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FOREWORD: The early studies being almost without 
exception in German Journals, and abstracts general
ly.unavailaple or inadequate, the resum� of prelim
inary bexokinaee studies is quoted almost entirely 
from an excellent review of this work by Colowick 
and Kalhkar (5) 

INTRODUCTION: Revived interest in hexokinase, the 

enzyme first described by Meyerhof' (23) in 19�7, has 

yielded, particularly to the Cori group at St. �ouis, 

results which promi8'to be of far-reaching sign1ffcance 

in the studies of carbohydrate metabolism, �ost direct

ly as they relate to the problem of diabetes mellitus 

in man. In addition, the epoch-making discovery by 

the Cori group of an enzymal�hormonal control of the 

hexokinase·reaction opens up vast new avem,ies to wor

kers in related fields. It is with these exciting 

prospects in mind that the·present author undertakes 

� review and analysis of research on the hexokinas� 

reac.tion and coro.l:,lary studies. 

The enzyme which catalyzed the phosphoryl�tion 

of glucose and fructose was ·-described in 1927 by. 

Meyerhof(5). He found that muscle extracts which split 

polysaccharides and hexose phosphates to lactic acid 

but were unable to ferment hexoses could be enabled 

to do so by the addition of a protein fraction from 

baker's yeast. 
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The same protein fraction activated the aerobic 

oxidation of hexoses in the hemolysate from red blood 

cells (24). Meyer ~of named the yeast protain hexo

kinase to indicate that it initiates the metabolism 

of hexoses. 

The nature of t he hexoki n2s e reacti on was reveal

ed by studies of von Euler and Adler (9) and of 

I,.Ieyerhof ( 25) in 1935 . Von Euler and Adler noted that 

the crude hexose monophosphate dehydrogenase (Zwisch

enferrnent) obta'ined from yeast by Warburg and Christ

ian in 1943 (4~ ) , was able not only to oxidize hexose 

monophosphate , but also unphosphorylated glucose and 

fructose provided that adenoGine triphosphate was add

ed to the system . 

Von Euler and Adler (9) s howed that the action 

of the adenosine triphospha te was due to an enzymatic 

transfer of ttte labile phosphate group of this nuc 

leotide thus forming hexose monophosphate , the sub

stance to be oxidized . They named the yeast enzyme 

catalyzing this transfer, heterophosphatese . Meyer

hof (25) then established that his "act i vator"of ::927 
) 

w ich he named hexokinase
1

had the s am e enzymatic 

properties as Euler'' s "heterophosphatese~ 

This explains the act ion of hexokinase on the 

f er mentation of monohexoses in muscle extracts . Since 
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small amounts of ATP are formed · continuously in muscle 

as soon as the fermentation is started, the limiting 

factor ,therefore 1 being the phos nhate transferring en

zyme, hexokinase ( heterophosphatese) , the reaction was 

tentatively formulated as follows : 

Adenosine+triphosphate-;. 2 Hexose-9 Adenylic Acid 
+ 2 hexose monophosphate 

Colowick and Kalckar (5) conf irmed t he earlier 

work but s howed t hat a ctually only one half of the 

labile phospha te was • t l\ansferred • . The-/ deduced that 

the reaction was more likely to be 

• 
ATP 4- hexose~ Adenosine diphosphat·e -\- hexose mono -

phosphate . 

The reaction products were identified and their 

deductions confirmed . 

Hexokinase has been prepared in crystalline form 

and its physical· propert ies studied (3, 18) . Kunitz 

and McDonald ' s method and s t ud.ies are set down in 

the boolt "Crystalline Enzymes 11 edited by Northrop et 

al (27) from which the following material is taken. 

Crystalline hexokinase is a protein of the album

in type . It is crystallized at 5°c in the presence 

of ammonium sulfate and dilute phosphate buffer pH 7.0 

The crystals become relatively pure after two or t hree 

crystallizations as tested by solub':t1:ity, -e'J..··e-ctophGTesis, 
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and ultracentrifuge measuremen ts . The hexokinase 

activity of the crysta ls is associated with the pro

tein nature of t be material . 

