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Abstract—The alcohol dehydrogenase (ADH) isoenzymes (aicohol : NAD oxidoreductase, EC 1.1.1.1)
of classes I, III and IV were investigated by activity and starch gel electrophoresis analyses during rat
ontogeny. Class I was studied in the liver, class III in the brain and class IV in the stomach and eyes.
Classes I and IV exhibited very low activity during the fetal period, reaching 12% and 3%, respectively,
of the adult value at birth. Class III was relatively more active in the fetus, with 38% of the adult
activity at birth. In the three cases, activity increased after birth and adult values were found around
day 20 (classes I and III), day 39 (stomach class IV) and after day 91 (eye class IV). The very low
activity of the isoenzymes responsible for ethanol oxidation, i.e. liver class I and stomach class IV, in
the fetus demonstrates that metabolism of ethanol during gestation is essentially performed by the
maternal tissues. Development of ADH isoenzymes were also studied in the offspring of rats exposed
to an alcoholic liquid diet. Activities of liver class I and stomach class IV were severely reduced: they
were only 30% and 50%, respectively, of the control values. In contrast, eye class IV activity did not
change and brain class III showed a 30% increase. Moreover, the concentration of liver soluble protein
exhibited a 1.3-1.5-fold increase with respect to control animals. The effects on activities and liver
protein were more pronounced in the adult than in the perinatal period, and they seem irreversible
since normal values were not recovered after 6 weeks of feeding with a non-alcoholic diet. The low
activities of the alcohol-oxidizing isoenzymes indicate that maternal ethanol consumption results in an
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impaired ethanol metabolism of the offspring.

Alcohol dehydrogenase (alcohol:NAD oxido-
reductase, EC 1.1.1.1, ADH#) of mammals consists
of several isoenzymes, active towards a variety of
alcohols and aldehydes, which represent the most
important metabolic system for ethanol elimination.
ADH isoenzymes have been grouped in four classes,
based on their kinetic and structural properties [1-
4]. Class I is the group of isoenzymes, essentially
hepatic, with low K,, for ethanol. Class II has been
described in liver and exhibits a high K,, for ethanol.
Class I1I is detected in all organs, is specific for long
chain alcohols and exhibits glutathione-dependent
formaldehyde dehydrogenase activity [5]. Class IV
ADH has been described in the digestive tract and
external epithelia of rat and shows specificity for
medium and long chain alcohols. It has been
suggested that the new isoenzyme, o-ADH, recently
characterized in the human stomach, is homologous
to rat class IV [6]. The four isoenzyme classes differ
from each other in 30-40% of the amino acid
sequence, while isoenzymes within a single class (i.e.
human class I) exhibited less than 10% difference
{3, 4.

Isoenzymes of the classes I, III and IV are well
known for the rat species [2, 4]. Class I is responsible
for hepatic ethanol metabolism and class IV has a
role in gastric ethanol oxidation, whereas class III

t Corresponding author: Dr. Xavier Parés. Tel. (34) 3-
5811256; FAX (34) 3-5811264.
t Abbreviation: ADH, alcohol dehydrogenase.

is involved in fatty alcohol and formaldehyde
metabolism but its function in ethanol oxidation is
probably minimal [2,7]). Determination of the
variation in ADH activity during development is
essential to estimate changes in alcohol metabolism
and toxicity at different ontogenic stages. Previous
reports on this subject in the rat species have focused
on liver class I development {8-13]. A reinvestigation
is, however, necessary with regard to the present
knowledge of the three different isoenzyme classes,
differently distributed in the rat organs and with
distinct physiological functions. In the present report
we have studied the changes in activity and
isoenzymatic pattern of the three ADH classes
throughout the development of the rat liver, stomach,
eyes, brain and placenta. We also present data on
the ADH activity changes during the development
of the offspring of mothers fed an alcoholic diet. We
used a model in which the female rat was fed a liquid
diet with 5% ethanol during 1 month before
pregnancy, and throughout gestation and lactation.
This animal model has been proven to reproduce in
the offspring some symptoms and alterations
fharacteristic of children with fetal alcohol syndrome
14, 15].

