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NAD+-Dependent Ethanol Oxidation: 
Redox Effects and Rate Limitation 
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CRONHOLM, T. NAD+-dependent ethanol oxidation: Redox effects and rate limitation. PHARMACOL BIOCHEM 
BEHAV 18: Suppl. 1, 22%232, 1983.--Effects of ethanol on interconversion of cyclohexanol and cy- 
clohexanone was studied in isolated hepatocytes. Oxidation and reduction catalyzed by alcohol dehydrogenase were 
markedly inhibited and stimulated, respectively. The changed ratio between the rates indicated that the ratio of NAD + to 
NADH bound to alcohol dehydrogenase decreased several hundred times. This is much more than for the NAD ÷ system 
used by, e.g., lactate dehydrogenase, and deuterium from 11,1-2H2] ethanol was incorporated in cyclohexanol much more 
than in, e.g., lactate. These results indicate that the coenzyme bound to alcohol dehydrogenase is not equilibrated with free 
coenzyme. Thus, the dissociation of NADH might be rate-limiting for ethanol oxidation. Deuterium transfer from chiral 
[I-*H] ethanols and [2-~H] glycerol in hepatocytes indicated that cytosolic malate dehydrogenase and lactate dehydro- 
genase were not completely equilibrated, whereas there was no difference in the utilization of NADH formed at alcohol 
dehydrogenase and at glycerol-3-phosphate dehydrogenase. Fluxes in redox reactions during ethanol oxidation may be too 
high for equilibration of cytosolic dehydrogenases. 

NAD + systems Alcohol dehydrogenase Ethanol 

M E T A B O L I S M  of ethanol  in the l iver results in a more re- 
duced redox state of  the free, cytosol ic  N A D + - N A D H  sys- 
tem [3], and this causes several  metabol ic  effects [11]. How- 
ever ,  the relat ionship be tween  ethanol  oxidat ion and redox 
state of  the coenzyme is incompletely understood [2, 3, 8]. It 
has been suggested that a near-equil ibr ium situation exists at 
the alcohol dehydrogenase  and that the rate-limiting step in 
ethanol  el imination is reoxidat ion of  N A D H  in shuttle sys- 
tems or  oxidat ive phosphoryla t ion (see [8]). Al ternat ively,  
the rate-limiting step is one of  the events  at the alcohol dehy- 
drogenase [2], e.g. dissociat ion o f  the binary complex  [141, 
and accumulat ion  of  N A D H  is a secondary  event  [2]. We 
have previously observed  that in vivo deuter ium from (1R)- 
[I-2H] e thanol  labels N A D H  bound to a lcohol  dehydrog-  
enase to a much higher extent  than it labels N A D H  used by 
lactate dehydrogenase ,  indicating lack of  equil ibrat ion via 
the N A D + - N A D H  system of  these two dehydrogenases  
[1,5]. The aim of  the present  study was to invest igate the 
effect o f  ethanol  on the redox state of  the alcohol 
dehydrogenase -coenzyme  complex  and correlate  this with 
the deuter ium transfer  be tween  substrates via N A D H  in 
order  to local ize the rate-limiting step in e thanol  oxidation.  

METHOD 

Preparation and Incubation of Hepatocytes 

Female  Sprague-Dawley rats weighing 220 g were  given 
food pellets and water  ad lib and were  anes thes ized  with 
e ther  in the morning.  L iver  cells were  prepared [13] and were  
incubated in 4 ml of  Krebs-Hense le i t  b icarbonate  buffer con- 
taining bovine  serum albumin(1.1 g/l) and 11 mM glucose 
under  an a tmosphere  of  OJCO2 19:1 [7]. Incubat ions  were  

s topped by addition of  1 ml 3 M perchloric  acid which con- 
tained methoxyamine  hydrochlor ide (10 mg/ml) when or- 
ganic acids were to be analyzed.  

Quantitative Analysis 

The quenched  incubation mixture was neutral ized with 3 
M K O H  and centrifuged.  The supernatant  was analyzed by 
gas chromatography  using 0.2% Carbowax  1500 on Car- 
bopack C (Supelco,  Inc. ,  Bellefonte,  PA) at 150°C with 
I-hexanol  as internal standard. 