Solutions of crystal l ine hexokinase in dilute 

buffers of pH 4 . 5-7 .5 are stable for several dJys 

when kept at a temperature of 5°c . or lower . At high

er temperatures the hexokinase activity Js rapidly 

lost . The loss in a ctivity is accompanied by denatur

ation of the protein . The point of'. maximum stability 

is around pH 5 . 0 which is near the iso- electric point 

of the material . The elementary composition of crye~ 

talline hexokin~se is that of a typical protein . It 

conta ins 0 . 11 percent phosphorous wich would indicate 

a minimum mo lecular weight of about 30 , 000 . Sediment~ 

ation and diffusion measurements in acetate buffer 

pH 5 . 5 at 1°c . gave a molecular weight of 96,000 . . 
The basis of the present method of preparation 

is t he technique of purification and crystal l ization 

of proteins by means of ammonium sulfate from concen

trated protein solutions as developed by Northrop , 

Kunitz, and others for the isolation of crystalline 

enzymes . Details of p~eparation and other physio

cremi cal minutia are inc l uded in t he Northrop (27) 

book . 

As stated earlier, only one half the labile 
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phosphate from adenosine triphosphate (ATP) was found 

to be transferreq in the hexokinase reaction . Colo

wick and Kalckar at St . Louis subsequently noted that 

Adenosine diphosphate (ADP) can be made available 

for t he phosphorylation of hexose if there is added to 

the hexokinase system an enzyme prepared from skel

etal muscle (5) . This enzyme has been named myokin

ase because skeletal muscle has been found to be by 

far t he best source . 
~\...u,.,k,-1oci. 

The a, ,e;men I ed enzyme system ha.s been used by these 

workers for the p ~ paration of ADP from ATP . Glucose 

and Fructose are phosphorylated equally well . The 

ester formed in both cases consi sts of 2/3 Glucose 

6 Phosphate (G6P) and 1/3 Fruc tose 6 , Phosphate (F6P) 

owing to the presence of isomerase . 

Myokinase (5) is a protein wh -; ch possesses a high 

degree of stability to boiling with mixed acids as 

well as to precipitation with trichl oroacetic acid . 

The enzyme is inactivated by oxidat ion with H202 . 

Subsequent reduction with cysteine or glutat~ione re 

stores the act i vity completely . Myokinase is found in 

large amounts in t he skeletal muscles of rabbit and 

frog . It is present in traces in the heart and brain, 

but absent in liver , kidney and endocrine organs . 

In 1943 Kalckar (13) noted t hat t he addition of 

ADP with myokinase alone did not give rise to any 



change in the amount of acid labile phosphate . Dr . 

M. Johnson in a personal communication to Kalckar 
~~& 
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~~o 
as reported(l3) ~ hat myokinaae might catalyze a rever-, 
sible transfen of phosphate from one molecule of ADP 

yielding ATF and Adenylic acid (AA). Sucb a reaction , 

it is seen, would not give rise to any change in the 

total amount .of acid labile phosphate . Through an 

analysis of the reaction products , such proved t o be 

the case . The hexokinase reaction as it was now un 

derstood was as fol l ows: 

Glucose t ATP _ hexokinase 1 

Glucose ~ ADP Myo~inase ~ 

The same a oplies for fructose . 

G6P -+ ADP 

G6P -+ AA 

Additional components of the hexoKinase reaction 

were brought out by Price and Colowick in 1935 (28) . 

Working with fluoride poisoned extracts of minced 

rat muscle they studied t he above reactions . They 

noted t hat t he enzyme s catalyzing t hese reactions 

are stable at 25°c . in the pH range 7-8 but are rap 

idly inactivated at pH 6 . They can be rapidly reac

tivated by the addidtio~f small amounts of dihydro - . 

cozymase . They demonstrated this in an iodoacetate 

poisoned system which renders the oxidized form in

active . 

In aqueous extracts prepared from acetone-dried -
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rat mus cle , the enzymes were st 2ble t hrough pH 6 - 8 

but could be inactivated at pH 6 by the addition of 

fresh muscle extract . Extracts of fresh a cetone

dried rat muscle could be inactivated by diaiyzing 

agains t saline and reactivated by the addition of 

Phosphate and Magnesium ions . The dihydrocozymase 

had no effect . When fresh muscle was inactivated at 
-

pH 6/ dihydrocozymase and inorganic orthophosphate 

were needed for the reaction . The same authors (29) 

note t hat the dihydrocozymase action is not related 
~ 

to i ts wJl known action in hydrogen transp ort since 

with a floutide , an~ iodo- acetate inhibited system , 

oxidation could not possibl~ occur . 

