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Abstract
The importance of ethanol (EtOH) metabolism in development of alcoholic liver disease remains
controversial. The current study examined the effects of selective inhibition of the cytochrome P450
enzyme CYP2E1 compared to inhibition of overall EtOH metabolism on the development of
alcoholic steatohepatitis. Adult male Sprague-Dawley rats were fed via total enteral nutrition for 45
d with or without 10–12 g/kg/d EtOH. Some groups were given 200 mg/kg/d of the CYP2E1 inhibitor
diallylsulfide (DAS). Other groups were treated with 164 mg/kg/d of the alcohol dehydrogenase
inhibitor 4-methylpyazole (4MP) and dosed at 2–3 g/kg/d EtOH to maintain similar average urine
EtOH concentrations. Liver pathology scores and levels of apoptosis were elevated by EtOH (P<
0.05), but did not differ significantly on co-treatment with DAS or 4MP. However, liver triglycerides
were lower when EtOH was fed with DAS or 4MP (P< 0.05). Serum alanine aminotransferase (ALT)
values were significantly lower in EtOH-fed 4MP-treated rats indicating reduced necrosis. Hepatic
oxidative stress and the endoplasmic reticulum (ER) stress marker TRB3 were increased after EtOH
(P<0.05); further increased by DAS; but partly attenuated by 4MP. DAS and 4MP both reversed
EtOH increases in the cytokine, tumor necrosis factor (TNF)α, and the chemokine CXCL-2 (P<0.05).
However, neither inhibitor prevented EtOH suppression of interleukins IL-4 or IL-12. Moreover,
neither inhibitor prevented EtOH increases in tumor growth factor (TGF)β mRNA. EtOH and DAS
additively induced hepatic hyperplasia (P<0.05). These data suggest that a significant proportion of
hepatic injury following EtOH exposure is independent of alcohol metabolism. EtOH metabolism
by CYP2E1 may be linked in part to triglyceride accumulation; to induction of TNFα; and to
chemokine production. EtOH metabolism by ADH may be linked in part to oxidative and ER stress
and necrotic injury.
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The role played by ethanol metabolism in the development of alcohol-induced liver damage
(ALD) remains controversial. It has been suggested that oxidative stress, resulting from
reactive oxygen species generated during metabolism of ethanol (EtOH) via a cytochrome
P450 enzyme (CYP2E1)-dependent pathway, plays a primary role in hepatocellular necrosis
and Kupffer cell activation (Lieber and De Carli, 1991; Ronis et al., 1996; Albano et al.,
1996; Lu and Cederbaum, 2008, Butura et al., 2009). Similar claims regarding ALD have been
made for acetaldehyde, the major product of ethanol metabolism by alcohol dehydrogenase
(ADH) and CYP2E1 and for redox changes associated with increased conversion of NAD to
NADH during ADH-dependent and subsequent aldehyde dehydrogenase-dependent
metabolism of EtOH to acetaldehyde and acetate (Lieber and DeCarli 1991; Lieber 1993;
Anania et al. 1996; Cao et al., 2000; Lieber 2004; Purohit and Brenner, 2006).

Increased ALD has been described in conditions where CYP2E1 is over-expressed (Korourian
et al., 1999; Butura et al., 2009). CYP2E1 has been associated with increased liver pathology
score; lipid peroxidation; expression of mRNAs for the cytokine tumor necrosis factor alpha
(TNFα) and the mitogen-activated protein (MAP) kinase ERK; and increased hepatocyte
necrosis and apoptosis in response to TNFα and arachidonic acid (Butura et al, 2009; Lu and
Cederbaum, 2008; Wu and Cederbaum, 2008; Caro and Cederbaum, 2007; Fang et al., 1998)
and with stellate cell activation (Nieto et al., 2002). On the other hand, CYP2E1 inhibition has
been reported to inhibit both ethanol-induced alterations in cytokine expression and liver
pathology (Morimoto et al., 1995; Albano et al., 1996; Fang et al. 1998; Gouilon et al.,
2000). Over expression of ADH also results in hepatocyte toxicity and acetaldehyde both
inhibits hepatocyte proliferation (Lieber, 2004; Clemens, 2007) and generates protein adducts
(Latavala et al., 2005).

