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IATRODUCTION

Prior to 1938, it was generally assumed that diets rich in carbo-
hydrate were most efficient in promoting the deposition and maintenance
of carbohydrate stores in the animal body. In thaﬁ yoar, Mirski et
al (1) reported that rats fed a high protein diet (meat or 708 casein)
for 5 to 12 days exhibited, at the end of a 2l hour fast, liver
glycogen levels of one per cent, while rats prefed & high carbohydrate
diet showed Lliver glycogen levels of less than 0,1 per cent, They
further showed that the animals prefed a high protein diet were
better able to maintain and regain liver glycogen storses when sub-
Jected to stresses of various types., This was termed the ¥protein
effect"., In the course of their inveatigations, these workers also
showed that the "protein effect” was abolished by adrenalectomy, The
effect of prefeeding diets high in protein upon liver glycogen levels
following a 2l hour fast has been confirmed by Guest (2) and by
Hewburgher and Brown (3).

Bomewhat later in this lsboratory, investigations were under
taken to determine to what extent individual amine acids, fed as
part of an otherwise satisfactory synthetic diet, were capable of
exerting the "protein effeet?, It was found (L) that i-leucine and
l-glutamic acid produced no "protein effect” under the experimental
conditions employed, dl-alanine showed a slight effect, while glycine
fed at levels of 10 to 15 per cent exerted a marked "protein effect,
For example, rats fed for two days on a diet containing 10 to 185
per cent glycine showed liver glyoogen levels exceeding 1 per cent

following a 2L hour fast, while rats fed on & diet similar in



compogition except for the omission of glycine, had liver glycogen
levels of sbout 0.3 per cent. The Yprotein effect” of glycine was
also abolished by adreralectomy (L),

Effects such as those just described could be accounted for on
the basis of increased glyconeogenesls, decreased glycogenolysis, or
a combination of the two, Inasmuch as the data obtained up to that
point was insufficient to give any indication as to which mechanism
was involved, the reaction of enimals prefed on these diets to a
different type of stress was studied, A heavy dose of insulin (12
 units/kg.) was the stress chosen. Insulin was administered after an
8 hour fast and its acbtion was allowed to eontinue for 5 hours (5).
At the end of that time, the glyeine-fed animals showed 2.? times as
much mscle giycogen, over 10 times as much liver glycogen, and a
much less marked depression of the blood sugar than did the control-
fed animsls, This notably higher bleod sugar level in the glyeine~fed
animals following insulin sppeared to exelude reduced glycogenolyais
as an explanation for the enhanced carbohydrate reserves noted pre-
viously,

The extent of body storage of glycine was of interesi, then, for
two reasons. First, it was necessary to know whether or not a rat
¢ould store enough glycine in his body during the feeding pericd to
aceount for the excess carbohydrate found after insulin or after a
2k hour fast, assuming the glycine to be completely converted to
carbohydrate, As a corcllary to this, it was desired to know if there
were any differences in the storage of glycine in normal and adren-

alectomized animalg, Mo references were found in the literature
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dealing with this type of investigation on sdrenalectomized animals.
As for normal enimals, ome of the earlier pieces of work along this
line, using rats as the experimental animal, was carried out by Luck
{6). 1o this work it was shown that glyeine administered to rats by
gavage increased the amino nitrogen content of the systemie blood,
was abgorbed to a considerable extent by the liver, ard was the only

one of the amino acids studied to becume concentrated Lo any appre-
clable extent in skeletal muscle. A4lanine increased the amine nitrogen
ccntent of the systemic blood in the same measure as did glycine, but
produced no significant change in the amino nitrogen content of liver
or muscle. 4 similar picture with respect to plasma smino nitrogen
following administration of glyeine and alanine has been demonstrated
in rabbits (7,8) and in chicks (9). An increase in the plasma levels
of glyeine and alanine in humans following ingestion of those amino
acids has been demonsirated by Christensen and associates {(10), lere
recently, Fri&dﬁerg and Oreenberg reported a series of investigations
on the part;tiun in the bleood and tissues of rats of intravenously
edministered amino acids (11}, Their results were essentially the
same as those of Luck (6) with, in addition, the demonstration that
kidney was also very agtive in abserbing injected amino acids,

None of these data were applicable to the problem at bhand, how-
vavar, for several reasons., To begin with, in all the investigations
cited sbove, the animals were fasted for variable periods hefére
adninistration of the amino scid which was given by itself either
intravenously or by gavage. In contrast, our dietary regimen ine

volved feeding of the amino acid with the diet over a periocd of 36



to 48 hours with the fasting perioed following the last meal. A4lso,
in the previous work, the total dose of glycine per kilc received
by their animals was much less then that consumed by rats fed
according te our plan, &till a third difference is found in the
length of time allowed to elapse between the final dose of amine
acid and the time the tissue samples were taken, Johmston and Lewis
(8) took blood samples 12 and usually 30 hours after the amino scid
was given, but this work was confined to bleod levels end rabbits
rather than rats were the cxperimental animsl, In the other work
mentioned, the maximum time interval allowed between amino acid
admiristration and sacrifice was 6 1/2 hours (T}, Cur interest lay
in glyeine levels after fasts of § hours or more.

