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Abstract
Background/Aims: Lipid droplets (LDs) are dynamic organelles that store neutral lipids 
during times of energy excess, and an increased accumulation of LDs in the liver is closely 
linked to hepatic steatosis. Our previous studies suggested that resveratrol (RSV) supplement 
could improve hepatic steatosis, but the underlying mechanism, particularly which related to 
LD accumulation, has not yet been elucidated. Methods: A high-fat diet (HFD) and palmitic 
acid were used to induce hepatic steatosis in mouse liver and hepatocytes, respectively. The 
effects of RSV on LD accumulation were analyzed in vivo and in vitro. The effects of RSV 
on the expression levels of LD-associated genes (ATF6, Fsp27β/CIDEC, CREBH, and PLIN1) 
were measured by qRT-PCR and western blot assays, followed by KD or overexpression of 
SIRT1 and ATF6 with small interfering RNAs or overexpressed plasmids, respectively. The dual 
luciferase reporter assay, chromatin immunoprecipitation assay, coimmunoprecipitation, and 
proximity ligation assay were utilized to clarify the mechanism of transcriptional regulation 
and possible interaction between SIRT1 and ATF6. Results: There was a significant increase in 
the accumulation of LDs in liver and hepatocytes during the process of HFD-induced steatosis, 
respectively, which was significantly inhibited by RSV supplementation. RSV notably activated 
SIRT1 expression and decreased the expression levels of ATF6, Fsp27β/CIDEC, CREBH, and 
PLIN1, which are associated with LD accumulation. Interestingly, the inhibitory effects of RSV 
on LD accumulation and the associated expression of genes in hepatocytes were abrogated 
or strengthened with SIRT1 silencing or overexpression, respectively. On the contrary, the 
benefits of RSV in hepatocytes were eliminated or aggravated when transfected with the 
overexpressed ATF6 or ATF6 siRNA, respectively. Furthermore, we found that RSV stimulated 
SIRT1 expression significantly, which was followed by increased deacetylation and inactivation 
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of ATF6, resulting in a positive feedback loop for SIRT1 transcription associated with ATF6 
binding to the SIRT1 promoter region. Conclusion: Taken together, these findings indicate 
that RSV supplementation improves hepatic steatosis by ameliorating the accumulation of 
LDs, and this might be partially mediated by a SIRT1/ATF6-dependent mechanism.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a growing but serious threat to public 
health around the world, in part due to the accumulation of triglycerides (TGs) and free 
fatty acids (FAs) in the liver. It encompasses a spectrum of liver lesions ranging from simple hepatic steatosis to non-alcoholic steatohepatitis (NASH) that can further evolve to fibrosis, cirrhosis, and finally hepatocellular carcinoma [1]. NAFLD patients are at increased risk of liver-related diseases and have an elevated risk of cardiovascular disease and mortality, and NAFLD is rapidly becoming the leading indication for liver transplantation [2]. The 
mechanism underlying NAFLD pathophysiology remains elusive; however, a “two-hit” 
hypothesis has been suggested as a possible mechanism of pathological change in chronic liver disease [3]. Simple hepatic steatosis caused by lipid accumulation represents the “first hit” in the pathological process [4]. Lipid droplets (LDs) are a form of lipid accumulation, which represents an early pathophysiological feature of altered liver metabolism [5]. 
LDs are subcellular organelles that store neutral lipids during times of energy excess and 
serve as an energy reservoir during deprivation. Furthermore, the quantity and sizes of the LDs reflect different biological progresses. Abnormal lipid accumulation in LDs in the liver are associated with many prevalent metabolic diseases, including NAFLD [6]. Some 
proteins closely associated with lipid accumulation in hepatic cells are located on the LDs. In particular, fat-specific protein 27β (Fsp27β, CIDEC in humans) is a lipid-coating protein 
highly expressed in mature adipocytes and plays an essential role in the formation of LDs in association with other factors, such as perilipin1 (PLIN1) [7]. Knockdown (KD) of Fsp27β/CIDEC expression in well-differentiated adipocytes enhances lipolysis and increases the number of mitochondria, while forced expression of Fsp27β/CIDEC in 3T3-L1 adipocytes causes the formation of unilocular LDs [8]. Fsp27β/CIDEC null mutation protects mice 
from obesity, hepatosteatosis, and insulin resistance (IR) induced by a high-fat diet (HFD) in association with changes in energy expenditure [9]. F Furthermore, Fsp27β/CIDEC is reported to be a steatosis- and steatohepatitis-specific gene, which marks the pathogenesis of NAFLD [10, 11]. Thus, Fsp27β/CIDEC is a key player in the development and progression 
of NAFLD.Mammalian sirtuins, the silent information regulator 2 family, consist of seven members (SIRT 1-7) and belong to a group of class III histone/protein NAD+-dependent deacetylases. They are key regulators in a plethora of cellular processes, including hepatic glucose and 
FA metabolism, mitochondrial functions, insulin secretion, adipocyte maturation, and even endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) [12]. Studies on mice and cultured cells have provided direct evidence that SIRT1 is involved in the regulation 
of both lipid and carbohydrate metabolism in the liver and in the development of NAFLD [13]. SIRT1 levels are reduced by a HFD, while calorie restriction (CR) results in elevated expression and an improvement in NAFLD histology [14]. Recent studies have shown a correlation between plasma SIRT1 and NAFLD in obese patients. SIRT1 levels were found to be significantly lower in an obese group with severe liver steatosis compared with a group 
with mild steatosis, and both groups had lower levels in the plasma compared with control lean patients [15, 16]. It has long been known that obesity and NAFLD lead to ER stress and the UPR [17]. As one of three ER stress transducers, activating transcription factor 6 (ATF6) 
is a basic region-leucine zipper (bZip) transcription factor that exerts its effects on hepatic lipid accumulation and inflammation through its downstream targets. cAMP response element-binding protein H (CREBH) is another ER-bound bZIP family transcription factor belonging to the CREB/ATF family, and its expression is restricted to the liver [18]. It plays 
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an important role in the regulation of hepatic lipogenesis, FA oxidation, and lipolysis under metabolic stress [19]. A previous study demonstrated that the inhibition of CREBH helps to prevent increases in Fsp27 mRNAs in alcoholic steatohepatitis in mice and humans [20].
Although NAFLD poses a big challenge to human health, there are no effective treatments available yet other than lifestyle modifications such as CR and physical exercise. 

