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1.

THTRODUCTION

Studente of the effects of feeding individusl smine aecids on
corbohydrate metsbolism were originally comesrned chiefly with the ex-
tent to which thece metabolites are converted imbo glycogen or glucose.
Eﬂférﬁagmtel‘,}’, since the first work of Hinger and Las%:(l}, published in
1910, reports on this subjeet have become more and more contradictory.
Recent studies with ivmtopic tracers have ch?}.g.ezge«d the acz:epmd views
of the gluconeogenetic capacities of glyeine . and alanine 3), the two
amino aclids which have been most frequently emplayed in such studies.

Heanwhile, knowledge has been gained which suggests the impracti-
cability of congidering the metebolism of any one eminc acid sepavately
from that of other substances. Interactions of emino aeids in metabo-
lism are excuplified by the role of glutamice acid in tramsanination,
end by thet of arginime in the formation of urea. Certain of the amino
acids have even been reported ‘i;c cause striking physiolegiecal sffects
of the kind commonly assoceciated with the action méi’ﬂdrug 8. fhcmpiés are
the growth inhibition produced by feeding g vciné . s ond the improved
learning sbility repeatedly claimed to follow feeding of glutanmic
a.cid(s) (6). Contradichtions ‘inr the svidence for gluonsogenesis from
alanipe and glycinme have prompted = sesrch for unknown complicating
feetors in their relations to carbolyrdrate &::semba%%;n,

It was esteblished by HcEay, Tick, snd Carne , in 1840, that
administration of glycine by stomach tube to fasted rats has a delayed
effect on liver glycogen. This begen to incresse after ten hours and
reached » noximum concentraiion ebout six hours later. Racemic

slenine, in doses equivalent in carbon content, csused a2 gimilar, bub
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immediste and shorter-lesting increase; added glycogen asppearad almost
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as rapidly as after administrsition of a corresponding smount of
glucose., However, Ulsen, Hemingwey and Eiar(g}, using & similar
technique in miee but feeding glyeine tagged with 015 in the
carboxyl group, found = concentration of the isotope in the liver
glycogen, after sixteen hours, corresponding to only one glycine umid
in every four or five glucose wmits. {However, elimination of C0, in-
ereased and half the isotoplc carbon was recoversd in this form.)
There is mﬁw evidence, also, that the period of incressed gluconeo-
genesls following administration of di-alanine, indicated by the work
of lickay et al, lmvolves the transformation into carbohydrate of other
gnino acids than thet fed. Curin and ‘??ilaon( 3) s after injecting
alenine conbaining © s into phlorhizinised dogs, found only smell
amounis of the isotope in the extrs excreted glucose.

It chould be pointed out ih&t HeCay gt 81, Olsen et al, and others
using similer techniques, departed widely from netural conditionms in
' that they fed glyeine separate from other aminoc acids, Obviously,
only ertificial conditions could permit its sbsorpiion and entry into
tissues without the simultaneous sbesorption and entry inte tissues of
other amino acids liberated by hydrolysis of orotein., There is no
proof that the presence of other recently absorbed amino acids might
not alter the physiological effect of glycime. Nor csm it be assumed
that the effect of feeding it after a vrolonged fast 1s the same as
that of administering it to recenily-fed animals,

Recently, Todd, Barnes and Cu:nninghamf‘a) have reported studies
of the effects of amino acids on liver glycogen, using & technigue
which approaches more nesrly to normal conditions. Glycine was fed

to rats as part of a satlsf{ectory gynthetic diet, at levels of l0percant
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and 18 per cent of the whole ration. Controle were fod an idantiesl
ration, excent that_tho frec maino acid wes yeplsced by an equsl amount
of dextrin. Recenlc alsuime wss etudled similarly st levels equimolsy
=ith 10 snd 18 ser cent glycine. ALl these dlots hed s normal earbo-
hydrate conbent, nd contained the essenilal foodstulfs in adequate
smounts, with aan especislly rich rupplementetion of *85 éitaaim
Antmsls fasted 24 hours after foodimg 10 per cent or 15 per cent gly-
¢ine diets showed o rﬂuct&m in the rate of loss of liver glycogen,
ae comsared to the lmiﬁ found in enimels fed control retions,
Kanine, at the highest level studied, gove sinmiler Iut less striking
effect

Hsintenonce of relstively large glyeosen storee durins fosting
bag sloc been nhurmri in rats afler feeding diets msde up predominni~
iy of pmtdn(w (10 or of rn(m; The eginmilerity of thore effects
io those of glyclae-mpolenented diets indieated that such affwts
might heve B conmon ceuse, namely, aculmted gluconsogenesis. 4
study of ibe litersture cuggested that, if these three {ypes of diets
4id influence cerbolydratie viores through the sase mechenisa, glycine
foeding should incresse the resigtance to the hypozlucenic sction of
insulin,

Several workers heve reported g marked decresre in the incidence
of coma, comvulsions, sud other eigns of insulin hypogiueenis inm
animels fod high-fat diets, compared to those fed normal diets.
Roberbs and »amalatlz) » using rato fed the two mt;uti:u diets
{86 per cent of calories ss carbolydrets or as fst), showed, after
injection of felirly heavy coses of imeulisp, thet the blood-sugsr
curves wore simdlar in the two groups until three hours after



4.

injection, shen the values begsn to rise from aininum levales. The
high-fut-fod group ther recoversd more ro-idly, reachlng essautially
porssl levels by the fixﬁmwe»thaétm;!hadm Using
delioste techulque with humen subjects, Hinswortt>>) 4 senon.
 streted iaemézsed recictance to the lypoglucenic setion of vory small
intrevenous doses of inmilis, alter a high-fat diet. His work wes
later confirmed by Lundbesck sud Hagmussen''’, using lasger losulin
doses glven 1o schisophranice.

That fesding high-protein {csssiy) diets to rats mmlt-é is
changes in resistance to tae h;pmglﬁcmie seblon of insulis sisilar
to thope veen sfier feeding high-fat diects Ls indleated by two easly
reporis. One of am,m{M} is unfortusately sayred by dee of & saell
puwber of animsle, the atw{m by uee of rectal ilempersiures, as
the only nmesns of detersinlag the degree ol hypoglucemia, However,
thic effect of & higheorotein disi (70 per cent casein) hss been
recently ceafirmed in thisz Lsboralory.

Previcus reporte om the effiect of glycine om the response to in-
sulin bave been comirsdictory and imConclueive, and 1z uwe ¢ase heve the
workers used s technique for sduinisiretion of the glycine cospereble to
that of Todd eb al. fhortly after the disvovery of insulim, Voegilia,
Daan, end ?hmm(w) abperved the effoct of varlous subrbanses, led by
stonseh tube to fssted rats, on the sortality following simultencous
injection of a vary heavy dose of insulim. Ne determinations of blood
sugar are peported, it is cot sarprising that under there conditions
glycine afforded no protection. Thies ls searcely eurprleing in view of
the delayed effect on liver glycogen reporied by Ilcﬁny{ﬂ, Alanine,
howgver, gove protection egqual to ihet of glutoss, given in saounts



equivzlent in carbon content. (Contraery to the hypothesis of these
workers, the differemce between the two amlno acids must have been
independent of their retes of absorption from the intestine, whieh have
been shown subsequently to be practically the same. (19) {%}.)

G,si:-a,(gl} (22) has recently reported essentially opposite resulis, using
rabbite given ineulin shortly after the aézz:znistmtian of glycine; he
claims to .have obteined & hyperglucemic effect of insulin under such cir-
cungtances; together with & marked increasse of liver glycogen. He
postulates that insulin accelerates gluaaﬁ@ogeneéis from glycine, cone
trary o the generally accepted belief that imsulin depresses gluconeo- .
genesig.

Because of the difficuliy in ilnterpreting such evidence as this, it
was decided to investigate the effect of diets containing 15 per cent
glycine and 18 per cent alenine on resistanece to ﬁm hypoglucenic action
of insulin, using a technique comparsble, as nearly as posgible, to
that of Todd et al'®). At first, studies were limited to effects on
bl&cs:fi gugar, but the results obtained prompted extension of the work to
cover liver and muscle glycogen in animals fed the comtrol and 15 per
cent glyeine diets, Other experinents were performed in attemptes to

determine the mechanlism of the offects observed,
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PROBLEM

The following imvestigations were carried outs

1. Blood sugar of rats fed various diets was detormined before
and after administrsiion of inmulin., The following diels were fed:

L, -A diet conbaining 15 per cent zlycine ss the free
amino acid.

