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Abstract

The aim of the present study is to examine the effects of dietary saturated fatty acids on liver adiponectin
receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2) in ethanol-administered animals and in ethanol-
exposed cultured hepatic cells, and to explore the underlying molecular mechanisms. The mRNA and protein
levels of hepatic AdipoR2 were selectively increased by chronic ethanol feeding to mice consuming a diet high in
saturated fat (HSF). Administration of an HSF diet blocked hyperacetylation of forkhead transcription factor 1
(FoxO1), a known target of sirtuin 1 (SIRT1), increased nuclear FoxO1 protein levels, and enhanced association of
FoxO1 with the AdipoR2 promoter in the livers of ethanol-fed mice. Treatment of cultured hepatic cells with
palmitic acid (a major saturated fatty acid in HSF diet) in the presence of ethanol robustly increased AdipoR2
mRNA expression and enhanced activity of a mouse AdipoR2 promoter. Knocking down SIRT1 or FoxO1 using
the small silencing SIRT1 or FoxO1 plasmid blunted the palmitic acid effect. Taken together, these results reveal
that dietary saturated fat selectively upregulates hepatic AdipoR2 through modulation of SIRT1-FoxO1 sig-
naling in ethanol fed mice, and this effect may contribute to the protective effect of the HSF diet against alcoholic
fatty liver. Antioxid. Redox Signal. 15, 425–435.

Introduction

Adiponectin is a hormone largely secreted by adipo-
cytes, which circulates in the plasma in a mixture of

quaternary structures (26). It predominantly exists as a low-
molecular weight trimer (LMW), a middle-molecular weight
hexamer (MMW), and a high-molecular weight multimer
(HMW), each form conferring various biologic activities (35).
These activities are thought to be mediated primarily through
adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2
(AdipoR2) (26, 35). AdipoR1 is expressed in various tissues
with a relatively high level in skeletal muscle, whereas Adi-
poR2 is predominantly expressed in the liver.

Forkhead transcription factor O1 (FoxO1) is a member of
the forkhead transcription factor class O family (9). FoxO1 has
been established as a key player in the regulation of various
signaling pathways involved in lipid metabolism and oxida-
tive stress response. The regulation of FoxO1 is complex.
FoxO1 is regulated by changes in subcellular localization
coupled to post-translational modifications, including phos-
phorylation, ubiquitination, and acetylation (9).

Sirtuins 1 (SIRT1) is an NAD + -dependent protein deace-
tylase regulating gene expression through removing acetyl

groups from modified lysine residues of histones and various
transcriptional regulators (41). FoxO1 is known to be a major
target of SIRT1. Studies have demonstrated that SIRT1 dea-
cetylates lysine residues within the FoxO1 DNA binding do-
main, and promotes the nuclear retention of FoxO1 increasing
its transcriptional activity (7, 8, 15, 22). Nevertheless, the effect
of SIRT1-dependent deacetylation on FoxO1 function is
somewhat controversial, with some studies suggesting that
deacetylation inhibits-not increases-FoxO1-dependent tran-
scriptional activity (21, 36).

While little is known about the regulation of adiponectin
receptors, SIRT1-FoxO1 signaling has been shown to affect
hepatic AdipoR1/R2 gene expression (1, 2, 6, 10, 11, 32).
SIRT1 gain-of-function mice displayed reduced liver acety-
lated FoxO1 levels and significantly higher hepatic AdipoR2
mRNA levels compared to wild-type mice (2). Administration
to animals of several known SIRT1 agonists, including res-
veratrol and SRT1720, significantly increased hepatic Adi-
poR1/R2 mRNA expression levels (1, 6).

Excess accumulation of fat in the liver represents an initial
stage in the development of alcoholic liver disease. Alcoholic
fatty liver can progress to more severe forms of liver injury
such as fibrosis and cirrhosis in humans. Therefore, the

Departments of Molecular Pharmacology and Physiology, University of South Florida Health Sciences Center, Tampa, Florida.

ANTIOXIDANTS & REDOX SIGNALING
Volume 15, Number 2, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2010.3780

425



development of therapeutic strategies such as nutritional
modulation of alcoholic liver steatosis is highly important.
Dietary fat content and composition have been known to
contribute to the development of alcoholic liver injury (23). In
several animal models, diets enriched in saturated fatty acids
or medium-chain triglycerides prevent ethanol-induced liver
injury, while diets containing polyunsaturated fatty acids
promote liver injury. The molecular mechanisms by which
saturated fat protects against alcoholic liver injury appear to
be manifold. We have shown that a saturated fat diet partially
exerts this effect by increasing circulating adiponectin levels
in mice, resulting in enhanced hepatic adiponectin signaling
(38). Increased adiponectin signaling stimulates a central lipid
regulatory system, the SIRT1-AMPK axis, leading to a re-
duced rate of de novo lipogenesis and an increased rate of fatty
acid oxidation, thereby preventing fat accumulation in the
livers of ethanol-fed mice (1, 30, 38, 39).