Further elucidation of this problem came in 1945 

when t hese workers (30) noted t hat the phosphate is 

necessary for the formation of Guanine from a pre

cursor present in dialized extracts . They based their 

work on a t he ory brought forward by Kalckar (14) in 

1945 . 

That investigator presented evidence that the pur

ine nucleosidases hitherto thought to split nucleosides 

into purine and free ribose ( or desoxyribose) liberat 

ed instead Ribose 1 Phosphate. Working with t he re 

action 

Inosine (hypoxanthine riboside) phsosphate 

hypoxanthine ribose 1 phosphate . 

he noted that phosphate was requir~d mole for mol e 
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with the ribose liberated . 

The diali zing procedure mentioned earlier does 

not remove the dihydrocozymase(~ still inactivates 

the preparation. It can be reactivated with phosphate 

but there is a lag of 5-30 minutes and the reactiva

tion is completely prevented by iodoacetate . A sub

strate has been obtained from the· dialyzed extract 

which when incubated with phosphate causes reactiv

ation of the dialyzed preparation in t he absence of 

phosphate . This substance was found to be Guanine. 

The reactivation occurs without a lag and is not 

abolished by iodoacetate . Phosphate is necessary for, 

and iodoacetate prevents the appearance of the guan

ine . It was conc_luded by the authors ( 30) that 

Mg'"7° Dihydrocozymase and Guanine are . n~c~ssary for 

the hexokina se reaction . Incidentally, a possible 

mechanism for the Pasteur phenomenon was here suggest

ed . The sudden influx; of oxygen might oxidize suffic

ient. quantities of dihydrocozymase to render the hexo

kinase enzyme system temporarily inactive thus render- • 

ing unavailable considerable quantities of body glucose . 

The above material refers only to anima l hexoAinase . 

Yeast hexokinase c oes not reouire dihydrocozymase nor 

guanine . (30) 
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- With the basic scheme of the hexokinase reaction 

firmly establ ished, vari ous investigators began to 

re - examine this particular phase of carbohydrate met 

abolism . A required primary s~ep for the oxidative 

utilization of ingested carbohydrate is the phos

phorylization of glucose (7) so t hat any factors or 

cond itions which inhibit or enhence the hexokina se 

reaction could well be of prime importance in under 

standing t he regula tion of carbohydrate metabolism . 

Pursuing t heir earlier work along this line, 

Price, Cori, and Colowick (31) announced in 1945 

_t ha t t he y had shown anterior pituitary extract (APE) 

to '!Lnhibit t he hexokinase reaction and insulin to 

release this inhibition . Further details of this 

discovery will be set down . 

They noted t hat APE could be added to t he prep

aration or fed to t he rats whose muscle wae cto be cused 

for t he experiment wi th equal effectiveness . The 

APE produced a lag of utilitzation las ting about 

15 minutes which was gr adually relea sed presumably 

due to an inactivation of t he factor , if phospho-
'. 

saline ext racts of various r a t tissue (muscle, liver, 

kidney, heart or brain) were used . I~~ifi-0aqnaep

aP.@4jQRs .o£ If purified preparations of mus cle hexo

k inase a re used, t he inhibition is n ot released with 

time . mn contrast to animal hexoki nase, yeast hexo

kinase W8 S not inhib ited by APE . 
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These authors (31) s howed further that rats 

made diabeti c by injection of alloxan yield tissue 

extracts which show the same activity as t r ose in

jected with APE . In other words , the inhibition seen 

in the alloxanized animals was equivalent to the in~ 

hibition seen in normal rats which had been injected 

with APE . Brain tissue did not show inhibition in 

t he alloxanized or injected rats , but this tissue showed 

inhibition of t he hexokinase reaction when APE was a 

added in vitro . 

The conversion of glycogen to l a ctic acid in 

muscle extract , which does not involve the hexokinase 

reaction was not affected by APE . Oxidation of 

glucose was inhibited by APE while the oxidation 

of Fructose 6 Phosphate was not . This evidence is 

taken by t he authers to show that the chief , if 

not sole point of action of t he hexok i nase system 

is in the phosphorylization of 3lucose and that 

neither the hexokinase nor the inhibitory factors 

(APE ) hav~ any effect beyond t hat point . Evidence to 

be cited l a ter appe 2rs to cast c ons i derable doubt 

upon t he l a tter part of this assertion . 