In all these previous studies, expept those of Clristensen et al
(10), the conclusions were based upon increases in the a-amino nitro-
gen of the tissues after ingestion of a given amino agid, the assump-
tion belng that any increase in the e-amino nitrogen of a tissue
resulied from accumwlation of the amine agid administered., Indica-
tions that this may not be & valid assumption are found in the recent
work of Hier (12) and of Christensen and associstes (10, 13). Using
methods of analyais specific for the amino acid in guestion, Hier
{12) was able to show, in dogs, that, although the ingestion of some
amino acids simply caused a rise in the plasma level of that parti-
cular amino acid, the ingestion of others, such as leucine, iscleucine,
and methionine, while causing an increase in the plasma level of the
respective amino acid, caused a fall in the plasma levels of certain

other amino acids, 5till a third effect upon the level of plasma



amino aeids was found in the case of phenylalanine, Ingestion of
that amino acid resunlted in an inersase in its own plasma level
and aimultanecusly increased the plasma level of tyreosine,

In tﬁaiﬁlatuﬁies of humans, the Christensen groups showed that
the ingeaticn of glyeine or alanine not only increased the plasma
eoncentrations of those amino acids, but also increased the plasma
concentrations of other amino acids (10). Christensen and asscciates
then extended their investigation of this subject using guinea pigs
as the experimental animal (13), They found that the ingestion of
those amino acids whieh preduced a high aonsantratiaa in the organism
‘resulted in increased concentrations of other aminc acids in the
extracellular fluid and, in twrn, in the plasma, When glutamic acid
was fed, however, the plasma amino acids were diminished and the
intracellular amino acids increased, The latter results were inter-
preted by Christensen and agsociates as indicating that glutamic
acid in some way promotes the absorption by the cell of the amino
agids presented to it in the extracellular fluid, From these resulis
it becomes apparent that changes in the u-amine nitrogen content of
& tissue following the ingestion of an amino acid represents the
resultant of the concentration changes of many amino acids; not simply
the ehange in concentration of the one consumed with all the other
eoncentraticns remaining censtant, Therefore, any cenclusions with
regard to the storage of a particular amine acid based upén changes
in e-amino nitrogen cannot be considered strietly sccurate., To get
a2 true picture of the accumulation of & certain amine acid in the

various tissues, the quantitative determination must be made by a



nethed speeific for that amino acid,

¥oet of the work mentioned above dealt with amino acids in the
free state only. The possibility that an amino seid consumed might
be ineorporated into a compound for storage could not be overlooked,
Christensen and associstes (10) were unable to demonstrate increases
in glyeine end slanine peptides in the plasma following ingestion of
those two amine acids, although an inerease in the conjugated amino
acid nitrogen of tungstic acid filtrates of plasma followed glycine
consunption, In their later work on guinea pizs (13), the Christensen
group found tissues, especially muscle, to contain appreciable amounts
of non-protein amine acid conjugates other than glutathione, No
further statement was made with regard to the composition of these
conjugates, There was also the possibility that an amino aeid might
be stored by incorporation into protein. Ko reports of studies of
this nature were found in the literature, Inasmuch, then, as the pre-
vious work on the sccumulation of free glycine in the tissues was not
applicable to the problem at hand and the data with regard to ita
incorporation inte compounds was very seanty, the work reported here

wag undertaken,
PROBLER

Normal , adrenalectomized, and hypophysectomized rats were prefed
on diets containing added glycine, After an § hour or 2k hour fast,
the plasma proteins of blood, and the free glycine, total glycine,
and total nitrogen contents of blecd, liver, muscle, intestine, and

kidney were determined, In shory, the storage of glycine in these



tigsues in free and combined form was investigated,
EZPERIMENTAL,

Animalss Adult rate (200-300 grams) of the Sprague-Dawley strain
were the experimental animels. Males were used for the most part,
On the few occasions when females were used, no signifiecant deviations
from the results found with males were noted. Experiments were
carried ocut on pairs of animals, one receiving eontrol ration and the
other glyeine ration,

Rations: Colony rats were mairtained on Purina Laboratory Chow,
The compositions of the eontrol ration and the glycine ration are
shown below, It is obvious that in the experimentel ration, the

Control 10% Glyeine
Rebion Ration

Camoie . i v e s v v, B 3o v s wenee s 358
Brewer's Yeast (Squibb) , . ., . 108 . . ... ... ... 102
Salt mixture (Ih) . . . . & 4« BB . s s s v v v e iw e . 5%
RIS M iv s s we v B ye g s o b
Ll N (S ARPAR TR .
BTN . » o 5 240 s sa s s BB e bas s e e
Dextedn . . . o v o000 o W B, L. ... LB
CLIOMR & v e'e s 5w i % aon BB b w9 4 5 8 50s S0

glycine was substituted for an equal weight of dextrin, All the
other constituents of the two diets were present in identical é;uan-.
tities. Thus & 10 per cent glycine diet is one containing 10 per



cent of glyeine and only Lk per cent of dextrin. Animals on the eon~
trol diet were pair-fed with animals on the glyeine diet, Food con-
sumption was 10 to 12 grams per aninal per day.

hiethods: Animals were sacrificed by deeapitstion, Blood was
collected in an oxalated besker at the time of sacrifice,

(lycine was determined by the method of Alexander, Landwehr, and
Seligman (15), A brief description of the techniques follows:

Preparation of tissues for frees glycine determinstion: Free
glycine in blood was determined onm 2 5 ml, aliquot of an iron filtrate
(16). Samples of the other Lissues were transfered from the animal
to a weighed test tube and ground with a modified Potter-Elvehjem
tissue homogenizer., After transferring the tissue homogenates to
a 50 ml. centrifuge tube, the protein was precipitated by the
addition of 2 ml, of 20 per cent trichlorscetic acid and the preci-
pitate was removed by certrifugation, The precipitate was resuspended
in water, ancther ml., of 20 per cent trichloracetic acid was added
and the suspension was again centrifuged., The supernstants frow
these two centrifugations were combined in 100 ml. volumetric flasks
a-ndv the sclutions were diluted to the mark with water. flycine was
deternmined in 5 ml, aliquots of the latier solutions,