However, there is also evidence that does not support a role for either CYP2E1 or ADH the
development of ALD in vivo. For example, CYP2E1 activity has been reported not to correlate
with oxidative stress in human alcoholics (DuPont et al., 2000) and CYP2E1 knockout mice
have similar levels of ethanol-induced pathology compared to wild type (Kono et al., 1999).
Elevation of acetaldehyde in vivo as the result of ALDH inhibition has been reported to actually
decrease alcohol-induced hepatic inflammation and necrosis while having no effect on steatosis
(Lindros et al., 1999). The current study examined the effects of CYP2E1 inhibition by diallyl
sulfide (DAS) and overall inhibition of ADH and CYP2E1-dependent EtOH metabolism by
4-methylpyrazole (4MP) on development of ALD in a rat model in which an ethanol-containing
diet is fed intragastrically.

METHODS
Animals and Experimental Design

All the animal studies described below were approved by the Institutional Animal Care and
Use Committee at the University of Arkansas for Medical Sciences. All animals were at an
AAALAC approved animal facility at ACHRI. Groups of male Sprague-Dawley rats, 300–350
g were fitted with an intragastric cannula and infused with liquid diets using total enteral
nutrition (TEN) as described previously (Badger et al, 1993a; Korourian et al., 1999; Ronis et
al., 2004; Ronis et al., 2008). Controls (N = 15) were infused at the NRC recommended caloric
intake of 187 kcal/kg.75/d allowing growth at comparable rates to ad libitum chow fed animals
(Badger et al., 1993a; Ronis et al. 2004). Control diets contained 16% protein (whey); 41%
carbohydrate (dextrose and maltodextrin) and 43% fat (corn oil) together with NRC
recommended levels of vitamins and minerals (Badger et al., 1993a; Ronis et al., 2004). In the
ethanol-treated (EtOH) group (N = 18), ethanol calories isocalorically replaced carbohydrate
calories at a dose of 10–12 g/kg/d to produce a final diet composition of 16% protein; 5%
carbohydrate; 43% fat and 36% ethanol calories as described previously (Ronis et al. 2004;
Ronis et al. 2008). Additional control (N = 7) and ethanol groups (N = 9) were treated with

Ronis et al. Page 2

Alcohol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DAS at 200 mg/kg/d added to the diets. In a third set of groups, 4MP was added to control
diets (N = 8) or EtOH diets (N = 15) at 164 mg/kg/d. Since this inhibited ethanol metabolism
and clearance, the level of EtOH infusion was reduced substantially to maintain average urine
ethanol concentrations (UEC) of the EtOH group at ~200 mg/dL. After 45 days, the animals
were sacrificed and tissues collected.

Biochemical Analysis
24 h UECs were measured in urine collected at 0800 h each day and blood ethanol concentration
(BEC) at sacrifice was measured using an Analox Instuments GL5 analyzer. We have
previously demonstrated that 24 h UECs closely track BECs over periods of weeks since EtOH
equilibrates with body water (Badger et al. 1993b). Liver microsomes were prepared by
differential ultracentrifugation as described previously (Badger et al., 1993a). CYP2E1-
dependent carbon tetrachloride-dependent lipid peroxidation was measured as described by
Johansson and Ingelman-Sundberg (1985) and CYP2E1-dependent p-nitrophenol hydroxylase
was measured as described by Koop (1986). CYP4A1-dependent lauric acid ω-hydroxylase
activity was measured by TLC using 14C-lauric acid as described previously (Ronis et al.,
1994). CYP2E1 and CYP4A1 apoprotein expression was measured by Western blot as
described previously (Ronis et al., 1994) using a rabbit polyclonal antibody raised against
purified rat CYP2E1 or rabbit antibody to sheep IgG in the case of CYP4A1. CYP2E1 was a
gift from the laboratory of Dr. Magnus Ingelman-Sundberg (Karolinska Institute, Stockholm,
Sweden). CYP4Al was detected using a polyclonal sheep antibody to rat CYP4A1 which was
a gift from Dr. Gordon Gibson (University of Surrey, England). Liver lipid peroxidation was
assessed as a measureof oxidative stress as described by Ohkawa et al. (1979). Hepatic GSH
concentrations were quantified in liver using a commercially available kit (703002) from
Cayman Chemical Co. (Ann Arbor, MI).

