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A B S T R A C T

Protein kinase B (PKB/Akt) plays important roles in the regulation of lipid homeostasis, and impairment of Akt
activity has been demonstrated to be involved in the development of non-alcoholic fatty liver disease (NAFLD).
Previous studies suggest that cytochrome P4502E1 (CYP2E1) plays causal roles in the pathogenesis of alcoholic
fatty liver (AFL). We hypothesized that Akt activity might be impaired due to CYP2E1-induced oxidative stress in
chronic ethanol-induced hepatic steatosis. In this study, we found that chronic ethanol-induced hepatic steatosis
was accompanied with reduced phosphorylation of Akt at Thr308 in mice liver. Chronic ethanol exposure had no
effects on the protein levels of phosphatidylinositol 3 kinase (PI3K) and phosphatase and tensin homologue
deleted on chromosome ten (PTEN), and led to a slight decrease of phosphoinositide-dependent protein kinase 1
(PDK-1) protein level. Ethanol exposure resulted in increased levels of malondialdehyde (MDA) and 4-hydro-
xynonenal (4-HNE)-Akt adducts, which was significantly inhibited by chlormethiazole (CMZ), an efficient
CYP2E1 inhibitor. Interestingly, N-acetyl-L-cysteine (NAC) significantly attenuated chronic ethanol-induced
hepatic fat accumulation and the decline of Akt phosphorylation at Thr308. In the in vitro studies, Akt phos-
phorylation was suppressed in CYP2E1-expressing HepG2 (CYP2E1-HepG2) cells compared with the negative
control HepG2 (NC-HepG2) cells, and 4-HNE treatment led to significant decrease of Akt phosphorylation at
Thr308 in wild type HepG2 cells. Lastly, pharmacological activation of Akt by insulin-like growth factor-1 (IGF-
1) significantly alleviated chronic ethanol-induced fatty liver in mice. Collectively, these results indicate that
CYP2E1-induced oxidative stress may be responsible for ethanol-induced suppression of Akt phosphorylation
and pharmacological modulation of Akt in liver may be an effective strategy for the treatment of ethanol-induced
fatty liver.

1. Introduction

Alcoholic liver disease (ALD) is a progressively aggravated liver
disease, which ranges from steatosis to hepatitis, fibrosis, and finally
cirrhosis [1]. Alcoholic fatty liver (AFL) is the earliest and most
common phenotype of ALD, and continued drinking of excessive
amounts of alcohol can subsequently lead to severe forms of ALD. AFL
has been considered as a benign condition for a long time due to the
asymptomatic and reversible characteristics. However, increasing evi-
dences suggest that AFL is a potentially pathologic condition [2,3]. AFL
could progress to fibrosis and cirrhosis in about 5–15% of AFL patients

despite abstinence; and the severity of steatosis on the initial liver
biopsy predicted the development of cirrhosis on the subsequent biopsy
10 year later [4,5]. Animal studies demonstrated that fatty liver was
more vulnerable to hepatotoxins such as lipopolysaccharide [6]. Now,
it is generally recognized that AFL is the optimal phase to block or delay
the progress to advanced ALD [7,8].

Protein kinase B (PKB/Akt) is a central player in the signal trans-
duction pathways activated in response to many growth factors, hor-
mones, cytokines, and nutrients [9]. Akt has been described as one of
the most important and versatile protein kinases at the core of human
physiology and disease [10]. Dysregulated Akt activity is implicated in
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the pathogenesis of a growing number of disorders [9]. The roles of Akt
on lipid homeostasis have been investigated in several studies. Al-
though results of in vitro studies showed that Akt activation promoted
fat accumulation by activating sterol regulatory element binding pro-
tein 1c (SREBP-1c) [11,12], in vivo studies revealed that Akt played
protective roles against fatty liver. For example, hepatic fat accumula-
tion in rats with high-fat diet-induced nonalcoholic fatty liver disease
(NAFLD) was accompanied with reduced phosphorylation of Akt, and
pharmacological inhibitor of Akt led to significant fat accumulation in
rat liver [13]. Some other studies demonstrated that Akt activation
could ameliorate hepatic steatosis in lean mice, ob/ob mice, NAFLD
mice, and diabetic mice [14–16]. Results of these studies clearly de-
monstrate that Akt plays important roles in regulating the lipid home-
ostasis in the liver. Thus, it is necessary to investigate the roles of Akt in
the pathogenesis of AFL.

