase in catabolism to meet the exigencies of
the enhanced metabolism of the recupcrative process",

Barlier investigators had encountered this extravagant
post-traumatic nitrogen loss. Lialcolm (1lfl) who noted evidence
of an increased nitrogen metabolism :iollowing a ma jor operation
although the temperature was low. Hawk and Gies in 1904 (122)
confirmed observations of Bauer (1l23) and slso those of
Jurgensen (l1Z4) thet hzemorrh:ge caused an increased elimination
of urinary nitrogen, and shoved that even venesection, without
blood letting is sufficient to cause an apnreci:zble though slight
inerease in urinary nitrogen and sulphur in the dog. ‘ierthermer,
Fabre and Clogue (125) noted that af'ter a period of shock, the
smount of ammonia znd urea excreted, remained at a higch level
for some time and might even amount to 37 mgms. urea ~er day.

That this phenomenon, i.e., excessive loss of nitrogen
and sulphur, is ascribable to any insult the organism might
suffér is borne out in observations of early observers that
during infectious diseases, a period of negative nitrogen
ba lance occurs which could be alleviated but not prevented by

large excesses of dietary carbohydrate and fat (1lz6).
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Excessive losses of urinary nitrogen have been
reported in a variety of other pathologic conditions; as
after acute haemorrhage (127,128), operations o all sorts
and injuries, mild and severe (119,129,130,131) and in
gastrointestinal obstruction (132,133,134,135,136,157) .

In some cases these losses may be attributed largely
to stervetion and inadequa te feeding and in others to
exudation of protein containing fluid, but ruling these out,
the phenomena of an ensuing negative nitrogen balance
following trauma can now be considered an established fact,
as diets rich in first class protein, and containing the
ma Ximum of calories which the patient could consume, fai.ied
to eliminate the negative nitrogen balance at the height of
the catabolic process in many cases of fractures.

In an effort to elucidate the underlying mechanism
involved in t e catabolic period which results in heightened
nitrogen excretion, various experimental apnroaches were
employed. As has been stated, Cuthbertson showed that wasting
through disuse atrophy offers but a partial explanation for the
nitrogen loss., Some reflex trophic effect may possibly be in
operation, such as is found in the muscular wrsting associated
with bone or joint disease. harding (62) h=s shown that such
an ctrophy, which is meinly reflex in character, is accompanied

by an increased consumption of oxygen. Such a theory demands

an exhaustion of the muscle by en excessive number or atnormal

stimuli. This reflex wasting of muscle is undoubtedly respon-

sible, in part, for the increased tissue catabolism vhich has
) .
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been observed during the convalescence of patients who had
their knee joints inciced. It is questionsble, however, if
this type of "sympathetic" wasting is the main cause of the
greatly increcsed protein catabolism after injury.

Reflex wasting would presumably apply solely to the
limb affected and not to the body generally, a view not in
keeping with the results of metabolic studies on rats who have
had either one of their femurs damaged, in which Cuthbertson
found (1lz0), "In previously healthv rats the metabolism of
nitrogen, phosphorous, sodium,creatine and creatinine were
studied, as well as the change in weight of the muscle groups
affected, after the fracture of the fermr by open operation
and vithout splinting. It was found that the osteotomy was
followed by a vell merked disturbance of general cs well as
local metabolism, and this was again evidenced by a well marked
loss of nitrogen, phosphorous snd potassium .. ith some increased
creatinuria. Sodium and creatinine remained relatively constant;
occasionally a slicht fall noted. These products 2s & rule
resched their maximum elimination about the 3rd or 4th day in
the rat, slightly earlier than they did in man, although the
findings in man exhibited consideratle variation. There was
often a small rise in the excretion of these variable catabolites
several davs later. Following the peak of the metabolic distur-
bance, the various processes declined in intensity, pcral leling

the changes seen in man where there results a swing in the pen-

dulum resulting in a marked positive nitrogen balance".
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From weighing the limbs and muscle groups involved

(120), it was obvious that the wastage of body substance could
not fully be accounted for by the loss of muscle substance

from the site of injury, or indeed even from the injured limb,
and there appears to be in addition to regular wasting znd

autolysis, a generalized increase in catabolism.
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EFFECT OF DIXT .U OTHLR FaCTORS
IO A AT Y S T RS ON
NITROGEN LITTABOLI Il AFTLR TgAUMA.

Morgan's (138) easrly experiments on salamanders
demons trated that the influence of diet on the regeneration
of tissues can only be of secondary importance, for salamanders
receiving no food regenerate their amputated limbs just as
rapidly &s do well fed animals., Howes and others (20) found,
too, that the rate of healing of stomsch wounds of adult rats
was not noticeably affected by complete starvation or by a
half adequate diet.

Evidence wzs obtained (120) that additional carbo-
hydrate exercised a definite sparing efrect on the gencral
loss of tissue substance in damaged rats =s evidenced by the
urinary nitrogen, although it did not aporeciably afrect the
local tissue wastage. In patients with fracture of femur or
of the leg hones, given diets rich in protein, calories, or
both, it wss found that these diets considerably ameliorate
the urinary losses (139). However, diets rich in rirst class
protein and containing the maximum smount of calories which the
patient could consume (as much as 230 grams protein were consumed
daily by one vatient and 4,100 calories by another) failed to
eliminate comnletely a negative nitrogen balance =t the height
of the catabolic process. After raising the intake there
oc curred first a period of retention of nitrogen vwhile the
nitrogen excretion was rising, then a period of loss to be
followed later by another period of retention as the hi:rh
nitrogen excretion subsided with the passing off of the

catabolic period. The failure to attzin nitrogen equilibrium
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was more than surprising, since there was little if any
disturbance of tody temnerature end since it had been
previously found that when excess food is given to a normal
uninjured person a well marked retertion of nitrogen and
sulphur occurs temporarily (60), which was later slowly
excreted when returning to normal (maintenance) dietary
regime. It may well be then that cslories or protein,
(or both) requirements are much higher in this period and
that the required levels vere not attained.

That this may be so is shown in a more recent
paper by Tsylor, Stevenson, Davidson, Erowder =nd Lund (140)
in which they oroduced evidence that l=rge amounts of protein,
up to about 290 grams perday would establish nitrogen balance
very early after time of damage in burned patients and Croft
and Peters (14l) have shoin in burned rats that many dietary
protein levels from 10% casein to 18.2/, casein substantially
reduces loss of urine nitrogen as seen in balence method. That
this may be confined to burns above is not yet proven, but one
must bear in mind the concomitants of this form of damege which
doubly necessitates high protein intake - loss of skin protein
by sloughing off =2nd loss of plasma-like fluid into burned areas,

.. ETHIONINE.

The theory hzs teen proposed that the period of
increased metabolic activity which is seen after moderate or
severe injury, might well be one of increased protein catabolism,

involving the liberation of some essential key amino acid or
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or acids for repair, and the oxidation of the others for
€Nnergy purposes.,

Croft and Peters (141) have shown in a recent paper
that the urineryv losses in nitrogen observed after burning
were reduced substantially by the inclusion of 1w methionine
in the diet. Meither a2lamine nor a mixturec of synthetic amino
acids nor cystine hed a similar effect, It is suggested by
them that the apparent toxaearia is in reality a deficiency,
induced by a necessity for one key amino acid with consequent
raiding of a whole protein molecule.,

A study of two burned patients in this laboratory,
however, (142) (where methionine supplements in greater propor-
tion to hody weight as compared to amounts used by Croft and
Peters) failed to contirm the observations of Croft =nd Pecters.
Whether the metabolic pathw2ys are difrerent in the man =nd rat
in this post-damaged state or whether other supplementary
dietary factors are involved or not, is &s yet, not clear,

IMETABCLIC FUNCTIONS OF THE ADRENAL CORTEX.

There is little doubt that the adrenal cortex plays
an integral role in the resistance of an organism to stress,
£n extensive list can be constructed of drugs, nroisons, toxins,
intections, altered environment=l conditions and, especially,
traumatic procedures to which the adren:zlectonized animal is
highly susceptible. No ztuempt is made to discuss in detail

all of the above, but, attention is focused on its function

ir traumatic injuries.
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That the sdren=l coivtex is concerned in the ability
of the normal animel to withstand traumatic injury is 2ot
unlikely, and has been postulated (142,143). The proof would
be in the clear demonstration of a protective influence of
cortical extract against the development of shock in the intact
animal. Browne, Weil and Rose (144) and Selye et al (143,1:5)
likewise reported that desoxycorticosterone was of no value in
treating shock in rats ana rabbits following intestinal trauma,
but found that cortical extract or the corticosterones were
useful,

Perhaps the test evidence in favor of a treneficial
effect of cortical hormones on shock is in the case of severe
burns, where plasms electrolyte changes seem to be prevented
and the efficacy of ¢ plasme transfusion is increased (146,147).

while considerable vork hazs been done on the use of
corticsl extract .nd desoxycorticosterone in treatment of shock
in the human, the revorts are conrlicting and difricult to
assess (147,148,149,100,101,102), It is apnarent that in very
few instances has the degree of protection reported against
shock been of sufficient magnitude to warrant the conclusion
that the stress procedure had induced circulatory failure by
reason of a sudden adrenal insufficiency.

ADKENAL CORTEX AND NITAOGIN ..2ineLOLISu.

Ti.e process that is lergely resnonsible for the direct
relationship between nitrogen =nd carbohyvdrate metabolism has
been nemed "gluconeogenesis", i.e., the conversion of protein

to carbohvdrate as seen in the maintensnce of normal rlood
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glucose levels in the starving organism long after available
carbohydrate stores have been depleted. Evidence for the
direct participation of the adrenal cortex in nitrogen and
carbohydrate metabolism lies mainly in the exreriments which
have demonstrated the necessity of its presence for normal
gluconeogenesis to occur.,

It has long been shown that the blood sugar levels
of adrenalectomized animals was often low (1563,154) and
Britton and colleagues (155,156,157,158,159) in a survey of
the symptoms which follow bilateral adrenalectomy, in a wide
variety of species, showed an appreciable decline in body
carbohydrate levels by blood sugar, liver, heart and muscle
glycogen chanres.

Long, Katzin and Fry (160) in their pioneering work,
found, in agreement with other workers, that so long as adrenal-
ectomized rats were maintained in good health by administration
of sodium salt, no abnormalities could be observed in the
storage of carbohydrate. when, on the other hand, the adrcnal-
ectomized animal refused food, or, when it was forced to fast,
the liver glycogen shoied a dramatic fall to extremely low
levels accompanied by less severe but equally significant
declines in muscle glycogen and tlood sugar values. Ilot only
could these changes be prevented by the administration of
cortical extract, but the liver glycogen levels could be
increased well above normal in these rasted animals,

thus confirming previous observation of Britton and co-workers

(157,158) .
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In careful metabolic experiments, it was observed
that the increase in liver glycogen levels w-s accompanied
by an increase in urinary nitrogen excretion, with the ratio
of extra carbohvirate formed to extra nitrogen eliminated
indicating that the glycogen increment could be entirely
explained by a conversion of bodr protein to carbohydrete.

tvidence zdvanced by several investig:tors tends to
supvort this general thesis th=1t the sction of cortical hormone
may be more concerned with the catabolism of protein than the
actual utiliz- tion of carbohydrate., ot onlv will adrenalec-
tomy relieve the symptoms of severe diabtetes in the pancreatec-
tomized animal (161,162,163,164), but, as the glycosuria is
reduced and finally eliminated, the level of urinary nitrogen
also decreases (160,165,166,167)., Cortical extract adminis-
tration will increase the degree of glycosuria =nd also increase
the urinary nitrogen. :hen phloridzin is given to the adrena-
lectomized rat, the excretion of glucose and nitrogen is but a
Traction of that observed with ihe phloridzinized normal animal
(les,169,170,171,172,173). The administration of cortical
extract produces a marked loss in body weight, increasses the
glycosuria and zlso the amount of nitrogen excreted. Likeiuise,
the ricse in liver glycogen, accompanied ty an increase 1in
urinzry nitrogen, which follows a short period of anoxia, is
prevented by sdrenalectomry (168,175,174) =2nd c2n be restored
with cortical extract injections.