Pathology
Liver samples were processed and paraffin-embedded sections were stained with hematoxylin
and eosin (H&E). H&E stained liver sections were scored for macro- and microsreatosis,
inflammation (macrophage infiltration) and necrosis by a board certified pathologist (S.K.)
with no prior knowledge of the treatment groups. Scoring was based on a scale encompassing
1 (baseline) to 4 (most extensive) as described elsewhere (Korourian et al., 1999). Steatosis
was scored as the percentage of parenchymal cells containing fat (micro- or macrosteatosis)
as <25% = 1, 25–50% = 2; 50–75% = 3; >75% = 4. The presence of inflammation based on
infiltration by polymorphonuclear cells, leukocytes and mononuclear cells was evaluated using
a scale where no inflammation = 1; occasional foci of inflammatory cells = 2; frequently
occurring large foci of inflammatory cells = 3; frequently occurring large foci of inflammatory
cells = 4. Necrosis was assessed using a scale where occasional (<1%) necrotic hepatocytes =
1; frequent (5–10%) necrotic hepatocytes = 2; small foci of necrosis (clusters of >10 necrotic
cells) = 3 and extensive areas of necrosis (>25% of the lobular unit) = 4. Total pathology score
was determined by summing the scores for steatosis, inflammation and necrosis. Therefore the
total pathology score for a normal liver = 3. Serum alanine aminotransferase (ALT) levels
assessed as a biochemical measure of necrotic injury using the Infinity™ ALT liquid stable
reagent (Thermo Electron Corp., Waltham, MA) according to manufacturer’s protocols.
Apoptosis was assessed by in situ end labeling of free 3′-hydroxyl ends generated during
apoptosis (TUNEL) using a commercial kit (Frag-EL DNA Fragmentation Detection Kit,
Fisher Scientific, Hampton, NH). The sections were counterstained with Gill’s hematoxylin.
Apoptotic bodies and cells appeared brown. At least 2000 cells were counted from each liver
section. Hepatic cellular proliferation was measured by immunohistochemical analysis of
proliferating cell nuclear antigen (PCNA) expression as described by Greenwell et al.
(1991). Nuclei of G0 cells were blue, nuclei of G1 cells were light brown, nuclei of S-phase
cells were stained dark brown, G2 cells had brown cytoplasmic staining and M cells had a
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visible mitotic spindle. Previous studies have used this method to assess cell cycle changes
after liver injury (Baumgardner et al. 2007a, Ronis et al. 2008). For each rat, 1000 cells were
counted. In addition, total hepatic PCNA expression was quantitated by Western blot (Arab et
al., 2009).

Analysis of Gene Expression
Expression of mRNAs coding for the cytokines interleukin IL-4; IL-12; TNFα, TGFβ, for the
chemokine CXCL2, for the stellate cell activation marker, smooth muscle actin (SMA), for the
ER stress marker/insulin-signaling inhibitor tribbles-related protein (TRB3) were quantified
by real time RT-PCR as described previously (He et al., 2006; Baumgarder et al., 2008b, a;
2008b; Ronis et al., 2008). Total RNA was isolated from tissue using SV total RNA Isolation
System (Promega, Madison, WI) according to the manufacturer’s protocol. The integrity of
the RNA was confirmed by denaturing gel electrophoresis. RNA samples were quantified using
the RiboGreen® quantitation assay, after DNase digestion, according to procedures developed
by the manufacturer (Molecular Probes, Eugene, OR). Reverse transcription reaction was
performed with 0.5 μg of total RNA in a final volume of 10 μl, using M-MLV Reverse
Transcriptase (Invitrogen. Stockholm, Sweden) essentially according to procedures developed
by the manufacturer. Each PCR reaction contained 2–10 μl of cDNA template, 1x Buffer, 1.25
to 1.5mM MgCl2, 0.2 mM dNTPs, 0.25 μM of each primer, and 0.625 units Taq DNA
Polymerase (ABGene, Epsom, U.K.). For primer sequences, see Baumgardner et al. 2007;
2008a; 2008b; Ronis et al. 2008. Each PCR consisted of 95°C for 1 min followed by 25–40
cycles of 95°C for 15 s, 52°C or 60°C for 20 s, and 72°C for 1 min. PCR products were separated
on ethylene bromide containing agarose gels. Identity of PCR products was verified by DNA
sequencing, using BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems) according to the manufacturer’s instructions. Real Time PCR was performed
using 5 μl of diluted cDNA template in a 25μl reaction containing 0.25 μM of each primer and
12.5 μl SybrGreen real time PCR MasterMix (Applied Biosystems). Each run consisted of 50°
C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 s, 60°C for 20s and 72°C
for 60s and was followed by a melt curve analysis, and separation on ethylene bromide
containing agarose gels. PCR was performed using the Applied Biosystems ABI PRISM® 7700
Sequence Detection System. All samples were run blind, and reactions were performed in at
least duplicates from separate cDNA reactions. All primers were designed to span at least one
intron. Expression of gene products was normalized against mRNA for the housekeeping gene
cyclophilin, expression of which did not change significantly across groups.