Microsomal cytochrome P4502E1 (CYP2E1) is a member of the
cytochrome P450 mixed-function oxidase system, which is responsible
for the metabolism of many endogenous and xenobiotic substrates.
Previous studies have demonstrated that CYP2E1 plays etiological roles
in the development of AFL [17–19]. However, the underlying me-
chanisms for CYP2E1 activation and subsequent fat accumulation in the
liver are not fully elucidated. It has been well documented that CYP2E1
activation leads to the generation of large amounts of reactive oxygen
species (ROS), which can initiate the autocatalytic degradation of
polyunsaturated fatty acids to yield electrophilic aldehyde species in-
cluding 4-hydroxynonenal (4-HNE), which can preferentially modify
cysteine, histidine, and lysine residues via Michael addition and for
lysine, Schiff base products [20,21]. Indeed, some previous studies have
demonstrated that ethanol-induced 4-HNE modification of hepatocel-
lular proteins resulted in the inhibition of normal enzyme function
[22,23]. However, the relationship between CYP2E1 and Akt has not
been investigated.

The current study was designed to investigate the roles of Akt in the
pathogenesis of AFL. We aimed to explore: 1) whether the hepatic Akt
activity was impaired in chronic ethanol-exposed mice? 2) if so, whe-
ther pharmacological activation of Akt could attenuate chronic ethanol-
induced fat accumulation in mice? And 3) the potential links between
Akt suppression and ethanol-induced activation of CYP2E1.

2. Materials and methods

2.1. Materials

Ethanol was purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Chlormethiazole (CMZ) and N-acetyl-L-cysteine
(NAC) were bought from Sigma (St. Louis, MO, USA). Specific primary
antibodies against Akt, p-Aktser473, p-Aktthr308, acyl-CoA carboxylase
(ACC), p-ACCser79, glycogen synthase kinase-3β (GSK-3β), p-GSK-3βser9,
phosphatidylinositol 3 kinase (PI3K)-p110α and PI3K-p85 were bought
from Cell Signaling Technology (Beverly, MA, USA). Primary antibodies
against CYP2E1, liver fatty acid-binding protein (LFABP), acyl-CoA
oxidase (ACOX) and 4-HNE were provided by Abcam (Cambridge, UK).
Primary antibodies against SREBP-1c, peroxisome proliferator-acti-
vated receptor a (PPAR-a), peroxisome proliferator-activated receptor γ
(PPAR-γ), and fatty acid synthase (FAS) were obtained from Santa Cruz
(Santa Cruz, CA, USA). Insulin-like growth factor (IGF-1) was obtained
from Sino Biological Inc. (Beijing, China). Specific primary antibodies
against phosphatase and tensin homologue deleted on chromosome ten
(PTEN) and phosphoinositide-dependent protein kinase 1 (PDK-1) were
bought from Proteintech (Chicago, IL, USA). 4-HNE was purchased
from Calbiochem (San Diego, CA, USA). Malondialdehyde (MDA) and
triglyceride (TG) assay kits were supplied by Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) and Applygen Technologies
Inc. (Beijing, China), respectively. All other reagents were purchased
from Sigma unless indicated otherwise.

2.2. Animal treatment

Specific pathogen free (SPF) KM mice (male, 8 weeks old) were
provided by Laboratory Animal Center of Shandong University (Jinan,
China). The mice were maintained in a temperature-controlled en-
vironment (20–22 °C) with a 12-h light: 12-h dark cycle and 50–60%
humidity. Chronic AFL was induced by feeding mice with regular
Lieber-DeCarli liquid diet containing 5% (w/v) ethanol for 4 weeks. To
explore the potential links between ethanol-induced CYP2E1 activation
and Akt suppression, chlormethiazole (CMZ, 50 mg/kg body weight),
an efficient inhibitor of CYP2E1, was injected intraperitoneally to mice
every other day as previously reported [17]. Pharmacological activa-
tion of Akt was achieved by intraperitoneal administration of re-
combinant human insulin-like growth factor-1 (IGF-1, 100 μg/kg body
weight) [24]. NAC was administered to mice (100 mg/kg bw) to eval-
uate the effects of antioxidant on chronic ethanol-induced steatosis. All
animal experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted by the U.S. National
Institutes of Health and were approved by the Ethics Committee of
Shandong University Institute of Preventive Medicine.

2.3. Cell culture and treatment

Human hepatocarcinoma cell line (HepG2) was obtained from the
American Type Culture Collection (ATCC, Rockville, MD, USA). A
CYP2E1 cDNA plasmid was kindly provided by Dr. F.J. Gonzalez
(National Cancer Institute, Bethesda, MD, USA). A monoclonal cell line
stably expressing CYP2E1 (CYP2E1-HepG2) was established by trans-
fecting HepG2 cells with recombinant lentiviral vector (Shanghai
Genechem Co., Shanghai, China), while a negative control cell line (NC-
HepG2) was also obtained by transfecting HepG2 cells with GFP len-
tiviral vector. The preparation of the recombinant lentiviral vectors and
the transfection procedure were performed as previously reported [25].