In liver, adiponectin regulates lipid metabolism primarily
through interacting with AdipoR1/R2 (40). However, the
interactions of dietary saturated fat and ethanol on adipo-
nectin receptors in the liver remain unclear. Therefore, in the
present study, we examined the effect of dietary fatty acids
on the hepatic expression of AdipoR1/R2 in ethanol-fed
mice as well as in cultured hepatic cells exposed to ethanol,
with a focus on the involvement of SIRT1-FoxO1 signaling
pathway.

Materials and Methods

Plasmid constructs

Mouse adiponectin promoter-luciferase reporter plasmid
was a kind gift of Dr. J. B. Kim (Seoul National University).
The mouse AdipoR2 promoter-luciferase reporter plasmid
was a kind gift of Dr. Y. Chen (Institute for Nutritional Sci-
ences, Chinese Academy of Sciences). The small silencing
SIRT1 plasmid (SIRT1siRNA) and small silencing FoxO1
plasmid (FoxO1siRNA) were purchased from Upstate Bio-
technology (Lake Placid, NY).

Animal studies

The detailed animal feeding protocol and diet composition
were described previously (38, 39). Liquid diets were based
upon the modified Lieber–DeCarli formulation and provided
1 kcal/ml (prepared by Dyets, Inc., Bethlehem, PA). Protein
content was constant at 18% of total calories and each diet had
identical mineral and vitamin content and contained saf-
flower oil (4% of calories) to provide essential fatty acids. Male
C57BL/6J (6–8 weeks old) mice were divided into four dietary
groups: (1) polyunsaturated fat pair-fed control diet (PUFA,
40% of calories from fat, primarily from corn oil); (2) ethanol-
containing polyunsaturated fat diet [PUFA + E, identical to
the control PUFA diet but with ethanol added to account for
27.5% of total calories and the caloric equivalent of carbohy-
drate (maltose-dextrin) removed]; (3) high saturated fat pair-
fed control diet [HSF, 40% of calories from fat, primarily from
cocoa butter]; (4) ethanol-containing high saturated fat diet
[HSF + E, identical to the control HSF diet but with ethanol
added to account for 27.5% of total calories]. The dietary and
nutritional intake of control mice were matched to those of the
ethanol-fed mice by pair-feeding the same volume of isoca-
loric liquid diet for 4 weeks. The protocols for these animal

studies were approved by the Institutional Animal Care Use
Committees of University of South Florida.

Cell culture

Rat hepatoma McA-RH7777 cell line was purchased from
from the American Type Culture Collection (Manassas, VA).
The cells were maintained at 37�C, 5% CO2 in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
(Gemini Bio-Products, Woodland, CA). Various dietary fatty
acids were dissolved in 3% (wt/vol) fatty acid-free bovine
serum albumin (BSA). At 80%–90% confluence, the cells were
incubated for 16 h in serum-free DMEM. The cells were then
treated with serum-free DMEM containing fatty acid:BSA
complex and ethanol. The rat primary hepatocytes were iso-
lated and cultured as described (37, 38).

Transfections, luciferase assay,
and small interfering RNA transfection

Transfection procedures were performed using the Lipo-
fectamine and Plus reagents, according to the manufacturer’s
instructions (Invitrogen, Frederick, MD). Luciferase assays
were performed according to the manufacturer’s instructions
(Promega, Fitchburg, WI) (38). b-Galactosidase was used as
an internal control. The small silencing RNA for SIRT1 (SIRT1
siRNA) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The small silencing RNA for FoxO1 (Fox-
O1siRNA) was purchased from Cell Signaling Technology
(Danvers, MA). The Small Interfering RNA transfection pro-
cedures were carried out as described (30).

Total RNA isolation and real-time
quantitative reverse transcription

Liver or cell total RNA was prepared as described. RT of
total RNA (2.5 lg/ll) to cDNA was performed using the
StrataScript QPCR cDNA Synthesis kit (Stratagene, La Jolla,
CA) (30, 38). Quantitative reverse transcription–polymerase
chain reaction (qRT-PCR) amplification was performed in an
iCycler thermal cycler (BioRad, Hercules, CA) using a SYBR
Green QPCR Master Mix (SABiosciences, Frederick, MD).
Primer sets optimized for the tested targets for SYBR Green
based qRT-PCR, including SIRT1, AdipoR1, AdipoR2, SIRT1,
FoxO1, or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), were purchased from SABiosciences Corporation.
The relative amount of target mRNA was calculated using the
comparative threshold (Ct) method by normalizing target
mRNA Ct to those for GAPDH (DCt).

