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Alcohol and nicotine are frequently co-used and co-abused, and use of both drugs alone can affect hepatic
drug metabolism. We investigated the influences of chronic nicotine treatment and voluntary ethanol intake
on the induction of rat hepatic cytochrome P450 (CYP) enzymes that metabolize ethanol and nicotine. Rats
were trained to voluntarily drink ethanol (6% v/v, 1 h) with nicotine pretreatment for 10 days. Another group
of rats were treated with the same nicotine doses alone. Hepatic CYP2E1, CYP2B1/2 and CYP2D1 proteins
were assessed by immunoblotting. Nicotine pretreatment (0.4, 0.8 and 1.2 mg/kg) increased voluntary
ethanol intake on day 10 by 1.8, 2.0, and 1.4 fold respectively compared to saline pretreatment (P<0.01–0.3).
CYP2E1 was increased 1.7, 1.8, and 1.4 fold by the three doses of nicotine alone (P<0.02–0.21); CYP2E1 levels
were increased by voluntary ethanol intake alone and a further 2.4, 2.2, and 1.8 fold by 0.4, 0.8, and 1.2 mg/kg
nicotine respectively versus saline pretreatment (P<0.002–0.06). CYP2B1/2 proteins were not induced by
nicotine alone, but were increased by 2.2–2.5 fold by ethanol drinking (P<0.05). CYP2E1 (r=0.67, P<0.001)
and CYP2B1/2 levels (r=0.49, P=0.007) correlated with alcohol consumption on day 10. There was no
change in CYP2D1. Chronic nicotine increased voluntary ethanol intake thereby enhancing CYP2E1 and
CYP2B1/2 levels. Thus CYPs are regulated not only directly by nicotine and ethanol, but also indirectly via an
increase in the ethanol consumption in the presence of nicotine pretreatment. Together this may contribute
to the co-abuse of these drugs and alter the metabolism of clinical drugs and endogenous substrates.

© 2009 Published by Elsevier B.V.
1. Introduction

Alcohol and nicotine are frequently co-used and co-abused by
humans. Among alcoholics, approximately 90% smoke cigarettes and
70% are heavy smokers, compared to 30% of non-alcoholics (Batel et al.,
1995); the occurrence of alcoholism is estimated to be 10 times higher
among smokers compared to non-smokers (DiFranza and Guerrera,
1990).Nicotine treatment inanimalmodels canalso increaseethanol self-
administration (Clark et al., 2001). Theuse of alcohol andnicotine alone is
known to affect hepatic drug metabolism through the induction of a
variety of cytochrome P450 (CYP) enzymes including CYP2E1 andCYP2B.
The effects, however, of the co-administration of the twodrugs onhepatic
levels of these enzymes remains unknown, and needs to be assessed in
order to understand the effects of the frequent co-use of alcohol and
nicotine on drug metabolism. Previous studies have shown that co-
administrationof ethanolwithotherdrugs canpotentiate the inductionof
CYP2E1, as well as its toxicity (Hoet et al., 2002; Kessova et al., 2001).
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CYP2E1 metabolizes numerous chemicals including cytotoxins,
procarcinogens, and clinical drugs (Lieber, 1997). CYP2E1's high
NADPH oxidase activity results in increased free oxygen radicals
production (Zhukov and Ingelman-Sundberg, 1999) causing lipid
peroxidation and cell damage. CYP2E1 metabolizes approximately
20% of ethanol at low blood concentrations which increases to 60% at
high concentrations (Lieber, 1994; Matsumoto et al., 1996). Hepatic
CYP2E1 levels can be induced by ethanol administration in rats and
chronic nicotine treatment also induces hepatic CYP2E1 protein and
activity (Howard et al., 2001). The induction of hepatic CYP2E1, and
the resultant increases in the rate of ethanol metabolic inactivation,
could aid in the higher alcohol consumption in human smokers and in
nicotine-treated animals (Schoedel and Tyndale, 2003).