Statistics
Data are expressed as mean ± standard error. In most cases, groups were compared statistically
by two way analysis of variance (ANOVA) followed by Student’s Neuman-Keuls post hoc
analysis for specific comparisons between means using SigmaStat for Windows (Jandal
Scientific Software). In the case of the liver pathology scores which were not normally
distributed median values were compared by two way ANOVA of Ranks followed by Dunn’s
test. The specific statistical comparisons between means and medians were as follows: within
each diet between rats fed ethanol and controls and within controls or ethanol-treated groups
for the effects of DAS or 4MP.

RESULTS
Ethanol Metabolism

In accordance with previously published studies from our laboratory, TEN fed rats grew at
similar rates to ad libitum chow-fed animals (Badger et al., 1993a; Ronis et al., 2004). Body
weight gains of EtOH-treated rats were either similar or slightly reduced despite isocaloric
feeding. DAS treatment reduced body weight gain (P<0.05) while 4MP treatment resulted in
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a small increase (P<0.05) (Table 1). Chronic treatment with EtOH in the current study resulted
in a pulsatile pattern of UECs, (Figure 1) with a periodicity of 6–7 d despite continuous infusion
of EtOH diets 23 h/d replicating results described previously (Badger et al. 1993a,b; Ronis et
al. 2008). Previous studies suggest that the UEC/BEC pattern reflects periodic changes in EtOH
clearance as a result of changes in expression and activity of hepatic ADH 1 (Badger et al,
2000; He et al., 2006). This phenomenon represents an example of time-dependent
pharmacokinetics where increases in BECs as a result of saturation of EtOH metabolism
produce ER stress in the liver which in turn blocks insulin-dependent suppression of ADH 1
resulting in increased ADH 1 activity and EtOH clearance. Once BECs return to basal values,
ER stress disappears and the whole process repeats itself. Consistent with previous findings,
block of ADH 1 by treatment with 4MP reduced in vivo EtOH clearance by 80% and abolished
the UEC pulses (Figure 1). UEC values in the EtOH + 4MP group were matched to those of
the EtOH group by reducing the dose of EtOH to 2.9 ± 0.1 g/kg/d.

Although DAS treatment inhibited EtOH-induced CYP2E1 activity and apoprotein expression
(P< 0.05) (Figure 2), no significant effects were observed on the pattern of UECs (Figure 1).
However, average UEC values were elevated compared to those of the EtOH group (P<0.05)
(Table 1). These data are also consistent with previous studies from our laboratory (Badger et
al. 1995).

Liver Pathology
Chronic infusion of EtOH via TEN for 45 d resulted in the development of alcoholic
steatohepatitis. Liver pathology consisted of hypertrophy, a mixture of macro and
microsteatosis, the appearance of inflammatory infiltrates, necrotic foci and apoptosis (Table
2, Figure 3). DAS treatment by itself increased liver weight (P< 0.05) and had additive effects
with EtOH (Table 1). 4MP by itself also increased liver weight slightly and exacerbated the
hypertrophic effects of EtOH (P< 0.05) (Table 1). Pathology scores for steatosis, inflammation
and necrosis were all elevated by EtOH treatment (P< 0.05) and 2-way ANOVA analysis of
TUNEL staining indicated a modest increase in apoptosis after EtOH-treatment (P< 0.05).
However, no protective effects of either DAS or 4MP were observed on increased liver
pathology scores or apoptosis (Table 2, Figure 3) produced by EtOH. The only indications of
a protective effect associated with inhibition of EtOH metabolism were a reduction in EtOH-
induced triglyceride accumulation assessed biochemically in the EtOH+ DAS and EtOH+4MP
groups (P<0.05, Table 1), and a reduction of serum ALT values in the EtOH + 4MP group
relative to the EtOH group (P< 0.05) (Table 2). However, EtOH still doubled ALT values over
4MP-treated controls (P< 0.05).

Oxidative Stress
Oxidative stress has long been considered an important factor in progression of alcoholic liver
injury (Ronis et al., 1996; Arteel, 2003; Lieber 2004). More recently, chronic ethanol exposure
has been demonstrated to produce ER stress which has also been linked to pathology and
development of hepatic insulin resistance (Kaplowitz, 2006; He et al., 2006). Two markers of
oxidative stress were determined: lipid peroxidation as measured by the appearance of
thiobarbituric acid reactive substances (TBARS) in liver homogenates and concentration of
the antioxidant glutathione (GSH). TBARS were elevated and GSH depleted (P < 0.05)
following EtOH treatment (Table 3). DAS treatment exacerbated EtOH-induced oxidative
stress (P<0.05). However, 4MP treatment partly ameliorated the EtOH-associated reduction
in GSH (P<0.05, Table 3).