B. A diet couteining 18 per cent dl-alanine as the free
amine acid. |

C. A control diet containing 16 per cenit caseln.

II. The following determinatlons were performed on animals faod
the control diet, and on snimals fed the glycine diet, before and
after adninistration of insulin:

A. Blood sugar.
B. Liver g glycogen.
C. HMuscle glycogen.

III. On cther rats fod the conbrol and glyeine diets, the follow-
ing determinetions were performed, before end alfter administration of
inguling

A. DLiver glycogen.

B, Muscle glycogen.

8. Total cerbohydrate of the contents of the stomach =mnd
small intestine.

D, Totsl f’x’ée glyecine of the contents of the stomach and

amell intestine (in rats fod the glycine diet, omly).
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EXPERIMENT AL

Aninmals, Healthy aibino rats of the Sprague-Dawley etreinm,
z*aiae& in our own colowy, were used exclusively, Bscsuse the supply of
enimale was limited, end because rabs ones used in these expsriments
could be emplayed later only for hmeding%;, two types of rats had to
be used: young, virgin females, two to three months dld welghing
approzimately 150 to 200 grams, and adult or nesrly-adult males weigh-
ing approximat.uly 275 to 400 grams. For individusl experiments, rate
of the seme sex and avproximately the same age were used throughout,
The weight-range for individusl experiments seldom exceeded 10 per cent
above or beolow the aversge weight, and the different experimental groups
were matched as closely as possible ae@:rdizzg: to welghts of individual
réts. For the experiments in which glycogen was neasured, only young
females were employed. |

Rations. Before use in experiments, rats received Purina
Laboratory Chow exclusively. The composition of the synthetic experi-
mental rations conformed to the diets employed im earlier work im this
Z.z‘«.haméory. A1l ratioms contained Sguibb!s Brewerts ?easﬁ;, 10 per centy
cod liver oll, 2 per cent; Vesgom oll, § per cent; easein, 16 per cent;
and glucoso, 8 per cent. Other ingredients, veryisg with the diet, ore

shown in Table It

“In preliminery experiments, the desirebility of using esch aninzl s
its own control was invesiigated, A cross-over technigue, like that
used in assoying insulin in rebbits (23), was enplied. However, the
variztionsg in response of ilndividual animals after injsetion of lnsulin
croved to be as troublesoms as waristions betwesn different enimals of
the same group, asnd the resulls were not as significant, statisilieally,
&g they would have besn if each value had been obteined from a different
rats



Table I
Percentage of Dextrin snd of Amino Acids in Rationms
idded
Hatio Dexirin Anino Acid
BControl® 54 1]
8Glycine® 59 15
n Alanine™ 8% 18

It #1111 be noted that all these rotions contain more carbohydrate
than fet or protein. DIven in the alanine ration, totsl carbolydrate is
44 per cent, total protein and free amino acid, 38 per cemt (counting
the protein of the yesst).

Food consumption on the glycine ration tended to be lma*gr than on
‘“bhe other rations, This difficulty was handled by palred feeding as |
described under Plan of IEperlments.

To pernit stomach-tubing, the rations described above were divided
into two paris, one to be eaten zd libitum by the rats, oné to be dis-
golved in water and aé‘a;&nisﬁareé by stomach tube, each W0 be fed sepa-
rately. Solutions of the smino acid (for the glycime and alsnine diete)
and & solubion of glucose, were ureparsd, mixed in proper proporiions

af

{0

£

r cooling# end diluted to & volwse such that the volume of fluid to
be given by tube (4-8ml, depending om the size of the rat) comtained an
smount of amino acld and of carbolydrate corresponding to the amount of
ration intended o be given by the two methods combined, Thus, glucos
replaced 2n equal weight of ﬁmr&z'iﬁ, which was not used for stomach tub-
ing because of ite low solubility. Other constituents of the ration,

mixed in proper proportions, were fed separately.

MGlycine end glucose react, above room temperature, to give colored
sroducts, as deseribed by Maillard (24). Siailar resctions are also
obzerved on standing at room tempersture over & period of weeks.



Dete ationg. Blood for analysis was obtained by a technique
similar to methods previously c‘iescribed(gﬁ). The animel was lmmobil-
ized by rolling smugly in s towel. Escape was prevented by fastening

together free edges of the towel with hemostats, leaving the toil oube
side the pack. The tall wes sosked in xylol to promote wescdilaliiion
and increase blood flow, then dried, and severexi about one centimeter ‘
from the tip. Thic operstion appesrs to cause the animal temporary
nain, but usually no marked agibtation.? The tall was passed between
the thumb and forefinger with very gentle pressure to reverse the flow
of blood in the veins, and enough blood for sampling thus obtsined in a
few mimites., The color and mamner of flowing of such blood is cheracter-

ey e SRR S e R
sus, rather than & Capiilary, origin.

&

.
Wl & Vi

('b

istle

Drope of blood were collected in a depression of 2 spol plate con~
taining dried potassimm ozalste. A 0,1 ml. sample was cbbained with e
nicropipette for glucese determination by Somogyile mo:?_ifiaamaﬁ of the

26) .

Shaffer-Hartnan method, as further modified by Qé"‘l“‘ﬂh for color—
imetric use. The blood was leked in fifteen perte of water. Protein
was precipitated sccording to the method of Somogyi, by the addition of
barium lydroxide and zinc sulfate, and the sample was centrifuged. One
ml, of the clear, supernatent fluid was mixed in a Polin-Wu sugar tabe

with one ml, of Helson's reagent, which is identicsl with Somogyits

modification of the origimal Shaffer-Haritmean reagent, excent that it

# That excitement attendant on obtaining blood semples by this tech-
nique has no significant effect ok blood sugir is imdicsnted by re~
gults of preliminsry experiments, Fasting blood sugers of
unenesthetized rats, and of rats snesthetized with 56 mg/kg Resbutal,
given intra-peritoneally one-hnlf hour before ssmoling, were wholly
comparable.-
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contalns no iodide or iodate. | After this uixture was hested for 20w
minutes on a belling water bath, it was coolsd, and one ml, of
Helson's chromogenic reagent, an asrsenonolybdate complex, was added,
producing a steble eolor. The solubtions were made up to & given vol-
wie and read in a Kleti-Summerson photoclectric colorimeter. This
method has been found to have meny advantsges: it is quite rapid;
reoadings are directly proportional to the quantity of glucose present;
standard reedings sre highly reproducible over longz perlods of time
and blood sugar velues agree well wi%h thoge obtained by other methods.
Duplieste reoadings, obtainsd with known quentities of suger, seldom
differ by more thun one part in seventy. For geood agreement of dupli-
cabe blood samrles, thorough stlrring 18 necessary before drawing the
samples, & fact which seems to confirm Himsworth!s owinianilg) that
sedinentation of srythroeytes ig an important rource of eyror in such
mork.

Liver and musele glycogen were detormined by the wethod of Good,
Eramer and ﬁamogyiég?), which has been widely used for this purpose.
Aninals were given large doses of Nembutel introperitoneally (0.5 al.),
After onset of anesthesia, but Lefore desth, the abdomen was opened
and ﬁban% one grem of the left lobe of the liver removed, ninced with
seiasors, and dropped into 2 weighed centrifuge tube containing 2 or
5 ml, of 30 per cemt KOH., Less then 30 geconds elonsed between ex-
cision of the liver and its emersion in the olkali. Then 2 ssmple of

the goastrocmeniug musele wos obtoined similarly, using slmost the

whole muscle. Tubes were rewsaighed and contentp digested on & boilin

AR

1

water bath. Glycogen was nrecipitated with 1.1 volumes of 95 ner cent

astiyl aleohol, Tubes wers centrifuged, decanted, end zllowed to



drain and the excess alcohol was eveporated on the water bath., An
excess of 6N HCL wes added and the glycogen hydrolyzed for two hours
on the boiling water bath. Gluccse found waz determined by the Shafler-
ﬁ&rman méthod.