"7 ile this relation of urin-ry nitrogen excretion to

the changes in liver glycogen level apnears clezr, it should te
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remembered that a decreased nitrogen output, ac:ompanied by
&n elevation of blood nitrogen or protein nitrogen concent-
ration is one of the earliest signs of adrenal insufficiency
and d¢notes a decreased urea clearance by a hypofunctional
kidney (175,196,177).

Ome should also bear in mind the observetions of
various investigators which point to the conclusion that ab-
normal amounts of carbohydrate are burned by the adrenalec-
tomized animel. Evans (178) noted that when an adrenalecto-
mized rat was fed glucose, it stored less of liver glycogen
and used a greater portion than would an intact rat. Conversely,
Russel (179) found that the administration of cortical extract
to a glucose fed rat increased the proportion stored as glycogen
and decreased the amount oxidized by the tissues. Katzin and
Long (120) found a low R.3. in such extract treated rats. Also,
force fed depancreatized rats, given cortical extract show
increased glucose excretion which cannot all be linked to
protein catabolism. Conversely, the decrease in sugar excretion
which follows adrenalectomy in the above, is not entirely
related to the decreased conversion of protein to carbohydrate
(Le6). All pointing to an inhibition of carbohydrate oxidation
by either catical extract or the intact cortex.

In man the correlation of adreno-cortical function
with nitrogen metabolism has led to what has been termed the N
and S Hypothesis (previously mentioned) and rests largely on

metabolic studies on patients sufrering from disorders of the
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adrenal cortex as manifested by tumors or hyperplasia of
this gland. Patients suffering from adreno-genital syndrome
(usually associated with a cancer or adenoma of one adrenal
cortex or with hyperplasia of both cortices), demonstrate an
invariably hi¢h 17-Ketosteroid excretion, precocious and
excessive and somatic development, indicating a state of
increased nitrogen anabolism. On the other hand patients
with Cushing's syndrome in vwhom the existence of cortical
hyperplasia or carcinoma has been proven, an excessive nitrogen
loss has been demonstrated by 4lbricht and collaborators (181)
accompanied by osteoporosis, atrophy of the skin and impaired
glucose tolerance, with increased "cortin-like" substance in
the urine (182) as measured by Selye-Schenker cold test (183).
The last providing experimental evidence for relationship
between cortex and nitrogen metabolism.

Using the above assay method as an index of adreno-
cortical activity, Weil and Browne (184,185) demonstrated
inecreased amount of cortin-like" substances in the urine of
individuals who had been exncsed to various kinds of damage.,
These findings were later cont' irmed by Dorfman (186,. The
meximel exeretion of "cortin-like™ material occurred at the
time after damage which corresponded approximately with the
period of abnormelly high nitrogen excretion.

Adreno-cortical function has also been estimated in
the menner described by Reinecke and Kendall (1L£7) vhich

measured directly the capacity of adreno-cortical steroids

to influence ¢luconeogenesis, by the measuremet of deposited
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glycogen in fasted rats (or alternately mice) vhich have been
previously adrenalectomized. imploying this method Venning,
Hofrman and Browne (188) have reported increases of 3 to 13
times normel levels in patients having undergone various
operative procedures.

From above considerations has emanated the "N" and
"S" Hyoothesis vhich may be briefly mentioned here again.
An esposition of this view postuletes at least two types of
hormones are derived from the adrenal cortex, the "AN" hormone -
& nitrogen storing one and the "S"™ hormone which is anti-
anabolic - i.e., innibiting protein synthesis.

In the above discussion relationships between
adrenal and other endocrine organs has been omitted nor has
any attempt been made to review any of the other endocrines,
which may directly or indirectly influence nitrogen metabolism -
the relationships being too complex and as yet not fully under-
stood. One must, however, in all fairness mention the all
important role of the pituitary. |

A relationship betwe:n it and nitrogen metabolism
has been demonstrated in the wvorks of Cuthbertson and his
associates (189,190) in which it has been shown that crude
extract of this gland have eflectively prevented the increased
nitrogen loss associated with the separation in time of the
cs rbohydrate and protein moieties of the diet of adult rats
and further the excessive excretion of nitrogen foliowing
frecture of femur in adult rats has been prevented. So that
othcr mechanisms such zs impaired pancreas function and

pituitary dysfunction 1o mention a few, might directly and

indirectly affect nitrogen metabolism,
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EFFECT OF OTHLK HORMONES

It was noticed by Cuthbertson et al (179) that a
crude extract of the anterior pituitary tissue of the ox
had definite nitrogen retaining properties vhen injected
into the rat and further experiments sho.ed that this
particular extract, when injected daily into rats sufrering
from a fractured femur, produced by onen operation, prevented
the loss in body weicht and excessive loss of nitrogen and
creatine which are the usual concomitants of such injury,
No greater rate of restitution of the atronhied muscles of
the injured limbs was observed and further the extract had
no significant efrfect on the total time reguired to heal
superficial wounds (190). The effect of the extract on
the metabolism of the injured animsl wszs general rather
than local, =nd possibly represented the normal growth
response to this extract, superimposed on, and thereby
mesking the increased catabolism following injury.

It is interesting to note, at this point, that the

feeding of dried thyroid accelerated the ratio of skin wound

healing in rats (191).
Insulin:

In @ series of exhaustive studies, Thomsen (191
has shown that post-traumatic disturbances include upset

carbohvdrate metabolism, as manifested by spontaneous or

alimentary glycosuria and hyperglycaemia, in & considerable

number of injured persons. A Treview of the examinations

of f-sting blood sugar and glucose tolerance curves revealed
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& tendency to deviation o the experimental results in an
abnormal direction,

In view of the work of Selye (192) as to the response
of the adrenal cortex to damage as evidenced by hypertrophy it
might be interesting to speculate as regards an imbalance
between insulin and the cortical hormone after trauma. It has
been shown that the sdrenalectomized animal is extremely
sensitive to insulin, and that it can be protected by the
administration of cortical extract (193) or adreno-cortical
transplants (194), and Wells and Kendall (195) have suggested
that cortical hormone specifically blocks the action of
insulin.,

It might seem therefore, that the pcriod of negative
nitrogen balance following damage might be due in part, at
least, to an imbalance between the pancrea; and the cortex.

Mo studies have as yet appeared in the literature as to the

amelioration of this excessive nitrogen loss by insulin

administration.
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MALE SEX HORMONES AND PROWEIN LIETABOLISM

That numerous endocrine glands aftect directly or
indirectly protein metabolism is evident from the previous
discussion regarding the thyroid, anterior pituitary extract
and the role the adrenal cortex plays.

It has been demonstrated as early as 1935 (196)
that male sex hormones extracted from urine consistently
led to nitrogen retention when administered to castrated dogs,
the decrease in urin-ry nitrogen being entirely due to the
urea frzction. It was found that the nitrogen retained was
never completely excreted following discontinuation of the
hormone treatment, in contrast to nitrogen and sulphur stored
by giving excess food to normal persons and therefore, here,
part of the nitrogen is taken un structurally and not tempo-
rarily stored. This ef'fect was exerted in castrated dogs by
natural and synthetic androgens and by activated natural
products, the energy metabolism remaining unaftected.

Kenyon, Knowlton and Sandiford (197) demonstrated
similar nitrogen retention when testosterone propionate was
adminis tered to human males with eunuchoidism, the change
being again a decrease in urea excretion without alteration
of the nitrogenous constituents of the blood and it was noted
th=zt there existed a maximum intensity of nitrogen retention
per day in response to the administered androgen, which could
not be augmented by increasing the dosage or prolongation of
Subsequent studies by Kenyon et al, (198) shoved

trea tment.

the same effect of testosterone propionate in normal males,
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although it was quantitatively less marked than in eunuchoics.
It has been shown by Browne ang Ross (199), ebster and Hoskins
(200) that the administration of testosterone propionate to
young boys with retarded growth resulted in & remarkable increase
in growth rate and body weight,

Kenyon and co-workers (198) in an excellent detailed
review, evaluate the experimental and clinical evidence, the
latter afforded by observations on patients with androgenic
tumors, which establish the anabolic efiect of anirogen,narti-
cularly on protein metabolism and their somatotronic effeect on
man .

They suggest that the skeleton and skeletal musculature,
possibly the kidneys and other organs, may be the nongenital site
of new tissue deposit under the influence of androgens. However,
the resnonse noted in normal males are interpreted as indicating
that the mature normal testis is not exerting this anabolic or
somatotronic eftect to the fullest extent to which the organism
can respond. Since the aging process in itself does not apnear
to hurt the capacity of the organism to respond to the metabolic
effect of androgens, it is reasoned that some as yet obscure
opposing process must counterbalance the anabolic effect of the
normal testis in order to achieve the nitrogen equilibrium
characteristic of maturity. Oticrwise, a positive bal=nce of
the aftected tissue constituent would be apnarent throughout
adult life., That this mechanism might be in the adrenal cortex

is not suggested in the above paper, but it may well be,
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Albright and Browne (201) have postulzted that the
adrenal cortex produces an "I or nitrogen or protein anabolic
formone and an "S" or sugar or anti-anabolic hormone. These
hormones are normally balanced, but after trauma has occurred
there is an initial phase lasting £4 to 48 hours in which there
is an increased excretion of both "N" and "S" hormones, folloved
by a second ph<se lasting days, weeks or even months, in which
there is decre-sed excretion of "N" hormone and an increased
excretion of "S" hormone. Eventually, ir the organism survives,
the two hormones come into balance, and finally there msy be a
compensa torv phase where the "MN" hormone production is increased
at the expense of the "S" hormone, ‘lestosterone voulid appear
to fulfili the role of the "N" hormone.

No known attempt has been made in damaged subjects to
investigate the nossibility of lowering the abnormally high
nitrogcn exeretion during the period of heirhtened nitrogen
excretion, by the administration of androgenic compounds,
although in the opinion of D. P. Cuthbertson (202) "In the
light of previous experience the writer doubts that testosterone
therapy will achieve more Success that that schieved by simply

induecing nitrogen retention with anterior pituiltary gland

extract".
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GLYIRALL SUil: RY OF EISTORICAL LVl .

It has long been recognized that patients with a
viriety of infectious disezses lose protein at a rapid rate
as evidenced by very high urin:.ry nitrogen levels - (203,204,
205,206,207,208,209,210,211). ioct early observers agreed
that the negative nitrogen balance regularly observed in these
conditions couiéd be alleviated, but not prevented, by hich
calorie diet (up to 5,000 calories of carbohydrate and rat).
This gave rise to the general opinion that it was obligatory
and unpreventable, 2nd is rerlected in the term, "toxic
destruction of protein".

In a series of publications dating back to 1930,
Cuthbertson has reoported studies of metebolism of convalescing
patients in whom fractures h-d occurred (60,117,118,119,139).
He and his associates observed large losses of body protein.,
The source of this lost protein and the mechanism of the cata-
bolism have been matters of considerable interest, although
until recently they have received little study by other inves-
tigators. Cuthbertson (Z02),and Browne, 3chenker snd
Stevenson (21£,212e8,£13) and others (214,215,216) hsve found
that the nitrogen excretion in the succeeding three days after
operation or fracture rises to & level distinctly above that
usually encountercd in starvation, resching a peak usually
during 4th to 8th day after the injury to the organism. The
duration of this protein destruction after simple operztions
is, however, short; positive nitrogen balance with replacement

of lost protein sets in early and the total loss of protein,

if the diet is adequate, is small,
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This work has bec¢n confirmed =ng extended by others
in this l=boratory, Schenker, Stevenson end Browne (£12,219)
have demonstrated that in the human adult in good health and
nutrition, a dzmaging stimulus is follo.ed rapidly by a dis-
turbancein the nitrogen metabolism in the direction of cata-
bolism; this catabolic response was shown to occur in such patients
irrespective of the type of injury.