The wild type HepG2 cells were grown in DMEM medium (GIBCO
BRL, NY, USA) supplemented with 10% fetal bovine serum (FBS,
Hyclone, Logan, UT, USA) in a humidified incubator set with 5% CO2/
95% air atmosphere at 37 °C. The CYP2E1-HepG2 and NC-HepG2 cells
were cultured in the same medium supplemented with 2 μg/mL pur-
omycin. HepG2 cells were exposed to 25 μΜ 4-hydroxynonenal (4-
HNE) for a time course from 1 h to 8 h. CYP2E1-HepG2 and NC-HepG2
cells were treated with 0, 25, 50, 100, and 200 mM ethanol for 5 d. To
minimize the evaporation of ethanol in the medium, fresh medium
containing ethanol was replaced every 24 h. Cytotoxicity of ethanol and
4-HNE was tested using CCK-8 kits (Dojin Laboratories, Kumamoto,
Japan). The doses of ethanol and 4-HNE used in this study did not in-
duce significant cytotoxicity.

2.4. Biochemical analyses

The levels of alanine transaminase (ALT), aspartate transaminase
(AST) and triglyceride (TG) in serum were measured using GLAMOUR
1600 automatic biochemistry analyzer with commercial assay kits
provided by BioSino Biotechnology and Science, Inc (Beijing, China).
TG levels in mice liver and cultured cells were determined using TG
assay kits obtained from Applygen Technologies Inc. (Beijing, China).

2.5. Determination of hepatic lipid peroxidation

Hepatic lipid peroxidation was evaluated using the thiobarbituric
acid reactive substances method (TBARS) and was expressed as mal-
ondialdehyde (MDA) levels [26]. To determine the hepatic MDA level,
liver tissues were homogenized in 9 volumes of cold buffer (10 mM Tris,
100 μM EDTA, 10 mM saccharose, 0.8% saline, pH 7.4). The homo-
genates were centrifuged at 1000×g for 15 min at 4 °C, and the su-
pernatant were collected for the detection of MDA using a commercial
assay kit provided by Nanjing Jiancheng Bioengineering Institute
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(Nanjing, China) [27].

2.6. Histopathological examination and immunohistochemical staining

Liver frozen sections (10 µm) were fixed in 10% neutral formalin for
5 min, stained in Sudan Ⅲ or Oil red O dyes, and then counterstained
with hematoxylin [8]. Immunohistochemical staining was performed
according to the instruction of a commercial immunohistochemical
staining kit (PV-9000, ZSGB-BIO, China). The sections were viewed and
the representative photographs were captured using a Nikon micro-
scope (Nikon, Melville, NY, USA).

2.7. Immunoprecipitation assay

Immunoprecipitation was performed to examine the levels of 4-
HNE-Akt adduct. Briefly, protein extracts (1 mg/mL) were incubated
with 5 μl primary Akt antibody at 4 °C overnight with gentle agitation.
After that, 20 μl of protein A/G-Sepharose bead suspension (Santa Cruz,
CA, USA) was added and gently mixed for 1 h at 4 °C. Samples were
centrifuged at 1000×g for 30 s, and the pellet was washed in RIPA
buffer for 4 times. Finally, the pellet was suspended in 40 μl 2×SDS-
PAGE buffer, heated to 100 °C for 5 min, and was used for western
blotting analysis.

2.8. Western blotting analysis

Total protein lysates were prepared using RIPA buffer (50 mM Tris,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
1 mM PMSF, 1 mM Na3VO4, 5 mM NaF, and 1% cocktail protein pro-
tease inhibitors (Sigma), pH 7.4). The protein samples were separated
on a 4–15% denatured SDS-PAGE electrophoresis and transferred to
polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA).
The membranes were blocked in 5% (w/v) nonfat milk solution for 1 h,
and then incubated with specific primary antibodies overnight at 4 °C
followed by incubation with horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse antibodies for 1 h at room temperature. After
washing, chemiluminescent detection was performed using an en-
hanced chemiluminescence (ECL) western blotting detection reagent
(Kibbutz Beit Haemek, Israel). The immunoreactive bands of proteins
were scanned using Agfa Duoscan T1200 scanner, and the digitized
data were quantified as integrated optical density (IOD) using Kodak
Imaging Program [8].

2.9. Statistical analyses

Data were expressed as means± standard deviations. Statistical
significance of difference was analyzed by way of Student t-test or one-
way analysis of variance (ANOVA). Differences between groups were
considered statistically significant if P<0.05. The statistical analyses
were performed using SPSS16.0 statistical software.

