




SO~IE ASPECTS OF NITROGEN 11ETABOLIS];I IN THE RAT 

By 

Herman Cohen 

Thesis 

submitted to the Faculty of 

Graduate Studies and Research 

in partial fulfilLment of the 

requirements for the degree of 

Master of Science. 

MoGill University Clinia 

Royal Victoria Hospital 

Montreal, Canada. September, 1945. 



A C K N 0 v.- L E D G E M E N T S 
~--- ...... ------------

This investigation was carried out 

in the McGill University Clinic. 

The author wishes to thank Professor 
. 

J. c. Meakins for the provision of 

the facilities which made this work 

possible. 

The author wishes to express his 

appreciation and gratitude to Doctor 

J. s. L. Browne for his untiring 

assistance and valuable criticism 

throughout the course of this 

research. 

The author wishes to thank the 

Banting Research Foundation for 

financial assistance. 



1. 

2. 

3. 

4. 

5. 

6. 

?. 

TABLE 0 F C 0 N T E N 'f S ------

GENERAL INTRODUCTI:)N 

lviethods in Studying Protein J:,:Ietabolism 

Significance of Urinary Nitrogen Levels 
and Factors Affecting it 

Dynamics of Protein ]~ietabolism in 
relation to "Protein Stores" 

Protein Stores 

Some Physiological Aspects of Post
Trawna tic lvletabolic Response 

Effect of Diet and Other Factors on 
I'IJ"i trogen i:'J1etabolism after Trauma 

General Su~~ary of Historical Review 

SECTION II: 

EXPERTI~Eb1TAL 

1. Standardization of Conditions 

2. Chemical Methods 

3. Diets 

Experimental Results 

(a) Exoeriment I 

(b) Experiment 2 

( c ) Experiment 3 

(d) Experiment 4 

(e) Experiment 5 

(f) Experiment 6 

PAGE 

1 

2 

? 

14 

21 

40 

4? 

61 

6? 

71 

75 

?9 

B?A 

96 

102 

lll 

114 



TAbLE 0 F C 0 N T E N T S (Continued 

PAGE 

SECTION III: 

Discussion 125 

Sumr:1ary and Conclusions 130 

Bibliography 132 



GENERAL INTRODUCTION 

After damage there is a disturbance or protein 

metabolism the extent of which has been shown to be influenced 

by the previous state of health or nutrition of tt1e animal. 

As yet the underlying mechanisms rE:gula ting these post

traumatic metabolic processes is unknov;n, 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 

observation 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 

14th day, iNhile still eating the same diet; whereas, other 

rats eating diets of difrerent protein levels did show an 

increase in the nitrogen excretion curve. In view of the 

findings in IJJ.an, t.hat accompan~ring -che high output of 

urinary nitrogen after damage of a previously healthy indivi

dual 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 discuss ion 

regarding the behaviour of protein metabolism after trauma 

and the possible factors influencing this behaviour. 
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I.1ETHODS IN STUDYING PROTEIN ~/J£TABOLIS11 

In 1842 Liebig (1) first. suggested that urinary 

nitrogen might be used as a measure of th6 utilization of 

protein by the body. This approach consists in measuring 

the difference in nitrogen content of the ingested food 

and that of excreta (mainly 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 natter consists of:-

A large bulk of bacteria (approximately g;·,o 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 investi~tions 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 (6, 7) have demonstrated 

the production of experimental ulcers in rats and mice by the 

aQministration of low or protein-free diet otherwise adequate, 

and Weech and Paige {8) reported similar findings in dogs. 

And therefore, in the experiments with low protein diets here 

one must bear in mind the possible double effect 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 excretion. 

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 ~Nertheimer ( 9) in vvhich 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, a state remedied by administration of cortin. 
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Generally it is common practice in balance 

experiments to estimate the fecal nitrogen as 10% of the 

total nitrogen intake. 
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OTHER l\1ETHODS FOR STUDYING I.NTERl~=EDIARY ~-.:ETABOLISL~ OF PROTEIN 

Angiostomy: 

A technique devised by London (10) who prepared 

fistulae 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, -CJhe manner in v~hich 

the organ handles the introduced substance. 

Growth: 

l)Ie0 sure 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 1w1endel (11) and later in 

the classic studies of Rose (12). 

Perfusion of Isolated Organs: 

A procedure devised independently by Emden and Knoop 

some years ago - consists irt studying an isolated organ, which 

has been removed inGact and through which is circulated ph'jrsio

logically isotonic fluids which keep cells alive for some time. 

To this fluid may be added substance whose metabolism may 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. 
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Tissue Slice: 

Tn' 1· s t h · ec n1que, revised by ~arburg, modified by 

later investigators, notably Dixon, consists in measuring, 

manometrically, the ratio o2 consumption and co 2 production 

of tissue slices in~1ersed in a suitable physiological medium; 

the desired substrate may be added to this medium, and the 

effect on tissue respiration noted. 

Plasma Pheresis: 

In the hands of Vfuipple 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 weirht ,have be en shovvn to be 

treated in the same way as those compounds ~hich 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 vv i th radioactive i so to pes and measures 

the latter. 

Enzyme Isolation: 

Certain aspects of protein metabolism have yielded 

fruitful results by isolating f'rom tissues the enzymes involved, 

such as arginase in urea formation, but as yet this field is 

relatively undeveloped. 
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SIGNIFIC.nl\fCE 0~, -UHII'1~RY NITROGEN L1VELS ~~=·m ~~CTORS AFFECTING IT 

Liebig (1) believing that protein contained nitrogen 

as an integral component, suggested thst 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 (mainly 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 (lo,l6) that atmospheric nitrogen was not utilized by 

the body, nor was any "metabolic" nitrogen lost in respiration. 

Until the v1ork of Schoenheimer, the prevailing vieN regarding 

the metabolic importance of urinary nitrogen was succintly 

stated by Lusk (1?) "That urea, the principal end product of 

protein breakdown was shown to be not an adventitious product, 

but one normally proportional to the protein des true tion". 

However, vvi th the da111onstration of' the constant 

d~rnamic interchange of chemical compounds v~Jithin 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 excretion actually represent? It might be that 

nitrogen which the tody for some reason or other cannot retain, 

and as Schoenheimer has stated (19) "The nitrogen excreted by a 

normal animal in nitrogen equilibrium is a sample or thE:: pool 

originating from the constant and rapid chemical interaction 

of food and hody proteins tt, and it can be no more than the 

minimal level of catabolism of nitrogenous compounds. 



- 8 -

In previous discussion evidence was presented ~hich 

showed that the feoal nitrogen is relatively constant and ~ithin 

certain limits, independent of the nitrogen content or the diet 

and other extra-renal loss of nitrogen (sweating, hair loss, etc.) 

is not sufr ici ent 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 vvhich 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 tha-t: 

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 different amino acids) performs 

certain functions relating to growth and maintenance, func~ions 

which no other nutrients are capable of carrying out. 

That one of the limiting factors of the nutriti~nal 

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, l\icCoy and lvieyer { ;:~.3) emplo;red synthetic diets, 

the nitrogen of \~ich was furnished by a mixture of crystalline 

amino acids. At first the~r 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 unknovvn amino acids were 

lacking, and studies along this line led to discovery of the 

amino acid, threonine, which, when added to the then mixture 

or crystalline compounds, indu~ed 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 

gro\i;th in the rat. The absence of one of the indispensable 

amino acids will block all protein synthesis, and a relative 

deficiency in such an amino acid will permit only a subnormal 

rate of synthesis. 

Another important consideration in the evaluation 

of the nutritive value of any protein is its digestibility 

and the concomitant availability of its amino acids from the 

gastrointestinal tract. 

Therefore, the degree to VJhich amino acids of the 

intake fulfill the requirements of the body, will under certain 

conditions determine in part theamount of their nitrogen 

a pp ea ring 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 

precursors in order to supply energy which would otherwise be 

derived from carbohydrates and fat. 
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11etabolic 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 \Nhen no nitrogen, 

but sufficient 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) 

14th day of starvation 7.78 
lst t1 on cream (300 cc.) ' starch ( 400 g.} diet 7.43 
2nd " t1 " " " " tt tt " 3.58 
3rd tt tt " " tt t1 " tt " 2.84 

Here the nitrogen excretion of an individual \".;ho had been 

fasting for 14 days is ?.78 g. and is reduced to 2.84 g. after 

3 days intake of 400 g. starch per day. 

Carbohydrate exerts a specific ~sparing actionH 

quite apart from the fact that it furnishes energy, for the 

"sparing effecttt exhibited by a given quantity of carbohydrate 

cannot be accomplished by an amount of fat possessing double 

the caloric value (26) the difierence 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 comiilOn 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 at a minimum. However, merely by the ingestion 

of food and ·with no accompan:,ring ph~rsical exertion, the heat 

production of the subject rises above the basal level in amounts 

up to 30%. This phenomenon was already known to Lavoisier (2?). 

There is a dynamic action involved in the metabolism of all 

nutrients, whether carbohydrate, 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) v-,1hich refutes this prevailing 

belief. Forbes and Swift (29, 30} have shown that contrary to 

general belief, protein was not shovJn to dominate the dynamic 

eft·ects of nutrient mixtures. Rather, ls.rd v;as 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 ef"Tect of diets are 

not the adaitive dynamic efrects of their components. In fact, 

there is probably no one value for the dynarnic effect of protein, 

rat and carbohydrate, the dynamic value of each depending on the 

amount of the other two being simultaneously metabolized. 

Temp era tu re: 

The influence of enviro~mfntal temperature upon the 

metabolism of an organism must be borne in mind in any metabolic 

studies. Goto (31) Ter1·oine and Trautman (32) and Houssay and 
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Artund (33) have Shown that above 280 or 30o c. the heat 

production of rats increases {adult male or female rats). 

Horst, J. .• J:endel and Benedict (34, 35) in a re-examination of 

tl1is problem have shovvn 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 

appreciable variation in basal metabolism. Hence, this con

tributing 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 ~he basal 

metabolism of these animals. 

follov.:s: 

The conclusions reached in these stuaies ~ere as 

1) The metabolism of adult male rats increased, on 

the average, 7.3% per defree decrease in environ

mental temperature below 30° C. (or 0 :F'). 

2) At thermic neutrality the metabolism of female rats 

was lo··J~E-r than that of males, both at young .end 

adult ages, and ~_,-._ i th both sexes the metabolism 

decreases ~nith age. 

Level of Urine Volume: 

In view of tl1e fact that the products of ea taboli sm 

are excreted in aqueous solution in the urine, the levels of 

urinary nitrogen are renorted to be affected 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 (3?) and Peters snd Van Slyke share this 

view (08). l~=arsl1all (39) reported that twenty fold increase 

in urinary volume induced by the ingestion of very lsrge 

quantities of -;_·,ater, lead to a two-fold increase in urea 

elimination in the urine. 

On the other l1and .l"~acKay and 1~acKay ( 40) have shown 

that vvater deprivation caused an increase of urea in the urine, 

especially V·jhE!n deh·ydration is produced -by intravenous admini

stration of concentrated sucrose solu~ions. 
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DISCUSSION OF T'HE DYN.P~NliCS OF PROTEIN IviiT}.BOLIShi 
IN REIAT ION TO PROTEI~! STORES. 

One of the earliest statements put forth as to the 

nature of protein metabolism was that of Pfluger's (41) V·Jhich 

is essentially s modification of an earlier one by Lieb1g (1) 

in vvhich he believes that there is a decided difference betvveen 

circulating protein and living protoplasm; the former being 

comparatively stable toward oxidizing agents, v.:hile the latter 

is in a 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 process which is supposed to constitute 

the most fundamental chemical decomposition of protein catabolism. 

Pfluger's attitude with respect to the above 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 solution, i.e., without having acquired the structure 

of living protoplasm. A view more in keeping v·.i th that of Vo it 

( 42) ·which was first formulated in 186 7, and ha lds that the 

protein of the absorbed food passes through the blood to the 

diff-erent tissues and cells ~_:;nd is there catabolized under the 

influence of living protoplasm, but without first becoming an 

integral part of the latter. 

o. Folin (20) in a presentation of a new theory of 

protein metabolism, interpreted Voit's statement as meaning 

that "living protoplasm is in a state of suspension, the cir

culating protein is in solution, and the chemical decompositions 

that constitute protein catabolism take place only in solution. 
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The small amount of living protoplasm ,Nhich dies in the 

course of 24 hours is at first only dissolved, thereby becoming 

a part of the circulating Drotein derived directly from the 

food". 

In 1905, Folin (20} sfter 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 tvvo forms of protein 

ea tabolism v:hich v·:ere essentially independent and d if1'erent, 

one being extremely variable in quantity and the other ~eing 

constant. The former yielding in the urine, chiefly urea and 

inorganic sulphates, no creatinine and no neutral sulphur. 

The lat~er, 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 organism, in nitrogen equilibrium, 

is restricted to the re9lacement of an increasing "wear f·ind 

tear" or endogenous quota. This quota corresponds a!!proxi

mately to the minimum excretion of nitrogen, on a diet con

taining lit-cle or no nitrogen but otherwise adequate. ~,,,·;hen 

more than this minimal quantity of protein nitrogen is ingested, 

the excess over the endogenous requirement is considered to 

be quickly catabolized and apnears in the urine, mainly ss urea. 

Some 7ears later, experimental data began to apnear, 

which contradicted Folin's, now clsssical, theories re~arding 

protein metabolism. In 1913, ~~IcCollum and Hos.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 increasing the creatinine fraction, and likewise 

Teroinne, Bonnet, Damn.anvill e and 1Jlourot ( 44) argued that vJhen 

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 er ea tinine. 

Folin's concept of protein metabolism was found 

lacking in the development of other aspects of protein metabolism. 

11cCollum (46,47), Osborne and }~endel (48) and 1'Iitchell, 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 

to these authors is to supply compounds such as essential amino 

acids for specific and indispensable but non-protein use. :dhen 

these are supplied from the diet there is no need for the nreak

do~n of the tissues. 

A complete break from Folin's classic concept was made 

in 1935 when Borsook and Keighley (50) proposed a new theory of 

prate in metabolism completely difter ing from Folin 's view. 'I'hey 

states that in an animal in nitrogen equilibrium the breakdown 

of intracellular protein is continually in progress even VJhen 

abundant quanti ties of amino acids are obtainable 



- 1? -

from the diet. This breakdo•Nn bears no "wear and tear" 

connotation, it greatly exceeds Folin's endogenous quota 

and is dirEctly proportional to the level at which the 

nitrogen balance has been set at by tr.e previous dietary 

history and therefore, as a consequence, in nitrogen balance, 

a corresponding quantity of amino acids is synthesized into 

tissue protein end peptides. ~ .. ·Jhen 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 ·~··.-hich is the ttcontinuing 

meta'bolismt• nitrogen or the above authors. 

This new theory was based on two lines of experi

mental evidence, Experiments 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. Ih view or the fact that 

nitrogen balance was maintained, an incressed "endogenous meta

bolism" could not be invoked to account for a sulphur excretion 

in excess or endogenous levels. 

