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Background and aims: Alcoholic fatty liver (AFL) is a liver disease caused by long-term excessive drinking and is
characterized by hepatic steatosis. Understanding the regulatory mechanism of steatosis is essential for the treatment
of AFL. Rev-erba is a member of the Rev-erbs family of nuclear receptors, playing an important role in regulating lipid
metabolism. However, its functional role in AFL and its underlying mechanism remains unclear.

Results: Rev-erba was upregulated in the liver of EtOH-fed mice and EtOH-treated L-02 cells. Further, Rev-erba acti-
vation exacerbates steatosis in L-02 cells. Inhibition/downexpression of Rev-erba improved steatosis. Mechanistically,
autophagy activity was inhibited in vivo and vitro. Interestingly, inhibition/downexpression of Rev-erba enhanced
autophagy. Furthermore, silencing of Rev-erba up-regulated the nuclear expression of Bmal1. Autophagy activity was
inhibited and steatosis was deteriorated after EtOH-treated L-02 cells were cotransfected with Rev-erba shRNA and

Conclusions: Rev-erba induces liver steatosis, which promotes the progression of AFL. Our study reveals a novel
steatosis regulatory mechanism in AFL and suggest that Rev-erba might be a potential therapeutic target for AFL.

Introduction

Chronic alcohol consumption is a crucial factor con-
tributing to alcoholic liver disease (ALD). ALD includes
a broad spectrum of liver disorders, ranging from alco-
holic fatty liver (AFL), alcoholic steatohepatitis (ASH),
alcoholic fibrosis (AF), alcoholic cirrhosis (AC) to alco-
holic hepatocellular carcinoma (AHCC) [1-3]. Alco-
holic fatty liver disease (AFLD) has become a global
healthcare problem. Among AFLD, AFL is the earliest
phase characterized by ballooning of hepatocytes, lipid
droplets deposition and inflammatory cells infiltration.
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Hepatic steatosis is a progression of excessive triglyc-
eride accumulation caused by the imbalance between
lipids synthesis and oxidation [4]. As the main pathologi-
cal factor, lipid accumulation plays a pivotal role in the
occurrence and progression of AFL [5, 6], although mild
fatty liver can be alleviated by exercise and diet. How-
ever, the regulatory mechanism of steatosis remains to be
supplemented.

Rev-erba is an orphan nuclear receptor and belongs to
the nuclear receptor family. Accumulating studies suggest
that Rev-erba is associated with many diseases, including
hyperlipidemia, hyperglycemia and liver diseases such as
liver fibrosis and cancer [7-9]. Among this, Rev-erba is
closely related to lipid metabolism, which is supported
by the fact that Rev-erba can promote the differentia-
tion of 3T3-L1 preadipocytes and enhance lipid storage
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[10]. Moreover, Rev-erba regulates lipoproteinase and
triglyceride by directly inhibiting the activity of ApoC-
III [11, 12]. As a transcriptional repressor, Rev-erba has
a dual role in regulating lipid metabolism. Fontaine et al.
pointed out that lipid deposition increased significantly
in mice lacking Rev-erba [13]. Consistent with this view,
Sitaula et al. found that Rev-erba could repress tran-
scription of cholesterol biosynthesis genes by promoting
recruitment of NCoR and HDACS3, resulting in reducing
cholesterol levels and biosynthesis in mice [14]. However,
the function of Rev-erba in the pathogenesis of AFL and
whether Rev-erba regulates hepatic steatosis remains
unclear.

Autophagy is a protective mechanism that removes
lipid droplets, protein aggregates, and damaged orga-
nelles from hepatocytes [15]. Growing evidence high-
lights the involvement of autophagy in regulating hepatic
lipid metabolism. It has been reported that inhibition of
autophagy in hepatocyte could increase the storage of tri-
glyceride in lipid conjoined as well as inhibit the degra-
dation of lipid droplets [16]. Moreover, lack of autophagy
activity alters fatty liver and liver injury condition caused
by alcohol [17]. Attractively, it was pointed out that
Rev-erba can represses autophagosome formation and
lysosomal biogenesis directly in skeletal muscle [18, 19].
Grimaldi et al. reported that Rev-erba can inhibit the for-
mation of autophagy, which blocked the source of can-
cer nutrition [20]. More importantly, autophagy genes
in zebrafish is under the control of Rev-erba [21]. Given
the critical role of autophagy on lipid metabolism and the
intimate relationship between Rev-erba and autophagy,
we aimed to investigate whether Rev-erba promotes lipid
accumulation in AFL by affecting autophagy activity.