3. Results

3.1. Chronic ethanol-induced hepatic steatosis in mice was accompanied
with the suppression of Akt phosphorylation

Histopathological examination showed that liver section of mice
exposed to 3 and 4 weeks of ethanol were filled with massive lipid
droplets (Fig. 1a). Biochemical assay revealed that hepatic TG levels
increased significantly after 2 weeks of ethanol exposure compared
with the control mice, while serum TG levels increased significantly
after 3 weeks of ethanol exposure (Fig. 1b and c). Results of western
blotting showed that the protein levels of Akt and p-Aktser473 did not
significantly changed after ethanol intoxication; however, the protein
levels of p-Aktthr308 in mice of ethanol group dramatically decreased
compared with those in mice of control group (Fig. 1d–f). The

phosphorylation of GSK3β at Ser9, a downstream target of Akt, also
significantly decreased in liver of ethanol group mice (Fig. 1g). In ad-
dition, the protein level of mature form of SREBP-1c (nSREBP-1c,
68 kD) was not affected by ethanol (Fig. 1h). However, chronic ethanol
exposure resulted in significant increase of hepatic CYP2E1 protein
levels (Fig. 1i).

3.2. CYP2E1-induced oxidative stress might account for chronic ethanol-
induced suppression of Akt phosphorylation and activation

CYP2E1 has been demonstrated to play causal roles in the patho-
genesis of ethanol-induced fatty liver [17,28]. We investigated the roles
of CMZ, a specific inhibitor of CYP2E1, on chronic ethanol-induced
suppression of Akt pathway. As reported in previous studies, CMZ ef-
ficiently blocked chronic ethanol-induced increase of CYP2E1 protein
level and hepatic fat accumulation in mice (Fig. 2a–b). Interestingly,
the protein levels of p-Aktser473 and p-Aktthr308 all significantly in-
creased in the liver of CMZ/ethanol group mice compared with those of
ethanol group mice (Fig. 2c–d).

PI3K is the upstream kinase of Akt, which can induce the phos-
phorylation of Akt at Thr308 by PDK-1 and at Ser473 by mTOR com-
plex 2 (mTORC-2) [10,29,30]. In contrast, PTEN is a major negative
regulator of Akt activity [31]. To investigate whether the decreased
phosphorylation of Akt at Thr308 was associated with the above
modulators, the protein levels of PI3K, PTEN, and PDK-1 were detected
by western blot. However, the protein levels of the catalytic subunit of
PI3K (p110 α), the regulatory subunits of PI3K (p85 and p50), and
PTNE were all not significantly affected by ethanol or CMZ, although
chronic ethanol exposure led to a slight decrease of PDK-1 protein level
(Fig. S1). These results suggest that chronic ethanol exposure may lead
to the inhibition of Akt phosphorylation by other mechanisms.

Activated CYP2E1 can produce a large amount of ROS, which has
been suggested to be responsible for ethanol-induced liver injury
[18,32,33]. ROS can lead to the autocatalytic degradation of poly-
unsaturated fatty acids to yield electrophilic aldehyde species including
4-HNE, which can modify many hepatocellular proteins resulting in the
inhibition of normal enzyme function [22,23]. To test whether 4-HNE
linked the activation of CYP2E1 and the suppression of Akt phosphor-
ylation, we examined the levels of hepatic MDA, 4-HNE adducts, and 4-
HNE-Akt adduct. CMZ treatment almost completely abrogated chronic
ethanol-induced increase of hepatic MDA level and the 4-HNE modified
protein level (Fig. 2e–g). Furthermore, chronic ethanol led to sig-
nificant increase of the 4-HNE-Akt adduct level in mice liver, which was
significantly inhibited by CMZ treatment (Fig. 2h–i).

To investigate whether 4-HNE could affect Akt activity, HepG2 cells
were exposed to a non-toxic dose of 4-HNE (25 μM) for 1, 2, 4, and 8 h,
respectively, and the protein levels of Akt, p-Aktser473 and p-Aktthr308

were determined. This dose of 4-HNE showed no toxicity to HepG2 cells
determined by CCK-8 test (Fig. S2). Compared with the control group,
the protein levels of p-Aktser473 in HepG2 cells exposed to 4-HNE were
significantly increased at the 1 h and 2 h time points, and then de-
creased to the control value. However, the protein levels of p-Aktthr308

in 4-HNE-treated HepG2 cells significantly decreased at the 2 h, 4 h,
and 8 h time points compared with the control cells (Fig. 2j–k).

3.3. Akt phosphorylation was suppressed in CYP2E1-HepG2 cells compared
with the NC-HepG2 cells

To confirm the interaction between CYP2E1 and Akt phosphoryla-
tion in ethanol-induced fatty liver, we examined the cellular TG levels
and protein levels of p-Aktser473, p-Aktthr308 and the total Akt in
CYP2E1-HepG2 cells and NC-HepG2 cells. Immunohistochemical
staining and western blotting analyses showed that NC-HepG2 cells did
not express CYP2E1, while CYP2E1 was significantly induced by
ethanol in CYP2E1-HepG2 cells (Fig. 3a and b). The TG levels in
CYP2E1-HepG2 cells exposed to 100 mM and 200 mM ethanol for 5 d
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were significantly higher than those in NC-HepG2 cells (Fig. 3c).
Ethanol exposure led to increase of Akt phosphorylation at Ser473 and
Thr308 in NC-HepG2 cells. However, the protein level of p-Aktser473