MATERIALS AND METHODS

Materials. NAD (grade III and grade AA-1),
dithiothreitol, starch, phenazine methosulphate,
nitrobluetetrazolium and pyruvic acid were pur-
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chased from the Sigma Chemical Co. (St Louis, MO,
U.S.A.). Substrates and buffers were obtained from
Merck (Darmstadt, F.R.G).

Rat tissues. Adult virgin female Wistar rats with
an average initial body weight of 150-200g were
used. All animals were acclimated to laboratory
conditions for at least 1 week before treatment.
They were housed in groups of four to five animals
per cage and maintained under controlled conditions
of light and dark (12/12 hr), temperature (23 = 1°),
and humidity (60%). They were divided randomly
into three groups according to diet: the control group
received standard solid rat chow and tap water ad.
lib.; the alcoholic animals received an ethanol liquid
diet (5% w/v) in which ethanol provided 36% of the
total calories [16]; the pair-fed group was given a
similar liquid diet for the same period, except that
maltose-dextrin replaced ethanol isocalorically. All
animals received fresh food daily. The ethanol
content of the alcohol liquid diet was increased
gradually from 1 to 5% during a period of 1 week.
The alcoholic and pair-fed females were maintained
on their diets for 4-5 weeks before mating. No
differences were observed in body weight between
both groups at the end of treatment.

Mating was determined by the presence of sperm
in vaginal lavage, defined as occurring day zero of
gestation. Pregnant rats were housed in individual
cages and kept on their respective diets. Offspring
were separated from mothers on day 25 postnatally
and their diet was changed to standard rat chow. In
the alcoholic group, mothers were maintained on
alcoholic diet throughout the experiment such that
offspring were exposed to ethanol during their fetal
and suckling periods. On different days of gestation,
pregnant rats and fetuses were killed by decapitation,
and placenta, fetal liver, stomach, brain and eyes
were dissected out immediately. On different days
of postnatal development, pups from the three diet
groups were killed and the organs were dissected
out. Both male and female offspring were used. All
animals were sacrificed at the same time of day
(around 9:00a.m.) to avoid circadian variation.
Stomachs were cut, cleaned and washed in ice-cold
distilled water. All organs were frozen in liquid
nitrogen and stored at —80°, ADH activities of the
stored material did not differ significantly from those
of fresh tissues.

Sample preparation. Prior to analysis, organs were
thawed, cut in small pieces and homogenized in
50mM sodium pyrophosphate pH 8.8, 0.5mM
dithiothreitol, using a 1:2 w/v or 1:3 w/v dilution,
with an Ystral (Dottingen, F.R.G.) homogenizer.
The homogenates were centrifuged at 27,000 g for
1hr at 4°. Supernatants were used for ADH activity
determinations and electrophoretic analysis. Protein
concentration was determined by the Coomassie
blue method [17] using bovine serum albumin as a
standard.

Electrophoresis. Starch gel electrophoresis of
tissue homogenates (10 uL) was carried out at 4°,
pH 7.6, on horizontal gels, for 5 hr at 720 V using a
Multiphor instrument (Pharmacia LKB, Uppsala,
Sweden) [2]. The gels were stained for activity using
0.1 M 2-buten-1-ol as a substrate.

Enzyme assays. ADH activity of tissue homo-
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Fig. 1. Separation of ADH isoenzymes by starch gel

electrophoresis of homogenates from rat liver (lane 1),

brain (lane 2) and stomach (lane 3), stained for 2-buten-
1-ol activity.

genates was determined spectrophotometrically at
25° as the increase in absorbance at 340 nm in a Cary
219 instrument. Activity assays were performed in
0.1M glycine/NaOH pH 10.0, 4mM NAD. The
substrates were 33 mM ethanol for the class I ADH,
1M ethanol for the class IV ADH, and 1.5 mM
octanol for the class III ADH. Activities are
expressed as units. One unit corresponds to one
umole of NADH formed per minute. Results are
presented as the mean = SEM of 3-5 experiments
performed with different animals. The ANOVA and
Student’s r-tests were used for statistical analysis.

RESULTS

Development of ADH isoenzymes

Analysis of the isoenzymes during the development
of the rat was performed by starch gel electrophoresis
and by determination of the ADH activity specific
for eachisoenzymatic class. Starch gel electrophoresis
served to identify each isoenzyme present in the
sample, while activity was used to measure the
amount of active enzyme.