Western blot analysis

Western Blot analyses were performed using 30–50 lg
whole liver extracts, nuclear extracts or cell extracts separated
by electrophoresis in a 10%, 8%, or 5% SDS-polyacrylamide
gel and transferred to nitrocellulose filters. SIRT1 and Adi-
poR2 were visualized using antibodies from Santa Cruz Bio-
technology and AlphaDiagnostic (San Antonio, TX),
respectively. Polyclonal rabbit anti-b-actin antibody (Sigma
Aldrich, St. Louis, MO) or Lamin A/C antibody (Santa Cruz
Biotechnology, Inc.) was used to normalize the signal ob-
tained for total or nuclear liver or cellular protein extracts.
FoxO1 protein was immunoprecipitated from liver protein
extracts by use of an anti-FoxO1 antibody (Santa Cruz Bio-
technology, Inc.). Equal amounts of immunoprecipitates were
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then subjected to Western blot analysis, using specific anti-
bodies for FoxO1, and acetyl-lysine (Cell Signaling). Im-
munoblots were imaged and quantified with a ChemiDoc
XRS imaging system (BioRad).

Chromatin immunoprecipitation
assay and real-time qRT-PCR

The chromatin immunoprecipitation (ChIP) assay was
performed with the ChIP assay kit (Upstate Biotechnology),
according to the protocols provided by the manufacturer (39).
Briefly, liver samples were fixed with 1% formaldehyde and
sonicated in the SDS-lysis buffer (39). Fragmented soluble
chromatin was immunoprecipitated with an antibody against
FoxO1. The precipitates were reversely cross-linked for DNA
isolation. The samples were subjected to real-time qRT-PCR
analysis using the following primers that amplify a region
of the mouse AdipoR2 promoter containing the predicted
FoxO binding sites (5’-ATGTGCCCACGAATTTGACC-3’)
(5’-TCTCCTCCCTCCCTCCTTT-3’). The primer set (5’-GGC
TCACAACCATCTATAATCAGGT-3’) (5’-ACAGCTTTCTG
CTTGCATGTATG-3’) for GAPDH was used as a control. The
results were normalized to control IgG, GAPDH, and input
DNA.

Nuclear extracts of liver or cells

Nuclear proteins from portions of fresh liver or cells were
extracted using a nuclear extraction kit (Active Motif, Carls-
bad, CA) according to manufacturer’s protocol.

Immunofluorescence microscopy

The immortalized mouse AML-12 hepatocytes (American
Type Culture Collection) were grown in Chamber BD Fal-
conTM Cultureslides (BD Biosciences, Bedford, MA). Follow-
ing treatment, AML-12 cells were fixed for 10 min with 4%
paraformaldehyde. Fixed cells were permeabilized for 10 min
in 0.3% Triton X-100 in PBS, and blocked for 1 h using 4% BSA
in PBS at room temperature. Coverslips were incubated with a
mouse-specific SIRT1 antibody (Cell Signaling) overnight at
4�C. Samples were then incubated with the secondary anti-
rabbit Cy5 antibody ( Jackson ImmunoResearch Laboratories;
West Grove, PA) for 1 h at room temperature. After washing
with PBS, cells were mounted with DAPI (ProLong Gold,
Invitrogen). Samples without primary antibodies were used
as negative controls. Images were obtained with a Leica
DM4000 upright microscope and with Leica DFC350X cam-
era. Images were processed with Leica LAS software.

Evaluation of the formation of reactive oxygen
species in mouse livers and in hepatic cells

The lipid peroxidation product in mouse liver samples was
determined using a kit (ZeptoMetrix, Buffalo, NY) based on the
formation of the thiobarbituric reactive substances (TBARS)
and expressed as the extent of malondialdehyde (MDA) pro-
duction as described (1). H2O2 levels in hepatic cells were
quantified using a H2O2 Assay Kit (Cayman Chemical, Ann
Arbor, MI) (4). The procedure is based on the oxidation of
ferrous ions to ferric ions by H2O2 under acidic conditions. The
ferric ions bind with the dye xylenol orange to form a stable
colored complex which is measured at 595 nm. Catalase, which
decreases H2O2 to an undetectable level, serves as a control.

Statistical analysis

Data are presented as means – SD. Multiple comparisons
were evaluated by two-way ANOVA, followed by Tukey’s
multiple-comparison procedure with p < 0.05 being consid-
ered significant.

Results

A high saturated fat diet selectively increased
AdipoR2 mRNA and protein expression
levels in the livers of ethanol-fed mice

Previously, we reported that feeding mice a liquid diet
containing high levels of polyunsaturated fat plus ethanol
(PUFA + E) for 4 weeks led to development of liver steatosis (38,
39). At the same time, we showed that fatty liver was prevented
in mice that received a liquid diet containing high levels of
saturated fat plus ethanol (HSF + E) (38, 39). In those reports we
provided evidence for the involvement of SIRT1 deacetylase
activity in the observed effects. In order to explore the molec-
ular basis of these effects more comprehensively, cryopre-
served liver samples from those treatment groups were used to
generate new additional data for the present study.