CYP2B1/2 can metabolize numerous compounds including clinical
drugs, pesticides, steroids, and drugs of abuse (Wang and Tompkins,
2008). In rats CYP2B1/2 are theprimarynicotine-metabolizingenzymes
(Nakayama et al., 1993). The constitutive expression of CYP2B1/2 is low
and variable in rats. Chronic ethanol induces rat liver CYP2B1/2 levels,
via a transcriptional mechanism, resulting in increased in vitro
metabolism of nicotine in rat liver microsomes (Adir et al., 1980;
Schoedel et al., 2001). Chronic nicotine treatment does not alter rat or
monkey hepatic CYP2B levels (Lee et al., 2006; Miksys et al., 2000a) nor
are the levels higher in human smokers (Hesse et al., 2004).
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We investigated the influence of nicotine pretreatment on the
voluntary intake of ethanol, and the combined effects of these drugs
on the levels of CYP2E1 and CYP2B in rat liver, with CYP2D used as a
control. We hypothesized that hepatic CYP2E1 levels will be induced
by both nicotine and ethanol alone, and co-administration will have a
greater effect than the two drugs alone; CYP2B1/2 will be induced by
ethanol but not directly by nicotine, and CYP2D1 levels will remain
unaffected. The effects of ethanol and nicotine co-administration on
hepatic drug-metabolizing enzymes have not been previously
reported, and this study will add to our knowledge of the effects of
these commonly co-abused drugs on drug-metabolizing enzymes.

2. Methods

2.1. Animals

All experimental procedures were conducted in accordancewith the
Canadian and NIH guidelines for the care and use of laboratory animals
and approved by the Animal Care Committee of the University of
Toronto or the University of Pennsylvania. Alternatives to live animal
models (e.g. cell lines) were considered, but deemed unsuitable for this
study. Adult maleWistar rats were maintained on a 12 h artificial light/
dark cycle (lights on at 6:00 AM) throughout the study period. Adult
male rats were chosen to avoid any effects of estrous cycle as well as
differences in growth-hormone secretion on hepatic CYP expression
(Shapiro et al., 1995). For the ethanol self-administration portion of the
study the rats usedwere between 325 and 350 g at the beginning of the
study. For the rats that received nicotine alone, the animals were
matched by age and weight with the rats from the self-administration
study at the end of the study duration (about 190days old, 450 to 500 g).

2.2. Drug treatment

Rats received two consecutive training periods before the evaluation
of ethanol self-administration was begun. Initially rats had access to
ethanol, but not water, 24 h/day in ascending concentrations from 2% to
4% to 6% v/v until stable drinking was established at 6% (30–40 days
from start of training) as previously performed (Stromberg et al., 1998).
24 h after the endof continuous ethanol training, the ratswere shifted to
a 1-hour limited access paradigm; access to water was not restricted.
Rats were given access to both ethanol and water bottles for 1 h, and
these bottles were randomly rotated to avoid the development of side
preference. This was continued until ethanol consumption during the
limited access period was stabilized (less than 20% change in
consumption across five consecutive days). To determine the effects of
chronic nicotine on ethanol self-administration, rats were matched for
baseline ethanol consumption and were assigned randomly to one of 4
groups (n=5–6 per group), so that the average baseline alcohol
consumption in each experimental group was approximately equiva-
lent. Baseline drinkingwas derived from the average of 5 days of ethanol
self-administration prior to randomization. Rats were injected sub-
cutaneously with nicotine bitartrate (0.0, 0.4, 0.8 and 1.2mg base/kg, in
sterile saline, pH7.4)onceperday for 10days, 30minbefore1haccess to
ethanol (6% v/v); this treatment paradigm has been previously used to
assess the effects of drugs on ethanol self-administration (Stromberg,
2004). Rats will self-administer between 0.15 and 1.5 mg/kg of nicotine
within self-administration sessions lasting 1–2 h (Matta et al., 2007),
while human smokers, which are slower nicotine metabolizers than
rats, consume approximately 0.5 mg/kg/day (Benowitz and Jacob,
1984). Together with plasma concentration data (Micu et al., 2003), this
suggests that the doses used in this study are similar to the nicotine
acquired from smoking approximately 10 cigarettes (Le Houezec et al.,
1993). The rats voluntarily consumed between 0.4 and 1.5 g/kg of
ethanol per day resulting in estimated peak ethanol levels of around 50–
120mg/dl (Buczek et al.,1997),whichwould be similar to plasma levels
achieved in humans after 1–5 standard drinks (social drinking)
(Wilkinson et al., 1977). Immediately following the last limited access
ethanol intake session on the 10th day, the rats were sacrificed (1.5 h
after thenicotine injections) and the livers removed, frozen immediately
in liquid nitrogen, and stored at −80 °C. The total training and
experimental period was around 80 days, and the rats were about
200 days old at sacrifice. There were no significant differences in body
weight among the 4 treatment groups.

To evaluate the effects of nicotine treatment aloneonhepatic CYP2E1
and CYP2B levels, another set of rats (n=6 per group) were injected
subcutaneously daily for 10 days with nicotine (0.0, 0.4, 0.8 and 1.2 mg
base/kg, in sterile saline, pH 7.4) and sacrificed at 1.5 h after the last
injection. The liverswere removed immediately and stored at−80 °C. In
ourprevious studies, subcutaneousnicotine injections of 1.0mgbase/kg
for 7 days lead to significant increases in hepatic CYP2E1 protein levels
(Howard et al., 2001;Micu et al., 2003) while having no effect on CYP2B
levels (Miksys et al., 2000a); 18 days of nicotine treatment did not
further increase hepatic CYP2E1 over levels seen after 7 days treatment
(Micu et al., 2003).