Other experiments indicated that, over one day 

periods, whether the body nitrogen is spa red by a protein or by 

non-sulphur-containing amino acids or a~~onia, the same 
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amounts of sulphur and, by inference, of nitrogen are con

tributed to the urine by tissue sources. These contributions 

from the body could not have come f1·om the pool of circulating 

free amino acids snd must have come from protein snd peptides 

because concentration of the former in the tissues is remark

ably con8tant snd independent of the dietary state snd remains 

unchanged even in starvation (49 51 52 5~· 54). , ' ' ' 
Even before isotopes were available for tissue studies 

it was necessary to envisage extensive synthetic processes con-

tinually in oneration and greatly in excess of those reauired to 

replace the losses of the nwear and teart' quota of the classical 

theory. 1Iadden and vVhipple (55}, from their experiments on 

plasmapheresis and replenishrnent of plasma prolielns, conclude 

that a dynamic equilibrium exists in the body wherety proteins 

of the plasma, liver, and other tissues are constantly exchanging. 

Schoenheimer and collaborators (18) using Nl5 as a 

tracer, furnished direct evidence that nearly all proteins of the 

body are continually undergoing s~rnthesis and breakdo\~n. In t:,1e 

liver and intestinal mucosa, more than half of the protein is 

broken down and resynthesized in ten days; in the muscles it is 

slower, and still slower in the erythrocytes. 

Schoenheimer et al (66) using glycine, 1-leucine, 

d-leucine, and dl-tyrosine labelled with N15 , found that the rate 

of incorporation of dietary isotonic nitrogen in plasma proteins 

was approximately the same as in the proteins of the kidney, liver 

and intestinal tract. All fractions of the plasma, fibrinogen, 

euglobulin, ps eudo&:lobulin and albumin, interchanc ed N15 at the 
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same rate. In contrast to the plasma proteins, porphyrin and 

the proteins of erythrocytes exchanged N15 very slowly, indica

ting that the cycle of degradation and synthesis of Hb 

is much slower than in organ and muscle proteins. 

Tarver and Schmidt (57) using radioactive 3·., as a 

tracer, obtained results similar to Schoenheimer and reached 

the same conclusion, viz., a continual synthesis and breskdov:n 

of bod3r protein, the rate var~ring in di-fferent organs and \Ni th 

dif!*erent proteins. 

I~:litchell, Burroughs and Burroughs (38) in criticizing 

Schoenheimer's conclusions, maintained that "In all likelihood, 

the chemical reactions that Schoenheimer has detected by means 

of isotope nitrogen, between dietary amino acids :_lnd 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 Sch:nidt (57) shov~·ed that no 

separation can be made bet\Neen fixed ~:~nd ttreserve", that is 

labile, tissue prote-in. Th ejr fed methionine containing radio

active sulphur to rats fasted 3 to 8 days, and to dogs fasted 

8 days and to und radioactive sulphur in the proteins of many 

organs. 

The last remaining support of the classical theory 

was removed vvhen Bloch, SchoeD.L1.eimer and Ri ttenberg (58A) 

found that urinary creatinine is derived only from 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 nevv theory, the protein 

sparing action of CI-IO occurs in the well nourished animal as 

well as in the starving animal and was verified experimentally 

in the dog b~t Larson and Chaikoff (o9) and in man by Cuthbertson 

et al (60). Larson and Chaikorf observed in do~s, 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 be expected because in well fed animals in 

nitrogen equilibrium, the n;"'\lear and tear" quota is supplied 

by the diet, and the re1nainder of the dietary nitrogE-n is the 

exogenous and should be quickly catabolized. 

In summation:- the growing body of experimental 

evidence points to a dynamic concept of protein metabolism 

vvhere even in the fasted animal there is an active and s1mul

taneo1:;_s breakdown and res:rnthesis of protein. 

To introduce the concept of nlabile" or "reserve" 

protein at this point might seem unwarranted, as there is an 

implication in the terms "labileu andnreserven that this protein 

is somehow dif1:erent from the main n1ass of body pro-cein, a point 

seemingly in contradiction with the results obtained DY 

labelling s and N, although a v~~=st amount of evidence, apnears 

in the literature to supnort the concept of reserve protein 

store. 



PROTEI~! STORES 

The reserve store of protein may be defined in the 

manner of ~viadden and .. ~ihipple (55) "As all protein vvhich may be 

given up by an organ or tissue under uniform conditions without 

interfering v.ith organ or body functiontt. (l'To difr erence physiol

ogically or anatomic·ally from rest of body proteins). 

Many investigators believe that to justify the term 

the stored protein should exist as a ph:rsic:-1.lly demonstrable 

entity comparable to glycogen sn~-; fat intracellular masses, and 

some claim to have found such -~rotein deposits (61 ,62), these 

observations remaining, as yet, unconfirmed. The car.::~ful 

analyses of Luck (63) of thE protein of the ra·t liver after 

storaf-'e has been 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 mathematical treat

ment of the lag in attainment of nitrogen balance in passing 

from one level of nitrogen intake to another. I·/~artin and 

Robinson (64) discovered the relation that the utilization of 

the stored nitrogen follows the course of a first order reaction; 

only the ttlabile nitrogen" undergoing this rate of catabolism 

because this first order degradation stops abruptly long before 

any significant loss of body protein occurs (45). Other early 

evidence of a storage of t'labile nitrogen" is given by Chambers 

and ~Eilhorat (65) in vvhich they show that in normal exercised 

dogs the extra urinary nitrogen apnearing from vvork can be 

completely spa red by carboh~rdra tes. It gradually d is a pnears as 

the fast of the animal is continued. 
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CuthbErtson et al (60) showed that in adults, the 

superimposition of various proteins (for one day) on a b.'j_sal 

diet, ~v..·hich h~1d 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 sulphur 

bore a quantitative relationship to the total increment in the 

energy value of the diet, the retention of the nitrogenous 

material diminishing \!l.rith tin1e. On resumntion of basal conditions 
L 

thE retained nitrogen was eliminated at a slow even rate. 

That the nitrogenous metatolites are stored as nrotein 

appears probable from the \!\'eight of evidence reviewed by Borsook 

and Keighly (50). These investigators present new data to 

indicate that in an adult man in nitrog·en equilicrium and a 

urin·:-ry nitrogen excretion of about 10 grams daily, about h.glf 

of this nitrogen comes from catabolism of stored protein, -~~he 

extent of which storage is a function of the previous dietary 

history, this fraction being termed the "continuing''nitrogen 

metabolism. In this dynamic picture, extensive synthetic 

processes involving amino acids balance the ea tabo lie portion 

of the "continuing" nitropen metabolism. 

That general protein body "stores" might exist is 

indicated in the vvork of Addis, Poo 2nd Lew (66,6?) \1\iho measured 

the decrease in the protein content of various organs in rat fasted 

over a period of days. They observed that the proportions of the 

original protein content lost by V?trious organs ·was widely different, 

the liver losing 40%, prostate and seminal vesicles 29%, heart, 
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kidneys, drawn blood and alimentary tract 18-28%, muscle 

skin and skeleton ?')~ani bone 5/o of its protein content 

respectively, and also approach the problem from the opposite 

viewpoint, that is, the superimposition of protein in various 

organs on difrerent 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, 2?, and 43% protein, 

the greatest total gain in body protein occurred surprisingly 

enot1_gh, on diet containing only 27ro protein... Each organ and 

tissue had its ov·.;n mode of reaction to an increasing supply 

of food protein. 

Luck (68) has also shown that the administration of 

hign protein diet to various animals resulted in enlargement 

of the liver and an even greater increase in 1 ts protein 

content, and brings forward two possible interpretations of 

this observation: 

nthe liver can be said to convert the rich influx of amino 

acids 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 lJerial, represents an increase in functioning hepat.ic 

material" - a view more in keeping with the observations of 

Schonheimer {18) and Tarver and Schmidt (5?). -~/vhether the 

increase in liver cells occurs to handle the increased work of 

deamination and urea forn1ation (68) to vvhich it is novv subject 
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remains problematical, although it has been shovvn that during 

fasting the liver is one of the first organs v\'hich most readily 

sacrifices its protein content. ( 65) • 

That the liver has no "storage'' protein v~;hich is 

di stinc ti ve in 1 ts phys iologic properties and chemical dif .ceren

tiation is supported by the following observations: 

(a) Grund (69) did not observe any change in PfN ratio of liver 

in fasting. 

(b) Lee and Lewis ( 70) failed to find a110r significant change 

in the relative amounts of cystine, tryptophane and tyrosine 

in liver, kidney or muscle protein with change in nutritional 

state of the animal and more recently Kosterlitz and Cramb (?1) 

found no significant change in either the protein nitrogen in liver 
Pbospbolip~d phosphorus 

or muscle protein nitrogen 
muscle protein phosphorUs 

of rats fasted for 2 days. 

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

proteins increas~d equiproportionally with increased protein 

intake and none of the liver proteins could be singled out as a 

reserve, labile or cell inclusion protein in the clas~ical sense. 

(d) "'·1.nd last but not least, Tarver and Schmidt (b7) working vvith 

radioactive sulphur showed that no distinction could be made 

between reserve store (i.e., more labile in resnonse to fasting, 

da~age, etc.) or tissue proteins. In the fe8ding of methionine 

labelLed 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 problem 

is the one employed by V/hipple and eo-workers (?2) - namely, 

"plasmapheresis". From their experiments (to be discussed r,elovv) 

they conclude ttThat 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 first demonstrated by 

1viorawi tz { 72A) in 1906, ·when he found that regeneration of the 

blood plasma proteins occurred during fasting follo1A·ing their 

acute depletion by bleeding. He combatted anaemia by injections, 

simultaneous with the bleeding, of an equal quantity of red 

blood cells suspended in Locke's sol ut ion to v\1hich 31~ gum 

acacia had been added. This was the first use of a technique, 

later called "plasmapheresis" by Abel, Rowntree and Turner (73). 

IV!orawi tz f.Jund that by a large one-stage plasmapheresis 

the total plasma proteins of a dog could be reduced to about 

2?o and that return to a nor1nal level occurred during fasting, 

in 2 days in one instance and in 4 days in another. In the 

second instance,the dog was depleted again at 4 days, this 

time the reduction of the total plasma concentration to 3}b, 

and regenbration W'?,s observed, reaching a level of 5.4% in 

3 days, (the normal being 6-?!o) all in the fasting animal. 

By another method, ~.~lhipple et al (74,?o,?6,??) have 

measured vJhst they term "the reserve store of r;lasma protein 

building material" - one the t may not be s~rnon3rmous vvi th the 

labile store that Cu thber ts;on { 78) claims. 
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The method and the calculation determining 0his 

store have been described in detail by .L1adaen et al ( ?2} 

but a brief summary vvill sufr·ice here. The normal dog is 

depleted of circulating plasma protein by dai i.y plasmapheresis 

while consuming a constant basal diet low but adequate in 

"?rotein. -~ii th the norn1al dog it vvill be found necessary to 

remove more plasma (and plasma protein) in the initial days 

or ''iveeks of the regime than in subsequent weeks in order to 

maintain a steady hypoproteinemia. Tl1is "excess quantity" of 

plasma protein removed in the first weeks of a prolonged 

period of plasmapheresis represents the "reserve store". 

It is a 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 plasma protein in a 10 kg. dog), its 

measurement being graphically represented in IPig. 1. 