Levels of hepatic adiponectin receptor mRNA and protein
were determined using real-time qRT-PCR and Western blot
analysis. Concerning the differential expression of specific
subtypes of adiponectin receptor in the livers of control group
animals, real-time qRT-PCR analysis revealed that AdipoR2
mRNA levels are roughly double those of AdipoR1 (Fig. 1A).
Addition of ethanol to these diets did not significantly change
the levels of hepatic AdipoR1 mRNA and protein (Fig.1A and
data not shown). However, with respect to hepatic AdipoR2,
the interaction of dietary fats and ethanol induced marked
changes in mRNA and protein levels. As shown in Figure1,
addition of ethanol to the PUFA diet resulted in decreased
mRNA and protein levels of AdipoR2: by approximately
40% and 25%, respectively. Alternatively, addition of ethanol to
the HSF diet resulted in increases of AdipoR2 in the range of
40%–50% for both mRNA and protein. Collectively, these data
demonstrate that hepatic AdipoR2 was selectively upregulated
by an ethanol-containing HSF diet in mice.

A high saturated fat diet blocked hepatic FoxO1
hyperacetylation and enhanced nuclear FoxO1
protein levels in the livers of ethanol-fed mice

Liver SIRT1 was upregulated by ethanol administration in
mice fed the HSF diet (39). Hence, we examined the effect of
dietary fat on FoxO1, a known target of SIRT1, by measuring
the FoxO1 mRNA and protein expression and its acetylation
levels in various diet groups.

Western blot analysis of liver nuclear and cytosolic frac-
tions was performed with an anti-FoxO1 antibody. As shown
in Figures 2A and 2B, the amount of nuclear FoxO1 protein
was reduced by about 35% in the livers of PUFA + E fed mice
as compared with control mice receiving only the PUFA diet.
However, the addition of ethanol to the HSF diet robustly
increased FoxO1 protein in the nucleus. The FoxO1 mRNA
levels and protein levels in the cytoplasm were not altered in
any of the diet groups (data not shown).

FoxO1 acetylation status was analyzed by Western blot
analysis from liver extracts using an anti-acetylated lysine
antibody, and was normalized to the level of total FoxO1. As
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shown in Figures 2C and 2D, in combination with a PUFA
diet, ethanol feeding led to a nearly 50% increase in the acet-
ylation of FoxO1. Conversely, when ethanol was combined
with an HSF diet, acetylation of FoxO1 was cut nearly in half
(Figs. 2C and 2D).

Taken together, these findings suggest that an HSF diet
stimulated liver SIRT1-FoxO1 signaling in ethanol-fed mice.

A high saturated fat diet increased the association
of FoxO1 with AdipoR2 promoter in the livers
of ethanol-fed mice

ChIP assays were utilized to examine the effect of dietary
fats on the association of SIRT1 or FoxO1 with the AdipoR2
promoter in the livers of ethanol-fed mice and pair-fed
controls.

ChIP assays were performed on liver samples from various
diet groups using anti-FoxO1 antibody and IgG as a negative
control. Immunoprecipitated DNA was amplified by real time
PCR with primers for the AdipoR2 promoter region contain-
ing a FoxO binding sequence. As shown in Figure 3, HSF + E
significantly increased the interaction of FoxO1 with the
AdipoR2-FoxO1 promoter by *30%, whereas PUFA + E sig-
nificantly reduced it by about 20%.

Collectively, our results suggest that the HSF diet increases
SIRT1–FoxO1 activity resulting in enhanced association of
FoxO1 with the promoter of AdipoR2, and subsequently
causes upregulation of AdipoR2 gene expression.

Palmitic acid, a dietary saturated fatty acid, selectively
increased AdipoR2 mRNA expression levels
in hepatoma cells exposed to ethanol

We examined the effects of dietary fatty acids and ethanol
on AdipoRs expression in vitro, using cultured hepatocytes.
Palmitic acid is the most abundant saturated fatty acid in the
HSF diet (from cocoa butter) whereas oleic acid is the princi-
ple unsaturated fatty acid in the PUFA diet (from corn oil)
(38). Rat primary hepatocytes were incubated with palmitic
acid or oleic acid (0.2 mM complexed with 3% BSA with or
without ethanol (50 mM) for 18 h. Ethanol treatment alone
slightly increased AdipoR2 mRNA levels. However, when
palmitic acid and ethanol were co-administered, a robust in-
crease in AdipoR2 mRNA was observed (Fig. 4).On the con-
trary, addition of oleic acid to the ethanol diet significantly
reduced the AdipoR2 mRNA levels (Fig. 4). Consistent with
in vivo findings, no significant changes were seen with various
fatty acids and ethanol treatments on AdipoR1 mRNA levels
(data not shown).