Analysis of Deuterium Excess 

Cyclohexanol  was extracted with 3× 1 ml methylene  
chloride.  The pooled extract  was dried with Na~SO4 and 
concentra ted .  Organic acids were isolated from the 
quenched  incubation mixture and analyzed as previously de- 
scribed by gas chromatography/mass  spec t rometry  [1]. A 
similar analytical  procedure  was used for cyc lohexanol ,  
using the fragment  ion M-18 [5]. 

RESULTS 

Interconversion of Cvclohexanol and Cyclohexanone 

Cyclohexanol  and cyc lohexanone  were in terconver ted  
when incubated with hepatocytes .  There  was no decrease  in 
the sum of  the amounts ,  and the results are expressed  as the 
fract ion present  as cyc lohexanol  (Table !). The data from the 
cyclohexanol  incubat ions could be used to est imate the sum 
of  the f irst-order rate constants  for the oxidat ion (kl) and 
reduct ion (k ~) by the express ion 

kl + k-1 = - 1/t x l n ( l  - a0/(l  - ae,)) 
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TABLE 1 

INTERCONVERSION OF CYCLOHEXANOL AND CYCLOHEXANONE IN ISOLATED HEPATOCYTES* 

Compounds in incubationt 

Cyclohexanol (mole fraction, %) after incubation:~ 

2 min 5 min 15 min 30 min 

Cyclohexanol 57.2 _+ 5.9 
Cyclohexanol, ethanol 96.9 +_ 0.2 
Cyclohexanone 13.7 _+ 3.6 
Cyclohexanone, ethanol 63.9 _+ 5.5 
Cyclohexanol, 4-methylpyrazole --§ 
Cyclohexanone, 4-methylpyrazole --§ 

25.7 ÷ 6.5 8.2 _+ 2.1 --§ 
96.4 _+ 0.6 96.3 ÷ 0.7 96.2 + 0.5 
17.2 _+ 2.8 14.2 + 2.1 --§ 
81.8 _+ 1.2 97.2 _+ 1.0 --§ 
98.1 _+ 0.2 95.2 _+ 0.8 92.2 _+ 0.8 
9.4 _+ 2.2 24.0 _+ 2.6 36.8 _+ 1.8 

*100 mg in 4 ml. 
Tlnitial concentrations: cyclohexanol: 0.25 mM, cyclohexanone: 0.25 mM, ethanol: 20 mM, 

4-methylpyrazole: 1.7 mM. 
*Mean value (three parallel incubations) _+S.D. 
§Not determined. 

where at and aeq are the fractions of  cyclohexanol remaining 
at time t and at equilibrium, respectively. The smallest vari- 
ation among the results was obtained when a~, was 0.07, and 
this gave the rate constants k~ = 2.8 min -~ x g cells -j and k_~ 
= 0.2 min -~ x g cells -~. When cyclohexanone was used the 
reaction reached completion rapidly. The rate constants 
could not be estimated from these experiments, but they 
were apparently much higher than when cyclohexanol was 
used as substrate. At apparent equilibrium the mixture con- 
tained slightly more cyclohexanol when cyclohexanone was 
used as substrate. 

Effect o f  4-Methylpyrazole 

In the presence of  4-methylpyrazole the metabolism of 
cyclohexanol and cyclohexanone proceeded towards an 
equilibrium where the mixture contained 83% cyclohexanol 
(Table 1). The first-order rate constants for oxidation and 
reduction were 0.04 min -1 × g cells -1 and 0.18 min -~ x g 
cells -~, respectively. 

Deuterium Incorporation from [I,l-2Hz]Ethanol 
in Cyclohexanol 

When 20 mM [1,1-2H2] ethanol (96.7 at .% excess, from 
Rohstoff-Einfuhr GmbH, Diisseldorf, Germany) was added to 
hepatocytes (100 mg) before cyclohexanone (0.25 mM) the 
cyclohexanol produced during 5-30 min contained a constant 
level of  60-70% deuterium. When cyclohexanol (0.25 mM) 
was used instead of cyclohexanone, the deuterium content 
increased slowly in the cyclohexanol (Fig. 1). The first-order 
rate constant for the incorporation was calculated from the 
steady-state part of  the experiment to be 0.12-0.15 min -1 x g 
cells -l , which should be equal to the rate constant for oxida- 
tion (k~) in the presence of  ethanol. 

