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CROW, K. E., T. J. BRAGGINS, R. D. BATT AND M. J. HARDMAN. Kinetics ofmalate dehydrogenase and control of 
rates ~['ethanol metabolism in rats. PHARMACOL BIOCHEM BEHAV 18: Suppl. 1,233-236, 1983.--The theory that the 
rate of ethanol oxidation is governed by rates of NADH reoxidation is based in part on the observation that the ratio of free 
cytosolic [NADH]/[NAD ÷] increases during ethanol metabolism. However, it has recently been suggested that the amount 
of alcohol dehydrogenase governs rates of ethanol metabolism, which then leaves the change in cytosolic redox state 
unexplained. In this paper the kinetic parameters for rat liver malate dehydrogenase, determined at 37°C and pH 7.4, are 
used to provide an explanation for the change in cytosolic redox state that is compatible with rate control by alcohol 
dehydrogenase. 
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V E R Y  often, it is assumed that kinetic parameters  deter- 
mined in vitro are of  little use or  re levance  in assessing rates 
of  react ions in vivo. Howeve r ,  we feel that a more  useful 
approach is to assume that kinetic propert ies  determined in 
vitro are applicable in vivo unless there is good ev idence  to 
suggest otherwise .  This approach al lowed formulat ion of  the 
theory of  rate control  of  ethanol  metabol ism by alcohol de- 
hydrogenase  [4]. 

Previously,  it was widely accepted that the rate of  ethanol 
oxidat ion in vivo was governed  by the rate at which N A D H  
could be reoxidized [9,15]. This view appears  to have ini- 
tially arisen from the fact that the free [NAD+]/ [NADH] ratio 
in the cytosol  of  l iver cells changes during ethanol  oxidation.  
To quote  a typical example  from a recent  rev iew [1 I] " 'A 
change toward a more reduced N A D H : N A D  ratio in the 
cytosol  fol lowing ethanol  indicates that the product ion of  
N A D H  is faster  than the rate at which N A D H  is reoxidized 
into NAD.  This suggests that N A D H  reoxidat ion,  and thus 
N A D  availability to A D H ,  is an important  rate-limiting step 
in the metabol ism of  e thano l . "  

Implicit in this s ta tement  are a number  of  assumptions;  
we consider  that some of  these are incorrect  and have ham- 
pered understanding of  the control  of  ethanol  metabol ism.  
One such assumption is that N A D H  reoxidat ion has its effect 
through changing the N A D  ~ concentrat ion.  This is incorrect .  
Because  o f  the large concentra t ion  o f  free N A D  ÷ relative to 
that of  free N A D H ,  the cell does not ' run out of  N A D  +" 
when the redox state changes during ethanol  metabolism. As 
shown in Table 1, the change in redox state results from an 
increase in free [NADH]  is so small that there is no signifi- 
cant decrease  in free [NAD+]. 

A second assumption is that changes in N A D  + or N A D H  
concent ra t ion  giving rise to the change in N A D + / N A D H  
ratio are sufficient to significantly affect alcohol  dehydro-  
genase.  This is only partially correct ,  as has been shown 
previously  by kinetic analysis o f  rat l iver alcohol  dehydro-  
genase [4]. A third assumption is that N A D H  is continually 
being produced faster  than it can be reoxidized.  If N A D H  
were being produced faster  than it could be reoxidized,  a 
s teady-state  could not be reached and the concentra t ion  of  
N A D H  in the cytosol  would increase continually during 
ethanol  oxidation.  This would mean that a continual  increase 
in [lactate]/[pyruvate] would be observed  during ethanol  
oxidat ion,  but we have shown previously [1] that this is not 
the case. 

Incorrect  assumpt ions  such as those above  have been 
made because  the theory of  rate limitation by N A D H  reoxi- 
dation was based on the observat ion  of  a change in ratio of  
two metaboli tes,  without reference to the actual concentra-  
tion of  the metabol i tes  or  to the kinetic propert ies  of  the 
enzymes  interacting with the metaboli tes.  