2.3. Microsomal membrane preparation and protein assay

Livermicrosomalmembraneswereprepared asdescribedpreviously
(Miksys et al., 2000b). Briefly, portions of livers were homogenized
manually in 100 mM Tris, pH 7.4, with 0.1 mM EDTA, 0.32 M sucrose,
0.1 mM dithiothreitol on ice. Homogenates were centrifuged at 9000 g
for 20min, and the supernatant was centrifuged at 110,000 g yielding a
microsomal pellet. The pellets were aliquoted in storage solution
(100 mM Tris (pH 7.4), 0.1 mM EDTA, 0.1 mM dithiothreitol, 1.15% w/v
KCl and 20% v/v glycerol) and stored at −80 °C. The protein concen-
trationwas assayedwith the Bradford technique using a Bio-Rad Protein
Assay kit (Bio-Rad Laboratories, Mississauga, Canada).

2.4. Immunoblotting

Liver microsomal membranes were serially diluted to construct
standard curves and establish the linear detection range for the
immunoblotting assays. To determine cross-reactivity of the primary
antibodies, cDNA-expressed rat CYP1A1, CYP1A2, CYP2A1, CYP2A2,
CYP2B1, CYP2E1, CYP2C11, CYP2D1 and CYP3A2 (BD Biosciences,
Mississauga, Canada) were used as negative or positive controls. In
subsequent experiments 1.25, 5 or 0.5 µg of microsomal proteins were
loaded for detection of CYP2E1, or CYP2B1/2 or CYP2D1 respectively.
The proteins were separated by SDS-polyacrylamide gel electrophoresis
(4% stacking and 8% separating gels), and then transferred overnight
onto nitrocellulose membranes. To detect hepatic CYP2E1, the mem-
branes were immunoblotted with polyclonal goat anti-rat CYP2E1
antibody (BD Biosciences), diluted 1:3000, for 1.5 h. Blots were then
incubated with peroxidase-conjugated rabbit anti-sheep antibody
(1:7000, Millipore, Billerica, MA), which also acts as an anti-goat
antibody, for 1 h. The membranes were blocked with 1% skim milk in
50 mM Tris-buffered saline containing 0.1% w/v BSA, 0.1% v/v Triton X-
100. For the detection of hepatic CYP2B1/2, the membranes were
incubated with polyclonal rabbit anti-rat CYP2B1/2 antibody (1:750,
Millipore) overnight at 4 °C. The membranes were then incubated with
peroxidase-conjugated sheep anti-rabbit antibody (1:3000, Millipore)
for 1 h. Themembranes were blockedwith 4% skimmilk in 50mMTris-
buffered saline containing 0.1% w/v BSA, 0.1% v/v Triton X-100. For the
detection of CYP2D1, themembraneswere blockedwith 1% skimmilk in
50mMTris-buffered saline containing 0.1%w/v BSA and 0.1% v/v Triton
X-100 and were probed using polyclonal rabbit antihuman CYP2D
antibody (A gift from A. Cribb andMerck & Co., Whitehouse Station, NJ)
diluted 1:5000 for 1 h. Blots were then incubated with peroxidase-
conjugated sheep anti-rabbit antibody (1:3000, Millipore). The equiva-
lence of sample loadingwas confirmed by Coomassie blue staining. CYP
proteins were visualized using chemiluminescence followed by expo-
sure to autoradiography film. Immunoblots were analyzed using MCID



Fig. 1. Nicotine pretreatment increases ethanol self-administration. A) Ethanol self-
administration was initially suppressed by nicotine pretreatments, increasing with
duration. Consumption values at baseline represent the average alcohol consumption
over 5 days prior to testing period with saline or nicotine pretreatment. B) The average
fold increase in ethanol self-administration, over their own baseline consumption, by
day 10was marked in rats pretreated with 0.4 and 0.8 mg/kg of nicotine andmodest for
rats pretreated with 1.2 mg/kg of nicotine. n=5–6 per group, ###P<0.001, ##P<0.01,
#P<0.05 versus each groups respective baseline consumption, ⁎⁎⁎P<0.001, ⁎⁎P<0.01,
⁎P<0.05 versus the saline pretreatment group.

