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ET-IANOL EFFECT ON P-4THWAYS OF GLUCONEOGENESIS 



Abs t r ac t  

S t u d i e s  w i t h  D ~ - a l a n i n e - 2 - ' ~ ~  of i n t e r a c t i o n  of e thanol  metabolism 

w i t h  pathways of h e p a t i c  gluconeogenesis  i n  t h e  r a t .  S. Joube r t  and 

W.W. Shreeve. Biochem. J. (Brookhaven Nat iona l  

Laboratory,  Upton, L.I. ,  New York). It was pos tu l a t ed  t h a t  metabolism 

of e thanol  loads  would change t h e  d i s t r i b u t i o n  of 14c i n  h e p a t i c  glutamic 

ac id  l abe l ed  from DL-alanine-2-14c i f  changes i n  redox p o t e n t i a l  of 

.t 
t h e  NAD /NADd system, occasioned by e thanol  load ,  i n h i b i t  t h e  ox ida t ion  

of mal ic  a c i d  and thus  decrease  a c t i v i t y  of t h e  gluconeogenic pathway 

v i a  d i ca rboxy l i c  ac ids .  However, e thanol  metabolism enhanced r a t h e r  

than  decreased t h e  l a b e l i n g  of C-2 and C-3 of g lu tamate  ( i n d i c a t i v e  

of C02 f i x a t i o n  w i t h  pyruvate) r e l a t i v e  t o  t h e  l a b e l i n g  of C-5 (oxida t ive  

decarboxyla t ion  of pyruvate t o  a c e t y l  CoA), t hus  sugges t ing  t h a t  

ox ida t ion  of mala te  was un inh ib i t ed  r e l a t i v e  t o  o x i d a t i v e  decarboxyla t ion  

of pyruvate.  



Recognition of alcoholic hypoglycemia in man as a clinical 

entity. (Neame and Joubert, 1961), (Field, Williams and Mortimer, 1963), 

(Freinkel, Singer, Arky, Bleicher, Anderson and Silbert, 1963) has 
< 

focussed attention on the possible interrelation between metabolism of 

ethanol and synthesis of glucose. The paradox of both hypo-and hyperglycemic 

responses to ethanol in experimental animals  lingma man, Haag and Bane, 1958), 

(Lange, 1960),(Bleicher, Freinkel, Byrne and Seifert, 1964) is unresolved 

and the mechanism in either case remains obscure. The action of ethanol 

could be mediated through endocrine factors which exercise homeostatic 

control over gluconeogenesis, but the possibility of an independent and 

more direct effect is not excluded. 

Administration of ethanol is known to cause a decrease in hepatic 

+ 
NAD /NADH ratios (Reboucas and Isselbacher, 1961), (Smith and Newman, 1959). 

+ 
If intracellular NAD is to a certain extent kinetically homogeneous, 

+ 
the operation of other dehydrogenase enzymes which also use NAD may be 

hampered by the lessened availability of the oxidized form of this coenzyme. 

. One of these enzymes which may function in a direct pathway for gluco- 

neogenesis via dicarboxylic acids is malic acid dehydrogenase. To study' 

the oxidation of miilate in vivo during ethanol metabolism, the observations 

of Freedman and Graff (1958) are pertinent. , They showed that the 

administration of ~~-alanine-2-'~~ to rats will label various carbon 

positions of hepatic glutamic acids. The distribution of 14c in the molecule 

of glutamic acid depends theoretically on the relative amounts of pyruvate 

entering the Krebs cycle by oxidative decarboxylation to acetyl CoA (and 

subsequent condensation with oxaloacetate) and by reductive carboxylation 



+ 
t o  mala te  followed by ox ida t ion  of t h e  l a t t e r  w i t h  NAD a s  co-factor .  

S ince  s o l u b l e  mal ic  a c i d  dehydrogenase would more l i k e l y  be  a f f e c t e d  

+ 
by competi t ion f o r  NAD by e thanol  dehydrogenase than  would t h e  mitochondria1 

pyruvic  ac id  decarboxylase,  a  change i n  14c d i s t r i b u t i o n  i n  glutamic ac id  

could s i g n i f y  s e l e c t i v e  i n h i b i t i o n  of mal ic  a c i d  dehydrogenase. Accordingly, 

t h e  l a b e l i n g  of glutamic ac id  der ived  from l i v e r  p r o t e i n s  a f t e r  administra-  

t i o n  of ~ d - a l a n i n e - 2 - , ' ~ ~  has been s tud ied  i n  r a t s  a s  a  func t ion  of e thanol  

. load. 