The work of Peters (220) in infections, especially
meningitis, =«nd Cuthbertson, Erowne et al (202,213), =nd
Howard (215,216) in all sorts of onerative procedures and
fractures have shown that unless relatively enormous ~uantities
of protein nitrogen, together with high calorie intakes are
ingested during early stages of this catabolic response, a
negative nitrogen balance persists. In fact, Peters (128)
concludes that "The negative nitrogen balance was not percep-
tibly influenced by tThe protein intake".

From the work of Cuthbertson (117,118,119), Erowne
(212,212a,213), Howard (214,215,216), and others, it ap»ears
quite clear that in healthy, vigorous male patients with
fractures, there is set up in responve to trauma a reaction
which results in vigorous "protein™ catabolism .ith losses to
the organism of the nitrogenous portion (=s urea) of lerge
amounts of body protein, This dynamic process seems 10
diminish progressively during normal convalescence., A%l the
height of this reaction (protein catabolic nrocess or period)

the effect of increasing the intake of highest quality protein

and calories, namely conversion and storage (60) is not
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deteciable, as increments in the nitrogen intake are.paralleled
by similar increments in nitrogen output, mainly as urea. 4nd
during this perind of protein cataboliém, a fracture patient on
a low protein, low calorie diet does not seem to lose any more
body protein than do similar patients on higher nitrogen and
caloric diets.

This reaction "protein catabolic process™ is obviously
unlike the reaction in starvation, where the expenditure of
"endogenous protein stores"™ may be readily suspended by provision
of either adequate protein or calories. Nor cen the destruction
of protein te ztiributed merely to accelerated energy expenditure
or heat production. Since high caloric diets prevent excessive
nitrogen loss both in exercise (209) -nd in hyperthvroidism
(10,211,217,z18).

It is conceivable that the course of nrotein metabolism
is distorted after injury, =2nd it has been sucgested that certain
amino acids or acid are diverted from their normzl p:ths during
the processes of repair.

A Tecent remort 1y Peters and Croit (l4l) claims "That
the urin:ry losses in nitrogen after burning wcre reduced substan-
tially vy the inclusion of ls dl-methionine in the diet and that
neither alanine nor a mixture of synthetic amino acids, not
cystine, hod a similar eftect". The above results were not
confined with burned patients in this laborztory (219).

Tt would seem that the type of reaction occurring in
fracture patients demands of the body that & certain amount of

"endogenous" protein be catabolized =and if additional protein
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beyond the minimum is fed it is deaminized and «ithout exerting
any sparing eftort whatever on the body nitrogen.,

The significance of this sccelerated protein cataboli=m
alter injury is not vet clear. That absorntion of protein,
during this period, is unimpaired is attested by innumerable
analyses of stools (205,204,:05,209,220 and 131). In any csse,
impaired absorption could not explain excessive urinary nitrogen
nor failure to retain parenterally administered protein hy.ro-
lysates as shown bty Browne et al (221).

It has previously been stated that the de ree to which
the catabolic response occurs following damaging stimuli is
governed hy the state of health and the nutrition of the organism
prior to damage. It has teen shown in this laboratory (116)
that pstients ho have heen chronically ill or in a state of
malnutrition (debilitated) for some time prior to being exposed
to a damaging stimulus, show lituile or no catabolic response and
are able to retain nitrogen at relatively low intakes of protein
nitrogen and calories. foward renorted (216) a cuse who was
cachectic from long standing rheumatoid arthritis at the time of
multiple fractures, who failed to show any increase whatsoever
in his protein catabolism. In this detilitated state when they
suffered renewed trauma or developed infections, some of Browne's
(221) patients continued to store nitrogen.

The impression is acquired that a healthy man subjected
to acute infection or injury suffers nrotein depletion that
cannot be prevented by any dietarv measures thus far discovered;

on “he other hand in the subject vho is malnouristed and who
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has already been depleted of protein there are certain
mechanisms that permit him to utilize protein for possible
tissue reconstruction. It may he, thererore, that this
"wastage" (i.e., in previously healthy individuals) msy be
associated with the process of repair ratier than the
destruction arising from the actual injury and the catabolic
process may be a desirable and useful one which dcbilitated
patients are unable to accomplish.

The work reported in this thesis arose out of an
interesting report by Cuthtrertson (78) that the nitrogen
excretion did not rise in injured rats who had previously
been fed a protein-free diet untii a steady level of nitrogen
excretion hasd been reached; whereas, in nmormally fed rats
similar injury elicited a well marked loss of urinary nitrogen,
Whereupon, it was concluded that the nitrogen losses after
fracture arice from labile (depnosit) protein stored away before
injury. It was felt that the old concept of "deposit protein"
hss been too much discredited in recent years and that reviving
it now was hardly avpropriate since in the catabolic phase of
injury exogenous protein (amigen,etec.) (221) seems to suffer
the same fate as eniogenous protein.

It was thought that the lack of response to in 'ury on
the part of the "Protein Depleted Rat" may hsove directly or
indirectly involved a lack of response to damage on the part of
the adrenal cortex.

it has be:n postul:zted by Albright and Lrowne (zO01)

that the nitrogen balance folliowing trauma is as.ociated with
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increased production of substances vhich cause gluconeosenesis,
derived presumadbly from the adrenal cortex. The increase of
these substances in the urine has been demonstrated by Weil

-nd Erowne (184,185) and by Venning, Hoffrian snd Browne (le+),

There is some suggestion in a recect revort by
Dotriner (2Z2) that such an increase does not occur in the urine
of patients with cancer when operated upon. It has also been
shown (£23) in one or two cases that the l7-Ketosteroids of
seriously depleted patients are very low.

These findings suggest the possibility that the
difrerence in response between a healthy and chronicall- ill,
depleted person or animsl (organism) might be due to & failure
on the part of the adrenal to put out gluconeogenic substances
after damage, rather than to a decpletion of "labile" protein
stores., It was with this vi<w in ~ind that the lollowing

experiments were undertaken,
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Male hooded rats weighing hetween 340-350 grams were
used in all of the experiments, the wei.ht range being kept as
constant as possible,

Standardization of methods so that there might be the
least possible change in experimental conditions, was deemed of
utmost importance, as the significance of these metabolic studies
lies in the relative changes in urinary metabolites examined from
day to day. Therefore, before anv studies were commenced on an
animal it was allowed a period of 3-4 days to adapt itself to
the new surroundings of the metabolism cage (2z4). The modi-
fication of the cage will be described later,

The collection of urine was done every 24 hours and,
to be assured not only of completeness of urine specimens, but
also that the daily specimens should be representative of not
more or not less than of one 24 hour period, each collection
was completed by slight pressure on the rat's abdomen to effect
emptying of the bladder. 4iLlso creatinines were determined
daily to check completeness of specimen,

The rats were in individual metabolism cages (224)
with the glass grid modifications as described by Feller (225),
which was effective in separating feces from urine. ‘T1he urine
was coliected in a graduate on which rested a glass funnel,
the graduate containing a few drops of glacial acetic acid
to prevent any escepe of .Hz.

Each collection period (24 hours) the rats were

moved to clean metabolism cages and were weighed on a trip
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balance during this process, The cage was then washed down
with 2% tartaric acid. The volume of acid used was about
50 cc., and final volume adjusted to 100 cec., This was then
filtered into 100 cc. graduates. The nitrogen content of
the urine was then determined on 2 cc. aliquots of the
diluted urine and the creatinine on 0.5 cec. aliquots. The
tartaric acid used assured no solution of feces (120).

This was checked where feces specimens of 24 hours duration
from two rats were allowed to stand for 8 hours in 50 cc,
of tartarie and only approximately 2 mg. of nitrogen were
leached out, an insignificant amount.

TABLE I

Nitrogen leached out from feces by tartaric acid

1, 50 cc. 2% tartaric 0 mg. nitrogen
2e 50 cc. 2% tartaric standing

over 24 hours feces collection

of two rats for 8 hours 2.1 and 2.4 mg. nitrogen

No account wes taken of nitrogem lost by hair as
this has been shown by Voit (226), to be of no significance.
The temperature of the room in which the metabolism cages
were kept showed initially in the first experiment some
fluctuations, in the renge of 5° F., but this room was

provided with a thermostat and the temperature was maintained

around 75° F,.
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The diet box of the metabolism cage (224), made
of galvanized iron, is divided into two compsrtments. One
forms & bin of wire mesh,for gross food; the other, with a
dividing shelf with hole in center, allows tip of water
bottle to pass through. Below these two compartments is
suf ficient speace to insert a two-compartment drawer which
is used to hold ground food on one side and to catch drips
from the water bottle on the other.

The nature of feeding and determining the food
intake, was to weigh out given amount of rood (in form of
pellets) with the drawer, and then quantitatively transfer
it into the food bin with the wire mesh. At end of each
metabolic period the food left over is then replaced in
the drawer and weighed,wthe difrerence reoresenting the
food intake. The amount of food lost in powder form over
the cage, by the animal teking small amounts into its paws,
proved negligible.,

The above method of feeding was decided upon
rather than that uced by Cuthbertson et al (120).
Cuthtertson placed the rats in a feeding box for 2 hours
out of every 24 hour period and corrected for urine lcst
by multiplying days total with 24/22 as correction factor,
This obviously lends itself to greater error, as in one case
the rat may not urin-te, and in another almost one third or
more of day's specimen may be lost. Lven though a constant
food intake would have been preferred, forced tube feeding

was not resorted to, as this would introduce the complicating

factor of all the food being ingested at once.
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In view of the fact that a little powdered food was
lost onto the monel metal funnel and into collecting graduate
it was decided to determine whether any nitrogen from the normal
protein diets would be leached out in the washing with 2% tar-
taric acid or in the urine alone. As is demonstrated in the
table below, an almost imperceptible amount of nitrogen was
leached out from either Purina or the low'K"20% protein diet.
100 cc. Oof diluted rat urine was divided into two 50 cc. batches
and one batch shaken up with powdered Purina. 4another 50 cc.
2% tartaric acid was shaken up with powdered low "K" diet,
All samples were allowed to stand for 24 hours,.

TaclE II

Nitrogen leached out from Purine and low "K" diet as mgs,
Nitrogen/50 cc. fluid

Plain urine semple .48 S5.41

Urine with Purina 5,91 0.96
n " low K diet 5.63 S5.61

2% tartaric acid with 0.91 0.93

Purina
" " " with 0.83 0.87
low K diet
Tartaric (blank) 0.05 0.052

That no significant loss of nitrogen occurs during the process
of collection of the urine is shown by the following experiment,
20 cc. of rat urine, whose nitrogen content had previously been
determined, were dropned from graduates into each of four cages
over a period of five hours. After this period the volumes of
urine that had teen collected in the graduates were measured
and then the cages were washed down with ca. 70 cc. tartaric,
as was done in the metabolism experiments. ''he recovery of

fluid was only from 75-857% of the amount dropred into the cages.



- 71 -
The amount of nitrogen recovered after washing down the cages
was from 98-99% of the original amount of nitrogen. These

results are shown in Table 3,

TABLE III

Recovery of fluid and nitrogen after dropping 20 cc.urine into cages

Cage No. Original N cc. urine % volume iem, N 7% N
content mgm, recovered recovered recovered recovered
1 400 1o, 72 . 392 .3 98.08
2 400 16.3 £1.,5 394 .5 098.6
3 400 14 .8 74.0 392.0 98.0
4 400 17.2 86.0 396 4 gv.l

So that in the recording of urine volumes in all prob-
ability some of the fluid weight has been lost in evaporation,
Although the nitrogenéus substances thus crystalizing out would
be recovered with the tartaric acid washings.

When sneaking of "damage™ in these experiments one
refers to open fracture of the left femur. The method employed
was open fracture under nembutal anaesthesia, involving a careful,
blunt dissection of overlying muscle groups (to incur as little
muscle damage as possible) and exvosure of femur, cutting with
heavy scissors and removing any small bone particles. This was
then sutured without application of splints. &ll adrenalectomies
were performed by the usual dorsal anproach, using a single

incision and ether as anaesthetic.

