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GENERAL INTRODUCTIOL

This investigation is concerned with the effect of
trauma inflicted on the living animal on in vitro protein
metabolism. A discussion on the chemistry of protein break-
down and factorsaffecting it is therefore indicated. Tris will
be followed byareview of investigations concerned with the effect
of trauma on protein metabolism and of the role of the adrenal
cortex in protein metabolism.

I. CHSMISTRY OF PROTEIN BREAKDOWN .

1. Proteolytic enzymes. The first step in the breakdown of

the protein mokcule is considered to pe hydrolysis catalyzed

by the proteolytic enzymes.
It was formerly held that the proteolytic enzymes

could be classified with respect to the size of the substrate
molecule, the proteinases attacking the protein molecule,
the peptidases acting on its breakdown products. The protelnases
were further subdivided according to the pH ranges at which
they acted and theories were developed pasing enzyme specific-
ity on the electrical charge of the substrz:te molecule (liorthrop,
1925 - 1926). The peptidases were subdivided further on tie
basis of the peptide chain length, polypeptidases attacking
peptides containing more than two amino acids linked by peptide
bonds, the dipeptidases acting on dipeptides.

Extensive research on prot%lytic enzyme specifizity
has led Bergmann to propose a different type of classification

pased on the position of the vulnerable peptide bond in the

protein molecule, and on the nature and position of the amimno
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acid residues (Bergmann & Fruton, 1941; Bergmann, 1942).
The enzymes secreted into the digestive tract as well as the
intracellular enzymes (cathepsins) can be fitted into tris
scheme (Fruton, Irving & Bergmann, 1941). The outstanding
differences between the intracellular and extracellular enzyjmes
are l.) that intracellular enzymes are bound to the cell whereac
extracellular enzymes are secreted into the digestive tract,
2.) some of the intracellular enzymes are activated by certain
reducing agents. PFruton et al.in their studies on beef spleen
and kidney cathepsins observed that Cathepsin I (pepsinase)
requires no activators of this type, Cathepsin II (trypsinase)
requires cysteine or glutathione, Cathepsin III (aminopeptidase)
is activated by cysteine or: ascorbic acid, Cathepsin IV
(carboxypeptidase) by cysteine.

The so called endopeptidases require an amide linkage
ad jacent to the carbonyl group of the peptide bond to be
hydrolized. — O-NH-?H-CO—%—- NH—

R
They are, therefore, able to attack centrally located peptide

bonds but they can also hydrolyse tripeptides or amides of

dipeptides.
The exopeptidases attack only those peptide linkages

free carboxyl group adjacent to the imido group
that possess a fre vyl & e e B

of the peptide bond (carboxypeptidases; Hofmann/1940) or a free
amino group adjacent to the carbonyl group of the peptide

linkage to be hydrolyzed (aminopeptidases)

i -C -CO-—:—-—NH"
— €O —— NH—fiH°‘=-°—°-‘-“ j N, = ¢
' R

' R

The endopeptidases include the extracellular enzymes
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pepsin, trypsin, chymotrypsin, and the intracellular enz;mes
Cathepsin I (pepsinase), and Cathepsin II (trypsinase). The
exopeptidases comprise the extracellular amino and carbo-
xypeptidases and their intracellular counterparts Cathepsin III
and IV. The endopeptidases therefore correspond to the
"Proteinases™ of the 0ld classification, the exopeptidases
include the o0ld "Peptidases" but the new terms do not embody the
faulty assumption that enzymes splitting protein molecules can-
not also attack peptides; i.e., that substrate chain length
determines enzyme specificity.

The enzymes in each group are further subdivided
according to the nature and position of the amino acid side chain
in the following manner: arginine or lysine residues belonging
to the carbonyl group of the vulnerable »neptide bond are required
for optimal, hydrolytic activity of the endopeptidases trypsin
(Bermann, Fruton & Pollok, 1939:; Hofmann & Bergmann, 1939) and
the corresponding intracellular enzyme Cathepsin II. The 1imido
group of the peptide bond to be attacked must be contributed by
tyrosine or phenylalanine for optimal pepsin (Fruton & Bergmann,
1939) or Cathepsin I activity. DPeptide linkages in which thece
amino acids contribute the carbonyl group are attacked by
chymotrypsin.

gimilar sidechain specificity is found among the
exopeptidases. Thus, leucine amino peptidase and Cathepsin
III attack linkages in which the carbonyl group is contributed
by leucine, carboxypeptidases and Bathepsin IV primarily act

on peptide bonds in which tyrosine or phenylalanine contribute

the imido group.
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Among the proteolytic enzymes, prolidase and the
dehydropeptidases are noteworthy in that they do not asct upon

o |

the orthodox peptide linkage. — ¢© —— NH~—

In the substrates for prolidase such as glycyl proline the
hydrogen of the imido group in the peptide bond is substituted:

(Bergmann & Fruton, 1937). o eH
_ c( | Y

i Ner—

In collagen more than one quarter of all peptide linkages belong
to this type.

The dehydropeptidases discovered by Bergmann and
collaborators are specific for peptides of unsaturated amino
acids (Bergmann, Schmitt & "Tiekeley, 1930: Bergmann & Schleich,
1932a, 1932b). Recent investigations by Greenstein and
Leuthardt in 1946 indicate that there are at least two dehydro-

peptidases, #1 specific for the synthetic substrates glycylde-

hydroalanine.
CHy

g )
¢ —(ooH

7
NIH, CH, - c/———%- N=

or glycyl-dehydro-phenylalanine,#2 specific for chloracetyl-

dehydroalanine i
0 ik

|
Qem.? —— N= ¢ — cooH

These investigators found that dehydropeptidase 4] was present

in all tissues tested, #2 in liver, kidney and pancreas.

The existence of dehydropeptidases, and their wide-

spread occurrence lend weight to Bergmann's theory that amino
acids may be catabolized while still in peptide linkage (Bergmann

et al., 1930). Their powerful activity compared to that of

intracellular peptidases hydrolyzing saturated peptides
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indicates that an important pathway of protein breakdown mzy bve
the dehydrogenation of amino acids in peptide linkage and sub-
sequent splitting of the latter by dehydropeptidases.

2« Other enzymes hydrolyzing the C-N linkage. In connection

with nitrogen catabolism in the animal body other enzymes
hydrolyzing the C-N linkage should be mentioned. These include
enzymes hydrolyzing amide linkages, such as glutaminase, aspara-
ginase with the formation of ammonia and the dicarboxylic amino
acid, and the enzyme arginase hydrolyzing the guanido group of
arginine with urea and ornithine formation.

3. Deamination. A further step after hydrolysis of the protein

molecule into its amino acid components is the oxidative deamina-
tion of these amino acids.

Krebs in 1933 observed that kidney and at a slower
rate per gram tissue liver oxidatively deamin:ite 4 and 1 forms
of alpha amino acids. The corresponding keto acids could be
isolated if their further metabolism was blocked by inhibitors.
He postulated the existence of two deaninating systems, an 1-,
and a d- amino acid oxidase. l-amino acid oxidase activity was
found in the following tissues listed according to their deamina-
tion rate. Xidney cortex, liver, intestine, (especially caecum)
muscle, brain and retina. Since destruction of cellular structure
and dilution inactivated the l-amino a>id oxidase (but not the d-
amino acid oxidase) a mechanism involving ternary collision was
proposed consisting of activated substrate, activated oxygen ard

a coenzyme.

rhae d-amino acid oxidase was later isolated and found
to—be a flaveprotein. But although enzymes attacking one

speaifio-l-amino aoid have been extraoted,it was not until
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The d-amino acid oxidase was later isolated and found
to be a flavoprotein. But although enzymes attacking one
specific l-amino acid have been extracted,it was not until lately
that an l-amino acid oxidase active on a numnber of naturslly
occurring amino acids was isolated.

Blanchard, Green, Nocito and Ratner in 1944 were able
to extract from rat kidney and liver an l-amino acid oxidase
acting upon thirteen naturally occurring amino acids (leucine,
methionine, proline, norleucine, norvaline, phenylalanine,
tryphtophane, isoleucine, tyrosine, valine, histidine, cystine,

and alanine). The process was again oxidative:

R CH,NH . COOH + 0, ——3 R CO:-cO0oH + NHy + H,0,

The overall equation in the presence of catalase is

catalase 1o
L H,0 — rho + 310,
R ¢ H,NH, -COOH + Lo — R co.coor A HO since 2

The enzyme was found to be a flavoprotein with riboflavin phospnate
as prosthetic group, (Blanchard et al, 19%5) and countrary to

the l-amino acid oxidase activity observed by Krebs not in-
activated by dilution, the activity decreasing only proportion-
ally to the enzyme concentration. The enzyme oxidizes not

only l-alpha amino acids but also l-alpha hydroxy acids.

This enzyme cannot however account for all the deanmina-
tion occurring in the body since it does not deaminate zlycine,
serine, and threonine, and the divasiz amino acids lysine,
ornithine and arginine. It was further only found te—eeeur in

the rat kidney and liver. Cat, dog, guinea pig, rabbit, pig,

ox and sheep analyses were negative.
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4. Transamination: The transaminases are another group of

énzymes concerned with the oxidative deamination of ~lpha amino
acids. The amino group, howevar, is not formed into amnaonia

but becomes directly attached to another alpha keto acid. This
type of enzyme activity was first descovered by Braunshteln and
coworkers who distinguished between two enz;me systems: the
glutamic aminopherases requiring glutamic acid or its alpha keto
analogue (alpha keto glutaric acid), the aspartic amino-

pherase requring aspartic acid or its alpha keto analogue
(oxalacetic acid) as one of the components in the amino nitrogen
transfer (Braunshtein, 1939). It was held that various other
alpha amino acids or their corresponding keto acids, not
necessarily dicarboxylic, could act as the other partner in the
transamination reaction. While saturated dicarboxylic acids
(oxalic, malonic, glutaric, adipic acid) were found to inhibit
transamination supposedly by combining with electropositive
basic groups in the enzyme, alpha amino acids with a second
noncarboxylic acidic group (cysteic acid, homocysteic acid,
phosphoserine) could bé substituted for glutamic or aspartic
acid.

Cohen (1940a, 1940b) was unable to confirm Braw.shteYn's
work on several points. He found that only aspartic acid,
alanine, and cysteioc acid could act as amino nitrogen donators
in the glutamic acid formation from alpha keto glutaric acid,
and only glutamic and cysteic acid in aspartic acid formation
from oxalacetic acid. He was unable to detect direct transamina-
tion between oxalacetic acid mand alanine postulated by 3raunshteYn.
FPurther, homocysteic acid and phosphoserine were found inactive

as NH2 donators and no inhibition was observed with saturated



dibasic acids.

His investigation led him to the conclusion thrat

two main transamination reactions occurred,

¢OOH o0 Coo
i:'o:“s C: o e ‘ o <+ L.l‘ N,
(1) éme + Y i b,y Cs
(;:;H COOKM ::" coom g
¢ - jefog vt el c
Glulame 3 oadlacelis asd a-holglaiade - aspert
coom ¢ OOk
or coow A ,
2: N, Co — Ceo +  o1Nn
TR 1o 8 o ua (M. cHy
‘.“S ?H\,
CLooH ¢ 00
Glutamic asd pyruvic acd d- lo::.g'wlm'e alvwne

and that these reactions might be catalized by the same enzyme,
but that the enzyme had a greater affinity for oxalacetio
(aspartic) than for pyruvic acid (alanine) since reaction (1)
occurred faster than (2).

Green, Leloir and Nocito in 1945 confirmed Cohen's
work with respect to the primary substrates involved in transa-
mination. They were however able to isolate two transaminating
enzymes from pig heart, the "pAspartic-Glutamic-Transaminase”,
catalizing reaction (1), and the Alanine-Glutamic-Iransaminase”
catalizing reaction (2). The transamination betwecn aspartic and
pyruvic acid could occur indirectly by the action of both enzymes.
They presented experimental evidence pointing to pyridoxal

phosphate as the prosthetic group of both enzymes.

5. The Mechanism of Urea Formation: Since urea is the main

end product of nitrogen catabolism in the mammalian organiam
a discussion of some of the experimental work on the mechanisn

of urea synthesis will be included here.
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Krebs and Henseleit in 1932 postulated the ornithine
cycle which has since been accepted as the main pathway of urea

synthesis. Urea synthesis was pictured in the following manner:

o
() R-CHMNH, 4 CO 4+ NHy = pR—ChNH EZN o+ WO
ornithine citrullme
o Pl
D - ey NNC‘-—NH‘ +~ NH; — R ‘CH,_PL:L-NH‘. + w0
citrulline arginine
o [
NP % Inase . A N <4 €M)
(3) R=CANHCE i+ tho VIIS RN L
. ornlﬂ)l"le

&rhmt

R = COOM . CHNH (M. LH, —

The crucial experimental evidence was the catalytic action

of ornithine upon urea synthesis of rat liver slices in a

medium containing ammonia and carbonic acid; i.e., ornithine
enhanced the rate of urea formation without itself diminishing

'in concentration. Citrulline was assumed to be an intermediary
since urea was formed as rapidly with citrulline as with ornithine
provided NHz was present, Without NHz no urea was formed.
Reactions (1) and (2); i.e., the arginine synthesis from
ornithine, COy5 and ammonia was dependent upon the intact living
cell. Reaction (3), the formation of urea by arginine hydrolysis
could occur with disrupted cell structure. One reason for this
is presumably the fact that reaction (1) and (2) are endothernic,
and that the energy regquired for these reactions must be furnish-
ed by respiration, glycolysis as source of energy not being ablie
to replace respiration (Krebs 1934). Previously Loffler in

1948 had noted the dependence of urea synihesis upon respirationm,
and Selaskin & Kriwsky (1931) in liver perfusion experinents

found that urea synthesis with Ringer-Locke solution only
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occurred upon the addition of erythrocytes, intact or haemolyzed,
or a solution of oxyhaemoglobin. Liver was found to be thre
only site of urea synthesis from ammonia.

Alternative mechanisms of urea formation have been

proposede. Leuthardt in 1938 suggested that the amide group
of glutamine might enter into urea synthesis without intermediate
NHz formation. That urea synthesis from glutamine did not
occur over the ornithine cycle was concluded from the folliow-
ing findings. If glucose was the respirator; substrate much
less urea synthesis occurred from ammonia than if pyruvate
or lactate was applied. PFrom glutamine, however, the sane
amounts of urea were formed with glucose as with pyruvate or
lacate as respiratory substrate, Much more urea synthesis
ocourred from glutamine than from ammonia in the liver of
starved animals. Ornithine was found to have hardly any influ-
ence on urea synthesis from glutamine. In his experiments with
glutamine as substrate he found only 0.2-0.5 mg % free MHz. He
concluded that the reaction velocities of urea synthesis from
ammonia at these conc¢centrations of ammonia were too small to
account for the urea actually formed.

3ach, 1939, proposed the follcwing mechanism of urea o ntlec’
(1) "oxidative Hydrolysis" of citrulline; end products glutamic

acid and urea, with keto-acids acting as oxidizing agents.

C e —— N% CONKY CooM
(] (]
¢ +2% 0 Chey NH, CO NH
(‘.:: L Lo N Chy ¥ " *
- ]
CrHNK, (Retoaiic ) C.N“"‘\.
' Coom
CoOom
Ghrrulline oJuﬁMch Ures

aced
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(2) The syhthesis of urea from glutamine, 20, and NHz: end

products glutamic acid and urea.

o

»

C-N " o C‘ ook

| ® c.."

f M, -_— ' + NH(OM,
CH, Ny ?"s

'

CHNH, CHMH,

! COO0Kw

COoH

) 7 3 uresd
gqua mne Z’“""”" scd

Ornithine was believed to act as precursor in urea
formation by oxidation to glutamine. Glutamic acid could
act as substrate after its conversion to glutamine by glutaminase.

The following observations were the basis for these
postulates:

In the presence of citrulline and ammoniumlactate
rat liver slices formed urea without an increase in amino N
concentration. If ornithine had been regenerated an incre=se
would be expected due to the delta amino nitrogen. (If citrulline
was replaced by arginine the amino nitrogen increased markedly,
presumably due to ornithine formation). The ratio of ammonia
and nitrogen consumed to urea nitrogen produced was one instead
of one-half, the theoretical figure for urea synthesis via the
ornithine cyocls.

In the presence of ammonium chloride, alpha keto-
glutaric acid, and citrulline, a rise in anino and 2mide
ocourred. The increase in amide N was interpreted as indiaz-t-
ing glutamine synthesis brousht about by the oxidising action
of the keto acid (see reaction (1) ) (the increase in amino I
was presumably due to reductive amination of alpha keto

glutaric acid by ammonium ions),
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A-small but distinct synthesis of urea was observed
with citrulline and alpha keto-glutaric or pyruvic acid in
the absence of ammonium ions, presumably after reaction (1).

Glutamic acid and glutamine both yielded urea in
the presence, but not in the absence, of ammonium ions.

Ornithine, like citrulline, entered into urea formation
in the presence of alpha keto-glutarate and ammonium chloride.
Again an increase in amide nitrogen was observed. Urea synthesis
did not occur, however, if ammonium chloride was absent. Thre
increase in amide nitrogen and the necessity for ammonium
chloride fitted in with the hypothesis of ornithine oxidation
to glutamine, and urea synthesis after reaction (2).

In the presence of alpha keto glutaric acid and
NH4Cl urea synthesis occurred three times faster from argiuine
than from ornithine and 1.5 faster than from citrulline.
Again little change in amino nitrogen was observed with citrul-
line, none with ornithine, but a marked increase occurred 'vith
arginine as substrate.

Archibald in 1945 claimed the enzymatic synthecsis of
urea from glutamine by cell free liver extracts from dog, beef,
guinea pigs and humans (rats were not tested). The enzyme

was differentiated from arginase by its lack of response to

MnCl, which activates arginase, by its pH optimum at 7.0 or
less (arginase pH optimun 9.4) and by the failure of borzte to
inhibit the urea formation.

Since the urea synthesis through the ornithine cjcle
depends upon intact cell structure and respiratory energy it

could not play a part in the urea synthesis b, the cell free

liver extract. Accordingly, addition of ornithine to the
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glutamine containing medium did not increase urea synthesis,

and substitution of ornithine for glutamine completely prevented
it.