Table taken from Madden and 'v"fhipple 

PLASMA 
PROTEIN:~ 
~ g Depletion of the. Reserve 5tore 
~·~0 
.~~~ 
~ ~o6 
~~~ 
u g~ 
.~ ~l!j 4 
Oo 

0 

Fig. 1 
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The excess production noted in the initi2l 4 weeks (Fig.l), 

must be attributable to protein materials present in -r;r1e body 

at the start of the experiment. 

Fasting experiments have yielded valusble results 

and have been carefully studied in 'i'ihipole's laborstor;;. 

Given a standard am emic dog fed an optimal oral dose of iron 

v.·i th sugar and fat but no protein, they obtain 40-50 grams 

new haemoglobin each 1Neek for several weeks. Obviously the 

protein (globin) must be formed to a consieierable degree from 

body1 stores presumably held in cells in some protein form. 

Such dogs show less nitrogen in the urine 8specially in the 

urea-ammonia fraction as compared with normal non-anaemic 

con_trols. This mir_ht indicate that the precursors of urea vvere 

utilized to some extent in the building of new haemaglobin 

under these conditions (i.e., a shift of body protein or 

breakdo-wn products thereof) somewhc··.t reminiscent of jAiescher 's 

( 79) obs ervc. t ions v. i th salamanders, -vvl·1ere he observed the. t the 

influence of diet vvas only of secondar·y importance in the 

restitution of amputated limbs in these animals receiving no 

food, regensrated their limbs as rapidly as well fed snim~~ ls. 

Howes (PO) found th.3t 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; mit_ht infer 

that the animals have drawn upon ureadily available stores" 

for the reparative processes. 
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From the experiments of i··)hipple et al, 1 t may be 

estimated that normal dogs have different materials in 

storage to form a quantity of plasma protein one to two 

times that normally present in their circulation. This may 

amount to as 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 fa sting ( ?:.:_,el,82} and probably more 

nearly represents what the animal can produce 1Nhen the only 

demand on the stores is for plasma regeneration. Dogs once 

subjected to plasma depletion and thereafter allo'.r._ ed to return 

to normal, exhibit larger reserve stores on subsequent 

depletion (?2). 

Otber experiments performed in ,·~nipple's laboratory 

reveal the process of nstor3ge of plasma proteinn forming 

materials. Such stores can be exnerimentall'.r induced and 
~ ~ 

reduced quantitatively. 
I 

In a standardized protein depleted dog, plasmapheresis 

was disc on tinu.ed for 2 weeks a·nd materials vvhi eh ordinarily 

would have been removed as plasma protein were stored in the 

body depots, to be removed quantitatively as new plasma protein 

during the subs e·qu ent 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 

obs erva ti ons in a previously depleted dog that ~= te over 400 

grams of raw pork kidney in one bri~f meal (?5). The dog 
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conserved the nitrogenous constituents of this single meal 

as efficiently as it subsequently did a somev.ihat similar 

quantity consumed over a period of· ? days. 

Using somcv·,ha t similar techniques l\lelwick, CoV.'fill 

and Burrack ( 83) , have found that vtJhen dogs are fed a protein

free, adequate vitamin and caloric diet and v·.hen simultaneously 

subjected to quantitative plasmapheresis, '."~'hereby a basal level 

of serum protein concentration was reached and maintained 

constant, then the dog is able in one week (v,;i th the above 

dietary) to regenerate 20 to 30}'o of the total c?mount of the 

blood protein normally present in the plasma, which they infer 

is the "reserve store of serum protein 'building materials 

normally present in the circulation". 

These "reserve stores" can be replenished snd the 

8nimal kept in nitrogen equilibrium not only by the adminis-

tra tion of an adequate diet but also by the intravenous in

jection of homologous plasma ( ?4). .L~lso during a fast a dog 

produced {3Q-;jQ grams of new haemoglobin v\'i thin a week :: nd 

another dog, ~\,vhile fasting, was able to regenerate new liver 

cells in repairing extensive hepatic injury due to chloroform 

poisoning (84). 

It is also interesting to note at this point that 

plasns can contribute to the body's nt:eds and may be considered 

in dynamic equilibrium vJith body tissue protein as has r'ec:n 

noted by T~'lhipple et al, that various dogs could be kept in 

nitrogen and V'Jeight equilibrium 'b;r intravenous plasma injections 

with oral fat and carbohydrate supplements (?7,85,?4). 
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This vievv is in keeping v:ith that of Schoenheimer (56) 

VJho, using glycine, 1-leuc ine, dl-leuc ine and dl- tyrosine all 

labelled with N15 , found that the rate of incorporatLn of 

dietary isotope N15 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 plasma proteins, 

viz., fibrinogen, euglobulin, pseudoglobulin and albumin int~r

chang ed Nl5 at the same rate. 

From the above experimental observations Madoen and 

Vihipple (5o) conclude "a part of the body protein forms a reserve 

against adversity in the sense that it can be circumspectly de

pleted VJi thou t apparent injury to the 'body. 'l1he supplies of 

amino acids coming _crom outside the body, and tr1e demand for 

protein material within the body are in a constant state of 

balance v.1i th these protein ttreserve stores", a dynam._ic 

equ ili briumtt. 

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 between the protein depot - a dynamic equilibrium 

( 86). 

Borsook a.nd Dubnot:r (87) Schoenheimer and Ratner (88) 

have independently suggested, and a reconciliation between the 

two may be in that the "labile" nitrogen is not distinguished 

primarily by a difl·erence in composition, but by its location, 

as many attempts have been made to distinguish this "l::::,bile" 

protein from "fixedt' organ protein. All these at~empts have 

failed (63,?0,89,90). Some organs, the liver, intestine, and 

kidney, change in size and protein content quickly vvith changes 
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in level of dietary protein. The "labilen protein vJill then 

arise in the cour~c of a fast, 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 ~re 

ap preached, larger amounts of nit rag en v·;ill 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 maintaining the 

characteristic and constant concentration of free amino acids 

in the blood and tissues snd, in so doing eventually be 

ea ta bolized. 

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 sloV~Jly, ·:;_nd hence its composition 

and the }JjS ratio in the urine v~·ill ch?inge. This explanation 

is in accord with the failure to indetify any definitive 

"reserve" protein with the changing ~/S ratio of stored nitrogen 

and urinary nitrogen in the course of a fast (45,91,92,93), 

vvi th the variations in protein content of different organs in 

the course of a fast and on subsequent feeding (64,94,95), and 

vvith difrerent rs tes of interchange of isotopes of dif:terent 

organs (18,57). 

One is temptE'd at this point, to ask then v·.~hat is the 

determining factor ~.i-v·hich 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 the.t the latter is im:-~ediately utilizable and the 

former being less readily available in anJr EP~ergency

fasting, post-damage, etc. As Youmens (96) emphasizes 

"recent studies ~ith isotopes indicate thEt there is a general 

pool of nitrogen formed from dietary and reactive body tissue 

nitrogen from which protein may be formed for any purpose. 

\Vith more severe defi:~iency the tissues of the body are dr::_v'n 

on for protein to supnly the most necessary purposes, the le:ss 

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 parenchynal cells 

of such organs as the liver seems to be affected 1:::. stn. 

If one agrees to the above mentioned classification, 

then it may be noted that in the utilization of the "reserve 

stor·e" for general nitrogen requirements or ~·or plasma protein 

forrm tion, it is characteristic that a large bulk of the store 

is used early and rapidly. 

{1) Addis, Poo and Lew (66) found th~t half of the 

total protein of the liver to be lost during a ? dsy fast, is 

lost during the first t~NO days. Considering that 4o-:~ of the 

protein content of the liver of a rat is lost during a ? day 

fast (6?), liver storage protein appesrs readily available. 

Its rate of conversion is probably no greater, ho¥Jever, 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% -.:·.i thin the first two days. Its rate 

of conversion is probably no greater, hov.'ever, 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 (?2,82) the rate 

or regeneration ~rom stored protein was most ranid in the 

first few hours. 

(3) In the depletion of the reserve stores {72) the 

larger proportion is removed during the initial ~eek or two, 

but similar quantities may continue to be contributed by them 

for as long as five or six weeks. 

An explanation for t-he above is contained in the 

proposal advanced b~r Lfadden and :_'/hipple (~J) "When the steady 

state existing between body protein supply and demand is dis-

turhed the rate of reaction in dir-ection 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 VJill ~-e converted at a 

fast er rate than when the mass is diminished, other things being 

equal. ·l'herefore, under such a concept the "labil en portion 

is merely that portion of the •'reserve sto.:.·e" vvhich is mobilized 

first and fastest and in other respects is not difrerent from 

the t made available more slowly. 
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A curious fact which bears upon the plasma formation 

is the remarkable increase in blood cholesterol 'A.hich is 

observed during the hypoalbuminemia of nent.rosis ::1.nd is also 

alleged to occur during experimental hypoprotcinemia (97). 

Its signifi ea nee is, as ~ret, not clear. 

Another experimental approach, although more direct, 

in favor of the existence of a readily available nrotein 

"reserve" is that of EacKay et al, (98). He and eo-workers 

have sho.·.n that the fasting ketosis of rats is more severe, 

the lov;er the protein content of the preceding dit-t, apparently 

because the prior protein intake determines the amount of 

reserve protein availahle 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 gl;rcogen and blood 

sugar, as viell as sho.· ing lower levels of kctonemit1, than rats 

on a prior low protein intake. 

Worthy of mention at this point are experim~nts 

independently conducted in the laboratories of v'Jeech ( 99) and 

~lman (lOO). Eoth observed a pronounced fall in the concen

tration of thE albumin fraction of the ple sma in dogs fed a 

protein deficient diet for three weeks end a similar but 

sms 11 er fa 11 occurred in the albumin fraction of dogs fasted 

completely, the g~obulin fraction remeininf unchanged. A 

return to adequate feeding is follo\:' ed by albumin regeneration. 

The less pronounced hypoalbuminemia in the animals completely 
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fasted ws.s accomt:anied by an increased blood cell volume and 

VJas therefore, due in part to dE.hydrat ion. If there is such 

a thing as deposition or reserve protein, it certainly fails 

to manifest itself under the conditions of these experiments. 

1J1elnickm Cowgill and Burrack (83) re norted a dog 

VJhich was subjected to plasmapheresis and lov~,- protein diet. 

This was carried for a period of oO days until 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 wss actually due to regeneration 

of the blood protein and not to hemoconcentration as evidenced 

by relative plasma volumes. If therefore, one assumes a steady 

low level of hypoproteinemia (ea. 4 grams ~) as indicative of 

deplt::ted protein stores as do L.i.adden and ·:·~11ipnle (55) then in 

the above example the animal is drav·:ing upon sources other than 

these during the fast. 

Turning our attention to the effect of loivv or protein-

free diets on urincry nitrogen excretion in rats and dogs, the 

recent reoort of Cuthbertson and .~.,.unro ( 78) is of interest. 

They fed rats a protein-free diet until a steady low level of 

nitrogen output was main-cained. 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 lev.els of protein intake. 

The.y concluded, therefore, that the excessive output 
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of urinary nitrogen, following injury (in rats fed diets 

containing adequate protein) arises from a readily exhaustible 

labile protein reserve. 

0 ther similar ob_s erva t ions have been made by various 

authors (101,?5,102). A dog with long standing anaemia (101), 

whose so-called reserve store was considered depleted by 

frequent bleeding until a steady low level of haemoglobin 

eo ne en tra tion had been reached, on b (:i ng 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 anaemic dog as was in the normal one in response to 

abscess formation. Tl1e same was observed in dogs made hypo

proteinemic by plasmapheresis (75). 

In the period immediately following trauma (fr~·:cture, 

abscess formation) the absence of increased urinary nitrogen 

1 evels (vihich is the observed resoons e of a previously heal thy 

individual) may be due to: 

(l) Depletion of stores, \mich Cuthbertson (?8) and 

Madden and Clay (103) maintain is the source of extra urinary 

nitrogen excreted after damage in the previously healthy 

organism. 

(2) The low or absenee 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 onl~ 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 "depletedn animsl 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 (?8). 

The evidence for (3) lies both in the writer's 

observations (under experimental section) and in an observation 

of :Nee eh, Goettsch and Reeves ( 104). A dog was maintained on 

a protein-free, otherwise adequate diet until 1>oth the serum 

albumin and total plasma had reached a steady low level 

(globulin remaining fairly 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 

f'or ten succeeding days, except for salt and water given by 

gavage. rrhis anorexia was not associated v~Ji th fever or 

infection and during this period of fasting the 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 vvi th no evidence 

of hemoconcentration. 

Here, therefore, is a dog whose reserve stores were 

supposedly depleted, regenerates, during a ff_;_st, serum nrotein 

and ea tabolizes tissue protein with consequent increase in 

urinary nitrogen. In subsequent course of events \Nhen the 
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dog began to eat voluntarily the serum protein and alQUmin 

grc' dually declined as during the early days of the experimen-r;s. 

It vvould, therefore, appear that "vhen a "depletedtt 

animal is subjected to an injury which does not threaten its 

immediate existence, it conserves those nitrogenous metabolites 

which are dra-r .. vn u_TY"\n to t · t t b 1 ~ mee 1 s me a o ic requirements during 

fasting. 

(4) It might be that in the ndepleted" organism a lack 

of response on the part of the adrenal cortex to put out 

increased amounts of gluconeogenic substances efter damage 

might explain in part the failure to observe a rise in urinary 

nitrogen durint:;· this period, either due to a trophy 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 hypoproteinemia in rats {105,106). An ot~er-

wise lovv or protein-free diet is however ~~.i thout efrect on 

the plasma protein content in rats. 

In the experiments of Cuthb(rtson the rats v~ere 

damaged on the 14th day of feeding of the protein diet. In 

the ~ork 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 1o·w urinary nitrogen 

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

In vievv of the f·-:ct that hypoproteinemia due to 

deficiencies in dietary protein cannot be prevented by body 

tissue protein or sOE1e other source. of endogenous protein, 

the concept of reserve protein may nerhaps not apply to the 

lack of an observed catabolic process occurring after damage 

in "depleted" animals. 
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SO~~b PHYSIOLOGICAL ASPECTS OF POST 
'1'&\.Ul\IATIC ~· .. ~LT.ABOLIC RESPONSE. 

The metabolic response to inj'ury, being a complex 

one, is arbitrarily divided into several phases. Hirst, the 

loss of tissue substance and varying degrees of cellular 

damage at the site of injury. This represents an im~:lediate 

loss of protein and other cellular and intracellular substsnces. 

The metabolic activity of neighbouring cells is disturbed and 

therefore need arises for amino acids to -{·eplace or heal the 

injured tissue, I,.J1ich vvill vary aceording 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 increasts, leading 

to -vvhat has been called "reactionary oedema« and 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 and depending on 

the nature ~nd severity of the wound and the loss of blood or 

plasma externally or into the tissue spaces, there vvill be a 

period of reduced blood volume and ttoligaemic shock" may develop. 

This phase of post injur;r metabolism is characterized by a 

definite metabolic depression during -vvhich the blood flo"(N to 

the kidney, liver, Etc., is cut do·v1n to prE-serve the circulation 

of the more vital centers and the function of these organs 

suffers in consequence. 

That a general depression of metabolism occurs during 

this period of traumatic shock h~s long been recognized 
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Declasse (10?) in 1s:~4 (,_./ and i,""eltzer (108) in 1908, and has 

been sho',,n by 11endcrscln, Prince and Hou:·:ard (109) in 1917, 

in burns, to amount to a decrease in oxygen consumption of 

45-50% in the cases studied. 

Davis (110) and others hsve found a reduced oxygen 

