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BOSRON, W. F., D. W. CRABB AND T.-K. LI. Relationship between kinetics of liver alcohol dehydrogenase and 
alcohol metabolism. PHARMACOL BIOCHEM BEHAV 18: Suppl. 1, 223-227, 1983.--Since alcohol dehydrogenase 
(ADH) catalyzes the rate-limiting step for ethanol metabolism, knowledge of the steady-state kinetics of ADH in liver is 
fundamental to the understanding of the pharmacokinetics of ethanol elimination. Accordingly, we have determined the 
kinetic properties of purified ADH isoenzymes in rat and human liver. At low ethanol concentrations, rat liver ADH obeys 
the TheorelI-Chance mechanism and the equation predicts that activity in vivo is limited below Vma x mainly by NADH 
inhibition. At ethanol concentrations above 10 mM, substrate inhibition, consistent with the formation a dead-end ADH- 
NADH-ethanol complex, also becomes a rate-limiting factor. ADH activity, calculated from this equation and the concen- 
trations of substrates and products present in liver during ethanol oxidation, agrees well with ethanol elimination rates 
measured in vivo. With human liver ADH, large differences are observed in the kinetic properties of 5 homodimeric 
isoenzymes: Y,Yl and Y2Y2 exhibit negative cooperativity for ethanol saturation, while c~c~, /3d3~ and /3~nd/3~.d obey 
Michaelis-Menten kinetics. At pH 7.5, Km values for ethanol and Vm~ values range from 0.048 mM and 9 min -~ for/3~/3, to 
64 mM and 560 min ~ for /3~,d/3~ d, respectively. Therefore, individuals with different ADH phenotypes should display 
different ethanol elimination profiles. 
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T H E  various pharmacologic ,  addict ive and pathologic con- 
sequences  of  alcohol  consumpt ion  are direct ly related to the 
biochemical  propert ies  of  ethanol  and its metabol ic  by- 
products ,  and to the rate of  metabol ism of  these compounds .  
The rate-limiting step for ethanol  metabol i sm is its oxidat ion 
to ace ta ldehyde by alcohol dehydrogenase  (ADH) in l iver  
[18]. It has been proposed  that the s teady-state  kinetics o f  
A D H  can serve  as a quanti tat ive base for predicting the 
pharmacokinet ics  of  alcohol el imination in vivo [9, 20, 23]. In 
order  to test this hypothesis ,  the content  of  A D H  in liver, the 
concent ra t ion  o f  substrates and products  o f  the enzyme  in 
situ during alcohol  metabol ism and the s teady-state  kinetic 
equat ion and constants  for purified A D H  must  be deter-  
mined. The kinetic propert ies  o f  A D H  have  proven  difficult 
to de termine  in the past, because  methods  for purification 
and stabilization of  enzyme  for such studies have become  
available only recently.  By use o f  affinity and ion-exchange 
chromatography,  we have now purified A D H  from rat l iver 
and human l iver  and determined the s teady-state  kinetic 
propert ies  of  these enzymes  ( C r a b b e t  al., submit ted for 
publicat ion;  Bosron et al., submitted for publication).  

This communica t ion  compares  the alcohol  oxidat ion rates 
calculated f rom the steady-state  kinetic equat ion for rat l iver  

A D H  with that  measured  in vivo in fed rats [20]. The effects 
o f  substrate inhibition by ethanol and product  inhibition by 
N A D H  on the calculated rates for rat l iver  A D H  are evalu- 
ated. Similar calculat ions of  ethanol metabol ic  rates in man 
from kinetic data for human liver A D H  are difficult to per- 
form because  there are as many as 16 different i soenzymes ,  
many of  which exhibit  widely different kinetic propert ies  
[4,18]. H o w e v e r ,  based on the findings summarized herein,  it 
would appear  that the 2 to 3-fold variat ion in ethanol  elimi- 
nation rate observed  among individuals [16] can be readily 
explained by the differences in kinetic propert ies  of  the 
i soenzymes  that are produced by ei ther  one of  two polymor-  
phic gene loci [4,24]. 

