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Abstract
Binge alcohol drinking induces hepatic steatosis. Recent studies showed that chronic ethanol-
induced fatty liver was, at least in part, CYP2E1 dependent. The mechanism of acute alcohol
induced steatosis and whether CYP2E1 plays any role is still unclear. Increasing oxidative stress
by alcohol can activate the JNK MAP kinase signaling pathway, suggesting that JNK might be a
target for prevention of alcohol induced steatosis. We used CYP2E1 knockout (KO) mice, a JNK
inhibitor, and JNK1 or JNK2 knockout mice to test the role of CYP2E1, JNK, and the individual
role of JNK1 and JNK2 in acute alcohol-induced steatosis. In wild type (WT) mice, acute alcohol
activates CYP2E1 and increases oxidative stress, which reciprocally increases activation of the
JNK signaling pathway. Acute alcohol–induced fatty liver and oxidative stress was blunted in
CYP2E1 KO mice and by the JNK inhibitor in WT mice. The antioxidant N-acetylcysteine
decreased the acute alcohol induced oxidative stress, activation of JNK and the steatosis but not
the activation of CYP2E1. Acute alcohol decreased autophagy and increased expression of
SREBP, effects blocked by the JNK inhibitor. Acute alcohol–induced fatty liver was the same in
either JNK1 or JNK2 KO mice as WT mice, thus either JNK1 or JNK2 per se is sufficient in
induction of steatosis by acute alcohol.

Conclusion—acute alcohol elevation of CYP2E1, oxidative stress and activation of JNK interact
to lower autophagy and increase lipogenic SREBP resulting in fatty liver.
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INTRODUCTION
Acute alcohol consumption induces steatosis in liver [1–2]. Steatosis is an early and
reversible stage of alcohol induced liver injuries. However, steatosis can evolve towards
steatohepatitis, which is characterized not only by lipid accumulation but also by
necroinflammation and fibrosis. Previous work showed that chronic alcohol consumption
induced fatty liver was, at least in part, CYP2E1 dependent [3–4]. Chlormethiazole, an
inhibitor of CYP2E1, lowered chronic ethanol-induced fatty liver [4]. Chronic ethanol-
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induced fatty liver was significantly blunted in CYP2E1 knockout (KO) mice as compared
to wild type (WT) mice. Restoring CYP2E1 to the KO mice restored the chronic alcohol-
induced fatty liver [3]. CYP2E1 is also critical in alcohol induced steatosis in HepG2 cells
[5]. However, whether CYP2E1 plays a role in acute alcohol induced fatty liver is unknown.
One goal of the current study was to evaluate whether CYP2E1 plays a role in acute alcohol
induced liver steatosis.

JNK signaling has been reported to be related to disease progressions, such as
steatohepatitis, obesity, insulin resistance, non-alcoholic liver diseases etc [6–9]. Acute
alcohol induced a moderate increase in the phosphorylation of JNK [10–11]. This may
suggest that JNK plays a role in the progression of steatosis, and might be a target for the
prevention of steatosis and further development of liver damage by alcohol. In most tissues
especially liver, there are two forms of JNK, JNK1 and JNK2 [12]. Mice deficient in either
JNK1 or JNK2 are viable but double knockouts are embryonic lethal. Recent studies showed
either JNK-1 or JNK-2 played a role in chemical or drug induced fatty liver or liver toxicity
[8, 13–17]. Recent reports showed that JNK-1 but not JNK2 played an important role in
methionine choline deficient or high fat diet induced steatohepatitis [8, 14]. In this study, we
evaluated whether JNK plays a critical role in acute alcohol induced liver steatosis and if it
did, the individual role of JNK1 or JNK2 in this acute alcohol induced liver steatosis was
studied.

