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Abstract—1. On the basis of kinetic properties and sensitivity to pyrazole inhibition, it is shown that liver
alcohol dehydrogenase present in human mainly corresponded to class I and in rat to class ADH-3 which

differed in a number of parameters.

2. Two different aldehyde dehydrogenase (ALDH) isoenzymes were detected in both human and rat
liver. The human isoenzymes corresponded to the ALDH-I and ALDH-II type.

3. In the rat, one isoenzyme had low K, and showed similar activity than in human liver but differed
in their sensitivity to both disulfiran and nitrofazole inhibition whereas the other presented high K, and

showed greater activity than the human one.

4. Caution must be therefore paid when extrapolating to human subjects the data on ethanol

metabolism obtained with rats.

INTRODUCTION

Ethanol is mainly metabolized in the liver by
the sequential activities of alcohol dehydrogen-
ase (EC1.1.1.1) and aldehyde dehydrogenase
(EC 1.2.1.3) although other alternative enzymatic
systems have been described (Lieber and De Carli,
1968, 1970). Mammalian alcohol dehydrogenase
(ADH) is a polymorphic dimeric zinc metalloenzyme
composed of 40,000 Da subunits. The relative elec-
trophoretic mobility of liver ADH molecules differs
in most of the animal species studied. Human ADH
subunits can be divided into three classes: I, IT and ITI
(Strydom and Vallee, 1982). Class I subunits derive
from at least three genetic loci and constitute the
a-subunit, different f-subunits, and two y-subunits
(Von Wartburg et al., 1965; Smith et al., 1971;
Wagner et al., 1983; Jornvall et al., 1984). The genetic
organization and gene structures of n-subunits of the
class II type and the y-subunits of the class III type
have only recently been reported (Duester er al.,
1986). Three different alcohol dehydrogenase iso-
enzymes have been reported in rat tissues (Julia et al.,
1987).

In mammals, the greatest aldehyde dehydrogenase
(ALDH) concentrations are found in the liver. The
enzyme, a homotetramer, exists as isoenzymes which
are specific to different subcellular compartments:
cytoplasm, mitochondria and microsomes (Deitrich,
1966; Marjanen, 1972; Tottmar et al., 1973; Koivula,
1975; Koivula and Koivusalo, 1975). ALDH iso-
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enzymes have been divided into two broad classes:
isoenzymes with micromolar K, values or isoenzymes
with millimolar K,, values for short-chain aliphatic
aldehydes. Low and high K, isoenzymes can be
found within the same subcellular compartment,
and both have been partially purified from rat liver
mitochondria (Siew ez al., 1976) and cytoplasm
(Truesdale-Mahoney et al., 1981). When human liver
homogenates are electrophoresed on starch gel, four
bands of aldehyde dehydrogenase activity are visual-
ized after staining (Harada et al., 1978, 1980). The
two major isoenzymes, called ALDH-I (or E,) and
ALDH-II (or E,), have been purified to homogeneity
(Greenfield and Pietruszko, 1977, Hempel et al.,
1982). ALDH-I and ALDH-II are both low K,
aldehyde dehydrogenases. Two additional slow
migrating bands, ALDH-III and ALDH-IV, repre-
sent high K,, aldehyde dehydrogenase isoenzymes
(Harada et al., 1978, 1980).

Much attention has been devoted in the past to
study on the effects of acute and chronic ethanol
consumption. Many of these studies have been per-
formed using animals particularly the rat, but we
have recently reported the existence of major differ-
ences in the in vivo pattern of ethano! elimination
between humans and monkeys or rats (Zorzano and
Herrera, 1990a). Due to these differences we decided
to perform a comparative study on the activities of
the two major ethanol metabolizing enzymes, alcohol
dehydrogenase and aldehyde dehydrogenase, using
fresh human and rat liver biopsies. A partial and
preliminary report has been previously published
(Herrera et al., 1983).
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Table 1. Alcohol dehydrogenase activity in human and rat liver