EXPERIMENTAL 

Adult ,  male Sprague-Dawley r a t s  weighing 270 t o  470 gm. were 

used. Before experimental  u s e  t h e  animals were kept  on ad l i b i t u m  d i e t s .  

The r a t s  were s tud ied  i n  "fed" and "starvedEm s t a t e s .  By "fed" r a t  i s  

meant one which has  h a d . f r e e  acces s  t o  food up t o  t h e  t ime t h e  experiment 

commenced. "Starvedeo r a t s  were deprived of food f o r  t h e  pe r iods  ind ica t ed  

i n  Table 1. 

4 
Four r a t s  were s tud ied  i n  t h e  fed  s'ate. Th i r ty 'minu te s  be fo re  

r ece iv ing  a  t r a c e r  dose of  lal la nine-2-14c (0.1 mc/kg) i n t r a p e r i t o n e a l l y ,  

s o l u t i o n s  of glucose and/or  e thanol  we're administered by stomach tube  i n  

t h e  q u a n t i t i e s  i nd ica t ed  i n  Table 1. Immediately a f t e r  g iv ing  t h e  t r a c e r  

dose t h e  r a t s  were placed i n  a  g l a s s  metabol ic  cage which was swept w i th  

a ' s l a w  stream of CO - f r e e  a i r .  Expired CO was t rapped i n  NaOH s o l u t i o n  . 2  2  

(2N). . S i x t y  minutes l a t e r  t h e  r a t s  were removed from t h e  cage and 

decapi ta ted .  Blood f o r . e s t i m a t i o n  of glucose was c o l l e c t e d  i n  beakers  

conta in ing  d ry  hepa r in  and t h e  l i v e r s  were removed w i t h i n  3 minutes of 

decap i t a t i on .  



Three rats were studied in the starved state. They received 

by intubation, solutions of water or ethanol in the quantities indicated 

in Table 1. Further procedure was similar to that described for the fed 

rats, except that in one rat the 14c dose was given 3 hours after . 

administration of ethanol. 

Samples of ~ L - a l m i n e - 2 - ~ ~ ~  were obtained from New England Nuclear 

Corporation, Boston, Mass. and Research Specialties, Berkeley, California. 

Chemical and radioisotopic purity was established before use by paper 

chromatography and autoradiography. Isolation and degradation of hepatic 

L-glutamic acid was carried out according to the procedure described by 

Freedman and Graff (1958). Total carbon and its radioactivity was 

determined by the manometric method of Van Slyke, Steele and Plazin (1951). 

Samples were counted in the gas phase after transferring carbon as C02 to 

the Bernstein-Ballentine proportional counters (Van Slyke, et al, 1951). 

Blood glucose was determined by a method using glucose oxidase (Glucostat, 

Worthington Biochemical Corp., Freehold, New Jersey). 

RESULTS 

In preliminary experiments it was confirmed that administration 

of ethanol to fed and starved rats causes a mild hyperglycemic response 

(Lange, 1960). In starved animals the hyperglycemia is more sustained. 

The response is unrelated to the dose and is non-specific in the sense 
. 8 

that substances other than ethanol will cause hyperglycemia (Lange, 1960). 

This finding is not prejudicial to the current studies since C02 fixation 

is not the only pathway of new glucose synthesis or augmentation of blood 

glucose. If ethanol acts on malic acid dehydrogenase in the manner 



postu la ted ,  it could b e  manifest  i r r e s p e c t i v e  of hypetglycemia. 