and p-Aktthr308 in CYP2E1-HepG2 cells significantly decreased com-
pared with that in NC-HepG2 cells (Fig. 3d–f). In addition, the protein
levels of p-GSK3βser9 in CYP2E1-HepG2 cells also significantly de-
creased compared with that in NC-HepG2 cells (Fig. 3d and g). Fur-
thermore, the cellular MDA level of ethanol-exposed CYP2E1-HepG2
cells was significantly higher than that of the ethanol-exposed NC-
HepG2 cells, and CMZ (100 µm) could increase the phosphorylation of
Akt in CYP2E1-HepG2 cells (Fig. 3h and i). These in vitro results further
demonstrated that CYP2E1 overexpression could impair the phos-
phorylation and activation of Akt.

3.4. NAC attenuated chronic ethanol-induced hepatic TG accumulation and
the decline of Akt phosphorylation at Thr308

If the decline of Akt phosphorylation at Thr308 after ethanol ex-
posure was mediated by oxidative stress, antioxidant could theoreti-
cally suppress ethanol-induced inhibition of Akt phosphorylation. Thus,
we investigated the roles of NAC on chronic ethanol-induced fatty liver

and the decline of Akt phosphorylation. As shown in Fig. 4a–c, NAC co-
treatment indeed significantly attenuated chronic ethanol-induced fatty
liver, shown as the reduction of fat droplets in the liver sections and the
decrease of hepatic TG level. Furthermore, NAC treatment also sup-
pressed chronic ethanol-induced decline of Akt phosphorylation at
Thr308 (Fig. 4d).

3.5. Pharmacological activation of Akt by IGF-1 significantly attenuated
chronic ethanol-induced fatty liver in mice

IGF-1 has been widely used as a strong activator of Akt pathway
[12,24]. To investigate whether pharmacological activation of Akt
could ameliorate chronic ethanol-induced hepatic steatosis, mice were
treated with IGF-1 (100 μg/kg body weight/d) by intraperitoneal in-
jection to induce Akt activation. As expected, IGF-1 treatment sig-
nificantly ameliorated chronic ethanol-induced hepatic fat accumula-
tion (Fig. 5a and b), although it did not inhibit chronic ethanol-induced
increase of the ratio of liver weight to body weight and the serum
aminotransferase activity (data not shown). Results of western blotting
showed that both the protein levels of hepatic p-Aktser473, p-Aktthr308

and p-GSK3βser9 in ethanol/IGF-1 group mice were all dramatically

Fig. 1. Effects of chronic ethanol feeding on hepatic fat contents and the protein levels of Akt, GSK3β, SREBP-1c, and CYP2E1 in mice. Mice were exposed to control or ethanol-containing
(5%, w/v) liquid diets for 1, 2, 3, and 4 weeks, respectively. (a) Histopathological examination was performed using Sudan Ⅲ and Oil Red O staining as described in the materials and
methods section (Scale bar = 10 µm); (b) Serum TG levels; (c) hepatic TG levels; (d) Representative western blotting bands of p-Aktser473, p-Aktthr308, Akt, p-GSK3βser9, GSK3β, mature
form of SREBP-1c (n-SREBP-1c), and CYP2E1; (e)-(i) Quantitative data analyses of and p-Aktthr308, p-Aktser473, p-GSK3βser9, and CYP2E1. Data were presented as mean± SD (n = 5), and
expressed as the percentage of the control.
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increased compared with those of ethanol group mice Fig. 5c.
To investigate how Akt activation ameliorated the lipid accumula-

tion in mice liver, we detected the protein levels of several important
lipid metabolism-associated factors by western blot. IGF-1 treatment
led to a slight decrease of the CYP2E1 protein level, but did not resulted
in significant reduction of hepatic MDA and 4-HNE adducts levels (Fig.
S3). In consistency with previous studies [34–36], chronic ethanol ex-
posure led to significant inhibition of PPAR-α pathway shown as the
decrease of the protein levels of PPAR-α, LFABP and ACOX. Although
no significant difference in the protein levels of nSREBP-1c among three

groups were detected, the protein levels of ACC and FAS in ethanol-
group mice all significantly decreased compared with those of control
group mice. IGF-1 treatment had no effects on the protein levels of the
above factors. Interestingly, IGF-1 treatment significantly blocked
chronic ethanol-induced decrease of the hepatic PPAR-γ protein level
(Fig. S4).