The extract was heated to 50° ¢ in order to prevent
the hydrolyzing activity of glutaminase. The production of urea
from glutamine undér conditions designed specifically to prevernt
the hydrolysis of the amide group seems to confirm Leuthardt's
sontention that the conversion of the amide group to ammonia
is not involved in urea synthesis from glutamine.

In 1941, Borsook and Dubnoff, studying the guanido-
acetic acid formation in the kidney,observed that among other
substances citrulline could act as precursor. Citrulline was
Pound to be converted to arginine which then donated its amidine
group to glycine with ensuing guanidoacetic acid formation.
citrulline received the imino group not from ammonia as in the
ornithine cycle but from the amino group of glutamic (or aspartic)

acid through the formation of an addition compound.

Iytomic ad
Coar-CH -~ CH_CH-COOH 3"' mee &

j COmponrat
N«
l » .
COooH — - O, e Ot~ N~ C-Niy C1frulime
H- Cam— et O ) componen }
N o~

addition, (O™ pound

This compound was then oxidized, with alpha keto glutaric acid

and arginine formation.

-y
. ) COOe . CHI - C04, . CO - LOONI
AJc‘ h ‘f’d' ow - L:}O‘Iu}‘ﬂ'c aced ht‘“
+

Mty ‘r':mnc
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$his mechanism suggests another way of urea formation.

citruliine 4+ glutomic (asparh) aad

eni/nned H, Jawf:w d"g"mi"‘ + _kd.flul‘n(.[m/dc ofic) aced
- M,

+

H,0 ( "Sm“ e)

Uresa + Ormitlyune

Some. 0of these new pathways of urea synthesis are
still debated. Krebs in 1942 took up Leuthardt's and Bach's
work in detail and offered the following criticisms based upon
his own experimental evidence. Although the rate of urea
formation in livers of starved guinea pigs was from two to threse
times greater with glutamine as substrate instead of NH,Cl the
rate of urea formation from ammonium glutamate was of the same
order as that from glutamine. Krebs assumed ammonium glutamate
to be an intermediate in urea synthesis from glutamine over the
ornithine oycle, (donating its ammonium ion to ornithine).

Glutaminase Ornithine

Glutamine > Ammonium Glutamate > Urea
Cycle

Ammonium lactate had a similar effect as ammonium glutamate
or glutamine. Either of these substrates were believed to
enhance the rate of urea synthesis indireoctly by stimulating
liver respiration. Krebs was unable to confirm the accelerating
ePfeots of the keto acids pyruvate and alpha keto glutarate.
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Bersook's work was fully confirmed by Krebs. He
suggested the possibility of urea formation from arginine,
synthesized from citrulline and glutamic acid after Borsook's

scheme, as one way by which glutamic acid could yield urea with-

out intermediate NH3 formation (see above).

In summarizing one might group the pathways of urea
formation and the nitrogen donators involved, in the manner

suggested in the following diagram.

3
le Ammonium Nitrogen NH4 N
organic and
inorganic salts
COCH Ornithine cycle
2. o ~amino Nitrogen ! [\ : N
amino aclds «Ce NHg }———| NH3 —r Urea
(Other amino N.]) 3
Ornithined 0 3| (Leuthardt)
1 i )
3. Amide Nitrogen -0t NH—&f3 2, Urea
glutamine 1
asparagine g °
i arginine hydrolysis

4, Amidine Nitrogen -—-» Urea

arginine

5. Ureido Nitrogen
citrulline
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Recent findings of the abundance of glutamine in
animal tissue may emphasize its possible importance as a
urea precursor whatever the pathway may be by which it contri-
butes to urea formation. In muscle tissues it constitutes
around 50% of the total amino acids, in blood 15 to 25%, in
liver 20% (Hamilton 1945).

It is possible that glutamine may be catabolized and
contribute to urea formation while still in peptide linkage.
Melville in 1935 observed that the amide groups in d-glutaminyl-
glycine, d-glutaminyl-d-glutamic acid and d-glutaminyl-gl cyl-
glycine were as labile as in d-glutamine. The possibility of
catabolism of amino acids in peptide linkage has already been
discussed in conneotion with dehydro peptidase activity. Urea
and other nitrogenous products of protein catabolism might
conceivably be obtained through enzymatic activity upon larger
breakdown fragments of proteolysis.

6. Pagtors affecting Protein Breakdown: The factors known to

affect directly or indirectly the chemical reactions involved
in protein catabolism are so numerous that it can hardly be
attempted to discuss them comprehensively. It was decided to single
out the mechanism of proteolysis to illustrate the various ways
by which enzymatically catalysed reactions may be affected.

(a) Factors influencing the rage of enzyme activity. The
role of the molecular structure of the substrate in determining
its susceptibility to proteolytic enzyme action has already been
discussed in the section dealing with proteol, tic eunzyme
specificity. In addition, the stereochemical configuration

(Bergmann & Zervas, 1934, Bergmann, Zervas & Schleich, 1934),

as well as the shape of the molecule, the degree to which the
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peptide chains are folded( Haurowitz, Tunca, Schwerin &
Goksu, 1945; Rice, Ballou, Boyer, Luck, and Lum, 1945) are
decisive factors in determining its vulnerability to enzyme
attack.s Further, a substrate ordinarly immune to tre action
of a specific enzyme may become hydrolyzable if it is linked
to another molecule, a so called co-substrate (Bergmann,l1942).
The presence of activators is also said to influence the range
of enzyme activity although in this case the possibilit, that
more than one enzyme is involved must be kept in mind.

(b) Pactors influencing the rate of proteolysis: as with
any chemical reaction the rate of hydrolysis of a protein or
a peptide is dependent upon its concentration, and the concentra-
tion of end products « It is also dependent upon the conceuntra-
tion of the catalyst of the reaction, the specific proteolytic
enzyme. Since the study of proteolytic enzyme kinetics has
shown that in all likelihood the enzyme must combine with the
substrate before the latter is hydrolyzed (ibderhalden &
Michdelis, 1907; Grassmann & Klenk, 1929-30) the concentration
of the enzyme substrate complex is of primary importance. Thus,
the concentration of the substrate will not affect the reaction
rate provided it is sufficiently high to saturate 211l the avail-
able enzyme.

Pactors affecting the conceuntration of substrcte,
enzyme, and end products will affect the rate and extent of
hydrolysis. Thus conditions favouring, or preventing, chemicsal
reactions which remove the products of hydrolysis, such as
deamination, and transamination will inhibit or hasten the

gstablishment of an equilibrium between the products of the

reaction and the reactant.
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Among the factors influencing proteolysis by their
effect on active enzyme concentration are temperature and
PH which affect enzyme stability, inhibitors which render ensymes
inactive by combining with them, and activators such as metal
ions or sulfhydryl compounds which render them active. (Smith,

Berger and :

& Bergmann, 1941;/ Johnson, 1940). Oxidizing agents such as

molecular oxygen or redox systems with a more Pesitive potential

than the SS-SH system also influence proteolysis by their effect

on active enzyme concentration, since they render the sulfhydryl
activators inective by oxidizing them.

Oxygen may affect proteolysis not merely through the
oxidation of dntivators. Irving, Fruton and Bergmann (1942)
mention the following mechanisms through which it may act.

l. In enzymes that are activated by SH compounds oxygen may inhibit
by oxidizing these compounds thereby destroying their capacity as
activators. 2. Oxygen may act on the enzyme protein itself.

For example, the beta form of papain trypsinase can be converted
into the active form by HCN or a coenzyme. Oxygen, however,
convarts the beta form into the alpha form which cannot be
aotivéted by HCN. 3. Under aerobic conditions, st activators
(oysteine, glutathione) bring about enzyme-inhibitor complex
fOrmafions. This was found the case with carboxypeplidase,
aminopeptidase, and trypsinase.

The hydrogen ion concentration greatly influences the
rate of enzymatic proteolysis (independent of its effect on
enzyme stability). The optimum pH is not only governed by
the type of proteolytic enzyme but also by the nature of
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the substrate. Thus pepsin, with optimal activity at pH
1.,5-2.0 toward proteins is most active around pH 4.5 if the
substrate is ocarbobenzoxyglutamylalanine (PFruton & Bergmann,
1939).

If proteolysis is measured in a medium containing a
variety of substrates as well as a variety of enzymes, it must
be kept in mind that the overall rate of proteolysis is
determined by the sum of the individual reaction rates, all
of which are affected to a different degree by such factors
as have been mentioned.

Similar considerations may be applied to all other
enzyme reactions occurring in the course of nitrogen catabolism.
A chénge in concentration of reactants and end products will
change the reaction rates. The effect will be dependent upon
the order of the reaction one deals with. Thus destruction of
c6ll structure which may affect the chemical reaction due to
the ensueing dilution of reactants will be disruptive to a
degree depending upon the number of molecules interacting.
pH will affect the reaction rate according to the location
and range of optimal enzyme activity on the pH scale. Oxygen
will be an indispensible requirement when it constitutes a
reactant, or it may inhibit'where it is not involved as in the
hydrolysis of arginine by arginase (Edlbacher, Kraus, &
Leuthardt, 1933). Here the inhibition of oxygen is also
influenced by the hydrogen ion concentration, being most
marked at optimal pH (9-10), still appreciable at pH 7, and
of no effect at pH 5. It is further influenced by substances

with an affinity for oxygen (Hps, ferrous compounds) which

proteot arginase activity by combining with OXyg6n .



- 20 -
Specific inhibitors and activators exist for all
these reactions. Using arginase as an example all l-alpha
amino acids were found to inhibit its activity (Hunter & Downs,
1945). The inhibitors and activators may tEemselves be

.
"ﬁ*()y—-.-;
MRS

inhibited or activated (e.g., activation ofMQJaﬁino acid oxidase
inhibitor by amerobic conditions) and so forth.

The discussion of the chemical reactions concerned
in protein breakdown and the factors affecting them has been
included in this paper dealing with the effect of damaging
stimuli on protein metabélism in order to show the variety of
shannels through which such stimuli may exert their effect.

II. PROTEZIN METABOLISM AFTER DAMAGE.

If a normal, well fed, animal is subjected to a sudden
damaging stimulus such as bone fracture, exposure to cold, or
formaldehyde infection it will show characteristic changes
in its blood, urine and other body constituents which point to
an accelerated rate of protein breakdown.

l. Blood Changes: In rats exposed to cold, formaldehydse

injeotion, and forced exercise a rise in blood NPN was observed
amounting, in many cases, to 1005%-200% of the initial value
(Schenker, 1939).

In cats and dogs subjected to head injuries and
crushing wounds of the limbs a rise in blood amino nitrogen
and a fall in blood pressure was noted by Lurje in 1936.
Traumatic shock induced in dogs and rats by mallet pounding or
Placing in a revolving drum caused an increase in serum

potassium in these animals indicating increased cellular

permeability or cellular breakdown.
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A nearly two fold increase in alpha amino nitrogen
and glutamine was found in the plasma of dogs subjected to
trauma (Hamilton, 1945). In rats subjected to 300-700
revolutions in a revolving drum Neufeld, Toby and lNoble in 1943
observed a rise in NPN of the blood from 38 mgm% to 60 mgm%b,
in the blood amino nitrogen from 9.4 to 13.4, urea from 14.7
to 21.6, uric acid from 0.82 to 1.48, creatine from 1.86 to
2.54 and rest nitrogen from 5.4 to 10.2 mgm%. A slight rise
in potassium concentration was also noted. These changes were
not related to blood volume changes. Engel, Winton and Long
in 1943 observed a rise in blood amino nitrogen in rats sub-
jeoted to a shock inducing hemorrhage, but only if it was
gevere enough to be fatal. The rise was observed regardless of
whether the animals were intact, adrenalectomized or adrenalde-
medullated. It was associated with the decrease in blood

pressure and therefore with a decreased blood supply to the

liver.

In experiments with eviscerated rats and cats exposed
to hemorrhage these investigators noted a high negative
correlation between the blood amino nitrogen level and the
portal venous oxygen saturation as well as arterial blood
pressure. The arterial oxygen saturation remained normal
(Engel, Harrison and Long, 1944). The authors concluded that a
deoreased ability of the liver to deaminate as well as an
increased rate-of amino acid production by protein breakdown
were responsible for the rise in blood amino nitrogen. To
rule out the factor of impaired deamination by the liver,

experiments were performed in the same laboratory on rats



- 22 -
whose gas%rointestinal tract, pancreas, spleen and liver had
been removed (Russell, Long and Engel, 1944). Rats treated in
this manner showed a greater rise in blood amino nitrogen after
bleeding than similarly treated rats not subjected to hemorrhage.
Purthermore, in intact rats subjected to hemorrhage a greater
increase in blood amino nitrogen was observed than in liverless
rats subjected to hemorrhage in spite of the fact that rémoval
of the liver impairs deamination. Since the liver, because of
its size and supply of amino acids from the intestine, is the

Mann and !agath

main site of deamination (Bollman,/1926; Krebs, 1935) (although
other organs are able to deaminate, the kidney cortex at a
greater rate than the liver, (Krebs, 1935) ), blood amino
nitrogen rise elicited by bleeding the liverless rats indicated
mainly an increased peripheral protein breakdown even though
an impaired deamination ability of the remaining tissue might
have been a contributing factor. Decreased renal function was
not believed to be responsible for these results because of the
short duration of the experiments.

In view of the close relationship of protein and
carbohydrate metabolism some findingson the effect of damage
on the levels of blood sugar and intermediates of carbohydrate
metabolism will be mentioned briefly. Neufeld et al. in 1943
noted a rise in blood sugar, pyruvic and lactic acid content
of the blood in rats subjected to the revolving drum. Engel,
Winton and Long in 1943 (see also Engel, Harrison and Long,
1944) observed an initial rise and a subseguent fall in blood
gugar, a rise in blood lactate and pyruvate, an.d an increased

laoctate/pyruvate ratio in rats subjected to shock by hemorrhage.
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A fall in blood sugar and rise in blood keto (and amino)
acids also occurred in the absence of the entire adrenal.
The initial rise in blood sugar only occurred in the presence
of the adrenal medulla and in well-fed animals with adejuate
liver glycogen stores. In eviscerated, desmedullated rats
shock also elicited a fall in blood sugar and a rise in
blood pyruvate and lactic acid.

These findings can be interpreted in various ways.
An increased mobiligation of liver or other glycogen wouid
induce the initial rise in blood sugar observed. Since
mobilization of glycogen is one of the main functions of
adrenalin, and the rise did not occur in adrenal demedullated
animals this seems a plausible explanation. Increased glu-
coneogenesis and decreased utilization of glucose may be
contributing faotors. Since a drop in blood sugar occurred
shortly after the initial increase such mechanisms are either
of short duration or superimposed by others; e.g., increased
breakdown of glucoOse.

The rise in lactate/pyruvate ratios may indiocats
a shift from oxidative glucose breakdown to glycolysis. The
inerease in blood pyruvic and lactic acids was attributed by
Engel etal. to a decreased oxidation of these substances us
a result of decreased oxygen supply.

Long and his collaborators pictured the effects of
shoek on protein and amino acid metabolism to occur by the
following mechanism. . decrease in circulating blood volune

and diminished blood flow result in diminished oxygen supply

to the tissues. Most affected are the peripherai tissues,

especially the extrenities, and the liver. The anoxia
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causes an increased rate of »srotein breakdown; tre breakdown
products accumulate in the 0lood since they are not takern

up or deaminated sufficiently rapidly by the liver owing to;

as A greater supply than the liver can normally handle;

b. An impaired ability of the liver to handle them due to
damage caused by liver anoxia.

In man similar changes in the bloo& picture have
been observed. After short or prolonged exercise (15 minutes
stairclimbiang; 2-3 hours bicycling) Rakestraw (1921) noted
an increase in blood uric acid concentration, after prolonged
exercise a rise also in blood urea and creatine conceutration.
Surgical trauma, severe head injuries ard perforations of
the stomach were found to be associated with a high amino
nitrogen level in the blood (Lurje, 1936). It is of interest
to note that this investigator observed a rise in blood amino
nitrogen following surgical trauma only in cases with intact
liver innervation. If operations were associated vith partial
or total exclusion of liver innervution; e.g., paravertebral
or splanchnic anaesthesia, no increase in blood amino nitrogen
was detected. Animal experiments confirmed this finding.

The author interprets the rise in blood amino nitrogen to be
the result of a "reflex provoked endogenic breaxing down of
protein".

Cuthpertson (1929b) was, however, unable to detect
any rise in blood NPN and urea during the first two weexs
following bone fracture and injury to nonbony parts although
subsequently the values approached the upper limits of normal.

In many cases he observed a rise in inorganic phosphorus.
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The elevated phosphorus and nitrogen levels were not coin-
ocident with the rise in nitrogen, phosphorus and sulphur
excretion in the urine, the latter occurring within the first
two weeks.

Comparatively little has been done on the effect of
sudden trauma upon the concentration in the blood of enzymes
concerned with protein breakdown. Pfeiffer in 1914 noted
an inoreased proteolytic activity in tre serum of burn cases.
Zamecnik, Stephenson‘and Cope in 1945 studied the peptidase
activity of lymph and serum and consistently observed an
increase in enzymatic activity towards the substrate l-leu-
cylglycylglycine in the lymph draining from the areas subjected
fo burn or muscle orushing. An increase in activity toward
this substrate was also observed in the serum of cats, rats
and calves folioWing burns. In lymph the activity paralled
the protein concentration. Since the rate of lymph flow from
burned areas is greatly increased, the increase in enzyme
aoctivity is even more marked per unit time. Since muscle,
skin and subcutaneous tissue, and erythrocytes all showed
3 to 20 times greater activity towards the tripeptide than
normal lymph it was concluded that the increased activity
in 1lymph and serum following trauma was due to a reléase
of the enzyme from the traumatized tissues. as the optimum
pH was approximately 7.4 it does not seem unlikely trat the

enzyme release may be partly responsible for tke protein

catabolic process. In this connection the observation that

dissolution of lymphocytes can be induced by fasting is of

interest.
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Iyengar, Sehra and Ifukerji in 1942, vublisred
findings on the tryptic activity of plasma under various
pathological conditions. The; observed a significant iicreace
in free trypsin content; i.e., trypsin not bound to an
inhibitor, of plasma in nephritis and suggested that the
trypsin'aotivity might be an index of ernhanced protein czatabol-
ism« An increase in blood polypeptides depending own the
clinical severity of tke nephritis had been observed b; Pueck
and Cristol (1929). Again using leucylglycylglycine as a
substrate Grassmann and Heyde in 1930 noted an increased
proteolytic activity (pH optimum 7.4-7.5) in the serum of
patients with fever.