consumption in shocked dogs. ~ub, 1920, (111,112) found that 

the degree of fall in the basal metabolism of cets was roughly 

proport.ional to the sE-verity of the shock produced :3nd that 

recovery after transfusion Wc_s usually associated v~,i th a prompt 

return of the metabolic rate to norm.al. 

The above changes during this period of depressed 

metabolism are accompanied or characterized by certain changes 

in the biochem.istry of the blood which vary according to stage 

of depressed vitality or compensatory reaction reached. There 

is evidence of profound cellular disturbance, '~"·J·hich in later 

sta€eS may be characterized by a lsrge increase of potassium in 

the blood and tissue fluids, Scudder (113) and also an increase 

in blood creatine may occur. And as shock developd, other 

eh anges have been observed, such as hJrperclycemia t0nd some 

degree of nitrogen retention in the blood. In the sbove stste 

the body t anpera ture is in general lov;ered despite the dimini

shed peripheral circulation. Of all changes produced, the 

tissue anoxia is probably the most dangerous. 

Following this p(_.riod of shock 'v.:i th lov,~ering metabolic 

activity and vJi th return of urin;~ry flow to normal, there some

times aprears in the urine the products of damaged tissues; 



- 4'=- -

this is rnBin1y found in severe injuries such as :::rushing 

injuries, B~Tih'aters (114). Tl1E.re is later a rise in metabolic 

activity vvhich has been termed tttrauraatic inflammation" or 

the period of "traumatic nitrogen deficit" (115) or "protein 

catabolic period" (116), as it is mainly characterized by the 

high levels of urin~ry nitrogen and a period of negative 

nitrogen balance. 

Then pioneering work of Cuthbertson stsrting in 1929 

(117) from studies on the calcium and phosphorous metabolism 

in bo.ne fracture csses brought to light c~rtain outstanding 

metabolic features occurring in the post-traumatic period. 

;~/bereas the intake and output or calcium shovJed only minor 

discrepancies, there was a definite loss of phosphorous from 

the body. Furth·~r 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 \.i th loss in 

nitrogen a rise in oxygen consumption occurred, although their 

peaks often did not coincide. 

rrhat disuse atrophy, due to immobilization of limb by 

splinting, only contributed in small part to above Vias shO''·:n on 

normal controls (118), 'Ahere only a small rise in nitro~~en, 

sulphur ~~nd phosphorous, and to a lesser degree of calcium was 

shovJn. ;.·~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 urinsry 

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 (l::O)"that there v.-ould appear in addition, a 

generalized increase in ea ta bolism to meet the exigencies of 

the enhanced metabolism of the recup€rative process". 

Earlier investigators had encountered this extravagant 

post-traumatic nitrogen loss. hialcolm (121) who noted evidence 

of an increased nitrogen metabolism :(ollovy~ ing a major operation 

althou~-h the temperaturewas lovv. Havvkand Gies in 1904 (122) 

confirmed observations of Bauer { 123} and o_l so those of 

Jurgensen ( l.G4) thet heem.orrh~:!ge caused an increased elimination 

of urinary nitrogen, and sho-;J·ed that even venesection, v.~ithout 

blood letting is sufficient to cause an apnreci·~ble though slight 

in er ease in urinary nitrogen and sulphur in the dog. ";fierthermer, 

Fabre and Clogue (125) noted that after a period of shock, the 

amount of amn1onia and urea excreted, :l:·em.ained at a high 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 

suffer is borne out in observations of early observers that 

during infectious diseases, a period of negative nitrogen 

balance occurs which could be alleviated but not prevented by 

large excesses of dietary carbohydrate and fat (1~.6). 
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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 (132,133,134,135,136,1j7). 

In some cases these losses may be attributed largely 

to starvation and inadequate feeding and in others to 

exudation of protein containing fluid, but ruling these out, 

the phenomena of an ensuing negative ni~rogen balance 

following trauma can now be considered an established fact 
t 

as diets rich in first class protein, and containing the 

maximum of calories v.t1icl1 the patiEnt could. consume, failed 

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 ~Nhich results in heightened 

nitrogen excretion, various experimental apDroaches were 

employed. As has been stated, Cuthbertson showed that wasting 

through disuse atrophy of':lers but a partial explanation for the 

nitrogen loss. Some reflex trophic effect may possibly be in 

operation, such as is found in the muscular 1N~-,sting associated 

v1i th bone or joint disease. Harding' (262) h~j,s shov.:n that such 

an atrophy, which is mqinly reflex in character, is accompanied 

by an increased consumption of oxygen. Such a theory demands 

an exhaustion of the muscle by sn excessive nwnber of arnormal 

stimuli. This reflex wasting of muscle is undoubtedly respon

sible' in part, for the increased tissue catabolism c •. hich has 
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been observed during the convalescence of patients who had 

their knee joints inciced. It is questioneble, however, if 

this type of ttsympathetic" VJasting 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 viev; not in 

keeping~ vvith the results of metabolic studies on rats vv.ho have 

had either one of their femurs damaged, in v·;hich Cuthbertson 

found (120}, "In previously healthy rats the metabolism of 

nitrogen, phosphorous, sodium,creatine and creatinine were 

studied, as v~.ell as the change in weight of the rnuscle groups 

affected, after the fracture of' the fern.ur by open operation 

and -~·.ithou.t splinting. It was found th&t the osteotomy vvas 

follovved by a T'/.·ell marked disturbance of general cs ~.::ell as 

local metabolism, and this was again evidenced by a ~ ... ~;ell marked 

loss of nitrogen, phosphorous snd potassium 'v.ith some increased 

creatinuria. Sodium and creatinine r em.ained relatively constant; 

occasionall~r a sl ic~.ht fall noted. These products es a rule 

reached their maximum elimination about the 3rd or 4th da~r in 

the rat, slightly earlier than they did in man, although the 

findings in r-Jan exhibited considerable variation. There was 

often a small rise in the excretion of these VJriable catabolites 

several da:rs later. Jfollovling tl1e peak of the metabolic distur

bance, the various processes declined in intensity, ps.ralleling 

the changes sEien in man vvhere there results a S"'v,ing in the pen

dulum resulting in a marke(i positive nitrogen balance". 
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From vveighing the limbs and muscle groups involved 

(120), it was obvious that the wastage of body substance could 

not fully be acccunted 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 vJasting and 

autolysis, a generalized increase in catabolism. 
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EFlt~CT OJ:f DIET ~:.I,:D OTHER F.tiCTORS ON 
""T'ITROG-:;:;'N 1'"'T:'TABOLI __ .,.1_ Au-
.L ,, ~ .l.\J.~ .n. ~1Y l.:·T bR 'I'R.h Ui~IA • 

Morgan's (138) early experiments on salamanders 

demonstrated 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 es do well fed animals. Hov;es and others (80) found, 

too, that the rate of healing of stomach Viounds of adult rats 

was not noticeably affscted by complete starvation or by a 

half adequate diet. 

Evidence was obtained {120) that additional carbo-

l1ydrate exercised a definite sparing eftect on the generE1l 

loss of tissue substance in damaged rats :0.s evidenced by the 

urinary nitrogen, although it did not appreciably af!·ect the 

local tissue wastage. In patients "'t.;ith fracture of femur or 

of the leg bones, given diets rich in protein, calories, or 

both, it was found that these diets considerably ameliorate 

the urinary losses (139). Hovvever, diets rich in first class 

protein and containing the maximum amount of calories v.'hich the 

patient could consume (as much as ~30 grams protein were consumed 

daily by one patient and 4,100 calories by another) failed to 

eliminate com~letely a nEgative nitrogen balance ~t the height 

of the catabolic process. After raising the intake there 

occurred first a period of retention of nitrogen v~hile the 

nitrogen excretion was rising, then a period of loss to be 

followed later by ana ther period of retention as the hi~-~h 

nitrogen excretion subsided with the passing off of the 

catabolic period. rrhe failure to att2\in nitrogen equilibrium 
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was more than surprising, since there vJss little if any 

disturbance of r·ody temperature end sine e it had been 

previously found that "'~'vhen excess food is given to a noroal 

uninjured person a well marked reter.t ion of nitrogen and 

sulphur occurs temporarily (60), ·.-;hich was later sl.owly 

excreted when returning to normal (maintenance) dietary 

regime. It may well be then that calories or protein, 

(or both) requirements are much higher in this period ·~nd 

that the required levels v .. ere not attained. 

That tl1 is may be so is shovJn in a more recent 

paper by Taylor, Stevenson, Davidson, Erowder 2nd Lund (140) 

in which they oroduced evidence that large amounts or protein, 

up to about 290 grams per day would establish nitrogen balance 

very early after time or damage in burned patients and Croft 

and Peters (141) l1ave sho~.: .. n 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 damage v·.-hich 

doubly necessitates high protein intake - loss of skin protein 

by sloughing off1 .'3nd loss of plasma-like fluid into burned areas. 

r~:ETHIOrii1~. 

The theory h3. s been 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 reoair 
J.:: ' and the oxidation of the others for 

energy purposes. 

Crof't and Peters (141) have sho~vvn in a recent paper 

that the urins.ry losses in nitrogen observed after burning 

were reduced substantially by the inclusion of 1~ methionine 

in the diet. Neither alamine nor a mixtur£ of synthetic amino 

acids nor cystine had a similar effect. It is suggested by 

them that the apparent toxa e~1ia is in reality a deficiency, 

induced by a necessity for one key amino acid with consequent 

raiding of a v.;hole protein molecule. 

A study of tvJo burned patients in this laboratory, 

hovvever, (142) (vvhere methionine supplements in greater propor

tion to hody Tlveight as compared to amounts used by· Croft and 

Peters) failed to confirm the observations of Croft and Fc::ters. 

Vfhether the metabolic pa thvv:?_ys are difr·erent in the n1an ~ind rat 

in this post-damaged state or whether other supple~entary 

dietary factors are involved or not, is as yet, not clear. 

r<ETABOLIC BLJ~TC'rro:~JS OJT 'I•HE ADREl\JAL CORTEX. 

There is lit~le doubt that the adrenal cortex plays 

an integral role in the resistance or an organism to stress. 

An extensive list can be constructed of drugs, ~oisons, toxins, 

infections, altered environment=1.l conditions and, especiall;r, 

traumatic procedures to which the adren~lecto~-lized animsl is 

highly susceptible. No at"t-empt is made to discuss in detail 

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

i~ traumatic injuries. 
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That the adren0l co:t-·tex is concerned in the ability 

of the normal animal to vvi thstand traumatic injury is ~1ot 

unlikely, and has been .... nostulated (14 .. 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. Brovvne, Vvveil and Rose (144} and Selye et al (143,1~_:5) 

likevvise reported that desoxycorticosterone was of no value in 

treating shock in rats anQ rabbits following intestinal trauma, 

but found that cortical extract or the corticosterones were 

useful. 

Perhaps the best evidence in favor of a teneficial 

effect of cortical hormones on shock is in the case of severe 

burns, where plasma Electrolyte changes seem to be nrevented 

and the efficacy of [~ plasma transfusion is increased (146,14?). 

While considerable work has been done on the use of 

cortic~-:il extr&ct _ nd desoxycorticosterone in treatment of shock 

in the human, the reports are conflicting and difricult to 

assess (147,148,149,lbO,lbl,lo2). It is apnarent that in very 

few instsnces has the degree of protection reported against 

shock been of sufficient magnitude to vvarrant the conclusion 

that the stress procedure had induced circulatory failure by 

re as on of a sudden adrenal insufrici ency. 

ADRENAL CORTEX AND Nrr LiOGEl\[ ~,~l:.rl'.b.bOLIS~vi. 

T1le process that is largely res~onsible for the dirt:ct 

relotionship between nitrogen snd carbohydrate mEtabolism has 

been named "gluconeogenes .is", i.e., the c onver si on of protein 

to carboh~rdrate as seen in the maintenance of normal r'lood 
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glucose levels in the starving organism long af~ter available 

carbohydrate stores have been depleted. Evidence for the 

direct participation of the adrenal cortex in nitrogen and 

carbohydrate metabolism lies mainly in the eXjJoeriments vJhich 

have demonstrated the necessity of its presence for normal 

gluconeogenesis to occur. 

It has long been shovvn that the blood sugar levels 

of adrenalectomized animals was often low ( 153,154) 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, shov1ed an appreciable decline in body 

carbohydrate levels by blood sugar, liver, heart and muscle 

glycogen changes. 

Long, Kat-zin a~d Fry (160} in their pioneering \York, 

found, in agreement with o·ther workers, that so long as adrenal

ectomized rats were maintained in gpod health by administration 

of sodium salt, no abnormalities could be observed in the 

storage of carbohydrate. ~·~11en, on the other hand, the adrenal

ectomized animal refused food, or, when it was forced to fast, 

the liver glycogen sho"; .. ;ed a dramatic fall to extremely low 

levels ace arnpani ed by less severe but equally stgnificant 

declines in muscle glycogen and clood sugar values. :not 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 fasted animals, 

thus confirming previous observation of Britton and eo-workers 

( 157 '158) • 
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In careful metabolic experiments, it was observed 

that the increase in liver ~·lycogen levels d ._, Vf~-s a ccompanie 

by an increase in urinary nitrogen excretion, v\ith the ratio 

of extra carboh~rr:1rate formed to extra nitrogen elin:ina ted 

indicating that the glycogen increment could be entirely 

explained by a conversion of bod:r protein to carbohydrate • 

.Evidence s dvt:.nced by several_ invcstig~ tors tends to 

support this general thesis th::1 t the action of cortical hormone 

may be more concerned with the catabolism of nrotein than the 

actual utiliz·- tion of carbohydrate. ~'-ot onl:r ·will adrenalec-

tomy relieve the symptoms of severe diabetes in the pan er ea tee-

tonized animal (161,162,163,164), but, as the glycosuria is 

reduced and finally eliminated, the l5vel of urinary nitrogen 

slso decreases (160,165,166,167). Cortical extract adminis-

tration vJill increase the degree of glycosuria snd also increase 

the urinary nitrogen. ;:ihen phloridzin is given to the adrena

lectomized rat, the excretion of glucose and nitroben is but a 

fraction of tJ-.. :3 t observed -: . .,;ith :_he phloridzinized normal animal 

{168,169,1?0,171,172,173). The administration or GOrtical 

extract produces a .marked loss in body weirl1t, incresses the 

glycosuria and :s_ls:l the amount of nitrogen excreted. Like"dise, 

the ri~e in liver f:lycogen, accompanied ry an in(~rease in 

urins.ry nitrogen, vJhich follows a short period of ano~:ia, is 

prevented by 9.drenalf:ctotr:.~r (168,1?6,174) snd c~~-n be restored 

with cortical extract injections. 

-.,..-r.ile this relation of urin~ry nitrogen excretion to 

the changes in liver glycogen level appears cle!:;r, it should re 
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remembered that a decreased nitrogen out put, ac ~ompanied by 

an elevation of blood nitrogen or protein nitrogen concent

ration is one of the earliest signs of adrenal insufficiency 

and dt·notes a decreased urea clearance by a hypofunctional 

kidney (175,196,177). 

One should also bear in mind the observations of 

various investigators ~hich point to the conclusion that ab

normal amounts of carbohydrate are burned by the adrenalec

tomized animal. Evans (178) noted that when an adrenaleoto-

mized rat was fed g;Lucose, it stored less of liver glycogen 

and used a great~r portion than v~uld 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.t~. 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 

~lhich follows adrenalectomy in the above, is not entirely 

related to the decreased conversion of protein to carbohydrate 

(166). 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 'Jvhat has be en termed the N 

and s Hypoth~sis (previously mentioned) and rests largely on 

metabolic studies on patients sufrering from disorders of the 
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adrenal cortex as manifested by t umors 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 h it~h 17-Ketos tero id excretion, precocious and 

excessive and somatic development, indicating a state of 

increased nitrogen anabolism. On the other hand patients 

with Gushing's syndrome in v,,'hom the existence of cortical 

hyperplasia or carcinoma has been proven, an excessive nitrogen 

loss has been demonstrated by Albrifht and collaborators {181) 

accompanied by osteoporosis, atrophy of the skin and impaired 

glucose tolerance, ~ith 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, ~·~'eil and BrOV\7ne {184,185) demonstrated 

increased amount of") eo rtin-li ke'' substances in the urine or 