Resveratrol (RSV) is a polyphenol found in grapes and other plants and it is reported to have many beneficial effects in humans, including reduced obesity, IR, dyslipidemia, NAFLD, and the prevention of tumorigenesis [21]. Previously, we found that RSV supplementation in patients with NAFLD has a beneficial effect on liver enzymes and lipid metabolism [22]. 
However, a meta-analysis of placebo-controlled clinical trials concluded that treatment with RSV has negligible effects on NAFLD [23]. SIRT1 has been considered a potential target of RSV since the first report of its effects on SIRT1 activation in a yeast in 2003 [24]. We have 
previously shown that RSV can improve hepatic steatosis in hepatocytes in vitro by inducing autophagy through a SIRT1-dependent action via activation of the cAMP-protein kinase A-AMP-activated protein kinase (AMPK) signaling pathways [25]. However, the role of RSV 
in hepatic lipid metabolism and, in particular, the accumulation of LDs remain unclear. Thus, 
we hypothesized that RSV could attenuate the accumulation of LDs via the regulation of LD-associated gene expression through a SIRT1/ATF6-dependent mechanism in NAFLD mouse and cell models. As expected, our results indicated, for the first time, that RSV strongly 
attenuated hepatic steatosis and reduced LD accumulation in mouse liver and hepatocytes. Furthermore, the benefits induced by RSV might be ascribed to the downregulation of LD-associated genes through the stimulation of SIRT1, leading to increased deacetylation and inactivation of ATF6, and finally resulting in a positive feedback loop for SIRT1 transcription associated with ATF6 binding to the SIRT1 promoter region. The findings provide new insights into the beneficial impact of RSV on the accumulation of LDs in liver and will 
ultimately lead to the design of molecular therapies aimed at improving NAFLD.

Materials and Methods

Chemicals and reagentsRSV (R5010), was purchased from Sigma-Aldrich (St. Louis, MO). The purity of RSV was determined to be greater than 98% by high-performance liquid chromatography. Cell culture supplies, such as culture media and fetal bovine serum (FBS), were obtained from Hyclone (Carlsbad, CA). Palmitate acid (PA, P5585) and Oil Red O (O0625) were purchased from Sigma-Aldrich. Antibodies against SIRT1 (2028) and PLIN1 (9349) were obtained from Cell Signaling Technology, Inc. (Danvers, MA). Antibodies against ATF6 (PA5-20215) and CIDEC/Fsp27β (PA1-46128) were purchased from Thermo Fisher Scientific (Rockford, IL). Antibodies against CREBH were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Actin (TA-09) were obtained from Zhongshan Jinqiao Biotechnology (Beijing, China). SIRT1 small interfering RNA (siRNA) was purchased from Cell Signaling Technology, and ATF6 siRNA was constructed by GeneCopoeia Inc. (Guangzhou, China).
Animal experiments

The animals were used and cared for in accordance with our institutional guidelines for the use of laboratory animals. All animal procedures were approved by the Animal Ethics Committee of the Third Military Medical University (SYXC-2013-00012). Twenty-five male mice (C57BL/6, 4–6 weeks old) were purchased from the Medical Experimental Animal Center of the Third Military Medical University. Mice were first fed with either a chow diet or HFD (containing 60% fat) for 2 weeks to induce hepatic steatosis. The HFD and chow were obtained from Mediscience Ltd. (Jiangsu, China). Thereafter, the HFD-fed mice were either administered or not administered intragastric RSV of 400 mg/kg/day [26] for 30 days accompanied by the presence or absence of a pAAV-ZsGreen-shRNA-mSIRT1 plasmid (Fig. S2A - For all supplemental material see www.karger.com/10.1159/000495898) injection through the tail vein every 5 days. The pAAV-ZsGreen-shRNA-mSIRT1 plasmid was synthesized by Life Technology (Shanghai, China). For each injection, 12.5 μg of shSIRT1 with 25 μL of a non-liposomal nanoparticle transfection reagent (Entranster-
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in vivo; Engreen Biosystem Co. Ltd., Beijing, China) in a 10% glucose solution was used according to the manufacturer’s protocol [27]. All animals were monitored for activity, physical condition, and body weight. Body weights were examined every 2 days. After 30 days, mice were sacrificed by CO2 inhalation. Serum was prepared by solidification and centrifugation (3, 000 × g, 10 min, 4 °C) and kept frozen at −80 °C until 
analysis of the biochemical parameters. The livers were carefully removed, weighed, photographed, and then homogenized with RIPA lysis buffer (20 mg liver tissue/300 μL RIPA) in preparation for western blotting. Other tissues were frozen immediately in liquid nitrogen and stored at −80 °C for hepatic and plasma TG measurements, real-time RT-PCR, and other experiments. Plasma RSV concentration was determined by liquid chromatography-mass spectrometry as described previously [28].

Histological analysisTissues were fixed in neutral-buffered formalin for histological examination. Dehydrated tissues were mounted in xylene and subsequently embedded into paraffin. Paraffin blocks were cut into 5-μm-thick sections for hematoxylin and eosin staining. Fresh liver samples were frozen fixed in optimal cutting temperature mounting media (Leica Microsystems, Wetzlar, Germany) for Oil Red O staining to visualize hepatic lipids. All sections were analyzed by microscopy [29].
Cell culture and treatmentHuman HepG2 cells were obtained from the American Type Culture Collection and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS at 37 °C in a humidified atmosphere enriched with 5% CO2. All experiments were performed when the cells reached about 80-90% confluence. Mouse primary hepatocytes were isolated from C57BL/6 mice as described previously [8]. The isolated hepatocytes were seeded at a density of 1 × 106 cells per flask in DMEM containing 1.9% HEPES, 0.9% glutamine, 0.3% insulin, 0.2% dexamethasone, and 0.9% penicillin-streptomycin. HepG2 cells and primary hepatocytes were treated with different doses (0.1, 0.2, 0.3, 0.4, and 0.5 mM) of PA for 24 h to 

induce steatosis. After successfully producing a hepatic steatosis model in vitro, cells were treated with or without a series of concentrations (10, 20, and 40 μM) of RSV for another 24 h.
Cell viability measurementsThe viability of hepatocytes was measured using a Cell Counting Kit-8 as described previously [30]. Briefly, cells were seeded in a 96-well microplate (3650; Corning Life Sciences, Acton, MA) at a density of 5 × 103 cells/well for 24 h, followed by exposure to the indicated treatments. Cell Counting Kit-8 solution (10 µL) was then added to each well, and cells were incubated at 37 °C for 1 h. Cell viability was then detected via absorbance measurements (450 nm) using a monochromator microplate reader (Safire II; Tecan Group Ltd., Männedorf, Switzerland). The optical density at 450 nm was reported as the percentage of viable cells in relation to the control group (set as 100%).
SIRT1 activity assaySIRT1 activity was measured using a SIRT1 activity fluorescent quantitative assay kit (Genmed Scientifics Inc., Wilmington, DE) according to the manufacturer’s instructions. The fluorescence intensity at 450 nm (exc. 350 nm) was measured immediately after the addition of fluorosubstrate peptide. The results are reported as relative fluorescence. The assays were repeated three times.
RNA interference and lentivirus transfectionThe SIRT1-overexpressed lentivirus vector (LV-SIRT1) and the empty vector (LV-empty) were kindly provided by Dr. Yuming Li (Department of Hepatobiliary Surgery, Second Affiliated Hospital of Third Military Medical University, Chongqing, China). p3×FLAG-ATF6 plasmid and its corresponding control vector pCMV-3FLAG-7.1 were obtained from Addgene (#11975; Cambridge, MA) (Fig. S2B). The vectors were transfected into HepG2 cells using Lipofectamine 2000 (11668-027; Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction. For the siRNA experiment, after seeding for 24 h, HepG2 cells were transfected with the corresponding siRNA using Lipofectamine 2000. After transfection, cells were exposed to 0.2 mM of PA for an additional 24 h and treated with different concentrations of RSV for a further 24 h.
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Lipid content measurementsHepatic lipid accumulation was detected by Oil Red O staining as described previously [31]. Briefly, the primary hepatocytes and HepG2 cells were cultured overnight at a density of 1 × 104 cells per well in a 24-well microplate (3650; Corning Life Sciences) and subjected to the indicated treatments. The cells were then fixed in 4% paraformaldehyde for 20 min, washed three times with phosphate-buffered saline, and stained with 0.5% Oil Red O for 10 min at room temperature. Images were captured under a microscope. The TG levels of liver tissues and hepatocytes were measured by a TG assay kit (A110-1; Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
Biochemical parametersSerum total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) were quantified using enzymatic assays (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacturer’s instructions.
Transmission electron microscopy