Because of the differences in localization and in
enzymatic activity of the ADH isoenzymes in the
rat tissues, several organs had to be used (Fig. 1).
Liver and stomach were chosen because of their
high content of class I and class IV, respectively,
and because of their intrinsic importance in ethanol
metabolism. The eyes were also used for class IV
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Fig. 2. Starch gel electrophoresis of homogenates from fetal rat liver of different days of gestation,
stained for 2-buten-1-ol activity.
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Fig. 3. Changes in liver class I ADH activity during rat

development. Each point represents the mean of three to
five values from different animals = SEM.

analysis because of their high activity and to serve
as a comparison for the stomach. Although all these
organs also contained class III, the activity of this
isoenzyme was not significant under the conditions
used for the liver class I assay, while the amount of
class III in the stomach and eye was very small.

The study of class III development was essentialty
performed in the brain because of the importance
of this organ in the pathology of alcohol and the
possible role of class III in brain fatty alcohol
metabolism [18]. The placenta was also analysed for
class III activity, whereas detection of the enzyme
by starch gel electrophoresis was performed in all
organs studied.

Starch gel electrophoresis of homogenates from
fetal livers of different ages showed the progressive

10,

%of adult cless IV activity

W0 5 6 0 080 %
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Fig. 4. Relative changes in class IV ADH activity during
the development of rat stomach (A) and eyes (@). Each
point represents the mean of three to five values from
different animals. One hundred per cent activity corresponds
to 1.2U/g and 0.9 U/g of stomach and eyes, respectively.

appearance of classes I and III isoenzymes (Fig. 2).
With this technique class I was detected first on day
19, although activity could be detected as early as
day 15, being 2% of the adult activity. At birth (day
22) class I exhibited 12% of the adult activity (Fig.
3). After day 20 of gestation class I activity increased
rapidly up to day 20 postnatally. The activity values
remained steady after that day.

Stomach class IV activity was detected first on day
21 of fetal development (Fig. 4) and increased
progressively up to day 39, when adult activity had
already been reached. In the eyes, a very small class
IV activity was detected around birth. An activity
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Fig. 5. Changes in class IIl ADH activity of the whole
brain during rat development. Each point represents the
mean of three to five values from different animals + SEM.

burst took place after day 7 postnatally and the
activity continued increasing until the last day studied
(day 91). Both organs, the stomach and the eyes,
showed at birth only 3% of the adult activity.

Class III was present in all organs from the first
days of development analysed (Fig. 2). Although
the amount of class III in brain was small, its activity
in the fetus was significant as compared with the
adult activity, and 38% of the adult activity was
already present at birth (Fig. 5). Activity increased
subsequently, reaching adult values on day 20.
The placenta showed a small amount of class III
(0.01 U/g) that remained practically constant during
the last five days of pregnancy. Similarly to the
human tissue [19], no other ADH isoenzyme was
detected in the rat placenta.

Effect of maternal exposure to ethanol on the
development of ADH isoenzymes in the offspring

Offspring of alcoholic rats were exposed to ethanol
during gestation and lactation. After weaning (day
25), pups received standard solid chow. Starch gel
electrophoresis of organs from fetuses and pups did
not reveal any difference in mobility and number of
isoenzymes, as compared to control rats.

ADH activity analysis of the pair-fed group did
not show any significant difference from the activities
of the control group. Therefore, in presenting the
results concerning the alcoholic animals, only the
activities of the pair-fed group will be indicated for
comparison. In Fig. 6 the activities of liver class I of
the alcoholic and pair-fed groups are compared.
Exposure to ethanol resulted in a strong negative
effect on the development of the enzyme activity
expressed in U/g of tissue. Activity of the alcoholic
offspring reached only 30% of the pair-fed controls.
Stomach class I'V activity was also reduced by 50%
when the offspring were exposed to ethanol (Fig.
7). In contrast, ocular class IV was not affected
significantly by ethanol (resuit not shown). Brain
class IIT had an opposite behaviour to both liver
class I and stomach class IV, since ethanol apparently
induced a 30% increase in the isoenzyme activity in
cerebral tissue (Fig. 8).

The effect of exposure to ethanol on the
concentration of soluble proteins was determined in
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Fig. 6. Changes in liver class I ADH activity during the

development of pair-fed (@) and alcoholic (W) rats. Each

point represents the mean of three to five values from

different animals * SEM. *P<0.03, **P<0.015,
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Fig. 7. Changes in stomach class IV ADH activity during

the development of pair-fed (@) and alcoholic (B) rats.