In this study, we found that Rev-erba was significantly
increased both in vitro and in vivo. Following inhibition
of Rev-erba, hepatic steatosis was ameliorated with the
improvement of autophagy activity. Mechanistic studies
suggest that Rev-erba inhibited autophagy by regulating
Bmallexpression. Taken together, our results elucidated
that Rev-erba accelerated lipid deposition by inhibiting
autophagy. We sought to defined the potential roles of
Rev-erba in hepatic steatosis and the molecular mecha-
nisms underlying this regulation in AFL.

Materials and methods

Reagents and antibodies

Primary antibodies Rev-erba, Bmall and Beclinl were
purchased from Proteintech Wu Han China. Primary
antibodies LC3 and P62 were purchased from Cell Sign-
aling Technology USA. Primary antibodies Ppara and
Srebplc were purchased from Affinity Biosciences USA.
B-Actin, secondary antibodies and goat anti-mouse
Alexa Fluor 488 were purchased from Zhonggiao Jinshan
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China. Nucleoprotein/cytoplasmic protein extraction kit
was purchased from Best Bio Shanghai, China. GSK4112
(CAS number: 1216744—-19-2) was purchased from Tar-
getMol China. SR8278 (CAS number: 1254944-66-5) was
purchased from APExBIO USA. ORO was purchased
from Sigma USA. Rev-erba expression interference plas-
mid and Control plasmid was purchased from GeneP-
harma (ShangHai, China). Bmall small interfering RNA
(siRNA) and Control siRNA were synthesized by GeneP-
harma (Shanghai, China).

Cell culture

L-02 cells, the human normal liver cell line was pur-
chased from Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China), the cell line was
cultured with DMEM medium (Hyclone, Salt Lake City,
UT, USA) supplemented with 10% fetal bovine serum
(EBS; Hangzhou Sijiging Biological Engineerin materi-
als, China) and 1% Penicillin-Streptomycin (Biyuntian,
China). The incubator was maintained at 37 °C and con-
tains 5% CO,. The medium was changed once a day. Cells
were treated with 150 mM ethanol at a fixed time of the
day, at 5 p.m. for 48 h. At least three independent experi-
ments were performed throughout study.

Animal model of AFL

Male C57BL/6] mice (20-22 g, 6—8 weeks) were pur-
chased from Laboratory Animal Center of Anhui Medi-
cal University. All animal experiments were approved by
Anhui Medical University Animal Experimental Ethics
Committee (Number: LLSC20150348). Animal experi-
ments took place at the Animal Experiment Center in
Anhui Medical University. Mice were kept in a Con-
trolled temperature (25+1 °C) and humidity (504 5%)
environment with a 12 h light/dark cycle with ad lib
access to food and water. Mice were randomly divided
into Control diet (CD-fed), ethanol diet (EtOH-fed).
Ethanol diet feeding and binge was performed with the
protocol described by Gao-Binge [22]. According to
protocol, mice were fed the regular Lieber-DeCarli nor-
mal diet or ethanol diet (Nantong troffi, CAS number:
TP4030) containing increasing (1%-5% vol/vol) ethanol
for the adaptation period (5 days) and modeling (10 days)
with 5% vol/vol ethanol liquid diet at 5 o’clock every
afternoon. Half an hour after feeding, SR8278 group were
injected with SR8278 (dissolve in 0.4% DMSO, 99.6%
PBS), EtOH-fed group were injected with blank solvent
(0.4% DMSO, 99.6% PBS) at 2 mg/kg on Day 13 for 3 days
via tail vein. SR8278 group and EtOH-fed mice were gav-
aged with one time ethanol binge [1.5 mL/100 g, 31.5%
(vol/vol)] at 21 p.m. on the last day. Mice were anesthe-
tized by injecting with 1% pentobarbital. Blood and liver
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tissues of mice were separated for experiments. The mice
were euthanized by cervical dislocation. At least six inde-
pendent experiments were performed in the study.