Routine methods to prepare liver specimens for transmission electron microscopy were performed using at least 3 animals from each group. Fragments of liver tissue (1 mm3) were fixed in 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 h at room temperature [32]. HepG2 cells were collected and prepared as described previously [30]. Briefly, cells were fixed in 2% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium cacodylate overnight, post-fixed with 1% osmium tetroxide for 1.5 h, washed, and stained for 1 h in 3% aqueous uranyl acetate. Ultrathin sections were cut on an ultramicrotome (Reichert-Jung, Inc., Cambridge, UK) and counterstained with 0.3% lead citrate. The tissue and cell sections were examined by a transmission electron microscope (model no. EM420; Koninklijke Philips Electronics N.V., Amsterdam, The 
Netherlands).

Fluorescent microscopic imagingAfter the indicated treatments, HepG2 cells were fixed with 4% paraformaldehyde for 30 min at room temperature. Cells were then treated with 0.1% Triton X-100 for 20 min and blocked with 10% goat serum for 1 h at room temperature. The primary antibodies for Fsp27β or CIEDC were added and the reaction was incubated overnight at 4 °C. Anti-rabbit IgG antibody conjugated with Alexa Fluor 488 (A11008; Molecular Probes, Eugene, OR) was used as a secondary antibody. Bodipy 558/568 (D3835; Molecular Probes) was used for lipid staining. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature. The sections were observed under a Zeiss 200 M inverted microscope, and the images were collected using a confocal laser scanning microscope (TCS SP2; Leica Microsystems GmbH).
Western blotting analysisHepatocytes (1 × 106) cultured in 100 mm2 culture dishes were treated as indicated. Whole cell lysates were obtained by cell lysis in ice cold RIPA buffer and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), according to a previously reported procedure [33]. The polyvinylidene fluoride membrane was incubated with the appropriate primary antibody overnight at 4 °C with gentle shaking. The membrane was then incubated with a goat anti-mouse/rabbit IgG horseradish peroxidase-conjugated antibody (Bio-Rad Laboratories, Hercules, CA). Conjugated proteins were detected by the Fusion FX5 Spectra instrument from Vilber Lourmat Inc. (Paris, France).
RNA extraction and real-

time RT-PCRTotal RNA from HepG2 
cells was extracted using the Trizol reagent from BioFlux (Hangzhou Bioer Technology Co., Ltd., Hangzhou, China). A 1-μg aliquot of RNA from 
each sample was reverse 

transcribed. The primer 
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sequences used for gene amplification are shown in Table 1. With an iQ5 machine (Bio-Rad Laboratories), a 25-μL reaction mixture was amplified using the following thermal parameters: denaturation at 95 °C for 30 s, 40 cycles of the amplification step (95 °C for 5 s and 60 °C for 34 s), and a final extension at 95 °C for 15 s and 30 °C for 6 s. All amplification reactions were analyzed by the comparative threshold cycle (Ct) method and normalized to the level of GAPDH mRNA, which served as a control.
Co-immunoprecipitationWhole-cell lysates in 500 μL were pre-cleared with 15 μL of protein A/G plus-agarose (sc-2003; Santa Cruz Biotechnology) for 2 h at 4 °C. After centrifugation, the supernatants were incubated with an anti-SIRT1 antibody overnight at 4 °C. The beads were washed, and the protein complex was resolved on 12% SDS-PAGE, transferred to the membrane, and blotted with an anti-ATF6 antibody.
Dual-luciferase reporter assayLuciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) 48 h after RSV treatment according to the manufacturer’s protocol. ATF6 in the human SIRT1 promoter region was predicted using three online algorithms, NUBLScan, TRANSFAC, and Gene-Regulation. Based on the over-lapping findings from the predictions, a 1.2-kb human SIRT1 promoter sequence (−1100 to +100 bp) was synthesized and cloned into the XhoI and HindIII sites of the pGL3-Basic vector (Fig. S2C) by Life Technology and then transfected into HepG2 cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The resulting construct was confirmed by DNA sequencing. HepG2 cells were transfected with the pGL3-Basic-SIRT1 plasmid and co-transfected with the siRNA for ATF6 or a p3×FLAG-ATF6 plasmid and a pRL-TK plasmid (Promega). Firefly luciferase activity was measured and normalized for transfection efficiency via Renilla luciferase activity. All measurements were performed in triplicate, and the assays were repeated three times in HepG2 cells.
Chromatin immunoprecipitation (ChIP) analysisChIP assays were performed using a ChIP kit (Millipore, Billerica, MA) as described [34]. Briefly, HepG2 cells were treated with PA (0.2 mM) or vehicle control (0.1% ethanol) for 24 h, and then fixed with 1% formaldehyde for 10 min at 37 °C to cross-link the nuclear proteins to DNA. Subsequently, the cells were 

collected and lysed in sodium dodecyl sulfate (SDS) lysis buffer. The chromatin was sonicated to shear the DNA to an average length of 200-1000 bp, and then immunoprecipitated with 2 μg antibody against ATF6, taking IgG as a negative control. The precipitated DNAs were extracted and amplified by PCR or qPCR with the primer pairs that cover the ATF6 in SIRT1 promoter region (~771 to ~763). The total DNA extract (input) was used as positive PCR control.
Proximity ligation assay (PLA)A Duolink PLA protein detection kit was obtained from Sigma-Aldrich (DUO92101-KT) and performed as described previously [35]. Cells were incubated in 24-well plates with RSV or PA for 24 h and fixed using cold 4% paraformaldehyde. Fixed cells were used for the PLA assay. Cells were incubated with primary antibodies for 12 h, washed, and secondary antibodies were added. After incubation and washing, ligation buffer and amplification solution were added according to the manufacturer’s instructions. Cells 

were covered with a glass plate after mounting medium was added. Slides were viewed using an inverted microscope and two-photon fluorescence microscopy. IgG was used as a negative control. Images were obtained at 63× magnification.
ImmunoprecipitationHepG2 cells were treated with PA in the presence or absence of RSV. Thereafter, cells were lysed with cell lysis buffer (P0013; Beyotime Institute of Biotechnology, Shanghai, China). Lysates were clarified by centrifugation at 12, 000 × g for 15 min and used for immunoprecipitation. A total of 2 mg of antibodies was incubated with 500-1000 mg of protein overnight at 4 °C. Next, protein A beads (P2006; Beyotime Institute of Biotechnology) were added and the mixture was incubated overnight at 4 °C. After incubation, the beads were washed three times, solubilized in 40 mL 3× SDS sample buffer (7722; Cell Signaling Technology), and 

analyzed by western blotting.
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Statistical Analysis