Fm: deterninetion of tobal ecarbolydrste of the contents of the
stomech snd mali intestine, these organs were removed after liver
ssmples were oét&inmi, and preserved on lce., After a few hours, they
were slit lengthwise snd the contents thoroughly removed (using the
fingere) and washed into & beaker, Tventy-five ml of conecentrated HCL
were added and the suspension made up to 500 ml, bringing the con~
centration of HCL to 0.8K. A 10-ec aliguot was then hydrolyzed on a
bolling water bath for two hours, made up o kmownvolums, {ild
producing a clear solution for determinstion of glucose ”by' the Shalfer—
Hartwan aethod,

Plen of Ixperiments. On the firet dey of each experiment, rats
were woelghed and earpunched, and divided into two, three, or in ome
ingtance, four, groups, usually ef four rats each group to be fed
different diete., Because rats if fed gd m would usually eat more
of the control and slanine dlets than of the glycine diet, peir-feeding
was used in all exmperiments. Rats to be fed the glycine diet were
sﬁafteﬁ on the experimentsl reginen immediately, while those to be fed
other dists were given Purina Laboretory Chow for omne more day. It
7111 be convenisnt to desceribe the treaiment of the rats fed the glycine
diet first. They were plaoced in individuel cares which were provided
with water fountains, screen floors to prevent coprophagy, and large
food cups so designed as to reduce spilling end contemination of food to

2 minimum.
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On the afternoon of the first day rsts were given welghed smounts
of ccatrel retion (the amount varied with the size of the rats, but
ugvelly wes 6 or 8 grams), The purpose of the inltisl feeding of con-
trol retion was to sccustom the animsls to powdered gynthetic rations,
bo i}ma%e more unifcrm consumstion of the glyeine ration by limiting
and controliing previous food intake, md to aveid feeding of the glycine
ration during the periczé of sdjustment to changed conditiore in tm‘ new
eage when the snimels tend %o incresss their activity and losa weight.

On the afternoon of the next day, rate were sgoin weighed, The
uneaten ration, if amy, was mighafi and digcarded, Tight to twelve
grems of the glycine ration were then offered, depending on the size of
the rat. About noon of the next day, anlusls were again welghed, and
their food conmumntion moted. They were offered 2 smaller amount of
the same ration (usually four grems, bui sometimes two, or even three,
for smaller rats). This was usually sll esten by the evening of the
same day, when food cups were removed and consumption again noted.

In order to measure the fasbing period accurately, it wes
necessary to prevent, 28 far as possible, individusl differences in the
speed with vhich the last meal was saten. Fortunately, the carbohydrate
and smino scid of the diets, which are the nmost soluble portions, and
therefore the most easily given by stomach tube, are theoretically he

mogt importent constituents from the standpoinit of response to the

hypoglucenic action of insulin, Besides, they would sppear to con-
stitute the nrineipal limiting fectors for the con stion of the E7n~-

thetic diets; the cerbohydrate because of ite hulk, 2nd the amino seld

Jte

beceuse of its taste. Therefors, the fellowing technigue was adonted:
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About midnight, alter the second day on the glycine ration, the rate
were offered a mixture of the protein, salts, yveast and fats of the
rabion, the amount being in propertion to 'i;ha desirad welight of dry
ration in the last meal (4-8 greme). 4 majority of the rats ate all
of their portion promptly, within the sllowed time (1-1/2 to 2 bours),
{Failure to do so could not be correlated with the results of the ex-
periments.} At ebout 1:30 M, the rest of the ration, pregiara@ in
water solution as deseribed sbove, was given by stomachtube, all rats
being fed in this way within fifteen minutes. Rats were then re-
placed in individusl cages, withoubt food. Rarely, rets showed distress
or dlarrhes following this procedure, und therefore were not uged for

L A% . o

eit of the eEperiaent.

by

the

Hext morming, rets were again weighed, After 8-9 hours (devending
on the individusl experiment) of fasting followinmg tubing,# blood
samples were obtained and insulin immedistely administerad. The time
of insulin injection for each rat hoving been recorded, further blood
samples were obtained at desired intervale.

Animals to be fed other diets were peired with glycine-fod rate
eccording to welsht., Bach menmipulution wasg performed 24 hours later
then the correspending procedure with glycine~fed rats, Their par—
ticular diet wes substituled for the glycine ration shich was esten

by the corresponding glyeine-fed rets im the corresponding peried,

Fr 3
ot

* Ibsorption of esrbohydrate end ’glycine‘ ot this time has beenm shown
to be practically coamplete.
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Mmost invariably they ate all, or pra ctic:Aly all, the ration allowed
them., Utmost care was exercised to insure thet time intervels between
stomagh~tubing snd injecting im:zuling and between injection of insulin
and further blood samplings, were, as nearly as possible, identiesl in
paive of rats fed different dlets.

In two experiments, only glycine and combrol dlets were studied,
and endmals were sacrificed for liver and muscle glycogen debermi-
nations. The plan of the experiments was the same sz thei deseribed
sbove, with these exceptionss Among both glycine-fed and control-fed
snimals, four rats, in one group, were killed after the first blood
ssmole wap obtalnedy without receiving insulin; four rate in & second

Tl kA P | A T - onma 3
gioup wWere milied ,,,;wuh_&.exsaw after a Esiond blond sszmo .;«lw was ohhainaed,

five hours efter receiving ineulin,

In one experiment, rates fed glycine and contrel rations were killed
before, and five hours after, receiving insulin, and deterninations made
of totel carbohydreste of the countents of the stomach end small intestine,
Liver end muscle glycogen determinations were slso carried out.

ng . For each experiment, an insulin dose wes chosen for all
the snimals, which, previous experience indiecsted, would permit partial,
but not complete, recovery from minimum blood suger levels within five
hours after injecticm.im the comtrol snimale, The doses employed were
7-1/2, 10, =nd 12 units per kilogrem, given subcutsneously. The cause
for the varietion in general resistence to the hrpeglgcamﬁ.e action of
insvlin, which made such sdjustments necessary from &ime o time, remnins
unknovm. In general, howsver, young female rats appeared to be more

resistant than older males.
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The choice of intervels for sampling of blood after insulin

injection ie discussed in the section on results.
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RESULTS

Listing of results will follow the outline of the investigation
given under PROBLIEM, |

1. Blood sugsr of rats fa&‘ various diets was determined before
and after administration of insulin, The diebs studled were: 15 per
cent glyecine, 18 per cent slanine and control.

Times for obtaining blood samples after injection of insulin were
deternined sccordiug to two different plans. In some experimenis three
or four samples were obitalned at intervels so that blood sugar curves
could be drewn for each rat. These experinents will be considered first.
Composite curves for amimals fed conbrol and glycine diels are shown in
Figure I. The general shape of these curves is essenilally independent
of the pro-fed diet, although meximun depressgion is greater in control-
fed animals, end the rate of recovery is greeler in animels fed glycine,
(Curves cbiained on amimals fed alenine follow, im genersl, an inter-
mediate course.} It will be noted that the greatest divergence between
glycine-fed and control-fed smimals occurs in the perioed of recovery
from hypoglucemic levels (Period II, Fig. I).

In other experiments blood sugsr determinations were made just be-
fore and at 5 or 6 hours after insulin administration, thus curves for
these have not been plotted. The curves ia Fig. I show the relstionship
of these time-intervsls end the typlesl blood suger curves., Such exneri-
ments were conducted on sbout 80 rates to compare effects of different
diets on the resistance to the hypoglucemic action of insuiin, Table II
gives, for & typical experiment, values for blood sugar before and after
insulin., Table III gives aversge post-insulin blood sugar velues for 2

munber of such experiments.