individuals \IDO had been exnosed to various kinds of damage. 

These findings were later confirmed by Dorfman ( 186;. The 

maximal excretion of "cortin-liken material occurred at the 

time after damage whi eh corresponded a pprox ima tely with the 

period of abnormally high nitrogen excretion. 

Adreno-cortical function has also been estimated in 

the manner described by Reinecke and Kendall (1C.7) v\hic~h 

measured directly 't·he capacity of adreno-cOl"'ti cal steroids 

to influence fluconeogenesis, by the measuremEct of deposited 
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glycogen in fasted rats (or alternately · ) h m1c e v, ich have been 

previously adrenalectomized. ..,, 1 · unp oy1ng this me~hod Venning, 

Hofrman and Browne (188) have reported increases of 3 to 13 

times normal levels in patients having undergone V81·ious 

operative procedures. 

From above considerations has emanated the "1'1" and 

"S" Hynothesis \/:hich may be briefly mentioned here again. 

An esposi tion of this view postulates at least two types of 

hormones are derived from the adrenal cortex, the "N" hormone -

a nitrogen storing one and the ''Stt hormone vvhich is anti-

anabolic- i.e., inl1ibiting protein synthesis. 

In the above discussion relationships bet\liJe en 

adrenal and other endocrine organs has been omitted nor has 

an~t attempt been made to review any of the other endocrines, 

v,~hich 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 betVtje:::n it and nitrogen metabolism 

has been demonstrated in the v.~orks of Cuthbertson and his 

associates (189,190) in ~hich it has been shown that crude 

extract of this gland have ef1·ec ti v ely prevented the increased 

nitrogen loss associated with the separation in time of the 

carbohydrate and protein moieties of the diet of adult rats 

and further the excessive excretion of nitrogen folio~ing 

fracture of femur in adult rats has been prevented. So that 

other mech·anisms such ss impaired pancreas function and 

pituitary dJrsfunction to mention a fevv, might directly and 

indirectly affect nitrogen metabolism. 
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EF.E'ECT OF O'l,HIR HORiviONES 

It was noticed by Cuthbcrtson et al (129) that a 

crude extract of the anterior pituitary tissue of the ox 

had definite nitrogen retaining properties '·'·:hen in.iected 

into the rat and further experiments sho\4ed that this 

particular extract, '/.,hen injected daily into rats sufr ering 

from a fractured femur, produced by open operation, prevented 

the loss in body wei[ht and excessive loss of nitrogen and 

creatine which are the usual concomitants of such injury. 

No greater rate of restitution of the atroohied muscles of 

the injured limbs was observed and further tte extract had 

no significant effect on the total time required to heal 

superficial wounds (190). The effect of the extract on 

the metabolism of tl1e in-jured animal 'N2.s 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 a series of exhaustive studies, Thomsen (19]LJ 

has shown that post-traumatic disturbances include upset 

carbohvdrate metabolism, as manifested by spontaneous or 
" 

alimentary glycosuria and hyperglycaemia, in a considerable 

number of injured persons. A review of the examinations 

of f~sting blood sugar and glucose tolerance curves revealed 
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a tendency to deviation of the experimental results in an 

abnormal direction. 

In vievv of the ·work of Selye ( 192) as to the response 

of the adrenal cortex to damage as evidenced by hypertrophy it 

mig~t be interesting to speculate as regards an imbalance 

between insulin and the cortical hormone after trauma. It has 

been shown that the adrenalectomized 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 Ksndall (195) have suggested 

that cortical hormone specifically blocks the action of 

insulin. 

It might seem theref'ore, that the p{='riod of negative 

nitrogen balance follo-::.-ing daruage might be due in part, at 

least to an imbalance between the pancreas and the cortex. , 
!'To studies have as yet appeared in the literature as to the 

amelioration of this excessive nitrogen loss by insulin 

administration. 
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:MA.LE SEX HORMONES AND PRO•l1EII,T L1ET.b.BOLIS~I 

That numerous endocrine glands affect 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 urin0ry nitrogen being entirely due to the 

urea fr~tction. 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 effect was exerted in castrated dogs by 

natural and synthetic androgens and by activated natural 

products, the energy meta bo1ism remaining unaffected. 

Kenyan, Knowlton and Sandiford (19?) daaonstrated 

similar nitrogen retention when testosterone propionate was 

administered 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 

thet 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 

treatment. Subsequent studies by Kenyon et al, (198) sho~,·,ed 

the same effect of testosterone propionate in normal males, 
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although it was quantitatively less marked than in eunuchoids. 

It has been shown by Browne and Ross (199), :~'iebster and Hoskins 

(200) that the administration of testosterone propionate to 

young boys with retarded growth resu 1 ted in a rernarkable increase 

in growth rate and body weight. 

Kenyan and eo-workers (198) in an excellent detailed 

review, evaluate the experimental and clinical evidence, the 

latter af:rorded by observations on patients V·Jith androgenic 

tumors, Vvhich establish the anabolic efl ect Of 8TI'3rogen, parti

CUlarly on protein metabolism and their soma totro ~ic effect on 

man. 

They suggest that the skeleton and skeletal musculature, 

possibly the kidneys and other organs, may be the nongeni tal site 

of n~v 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 

soma totrooic effect to the full est extent to which the organism 

can resnond. Since the aging process in itself does not appear 

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 

norrnal testis in order to achieve the nitrogen equilibrium 

characteristic of maturity. OtLcr\\lise, a positive bal::nce of 

the afrected tissue constituent Tvvould be ap1Jarent throughout 

adult life. That this mechanism might be in the adrenal cortex 

is not suggested in the above paper, but it may v~ell be. 
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Albrig.,ht and Browne (201) have postuleted that the 

adrenal cortex produces an ••1~·u or nitrogen or protein anabolic 

formone and an ''S" or sugar or anti-anabolic hormone. T.hese 

hormones are normally balanced, but after trauma has occurred 

there is an initial phase lasting :~~-4 to 48 hours in v·:hich there 

is an increased excretion of both "l~" and "8 11 hormones, follo'.'.ed 

by a second ph:~-se lasting days, weEks or even months, in ~~,.J1ich 

there is decre:: sed excretion of "N" hormone and an increased 

excretion of "S" hormone. Eventually, i.r the organism survives, 

the two hormones come into balance, and finally there mc:y be a 

compensatory phase where the "N" hormone production is increased 

at the expense of the "S" hormone. ~restosterone vould appear 

to fulfilL the role of the ttN" hormone. 

No known attempt has been made in damaged subjects to 

investigate the possibility of lowering the abnormally high 

nitrogen excretion durinf the period of heif __ ~htened nitrogen 

excretion, by the administration of androgenic compounds, 

although in the opinion of D. P. Cuthbertson (202) nrn the 

light of previous experience the writer doubts that testosterone 

therapy Vlfill acl1iE:ve more success that that achieved by simply 

inducing nitrogen retention V\Iith anterior pituitary gland 

extra et". 



- 61 -

G:h~'Tl~H11-L SU.L\ilt~ .. HY OF hiSTORICAL nL \TI: ~.· 

It has long been recognized that patients with a 

v~riety of infectious diseas~s lose protein at a rapid rate 

as evidenced by very high urinsry nitrogen levels - (203,204, 

205,206,20?,208,209,210,211). ~ost early observers agreed 

that the negative nitrogen balance regularly observed in these 

conditions could be alleviated, but not prevented, by high 

calorie diet (up to 5,000 calories of carbohydrate and rat). 

This gave rise to the general opinion that it was obligatory 

and unpreventable, :3.nd is re!·lected in the term, "toxic 

destruction of protein". 

In a series of publications dating back to 1930, 

Cuthbertson has reoorted studies of metabolism of convalescing 

patients in whom fractures h?d occurred (60,117,118,119,139). 

Ee 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 (202},and Browne, ~chenker and 

Stevenson (212,2l2a,213} and others (214,215,216) hsve found 

that the nitrogen excretion in the succeeding three days after 

operation or fracture rises to a level distinctly above that 

usuallv encountered in starvation, reeching a peak usually 
·~ 

during 4th to 8th day after the injury to the organism. ~he 

duration of this protein destruction sfter simple operstions 

is, however, short; positive nitrogen balance ·~o··~i th rep lac emen t 

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 bern confirmed snd extended by others 

in this lsbora tory, Schenker, St evens on e.nd Bro·wne ( ~12, 213} 

have demonstrated that in the human adult in good health and 

nutrition, a dsrnaging stimulus is follo,-.ed rapidly by a dis

turbancein the nitrogen met.aboli sm in the direction of ea ta

bolism; this catabolic response was shown to occur in such patients 

irrespE-ctive of the t3rpe of injury. 

The ~work of Peters (220) in infections, especiallJr 

meningitis, c~_nd Cuthbertson, Erovvne et al (202,213), snd 

Howard (215,216) in all sorts of ODerative procedures and 

fractures have shown that unless r8latively enormous 0uantities 

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 (126) 

concludes that "The negative nitrogen balance was not percep

tibly influenced by -uhe protein intake". 

From the viork of Cuthbertson (11?,118,119), Browne 

(212,212a,213), Howard (214,215,216), and others, it ao~ears 

quite clear that in healthy, vigorous male patients with 

fractures, there is set up in respon~:e to trauma a reaction 

vvhich results in vigorous "protein" catabolism ·:.ith losses to 

the organism of the nitrogenous portion (~s urea) of lsrge 

amounts of body protein. This dynamic process seams to 

diminish progressively during normal convalescence. At the 

height of this reaction (protein catabolic Drocess 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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detectable, as increments in the nitrogen intake are paralleled 

by similar increments in nitrogen output, mainly as urea. And 

during this period of protein catabolism, a fracture patient on 

a lo-v; protein, lov~ calorie diet does not seem to lose any more 

body protein than do sirrilar patients on higher nitrogen and 

caloric diets. 

This reaction "protein catabolic process" is obviously 

unlike the reaction in starvation, where the ex~enditure of 

tt cndogenotls protein s to1 ... es" may be readily suspended by provision 

of either adequate protein or calories. Nor c&n the destru2tion 

of protein be ettributed merely to accelerated energy exnenditure 

or heat production. Since high caloric diets prevent excessive 

nitrogen loss both in exercise ( 209) '"Jnd in h:)rperth;.-roi di sm 

( ~ 1 0 ' ~; ll ' 21 ? ' ~ 18) • 

It is conceivable that the course of ~rotein metabolism 

is distorted after injury, ~:;nd it has been sut-·e(ested that certain 

amino acids or acid are diverted from their nori~1eil p~. ths during 

the nrocesses of reoair. L ~ 

A recent re oort :~y Peters and Cro~~.'t ( 141) claims "That 

the urin:~.ry losses in nitrogen after burning -v~:c_re reduced su'bstan

tially hy the inclusion of lfo dl-methionine in the di6t and that 

neither alanine nor a ~nixture of synthetic amino acids, not 

cystine, hsd a similar effect". The above results ~ere not 

confined V'ii th burned pa ti en ts in this labors.tory (2.19) • 

It would se an that the type of reaction occurring in 

fracture patients demands of the body that a certain amount of 

"endogenous" protein be catabolized and if additional nrotein 
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beyond the minimum is fed it is deaminized and v·:i thout exerting 

any sparing effort v~hatever on the body nitrogen. 

The significance of this accelerated protein catabolism 

after injury is not yet clear. That absorntion of protein, 

during this period, is unimpaired is attested by innumerable 

analyses of stools (203,204,~0~,209,220 and 131). In any C8se, 

impaired absorption could not explain excessive urinary nitrogen 

nor failure to retain parenterally administered protein h~r~.ro

lysates as shown by Browne et al (221). 

It has p~eviously been stated that the d~ree to which 

the ea ta. bolic response occurs rollo~·v·ing damaging stin1uli is 

governed by the state of health and the nutrition of the organism 

prior to damage. It has 0een shown in this laboratory (116) 

that pstients -,.-ho have r'f:.en cl1ronically ill or in a state of 

malnutrition {debilitated) for some time prior to being exposed 

to a damaging stimulus, show litLle or no catabolic response and 

are able to retain nitrogen at relativ~ly low intakes of protein 

nitrogen and calories. :f)ovvard rer:orted { 216) a Cc· se -:~\-hO was 

cachectic from long standing rheumatoid arthritis at the time of 

multiple fractures, who failed to show any· increase V·.h9. tso ever 

in his protein catabolism. In this decilitated state ;_::hen they 

suffered renewed trauma or developed infe~~tions, some of Bro'v\ine's 

(221) patients continued to store nitrogen. 

The impression is acquired that a healthy man subjected 

to acute infection or injury suffers qrotein depletion that 

cannot be prevented by any dietar;r measures thus far discovered; 

on ~he other hand in the subject \ .. ho is malnouristed and v\hO 
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has already been d6pleted of protein there are certain 

mechanisms that pern1i t him to utilize protein for pos sj_ble 

tissue reconstruction. It may he, therer·ore, that this 

"wastage" (i.e., in previously healthy individuals) mE1y be 

associated 1Ni th the process of repair ratLer than the 

destruction arising from the actual injury and the catabolic 

process may be a desirable and useful one i:".'hich dcbili tated 

patients are unable to a CGornplish. 

The work reported in this thesis arose out of an 

interesting report by Cuthtertson (78) that the nitrogen 

excretion did not rise in injured rats "Nho had previously 

been fed a protein-free diet until a steady level of nitrogen 
' 

excretion had been reached; whereas, in normally fEd rats 

similar injui'y elicited a vcell marked loss of urinary nitrOf:~cn. 

Wh~reupon, it was concluded that the nitrogen losses after 

fracture ari2e from labile (deposit) protein stored away before 

injury. It ~as felt that the old conceot of "deposit protein" 

he:s been too much discredited in recent years anj that reviving 

it novv ¥Jas hardly appropriate since in the catabolic phase of 

injury exogenous protein (amigen,etc.) (G21) seems to suffer 

the same fate as en~ogenous protein. 

It V':as thought that the lack of response to in.~ury on 

the part of the "Protein Depleted Rat" may h3ve directly or 

indirectly involved a lack of response to damage on the part of 

the adrenal cortex • . 
lt nas be~n postulsted by Albright and Erowne (~01) 

that the nitrogen balance fol1owi11g trauma is a.s~_ociated with 
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increased production of substances ',/hich csu~3e gluconeor-·enesis, 

derived presumably from the adrenal cortex. 'The increase of 

these substances in the urine has been demonstrated by \Veil 

snd Brovvne (184,185) and by Venning, Hoffr_lan 3.nd Brov;ne (18tJ). 

There is some suggestion in a recect renort by 

Dol'riner (2~2) that such an increase does not occur in the urine 

of patients with cancer when operated upon. It has also been 

shov~:n (223) in one or t-vvo cases that the 17-Ketosteroids of 

seriously depleted patients are very low. 

These findings su[gest the possibility that the 

difl·erence in response betv.Jeen a healthy and chronic~all-;- ill, 

depleted person or animal (organism) might be due to a failure 

on the part of the adrenal to put out gluconeogenic substances 

after darnage, ra tber than to a den let ion of ••1a bile" protein 

stores. It was v~ith this vic·w in c1ind that the _c·ollowing 

exoerirnents were underts.lcen • 
.I.: 
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E X P E R I Id E N ·r A 1 ______ ._, ______ _ 
Male hooded rats weighing be~Jeen 340-350 grams were 

used in all of the experiments, the v·:e i~·--h t 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 an:r 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 (2~4). The modi

fication of the cage will be described later. 

The coilection 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 represen ta ti ve of not 

more or not less than of one 24 hour period, each collection 

was completed by sli~ftt pressure on the rat's abdomen to effect 

emptying of the bladder. .i~lso creatinines were deter1nined 

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. The urine 

was collected in a graduate on which rested a glass funnel, 

the graduate containing a fev; drops of glacial acetic acid 

to prEvent any escape of ~H3 • 

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 lOO cc. This was then 

filtered into lOO cc. graduates. The nitrogen content of 

the urine was then detenmined on 2 cc. aliquots of the 

diluted urine and the creatinine on 0.5 cc. 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 tartaric and only approximately 2 mg. of nitrogen were 