ADH activity
pH74

pH 10.5

Kinetic parameters at pH 10.5
K,

(Units/g tissue) (mmgl/l) (Units/'gm;issue)
Human liver 1.54 £ 0.17 6.24 +0.56 2.10+0.36 7.70 £ 0.70
Rat liver 1.00 + 0.15* 2.72 4+ 021 1.02 4+ 0.25* 2.96 + 0.43*

Results are means + SE of 4-8 observations per group. ADH activity was assayed in tissue
extracts at pH 7.4 or 10.5, 25°C and different ethanol concentrations (ranging from 0.02 to
17 mmol/l). *Significant difference between human and rat liver groups, at P < 0.05.

MATERIALS AND METHODS

Fresh human liver biopsies taken for diagnosis after
overnight fasting during abdominal surgery (cholecystec-
tomy) in 9 patients who were later proven to be histopatho-
logically healthy were used together with material from
female Wistar rats from our own colony weighing about
200 g. The animals were kept in a light cycle and tempera-
ture controlled room and fed ad libitum with Purina chow
pellets. Rats were sacrificed with a guillotine after overnight
fast.

Determination of alcohol dehydrogenase and aldehyde
dehydrogenase activities

Immediately after excising human and rat liver, they were
placed in ice-cold S0 mM sodium phosphate buffer, at
pH 7.4. Samples were homogenized in 50 mM phosphate
buffer (ratio 1:1, weight:volume) in a glass Potter vessel
with Teflon pestle in an ice-bath and then sonicated in a
MSE sonifier (set at 12 x4 for 1 min) to disrupt the integrity
of subcellular organelles. Final homogenates were spun
at 56,000g for 20min, at 4°C. The supernatants were
then centrifuged at 143,000 g for 60 min, and final superna-
tants containing the overall non-membrane bound ethanol-
metabolizing enzymes, were immediately used for enzymatic
assays. ADH and ALDH activities were assayed on the same
day following the spectrophotometric methods described by
Von Wartburg et al. (1965) and by Blair and Bodley (1969)
with a few modifications (Zorzano et al., 1989).

ADH activity was assayed at 25°C in cuvettes containing
67mM sodium phosphate (pH7.4) or 100mM glycine-
NaOH buffers (pH 8.8, 9.6, 10.5 or 12.0), 1.3 mM NAD+
and 0.8-1.0 mg of protein (20 u! of sample) in 3ml. The
reaction was initiated by the addition of ethanol to reach a
final concentration of 17mM for measurement of total
activity, and 0.02, 0.05, 0.1, 1.0 and 17 mM for V_,, and K,
measurements.

ALDH assay was performed at 37°C in cuvettes contain-
ing 100 mmol/l glycine-NaOH, 130 mmol/l KCl, 1 mmol/l
pyrazole and [ mmol/l NAD*, pH74 or 88, and
0.8-1.0 mg of protein in 1 ml. The reaction was started by
adding 0.05, 0.3 or 20 mmol/! acetaldehyde (final concentra-
tion). For K, and V_,, measurements of different ALDH
isoenzymes, acetaldehyde was added at final concentrations
ranging from 0.005 to 40 mmol/l. In some experiments, the
ALDH inhibitors disulfiram and nitrefazole were dissolved
in dimethylsulfoxide and added to the incubation media.
In these experiments, identical volumes of dimethylsulfoxide
were added to the control (no inhibitor) cuvettes. Measure-
ments were made with a Beckman DU-8B (Kinetics II)
spectrophotometer at 340 nm, and one unit of enzymatic
activity was considered to correspond to 1 pmol of substrate
transformed per min. Proteins were determined by the
Lowry method (Lowry et al., 1951). Results are expressed
as means + SE and statistical comparisons among groups
was done by Student’s -test.