Fig. 2. Quantification of rat liver CYP2E1 protein by immunoblotting. A) A dilution curve
of microsomal proteins from a saline-treated animal indicates linear detection of
CYP2E1 protein from 0.75 to 3.5 µg of protein loaded; the insert shows a representative
immunoblot. B) The CYP2E1 antibody did not cross-react with cDNA-expressed rat
CYP1A1, CYP1A2, CYP2A1, CYP2A2, CYP2B1, CYP2C11, CYP2D1 and CYP3A2, but detected
a 5-fold lower amount of cDNA-expressed CYP2E1.
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Elite software (InterFocus Imaging Ltd., Linton, UK), and the relative
density of each band was expressed as arbitrary density unit after
subtracting background.

2.5. Statistical analyses

Ethanol intake data were expressed as g/kg/h and results were
expressed as group mean±standard deviations. A repeated measures
ANOVAwasused to assess the effects of nicotine treatment and duration
of treatment on voluntary ethanol drinking. One-way ANOVA followed
by a post-hoc test (least significant difference, LSD) was used to test the
differences in ethanol self-administration on individual treatment days
among the different groups. Paired Student's t-tests were used to test
the differences in each group between ethanol intake on any treatment
day and respective baseline consumption. The differences in the relative
increases in ethanol drinking over baseline consumption on day 10
between rats pretreated with nicotine or saline were tested by a one-
wayANOVA followedbyapost-hoc test (LSD). For immunoblottingdata,
the average values were obtained from at least 4–6 separate assess-
ments. One-way ANOVAs followed by post-hoc testing (LSD) were used
to test thedifferences in CYP levels from rats treatedwith different doses
of nicotine, or from rats pretreated with different doses of nicotine and
then allowed to self-administer ethanol. The differences in CYP levels
between rats in different groups (e.g. saline alone versus saline
pretreatment and voluntaryethanol intake)were evaluatedbyunpaired
Student's t-tests. Pearson correlation coefficients were derived between
the levels of ethanol consumed on day 10 and the levels of CYP proteins.

3. Results

3.1. The changes in voluntary ethanol intake after chronic nicotine
treatment

There was no significant difference in baseline ethanol drinking
among the groups (Fig. 1A). Repeated measures ANOVA revealed a
significant treatment×day interaction (F (30,190)=4.2, P<0.001), and
a significant effect of day (F (10, 190)=10.6, P<0.001) with no
significant effect of nicotine treatment (F (3, 19)=1.9, P=0.156). This
indicates that the impact of nicotine pretreatmenton ethanol intakewas
dependent on the treatment duration, consistent with the biphasic
effect observed (Fig.1A). On thefirst day, nicotine pretreatment (0.4, 0.8
or 1.2 mg/kg) significantly suppressed ethanol intake (P<0.05 versus
their own baseline or versus saline pretreatment). Ethanol intake
returned to baseline consumption in rats pretreatedwith 0.4 or 0.8 mg/
kg of nicotine by days 2–4. By day 10 voluntary ethanol intake was
increased by all doses of nicotine pretreatment over baseline consump-
tion (Fig. 1B). The increases were 1.8 (P<0.05), 2.0 (P<0.01), and 1.4
fold (P=0.3) greater in the 0.4, 0.8, and 1.2 mg/kg nicotine-treated
animals respectively, compared to the saline pretreated animals. The
effect of the highest dose appeared more modest, consistent with the
ethanol drinking returning to baseline by day 5 rather than earlier as
seenwith the lower doses (Fig. 1A). In rats with saline pretreatment, no



Fig. 3. Hepatic CYP2E1 was induced by nicotine alone and by ethanol self-
administration which was further enhanced by nicotine pretreatment. A) CYP2E1 was
significantly induced by nicotine treatment versus respective saline treatments in rats
treated with nicotine alone (0.4 and 0.8 mg/kg) and in rats pretreated with nicotine
(0.4, 0.8, and 1.2 mg/kg) and allowed to self-administer (SA) ethanol. Ethanol self-
administration following saline pretreatment also increased CYP2E1 relative to saline
treatment alone. n=5–6 per group, ##P<0.01, #P<0.05, †P<0.06 versus saline within
group using LSD, ⁎⁎⁎P<0.001, ⁎⁎P<0.01, +P<0.06 versus respective saline or nicotine
treatment alone between groups by unpaired Student's t-test. B) Representative
immunoblots of CYP2E1 proteins from rats exposed to saline, nicotine and ethanol self-
administration with or without nicotine pretreatment.

Table 1
Average Relative Optical Density (O.D.) values for the expression and induction of
hepatic CYP2E1, CYP2B1/2, and CYP2D1 in rats treated with nicotine and allowed to
voluntarily drink alcohol.