STEADY-STATE KINETICS OF RAT LIVER ADH AND REGULATION 
OF ETHANOL ELIMINATION IN VIVO 

Rat A D H  has been purified approximate ly  150-fold from 
homogenate-superna tan ts  o f  l iver  by chromatography on 
DEAE-ce l lu lose  and CapGapp-Sepharose  [10]. The purified 
enzyme exhibits  a single band on SDS-polyacry lamide  gel 
e lec t rophores is  and has a specific act ivi ty of  1.8 txmol min -1 
mg 1 protein when assayed with 10 mM ethanol  and 2.4 mM 
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N A D  + at pH  10, 25 °. The  purification can be accompl ished in 
about  6 hours and it represents  a significant improvement  
ove r  o ther  procedures ,  since the yield is 2 to 5-fold higher 
than that reported previously  [1,21]. The enzyme  activity 
can be stabilized in solution for several  days by the addit ion 
o f  the sulfhydryl-reducing agent, dithiothreitol .  Enzyme  
stabilization has al lowed a var ie ty  of  s teady-state  kinetic ex- 
per iments  to be per formed on single enzyme  preparat ions.  

Multiple enzyme  forms from rat l iver  have  been identified 
by starch gel e lec t rophores is  [10,21]. Since some of  the A D H  
isoenzymes  f rom horse and human l iver  differ substantially 
in their  kinetic propert ies  [18,22], the two major  rat l iver 
forms were  separated by chromatography on CM-cel lu lose  
and their kinetic propert ies  determined ([11], Crabb et al., 
submitted for publication).  Both forms were  found to exhibit  
similar kinetic propert ies .  Accordingly ,  the steady-state 
kinetic exper iments  were  per formed with the CapGapp-  
Sepharose-puri f ied enzyme  that contains  both forms.  

Product  and pyrazole  inhibition studies [11] yielded data 
consis tent  with the Theore l l -Chance  mechanism and sub- 
strate inhibition occurr ing through the format ion of  a dead- 
end ternary A D H - N A D H - e t h a n o l  complex  [13,26]. The rate 
equat ion for this mechan ism is: 

[P][Q] 
Vv [A]IB] - Vf 

Keq 
v = (1) 

K~aKb + Kh[A] + K,[B] + [A][B] + K~K, ,K,  IP] 

K,,K~,, 

KiaK~[Q] K~,K.[A][P] Ki~Kh[P][Q] + k + 
K. ,  Ki,,K. KpK., 

+ K,dB]IQ] K~,K,,[BI[Q] K ,  IQ][BI 2 [A][B] 2 
+ h + 

Kiu KiKiq KiKiq Ki 

The rate constants  in Equat ion  1 are named according to 
Wrat ten and Cleland [26] and their  values were  determined 
through statistical fits [8] of  data from product  inhibition 
exper iments .  The Michaelis  constants  are: Ka(NAD +) = 33 
/zM, Kh(ethanol) = 0.48 mM, Kp(acetaldehyde) = 37 /xM, 
K , ( N A D H )  = 4 p.M; the inhibition constants  are: K,a(NAD +) 
= 58 ttM, Kiq(NADH) = 0.9 p.M, K~(ethanol substrate inhi- 
bition) = 170 mM; and K~, = 3.5× 10 -4. These  values agree 
well with the data of  Hanoze t  et al. [14] but not with the 
Michael is  and inhibition constants  for N A D  + and N A D H  
repor ted  previously  for A D H  in unpurif ied homogenate-  
supernatants  [9] nor  with the Michaelis  constant  for ethanol 
repor ted  previously  for a purified preparat ion of  rat l iver 
A D H  [1]. 