The production of r e s p f r a t o r y  C02 and t h e  percentage of ad- 

minis tered  14c appearing i n  t h e  expired a i r  during t h e  f i r s t  hour a r e  

given i n  Tab le .1 .  ~ h t r i t i o n a l  s t a t e  of t h e  experimental animals i s  c l e a r l y  

t h e  dominant f a c t o r  a f f e c t i n g  t h e s e  parameters. I f  ethanol  has any e f f e c t ,  

t h e  present  experiments a r e  i n s u f f i c i e n t  t o  demonstrate any ,d i f fe rences ;  

Blood glucose concentrat ions a t  t h e  time of decap i t a t ion  (Table 1) 

i n d i c a t e  t h e  degree of hyperglycemia present  90 minutes a f t e r  ethanol  

administrat ion.  It was confirmed i n  prel iminary experiments t h a t  t h e  

peak hyperglycemia was 30 minutes a f t e r  ethanol  was given (Lange, 1960). 

The fed r a t  which received ethanol  and glucose c l e a r l y  demonstrates t h e  

hyperglycemic e f f e c t  a s  compared wi th  t h e  fed r a t  which had glucose only.' 

The d i s t r i b u t i o n  of *14c i n  t h e  glutamic ac id  of l i v e r  i s  given 

i n  Table 1. As  previous ly  reported (Freedman and Graff ,  1958) extreme 

d i f fe rences  a r e  seen between t h e  fed r a t  which received glucose and t h e  

s tarved r a t  which received water. The r e s u l t s  i n  t h e  fed r a t s  rece iv ing 

ethanol  suggested t h a t  1 4 ~  enrichment of C-5 (derived from ox ida t ive  

decarboxylat ion of pyruvate-2-14~) i s  decreased, s ince  o the r  s t u d i e s  w i t h  

fed r a t s  show on t h e  average higher amounts of a c t i v i t y  i n  t h i s  pos i t ion  

(Freedman and Graff ,  1958) (Koeppe, Mourkides and H i l l ,  1959). To t e s t  

t h i s  observation a r a t  was given both glucose and ethanol  wi th  t h e  f inding 

t h a t  14c i n  C-5 i s  decreased by about 50% compared wi th  t h e  fed r a t  

rece iv ing glucose alone (Table 1). 

Table 1 a l s o  shows the  calculated~randornization between C-2,and 

C-3 a s  we l l  a s  between C-4 and C-5 of glutamate (Shreeve, 1952). These 

c a l c u l a t i o n s  add s t g n i f i c a n t  information about metabolic pathways and pool 



mixing (v ide  i n f r a ) .  

The r e s u l t s  i n  summary i n d i c a t e  t h a t  e thano l  d id  a f f e c t  t h e  

l a b e l i n g  p a t t e r n  of glutamate by decreas ing  t h e  enrichment of 14c i n  

C-5 r e l a t i v e  t o  C-2 and G3 and d id  not  a f f e c t  s i g n i f i c a n t l y  t h e  randomi- 
.. . 

z a t i o n  between C-2 and C-3  o r  C-4 and C-5. 

DISCUSSION 

It was e a r l i e r  proposed t h a t  a  s tudy  of t h e  d i s t r i b u t i o n  of 14c 
. . 

i n  h e p a t i c  L-g lu taa ic  ac id ,  l abe l ed  by ' ~ ~ - a l ~ n i n e - 2 - ~ ~ ~ ,  could i n d i c a t e  

whether ox ida t ion  of mal ic  a c i d  was i n h i b i t e d .  Th i s  argument assumes 

t h a t  glutamic a c i d  i s  l abe l ed  by a  pathway (d icarboxyl ic  a c i d  " shu t t l e " )  

i n  which ma l i c  a c i d  i s  an o b l i g a t o r y  in t e rmed ia t e  (Fig. I).. . U t t e r  (1963) 

has  r e c e n t l y  re-examined t h e  s u b j e c t  of CO f i x a t i o n  t o  pyruvate  i n  t h e  2  

l i g h t  of new evidence. Evident ly  i n  some spec i e s  t h e  p o s s i b i l i t y  of an 

l rabbreviated s h u t t l e f r  ( r eac t ion  E  of Fig. 1 )  which does no t  involve  

"malic enzyme" ( r eac t ion  A) o r  ma l i c  a c i d  dehydrogenase ( r eac t ion  C) should 

be  en te r t a ined .  However, t h e  i n t r a c e l l u l a r  l o c a l i z a t i o n  of t h e  enzymes 

concerned i n  t h e  ope ra t ion  of t h e  f u l l  " shu t t l e r r  (Fig. 1) i n  t h e  r a t  

a r e  such t h a t  t h e  f u l l  " ~ h u t t l e ' ~  i s  s t i l l  considered t o  be a  l i k e l y  pathway 

of gluconeogenesis  i n  t h i s  spec ies .  Even i f  r eac t ion '  E of Fig. 1 i s  

predominant, an  excess  of NADH could  d i v e r t ' o x a l o a c e t a t e  t o  mala te  and '  

t hus  diminish glucpneogenesis and t h e  n e t  amount of 14c appearing i n  C-2 

. .  and C-3 of glutamate.  