Preparation of tissuss for total glyeine determination: For the
determination of total glycinme in bleod, 0,5 ml, of whole blood was
lsked in 11.2 wl, of water and 3.3 ml. of concentrated HpSO) were
added to make the acidity of the solution about AN, The other
tissues were taken from the animal, minced, and transferred to welghed

flasks containing 15 ml, of & Hp80)y. A1l tissues were then hydro-



PIGURE 1
Stoty type all-gleses still used in
the determination of glyeine,
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lyzed by boiling under reflux for 18 to 24 hours, After ithis pro-
cedure, the hydrolyzates gave & negative biuret test. The hydroly-
zates were transferred to 200 ml, volumetric flasks and diluted %o
the mark with water, For the glycine determination, an aliquot of
hydrolyzate was transferred to a 50 ml, certrifuge tube containing
em&ﬁgh crystalline Ba(CH), to neutralize most of the acid in the ali-
quot, but not enough to render it alkaline, The tubes were fitted
with stoppers bearing capillery tubes and heated in a bolling water
bath for 1 hour to complete the reaction and to digest the BaSGh,
After removal of the BaSO) precipitate by centrifugation, glycine was
determined in a 5 ml, aliquet of the supernatant, When the animals
under investigation had been adrenslectomized, the color to be read
in the glycine determination was brought into a more suitable range
by diluting the hydrolyzate 1¢l in the process of neutralization,

(lycine determination: This determination was carried out in a
modified Stebz all.glass étill (17) which is illustrated in Figure 1,
To 2 ml. of phosphate buffer (pH 5,5) and 1 ml, of 1 per cent ninhydrin
{triketohydrindene hydrate) sclution in the flask of the still were
added 5,0 ml, of the amino acid solution, After attaching the con-
denser, the contents of the flaak were distilled rapidly*intq 2 test
tube calibrated at 10,0 ml, About 7 ml, of distillate were collected
and the flask was allowed to coocl. When the flask had ccoled enough
to obviate cracking, it was immersed in a cold water bath to bring it
to room temperature more guickly. The eondenser was then disengaged,
2 ml, of distilled waber were added, and the distillation was con-

tinued to dryness. At the end of the distiliation, the neeck of the
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still was gently hested to drive over the few drops of moisture
remaining there. The entire distillation was completed in about

15 minutes, Care must be taken not to heat the flask too strongly.
Strong heating may drive & red reaction product of ninhydrin over
with the distillate and this interferes with the accuracy of the
determination, The receiving tube was removed and distilled water
wags added to bring the total volume to 10,0 ml, Follewing dilution
and thorough mixing of the distillate, 5,0 ml. were pipestted into a
Klett colorimeter tube and 4.0 ml, of concentrated HyS0) were added
slowly while the tube was being ¢ooled and agitated in an ice dath,
When the solution hed cocled approximately to room temperature, 3 drops
of 5 per cent chromotropic acid (1,8-dihydroxynaphthalene-3,6-disul~
fonie acid) solution were added, The tube was shaken, the mouth
plugied lightly with a small ball of Pyrex glass wool, and placed in
8 Bailing water bath for 30 minutes, After the solution had ceoled,
the color intensity was read in a Kiett photoelectric colorimeter at
560 millimicrens, A blank determination, using 5,0 ml, of distilled
water in place of the amino acid solution, was run with each get of
determinations in exactly the same way, The ¢clor intensities of
the unknown solutions were read in a Klett photoelectric colorimeter
against the blank determination set at szero.

Flasma proteings Plasma proteins were determined by the method
of Weichselbaum (18). To L.9 sl, of 0,85 per cent sodium chlar:i:de
in a Klett eclorimeter tube was added 0,1 ml, of blood plasma., After
5.0 ml. of biuret reagent had been added and the solution thoroughly
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mixed by whirling, the tube was placed in a water bath at 30°.32°C,
for approximately 30 minubes to allow for full color development.

& reference blank was prepaved simultanecusly by the addition of 5.0
ml, of biuret solution to 5.0 ml, of 0,85 per cent sodium chloride
in another colorimeter tube and incubating as above, The color
intensities of unknown solutions were read in a Klett photoelectrie
solorimeter at 560 millimicreons, againet the reference blank set

at zero, as soon &s possible after removal from the water bath, The
percentage of total plasma protein wae read directly from a calibra-
tion curve previcusly constructed by using dilutions of pooled human
serum whose protein content had been previcusly determined by the
{jeldahl method,

Total nitrogen: Total nitrogen determinations were made by the
micro-Kjeldanl procedure using aliquots of the hydrolyuates prepared
for the total glyeine determination, An aliguot equal to 1/10 of the
volume to which the hydrolyzate had been diluted was pipetted inte
& 100 mlL, Kjeldshl flask, To this solution were added one or two
selenized Hengar gramules and 3 ml, of a digestion mixture consisting
| of sulfuric scid diluted 1:L with water and saturated with Kp80y,.
Digestion was carried out with the use of s small manifold connected
to an aspirator. Beiling was continued for at least an hour after
the digest had cleared. ifter dilution of the digest with about 15
ml, of water, 10 ml, of LO per cent WaOH were added and the ammonis
wag distilled into 25,0 ml, of standard H/70 HyS0). The excess of
standard Hp80) was back titrated with standard ¥/70 NaO® uwsing Tashiro's

indicater. Multiplication of the titration difference by the factor
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0.2 gives the amount of nitrogen in the aliquet in milligrems, The
percentage of nitrogen in the sample was calculated from this figure,
The figure for total protein was derived by multiplying the figure
for total nitrogen by the factor 6.29.