Western blotting

Liver tissues and cultured cells were lysed with RIPA
lysis buffer (Biyuntian, China), the protein concentration
was measured by BCA protein assay kit (Boster, China),
the extracted protein samples were separated by 10% or
12% SDS-polyacrylamide gel and then transferred to
polyvinyl difluoride membranes (Millipore, USA). After
blocking, the membranes were incubated overnight at
4 °C with primary antibody B-actin (1:1000), Rev-erba
(1:1000), Bmall (1:1000), LC3 (1:1000), Srebplc (1:1000),
Ppara (1:1000), Beclinl (1:1000) and P62 (1:1000) for 24 h
and then incubated with secondary antibody (1:10,000)
for 1 h at room temperature. The membranes were visu-
alized using an ECL-chemiluminescent kit (ECL-plus,
Thermo Scientific) and exposed to electrochemilumines-
cence (GE Healthcare Bio-Sciences, AB, Uppsala, Swe-
den). The intensities of bands were quantified by using
the Image J software (NIH, Bethesda, MD, USA).

RNA extraction and quantitative real-time PCR

Total RNA was isolated from liver tissue or L-02 cells
using the TRIzol reagent (Invitrogen, United States),
RNA concentration was measured by Nano Drop 2000
Spectrophotometer (Thermo Scientific, USA). Then the
RNA was converted into cDNA by the Reverse transcrip-
tion kit (TaKaRa, QIAGEN, Japan). Realtime quantitative
PCR analyses for mRNA were performed by using cDNA
TB-Green real-time PCR Master Mix (TaKaRa, QIA-
GEN, Japan). p-Actin was used as an internal Control.

Table 1 Primer sequences used in real-time PCR
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The sequences of primers used in this article were list in
Table 1.

Immunofluorescence

Cells cultured in 6-well were washed by PBS 3 times
and fixed in 4% formaldehyde for 15 min. Then washed
by PBS 3 times and blocked by BSA for 30 min at room
temperature. Next, cells were washed with PBS 3 times
and permeabilized with 1% Triton X-100 solution for
5 min. After washed, cells were incubated with Rev-erba
primary antibody (1:50) overnight at 4 °C. Next day, cells
were incubated with secondary antibody at dark for 1
hand counterstained with DAPI for 5 min. At last stained
sections were examined by using confocal microscopy
(Zeiss, Germany).

Serum biochemical analysis

The activities of serum alanine aminotransferase (ALT),
triglyceride (TG) and total cholesterol (T-CHO) in serum
were measured using commercial assay kits (Jiancheng,
Nanjing) by microplate reader (Biotek, USA) at appropri-
ate wavelength.

ORO staining

Cells in the 6-well plates were washed 3 times by PBS,
then fixed with 4% Paraformaldehyde for 15 min, After
washed 3 times by PBS, sections were stained with work-
ing solution ORO (prepared freshly at 25 °C) for 30 min.
Finally, sections were washed with 60% dimethylcarbinol
and double distilled water. The fat drops were observed
by inverted fluorescent microscope. The same operation
was introduced to liver tissue after fixing.

Morphological assessment
Liver tissues were fixed with 4% paraformaldehyde for
24 h, then embedded in paraffin blocks and stained with

Genes Forward primer (5'-3') Reverse primer (5'-3)

(Human) Rev-erba TTGAGTCAAGGTCCAGT TTGAATG GGAGTCCAGGGTCGTC ATGT
(Human) Rev-erb(3 GTCAAGGTCCAGTTTGA ATG GCGAGATCACCATTCTT GGG
(Human) Ppara GCACCTGGAGGTATCG TCGAT CATGGGACCCTTATCA ATCCTAATC
(Human) Srebp1c GGGTCAGTTGTCCCTTCTCA TGAGACGTGCCAGACT TCTT
(Human) BMAL1 AGCTGCCTCGTCGCAATT CCGTTCACTGGTTGTGG AACT
(Human) -actin CCCTGGAGAAGAGCTA CGAG TGCTAGGAGCCAGAGC AGTA
(Mouse) Rev-erba CCCAACGACAACAACCTTTT CCCTGGCGTAGACCAT TCAG
(Mouse) Rev-erb(3 GGTTAGGTTTGTGAGTG TCCACAGC GGAAGTGCTCCAACAA GGTAGTGCA
(Mouse) Ppara AGCTGGTGTAGCAAGT GT TCTGCTTTCAGTTTTGCTTT
(Mouse) Srebp1c ACACAGCAACCAGAAA CTCAAG AGTGTGTCCTCCACCTC AGTCT
(Mouse) B-actin AGTGTGACGTTGACATC CG TGCTAGGAGCCAGAGC AGTA
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hematoxylin and eosin (H&E). Immunohistochemistry
(IHC) was performed according to a standard proce-
dure. The pathological changes were assessed by a digital
pathology slide scanner (3 DHISTECH, Hungary). The
IHC results were quantitatively analyzed by the Image-
ProPlus Software (MEDIA CYBERNETICS, USA) to cal-
culate the integral optical density (IOD).