FProm the examples merntioned it seems possible that
increased proteolytic enzyme activity in the blood may be
associated with increased protein catabolism. It is interest-
ing to note that under conditions in which new tissu< and
therefore protein synthesis occurs a decreased proteolytic
enzyme activity has been observed in blood. In cancer patients
a decreased tryptic activity has been noted,(Iyengar et al,
1942;: Vercellana, cited by Iyengar et al). Durirg tumor growth
and pregnancy in rats a fall in plasma proteinase activity w:s
observedAby Weil and Russel in 1938.

9, Urine Changes: The changes in urinary constituents follow-

ing various forms of trauma are in agreement with the L pothesis

of increased protein catabolism. As earl, as 1904 Hawk and 5ies

observed an increase in the nitrogen and sulphur containiLng
products in the urine of dogs subjected to external haemorrhage

amounting to 3 to 3.5% of body weight. Transient glycosuria

was also noted.
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Cuthbertson, McGirr, and Robertson in 1939 noted a rise
in urinary nitrogen sulphur, phosphorus, potassium anad
creatine excretion following fracture of the left femur in
rats which attained a maximum at 3-4 days postoperatively.
The loss of muscle substance due to atrophy of the irjured limb
was not sufficient to account for the increased nitrogen
excretion, and the investigators concluded that there was a
general increase in catabolism to meet the exigencies of the
enhanced metabolism of the recuperative process. This was
corroborated by the fact that supplying additional carbohydrates
to the diet exercised a definite spar.ing effeoct on tre general
loss of tissue substance, although the local atrophy could not
be prevented. Phosphorus, sulphur, nitrogen, potassium and
creatine excretion were all reduced although the increased
excretion of these substances following femur fracture could
not be entirely suppressed by supplying extra carbohydrates.
However this response to femur fracture did not occur if
the rats had been on a low protein diet for several weeks prior
to the operation (Munro and Cuthbertson, 1943). Both the rise
in nitrogen excretion following femur fracture in the rat
with a maximum 3-4 days postoperatively and the lack of such a

response in protein depleted ratsmve been counfirmed in this
laboratory, (Cohen 1945). A heightened urinary creatine ex-
ocretion in rats during exposure to either cold, muscular
exercise or formaldehyde injections was observed by Browne,
Karady and Selye in 1939, the maximum creatine excretion

occurring 24-48 hours aftler beginning of exposure to the stimulus.
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Cuthbertson (1929b) observed an increased rate of
nitrogen and sulphur excretion in man following bone fracture
as well as injury to nonbony parts. A rise in urinary nitrogen
excretion rate after bone fracture and burns as well as other
types of trauma has been noted in many caées in this laboratory,
(Schenker, 1944). The period following trauma during which
the nitrogen output exceeded the intake and nitrogen was
therefore lost from the body was termed 'protein catabolic
phase', since such large quantities of nitrogen loss could only
be explained by assuming a loss of body protein. This period
was always followed by one during which the amount of nitrogen
ingested exceeded the amount excreted; this phase was termed
'protein anabolic' on the assumption that nitrogen was being
laid down as protein. It was concluded thét in the first
phase, immediately after trauma, protein catabolism outweighed
the anabolic process, in the second phase the rate of protein
anabolism exceeded the catabolic rate.

Withdrawal of food may also elicit changes in
urinary excretion products that may indicate an® accelerated
rate of protein breakdown. Cohen in 1945 observed a rise in
urinary nitrogen excretion upon witrhdrawal of food in rats
kept on a protein free diet for a prolonged period. 7Various
investigators have observed a rise in nitrogen excretion durihg
the‘second to fourth day in starvation, (Lucian, Munk,
Johannson, Benedioct, Catheard: cited from Zuthbertson, 1929b).

It may be well to mention that Cuthbertson also noted

a rise in urinary sulphur, nitrogen and phosphorus excretion

in patients as a result of immobilization (1929a). The nitrogen

inorease was due to a rise in urea excretion Mainly. The
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sulphur/nitrogen ratio suggested a sulphur-rich source,
presumably muscle protein. He aseribed this to irritation of
the muscle by nervous stimuli.,

In connection with the assumption that danage
stimulates protein catabolism the observation that patients
postoperatively excrete increased amounts of cortin like
material with gluconeogenic properties is of interest (¥enning,
Hoffman and Browne, 1943).

ce Iissue Changes: The effect of fasting on liver protein

levels has recently been studied by Harrison and Long in

1945. A 32% protein loss was observed in rat livers during

a 48 hour fast. Unless one assumes that the proteins were
shifted to some other part of the body, these results indicate
that fasting is a marked stimulus to liver protein catabolism.
Kosterlitz in 1944 noted that rats on a protein free diet lose
15% of their initial liver cytoplasm on the first day, 7.4 on
the second, 5% from the second to the seventh days and a
further 5% in the second week on the protein free diet. From
protein, phospholipid and nucleic acid ratios he concluded thr-at
chromophilic particulates; e.g., mitochondria, were lost as
well as interparticulate protein of the cytoplasm. This is

of interest since enzymatic activity o6f the cell is associated
with cytoplasmic particulates and may thus be diminished by
eliminating protein from the diet (or by complete withdrawal of
food)e It has been shown that liver argzinase activity decreases

with decreasing protein content in the diet (Lightbody and

Kleinman, 1939).
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The same effect of fasting on liver protein levels
has been observed in this laboratory (Hoffman, 1946). It was
also found that fracturing the femur of a rat at the onset of
the 48 hour fast caused a greater reduction in liver protein
than the 48 hour fast alone, suggesting an increased catabolic
response due to the operation.

In 1932 Krebs and Henseleit in their famous paper
on the mechanism of urea synthesis via the ornithine cycle
showed that urea formation from added ammonium ions proceeded
less rapidly in liver slices from fasted animals (24-48 hour fast)
than from well fed ones. This was asoribed to lack of energy-
furnishing substances in the starved livers.

Leeffler's results in liver perfusion experiments
however seem to indicate that urea formation is greater in
livers taken from dogs starved eight days than from dozs vhich
had been fasted only two days (1918). Leuthardt in 1938 observed
that in guinea pig liver slices previous fasting caused a
fourfold increase in urea production from glutamine. He found
that urea formation from glutamine was not dependent upon thre
'respiration substrate' in contrasi to urea formation from
added ammonium ions. These and other considerations led
Leuthardt to postulate an alternative mechanism of urea forma-
tion besides Krebd ornithine cycle which has been discussed in
a previous section. This would make the opposite results of
Leuthardt and Krebs on the effects of starvation compatible,
since different mechanisms of urea formation might be in-
fluenced in different ways by starvation. It will be remenbercd

that Leuthardt's hypothesis of urea formation is still conlended.



- 3] -

Since urea formation from amino acids is an energy
consuming process one might expect a2 decreased supply of
oxidative energy and therefore a decreased ozygen consumption
in tissues under conditions that inhibit the deaminating power
of that tissue. 1In the experiments in Long's laboratory
mentioned earlier the rise in blood amino acids fdbwing shock
induced by hemorrhage was attributed partly to a decreased
deaminating power of the liver. In vitro studies on the
oxygen consumption of liver and kidney slices from rats in
hemérrhagic shock showed that the 2 (mm5 oxygen consumptio:n
per milligram dry weight per hour) was depressed in proportion
éo the severity of shock using the blood amino nitrogen level
as an index of the degres of shock (Russell, Long and Wilhelmi,
1944). Beecher and Craig in 1943 however were unable to
observe any changes from normal in the oxygen consumption
of slices of brain cortex, heart muscle, kidney cortex and
liver from cats in profound hemorrhagic shock.

Comparison of 0o from fasted with those from fed
rats in Long's laboratory (unpublished work cited by Craig,
1943) indicated a sharp depression in oxygen uptake in the
livers taken from rats fasted for 24 hours. . similar effect
of partial food withdrawal on liver Jno was observed by

Tipton in 194l1. Craig himself noted an increased Qpp due

to fasting. These results are of dubious value,however, since
the investigation did not take into account the loss of liver
glycogen due to fasting which resulted in an increased con-
centration of respiring liver tissue. Fuhrman and Field in

comparative studies on fasted and well fed rats directed
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attention to this source of error (1945). They were able to
relate the df9z to the glycogen content of the liver. This
work will be discussed in a later section.

Various effects on tissue enzymes due to trauma
have been observed. As has been mentioned earlier one of the
conditions associated with shock is anoxia which might be
expected to favor proteolytic enzyme activity by a variety of
mechanisms among them the reduction ( and hence activation)
of proteolytic enzymé activators. Anoxia is also held
responsible for a decreased deaminating power of the liver
in shock (Engel, Winton and Long, 1943; Engel, Harrison and
Long, 1944). Liver slices placed in an atmosphere of nitrogen
subsequently show a reduced oxygen consumption under aerobic
conditions (Russell, Long and Wilhelmi, 1944) and a decreased
ability to metabolize amino acids (Greig,1944b). The experi-
ments of Russell et al. indicated that one of the effeots of
anoxia might be a destruction of coenzyme factors since supply-
ing these factors in a liver Kochsaft preparation partly
counteracted the effect of anoxia on the pyg provided the
shocked animals had been in 'good' conditionm.

In extensive investigations on the effects of
shoock induced by hemorrhage conducted by Govier, Grier, Greig
and?%urk the foilowing observations were made. Coenzymes
active in the catabolism of various intermediary metabolites
were inactivated by the effects of shock. Thus a decrease in
thiamine‘diphosphate (cocarboxylase) by dephosphorylation

to thiamine monophosphate or thiamine as a result of shock

induced by hemorrhage was noted in muscle, liver and duodenum
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(Greig and Govier, 1943). After thiamine therapy cocar-
boxylase was resynthesizedj these findings help to explain
the earlier observations of a beneficial effect of thiamine
therapy on survival time in shock (Govier and Greer, 194la),
of a rise in blood keto acids in shock and fall after thiamine
treatment - since the metabolism of keto acids through the
tricarboxylic acid oyecls requires cocarboxylase - (Govier and
Greer, 1941b) and of the correlation of plasma thiamine
content with resistance to shock (Govier, 1943). The degree
of cocarboxylase dephosphorylation by liver tissue was

found to vary directly with the severity of cellular damage,
(Govier and Greig, 1943).

A decrease in diphosphopyridine nucleotide (coenzyme I)
in tissues following hemorrhagic shock has also been reported
by Greig (1944a).

Of more immediate interest in connection with nitrogen
metabolism is the decrease of an isoalloxazine nucleotide
reported by Greig (1944b) in tissue of animals subjected to
shock. The coenzyme tested was alloxazine adenine dinucleotide
(Flavine Adenine Dinucleotide), a prosthetic group required
for the oxidative deamination of d-aminoacids as well as fa
the oxidation of many other nitrogenous and non-nitrogenous

substances. It is true that the prosthetic group of the 1-

aminoacid oxidase in rat liver and kidney isolated by Blanchard

and Green is the alloxazine mononucleotide (riboflavin phosphate)

but the possibility lies at hand that if shock conditions

inactivate the dinucleotide they might also affect the mono-

pucleotide. Furthermors, Green's l-amino oxidase was famionly
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in the rat and not in the dog, the experimental animal
employed by Greig. It may be noted that Greig's experimental
evidence for a decrease of DPN and FAD in tissues following
shock is not entirely convineings. Greig was able to demonstrate
that liver extract contained a substance that inhibited amino
acid oxidation by liver slices or by the isolated d-amino
acid oxidase. The inhibitor appears to be a globulin-like
substgnce which acts by forming an apoenzyme-coenzyme-substrate-
inhibitor complex (Greig and De Turk, 1945a). This complex
formation is favored under conditions coineiding with those
occurring in shock. Intravenous injection of a partially
purified liver extract containing the inhibitor was found to
increase the blood amino acid level in dogs by an average of
118% in six hours, (Greig and De Turk, 1945c). The investigators

suggest that this mechanism may operate in shock.

A similar but nof identical inhibitor of lactic
acid dehydrogenase was also detected by these workers (Greig,

and De Turk, 1945b).

From the experiments cited so far it seems that anoxia
may play an important function in regulating tissue metzbolism.
Experiments by Bernheim and Bernheim in 1946 on the nitrogen
metabolism of tissue slices under aerobic and anaerobic
conditions are of interest in this connection. The authors
noted that anaerobic conditions caused an increased ,rotein
loss from kidney slices, a slight increase inmon-protein
nitrogen formation, a large increase in amino nitrogen a:.nd a
déorease in ammonia nitrogen formation over a three hour period.

In liver slices an inoreased protein loss was also observed

but NPN and amino nitrogen formation was decreased whereas
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ammonia nitrogen formation was correspondingly increased
under anaerobic conditions. The findings in liver were
thus exactly opposite from those in kidney slices except for
the protein loss. The protein loss was .resumably due to
increased leakage occasioned by cellular damage and increase
in cellular permeability. The investigators conclude that in
the liver there is an actual inhibition of proteolysis under
anaerobic conditions. The increased amounts of ammonia in
liver slices incubated anaerobically are ascribed to the
decrease in urea production under these conditions. The
source of anaerobically formed ammonia was not determined but
glutamine was suggested as a precursor. The effect of anoxia
on liver slices is unexpected in view of the known inhibitory
effect of oxygen on proteolytic enzyme activity (Irving,et al,
1942). All experiments were performed at pH 7.4 and 37
degrees C., and, as has been mentioned, on slices. When
proken cell suspensions of liver and kidney were made by
grinding the tissues in a mortar with sand, amiro acid pro-
duction was the same under asrobic or anaerobic conditions
and in the presence or absence of HCu. Thece results are in
disagreement with those of Voegtlin and Maever (1932) and of
Bailey, Belfer, Eder and Bradley (1942). Tre latter investiga-

tors found that autolysis of liver suspensions was inkibited

by oxygen even at pH 7.5, although the inkibition was more

marked in lower pH regions. Autolysis was also iukibited at
all hydrogen ion concentrations tested, by the oxidants
K103, KI0,, Ip, CuSO4. since these substances also adbolisted

the nitroprusside reaction ( a test for SH compounds), tre
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inhibition was assumed to be caused by oxidaticn of a:>tivators.
An inhibition of autolysis in liver suspencions at PE 7.5

by KIO; was also observed by Luck, Eudin and Nimmo in 1939,

In connection with autolysis and trauma, experiments
on demervated atrophied muscle tissue have yielded interesting
results. Chen, Meek and Bradley in 1924 found that atrophied
muscle tissue autolysed more rapidly than normal muscle
tissue at acid or neutral pH. Autolysis was measured by
amino acid production and tyrosine liberation.- The changes
in pH during autolysis were similar in normal and atrophied
muscle and hence not responsible for trhe different results.
Autolysis was presumably not aerobic and at room temperature.
This experiment was thus successful in demonstrating increas-d
protein catabolism in vitro in a tissue that was the site of
extensiﬁe protein breakdown in vivo - the muscle tissue had
lost 50% or more of its protein befare the animal was
sacrificed.

Various degenerative changes in pathological anatomy
have been found to be associated with the aftereffects of
acute damaging stimuli (Selye, 1940). These include involution
of the thymus, lymph nodes, spleen and other lymphaticz organs,
of the pancreas and thyroid; nuclear pyknosis and degmmgation
2f the anterior pituitary, especially of eosinophils: dischkarge
of the chromeffin granules from the adrenal medulla, and some-
times neoresis of the medulla; decrease in liver size accompenied
by focal necrosis and fatty infiltration; and ulcers in the

gastro-intestinal tract.
In contrast, the adrenal cortex undergoes & marked
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enlargement with hypertrophy of its individual cells and
discharge of their l1lipid granules which are believed to contzin
the cortical hormones. 7These changes in the adrenal zortex
have been observed in rats, rabbits and guinea pigs as a
result of many widely different damaging stimuli, inucluding
burns, infectious diseases, intoxication with various drugs,
Xrays and ultraviolet rays, exposure to low temperature, and
formaldehyde injections (Selye, 1940). They are significant
in view of the alleged effect of tre cortical hormones on
protein metabolism (to be discussed in the following section).
III. THE ADRENAL CORTEX AND SROTEIN '®TA30LISM: In order
to establish a particular function ascribed to an endocrine
gland the following proofs are required:
(1) The postulated effect should be absent or at least
diminished upon removal of thegland. (2) The administration
of its hormones to an animal after removal of the gland should
again elicit that effect. (3) The administration of the
gland's hormones to the intact animal should increase that
effect provided the normal hormones do not already suffice to
bring about a maximal reaction.

The hormones secreted by the adrenal cortex may be

grouped into three types according 1o the activit, ascribped

to them; and their chemical structure.
S o (0

(1) Steroids with an oxygen on Carbon 1l. s> no

Examples corticosterone, 1l1-dehydrocorti- o

costerone, ll-dehydro, 17-hydroxycorticost- Corticonterone

erone. Because Of the protein satabolic, and gluooneogenic

activity ascribed to them, They are also referred to as
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S-hormones, sugar active hormones, glyconeogenic kormones,
protein catabolic hormones.

(2) Steroids lacking an oxygen on Carbon 11 oy ATy
Example Desoxycorticosterone acetate (Dca) L:If;}:)

74

(o]
They are associated with electrolyte metabolism, Desoryertrosterene

(3) Androgenically active 17 ketosteroids or 3 ¢
derivatives thereof. o*

Adreneosferong
Example adrenosterone. Because of their anabolic effect on

protein metabolism they are referred to as N-hormones, protein
sparing hormones, protein anagbolic hormones. They have
similar metabolic effects to testosterone.