Per cent glycine in tissue proteins: This value was derived
by subtracting the figure for free glycine from the figure far total
glyeine to obtain the amount of bound glycine per 100 grams of wet
tissue, Then, singe the bound glycine may be assumed to be present
ehiefly in protein, the per cent glycine was calculated as indicated
in the following equation,

Bound glyeine per 100 g wet tissue (in grams)
Per cent protein in wet tissue

¥ 100
EC T

- b

Water content: The water contents of kidnevy and muscle tissues
were determined by heating weighed samples in an oven at 100°-105°C.
to eonstant welight, |

Plan of a typical experimsnt:

A, Animals fasted 8 hours: Hats were removed from the
colony, weighed, and placed in eages with wire floors to minimize
coprophagy. All animals were given the contrel retion for 2L houwrs
prior to the beginning of the experimental period, This procedure
accustoms the rats to synthetic rations and leads to improved food
consunption during ’éhs experimental period. Following this prelimi-
nary period, the animais ware weighed and either kept on the control
ration or pléced on ‘lD per cent glycine ration for 38 hours. At this
‘bima the last uai waé given. One to two hours were allowed for the

consumption of the last meal and the snimals were weighed and sacri-
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ficed 8 hours lLater, In the few instances in which a 15 per cent
glycine diet was used as the experimental ration, no significant
differences in the results were noted, This is in keeping with the
ipsignificant differeéﬂ%& in liver glycozen levels after a 24 hour
fast of animals previously fed 10 per cent and 15 per cent glycine
diets noted in a previous paper (L),

When adrenalectomized animals were studied, the experiment was
carried out as ocutlined above beginning on the merning of the 5th
post-operative day, During the intervening period, the animals were
maintained on Purina Laboratory Chow with 1 per cent ¥all sclution
for drinking water, This procedure is similar to that outlined by
Olsen and associates (19) for the preparation of &niﬁals to be used
in assaying the glycogenie potency of adrenal cortical extracts,

B. Animals fasted 2L hours: The procedure here was
essentially the same as that deseribed for the § hour fast except that
the rats were fed the experimental rations for L8 hours, st which
time the last meal was given. One to two hours were allowed for the
consumption of the last meal and the animsls were sacrificed 2L hours

later,
RESULTS

Resulls are summarized in Tebles I, IX, III, IV and ¥.

Blood: The level of free glycine in the blood of cortrol-fed
animels is essentially the same in 8 howr fasted and 24 hour fasied
normal animals and in adrenalectomized animals fasted 8 hours. These

figures could be interpreted ss representing the normal fasting blood
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TABLE V

Percentage of Glycine in Varioug Tissue Proteins in Animals
Subjected to Different Experimentsl Procedures

Contrel ' Ulycine
Diet ! Diet
m

f v O M;ycgne in !iaaua

! Duration of ¢ Condition of ' Protein
Tisaue ' Fast t Animsl ! Animels Pre~fed

1 t [

14 t L]

Blood : 24 Hrs, ! Normal t 1.3 n 1.5h
: 2h Hrs. 2 Hypophysectonized : 2,20 v 2,28
: 8 Hrs, : Normal 3 2,5h z 2.68
: 8 Hrs. : Adrenalectomized ' 2,29 ' 2,35
Kidney : 2L Hrs, ' Normal % 1,61 : 1,76
: 24 Hrs. E Hypophysectomized : 2,03 : 1.89
: 8 Hrs, : Normal ¢ 1.88 } 2,09
: & Hrs. : Adrenalectomized |: 2,76 v 2,84
Intestine : 2l Hrs, : Wormal : 2,02 E 2,11
: 2L Hrs, : Hypophyseoct omi zed : 2,12 ' 1.99
: 8 Hrs, : Normal : 2,10 ’ 2.22
_:_ 8 Hrs, : Adrenalectoni zed : 2,82 ; 3.06
Liver : 2l Hrs, : Normsl : 1,67 : 1.72
: 2k Hrs, : Hypophysectomized ¢ 1,92 : 1.16
: § Hrs. : Kormal 1 2,01 : 2,02
: 8 Hrs, _: Adrenalectonised ; 2.78 : 3.03
Muscle : 2l Hrs. : Normal t 1,80 : 1.7
: 24 Hrs. : Hypophysectomiged ': 1.62 : 1.8
: § Hrs. % Hormal : 1.60 :’ 1.63
: 8 Hra, ': Adrenal ectomized : 2.77 5 2.4
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level of this smino acid., In animals fed on the glycine diet, the
picture is quite different, Unoperated, glycine-fed animals show
more than twice as much free glycine in their blocd after an 8 hour
fast as do controlefed animals, When adrenalectomized animals were
fed the glycine ration and fasted B hours, the levels of free glyecine
in their bleod wes nearly twice that of control-fed, adrenslectomized
animals. Upon extemsion of the fasting peried of normal snimals to
2h hours, it was found that the blood level of free glycine in
glycine-fed animals had declined almost to that of the control-fed
group, Insufficient blood was available for free glyocine determi-~
nations in the case of the one pair of hypophysectomized animals used,

Cemparison of the values for total glycine shows that the total
glyeine content of the blood of glyeine-fed animals is higher in all
cases, In unoperaled animels, the differences between control-fed
and glycine-fed rats are almost exactly the same following either an
8 hour or a 2 hour fast, In adrenalectomized animsls fasted 8 hours
and hypophysectomized animals fasted 2l bours, the differences are
somewhat smaller. In no case does free glycine sccount for a2 large
proportion of the excess total glycine found in glycine-fed animals,
Almost all of the excess mumst therefore be present in combined form,

The total nitrogen, and hence the total protein, contente of the
blood of glycine-fed animals are s lLittle higher than those of the
controls, although in some cases the differences are probably insig-
nificant, Differences in plasma protein levels are so small that
they cannot be considered significant,

Although the absolute values for plasms protein, total nitrogen,
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and total protein vary & little in animals receiving different itreat-
ments, it will be noted (Table V) that the percentage of glyecine in
the total blood proteins are very similar in both glycine-fed and
control-fed animals receiving the same trestment and that these

values for the differemt groups fall within a relatively narrow range
except for normal animals fasted 2L hours. No satisfactory explana-
tion for thé decreaspﬁ total glycine conbent in the presemce of & nor-
mal or slightly elevated protein content seen in normal animals fasted
2L hours has been found, but further investigation of this problem

is planned.