Treatment CYP2E1 CYP2B1/2 CYP2D1

Adjusted Adjusted Adjusted

O.D. S.D. O.D. S.D. O.D. S.D.

Saline 1.00 0.48 1.00 0.86 1.00 0.24
Nicotine 0.4 mg/kg 1.67 0.72 0.86 0.56 1.05 0.26
Nicotine 0.8 mg/kg 1.77 0.29 0.92 0.92 0.83 0.15
Nicotine 1.2 mg/kg 1.44 0.50 0.93 0.35 0.95 0.22
Saline+ethanol 1.75 0.87 2.23 1.27 1.07 0.40
Nicotine 0.4 mg/kg+
ethanol

4.13 1.31 2.80 2.20 1.19 0.26

Nicotine 0.8 mg/kg+
ethanol

3.83 1.12 2.76 1.29 0.98 0.29

Nicotine 1.2 mg/kg+
ethanol

3.12 1.20 2.40 1.18 0.89 0.29

The optical density values represented in this table were adjusted so that the values for
the saline-treated animals would be 1.00 for each isoform, and all other treatments are
represented as a fold induction with their corresponding standard deviation (S.D.).

Fig. 4. Quantification of rat liver CYP2B1/2 protein by immunoblotting. A) A dilution
curve of membrane proteins from a saline-treated animal shows linear CYP2B1/2
protein detection from 5 to 25 µg of protein; the insert shows a representative
immunoblot. B) The CYP2B1/2 antibody did not cross-react with cDNA-expressed rat
CYP1A1, CYP1A2, CYP2A1, CYP2A2, CYP2C11, CYP2D1, CYP2E1 and CYP3A2, but detected
a 5-fold lower amount of cDNA-expressed CYP2B1.
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significant change in ethanol intakewas observed between the baseline
and the post-treatment sessions on any treatment day as tested by
paired Student's t-test (Fig. 1A).

3.2. The induction of CYP2E1 following voluntary ethanol intake and
nicotine treatments

A quantitative immunoblotting assay was developed, and detection
of CYP2E1 in serially diluted liver microsomal protein was shown to be
linear (Fig. 2A). No cross-reactivity was observed with other cDNA-
expressed rat CYPs, indicating the specificity of the polyclonal goat anti-
rat CYP2E1 antibody under the conditions used here (Fig. 2B). The
selectivityand linearity of the assays for CYP2E1, CYP2B1/2, andCYP2D1
were established to ensure that themanufacturer-stated specificity and
selectivity of the antibody still applied to rat proteins under our assay
conditions and to ensure that the assays provided linear detection for
quantification. Rat liver CYP2E1 isoform co-migrated with cDNA-
expressed rat CYP2E1 (Fig. 3B). To ensure that the increases seen in
hepatic CYP2E1 levels were being measured accurately and were not
being affected by the linear detection limits of the assay, samples were
diluted to saline levels and reassayed. Any samples remaining elevated
above saline levels indicated an initial underestimation of CYP2E1 and
the data were adjusted accordingly. This adjustment would ensure that
all samples assayed were within the linear response range of the assay.
CYP2E1 levels were 1.7 (P=0.05, LSD), 1.8 (P=0.02, LSD), and 1.4 fold
(P=0.21, LSD) higher in the rats treated with 0.4, 0.8, and 1.2 mg/kg
nicotine respectively compared to the saline alone. CYP2E1 levels
trended towards being higher in the rats that drank ethanol with saline
pretreatment compared to saline treatment alone (1.8 fold, P=0.06)
(Fig. 3A and Table 1). Among the rats allowed to voluntarily intake
ethanol, CYP2E1 levels were increased by 2.4 fold (P=0.003, LSD) by



Fig. 5. Hepatic CYP2B1/2 was induced by ethanol self-administration. A) Ethanol self-
administration following saline pretreatment increased CYP2B1/2 relative to saline
treatment alone. No induction of CYP2B1/2 proteins was seen by nicotine treatment
alone, and nicotine pretreatment followed by ethanol self-administration did not
enhance CYP2B1/2 levels versus respective saline or nicotine treatments alone
(⁎⁎P<0.01, ⁎P<0.05 between group by unpaired Student's t-test). B) Representative
immunoblots of CYP2B1/2 proteins from rats exposed to saline, nicotine and ethanol
self-administration with or without nicotine pretreatment. Coomassie blue staining is
included to illustrate equal loading of protein underscoring the large inter-animal
variation in hepatic CYP2B1/2 protein levels.