Cell transfection

To down-regulate the expression level of Rev-erba,
L-02 cells were transfected with 1 pg Rev-erba shRNA
(100 pg) by using lipofectamine™?2000 (Invitrogen, MA)
according to the manufacturer’s instructions. In order
to silence Bmall, Bmall siRNA were transfected in L-02
cells by using lipofectamine™?2000. After 6 h transfec-
tion, the medium was changed to DMEM and ethanol
was added. Cells were maintained at 37 °C in a CO, incu-
bator and then collected by trypsin treatment for qRT-
PCR and Western blotting analysis. Rev-erba shRNA
sequence: GCTGAATGGCATGGTGT TACT. Bmall
siRNA sequence: GCACAUCGUGUUAUGAAUATT
UAUUCA UAACA CGAUGUGCTT.

Transmission electron microscope

Liver tissue sample at grain size was fixed in 2.5% glu-
taraldehyde at 4 °C and placed in 1% osmium tetroxide
for 4 h on ice. Next sections were dehydrated in a graded
series of ethanol and embedded in LR White resin after
washed by 0.1 M sodium cacodylate (pH 7.4). Embedded
samples were detected by a transmission electron micro-
scope (Hitachi-7800, Japan).

Lysosomal acid analysis

Lyso Tracker Green DND-26 was selectively labeled for
acidic lysosome in living cells. After cell slides and cer-
tain treatment, discard the medium and add 50 nM
Lyso Tracker Green DND-26, cells were incubated for
5 min under growth, then switched to fresh medium
and detected by laser confocal microscope. The inten-
sity of fluorescence intensity represents the acidity of
lysosomes.

Statistical analysis
All data presented were representative of at least 3 repeat
experiments and expressed as mean+SEM. Statistical
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analyses were performed with SPSS 17.0 software (Sta-
tistical Program for Social Sciences). One-way analysis
of variance (ANOVA) was used to evaluate differences
between each groups. The differences between two
groups were determined by unpaired two-tailed t-test.
Results were considered statistically significant with p
value <0.05.

Results

Rev-erba is up-regulated in the liver of EtOH-fed mice

We performed chronic EtOH plus single EtOH binge
feeding in mice, which is well described by the NIAAA
model protocol [22]. As shown in Fig. 1A, compared to
CD-fed mice, apparent lipid deposition was showed in
the liver of EtOH-fed mice. H&E staining showed that
mice in the EtOH-fed group developed steatosis and fat
droplets fill the hepatocytes, especially those hepatocytes
located around the central vein. ORO staining indicated
aggravated steatosis in the EtOH-fed mice compared to
control mice. The ratio of liver to body weight, serum
ALT, TG and T-CHO levels were all increased in EtOH-
fed mice compared to CD-fed mice (Fig. 1B). Results
of western blot and qRT-PCR showed that Ppara was
decreased and Srebplc was increased in EtOH-fed mice
compared to CD-fed mice (Fig. 1C, D).

To explore whether Rev-erbs was involved in the
pathogenesis of AFL, we detected the expression of two
subtypes of Rev-erbs. qRT-PCR analysis showed that
the level of Rev-erba was higher than Rev-erbp in CD-
fed group and Rev-erba was enhanced but Rev-erbf had
no obvious change in EtOH-fed group compared to CD-
fed group (Fig. 1F). The higher expression of Rev-erba in
EtOH-fed group was further confirmed by western blot
and immunohistochemistry analysis (Fig. 1E, G). These
results indicated that it may be Rev-erba but not Rev-
erbf that plays a critical role in the development of AFL.