Effect o f  Ethanol on the Reduction of  Cyclohexanone 

The rate of  net oxidation of  cyciohexanol was too slow in 
the presence of  ethanol to allow calculation of  the rate con- 
stants, but the rates of  reduction of  cyclohexanone could be 
used (Table 1). The sum of the first-order rate constants for 
this experiment was calculated as described above to be 
3.8-5.5 min -1 x g cells -~. The mixture appeared to contain 
96% cyclohexanol at equilibrium, and thus the rate constants 

for reduction and oxidation were 3.6-5.3 min -j × g cells -~ 
and 0.15-0.23 min -j x g cells -~, respectively. 

Deuterium Incorporation in Organic Acids 

Hepatocytes were incubated with chiral [I-2H] ethanols 
[5] or [2-2H] glycerol (prepared by Dr. Tore Curstedt). The 
deuterium excess in some organic acids was measured (Ta- 
ble 2). There was good agreement between the degree of 
labelling of malate and fumarate. A small fraction of the 
deuterium in lactate was present at C-3, and a correction 
could not be applied. However,  the results show that the 
relative incorporation of  the l-pro-R and the i-pro-S hydro- 
gens of  ethanol in lactate and malate is clearly different. It is 
also seen that/3-hydroxybutyrate was less labelled from (1S)- 
[I-2H] ethanol than was the case with malate. The relative 
deuterium incorporation in different acids from (1R) [l-ZH] - 
ethanol and [2-2H] glycerol was about the same. 

DISCUSSION 

Redox State of  the Alcohol Dehydrogenase-Coenzyme 
Complex 

It was previously observed that cyclohexanone is effi- 
ciently reduced in the rat in vivo, and that this reaction prob- 
ably was catalyzed by alcohol dehydrogenase [4,5]. It was 
therefore considered possible to use the rates in the inter- 
conversion of  cyciohexanol and cyclohexanone to study the 
redox state of the alcohol dehydrogenase-coenzyme complex 
and changes in redox state during ethanol oxidation. At 
equilibrium, the ratio between the concentrations of cycio- 
hexanol and cyclohexanone should be determined by the 
ratio free NAD+/free N A D H  in the cytosol. From the equi- 
librium constant [6] and the redox state of  the NAD +- 
NADH system in hepatocytes calculated from the lactate- 
pyruvate ratio [14] it can be calculated that at equilibrium the 
ratio of cyclohexanol to cyclohexanone should be 0.025. The 
observed ratio of  0.07 is not very far from the expected ratio 
if it is considered that the equilibrium constant was deter- 
mined at room temperature and pH and ionic strength are not 
accurately known. However ,  the difference might also be 
due to the catalytic activity of NADP-dependent alcohol de- 
hydrogenases, also called "aldehyde reductases."  At least 
one isoenzyme in rat liver cytosol catalyzes the NADPH- 
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FIG. 1. Metabolism of cyclohexanol (0.25 mM) in hepatocytes (100 mg) in the pres- 
ence of[1, i-ZH2] ethanol (20 mM). Mole fraction (%) present as cyclohexanol (17) and 
deuterium excess in cyclohexanol (A) after incubation. Mean values (three parallel 
incubations). S.D. is shown when above 2%. 

T A B L E  2 

DEUTERIUM INCORPORATION IN ORGANIC ACIDS OF ISOLATED HEPATOCYTES* 

Relative deuterium excess in one position (%)t 

Deuterated substrate$ (1R) l l-2H]ethanol (IS) [ l-2Hlethanol [2-=H]glycerol 

Organic acid 
Lactate§ 15.4 _+ 0.5 0.4 _+ 0.1 5.1 _+ 0.5 
fl-Hydroxybutyrate 1.0 _+ 0.2 1.7 _+ 0.2 0.6 _+ 0.2 
Malate 26.9 _+ 0.6 6.2 _+ 0.5 6.2 _+ 0.5 
Fumarate 22.0 _+ 0.5 4.6 _+ 0.6 6.0 _+ 0.1 