In order  to examine  whether  ethanol  elimination rates in 
vivo [19] can be predicted by Equat ion  1, we measured 
ethanol,  ace ta ldehyde ,  lactate and pyruva te  concentra t ions  
in f reeze-c lamped livers o f  fed rats metabol izing alcohol [20] 
(Table 1). The N A D + / N A D H  ratio in Table  1 was calculated 
from the lac ta te /pyruvate  ratio and free N A D  + concentra t ion  
was assumed to be 0.5 mM [7]. F ree  N A D H  was calculated 
from this value and the N A D + / N A D H  ratio (Table 1). The 
maximal  activit ies (Vmax) o f  A D H  in fresh l iver  
homogenate-supernatants  f rom fed rats were  measured  with 
2.4 mM N A D  ÷ and the optimal ethanol  concentra t ion  o f  10 
mM (Table 2). Based on these values for Vm,x and the sub- 
strate and product  concent ra t ions  shown in Table 1, A D H  
activi ty was calculated from the steady-state  rate equat ion to 
be 1.93 mmol  per  hour per  animal (Table 2). The close 

T A B L E  1 

CONCENTRATION OF NADH, ETHANOL AND 
ACETALDEHYDE IN FREEZE-CLAMPED RAT LIVER ONE HOUR 

AFTER INJECTION OF ETHANOL 
(2.0 g/kg) 

NAD+/NADH Ratio* 327 + 27 
Free NADH, ttMt 1.6 
Ethanol, mM 35.2 _+ 4.4 
Acetaldehyde, /xM 9.5 _+ 3.4 

*Calculated from lactate/pyruvate ratios in freeze-clamped liver 
[201. 

tCalculated from NAD+/NADH ratio assuming that cytosolic free 
NAD + is 0.5 mM [20]. 

T A B L E  2 

COMPARISON OF CALCULATED ADH ACTIVITY WITH MAXIMAL 
ADH ACTIVITY AND ALCOHOL ELIMINATION RATES 

Rate 
mMol.hr '/rat 

Maximal ADH Activity* 
Calculated ADH Activityt 
Alcohol EliminaTion Rate- 

2.84 
1.93 
1.92 

*Liver cytosol activity measured in 0.5 M Tris-CI, 2.8 mM NAD +, 
10 mM ethanol, pH 7.3 at 37 ° [20]. 

+Calculated from the rate equation, using substrate and product 
concentrations in Table 1. 

SMeasured in fed rats after injection of 2 g ethanol/kg [19]. 

T A B L E  3 

EFFECT OF NADH AND ETHANOL CONCENTRATION ON 
ACTIVITY OF ADH CALCULATED FROM THE STEADY-STATE 

RATE EQUATION 

Cystosolic NADH 
2 gM 

Ethanol v/Vm~,x 
mM Percent 

10 69 80 
40 66 75 

100 53 61 

Acetaldehyde and NAD ~ concentrations of 10 ttM and 0.5 mM, 
respectively, were used to calculate v/Vm,× ratios from Equation I. 

agreement  be tween this calculated rate and ethanol elimina- 
tion rate measured  in vivo [19] (Table 2) supports the con- 
tention that the alcohol oxidat ion rate can be predicted from 
the steady-state  kinetic equat ion for purified ADH.  

The Km for N A D  +, 33 /xM, is lower  than the free N A D  + 
concentra t ion  in si tu,  0.5 mM;  therefore,  A D H  is 93 percent  
saturated with respect  to N A D  +. Since K~,, for N A D H ,  0.9 
p~M, is within the es t imated range of  concentra t ion of  this 
substrate in situ (Table 1), product  inhibition by N A D H  must 
be a rate-limiting factor for ethanol  oxidat ion by ADH.  As 
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FIG. 1. Starch gel electrophoresis patterns of human liver ADH. Homogenate-supernatants 
of seven livers were applied to starch gels, electrophoresis was performed as described 
previously [3] and the gels were stained for ADH activity. The ADH phenotypes are named 
for the subunits observed. Thus, for isoenzymes with subunits produced at ADH~ the 
phenotype is ADH2 1-1 when only/3~ is observed and ADHz 1-Ind when both/3~ and/3~na 
subunits are observed. The enzyme phenotypes at ADH:~ are named similarly. The 
phenotypes are: I=ADHz 1-1, ADH:~ 1-1; 2=ADH2 Ind-lnd, ADHa 1-1; 3=ADH~ 1-Ind, 
ADH:~ 2-1; 4-ADH2 1-Ind, ADH 3 1-1; 5=ADHz 1-1, ADH:~ 2-1; 6-"Atypical" phenotype 
(4,24); 7 ADH., 1-1, ADH:~ 2-2. 