4. Discussion

Akt is a 56-kD member of the AGC serine/threonine protein kinase

Fig. 2. CYP2E1-induced oxidative stress might account for chronic ethanol-induced suppression of Akt phosphorylation and activation. Mice in were treated with a specific
CYP2E1 inhibitor CMZ (50 mg/kg body weight, by intraperitoneal injection) or same volume of sterile saline every other day, and were fed with 5% (w/v) ethanol-containing liquid diet
or control diet for 4 weeks. (a) Representative photos of Sudan Ⅲ staining and Oil Red O staining (Scale bar = 10 µm); (b) Representative western blotting bands of CYP2E1 and the
quantitative data; (c) & (d) Representative western blotting bands of Akt, p-Aktser473 and p-Aktthr308 and the quantitative data; (e) & (f) Representative western blotting bands and the
quantitative data of 4-HNE-protein adducts; (g) Hepatic MDA levels determined by TBARS methods; (h) & (i) Levels of 4-HNE-Akt adducts determined by immunoprecipitation assay;
(j) & (k) In vitro study showed that 4-HNE treatment led to decreased phosphorylation of Akt at Thr308 in HepG2 cells. *P<0.05, **P<0.01, compared with the control group mice;
#P<0.05, ##P<0.01, compared with the ethanol group mice in (a)–(i). **P<0.01, compared with the control group cells in (k).
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family, which has been demonstrated to play important roles in the
regulation of cell survival, glycogen synthesis, cell cycle, and lipid
homeostasis. Akt can be activated by phosphorylation at thr308 by
PDK-1 and at ser473 by mTORC2 [29,30]. Akt activation could alle-
viate lipid accumulation in NAFLD models and diabetic models
[13–16,37]. In the current study, we found that chronic ethanol-in-
duced hepatic steatosis was accompanied with decreased phosphor-
ylation of Akt at Thr308. Although the protein level of p-Aktser473 was
not affected, the protein level of downstream p-GSK3βser9 in ethanol
group mice liver was significantly decreased compared with that in
control group mice (Fig. 1d–i). These results were consistent with the
previous report that the phosphorylation of both kinase domains of Akt
was required for its full activation [38]. As the impairment of Akt ac-
tivity occurred earlier than the onset of fatty liver, it was possible that
Akt impairment might be responsible for ethanol-induced fatty liver in
mice. Furthermore, pharmacological activation of Akt by IGF-1

significantly alleviated chronic ethanol-induced fatty liver (Fig. 5a and
b). These results support the hypothesis that chronic ethanol-induced
impairment of Akt activity may be involved in chronic ethanol-induced
fatty liver.

Accumulating evidences have demonstrated the critical roles of
CYP2E1 in the pathogenesis of chronic ethanol-induced fatty liver
[17,18]. CYP2E1 is the major member of the microsomal ethanol oxi-
dizing system (MEOS), and is believed to be a major contributor to
ethanol-induced oxidative stress [32,39,40]. The central roles of
CYP2E1 in the pathogenesis of ethanol-induced toxicity have been
highlighted by a battery of studies. CYP2E1 (-/-) mice showed reduced
live injury compared with the wild type animals [17,41,42], and
CYP2E1 inhibitors alleviated ethanol-induced liver damage [43,44].
Furthermore, mice infected with an adenovirus to overexpress CYP2E1
exacerbated oxidant stress and liver injury [45]. In parallel well with
previous studies, the current study demonstrated that CYP2E1

Fig. 3. Akt phosphorylation was suppressed in CYP2E1-HepG2 cells compared with the NC-HepG2 cells. Monoclonal cell lines stably expressing CYP2E1 (CYP2E1-HepG2) and the
control HepG2 (NC-HepG2) were established as described in the materials and methods sections. CYP2E1-HepG2 and NC-HepG2 were exposed to different doses of ethanol for 5 d, and
the cellular TG levels and protein levels of Akt, p-Aktser473, p-Aktthr308, GSK3β and p-GSK3βser9 were determined by western blotting. (a) Immunohistochemical staining and western
blotting analysis showed that CYP2E1 was expressed in CYP2E1-HepG2 cells, but not in NC-HepG2 cells; (b) ethanol exposure led to increased protein levels of CYP2E1; (c) TG levels in
CYP2E1-HepG2 were much higher than those in NC-HepG2 cells; (d)–(g) CYP2E1 expression suppressed the phosphorylation of Akt at Ser473 and Thr308, and inhibited the GSK3β at
Ser9; (h) the cellular MDA levels in NC-HepG2 and CYP2E1-HepG2 cells exposed to ethanol (200 Mm) for 5 d; (i) CMZ treatment led to increased phosphorylation of Akt in CYP2E1-
HepG2 cells. Data were presented as mean± SD from at least 3 independent experiments, and expressed as the percentage of the control. *P<0.05, **P<0.01, compared with the
control NC-HepG2 cells (0 mM group); #P< 0.05, ##P<0.01, compared with the control CYP2E1-HepG2 cells (0 mM group).
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suppression by CMZ significantly attenuated chronic ethanol-induced
fat accumulation in the liver [8,17]. Interestingly, CMZ also led to
significant increase of Akt phosphorylation at Thr308 and Ser473
(Fig. 2c and d). In the in vitro study, ethanol exposure for 5 d led to a
dose-dependent increased of p-Aktser473 and p-Aktthr308 protein levels in
NC-HepG2 cells, which was apparently reduced in CYP2E1-HepG2 cells.
The phosphorylation of GSK3β at Ser9 was also significantly decreased
in CYP2E1-HepG2 cells compared with the NC-HepG2 cells (Fig. 3d–g).
These results suggest that chronic ethanol-induced Akt suppression may
be associated with CYP2E1 activation.