The data for the different treatment groups are presented as the mean ± standard error unless otherwise stated. A one-way analysis of variance was used to determine the significance of the differences among three or more groups. A repeated measures analysis of variance was used to determine the significance of the in 

vivo findings. Comparisons between two groups were made by two-tailed unpaired t test. The results were considered to be statistically significant when P < 0.05.
Results

RSV protects against HFD-induced hepatic steatosis in mouse liver through SIRT1
Mice were fed a HFD to induce hepatic steatosis in vivo as reported previously [36]. They were initially fed a chow diet or HFD for 2 weeks, and then the HFD-fed mice were administered or not administered intragastric RSV at 400 mg/kg/day for 30 days accompanied by the presence or absence of a pAAV-ZsGreen-shRNA-mSIRT1 plasmid injection through the tail vein every 5 days (Fig. 1A). The mice were weighed after feeding every 2 days. The HFD 

group showed increased body weight and liver weight compared with the control group, but these were markedly reduced by the addition of RSV (Fig.1B and C). To examine the role of SIRT1 in the regulation of hepatic lipid storage by RSV, an SIRT1 shRNA was injected in the C57BL/6 mice every 5 days. As shown in Fig. 1B, SIRT1 KD mice with HFD gained more weight than wild-type (WT) mice fed with chow or a HFD, whereas RSV administered to HFD-fed SIRT1 KD mice resulted in 5.8% lower weight compared with the SIRT1 KD mice with HFD at day 30. Meanwhile, mice treated with RSV weighed less than the corresponding non-RSV-treated groups. Furthermore, liver weight was elevated in the HFD-fed SIRT1 KD mice compared with the HFD-fed WT mice, while these were altered by RSV supplementation (Fig. 1C). Food intake per day did not differ among groups during experiment (Fig. S1A). And 
it was showed that RSV administration led to an obvious increment in plasma RSV content (Fig. S1B). HFD feeding of WT and SIRT1 KD mice significantly altered the plasma and hepatic lipid profiles of TG, T-CHO, HDL-C, and LDL-C compared with HFD-fed mice (Fig. 1D-G). Moreover, RSV-induced alterations of lipid profiles were notably abolished by SIRT1 KD, implying that SIRT1 plays a critical role in the amelioration of lipid metabolism alterations via RSV supplementation (Fig. 1D-G). Electron microscopy showed that RSV administered to HFD-fed WT mice resulted in fewer and smaller liver LDs compared with HFD-fed WT mice (Fig. 1H-K), suggesting an inhibitory effect of RSV on LD accumulation in the liver. As shown in Fig. 1H and I, the average diameter of LDs in RSV-treated WT mice was 0.91 ± 0.01 μm, which was much smaller than that of the HFD group (1.02 ± 0.01 μm) and equivalent to an average reduction in LD volume of 29.2% following RSV administration. Consistent with the role of SIRT1 in the regulation of lipid profiles, SIRT1 KD mice with HFD showed significantly more and larger LDs compared with HFD-fed WT mice. The average diameters of the LDs were 2.52 ± 0.02 μm and 3.33 ± 0.02 μm in HFD-fed SIRT1 KD mice with and without RSV treatment, respectively (Fig. 1J and K). Furthermore, notable pathological changes such as increased hepatocyte hypertrophy, vacuolization, and inflammatory cell infiltration were observed in the liver tissue of WT mice given a HFD compared with mice fed a chow diet, while RSV administration remarkably ameliorated HFD-induced hepatic steatosis (Fig. 1L and M). Furthermore, the benefits of RSV on liver pathophysiology were significantly abolished by KD of SIRT1 in SIRT1 KD mice (Fig. 1L and M). Overall, these results suggest that RSV administration protects against HFD-induced hepatic steatosis, specifically by reducing the accumulation of LDs in the liver. In addition, SIRT1 KD in vivo remarkably abrogated the benefits induced by RSV, implying that SIRT1 is involved in the amelioration of hepatic 
steatosis.
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Fig. 1. RSV 

p r o t e c t s 

against HFD-

i n d u c e d 

h e p a t i c 

steatosis in 

mouse liver through SIRT1 
(A) Male C57BL/6 mice (4-6 weeks old, n = 5) 
were initially 

fed a chow 

diet or HFD for 2 weeks. 
T h e r e a f t e r , 

H F D - f e d 

mice were 

administrated 

with or without RSV of 400 m g / k g / d a y 
intragastrically for 30 days 
accompanied 

by the presence 

or absence of a 

pAAV-ZsGreen-shRNA-mSIRT1 
p l a s m i d i n j e c t i o n 
through nail 

vein every five days 
(arrowheads). (B) The body 
weight of 

d i f f e r e n t groups. (C) The 
liver weight of different groups. (D-E) The plasma (D) and the hepatic (E) triacylglyceride (TG) level was detected using a TG-content detection kit. (F-G) Plasma (F) and hepatic (G) lipid profiles of different groups. (H) Multilocular LDs (black arrows) were recognized by electron microscope. Scale bar, 4 μm. The LDs with the diameter of 0.5 μm and above within one cell were measured and 15 cells were analyzed in each groups. (I) LD counting showed the quantity of LDs of different groups. (J) LD size distribution of different groups. (K) LD volume of different groups. (L) H&E (hematoxylin and eosin) staining of liver samples of mice. Scale bar, 200 μm (upper panel) and 50 μm (lower panel). (M) Oil red O staining for liver sections. Scale bar, 200 μm (upper panel) and 50 μm (lower panel). Quantitative data are presented as mean ± SD, which represent at least three independent experiments. Data were presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked treatment groups. NS, no significance between the two marked groups.
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Fig. 2. RSV reduces 

LD accumulation 

in hepatocytes (A-B) The primary 
hepatocytes (A) and HepG2 cells (B) 
were treated with different doses (0.1, 0.2, 0.3, 0.4, or 0.5 mM) of PA for 24 
h and cell viability 

was measured using a Cell Counting Kit-8 (CCK-8), respectively. (C-
D) The primary hepatocytes (C) and HepG2 cells (D) were 
treated as indicated 

and the intracellular 

TG content was 

detected using a TG 

content detection kit. (E) Cells were stained with Oil Red O and representative 
images were showed 

to visualize the LDs 

intracellularly. Scale bar, 50 μm. (F-G) The 
primary hepatocytes (F) and HepG2 cells 
(G) were treated 