The following discussion is conocerned mainly with tre
functions associated with group (1).

l. Blood Changes: A great deal of work has beer done on the

effect of adrenal insufficiency on the blood sugar. From a
review of these investigations published by Long, Katzin and

Pry in 1940 it appears that while many observers ascociate a

fall in blood sugar with adrenalectomy, there are other
investigators who do not confirm this finding. The autkhors
themselves noted that adrenalectomized rats maiitained on

sodiﬁm salts showed reduced blood sugar levels., Fasting caused

a much mor; rapid decline of the blood sugar level in adrenalecto-
mized than in normal rats. The administration of cortical
extract or orystalline steroids oxygenated at Cll to adrenalecto-
mized and normal animals elicited sligkt hyperglycemia. Tre

administration of cortical extract to fasted, to depan:reatized,

and to fasted hypophysectomised depancreatized rails caused

a rise in blood sugar.
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The findings on the effect of cortin administration
in raising blood sugar levels are in agreement with the work of
many investigators. Other workers, however, did not find such
an effect (Parkins, Hays and Swingle, Harrop and Weinstein;
cited by Long et al, 1940).

In patients suffering from Addison's Disease
(chronic adrenal insufficiency due to atrophy or destruction
of the adrenal cértex) a low blood sugar level is generally
but not~a1ways concomitant.

A decrease in blood sugar and pyruvic acid content
of the blood in adrenalectomized rats has been observed by
Schmidt in 1942, although the total bisulfitebinding capacity
of the blood was ingcreased. The low pyruvic acid levels were
believed to be a result of the depletion of glycogen stores
(ebbauféhiges Glykogen). However, other factors such as
increased pyruvate oxidation, and decreased alanine deamination
could equally well account for decreased pyruvate levels.
Similarly various conditions may affect blood sugar levels,
among them changes in mobilization from glycogen, in neogenesis
from protein, and in peripheral oxidation.

The effect of adrenal cortical activity on the maintenance
of plasma protein levels deserves mention, Levin and Leatkem
(1942a, 1942b) found that adrenalectomy in cats caused no
effeot on the total plasma protein content although its
concentration increased due to haemoconcentration. The albumin
s decreased both in concentration as well

fraction however wa

as in total amount. The globulin fraction remained the same

in absolute amount. The albumin level also dropped in
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hypophysectomized animals. In both cases this drop could be
counteracted by cortical extract or DCA administration.

Levin and collixgﬁgg%st that part of the protein
catabolic action of the S-hormones may be for the resynthesis
of vitally important proteins such as serum albumin.

A rise in the serum beta, and especially the gamma
globulin fraction has been observed in rabbits following
injection of adreno-corticolropic hormone (ACTH) and adrenal
cortical extract (White and Dougherty, 1945). These investiga-
tors also demonstrated that augmented pituitary-adrenal
cortical secretdion accelerates the rate of release of anti-
bodies from the lymphoid tissue of immunized rabbits and
brings about increased antibody titres in the serum of such
animals (Dougherty, Chase and White, 1945). Injection of
ACTH into adrenalectomized animals did not evoke these

manifestations.

2., Urine changes: Long et al, (1940) noted a marked decrease

in nitrogen excretion by fasted adrenalectomized Aanimals

compared to normal animals under similar conditions. Admin-

~N

istration of cortical extract and steroids oxygenated at 311

to fasted normal or fasted adrenalectomized rats brought avout

an increased nitrogen excretion. This was true also in

hypophysectomised animals.
The increased nitrogen excretion was found to be

sufficiently large to account for the rise in carbohjydrate

levels of blood and other tissues by assuming the conversion

of proteins to carbohydrates. In view of the large amounts

of N excreted the source was held to be not only the liver

but also other tissues, especially muscle tissue.
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A decreased glucose excretion was observed in
partially depancreatized rats following adrenalectomy.
Cortical extract, and "sugar active" steroids caused an
increased urinary sugar excretion in these animals, also in
partially depancredtized rats vith intact adrenals, =nd in
hypophysectomized depancreatized rats. DCA was much less
effective than the steroids oxygenated on Ciye

In patients with hyperplasia and tumors of the
adrenal cortex glycosuria is a freguent finding.

3. Tissue Changes: In reviewing previous invsstigations

on changes in tissue carbohydrate levels associated with adrenal
cortical activity Long et al,again emphasize the disagreement
between the results obtained by different workers. Long et al
noticed no differences in the liver and muscle glycogen
levels between normal and adrenalectomized mice or rats main-
tained on sodium salts. Fasting, however, caused a more
rapid decline in the carbohydrate level of both tissues.
Administration of cortical extract or steroids
oxygenated on‘Cll to fasted normal, fasted adrenalectomized,
and fasted hypophysectomized animals caused large increases in
liverglycogen, but no effect on muscle glycogen. ILe rise
in liverglycogen confirms earlier obssrvations by Britton and
Sylvette, but these investigators also noted a rise in muscle
glycogen.
Prom studies on the distribution of kmown amounts of

administered glucose Long et al. concluded that adrenal cortiocal

extract also decreases glucose oxidation and increases liver

glycogen deposition. In sunmarizing their investigations azs
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well as those of other workers, however, these authors
interpret the findings on blood, urine, and tissue changes
following adrenalectomy and cortical hormone administration
as being due primarily to the absence or presence of the
protein catabolic function of the cortical hormones.

In connection with the alleged action on protein
catabolism ascribed to the adrenal cortex the striking effect
of this organ on lymphoid tissue is worthy of mention (Selye,
1940). After exposure of an animal to damaging stimuli the
thymus involution is most marked at a time when the adrenal
cortex reaches its maximum development. Removal of the adrenal
completely prevents the involution of the thymus. Cortin or
DCA administration to normal and adrenalectomized animals
elicits thymus involution. It is of interest to note that
androgenic hormones (as well as estrogenic) also bring about
thymus involution. (It will be remembered that androgenic
hormones are excreted by the adrenal). The same protein
catabolic effect on an organ is therefore elicited by two
groups of hormones that supposedly have directly opposite
effeats on protein metabolism.

Dougherty and White (1945) observed a depletion of
lymphoeytes in the thymus and thoracic duct upon injection of

adrenocorticotropic hormomne OTr cortical hormones oxygenated at

C17+ Marked pyknosis of lymphocytes was noted as well as the

appearance of phagocytizing macrophages.

gseveral studies have been made on the effect of the

sadrenal upon more specific chemical reactions.

Jiminez-Diaz in 1936 observed a lowered deamination
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rate of kidney tissue from adrenalectomized animals. These
findings have been confirmed by Russell and Wilhelmi in 1941 (¥
who also noted a decreased oxygen uptake in kidney slices

from adrenalectomized rats maintained on high sodium, low
potassium salts. The rate of dl-alanine, pyruvic-, l-glutamic-,
alpha ketoglutaric-, and succinic acid but not of citric acid
oxidation was impaired in kidney slices from adrenalerztomized
rats. Cortical extract and DCA raised the Q@s to normal in
kidney slices from adrenalectomized animals, above normal in
slices from normal animals. The effect was most marked in

the presence of alanine and glutamic acid. The 3y, and QNH3
increased by the proportions to be expected from the overall

equation for oxidative deamination; (i.e., QNHz/Qpo equal 2,
since two molecules of NHz are liberated by one molecule Oy
in the presence of catalase,(see page 6k

A lowered Q02 in kidney and liver slices of adrenal-
ectomized animals was also observed by Tipton in 194l.
Pyruvate, dextrose and, in particular, succinate were found
to increase the Qy, in adrenalectomized rats less than in
normal ones. The changes in tissue oxidation of adrenal-
ectomized rats were however largely alleviated by supplying
extra salt to the diet. Tipton suggests that the enzymes
concerned with the oxidation of pyruvate and succinate are
inhibited by adrenalsctomy, especially the enzymes concerned

with pyruvate oxidation since the 1latter was suppressed more

than succinate oxidation.

The findings of a decrsased Jp55, & decreased deaminat-

ing power of the tissue, as well as the apparent effect on
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enzymes concerned with pyruvate metabolism are similar to the
Qbsarvations on liver tissue of animals in hemorrhagi:

shosk discussed in an earlier section.

Russell and Wilhelmi (1941ly compared the respiration
of kidney slices from normal with those from adrenalectomized

animals in the presence of glucose and found no significant

difference either in the fs or in the rate of disappearance
of the added glucose. They further compared the zmount of
carbohydrate synthesized by kidney slices from normal aud
adrenalectomized animals in the presence and absence of added
substrates. No significant difference between the two types
of tissues in the amounts of carbohydrate formed was noted
with succinate, or in the absence of substrate. A marked
deerease in carbohydrate formation was, however, observed in
kidney slices of adrenalectomized rats from the substrates
dl-alanine, 1l-glutamic, and alpha ketoglutaric acid. They
conclude that adrenalectomy causes a decrease in gluconeo-
genesis due to an impairment of the tissue's deaminating power.
(This explains the results with alanine and glutamic acid
but not with alpha ketoglutaric acid.)

Evans (1941) on the other hand did not observe any
difference in the rate of disappearance of intravenously

injected dl-alanine and consequent urea formation petween

adrenalectomized functoionally nephrectonized rats and por aal

rats. This was taken as evidence that deamination in tre

liver is not imnpaired in adrenalectomized rats since the

liver is the main site of deamination.

A striking effect of the adrenal cortex upon liver
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arginase aetivity has been noted by Fraenkel-Conrat,
simpson and Evans (1943). They noted that in rats adrenal-
ectomy caused a decrease in liver arginase activity to one
third that of normal. Administration of Kendall's Compound E
(17ihydroxy-ll-dehydrocorticosterone) to adrenalectomized
rats caused a decided increase in liver arginase activity.
11-dehydrocorticosterons and corticosterone were also effective
(i.e., the type of actiwity was associated with the S~hormones).
Desoxycorticosterone acetate only caused a slight rise. A
marked increase in arginase activity of livers from normal and
adrenalectomized rats was also noted upon the administration of
the adrenocorticotrophic hormone of the anterior pituitary.
The investigators think that the effect on liver arginase
activity brought about by cortical hormones is the mechanism
through which these hormones initiate protein catabolism and
gluconeogenesis. Their belief that changes in arginase
activity are the cause rather than the result of alterations
in protein metabolism is based upon the following facts:
inereases in arginase levels may be obtained with hormone
dosages too low to cause gufficient gluconeogenesis for the
maintenance of carbohydrate stores during fasting: l11-dehydrocorti-
costerone caused an increase in arginase activity in two
groups of rats not fasted and in nitrogen balance.

It is of interest to mote that an increase in a
tissue arginase level has also been associated with the androgenb
hormone believed to be directly antagonistio to the action

of the adrenocortical g-hormones. This is analgous to the

findings in regard to thymus {nvolution. An increase in

arginase activity of liver, kidney and intestine upon
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implantation of testosterone pellets into castrated male
rats was reported by Kochakian and 7lark in 1942. 4 similar
increase in d-aminoacid oxidase in liver and kidney wus
observed by these workers. In the mouse only the arginase
contents of the kidney (ap€ of the liver) was affected.

The absence of changes in liver arginase, was some-
what surprisingly interpreted by Kochakian as indicating that
those aminoacids providing ammonia to be used in the orni-
thine cycle for urea formation are not affected by these
steroids. (Kochakian,1944). Fraenkel-Jonrat challenges both
Kochakian's observations and his deductioas that increased
arginase activity is associatzd with protein anabolism.

The adrenal cortex was also found to affect the
activity of extracellular proteolytic enzymes. Tuerkischer
and Wertheimer in 1945 observed that rennin and pepsin
activities of the gastric Jjuice were much lower than normal
in adrenalectomized rats. The activity could be restored by
sdministration of cortical extract to the animals (not by
salt or DCA treatment).

Some studies have been conducted on the effect of
the adrenal cortex on in vitro autolysis. An acceleration
of thymus autolysis was reported upon the addition of cortioal

substance (Hammett, cited from Sun, 1929). Other workers

have obtained negative results with cortical extract on liver

and muscle autolysise. Sun in 1929 noted a small increase

(9%,probably not significant) due to cortical tissue addition

in amino nitrogen production of muscle pulp incubated at pH

6 and 37 degrees C for 24 hours. (A 30% rise in amino nitrogen

produastion was observed upon the addition of medullary tissue).
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Kotlyarov’reported a depressing effect on liver pulp autolysis
(37°C, pH 4.8). upon the addition of cortical tissue or sortin.
Wedullary tissue again accelerated proteolysis.

4. RELATION OF THE ADRENAL WITH “fETABOLIC EFFECTS (F DA’AGE:

It has been suggested that the metabolic effects
of damage are mediated through the adrenal. PFrom the similarity
of pathological, functional and metabolic changes resulting
from widely different damaging stimuli Selye (1940) deduced
that these changes are characteristic responses to a "sudden
exposure to stimuli to which the organism is quantitatively or
qualitatively not adapted." He termed this response "the
Aiarm Reaction". The alarm reaction is subdivided iuto two
phases, the "Shock Phase" and the "Countershock Phase".
The adrenal is believed to take part in the alarm reaction by
éecreting adrenalin in the shock phase and by secreting
sortical hormones mainly during the sountershock phase, there-
by initiating many responses associasted with that phase. 1In
agreement with this view is the initial hyperglycemia during
the shock phase, found by Engel to be dependent upon'the
presence of medullary tissue (see page 23), the hypertrophy of
the adrenai coftei and the discharge of lipid granules,
thought to contain the cortical hormones, in the countershock

phase, changes in patholbgical anatomy such as thymus involution,

lymphopoenia, gonad atrophy, and ulcersall of which are symptoms

that can also be elicited by cortical hormone administretion

(with the obvious exception of adrenal cortiocal hyrertrophy).

The alarm reaction in turn is viewed as part of a

characteristic pattern which is evoked in animals subjected to

a continuous damaging stimulus. This pattern, the "Adaptation
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gyndrome™ is subdivided into three stages.
(1) The alarm reaction, a shock phase. b. counter cshock phase.
(2) The stage of resistance. (3) The stage of exhaustion.
Adrenal cortical activity is taken to be at its heizht during
the second stage of this syndrome whkich is charaeterized by a
resigtance of the animal to the same or a different danaging
agent to such an extent that it does not respond by entering
a shock phase. An elevated blood sugar level is associated
with‘this stage.

The metabolic picture in patients who had oeen
exposed to burns, fractures and other forms of trauma is
characterized by an initial protein catabolic phase which is
followed by a period in which protein anabolism is predominant.
A regulatory function of the adrenal cortex has becn suggested
by Albright and Browne acting in the following manner (albrisrt,
1942-43). Under normal conditions the nitrogen output is
eq@él to the nitrogen intake; i.e., the individuel is in
nitrogen balance. The protein catabolic (8-) and tte proteil
anabolic (N-) hormones of the adrenal cortex balance each other
out in their activities. Following ~eXpOsure to trauna, thre
individual enters into negative nitrogen balance, which is due
to a relative yredéminance of adrenocortical S-hormone activity
over that of the N-hormone. puring the protein anabolic phase

the N-hormone activity predominates and the patient is in

positive nitrogen balance. Eventually both hormnone actions

again balance ecachother and the amount of nitrogen excreted

equals the amount ingented.

Selye associates the symptoms of "shock" as the
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expression is generally understood with the first stage of
the alarm reaction, the shock phase. The authcr does not
conneot adrenal cortical activity with this first prase. OCu
the contrary he suggests that the shock phase might be an exprec-
sion of "relative adrenal insufficiency"™ (presumably including
a relative deficiency in adrenalin suppl; as well.)

It is evident from the variety of adrenal hormones,
(adrenalin, S-hormones, N-hormones and hormones influencing
ei?%lyte balance) and the activities associzted with them that
almost any metabolic finding can be ascribed to adrenal hormcne
over or underactivity. Herein lies the danger of overlooking
other equally plausible explanations for such findings. Thus,
mayy phenomena induced by hemorrhagic shock may be explained
simply by assuming deficient oxygen supply due to circulatory
disturbances. OFf course, one may argue that the reason for
these disturbances is "relative adrenal insufficiency" and
this may well be so. In such a case one would expect a
beneficial result df adrenal hormone therapy which hes not
been conclusively established. Further, a characteristio
aftereffect of trauma such as bone fracture, burns, exposure
to a revolving drum, ete. is an inereased urinary nitrogen
excretion, setting in immediately after the insult Las been

inflicted. This may be explained by assuning increased

secretion of cortical hormones which administered in vivo

are known to induce protein breakdown in general (S-khcrmones),

and also to enhance such specific reactions as de~mination (corti-

oal extract, DCA) and liver arginase activity (cortical extract,

S-hormones only). But during the shock phase there is

supposedly a lack of such hormone secretion.
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The findings from Long's laboratory indicate that haemorr-
hagic shock influences protein breakdown by enhancing it,
deamination by inhibiting it, both findings explainable by
the absence of oxygen, since oxygen inhibits proteolytic
enzyme activity, and is required for oxidative deamination.
significantly the Qpo in tissues from animals in haemorrhagic
shock is lowered. Administration in vivo of some of the
sortical hormones also enhances protein breakdown, but a drop
in 3o and deamination rate is effected by adrenalectomy.
In vivo administration of cortical extract raises the 2o and
deamination rate. If increased arginase activity is conductive
to increased protein catabolism as Evans suggests, anoxia may
induce protein breakdown in shock also by its effect on
arginase activity, the inhivitory action of oxygen on arginase
activity being absent. As will Dbe remembered adrenal S-hormones
also increase liver arginase and the N-hormones increase
kidney arginase action. The question is which are the primary
factors in inducing the protein catabolic response to damage.
Bone fracture, and fasting are stimuli capable of

eliciting the alarm reaction. In this conuection the follow-

ing findings are of interest: Cohen (1945) in this laboratory

observed the characteristic rise in urinary nitrogen excretion

by well fed rats following femur fracture. When such rats were

bilaterally adrenalectomised however, subsequent femur facture

4id not evoke any rise in urinary nitrogen excretion. In

protein depleted, otherwise normal animels the withdrawal of

food induced increased urinary N exoretion, but fermur fracture

did not. The possibility was suggested that "the economy
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of the depleted rat's metabolism accounted for the lack

of increased output after a damaging stimulus (i.e., femur
frature) whereas in starvation the cortex now responded with
consequent catabolism of it's body tissue". In protein
depleted bilaterally adrenalectomised animals not even starva-
tion induced a rise in nitrogen excretion.

These observations point to the necescit; of adrenal
activity for the rise in nitrogen excretion to occur in
response to damaging stimuli.