Each point represents the mean of three to five values from
different animals + SEM. *P < 0.03, **P < 0.01.
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Fig. 8. Changes in brain class III ADH activity during the

development of pair-fed (@) and alcoholic (M) rats. Each

point represents the mean of three to five values from
different animals + SEM. *P < 0.03, **P < 0.02.
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Fig. 9. Changes in protein concentration of liver

homogenates during the development of pair-fed (@) and

alcoholic (M) rats. Each point represents the mean of three

to five values from different animals + SEM. *P <0.05,
**P < 0.005.

the liver, stomach, eyes and brain, but only the liver
showed a significant effect (Fig. 9). Alcoholic
offspring exhibited a pronounced increase (by a
factor of 1.3-1.5) of hepatic protein concentration
as compared to pair-fed controls. The differences
were more significant during the adult than the
perinatal period.

DISCUSSION

The development pattern of rat class I ADH
presented here agrees well with previous reports [8-
13]. Fetal activity is very small; it starts to increase
by day 21 of gestation, is 12% of the adult activity
at birth and reaches the adult value by day 20
postnatally. It has been demonstrated previously by
immunoenzymatic analysis that the increase in
activity during development corresponds to an
increase in the amount of enzyme protein [11]. The
development activity pattern of rat class I ADH is
similar to those reported previously for the class I
isoenzymes of other mammals: man [20, 21], ewe
[22], mouse [23-25] and guinea pig [26].

ADH of class IV has an extremely low activity
during rat fetal life and the first postnatal days in
both organs studied, the stomach and the eyes. The
activity burst in the stomach starts immediately after
birth and continues up to day 39, when adult activity
seems to have been reached. Class I'V activity of the
eyes begins to increase after day 7 postnatally. The
increase is practically linear until the last day of the
experiment (day 90). The time difference in the
beginning of the activity burst may be related to a
time difference in the start of functionality of the
two organs. The stomach is already functional
immediately after birth whereas opening of the eyes
occurs several days later. A similar result has been
reported for the aldehyde dehydrogenase isoenzyme
characteristic of the mouse cornea, which is detected
on day 8 in ocular tissues but is already present at
birth in the lung and skin [27]. The ocular isoenzyme
of mouse ADH, which is probably homologous to
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the rat class IV, aiso shows an increase in activity at
the end of the first week [25].

It has been estimated that liver class I accounts
for 90% of ethanol dehydrogenase activity in the
rat, using 33 mM ethanol at pH 7.5, whereas stomach
class 1V, which is active at higher ethanol
concentrations (K, = 5 M), may make a significant
contribution in the oxidation of ingested ethanol [7].
Here, we have demonstrated that liver class I and
stomach class I'V activities are very low before birth,
indicating that ethanol metabolism during gestation
is performed essentially by the maternal tissues.
After birth, the increase in both activities would
allow the elimination of the ethanol ingested by the
pup from the mother’s milk during the suckling
period. Thus, blood ethanol levels in pups (0.3~
1.0 mM) are much lower than in maternal milk (17~
20 mM) [28] indicating an active ethanol metabolism
in the offspring. The metabolic rate is, however,
lower than in adults [13].

Enzymes have been grouped in different clusters
depending on their emergence during ontogeny [29].
ADHs of classes I and IV belong to the cluster that
shows little fetal activity with an abrupt increase in
activity during the perinatal period (Figs 3 and 4).
However, ADH class III shows a different
development pattern (Fig. 5): it is detected in the
early stages of development in all the organs studied
(brain, liver, placenta, stomach, eye) suggesting an
important role from the first days of life, related to
formaldehyde elimination and/or fatty alcohol
metabolism. In the brain, 38% of the adult activity
is already present at birth. Activity reaches the adult
value on day 20, when the brain is already mature.