leached out, an insignificant ~ount. 

1. 

2. 

TABLE I 

Nitrogen leached out from feces by tartaric acid 

50 cc. 2% tartaric 0 mg. nitrogen 

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 nitrogen 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 range 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 ~~o comps.rtments. One 

forms a bin of vvire mesh,f.or gross food; the other, 11vith a 

dividing shelf with hole in center allov;s tin of water ' ~ 

bot~le to pass through. Below these two compartments is 

suft"icient space to insert a tvvo-compartment drawer vvhich 

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 \veig·h out given amount of rood (in form of 

pellets) with the drawer, and then quantit~tively 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, the difrer ence representing the 

food intake. The amount of food lost in powder fonn over 

the cage, by the animal taking small amounts into its paws, 

proved negligible. 

The above method of feeding was decided upon 

rather than that used 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 lost 

by multiplying days total vvith 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 tl1ird or 

more of day's specimen may be lost. Even 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}'a 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 lowtT'20% protein diet. 

lOO cc. of diluted rat urine wss divided into two 50 cc. batches 

and one batch shaken up with powdered Purina. Another 50 cc. 

2% tartaric acid was shaken up vvi th powdered lov; "K" diet. 

Alj_ samnles were allo·~\~ed to stand for 24 hours. 
~ 

T~:t.:LE II 

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

Plain urine sample 5.48 5.41 

Urine with Purine 5.91 5.96 

" tt low K diet 5.63 5.61 

2}~ tartaric acid with 0.91 0.93 
Purina 

tt tt " 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 ~A,ashed do'ND. with ea. 75 cc. tartaric, 

as vvas done in the metabolism experiments. ~rhe recovery of 

fluid was only from ?5-85/o of the amount dropped into the cages. 
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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. 

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

Cage ~:o. Original N cc. urine 7'o volume Lcgm. N % N 
content mgm. recovered recovered recovered recovered 

l 400 lb. ?5. 392.3 98.08 
2 400 16.3 21.5 394.5 98.6 
3 400 14.8 ?4.0 392.0 98.0 
4 400 1?.2 86.0 396.4 9~.1 

So that in the recording of urine volumes in all prob

ability some of the fluid weight has been lost in evaporation. 

Although the nitrogenous substances thus crystalizing out -v-.;ould 

be recovered with the tartaric acid washings. 

Vvhen s 9eaking 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 over lying mu se le groups (to incur as little 

muscle damage as possible) and exposure of femur, cutting vvith 

heavy se is sors and removing anJr small bone particles. This was 

then sutured without application of splints. All adrenalectomies 

were performed by the usual dorsal anproach, using a single 

incision and ether as anaesthetic. 

Chenical Methods: 

I. Determinb tion of total- nitrogen 

The method used in these studies was a semi-micro 

modification od the standard Kjeldahl procedure carried out on 

aliquots containing up to 15 mg. of r~i trogen. Digestion was 
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effected by the use of selenium dioxide and copp~r sulfate as 

catalysts, concentrated sulfuric acid as the oxidizing agent, 

and phosphoric acid as a 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 a rsck 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 condensers 

mounted on stands and fitted VJi th Kjeldahl bulbs which could be 

attached directly to the 300 LJ.l. Kjeldahl flask by means of a 

rubber stopper, this enabling six distillations to be carried 

out simultaneously. Instead of distilling the amrnonium hydroxide 

over into standard acid, Heidelberger 's modification of the 

method of rJieekEr and -dagner (227) vJr:s u.sed. 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;0 aqueous solution of 

methylene blue. ea. 15 mls. of a 3% ( - ) solution of boric 

acid was employed as receiver. ~:alculat ions are greatly simp

lified by the use of standard ~/14 sulfuric for titrating. 

The volume inml. required for titration then rt:presents the 

number of m~. 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 lOO ml. total s.nd gave readings ~i.iithin the range of n0-?5 

on the Evelyn Colorimeter tube calibrated to contain 40 ml. 

and using a standard l ml. pippette gradua~ed to 0.05 ml. 

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

by 0.6 ml. of lD?o sodium hydroxide. ...~ micro-burette is used 

for the latter, and a oO ml. capacity burette graduated in 0.1 

ml. for the picric acid (recrystallization of the picric acid 

was found unnecessary; comraercial picric acid of highest purity 

is adequate). The contents of the tube are well mixed snd 

allowed to stand for exactly 10 minutes after vvhich the to tal 

volume is made up to 40 ml. with distilled water. In order to 

allow color development to reach the equilibrium, another 15 

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 

nanner as the tubes containing the urine samples. 

The creatinine contents of the sample is obtained 

from a table derived from a calibration curve (1.16}. ~. filter 

with normal transmission at about 320 multi-microns is used 

in the Colorimeter. 

All determina tions of' nitrogen and creatinines in

cluding the blank in the latter, are done in duplicate. 
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Determination of NPN 

Sulfa te Tungstate Sol. ?5 grams Sodium Sulfa te } 1.Lade up to 
30 " " Tungstate) ti liters 

1 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 cc. of l/3 N sul1'uric acid is aJded to the 

above, inverted again three times and imuediately centrifuged 

for 5 minutes. A Licro-Kjeldahl is done on 5 cc. of the 

supernatant solution. 111his involves exactly the same procedure 

as in the semi-micro procedure, except the standard r~~icro-

Kjeldahl apparatus is used for distillation and lf?O "·T 

sulfuric is used for the final titration. 
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D I E T S 

Low Protein Diet 

This diet was devised to contain as low a protein content as 

possible VJi th adequate amount of all other factors, viz., 

vitamins, minerals, fat and carbohydrate. 

Gm. % Protein 

Potato Starch 50 0.6 

Rice Starch 10 9 

Cane Sugar 10 

Butter 5 

Salt ivlixture 5 

vVhich gives 3.8 cel.jgm. 

1.5% protein by weight 

Vitamins 

Alpha tocopherol 4 mg. oer 

B1 (Thiamin) 1 " tt 

B2 { Ri bofle. vin) 3 tt tl 

B6 (Pyridoxine) 2 " tt 

ea Pantothenate 2 n tt 

Choline 2,000 " 
,, 

Nicotinic Acid 200 " " 
Cod Liver Oil Supplement 

'
7 F t ;o a 

6 

86 

% CHO 

83 

68 

10 

Nitrogen Content 1.21 mg.Njgm. 

80 m.g. ration 

tt " tt 

" tt n 

tt tt tt 

" " tt 

n n tt 

tt tt tl 

Salt mixture consisted of following and was st:rled after that 

of steenbock and Nelson (228). 

C01t1PO riENT 

CaC03 

3I~IgC0 3 .Mg(OH) 3 .3H20 

HCl 

NeH2 • pO 4 .H20 

Givi. 

26 

6.1 

22.4 

16.8 



Salt Analyses {Cont'd.) 

Na2co3 
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Fe2(NH4)2, (C4H507)2,3H2Q 

20.6 

4.0 

PURINA {Fox Chow} 

Purina diet amlysis as sho\Nn below is that of the manufactuere's 

ana lyses 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 vvi thin 11~ (!.:) range. 

Crude % Digestible 

Protein 23.0 19.0 

Fat 5.0 4.7 

Fibre 4.0 

Ash ?.0 

Nitrogen Free Extract 54 .o 48.0 

Moisture ?.0 

Caloric Value - o.5 caljgm. Nitrogen Content 45.0 ~~/Gm 
{~riter's analysis} 

Mineral Analysis of Purina 

Iron 

]J1agnes ium 

Si _._i ea 

Potassium 

Sodium 

Chlorine 

Phosphorus 

Calcium 

% by weight 

0.018 

0.09 

0.23 

0.56 

0.67 

0. ?8 

1.17 

2.22 

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

Vitamine A 

B 

ea. 4000 International units per pound 

275 Sherman units per pound, supplied by 

wheat germ oil 

C Low 

D ea. bOO International units per pound, supplied 

by COd l i V er 0 i 1 

E No measurement - but sup9lied by richest known 

source, viz., wheat germ 

B2 300 Sherman units per pound 

LOW K DIET 

And finally the following diet -}',•as construe ted to afrord 

adrenalectomized rats a low potassium and high sodium intake 

as it was thought that the high K content in Purine 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 equimnlecular replacement of KCL by Naol. 

SPECIAL DIET FOR ADREN"ALECTOiv:IZED RATS 

Gms-., Protein % Fat % CHO fO 1 

Casec 15 88.0 

Rice 38 8.6 6.1 68.0 

Corn Starch 35 90.0 

Brewer's Yeast 8 48.0 2.0 39.0 

Salt {Low"Ktt) 5 

Cod Liver Oil - -
supplement 

Diet contains: 21% Protein 

" " 3.47 cal. per gm. 

Nitrogen Gontent: 40.1 mgjgm.(Viriter's anal~rsis) 
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SUZA'S SOLlfriON 

Gns. cc~. 

J:.:=ercury Eichloride 225 

Glacial Acetic Acid 200 

4o% Formaldehyde 1,000 

Distilled ·.vat er 4,000 

Sodium Chloride 25 
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EXPER ll'~fElff I 

(Rats 1-8 incl.) 

In this experiment an attempt was made to repeat the 

experiments reported by Cuthbertson and 1v1unro (?8). Two sets 

of 4 rats were employed. One set was maintained on a diet of 

Purine 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). 

Each group of four rats was divided into two groups 

of two each a c.:; ording to \Veigh t 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 creatinine level-s were carried 

out, the creatinine serving as a check of the compltteness of the 

urine collection. Daily measuren1ents or urine volumes and vJeights 

of the animals vvere also done. The plotted results are shovvn 

in Figs. 2-5 inclusive. 

As previously discussed the method of "ad libi tum.t' 

feeding was decided up::>n in vievv of the failings of other methods, 

even though this involves serious limitations, such e_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 or urine excreted, as some (10-2.0%) evaporates on the 

monel metal funnel as was shown in control collections. 
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Urinary nitrogen levels were follovwed 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 follo~wed for a period of nine days after. 

Exactly the s&ne procedure was employed in the meta

bolic studies of the rats fed the nlow" protein diet. The 23rd 

day was chosen for the OGeration because it wss prior to this 

point that the both groups (purina end low protein fed rats) 

had already reached and maintained a steady level of nitrogen 

excretion (within certain small limits). 

El.""PERlivJ.E!T'r.A.L RESULTS ~=~D u ISCUSSION 

It wilL 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 standard!-

zation of collection technique and familiarity v·ji th same on the 

part of the observer and also possibly to the caoriciousness of 

the animal's aopetite up to this point, i.e., until the animal 

is adapted to the nev; surroundings and a steady intake is main-

tained. 

There occurs a marked rise in excretion of nitrogen 

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

0.510 gm. nitrogen in the nine days post-operative. 

The curve of nitrogen excretion in these animals 

(rats 1-4) is of interest, and repeats the cl1aracteristic form 

already noted by Cuthrertson { 120) in t.he cases of both huma~s 

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

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

f3. dl.:lyS 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 shovvn that these efl·ects 

are not due to the anaesthetic and they also found that the 

actual fracture of bone is not the determining cause of this 

metabolic disturbance, al tho·Jgh 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 loiJiJ protein diet. iil though a ver;.r slight 

rise in nitrogen output may be noted in rats 5 and 7 in the 

first two days after damage, it wil.L be seen that after the 

second day post-damage in all rats red a lo\N protein diet there 

occurs a steady sli{;·ht decline in the level of urinary nitrogen 

output which may V..'ell be a continuation of that seen before 

trauma. In all rats caloric intake was well maintained after 

damage, i.e., the intal{e was 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 rLunro ( ?8) 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 weicht excreted by adult male rats living 

on a nitrogen free diet, did not reach a minimum value until 

10-15 days after the beginning of the diet, and that thereafter 
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the daily variations were large, whereas Roche (23o) finding 

similar results with some rats, found in other rats that a 

sudaen rise in urinary nitrogen occurred, inrrnediately preceding 

the death of the animal from nitrogen starvation. 

Results similar to Roche's have been fo1nd in two 

cases and will be reoorted 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

imately 20 daJrs for a steady and maintained low level of nitrogen 

excretion to be reached. That is required this period of time 

may be associated either \Nith the 1.5% protein content of the 

diet {albeit of poor biological value) or with the individual 

idiosyncrasies of this strain of rets, or both. 

It may be also noted that in one rat (No.6) an 

infectious sore just above the penis was noted on the 2Gnd day. 

There was ha 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 but 

No.3 maintained their original weight for a p~~riod of ten days 

prior to the damage. b.l though a vve igh t loss in some of these 

may be seen at the beginning of the experiment, it was later 

regained and a steady vveight maintained thereafter until the 

trauma was inflicted. After the trauma th·e vveir,bt loss in the 

Purina _l'ed rats averaged 15-20 grams per rat, an amount similar 

to that observed by Cuthbertson {120). 

It is viJ~ell known that an adequate protein int9ke, both 

in quantity and quality, is necessery for maintenance as v\'ell as 

growth. The lack of the aforementioned is reflected in the steady 
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weight loss of all the rats (5-8) fed the low protein diet. 

An interesting feature is that the rate or this weight loss 

is not accelerated after damage. An observation in keeping 

with the lack of increase 1·n ur1·nary nitrogen excretion during 
this period. 

Munro and Cuthbertson (78) concluded in view of the 

fact that the rats fed protein-free diet for 14 days failed to 

show an increased output of urinary nitrogen after damage that 

"The excessive output of nitrogen followi~g injury arises from 

storage protein and not from essential tissue substancen. 

It will be seen from Figs. 3 and 4 that including 

the values of fecal nitrogen (10% of nitrogen intake), these 

rats are still in negative nqtrogen balance and are there:2:·ore 

still losing, presumably, body protein. This being so,v;hy 

should the body discriminate in its handling of' its so-called 

"storage protein" end the ni tr.ogen precursors aft er damage in 

the organism fed the low protein diet, a vievv hardly in keeping 

with the work of both Schoenheimer (18) and Tarver and Schmidt 

( 5?) • 

TABLE 

A\"ERAGE T,JITROGEI\f E)ALAJJCE AFTER Dl~~AGE IN 11 L0Vi PRO'l.'il N DIET" RATS 

(Average) N INTAKE (Average) URINARY l'J FECAL N ~.:EAI\J N BALA:!CE 

Rat 5 15.9 43 1.59 -28.7 mg. 

? 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 nossibility 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 animals reflects tlle 

minimum body nrotein drav1n upon to meet its daily metabolic 

requ ir em en ts. 

That the level of caloric intake is important is shown 

in the work of Cuthbertson (120) where he fed supplements 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 sli~~·h t net gain of nitrogen in the g days after 

trauma. Also Roche points to the "preraortal rise of nitrogen" 

in starving rats \··.;hich had previously reached the ttendogenous" 

levels. 

Another possibility is the suggestion that the failure 

of "LO¥J Protein Diet" rats to shov.: post- trauma tic incre&s es in 

urinary nitrogen lies in the failure of the adrenal cortex to 

resoond to the traumatic procedure. 

The usual response of the cortex in damage and the 

N 3nd s hypothesis may be recalled at this point. 

The lack of resoonse on the nart of the cortex might 

be due to impaired function of cortex per se, or a hypofunctioning 

hypophysis. 

Chronic inanition has been found to result in a dimi-

nution of the vveight of tl1e adrenal gl.-_~nds in a manne:r similar 

to that following hypoph~rsectomy. 'The. shrinking in size of the 

adrenal glands is due to atrophy of the cortex, the nedulla 

remaining virtually unaffected (231). It has been ~~intained 



- 84 -

by 1[ulinos,and Pomerantz (23~) that the similarity of the 

effects of hypophysectomy and chronic underfeeding u~-·on certain 

of the endocrines is due to the !'act that inanition causes de

pression of the anterior pituitary and so tte 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 11ypoph:'sis. 

In a revie-vv of the above, l..Iulinos, Pomerantz and Lojkin 

( 235) examined the el'.(ect of complete starvation, chronic inani

tion and of old age on the adrenal. The:: found that regardless 

of the age of the rat, chronic inanition as vvell as hypophysec

tomy, resulted in a lo-,\ering of the wetght of the adrenals, the 

weight loss being restored in both cases by pituitary implants 

and further during complete starvation there vv::·s an incre~~se in 

the weigllt and in tl1e ascorbic acid content of the adrenal glands 

in both female and male rats. 

The fe~ding of a low protein diet may be likened to 

chronic inanition, although here the limiting factor in the diet 