FIGURE I
Typiecal blood sugar curves
of spimsle fed the control and
glyeine diete, showing the

effect of insulin,
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TABLE II
Blood Sugar Values of a Typical Experiment

Before &fder

GLICINE DIEE Insulin  Insulin
Rat Ho.
1 135 99
2 123 101
3 117 85
4 120 81
AVERAGE 124 91
ALANINE DIET
Rat No.
2 104 88
2 116 90
5 93 87
4 12 47
AVFRAGE 108 78
CONTROL DIET
Rat Ho.
1 104 78
2 117 55
3 104 46

AVERAGE 108 60



TAELE IIX
Blood Tugsr Velues After Inmiln

GLYCIRE LLAKIRE CONTROL
- Ro. ivernge Bo. Averago Bo, ivernge
mﬁ;u: : t Bo. Rate | Blood Sugsr || Hate | Blood Jugor Rate | Blood Sugsr
L 95 4 80 > 0™
< 4 g1 % 78 3 ac
5 3 I8¢ 4 £9 4 38
4 5 97 - e ™ 4%
b 7 104 - e 8 7
L

% ¢ rots died of Wypoglucenis befors msmples
wepe obtelined,

XXy rats disd of hyvglyceais bsfore samples
were obtained,
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It will be geen from Table I}Z}Z that the post-insulin blood suger
velues for glycine-fed snimals are alwzs,@m markedly higher than for
apnimals fod .thss conirol miiagz, albhough values for the latber;, es-
pecially, vmg greatly in differemt exverimente, This rel&ticm is
consistent, in suite of differences in age snd sex of mﬁm&lﬁ, and
differences in detalls of experimentel technigues The differences
between the glyeins ration and the alanine ration, and between ihe
alanine ratlon s2nd the control ration, are small, bui: the t-test of
Fisher(®®) shows that they are significent. The velue of P for the
difference between alanine and control iz .02, which is "@ll within
the limits of stetistieal significance. The value of P for the differ-
ence betwezn glycine and alanine is 003, which msy be termed highly
significant.,

4 comparison of the blood sugar values before insulin also brings
out significant difference bebtween different diets. In general, the
values in all expmim&n%s are similar to those in Teble II, and there
is much less Yariation from experinment o e:x:p_fu;ﬁmm‘b than is shown
among the post-ingulin values, in Teble III. The average blood sugsr
levels of 2B vrabts fed the glycine diet is 131, with a stendard
davietion of 12.6. The average for Z8 rsits fed the control dlet iz 110,
with & stendsrd devistion of 17.8¢ The difference between these aver-
ages hag a very high order of significsnce. The average sugsr vaiues
of rate fed the alanine diet 1s not significantly different from that
of those fed control, but the differemce bdiween the averages for
slonine-fed rats and the glycine-fed rats is highly significeat. (P

equals .008.)
There appears te be little correclation between pre-insulin and

post-insulin dlood sugsr vaelues in individual rsts, execept for the fact,



as pointed out previously, that the glyeine-fed rats have a markedly
hizher blood suger, both before and after imsulin. This lack of
correlation is illustrated by Teble II. It ig possible that date on
larger mmbers of animols would demonstrate such & relation does

zist,

II. Blood sugar, liver glyvcogen, end muscle glycogen of rats

fed the glveine and control diets were deterained, befors and aftsr

Ry

administration of insulin, Averaie values are shown grashicelly im

3, .

Pigurs II, and data from typical snimsls appesr in Table IV. The

blood sugar velues are quite comparsble to those obtained lu experi-

ks il e el e Bl s e e Tsecesa PO o e
neghs 1o shich the snimsls were nob sscrificed. I
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a totsl carbohydrste stores, ez showmn by liver and musele glycogen
stores, are greaster in the glyeine-fed animels, before insulin, end

that this differecnee is markedly sccentusted after giving insulin.

III. Absorption of glycine and carbolydrate wae studied, to-
gether with liver and muscle glycogen determinstions. The amounts of
carbohydrate and of glyeine found in the conlents of the stomach and
smzll intestine, were megligible. Totsl carbohydrate renved from 40-
milligrams to smounts toc small to detect, and was not significantly
altered by diet or by insulin. Free glycine was present in amounts of
three milligrems or less, in the animsls fed the glycine dlets. It
sas not determined in controls. Corresponding values for liver and
msele glycogen for these snimals were quite similer to those fmmﬂ,

using comparsble technique, in the experiments described under II.



FIGURE II
Ldver glycogen, muscle glycogen,
and blood sugar of rate fod the control
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TAELE IV
A typical experiment in which muscle and
living glycqgen end blood sugar were
ﬁﬁtﬂmﬂ: L4

BEFORE INSULIN

| GLYCINT CONTROL
Liver Fuscle Blood Liver Huscle EBElood
Glycogen Glycogen Suger Glycogen Glycogen Sugar
& @ of - &
L i 2 £~
4.7 .75 133 4.1 0.50 164
8.2 41 130 4,9 0.48 101
4.0 «78 158 4.2 (.48 88
S8 « TR 135 - .41 103
Lverage 4.0 .66 134 4.2 0.45 113
APTER INSULIN
GLYCINE ~ CORTROL
Liver flusele Blood Liver Husele Blood
Glycogen Glycogen Sugar Glycogen Clycogen Sugar
1.3 0.57 108 0.06 0.80 84
1.0 .72 108 0.04 0.26 44
1.1 0.42 122 0,05 .15 47
1.4 0.58 86 C.13 0.27 40
Average 1.2 0.57 108 0.07 0.22 49

# 411 data represent individusl determinations.
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DISCUSSIORS AND CORCLUSIONS

The effects of the glycine-supplemented diet will be enalysed
before those of the slomine-supplemented diet.
Caxbolydeste gontent of the fasted rats before

insulin. In these experiments, the last meel wos force-fed, end

fqlleweﬁ by & relatively short fasting period. Nevertheless, ab-
sorntion of carbohydrste end glycine was practically complete. I+ dees
not seem surnrising, therefore, that the values for liver glycogen under
these conditlons are comparable to those reported by mamy authors for um-
fasted rats(®), However, in the animsls fed the control diet, blood
sugar values werse not significently higher than those Tound in this
laboratory Por 48~hour fasted smimals, In contrast, the glycine-fod
snimals showed en elevated fasting blood sugar level., Associeted with
this hyperglucenia in the gl’srciiwfeé rate was s definite imeresase in
miscle glycogens

The total carbohydrate content of the glycine-fed rats, estimeted
ae ghown in Table V¥, is greeter than that of rats fed the control diet,
because of the difference in muscle glycogen. Ga,r}:?abydmte shtorage in
tissuee other then muscle or liver may be aseumed to be n&gligible(za).
(Adipose tissue has beem found to contein considersble quantities of
glycogen under specisl conditions, different from those studied hare-(gg ?.3

The liver glycogen values for glycine-fed animsls do not eppear
to be significantly different from thoge of the enlmsls faod the cop-
trol diet. This mey eppear to be ianconsistent z?it& the elevetion of
blood sugar snd muscle glycogen im the seme animals. In rats fagted

24 hours, %u@st(g) hes showm thet elevation of blood suger is
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TABLE V.
Caleulated carbolydrate content, in milligrams, of
various tissues, before and after aduinistration of
insulin, with the quentities of carbolydrate lost
asfter insulin, # |

GLYCIHT
Blood 0.18 .12 0.4
Liver 350 | 136 214
Hupele 504 415 89
Total Glyeogen 854 551 303
CONTROL
Blood 0,13 0.10 0.6
Liver 389 - 13 376
Iuscle 344 168 176
Total Glycogen 733 181 552

# Calculations ere made onm the basis of a
200-g. ret having blood, muscle, and
liver weights 2s given by Donsldson (30).
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sccompanied by increased glycogen storage im liver a2s well as muscle.
Under these comditions, however, the liver reservoir was not as full as
in the animsals considered here. In unfasted snimals studied by the same
author, the level of liver glycogen was very high, and it wag not re-
leted o the level of blood sugar. On the other hand, muscle glycogen
was incressed In the presence of slevated blood sugar in both unfasted
and feasted rats. It appears that when the liver is well supplied with
glycogen, carbohydrate added to the blood is deposited in the muscles
preferentislly. It is not surprising, therefore, that muscle glycogen,
snd not liver glycogen, conteined the added carbohydrate store of the

glyecine~fed rate.

o rplavred w 1 i snde sl S1E fu& mmmbal el Taons ascbhoabordnad -« Slvase
e EHSF E’)M h&%lﬂ*”“yy-&»muﬁ;&- AT D ke 1 W &‘v“u%«&u‘w‘h T GART NSy ww“-‘g NFole et BV WSLECTES

the control diet., Therafore, only 2 relative incresse in the rate of
glyconeogenesis (compered to the rate of carbohydrste utilization)
could provide the sdded carbolyydrate stored by the rats fed the glyecine
diet. Such a relative incresse in glyconeogenesis might be brought
ebout by a reduction in the rate of carbohydrate utilization, or by an
ebsolute increasge in glyconsogenesis, or by both proeesses,

The effect of ipsulipg. The greater resistance of glycine-fed rats
to the hypoglucemic asction of ineulin doss not appear to be dependent
upon their initially elevated blood suger level. BRather, it appears
that the f211 in blood suger is more rspid, at first, if the starting
level is higher. {See Figure 2.) The same phenomencn has been reported
by other imeatigators(%a}.