The effect of autophagy on various biological effects to the liver [18–21] has been recently
studied. Alcohol treatment to CYP2E1 expressing HepG2 cells decreased autophagy while
inducing steatosis [5]. As a comparison, the change of autophagy was less in HepG2 cells
without CYP2E1 expression [5]. This suggested that CYP2E1, autophagy and steatosis may
correlate with each other. A recent report showed that autophagy was increased with in vivo
alcohol treatment, or upon addition of ethanol to isolated hepatocytes [22]. Interestingly,
induction of autophagy was found to be JNK dependent [23]. In the current study, using an
acute alcohol model, the possible relationship between steatosis, CYP2E1 activation, JNK
activation and autophagy was determined.

EXPERIMENTAL PROCEDURES
Experimental Models and Treatments

Animal experiments were performed with approval of the Mount Sinai Animal Care and Use
Committee. SV/129-background CYP2E1 knockout mice were kindly provided by Dr.
Frank J. Gonzalez (Laboratory of Metabolism, National Cancer Institute, Bethesda, MD)
and breeding colonies established at Mount Sinai. Male SV/129 wild type mice, Male jnk1−/
− (B6.129-Mapk8tm1Flv/J), jnk2−/− (B6.129-Mapk9tm1Flv/J), and wild type-C57BL/6J
mice (JNK1 KO, JNK2 KO and WT), weighing 24–26g, at 8–10 weeks of age, were
purchased from Jackson Laboratory (Bar Harbor, ME). JNK1 KO mice were backcrossed 7
generations to C57BL/6J mice while JNK2 KO mice were backcrossed 5 generations to
C57BL/6J mice. Ethanol was given for 4 doses at 30 minutes interval between each dose.
The first dose of ethanol was administered as IP injection at 0.93g/kg b.w‥ The other three
doses were applied by gavage at 1.25g/kg b.w‥ Mice were fasted for 18 hrs before being
sacrificed. JNK inhibitor XIII (EMD Chemicals, Inc., Gibbstown, USA) was dissolved in
30% ethanol and applied as IP injection at 5µg/kg b.w. (the dose of ethanol is equivalent to
the first dose of ethanol treatment). The other three doses of ethanol were applied the same
as in the ethanol treatment group. For N-acetylcysteine (NAC) treatment, two doses of NAC
at 100mg/kg b.w. were injected IP 24 hrs and 1 hr respectively before the first dose of
ethanol treatment. In the saline control group, the four doses of saline were applied at 30
min intervals, with the 1st dose as IP injection, and other three doses as gavage in the same
volume of saline as the ethanol treatment group.
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Sample Collection, Pathology Analysis, and Biochemical Assays
Liver tissue collection, Oil-red O staining and serum ALT and AST were assayed as
previously described [3–5]. Activity of CYP2E1, TBARS assay, GSH and triglyceride levels
were assayed as previously described [3–5]. GSSG was assayed by following the decrease in
absorbance at 340 nm upon addition of NADPH plus glutathione reductase to sample liver
extracts.

Western Blot Analysis
Levels of CYP2E1, pJNK, JNK, cJUN, pcJUN, LC3, P62, Atg7, Beclin, p-mTOR, pP70,
P70, p4E1, 4E1, BIP, IRE1α, Bcl-2, and SREBP1α in 20–100µg of protein samples from
freshly prepared liver homogenate fractions were determined using western blot analysis.
Blots were scanned using an Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE).
All specific bands were quantified with the Automated Digitizing System (Image J
programs, version 1.34S, National Institute of Health).

Immunohistochemistry staining
Paraffin slides were deparaffinized and blocked as previously reported [13]. Antibodies
against 4-HNE, and pJNK were added at 1:200 dilution and incubated at 4°C overnight.
Slides were washed with PBS and stained with the Histostain Plus Broad Spectrum (DAB)
kit. Images were detected under the light microscope at 200× magnitude.

Statistical Analysis
Values reflect mean±SE. One-way ANOVA with subsequent posthoc comparisons by Tukey
HSD were performed by SPSS analysis software (version 10.0). P values of less than 0.05
were considered statistically significant and results are from experiments using 3–6 mice of
each genotype.