Fig. 6. CYP2D1 was unaffected by exposure to nicotine and/or ethanol. A) A dilution
curve of membrane proteins from a saline-treated animal shows linear CYP2D1 protein
detection from 0.4 to 1.2 µg of protein; the insert shows a representative immunoblot.
The CYP2D1 antibody did not cross-react with cDNA-expressed rat CYP1A1, CYP1A2,
CYP2A1, CYP2A2, CYP2B1, CYP2C11, CYP2E1 and CYP3A2, but detected a 16-fold lower
amount of cDNA-expressed CYP2D1. B) Neither nicotine alone, nor ethanol self-
administration following saline or nicotine pretreatment increased hepatic CYP2D1.
n=5–6 per group; inset illustrates a representative immunoblot of CYP2D1 proteins
from rats exposed to saline, nicotine and ethanol self-administration with or without
nicotine pretreatment.
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0.4 mg/kg nicotine pretreatment, 2.2 fold by 0.8 mg/kg nicotine
pretreatment (P=0.007, LSD), and by 1.8 fold by 1.2 mg/kg nicotine
pretreatment (P=0.06, LSD) compared to saline pretreatment. When
the fold inductionwas compared to thosewith nicotine treatment alone,
CYP2E1 levels in rats that had access to ethanolwith0.4, 0.8, and1.2mg/
kg nicotine pretreatments were 2.5 (P=0.001), 2.2 (P=0.0007), and
2.2 fold (P=0.005) higher than the levels seen in rats treated with the
corresponding doses of nicotine alone, respectively.

3.3. The regulation of CYP2B1/2 following voluntary ethanol intake and
nicotine treatments

An immunoblotting assay was developed to measure hepatic
CYP2B1/2 proteins; detection of CYP2B1/2was linear in serially diluted
liver microsomal membranes (Fig. 4A and Table 1). The specificity of
polyclonal rabbit anti-rat CYP2B1/2 antibody under the conditions used
in this study was confirmed; no cross-reactivity was observed with
other cDNA-expressed ratCYPs (Fig. 4B) and rat liver CYP2B co-migrated
with cDNA-expressed rat CYP2B1 (Fig. 5B). Compared with saline
treatment alone, the levels of CYP2B1/2 were significantly increased by
2.2 fold (P=0.05) in rats exposed to ethanol with saline pretreatment;
the levels of CYP2B1/2 in the rats that drank ethanol with nicotine
pretreatment did not differ significantly from those seen in the rats
exposed to ethanol with saline pretreatment (Fig. 5A). Nicotine
treatment alone (0.4, 0.8 and 1.2 mg/kg) did not alter hepatic
CYP2B1/2 protein levels (Fig. 5A) as seen previously (Miksys et al.,
2000a).
3.4. The regulation of CYP2D1 following voluntary ethanol intake and
nicotine treatments

As a control for potential other effects of ethanol or nicotine (e.g.
toxic, proliferative, degradative) on CYP expression in hepatic tissues
we also assessed CYP2D1 as hepatic CYP2D6 is unaltered in smokers
and alcohol drinkers and is generally not thought to be an inducible
enzyme (Edwards et al., 2003; Mann et al., 2008; Rae et al., 2001; Yue
et al., 2008). Linearity and specificity were determined in the same
manner as CYP2E1 and CYP2B1/2 (Fig. 6A). No differences in the
levels of CYP2D1 were seen between any of the treatment or ethanol
drinking groups (Fig. 6B and Table 1).



Fig. 7. Individual levels of ethanol consumption were positively correlated with hepatic
levels of both A) CYP2E1 and B) CYP2B1/2 proteins, but not with C) CYP2D1. Among the
4 groups of animals which self-administered ethanol, there was a significant and
positive correlation between the amount of ethanol consumed on day 10 and the levels
of hepatic CYP2E1 and CYP2B1/2.

93J. Yue et al. / European Journal of Pharmacology 609 (2009) 88–95
3.5. Individual levels of ethanol consumption were positively correlated
with hepatic levels of both CYP2E1 and CYP2B1/2 protein, but not with
CYP2D1

Among the total group of rats allowed to consume ethanol there
was a significant positive correlation (r=0.67, P<0.001) between
CYP2E1 protein levels and ethanol intake on the last day (Fig. 7A).
While no group differences in CYP2B1/2 levels were seen among the
rats allowed to drink ethanol (Fig. 5A), there was a significant positive
correlation between CYP2B1/2 protein levels and ethanol self-
administration on the last day (r=0.49, P=0.007, Fig. 7B) suggesting
a relationship between the degree of ethanol exposure and induction
of CYP2B1/2. No correlation was seen between hepatic CYP2D1 levels
and ethanol consumption (Fig. 7C).