It is not knowe whether the glycogen stores suffered an initisl
fall, followed by 2 recowery period, like that sesn in blood sugar.

This seems probable, in view of the rapid rate of inactivsiion of
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(31) : : .
injected ippulin . In any event, Table V end Pigure II show that,
five hours after injection of insulin, the ecarbohydrate content of
the rats fed the control diet was reduced to @ much grester extent
then that of the glyeine-fed rote.# Thus, the net effect of previous
glycine feeding was the same after injectlon of imsulin as befors,
nanely, a relative increase in glyconeogenesis. The sction of insulin,
directly or indirectly, accenbtvated this effect.

Speculation as to the point of action of insulin under the con-
ditions studied appeers irrelevent. There is uno evidence that the
mechanisa responsible for the relative increase in glyconeogenesis
after injection of insulin is essentially different fronthat operative
before its edministrstion., At present, cnly s tentative hypothesis msy
be advanced as to the nsture of this mechemism. Certeim cluss, however,
are to be found in the literature concerning the role of glyeine in
general metabolism., Other clues are afforded by investigations of
various other fsctors which imcrsase resistance to the hypoglucemie
action of insulin,

Relation of glycipeto carbolydrate metsbolism.

Glyeine is the simplest =nd most readily available of the aminc acids,
end one of the first to be discovered (Braconmot, 153‘20)(33) . Its

physiological propertiss have been widely studied, and i1te unique role

# Small smounis of glycogen ere deposited in the sdipose tissue of
the rat, especially in the interscspular fat, sfter injsction of
large doses of insulinm (32), but the quentity of esxbolydrate
involved is negligible, compsred to the content of the liver and
musele shores.
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in detoxication and other processes has been estsblished. Nany of
the products of its utillization are mom. The carboxrl c'zvbcn
readily gives rise to carbon dioxide, and 1t mey also annear in

& 2 g : j
gkrmg@n(‘ ). Glycine nitrogen mey give rise to m*e&(%) » Tipsue

i - (35
oxidation~reduction may convert glycine to giyozylic scid }, or
e'tha:mlmﬁim( 56) + In genersl, however, surprisingly 1little ie

known sbout the intermediary uete mallm of glycine-~-less than is
known sbout the intermediary metaboliesm Gf oot ai the other amino
aclde,

The knowledge that ecarbohydrate may be formed from glycine
imnediately suggedéts an explenetion of the r@].a‘t.ive increase in

oo s Tt e e plarsed » e th Pl wmiy Tl d
*3' W&&-‘uw&!}l,&iw ”-&N b Ko B il NT T ?n‘h% —h} &‘J TPl KB o ‘RUM%' o Yo sk B T

sideration, “_3:':?.?131*1}3, bec&aﬁe of the limited neriod of time during
which the various determinations were nerfornad in the work renorted
here. There uight have boen increased relative glyconsogenssis dur-
ing the period of study as a compensation for the reduced suppnly of
earbohydrete from all sources prwiausly. Yor iastance, 2 rat night
ingest 2.5 g. of glycine during the experiment, of which 1.5 g. was
converted to glycogen, during the feeding period, the other one gram
gtorad 8s glycine, representing notential carboliydrate. A comparable
rat fed the control dist, in which giycine is replaced by dextrin or
glucose, would thorefore be supplied with ome grem more of carbohydrat be
than the glycine-fed rat, during me feeding peried. (For simplicity,
it is csgsumed that ome grom of glycine could be converted into one
gron of glucose or glyeogen. This ig an overestimstion of about 25 per
cent.} The control-fed rat, however, would have one gram less of

notentisl carbohydrate, nnd would not store all of its added gram of
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sebuel carbolydrate, but would use a large part of it for fusl. The
sum of actual and potential carbohydrate stored by the glycine-fed
rat would, sccordingly, be greater then that stored by the rat fed
the control dist. The stored glycine could be used to grest advante
age for glycongogensels by ithe glycine-fed rat during the fasting
period, espeeially to replace the glycogen depleted by the sction of
insulin,

The observed facts may be szplained similarly without postulate
ing conversion of glycine to carbohydrate. OGlycogen stores might be
spared by oxidation of stored glycine. If the sbsolute rate of glyco-
neogenesis renained the sane, glycogen stores would be increased by
this procese as well as by glycoueogenesis from glycine.

Tracer studies have shown that glycine msy undergo both glyco-
neogenesls and oxidations The other process demanded by the thoery—
nsmely, fluctustion of the glycine content of tissues after glyecine in-
gestion~-hag elso bean demonstrated, However, it remsing to be denonw
strated thet the hypothesis is espeble of explaining the observed re-
sulte, This sopears to involve assumptions which, at best, are not
supported by the available evidence.

Obviously, the effectiveneces of the fype of mechanism which is
postulated depends on the efficiency of utilizatién of stored glycine
for oxidation and glyconsogenesis. Unfortunately, there is not enough
evidence concerning tissue glycine to meke possible such an evaluation.
Such datz have been obtalned only for exogenous glycine. Different
imvestigatore have administered glycine by various routee {usually in
fapsted animale), and observed cubseguent changes in blood sugar or
1%ver glycogen levels., The resulte so obtained tend to minimize the
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importance of glycinme as & precursor or sparer of carbohydrate.

It has been pointed cut that the asbsorption of glyeine without
the simulteneous absorpbtion of other amino acids is an imphyciclogic—
al condition. Obwviously, one, at leagt, of the normel pathwsys for
ingested glyecine is blocked under these circumstences, since, with-
out a m@}:ﬁ?’ of essentisl smino acids, glycine, or other amino acids
derived from glycine, could not be incorporated in newly-formed pro-
tein. In the presence of a large surfeit of umsable glycine, ons
would expect that the amino scld would be oxidized as rapidly as
possible, with the mechanisme available for this process. Olsen,

(2)

Hemingway, and Hier ™', have studled the rate of production of carbon

dioxide from the carbosyl growp of glycise, lsbeled with C13, in 45~
hour fasted mics. Only sbout helf of the isctopic carbon which was
ingested was recovered in exhsled €05 in sixbeen hours. There appesrs
to be no evidence, therefore, that energy may be derived readily
enough from glycine to permiit significant carbohydrate-sparing, svecept
under highly artificial conditions.