Rev-erba is up-regulated in EtOH-treated L-02 cells

and mediated liver steatosis

In vitro, L-02 cells were treated with EtOH (150 mM,
48 h). As shown in Additional file 1: Fig. S1A, B,
lipid droplets and the level of TG were significantly
increased in EtOH-treated cells compared to L-02 cells.
Then, qRT-PCR analysis revealed that the expression
of Ppara was decreased and Srebplc was increased in

(See figure on next page.)

#p<0.05, #P<0.01 vs. Rev-erba in CD-fed group

Fig. 1 Rev-erba was up-regulated in the liver of EtOH-fed mice in vivo. C57 male mice weigh 20 kg or more were fed EtOH liquid diet or the Control
diet for 16 days. A Representative image of liver and histological assessment of hepatic pathologic alterations by H&E and ORO staining in alcoholic
fatty liver mice (scale bar=100 um). B The liver weight ratio to body of mice, serum ALT, TG and TC levels in CD-fed mice and EtOH-fed mice. C, D
Western blot and gRT-PCR analysis of Ppara and Srebp1c in CD-fed mice and EtOH-fed mice. E Western blot analysis of Rev-erba in CD-fed mice and
EtOH-fed mice. F gRT-PCR analysis of Rev-erba and Rev-erbf3 in CD-fed mice and EtOH-fed mice. G HIC shows the expression of Rev-erba in CD-fed
mice and EtOH-fed mice (scale bar=100 um or 20 um) (n =6). Bar represents the mean £ SEM. Significance *P<0.05, **P<0.01 vs. CD-fed group.
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EtOH-treated L-02 cells compared to L-02 cells, this
result was further confirmed by western blot analy-
sis (Additional file 1: Fig. S1C, D). The above evidence
showed that 150 mM EtOH could cause disorder of
lipid metabolism in L-02 cells. Consistenting with
results in vivo, the mRNA expression of Rev-erba was
higher than Rev-erbf in L-02 cells, and Rev-erba was
increased while Rev-erbp had no obvious change in
EtOH-treated L-02 cells (Fig. 2B). Western blot analy-
sis further confirmed that Rev-erba was increased in
EtOH-treated L-02 cells (Fig. 2A). Furthermore, immu-
nofluorescence was used to detect intracellular distri-
bution of Rev-erba in L-02 cells, the result indicated
that Rev-erba was significantly elevated in the nucleus
but almost unchanged in the cytoplasm after treatment
with EtOH for 48 h in L-02 cells, this founding was fur-
ther demonstrated by western blot analysis (Fig. 2C, D).

Steatosis is the main pathological process of AFL [5,
6]. Studies have shown that Rev-erba can regulate lipid
metabolism [10, 11]. To investigate whether Rev-erba
is involved in liver steatosis, L-02 cells were treated
with Rev-erba agonist GSK4112 at a fixed time of the
day, at 5 p.m. (10 uM, 24 h) [23, 24]. Compared with
L-02 cells, lipid droplets and TG level were significantly
increased, and the protein of Ppara was down-regulated
but Srebplc was up-regulated in GSK4112-treated L-02
cells (Fig. 2E-G). These results indicated that activation
of Rev-erba can induce disorder of lipid metabolism and
Rev-erba may be involved in the pathological process of
AFL.

SR8278 attenuates steatosis in the liver of EtOH-fed mice
and EtOH-treated L-02 cells

To better understand the function of Rev-erba in EtOH-
induced liver injury and steatosis, the Rev-erba antago-
nist SR8278 (2 mg/kg) was injected in EtOH-fed mice via
tail vein, half an hour after feeding [25-27]. As shown
in Fig. 3A, the fatty liver was significantly alleviated in
EtOH-fed mice after injecting SR8278 for 3 days. H&E
and ORO staining revealed interlobular space of liver,
inflammatory cell infiltration and lipid droplets were
improved after treatment with SR8278. The ratio of
liver to body weight was increased and serum ALT, TG,
and T-CHO levels in EtOH-fed mice were decreased by
SR8278 (Fig. 3B—E). Moreover, increased of Ppara and
decreased of Srebplc were showed by immunohisto-
chemistry analysis (Fig. 3F).

Additionally, SR8278 (the antagonist of Rev-erba,
10 uM) reduced the level of TG and intracellular lipid
droplets in EtOH-treated L-02 cells for 24 h (Additional
file 1: Fig. S1E, F), and higher expression of Ppara and
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lower expression of Srebplc were demonstrated by west-
ern blot analysis (Additional file 1: Fig. S1G).