4. Discussion

Alcohol and nicotine are commonly co-abused (Batel et al., 1995),
and the individual use of both these drugs alters hepatic levels of
cytochrome P450 enzymes (Schoedel et al., 2001); (Micu et al., 2003;
Schoedel and Tyndale, 2003). Increases in hepatic CYP2E1 and CYP2B
enzymes can alter the metabolism of clinical drugs and toxins and
may play a role in the increase in ethanol consumption seen in the
presence of chronic nicotine treatment.

Consistent with earlier studies the voluntary intake of ethanol was
increased by nicotine pretreatment.We also observed a highly significant
correlation between CYP2E1 levels and ethanol consumption on day 10
(immediately prior to sacrifice). The greater increase in CYP2E1 levels
seen with nicotine versus saline pretreatment prior to ethanol drinking
relative to nicotine treatment versus saline treatment alone suggests
either 1) a synergistic effect of the two drugs on hepatic CYP2E1 levels or
2) that nicotine pretreatment increases CYP2E1 both directly and by
increasing ethanol consumption which in turn further increases the
induction of CYP2E1. While the highest nicotine dose (1.2 mg/kg) alone
slightly, althoughnot significantly, increasedCYP2E1, ithadagreatereffect
on enhancing CYP2E1 when in combination with ethanol self-adminis-
tration. Even though thishighest nicotinedosehadaverymodesteffecton
the intake of ethanol, the increase in CYP2E1 levels was greater than the
sumof theeffectsby the2drugsalone, supporting thefirst contention that
there is a synergistic effect of the two drugs on CYP2E1 induction.

The regulation of CYP2E1 is considered to involve multiple
mechanisms including transcriptional activation (Ueno and Gonzalez,
1990), stabilization of mRNA (Song et al., 1987), posttranslational
modifications (Song et al., 1989), and substrate stabilization of the
protein against degradation (Eliasson et al., 1988). The induction of
hepatic CYP2E1 proteins by ethanol can occur at transcriptional and/
or post-transcriptional levels; ligand-mediated protein stabilization is
thought to be the primary mechanism at relatively low ethanol doses
(Eliasson et al., 1988). The induction of both hepatic and cerebral
CYP2E1 by chronic nicotine treatment is post-transcriptional which
may be due to the protein stabilization or translational activation
(Howard et al., 2001; Joshi and Tyndale, 2006). Thus, ethanol and
chronic nicotine can induce hepatic CYP2E1 via post-transcriptional
methods, although while ethanol may stabilize the CYP2E1 protein
(Roberts et al., 1995), nicotine does not (Micu et al., 2003).

CYP2E1 generates a high level of reactive oxygen species, without
needing a ligand, which can damage cells via the initiation of lipid
peroxidation and DNA strand breaks (Caro and Cederbaum, 2004) as
well as contributing to the toxicity and carcinogenicity of industrial and
environmental chemicals (Gonzalez, 2005). CYP2E1 can also activate
tobacco-specific nitrosamines and its induction by nicotine may
contribute to the development of tobacco-related cancers (Lieber,
1997; Woodcroft and Novak, 1998). Nicotine-treated rats had a
significant increase in reactive oxygen species generation and lipid
peroxidationwas observed in the pancreatic tissues from these animals
(Wetscher et al., 1995; Woodcroft and Novak, 1997), with nicotine-
induced CYP2E1 possibly playing a role in this increase. Additionally
CYP2E1 has been implicated in the pathogenesis of alcoholic liver
disease (ALD), through the production of hydroxyethyl radicals, reactive
oxygen species in heavy drinkers (Lieber, 1999). CYP2E1 can also play a
role in the development of non-alcoholic steatohepatitis through an
oxidative stress mechanism (Leclercq et al., 2000). Thus, the addition of
cigarette smoking to the consumption of alcohol may elevate hepatic
CYP2E1 and increase the risk for CYP2E1-mediated toxicity beyond the
use of either drugalone. The induction of hepatic CYP2E1 bynicotinenot
only increases ethanol consumption and ethanol-mediated liver
damage, but can also increase the risk for a number of non-ethanol
associated liver diseases. Elevated CYP2E1 levels could also alter the
metabolism of clinically relevant substrates of CYP2E1 such as aceta-
minophen (Patten et al., 1993), chlorzoxazone (Peter et al., 1990),
isoniazid (Ryan et al., 1986), tamoxifen (Styles et al., 1994), and
halothane (Spracklin et al., 1997). The altered metabolism of these
drugs could alter the therapeutic efficacy for some drugs and even cause
toxicity in the case of drugs with a narrow therapeutic index.