Cytochrome P450 CYP4A1
In addition to CYP2E1, another cytochrome P450 enzyme, CYP4A, has been demonstrated to
be loosely coupled and a source of free radicals (Leclercq et al., 2000). In CYP2E1 knockout
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mice, CYP4A is elevated and has been suggested to act as an alternate radical source after
EtOH treatment of CYP2E1 −/− mice to explain the lack of protection against alcoholic liver
injury in these animals (Wan et al., 2001). Therefore, we also examined the effects of DAS
and 4MP on CYP4A1 expression. EtOH treatment resulted in a small increase in CYP4A1
expression. DAS treatment by itself reduced microsomal CYP4A1 apoprotein (P < 0.05) but
there was no effect of DAS on CYP4A1 expression in EtOH-fed rats. In contrast, 4MP
increased CYP4A1 expression by itself (P<0.05) and the combination of EtOH and 4MP
substantially increased CYP4A1 apoprotein (P< 0.05) (Figure 4). These effects on CYP4A1
apoprotein expression were largely reflected in parallel changes in hepatic microsomal lauric
acid ω-hydroxylase activity, a well studied marker of CYP4A1 activity (Ronis et. al. 1994).

Endoplamic Reticulum (ER) Stress
EtOH treatment resulted in induction of expression of mRNA encoding TRB3 (P< 0.05),
synthesis of which has been shown to be triggered by ER stress (He et al., 2007). DAS co-
treatment further increased EtOH-induced TRB3 expression (P<0.05). However, 4MP co-
treatment prevented EtOH-induced TRB3 mRNA expression (P < 0.05) (Table 2).

Cytokine and Chemokine Expression
Altered cytokine expression and synthesis of chemokines are another well known featureof
alcoholic liver disease (Tiig and Diehl, 2000; Crews et al., 2006, Ronis et al., 2008). Treatment
with both DAS and 4MP significantly reduced pro-inflammatory TNFα mRNA expression in
EtOH-treated groups (P< 0.05) (Figure 5). However, IL-12 expression was suppressed by
EtOH in the presence or absence of DAS or 4MP co-treatment (P < 0.05) (Figure 5). EtOH
suppressed expression of IL-4 mRNA (P< 0.05) and this was unaffected by DAS. In contrast,
4MP treatment by itself suppressed IL-4 and the combination of 4MP and EtOH suppressed
IL-4 mRNA even further (P< 0.05). EtOH treatment increased CXCL-2 mRNA (P < 0.05) and
this was attenuated by both DAS and 4MP co-treatment (P < 0.05) (Figure 5).

Stellate Cell Activation
EtOH produces hepatic fibrosis via activation of stellate cells (Anania et al., 1996; Lieber
2004; Purohit and Brenner, 2006; Crews et al. 2006). This process has been shown to involve
increased signaling through the cytokine TGFβ (Purohit and Brenner, 2006, Crews et al.,
2006). TGFβ mRNA was elevated by EtOH treatment (P < 0.05) and this increase was
unaffected by either DAS or 4MP (Figure 6). Two well established early indicators of stellate
cell activation are increased expression of smooth muscle actin (SMA) and of platelet-derived
growth factor receptor beta (PDGFRβ) (Baumgarder et al. 2008b). Two way ANOVA indicated
that increased overall expression of mRNA for both SMA and PDGFRβ occurred in EtOH-
treated groups (P < 0.05). However, neither DAS nor 4MP co-treatment affected the ETOH-
induced increase in SMA expression. However, no increase in PDGFRβ expression was
observed after co-treatment with EtOH and 4MP.

Hepatocellular Proliferation
Two way ANOVA indicated an increase in liver weight and hepatocyte proliferation with
increased % of cells in S-phase and G2 in the EtOH-treated groups (P < 0.05) (Table 4).
Treatment with DAS alone increased liver weight (P<0.05); decreased the % cells in G0 and
increased the number in G1, M and G2 (P<0.05) (Table 4). The combination of EtOH and DAS
additively increased hepatocyte proliferation. This coincided with significantly increased
PCNA expression in Western blots (Figure 7); increased liver weight and increased DNA/
protein ratio in the DAS + EtOH group compared to the EtOH group (Table 1). Despite
significant but smaller increases in liver weight after 4MP and EtOH + 4MP treatments, cell
cycle values were largely unaffected by 4MP.
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DISCUSSION
Despite studies over the past 50 years, the molecular mechanisms underlying ALD are still
unclear. It has been suggested that metabolism of EtOH to radical intermediates by CYP2E1,
or EtOH metabolism resulting in formation of NADH and acetaldehyde by ADH play a major
role in development of liver pathology (Lieber and De Carli, 1991; Ronis et al. 1996; Lieber
2004; Purohit and Brenner 2006; Lu and Cederbaum 2008). However, previous studies on the
role of CYP2E1 and ADH in ALD have proven contradictory (Kono et al., 1999; Lindros et
al. 1999). In the current experiment, we conducted a side by side comparison of the
development of ALD in our previously established rat TEN model (Korourian et al., 1999;
Ronis et al. 2004; Ronis et al. 2008) under conditions where CYP2E1 activity was inhibited
by DAS or EtOH metabolism by both CYP2E1 and ADH was substantially inhibited by 4MP.