Kidney: The amounts of free glycine in the kidneys of control-
fed animals is almost identical in all aninalé except those which
were hypophysectomized, in which case the sontent of free glycine was
appreciably elevated. This could be attributable to the imability
of an animal deprived of its nitrogen retaining hormones by hypophy-
sectomy %o incorporate amino acids in&a.ita tissue proteins or te
ecnvert them to carbohydrate in the absence af.tha glyconeogenetic
hormones of the adrenal cortex. In glycine-fed animals, the content
of free glycine in kidney tissue was almost exactly the same as in
coﬁtrolurad enimals except in tﬁe case of adrenalectomized animals,
There, the amount of free glyeine is a little greater in the glveine~
fed animals, This again may be a reflection of the animalg? inability
to convert protein or amine acids to ¢carbohydrate in the absence of
the cortical hormones,

Total glyeine is very little higher in the kidneys of glycine-

fed rats in all cases except that of normal animale fasted 2l hours,
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About 50 per cent of the excess can be sccounted for as free glycine
in all instances, The reduced total glycine content in normal,
glycine~-fed animals after a 24 hour fast is probably a2 reflection of
the lower protein content of the kidneys of those animals. It should
be noted that the values for total glycine in the kidneye of adren~
alectomived animals are gppraeiably'higher than those for the other
groups of animals, vegardless of the experimental diet consumed,

Tobal nitrogen and total probein are lower in normal glyeine-
fed snimals after both £ hour and 2l hour fasts, and higher in glyeine-
fed hypophysectomized and adrenalectomiszed animals afber 2L hour and
8 hour fasts respectively, The difference in protein content in
normal animals fasted § hours largely disavpears when allowance is
wade for the increased water content of the kidneys of glycine-fed
animals. Unfortunately, the water contents of the kidneys of normal
animals efter a 24 hour fast were not determined so it is not known
whether or not the same situation exists after s 2L hour fast as
holds after an 8 hour fast. Date of this Lype are not available for
hypophysectomized animals either, but adrenslectomized animals show
orly small differences in the water contents of the kidneys of controle
fed and glycine~fed anisals,

if the per cent glycine in the kidney protein is caleculated in
each case, it is found that this figure is very similar for control-
fed and glycine-~fed animals of each group (see Teble V), In normal
and hypophysecomized animals, these values fall within a rather
narrow range while adrenalectomived animals show a noticesbly higher

percentage of glycine in their kidney proteins than do the other
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groups of animals, Some of the implicaticme of this very interesting
observation, and some other observations of a similar nature will
be considered later,

Intestine:s In thisg tissue, the levels of free glycine in controle
fed animals are quite comparable in all groups except for the hypo-
physectomniged animals where it is somewhat higher, In sll instances,
glycine~fed animals show more free glycime than do control-fed animale,
the differences being rather small in normsl animals fasted 2L hours
and adrenalectomired animals fasted 8 hours, larger in normal animals
fasted 8 hours and largest of all in hypophyseotomized animals fasted
2l hours, The situation existing in this respect in,hypephyﬁeeﬁamiﬁeﬁ
animals may agein result from the éanimala ! lack of nitrogen retaining
and glycomeogenetic hormones,

The total glyeine of intestine is higher in glycine-fed animalg
than in control-fed animels in all cases, except that of hypophysecto-
mized animels, In that case, the apparently snomalous situation of
a lower %otal glycine content in the presence of a higher free glycine
content in the glycine-fed animasl is probably reflecting the somewhatb
lower protein content of the intestine of the glycine-fed animal,

Here again, it is found that the total glycine content of the intestines
of adrenalectomized animals is comsiderably higher than in the other
grunps of animals., In normal and adrenalectomiszed animale, there is

no instance in which the excess total glyeine found in the intestines

of glycine-fed snimals is entirely accounted for as free glyeine,

The maximum accountable as free glycine is zboult 56 per ecent in the

case of 8§ hour fasted normal animals, The remaining glyeine must,
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of course, be bound in some manner,

In normal snimale fasted 2l hours, glycine.fed and control-fed
animale show identical levels of totel nitroegen and totel protein,
The figures for total nitrogen and tobal protein are alwost identical
for gontrol.fed and glycine~fed rats after an 8 hour fast, With
adrenalectomized rats, glycine-fed enimals show more nitrogen and
protein than do control-fed animals, while with hypophysectomized
animals glycine-fed rats show less total nitrogen and total protein,
This rather complicated picture is again simplified considerably by
gcalculating the per cent of zlyeine in the tissue protein, As may
be seen in Table V, these values for normal and hypophysectomized
animels fall within a narrow range, while those for adrenalectomiszed
animals are, sgain, markedly higher

Liver: Free glycire in the livers of glycine.fed rats is ap-
preciably higher than in control-fed rats in both normal and adrenal-
ectonized animals after an 8 hour fast, When the animals were fasted
2 hours, the level of free glycine in normal glyecine-fed animals
wag glightly lower than in normal control-fed animals, while the level
in hypophysectomized glycine~fed animals was slightiy'highar than in
control-fed hypophysectomized animals, In both the latter cases,
the difference is very small and probably of doubifwl significance.