Chenical Methods:

I. Determin=tion of total - nitrogen

The method used in these studies was & semi-micro

modification od the standard Kjeldahl procedure carried out on

aliquots containing up to 15 mg. of Nitrogen. Digestion was
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effected by the use of selenium dioxide and coppsr sulfate as
catalysts, concentrated sulfuric acid as the oxidizing agent,
and phosphoric acid as & means of raising the boiling point
of the digestion mixture. The latter was prepared by mixing
the constituents together and adding 2 cc. of the sample to
be analyzed, Digestion was carried out on & rzck fitted with
6 micro-burners, and with the mixture described, complete
digestion (until solution colorless) was achieved in about
10-15 minutes,

Distillation was carried out using 6 Liebig condensors
mounted on stands and fitted with Kjeldahl bulbs which could be
attached directly to the 300 Iill. Kjeldahl flask by mezns of a
rubb er stopper, this enabling six distillations to be carried
out simultaneously. Instead of distilling the ammonium hydroxide
over into standard acid, Heidelberger's modification of the
method of lieeker and Wagner (227) wes ucsed. The modification
consists of a change in the original indicator (methyl red)
to one composed of 125 parts of a saturated solution of methyl
red in 95% ethanol and lo parts of a 1% aqueous solution of
methylene blue., ca. 15 mls. of a 3% ( - ) solution of boric
acid was employed as receiver. <Calculations are greatly simp-
lified by the use of standard N/1l4 sulfuric for titrating,

The volume in ml. regquired for titration then represents the
number of mgm. of nitrogen contained in the aliquot of the

specimen analyzed. Control analysis of glycine gave recoveries

within 1% of the theoretical.
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Determination of preformed creatinine

The Carphin-Birmingham (116) modification of the
standard Folin method was used. The modification consists ess-
entially of increased sensitivity by the use of smaller volumes
of urine and picric acid mixed directly in colorimeter tubes
graduated at 40 ml., The volume of urine used was 0,5 ml. of
the 100 ml. total =nd gave readings within the range or 50-795
on the Evelyn Colorimeter tube calibrated to contain 40 ml.
and using a standard 1 ml. pipvette grzduzted to 0.05 ml.

8 cc. of 94, picric acid solution are then added, tollowed

by 0.6 ml. of lon sodium hydroxide. & micro-burette is used

for the latter, and a 50 ml. capacity burette graduated in 0.1
ml. for the picric acid (recrystallization of the picric acid
was found unnecessary; comaercial picric acid of highest purity
is adequate). The contents of the tube are well mixed =nd
allowed to stand for exactly 10 minutes after which the total
volume is made up to 40 ml, with distilled watér. In order to
allow color development to reach the equilibrium, anoither 195
minutes are allowed to elapse before reading on the Colorimeter,
During this latter interval, the tubes are inverted 10 times to
ensure complete mixture. A center setting is obtained by means
of a blank tube containing reagents only and treated in the same
manner as the tubes containing the urine samples.

The creatinine contents of the sample is obtained
from a teble derived from a calibration curve (116). & rilter
with normal transmission at about 520 mulvi-microns is used
in the Colorimeter.

All determinations of nitrogen and creatinines in-
cluding the blank in the latter, are done in duplicate,
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Determination of NPN

Sulfate Tungstate Sol. 75 grams Sodium Sulfate ) i.ade up to
30 " " Tungstate) D liters

1l cc, blood gently allowed to drop into 8 cc. of the sulfate.
Tungstate Solution then inverted and allo ed to stand for 10
minutes. Then 1 cec. of 1/3 N sulfuric acid is added to the
above, inverted again three times and immediately centrifuged
for © minutes. A f.icro-Kjeldahl is done on 5 cc. of the
supernatant solution. 'his involves exactly the same procedure
as in the semi-micro procedure, except the standard lLiicro-
Kjeldahl apraratus is used for distiliestion and 1/70 ™

sulfuric is used for the final titration.



Low Protein Diet

This diet was devised to contain as low a protein content as
possible with adequate amount of all other faetors, viz.,

vitamins, minerals, fat and carbohydrate.

Gn. % Protein jo_Fat % CHO
Potato Starch 50 0.6 - 83
Rice Starch 10 9 6 68
Cane Sugar 10 - - 10
Butter 3} - 86 -
Salt sixture 3 - - -

Which gives 3.8 c2l./gm.

1.5% protein by weight Nitrogen Content 1.21 mg.N/gm.

Vitamins

Alphatocopherol 4 mg. per 80 mg. ration
B] (Thiamin) 1 " n o n on n

Bo (Riboflevin) 3 # n o ownon n

Bg (Pyridoxine) g2 m n o n o n "

Ca Pantothenate 2 " " on " "
Choline 2,000 " " ow o n "
Nicotinic Acid 200 " "ow "

Cod Liver 0il Supplemen?d

Salt mixture consisted of following and was styled after that

of Steenbock and Nelson (228) .

CONPONENT Gl
caco sz 26
31igC0 5 . Mg (OH) 5.+ BH0 6.1
HC1 22.4

NeHs., PO4.Hg0 16.8
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Salt Analyses (Cont'd.)

Feg(NHy)p, (C4Hg04),,3H0 4,0

PURINA (Fox Chow)

Purina diet amelysis as shown below is that of the manufectuere's
analyses except for nitrogen content which checked to within 2%
of that provided by the manufacturer. As the possibility exists
that different batches of Purina received in this laboratory
might vary slightly in at least its nitrogen content, analyses
were conducted on different samples from time to time and were
found to vary only within 1% (&) range.

Crude % Digestitle

Protein 2940 19.0
Fat 5.0 4.7
Fibre 4,0
Ash 740
Nitrogen Free Extract 54.0 48.0
Moisture 7.0

Caloric Value - 5,5 cal/gm. Nitrogen Content 45.0 Mg/Gm
(iriter's analysis)
Mineral Analysis of Purina

% by weight

Iron 0.018
Magnesium 0.09
Si.ica 0.23
Potassium 0.56
Sodium 0.67
Chlorine 0.78
Phosphorus .17
Calcium 2.28

(non-goitrogenic)
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Vitemine Analysis of Purina (Fox Chow)

Vitamine A ca, 4000 International units per pound
B €75 Sherman units per pound, supplied by
wheat germ oil

C Low

D ca., 500 International units per pound, supplied
by cod liver oil

E No measurement - but supnlied by richest known
source, viz., wheat germ

Bso 300 Shermen units per pound

LOW K DIET

And finally the following diet w~as constructed to aftord
adrenalectomized rats a low potassium and high sodium intake

as it was thought that the high K content in Purina might prove
deleterious to animals sunjected to this oper=tion., The salt
mixture is the same as that used in the low protein diet except
for equimolecular replacement of KCL by Nacl,

SPLCIAL DIET FOR ADRENALECTOL.ILED RATS
Gms , Protein % Fat % CHO %

Casee 15 8e.o - -
Rice 58 8.6 6.1 68.0
Corn Starch 35 - - 90.0
Brewer's Yeast 8 48.0 2.0 39.0
Salt (Low"K") 5 - - -
Cod Liver 0il - - - -
supplement

Diet contains: 21% Protein

" " 3.47 cal. per gm,

Nitrogen Content: 40.1 mg/gm.(Writer's analysis)
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SUZA'S SOLUTION

Gs . CCS.
#ercury bichloride 225 -
Glacial Acetic acid - z00
4% Formaldehyde - 1,000
Distilled water - 4,000

Sodium Chloride 25
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EXPERIMENT I

(Rats 1-8 incl.)

In this experiment an attempt was made to repeat the
experiments reported by Cuthbertson and Munro (78). 'Two sets
of 4 rats were employed, One set was maintained on a diet of
Purina fox chow, which can be considered to contain about 20%
Protein and the other set of four on an almost Protein-free
diet, i.e., 1.5% Protein content (by weight).

Zach group of four rats was divided into two groups
of two each according to weight range, one set of two weighing
in the vicinity of 300-325 grams, the other group in the range
260 - 10 grams.

Metabolic studies on 24 hour specimens involving the
measurement of total nitrogen and crestinine levels were carcied
out, the creatinine serving as a check of the completeness of the
urine collection. Daily measurements of urine volumes and weights
of the animals were also done. The plotted results are shown
in Figs. 2-5 inclusive.

As previously discussed the method of "ad libitum"
feeding was decided upon in view of the failings of other methods,
even though this involves serious limitetions, such s failure to
ensure a constant caloric and nitrogen intake.

An examination of the daily urine volume levels fails
to reveal any correlation between this and the urinary nitrogen
levels and one must also bear in mind that the urine volumes
measured as such in all probability do not reflect the true
volume of urine excreted, as some (l0-20%) evaporates on the

monel metal funnel as was shown in control collections.
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Urinary nitrogen levels were followed until the 23rd
day of collection, when on this day the left femur of all the
rats (1-8) was fractured by the method described under the
section on methods,

No values were recorded for the day of operation but
the results were followed for a period of nine days after.

Exactly the same procedure was employed in the meta-
bolic studies of the rats fed the "low" protein diet. The £3rd
day was chosen for the oreration because it wss prior to this
point that the both groups (purina =nd low protein fed rats)
had already reached and maintained a steady level of nitrogen
excretion (within certain small limits).

EXPERIMENTAL RESULTS allD UISCUSSION

It wili be seen that the daily fluctuations in the
level of urinary nitrogen are quite large in all rats in the
first 10 days and may be attributed to the lack of standardi-
zation of collection technique and familiarity with same on the
part of the observer and also possibly to the capriciousness of
the animal's avpetite up to this point, i.e., until the animal
is adapted to the nev surroundings and a steady inteke is mein-

tained.
There occurs a marked rise in excretion of nitrogen

in the animals (rats 1-4) fed purina, the mean loss averaging

0.510 gm, nitrogen in the nine days post-operative.
The curve of nitrogen excretion 1n these animals

(rats 1-4) is of interest, and repeats the characteristic form

already noted by Cuthtertson (120) in the cases of both humans

and in adult male rats. T"here is a gradual rise to a maximum

on the 3rd-4th day and then & gradual fall, to te succeeded
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in some cases (Figs. 2 and 3) by a small secondary rise some
e days after injury,

The nature and reason for this small secondary rise
is unknown and the output of creatinine remained remarkably
constant in these experiments.

Cuthbertson et al (120) have shown that these efiects
are not due to the anaesthetic and they also found that the
actual fracture of bone is not the determining cause of this
meteabolic disturbance, althoigh undoubtedly a factor in
prolonging it.

As opposed to the rise in urinary nitrogen noted in
the purina fed rats no rise comparable to the above was noted
in the rats fed a low protein diet. Although a very slight
rise in nitrogen outout may be noted in rats 5 and 7 in the
first two days after damage, it wili be seen that after the
second day post-damage in all rats fred a low protein diet there
occurs a steady slicht decline in the level of urinary nitrogen
output which may well be & continuation of that seen before
trauma. In all rats caloric intake was well maintained after
damage, i.e., the intake wes maintained at the same level as
that prior to damage, although the needs in both protein and
calories, may be considerably above this after trauma,

Cuthbertson and iwunro (78) found that it took about
14 days to reach a steady low level of urinary on a protein-
free diet. Ashworth and Brody (229) reported that the urinary
nitrogen per kg. body weirht excreted by adult male rats living
on a nitrogen free diet, did not reach a minimum value until

10-15 dasys after the beginning of the diet, and that thereafter
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the daily variations were large, whereas Roche (230) finding
similar results with some rats, found in other rats that a

sudaen rise in urinary nitrogen occurred, immediately preced ing

the death of the animal from nitrogen starvation.

Results similar to Roche's have been foind in two
cases and will be revorted later,

In the metabolic studies on the low protein require-
ments it will be seen that in rats o, 6 and 8 it required approx-
ima tely 20 days for a steady and maintained low level of nitrogen
excretion to be reached. That is reguired this period of time
may be associated either with the 1.5% protein content of the
diet (albeit of poor biological value) or with the individual
idiosyncrasies of this strain of r=zts, or both,

It my be also noted that in one rat (¥o.6) an
infectious sore just above the penis was noted on the 2znd day,
There was ho accompanying rise in urinary nitrogen in the
succeeding 8 days during which the infection peristed.