The recent observations of Ingle (1946) are of
interest here. This investigator found that adrenalectomized
rats excrefed more nitrogen by the third day after adrenal-
ectomy than rats that had been shamoperated. During ten
days' postoperative feeding the adrenclectomized rats excreted
as much urinary nitrogen as did the controls. Ingle also
applied multiple femur fracture to adrenalectomized and shan
adrenalectomized animals. Here again the adrenalectomized
rats previous to femur fracture excreted more urinary nitroge.
than the sham adrenalectomized rats. But similar to Coken's
results, femur fracture, while eliciting increased nitrogen
excretion in sham sdrenalectomized rats did not evoke any such
response in animals lacking their adrenals. When the adrenal-
sotomized rats were maintained on constant amounts of corti.

a rise in urinary nitrogen did occur following femur fracture.
This indicated that the response was dependent not upon

inoreased amounts of hormone secretion but upon the presence

of these hormonesS. Saline treated adrenalectonized rats

responded to burns and also to thyroxin treatment with 2 rise
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ip urinary nitrogen excretion. However, during tre first
twenty four hours following stress, adrenzlectomized rats
with or without cortin treatment excreted less nitrogen than
animals with intact adrenals. Ingle suggests that possibly
the thymus and other lymphoid tissue does not regress as
rapidly in adrenalectomized as in normal animals following
damage .

Ingle concludes from his observations that "at
least some of the metabolic adjustments to stress, especiully
changes in nitrogen balance can occur in the absence of the
adrenals.”

It may be stated that while there is a good deal of
evidence pointing to an active role of the adrenal in adjust-
ment to stress, the extent 1o which the adrenocortical
hormones are active and the mechanism by which such activity

may be evoked is not yet established.
The following investigation is concerned with the

effect on in vitro protein metabolism of a number of danaging
stimuli. No specific experiments were conduoted to permit
deductioﬁs as to the role of the adrenal. . discussion on
the interrelation of the adrenal with protein metabolism,
and with stress was nevertheless included in this introduction,
since the damaging stimuli employed: femur fracture, cold,
starvation, are all capable of jnducing adrenal hypertrophy
and the possibility that the adrenal cortex is responsible

for any effects obtained must be taken into consideration.
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BXPERIMENTAL

The experimental part deals first with the methods
and results of the trial experiments which were conducted to
find a satisfactory procedure of determining protein breakdown
in vitro simulating in vivo conditions. These include experi-
ments 4 to 11, all performed on normal untreatcd rats except
Nos. 10 and 11 in which the rats were subjected to cold and
fasted 22 hours before killing. The modifications in methods
for final use in the main group of experiments will also be
related in the first section.

The second part deals with experiments on =z=nimals
subjected to various damaging stimuli, along with norm=zl
controls. The manner in which damage was iuflicted and its
effect on protein metabolism will be discussed in this section.
I. TRIAL EXPERIMUENTS:

1. Methods and their Standardization:

250 to 300 grams were used in the preliminary experiments,
rats weighing 245 to 265 grams in the later experiments.

Male rats were chosen to avoid any variability due to changes
in endocrine secretion associated with the oestrus cycle.

The weight was selected because at that stage the aninzl,
although mature, still grows and by confining oneself to a
particular weight a uniformity of age could be approxinated

and at the same time an adequate liver size was assured.

— —  wm  ——n e wmm ey me ——m - ey e D  emms  eamh AR  WED s e

were stunned by a blow on the head and decapitated. It was

attempted to rid the animal of as much blood as possible in
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in order to obtain relatively blood free livers. Tre livers
were not free of blood however, as was evident macroscopically
as well as microscopically. The method of washing the blood
out of the liver by injecting ph siological saline into its
circulatory system was not emplojed vecause of the techinizal
difficulties which were the greater since sterile conditious
had to be observed in order to avoid bpacterial contamination.

The livers were excised using sterile technigue:
the abdominal hair was thoroughly saturated with a 55 iodine
gsolution.8having was found unnecessary. A longitudinal incision
through the skin was made with the aid of one pair of sterilized
scissors and forceps. The peritoneal cavity was entered with 2
second, and the liver taken out with a third pair. Approximately
half the liver was placed in a modified pyrex test tube con-
taining 3 ml of physiological buffered salt nixture, (Krebs
and Henseleit, 1932: Krebs 1933). Two such test tubes, there-
fore, contained the whole liver which had been taken out of
the animal by four or five cuts. The test tubes with the
salt mixture and sterile cotton plug standing in a drilled cork
stopper had been weighed previously and were again weighed to

obtain the liver weight.

(o) Homogenizing_progedure: THese large liver
pieces were then homogenized with a closely fitting rotating
glass plunger inserted in the tubes, after the method of I'otter
and Elvehjem (1936). The time of homogenizing wus avout trroe
minutes in the preliminary experineuts. In the later experi-
ments the time was standardized at two minutes and the numoer

of revolutions was measured by means of a counter in contact

with the stirrer throughout homogenization and kept as closely
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as possible to 1,000 r.p.m. with the aid of a rheostat in
order to get comparable suspensions. The honmogenizing prc-
cedure was controlled in this way in the hope of standardizing
the degree of cellular damage. Potter (1946) pointed out the
influence of homogenizing time upon cell breakage.

Homogenizing rather than slicing was chosen for tre
following reasons: Homogenizing is easier to perform than
edequate slicing and is faster. It involves less weishing; it
assures homologous samples of tissue and makes possible the
use of larger guantities of tiesue.

The objections to homogenizing have been emphasized
more than the advantages. It is argued that the danage to thre
cell itself as well as the disorganization of tissue structure
involved in homogenizing results in too drasti:z a departure
of in vivo conditions to permit one to draw conclusions from
the results obtained, upon in vivo metabolism. While ticssue
structure is undoubtedly destroyed in a homogenate this is
to a lesser degree also the case in slices. The damzge to the
cells seems overemphasized if one keeps in mind that the
tissue is homogenized with a round surface glass plunger-
avoiding any contact with metal - and in an isotonic medium.
This procedure must not be likened to methods wrere the tissue
is chopped up with a metal grinder or éﬁund with sand aril ex-
posed to media that do not have the osmotic requiremelnts to

prevent cytolysis.

To determine whether liver cells really survive
homogenization the homogenate was exami.ed microscopically

in several experiments. !fany cells which appeared intact
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were founds Figs. 1 - 8 show photo-micrographs of the homo-
genate used in a control experiment, at the start of incubation,
at 3, 6, and 9 hours incubation. The smears were obtained and
stained in the following manner: a small drop (about .01 ml)
of homogenate was placed on a square coverslip. A second
’coverslip was placed on the drop and then rapidly pulled off
with a sliding motion. A thin and fairly even smear was
thus obtained. Immediately after drying the smear was covered
with a 1:1 alcohol-ether fixative which was left on for at
least 15 minutes. The smear was then stained with haemato-
xylin and eosin and mounted by the standard method. The
solutions were added with a dropper since immersion of the
slides into the solutions was liable to cause the detatchment
of the smear.

A 16 mm objective was used for the low power photo-
mierographs, a 4 mm objective for high power. The absolute
size of the cells are not comparable from slide to slide since
the magnification was not kept cbnstant.

Cells with nuclei and surrounding cytoplasm ocan be
seen even in the sample taken 9 hours after incubation, (Figures
4 and 8). However, after 3 hours incubation there is already
a slight reduction in the size of the nucleus (FPigures 2 and 6)
and at 6 and 9 hours pyknosis is marked, (Figures 3, 4, 7 and
8)s In the élide prepared from the homogenate at zero incuba-
tion time many apparently naked nuclei were observed. A
Qiffereétial cell-count to ascertain the proportion of
apparently,intaot cells and cells that seemed to have lost
théir oytoplasm, showed 53% intact cells and 47% naked nuclei
at the start of incubation. In the later stages of incubation



5 ‘Fige 1 Low power photomicrograph (16mme objective) of a
L " 1liver homogenate from & healthy rat prior to
e incubation (35 minutes after death)s Heematoxylin

f;f{ eosin stain.




Pig. 2

Low power photomicrograph (lémm. objective)
of a liver homogenate from a healthy rat after

3 hours aerobic incubation (Krebs' bicarbonate mediumm
PH 733 37.5°C). Haematoxylin eosin stain.
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Low power photomicrograph (1lomm. objective)
of a liver homogenate from a heallhy rat after

6 hours aerobic incgbation (Krebs' bicarbonate
medium pH 7.3; 37.5°C). Haematoxylin eosin staln.



Fige 4 Low power photomicrograph (lémme objective)
of a liver homogenate from a healthy rat after
9 hours aerobic incubation (Krebs' bicarbonate
medium pH 7.3; 37.500). Haematoxylin eosin stain.

.



Pige 5

High power photomicrograph (4mm. objective
liver homogenate from a healthy rat prior
incubation (35 minutes after death). Haema
gosin stain.




High power photomicrograph (4mme. objective)
of a liver homogenate from a healthy rat after
3 hours aerobic incubation (Krebs' bicarbonate

medium pH 7.3; 37.5°C),

Haematoxylin eosin stain.
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of a liver homogenate from a healthy rat
6 hours aerobic incubation (Krebs' bicarbonate
medium PH 7.3; 37.5%), Haematoxylin eosin stain.

Pig. 7 High power photomicrograph (4mm. objective
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Fig. 8
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High power photomicrograph (4mm. objective)
of a liver homogenate from a healthy rat after
9 hours aerobic incubation (Krebs' bicarbonate

medium pH 7.3; 37.5°C), Haematoxylin eosin stain.
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the numbet of naked nuclei decreased and finally disappeared
presumably due to their disintegration. The disintegrated
cells probably accounted for part or all of the unorganized
protoplasmic debris that was found in the slides especially
in the later stages of the experimnent.

That microscopic examination can give an exaggerated
1mpression of cell breakage and is therefore not a reliable
index’ has been emphasized by Potter (1946). Potter determined
the cytolysis quotient on homogenized rat liver by the succin-

oxidase method. The cytolysis quotient:

J0x(sugeinoxidase with cytochrome)-(succinoxidase without oytochrome)

succinoxidase with sytochrome

compares the succinoxidase activity of the suspension with and
without added cytochrome ¢« In intact liver cells there is enough
octyoochrome ¢ to saturate the succinoxidase of the cell and
further addition of cytochrome ¢ to the medium will have no
effect:; if the cells are broken up, however, the cytochrome o
dissociates from the succinoxidase system and the succinoxidase
activity will be increased by addition of cytochrome ¢. With
this method the percentage of intact cells in isotonic rat liver
homogenate was estimated by Potter at 60 to 80.

“After homogenizing, the suspension was diluted with
Krebs' buffered physiological salt mixture (06167 Phosphate
buffer in Bxperiments 1-7; 0.025 M bicarbonate in all later
experiments) to contain 0.17 g liver (fresh weight) per ml.
The time interval between killing of the animal and placing
the homogenate in the water bath was variable in the trial

experiments, but standardised at 35 minutes in the main group

of experiments.
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(d)'lngnhaﬁigpi It was decided to incubate the
homogenate at body temperature, aerobically, and at pH 7.3 in
order to approach in vivo conditions although autolysis of the
liver_proceeds'much more rapidly at a more acig PH (Bailey,
Belfer, Eder and Bradley, 1942; Luck, Edin and Nimmo, 1939),
and oxygen is known to inhibit proteolytic enzyme activity,
(Voegtlint and Maver, 1932: Bailey, et al, 1942: Irving, Fruton
and Bergmann, 1942).

In the earliest experiments it was thought that
aserobic conditions could be maintained by incubating the
homogenate in a 125 ml. erlenmayer flask (Experiments 4 and 5
"non-aerated".) It was realized later that the layer of homo-
gehate was nof quite shallow enough to ensure adequate diffusion
of oxygen and it was decided to place these homogenates in a narrow
test tube and pass oxygen through the suspension from a glass
tube'ﬁlaced with the opening at about .5 om. from the bottom
of the tube. PFurther, the 0.017M phosphate buffer employed in
Experiments 3, 4, 5, and 6 was replaced from Experiment 7 on
with the more physiological and efficent 0.025M bicarbonate
buffer kept in equilibrium with a 95% 0,, 5% CO, gas mixture.

Table I is a summary of the pH determinations on
10 homogenates over the 9 hour period of incubation. The
determinations weré done on a Beckman pH meter with a gas

mixture of 95% Oy,. 5% CO,, bubbling through the homogenate

during the pH determination to keep it from turning alkaline

due to escape of 002. It will be seen that the pH was main-

tained within 0.3 units.
Aeration by passing gas through the homogenate
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TABLE I

pH Changes in Rat Liver Homogenates during
Nine Hours of Aerobic Incubation at 37 de.rees.

Incubation
times- 0 1z 3 55 6 9 hours.
Homogenate from control animals:
Experiment
(18) pH 7.28 6.90 7.09 6.95
(19) 7.28 7.15 7.10 7.00
(20) 7.20 7.20 7.21 7.10
(24) 7.33 7430 .22 7.20
Homogenate from animals subjected to cold:
(15) 7.30 7.18 7.18 7.04
(17) 7.28 7.10 7.00

Homogenate from animals subjected to femur fracture:

(21) 7.18 7.38 7.28 7.21
(22) 7.38 7.35 7.29
(25) 7.35 7.18 7.15

(26) 7.31 6.79 7.04
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brought up the problem of foaming and a resulting loss of
solid suspension particles on the walls of the test tube.

This was reflected in the decrease in total nitrogen with
incubation time in Experiments 6 and 7 (Figures 14 and 15)

in contrast to the constant level of total N in the "non-
aerated"” Experiments 4 and 5 (FPigures 12 and 13). This diffi-
oculty was overcome by coating the wall of the test tube, as
well as the glass tubes for aeration, with Russian oil.,
(Before sterilization the tube was completely filled with
Russian o0il, the o0il was drawn into the tube provided for the
gas outlet. The test tube and aeration tubes were then drained
thoroughly and sterilized. The tube for the gas outlet was
ﬁade from a 10 ml volumetric pipette (Pigure 9) so that 1f the
homogenate entered the tube the foam broke up when it reached
the extended part of the pipette and further rising of tre
suspension was prevented. Fifteen minutes after incubation
foaming usually stopped and the suspension remained in the
test tube.)

Russian o0il rather than caprylic alcohol was used
because it was felt thaf preventing the homogenate from creep-
ing up on the'glass walls by smoothing the surfaces with a
relatively inert, insoluble substance was preferable to the
more drastic effect of the soluble caprylic alcohol on ihe
surface tension of the homogenate. The disadvantage ol using

0oil was that certain compounds of the homogenate might be

soluble in it.

The procedure was effective in preventing the loss,

. od N
of total nitrogen (see Figures 15 and 16: Experiments 9 and 1Q3.
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In the preliminary experiments the amount of gas passed through
the homogenate was not measured but later it was decided to
standardize the aeration thus assuring (a) the same degree of
oxygenation, (b) the same amount of agitation of the suspension.
For this purpose two 50 ml. pipettes graduated in .1 ml, were
placed in a vertical position, connected at the lower ends with
a rubber hese, and filled about half the height with water,
(Pigure 9). A rubber connection passed the gas through one arm
of a Y joint to the upper end of one pipette, through the second
arm of the Y joint to the glass tube leading to the bottom of
the suspension.

The difference in water levels was an indication of
the oxygen delivery provided the gas stream encountered the same
amount of resistance. The homogenate was therefore always
incubated and aerated in the same apparatus. Figure 10 shows
the calibration curve obtained by measuring the amount of gas
delivered per minute at different manometer levels.

As samples were taken from the homogenate the
resistance to the gas stream decreased resulting in a slight
increase in oxygen flow. This was reflected im the change in
water levei (1.4 "ml" for 4 ml. homogenate removed.) Since

the change of rate was slight and all experiments were subjeoted

to it, it was thought of no consequence.

The gas tank was made to deliver approximately
100 ml Oy per minute by adjusting the difference between water
levels in the manometer arms, (19.0 "ml" for 45 ml homogenate
17.8 for 40 ml, 16.6 for 35 ml, eto: since the same incubation

tube was always used a given volume of homogenate always reached

the same height in the inocubation tube). This high rate was
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qh@ﬂen maiply to prevent any particles of the suspension from

settling out. The oxygen supply was much greater than that

reguired for maximum respiration.

protein breakdown by determining the increase of non-protein
nitrogen and of alpha amino-acid nitrogen with incubation time,
from zero incubation time (45 minutes after death of rat) up
to 3 days in some of the preliminary experiments, from zero
incubation time (35 minutes after killing) until 9 hours in-
cubation time in the main group of experiments. The time was
eventually limited to 9 hours in order to assure maintenance
of the pH throughout incubation, to make available more material
for each analysis, and to obtain results from a larger number
of animals by shortening the time of the experiment.
It'was realized that the values for alpha amino-~
nitrogen and NPN did not necessarily reflect the absolute
raté of formation of these substances but represented the over-
éll result of their rate of formation and their further metabolism.
In earlier experiments the "cell" volume or better,
the concentration of solid particles in the suspension was
roughly measured and the volume of protein precipitate was also

noted.

The nitrogen determinations were carried out on the

whole suspension as well as on the supernatant phase of the

centrifuged homogenate in the preliminary experiments, in the

hope of gaining some idea of the distribution of the nitro-

genous oomponents extra - and intracellularly and changes in

that distribution. However, the NPN and alpha-amino N values
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per gram 1iver showed no consistent difference (except possibly
the zero hourhsamples) whether the whole suspension or only
the non-solid part of the suspension was analyzed in spite
of efforts to free the intre-cellular N-components by diluting
the suspension with distilled water to make it hypotonic, repeated
freezing and addition of saponin, measures that should have
brought about cytolysis (see Figures 12-16: in Experiments 4,

7, 9, 10, and 11 suSpensions were diluted with distilled water,
in Bxperiment 5 suspensions were frozen and thawed twice after
dilution with distilled water: in Experiment 6 suspensions were
diluted with distilled water, treated with saponin and frozen
twice.) All determinations were therefore done on whole
homogenate in the main group of experiments. Only with respect
to total N was there a difference between the two fractions.
These results will be discussed in a later section.

Total N was determined on .5 ml of homogenate diluted
five times with isotonic saline. Saline instead of distilled
water was used to dilute the homogenate since with distilled
water satisfasctory duplicate N determinations could not be
obtained presumably due to the formation of larger aggregates of
solid matter.