Co-treatment with EtOH and DAS was found to inhibit EtOH-induced CYP2E1 activity and
apoprotein expression and unlike studies involving CYP2E1 knockout mice (Wan et al.,
2001), there was no evidence compensatory induction of CYP4A1 apoprotein which might
provide an alternative source of free radicals. Under these conditions, liver pathology and
serum ALT values were unchanged compared to treatment with EtOH alone, but there was a
decrease in biochemically determined hepatic triglyceride content. The discrepancy between
pathologically determined steatosis score and triglyceride levels may reflect the relative
insensitivity of pathological scoring or changes in the triglyceride pool associated with
lipoproteins rather than that present as lipid droplets. Increases in oxidative stress and ER stress
produced by EtOH treatment were actually exacerbated by EtOH + DAS co-treatment which
suggests that CYP2E1 may not be a major factor in development of cellular stress following
EtOH exposure. With the exception of TNFα and CXCL2, changes in cytokine and chemokine
expression produced by EtOH were also unaffected. These data contradict previous studies by
French and co-workers (Morimoto et al., 1995; Albano et al. 1996; Gouilon et al. 2000) but
are consistent with data from the laboratory of the late Dr. Ron Thurman using both CYP2E1
knockout mice and non-specific chemical inhibition of cytochrome P450-dependent
monooxygenases (Kono et al. 1999; Isayama et al. 2003). Differences in diet composition and
pattern of EtOH administration (isocaloric substitution as opposed to caloric supplementation)
might in part explain the differences in results between the current study and those of French
et al. DAS co-treatment had no effect on EtOH induction of TGFβ mRNA or indicators of
stellate cell activation (SMA and PDGFRβ). These data suggest that radical production by
CYP2E1 does not play a role in stellate cell activation. Reductions in TNFα mRNA after DAS
co-treatment suggest a role for CYP2E1-dependent EtOH metabolism in regulation of this pro-
inflammatory cytokine. These data are consistent with previous studies from our laboratory in
which CYP2E1 expression was inhibited by administration of chlormethiazole (Fang et al.,
1998). Similarly, prevention of CXCL2 mRNA production following EtOH and DAS co-
treatment suggests a role for CYP2E1-associated radicals in chemokine production. CXCL-2
is the rat analogue of human IL-8. The status of hepatocellular proliferation and liver
regeneration following EtOH consumption has been the subject of many contradictory reports
(Diehl, 2002; Koteish et al., 2002; Apte et al., 2004, Baumgardner et al., 2007; Clemens
2007; Ronis et al., 2008; Jung et al. 2009). Previous studies in our laboratory using
histochemical analysis of cellular PCNA distribution have observed a modest increase in
cellular proliferation following chronic EtOH treatment in the TEN model and increases in
EtOH-stimulated proliferation when EtOH was combined with under-nutrition (Baumgardner
et al. 2007). The current study confirm these data and suggest DAS and EtOH stimulate
hepatocellular proliferation by separate pathways since liver size and number of cells in S-
phase were additive with the combined treatment. The increase in overall PCNA expression
observed in Western blots may also reflect DNA repair following damage (Essers et al.,
2005). The increase in liver size produced by DAS treatment alone was accompanied by an
increase in DNA/protein ratio, but was not associated with significant increases in cells in S-
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phase. Rather there were significant increases in the number of cells in G1. The lack of statistical
significance may simply reflect the small number of cells normally in S phase. Alternatively,
since DAS is known to be a phenobarbitone-like inducer of CYP2B expression acting via
activation of the constitutive androgen receptor CAR, (Fisher et al., 2007), it is possible that
like phenobarbitone, DAS can increase liver size by inducing liver cell polyploidisation, where
DNA is replicated without subsequent cell division (Martin et al., 2001).