Por an atbtempt to estimate the efficlency of glyconeogenesis from
glycine, the most pertinent date are those obtalned in studles of liver
glycogen after glyeine adminisgiration. Seversl ’emri:@rﬁ( %3 (5} (9] 99
have reported that glycine gives rise to very little liver glycogen,
as compared to glucose, or to certain other szmino acids. Results from
studies of liver slices in vitro have been given & gimilar inter-

(40) (7) (=

{ 2
pretation On the other hand, some investigators ) have

reported higher levels of liver glycogen after administration of
glycine than those found after administration of & comparsble quantity

22
of glucose. Yﬁacxay( ) and his associates appesr to have resolved



these contradictions, on the basls of time relations. Formation of
liver glycogen after feeding glycine is markedly delayed. This delsy
(20) (29),

is not due to alé*:r shoorption However, the trecer studies
of Qlsen and coworkers (2} denonstrated that, during the period vhen
liver glycogen storage was greatest following glycine administration,
only & small poritiom of this glycogen had ariszen from the earboxyl
carbon of glyeine. It is theere‘i‘;im}.};’ nossible that the other carbon
atom of glycine after separation from the earboxyl carbom might be
used for glyconeogenesis to a greater extent, but there is no evidence
for such a sories of reactions. OUlsen snd his coworkers suggest thet
smino aeids other than glyclne sre the chiel nrecursors of the glycogen

P
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Several gtudies of t&p effeet of glycine aduminigtration on blood
sugsr, similar to those in which live glycogen was dotermined, nay be
mentioned, After parentersl adminisirstion of glycine and other amino
seids and fatty aclids, in rather msssive doses, prompt hyperglucemia is

4144
vrocmeesi( f1-44) . Ingested glyecine has been claimed to cause both

2 48 e :
l:vg:erglucaﬁia(%) (=1) and igsrjmgluamia( ) by different authors, the
evidence ag presented being rather weak on both sides, Deseriptions
which have been given of the metheds used for the verenteral adnini-

(41-44)

stration of the amino acids arouse the sugplcion that the

observed effects were toxicological, rather then physiclegieal. There
is good evidence that the effect is due to release of epine~

{41-43)

chrin « It iz gaid that in rabbits there is an associated

(42) (21)

sunprescion of the hypoglucemic sctlon of insulin However,
this is not true im rate immedlately after ingestion of glyecine, as

mentionsd in the Introduction.



Glycine, like alanine and glucose, reduces ketonemis when fed to

(48a)
fasbing rats

. This may indicete ineressed glyconeogenesis from
orotein, but not necessarily from glycine, to any great extent.

After studying the excretion. of glucose snd nitrogen in fasted,

(1)

o 1

hlorizinized dozs after administration of zlycine, Ringer end Lusk
concluded thst sll the ingested glycine was converted to glucose, both
the earbon atoms of glycine entering into the glucose molecule. Al=~

(46b)

though this technigue is still used s the sssumptiohs made in the
required caleulstions are open to serious eritieism, and the conclusions
which are drawn from such work ers in disagresment with the resulis of
studies using other technigues.

It will be geen from Teble V that a fypical gliycine-fed rat
gsined an added margin of 0.25 g. of carbohydrate over the typicel rat
previously fad the control dieb, during the five hours after insulin
injection. The smallest quantity of stored glycinme which would heve to
be utilized, sccording to the theory under consideration, to nroduce

1z difference, would also be sbout U.25 g. However, the forsgolng

discuesion has showm that even uncombined glycine orobsbly cculd be used
for this oursose (either by glyconsogenesis or by sparing earbobydrate
oxidetion) only rather slowly. Therefore, the quantiy of glycine which
would have to be libersted from tissue stores would orobebly be much
largéw than 0.25 g. This, in turn, leads to further difficulties,
which constitute the orineipsl objsction to the glycine-storags theoxy.

The requisite guentity of glycine could herdly be stored in any
form excent &8 a protein constituent. The only other slbternatives ars,
that it might he desminated before storing, or thet 1t might enter the

non-protein-nitrogen fraction. The only known method by which



residuse of deaminated amine ccide mey be shbored in large cusntities
Be O

is their eawez-m n to glycogen, & possibilivy which is expressly ex-
cluded by the glycins-storage theory lietention of the necess

o i

wantities of glyeine in the non~protein fraction of tissue would be
=i

expected o give rige to amino-niitrogen levels fer higher than those
. (47}
previously reported .

Furthermore, the protein containing the stored glyecine would
pecsssarily be laid down during the feeding of glyecine-supplenmented
ration since, as is well knom, the ominc scid composition of pre-

=isting proteln iz definites and fixed.

Although excess dietary nitrogen msy be retained for short

L T . B} {4y (20 .. . o L, F——
neriods of time and then released / Y /4, it is generally adnitted
that the protein store of the body is much less flexible than those of

2 (5@)_

carbolydrate and fat fince nost tissue proteins contain relatively

5%
small quantitiss of glgrc:ina{"l},

it appears that the nitrogen retention
of rats storing dietory glycine would be much grester than thot due to
glycine slone. The sugrertion that glycine might be couverted to other
amino aecids beflore storage vould tend to reduee this AMificulty. How-
ever, tracer studies Indicate that ingeeted glycine is stored large
or entively as glycine, and there is no conclusive evidence that it
(51a)

can give rise to awy other amino acids B

Even 1f the requisite glycime eould be stored in protein during
the feeding period, it appears doubtful thet more than & small fraction
of it could be made availsble, as required by the glycine-storage
theory, during the nerlod of racovery from insulin hypoglucenia. It

is evident that if a large portion of the glycine (or other glyconeo—
8% p (¥

3

genctic amino acids) of tissue, in genersl, were libarated after



e
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injection of insulin, the sccompenying widespresd proteinm hydrolysis
would make tissue degbruction the most prominent effect of overdoses
of this hormone, The effect would be even more striking, perbeps,

if some proteing, end not others, suffersed loss of their glycine.

Ho protein iz known which cen he destroyed by ineulin, but it appesars
habt the existence of one must be postuleted; to setisly the demands
of the glycine-storsge theory.

It seems impossible, then, to explain the exverimental resulis on
the basis of storsge of glyeine, or other smine aclde derived from gly-
cine, without the assistance of seversl other purely hypothetiesl pro-
cesges. A variant of thiz theowy is sugges by the fact that glycine
san be gynbhesised resdily from other amino aCids, as it is g
certain special funcblonz, Glyelne is inown to enter inte the formz=tion
of ;;:»m%»cﬂai‘zﬁ'vrin( sz} s uric acid(%), e’th:molamine( 36) s (end thersfore
choline and acetylcholine), crestine and creatimine, glycocholic seid,
and glutathione, besides hippuric acid snd other products of deborifi-
satz‘.@n(ﬁi}}. The only mmino acid shich is known, at precent, Lo be con-

3 . 2 " 54 e . (55
vertible to glyeine, is ﬁeﬁm( ) » The growth inhibition )

which
has been produced in rats by sdministration of benzoic acid, which re-
moves glycine ag hippuric acld; is evidence of the high priority of
glycine formstion. Conceivably, a surfeit of glycine might spare a
group of other aminoe scids, w=hich night be wore eagily stored for
later nrotection of carbohydrate, osnd might slso be better :iycogen
formers then glycine, This improvement hardly justifies the addition
of snother imazinary phonomenon.

Clearly, un explanation iz to be sought shich does not depend on

storage of amino seclds in large quantities., However, without storuge,

hY
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it must be postulated that glyciue has some indirect effect on carbo-
hydrate ubilization or production. Such an effect would probably
volve part of the regulating machinery of prote m or carbolydrate
mebaboliom.

Iz confirmation of thiz line of reasoning, there ls good evidence
that the ingestion of glycine aliers the fate of other amino scids.
Part of this evidence hao already beom given. After ingestion of gly-
cine by & fasted sninmal, there iz a delsyed, gredual accumulsilon of
liver glycogen. Wost of this sdded car abyc_:«;w ig orobably not de—
rived from the adninisbered glycine. The durallom and t*m magnl tude
of the incresce imdicate that it could not have been produced merely

- x

by oxideiion of the 1 Ingest ad glyeine, with consequent carbolydrote
sparing. Glycine sopeqrs to stimulate the oxidation of fat, or pro-

tein, or both, probably causing an sbeolube imcrease In glyconsogenesis.

From other %ypes of studies, it mey Le councluded that the action
of glycine 18 speciflically concernsd wiib the o v:ﬁaw.on of auino scids.
S G - F
Kiech and Lusk(s’), studied the rate of urea formaiion after admini-

stration of different omino acids to fx S‘beﬁ rats, and compared 1% to
we rate of disappesrsnce of smino nibrogen from the tissues. "‘fis;ola
carcasses of the nnimals, ag well as excreta, were anolyszed. Wiith all
amino acids studied-=glycine, slanine, glubanic acld, sud aspariic
acid--therve wog en imitial period of sboub four hours, during which
desmination wae cloecly parslled by ureas lormation., Then, in the
enimels given alemine and glubtmmiec acid, the rate of ures foruwailon
decraased, compared to the rate of dissppearance of smino nitrog

Tith gycine and sspartic meld, the opposite effect was noted., The

rate of dissppearance of amino nlirogen deersssad, bul uwrea production



waz maintained at o disproportionately high level, indicating
hydrolyeis and desmination of tissue protein. These rssulte were

interpreted ss chowing stimulaticn of hitrogen metubolism by glycine.