RESULTS
Acute alcohol treatment induces steatosis in liver, which involves activation of CYP2E1
and JNK

Mice were treated with a total of 4.68g/kg b.w. alcohol and sacrificed 18 hrs after the last
dose of ethanol. Significant steatosis was produced in livers by acute alcohol treatment, as
shown by H&E staining, Oil Red O staining, and TG levels in liver (Fig 1A and 1B). Acute
alcohol treatment also increased CYP2E1 protein expression (Fig. 1C), and CYP2E1 activity
(Fig. 1D). This suggests that CYP2E1 might play a role in the acute alcohol induced
steatosis. This modest induction of CYP2E1 is due, in part, to the last dose of ethanol being
administered 18 hrs prior to sacrifice, coupled to the rapid turnover of CYP2E1 [24–25].
Further evidence for a role of CYP2E1 was tested by treating CYP2E1 knockout mice with
acute alcohol. No steatosis was induced by acute alcohol in CYP2E1 knockout mice (Fig.
1E and 1F), confirming CYP2E1 plays a role in formation of steatosis in this acute alcohol
model.

JNK inhibitor completely blocked the acute alcohol induced steatosis (Fig. 1A–B). We
evaluated whether this blockage of steatosis could be due to inhibition of CYP2E1. The JNK
inhibitor did not block either CYP2E1 protein expression or activity (Fig. 1C–D). This
suggests that inhibition by the JNK inhibitor is not through direct inhibition of CYP2E1 but
rather through inhibition of effects that are downstream of ethanol-CYP2E1 signaling as
described below. Acute alcohol treatment per se or together with JNK inhibitor did not cause
liver injury as reflected by ALT and AST assay (data not shown).
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Acute alcohol treatment induces activation of JNK MAP Kinase
In chronic alcohol treatment, MAP kinase signaling pathways were involved in development
of liver injuries [26–28]. Based upon the blunting of acute ethanol-induced steatosis by the
JNK inhibitor, we evaluated whether JNK was indeed activated, and if so, which JNK
isoform, JNK1 or JNK2 or both was activated. Both JNK1 and JNK2 were activated, by
acute alcohol treatment with increases in the pJNK1/JNK1 and pJNK2/JNK2 ratio of 2.4
fold and 4.7 fold as compared to saline control, respectively (Fig. 2A). This activation was
blocked by the JNK inhibitor. Immunohistochemistry staining also confirmed the activation
of JNK by acute alcohol and the prevention of this activation by JNK inhibitor (Fig. 2B).
Acute alcohol treatment also increased the activation of cJUN as shown by the elevated ratio
of pcJUN/cJUN. JNK inhibitor blocked this cJUN activation (Fig. 2C).

JNK inhibitor blocks oxidative stress induced by acute alcohol treatment
Chronic alcohol treatment of mice increases oxidative stress in the liver [3, 29]. There are
also reports on increased oxidative stress in acute alcohol treatment [30–32]. In the current
binge alcohol model, oxidative stress was increased, as shown by elevated 4-HNE staining,
increased TBARS levels, and decreased reduced GSH levels compared to saline controls
(Fig. 2D–F). Levels of GSSG were elevated two-fold by the acute ethanol treatment (2
nmol/mg protein for saline controls and 3.8 nmol/mg protein for the ethanol-treated) (see
time course below). JNK inhibitor blocked this acute alcohol induced oxidative stress
decreasing levels of 4-HNE and TBARS, and increasing levels of GSH in liver (Fig. 2D–F).
To further evaluate the role of oxidative stress in steatosis formation in this acute alcohol
model, mice were pretreated with the antioxidant NAC prior to acute alcohol treatment.
NAC pretreatment blocked oxidative stress induced by acute alcohol treatment decreasing 4-
HNE protein adduct formation and TBARS levels and increasing reduced GSH levels (Fig.
3A–C). The NAC treatment did not block the acute alcohol induction of CYP2E1 (Fig 3D
and 3E), indicating that the blockage of oxidative stress by NAC is not due to the inhibition
of CYP2E1. NAC blocked acute alcohol induced steatosis as shown by reduced H&E
staining, Oil Red O staining and liver triglyceride levels (Fig. 4A–B). This suggests that
oxidative stress indeed plays an important role in the acute alcohol induced steatosis. As
mentioned above (Fig. 2), inhibition of JNK decreased the acute alcohol-induced oxidative
stress. Results in Fig 4D showed that inhibition of oxidative stress with NAC also blocked
JNK activation. This suggests there is a reciprocal relationship between the increase of
oxidative stress and activation of JNK which may play important roles in the acute alcohol-
induced steatosis. No liver toxicity was found with acute alcohol only or pretreatment with
NAC (Fig. 4C).