To precipitate proteins for NPN and alpha-amino
nitrogen determination 4 ml.of the homogenate were diluted
with 20 ml. of Na tungstate, H2804 mixture. In the preliminary
§xperiments 8 ml., of distilled water were added to the homo-
genate previous to protein precipitation in an effort to induce

éytolysis. Then 12 ml. of the protein precipitant: 1 part 104
Ne tungstate, 8 parts N/12 H,S0,, were added. As has already
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been mentioned no consistent difference in L\Pl. or amino
nitrogen yield was obtained by any cytol sis inducing procedures.
The dilution with distilled water was therefore disc..tinued in
the later experiments bgt in order tormaintain the same con-
centration of protein precipitant throughout, the latter was
diluted with 1/3 its volume of distilled water before addition
to the homogenate.

The samples were centrifuged for 15 minutes and
then filtered by suction since the o0il that rad to be enployed
to”prevént foaming in the homogenate tended to collect a film
of precipitated proteins which was not carried down b, ceutri-
fuging. It was found quicker and less wasteful of the depro-
teinized solution to centrifuge first and then filter, rather
than?;emovébg the precipitate by suction filtering alone.

The supernatant obtained from precipitating 4 ml. of
homogenate (corresponding to 0.67g liver) was sufficient to do
NPN and alpha-amino N determinations in quadruplicate if
necessary.

Total N and NPN were determined b, the Heidelberger
modification of the microkjeldakl technique of Meeker and
Wagner (lMeeker and Wagner, 1933), which calls for boric acid
as receiver of the ammonium hydroxide carried over by distilla-
tion and direct titration of the ammonium borate with standard-
ized sulphuric acid using an indicator with a turning point
around pH 4.5. This method has the advantage that only one
solution, the sulphuric acid has to be standardized and measured
accurately. The digestion mixture used was that proposed by

Campbell and Hanna (1937) whick contains Se0, as a catalyst,
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outting down digestion time to 5-10 minutes. Determination
on known amounts of glycine (1lmg: N), yielded 97 to 100%
regoveries. Samples of the deproteinized homogenate were
adjﬁsted so as to contain 0.3 to 1.0 mg N by using 6 ml. of the
filtrate. 0.5 ml of a 1.5 dilution of homogenate was used
for total nitrogen determination. (1.0 mg Ii corresponded to a
titration figure of 5.00 ml N/70 Hy S0,: a 5 ml microburette
graduated in 0.01 ml was used). All determinations were carried
out in duplicate. Duplicate NPN determinations usually agreed
within 1%, occasionally with a 4% error. Duplicates on the
total nitrogen determinations were not so satisfactory since
one dealt with the diluted suspension and two pipetted samples
of the same volume 4id not necessarily contain the same amount
of solid matter. The average agreement of duplicates was 4%.

Alpha amino-nitrogen was determined after Frame,

Russell, and Wilhelmi's (1943; Russell, 1944) modification oX
Folin, Wu (1922) and Danielson's (1933) technique. The method
is a colorimetric one, based on the inter-action of sodium
beta-naphtho-quinone-4-sulfonate, with the amino group of amino
acids and, to some extent also with the free amino group of

peptides. Both amino groups of lysine, and ornithine react

quantitatively. Arginine yields quantitative values correspond-

ing to its alpha-amino N contents. Ammonia and uriec acid yi=1d
a large percentage of color and therefore interfer with the
determination.

The following procedure was used: to remove ammonia
1 ml of the deproteinized solutions and also a blank of 1 =1

distilled H.O were aserated for 30 minutes with 4 ml of N/4

2
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NaOH and one drop .25% phenolphthalein indicator. 2.5% boric
acid was used to receive the ammonia. Except in the 24 to
72 hour samples of the preliminary experiments the gquantities of
ammonia were too small to be detected by titration with /70
H2804, but they were large enough to interfer with the amino-
nitrogen determination. After aseration 1 or 2 ml of the
aeration mixture, depending on the amino-nitrogen concentration,
were diluted to 5 ml with distilled Ho0 in 25 x 200 ml colorimeter
tubes. One drop of .25% phenolphthalein was added and the
samples brought to pH 9.2 to 9.4 by first acidifying with sto4
or HC1 and then adding NaOH until a permanent light pink colour
was developed. One or two ml of the aerated distilled water
blank was similarly diluted and adjusted to pH 9.2 to 9.4. One
ml of 2% sodium borate solution was added to buffer the solutions.
One ml of the freshly prepared aqueous 5% solution of sodium
naphtho quinone sulfonate was then added, the tubes covered with
drawn glass beads and immediately placed in a boiling water bath.
After 10 minutes the samples were cooled in ice water for 3
minutes and the excesrc colour bleached by adding first 1 =7l
acid formaldehyde (0.30 N HCL containing 0.04 'T forialdehyde)
then 1 ml of 05 M sodium thiosulfate. The samples were diluted
to 15 ml1 with distilled water and after 15 minutes the colour
‘intensity was measured on the Zvelyn colorimeter (Zvelyn, 1v39)
using a 490 mu filter. The amino-nitrogen values were taken from
a curve (Figure 11) constructed from the galvanometer readi:u:s
obtained with known amounts of glycine. Samples were adjusted

to fall between 6 and 17 i micrograms.

The advantage of this method over gasometric anal;sis

is its rapidity since 8 to 12 samples can be anal; sed



READING

ma“;‘“"M“*=9#=#tatcat:aua;a:g;::asa:

GALVANCMETER

A ¥ IS

Fig. 11.

10 " 2 13 1) L] 1 3 4 a8 " 1o n n 0 4 o
GAMMA AMINO-NITROGEN

. - >
Amino Acid Nitrogen Calibration Curve.



-7 =
together if the time relationships are kept constant, and its
gconomy of material since ac:urate determinations can be done
on samples containing as little as 6 amino-nitrogen micrograns.
Duplicates usually agreed to within less than 2, small samples
within 4%. Recovery of known amounts of added amino acids to
the deproteinized solution was satisfactory. However, kuown
and unknown factors are liable to give faulty results. Known
factors are the interference of traces of chromic acid with the
#leaching reaction, so that all glassware has to be rinsed in
alkaline wash-solution if chromic acid cleaning solution is
used. The sodium naphtho quinone sulfonate must be very pure
and its solution freshly prepared. Cigarette smoke was also
found to interfer strongly by causing a colour development.
The amount of indicator added had to be kept constant, an
extra drop causing a false higher value. It was further found
that more colour was developed in a blank prepared from 2 ml
of the distilled water -NaOH aeration mixture than in a blank
containing 1 ml of the aeration mixture. The same was true for
standard solutions containing the same amount of amino-nitroze:
in 1 ml and in 2 ml aeration mixtures. By using blanks cre-
pared from the same amount of aeration mixture as the solutions
to be analysed this effect was completely cancelled out as
verified from tests on standard solutions. jrether this colour
development was related to the extra amount of sodium hydroxide
contained in the samples or the quantity of acid i..ecessary for
neutralization or some other factor was not determnined.
Addition of NaCl corresponding to the amount of acid snd alwell

used caused no darkening. Possibly the acid may have coutained

ammoniae
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To be on the safe side a standard gl cine solution
was subjected to aeration and colorimetric analysis along
with the unknowns in all later experiments, and blanks were
gset up in duplicate.

(£) Aseptic Techmnigue: Except for the earliest
experiments (Experiments 4 and—b) sterile technijue was =mployed
in order to make sure that the results would not bas obscured by
bacterial metabolisme. The operation procedure has already becn
described. Operating instruments, the glass plunger and the
rubber connections from the gas tank to the homogenate wesre
sterilized by boiling twenty minutes in distilled water. 4ll
other utensils were placed for twent; minutes in a stean steril-
izer at 120 lbs. pressure. The tubes in which trhe liver was
to be weighed were plugged with cotton covered with :ellophane.
Pipettes were also plugged to prevent contamination by breath-
ing, and sterilized in a large cotton stoppered graduate cylinder.
The test tube in which the homogenate was to be incubated was
sterilized with its rubber stopper containing the two glass
tubes for aeration (plugged with small pieces of cotton) and
with the Russian oil coating. The rubber stopper was lined witk
cellophane to avoid sticking to the tube.

The physiological salt mixture containing tre
phosphate buffer was also sterilized in the stean sterilizer,
but when bicarbonate buffer was used the bicarbonate solution
was passed through a Seitz filter since the 20, would have been
driven off by heating. Usually four 50 ml lots of unbuffered

salt mixture in 125 ml erlenmeyer flasks were sterilized at

one time, enough for 4 experiments. Sufficient bicarbouzte
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solution was seitz filtered to last for about 10 experiments.
The appropriate amount of bicarbonate was added with a sterile
pipette to the salt mixture immediately befare the start of
the experiment.

Wherever possible the openings of flasks, tubes
and the cylinder containing the pipettes were flamzd when
they had to bs exposed, just after removal of the stopper,
and just before re-insertion.

The measures were satisfactory since tests performed
in the Department of Bacteriology on the homogenate occasionally
at the start and always at the end of the iucubation period
showed mostly no contamination whatsoever, occasionally slight
growth of non-proteolytic bacteria and only in two experiments
was there contamination by proteolytic bacteria. These latter
experiments were discarded. Even after 50 hours iicubation
the homogenates were still sterile. Samples were tested on
brewer's meat and blood agar plates and where growth did
ocour the cultures were transferred to media designed to test
proteolytic activity.

92, Results: It must be borne in mind that in the early
conditions were not jyet
éxperiments/Satisfaotorily standardized wvith respect to homo-
genizing time, aeration rate, asceptic technique, prevention
of foaming, etc. 4lso since homogenates were anal sed during
incubation periods some times as lony as 3. days in the early

experiments, involving over 100 analysis on ome rat liver, lecs

material was agailable for each determination. Nevertheless,

certain deductions may be drawn.

(a) Comparison of ..erated and lLon-acrated Homogenate:

— mmt  GMND GmED NS mmm e D SR R TR e S Gm S e R em .
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See Table II,, also Figures 12, 13 and 14.

In the non-aerated homogenates in physiological salt
mixture and buffered with 017 ¥ phosphate, PH 7.3 (Bxperiments
4, 5) 34% and 44% respectively of the protein nitrogen was
turned into non-protein nitrogen in 45 hours. 17% and 19% of the
initial protein nitrogen was in amino acid N form after 45 Lours
incubation. The rate of NPN formation seemed to inecrease after
10 hours incubation, presumably due to exhaustion of the buffer
resulting in a more acid pH favourable for proteolysis. 1In
Experiment 6 the homogenate was subjected to the same treatment
except that it was aerated with 100% Ope Here only 15% of the
protein nitrogen was transformed into NPN, 3% of the initial
protein nitrogen, was present as amino| alpha acid N.

Although these results are based on only three experiments they
seem to indicate that proteolysis is inhibited by the aeration
procedure. This is best illustrated by the alpha amino nitrogen
curves which indicate that either alphaamino nitrogen formation
stops earlier in the aerated suspension or else the amino group
is further catabolised (FPigures 12, 13 and 14). The same trend
appears also when the homogenate is buffsred with .025 molar
bicarbonate and aerated with a 95% 0o, 5% coz mixture. (FPigure:15;
Experiments 7 and 9, also Figure 16: Zxperiments 10 and 11;

in the latter experiments the liver homogenates were buffared
with bicarbonate, but rats were subjected to cold for 22 hours
and fasted prior to killing.) The cessation of alpha amnino
nitrogen and inhibition of NPN formation was not correlated wi:h

the loss of total nitrogen that occurred in the aerated homo-

genates due to loss of solid matter with foaming befare the

Russian oil coating was introduced. 1In Experiment 9
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TABLE II

NEN and Alpha Amino Nitrogen Formation in Aerated anf Non-aerated
Rat Liver Homogenate During 45 Hours Incubation
mg/gm fresh liver

Exp. Condition Zero Incubation Time ' 45 Hours Incubation Time
Noe. of | !
Homogenate Total NEN Protein NEN %
N * N protein nitrogen
Total Alpha Total Alpha converted
amino amino
to NPN to alpha
amino N,
4, Krebs salt
mixture
0,017 M 33 1.6 o7l 3l.4 18.,1' 5.9 34 17
phosphate
buffer;not
aerated.
(R A Bled 2.1 78 29,3 | 15.1 6.4 44 19
6, Same med-
ium;aerated
with 100% 34.8 3.4 1,05 3l.4 8.0 1.9 15 3
0 |
2

1

# The total nitrogen was the same at 45 hours as a zero time
in experiments 4 and 5: in experiment 6 the total nitrogen
dropped to 27.6 gm.
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(Pigure 15) and also in Experiments 10 and 11 (Figure 16)
the decrease in NPN and alpha amino nitrogen "formation"
occurred although Russian 0il had been used and the total
nitrogen level Was maintained. It should be mentioned tkat
1n Experiment 6 the homogenate was accidéntally diluted to
contain 0.145 gm fresh liver tissue per ml, instead of 0.17 gm.
This was not the case in Experiments 7 - 11 however, whefe
similar results were Obtained.

Among the factors responsible for the different
results in aerated and non-aerated homogenates may be the
inhibitory effect of oxygen on proteolytic enzymes. s already
mentioned the layer of homogenate in the non-aerated experiments
was too thick to assure sufficient oxygen diffusion without
shaking, and anaerobic conditions must have prevailed in the
deeper layers.

The pH, due to an increased rate of glycolysis,
mqy have been more favourable for proteolysis in the partially
anaerobic experiments. Experiment & however, shows a low
PH of 5.5 in the homogenate after 27 hours of incubation when
the alpha amino-nitrogen concentration remained stationary.

The mechanical effécts of breushi—ebout—by the

vigorous bubbling may have caused denaturation and inactivation

of enzxyme proteins.

R wan emp GEE) eman Gl Gy S  TUmR e WD U CEED AR TRES Teme  amm cembh e

tion of totai nitrogen contained in the whole homogenate in

the final experiments averaged 33 mg/g fresh liver (sce table III),
the concentration of protein (total nitrogem minus LPlL.), averaged
30 mg. The concentration of proteins contained in the sediment

free part of the homogenate averaged 19.3 mg/gm liver; i.e., it
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TABLE III

Distribution of Initial Nitrogen Fractions

Total N

Exp.

No. Entire Extra Entire
homog. cell. homog.

3 3640
4 3340
S 3l.4
6 34.8
7 3248
9 30,0
10& 2942
11 34.5
Av, 3340

2942
24.4
20.6
20.2
20.7
19.1
21.0

23«0

R2.4

Total

1.55

2.10

3,38

2446

1.65

2.60

1l.44

2,23

mg/gm Fresh liver
NP Amino N Protein K

Extra Entire Extra Entire Extra
cell, homoge. cell, homog. cell.

2.20 71 44 31l.4 22,62
1.87 78 »71 29,3  18.7
2455 1.05 66 31l.4 17,6
210 30.3 18.6
1.55 03 51 28,3 17.5
2.58 « 90 .62 26,6 18.4

2.22 32.6 20.8

2,06 .77 .58 30.1 19.3

% Protein N.
extra
cell,

71
64
56
61
62
69

66

64

& ILiver homogenates from rats subjected to cold treatment.
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oontained 64% of all the protein. This hign figure zust be
explained by the disintregation of cells due to homogenisation
and possibly by discharge of intracellular protein. The LBl
content of the entire homogenate averaged 2.23 mg/gm liver,
that of the sediment-free part 2.05 mg/gm liver. 0.77 mg and
0.58 mg fespectively consisted af alpha-amino N.

It was found that after a certain length of incuovation,
approximately 10 hours, the extra-cellular total nitrogen
(L.0s, the nitrogen contained in the supernatant of a centri-
fuged sample of homogenate (before protein precipitation)
dropped to about one-half its initial value, (Figures 12-16.)
This was probably due to the change of pH to the isoeleatric
point of some proteins. They were thus rendered insoluble
and carried down with centrifugation. This w:.s reflected in
the increase in sediment carried down from the homogenate in
all experiments where the sediment volume was recorded, with
two exceptions: In Experiment 7 the volume decreased probably
due to the excessive loss of so0lid matter on the walls from
foaming as reflected in the decrease in the total nitrogen of the
entire homogenate which was the largest of all experiments. In
éxperiment 10 the volume remained constant.

Coincident with the decrease in extra-cellular

nitrogen there was a change in the appearance of the centri-

fuged homogenate. The red blood cells which till then were

seen as a distinct layer in the sediment had disappeared,and

the supernatant previously slightly opaque (even if filtered

repeatedly) and straw coloured, was clear and light red dw to
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haemolysis ¢f the red blood cells contained in the homogenate . 7 5.6)
The red colour decreased in intensity in the samples taken
during the later stages of incubation Presumably because of the
breakdown of haemoglobin.,

The recordings of protein Precipitate volumes
both from the entire homogenate and from the cell free super-
natant reflect the decrease in the amount of protein as in-
cubation proceeds. In Bxperiment 6 all the proteins precipitable
by the sulfate tungstate mixture in the oell free supernatant
had been broken down after 72 hours incubation, since no preci-
pitate was formed.
II. COMPARISON OF NORMAL AiD DAMAGED ANIMALS:
1. Methods: The aim in the following experiments was to
compare the in vitro liver metabolism of rats subjected to
widely different types of damaging stimuli with that of normal
rats. The experiments fall into the following groups.

(Group I): Normal control group. This group, had

free access to food (purina fox chow) and water prior to

killing.
(Group II): Fracture of left femur 3 to 4 days prior

to death. Rats were anaesthesized with .125 ml of a nembutal(lq/mi)
solution and operated on by the method of Cuthbertson:et al,1939.
v:ﬁiision was made over the site of the fracture. The musocles

on the lateral side of the left leg were separated and the femur
cut completely with a blunt pair of scissors. The skin edges

were then sutured. Very little bleeding accompanied the
operation. The wound always healed well. Animals Lad free

access to purina fox chow and water until death but usually

ate 1little the first days after operation. The food and wader
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intake was not recorded. Animals were killed 3 to 4 days
after the operation because at this time the rats are at tre
height of negative nitrogen balance after tris type of ojeration
according to Cuthbertson, MeGirr and Robertson (1939) and
Cohen (1945). Two animals each were also killed 1 to 2 days

(Group ITa) and 5 to 6 days (Group IIb) after operation.

The number of animals in the last two groups was too small to

warrant any definite conclusions from the results obtuined.

(Group III): Exposure to cold and fasting for 1 day
prior to death. Rats were placed in an icebox at a temperzture
of 2° to 8% O for 21 to 27 hours prior to killing. They hid
no access to food or drink during this period.