Akt phosphorylation and activation can be controlled by PI3K and
PTEN [10,22]. PI3K are heterodimers composed of a catalytic and a
regulatory subunit, and is responsible for the production of phospha-
tidylinositol (3,4,5)-trisphosphate (PIP3), which could bind to the
pleckstrin homology (PH) domain of Akt and PDK1, leading to the
phosphorylation and activation of Akt [46,47]. In contrast, PTEN ne-
gatively regulates intracellular PIP3 level and functions as a tumor
suppressor by negatively regulating the Akt pathway [22]. In this study,
we found that chronic ethanol exposure had no effects on the protein
levels of PI3K and PTEN in mice liver and led to slight decrease in the
protein levels of PDK-1. However, CMZ treatment had no significant
effects on the protein levels of PI3K, PTEN, and PDK-1. These results
suggest that there might be other mechanisms responsible for the
chronic ethanol-induced inactivation of Akt.

As CYP2E1 activation could lead to generation of significant

amounts of ROS, it would be plausible that oxidative stress promotes
the fat accumulation in the liver [17]. Previous studies have suggested
that CYP2E1-induced oxidative stress could lead to the inhibition of
PPAR-α and the suppression of autophagy [17,33,39]; however, oxi-
dative stress may also disturb the lipid homeostasis by other mechan-
isms. 4-HNE is one of the major lipid peroxidation products, which can
preferentially modify cysteine, histidine, and lysine residues via Mi-
chael addition and for lysine, Schiff base products [20,21]. Indeed,
some previous studies have demonstrated that ethanol-induced 4-HNE
modification of hepatocellular proteins resulted in the inhibition of
normal enzyme function [22,23]. Thus, it might be reasonable that
ethanol-induced oxidative stress resulted in the inhibition of Akt
phosphorylation by covalent binding to 4-HNE. In the current study, we
found that the chronic ethanol exposure led to significant increase of
hepatic MDA and 4-HNE-adducts levels, which was inhibited by CMZ
co-treatment. To evaluate the interactions between 4-HNE and Akt, Akt
was immunoprecipitated from the liver protein extracts and the levels
of 4-HNE-Akt adduct were detected using immunoblotting analysis. The
results showed CMZ treatment also significantly inhibited chronic
ethanol-induced increase of the 4-HNE-Akt adduct level. The in vitro
study showed that phosphorylation of Akt at Ser473 initially increased
(at 1 and 2 h after 4-HNE exposure) and then decreased to normal va-
lues, while the phosphorylation of Akt at Thr308 significantly de-
creased at 2–8 h after 4-HNE exposure. These results indicate that
ethanol-induced suppression of Akt activation might be, at least

Fig. 4. NAC attenuated chronic ethanol-induced hepatic TG accumulation and the decline of Akt phosphorylation at Thr308 in mice. Mice were treated with NAC (100 mg/kg
body weight/d) or equal volume of sterile saline, and exposed to ethanol-containing liquid diet or control diet for 4 weeks. Histological examination and the determination of liver TG
levels showed that NAC significantly suppressed chronic ethanol-induced fat accumulation in liver sections and the increase of hepatic TG levels (a) & (b); (c) Serum TG levels; (d) Results
of western blotting showed that IGF-1 treatment increased the phosphorylation of Akt at ser473 and thr308. **P< 0.01, compared with the Control group mice; #P<0.01, compared
with the ethanol group mice.
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partially, attributed to the increased covalent binding with 4-HEN.
Shearn et al. have conducted a couple of elegant studies to in-

vestigate the interactions between Akt and 4-HNE. They found that 4-
HNE (50–100 μM) exposure resulted in the phosphorylation of Akt at
Ser473 and Thr308 by inhibiting the activity of PTEN in HepG2 cells
[48]. The contradictory results about the phosphorylation of Akt at
Thr308 2 h after 4-HNE exposure, i.e. decreased phosphorylation ob-
served in our study and increased phosphorylation in studies by Shearn
et al., may be attributed to several reasons. Firstly, the dose of 4-HNE
used in our study (25 μM) is much lower than that use in the studies by
Shearn et al. (100 μM). In fact, the protein band of p-Aktthr308 in HepG2
cell exposed to 0–25 μM 4-HEN was not detected in the study by Shearn
et al. [49]. It might be possible that lower doses of 4-HNE leads to
decreased phosphorylation of Akt at Thr308, while higher doses of 4-
HNE might result in increased phosphorylation of Akt at Thr308. Sec-
ondly, the studies by Shearn et al. used serum-free medium, while
serum-containing medium was used in our study. Interestingly, al-
though 4-HNE (100 μM) selectively led to the phosphorylation of Akt,
the Akt activity was inhibited as shown by the decreased phosphor-
ylation of GSK3β [48,49]. More importantly, the impaired Akt activity
by 4-HNE led to the accumulation of neutral lipid as observed in our
study.