RESULTS

Alcohol dehydrogenase activities in human and rat liver

Alcohol dehydrogenase activity (ADH) in human
and rat liver was initially investigated. Human liver

biopsies displaying the typical phenotype of ADH
activity under the basis of kinetic characteristics
were only included for comparison with rat liver
biopsies, whereas those showing atypical ADH
characteristics (Von Wartburg et al, 1965) were
discarded. As shown in Table 1, ADH activity was
significantly increased in human liver at both pH 7.4
and 10.5 as compared to the activity found in rat
liver. At pH 10.5, both V. and K, values were
greater in human as compared to rat liver extracts
(Table 1). On the basis of kinetic properties, human
hepatic ADH resembles class I ADH isoenzyme,
whereas rat liver ADH is similar to the previously
reported ADH-3 (Julia et al., 1987). The effect of pH
on ADH activity was next investigated (Fig. 1). ADH
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Fig. 1. Effect of pH on ADH activity in human rat liver.
Results are means + SE of 4-8 observations per group.
Alcohol dehydrogenase activity was assayed in human
(m M) and rat ((J----- ) liver extracts at different pH,
25°C and different ethanol concentrations (ranging from
0.02 to 17mmol/l). In (A) ADH activity assayed at
17 mmol/! ethanol is shown. K|, values obtained at different
pH are presented in (B). *Significant difference between
human and rat liver groups, at P < 0.05.
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activity increased with pH both in human and rat
liver so at pH 10.5 ADH activity was maximal.
However, when data were expressed as percentage of
ADH activity observed at pH 7.4, a clear dissociation
between human and rat liver ADH was detected
(Fig. 1A). Thus, increasing the pH caused a greater
activation of ADH in human liver than in rat liver.
Since these differences are a reflection of changes in
Vimax » We also investigated possible changes in K, for
ethanol (Fig. 1B). At physiological pH of 74, K,,
values for ethanol were low and undistinguishable
both in human and in rat liver ADH. When pH was
raised to 8.8, the K, values substantially increased in
human liver but not in rat liver, which remained
constant. At pH 10.5, K,, values for human liver were
even higher than at pH 8.8, and under these con-
ditions, K,, values also increased in rat liver prepara-
tions. Thus, alkaline pH caused a raise in X, values,
and human liver ADH was more sensitive to these
changes than the rat ADH isoenzyme.

The effect of pyrazole, a competitive ADH
inhibitor (Theorell and Yonetani, 1963), was next
investigated (Fig. 2). At pH 8.8 and 17 mM ethanol,
pyrazole inhibited ADH activity similarly in human
and rat liver preparations. Half maximal inhibitions
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Fig. 2. Effect of pyrazole on ADH activity in human and rat
liver. Results are means + SE of 4-5 observations per group.
Alcohol! dehydrogenase activity was assayed in human
(lH——M) and rat ((J----- ) liver extracts at pH 8.8 (A)
or 10.5 (B), 25°C and 17 mmol/] ethanol in the presence of
different concentrations of pyrazole (ranging from 0 to
940 uM). *Significant difference between human and rat
liver groups, at P <0.05.
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were found at about 50 uM pyrazole (Fig. 2A).
However, at pH 10.5 pyrazole inhibited rat liver
ADH activity to a much greater extent than at
pH 8.8; under these conditions 50 uM pyrazole
caused a 95% inhibition of rat liver ADH activity
(Fig. 2B). The ADH sensitivity to pyrazole was
not modified in human liver at pH 10.5 and
therefore large differences in the pattern of pyrazole
inhibition were detected between human and rat liver
preparations (Fig. 2B).

Aldehyde dehydrogenase activities in human and rat
liver

In the present study, aldehyde dehydrogenase
(ALDH) activities in human and rat liver extracts
were also investigated. We have already reported that
in soluble (microsome-free) extracts from human liver
only the isoenzymes ALDH-I (or E,) and ALDH-II
(or E,) are detected (Zorzano and Herrera, 1989;
Zorzano et al., 1989). The ALDH-I isoenzyme had a
very low K,, for acetaldehyde (approximately 9 uM)
(Table 2) whereas the ALDH-II isoenzyme showed a
higher K, for acetaldehyde (about 32 uM) (Table 2).
The human high K, isoenzymes of ALDH, ALDH-
IIT and ALDH-IV, (17, 18) were not detected, sug-
gesting that in vivo, they might be located in the
microsomal compartment.