with different concentrations (10, 20, 40 and 80 µM) of RSV for 24 h, and 
the cell viability was measured by CCK-8 assay. (H-I) The 
primary hepatocytes (H) and HepG2 cells (I) were exposed to 0.2 mM of PA for 24 h, washed, and then were incubated with different concentrations (10, 20 or 40 µM) of RSV. Cell viability was detected by CCK-8 assay. (J-K) The primary hepatocytes (J) and HepG2 cells (K) were treated with 0.2 mM of PA and were incubated with different concentrations of RSV. Intracellular TG content was detected with the corresponding assay kit. (L) Cells were stained with Oil Red O and representative images were showed to visualize the LDs intracellularly. Scale bar, 50 μm. (M) LDs were labeled with Bodipy 558/568 (Red) and the LD accumulation in HepG2 cells were visualized under a confocal microscopy using a 63× oil immersion objective. The inset shows a selected region that was magnified. Scale bar, 20 μm. (N) The mean fluorescent intensity was measured. Data were presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked treatment groups. NS, no significance between the two marked groups.
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RSV reduces LD accumulation in hepatocytesThe cell hepatic steatosis model was established by utilization of PA as described previously [37]. At concentrations of up to 0.3 mM, PA significantly decreased viability in primary hepatocytes (Fig. 2A) and HepG2 cells (Fig. 2B), which was accompanied by increased intracellular TG content (Fig. 2C and D) and lipid accumulation (Fig. 2E) in a dose-dependent manner. Thus, 0.2 mM of PA was used in subsequent experiments to achieve maximal lipid accumulation without cytotoxicity. The primary hepatocytes and HepG2 cells were treated with various concentrations (10, 20, 40, and 80 μM) of RSV alone for 24 h. It was shown that 80 μM of RSV has strong cytotoxic effects in both primary hepatocytes (Fig. 2F) and HepG2 cells (Fig. 2G). Thereafter, cells were pretreated with 0.2 mM of PA for 24 h, and then treated with various concentrations (10, 20, and 40 μM) of RSV for an additional 24 h. Treatment with RSV at concentrations of greater than 40 μM notably increased the viability of PA-induced primary hepatocytes (Fig. 2H) and HepG2 cells (Fig. 2I). RSV treatment reduced the amounts of TGs in PA-induced primary hepatocytes (Fig. 2J) and HepG2 cells (Fig. 2K) 
in a dose-dependent manner. In addition, RSV treatment resulted in less accumulation of LDs compared with the PA-treated cells, as measured by Oil Red O (Fig. 2L) and Bodipy staining (Fig. 2M and N). Thus, 40 μM of RSV was used for the subsequent experiments. Taken together, these findings reveal that RSV treatment can decrease the accumulation of LDs in PA-induced hepatocytes.

RSV inhibits the expression of LD-associated genes
RSV ameliorated hepatic steatosis in HFD-fed mice and reduced the accumulation of LDs in PA-induced hepatocytes; thus, we next explored the effect of RSV on the expression of LD-associated genes. We found that HFD reduced the expression levels of SIRT1 mRNA and protein in liver tissues of WT mice, and this effect was inhibited by RSV administration (Fig. 3A-C). We also examined the expression levels of certain LD-associated genes in the liver tissues. Consistent with the previous study, Fsp27β mRNA and protein expression levels of in liver tissues were remarkably increased in HFD-fed WT mice, and this was attenuated by RSV administration (Fig. 3A-C)[38]. KD of SIRT1 enforced the expression of Fsp27β in HFD-fed SIRT1 KD mice, measured by gene expression assessment and intracellular immunofluorescence staining (Fig. 3A-E), implying that SIRT1 has an important role in the RSV-induced regulation of Fsp27β expression. In addition, the mRNA and protein expression levels of LD-associated genes such as ATF6, CREBH and PLIN1, which were strongly associated 

with hepatic LD accumulation and hepatic steatosis, were measured. The expression levels of the indicated genes were markedly upregulated in HFD-fed WT mice and inhibited by RSV administration (Fig. 3A-C). However, SIRT1 KD in SIRT1 KD mice led to significantly 
increased mRNA and protein expression levels among the indicated genes, suggesting a critical role of SIRT1 in the effects of RSV on the accumulation of LDs (Fig. 3A-C). Moreover, Bodipy staining (Fig. 2D and E) showed that the Fsp27β signal was much stronger in the SIRT1 KD group than in the WT group, indicating that SIRT1 can directly affect the levels of Fsp27β, which is essential for the accumulation of LDs in the liver. We further investigated 
the effects of RSV on the expression levels of the LD-associated genes in primary hepatocytes and HepG2 cells. We found that RSV treatment markedly suppressed the PA-induced down-regulation of SIRT1 activity in a dose-dependent manner in primary hepatocytes (Fig. 3F) and HepG2 cells (Fig. 3G). Consistent with the enhanced activity of SIRT1 via RSV treatment, the mRNA and protein levels of SIRT1 were also increased by RSV treatment in primary hepatocytes and HepG2 cells (Fig. 3H-K). However, reduced expression of CIDEC in HepG2 cells and Fsp27β in primary hepatocytes was observed after RSV treatment compared with cells treated with PA alone, as measured by western blotting (Fig. 3H-L). Furthermore, the reduced intracellular expression of Fsp27β after RSV treatment was further confirmed by immunofluorescence cytochemistry assay (Fig. 3M-N). The mRNA and protein expression levels of LD-associated genes ATF6, CREBH, and PLIN1 were notably upregulated in PA-
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Fig. 3. RSV 

inhibits the 

expression of LD-

associated genes 

(A) The mRNA 

expressions of SIRT1, ATF6, PLIN1, CREBH and Fsp27β in the liver of WT and SIRT1 KD mice by qRT-PCR assay. (B) The 
protein levels of SIRT1, ATF6, PLIN1, CREBH and Fsp27β in WT and SIRT1 KD mice were 
measured by 

western blotting 

assay. Actin was 

used as a loading control. (C) Bar 
charts showed the quantification 
of the indicated 

proteins. (D) The 

liver tissue were 

double-stained with anti-Fsp27β 
(green) antibody and Bodipy 
(Red), and 

were visualized 

under confocal 

m i c r o s c o p y using a 63× 
oil immersion objective. Scale bar, 20 μm. (E) The mean fluorescent intensity was measured. (F-G) The primary hepatocytes (F) and HepG2 cells (G) were cultured with 0.2 mM of PA for 24 h and then incubated with different concentrations (10, 20 and 40 μM) of RSV for an additional 24 h. SIRT1 activity was measured using a detection kit. (H) The relative mRNA expression levels of SIRT1, ATF6, PLIN1, CREBH and CIDEC in HepG2 cells were measured by qRT-PCR assay. (I) The protein expressions of SIRT1, ATF6, PLIN1, CREBH and CIDEC in the HepG2 cells were measured by western blotting. (J) Bar charts showed the quantification of the indicated proteins. (K) The protein expressions of SIRT1, ATF6, PLIN1, CREBH and CIDEC in the primary hepatocytes were measured by western blotting assay. (L) Bar charts showed the quantification of the indicated proteins. (M) Intracellular LDs were double-stained with anti-CIDEC (green) antibody and Bodipy (Red) for immunofluorescence analysis. The inset shows a selected region that was magnified. Scale bar, 20 μm. (N) The mean fluorescent intensity was measured. Data were presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked treatment groups or compared to the PA-treated group with 
the same color showed in the bar chart.