Total glycipe is higher in the glycine-fed animals in all
groups except the hypophysectcomized animals, JIn that instance, the
tobal glycine content of the liver of the glycine~fed animal is a
great deal lower than in the control-fed animal, There is no

obvious explanation for this very marked apparent decrease and,
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although no érrﬁr in the process of analysis is knowm to have occurred,
in view of the well-maintained protein level in the liver of this
animal, it seems fruitless to seek an explanstion until the resultis

on this one pair of animals have been confirmed or repudiated by
further determinations of the same nature. As for the other groups
of animals, the slightly increased total glyeine content in the livers
of normal glycine-fed rats after a 2k hour fast probably reflects the
slightly greater percentage of protein in the livers of those animals,
In normal animals éftar-an 8 hour fast, the excess total glyeine
found in the livers of glycine-fed animals is all accounted for as
free glyeine, When adrenalectomised animals are fasted § hours, the
difference in total glyeine contemt (in favor of the glyeine-fed
rats) is much increased and only 20 per gent of the excess can be
accounted for as free glycine, The levelsof total glycine in the
livers of both controlefed and glycine~fed adrenalectomized animals
are again significantly elevated,

Total nitrogen and total protein contents of the livers of cone
trol-fed and glycine~fed animsls are very similar in each group, A4
glance at Table ¥ shows that the percentage of glycine in the liver
proveins is pretty much the same in control-fed and glyeina*iaa
animals except in the case of the hypophysectomized animals in which
case the validity of the figure farytotal glyecine in thé liver of the
glycine~fed animal is in some doubt. Again the percentege of glyvine
in the tissue pi‘ﬁt&in of both control-fed and glycine-fed adrenal-
ectomized animals ls merkedly elevated,

Mugele: As might be sxpected from the cbservations of earlier
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workers (6, 9) considerable accumulation of glyeine in this tissue
was demonstreted, The level of free glyeine in muscle is higher in
the glyeine-fed animsls in all cases except that of the hypophysec-
tomized rats, There the level of free glycine is somewhat lower in
the glycine~fed rat but the difference is so small that 1% ié of
doubtful significence,

Total glycine in musele is greater in the glycine-fed animals in
all cases, and in every instance except that of the hypophysectomigzed
pair, the excess total glycine can be aceounted for as free glyeine,
The miscles of adrenalectomized animals also show an inoreased total
glycine content compared to the other groups,

Levels of total nitrogen and total protein are very similar
in unoperated animals after both 8 hour and 2L hour fasts., In both
hypophysectomized and adrenalectomized animals, total nitrogen and
total protein are somewhat higher in glycine-fed animals, The water
content of the muscle of both normel and adrenasliectom:zed animals
after an £ hour fast is nearly the same for control-fed and glycinew
fed rats,

If the per cent glycine in muscle protein is caleulated, it is
again found (Table V) thet these figures are very similar in controle
fed and glycine-fed snimals subjected te the seme experimental pro-
cedure, It is alse found that the figures for normel and hypophy-
sectomized animals fall within & narrow range, while the values found

for adrenalectomized animals are strikingly higher,



26
DIsSCUSSION

This work wae undertaken in an attempt to discover whether or
not a rat pre-fed on a diet containing added glycine eould store
enough of that amino aeid in his bedy to account for the enhanced
carbohydrate stores found in such a rat after a 2L hour fast or afﬁer
insulin, provided the stored glyeine was completely converted to
carbohydrate. In addition, it was desired to know if there was any
difference in the storsge of glycine in normal animals and adrenal-
ectomized enimals.

The calculations to be cutlined here show that there is in-
gufficient glytins stored in the body of 2 glycine.fed rat after an
8 hour fast to account for the erhanced carbohydrate stores found in .
the body of such an animal subjected to an 6 hour fast and 5 hours
of ingsulin achion, Carbohydrate stores of glycine~fed and control-
fed rats receiving such tresztment were caleulabed from the data given
in Table VI which was adapted from the psper of Cunningham et al {5).
The figures for excess glycine found in glyvine-fed rats were derived
from the values fo; total glycine presented in Table III., Table VII
summarizes the series of caloulations made to find the extent of
glyeine storage in & glycine-fed rat after an £ hour fast and the
extra carbohydrate present in the bedy of such an animal after an 8

hour fast and 5 hour insulin action,
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Suppose, now, that all the carbon atcms of glynine wers converted
%o carbohydrate as illustrated in the thecretical equation given be-
low with glycclaldehyde polymerizing to form larger carbohydrate mole-

cules, It can be deduced from this that the weight of carbohydrate

A
HoNCH, COOH HCCHp— C=0
GLyeine (il yeclaldehyde
MW, = 75 MW, = 60

8o formed could be no more than sbout 60/75 of the weight of glyeine
available. (This is purely a theoretical assumption, It should not
be inferred that such a mechanism is postulated.) Aeccording to this,
then, if the extra glycine found in the body of a glyeine~fed rat
after an 8 hour fast (Teble VII) were completely converted to carbohy-
‘drate during 5 hours of insulin sction, 60/75 x 85 or about 68 mgs.
of extra carbohydrate covld be aceounted for, But it was found experi-
mentally thet after 8 hours fast and 5 hours insulin action, the
glycine~fed rat has in his body an excess of some LO7 mgs. of carbo-
hydrate over that found in the control-fed rat, This is very nearly
6 times the amount of carbohydrate that could be formed by complete
conversion of the extra glyeine carbon atoms shown to be present
after 8 hours fast, Thus it seems evident that the "protein effect®
of glycine must be aceounted for by some other mechenism (such as
glyconeogenesis) than direct comversion of this amino acid to carbow
hydrate.