Effect of acute alcohol and JNK inhibition on autophagy signaling pathways
Autophagy could either be increased or decreased by alcohol depending on the model,
tissue, experimental conditions [5, 22, 33, 34]. Acute alcohol decreased autophagy, as
shown by decreased LC3-II/LC3-I ratio, decreased LC3-II/β-actin ratio and increased P62
levels (Fig. 5A). This decrease in autophagy was prevented by the JNK inhibitor. Beclin-1 is
an important component in inducing the formation of autophagosomes in mammalian
systems, and Bcl-2 can bind to Beclin-1 and inhibit autophagy [35]. In addition, Atg 7 is
critical in the transition of LC3-I to LC3-II [36]. Acute alcohol caused decreased expression
of Beclin, Atg7, and increased expression of Bcl-2 (Fig. 5B). The JNK inhibitor reversed
these effects (Fig 5B). Ethanol induced oxidative stress can promote the activation of
mTOR, which inhibits autophagy [47]. mTOR promotes protein synthesis and cell growth
by phosphorylating p70 ribosomal S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-
binding protein-1 (4EBP1) [37]. Acute alcohol treatment increased mTOR phosphorylation,
4E1-BP and P70 phosphorylation (Fig. 5C), downstream targets of mTOR activation. The
JNK inhibitor blocked these phosphorylations. These data show that acute alcohol treatment
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increased activation of mTOR and its downstream factors and decreased autophagy. JNK
inhibitor blocked the effect of acute alcohol on autophagy.

Time course for the effects of acute alcohol treatment
To evaluate the kinetics of some of the changes produced by the acute alcohol treatment,
mice were treated with a total of 4.68g/ kg b.w. alcohol and sacrificed 4,8, 12 and 18 hrs
after the last dose of ethanol. The catalytic activity of CYP2E1 began to rise 8 hr and was
significantly elevated at 12 and 18 hr after ethanol as compared to saline controls (Fig.6A).
Oxidant stress was elevated at 12 hr, with smaller increases at 18 hr after the last dose of
alcohol as reflected by increases in levels of TBARS and GSSG coupled to decreases in
GSH (Fig 6B,6C). The LC3-II/ LC3-I ratio was lowered at 12 and 18 hrs after the last dose
of ethanol (Fig 6D). These changes in oxidant stress and autophagy (12 hr after ethanol) are
associated with corresponding changes in CYP2E1 (8–12 hr after ethanol). Results on
triglyceride accumulation showed a biphasic response to ethanol(Fig 6E). There was an
early increase in TGs at 4 and 8 hrs after ethanol. This was followed by a more striking
second phase of TG accumulation at 12 and 18 hrs after ethanol (Fig 6E). This secondary
burst of TG formation is associated with lipid droplet formation and steatosis becoming
elevated at 12 and 18 hrs after ethanol (Fig. 6F,6G). Both the steatosis score and Oil Red O
staining were −, +/−, +/++ and ++ at 4,8, 12 and 18 hrs after the last dose of ethanol,
respectively (saline values were all −).