A B

DC

M

E

L

KJI

HGF

N

FIGURE 3

http://dx.doi.org/10.1159%2F000495898


Cell Physiol Biochem 2018;51:2397-2420
DOI: 10.1159/000495898
Published online: 8 December 2018 2408

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Zhou et al.: Resveratrol Ameliorates LDs Through SIRT1/ATF6

Fig. 4. RSV 

suppresses LD 

accumulation and 

L D - a s s o c i a t e d 

genes expression 

in hepatocytes through SIRT1 (A) The HepG2 cells 
were transfected 

with the siRNA for SIRT1 (siSIRT1) or 
its corresponding 

control siRNA (siNC), and then 
incubated with PA (0.2 mM) 
followed by RSV (40 μM) treatment. 
The intracellular 

TG content was 

detected using 

a TG-content detection kit. (B) 
LD accumulation in HepG2 cells 
was visualized 

under a confocal 

microscopy using a 63 × oil immersion objective. The inset 
shows a selected 

region that was magnified. Scale bar, 20 μm. (C) The mean fluorescent intensity 
was measured. (D) 

The multilocular LDs (black arrows) 
were recognized by 

electron microscope. Scale bar, 2 μm. The LDs with the diameter of 0.5 μm and above within one cell were measured and 15 cells were analyzed in each groups. (E) LD counting showed the quantity of LDs of different groups. (F) LD size 
distribution of different groups. (G) LD volume of different groups. (H) The relative mRNA expression levels of the indicated genes in HepG2 cells were measured by qRT-PCR. (I) The protein expression of the indicated proteins in HepG2 cells by western blotting assay. Actin was used as a loading control. (J) Bar charts showed the quantification of the indicated proteins. (K) A lentiviral vector for SIRT1 (LV-SIRT1) or its corresponding empty vector were transfected to HepG2 cells and the hepatic TG contents were measured. (L) The LD accumulation in HepG2 cells were visualized under a confocal microscopy using a 63 × oil immersion objective. The inset shows a selected region that was magnified. Scale bar, 20 μm. (M) The mean fluorescent intensity was measured. (N) The relative mRNA levels of the indicated genes in HepG2 cells were measured by qRT-PCR. (O) The protein expressions of the indicated genes in HepG2 cells were measured by western blotting assay. Actin was used as a loading control. (P) Bar charts showed the quantification of the indicated proteins. Data were presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked treatment groups.
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treated cells and dramatically inhibited by RSV treatment (Fig. 3H-L). Taken together, these 
data indicate that the inhibitory effect of RSV on LD accumulation might be associated with 
the inhibited expression of LD-associated genes.

RSV suppresses LD accumulation and LD-associated genes expression in hepatocytes 
through SIRT1We next validated the involvement of SIRT1 in the RSV-induced inhibition of LD accumulation and LD-associated gene expression in HepG2 cells by silencing SIRT1 using a lipofectamine-based siRNA delivery system or lentiviral-mediated SIRT1overexpression, respectively. Transfection of SIRT1 siRNA resulted in substantial KD of SIRT1 (90% KD efficiency, data not shown). RSV treatment significantly suppressed the PA-induced elevation of TG content (Fig. 4A) and LD accumulation (Fig. 4B and C) in HepG2 cells, which was demonstrated by fewer and smaller intracellular LDs (Fig. 4D-G), whereas these benefits were notably abrogated by SIRT1 silencing. These findings indicate that SIRT1 plays a critical role in the RSV-induced inhibition of lipid accumulation and LD formation in HepG2 

cells. Next, the mRNA and protein expression levels of genes involved in the accumulation of LDs, including ATF6, CREBH, CIDEC, and PLIN1 (Fig. 4H-J), were detected. The mRNA and protein expression levels of the indicated genes were elevated in PA-induced HepG2 
cells, and these changes were inhibited by RSV treatment. However, RSV-induced alterations of the indicated genes expression were eliminated by SIRT1 silencing. Furthermore, to test whether the expression of SIRT1 was sufficient to reduce LD accumulation, we then introduced LV-SIRT1 and corresponding LV-empty into HepG2 cells. We found that enforced SIRT1 expression markedly attenuated the rise in TG content and the accumulation of LDs in PA-induced HepG2 cells (Fig. 4K-M). Moreover, RSV treatment resulted in even lower amounts of TG and LD accumulation in PA-treated cells compared with cells with the LV-empty vector (Fig. 4K-M). When we introduced the LV-SIRT1 vector into HepG2 cells, the mRNA level of SIRT1 increased by as much as approximately 2.5-fold compared with the LV-empty group (Fig. 4N). Obvious reductions in the expression levels of LD-associated genes, including ATF6, CREBH, CIDEC, and PLIN1, were observed after transfection with the LV-SIRT1 vector in the PA-induced HepG2 cells compared with cells transfected with the corresponding LV-empty vector (Fig. 4N-P). RSV treatment resulted in much lower expression of the indicated genes in PA-treated cells compared with cells with the LV-empty vector (Fig. 4N-P). These data indicate that SIRT1 is heavily involved in the regulation of LD accumulation after RSV 
treatment.

ATF6 is involved in RSV-induced inhibition of LD accumulation in hepatocytesATF6 has emerged as a novel metabolic regulator of the cellular signals that regulate lipid storage and hepatic steatosis. Previous findings indicated that the effect of RSV on the expression of SIRT1 in both liver tissues and HepG2 cells correlated inversely with that on ATF6 (Fig. 3A, 4I, and 4O); thus, we hypothesized that ATP6 might be involved in the RSV-induced regulation of LD accumulation in the liver. To verify the role of ATF6 in the modulation of LD accumulation following RSV treatment, ATF6 siRNA was used to silence ATF6 in HepG2 cells. There were obvious lower levels of TG and LD accumulation in RSV-induced HepG2 cells transfected with ATF6 siRNA compared with cells transfected with the corresponding control siRNA, suggesting that ATF6 is strongly involved in the RSV-induced inhibition of LD accumulation (Fig. 5A-C). Silencing of ATF6 resulted in significantly enhanced mRNA and protein expression levels of SIRT1 in RSV-induced HepG2 cells, implying that ATF6 might be a negative modulator of SIRT1 expression in RSV-induced HepG2 cells (Fig. 5D–F). Silencing of ATF6 also led to a down-regulation of LD-associated genes including CREBH, CIDEC, and PLIN1 in RSV-induced HepG2 cells, suggesting that ATF6 has a critical role in the regulation of LD-associated genes following RSV treatment (Fig. 5D-F). Moreover, HepG2 cells were transfected with a p3×FLAG-ATF6 plasmid to further test 
whether the inhibitory effect of lipid accumulation in hepatocytes after RSV treatment could be hampered by the overexpression of ATF6. As expected, the RSV-induced reductions in TG 
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Fig. 5. ATF6 
is involved in 

RSV-induced 

i n h i b i t i o n 

of LD 

accumulation 

in hepatocytes (A) Cells were 
t r a n s f e c t e d 

with the siRNA for ATF6 or its 
corresponding 

control siRNA, 

and then were 

incubated with PA (0.2 mM) 
followed by RSV (40 μM) 
t r e a t m e n t . 