If  we accept  an al ternat ive theory,  that the rate of  ethanol 
metabol ism is actually governed  by the amount  of  alcohol  
dehydrogenase  [4], there is one quest ion left unanswered:  
why does a change in cytosol ic  redox state occur  during 
ethanol  metabol ism? The fact that free [NADH] increases 
during ethanol  oxidat ion implies that the reoxidat ion of  
cytosol ic  N A D H  does influence the cytosol ic  redox state in 
some way. If there were  an absolute  limitation on the rate of  
N A D H  reoxidat ion,  then N A D H  reoxidat ion would have to 
be the rate limiting step for ethanol  oxidat ion since N A D H  
would accumula te  until a lcohol  dehydrogenase  was inhibited 
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TABLE 1 

FREE NAD ÷ AND NADH CONCENTRATIONS 

- ethanol + ethanol 

[NAD +] 500 p.M 498.5/xM 
[NADH] 0.5/xM 2.0 ~M 
[NAD÷]/[NADH] 1000 249 
[lactate]/[pyruvate] 10 40 

back to the rate of  N A D H  reoxidation. In this case, increas- 
ing the amount of  alcohol dehydrogenase would produce an 
increase in [lactate]/[pyruvate] (or free cytosolic [NADH]) 
but no change in the rate of ethanol oxidation. An increased 
rate of  ethanol oxidation would only be obtained by increas- 
ing the NADH reoxidation rate, which would lead to a de- 
crease in [lactate]/[pyruvate]. However, data in the literature 
show that increasing ethanol oxidation rates can be accom- 
panied by increasing [lactate]/[pyruvate] [1, 10, 14]. These 
results suggest that the rate of ethanol metabolism controls the 
free cytosolic [NADH], rather than the free [NADH] control- 
ling the rate of ethanol metabolism. It appeared to us that the 
only way in which these results could be satisfactorily ex- 
plained was if the rate of  reoxidation of  cytosolic N ADH was 
dependent on the concentration of NADH. 

One of the major routes of  NADH reoxidation during 
ethanol metabolism is the malate-aspartate shuttle. The first 
enzyme reaction in the shuttle sequence is the oxidation of 
NADH to NAD ÷ by malate dehydrogenase. A rate-limiting 
role in NADH reoxidation for this enzyme appeared very 
unlikely since the maximal velocity was reported to be about 
400 p.moles per minute per g wet weight liver [12] while the 
rate of NADH production by alcohol dehydrogenase is about 
3-4 /zmoles  per minute per g [4]. However,  published K m 
values for cytosolic malate dehydrogenases were much 
higher than the probable free cytosolic NADH and oxaloace- 
tate concentrations [2,8]. When this factor was considered, it 
appeared that the combined limitation of low [oxaloacetate] 
and low [NADH] might reduce the capability of the enzyme 
for oxidizing NADH to as low as 3-4/xmoles per minute per 
g. All the kinetic parameters we needed to confirm this were 
not available, so we decided to purify rat liver malate dehy- 
drogenase and determine the necessary values at 37°C and 
pH 7.4 

METHOD 

Cytoplasmic malate dehydrogenase was purified from liv- 
ers of 300 g male Sprague-Dawley rats (manuscript submit- 
ted for publication). Assays for kinetic characterization were 
carried out at 37°C, in 0.1 M phosphate buffer, pH 7.4, using 
an Aminco DW 2a UV/Visible Spectrophotometer. Data 
were fitted to appropriate equations for an ordered bi bi 
mechanism [3,13] using a non-linear least squares curve fit- 
ting program [7] with initial estimates of parameters obtained 
from reciprocal plots and replots [ 16]. The maximum veloci- 
ties of rat liver cytosolic malate dehydrogenase were deter- 
mined in 0.1 M phosphate buffer, pH 7.4, using 1.2 mM 
oxaloacetate and 0.2 mM NADH for oxaloacetate reduction 
and 60 mM malate and 2.0 mM NAD ÷ for malate oxidation. 
The net rate of  NADH oxidation by malate dehydrogenase 
under conditions in vivo was calculated using the rate equa- 
tion for an ordered bi bi system [5]. Simulations were carried 

TABLE 2 

KINETIC CONSTANTS FOR RAT LIVER 
CYSTOSOLIC MALATE DEHYDROGENASE 

Constant Values (p.M)* 

Ks 26 ± 3 
K,, 4.9 + 0.6 
K~, 88 + 4 
K~t, 63 + 5 
K~, 1100 + 100 
K~, 7100 ÷ 400 
K,, 114 + 7 
K,~ 940 ± 100 

*Results expressed as means_+SEM for at least 5 separate deter- 
minations. 

out on a CROMEMCO CS2 computer using 16K extended 
BASIC. For each enzyme, an appropriate steady state rate 
equation was used to calculate flux. For alcohol and al- 
dehyde dehydrogenase, the equation for an ordered bi bi 
system [5] was used and for aldehyde dehydrogenase the 
simple Michaelis-Menten equation. Differential equations 
representing the rate of  change of metabolite concentrations 
were integrated by the Euler method [19]. 