Effect of acute alcohol and JNK inhibitor on SREBP and ER stress
SREBP is an important transcription factor controlling lipid homeostasis [38]. Acute alcohol
increased SREBP expression in liver 2 fold. JNK inhibitor blocked this increase (Fig. 7A).
No change of PPARα expression was found either by acute alcohol or by acute alcohol and
JNK inhibitor together (Fig. 7B). Whether ER stress could be related to the acute alcohol
induced steatosis was evaluated. Acute alcohol increased expression of BIP and IRE1α (Fig.
7C–D). However, JNK inhibitor did not block the increased expression of these two ER
stress markers, suggesting that inhibition of steatosis by JNK inhibitor is not ER stress
related. No significant change of CHOP was found either after acute alcohol treatment or
alcohol plus JNK inhibitor pretreatment (data not shown).

Either JNK1 or JNK2 is sufficient for acute ethanol induced steatosis
Since JNK inhibitor strongly blocked the steatosis induced by acute alcohol, and both JNK1
and JNK2 were each activated by alcohol (Fig 2A), we evaluated whether JNK1 or JNK2
plays a major role in this alcohol increase in steatosis. Either JNK1 knockout mice or JNK2
knockout mice or wild type mice were treated with acute alcohol. Acute alcohol induced
steatosis, as shown by H&E and Oil Red O staining (Fig. 8A), and hepatic TG level (Fig.
8B), is the same in both JNK knockouts as in wild type mice treated acutely with alcohol.
This suggests that either JNK1 or JNK2 is sufficient for acute alcohol induced steatosis. No
liver toxicity was found in WT, JNK1 KO, and JNK2 KO with acute alcohol treatment (Fig.
8C).

DISCUSSION
Role of CYP2E1 in acute alcohol induced liver steatosis

We have previously shown that CYP2E1 plays a major role in chronic ethanol induced fatty
liver and oxidative stress [29]. After feeding CYP2E1 knockout mice, CYP2E1 knockin
mice and their wild type control with chronic alcohol, there was a significant decrease of
oxidative stress and steatosis in CYP2E1 knockout mice compared to wild type control, and
restoration of oxidant stress and steatosis in CYP2E1 knockin mice [3]. Steatosis was found

Yang et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



after addition of ethanol in vitro in HepG2 cells expressing CYP2E1, but not in HepG2 cells
not expressing CYP2E1 [5]. In the current study, acute alcohol administration, produced an
activation of CYP2E1 (Fig 1C,1D), an increase in oxidative stress (Fig 2D,E,F) and
activation of JNK (Fig 2A,2B) in WT mice. CYP2E1 knockout mice treated with acute
alcohol did not develop steatosis (Fig 1E,1F), indicating that CYP2E1 plays an important
role in steatosis formation in this acute alcohol model.

Time course experiments showed that increases in oxidant stress and decline in autophagy
(12 hrs after ethanol) occur in association with elevation of CYP2E1 activity (8–12 hrs after
ethanol). However, the acute alcohol treatment elevated TG levels at time points (4 hr) when
CYP2E1 or oxidant stress was not yet altered by ethanol. The mechanism for this early
increase in TG levels , which appears to be independent of CYP2E1 and ROS is not known
and will require further study. The second burst in TG accumulation which occurs at 12 hr
after the last dose of ethanol, a time point where CYP2E1 and ROS are elevated, and
autophagy declines is associated with elevated lipid droplet formation and Oil Red O
staining. This suggests the latter elevation in TGs is likely due to CYP2E1-mediated
induction of ROS. e.g NAC blunts the elevation in TGs , the steatosis and the Oil Red O
staining at 18 hrs (Fig 4).