Down-regulation of Rev-erba attenuates steatosis

in EtOH-treated L-02 cells

To further verify the effect of Rev-erba on lipid metabo-
lism, Rev-erba was silenced down by transfecting Rev-
erba shRNA in L-02 cells. The results of qRT-PCR and
western blot showed that Rev-erba was knocked down by
Rev-erba shRNA in EtOH-treated L-02 cells (Additional
file 1: Fig. S1H and Fig. 4A). Then, the results of ORO
staining, TG assay and the levels of Ppara and Srebplc
showed that Rev-erba shRNA improved lipid metabo-
lism disorder and reduced lipid deposition (Fig. 4B, E). In
summary, inhibition or silencing of Rev-erba may attenu-
ate steatosis in vivo and in vitro.

Rev-erba regulates lipid metabolism by enhancing
autophagy activity in vivo and in vitro

It is well known that autophagy is involved in the
degradation of lipid droplets and regulation of lipid
metabolism [16, 17]. Rev-erba has been reported to
regulate autophagy in skeletal muscle [18, 19]. There-
fore, we hypothesized that Rev-erba could ameliorate
EtOH-induced lipid steatosis by regulating autophagy.
As shown in Fig. 5A, electronic microscopy showed
that autophagosome and lysosomal were significantly
decreased by EtOH, and SR8278 could increase the num-
ber of autophagosome and lysosomal in EtOH-fed mice.
Immunohistochemistry analysis further showed that
SR8278 increased the expression of Lc3 and decreased
the expression of P62 in EtOH-fed mice (Fig. 5B).

In vitro, Lyso Tracker Green DND-26 analysis showed
that lysosomal acidity was decreased by EtOH in L-02
cells while it was increased in EtOH-treated L-02 cells
by SR8278 and Rev-erba shRNA (Additional file 1: Fig.
S2A and Fig. 5C). Next, western blot analysis confirmed
that compared to L-02 cells, the ratio of LC3II/I and the
level of Beclinl were decreased but P62 was increased
in EtOH-treated L-02 cells, however, the results were
reversed after treatment with SR8278 and Rev-erba
shRNA (Additional file 1: Fig. S2B, C). Above experimen-
tal results indicated that autophagy can be negatively reg-
ulated by Rev-erba in AFL.

Rev-erba inhibits the activity of autophagy

through regulating Bmal1

As presented in Additional file 1: Fig. S3A, B, the level
of Bmall was decreased in the liver of EtOH-fed mice
and EtOH-treated L-02 cells. Moreover, Bmall protein
was decreased prominently in the nucleus and had no
difference in the cytoplasm in EtOH-treated L-02 cells
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compared to L-02 cells (Fig. 6A). Knockdown of Rev-
erba up-regulated the expression of Bmall detected by
using western blot and qRT-PCR analysis (Fig. 6B and
Additional file 1: Fig. S3C). The above experimental
results showed that Rev-erba might play a critical role in
regulating the expression of Bmall in AFL.

To further confirm whether Rev-erba inhibit
autophagy dependent Bmall in AFL, Rev-erba shRNA
and Bmall siRNA were co-transfected into EtOH-treated
L-02 cells. First, the results of qRT-PCR and western blot
showed that Bmall was knocked down by Bmall siRNA
in EtOH treatment L-02 cells (Additional file 1: Fig. S3D,
E). As illustrated in Fig. 6C, Bmall siRNA have reversed
the acidity of lysosomes which was increased by Rev-
erba shRNA in EtOH treatment L-02 cells. What’s more,
western blot analysis showed that Rev-erba shRNA and
Bmall siRNA co-transfection decreased the ratio of LC3
II/1, increased P62 level, and downregulated Ppara in
EtOH treatment L-02 cells but Srebplc has no signifi-
cantly changed (Fig. 6D). These data indicated that Rev-
erba may inhibit the activity of autophagy by Bmall in
EtOH-induced lipid steatosis.