Further shown in this experiment , insulin re 

leeses hexokinase from APE inhibition but does not 

by i tse.2.f _enhance hexokinase activity ; an important 

/ 

,. 
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point later to be discussed . Within a certain range, 

t he release of inhibition is proportional to the 

amount of insulin added in vitro . That the in vivo 

action of insulin is similar is indicated by the fact 

that muscle extracts prepared from diabetic rats snow

ed normal hexokinase activity ~fter injection of in

sulin . When insulin was reduced by cysteine, it no 

longer exerted its antagonistic effect aga inst APE . 

Broh-kahn and Mirsky in 1947 (22) confirmed the 

. hexokinase reaction as set down by the St . Louis 

group but their results and conclus i ons differed in 

t he matter of APE and insulin effect . They noted 

that the inhibitory effect of APE was not constant , 

some preparations almost inactive . They were careful 

to point out, however, that t heir preparation of APE 

was different from t hat of the St . Louis group . 

On t he basis of t he ir experiments t hey postulated 

a hexokinase inhibiting factor quite distinct from 

t he diabetogenic factor of APE . They also raised the 

question of non- specii:-icity by demonstrating inhib

ition of the hexokinase reaction with splenic extract . 

This inhibition was, however, weak and inconstant . 

Inexplicably t heir alloxa.nized rats fa i led to s h ow 

any decrease of hexokinase activ i ty . In their exper

ements the addition of ins " lin failed to increase the 
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the hexokine.se a ctivity of either ncrmal or diabetic 

extracts, in contrast to the· previo usly noted results 

of the St . Louis group . Broh-kahn and Mirsky conclude 

that the disorders of glucose mechanism encountered 

in diabetes do not necessarily result from any in

hibition of hexokinase activity . For the _present, this 

disturbing bit of contradi ctory evidence must be set 

aside to be viewed in t he ligat of subseq~ent rep orts 

from other laboratories . 

In t hat same year (1947) Colowick , Cori, and Slein 

(6) published the results of experiments which ap

parently add yet another ling to the intriguing hor

monal-enzymal relationships surrounding the hexokinase 

reaction . 

The y noted that t he hexokinase activity of extracts 

of diabetic rats can be inhib ited by the addition of 

adrenal cortical extract (ACE). Out of 30 different 

rats made diabetic by injection of a lloxan, 15 s how-

e~ inhibiti on ranging from 21-76% while 15 s howed in

hibition of 14~ or less. These fi gures are cited to 

s how t he considerable ·variability of t he results . In 

contrast to this, t he hexokina se activity of normal 

rat mus cle or beef brain is not inhibited by ACE but 

can be inhibited 30-75% by the addition of 1- 2 mg of 

a pro~e in fraction from the Anterior Pituitary . APE 

inhibition is greatly enhanced by ACE in normal muscle. 
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About 50 gamma of insulin was required to counter

act . 1 cc of ACE on diabetic muscle extracts . It would 

appear from this experiment t h~t the inhibitory fac 

tor of AP is mediated t hrough ACE . Further light will 

be shed on this problem when t he inhib itory effect of 

ADE is tested on t he muscle extracts of alloxanized 

hypphysectomized rats . 

i• 
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- A brief resume on methods and materials may be 

included here . Colowick and Kalckar in 1943 (5) 

developed a manometric met hod for t he determination 

of hexokinase activity which is based on the fact 

that one acid equivalent is formed for each phosphate 

group transferred from ATP to gl ucose . They al&o show

ed t hat enzyme activity can be followed chemically 

by determining t he disappearance of glucose or of ATP . 

In most of the experiments discussed , the reaction 

was followed manometrically , and a terminal analysis 

was made on the contents of the Warburg vessels . 

The an i mal hexokinase has so far been purified 

only partially (31) . Hexokinase activity has been 

demonstrated in the Cori ' s laboratory in extracts 

of liver , kidney bra in , skin , intestine , anterior 

pi tui t e.ry, heart and skeleta l muscle . In the cas e 

of muscle and other tissues the hexokinase activit~ 

w2s found to be qf s ufficient magnitude to account 

for t he r a te of metabolism of glucose obser~ed in 

t he se t i ssues in t he intact animal . ( 42) . 