is its protein content. In later experiments it wilL be shown 

that the feeding of this low protein diet (1.5~) slso results in 

marked adrenal atrophy vvhich upon histologic exatuination ~..-.~ss 

shown to te limited to the cortex. 

Assuming ttat the de;~~ree of atro _'i_y represents the 

state to vvhich the cortex decreases its l-unc tional l·evel then it 

may vJell 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 t:luconeogenic 

substances (184,185) fails to occur. 
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EXPERil~NT N0.2 - RATS 9-12 inclusive 

Assuming that the lack of adreno-cortical response 

to damage was responsible for the absence of a rise in urinary 
s 

nitrogen output in rate fed the low protein diet, it was decided 

to see vvhether the administration of cortical extract iNOUld 

restore a metabolic picture similar to that seen in damaged rats 

fed Purina. 

The method of collection and analysis of urine is the 

same in this and following experiments as that employed in 

Experiment 1. 

The animals in this experiment were on the low protein 

diet for a period of 18 days prior to tl1e comnencement 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 

levtl of urine ni trog Etl was reached. It also aftorded the nos si-

bility or 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 reachai). 

The rats chosen were adult male rats wei~hing initially 

330-250 grams, as in all succ.ee-ding experiments, and it vvill be 

seen that this weight fell to approximately 260-280 grams prior 

to the commencement of metabolic studies. 

EXPERIIUJ<UT;l.L RESULTS .Al\J1J DISCUSSION 

On day 1 of the metabolic studies (l.e., day 19 of low 

protein diet) rat 9 had reached -~he 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 

outnut fell to 85 mg. and stayed there till day 6. Then on day 

6 and succeeding days v:h E:n 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 steaaily and drasticalLy. 

This may be an example of the premortal rise Roche 

mentions. ;_:vhether this is purely the effect 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 follovving 

experiments to be discussed will throw more light on the import

ance of the calorio intake. 

It will be seen that in rats 11 and 12 the first day's 

nitrogen level falls to vvithin 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 a rise in nitrogen 

excretion 24 hours afterward, so that in rat 10 the caloric intake 

for the first 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. {i.e., day rat started 

to eat). llllen the caloric intake of the rat was maintained and 

suffic.ed (00 cal. per lOO mg. of rat) then the urin~~~ry nitrogen 

was steady, staying at the so-called "endogenous levelstt and 

fluctuating around 40 mg. per ~4 hours. On the 11th day the 

caloric intake fell to aLmost half of the rat's normal caloric 

requirements and in the next 24 hocrs the nitrogen excretion had 
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risen from 35-75 mg. The metabolic signif'i canoe of this rise 

in nitrogen is obscured by the commencement of administration 

of cortica~ extract tit this period. However, no such rise 

occurred with administration of cortical extract in rats 11 and 

12. Also 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 'Nith rats l.L and 12. 

In rat 11 (Fig~.7) it \NiLL be seen that during the 3 days of meta

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 lOO mg. Here the 

level of nitrogen output was lovJeJted by an inadequate caloric 

intake on day 4, but not to the low levels seen ·when the rat's 

caloric intake was adequate. 'rhen 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 ·vvill be seen that vJhen the rat's appetite 

diminished on day 9 (for no apparent reason) a rise in the le vel 

of nitrogen excretion occurred 24 hours later and fell on sub

sequent days when caloric intake of rat was adequate. 

To ascertain the eft·ect of adrainistration of cortical 

extract it was decided to try various levels in increasing amounts 

until that level wss reached just below that which (when given 

subcutaneously) would increase the nitrogen 011tput of rats which 

had previously reached the low level of nitrogen excretion in the 
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approximate rangle of 40 mg. per 24 h · th 1 1 ours, 1.e., e eve 

of cortical extract, v.-hich in the undamaged "depleted" rat 

would just not incre;::se the nitrogen output above "endogenous 

1 evel" of 40 mg. per 24 hours. 

This later proved unpractical as levels up to 5 ml. 

of extract (in 1 cc. doses) were administered vvith no apparent 

effect on the nitrogen output, although Long et al (160) had 

sho\rvn that in intact adrenalectomized rats this amount Vv'Ould 

increase rate of nitrogen excretion (in :young growing rats at 

least) • 

The subcutaneous route of administration was chosen 

as a precautionary measure insofar as Hartman, Lewis and Toby 

( 236) have shown that after repeated intra neri toneal or intra-

venous injection of cortical extract into normal animals the 

I-Ta rets_ining and K excreting effect disappeared and further 

Hartman, Lewis and McConnel (23?) later renorted 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 ~ cc. portions) on the 11th day to 5 cc. (in l 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 vJas 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 l.L and 12. ~:/i th these animals the level 

of nitrogen output remains steady with little or no fluctuation 

for both the oo- ntrol period before and after damage. The "operation" 

is the same as that employed in Experiment 1, viz., open fracture 

of tl:e left femur. In rat 10 any effect vffiich the cortical 

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

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

\Vith the steady loss in v.;eight 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 acGount for the fall in daily levels of creatinine excretions. 

It is also seen that the rate of loss of \\'eight, after the fracture 

and during the period of cortical administration is not acoaerated 

when compared v~:i th the pr eoperat i ve period • 

. At the end of tl1e 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. 

T.l-i.BLE 

;~dr(_nal weights after orolonged feeding of low protein diet 

Rat L. ADRH~L (mg.) R. A.DRE1{AL (m.g.) 

9 52.3 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 th6 weights of ~he adrenals 

are significantly larger than those of either 10, ll or 12, and 

have therefore undergone comparative hypertrophy in the face of 

starvation or some other pathological process. 
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In view of the fact that the diet fed was high in 

carbohydrate end 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, 11 and 12 revealed no markedfat 

infi 1 tra ti on. 

It is seen that cortical extract in doses up to 5 cc. 

daily (~vided doses of 1 cc. and subcutaneously} did not effect the 

urinary level of nitrogen excretion of a damaged rat Tv\hich previously 

had been fed a low protein diet for 35 days. 

It may vvell be that the steroids contained in this 

cortical extract are not necessarily those that are produced in 

excess in response to d~age and accountable for the high levels 

of urinary nitrogen seen after dan1age to a heal thy organism. 

Although investigations by Lukens and Dohan (239) have shov1n 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 or the intensity ~hich 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 or nitrogen excretion has been reached, withdrawal 

of food (voluntary or otherwise} results in an increased output of 

nitrogen 24 hours later. It should be remernbered 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. In some cases (as in rat ll) 

levels of daily nitrogen excretion were rea eh ed, during the fast, 
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which approximated the daily ex ere tion 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, somevvhat similar to the r1echanism 

suggested by Engel, Tepperman and Long (240). 
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EXPERI1iE!\lT ~l) • 3 

RATS NO. 1? 1 18, 19. 

EXPERil\1ENTAL RESULTS .AND DISCUSSIOi\T 

-·~n endeavour was made in these experiments to elicit 

the response of increased nitrogen output by deliberately changing 

tt e 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 plaaed on the low protein diet 

for a period of 18 days before metabolic studies vvere commenced. 

As be:fore at the outset, i.e., first feN days vvith low caloric 

intake, the nitrogen excretions of the rats were comparatively high. 

In rat 1?, 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 ?4.8 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 llth day when caloric intake on day before had 

fallen to 8.4 cal. 

In rat 18, after reaching a steady low level of nitrogen 

output on day 6, in the vicinity of 30-35 mg., a control period or 

5 days was maintained after which on the lOth 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. rrhen when food was 

available and caloric intake was adequate on days 12-15, the 

daily nitrogen output fell to 1 ts 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, vJhen on day 3 and for three suc~.;eeding 

days the caloric intake remained relatively constant the urinary 

nitrogen levels were maintained at 52, 32.5 and 29.8 _~g. On 7th 

day rat became very ill and refused to eat for next 4 da~ts, 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 ce se v~hen rats maintained adequate 
., 

caloric intake on a low protein diet after 18 days it maintained 

a steady and low level of nitrogen excretion, but a forced \·Ii th

drawal of food or a selr-imposed starvation elicited a marked and 

dramatic rise of urinary nitrogen output vvhich manifested itself 

in the metabolic period 48 hours after the b egin.aing of the fast. 

It is interesting to note that in the rat Barbour, 

Chaikoff, MacLeod and Orr (241) found a mean of 0.16% of liver 

glycogen in rat fasted 24 hours and 0.32% for anima.ls fasted for 

48 hour· s. Ihis increased glycogen content of the liver aft er a 

48 hour fast was found also by Cori (242). Cori's value for the 

24 hour r·as ted rat was 0.10% and for the 48 hour fasted animal 

More rE-cently Cohn and Roe (243) employing standard 

conditions for dietary regime prior to the fast and for the 

method of obtaining the liver, etc., have t'ound that marked 

glycogenolysis occurred during the 12-18 hour interval of fa sting; 

at the 48-60 hour periods of fast the liver glycogen was measur

ably higher than during the preceding 24 hom·s. 

It will be remembered that in the rats (henceforth 

termed "depleted rats) vJho had attained a steady low level of 
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urinary nitrogen (sometilnes called endogenous nitrogen) a 

voluntary or imposed fast was followed by a rise in urinary 

nitrogen, 48 hours after the onset of the fast. This may v,-ell 

be correlated with the observed levels of liver glycogen at this 

time during the fast and it may ··A ell be that during the first 12 

hours the rat is using more liver glyco.gen 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 fa~len to a steady low level. 

It may be recalled that the '"vvork of Schoenheimer 

pointed to the concept of the biological organism as representing 

one great cycle of closely linkEd ch':~mical reactions. The thermo

dynamic data demonstrate that hydrolysis and synthesis of protein 

cannot, under physiological conditions, be simply reversions of 

the same reactions. A "steady state" does exist in vivo, and this 

state is in the direction of s.:'nthesis, far from the thermody·nam.ic 

equilibrium., in spite of an abundance of hydrolytic and oxida ti ve 

enzvmes demonstrably in operation even -in the starving animal, the 
"·' 

balance between them being maintained 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 t¥.70 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 fest than by an operation. 
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EXPER llllJll'JT 4 

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

EXPER Ii~l]l\JT.AL RESULTS 1-iND D ISGUSSION 

It VJ s decided to investigate whether the adrenals 

were essential in the "starvation responsett (increased nitrogen 

excretion of "depl et edt' rats 48 hours aft er inadequate caloric 

intake) mentioned in Experiment 3. 

As in Experiments 2 and 3, before metabolic studies 

v~;ere undertaken the male hooded rats, originally weighing 330-

335 grams were kept on e lo\\7 protein diet for a period of 18 

da~Ts. !v .. etabolic studies commenced on the 19th day, Vihich is 

therefore day one on the charts. -/,-hen the animals vvere 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 period of 5-7 days was observed during ~hich 

rhe rats attained a steady lov' level of nitrogen output and main

tained an adequate caloric intake. 'l.'he ';height of the animals, 

except rat 2~~, falling at a slow steady rate during this period. 

·aYith rats ~1-24 inclusive, 5 cc. of cortical extract 

were administered at day of each operation. Many unsuccessful 

bilateral adrenalectomies were done before the successful ones 

on rats 3? and 38 were perrormed, and thanks are extended to 

both Miss stone for her helpful suggestions and to ~iss Toby 

for the operations on the rats in Experiment 6. In rats 3? and 

38 to ensure a better survival at time of second unil2teral 

adrenalectomy the rats were primed in both cases with 5 cc. of 

cortical extract on the day prior to the second operation, during 

the day of operation, and in the case of rat 37 with an additional 
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5 cc. on the day after operation. In every case the cortical 

extract was administered in doses of 2t cc. each. 

It \f'·.'i ll be rerne11bered 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 dav 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 ranoval 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 

aft er removal of one adrenal alone, v.~hen adequate ea lori c intake 

was maintained, vJhereas in rat 22, its appetite failed on day 

of operation and so on day ? 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 may 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 remov.ed 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 24 hours, and fell to 29 rng. on 

lOth day ·when its food intake was resumed. 
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In the forewing discussion of the metabolic studies 

of rats 21-23 inclusive it will be vvell to consider that unilateral 

adrenalectomy serves as a control observation (a) whether after 

removal of the adrena~ in the "deplete~' rat, a rall in intake is 

fo llovved by a prompt rise in nitrogen output and (b) unilateral 

adrenalectomy can be considered in the nature of a ttsham 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 5th day ~nd v~-hen 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 int2ct and 

unilaterally adrenalectomized animals. 

r_r_-~he lack of incree sed nitrogen output after food with-

drawal in totally adrenalectomized '1depletedtt rats is more clearly 

seen in rats 3? and ~8 {Fig.l2). These rats were as all others, 

male hooded rats, -._:,_ho at the start of the experiment weighed 352 

and 347 m.g., respectively. Tbey were unilaterally adrenalectomized 

at the beginning of the experiment and then fed the low protein 

and low potassium diet for le days, after which they were placed 

in individual metabolism cages. For a control period of 4 days 

they were allovved to reach nitrogen equilibrium, i.e., until the 

low and steady levels of nitrogen output were reached. The 

remaining left adrenal was removed in both on the 5th day -
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on the 7th day food 1Nas removed from both. di th a fast main

tained until death (on the 9th day with rat 38 and the 11th day 

in rat 37) no rise in the levels of nitrogen output was noted 

as those se~ before in intact or unilaterally adrenalectomized 

•'depleted" animals, nor was a pre-mortal rise noted comparable 

to that se~;:,n in rats 9 and 19, nor was the rate of vveight los.s 

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

the 1c.vels of creatinine output may be noted. 

TABLE 

Adrenal ~k1 ei ~-.h ts 

Left mg. Rif}l t mg. 

RAT 21 18.6 19 .o 

22 20.0 18.9 

23 19.3 20.0 

24 19.0 18.3 

37 43.2 23.4 

38 46.8 19 .a 

From Table it is seen that instead of compensatory 

hypertrophy 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 '.·.eight occurred. On histo

logical exmnination the cortex was shown, in these animals, to 

have suf~·ered 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. 

RAT 24 

TABLE 

N.P.N. (mg.'/o) 

27 .a 
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38 
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N.P.N. (mg.%) 

31.2 

29.7 

The determinations vvere done in duplicate, and the duplicates 

checked vvell. 

Far from observing heightened N.P.N. values, they 

were on the average mu~~h lower than controls done in this 

laborat-ory which ranged from 36-41 mg.%. 

Hematocri ts 'Nere at"tem.pted \Vi th a limited amount of 

blood and v;ere 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. ln an at~empt to combat the 

postoperative hypoglycemic shock, these rats had been given 10 cc. 

of a 10~ glucose solution intraperitoneally, both on the day 

of operation and the following day. It may vvell 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). 

CONCLUSIOl'JS 

From the above it may be concluded that the adrenal 

cortex is essential in tl1e mechanism (S) under lying the rise of 

nitrogen outp!ut of a "depletedn rat to fasting or inadequate 

caloric intake (i.e., to meet. daily metabolic requirements). 

That renal retension does not mask an increased amount 