Intracellular 

TG contents 

were detected 

using a TG-

c o n t e n t detection kit. (B) The LD 
accumulation in HepG2 
cells were 

v i s u a l i z e d 

under a 

c o n f o c a l 

m i c r o s c o p y using a 63 × 
oil immersion objective. The 
inset shows 

a selected 

region that was magnified. Scale bar, 20 μm. (C) The mean fluorescent intensity was measured. (D) The relative mRNA expression levels of the indicated genes in HepG2 cells were measured by qRT-PCR assay. (E) The proteins levels of the indicated proteins in HepG2 cells were detected by western blotting assay. Actin was used as a loading control. (F) Bar charts showed the quantification of the indicated proteins. (G) The HepG2 cells were transfected with a p3×FLAG-ATF6 plasmid or its corresponding control vector, and then incubated with PA (0.2 mM) followed by RSV (40 μM) treatment. The intracellular TG content was detected using a TG-content detection kit. (H) The LD accumulation in HepG2 cells was visualized under a confocal microscopy using a 63 × oil immersion objective. The inset shows a selected region that was magnified. Scale bar, 20 μm. (I) The mean fluorescent intensity was measured. (J) The relative mRNA expressions of the indicated genes in HepG2 cells were detected by qRT-PCR. (K) The proteins levels of the indicated proteins in HepG2 cells were measured by western blotting. Actin was used as a loading control. (L) Bar charts showed the quantification of the indicated proteins. Data were presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked treatment groups.
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Fig. 6. RSV stimulates SIRT1 
by a positive feedback loop 
associated with ATF6 (A) The HepG2 cells 
were treated as 

indicated and the SIRT1 promoter 
activity was 

detected by a 

dual-luciferase 

reporter assay. (B) A schematic 
representation of the human SIRT1 
gene promoter 

showing the 

core promoter 

sequence for ChIP analysis. And the ChIP 
assay was 

performed to 

detect the direct binding of ATF6 to the SIRT1 
promoter. The 

antibody against ATF6 was used 
for immuno 

precipitation of 

the chromatin 

DNA fragment, taking IgG as the 
negative control. 

The precipitated 

DNA was extracted and amplified by qRT-PCR. The input (total DNA extract) was used as a positive control. GAPDH primers were used as a negative control. (C) After the indicated treatment, the HepG2 cells were lysed with RIPA, and the lysates were subjected to immunoprecipitation using anti-IgG or anti-ATF6 antibodies as indicated. SIRT1 protein was immunoprecipitated. (D) After the indicated treatment, HepG2 cells were incubated with PLA antibodies and the cells were observed under a confocal microscopy (×63). Each red dot represents a contacting-site between SIRT1 and ATF6. The nucleus was counterstained with DAPI. Magnification 63×. (E) Acetylation of ATF6 after RSV exposure was determined by immunoprecipitation with an anti-ATF6 antibody, followed by the immunoblotting analysis with an acetylated-lysine antibody. (F) The results are expressed as a percentage of the control, which is set at 100 %. Data were presented as mean ± SD. *P<0.05, **P<0.01, ***P<0.001, which denote statistical comparison between the two marked 
treatment groups.
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and the accumulation of LDs in HepG2 cells were weakened by the forced overexpression of ATF6 compared with cells with the control vector, implying that ATF6 overexpression can block RSV-induced benefits in the treatment of lipid accumulation (Fig. 5G~I). Measured by western blotting and real-time RT-PCR assays, the ectopic expression of ATF6 notably also led to decreased expression of SIRT1 and increased expression of CREBH, CIDEC, and PLIN1 in HepG2 cells after RSV treatment (Fig. 5J-L). These results indicate that ATF6 is crucial for 
RSV-induced inhibition of LD accumulation in hepatocytes, and the RSV-induced regulation of SIRT1 and certain LD-associated genes are associated with ATF6.

RSV stimulates SIRT1 by a positive feedback loop associated with ATF6We next explored the potential interplay between SIRT1 and ATF6 in hepatocytes after RSV treatment. To identify whether ATF6 might modulate the transcription process of SIRT1, HepG2 cells were transfected with a pGL3-Basic-SIRT1 plasmid with firefly luciferase activity, followed by co-transfection with a siRNA for ATF6 or a p3×FLAG-ATF6 plasmid and a pRL-TK plasmid. Through the dual-luciferase assay, it was revealed that ATF6 silencing dramatically intensified RSV-induced SIRT1 transcriptional activity, whereas overexpression of ATF6 led to the suppression of SIRT1 transcriptional activity (Fig. 6A). By analyzing the SIRT1 promoter sequence with bioinformatics software, as described above, one putative binding site of ATF6 was identified within the 771 to 763 bp region of the SIRT1 promoter (Fig. 6B). We performed a ChIP assay to confirm whether there is direct binding of ATF6 to the SIRT1 promoter. As shown in Fig. 6B, there was obvious enrichment of the binding site of ATF6 within the SIRT1 promoter region, indicating that the modulation of SIRT1 transcription in HepG2 cells is likely due to the direct binding of ATF6 to the SIRT1 gene promoter. Next, by endogenous Co-IP assay, it was found that RSV treatment enhanced the co-precipitation of ATF6 and SIRT1 in HeG2 cells, implying an enhanced interaction between ATF6 and SIRT1 (Fig. 6C). Furthermore, we carried out a PLA to identify whether RSV promoted a direct interaction between ATF6 and SIRT1 in RSV-treated HepG2 cells [35]. With specific antibodies for ATF6 and SIRT1, there were obvious red fluorescence spots scattered within the HepG2 cells, indicating a direct interaction between ATF6 and SIRT1. In 

Fig. 7. Schematic illustration of the inhibitory effect of RSV on LD accumulation through SIRT1/ATF6-
dependent mechanism RSV dominantly attenuated hepatic steatosis and reduced LD accumulation in mouse 

liver and hepatocytes by inhibition of LD-associated genes, which was mediated through the stimulation of SIRT1, followed by the increased deacetylation and inactivation of ATF6, resulting in a positive feedback loop for SIRT1 transcription involved with ATF6 binding to the SIRT1 promoter region.
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the presence of RSV, the number of red fluorescence spots in HepG2 cells was significantly greater than with PA alone, implying that RSV stimulates the interaction between ATF6 and SIRT1 (Fig. 6D). Since SIRT1 is the histone deacetylase SIR2 in Caenorhabditis elegans, we tested whether SIRT1 regulated ATF6 deacetylation. We measured ATF6 acetylation levels 
with immunoprecipitation and subsequent western blotting using an anti-acetyl-lysine antibody (Fig. 6E and F). SIRT1 significantly decreased the acetylation levels of ATF6 by 3-fold compared with controls. These results demonstrate that SIRT1 can directly deacetylate ATF6 and prompted us to further determine whether ATF6 and SIRT1 co-localize and/or physically bind to each other. Taken together, these findings clearly indicate that RSV treatment leads to increased transcription of SIRT1 via the inhibition of ATF6, as well as deacetylation of ATF6 via SIRT1 in HepG2 cells.