JNK activation and steatosis
In response to acute and chronic ethanol exposure, mitogen-activated protein kinase family
members including JNKs are activated [27]. These responses to ethanol translate into
activation of nuclear transcription factors and altered gene expression within the liver,
leading to the development of steatosis and the early stages of alcohol-induced liver injury
[39]. JNK is encoded for by three genes, each of which is alternatively spliced to yield a 54-
and 46-kDa protein. In hepatocytes, only two of the genes, JNK1 and JNK2, are expressed
[12]. JNK has been implicated in hepatic injury produced by alcohols, acetaminophen,
TNFα, ischemia-reperfusion and hepatitis virus [8, 13–17, 40]. Although it has been
suggested that JNK1 may promote cell death and JNK2 may promote proliferation and
survival, it appears that depending on the toxin, tissue and cell type, either JNK1 or JNK2 or
both play the major role in cell injury. Liver specific JNK1 knockout mice treated with a
high fat diet developed an increase of steatosis in liver, while treating adipose tissue specific
JNK1 knockout mice with high fat diet caused an inhibition of steatosis in liver [7, 41]. This
suggests that JNK1 in liver and adipose tissue play opposite roles in steatosis formation.
There appears to be no data which shows a tissue specific role of JNK in response to alcohol
treatment. In addition to tissue specificity, the isoform of JNK may also decide its function.
JNK1 appears to play a more important role in liver toxicity or steatosis by different stimuli
as compared to JNK2 [8, 13, 14]. In fibroblasts, JNK1, but not JNK2, appears to be essential
for TNFα-induced apoptosis [42]. JNK2 was found to be predominant in acetaminophen
toxicity, and 6-hydroxydopamine-induced apoptosis in PC12 cells [16, 17]. Liver injury
produced by either LPS/D-galactosamine or TNFα/D-galactosamine was lower in JNK2 KO
mice, compared to JNK1 KO mice [16]. Systemic inhibition of JNK by JNK inhibitors can
protect against the effects of feeding a high fat diet [43].

To clarify a possible role of JNK on acute alcohol induced steatosis, a systemic JNK
inhibitor (JNK inhibitor XIII) was used in the current study to suppress JNK before acute
alcohol treatment (Fig 2A,2B). It was reported that a JNK inhibitor blunted liver toxicity by
acetaminophen partly by reducing oxidative stress in mitochondria [44]. One possible
mechanism for the JNK inhibitor’s blunting of steatosis by acute alcohol may be by
reducing oxidative stress. Indeed, the acute alcohol elevation of oxidant stress was blocked
by the JNK inhibitor (Fig 2D,E,F). The role of oxidative stress in acute alcohol induced
steatosis was confirmed by the fact that NAC which blocked the elevation in oxidative stress
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by acute alcohol (Fig 3A,B,C), also blocked the acute alcohol induced steatosis (Fig 4A,
4B).

Both JNK1 and JNK2 were activated by the acute alcohol treatment and the JNK inhibitor
blocked the activation of either JNK (Fig 2A). To clarify the individual role of JNK1 or
JNK2 on acute alcohol induced steatosis, either JNK1 knockout or JNK2 knockout mice
were treated with acute alcohol. A comparable level of steatosis was found in JNK1
knockout mice and JNK2 knockout mice as in the WT mice (Fig 8). Either JNK1 or JNK2 is
sufficient in inducing steatosis in this acute alcohol model.

Autophagy and steatosis
Autophagy is a lysosomal degradative pathway critical for the removal and breakdown of
cellular components such as organelles and proteins. The regulation and function of
autophagy and lipid metabolism were reported to be reciprocally related to each other [45].
Studies in hepatocytes and liver have demonstrated that macroautophagy mediates the
breakdown of lipids stored in lipid droplets and that an inhibition of autophagy leads to the
development of fatty liver [45]. Lipid droplets are substrates for macroautophagy. Besides
the classic pathway of lipid metabolism by cytosolic lipases, lipid droplets are sequestered in
autophagosomes and then broken down by lysosomal enzymes [45].

The effects of alcohol on autophagy are not clear. A recent study showed that autophagy
protected against liver injury and fatty liver after acute alcohol administration to mice and
that acute alcohol increased autophagosome formation [22]. Chronic ethanol treatment
disrupts lysosomes and inhibits lysosomal hydrolytic activity suggesting that ethanol might
inhibit autophagic degradation [46]. Addition of ethanol to VL-17A HepG2 cells which
express alcohol dehydrogenase and CYP2E1 increases autophagosome formation but blocks
autolysosome formation [34]. Ethanol in vitro increased total LC3-II levels in precision- cut
rat liver slices [34]. Recent studies using hepatocytes, MCF-7 cells and HepG2 cells showed
decreased autophagy after alcohol treatment in vitro [5, 47, 48] e.g. ethanol downregulated
autophagy-related proteins such as Beclin-1 and LC3-II in immune cells [48].