In the rats fed a Purina diet (rats 1-4) all bhut
No.2 maintained their original weight for a p-riod of ten days
prior to the damage. Although a weight loss in some of these
may be seen at the beginning of the experiment, it was later
rega ined and a steady weight maintained thereafter until the

treuma weas inflicted., After the trauma the weisht loss in the

Purina :ed rats averaged 15-z0 grams per rat, an amount similar
to that observed by Cuthbertson (1Z0).
It is well known that an adequate protein int=ke, both

in quantity and quality, is necesszary for maintenance as well as

growth. The lack of the aforementioned is reflected in the steady



An interesting feature is that the rate of this welght loss

1s not accelerated after damage. An observation in keeping

with the lack of increase in urinary nitrogen excretion during
this period.

Munro and Cuthbertson (78) concluded in view of the
fact that the rats fegd protein-free diet for 14 days failed to
show an increased output of urinary nitrogen after damage that
"The excessive output of nitrogen following injury arises from
storage protein and not from essential tissue substance".

It will be seen from Fivs. 3 and 4 that including
the values of fecal nitrogem (l0% of nitrogen inteke), these
rats are still in negative notrogen balance and are therecr ore
still losing, presumably, body protein. This bteing so,why
should the body discriminate in its handling of its so-called
"storage protein" =2nd the nitrogen precursors after damage in
the organism fed the low protein diet, a view hardly in keeping
with the work of both Schoenheimer (18) and Tarver and Schmidt
(57).

TABLE

AVERAGE NIIROGEN —aALANCE AFTER DA IAGE IN "LOW PROTIIN DIET"™ RATS

(Average) N INTAKE (Average) URINARY N FECAL N .TAN N BALAICE

Rat 5 15.9 43 1.59 -28,7 ng.
7 15.4 43,4 1.54 -29.5
8 16.6 40.6 1.66 -25.7

Values averaged for 8 days after damage,
On the other hand the vossibility may exist that the

animals fed the low protein diet have adjusted their metabolic
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economy (35) such that the metabolic precursors ~hich lead tO
the high urinary nitrogen levels in the organism fed the Purina
(or normal protein diet) are now reconverted and that the negative
nitrogen balance seen after damage in these animsls reflects tie
minimum body orotein drawn upon to meet its daily metabolic
requirements,

That the level of caloric intake is important is shown
in the work of Cuthbertson (120) where he fed supolements of
carbohydrate to rats already receiving an adequate protein diet,
viz., Purina, and continuing on this dietary regime the rats
were able to show a slicht net gain of nitrogen in the 9 days after
trauma., Also Roche points to the "premortal rise of nitrogen"
in starving rats which had previously reached the "endogenous"
levels.

Another possibility is the suggestion that the failure
of "Low Protein Diet"™ rats to show post-ftraumatic increeses in
urinary nitrogen lies in the feilure of the adrenal cortex to
respond to the traumatic procedure.

The usual response of the cortex in damege and the
N =nd S hypothesis may be recalled at this point.

The lack of resmonse on the vart of the cortex might
be due to impaired function of cortex per se, or & hypofunctioning
hypophysise. |

Chronic inanition has been found to result in a dimi-
nution of the weight of the adrenal gl:nds in a manner similar
to that following hypophvsectomy. The shrinking in size of' the
adrenal glands is due to atrophy of the cortex, the medulla

remaining virtualiy unaffected (231). It hes been "aintained
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by Mulinos,and Pomerantz (232) that the similarity of the
eftf'ects of hypophysectomy and chroniec underfeeding uron certain
of the endocrines is due to the fact that inanition causes de-
pression of the anterior pituitary and so the smaller size of
the adrenal cortex in hypophysectomized animals (23.) or during
chronic inanition (232,234) is protably associated with the absent
or diminished hormonal function of the hypophvsis.

In a review of the above, .ulinos, Pomerantz and Lo jkin
(235) examined the erirect of complete starvation, chronic inani-
tion and of old age on the adrenal. Thev found that regardless
of the age of the rat, chronic inanition as well as hyvophysec-
tomy, resulted in a lo.ering of the weight of the adrenals, the
weight loss heing restored in both cases by pituitary implants

and further during complete starvation thcre wss an incresse in

the weight and in the ascorbic acid content of the adrenal glands

in both female and male rats.

The fecding of a low orotein diet may be likened to
chronic inanition, although here the limiting fector in the diet
is its protein content. In later experiments it wili be shown
that the feeding of this low protein diet (l.54) 2lso results in
marked adrenal atrophy which upon histologic examination wzs
shown to e limited to the cortex.

Assuming trat the de.ree of atro .y represents the
state to which the cortex decreases its iunctional level then it
may well be that in the rats fed the low protein diet the resul-
tant cortical atrophy has impaired cortical function to the extent

that in response to trauma the increased output of gluconeogenic

substances (184,185) fails to occur.
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EXPERIMENT NO.2 - RATS 9-12 inclusive

Assuming that the lack of adreno-cortical response
to demage was responsible for the absence of a rise in urinary
nitrogen output in raté fed the low protein diet, it was decided
to see whether the administration of cortical extract would
restore & metabolic picture similar to that seen in damaged rats
fed Purina.

The method of collection and analysis of urine is the
seme in this and following experiments as that employed in
Experiment 1,

The animals in this experiment were on the low protein
diet for a periocd of 18 days prior to the commencement of meta-
bolic studies, so that day 1 on the chart is actually day 19 on
the diet. The reason that it was felt unnecessary to repeat the
studies performed on rats 2-8 up to the period when a steady low
level of urine nitrogen was reached, It also a’forded the nossi-
bility of having rats always on hand to commence metabolic studies,
(L.e., rats whose urinary levels had reached this low level with-
out the necessity of their spending 18-20 days in metabolic cages
for this level to be reached).

The rats chosen were adult male rats weiching initially
330-250 grams, as in all succeeding experiments, and it will be
seen that this weight fell to approximately 260-280 grams prior
to the commencement of metabolic studies.

BXPERIN-NTsL RESULTS AND DISCUSSION

On day 1 of the metabolic studies (l.e., day 19 of low
protein diet) rat 9 had reached the low level of urinary nitrogen,
i.e., 40.4 mg. seen when rats 5-8 were operated on, but that in

the next 24 hours it rose to 156 mg. and stayed at that level for
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a day. Its caloric intake during this period was negligible,
but on day 4 when it consumed approximately 35 cal, its nitrogen
output fell to 85 mg. and stsved there till day 6. Then on day
6 and succeeding days vhen its caloric intake fell to 0 its
nitrogen excretion rose to a level of 437 mg., a level seen on
healthy adult rats fed a "Purine diet™., It will be seen that
the weight of rat 11 fell stezuily and drastical.y.

This mey be an example of the premortal rise Roche
mentions. ‘hether this is purely the efrect of the imposition
of starvation (i.e., no caloric intake) or whether other compli-
cating pathological factors are involved cannot be ascertained
from the metabolic pattern of this rat alone, but the following
experiments to be discussed will throw more light on the import-
ance of the caloric¢ intake.

It will be seen that in rats 1l and 12 the first day's
nitrogen level falls to within the low range reached by rats 5-9
after 18 days of low protein diet, but that in rats 10 and 11 the
failure of adequate food intake resulted in & rise in nitrogen
excretion 24 hours afterward, so that in rat 10 the caloric intake
for the rirst three days of metabolic studies was zero and the
nitrogen excretion rose from 72 to 156 mg. and fluctuated there-
abouts and on the fifth day fell to 41 mg. (l.e., day rat started
to eat). #when the caloric intake of the rat was maintained and
sufficed (30 cal. per 100 mg. of rat) then the urinsry nitrogen
wes steady, staying at the so-called "endogenous levels" and
fluctua ting around 40 mg. per =4 hours. On the llth day the
caloric intake fell to almost half of the rat's normal caloric

recuirements and in the next 24 hovrs the nifrogen excretion had



- 89 -

risen from 35-75 mg. The metabolic significance of this rise
in nitrogen is obscured by the commencement of administration
of cortical extract =t this period. However, no such rise
occurred with administration of cortical extract in rats 11 and
12, 4lso on the 18th day, one day after fracture of the left
femur, (labelled operation in Fig.6) the caloric intake fell to
zero and this wss promptly followed in 24 hours by a rise in
nitrogen excretion to a level of 93 mg.

Similar observations were recorded with rats 1L and l=z.
In rat 11 (Fig.7) it wilL be seen that during the 3 days of nmeta-
bolic studies when the caloric was zero the nitrogen excretion
rose from 54 mg. to 165; on day 4 when the caloric intake was 15
calories the nitrogen output fell to a level of 100 mg. Here the
level of nitrogen output was lowered by an inadequate caloric
intake on day 4, but not to the low levels seen when the rat's
caloric intake was adequate. Then on the succeeding 3 days with
a caloric intake of zero, the nitrogen output rose to 267 mg. and
with consequent increase in caloric intake the nitrogen output
fell to and fluctuated about a steady low level of 35-40 mg.

In rat 12 it will be seen that when the rat's appetite
diminished on day 9 (for no apparent reason) a rise in the level
of nitrogen excretion occurred 24 hours later and fell on sub-
sequent days when caloric intake of rat was adequate.

To ascertain the eftrect of administration of cortical
extract it was decided to try various levels in Increasing amounts
until thet level wss reached just below that which (when given

subcutaneously) would increase the nitrogen output of rats which

had previously reached the low level of nitrogen excretion in the
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approximate range of 40 mg. per 24 hours, i.e., the level
of cortical extract, vwhich in the undamaged "depleted" rat
would Jjust not incresse the nitrogen output above "endogenous
level®™ of 40 mg. per 24 hours.

This later proved unpractical as levels up to 5 ml.
of extract (in 1 cc. doses) were administered with no apparent
effect on the nitrogen output, although Long et al (160) had
shown theat in intact adrenalectomized rats this amount would
increase rate of nitrogen excretion (in young growing rats at
least).

The subcutaneous route of administration was chosen
as & precautionary measure insofar as Hartman, Lewis and Toby
(£36) have shown that after repeated intraperitoneal or intra-
venous injection of cortical extract into normal animals the
Na retzining and K excreting effect disappeared and further
Hartman, Lewis and lMcConnel (£37) later revnorted that the above
refractory state does not develop from subcutaneous injection,
although this refractoriness with respect to nitrogen excretion
was not mentioned.

The doses were increased from daily dose of 2 cc,
’(in four 1 cc. portions) on the llth day to 5 cc. (in 1 cc.
portions) from the 15th day extending through untii the 24th
day. The dosage was divided because (a) this procedure facili-
tates subcutaneous injection and (b) is more effective in divided
doses. Connaught Laboratory adrenal cortex extract was used
throughout these and subsequent experiments.

The lack of any effect of this amount of cortical

extract on the nitrogen output after trauma in these animals
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is clearly seen in rats 1. and 12. With these animals the level

of nitrogen output remains steady with little or no fluctuation

for both the control period before and after damage. The noperation”
is the same as that employed in Experiment 1, viz., open fracture

of the left femur. In rat 10 any effect which the cortical

extract might have had is obscured by the fall in caloric intake

on day 18, with a subsequent rise in urinary nitrogen.

With the steady loss in weight there was an ac.ompanying
slow and steady fall in the level of the creatinine output so that
the loss of muscle mass (presumably protein) in rats 10,11 and 12
may account for the fall in daily levels of creatinine excretions.
It is also seen that the rate of loss of weight, after the fracture
and during the period of cortical administration is not accderated
when compared with the preoperative periode.

1t the end of the experiment the three remaining rats
10, 11 and 12 were sacrificed and the adrenals removed, immersed
in Suza's solution for 24 hours and then weighed.