The greater CYP2E1 induction seen after chronic nicotine pretreat-
ment and ethanol drinking could in turn contribute to greater clearance
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of ethanol, and result in increased ethanol consumption. The impact of
pretreatment with nicotine on ethanol self-administrationwas biphasic
with an initial suppression followed by an increase in consumptionwith
time. This reduction in ethanol intakeduring acutenicotine treatment, or
in the early days of treatment as we have observed,may be due to initial
actions of nicotine as a depressant (Clarke and Kumar, 1983; Stolerman,
1990; Stolerman et al., 1995). These effects were also seen in this study
where after initial exposure to nicotine, the rats had modestly difficult
breathing as well as reduced locomotion. The rats, however, become
tolerant to these effects after 2–4 nicotine injections. Metabolic cross-
tolerance through CYP2E1 induction by chronic nicotine treatment
might be playing a greater role in the enhancement of ethanol self-
administration by chronic nicotine, since chronic (7 days), andnot acute,
treatment with nicotine was shown to induce hepatic CYP2E1 (Micu
et al., 2003), and6–7days of nicotine treatmentwere required for the0.4
and 0.8 mg/kg nicotine pretreated animals to drink more ethanol than
they did at baseline. In addition to metabolic cross-tolerance a variety of
factors including genetic factors may contribute to the dependence on
bothnicotineandethanol (Bierut et al., 2004;Goldmanet al., 2005; Swan
et al., 1997; True et al., 1999; Tyndale, 2003). Additionally, other
physiological mechanisms could include the ability of nicotine and
ethanol to inducedopamine release in themesolimbic dopamine system,
thereby potentiating each other's rewardingeffects (Corrigall et al.,1994;
Gonzales et al., 2004), as well as a possible role of activation of nicotinic
acetylcholine receptors (Blomqvist et al.,1996; Le et al., 2000). Our study
demonstrates that the higher levels of hepatic CYP2E1 after chronic
nicotine pretreatment and ethanol self-administration were accompa-
nied by an increase in ethanol consumption and it remains to be tested
whether metabolic cross-tolerance directly contributes to this.

CYP2B1/2 was not induced by nicotine treatment (Fig. 5) as
previously observed (Miksys et al., 2000a) but was increased by ethanol
consumption. As nicotine pretreatment had some effects on ethanol
self-administrationwe examined the relationship between the levels of
ethanol consumption in all animals and the levels of CYP2B1/2. While
no effect of nicotine treatment alone was seen on CYP2B1/2 levels, an
indirect impact of nicotine on CYP2B1/2 exclusively via altering ethanol
self-administration is supported by a strong correlation seen between
CYP2B1/2 levels and the ethanol consumption on day 10 (r=0.49
P=0.007). Therefore, it seems likely that the influence of chronic
nicotine on ethanol-induced CYP2B1/2 proteins was indirect via a
regulation of ethanol self-administration. The induction of hepatic
CYP2B by xenobiotics is generally via transcriptional activation through
orphan nuclear receptors such as the constitutive androstane receptor,
pregnane X receptor and glucocorticoid receptors (Stoltz et al., 1998;
WangandNegishi, 2003). The inductionof hepatic CYP2B1/2 byethanol
can involve both protein andmRNA-mediated regulation (Kocarek et al.,
1990; Schoedel and Tyndale, 2003).While chronic nicotine has no effect
on hepatic CYP2B1/2 levels, it can induce brain CYP2B protein which is
associated with elevated mRNA levels (Miksys et al., 2000a). Thus, the
regulation of CYP2B by ethanol and nicotine are tissue-specific andmay
use different mechanisms. Exposure to ethanol alone, and in combina-
tion with nicotine, could increase the hepatic metabolism of CYP2B1/2
substrates thereby affecting their efficacy and/or toxicity. Thismay be of
clinical importance for a number of drugsmetabolized by CYP2B such as
bupropion (Hesse et al., 2000), efavirenz (Ward et al., 2003), and
cyclophosphamide (Chang et al., 1993), where alterations in plasma
levels can result in altered therapeutic outcomes and toxicities (Hesse
et al., 2004; Rotger et al., 2005).

As a negative control, hepatic CYP2D1 was also measured, and no
effect of either ethanol or nicotine treatment was seen as expected
(Fig. 6). We also found that neither ethanol alone, nor ethanol with
nicotine pretreatments (all doses) affected the expression of hepatic
CYP2A (data not shown).

In summary, while chronic nicotine alone can induce some CYP
enzymes, it can also increase CYPs indirectly by increasing voluntary
ethanol intake in a duration anddose-dependentmanner. The induction
of hepatic levels of drug-metabolizing enzymes may increase CYP2E1-
and CYP2B1/2-mediated metabolism, thereby altering drug talking
behaviors, the therapeutic efficacy of clinical drugs, and potentially
increasing the risk of toxicity by xenobiotics.
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