Palmitic acid stimulated AdipoR2 promoter activity
through activation of SIRT1-FoxO1 signaling
in hepatoma cells exposed to ethanol

To determine the role of SIRT1-FoxO1 signaling in the
dietary fatty acids-dependent regulation of AdipoR2 gene
expression, a luciferase reporter assay was employed. Rat

FIG. 1. A high saturated fat diet selectively increased AdipoR2 mRNA and protein expression levels in the livers of
ethanol-fed mice. Mice were fed a high polyunsaturated fat diet (PUFA), or a high saturated fat diet (HSF) with ( + E) or
without ethanol. (A) Relative mRNA levels of AdipoR2 and AdipoR1. (B) Representative Western blots of AdipoR2. (C)
Relative quantification of AdipoR2 normalized to b-Actin. All data are expressed as means – SD; n = 6–8 animals. Means
without a common letter differ, p < 0.05.
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FIG. 2. A high saturated fat diet blocked hepatic FoxO1 hyperacetylation and enhanced nuclear FoxO1 protein levels, in
the livers of ethanol-fed mice. Mice were fed diets as described in Figure 1. (A) Representative Western blots of nuclear
FoxO1 protein. (B) Relative quantification of nuclear FoxO1 protein levels normalized to Lamin A/C. (C) Representative
Western blots of acetylated FoxO1 and total FoxO1. FoxO1 was immunoprecipitated from liver nuclear extracts and then
immunoblotted with either an anti-acetylated lysine antibody to determine the extent of FoxO1 acetylation or with a FoxO1
antibody to determine the FoxO1 amount as an internal control. (D) Relative quantification of acetylated FoxO1 normalized
to total FoxO1. All data are expressed as means – SD; n = 6–8 animals. Means without a common letter differ, p < 0.05.

FIG. 3. A high saturated fat diet increased the association
of FoxO1 with AdipoR2 promoter in the livers of ethanol-
fed mice. ChIP assays were performed as described in the
‘‘Experimental Procedures’’ section. Immunoprecipitations
(IP) were carried out using antibody directed against FoxO1
from liver samples of mice fed diets as described in Figure 1.
Bound and input DNA was analyzed with primers for the
AdipoR2-FoxO promoter by qRT-PCR. Values are given as
means – SD (n = 8 animals). Means without a common letter
differ, p < 0.05.

FIG. 4. Palmitic acid, a dietary saturated fatty acid, selec-
tively increased AdipoR2 mRNA expression levels in hep-
atoma cells exposed to ethanol. Rat primary hepatocytes
were incubated for 4 h in serum-free medium and then treated
with various fatty acid:BSA complexes in the absence or
presence of ethanol (50 mM) for 16 h. Levels of mRNA were
determined using qRT-PCR. Values are given as means – SD
from at least three experiments performed in duplicate. Means
without a common letter differ, p < 0.05.
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McA-RH7777 cells were co-transfected with a mouse Adi-
poR2 promoter reporter or a vector control, and expression
plasmids for either SIRT1 siRNA or FoxO1 siRNA.

As shown in Figure 5A, neither ethanol (50 mM) nor pal-
mitic acid (0.2 mM) treatment alone had an effect on AdipoR2
luciferase activity. However, when cells were treated with a
combination of ethanol and palmitate there was a substantial
increase (*2-fold) in AdipoR2 promoter activity (Fig. 5A).
This increase was partially blocked by the expression of SIRT1
siRNA and was completely blocked by expression of FoxO1
siRNA (Fig. 5A), suggesting that SIRT1–FoxO1 signaling is
involved in the elevation of AdipoR2 promoter activity in
hepatoma cells exposed to ethanol and palmitic acid.
Knockdown of SIRT1 or FoxO1 in the absence of palmitic acid
or ethanol slightly reduced AdipoR2 reporter activity (data
not shown).

Conversely, incubation with oleic acid (0.2 mM) plus eth-
anol (50 mM) significantly reduced AdipoR2 promoter activ-
ity. Pretreatment of cells with 30 lM resveratrol (RSV) (a
SIRT1 activator) completely reversed the inhibition of Adi-
poR2 promoter mediated by oleic acid plus ethanol (Fig. 5B).
Further, knockdown of either SIRT1 or FoxO1 nullified effects
of resveratrol, indicating that both proteins are required for
induction of the AdipoR2 promoter activity. Note that effec-
tive suppression of both SIRT1 and FoxO1 proteins was
achieved by use of siRNA vectors (Fig. 5C).