Discussion

Hepatocytes lipid accumulation is a typical morpho-
logical characteristic of AFL [6, 28]. According to the
initial ‘two hit hypothesis, inflammation as the second
hit promotes the transformation from AFL to ASH on
the base of liver steatosis [29]. As an important node in
the development of AFLD, the improvement of hepatic
lipid in AFL prevent the occurrence of ASH and reduce
the incidence of ALD. The nuclear receptor Rev-erbs
are known to regulate multiple downstream genes
involved in diverse cellular functions including metabo-
lism, widely participating in the physiological process of
energy, glucose and lipid metabolism [7-12]. However,
the effect of Rev-erbs on lipid regulation in alcoholic fatty
liver remains to be studied. Rev-erbs has two subtypes
with high homology and their distribution are different
[30-35]. In this study, we found that Rev-erba has a more
abundant distribution compared to Rev-erbf in the liver
of mice and L-02 cells, this result was consistent with the
research that Rev-erba was higher in liver, meanwhile
Rev-erbp was lower in physiological system but higher in
CNS in mice [36]. In addition, we showed higher expres-
sion of Rev-erba in vitro and in vivo accompanying with
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lipid droplets and triglycerides. Moreover, L-02 cells
showed significant steatosis when cells were treated with
GSK4112. These results indicate that Rev-erba is closely
related to liver lipid metabolism. Importantly, steato-
sis was ameliorated in the liver of EtOH-fed mice after
the mice were treated with SR8278, the same result was
found when EtOH-treated L-02 cells were treated with
SR8278 or transfected with Rev-erba ShRNA. Rev-erba
is a member of nuclear receptor superfamily and plays
an important role in transcriptional inhibition [37-42].
We found that Rev-erba was mainly up-regulated in the
nucleus in EtOH-treated L-02 cells. Given that Rev-erba
is a nuclear transcription factor, we speculate that Rev-
erba may play a transcriptional regulatory role in lipid
regulation. Coincidentally, Srebplc was decreased and
ppara was increased at both mRNA and protein levels
in SR8278 treated EtOH-fed mice and SR8278/Rev-erba
ShRNA treated EtOH-treated L-02 cells. To sum up, Rev-
erba may be a vital mediator of lipid metabolism in vivo
and vitro.

Autophagy is a wide range of cells and lysosomal-
dependent degradation pathway. It is a mechanism that
delivers cytoplasmic cargo into acidic compartments
of the cell known as lysosomes. Acidic environment in
lysosomes is the key to autophagy [43, 44]. Singh et al.
identified that autophagy was required for lipid droplets
breakdown and inhibition of autophagy increases lipid
storage [45, 46]. Other studies, for example, Martinez-
Lopez et al. reported that cold triggered lipolysis by
inducing autophagy in mouse liver [47]. In this study, the
ratio of autophagosomes membrane protein LC3II/I was
downregulated. Furthermore, the acidity in lysosomes
was decreased and the level of p62 was increased signifi-
cantly in the liver of EtOH-fed mice and EtOH-treated
L-02 cells. These studies indicated that the formation of
autophagosomes and lysosomal function was impaired
in vivo and vitro. What’s intriguing is that the activity of
autophagy accompanying by increasing lysosomal acid-
ity was promoted by reducing Rev-erba. In summary, our
works have shed light on an enhanced autophagosome
and lysosomal function through normalizing Rev-erba
expression in AFL.

Previous studies have found that Bmall (aryl-
hydrocarbon nuclear translocator-like 1) drives the
cyclic expression genes involved in lipid metabolism
[48]. Zhang et al. has reported that mice with Bmall

(See figure on next page.)

Fig. 3 SR8278 (Rev-erba antagonist) attenuates steatosis in the liver of EtOH-fed mice and EtOH-treated L-02 cells. Mice fed EtOH liquid were tail
vein injection with SR8278 (2 mg/kg) for 3 days. A Representative image of liver and histological assessment of hepatic pathologic alterations by
H&E and ORO staining in the liver of mice with or without SR8278 injection (scale bar= 100 um or 20 um). B-E The liver weight ratio to body of
mice, serum ALT, TG level and TC levels in the liver of mice. F The immunohistochemistry staining of Ppara and Srebp1c in the liver of mice (scale
bar= 100 um or 20 um) (n=6). Bar represents the mean = SEM. Significance *P < 0.05, **P < 0.01 vs. CD-fed group. *P < 0.05, #P < 0.01 vs. EtOH-fed