From examination of Table VI it might be argued that the glycine-
fed rat has more carbohydrate in his body after an 8 hour fast ard
before the action of insulin than the combrol-fed rat due to the

higher level of muscle glycogen in the glyeine-fed animal and that
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this extra carbohydrate gives the glycine-fed rat an advantage in
resisting the action of ingulin, Thieg fact does not refute the
theory of a stimulation of glyconeogenesis by feeding glycine however.
It mst be remembered that the glyvine supplemented diet gontains
1&3& carbohydrate than the control diet, ‘Thsra:ﬁre, if the animal 's
body storss of aaébahyﬂrata were simply @ reflection of the amount

of carbohydrate ingested in the diet, the glycine-fed animal should
have less carbohydrate in his body, It seems, then, that in the gly-
cine~-fed animal there is an increased rate of glyconepgenesis as
compared with the rate of carbohydrate utilisation, To¢ approach this
problem from ancther angle, ealeulation of the excess carbohydrate
found in the body of a 200 gram glycine~fed rat before the action of
insulin has been made {Table VIII) and wae found to amount to 1l mgs,
If the value for excess carbohydrate in a glyeine~fed rat following
insulin is then corrected for this pre-insulin excess by subtracting
1hl from U407, there is a net excess of 263 mgs. of carbehydrate in
the body of the glycine-fed rat, which is s#till nearly L times as
much as can be accounted for by complete conversion of‘tha extr&
glyeine present to carbohydrate,

Although not all the body tissues were examined for glycine,
those which have been studied comprise about 60 per cent of the body
weight and it seems unlikely that analyses of other ﬁisau&& would re-
veal a reserveir of this amine acid sufficient to aceount for the
differences noted, Un the other hand, neither have all the bedy tis-
sues been examined for carbohydrate, BSuch studies might reasonably
be expected to add something to the figures for total carbohydrate



TABLE VIII

Summary of Caloulations Showing the Excess Carbohydrate Found
in the Body of a Glycine-Fed Rat After 8 Hours Fast

1i ! E_ra L jv L) 1‘-
Tissue ' Tigpsue Wt. in 'Excess Carbohye'Column 3 Calcuw
t a 200 G, Ratl ¢ drate in Gly- 'lated to a 200
J ! gine«Fad Bat G, BRat
! Before Insulin®t
' oms, ' Mg, %t gs,
L L] i
Blood ' 13.k ' 19 ' 2.5
i ¥ H
Liver ' 10,0 t -380 ' -38
f 4 ]
imscle ' 90,0 ' 200 ' 180
] ¥ f
1 3 L]
Totad t ¢ $ 1hh.5
] t 1

lppom Table VIIL.
2From Teble VI,
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thus offsetting, to a greater or less extent, any extra stored glycine
found,

Since these caleulations seem effectively to rule ocut direct
conversion of stored glycine to carbohydrate as the meehanism of pro-
duction of the "protein effeet" of this amino acid, and since re-
duced glyeogenolysis was ruled out by the observation of Cunningham
et al (5) that the blood sugar level of glycine-fed animels after in-
sulin is higher than that of control-fed animals after insulin, &
stimulation of glyconeogenesis by the feeding of glycine is postulated,
The previously noted fact that the "protein effect” of glyeine is
eliminated by adrenalectomy (L) indicates that such a stimulation
might be mediszted by the adrenals, The adremal cortical hormones
are known to be concerned in the conversion of protein to carbohydrate
in the animal body (22}, so perhaps the feeding of glycine supplemented
diets in some way potentistes the actiom of the adrensl cortex so that
the animal is hetter able to maintain his carbohydrate reserves when
placed under some kind of stress, It is unfortunaste that no studies
of the nitrogen content of lymphoid tissues were carried out in cone
ne¢tion with this work, inasmuch as White and Dougherty (23) have
shown that the adreual cortex is concerned in the mobilization of
nitrogen from such tissues in fasting. In any case, it is obvious
from Tables IV and V that the adremalectomised animal handles this
amine acid differently than the unoperated animsl,

Other workers have postulated a stimulation of glyconeogenesis
from other molecules by glyeine (2L, 25) but they advance no theories

with regard to a ~ossible mechanism for such an action,



33

FPigures for muscle glycozen and bleood sugar of glycine-fed and
control-fed rats after a 2h-hour fast are not available, so a mathe-
matical comparison similar to the one outlined above garnot be made.
However, it is interesting to note that the differences in glycine
contents of the tissues are smaller after a 2h-hour fast than after
an 8~hour fast, This is espeeislly true in the case of muscle where
the differerce drops from 81 mgs, per cent after an H-hour fast to.
1% mgs, per cent after a Zi-hour fkﬁt, Since muscle comprises such
a large portion of the body weight, this is a sisable decrease in the
amount of glyeine stored, These data ére in keeping with the previous
observation (26) that the "protein effect® of glycine drops off
rapidly when the fast is prolonged deyond 24 hours. The rapid dis-
appearance of the "protein effect® of glycine after more than 24
hours fast is interpreted as indicating, not an exhaustion of the
supply of glyeine available for conversion to carbohydrate, but
rather & removal of the stimulus for glyconeogenesis with the dise
appeararce of the extra glyvine,