(s7)

Subseguently, Deid obtained confirmatory recultc in fasting

Lac)

dogs. The urinary excretion of imergumic sulfur and nitrogen was
studied for periods of several deys, following ingestion of glycine,
or of amounte of glucose or alsnine conitaining equal quantities of
carbon. Alanine exertsd a spering action on nitrogen egusl to that of
glucoge. On the oiher hand, glycine aggrevated the negativs nitrogen
balange of the fasting animsle. Changes in excrebion of imorganie

sulfur wore interpreted es being 2 bebter indication of the rate of

o
]

ubilizetion of tissue proteins., The excretion of imorgenie sullur im

the glycine-fed animels wae almost twlice os5 great as thst in the
sniaals given glucose, Alanine fell aidwsy betwosn glycine ond glucose
in this respoct.

In 81l the experiments which Lave been eited, so far, se evidence

-

for the beliefl thal glycine-f{eeding secelerctes proteln oxidalion, the

iy

amino seilds bave been given, slone, to facted snimals, It has slresdy

=

been sointed out thet thir technicue brings sbout a very sriificial
situation. Other smperiments, however, which zre not open to this

(4)

criticism, support the same theory. Hier s gtudied the effset on
the growth of young rabs of the addition of glycine (or of gelstin,

wvhich contains 25 per cent glycine) to othervise satisfactory diets.

Significant denression of growth was cbiained with the addition of
glycine, at » level of € per ceat of the diet. This msy indicats

thet glycine oppoces the nitrogen retendtion necesssry for growth by

a

incressing the rate of ubtiliszation of anmino acids for glyconeogenosis
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or oxidaetion. Unfortunately, the intake of food on the variocus diets
ie not given. |

Addition of wnatursl forms of amino acids to intravenously-
admini stered amino-acid mixtures ecauses certain toxie gymptoms.
4ddition of glycine to the racemic mixtures delays the onset of toxie
gymptoms (vami%ing}cge). ‘Thia suggests that aduinigtration of glycine
acealerates the deamination of emino acids, or incresses the rate of
utilization of the keto 2¢ids formed from them.

Using, as 2 starting point, the fragmentary informetion which is
now evailsble concerning the inmtermediory metabolism of glyeinme, 1t
ig difficult to explain the effect of feeding this particulsr smino

seid an the matehalienm af nomatedn
e N i el e T 5 e EEURCR PRt A e Tl ';JI. Nl ke Al

fefa

n gaenepal, COrostine comsg o nind
ag & possible intermedisry. It is well known that feeding glycine
appears to increase the formation of creatine in certain ersstinuric
digeases, and that ereatine phosphatelss an important rele in anserobie
glycolysis. However, it is‘ not ¢leer in vhat wey increesed avsilabil-
ity of crestine, ﬁesulting from an increased supply of glycine, would
sffect resronse to the setlon of insulin, or the behaviour of ecarbo-
Wydrate stores in general.

Glyeine also enbers into the formstion of glutathioﬁa, and,
theoretically, glutathione moy be concerned with the protection of

59)

ascorbic aeic’i€ s and therefore with carbohydrate metsboliem. How-

ever, the conceniration of glutathione in the blood is not affected by
oral or intrevencus aduinistretion of glutathione it&elf(ﬁe).

Like the glycine-siorage theory, attempis to explain the results
on the basis of increased production of cresiine, or of glutathione,

involve not one, but a series, of ill-supported assmptions. First,



ineressed avellsbility of glycine must lesd to incressed production of
e certain substence, "X." "X» must then be stored in umususlly large
quentities. %"X,¥ vhen libersted from storsge, must be sble to increase
carbohydrate storss, in some way. A large enough proportion of stored
BE* must be mede sveilable, for this purpose, in a few hours, to csuse
s marked imcresse in ecarbolyydrate coutent during the pericd of recovery
from insulin hypoglucemia, without giving rise to amy ather phy slo-
logical effects which would be nobted im the glycine-fed animels, ‘Thus,
the little-known f£ield of glycine metabolism is bridged by & chaln of
hypotheses. Until this field is more thoroughly emplored, sy line of
reasoning which involves glyecine transformations sppeare hazerdous, sl

Sln s ol
L= 5=
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sadniteedly, would be difficult to dlsprove, Fore
tunately, a simpler type of hypothesis remains to be discussed,

The meeérh developmont of lmproved m@ﬁhoﬁs for the chemical deter-
mination of glycine and 2lenine hss led to ‘gméies of the concentrstions
of these omine acide in human blcori(sl) (%IQ They make up a m}’_éétively
large fraciion of the fasting kléz}:’i amino aeid(m}. Ingestion of glycine
cauaed e marked, sustsined slevation in blood glycine, a3 well as a
definite incresse in bloed alsnine and an elevation im total blood smino-
acid nitrogen which was sometimes greater than could be explained by
the increase in coubined glycine and alanine ﬂi&?ﬂgen(gl)‘ The rise in
blood amino-scid nitrogem afier giving glycine was sore prolonged then
that reported to follow sdulnistration of other asmimo acids, poseibly
because of the low rate of excretion of glycine in the uz'ine(sm.
Thesze f.mﬁ:.:gs indicate that elevation of glood glycine may counstitute
emé of the most important humoral changes following the ingestion of

protein.
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It is well kmown that the rate of nitrogen excretion tends to bs
adjusted to the nitrogen intske in such a way thet a constant balance
is mainteined. The mechanism of this adjustment does nob depend on &
special storage form of pmmin( 50) - Rather, ingested emino scids con~
tinually enter into formation of tissue protein, which is continuously
broken c’ta'm( M"}, end variastions in protein intake aff;a‘ct different
fractions of tissue proteim aquallyzég} « Apparently, then, a delicate
mechanism is requived for regulation of the rote of deamination and
further utilizetion of amino acids,

It is well known that disturbsnces in the function of the
anterior pituitary, the adrenal corter, and the islets of Langerhans
sre reflected in alterations im nitrogen excretion. These endocrine
glonds are imvolved in sdeptation to festing and to different levels of
carbolydrate intakai o . Thérefgm, it does not eppear illogiecal to
conjecture that one or more of these glands are directly concerned j.n
adaptation to changes in protein in'bake, and that a humoral mechanism,
sensitive to the level of dietary protein--namely, alterstion in Bbod
amino-seld concentrition--mey be involved in this adjustment. It is
known that the secretion of insulin is influenced by the digestion of
carbolydrate through an anslogous humoral factor, i.e., the level of
blood mgar(ag)’ 4s the following discussion will show, all the re-
sulits of glyclne-feeding, obtained in these experiments, can be ex-
plained by pestulating that elevated blood glycine stimulates a single
endocrine gland to increase its rate of secretion.

Various endocrine glands, which are known to be related to

resistance to the hypoglucemic action of insulin, must be considered.



Indocrine glands which mey be related to the sffect of glycine
fecding op carbolydrate metaboligm.
1. Ihe sdremsl cortex.

Adrenalectomized, fasting animels are very sensitive to insulin,

snd develop hypoglucemis spontaneously (even in the sbsence of the
. (K
pencresas), with an agsociated loss of liver glygocen }. These dig-

50
orders are corrected by adainistrstion of cortical exﬁraetg( 7 ’

et

Lcngcsé) distinguishes between the "organic" and "inorganice” acliions
£ the sdrensl cortex, including the sffect on earbohydrate mainten-
ance among the former, end the effect on mali and water metsbolism

among the latter. Different groups of cortiecal stevoids ars re-

U] ®

soonsible for the different tyves of sciion, slthough corticosierone

64) (85 , . . "
is common tc both granps( ) ( }, In the following discussion,

reference will be made only to the steroids with 2 keto or hydrosyl
group at earbon eleven, which are knowm $o influence esarbohydrate
metabolism.

Injocection of cortical ewtract glves protection sgeinst the hypo—

(a6} {67) (68)

glucenic sction of insulin » @nd increases fapting glyco-

(68) (87) (e8) {68)

ané blood suger s in fagted rodents.