In the current study, there was a decline in autophagy as reflected by decreased LC3 flux
and decreased Beclin and Atg 7 levels coupled to increased expression of P62 and Bcl-2
(Fig 5A,5B) after acute alcohol administration. mTOR regulates protein synthesis,
autophagy, and lipogenesis [49]. The acute alcohol administration increased phosphorylation
of mTOR and activation of mTOR downstream targets 4E-BP1 and P70 (Fig 5C). This
suggests that acute alcohol activated mTOR, which then decreases autophagy, resulting in
steatosis. The JNK inhibitor prevented the effect on mTOR, autophagy markers and steatosis
by acute alcohol. Importantly, the decrease in the LC3-II/LC3-I ratio and Beclin-1 and the
increase in P62, Bcl-2, pmTOR and mTOR targets were all blocked by the JNK inhibitor
(Fig 5) which likely contributes to the prevention of steatosis by the JNK inhibitor (Fig 1A,
1B).

Accumulation of lipids in liver may occur either via an increase of lipid synthesis, or
decrease of lipid degradation or both. SREBP is an important transcription factor regulating
lipid synthesis. Ethanol added in vitro to liver cell lines or chronic ethanol feeding elevated
levels of SREBP [38]. Acute alcohol treatment increased SREBP expression in liver (Fig
7A). The JNK inhibitor prevented this increase by acute alcohol which suggests that the
steatosis induced by acute alcohol may occur via the activation of JNK, followed by SREBP
upregulation. Inhibition of this upregulation by the JNK inhibitor in addition to the
inhibition of autophagy likely contributes to the inhibition of the steatosis.
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In conclusion, as depicted in the model (Fig. 9), acute alcohol treatment initially induces
CYP2E1 activation followed by increases in oxidative stress in the liver. Increased oxidative
stress activates JNK, while activated JNK further promotes oxidative stress. We propose the
increased oxidative stress and activation of JNK results in a decrease of autophagy. The
decrease in autophagy may also result from the increase in lipid accumulation. Interactions
between CYP2E1, oxidative stress, JNK activation and decrease of autophagy play a role in
the mechanism by which acute alcohol treatment promotes lipid accumulation in the liver.
Inhibition of CYP2E1 or of JNK or antioxidant treatment or stimulation of autophagy may
prove useful in preventing acute alcohol –induced fatty liver.
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HIGHLIGHTS

. Acute alcohol induces hepatic lipid accumulation via a CYP2E1-dependent
reaction.

. Activation of JNK is necessary for the acute alcohol-induced steatosis.

. CYP2E1-derived oxidant stress plays key role in the lipid accumulation and
the activation of JNK.