RESULTS AND DISCUSSION 

The kinetic parameters determined and used for subse- 
quent calculations are shown in Table 2. We also determined 
the maximum velocity of rat liver cytosolic malate dehydro- 
genase, and found values of  533_ 19/xmoles per minute per g 
wet weight liver for oxaloacetate reduction and 48_+2 p.moles 
per minute per g for malate oxidation. 

By inserting these maximal velocities, the kinetic param- 
eters shown in Table 2 and physiological concentrations of 
NAD ÷, NADH, malate and oxaloacetate into the rate equa- 
tion for an ordered bi bi system [5] we were able to calculate 
the rate of NADH oxidation by malate dehydrogenase under 
physiological conditions. At likely physiological concentra- 
tions in the absence of ethanol, NADH 0.5/xM, see Table I; 
NAD ÷ 0.5 mM [4]; malate 0.5 mM [18] and oxaloacetate I0 
~M [17,18], the calculated rate of NADH oxidation by ma- 
late dehydrogenase was - 1.86/zmoles per minute per g wet 
weight of liver. In other words, the enzyme was operating in 
the direction of NAD ÷ reduction. However,  the calculated 
rate of  NADH oxidation in the presence of ethanol, where 
the NADH concentration was assumed to be 2.0/zM (Table 
1), was 4.0 /zmoles per minute per g. These calculations 
show than under physiological conditions malate dehydro- 
genase can be switched from NADH oxidation to NAD ÷ 
reduction by a relatively small change in oxaloacetate or 
NADH concentrations. 

We therefore proposed the following explanation for the 
change in redox state during ethanol metabolism. When 
ethanol first reaches the liver NADH is produced at a faster 
rate than it is being reoxidized, so that its concentration 
increases. The increased concentration of NADH produces 
an increase in rate and/or change in direction of operation of 
MDH. The rate of NADH oxidation by MDH rises with the 
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FIG. 1. Results of simulation of flux rate and changes in NADH and 
acetaldehyde concentrations. Conditions were as described in the 
text. The simulation was initiated with the addition of 10 mM 
ethanol, and allowed to run until all parameters reached a steady 
state. 

inc reas ing  [ N A D H ]  until  it equals  the  ra te  o f  p roduc t ion  of  
N A D H  and a new s t eady  s ta te  is ach ieved .  

We then  used ou r  kinet ic  da ta  for  mala te  d e h y d r o g e n a s e ,  
c o m b i n e d  with pub l i shed  kinet ic  p a r a m e t e r s  for  rat  l iver  
a lcohol  d e h y d r o g e n a s e  [4] and es t ima ted  Km (ace ta ldehyde)  
and  V . . . .  va lues  for  a ldehyde  d e h y d r o g e n a s e  in c o m p u t e r  
s imula t ion  o f  changes  in metabo l i t e  c o n c e n t r a t i o n s  and  flux 
ra tes  dur ing  e thanol  me tabo l i sm.  Our  s imula t ions  were  
s ta r ted  with initial me tabo l i t e  c o n c e n t r a t i o n s  r ep resen t ing  
those  in the  a b s e n c e  of  e thanol .  E thano l  (10 mM) was intro-  
duced ,  and  the  s y s t e m  a l lowed to adjus t  to p roduce  an over-  
all s t eady  s ta te  by va ry ing  the  c o n c e n t r a t i o n s  of  N A D  ÷, 
N A D H  and ace t a ldehyde .  O xa l oace t a t e  (10/xM) and  mala te  
(0.5 mM) were  held cons t an t .  Init ial  va lues  for  [ N A D H ]  and  
lace ta ldehyde]  were  0.5 tzM and zero,  respec t ive ly .  