(68) (e7) (es%),

gen stores
Such effecte are produced im mornsl rats

(63)

well ag in adrensiectomized animsls . The reported changes are of

and mice

such magnitude that it appesrsz thet 2ll the observed sffects of
glycine-Ceeding on cerbohydrale storage could be explained Iy in-
creascd adremsl-cortical sctivity.

Authorities in this field have not dscided vhetherthose sctions
of the sdrensl cortex sre dependent on increased gplyconeogenscis

Trom protein, or decresced oxidation of carbolydrate, or both.



These explomnations do not appear to be mutually exclusive. Fither
nechanism would involve incressed desminetion and further oxidetion
of amino acids, Other lines of evidence, too, indicate that the
edrenal cortex is concerned im the utilization of tlssue protein

L . | E Bl s Taw oy d an e - F o ¥ prdemman et e 1, om o ¥ |
for oxidation. Like glycins-feeding, adninistrstion of the coriical

L.

hormone appesrs to lesd to incrsased destruction of tiessue protein.
becording to Lz:png{%} s the weight loss which is produced by sad- |
ninistering cortical exbtrsci to fasted animals cauié only occur st
the expense of protein, and the inecreased poteseium excretion
effected by the steroids which heve s=n Yorgsnic® action is & sign
of tizsue destruction. Admimistration of the cortical hormone, or
the adrenotrophic principls of the pltultery, msy even cause de
prescion of gm;th(%). Loss of tissue protein im Cushing'c syndrome
is well kmown, Lymohoid tissue appears to be particularly subjeet to
destruction by adrensl cortical actian(%) « The action of cortiecal
hormones, like that of glycine, a;:tpéars to imwvolve incressed formstion

of urea from aminc acids(aé').

The action of adrensl cortical extracts omn carbolydrate
nebabolism appearg to be indenendent of the presence of the suterior
vitulitary, since they regtore liver glycogen of hynophysectomized
czﬁimals( %) « 48 the following discussion will show, however, the
reverse is not true.

2« Ingulin. Conceivably, the presence of added quantities

of glyeciane in blood or other tissues might sccelerate the



inactivation of exogenous mmlin,# but it is hard to see how 2 chanze
either in the rate eof imsctivation or the rate of secreticu of endo~
genous insulin could aro:iuca the effects observed after glycine feeding,
before ingulin injection. Inerease in insulin szctivity may, under some
cilrcumctences, increase glycogen stores, snd decreased insulin sebivity
may elevate blood sugar. Obviously, then, coexistence of eclevated
blood sugsr and elevated glycogen stores must denend on some other
factor. Besides; in preliminary experiments in thiz laboratory,
characteristic effects of glycine on liver and muﬁcia glycogen have
been obtained in slloxsn-diabetic rats., Thus, glyecine feeding imcresses
carbohydrate storage whether the supply of insulin is grestly increased
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of igslet cells by slloxan. From this there appears to be little lileli-
hood of a glycine-insulin relationship as an explsnation of the data
presented, |

5. Ihe apterior pituitery. While certein hypophyseal extracts
appear to have effects on earbolydrate metebolism which are independent
of the corticotrophic ac%iaﬁf?ﬁ) (50}, the principal sction of the
mtuit*‘*r on the response te insulin seems to .depend on the presence of
the adrensl cortex. Young has nemed = "glycotrophie® principle of the
hypoohesis which 1s eapsble of suppressing insulin hyp ogluce?:zia(?ﬁ}{??),
Jensen and Grattanw ), however, have nresented good evidenee that this

hormone is identical with the adremotrophic principle.

I

# In vitro, blood can inactivate large guantities of insulin, if the
blood-insulin mixture ie incubsted for seversl housls (71) {78). The
insulin-~destroying-power of the bleed in altersd by the chenges in
blood chemistry ascociated with disesse (73), imcluding I-cetomeu.ha
(74); or even sging (71). Glutathione is said to inactivate insulin
in witro, but uot in vive (46). Iz’; would be interesting to determine
zvhei.iésr glycine-feeding incresses the insulip-inosctivating power of
blood.



4., Other endocrine glonds., It is well kmown thet removal of the
adrenal medulla decreases resistence to inculin hypoglucemia. However,

blood sugar is eleveted at the expense; first, of liver glycogen, and

 (50)

ultinately of muscle glycogen + Therefore, lncressed secretion of

epineshrin could herdiy explein the resulis obtained.
Huch the seme situntion exists with regard to the thyroid.
Thyroldectomy causes a transient reduction im resistence to the hypo-

(79) (80),

glucemic action of insulin There 1¢ evidence that the re-

lotion of the thyroid hormone to insulin depends on potentistion of

80)

epi.nephrin( + In any csre, increased thyroid activity reduces glyco~

(50
gen gtores, instesd of enricheniny them 2.

The evidence for s relationship between androgenscgl -.83) nd

(8486} ' 4pd insulin ectivily is contredictory amd uncon-

estrogens
Vinc:‘i,::zg<5c), but seems to indicste thet these hormones sre gynergic
with insulin, probably beceuse they, like insulin, faver nitrogen
retention, The fact that similar results heve been obtained with
Jlycline-feeding in both sexes and at Vvariaus ages seems to argue
sgainsh the‘ idea that the gomads might play am importeant role in
effects which have been observed on carbohydrate stores,

The role of the posterior pituitexy in resistence to the hypo-
glucemic setion of insulin is diffieult to evaluate. Apperently
the oxytecic frection, administered simultsneously with imsulin, is

(87)

able to preveant hyvnoglucemls « However, Russell and her cowormkers

heve showm that removal of the anterior, but not the posterior lobe
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(88) =
of the hypophysis reduces resistsnce o imsulin convulesions .‘f

At present, increased sdrenal cortical activily sppears to be
the best explanation for the relative incresse im glycomeogenesis

caused by glycine-feeding.

Mapine. It hes been showm that feeding alanine causes in-
crezsed resistance to the hypoglucemic action of insulin, although
this effect is mot so merked as with glyeine. The difference between
the effect of the two amino seids remeins to be explained. It may be
of importence that the slanine which wes fed wes & recemic mixture. &

2

specisl engyme, d-amino acid umiaseisg}, would be involved in the
metabolism of the ummatural isomer, whieh is known to lead to the fore
mation of liver glycogen more slowly than l-glonine, or the racemic
nixture, in sgual q;zmmi‘biﬁa(%). It ig generslly agreed thet alanine
can be readily converted in‘io giiycogen( s0) (7) (19) (58), although the
evidence for this belief is open to some of the same criticisms which
apply to that for glyconeogenesis from glyeine, Inerease in liver
glyeaéen after alonine sdministration occurs almost as fast as after
giving glnease(?) « This might easily antagonise glyconeogzenssis from
other smino acids, However, ingestion of alanipe csuses & rise in
blood slonine almost as marked as the corresponding increase after
Elycine ac‘}m:‘f,zxis*tm‘bion(sg) "

In the sbsence of evidence to the conbtrary, the most likely ag-
cumption appears to be that admlnistrstion of slanine, like feeding gly-
cine, stimulstes the edremel cortex to greaster activity. |

T'In this commection, it mey be remarked that various centers in the
hypothslenus have been shown to have some effecl on blood-rugsr re-
gulation, but the evidence is so conbradictory that evsiuation is
impossible (50).
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SUMMARY

Pronounced elterztions in carbohydrate metabolicsm may be
produced in rats by fse&ihg diete containing 15 per ecent glyeine
{replecing en equal welght of curbohydrate in & gensrally satis-
factory synthetie "control® diet.) These alterations are
manifented by eleveted blood sugsr and incresse8 in carbehydrate
gtores during fasting, and by increased reosistence to the hynow-
glucenmic action of insulin. Prefceding glyecine markedly reduces
the loas of carbohydrate content which follows injection of insulin
in large doses.

Peeding a diet containing 18 per cent di-slanine also increases
resistonce to insulin hypoglucemla, but not to &= gresi sn extent as
does feeding 15 per cent glycine.

It is tentatively suggested that the effects of feeding both

these amino acids depend on stimulstion of the adrensl cortex.
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