4MP treatment resulted in inhibition of approximately 80% of EtOH clearance and abolished
UEC pulses associated with continuous EtOH infusion in the TEN model. This is consistent
with previous data from our laboratory (Badger et al., 2000). Since only 2.9 g/kg of EtOH was
being infused in the EtOH + 4MP group relative to 11 g/kg in the EtOH group to produce
similar mean UEC values, EtOH metabolism to acetaldehyde appears to have been
substantially inhibited. 4MP inhibits ADH class I and is also a competitive inhibitor of CYP2E1
(Porubsky et al. 2008). Therefore it is likely that in addition to inhibition of EtOH metabolism
by ADH, CYP2E1 is also inhibited in these rats in vivo. However, this is not reflected in in
vitro studies with microsomes since 4MP was removed during microsomal preparation. 4MP
had no effect on CYP2E1 apoprotein expression. However, the combination of EtOH and 4MP
did result in a substantial increase in CYP4A1 expression which could act as a source of free
radicals in compensation for in vivo CYP2E1 inhibition in these animals and could contribute
to ALD. Under these conditions pathological evaluation of ALD revealed surprisingly small
differences in the combined EtOH + 4MP group compared to EtOH alone. Indication of some
protective effect associated with blocking a large proportion of EtOH metabolism comes from
the reduction of hepatic triglyceride accumulation and the serum ALT data which was
significantly attenuated suggesting a reduction in necrotic injury. The effects of 4MP on
triglyceride accumulation may be due to inhibition of CYP2E1 activity since a similar effect
was observed with DAS. Previous studies have reported contradictory findings related to
acetaldehyde and ALD (Lieber 2004; Purohit and Brenner 2006; Lindros et al., 1999).
Overexpression of ADH has been reported to increase EtOH-induced hepatotoxicty and
acetaldehyde has been linked to suppression hepatocyte proliferation (Lieber 2004; Clemens
2007). On the other hand Lindros et al. (1999) have reported reduced alcoholic liver injury
following treatment with the aldehyde dehydrogenase inhibitors disulfiram and benzocoprine
despite increased liver acetaldehyde and similar decreases in EtOH-induced ALTs, TNFα and
oxidative stress were recently reported in aldehyde dehydrogenase 2 knockout mice
(Matsumoto et al. 2008). In the current study a protective effect of 4MP treatment was observed
on development of EtOH-induced oxidative stress and ER stress. These data suggest EtOH
metabolism is of importance in appearance of cellular stress following alcohol consumption.
These data are also consistent with previous reports that acetaldehyde exposure increases ER
stress in vitro in HepG2 cells (Lluis et al., 2003) and that ADH over-expression increases EtOH-
mediated ER stress in the heart (Li and Ren, 2008). Although EtOH-induced suppression of
the cytokines IL-4 and IL-12 was unaffected by co-treatment with 4MP, like DAS, 4MP
treatment prevented EtOH-induced increases in expression of mRNA for the cytokine
CXCL-2. These data might be explained by inhibition of CYP2E1 activity since a similar effect
was observed with DAS. The data are consistent with a previous study by Gomez-Quiroz et
al. (2003) that acetaldehyde can stimulate IL-8 production in HepG2 cells in vitro. EtOH-
mediated increases in TNFα mRNA were also inhibited by 4MP treatment in a similar fashion
to that produced by DAS. Previous in vitro studies have suggested that acetaldehyde can
increase TNFα production in both HepG2 cells and Kupffer cells (Hsiang et al., 2005; Cao et
al., 2002). Since significant in vitro data from previous studies suggest a role for acetaldehyde
in EtOH-mediated increases in TGFβ and stellate cell activation (Anania et al., 1996; Purohit
and Brenner, 2006; Novitsky et al. 2005; Zheng et al., 2007), it is surprising that 4MP treatment
had no effect in the current study on EtOH-induced TGFβ mRNA or increased expression of
SMA. Acetaldehyde has also been reported to inhibit hepatocyte proliferation in vitro
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(Clemens, 2007). However, EtOH/4MP co-treatment did not increase the proportion of
hepatocytes in S-phase compared to EtOH treatment alone.