S ince  t h e  a c t i v i t i e s  of carbons 2 and 3  r e l a t i v e  t o  carbon 5 of 

glutamic a c i d  a r e  increased  r a t h e r  than  decreased a f t e r  ekhanol load ,  

t h e  p re sen t  f i nd ings  a r e  c l e a r l y  no t  c o n s i s t e n t  w i th  an i n h i b i t i o n  of 



oxidation of malic acid. Carbon 5.is labeled by oxidative decarboxylation 

of pyruvate-2-14~ to acetyl-114c CoA, and since acetyl CoA is considered 

a metabolic product of ethanol (Lundquist, Fugmann, Klanig and Rasmussen, 

1959), pool dilution appears to be the likely explanation for lower activity 

in C-5 after ethanol load. 

The randomization between C-2 and C-3 of 80-90% in the present 

study agrees with that found by Koeppe et a1 (1959) upon analysis of glutamic 

acid af ter administration df pyruvate-2-14~ and is somewhat higher than 

the randomization seen by Freedman and Graf f (1958) using DL- alanine- 2- 14c. 

The randomization of 14c between C-5 and C-6 of glucose after administration 

of lactate-2-14c to the intact rat (Friedman, Levin and Weinhouse, 1956) 

and in.other studies'(Shreeve and De Meutter, 1964) is like that found in 

glutamic acid. This would suggest a similar routeof metabolism for 

labeling of both glutamic acid and glucose. However, incomplete randomization 

in glucose carbons has been taken to indicate the operation of pyruvic kinase 

(reaction F of Fig. 1) rather than incomplete equilibration of malate or 

oxaloacetate with the symmetrical dicarboxylic acid, fumarate, (reactions B 

and C of Fig. I), because both DL-malate- 3-14c (Hoberman and DIAmado, 1962) 

and DL-aspartate-3-14c (Bloom and Foster, 1962) ate converted to glucose 

with equal labeling in C-5 and C-6. Thus, to.explain the incomplete randomi- 

zation in glutamic acid it would appeer necessary t b  suppose that phospho- 

enolpyruvate is being converted to oxaloacetate via reaction D. This is 

opposite to the direction which this reaction is assumed to proceed-in vivo 

for ehe purpose sf gluconeogenesis, 
E 

The fact that ethanol load (and presumably excesiive conversion 

+ 
of NAD to NADH) did not change the degree of randomization between C-2 and 



C-3 constitutes further supportive evidence that the relative activities 

of the reictions contained in Fig. 1 remained the same and their normal 

functioning in the process of gluconeogenesis was undisturbed. 

, I A finding of definite interest is the randomization between C-4 

and C-5 of,glutamate. Carbon 5 becomes labeled as a result of oxidative 

decarboxylation of pyruvate-2- 14c and carbon 4 likewise from pyruvate- 3-14c. 

Randomization between these two carbons therefore, also constitutes a 

measure of the equilibration of pyruvate with symmetrical intermediates 

of the Krebs cycle.. Sinee the randomization between C-4 and C-5 is'much 

less than that between C-2 and C53 of glutamate, at least .in the fed' 

animals, it seems that there was little reformation of pyruvate from 

dicarboxylic acids via reactions A, E or D and F of Fig. 1. This confirms a 

previous impression from randomization in acetyl groups compared with 

glucose (Shreeve, 1952) af ter administration of pyruvate- 2-14c. 

Whereas in the fed .rats only 1 or 2 in every 10 molecules of 

. pyruvate entering the Krebs 'cycle via acetyl CoA had equilibrated with 

symmetrical dicarboxylic acids, 1 in 2 molecules were randomized in 2 out 

of 3 of 'the starved animals. Since randomization between C-2 and C-3 of 

glutamate was essentially unaffected by.the nutritional state, a possible 

conclusion is that under starved conditions phosphoenolpyruvate formed 

from oxaloacetate equilibrates more rapidly with free pyruvate. 