A striking effect of maternal exposure to ethanol
on the ADH isoenzymes is the very low liver class
I activity reached in the offspring as compared with
the control animals (Fig. 6). Differences are not
significant before day 10 postnatally but reduction
of the activity is very severe afterwards, reaching
70%. The normal activity is not recovered after
weaning, when pups are no longer exposed to
ethanol. The effect appears, therefore, to be
irreversible, at least during the 70 days studied. A
previous work, using the same animal model,
reported also a decrease in class I activity of the
alcohol-exposed offspring {10]. In contrast, another
report did not detect any activity change [12]. The
only important difference between the experimental
model used in the latter study and ours is that in the
latter study the mother was not exposed to ethanol
before pregnancy. In this regard, a recent work
shows a significant decrease in class I activity in the
offspring of mothers exposed to ethanol for a period
of only 1 month before mating [30]. Taken together
these results suggest that important effects of ethanol
on liver ADH class I activity take place during the
very early stages of gestation.

The severe and irreversible effect of maternal
ethanol exposure on class I activity of the offspring
suggests that the primary effect is on an important
regulatory mechanism of the enzyme. Much recent
evidence indicates that rat ADH class I is under
hormonal control, performed to a significant degree
by the hypothalamus-hypophysis axis [31, 32]. The
impaired function of this hormonal system, which is
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known to be altered by prenatal ethanol [14, 33],
may be the explanation for the low class I activity
found in the developing and adult offspring of
ethanol-exposed rats.

Maternal ethanol exposure causes an important
decrease in the stomach class IV activity, but no
changes were detected in the ocular class IV.
A possible explanation is a distinct regulatory
mechanism for class I'V expression (or turnover) in
each organ, each differently affected by ethanol.
Alternatively, the stomach enzyme of the pup could
be more altered because it is in contact with a higher
ethanol concentration than that of the eyes during
suckling. A decrease in stomach ADH activity is
also detected in adult rats with chronic oral intake
of ethanol [34].

As discussed previously, most of the ethanol
oxidation in the rat is performed by liver class I,
with a contribution in the gastric ethanol metabolism
by class IV [7,34]. The severe and irreversible
decrease in both enzymes by maternal ethanol
consumption will result in impaired ethanol metab-
olism of the offspring, since ADH is the most
important limiting factor in ethanol elimination [35].
However, that there is a contribution from the
microsomal oxidizing system, which may increase in
the ethanol-treated animals [36], cannot be excluded.

In contrast to the decrease in classes I and 1V,
maternal ethanol intake causes an increase in brain
class III, suggesting a different mechanism for the
ethanol action on this isoenzyme in the brain. Such
an activity increase is not unique to brain ADH class
I1, since the activity of other enzymes, like brain y-
glutamyl transpeptidase [37], superoxide dismutase
and catalase [38], also increases in the offspring of
ethanol-treated mothers.

The increase in liver protein concentration induced
by chronic alcohol intake has been reported
consistently in adult rats [39], with a 1.2-fold increase
with respect to controls. In our experiments this
increase is even higher (1.3-1.5 times) suggesting
that exposure to ethanol during fetal and postnatal
life has a more severe effect on liver protein
than during the adult period. Moreover, in our
experimental animal model protein accumulation
appears to be irreversible, since the phenomenon is
even more pronounced in adult rats, after 6 weeks
of non-alcoholic standard chow diet. We have
demonstrated previously that prenatal alcohol
exposure induces a significant increase in the ratios
of liver/body weight and hepatic protein level/body
weight [40], and causes an increase in hepatocyte
and mitochondrial volume [41]. Another important
effect of ethanol treatment on the newborn rat
hepatocytes is a striking disorganization of the Golgi
apparatus [41,42] and several dysfunctions in the
glycoprotein metabolism of this organelle [40, 43}.
Therefore, alterations in protein trafficking in the
Golgi apparatus, together with a possible functional
impairment of microtubule-dependent events {39],
would result in inhibition of protein secretion and
in the accumulation of the proteins observed in the
liver of rats exposed to alcohol.

In summary, our results demonstrate that the
ADH isoenzymes responsible for ethanol elimination
(classes I and IV) exhibit extremely low activities in
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the rat fetus which will depend, therefore, on the
maternal metabolic systems to eliminate ethanol.
Development of liver class I and stomach class IV
is greatly impaired by maternal consumption of
ethanol. The decrease in activity appears irreversible
and it will result in a low capacity for ethanol
metabolism in the offspring of alcoholic rats. A low
ADH activity could be an explanation for the high
sensitivity to ethanol reported in some patients with
fetal alcohol syndrome [44].
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