T4 BLE

.dr.nal weights after prolonged feeding of low protein diet

Rat L. ADRINAL (mg.) R. ADRENAL (mg.)
9 52.9 52.8

10 19.8 19.0

11 21.2 21,6

12 18,7 19.1

It may be seen that in rat 9 the weights of the adrenals
are significantly larger than those of either 10, 1l or 12, and
have therefore undergone comparative hypertrophy in the face of

starvation or someé other pathological process,
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In view of the fact that the diet fed wzs high in
carbohydrate z=nd low in protein content, to ofrset the possibility
of fatty infiltration of the liver, choline in amounts which would
more than suffice was included in the diet (238). Histological
examination of the liver of rats 10, 1l and 12 revealed no markedfat
infiltration.

It is seen that cortical extract in doses up to 5 cc.
daily (divided doses of 1 cc. and subcutaneously) did not effect the
urinary level of nitrogen excretion of a damaged rat which previously
had been fed a low protein diet for 35 days.

It may well be that the steroids contained in this
cortical extract are not necessarily those that are produced in
excess in response to damage and accountable for the high levels
of urinary nitrogen seen after damage to a healthy organism.
Although investigations by Lukens and Dohan (239) have shown that
for the adrenalectomized rat a daily dose of 5 cc. of cortical
extract would replace the functional activity of the adrenal
cortices by reinducing glycosuria of the intensity which characte-

rized depancreatized animals having their adrenals intact.

That protein stores are not involved is further borne
out by the observation that a rat fed a low protein diet until a
steady low level of nitrogen excretion has been reached, withdrawal
of food (voluntary or otherwise) results in an increased output of
nitrogen 24 hours later, It should be remembered that when it is
stated that an increased output occurs 24 hours later it is in

actuality an increased nitrogen output occurring 48 hours after the

onset of the decreased caloric intake, 1In some cases (as in rat 1l1)

levels of daily nitrogen excretion were reached, during the fast,
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which approximated the daily excretion of a 350 gram rat eating

a diet (Purina) adequate in its protein content.

It is suggested that in the case of one "depleted"
animal when faced with the prospect of deriving its caloric
needs from its body tissue protein, the response on the part of
the adrenals is such that an increased function on the part of
the cortex occurs in an effort to meet the exigencies of an
enhanced protein metabolism, somewhat similar to the mechanism

suggested by Engel, Tepperman and Long (240).
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EXPERLLENT 1O, 3

RATS NO., 17, 18, 19.

EXPERTMENTAL RESULTS AND DISCUSSION

-+n endeavour was made in these experiments to elicit
the response of increased nitrogen output by deliberately changing
tie caloric intake, in rats h-ving reached "endogenous"™ urinary
nitrogen levels and red a low-protein diet.

The same strain of male hooded rats weighing originally
in the vicinity of 350 grams were placed on the low protein diet
for a period of 18 days before metabolic studies were commenced.

As before at the outset, i.e., first few days with low caloriec
inteke, the nitrogen excretions of the rats were comparatively high.

In rat 17, until the 9th day, the caloric intake was low
and far from adequate and the animal drew upon its tissue protein
as reflected in the high (but variable) levels of urinary nitrogen,
ranging from 74.8 to 248.5 mg. then when adequate caloric intake
was attained on the 8th day the nitrogen level fell to 30.3 but
rose to 63.5 on the 1llth day when caloric inteke on day before had
fallen to 8.4 cal.

In rat 18, aftcr reaching a steady low level of nitrogen
output on day 6, in the vicinity of 30-35 mg., a control period of
5 days was ma intained after which on the l0th day the food was with-
drawn for 2 days. In the two subsequent metabolic periods the
nitrogen level rose from 31 mg. to 75.6 mg., Then when food was
available and caloric intake was adequate on days 1l2-15, the
daily nitrogen output fell to its previous levels of 32, 29.8,

and 34.4 mg. per 24 hours in days 13, 14, and 15 respectively,
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In rat 19, when on day 3 and for three succeeding
days the caloric intake remained relatively constant the urinary
nitrogen levels were maintained at 52, 32.5 and 29.8 .. On 7th
day rat became very ill and refused to eat for next 4 davs, i.e.,
until it died. The nitrogen excretion rose steadily and reached
level of 383.0 mg. on last day before it died, as is shown in
chart (Fig.9) by dotted line,

So that in every ccse when rats maintained adequate
Baloric intake on & low protein diet after 18 days it maintained
& steady and low level of nitrogen excretion, but a forced with-
drawal of food or a self-imposed starvation elicited a marked and
dramatic rise of urinary nitrogen output which manifested itself
in the metabolic period 48 hours after the beginuing of the fast,.

It is interesting to note that in the rat Barbour,
Chaikoff, liacLeod and Orr (241) found & mean of 0.16% of liver
glycogen in rat fasted 24 hours and 0.32% for animals fasted for
48 hour s, Ihis increased glycogen content of the liver after a
48 hour fast was found also by Cori (242)., Cori's value for the
24 hour rasted rat was 0.,10% and for the 48 hour fasted animal
0.39%%.

More recently Cohn and Roe (243) employing standard
conditions for dietary regime prior to the fast and for the
method of obtaining the liver, etc., have found that marked
glycogenolysis occurred during the 12-18 hour interval of fasting;
at the 48-60 hour periods of fast the liver glycogen was measur-
ably higher than during the preceding 24 hour s.

It will be remembered that in the rats (henceforth

termed "depleted rats) who had attained a steady low level of
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urinary nitrogen (sometimes called endogenous nitrogen) a
voluntary or imposed fast wes followed by a rise in urinary
nitrogen, 48 hours after the onset of the fast., This may well
be correlated with the observed levels of liver glycogen at this
time during the fast and it may well be that during the first 12
hours the rat is using more liver glycogen than is being laid
down by gluconeogenesis and therefore sparing the latter, by the
equilibrium lying on the side of the former; during the 12-18
hour interval the two processes are in true equilibrium and

that from 18 hours on during the fast gluconeogenesis now is in
the ascendance and this is reflected in the increased levels of
urinary nitrogen during this period.

Returning to the question of labile protein stores it
will be seen that they are either not involved, in view of the
prompt heightened levels of nitrogen output during inadequate
caloric intake, in the depleted rat, or this length of time of
protein depletion does not exhaust such stores even though the
level of urinary nitrogen has fallen to a steady low level,

It may be recalled that the work of Schoenheimer
pointed to the concept of the tiological organism as representing
one great cycle of closelylinked ch:mical reactions. The thermo-
dynamic data demonstrate that hydrolysis and synthesis of protein
cannot, under physiological conditions, be simply reversions of
the same rcactions. A "steady state"™ does exist in vivo, and this
state is in the direction of svnthesis, far from the thermodynamic
equilibrium, in spite of an abundance of hvdrolytic and oxidative
enzvmes demonstrably in operation even in the starving animal, the

balance between them being meintained through the intervention
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of other reactions. So that active resynthesis of protein

occurs even in the starved animal.

Evidence has been presented in the section on protein
stores that in the rat, at least, the serum proteins have been
shown to fall more rapidly in low protein feeding than in star-
vation which again may suggest the possibility that reformation
of protein may occur even when the animal is in negative nitrogen
balance,

It may be here that the adrenal cortex fails to respond
to the fracture but does to the starvation, though it is difficult
to see why it should behave differently under these two conditions
of stress. One wonders whether one can say that the existence
of the animal is more threatened, in this depleted state, by a

single day's fast than by an operation.
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EXPERIMINT 4

RATS 21, 22, 23, 24, 37 and 38

EXPER TWENTAL RESULTS ~ND DISCUSSION

It w s decided to investigate whether the adrenals
were essential in the "starvation response' (increased nitrogen
excretion of "depleted" rats 48 hours after inadequate caloric
intake) mentioned in Experiment 3.

As in Experiments 2 and 3, before metabolic studies
vere undertaken the male hooded rats, originally weighing 330-
335 grams were kept on = low protein diet for a period of 18
davs. letabolic studies commenced on the 19th day, which is
therefore day one on the charts. :hen the animals were placed
in the metabolism cages their diet was changed to one identical
in all respects to the former, but that in the salt mixture
NaCL was substituted equimolecularly for the KCl.

A control periocd of 5-7 days was observed during which
rhe rats attained a steady low level of nitrogen output and main-
tained an adequate caloric intake. <The weight of the animals,
except rat 2., falling at a slow steady rate during this period.

W/ith rats £l1-¢4 inclusive, 5 cc. of cortical extract
were administered at day of each ovneration, Many unsuccessful
bilateral adrenalectomies were done before the successful ones
on rats 37 and 38 were performed, and thanks are extended to
both .liss Stone for her helpful suggestions and to Xiss Toby
for the operations on the rats in Experiment 6. In rats 37 and
38 to ensure a better survival at time of second unilateral
sdrenalectomy the rats were primed in both cases with 3 cc. of
1 extract on the day prior to the second operation, during

cortica
the day of operation, and in the case of rat 37 with an additional
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© cc. on the day after operation. In every cese the cortical
extract was administered in doses of 2% cc. each.

It will be remembered from Experiment 2, that a daily
dose of 5 cc. of cortical extract (given in 1 cc, doses) over a
period of 5 days exerted no influence over the level of urinary
nitrogen output in "depleted rats". In all rats on day of second
operation the ordinary drinking water was replaced by normal
saline.

In rats 21 and 22, (Fig.lo) it will be seen that prior
to the removal of the left adrenal, a steady low level of nitrogen
output had been reached; the urinary nitrogen fluctuated in both
cases around 30-40 gm., per 24 hours,

Rat 21 maintained an adequate caloric intake prior to
and after the operation. No rise in nitrogen output occurred
after removal of one adrenal alone, when adequate caloric intake
was maintained, whereas in rat 22, its appetite failed on day
of operation and so on day 7 the nitrogen excretion rose from
previous level of 35 mg. to 82 mg., nitrogen per 24 hours, and
fell the next day to its previous low level when rat's appetite

returned.

In rat 23 it mav be observed that an infection (on the
back of its neck) noted on day 4 and persisting for 3 days, did
not affect the levels of nitrogen output, the caloric intake
being maintained at steady and adequate level during this period.
Its left adrenal was removed on day ei-ht, during which its
caloric intake fell to zero. On day nine its nitrogen output
rose from 32.1 to 61 mg. per &4 hours, and fell to 29 mg. on

10th day when its food intake was resumed.
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In the foreg ing discussion of the metabolic studies
of rats 21-25 inclusive it will be well to consider that unilateral
adremalectomy serves as a control observation (a) whether after
removal of the adrenals in the "depleted" rat, a fall in intake is
followed by a prompt rise in nitrogen output and (b) unilateral
adremalectomy can be considered in the nature of & "sham operation".

From an examination of the charts of rat 24 (Fig.ll)
it will be seen that prior to adrenalectomy on the 5th day of
metabolic studies a steady low level of nitrogen output was main-
tained. The left adrenal was removed on the Sth day =nd vhen the
rat's caloric intake fell to the low and inadequate level of 11
cal. on the 6th day, a prompt rise in nitrogen excretion was
manifested in the succeeding day which rose to a level of 63 mg.
The right adrenal was removed on the 9th day and three days after
food withdrawn for one day (on the 12th day); no rise in nitrogen
excretion was seen to follow this lowered caloric intake in a
bilaterally adrenalectomized animal, as wss seen in intzct and
unilaterally adrenalectomized animals.

"he lack of increzsed nitrogem output after food with-
drawal in totally adrenalectomized "depleted" rats is more clearly
seen in rats %7 and 58 (Fig.l2). These rats were as all others,
male hooded rats, vho at the start of the experiment weighed 352
and 347 mg., respectively. Tihey were unilaterally adrenalectomized
at the beginning of the experiment and then fed the low protein
and low potassium diet for 1€ days, after which they were placed
in individual metabolism cages. For & control period of 4 days
they were allowed tO reach nitrogen equilibrium, i.e., until the
low end steady levels of nitrogen output were reached, The

rema ining left adrensl was removed in both on the 5th day -



- 105 -
on the 7th day food was removed from both. «ith a fast main-
tained until death (on the 9th day with rat 38 and the llth day
in rat 37) no rise in the levels of nitrogen output was noted
as those seen before in intact or unilaterally adrenalectomized
"depleted" animals, nor was a pre-mortal rise noted comparable
to that secn in rats 9 and 19, nor was the rate of weight loss

accentuated on the withdrawal of food, although a stesdy fall in

the levels of creatinine output may be noted.