Un less  specif ied o the rwise ,  the  m a x i m u m  veloci ty  for  
a lcohol  d e h y d r o g e n a s e  was  6.3 m M - m i n  ~ (5.05 /xmoles 
-min ~.g ') [4], for  a ldehyde  d e h y d r o g e n a s e  V . . . .  was 7.5 
m M - m i n  1 and  K,, ( ace ta ldehyde)  was 1 /xM. Figure  I illus- 
t ra tes  the resul t s  of  one  s imula t ion .  W h e n  e thano l  was intro-  
duced ,  the  free cy toso l ic  [ N A D H ]  inc reased  by  a fac to r  of  3 
f o l d - - e q u i v a l e n t  to a change  f rom 10 to abou t  30 in [lac- 
t a te ] / [pyruva te ] .  The  a c e t a l d e h y d e  c o n c e n t r a t i o n  inc reased  
to abou t  0.9 p,M and  r ema ined  cons t an t .  The  sys t em flux, or  
e thanol  ox ida t ion  rate ,  se t t led  to a value  of  3.6 m M . m i n  J 
(about  3.0 /~moles min ~.g J), which  was 60% of  the  allo- 
ca ted  Vm,,×. This  agrees  with the p rev ious ly  pub l i shed  sug- 
ges t ion  tha t  in vivo the  ra te  of  e thano l  ox ida t ion  is 50-80% of 
the  Vm,× of  a lcohol  d e h y d r o g e n a s e  [6]. T he  fact  tha t  a lcohol  
d e h y d r o g e n a s e  is not  opera t ing  at Vm~x does  not  imply,  as 
has  been  sugges ted  recen t ly  [11], tha t  changes  in a lcohol  
d e h y d r o g e n a s e  ac t iv i ty  will no t  resul t  in equ iva len t  changes  

T A B L E  3 

SIMULATION OF THE EFFECT OF ALCOHOL DEHYDROGENASE 
ACTIVITY ON STEADY STATE CONCENTRATIONS AND FLUXES 

V .... of ADH* [NADH] Flux 
(mM min ') (/zM) (mM min ') ¢'~Vmax t 

6.3 1.7 3.60 57 
12.6 2.3 6.35 50 

*Vm~,x for ethanol oxidation. 
tFlux expressed as a percentage of the V ..... in column I. 

T A B L E  4 

EFFECT OF MALATE DEHYDROGENASE ACTIVITY ON STEADY 
STATE CONCENTRATIONS AND FLUXES 

Vma x of MDH* NADH Flux 
(mM min ') (tzM) (mM min ~) 

666 I. 7 3.60 
1332 1.3 3.73 

*Vm,x for oxaloacetate reduction. 

in the  ra te  of  e thano l  me tabo l i sm in vivo. This  is i l lus t ra ted 
well by the  use of  s imula t ions .  Table  3 shows  that  doubl ing  
the  Vmax of  a lcohol  d e h y d r o g e n a s e  led to an  a lmos t  2-fold 
(I .8)  increase  in the  ra te  of  e thano l  oxida t ion .  The  [ N A D H ]  
inc reased  by  i .4 fold. In con t ras t ,  doubl ing  the  maximal  ve- 
loci ty of  ma la te  d e h y d r o g e n a s e  had  little effect  on flux 
t h rough  the  pa thway  (Table  4). This  is an  example  of  a case  
whe re  the  a m o u n t  of  e n z y m e  is not  ra te  limiting. It also 
i l lus t ra tes  tha t  the  value  we ob ta in  for  the  m a x i m u m  veloci ty  
o f  M D H  is not  cri t ical  in de t e rmin ing  the  o u t c o m e  of  simula- 
t ions.  

CONCLUSIONS 

Our  resul t s  show that  the  initial o b s e r v a t i o n  tha t  
p r o m p t e d  d e v e l o p m e n t  of  the  theory  of  ra te  cont ro l  by  
N A D H  reox ida t ion ,  the change  in cy tosol ic  redox  state ,  can  
be  exp la ined  by  the  kinet ic  p roper t i e s  of  mala te  dehydro -  
genase .  Our  s imula t ions  suppor t  the  theory  tha t  the  a m o u n t  
of  a lcohol  d e h y d r o g e n a s e  is an impor t an t  ra te  l imiting fac to r  
for  e thano l  ox ida t ion  in rats .  
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