(Group IV): Exposure to cold for 1 day prior to

death without fasting. Rats were placed in an ilcebox as in
the previous group but were given purina fox chow and a 305
glucose solution at libitum. During this period the; ate 12
to 30 grams fox chow and drank 4 to 30 ml of glucose solution

each.

(Group V): Starvation at room temperature for 1 day

prior to killing. Rats were deprived of food and drink for 22

to 26 hours before killing.
The method of killing and the experimental procedures
after saorificing the animals have already been described in
the section dealing with the standardization of methods.
that as fzr as 1is

Conditions were now satisfactorily ad justed so

known the only variable was the treatment of the %Pimals prior
to death. The experimental data include:-

Ppysical:
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1. Initial body weight determination.
2¢ Liver weight determination.
3. Adrenal weight determination. Adre:rsls were
removed within 1 hour after death and, after

fixing in Haydenhain's Suza solution, freed of

non-glandular tissue and weighed on a ~microbalance.
Chemical:

Analyses were made on whole homogenate only (in
Krebs bicarbonate medium in equilibrium with 95% Op 5% CO,) witk
incubation time limited to 9 hours.

l. Total nitrogen at 0 and at 9 hours incubation
time, to check loss of solid material.

2. NPN at 0, 15, 3, 6, and 9 Lours incubation time.

3. Alpha amino nitrogen at 0, 15, 3, 6, and 9 hours
incubation time.

4., pH determinations over the period of incubation.

(see Table I). No difference in the mzintenance

of pH between the homogenates of the different

groups were found.
Histological:

Smears were made from a normal control homogenate
at 0, 3, 6, and 9 hours incubation time, stained with htema-
toxylin and eosin and photographed, (see Pigures 1 - 8.)

All pertinent data were statistically anal; sed
after Snedecor (1940). Reference tables were taken from Fisrer
(1944). The following procedure adapted to compare experinerta}
data on two groups of different sizes was cLosen: First,

the mean value for one group of observations is computed (x).



- 92 -

The difference of each observation from the mezn is trer
obtained (d;), and Squgred (dlz). The sum of the s uares
(Edlz) is then added to the sum of the squares obtained in thre
game manner from the group that is to be compared with the
first one (Edzz). To obtain the variance the pooled sum of
squares 1is divided by the degrees of freedom; i.e., the numoer

. . . ~ 2
of observations (n) in both groups minus 2:y .41 +%4

n, + nz-Z

The variances of the two means are 7/nj and V/mnp: the variance

of the difference between the means ig trhe sum of threse:

V/nl‘P v/nz. The square root thereof finally gives the standard

e ————————.

error of the difference between the means, Sa =1h§/nl+-v/n2
The standard error of the difference vetween the means is the..
divided into the actual difference between the means of thre

two groups to be compared. iz - 21
54
The bigger t, the mare significant are the results. 4 table

%

is consulted that gives the probability (P) of the results being
due to chance for each value of t (depending on the degrees of
freedom). If P was less then 0.01, i.e., the prcbability trat
results were due to chance Was 1 in a hundred, thre data were
initialled "hs" (highly significant): if © was setween 0.01 and

0.02 data were marked "s¥" (significant plus); if P was oetwcen

0.02 and 0.05 data were marked "s": if P .t petwecL C.CO aril

0.1, data were marked ngn (douontful significence.) If P w7u8

larger than 0.1 i.6., the probabilit, was greater trhan 1 1in 10

trat results were due to chance, data werc ~arked witn a dask.

(not significant),
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EXANFLE

Purpose: to determine the significance of the differernce between means
of two groups of data on liver protein content.

Protein Content of Livers Protein Content of .ivers
from Untreated Rats from Rats Starved 24 hours
at Rooux Temperature

(micrograms/total liver/gm rat)

Exp. o Exp. 2
No. d; dy No. do do
18 940 50 2500 49 720 10 100
19 850 40 1600 50 610 100 10u0C
24 1020 130 16900 o1 630 30 900
27 850 40 1600 54 810 100 10000

29 910 20 400 _ 2

32 760 130 16900 Xo= 710 2d,%= £1000
40 970 80 6400
46 840 50 2500 n.- 4
—_ 2
X = 890 Id= 48800
n,z 8
S 4,2 + Say” 48800 + 21000
nl $ n2 -2 10
v \J 6980 6980
S& = + - + = 31
nl nz 8 4
X -xp _ 890 -710
t = - = 3.5
Sg 51
Degrees of freedom = nj + Ip = 2 = 10
P € 0.01

Result: The difference between the means of the two groups is hignly
significant.
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2« Results:
8@s In vivo observatidns: This section deals with observations
on organ weights, and the concentration of the different nitrogen
fractions in the livers of the diffurent groups 35 -ninutes after
death of the animals.,

(a) Liver Weights: The data on liver weights are
presented in Table IV. Liver weights were expressed in percentage
body weight to rule out the effect of the animal's size. (It
was assumed that organ weight was proportional to body weight.)
In groups II to V liver weights were expressed as percent of
the animal's body weight before initiation of treatmeant. The
body weight varied betwecn 245 and 265 grams. The absolute
liver weights ranged from 3.87 grams in a rat subjected to cold
and starvation to 9.25 grams in an untreated rat.

It will be seen that the highest liver weights are
those of the untreated group, averaging 3.11% body weight.

All the treated groups showed a lower average. The decrease

in liver weight was statistically significant in Group II

(Rats with fractured femurs) with a 14% decrease, in Group III
(Rats subjected to cold and fasted) with a 32% decrease, and

in Group V (Rats fasted at room temperature) with a 29% decrease.
The 10% decrease in liver weight of Group IV (Rats subjected to
c0ld but fed) was statistically not significant.

(b) Adrenal Weights:

The adrenal weights were determined on 7 animals
in the normal group, 8 in Group II, 3 each in Groups III and IV,

and 5 in Group V. No significant difference in adrenal weights

between the normnal and the treated groups was found (See

Table V). This is somewhat surprising since adrenal ryvertrophy
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TABLE IV

Liver Weights of Normal Rats and
Rats Subjected to Damaging Agents.

Liver vWeight as Percent Change
% Body Weight from Normal
xi
I Controls 3.11
11 Fractured hs vii
killed day 3-4 2.68 ~-14
- ii
IIa " "o 1-2 2.88 =7
- i
IIb " " 5-6 2.85 -8
III Cold, 5°C. hs vii
for 24 hrs. 2.10 -32
(fasted)
- iv
IV Cold (fed) 2.81 -10
V Room temp., hs v
fasted 24 hrs. 2.21 -z 9

hs highly significunt (P<o0.0l).
- not significant (P> J.1).
Roman numerals- numbers of animals.
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TABLE V

Adrenal Weights of Normal Rats and
Rats Subjected to Damaging Stimuli

Adrenal Weight Percent Change
as % Body Weight from Normal
vii
I Controls .0143
II Fractured, - viii
killed day 3-4 .0166 +16
- ii
IIa " " 12 .0168& +17
- i
IIb " " 5-6 .0164 +15
III Cold, 5°C - iii
for 24 hrs. .0148 +3
(fasted)
d iii
IV Cold (fed) 0173 +21
V Room temp., - v
fasted 24 hrs. . 0140 ~2

d doubtful significance (P: 0.05-0.01).
- not significant (P>0.1),

Roman numerals- numbers of animals.
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in response to the damaging stimuli was expected. Probably
time was not sufficient to allow for adrenal hyperplasia to
become so marked as to be detectable in adrenal weights. In
any case these results do not exclude increased adrenal
cortical secretion in response to the damaging stimuli.

(¢) Liver Proteins:

The data on liver nitrogen fractions are recorded
in two ways (1) as mg per gram liver to compare the concentra-
tion, (2) as micrograms per total liver weight per gram body
weight to compare the actual amounts of protein. From Table
VI and VII it may be seen that the protein contents of the liver
in all treated groups showed lower averages than the normal
group, whereas the average protein concentrations were higher
in all treated groups. The increase in protein concentration
was statistically significant in the rats subjected to cold and
fasting (Group III) averaging a 15% increase, and in the rats
subjected to fasting at room temperature (Group V) averaging
a 10% increase. The decrease in total amount of protein
present was significant in all treated groups except in the
group subjected to cold for 1 day but with food available.

The liver proteins dropped 20% in the group fasted 1 day at
room temperature, 17% in the group subjected to cold and
fasting for 1 day, 11% in the group killed 3 to 4 days after
femur fracture.
(d) Non-protein nitrogen:
The non-protein nitrogen co.ucentrations of the

1ivers 35 minutes after death showed no siznificant differcnce

among any two groups (Bable VI). The non-protein nitrogen
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TABLE VI

Rat Liver Protein Nitrogen, lion-protein Nitrogen, and

Alpha Amino Nitrogen Concentration, (mgm/gm fresh liver)

I Controls

I1 Fractured,
killed day 3-4.

Ila " " 1-2

IIb » " O5-6

III Cold, 5°C
for 24 hrs.
(fasted)

1V Cold (fed)

V Room temp.,
fasted 24 hrs.

hs

S
d

Protein NPN Amino
N N
viii viii vii
28.6 2.52 .65
- v - vi - vi
30.4 2.52 .61
- ii - ii - ii
30.4 2.7¥% .70
s ii - ii - ii
32.9 2.44 .53
hs iii - iii - vi
32.9 2.81 .08
d iv - iv - iv
31.2 2.72 1)
s iv - iv - iv
31.6 2.72 .07

highly significant (P< 0.01).

doubtful significance (P 0.05-0.1).
not significant (P> 0.1).

Roman numerals- numbers of animals.
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TABLE VII

Rat Liver Protein Nitrogen, Non-protein Nitrogen,

and Alpha Amino Nitrogen Content 35 min. after

Death. (micrograms/total liver/gm rat).

I Controls

II Fractured,
killed day 3-4.

ITa " " 1-2

IT» " " 5-6

III Colqd, 5°C
for 24 hrs.
(fasted)

IV Cold (fed)

YV Room temp.,
fasted 24 hrs.

hs
S+

S
d

Protein NPN
N E—AS——
viii viii

890 79
s v - vi
790 67
- ii - il
870 79
- I3 - 1ii
930 69
s+ iii s iii
740 52
- iv - 1iv
830 76
hs iv s iv
710 60

highly significant (P< 0.01).
significant plus (P: 0.01-0.02).
significant (P: 0.,02-0.05).
doubtful significance (P d.05-0.1).
not significant (P> 0.1).

Roman numerals- numbers of animals.

Amino

vii
20.9

d vi
16.2

20.2

14.9

hs vi
11.6

s iv
15.3

hs 1iv
12.6
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content of the whole livers however, was again significantly
less in the group subjected to cold and fasting, with a decrease
of 35%, and in the group fasted at room temperature with a
decrease of 25%. The 15% decrease in the group killed 3 to 4
days after femur fracture was statistically not siznificant.
(Table VII).

(e) Alpha amino nitrogen:

The alpha amino nitrogen concentration also did
not vary significantly from the normal in any treated group,
(Table VI). The alpha amino nitrogen content of the livers,
however, was significantly decreased in all treated groups
except the group with fractured femurs where the decrease was
of doubtful significance (P between .05 and .10 Table VII).

The average amino nitrogen decrease was 43% in the group
subjected for 1 day to cold and fasting, 39% in the group

fasted for 1 day at room temperature, 25% in the group subjected
to cold for 1 day but with food available, and 21% in the group
killed 3 to 4 days after femur fracture.

From Table VIII it may be seen that the alpha amino
nitrogen fraction of the treated groups showed a greater
percentage decrease than the remaining non-protein nitrogen
(and also the total NPN).

In summary one may say that the procedures involving
fasting of the animals resulted in the most siriking changes in
liver weight as well as in the cqncentrations and absolute
amounts of the nitrogen fractions anal;sed. Thus, Group III

(Rats subjected to cold and fasted, and Group V (Rats fasted at

room temperature) show the greatest decrease in liver weizht,
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TAELE VIII

Percent Decrease of Nitrogen Fractions

in Damaged Groups Compared to Control Group
( % calculated from values in Table VII.)

Total NPN NIN Other Than Alpha Amino N,

Alphe Amino N,

I1 15 13 21

III 35 3 43

IV 4 4 25
(increase)

v 25 20 39
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the greatest inorease in protein nitrogen concentration, and
the greatest deorease in absolute amounts of liver protein -
non protein -, and alpha amino nitrogen. The combined
stimuli of cold plus fasting (Group III) did not produce
any significantly greater effect than fasting at room
temperature (Group V). The data on the remaining groups show

a similar trend although the results are not always significant.

be In vitro obeervations: This section deals with the in
vitro formation of non~protein nitrogen and alpha amino
nitrogen by the homogendzed livers from the various groups
of animalse. Increases in concentration (mg per gram liver),
as well as in amounts (microgram per total liver weight
per gram body weight) over 1., 3, 6, and 9 hours incubation
were recorded taking the value at the outset of incubation
as 0, 1.6+ subtracting that value from the absolute values
obtained at the above mentioned incubation times.

(a) Total non-protein nitrogen: (Tables IX, X, XI)

It will be seen from Tables IX and X that the

average increase in non-protein nitrogen concentration
as well as in absolute amounts was greater tkan normal
in all treated groups throughout the period of incubation. CThe
significance of the deviation of the average values at the
different stages of incubation from that of the normal
group at the corresponding stages is indicated by the initials

over the figures. The increase in amounts as well as

concentration over the 3 hour period is significant iu the
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Incubation times

I Controls

II Fractured,
killed day 3-4

JIa " LA ™

IIb " " 5.6

III Cold, 5 C
for 24 hrs.
(fasted)

IV Cold (fed)

V Room temp.,
fasted 24 hrs.
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TABLE IX

Increments in NPN with Time

mg/gm fresh liver

da vi
¢33

084

. 32

hs ii

.64

d 1iv
« 30

s} iv
042

0-3

«15

d v
e 39

046

o4

hs 1i
1.07

hs 1iv

.64

hs iv

74

Symbols as in Table VII

vi
«65

.80

.90

«90

s {ii
1.69

s4 iv

1.05

hs iv
1,99

0=9 hours
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TABLE X

Increments in NEN
micrograms/total liver/gm rat

Incubation times 0-13 0-3 0-6 0-9 hours
v vi vi v
I Controls 2e4 5.2 204 339
II Fractured, vi - v - vi - vi
killed day 3-4 87 10.2 22.3 35.0
ii - ii - ii ii
IIa W " 1—2 6.9 13.7 2608 42.9
- ii - ii - ii - ii
ITb » " 56 9.1 12,7 25,6 36.8
III Cold, 5 C ii 8 ii d iii iii
for 24 hrs. 11.5 18.8 31.8 40,1
(fasted)
iv hs iv d iv - iii
IV Cold (fed) 7.8 17,8 29.2 42,8
V Room temp., iv hs iv hs iv iii
fasted 24 hrs. 9.9 16.1 34,9 51.5

Symbols as in Table Vi1



Rate of NPN Appearance in Rat Liver Homogenate

(105)

TABLE X1

Rate betwesn

I Controls

II Fractured
killed day 3-4

III Cold, 5°C
for 24 hrs.
(fasted)

IV Cold (fed)

V Room temp.,
fasted 24 hrs.

"Y/total liver wt/gm rat/hr

5.76

s ii

7.66

5.20

Symbols as

8 it
4,87

8 iv
6.66

d iv
4,40

in Table VII.

3.78

- iv
5.7

6-9 hours

5.00
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homogenates of all treated aninals exgept those with fracturcd
fomurs. It will be noted that the increass in co:centraticn
o#er normal was more marked than the imcrease in amounts due
to the liver shrinkage in the treated rats. Figure 17
contains the graphical representation of the increase in
non-protein nitrogen of the different groups calculated per
total liver waight per gram body weight. The average rates
of NPN increase are summarized in Table XI (average rates
were computed over the O to 1z hours incubation period,
over the 13 to 3 hour, over the 3 to 6 hour, and over the
6 to 9 hour incubation period.) It is evident that over
the first 3 hours of incubation the rate of LiPiv increase
is much lower in the normal than in the treated groups.
After 3 hours, however, the rate in the normal homogenates
increases markedly and is not significantly different
from the treated groups. The treated groups, with the
possible exception of Group II, (rats with fractured
femurs), do not have this initially lower rate. The
ohange in rate within each group over the period of incubation
was analysed statistically. The only significant ochange

was the inorease in rate in the normal group after 3 hours

incubatione

(b) The alpha amino nitrogen fraction of the

non-prétein nitrogen. (Tables XII, XIII, XIV)

In contrast to the results obtained from
the total non-prbtein nitrogen analyses, no signifiocgnt
difference was found belween the increase in absolute
amount of alpha amino nitrogen in the homogenates from the

normal group throughout ipcubation as compared to the
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homoganates from the treated groups with one exception:
the average 9 hour value of the homogenates from the group
fasted at room temperature was significantly higher than
the average value of the normal group. However, the values
at earlier stages of incubation are not significantly
different from those of the normal group. This high 9 hour
value must have been caused, therefors, by an increased
rate of alpha amino nitrogen appearance during the last 3
hours of incubation compared to the normal rate at that time.
From Table XIV which lists the rates of alpha-amino N
appearance at different incubation times it is seen that
the only significant difference from normal among all
groups at all stages of incubation was the average rate
of &ncrease in alpha amino nitrogen amounts over the 6 to 9
hour period in the homogenates of the group fasted at room
temperature. (The increase in rate of alpha amino nitrogen
appearance from the second 3 hour period to the third
3 hour period within this group was of doubtful significanoe
(P between «05 and ¢10))s

The alpha amino nitrogen concentration, however,
increased more rapidly in the homogenates from the treated
groups than in the controls (Table XII), despite the faot
that the absolute amount of alpha amino nitrogen did not
increase more rapidly in the treated groups. The greater
inorease in alpha amino nitrogen concentration in the livers
from the treated groups is most likely related to the loss

of liver glycogen from these animals. Since the livers had

considerably decreased in weight the same amount of
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TABLE XTI 1

Increments in Amino Nitrogen with Time
mg/gm fresh liver

Incubation times Oelé 0-3 0-6
vii vii vii
I Controls o114 «215 «370
II Fractured 8 vi da v da vi
killed day 3-4 «185 «R85 «455
w - i1 - ii - il
IIa " LA T 130 «230 « 330
- i - 1i - i1
II ¢ L -2 ) 0140 «190 « 360
III Cold, 5° C a iii s- vi ns vi
for 24 hrse. 175 0020 «540
(fasted)
- iv - iv da iv
IV Cold (fed) «170 260 «430
Y Room tempe., 8+ iv hs 1iv hs iv
fasted 24 hrs. 215 « 360 600

Symbols as in Table VII

0=9 hours

vii
«515

s vi
.668

.510

«470

hs vi
«785

d iv
«595

hs 1ii
«970
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TABLE XIII

Increments in Amino Nitrogen
micrograms/total liver/gm rat

Incubation times O-Lé 0-3 0-6
vii vii vid

I Controls 37 6.8 11.7
II Fractured - vi - v - vif
- ii - ii - ii

IJa " " 12 367 6.6 945
- 1 - ii - ii

IIb * " 5-6 4,0 5.4 7.4
III Cold, 5° C - iii - vi - vi

for 24 hrSO 304 603 1007

(fasted)

- 1iv - iv - iv

IV Cold (fed) 4.8 8.0 12,1
¥V Room temp., « iv o iv - iv

fasted 24 hrs. 4,8 7.9 13.5

Symbols as in Table Vi1

0-9 hours

vii
16.3

17.6

- i1
15,3

- i1
13,3
15.5
16,5

hs 1iii
21.5
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TABLE XIV

Rate of Amino Nitrogen Appearance in Rat Liver Homogenate
Y /total liver wt/gm rat/hr.