of nitrogenous substances is shovvn from an examination of blood 

N.P.N. values. 
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It is unkno'h,n as to hovJ and from vvhere the "depletedtt 

totally adrenalectomized rat obtains caloric requirements during 

a fast, nor what those caloric requirements are. 
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EXPERL.~E}TT rTO. 5 

RATS 25 1 26 27, 29 

EXPERIIv:E:NTAL RESULTS lilTD 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 adrenal under ether anaesthesia. 

The resultant characteristic curve of nitrogen excretion 

repeats that noted in Experiment No.l. Here the peak of nitrogen 

out nut fell on the 3rd day after the operation in rats 27 and 29, 

and on the 4th day- v~ith rats 24 and 26. Tl1e net excess loss of 

nitrogen amounts to a somewhat smaller amount than with the rats 

where the form of damage was fracture of the left f\:m.ur, the 

weight loss after damage being less in these animals. 

From which we may conclude that vJhen unilateral 

adrenalectomy is performed on nreviously healthy adult male 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 a. consideration of the follo·wing experiment 

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

vvi th respect to total adrenalectomy. 
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EXFIRiiviENT NO. 6 -
RATS 35-36 INCLUSIVE 

INTRO DUGTION 

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 o.re comJnon 

to all damaging 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 

exposedtt. He has termed the sum total of features 1 
•. ~~-h ich charac-

terizes the reaction of an animal to damage the "general adapta-

tion svndrome" • ... 

This syndrome has been shown to consist of three general 

phases, an initial phase during which the animal's resistance de

creases and then begins to increase, this re riod lasting for about 

24-48 hours immediately following trauma and tenned the stage of 

the nalarm reaction". Furthermore the stage of the "alarm reactionu 

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 or exhaustion" 

in which the resistance of the anirr.al eventual.1.:{ breaks down and 

it sue cumb s. 

In the extensive research as to the underl:ring features 

of this "adaptation 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 eo-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 

phase that Browne and co-vJorkers (184,185) have shown a rise in 

the corticoid activity of the urine. 

The adrenal gland also shows cha.racteristic changes 

during the three stages of the Dgeneral adaptation syndrome". 

They are greatly enlarged during the later stages of the "alar.m 

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 betv~een 

these and the adrenal cortex is borne out by the following obser-

vat ions. 

The thymus and lymph nodes have been observed to undergo 

pronounced atrophy durin~~ the "counte·r 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 a general involution (253,254). 
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in an attempt to summarize these findings the chart 

below, reproduced from Selye's review is shown. 

NON-SPECIFIC 
DAMAGE -

SPLEEN 

<6 HYPOPHYSIS (ANTERIOR LOBE) 

LYMPH MODES 

THYMUS 

Diagram Illustrating Interrelations Between 
Hypophysis, Adrenals and Lymphatlo Organs. 

FIG. 17 

In explaining the chart Selye concludes "Nonspecific 

damage stimulates the pituitary (nathway unknown) to produce an 

increased amount of corticotrophic 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 cha· h b · · · ~n as een proven by e:xt1rpat1on 

and by injection experiments. 

Bearing upon all these findings is the passible relation

ship between the above "adaptation syndrome" and the already 

mentioned Nand S 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 

increased resistance to trauna, 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 trauma in animals fed an 
inadequate diet. 

EXPERILIEl~li.L RES-,JLTS .b.~\7D DISCUSSION 

Rats, of the same strain and weight range employed in 

previous experiments, v.: ere totally adrenalectomized aft er a 4 day 

control period study. A 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 lOth day of studies (6 days after total adrenalec

tomy) the rats VJere all subjected to the same form of danmge used 

throughout these experiments - that of open fracture of the left 

femur. On the day of this operation 5 cc. of adreno-cortical 

extract were administered to each rat. 1~croscopic autopsy after 

death revealed no accessory adrenal tissue in any of the animals. 

It vvill be remanbered from Experiment 5 that after uni

lateral adrenalectomy there occurred a rise in the curve of nitrogen 

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

femur, and furthermore that in humans this increased nitrogen output 
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following dama.ge of all sorts (termed "N ea ta bolic Process") and 

was a 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 proc:ess as reflected in 

the nitrogen output is apparently lacking. 

In rats 33-35 the nitrogen output fell from a level of 

about 400 mg. daily in the precentral period to approximately 300 gm. 

dailt after total adrenalectomy. In rat 36 the drop in nitrogen 

excretion was even gr m ter and fell to a 200 mg. level. That this 

was not due to impaired renal clearance is born out bv 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 metaboli~ relationships which directly or indirectly in-

valve the adrenal are in all probabilit:r not fully known as yet. 

Certain observations though which bear on this problem should be 

kep t in mind. 

Carr and Beck (2o5) sho-·Aed that after bilateral adrenalec-

tomy in the rat there is a redu et ion of approximately 25·% in the 

total metabolism. Ashworth and Cowgill (256) in the study of the 

adrenalecto.mized rat (weighing lOO grams) found a diminution of 

40% in its overall metabolism. 

Recently Toerkischer and Wertheimer (9) have reported 

findings which indicate that 24-28 hours after total adrenalectomy 

of the rat there occurs a sharp decline in free and to tal acid in 

the stomach and a 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 'v.ould be interesting to do both 

faces 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 formation of carbo

hydrates from amino acids or their residues after dearnnation 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 than intact 

animals. 

In rat 33 a fall in caloric intake on day 6 was follov;ed 

by a noticeable increase in urinary nitrogen on the following day. 

After adrenalectomy of ec:.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 23-36 

in the 4 days following this (labelled damage on chart) there did 

not occur any increase in N outp·ut but actually a slow steady fall. 

Only in rat 33 on 2nd day after damage was there a slight rise in 

nitrogen output and this vvas in no v.:ay comparable, both v·;ith 

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

previously intact animal. Even the ingestion of a 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 to 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 liver function. Whereas in a study ar 

nitrogen and sulfur metabolism of adrenalectomized (3 months old) 

rats S_andberg and Perla (25~ noted that immediately following ad

renalecotmy there occurred an increase in nitrogen excretion. 

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, thEn to 39% and 30% in succeeding 

two periods consisting of 1? and 5 days respectively. 'l'he food 

intake for these periods was romewhat lovJered but not sufriciently 

to account for the drop in retention. another striking feature 

is the pronounced creatinuria encountered in the period immediately 

follovving adrenalec torny. Both this and the increase in the 

excreticn of total urinary sulfur as '/':ell as that of urinary 

sulfur resa~tle the observations of Cuthbertson (120). During 

the whole period Sandberg and Perla report that the fecal nitrogen 

excretion remained unchanged vvhich is soF1ev<hat ·surprising in view 

of the report of Toerkirscher and .-·~'ertheimer. 

The ace ompanying chart (Fig .le) · .. -?h ich has ,_,·e en draTl'Jn 

from the tabulated results of Sandberg and Perla shows that in the 

period following adrenalectomy (first 9 days) there occurs an in

creased nitrogen excretion vvhich is follo•·.ed later by a still fur

ther rise in the level of nitrogen output, the plot~ed results being 

averages. An interesting feature is that throughout the studies the 

animals are in positive nitrogen balance. In view of the feet that 

daily studies are not reported it is difficult to evaluate their 

results, fu~tner the tendency for an increased nitrogen excretion 

to persist a month after the operation suggests that one is viewing 
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the effect of increased growth rather than the "orotein catabolic 
.I.. 

oricess". They report that an increased intake accompanies the 

increased nitrogen output throughout this period after the operation 

(during which the rats still continue to grow). 

From the above VJe 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 oc.curs. Rerial r_etention does not play 

any role here. 

That whereas Sandberg and Perla have reported an increase 

in nitrogen output (confined 1D the urea fraction) after total ad-

renalectomy in grovJing 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 \Nell occupy a 

central role in the response to nonspecific damage reflected in 

the heightened post-traumatic levels of urinary nitrogen. 

A further damaging stimulus to an already adrenalec

tomized animal does not elicit the metabolic pattern (i.e, charac

teristic curve of increased nitrogen excretion) as seen in 

previously intact animals vvhich 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 

"Prate in Cata bolio 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 damage is, of course, impossible, as 

many unexplainable observations exist snd 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 before 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). 

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

e. Function of s~rmpathetic nervous system,(Stecker). 

9. Adaptation, (Selye). 

10. Shock, (1~oon). 

11. N metabolism after dwmage and uN and S" hypothesis, 

(Albright and Browne). 
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That the cortex is concerned vvi th 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 dJrnamic relationship to the 

others. The work of many investigators, including the pioneering 

work of the Lo.ag' s schoo 1 has shov.Jn that_ there indeed exists an 

intimate and delicately balanced relationship betwee-n 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 honmones, one termed the "S" hormone which is anti-anabolic 

with respect to protein, and the other "N" hormone vJhich 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 nsn hormone, later to be follO'/i6d by a SWing in the 

other direction. 

Studies on the excretion of gluconeogenic substances 

(termed urinary corticoids) excreted after damage ~end 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 ani P206:N 

ratios suggest that the material catabolized during this period was 

mainly muscle protein. The significance of this is as yet in doubt. 
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The oork of Cuthbertson (78) and of ~iihipple (75,102) 

on nitrogen balance studies in animals (rat, dog), \:\hO have been 

drained of their protein either by dietary and plasmapheretic 

approaches, 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 vvhat one calls "storage" ·:1nd the other 

ttreserve" protein. It has been shovvn that even in those animals 

which have been on deficient protein diets for a period sufficient 

to bring nitrogen excretion to a lo"tJv level and vvhich behave after 

fracture as did the animals in Cuthbertson's experiment (78), 

in which he claimed had exhausted their storage protein, a prompt 

rise of nitrogen output occurred on reducing the caloric intake. 

This failed to occur in similarly treated animals after adrenalec

tomy. and further in the case of t·wo depleted animals concomitant 

with a pre-mortal rise in urinary nitrogen excretion was a compara-

tive hypertrophy of their adrenals. 

If the failure to show a rise of urine nitrogen after 

trauma, with the depleted organism, were a result of a depletion 

of a reserve of protein 1J\
1hich could be catabolized, then the 

supplying of the organism with amino acids and peptides - the 

products of such a breakdown should be fb llovved by the appearance, 

in the urine, of increased nitrogen, vvhereas it has been shovvn 

(221) that "amigen" is retained in ttdepletedt' 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 

nit.rogen balance by exogenous intake. Some have claimEd to have 

a eh ieved 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 vvho were "protein depleted" before the injury and as has 

been shown in the experiments reported here and elsewhere (103,221) 

these patients have sho 1Nn an abnormal_ tendency to cling to 

exogenous protein. Madden 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 Processtt after damage in the 

ttdepleted animals" and have said tt that if inhibition of anabolismtt 

v~ere the important factor one should expect it sfter damage in the 

depleted as well as the nonnal. 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 

organism and further in the "depletedtt human case studied in this 

laboratory (219) 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 "inhibition of anabolism" that 

is the factor preve11ting the attainment of nitrogen balance after 

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

acute injury merely increases output (103). 

In ~~ln elucidation of the above a possible experimental 

approach would be that of the evaluat-ion 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 a c.l inical or bi ochem.ioal viewpoint, of the negative nitrogen 

balance seen after injury of previously healthy individuals is 

still unknown. Some have suggested that it is a breakdow-n o:f 

protein to provide specific fractions for comba tting the injury. 

It has been recently reported that the amino acid methionine may 

largely prevent urinary nitrogen increases aft er burns in rats 

(141) although similar experiments 1Fi th burned humans in this 

laboratory failed to oonrirm these observations. 

On the bosis of adrenal extirpation experiments it has 

been shown that the heightened nitrogen output seen in damaged 

rats is absent here and that probably tl1e cortex oc:cupies therefore 

an essential role in the mechanism of the "Protein ea ta bolic 

Process", although here various: complicating factors would tend 

to observe a clear cut deduction - namely low free gastric HCl 

and intestina~ proteolytic enzymes and lovJered ovPra.ll. metabolism 

of the adrenalectomized rat. Taken together though, they do not 

account f'or the absence of increased rise of urinary nitrogen 

after total adrenalectomy in the face of inadequate caloric intake 

and therefore it wruld seem that a more direct fun et ion of the 

cortex per se is invo 1 ved, as a lowered in take or absorption 

cannot account for a failure to rise after trauma, since it was 

shov~n decreasing the in take actually caused a rise in nitrogen 

in the intact animal. 

Lastly the possibility that after trauma in the prE~viously 

healthy organism the increased nitrogen output might come fro.m the 

thymus and ljnmphoid tissue is suggested, in view of the previously 

mentioned findings of White and Dougherty (253,254). 
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SU.i\·ilVIARY -------------
(1) The literature was reviewed concerning certain 

metabolic and physiological phases or 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 "hoo.ded" male rats, those fed an almost protein-free diet 

until a steady low level of nitrogen was maintained showed no 

increase in urinary nitrogen output after fracture of the left 

femur or unilateral adrenalectomy. This confirms the findings of 

~Iunro and Cuthbertson. 

(3) Adrenal cortical extract in daily doses up_ to 5 cc. 

(in 1 cc. dQ}sc.s) faile:l to restore the urinary nitrogen pattern in 

"depleted'' rats after damage to that seen in previously healthy 

animals v;-hen subjected to similar trauma. 

{4) It was further sl1ovvn that a rise in the daily 

levels of nitrogen excretion w)_s consistently elicited in "depleted" 

rats 48 hours aft6r a reduction in caloric intake to below a certain 

level making it seem doubtful that a depletion of labile protein 

stcb:res accounted for the failure to sho·w a rise in urinary nitrogen 

after fractures. 

(5) Bilaterally adrenalectomized "depleted" rats failed 

to show a rise or urinar~r nitrogen on reduction of caloric intake. 

There was no rise in N.P.N. in these animals. This, together with 

conclusimn ?, strengthens the belief in the existence 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 t.ha t pos-sibly the economy of 

the ttdepl.eted" rat's Inetabolism 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" 

animals underwent comparative hypertrophy after showing a 

~pre-mortal" rise in urinary nitrogen. 

(7) vVhereas unilaterally adrenalectomized adult rats, 

fed an adequate diet, showed the characteristic rise in urinary 

nitrogen after the operation, completel~r adrenalector:lized adult 

rats fail to present this postoperative metabolic picture, in 

fact a con2iderable fall in the level of nitrogen excretion 

occurred, and further a fracture of the lE:ft femur of totally 

adrenalectomized rat fails to evince any rise in nitrogen excretion 

even in the face of an inadequate (maintenance} protein End caloric 

intake. 
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