. A decrease in autophagy is associated with the alcohol-induced steatosis.
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Fig. 1.
Effect of CYP2E1 and JNK inhibitor XIII on acute ethanol-induced fatty liver. Mice were
treated with a total dose of alcohol at 4.68g/kg b.w. with 4 applications at 30 mins interval.
Mice were sacrificed 18 hrs after the last dose of ethanol. Results A–D are from wild type
(WT) mice. A. Oil Red O and H&E staining. B. Liver TG level. C. Western blot of liver
CYP2E1. D. CYP2E1 activity in livers. Panels E and F refer to CYP2E1 knockout mice.
CYP2E1 knockout mice were fed a total amount of 4.68g/kg b.w. alcohol exactly as
described for the WT mice. E. Oil Red O and H&E staining of liver. F. liver TG level. *
p<0.05 comparing ethanol group and ethanol+JNK inhibitor group to saline control. &
p<0.05 comparing ethanol group to JNK inhibitor group. n=6.
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Fig. 2.
Acute alcohol induces the activation of JNK, downstream cJUN, and increases oxidative
stress in liver. JNK inhibitor blocks these effects. A. Western blot of pJNK and JNK. B.
Immunohistochemistry staining for pJNK. Arrows point to areas of positive staining. C.
Western blot for pcJUN and cJUN. D. 4-HNE immunostaining. Arrows point to areas of
positive staining. E. TBARS level. F. GSH level in livers. Values are the relative GSH level
to saline control. * p<0.05 comparing ethanol group to saline control. & p<0.05 comparing
ethanol group to ethanol+JNK inhibitor group. n=6.
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Fig. 3.
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Effect of the antioxidant NAC on acute alcohol induced oxidative stress and CYP2E1. A. 4-
HNE staining in liver. Arrows point to areas of positive staining. B. TBARS level. C. GSH
level in liver. Values are the relative GSH level to saline control. D. Western blot of
CYP2E1. E. CYP2E1 activity. * p<0.05 comparing ethanol group or ethanol+NAC to saline
control. & p<0.05 comparing ethanol group to ethanol+NAC group. n=3–4.
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Fig. 4.
Effect of NAC on acute alcohol induced liver steatosis and activation of JNK. A. H&E
staining and Oil Red O staining. B. TG level in liver. * p<0.05 comparing ethanol group to
saline control. & p<0.05 comparing ethanol group to ethanol+NAC group. n=3–4. C. ALT
and AST level in serum. D. Immunohistochemistry staining of pJNK. Arrows point to areas
of positive staining.
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Fig. 5.
Effect of acute ethanol treatment and JNK inhibitor on liver autophagy. Western blot of P62
and LC3 (A), Beclin, Atg7, Bcl2 (B), pmTOR, p4E1 and 4E1, pP70 and P70 (C). * p<0.05
comparing ethanol group or ethanol+JNK inhibitor group to saline control. & p<0.05
comparing ethanol group to ethanol+JNK inhibitor group. n=6.
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Fig. 6.
Time course for the effects of acute alcohol treatment on liver. Mice were gavaged with a
total of 4.68 g/kg b.w. of alcohol and sacrificed at 4, 8, 12, and 18 hrs after the last dose of
alcohol. A:CYP2E1 catalytic activity (oxidation of PNP). B, C:parameters of oxidative
stress (TBARS, GSH,GSSG). D: the LC3-II/LC3-I ratio. E:TG accumulation. F: H&E
staining: G: Oil Red O staining. The various measures were assayed as described in the
above Figure legends. Results are from 4 saline-treated and 4 alcohol-treated mice at each
time point. *, ** p< 0.05 comparing ethanol group to the saline control for that time point.
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Fig. 7.
Effect of acute alcohol and JNK inhibitor on levels of SREBP, PPARα, and ER stress
markers. Western blot of SREBP, PPARα, BIP, and IRE1α(A–D). * p<0.05 comparing
ethanol group or ethanol+JNK inhibitor group to saline control. & p<0.05 comparing
ethanol group to ethanol+JNK inhibitor group. n=6.
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Fig. 8.
Comparison of acute alcohol induced steatosis in WT, JNK1 KO, and JNK2 KO mice. JNK1
KO, JNK2 KO and wild type C57BL/6J mice were gavaged with ethanol as indicated in
‘Material and Methods’. A. H&E staining and Oil Red O staining. B. Liver TG level. *
p<0.05 comparing ethanol group to saline control for each genotype. n=3–4. C. Serum ALT
and AST levels.
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Fig. 9.
Scheme of acute alcohol induced steatosis. Acute alcohol treatment increases oxidative
stress in liver. The increased oxidative stress activates JNK, which in turn reciprocally
increases oxidative stress. Activation of JNK decreases autophagy and increase expression
of SREBP-activated lipid synthesis enzymes, resulting in steatosis.
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