In rat liver extracts two different ALDH compo-
nents were detected (Table 2): one had a low K, value
for acetaldehyde (approximately 10 pM); whereas
the second component had a much higher K,, for
acetaldehyde (1.5 mM). The activity of the low K,
ALDH isoenzyme was similar in both human and rat
liver extracts (Table 2). However, the total ALDH
activity was greater in rat liver than in human liver
because of the increased activity of the high X,
ALDH isoenzyme in rat liver as compared to the
activity present in human liver (Table 2). Surpris-
ingly, in human liver extracts, high concentrations of
acetaldehyde (above 4 mM) caused a dramatic inhibi-
tion of ALDH (Fig. 3); the inhibition was so extreme
it indicated that both ALDH-I and ALDH-II iso-
enzymes were affected. This kind of inhibition by a
substrate was not detected in rat liver extracts (data
not shown).

Table 2. Aldehyde dehydrogenase activity in human and rat liver

Low K, High K,,
isoenzyme isoenzyme
K, V max K, Vi
M) (Units/g) (M) (Unit/g)
Human liver 9+3 0.85+0.09 3245 0.27 £ 0.10
Rat liver 10+2 087+0.10 1547 +223* 2.15+0.30*

Results are means + SE of 7-13 observations per group. Aldehyde
dehydrogenase activity was assayed in tissue extracts at pH 8.8,
37°C and different acetaldehyde concentrations. Values of low
K,, isoenzyme activities were obtained using 0.05 mM acetalde-
hyde in both human and rat liver extracts. In human liver
extracts, high K, isoenzyme activities were obtained by sub-
stracting the ALDH activity found at 0.05mM acetaldehyde
from maximal ALDH activity obtained at 0.3 mM acetaldehyde.
Similarly, in rat liver extracts high K, isoenzyme activities
were calculated by substracting the ALDH activity at 0.05 mM
acetaldehyde from optimal ALDH activity found at 20 mM
acetaldehyde. Kinetics of the ALDH isoenzymes were obtained
assaying ALDH activities at acetaldehyde concentrations rang-
ing from 0.005 to 40 mM in rat liver extracts and from 0.005 to
0.3 mM in human liver extracts. *Significant difference between
human and rat liver groups, at P < 0.05.
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Fig. 3. Effect of acetaldehyde on aldehyde dehydrogenase

activity in human liver extracts. Results are means of 4

observations per group. Aldehyde dehydrogenase activity

was assayed in human liver extracts at pH 8.8, 37°C and
different acetaldehyde concentrations.

The maximal ALDH activity was found at pH 8.8
both in human and rat liver extracts, and a similar
extent of stimulation in ALDH activity, induced by
raising the pH from 7.4 to0 9.5, was also detected (data
not shown).

The effect of known ALDH inhibitors, disulfiram
(Neims et al., 1966) and nitrefazole (McMillan, 1983),
on human and rat liver ALDH was also subjected to
study. The low K, isoenzymes were inhibited to a
small extent by 10 uM disulfiram in both human and
rat liver extracts (Fig. 4A) whereas 100 uM disulfiram
caused almost complete inhibition. No differences
in the dilsulfiram inhibition pattern on the low K,
isoenzymes were detected between human and rat.
Human hepatic ALDH-II isoenzyme was more sensi-
tive to disulfiram than human ALDH-I isoenzyme
(Fig. 4B). However, the rat high K|, isoenzyme was
very insensitive to disulfiram and concentrations of
inhibitor as high as 100 uM only caused a 22%
inhibition of its activity (Fig. 4B).