calculated from Equation 1, activity is 69 percent of  Vma x at 2 
/xM NADH,  0.5 mM NAD +, 10/zM acetaldehyde and 10 mM 
ethanol (Table 3). This ratio increases to 80 percent if it is 
assumed that NADH is very low. The 20 percent limitation 
below Vma× in the absence of  NADH is due to four approx- 
imately equal limitations; partial saturation by NAD +, partial 
saturation by ethanol, substrate inhibition by ethanol and 
product inhibition by acetaldehyde. As shown in Table 3, the 
maximum calculated increase in V/Vmax that can be obtained 
by assuming that NADH concentration is vanishingly small 
is 16 percent at the 3 different ethanol concentrations. This 
represents the greatest predicted degree of stimulation of 
ADH activity that can arise from the addition of  agents that 
increase NAD+/NADH. This calculated increase agrees rea- 
sonably well with the 15 to 30 percent increase in ethanol 
oxidation reported with rat hepatocytes after the addition of 
fructose [12] or in vivo after the addition of  2,4-dinitrophenol 
[151. 

We also predict from Equation 1 that substrate inhibition 
by ethanol is a rate-limiting factor for ADH at alcohol con- 
centrations above 10 mM. As shown in Table 3, when 

ethanol concentration is increased from 10 to 40 and 100 
mM, the v/Vmax ratio calculated with 2/zM NADH decreases 
from 69 to 66 and 53 percent, respectively. In support of this 
calculation, Braggins and Crow [6] recently reported that 
ethanol elimination rates measured in vivo in rats are lower 
at 130 mM ethanol than rates at 70 mM ethanol. This impor- 
tant limitation of  enzyme rate at high ethanol concentration 
was reported some time ago by Dalziel and Dickinson [13] 
for horse liver ADH but it had not been fully appreciated in 
studies correlating rat liver ADH activity with ethanol elimi- 
nation rates [9,20]. From these data, we conclude that the 
activity of rat liver ADH is limited principally by NADH 
product inhibition at low ethanol concentrations and both by 
NADH product inhibition and by ethanol substrate inhibition 
at high alcohol concentrations. 

STEADY-STATE KINETICS OF HUMAN LIVER ALCOHOL 
DEHYDROGENASE ISOENZYMES AND THEIR ROLE IN 

REGULATING ALCOHOL METABOLISM IN MAN 

The number of  enzyme forms in human liver and the 
complexity of electrophoretic patterns on starch gels, as 
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FIG. 2. Substrate saturation curves for homodimeric ADH isoen- 
zymes. The substrate saturation curves were computed from the 
constants in Table 4 and Equation 3 (aa,/3//3, and fl[,,lfl~.,) or Equa- 
tion 2 (Y~Y, and Y~Y2). 

shown in Fig. l, far exceeds that in the rat or any other 
known animal species. As many as 16 electrophoretically 
distinct enzyme forms have been identified in a single liver 
specimen [4,24]. Some years ago, a genetic model was pro- 
posed to account for this multiplicity of enzyme forms; 3 
gene loci, ADH1, ADH2 and ADH:~, were proposed with two 
of their loci being polymorphic, ADH2 and ADH:~ [24]. The 
starch gel electrophoresis patterns for seven different liver 
specimens and the proposed ADH phenotypes are shown in 
Fig. 1. 