Taken together, these data suggest that elevation of Adi-
poR2 expression by the combination of palmitic acid and
ethanol are mediated, at least in part, through activation of
SIRT1-FoxO1 signaling.

Upregulated SIRT1 and FoxO1 by palmitic
acid in rat primary hepatocytes exposed to ethanol

We examined the interaction of dietary fatty acids with
ethanol on SIRT1 and FoxO1 expression in rat primary he-
patocytes. Western blot analysis of nuclear and cytosolic ex-
tracts of hepatocytes treated with dietary fatty acids (palmitic
acid or oleic acid) in the presence or absence of ethanol for 18 h
were performed. As shown in Figure 6, incubation of the
primary hepatocytes with palmitic acid (0.2 mM) and ethanol
(50 mM) significantly increased total SIRT1 and nuclear
FoxO1 protein levels compared to controls. Moreover, there
was a significant decrease in SIRT1 and FoxO1 protein levels
observed in primary hepatocytes treated with ethanol in the
presence of oleic acid (0.2 mM) (Fig. 6).

Effects of dietary fatty acids on generation
of oxidative stress in the livers of ethanol-fed
mice or cultured hepatocytes exposed to ethanol

Both SIRT1 and FoxO1 can be regulated by oxidative stress.
We investigated the role of reactive oxygen species (ROS) in

FIG. 5. Palmitic acid stimulated AdipoR2 promoter activity through activation of SIRT1–FoxO1 signaling in hepatoma
cells exposed to ethanol. Hepatoma McA-7777 cells were transfected with a mouse AdipoR2 promoter-luciferase reporter
and expression plasmids for SIRT1 siRNA or FoxO1 siRNA. Following transfection, cells were treated with various fatty
acid:BSA complexes in the absence or presence of ethanol. (A) Promoter activity following treatment of palmitic acid group.
(B) Promoter activity following treatment of oleic acid group. (C) Representative Western blots of homogenates from cells
treated with control siRNA, SIRT1siRNA, or FoxO1siRNA, and probed for SIRT1, FoxO1, or glyceraldehyde phosphate
dehydrogenase (GAPDH.) Abbreviations used: E, ethanol; O, Oleic acid; P, palmitic acid; RSV, resveratrol. Normalized
luciferase activities are shown as mean – SD from at least three experiments performed in duplicate. Means without a
common letter differ, p < 0.05.

430 LIANG ET AL.



mediating the effects of dietary fatty acids on SIRT1–FoxO1–
AdipoR2 in ethanol-fed mice and in hepatic cells exposed to
ethanol. In mice, while PUFA + E feeding significantly in-
creased the liver malondialdehyde (MDA) levels by 1.8-fold, a
diet of HSF + E did not affect MDA levels (Fig. 7A).

Further, we determined the effect of various dietary fatty
acids on ROS generation in rat primary hepatocytes exposed
to ethanol. Incubation of hepatocytes with unsaturated fatty
acids (oleic acid, linoleic acid, or arachidonic acid) (0.2 mM)
for 18 h robustly raised the cellular H2O2 levels in hepatocytes
exposed to ethanol (Fig. 7B). Western blot analysis indicated
that treatment of hepatocytes with 20 lM hydrogen peroxide
(H2O2) for 18 h significantly reduced levels of total SIRT1 and
nuclear FoxO1 protein while increasing total FoxO1 acetyla-
tion (Fig. 7C).

Oxidative stress regulates SIRT1 nucleocytoplasmic shut-
tling (3). Therefore, we further performed immunofluores-
cence to determine the effects of dietary fatty acids and
ethanol on SIRT1 nucleocytoplasmic shuttling using mouse
AML-12 hepatocytes. As shown in Figure 8, SIRT1 was ex-
clusively present in the nucleus prior to ethanol exposure.
However, SIRT1 was partially shuttled out of the nucleus in
response to ethanol treatment. Interestingly, co-addition of
palmitic acid blocked the ethanol-induced SIRT1 nucleocy-
toplasmic shuttling. Conversely, oleic acid treatment aug-
mented the ability of ethanol to induce SIRT1 cytoplasmic

localization. Pretreatment with an antioxidant, N-acetylcys-
tine (NAC; 2 mM), largely prevented the ethanol-induced
shuttling of SIRT1 to the cytoplasm. It is worthwhile to point
out that treatment with H2O2 (50 lM) for 18 h also led to
shuttling of SIRT1 out of the nucleus in AML-12 cells (data not
shown). Similar to the depletion of nuclear SIRT1, AdipoR2
mRNA levels were also cut in half by treatment with H2O2

(Fig. 7D).
Taken together, these data suggest that unsaturated fatty

acids-induced oxidative stress may be largely responsible for
reduction of SIRT1 total protein and FoxO1 nuclear protein
levels in hepatocytes exposed to ethanol.