Nitrefazole, another ALDH inhibitor, caused a
substantial decrease in the low K,, ALDH activity in
both rat liver and human liver extracts (Fig. 5A);
however, the inhibitory effect of nitrefazole was
greater in rat liver extracts as compared to human
liver extracts (Fig. 5SA). On the other hand, both
human ALDH-II and rat high K,, ALDH isoenzyme
were completely insensitive to inhibition by nitre-
fazole, even at concentrations as high as 100 uM
(Fig. 5B).

DISCUSSION

In a recent report we demonstrated the existence of
major differences regarding the pattern of ethanol
elimination after an oral load of ethanol in both
rats and humans (Zorzano et al., 1990a); thus, blood
ethanol concentrations stayed very high for longer
periods of time in human subjects as compared to
rats. Surprisingly, hepatic alcohol dehydrogenase
activity was increased in human subjects compared to
rats. The results of the present study demonstrate the
existence of large differences in the kinetic properties
and sensitivity to inhibitors between human and rat
hepatic alcohol dehydrogenase (ADH) and aldehyde

A)

% of basal activity

o T T L) T T
o 20 40 60 80 100
Disulfiram (uM)

B)
=

= 100
>

e

°

-4 75 A
_

]

0 504
[ -]

a

—

S 25 4
]

o L L S T

0 20 40 60 80 100
Disulfiram (uM)

Fig. 4. Effect of disulfiram on aldehyde dehydrogenase in
human and rat liver. Results are means + SE of 5-8 obser-
vations per group. Aldehyde dehydrogenase activity was
assayed in human (li——M) and rat ((J----- ) liver
extracts at pH 8.8, 37°C and 0.05 and 0.3 mmol/] acetalde-
hyde concentrations (human liver extracts) or 0.05 and
20 mmol/l in rat liver extracts in the presence of different
concentrations of disulfiram. Activity of low K, isoenzyme
corresponds to activity assayed at 0.05 mM acetaldehyde. In
human liver extracts, high K, isoenzyme activities were
obtained by substracting the ALDH activity found at
0.05mM acetaldehyde from maximal ALDH activity ob-
tained at 0.3 mM acetaldehyde. Similarly, in rat liver ex-
tracts high K, isoenzyme activities were calculated by
substracting the ALDH activity of 0.05mM acetaldehyde
from optimal ALDH activity found at 20 mM acetaldehyde.
Results in panel A correspond to low K|, isoenzymes and in
panel B to high K, isoenzymes. *Significant difference
between human and rat liver groups, at P < 0.05.

dehydrogenase (ALDH). In consequence, in light of
these differences between human and rat liver ADH
and ALDH activities, data regarding ethanol phar-
macology obtained from experimental animals might
be difficult to extrapolate to human subjects.

It is known that human liver alcohol dehydrogen-
ase mainly consists of class I («, f, y) ADH iso-
enzymes. In addition, the existence of class II (x)
alcohol dehydrogenase in human liver has also been
described (Bosron et al., 1979; Ditlow et al., 1984).
Under our conditions, human liver alcohol dehydro-
genase presented a low K, for ethanol (2.1 mM) and
high sensitivity to pyrazole (K, s of 50 uM at pH 8.8).
That clearly indicates that class IT alcohol dehydro-
genase (characterized by K, values for ethanol of
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Fig. 5. Effect of nitrefazole on aldehyde dehydrogenase in
human and rat liver. Results are means + SE of 5-7 obser-
vations per group. Aldehyde dehydrogenase activity was
assayed in human (l——M) and rat ((J----- ) liver
extracts at pH 8.8, 37°C and acetaldehyde concentrations of
either 0.05 and 0.3 mmol/l in human liver extracts or 0.05
and 20 mmol/l in rat liver extracts, in the presence of
different concentrations of nitrefazole. Results in panel (A)
correspond to low K,, isoenzymes and in panel (B) to high
K, isoenzymes. See further details in legend to Fig. 4.
*Significant difference between human and rat liver groups,
at P <0.05.