Rate between O-lﬁ 15-3 3-6 6-9 hrs
vii vii vii vii
I Controla 2.74 2.10 1.63 1.52
II Fractured, - vi - v - v - vi
III Cold, 5°C - iii S § 1 - vi - vi
for 24 hrs. 2.28 1.60 - 145 1.60
(fasted)
- iv - iv - iv - 1iv
IV Cold (fed) 3.23 2.10 1.36 1.47
V Room temp., - iv - iv - v s 1ii
fasted 24 hrs. 3017 2.12 1.85 2.50

Symbols as in Table VII.
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proteolytio anzyme activity would bring about an inoreased
quantity of alpha amino nitrogen formation per gram liver
although the same absolute amount would be formed in the
entire liver. The greatest increase in alpha amino mnitrogen
concentration was observed in Groups’III and V, the same
groups that showed the greatest loss in liver weight.
Pailure to consider this fact may lead to erromneous
conclusions as has been pointed out by Fuhrman and Field
(1945), who determined the effect of liver glycogen content
on oxygen consumption. They found the Qoz (i.6+ the mm3

of oxygen consumed per mg dry weight per hour) of livers
from rates starved 12 to 24 hours higher than that of normal
'ratgs, due to the fact that in the normal rat: the active
liver tissue wes diluted with glycogen and its water of
deposition. During fasting the glycogen and the water
associated with it was largely lost resulting in an increased
concentration of respiring tissue (this increased concen-
tration was not due to water loss since the water concen-
tration remained constant i.e. the liver glycogen had the
seme amount of water associated with it as the other

liver solids.)

The increases in alpha amino nitrogen are plotted
on Figure 17. The curves of all & groups showed a decrease
in rate of alpha amino nitrogen appearance with incubation
time. The average rate over the 3 to 6 hour period was
significantly lower than the average rate over the first
1% hours in Groups I, II and IV. In the other iwo groups

the drop was of doubtful signifiocance, (P between +05 and 1),
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By oomparing the increase of total non-protein
nitrogen with that of the alpha amino nitrogen fraction
(Pigure 17) in the various groups it is seen that in the
liver homogenate from the normal group the increase in NPN
over the first 3 hours can be accounted for entirely by
the increase in the alpha amino nitrogen fraction.

(The NEN values are actually lower than the alpha amino
nitrogen values but this is not statistically significant
and must be due to inaccuracies involved in the analyses.)
In the homogenates from all the treated groups the increase
in alpha amino nitrogen after 1} and 3 hours incubation

is much less than the total non~protein nitrogen increase.

In summary it may be said that the homogenates of
all the treated groups vary from the homogenates of the
normal groups by & higher rate of NPN appearance over the
first 3 hours, which is not accompanied by an increased
rate of alpha amino nitrogen appearance. All damaging
stimuli seemed to be equally effective with exception
of the femur fracturing where the in vitro results are
least olear ocut.

The rate of alpha-amino N appearance dropped during

the course of ineubation in these homogenates from all groups

including the normal control group.
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DISCUSSION

In interpreting the results obtained it must be kept
in mind that the increases in amounts of the various substances
during autolysis are not necessarily due to an increased rate
of their formation (that expression was carefully avoided)
but may represent an overall picture of a variety of chemical
reactions.s Similarly, changes from normal in the initigl
nitrogen fractions may be the result of various underlying
causes.

With regard to changes obeerved immediately after
death it has already been stated that fasting seemed to be
the most effective stimulus in evoking such changes. One
wonders whether even in the other groups, insufficient food
intak;vmay not have been an important contributing factor
in eliciting the vhanges from the normal piscture. Thus the
rats whose femur had been fractured certainly ate less than
normal after the operation. It might also be argued that
the rats subjected to cold may not have eaten enough to
satisfy their increased energy requirements.

The liver atrophy and increase in initial protein
concentration was most likely due to a reduction in glycogen
stores. Fenn in 1939 observed that during a forty hour fast
the glycogen content in rats dropped from an initial average

value of 3.8 gm/100 gm fresh liver to 0.2 gme Conant et al.

found an average value of 0.12 gm per 100 gm fresh liver after

& 24 hour fast. (Conant, Cramer, Hastings, Klemperer, Solomon,

and Vennesland, 1941)
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The glyeogen lost during fasting depends upon
the previous dietary intake. Mirski, Rosenbaum, Sgein and
Wertheimer (1938) noted that the glycogen stores in animals
fed a high protein diet were maintained or even rose from an
initial level of 1% to a starvation level of 1-2.2% while

in animals on a previous high carbohydrate diet, the liver

glycogen dropped from an initial 4% to below 0.1% in 24 hours.
The maintenance and rise in liver glycogen in protein rich

livers was ascribed to glyconsogenesis. In adrenalectomized
animals this protein effect was absent.

Protein loss was a contributing factor to liver
shrinkages The writer's findings with respect to fasting
confirm those of other investigators. Harrison and Long
(1945) observed a 32% decrease in liver protein nitrogen
(from 120 mgm to 82 mgm/100 gm rat) after a 48 hour fast
on a 20% casein diet. Addis, Poo and Lew (1936) noted a
20% decrease of original liver protein content during a 48
hour fast, all other organs and tissues only losing 4%
of their original protein contente As has been mentioned,
a 20% protein loss was observed in this series of experiments
in Group II (rats fasted 24 hours at room temperature),

a 12% loss in Group III (rats subjected to dold and fasted
24 hours) and a 11% loss in the fracture group. However,
a protein loss alone could hardly account for the decrease
in liver weight since the protein concentration actually
increased in the treated animals.

Water loss also must have contributed to the decrease
in liver weight but it was not likely to be responsible for
the increase in protein concentration since Fuhrman and

Fleld (1945) have shown that the wet weight/dry weight ratios

of livers taken from rats after 24 hours fasting does

not differ from those of non~fasted rats.



- 116 =

The lowered initial protein values in the livers of

treated animals could be due either to a decreased rate of their
formation in vivo or an increased rate of their removal or
both.

In the light of the protein metabolism regulating
function ascribed to the adrenal cortex due to its protein
anabolic and protein cata®olic principles one might inter-
pret the lower protein content of the livers as a manie-
festation of the predominant effest of the protein catabolioc,
or gluconeogenic principles Since fasting was the most
effective stimulus in this series of experiments the
observations of Cohen (1945), mentioned earlier on the
necessity of the adrenal cortex for a protein catabolic
response to food withdrawal are of interest.

The decreased non protein nitrogen content (total
nitrogen as well as the alpha amino nitrogen fraction)
of the livers also could be ascribed to decreased production
or inoreased rate of disappearance of the non protein nitrogen
oontaining substances. If one assumes that the protein loss
is due to increased protein catabolism one would expect an
inocreased production of NPN containing substances. The
lowered NPN contents would then be explainable if the NPN
containing substances were removed faster than they were formed.

It will be remembered that the alpha amino nitrogen fraction
showed a larger percentage decrease in the treated groups than
the remaining non protein nitrogen (Table VIII). This might

be due to an increased rate of deamination and urea formation

in vivo in the treated rats.
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From the evidenoce of increased protein metabolism
in vivo in response to damage it was hoped that the homogenized
livers of the treated animals would show an increased rate of
proteolysis. Actually a greater amount of NPN did appear in
the homogenate from the treated groups during the first 3
hours of incubation, but no increased rate of alpha amino
nitrogen appearance was observed. The question arises as to
the source of the extra non protein nitrogen appearing in the
livers from the groups subjected to damaging stimuli.
Unfortunately the nature of that extra non protein nitrogen
was not determined (Analysis on a sample of homogenate from a
normal control rat before incubation showed that 85% of the
non protein nitrogen/:ggtnot alpha amino nitrogen cone
sisted of urea N). Urea nitrogen, ammonia nitrogen and
the amide nitrogen of glutamine are likely to be the major
components. The guan#dine group of arginine and the nitrogen
of heterocyclic compounds (purine and pyrmidine derivatives
and substances containing them such as nucleic acid) would
also be included among the non protein nitrogen not composed
of alpha amino acids. Amino groups other than those in the
alpha position in amino acids would have been estimated as
elpha amino nitrogen. This would also be the case for the
free amino nitrogen in peptides if they should have escaped
precipitation.

On the theory that the non protein nitrogen formed
during incubation is derived from the deaminated alpha amino
Broup of emino acids one has to assume that the rate of

alpha amino acid formation was correspoydingly inoreased in
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the livers of the treated groupsbut that the rate of removal
of the alpha amino groups would counterbalance their
increased rate of formation so that the alpha amino nitrogen
appearance in the homogenate of the treated groups would not
differ significantly from nomal. It is somewhat disconcerting
that the rates as well as the changes in rate of alpha
amino nitrogen appearance are so similar in the homogenates
of the normal and the treated groups (See Figure 17).
However, the fact that in vivo the percentage decrease among
the NPN fractions was greatest in the alpha amino nitrogen
components (Table VIII) which could be due to increased
deamination with corresponding urea formation might speak
for the assumption that in vitro also there was an increased
rate of alpha amino nitrogen deamination with corres-
pondingly increased urea production.

Increased arginine hydrolysis could not account
for the extra NPN formed since the guanidine group already
appears as non protein nitrogen without being hydrolized.
On the contrary for every arginine molecule hydrolized an
additional free amino group is liberated (the delta
amino group of ornithine) which would give a quantitative
yield of amino nitrogen by the colorimetric method employed.
One would therefore expect an increase in amino nitrogen
not accompanied by an increase in NFPN formation and not
the opposite findings.

It is possible that in damaged aninals a type of
proteolysis predominates which results in the liberation of

a higher percentage of amino acids containing guanidine and

amide groups. This would explain an lncreased Iri fornation
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compared to normal not accompanied by an increased alpha amino
nitrogen appearances One might gssume either a different
amino acid composition of the proteins to be hydrolized cr a
different type of enzyme activity. In that case however
the different type of proteolytic activity would Lave
been inhibited to the same degree by prolongedincubation as iS5
evident from the alpha amino nitrogen formation rates which
were remarkably similar in the normal and in the damaged
groups. This is possible but.does not seem very likely.

A libveration of amide -, guanidine -, or secondary
amino-nitrogen groups of amino acids still contained in
the peptide'ehain might also contribute to the increased
NPN values: That amino acids can be catabolized while still
in peptide-likage has already been discussed (e.g. .lability
of the amide nitrogen in glutamine containing peptiqesa
dehydropeptidase activity)e In this connection the fact that
after 3 hours NPN formation in the normal group began to
reach the same high rate as the treated group is of interest.
One might expect an increased susceptibility of these
nitrogenous groups to enzyme attack 4f the proteins werse
denatured and the peptide chainsmore or less unfolded,
exposing these groups. Possibly such a denaturation migkt
explain the high rate of NPN formation in the normal group
and, assuming that.it had already occurred in vivo i. the
damaged animel, also in the treated groups.

An increased liberation of nucleioc acid from

nugleoproteins may also contribute to the results obotained.

The cause for this might be a greater cell fragility in the

liver of the treated groups.
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The high rate of NPN formation in the normnal zroup after
three hours Incubation might ejually be attributed to
increased cell fragility accompanied by nucleoprotein
breakdown, due to a decrease in cellular vitality
and resultant cell destruction whick may justifiably
be expected after a three Lour incubation period.

The advantage of assuming other sourcec than alpha
amino nitrogen for the increased non protein nitrogen
values in the damaged animals, is that one does not hLave
to presuppose an increased rate of proteolysis so delicately
balanced by an increased rate of deamination that the
resulting rate of alpha aminoc nitrogen aprearance, aund the
eventual decrease in rate with incubation tize are practically
identical in all five groups. The rate of alpha amino
nitrogen liberation would have to be approxiately three
times as great in the damaged groups during the first three
hours to account for the extra non-protein nitrogen formed. Lfter
three hours, suddenly the rate has to drop to that of the
normal group, since, from then on the Ll formation rate is
the same in all groups. This is hard to picture, in the
writer's opinion.

From a comparison of the damaged groups it is evident
that the smallest in vitro effect was obtained by fracturing
the femur. In this connection it may Dbe well to quote
Selye's discussion on alarming stimuli (Selye, 1940):

'3y definition any agent capable of produciuLg an

alerm reaction is an "alarming stimulus." It is well %o ‘
realize, however, that agents causing merely local damage whiokn
requires no general adaptive adjustment (e:g., amputation -2
1imbs) are relatively mild alarming stimuli, while exposure

to even moderate cold, solar radiation or muscular exercise,

whioh evoke intense adaptive phenomena, produce very severe
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alarm reaction symptoms.
Limb amputation is however not strictly comparable to femur
fracture since a larger area of damaged tissue remains in
contact with the cireulations The in vitro results obtained
by the writer nevertheless seem to indicate that femur
fracture too is a relatively mild alarming stimulus. In
vivo, however, the total initial protein content in the
livers from fractured animals (Group II) was significantly
lowered, if only by & small amount (11%) and the liver
welght was significantly decreased (14%), both effects
being more mamked than in the group subjected to cold but
with access to food (Group IV)e The latter group also showed
a higher initial NPN content than the fracture group.
However, in all other respects (in vivo as well as in
vitro results), the fractured group varted least from
normel. It may be possible that the time of sacrificing
the animals after damage was not the most favourable one
for revealing the effects of damage. The results in Group Ila
(animals killed 1-2 days after fracture) and Group IIb
(animals killed 5-6 days after fracture) while only based
on two animels in each group, do not seem to warrant this
assumption. (see Tables V~XIII).

There remains to be discussed the drop in rate of
amino nitrogen formation noted in all groups, with the

exception of the rise in rate between 6=9 hours in the group

subjected to fasting at room temperature.

An inoreased rate of deamination as incubation

proceeds may be one explanation. Although Krebds found
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oxidative l-amino acid deamination dependent upon cellular

integrity, and one would thus rather expect a decrease in

deamination, Green isolated an l-amino acid oxidase from rat
liver, obviously active extrécellularly. another possibility
ig a decreaseii in proteol;tic enzyme activity due to some
inhibiting féctors. The observations meuntioned earlier,
indiéating‘that protéolysis proceeds for 2-3 days are not
necessarily contradictory to this assumption, since the pH
was not kept constant at 7.3. If a slowing down of‘proteolytio
activity is a cause, a gradual decrease in substrate con-
centration might have been a contributing factor, although
the decrease is so little (only 4% after six hours whken
alpha-amino acid formation is markedly reduccd), that It
cannot play an important part.

It may be pointed out that many factors which may
be instrumental in causing alterations in protein moetabolism
in vivo are necessarily eliminated by in vitro conditions.
Among these are changes in oxygen supply, in pE, and in
oircuiatory conditions, affecting the removal of endproducts.
They may however alter in vitro metabolism proviied they
exerted jrreversisle effects in vivo. Further, since homo-
genization induced a considerable amount of cecll breakags,
one might argue that any in vivo effect on cell integrit;
would be obscured by the more drastic results of in vitro

manipulation. However, cell oreakage due to Lhomogenizution

oceurred presumably to the same extent in all groups, neratl

and damaged, and the ma jority or at least Lolf the cells

escaped such a destruction. If the renaining ceclls had



- 122 ~
already been damaged previously in vivo, an alteration ic
their metabglism might well be reflected in vitro.

It is noteworthy that the alterations in in vitro
metabolism elicited by damaging stimuli inflicted on the
living animal, were also evoked in vitro by a three hour
incubation period, in the homogeiates from the untreated

group. It is possible that the same mechanism was in play

in both cases.
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SUMMARY

The literature is discussed with regard to the
mechanism of protein breakdown and factors affecting it.

A method for the study of in vitro protein metabolism
in liver tissue is described.

In rats subjected to various damaging stimuli;
femur fragture (animals sacrificed 3 - 4 days postoperatively);
starvation for 24 hours at room temperature} cold (f:5°c) for
24 hours; and starvation plus cold for 24 hours, the following
observations were made: all stimuii evoked to a more or less
marked degree a loss in liverweight, in liver protein content,
in liver NPN and the alpha-amino N fraction. ‘Tost effective
in evoking these changes were the procedures involving fasting.
The smallest effect was induced by fracturing thé fenur.

The liver homogenates from rafs Bubjected to damag-
ing.agents differed from normal by manifesting a higher rate
of NPN production during the first tkree hours of aerobic
incubation at 37°C and pH 7.4. The high rate was maintained

throughout the 9 hour incubation period:. This effect

was again least clear cut in the homogenates from the fracture

group.
The same high rate of LPl production was 2180

attained by the homogenates from the control group, but only

after an incubation period of three hours.

The rate of alpha amino N appearance in the liver

homogenates from damaged animals 4id not vary significantly

from norial during the nine hour incubation period with one
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exoeption;.during the 6-9 hour period the rate was signifi-
cantly increased in the homogenates from the group f-sted

at room temperature.
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