group
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%200, scale bar=100 um). D, E Western blot and gRT-PCR analysis of Ppara and Srebp1c in EtOH-treated L-02 cells transfected with Rev-erba
shRNA (n=3). Bar represents the mean £ SEM. Significance *P<0.05, **P<0.01 vs. control group. #P<0.05, "P<0.01 vs. control ShRNA group

depletion were more susceptible to ethanol induced function through inhibits Bmall transcription by target
fatty liver and liver injury while Bmall over-expression a ROR-response element in the promoter of the Bmall
protects EtOH-fed mice from fatty liver and liver injury  gene into consideration [37, 38], we speculate that
[49]. Taking Rev-erba plays a negative adjustment Rev-erba may interact with Bmall in cell metabolism.
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Indeed, we observed that Bmall was decreased in the
nucleus in EtOH-treated L-02 cells, this result is con-
sistent with Rev-erba in nucleus. Further, Bmall was
increased by Rev-erba inhibition in EtOH-treated
L-02 cells, which suggested that there may be a cross-
talk between Rev-erba and Bmall in the nucleus
respond to ethanol treatment. Importantly, the activ-
ity of autophagy was inhibited by Bmall depletion, as
well as the promotion of Rev-erba on Ppara expression

was abolished. It is likely that the modest suppression
of Rev-erba promoted Ppara-dependent B-oxidation
pathway by up-regulating Bmall through regulating
autophagy in EtOH-treated L-02 cells. It is well known
that Ppara and Srebplc plays a pivotal role in lipid
metabolism-associated transcription factors [5, 50, 51].
However, Bmall knockdown did not change the posi-
tive regulatory effect of Rev-erba on Srebplc. Previous
study has demonstrated Rev-erba inhibits transcription
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group, *P<0.05,*P<0.01 vs. control shRNA group. C Lysosome staining by using Lyso Tracter Green DND-26 (50 nM) in EtOH-treated L-02 cells
transfected with Bmal1 siRNA and Rev-erba shRNA (n = 3) (scale bars =40 um). D Western blot analysis of Lc3Il/I, P62, Ppara and Srebp1cin
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mainly by recruiting HDAC3 and NCoR. But Srebplc involved in the expression of lipid synthesis genes,
expression is not HDAC3-sensitive, Berthier et al. which is independent of Bmall expression.

has proved that Rev-erba directly bound to genomic In conclusion, we presented evidence supporting that
regions in the vicinity or within the Srebfl gene [52]. Rev-erba was higher expressed and reducing Rev-erba
These data suggest that Rev-erba may be directly could improve the accumulation of lipid in vivo and vitro.

Impaired autophagy function in the liver of EtOH-fed
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Fig. 7 Schematic diagram of the molecular mechanism of Rev-erba-induced lipid steatosis in the liver. Rev-erba was enhanced by EtOH and
bound to the Bmal1 promoter to regulated the activity of autophagy to regulated lipid metabolism

mice and EtOH-treated L-02 cells was enhanced by limit-
ing the activity of Rev-erba. Further studies promulgated
a regulation of Rev-erba on autophagy by Bmall thus
influencing hepatic fatty acid oxidation pathway in vitro
(Fig. 7). Our findings identified a critical role of Rev-erba
in ameliorating lipid metabolism through autophagy by
impacting on Bmall. It suggests that focusing on Rev-
erba function in lipid metabolism may offer a therapeutic
approach to AFL. The biggest flaw in our research is that
Rev-erba and Bmall were only used as the regulatory fac-
tors of lipid metabolism, the changes of their biological
rhythm were not studied, which needs to be improved.

Conclusion

Our observations emphasize an important role of Rev-
erba that may promote the progress of liver steatosis
and functioned as a negative regulator of autophagy.
Subsequently, we demonstrate that Rev-erba regulates

autophagy in a Bmall dependent manner. This study pro-
vides scientific basis for targeted therapy of AFL.
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Additional file T: Figure ST. T50 mmol/L EtOH incubation induces
steatosis in L02 cells and steatosis was ameliorated by SR8278 treatment
or Rev-erbashRNA transfection in EtOH-treated L-02 cells. Figure S2.
Autophagy activity was improved by SR8278 treatment or Rev-erbashRNA
transfection in EtOH-treated L-02 cells. Figure S3. Bmal1 was up-regulated
in EtOH-treated L-02 cells and was regulated by Rev-erba.
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