The instaoi l ity of t he pituitary factor ha s so 
. 

far preve~ted progress in its purif i ca tion (31, 42) . 

Cori (42) reports t hat a t t he present stage of pur

ification it did not seem profitable to try to iden

~ify the pituitary inhibitor of hexokinase with other 
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-factors known to be present in anterior pituitary ex-

tracts . Highly purified preparations of adrenotro 

phic , lactogenic , and growth hormones , however, were 

' tested for inhibitory effect with negative results (31) . 

The inhibitory effedt of Upjohn cortical extract 

could be reproduced with an amorphous fraction of the 

adrenal cortex, but now wi th crystalline compounds 

A, B, and E of Kendall . 

The chief point of contention faced by those who 

would postulate the hexokinase reaction to be the sole 

point of insulin action is the remarkable sensitivity 

of the hypophysectomized animal to insulin ( 2, 10 , 

11, 32) . If the release from APE inhibition were the 

only function of insulin then no effect should be 

expected in the absence of that gland. Soskin (39) 

refuse s even to consider the Cori t heory until this 

point is solved since he believes that it negates 

all that has gone baore . Similar ideas in the minds 

.of other investigators have ca st t his problem to the 

fore as one of the most pressing and crucial prob

lems of endocrine regulation of carbohydrate metab

olism . 

The hypersensitivity of the hypophysectomized 

anima l to in·sulin was f l rst pointed out by Houssay 

UO) . It has recently been re - investigated by Ben-
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nett and Roberts in 1946 (2) . Working with eviscerat- • 

ed rats they found that by the criteria of 1) Actual 

fall in blood glucose level, 2) degree of decrease 

in blood sugar level, and 3) the final blood glucose 

level expressed as a percentage of the original lev-

el there was no significant effect in the normal r a ts 

when amounts of insulin less that . 04 Units/Kg were 

used . But by all three criteria t hey found a highly 

significant effect in the hypophysictomized animals 

with insulin dosages of . 005 Units/kg or . 02 Units/kg . 

The hypersensitivity of the hypophysectomized, evis

ce r a ted preparations was on the horder of f our-fold . 

They concluded that t he increased sen s itivity to in

sulin in trhis cas e is due to an increased glycogen 

uptake by the non-hepatic tissues . 

They a lso demonstrated tha t tl).e administration 

of APE l ½ hours prior to evisceration protected part

ly the effect of insulin administra tion . 

Russell in 1944 (32) s cowed that the glucose re

quirement for t he mainenance of phys iological blood 

suga r levels in normal eviscera ted rats is reduced 

about 40% by previous treatment with APE . In eviscer

a ted hypq:nysectomized rats, the glucose requirement 

found to be greater t han normal was reduced by anter

ior pituitary and adrenal cortical hormones . 

That the insulin sen~itivity is not based pr imar-
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ily upon t~e lack of epinephrine response in hypb~ 

physectomized animals was indicated by Safford , 

Wells , and Gellhorn in 1946 (33). They demonstrated 

tha t the hyperglycemic response to condi tions of 

anoxia or adrenalin administration persists for sev

eral deys after hypophysectomy . The insulin sensitiv

ity is present almost immediately ( 32) . 

Together, these data suggest that there is a greater 

glucose requirement in the hypophysectomized animal 

rendering it acutely sensitive to any change in the 

blood sugar level influenced by insulin through some 

mechanism other t han the hexokinase reaction . 

It may be , in the opinion o~ the present writer , 

t hat in the absence of APE a secondary inhibiting 

mechanism at t he tissue or cellular level is called 

into play in vivo which though strong enough to 

maintain a semblance of homeostasis , is grossly more 

sensitive to insulin inh ibition . In view of the mult 

itudinous other compensatory adjustments of which the 

body is capable this seems re a sonable to assume . 

Another possibility is that a secondary insulin 

action, masked in the presence of APE comes to the 

fore in its absence due cc tq : ar prolongation and inten

sifica ti on of its effect consequent to a drop in liver 

reduced glutathione (GSH) . It has been shown (8) 
,_ ..... ..... 
\.J 
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that this occurs in rats following hypophysectomy . · 

It seems likely that inactiv2tion of i~sulin in the 

body is accomplished by s.ulfhydryl comp ounds ( 1) 

and the ina ctiva t ion would be enhanced by the fall 

of GSH ( 1, 19) . 