Discussion

In the present study, we demonstrated that an HSF diet
selectively increased hepatic AdipoR2 mRNA and protein
expression levels in ethanol-fed mice. Concurrently, this diet
led to increased nuclear FoxO1 protein levels, blocked hepatic
FoxO1 hyperacetylation, and enhanced association of FoxO1
with the promoter of AdipoR2 in the livers of ethanol-fed
mice. Treatment of hepatic cells with palmitic acid, the pri-
mary saturated fatty acid in the HSF diet, in the presence of
ethanol selectively increased AdipoR2 promoter activity and
AdipoR2 gene expression. Furthermore, we provided evi-
dence that upregulation of liver AdipoR2 by dietary saturated

FIG. 6. Upregulated SIRT1 and FoxO1 by palmitic acid in rat primary hepatocytes exposed to ethanol. Primary rat
hepatocytes were treated with various fatty acid:BSA complexes in the presence or absence of ethanol, and levels of SIRT1
and FoxO1 were determined. (A) Representative Western blots of total SIRT1 protein and nuclear FoxO1 protein. (B) Relative
quantification of total SIRT1 protein normalized to GAPDH. (C) Relative quantification of nuclear FoxO1 protein normalized
to Lamin A/C. Values are given as means – SD from at least three experiments performed in duplicate. Means without a
common letter differ, p < 0.05.
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fatty acids plus ethanol may be largely mediated by stimu-
lation of SIRT1-FoxO1 signaling.

The present study agrees with our previous work in which
we have consistently reported that liver AdipoR2 but not
AdipoR1 is selectively downregulated by chronic ethanol
feeding in mice (1, 30). AdipoR2 is predominantly expressed
in the liver, where its importance in the development of he-
patic steatosis has been demonstrated in both rodents and in
humans (14, 17–19, 24, 33). Interestingly, it is reported that
gene expression of AdipoR2, but not AdipoR1, is decreased in
liver samples from nonalcoholic steatohepatitis (NASH) pa-
tients (17). Our current study suggests that in addition to al-
tering adiponectin synthesis in adipose tissue, chronic ethanol
exposure also selectively downregulates hepatic AdipoR2,
thus impairing adiponectin receptor-mediated signaling
pathways in the liver, reducing the otherwise protective ef-
fects of adiponectin and promoting development of hepatic
steatosis.

Our current data show that the ethanol-dependent in-
creases of hepatic AdipoR2 mRNA and protein levels found in
mice consuming an HSF diet are modest. However, we have
found that an HSF diet significantly increased circulating total
adiponectin levels and enhanced the high molecular-weight
(HMW) form of adiponectin in ethanol-fed mice (39 and X.

Liang and M. You, unpublished observation). The HMW form
represents the major form of adiponectin regulating lipid
metabolism in the liver (26, 35). It is likely that the HSF diet
reverses abnormalities in hepatic lipid metabolism in ethanol-
fed mice through a stimulation of hepatic adiponectin sig-
naling via combination of upregulating circulating total
HMW adiponectin and hepatic AdipoR2 expression.

A previous study from our group has demonstrated that an
HSF diet significantly increased SIRT1 activity in the livers of
ethanol-fed mice (39). Conceivably, the HSF + E diet-mediated
activation of SIRT1 causes FoxO1 deacetylation, promoting
nuclear retention of FoxO1 and increasing FoxO1 transcrip-
tional activity. The activation of SIRT1-FoxO1 signaling by
HSF diet may directly contribute to the increased AdipoR2
gene expression through enhanced binding of FoxO1 to
AdipoR2 promoter sites in livers of ethanol-fed mice.

The precise cellular events by which ethanol, in combina-
tion with specific dietary fatty acids, regulate hepatic Adi-
poR2 levels call for more investigation. However, it appears
clear at this time that the SIRT1–FoxO1 axis is involved. Re-
active oxygen species (ROS) have long been established as a
major contributor in the pathogenesis of alcoholic liver dis-
ease (5). SIRT1 activity is known to be regulated by nucleo-
cytoplasmic shuttling. Accumulating evidence has shown