*100 mg in 4 ml, 15 rain incubation. 
tRelative to deuterium excess in substrate. Mean value (three-four parallel incubations) _+ S.D. 
$Initial concentrations: ethanol: 20 mM, glycerol: 5 raM. 
§Total deuterium excess. 

dependen t  reduct ion of  cyc lohexanone  [9]. This enzyme  was 
not inhibited by pyrazole  [9] and thus presumably  not by 
4-methyipyrazole  which is an efficient inhibitor of  a lcohol  
dehydrogenase  [16]. In the presence  of  the inhibitor,  the me- 
tabolism of  cyc lohexanol  and cyc lohexanone  proceeded  
towards  an apparent  equil ibr ium with a ratio o f  cyc lohexanol  
to cyc lohexanone  of  4.9, i .e.,  about  70 t imes higher than in 
the absence  o f  the inhibitor. The difference is in agreement  
with N A D P  + being used as c o e n z y m e  by the 
4-methylpyrazole  insensi t ive act ivi ty,  since the N A D P  +- 
N A D P H  system is much  more reduced than the N A D  ÷- 
N A D H  system [14]. 

In order  to correc t  for the presence  of  " a ldehyde  reduc- 
t a s e , "  the f irs t-order rate constants  for the reactions 
ca ta lyzed by this e n z y m e  were  subtracted from those de- 
termined in the absence  o f  inhibitor.  Both in the absence  and 
the presence  o f  inhibitor,  the metabol ism of  both compounds  
appeared to proceed  according to f irs t-order kinetics,  as ex- 
pected from published Km values [9,10]. In the absence o f  
inhibitor, the rates appeared to be much higher  when cyclo-  
hexanone  was used than when  cyc lohexanol  was used. The  

reason for this is not  known,  but since the final equil ibrium 
composi t ions  were  about  the same in both kinds of  experi-  
ment ,  the conclus ions  regarding ethanol  effect  are essential ly 
unaffected.  

Effect of  Ethanol on the Redox State of Bound Coenzyme 

The most  reliable es t imate  o f  the f irst-order rate constant  
for the oxidat ion react ion in the absence  o f  ethanol  was ob- 
tained in the exper iments  with cyc lohexanol  and was 2.8 
min -1 x g cel ls -L The rate cons tant  in the presence  of  
e thanol  was 0.12-0.15 min -~ x g cells -~ as de termined  from 
deuter ium incorporat ion,  a value which was close to the val- 
ues obtained in the incubat ions with cyc lohexanone .  After  
correc t ion  for oxidat ion by " a l d e h y d e  r educ t a se "  it is seen 
that ethanol  caused a 25-fold decrease  o f  the rate constant  
and presumably  in the concent ra t ion  of  the alcohol  
dehyd rogenase -NAD ÷ complex.  

The  rate constant  for reduct ion  of  cyc lohexanone  in the 
absence  of  e thanol  could be determined f rom the cyclo- 
hexanol  incubat ions to be about  0.2 m i n - '  x g ce l l s - ' .  In the 
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p r e s e n c e  of  e thano l  it was  3.6-5.3 min  -~ × g cells ~ as de- 
t e r m i n e d  f rom c y c l o h e x a n o n e  incuba t ions ,  or  2 .%3 .6  min 
× g cells ~ as d e t e r m i n e d  f rom deu t e r i um inco rpo ra t ion  and  
final  equi l ib r ium compos i t i on .  P r e sence  of  4 -me thy lpy razo le  
did not  s ignif icant ly  d e c r e a s e  the  ra te  c o n s t a n t ,  indica t ing  
tha t  in the  a b s e n c e  o f  e thanol  essent ia l ly  all o f  the  cyclo-  
h e x a n o n e  r educ t ion  is ca ta lyzed  by " a l d e h y d e  r e d u c t a s e . "  
In the  p r e s e n c e  of  e thano l ,  the r educ t ion  is main ly  ca ta lyzed  
by  a lcohol  d e h y d r o g e n a s e ,  as seen  f rom the  ra te  c o n s t a n t s  
and  the  eff icient  deu t e r i um t r ans fe r  into  c y c l o h e x a n o l  f rom 
the  l -pos i t ion  o f  e thanol .  T he  inc rease  in the  ra te  is at least  
15-fold, and  p robab ly  severa l  o rders  of  magn i tude  higher .  