As will be noted , the amel~oration of diabetes 

mellitus in the adrenalectomized animal ( 21) fits 

into the Cori pattern with much great facility . If 

the hexokina se inhibition were mediated through ~CE , 

its l a ck would greatly decrease t he inhi bi tion so 

t hat t he metabolic unbalance would be less sever~ . 

The place of the hexoktnase rea ction with in the 

general scheme of ca rbohydra te me t ab olism will now 

be c·onsidered . It is n ot wi t h in t re scope of t he 

pre sent paper to enlist s.eparately the vast numbe r of 

stud ies, which went into t he making of t h is scheme . 

Rather , t he reader is referred to t hree excellent 

revi ews ( 7 , 17 , 26 , ) the total sum , of which en

compasses most of t he current concepts . Stetten (39) 

has embodied grossly t hese concepts in a brilliantly 

conveived diagr 2m upon which the followi ng discussion 

is based . 
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It will be seen from the diagram t hat t here are 

t hree chief sources of boay glucose. The first and · 

maJor of t hese is t he intestinal absorbtion of the p 

products of ca r bohydrate diges ti on. The second , a 

process called glycogenolysis has been s hown to pro

ceed from glycogen by an initial phosphorolysis which 

yields ~lucose 1 phosphate , and this product , in t he 

body r apidly c omes into equilibrium with its isomer, 

glucose 6 phosphate . The next step, the hydrolysis of 

glucose 6 phosphate to give glucose, is governed by 

a specific phosphatase which is abundantly present in 
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the liver but appears to be lacking in mus~le . Be 

~ause of this , liver glycogen is not a sourc e of body 

glucose . The third s our ce of glucose is termed glu

coneogenesis and under this heading is included 

glucose production from any non - carbohydrate s ources . 

Among t hese are the glucogenic amino acids , glycerol, 

possibly fatty acids which have arisen from fats , and 

also products which have t ~emselves arisen in the 

course of carbohydrate catabolism . Essentially , each 

step in the degradation of glucose 6 phosphate has 

been shown to be reversible hence any of t 11ese degra

dation products or any material which m- y give rise 

to t hem is essentially gluconeogenic . As in the pro

cess of glycogenolysis , the liver has the enzyme to 

effect t he l as t step in gluconeogenesis , n amely the 

hydrolysis of glucose 6 phosphate to yield glucose . 

The magnitudes of each of these vanou$£ contri 

butions to the body glucose is unknown in man , but 

§tetten has shown ( 35) that in rats 2/3 was of 

dietary origin , about 1/3 from gluconeogenesis and 

only about 3% from glycogenolysi~ . 

In cona!i$ring the fate of glucose it must first 

be pointed out that glucose mus~ undergo phosphoryl 

ation through the hexokinase reaction before i t can 

enter into the dyna::.:, ic mechanism of glucose dispos-

B., l . 
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This reaction must be clearly separated from the 

previously mentioned hydrolysis of glucose 6 phosph

ate . Both reactions as indicated in the diagram are 

e 1ergy yielding and therefore irreversible . 

Once glucose has been phosphorylated , many path

ways are open to it (See diagram) . In the liver , 

glucose 6 phosphate may be split to re generate glu- -

cose . In addition, glucDse 6 phosphate may. be con

verted into glycogen by a reversal of the s me pro 

cess by which glycogen is groken down . Glucose 6 phos 

phate may enter the so- called Embden- Meyerhof 

cycle to be broken down to pyruvate , lactate and other 

three - carbon fragments . A portion of these is utili~

ed each day in the synt~esis of fatty acids ( lipo

genesis) , while a~other portion is burned over the 

Krebs tricarboxylic acid cy c le to give carbon dioxide 

and water . Once a g?in it is pointed out that this is 

only the general scheme . 

Again , the magnitudes of these se~eral fates of 

glucose are unlmown in man . Ste t ten and Boxen have 

shown (35) that while only 3% . of glucose ingested 

by well nourished rats si converted to glycogen , 30% 
"cc 

is consumed in the manufacture of fatty acids . In the 

rat at least , much more glucose is used each day to 

replenish fat depots than in the form0tion of glycogen . 
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The relative proportions of ingested glucose em-

ployed in t hese various pathways ha ve been shown to 

be influenced by the insulin level in the animal . 