Studies of the glyvine contents of tissuee taken from adrensle
ectomized animals revealed s different picture from that seen in
normal animals or even in hypophysectomived snimals, ALl 6f these
tissues, with the ainapﬁion of blood, showed appreeiably higher total
glycine contents than were found in normal aé hypophysectomized aniw
mals (see Tablee I, II, III, and IV). As might be expected from this
fact, the percentage of glycine in the tissue proteins, again with
the exception of blood, was found to be markedly higher in adrenal-
ectomized animals than in the other types of animals studied. The
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same general picture was cbserved even thongh the animal had not
been pre-fed the glyeine ration, From this it appears that the
effects noted are abttributable to the absence of the adrensl glands
rather then toc the type of diet received during the experimental
péried. The incregased amount of glycine found in the tissues of
animals fed the control ration during the experimental peried may
have been derived from the diet consumed by the animal during the
period between adrenaleectomy and the beginﬁing of the experiment,
These resulis are pussling end diffieult to explain, The failure
of the blood proteins of adrenslectomized snimals to show an elevation
in glyeine content comparable to that shown by the other tissues may
result from the effort of the animal body to maintein its internal
emvironment in as nearly constant & state as possible, If, as the
evidence indicates, the adrenals are required for the metabolism of
glycine, it may be that an animal deprived of these organs, when fed
this amino acld, stores in his tissues whatever he is unsble to utilisge
or excrete in an effort to kesp his hody fluids normal in composition,
With respect to the other tissues, the incressed pereentage of glycine
found in adrenalectomized animals points toward two possible explana-
tions, BSueh results may refleet an alteration in the amino acid compo-
gition of the proteins of adrenslectomized animals or an increasecd
binding of glycine %o the tissue proteins, The former, of course, is
a very radical departure from the views generally held regarding the
amino seid composition of proteins, but the data presented here points
toward such a possibility, The latber alternative is an equally

plausible explanation for the results noted here, The ‘hiuding of
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various substances to proteins is 2 part of the physical ehnmiutri
of tissves about which little is yet known,

Another interesting sspect of this situation is revealed by
comparing the figures for per cent glycine in the tissues of adrensl-
ectomived animals with those for hypophysectomized animals, It will
be noted that these figures for hypophysectomived animels are very
tlose to thoge for normal animals and guite ﬁiﬁferent frem those for
adrenaslectomized animals (see Table V), If one thinks only of the
contpol exercised by the anterior pituitary over the adrenal cortex,
diaregarding the other endocrine organs ebntralla& by the anterior
pituitary, one would expect the tissuwes of hypophysectomized animals
to present the gpame pictﬁre ag those of adrenalectomized arnimals,
This, however, did rot prove to be the case. A question might be
raised as to whether or not the adrenals «f the hypophysectomized
animale were actually atrophie, Because of the anterior pituitary-
adrenal cortical relatiopship, it seemed reasonable to assume that
the "protein effect" of glycine could not be demonstrated in hypophy-
sectomized animals., This assumption was proved to be correct by
experiment, Since the animals whose tissues were studied were taken
from the experimental group with which this fect was demonstrated,
and since the evidence points towerd the adrenal cortex as the medi-
ator of the ¥protein effect” of glycine, it seems reasonable to assume
that the adrenal cortices of these animals were atrophic,

How, then, might the differences in tissue glycine in adrensl-
ectomised and bypophysectomized animals be explained? It seems
possible that this picture might be the result of hormonal imbalance



%

in adrenalectomized animels. HNormal metaboliam is known to involve
rather delicate hormonal interrelationships. Hemoval of the adrenals,
depriving the animal of the secretions of those glands, but leaving
the other endocrire glands intact &nd‘funwiional, may so upset the
normal hermonal equilibrium as to result in the apparently bizarre
picture noted, Avlation of the hypophyeis, on the other hand, results
in the almost simultaneous atrophy of all its associasted endoerine
organs, leaving the animal asaeﬂtiakly‘ﬁevaid of the hormones secreted
by a1l these glénds. The animal is thue deprived, practically simul-
%an@auniy3 of its most important mediators far both the synthesis

and breakdown of body proteins., The body proteins of such an animal,
then, might be thought of ag having fallen inte a relatively stagnant
state, thus retaining the composition found in the normal animal,

This is an interesting hypothesis and seems to explain the results
noted, but, of course, would require a grest deal more work for sub-
glantiation,

It should be pointed out that the technigues used in these ine
vestigations were designed only to indicate how much glycine was present
in the free state and how much in combined form without regerd for the
size or type of moleeule in which it was bound, However, the differ-
ences between normal and adrenalectomized ernimals seemed large enough
to warrant some speculation on the subject and to gstimulate further
investigations into the amino acid eomposition of the proteins of
adrenalectomived animals. The methods employed in such investigations
mugt, of course, include purification of the proteins preliminsry to

the determination of their amino acid contents.
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SUMMARY

The éterage of glycine in various body tissues of rats pre-fed
on diets containing added glycine and of rats pre-fed on diets similar
in composition except for the substitution of an equal amount of
carbohydrate in lieuw of glycine has been studied. Calculations are
outlined which show that complete conversion te carbohydrate of the
excess stored glycine present in the body of a glycine~fed rat fails
to sccount for the extra carbohydrate found in the body of a glyeine-
fed rat after 8 hours fast and 5 hours insulin action (5)., These
resulis are interpreted as indicating a stimulation of glyconsogenesis
by the ingestion of glycine with the diet, possibly as a result of
increased adrensl cortical activity, ‘

Similar gtudies of the storage of glyecine in the tissuea of
adrenalectomized and hypophysectomized rats have been made, IEvidence
pointing toward a possible alberation in the amine acid composition
of the body proteins of adrenalectomized animals is presented, In-
asmuch as the glycine picture in hypophysectomized animals is more
‘like that of normal animals than that of adrenalectomized animals,
it i& suggested that the situation found in adrenalectomized animals

may be due to hormonal imbalance.
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