The  total  effect  of  e thano l  on  the  a lcohol  d e h y d r o g e n a s e -  
ca ta lyzed  i n t e r c o n v e r s i o n  is thus  to inc rease  the  equi l ib r ium 
rat io  be tween  cyc lohexano l  and  c y c l o h e x a n o n e  at leas t  375 
t imes.  This  should  be equal  to the change  in the rat io  be- 
tween  N A D H  and N A D  + b o u n d  to the  e n z y m e ,  and  it is seen  
tha t  this  change  is more  p r o n o u n c e d  than  in any  o the r  redox  
couple  used to s tudy  effects  of  e thano l  [3]. The  lacta te-  
p y r u v a t e  rat io in i sola ted h e p a t o c y t e s  inc reases  8 t imes  dur-  
ing e thano l  m e t a b o l i s m  [11]. Thus ,  it is c o n c l u d e d  tha t  the  
f ree  cy tosol ic  N A D + - N A D H  sys t em does  not  a p p e a r  to be  in 
equ i l ib r ium with  the  c o e n z y m e  b o u n d  to a lcohol  dehyd ro -  
genase .  The  b o u n d  N A D H  does  not  exchange  rapidly wi th  
N A D H  in the  res t  of  the  cy tosol ic  c o m p a r t m e n t  as seen f rom 
the  very  high label l ing of  cyc lohexano l  fo rmed  dur ing  me- 
t abo l i sm of  [1,1-"H,,] e thanol .  If  the  p r e s e n c e  of  " a l d e h y d e  
r e d u c t a s e "  is t a k e n  into accoun t  the label l ing o f  cyclo-  
hexano l  was  at leas t  70% of  tha t  in the  e thanol .  This  is 

m u c h  more  than  the  c o r r e s p o n d i n g  label l ing o f  N A D H  used 
in the  lac ta te  d e h y d r o g e n a s e  or  mala te  d e h y d r o g e n a s e  reac-  
t ions .  Thus ,  the  s low d issoc ia t ion  of  N A D H  f rom alcohol  
d e h y d r o g e n a s e  may  limit the  a m o u n t  of  e n z y m e  avai lable  for 
b inding  N A D  ÷, and  thus  cons t i tu t e  a ra te- l imit ing step in 
e thano l  oxidat ion .  It may  also be  conc luded  tha t  the redox  
s ta te  of  the  free N A D + - N A D H  s y s t e m , c a n n o t  affect  the  ra te  
of  e thano l  me tabo l i sm,  since it is very  d i f ferent  f rom tha t  at  
a lcohol  dehyd rogenase .  The d i f fe rence  indica tes  dynamic  
c o m p a r t m e n t a t i o n  o f  the N A D + - N A D H  sys tem in the  
cytosol .  This  kind of  c o m p a r t m e n t a t i o n  can  also be s tudied 
wi th  the aid of  deu te ra t ed  subs t ra tes .  Thus ,  chiral  [1-ZH] 
e thano l s  were  used to label N A D H  at a lcohol  d e h y d r o g e n a s e  
and  at a ldehyde  d e h y d r o g e n a s e  wi th  the  same rates .  Com-  
pa r i son  of  the degree  of  i nco rpora t ion  in different  subs t ra t e s  
ind ica tes  tha t  lac ta te  d e h y d r o g e n a s e  and  mala te  dehydro-  
genase  are not  rapidly exchang ing  wi th  a c o m m o n  N A D H  
pool.  This  indica tes  tha t  the reac t ions  ca ta lyzed  by these  
e n z y m e s  were  slow in c o m p a r i s o n  wi th  the net  flux in redox  
reac t ions  dur ing  e thano l  me tabo l i sm.  In con t ras t ,  the re  was 
no  indica t ion  of  a d i f fe rence  in the  ut i l iza t ion o f  N A D H  
formed  at the  a lcohol  d e h y d r o g e n a s e  and  at the  glycerol-3- 
p h o s p h a t e  dehyd rogenase .  
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