An efficient procedure for the purification of  all ADH 
isoenzymes in human liver by affinity and ion-exchange 
chromatography was developed recently ([5,17], Boston et  
a/., submitted for publication). We have isolated five 
homodimeric isoenzyme forms and ~--ADH by this proce- 
dure and have determined their steady-state kinetic proper- 
ties 15]. The five homodimers are a a ,  flmfi~, /~lnd/~Ind, ")/I~Y1 and 
Y272, according to the nomenclature of Smith et  al.  [24] and 
Bosron and Li [4]. It has been proposed that the subunits in 
c~a are coded by ADH~, those in r i f t ,  and fl~ndfl,,a by the 
polymorphic ADH2 locus and those in YlY~ and Y.zYz by 
ADH:~. 

The pH-activity profiles for a a ,  fl~fl~, yVYl,  T2"/2 and 
7r-ADH have been determined with 33 mM ethanol and 2.4 
mM NAD + and they all exhibit an optimum at 10.5 [3]. The 
pH-activity profile for fl,ndfl,~d differs from the other forms; it 
has an optimum at 7.0 [3]. Ethanol saturation curves for the 5 
homodimers were determined at pH 7.5, 25 °, in 0.1 M NaPi 
with 2.4 mM NAD + as shown in Fig. 2. The kinetics of 

TABLE 4 

K I N E T I C  C O N S T A N T S  FOR E T H A N O L  O X I D A T I O N  BY H U M A N  
LIVER ADH ISOENZYMES AT pH 7.5 

K m o r  So.:, Vine,× 
Hill for Ethanol U//zmol 

Isoenzyme Coefficient (h) mM active site* 

7r-ADH 1.01 34 20 
~tc~ 0.98 4.2 27 
T,Y, 0.50 1.00 81 
Y'-,'Ye 0.56 0.60 32 
fi~fi, 0.93 0.048 9 
fl,n,JfiJ,,d 1.0 64 560 

*Concentration of ADH active sites was determined by fluores- 
cence titration of enzyme and isobutyramide with NADH [23]. 

7r-ADH have been reported [2]. The kinetic data for all six 
forms were fit to the Hill equation [25]: 

log 
Vmax V 

h(Iog IS] - log [S]..:,) (2) 

and to a form of the Michaelis-Menten equation derived for 
substrate inhibition [8]. 

v S 
g ...... Km + S + S~/Ki (3) 

c~c~, [3,13,, fl,,,dfiJ,,, and 7r-ADH all exhibited Hill coefficients 
of about 1.0 (Table 4) and the data fit Equation 3. Their V .... 
and Km values are shown in Table 4; y~y~ and Y2T2 had Hill 
coefficients of 0.50 and 0.56, respectively (Table 4), indicat- 
ing negative cooperativity for substrate saturation [25]. The 
Vm~,x values for ')/1~/1 and Y272 were estimated from the fit of 
data at high ethanol concentration to the Michaelis-Menten 
equation {8] and (S)o.~ values were calculated from the fit of 
data to Equation 2 [25]. The Km or (S)o.5 values for the 6 
molecular forms in Table 4 varied over an extremely wide 
range of 1300-fold with that for f l , f l ,  being the lowest and 
fl,,dfl,nd being the highest. Vm~,~ values vaired more than 60- 
fold with that for f l , f i l , , ,  being the highest and fl~fl, being the 
lowest. Clearly, the kinetics of ethanol oxidation for the 2 
alloenzymes produced at ADH2, fl~fl, and flI ,aflI,d, differ to a 
greater degree than the 2 alloenzymes produced at ADH:~, 
ylyl and "/zy,z. 

Because of such large differences in the kinetic properties 
of the various isoenzymes of  human liver ADH, correlation 
of ethanol elimination rates with the steady-state kinetic 
properties of the enzyme(s) would require a pr ior i ,  knowl- 
edge of the isoenzyme composition or phenotype of the test 
subjects. Furthermore, it appears highly unlikely that the 
pharmacokinetics of  ethanol elimination in man over a wide 
concentration range will fit either pseudo-zero ordered or 
simple Michaelis-Menten kinetics. Comparison of the 
ethanol elimination profiles of individuals with ADH2 Ind- 
Ind or ADH,, 1-1 phenotypes should provide clarification of 
these issues. 
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