FIG. 7. Effects of dietary fatty acids on generation of oxidative stress in the livers of ethanol-fed mice or cultured
hepatocytes exposed to ethanol. (A) Malondialdehyde (MDA) equivalent units were determined and graphed for samples
from livers of mice fed different diets as described in Figure 1. (B) Primary rat hepatocytes were treated with various fatty
acid:BSA complexes in the presence or absence of ethanol, and cellular H2O2 levels were measured and graphed. (C)
Representative Western blots of homogenates from hepatocytes treated with or without H2O2 (20 lM) and probed for SIRT1,
FoxO1, Ac-FoxO1, or Lamin A/C. (D) Relative AdipoR2 mRNA levels of hepatocytes treated with or without H2O2 (20 lM).
Values are given as means – SE from at least three experiments performed in duplicate. Means without a common letter
differ, p < 0.05.
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that a number of stimuli can lead to the translocation of SIRT1
from the nucleus, and the subsequent impairment of SIRT1
activity (3, 12, 34). Our present study, for the first time,
demonstrated that ethanol with or without an unsaturated
fatty acid induced transport of SIRT1 from the nucleus to the
cytoplasm of AML-12 hepatocytes. More importantly, our
data suggest that ethanol-induced shuttling of SIRT1 is redox
dependent. The role of ethanol-induced SIRT1 subcellular
localization and subsequent effects on FoxO1 activity, and
AdipoR2 gene expression, will be of great interest to investi-
gate in the future.

The SIRT1–FoxO1 pathway plays a key role in regulating
ROS production (3, 29, 42). Our present data demonstrate that
both SIRT1 and FoxO1 are inhibited by polyunsaturated fatty
acids in the presence of ethanol, correlating with a significant
increase in the production of ROS and a decrease in AdipoR2
expression, suggesting that ROS generated by ethanol is likely
a major triggering molecular event leading to impairment of
SIRT1–FoxO1–AdipoR2 signaling and excess hepatic fat ac-
cumulation in ethanol-fed mice. On the other hand, our data
have also shown that administration of an HSF diet to etha-
nol-fed mice did not significantly reduce the ROS levels
compared to pair-fed controls, suggesting that the ROS-
independent mechanisms may also be involved.

SIRT1 protein expression levels are known to be upregu-
lated by pyruvate in cultured hepatic cells and in animal livers
(27). Ethanol metabolism in liver through alcohol dehydro-
genase and aldehyde dehydrogenase causes decreased levels

of pyruvate due to NAD + depletion (20). It is possible that
SIRT1 protein levels in mice fed the HSF + E diet might be
mediated by preventing the ethanol metabolism-induced loss
of NAD + and reduced pyruvate. However, in comparison to
pair-fed control mice, the HSF diet did not significantly in-
crease the pyruvate levels in ethanol-fed mice (X. Liang and
M. You, unpublished observation). Further studies are nec-
essary to clarify the mechanisms involved in the increase of
SIRT1–FoxO1 signaling by dietary saturated fatty acids with
ethanol.

In addition to SIRT1-FoxO1 signaling, other mechanisms
may play an important role in the upregulation of liver Adi-
poR2 expression by the HSF + E diet. Studies have suggested
that saturated fatty acids-induced endoplasmic reticulum
(ER) stress may cause downregulation of AdipoR2 in cultured
hepatic cells (16, 25). The ER stress response has been asso-
ciated with the pathogenesis of alcoholic liver disease (13). ER
stress is also linked with induced reactive oxygen species
production (28). Therefore, it is possible that the HSF + E diet
may upregulate AdipoR2 expression by attenuating ER stress.
However, several known key ER stress markers including
CCAAT/enhancer binding protein beta (C/EBPb), eukaryotic
translation initiation factor 2a (eIF2a), and the pro-apoptotic
transcription factor CHOP were not significantly altered in
our ethanol-fed mice supplemented with either an HSF or a
PUFA diet (X. Liang and M. You, unpublished observation),
suggesting the involvement of ER-independent signaling
pathways.

FIG. 8. Effects of dietary fatty acids on nucleocytoplasmic shuttling of SIRT1 by ethanol. Mouse AML-12 hepatocytes
were treated with ethanol (E; 100 mM) alone, or in combination with palmitic acid (P; 0.25 mM) or oleic acid (O; 0.25 mM) in
the presence or absence of N-acetylcystine (NAC; 2 mM) for 18 h. The cells were fixed with 4% paraformaldehyde and used
for immunostaining. SIRT1 was visualized using a primary mouse SIRT1 antibody. Nuclei were stained with DAPI. Samples
without primary SIRT1 antibody were used as negative assay controls. Images represent at least 3 separate experiments.
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In summary, our present study is the first report to dem-
onstrate that dietary saturated fat in the presence of ethanol
selectively upregulates liver AdipoR2 through SIRT1 and
FoxO1. Our study suggests that nutritional or pharmacolog-
ical modulation of the SIRT1–FoxO1–AdipoR2 axis may be a
potential therapeutic strategy for treating human alcoholic
fatty liver disease.
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AMPK¼AMP-activated protein kinase
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ChIP¼ chromatin immunoprecipitation
Ct¼ comparative threshold

eIF2a¼ eukaryotic translation initiation factor 2a
ER¼ endoplasmic reticulum

FoxO1¼ forkhead transcription factor O 1
GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase

H2O2¼hydrogen peroxide
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SIRT1¼ sirtuin 1
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