TABLE

Adrenal ‘ieights

Left mg. Right mg.
RAT 21 18 .6 19.0
22 20.0 18,9
23 19.3 20.0
24 19.0 18.3
57 43.2 23.4
38 46,8 19.8

From Table it is seen.that instead of compensatory
hyper trophy of the right adrenals during the 18 day interval,
a feature which Selye and Dosne (145) have shown to occur on a
normal diet, a marked decrease in v.eight occurred. On histo-
logical examination the cortex was shown, in these animals, to
have sufiered a slight atrophy.

To eliminate the possibility of renal retention of
nitrogen masking the response to fasting, blood N.P.N's, were
determined on rats 24, 37 and 38 (on the 2nd day of enforced
fasting in the two latter) the results as given below,

TABLE
N.P.N. (mg.%)
RAT 24 27.8
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E—'_ELN‘ (mg o%)
Sl

L 2

RAT 37
8 29.7

The determinations were done in duplicate, and the duplicates

checked well,

Far from observing heightened N.P,N. values, they
were on the average mu:h lower than controls done in this
laboratory which ranged from 35-41 mg.%.

Hematocrits were atvempted with a limited amount of
blood and were low. Great difficulty was encountered in taking
blood from the tail, due possibly to the sluggish circulation
of the adrenalectomized rat.

| Before rats 24, 37 and 38 were maintained alive after
complete adrenalectomy, 6 rats were lost., The metabolic studies
done on them are not recorded here. In an attempt to combat the
postoperative hypoglycemic shock, these rats had been given 10 cec.
of a 10/% glucose solution intraperitoneally, both on the day
of operation and the following day. It may well be that this
caused a crisis resulting in their death, as it has been freQuently
demonstrated that the adrenalectomized animal is extremely sen- |
sitive to intraperitoneal glucose injections (244,245,246,247),

CONCLUSIONS

From the above it may be concluded that the adrenal
cortex is essential in the mechanism (8) underlying the rise of
nitrogen output of a "deplected" rat to fasting or inadequate
caloric intake (1.e., to meet daily metabolic requirements),

That renal retension does not mask an increased amount

of nitrogenous substances 1is shown from an examination of blood

No P.NO Values .
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It is unknown as to how and from where the "depleted"
totally adrenalectomized rat obtains caloric regquirements during

a fast, nor what those caloric requirements are.
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EXPERL.ENT NO,5

RaTS 25, 26 27, 29

EXPERINENTAL RESULTS 41D DISCUSSION

This is mentioned only in conjunction with the experiment

following. The same conditions were employed here as in Experiment

No.l, the animals being fed on Purina, except that the damage here
was removal of the left adrensl under ether anasesthesia.

The resultant charscteristic curve of nitrogen excretion
repeats that noted in Experiment No.l. Here the peak of nitrogen
output fell on the 3rd day after the operation in rats 27 and 29,
and on the 4th day with rats 24 and 26. The net excess loss of
nitrogen amounts to & somewhat smaller amount than with the rats
where the form of damage was fracture of the left femur, the
weight loss after damage being less in these animals,

From which we may conclude that when unilateral
adrenalectomy is performed on nreviously healthy adult mesle rats
(fed an adequate protein diet) a rise in curve of nitrogen
excretion occurs, the peak of which varies with the individual
animal, though usually falling on the 2nd to 4th day.

Turning to & consideration of the following experiment

(6) then the above may be considered as & sham operation control

with respect to total adrenalectomy.
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EXPLRIMINT NO.6

RATS 35-36 INCLUSIVE

INTRO DUCTION

It has been shown that the loss of the adrenals renders
the animal exceedingly sensitive to but minor amounts of trauma.

Selye (192) later observed that there was elicited a
series of reactions on the part of the organism, rhich cre common
to all demaging stimuli to the body, and in a recent review (193)
has summarized his findings, He states "In the course of our
work on the pathologic and biochemical changes elicited by various
noxious agents, we were struck by the fact that certain manifes-
tations are always the same, irresnective of the specific nature
of the damaging agent to which our experimental animals have been
exposed". He has termed the sum total of features which charac-
terizes the reaction of an animal to damage the "general adapta-
tion syndrome".

This syndrome has been shown to consist of three general
phases, an initial phase during which the animal's resistance de-
creases and thenm begins to increase, this period lasting for about
24-48 hours immediately following trauma and temed the stage of
the "alarm reaction". Furthermore the stage of the "alarm reaction”
has been further subdivided into a shock phase and counter shock
phase., Then if damaging stimulus is continued the animal's resis-
tance increased very markedly and there appears what has been
termed the "stage of resistance". Following upon this and in the
face of continued damage there occurs the "stage of exhaustion”
in which the resistance of the animal eventual.y breaks down and
it succumbs.

In the extensive research as to the underlving features

of this "edaptation syndrome" various endocrine organs and
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especially the adrenal cortex have been shown to occupy a
prominent part (249,250,251,252).

Selye and co-workers have found that at the end of the
counter shock phase, the adrenal gland is found to have discharged
its lipid granules and this is taken to be a sign of increased
activity, since the lipid granules are presumed to be carriers
of the fat soluble hormones. It is during this counter shock
phese that Browne and co-workers (184,185) have shown a rise in
the corticoid activity of the urine.

The adrenal gland also shows characteristic changes
during the three stages of the "general adaptation syndrome",

They are greatly enlarged during the later stages of the "alarm
reaction”, approach normal during the stage of "resistance"™ and
undergo a secondary enlargement during the stage of "exhaustion".

That the thymus and lymph nodes occupy some role in
this syndrome and that a reciprocal relationship exists between
these and the adrenal cortex is borne out by the following obser-
vations.

The thymus and lymph nodes have been observed to undergo
pronounced atrophy durine the "counter shock phase™ at a time when
the adrenal cortex shows the most pronounced signs of hyperactivity,
Cortical hormone injections also cause marked thymus atrophy while
adrenalectomy prevents the involution of the lymphatic organs during
the "alarm reaction". Further it has been shown that there exists
a similarity of response of the thymus and lymph nodes to the ad-
ministration of adrenocorticotrophic hormone in the rat at least,

and this to consist of & general involution (£53,254).
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In en attempt to summarize these findings the chart

below, r i i
y reproduced fron Selye's review is shown.,

NON-SPECIFIC HYFOPHYSIS
DAMAGE (ANTERIOR LOBE)

HORMONE

CCRTICOTRCFHIC

; ADRENAL
CORTEX

CORTICOID
HORMONE

B
A 5@

\

<

LYMPH NODES

THYMUS
SPLEEN

Diagrem Illustrating Interrelations Between
Hypophysis, Adrenals and Lymphatie Organs.

FIG, 17
In explaining the chart Selye concludes "Nonspecific
damage stimulates the pituitary (pathway unknown) to produce an
increased amount of cortiecotrophic hormones, This, in turn,
stimulates the adrenal cortex to enlarge and to secrete excess
quantities of corticoid hormones. The latter increase resistance

and at the same time cause involution of the lymphatic organs"™,
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Each step in the above chain has been proven by extirpation
and by injection experiments.

Bearing upon all these f'indings is the possible relation-
ship between the above "adaptation syndrome"™ and the already
mentioned N and 3 hypothesis,as in both the adrenal cortex plays
an integral role in the response of the animal to nonspecific damage.

In the former it serves as the agent which accounts for
increascd resistance to traurmm, and in the latter, by an imbalance
in its secretion after trauma, plays an important role in the
causation of the heightened nitrogen output seen after damage,

The experiments about to be described below were drawn
up in order to investigate the role that the adrenal might play in
the change in nitrogen metabolism after treauma in animals fed an

inadequate diet,
EXPERILENTAL RESJULTS 40D DISCUSSION

Rats, of the same strain and weight range employed in
previous experiments, vere totally adrenalectomized after a 4 day
control period study. 2 diet of approximately the same protein con-
tent as Purina, but low in potassium was fed these animals during
the entire period of metabolic studies.

On the 1l0th day of studies (6 days after total adrenalec-
tomy) the rats were all subjected to the same form of damage used
throughout these experiments - that of open fraciure of the left
femur. On the day of this operation 5 cc. of adreno-cortical
extract were administered to each rat. ilacroscopic autopsy after
death Tevealed no accessory adrenal tissue in any of the animals.

It will be remembered from Experiment 3 that after uni-
lateral adrenalectomy there occurred a rise in the curve of nitrogen

exeretion similar to that seen in the rats who suffered a fractured

femur, and furthermore that in humans this increased nitrogen output



- 118 <
following damage of all sorts (termed "N Catabolic Process") and
was &8 characteristic feature of the post-trauma tic metabolic process.

From a close scrutiny of the metabolic charts on rats
33-36 inclusive, it will be seen that this process as reflected in
the nitrogen output is apparently lacking.

In rats 35-35 the nitrogen output fell from a level of
about 400 mg. daily in the precontrol period to approximately 300 gm.
dailt after total adrenalectomy. In rat 36 the drop in nitrogen
excretion was even greater and fell to a 200 mg. level., That this
was qot due to impaired renal clearance is born out by the diuresis
encountered during this period and also by the fact that the daily
creatinine output was fairly constant throughout.

That various factors may have contributed to this lowered
level of nitrogen excretion is probably true. The intricate endo-
crine and metabolicec relationships which directly or indirectly in-
volve the adrenal are in all probability not fully known as yet.
Certain observations though which bear on this problem should be
kept in mind.

carr and Beck (205) showed that after bilateral adrenalec-
tomy in the rat there is a reduction of approximately 25% in the
totel metabolism. Ashworth and Cowgill (256) in the study of the
adrenalectomized rat (weighing 100 grams) found a diminution of
40% in its overall metabolism.

Recently Toerkischer and Wertheimer (9) have reported
findings which indicate that 24-28 hours arfter total adrenalectomy
of the rat there oécurs a sharp decline in free and total acid in

the stomach and & precipitous fall in the proteolytic enzyme

content of the intestines.
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So that superimposed on a decreased metabolism
is a possible failing of digestion and absorption of protein
in the adrenalectomized rat. It iould be interesting to do both
feces and urinary analysis on the adrenalectomized animal.

Further the work of Long et al (257) has shown that
one of the influencesof the cortex is in the formatiom of carbo-
hydrates from amino acids or their residues after deamination, so
that decreased gluconeogenesis might also be a contributing factor
in affecting the lower levels of urinary nitrogen output after
adrenalectomy in the rat,

It has been shown that fasted adrenalectomized mice
and rats excrete less urine nitrogen (160) and also that adrenalec-
tomized rats and mice oxidize glucose at a more rapid rate and are
more wasteful in the handling of their glycogen stores thamn intact
animals.

In rat 33 a fall in caloric intake on day 6 was followved
by a noticeable increase in urinary nitrogen on the following day.