Thus in the ·diabetic animal, it has been shown that 

the conversion of glucose to pyruvate is irnpaired . (16) . 

Although the diabetic animal continues to make glyco

gen , it makes it from small fragments rather t han 

from glucose (36) . In addition it has been found that 

t he r a te of lipogenesis drops appreciably in the ab

sence of a normal suppl y of insulin (36 , 38) In al 

loxan diabetes in rats , ,3/4 of t h e urinary glucose 

was found to have or i gina ted in ingested carbohyd

rate . (36) . 

Conversely, if ins ,; lin is injected into a normal 

animal , both glycogen and fatty acids are synth~sized 

from glucose .at a much hi gher r a te (38) 

These and other findings which have as a common 

step , the hexokinase reaction , tie in c losely with 

the experimental observations on this reaction . For 

with an inhibition of the hexokinase reaction due eith

er to an excess of APE or a dearth of insulin the maj-
(t,.,r--.r,..,..._r ob,..J,1-, .,.,) 

or source of bodt glucose ~ would be chiefly unavail -

able . Glucose wo uld continue to arise from this and 

other normal sources so t hat the blood sugar would rise 

and the renal t hreshold be exceeded . For the contin

uan ce of life, however , t he main sequence of energy-
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yi'1rlding reactions must be kept in operation ~ In the 

functional absence of ingested glucose the body must 

draw on other stores ; glycogen, proteins , and fats 
) 

to contribute to this sequence . <a.s a result there would 

be a ~all in liver glycogen , a tendency toward ketosis 

and a negative nitrogen balance . All these sequelae 

which would be expected from the action of insulin as 
\ 

described by Cori are in agreement with the facts ob-

served . 

Conversely an excess of insulin would overcome 

the physiological inhibition of the hexokinase reac

tion by APE and the phosphorylation of glucose would 

procee d with undue rapidity . The blood glucose would 

fall and all the reactions cf, glucose 6 phospha~e 

would be enhanced ; that is, glycogenesis , l i pogenesis 

and combustion would all be enhanced . Xhis too tallies 

with the observed facts . 

_How the work of the St . Louis group will affect 

ideas concerning the conflicting t r eories of diabetes 

mellitus, it is i mp ossible to tell at the present time . 

Actually, both the proponents of the Non-Utilization 
.. 

theory and the Overproduction t heory (34) may find 

evidences in the work suited to the respective theories . 

Soskin for example is gratified to note that by this 

evidence insulin takes no actual part in oxida tion but 
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is concerned 8nly with pre - oxidative mechanisms . 

From the equation 

Glucose ➔ ATP --"""7 G6P ~ ADP 

it can be seen that an increased levelof blood sugar 

would tend to drive the reaction to the right regard

less of the enzymal control , thus reasserting the im

portance of the blood sugar level itself upon body 

physiology . 

On the other hand , the proponents of the non- Util 

ization the ory may point out that in the diabetic state 

the dietary glucose is not properly phosphorylated , and 

since it is generally agreed that dietary gl •: cose is 

to all intents and purposes intert until phosphoryl 

ation , this is tantamount to non- utilization . They 

would have to yield, however , concerning the mechanism 

of ketosis in hypoinsulinism . 

In general, it may be said that there are yet many 

points concerning insulin and diabetes which are not 

yet understood and which do not yield to the pattern 
• 

offered by the St . Lcuis group . The massive dosages 

of insulin required in some cases of ketosis; the 

mechanism of insul in resistance in toxemic states (39) 

·the apparent lack of significant pancreatic pathology 

in many ce ses of diabetes; t he hormonal re.lationsh~p 

between diabetes and obesity; and finally , the cause of 
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- insulin sens i tivity in the hypophysectomized animal-

these and many other questions must aw a it further ex-

pe · imentation. 
½~~~~~ 

But des p ite t hese drawbacks, the Cori 's ~ pro- , 

vocative and far-reaching a piece of evidence t hat few 

workers in carbohydrate metabo l ism may safely ignore 

it. In fact a goodly percentage of the work on insulin 

and carbohydrate metabo l ism of the past 25 years is 

subject to re~appraisal in the ligh t of i t. 

It may yet be, that when the full mechan ism of 

the hexoki ase reaction is understood the final sol

ution of t h e problem of d i abetes mellitus will be at 

hand , including, it is hoped , its cure . 
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