The current study and some previous studies suggested that Akt
activation had protective effects against fatty liver diseases; however,
Akt activation was found to promote fatty liver in some in vitro studies
and in binge drinking-induced acute fatty liver in mice. In the in vitro
studies, Akt activation induced lipogenesis by activating SREBP-1
pathway [12,50]. However, in the current study as well as in some
previous studies, the protein levels of nSREBP-1c were not affected by
ethanol, while the protein levels of ACC and FAS were decreased
(Fig. 1h and Fig. S4) [8,51]. The decreased activity of SREBP-1c-
regulated lipogenesis was paralleled with the impaired Akt activation.

These results also suggest that the hepatic TG accumulation in mice
received 4 weeks of regular Lieber-DeCarli liquid diet with 5% ethanol
(w/v) could not be due to increased fatty acid synthesis [51–53]. Fur-
thermore, the pharmacological activation of Akt did not lead to the
activation of SREBP-1c-regulated lipogenesis pathway (Fig. S4). Thus, it
could be speculated that the modulation of Akt on lipid homeostasis in
chronic AFL might be not mainly associated with SREBP-1c-mediated
lipogenesis. In acute AFL mice model, Wu et al. found that binge
drinking-induced fatty liver was accompanied with the increased ac-
tivity of Akt, which might account for the impairment of autophagy
[54]. However, some researchers have emphasized that acute ethanol
models by no means resemble all effects of chronic ethanol exposure on
the liver, although acute and chronic ethanol-induced liver injury may
share some similar mechanisms [55]. In deed, it has been demonstrated
that liver TG in mice exposed to binge drinking resembles to adipose
tissues, whereas the fat accumulated in the liver induced by chronic
ethanol consumption differed markedly from adipose tissue lipids [56].
Results of these studied suggest that Akt may play different roles in
acute and chronic ethanol-induced fatty liver. The activation of Akt by
IGF-1 can lead to the activation of medium chain acyl-CoA dehy-
drogenase (MCAD) and carnitine palmitoyl transferase 1 (CPT-1) by
way of the inactivation of PGC-1 α and forkhead box protein A2
(FoxA2), thus increasing the β-oxidation of fatty acids [57,58]. In ad-
dition, IGF-1 may improve chronic ethanol-induced fatty liver by
blocking chronic ethanol-induced decline of hepatic PPAR-γ (Fig. S4). A
line of studies demonstrated that PPAR-γ activation could ameliorate
chronic ethanol-induced liver injury [59–61]. The protective effects of
PPAR-γ against AFL might be due to increased insulin sensitivity in
adipose tissues and skeletal muscle leading to decreased FFA deposition
in the liver [62]. Additionally, PPAR-γ activation may also suppress
Kupffer cell-sourced TNF-α production, which has been demonstrated
to play critical roles in the pathogenesis of ethanol-induced liver disease

Fig. 5. Pharmacological activation of Akt by IGF-1 alleviated chronic ethanol-induced fatty liver in mice. Mice were treated with recombinant IGF-1 (100 μg/kg body weight, in
IGF/ethanol group) or equal volume of sterile saline (in Control and Ethanol groups), and exposed to ethanol-containing liquid diet or control diet for 4 weeks. Histological examination
and the determination of liver TG levels showed that IGF-1 significantly suppressed chronic ethanol-induced fat accumulation in liver sections and the increase of hepatic TG level
(a) & (b); Results of western blotting showed that IGF-1 treatment increased the phosphorylation of Akt at ser473 and thr308, and also increased the phosphorylation of GSK3β at ser9 (c).
**P<0.01, compared with the Control group mice; #P<0.05, ##P<0.01, compared with the ethanol group mice.
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[63,64]. It is needed to further investigate whether the protective ef-
fects of Akt against AFL is associated with the activation of PPAR-γ.

In summary, the current study demonstrated that chronic ethanol
exposure led to reduced phosphorylation of Akt at Thr308, which might
be associated with CYP2E1-induced oxidative stress. Pharmacological
activation of Akt by IGF-1 ameliorated ethanol-induced steatosis. These
results suggest that impaired Akt activity may play important roles in
the pathogenesis of chronic ethanol-induced fatty liver, and pharma-
cological modulation of Akt in liver may be an effective strategy for the
treatment of ethanol-induced fatty liver.
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