After adrenalectomy of e:=ch animal there occurred a
steady slow loss in weight until death,

A period of 6 days of metabolic studies was done before
the adrenalectomized rats were subject to fracture. In rats 25-36
in the 4 days following this (labelled damage on chart) there did
not occur any increase in N output but actually a slow steady fall.
Only in rat 35 on 2nd day after damage was there & slight rise in
nitrogen output and this was in no way comparable, both with

regards to amount and duration, to that seen after damage of a

previously intact animal. Xven the ingestion of & semi-adequate

caloric intake during the period after damage caused no increase

in nitrogen output to that over the pre-damage period,
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It will be interesting 0 recall that Putschkow and
Krasnow (258) in their studies in adrenalectomized cats and dogs,
found a decrease in urea nitrogen in the urine, which they attri-
buted to an impairment of 1liver function., Whereas in a study of
nitrogen and sulfur metabolism of adrenalectomized (3 months old)
rats Sandberg and Perla (259 noted that immediately following ad-
renalecotmy there ocecurred an increase in nitrogen exeretion.
Nitrogen retention decreased from 52% of the intake during the
control period prior to total adrenalectomy to an average of 33%
for 9 days after adrenalectomy, thento 39% and 30% in succeeding
two periods consisting of 17 and 5 days respectively. ‘Ihe food
intake for these periods was somewhat lowered but not sufiiciently
to account for the drop in retention. another striking feature
is the pronounced creatinuria encountered in the period immediately
following adrenalectouy,. both this and the increase in the
excretion of total urinary sulfur as well as that of urinary
sulfur resemtle the observations of Cuthbertson (120). During
the whole period Sandberg and Perla report that the fecal nitrogen
excretion remained unchanged which is sorievheat surprising in view
of the report of Toerkirscher and .ertheimer,

The accompanying chart (Fig.l€) which has “een drawn
from the tabulated results of Sapndberg and Perla shows that in the
per iod following adrenalectomy (first 9 days) there occurs an in-
creased nitrogen excretion which is folloved later by a still fur-
ther rise in the level of nitrogen output, the plotted results being

averages., An interesting feature is that throughout the studies the
animals are in positive nitrogen balance. In view of the fact that
daily studies are not reported it is difficult to evaluate their
results, fupther the tendency for an increased niirogen excretion

to persist a month after the operation suggests that one is viewing
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FIG. 18

Growing rats adrenalectomized. Drawn from results of

Sandberg and Perla., Values are means of their
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the effect of increased growth rather than the "protein catabolic
oricess"., They report that an increased intake accompanies the
increased nitrogen output throughout this period after the operation
(Quring which the rats still continue to grow).

From the above we may note that, whereas after unilateral
adrenalectomy in adult male rats, fed an adequate protein but low K
diet, a characteristic rise in nitrogen excretion occurs similar to
that seen after fracture of the left femur, in totally adrenalec-
tomized rats no such rise occurs. Renal retention does not play
any role here,

That whereas Sandberg and Perla have reported an increase
in nitrogen output (confined to the urea fraction) after total ad-
renalectomy in growing rats, the continued growth after the opera-
tion obscures the true metabolic process, and suggests incomplete
adrenalectomy.

It is suggested that in view of the findings reported
here (Figs. 15 and 16) the adrenal cortex might well occupy a
central role in the response to nonspecific damage reflected in
the heightened post-traumatic levels of urinary nitrogen.

A further demaging stimulus to an already adrenalec-
tomized animal does not elicit the metabolic pattern (i.e, charac-
teristic curve of increased nitrogen excretion) zs seen in
previously intact amimals which further strengthens the conviction
that an increased output of glyconeogenic substances by the cortex
in response to damage accounts for, in part at least, the high

levels of urine nitrogen seen in the period termed the

"Protein Catabolic Process".
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GENERAL DISCUSSION

To present a unified hypothesis as to the nature and
mechanism of the role that the cortex plays in normal bodily
economy and in response to damege is, of course, impossible, as
many unexplainable observations exist and probably many important
features have not as yet been discovered.,

Further, the many intricate relationships between the
adrenals and other endocrines apart from its direct modifying
actions on many organs, will have to be clarified beforc a clear
perspective as to the exact nature of the role of the adrenal in
the body's economy is attained.

In any event many excellent reviews have been published
that deal with the overall function of the cortex which Ingles
(260) and the more recent one of Swingle's (261) are to be noted.

Taken separately many functions of the adrenal have been
postulated of which the following are some:

1. Sodium metabolism and renal function, (Loeb) and

(Harrop) .

2. K metabolism (Kendall) and (Zwemer).

%3, Electrolyte and water metabolism, (Swingle).

4, Capillary tonus, (Swingle).

5. CHO metabolism, (Britton) and (Lomg).

6. Phosphorylation processes, (Verzar).

7. Renal formation of ammonia, (Jimenez-Diaz).

8, Function of sympathetic nervous system ,(Stecker).

9. Adaptation, (Selye).
10. Shock, (Moon).

11. N metabolism after damage and "N and S* hypothesis,

(Albright and Browne).
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That the cortex is concerned with all of the functions
mentioned and probably more, there can be no doubt. The question
is where the emphasis is to be laid, if at all, or whether to view
these more in the nature of a dynamic integrated whole where the
impairment of cortical function affects all these together, and
functions of each in turn bearing a dynamic relationship to the
others, The work of many investigators, including the pioneering
work of the Lomg's school has showvn that there indeed exists an
intimate and delicately balanced relationship between the adrenal
cortex and the metabolism of protein, especially with regard to
gluconeogenesis.

Further extending results of the above studies, Browne
and Albright have postulated that the cortex secretes normally at
least two hormones, one termed the "S" hormone which is anti-anabolic
with respect to proteim, and the other "N" hormone which is concerned
with the anabolism of protein and that whereas in the normal healthy
organism these are delicately balanced, after damage an imbalance
occurs, in the initial phase of which the balance swings over in
favor of the "S"™ hormone, later to be followed by a swing in the
other direction.

Studies on the excretion of gluconeogenic substances

(termed urinery corticoids) excreted after damage tend to bear

this view out.

Investigations of urinary metabolites after damage have
revealed that there occurs an increase in N, S, and P output accom-
panied by a marked creatinurea and further that the S:N amd Ps05:N
ratios suggest that the material catabolized during this period was

meainly muscle protein. The significance of this is as yet in doubt.



- 127 -

The work of Cuthbertson (78) and of hipple (75,102)
on nitrogen balance studies in animals (rat, dog), who have been
drained of their protein either by dietary and plasmapheretic
aporoaches, has led these investigators to believe that the source
of the increased urinary nitrogen output seen after damage to the
heal thy organism, lies in what one calls "storage"™ =2nd the other
"reserve" protein. It has been shown that even in those animals
which have been on deficient protein diets for & period sufficient
to bring nitrogen excretion to a low level and which behave after
fracture as did the animzls in Cuthbertson's experiment (78),
in which he claimed had exhausted their storage protein, a prompt
rise of nitrogen output occurred on reduecing the caloric intake,
This failed to occur in similarly treated animals after adrenalec-
tomy. 4nd further in the case of two depleted animzls concomitant
with & pre-mortal rise in urinary nitrogen excretion was a compara-
tive hypertrophy of their adrenals.

If the failure to show a rise of urine nitrogem after
trauma, with the depleted organism, were a result of a depletion
of a reserve of protein which could be catabolized, then the
supplying of the organism with amino acids and peptides - the
products of such a breakdown should be fo l1lowed by the appearance,
in the urine, of increased nitrogen, whereas iV has been shown

(221) that Mamigen" is retained in "depleted" individuals, as is

food protein.

If after injury the state of the body's previous protein

reserve was the determining role in the degree of heightened

nitrogen output, then one should be able to reduce the negative
nitrogen balance by eXo0genous intake. Some have claimed to have
achieved this (263 ), but it has been pointed out that when the

balance was achieved during injury that it was accomplished in
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patients who were "protein depleted" before the injury and as has
been shown in the experiments reported here and elsewhere (103,221)
these patients have shown an abnormal tendency to cling to
exogenous protein. lMadden and Clay (103) have maintained that it
is the depletion of protein stores rather than the lack of
"inhibition of anabolism™ which is responsible for the lack of the
manifestation of a "Protein Catabolic Process" after damage in the
"depleted animals™ and have said " that if inhibition of anabolism"
were the important factor one should expect it c«fter damage in the
depleted as well as the nomal. Remembering that the depleted
organism has been shown to abnormally cling to introduced protein
even after damage, it might seem that this was the case were it
not for the fact that it has been shown here in rats and elsewhere
in humans (219) that faced with the prospect of a fast, or in the
face of near death, both have shown an increase in nitrogen output
almost equal to that seen after damage of a previously healthy
orgenism and further in the "depleted" human case studied in this
laboratory (£19) a large pre-mortal increase in the excretion of
gluconeogenic substances occurred, whereas in the case of rats,
their adrenals, under these circumstances, underwent comparative
hypertrophy.

More likely it is the "imhibition of anabolism" that
is the factor preventing the attainment of nitrogen balance after

damage as it has been shown by others that nitrogen intake during

acute injury merely increases output (103).

In -n elucidation of the above & possible experimental
approach would be that of the evaluation of the state of the body

protein prior to an injury - such a test as yet unfortunately has

not been reported in the literature.
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It has been pointed out that the significance, either
from @ clinical or biochemical viewpoint, of the negative nitrogen
balance seen after injury of previously healthy individuals is
still unknown, Some have suggested that it is a breakdown of
protein to provide specitic fractions for combatting the injury.
It has been recently reported that the amino acid methionine may
largely prevent urinary nitrogen increases after burns in rats
(141) although similar experiments with burned humans in this
laboratory failed to confirm these observations.

On the bssis of adrenal extirpation experiments it has
been shown that the heightened nitrogen output seen in damaged
rats is absent here and that probably the cortex occupies therefore
an essential role in the mechanism of the "Protein Catabolic
Process", although here various complicating factors would tend
to observe a clear cut deduction - namely low free gastric HCL
and intestinal proteolytic enzymes and lowered overall metabolism
of the adrenalectomized rat. Taken together though, they do not
account for the absence of increased rise of urinary nitrogen
after total adrenalectomy in the face of inadequate caloric intake
and therefore it would seem that a more direct function of the
cortex per se is involved, as a lowered intske or absorption
cannot account for a failure to rise after trauma, since it weas

shown decreasing the intake actually caused a rise in nitrogen

in the intact animal.
Laestly the possibility that after trauma in the previously

healthy organism the inecreased nitrogen output might come from the
thymus and lymphoid tissue is sugcested, in view of the previously

mentioned findings of White and Dougherty (253,254) .
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SUMMARY

(1) The literature was reviewed concerning certain
metabolic and physiologicel phases ol the response to damage in
man and rat, protein metabolism, and of the functional relation-
ship of the adrenal cortex in the resistance and response to
damage

(2) In contrast to the previously healthy and adequately
fed adult "hooded™ male rats, those fed an almost protein-freée diet
until a steady low level of nitrogen was meintained showed no
increase in urinary nitrogen output after fracture of the left
femur or unilateral adrenalectomy. This confirms the findings of
Munro and Cuthbertson.

(3) Adrenal cortical extract in daily doses up to 5 cc.
(in 1 cc. doses) failed to restare the urinary nitrogen pattern in
"depleted" rats after damage to that seen in previously healthy
animals when subjected to similar trauma.

(4) It was further shown that a rise in the daily
levels of nitrogen excretion w:s consistently elicited in "depleted®
rats 48 hours after a reduction in caloric intake to belcocw a certain
level making it seem doubtful that a depletion of labile protein

stares accounted for the failure to show a rise in urinary nitrogen

after fractures,.

(5) Bilasterally adrenalectomized "depleted" rats failed
to show a rise of urinarv nitrogem on reduction of caloric intake.
There was no rise in N.P.N. in these animals, This, together with
conclusion 7, strengthens the belief in the exlistence of a role of

the adrenal cortex in this metabolic response after a damaging

stimulus, including that of starvation.
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(6) It was suggested that possibly the economy of
the "depleted" rat's metabolism accounted for the lack of increased
output after a damaging stimulus, whereas in starvation the cortex
now responded with consequent catabolism of its body tissue, It
was further shown that the adrenal of two previously "depleted"
animels underwent comparative hypertrophy after showihg a
"pre-mortal™ rise in urinary nitrogen.

(7) ‘hereas unilaterally adrenalectomized adult rats,
fed an adequate diet, showed the characteristic rise in urinary |
nitrogen after the operation, completely adrenalectonized adult
rats fail to present this postoperative metabolic picture, in
fact a conciderable fall in the level of nitrogen excretion
occurred, and further a fracture of the left femur of totally
adrenalectomized rat fails to evince any rise in nitrogen excretion
even in the face of an inadequate (maintenance) protein :=nd caloriec

intake.
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