An important limitation in interpretation of these data is the lack of complete specificity of
DAS and 4MP as chemical inhibitors of CYP2E1 and ADH. DAS also acts as a phenobarbitone-
like inducer via CAR in addition to inhibiting CYP2E1 (Fisher et al. 2007) and 4MP inhibits
both ADH and CYP2E1 (Porubsky et al. 2008). However, genetic approaches to the address
the question of the role of EtOH metabolism in ALD have similar drawbacks such as
compensatory changes in other enzymes such as CYP4A1 in CYP2E1 knock-out mice (Wan
et al., 2001). Based on our data, we conclude that much of the hepatic pathology produced by
chronic alcohol exposure is independent of EtOH metabolism. However, our data also suggest
that acetaldehyde formation is associated with development of oxidative and ER stress and
necrotic injury. In contrast, CYP2E1-dependent EtOH metabolism appears to be associated to
some degree with triglyceride accumulation increased TNFα and chemokine production.
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Figure 1.
Representative urine ethanol concentration (UEC) profiles during TEN infusion of EtOH-
containing diets with or without co-treatment with DAS or 4MP.
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Figure 2.
CYP2E1 activity and expression in liver microsomes of rats fed via TEN diets with or without
EtOH and DAS or 4MP co-treatment. A. CYP2E1-dependent p-nitrophenol hydroxylase; B.
CYP2E1-dependent carbon-tetrachloride-dependent lipid peroxidation – TBARS/mg
microsomal protein/min; C. Representative Western immunoblots of CYP2E1 apoprotein,
each lane represents a different animal; D. Immunoquantitation of CYP2E1 Western blots.
Data represent mean ± SEM for N = 15 control; N = 18 EtOH; N = 7 DAS; N = 9 EtOH +
DAS; N = 8 4MP and N = 15 EtOH + 4MP rats/group. * EtOH effect within group; ** DAS
effect within group and # 4MP effect within group P<0.05 by two way ANOVA followed by
Neuman-Keuls post-hoc multiple pair-wise comparisons comparing EtOH and DAS groups or
EtOH and 4MP groups.
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Figure 3.
Representative H&E stained liver sections × 10 magnification. A. Control; B. EtOH; C. DAS;
D. EtOH + DAS; E. 4MP; F. EtOH + 4MP.
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Figure 4.
CYP4A1 activity and expression in liver microsomes of rats fed via TEN diets with or without
EtOH and DAS or 4MP co-treatment. A. Representative Western blots; B. immunoquantitation
of CYP4A1 apoprotein in liver microsomes; and C. microsomal lauric acid ω-hydroxylase
activity, comparing control (TEN) rats with EtOH-treated rats (EtOH) with or without DAS
or 4MP co-treatment. Data represent mean ± SEM for N = 15 control; N = 18 EtOH; N = 7
DAS; N = 9 EtOH + DAS; N = 8 4MP and N = 15 EtOH + 4MP rats/group. * EtOH effect
within group; ** DAS effect within group and # 4MP effect within group P<0.05 by two way
ANOVA followed by Neuman-Keuls post-hoc multiple pair-wise comparisons comparing
EtOH and DAS groups or EtOH and 4MP groups.
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Figure 5.
Real-time RT-PCR analysis of the effects of EtOH with or without DAS or 4MP co-treatment
on relative expression of cytokine and chemokine mRNAs. A. TNFα; B. IL-4; C. IL-12 and
D. CXCL2. Data represent mean ± SEM for N = 15 control; N = 18 EtOH; N = 7 DAS; N = 9
EtOH + DAS; N = 8 4MP and N = 15 EtOH + 4MP rats/group. * EtOH effect within group;
** DAS effect within group and # 4MP effect within group P<0.05 by two way ANOVA
followed by Neuman-Keuls post-hoc multiple pair-wise comparisons comparing EtOH and
DAS groups or EtOH and 4MP groups.
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Figure 6.
Real-time RT-PCR analysis of the effects of EtOH with or without DAS or 4MP co-treatment
on relative expression of TGFβ mRNA and mRNAs for stellate cell activation markers smooth
muscle actin (SMA) and PDGF receptor β (PDGFRβ). Data represent mean + SEM for N =
15 control; N = 18 EtOH; N = 7 DAS; N = 9 EtOH + DAS; N = 8 4MP and N = 15 EtOH +
4MP rats/group. * EtOH effect within group; ** DAS effect within group and # 4MP effect
within group P<0.05 by two way ANOVA followed by Neuman-Keuls post-hoc multiple pair-
wise comparisons comparing EtOH and DAS groups or EtOH and 4MP groups.
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Figure 7.
PCNA expression in liver homogenates of rats fed via TEN diets with or without EtOH and
DAS or 4MP co-treatment. Data represent mean ± SEM for PCNA protein expression
normalized against GAPDH, N = 4 rats/group. * EtOH effect within group; ** DAS effect
within group and # 4MP effect within group P<0.05 by two way ANOVA followed by Neuman-
Keuls post-hoc multiple pair-wise comparisons comparing EtOH and DAS groups or EtOH
and 4MP groups.
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