about 120 mM and relative insensitivity to pyrazole)
was negligible in our preparation. On the other hand,
it has been recently reported that rat tissues contain
three different isoenzymes of alcohol dehydrogenase,
named ADH-1, ADH-2 and ADH-3 (Julia et al.,
1987). ADH-3 is mainly present in rat liver and its
reported properties are comparable to the character-
istics observed by us in the present study, that is, the
K, for ethanol is 1.0 mM at pH 7.4 and it is strongly
inhibited by pyrazole. Thus, although human class I
ADH and rat ADH-3 seem to show similar character-
istics, here we have found that they both differ in a
number of properties, namely: the effect of pH on
enzyme activity; K|, values for ethanol; and sensitivity
to pyrazole. Thus, human class I ADH was activated
by changes in pH to a greater extent than rat ADH-3;
K, values became much higher in human class | ADH
than in rat ADH-3; and finally, alkaline pH caused
an increase in sensitivity to pyrazole in rat ADH-3
but not in human class I ADH. The increase in
sensitivity to pyrazole by raised pH concurs with data
from another source describing an increase in pyra-

zole association rate to the enzyme-NAD™* complex
(Andersson et al., 1981).

In the soluble extract (microsome-free) obtained
from human liver, we have detected the two major
human ALDH isoenzymes, that is, ALDH-I
(K,,~9 uM) and ALDH-II (K,,~ 32 uM) (Zorzano
and Herrera, 1990b; Zorzano et al., 1989). It is
believed that ALDH-I has a predominantly mito-
chondrial origin whereas ALDH-II has a cytosolic
origin (Pietruszko, 1983; Goedde and Agarwal,
1987). A different pattern of ALDH isoenzymes was
observed in extracts from rat liver, which were char-
acterized by very different X, values. According to
earlier authors, the major rat low K, ALDH iso-
enzymes are found in mitochondria, whereas the
major high K,, ALDH isoenzymes are present in mito-
chondria, microsomes and cytosol (Tottmar et al.,
1973; Horton and Barrett, 1975; Lebsack ez al., 1981).

Regarding the low K,, ALDH isoenzymes, human
ALDH-I showed the same K, values for acetaldehyde
as the rat low K,, ALDH isoenzyme; however, they
differed in their sensitivity to nitrefazole, indicating
that they are different isoenzymes. Another indication
that we are dealing with different isoenzymes is that,
contrary to rat low K,, ALDH isoenzyme, human
ALDH-I was inhibited by acetaldehyde. As judged by
kinetic studies, we did not identify the presence of any
ALDH isoenzyme in rat liver extracts with acetalde-
hyde K, values similar to those of human ALDH-II.
Very large differences were observed between human
ALDH-II and the high K,, rat ALDH isoenzyme,
differences that regarded K,, values as well as sensitiv-
ity to high concentrations of acetaldehyde and disulfi-
ram. Interestingly enough, human ALDH-I was less
sensitive to disulfiram than ALDH-II; however, rat
low K, ALDH was more sensitive to disulfiram than
rat high K,, ALDH isoenzyme, which in fact was
extremely resistant to the inhibitor.

In conclusion, the results of the present study allow
us to conclude, (a) the existence of major differ-
ences in kinetic properties and sensitivity to pyrazole
between human class I ADH and rat ADH-3 iso-
enzymes; (b) the appearance of a different pattern of
ALDH isoenzymes in liver extracts from rats and
human subjects, so whereas two different low K,
ALDH isoenzymes (micromolar range) have been
described in human extracts, only one low K, iso-
enzyme is found in rat liver extracts; (¢) human and
rat liver low K,, ALDH isoenzymes differed in a
number of properties, namely their sensitivity to
inhibitors such as disulfiram and nitrefazole, and
their sensitivity to substrate-inhibition.
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