Since the present findings render .unlikely the possibility that 

oxidation of ethanol is coupled.to the reduction of oxaloacetate, current 
- - 

studies by the authors with ethanol-1-3~ are directed to investigation 

of a possible interaction of ethanol oxidation with the reduction of other 

substrates thereby affecting gluconeogenic processes. 



SUMMARY 

1.It was that metabolism of ethanol loads may interfere 

with gluconeogenesis via the dicarboxylic acid pathway by inhibiting the 

+ 
oxidation of malic acid because of substrate competition for NAD . To 
gain a measure of the oxidation of malate in the liver in vivo the 

. . 

distribution of 14c in hepatic glu&mic acid, labeled by ~~-alanine-2-'~~ 

during ethanol metabolism, was studied in fed and starved rats. 

2.It was found that ethanol metabolism enhanced rather than decreased 

the amount of pyruvate entering the Krebs cycle through C02 fixation to 

dicarboxylic acids (labeling C-2 and C-3 of glutamate) relative to the 

amount entering as acetyl CoA (labeling primarily C-5 of glutamate), so 

+ 
it is tentatively concluded that changes in redox potential of the NAD /NADH 

system, occasioned by ethanol load, do not affect the intrahepatic oxidation 

of malate. 

3. Randomization of 14c between C-2 and C-3 of glutamate was unaffected 

by ethanol 1oad.or by starvation and randomization between C-4 and C-5 was 

not changed by ethanol but increased by starvation. Implications of 

randomization for alternate pathwip of pyruvate metabolism and equilibration 

of substrate pools are d,iscussed. 
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Table 1. Experimental Conditions and Frndings a f t e -  In t raper i tonea l  In jec t ion  of ~ L ~ l a n i n e - 2 - 1 4 ~  i n  Rats  

Nut r i t iona l  Experimental Total  Carbon i n  9b o Dose Concentration Dis t r ibu t ion  of 14c i n  Hepatic LGlutamic % Randomization* % Randomization* 
S t e t e  Condi :ions Expired Air of f 4 ~  in of Blood Glucose Acid Between C-2 and C-3 Between C-4 and C-5 

of h t s  , mglKgihr. Expired Air mgI100 m l  C-1 C-2 G 3  C-4 C-5 Total* of LGlutamic Acid of L,:lutamic Acid 

5 8  m i  50% (vlv)  
glucose 30 n tn  before 500 18.6 120 17.3 17.2 23.7 2.0 38.8 99.0 
 lal la nine-2- lk 
5.0 m l  20% [vlv) ethanol  
33 min. before DL 
alanine-2- 14c 418 

FED 6.0 ml 50% Cvlv) ethanol 
30 min. befgre DL 
alanioe-2-14~ 400 

5.0 in1 50% (w/v) glucose 
containing 1 .0  m l  
e thanol  30 nin. before 
~ ~ a l a n i n e - ' - 1 %  ' 600 16.4 210 16.1 27.0 29.0 2.0 22.9 97.0 96 17 

5.0 rn l  water 30 mfn. 
before  lal la nine-2-14c 
(starved 64 hrs.) 334 7.3 78 7.9 40.7 46.0 1.0 3.2 98.8 93 48 

STARVED 5.0 m l  20' (vlv) ethanol  
30 min. before DL 
alanine-2- 1':~ 
(starved 48 hrs.) 

5.0 ml 20% (vlv) ethanol  
180 min. beEore D L  
a l a n ~ n e - 2 - ~ " ~  (s tarved 
48 hrs .)  385 11.0 89 6.8 40.0 50.0 0.5 1.6 98.9 89 48 

- -- 
where a i s  s p e c i f i c  a c t i v i t y  of C-2 o r  C-4 of Lg lu tamic  acid 

Z Randomization =-2a x 100, and b i s  s ~ e c i f i c  a c t i v i t y  of C-3 o r  C-5 of L g l u t a m i c  acid (14) 

** Sum of r a d i o a c t i v i t i e s  of individual  carbons r e l a z i v e  t o  100 by t o t a l  combustion of a l iquo ts  of glutsmic acid. 