Discussion

NAFLD is the most common spectrum of metabolic liver disease worldwide and its 
prevalence is increasing rapidly in adults and adolescents. NAFLD is considered to be the hepatic manifestation of metabolic syndrome, and it is commonly associated with type 2 
diabetes, obesity, and dyslipidemia. The management of NAFLD has traditionally depended on 
treating underlying comorbidities because there is no medication indicated for the treatment of NAFLD itself. In this study, we found for the first time that RSV strongly attenuated hepatic steatosis and reduced the accumulation of LDs in mouse liver and hepatocytes. The benefits 
might be mediated by the inhibition of LD-associated genes through the stimulation of SIRT1. RSV treatment led to increased deacetylation and inactivation of ATF6, which directly binds to the SIRT1 promoter region and inhibits SIRT1 transcription, resulting in a positive feedback loop for the expression of SIRT1.NAFLD is defined as a systemic, multifactorial disease involving multiple organs, such as adipose tissue, muscle, and intestines [39]. The underlying mechanism for the development 
and progression of NAFLD is complex and multifactorial. Different theories have been 
formulated—the “two-hit” hypothesis is the prevailing theory for the development of NAFLD. 
According to the theory, hepatic accumulation of lipids secondary to a sedentary lifestyle, a HFD, obesity, and IR acts as the first hit, sensitizing the liver to further insults, which act as the “second hit” and further activate inflammatory cascades and fibrogenesis. Recently, 
LDs have been recognized as dynamic organelles involved in multiple cellular processes. In 
particular, the excess lipids in hepatic steatosis are primarily neutral lipids, for example, TG 
and cholesterol esters, and are stored in dynamic organelles called LDs of hepatocytes and other liver cells (for example, hepatic stellate cells and Kupffer cells). In essence, NAFLD results from an imbalance between the influx of FAs to the liver from the diet, adipose tissue 
lipolysis, or de novo lipogenesis [40]. FAs from peripheral adipose stores are estimated to contribute to approximately 60% of the TGs stored in hepatocytes in patients with NAFLD [41], and these increase substrate availability for LD formation. Unbalanced storage and utilization of LDs further leads to supraphysiological TG accumulation in hepatocytes, known as hepatic steatosis [6]. In this study, we found that HFD feeding could induce hepatic steatosis 
in the mouse liver, in addition to notable amounts of LD accumulation. LD accumulation was also observed in PA-induced primary hepatocytes and HepG2 cells in vitro. As expected, HFD and PA-induced accumulation of LD in livers and hepatocytes were significantly ameliorated by RSV treatment, suggesting that it is beneficial for the inhibition of LD accumulation in liver and hepatocytes. This is supported by the finding from Tang and colleagues [42]. 
Furthermore, we detected the effect of RSV on the expression of certain LD-associated 
genes. Numerous LD associated genes have been implicated in the development of hepatic steatosis. Among them, CIDE proteins constitute an area of active research with regard to LD accumulation and hepatic steatosis and are the most well studied. Fsp27β/CIDEC belongs to the CIDE family, which includes three members (CIDE A, B, and C) and shares homology with the DNA fragmentation factor DEF40/45 at the N-terminal region [40]. Previous studies 
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have revealed that CIDE C expression in the liver is upregulated in obese mice and associated with increased TG storage in hepatocytes [43, 44]. Fsp27β deficiency mice fed a HFD are 
resistant to obesity and hepatic steatosis and these phenomena are strongly associated with increased energy expenditure [45]. Genetic manipulation of Fsp27β levels in cultured cells lead to alterations in the numbers and functions of mitochondria such as lipogenesis/lipolysis, β-oxidation, and even cell identities [46]. Moreover, transient suppression of Fsp27β 
expression in ob/ob mouse livers by shRNA-expressing adenovirus remarkably attenuates NAFLD, especially around the portal areas [45]. These findings indicate that Fsp27β is also a key regulator in promoting larger LDs, steatosis, and the pathogenesis of NAFLD. We found that RSV decreased the expression of Fsp27β/CIDEC in the livers of HFD-fed mice. It has been demonstrated that Fsp27β is highly expressed in livers with steatosis and contributes to the accumulation of TGs, which are activated by CREBH through the binding of CREBH to its promoter [38]. CREBH is a liver-specific transcription factor and a UPR gene dependent on ATF6 [18, 47]. Moreover, PLIN1 is normally found in adipocytes and is responsible for the coating of large LDs [48]. It interacts with Fsp27β/CIDEC and mediates the exchange of lipids between LDs [49]. It was found that PLIN1 is highly expressed in the liver during NAFLD, which implies that it plays a critical role in the development of NAFLD [50]. Thus, the 
accumulation of LDs in the liver might be correlated with the activation of some LD-associated genes like Fsp27β and PLIN1 in hepatocytes. It is reported that RSV can downregulate the activity of PLIN1 on adipocytes [51]. Our study suggests that RSV treatment can inhibit the accumulation of LDs by inhibiting the expression of Fsp27β and PLIN1 via inhibition of the ATF6/CREBH-mediated pathway. This finding also provides new targets for the prevention 
and treatment of NAFLD.RSV (trans-3, 4’, 5-trihydroxystilbene) is a polyphenolic compound found in many natural 
plant foods such as grapes (and red wine), strawberries, mulberries, and peanuts. It has been 
widely studied due to its multiple bioactivities, in particular its antioxidant and antitumor 
properties. The effects of RSV on glucose and lipid metabolism, such as in lowering blood 
lipids, improving insulin sensitivity, and glucose tolerance, have become the focus of research [52]. So far, considerable research on the therapeutic effects of RSV in NAFLD and other chronic liver diseases has been reviewed [53-56]. It has been demonstrated that RSV can 
reduce de novo FA synthesis and TG synthesis and promote FA oxidation, which is mediated through the activation of AMPK and SIRT1 [55, 57]. Moreover, RSV can attenuate hepatic steatosis and inflammation in NASH or NAFLD animal models by regulating autophagy [58] and protecting against HFD-induced mitochondrial dysfunction in hepatocytes [59]. We found that RSV could improve hepatic steatosis through the activation of SIRT1-mediated LD accumulation. RSV is a well-known activator of SIRT1, and our previous study found that RSV partially mediated its effects via the SIRT1 signaling pathway in vitro and in vivo [25, 60]. In this study, SIRT1 KD mice fed a HFD had significant gains in body weight and the accumulation of hepatic lipids compared with the controls, demonstrating that SIRT1 is a key 
regulator in energy homeostasis and hepatic lipid metabolism. As expected, RSV treatment apparently restored SIRT1 levels in the livers of HFD-fed WT mice. On the other hand, RSV 
treatment simultaneously suppressed the expression of the indicated LD-associated genes including ATF6, CREBH, and Fsp27β in the livers of HFD-fed WT mice, leading to a remarkable 
suppression of body weight gain and hepatic lipid content, which is consistent with Andrade’s report [61]. Therefore, RSV could decrease the expression of Fsp27β/CIDEC and other LD-associated genes in the liver and hepatocytes through the IRT1-mediated signaling pathway. The SIRT family comprises NAD-dependent histone deacetylases (HDACs), which consist of 7 mammalian proteins, SIRT 1-7 [62]. The SIRT family regulates protein function through posttranslational modifications including deacetylation, succinylation, and malonylation, 
and has a profound impact on carbohydrate and lipid metabolism. It has been found that NAFLD patients show decreased expression of SIRT1, SIRT3, SIRT5, and SIRT6 [63]. Our 
results suggest that RSV might attenuate hepatic steatosis, at least in part, by stimulating SIRT1 activity and upregulating SIRT1 expression. It is noteworthy that SIRT1 was knocked down rather than knocked out in mice via the systematic administration of shSIRT1. Thus, 
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we must interpret the data cautiously because incomplete suppression of SIRT1 expression is likely to cause variations and inconsistent results. To further delineate the involvement of SIRT1 in RSV-mediated hepatic benefits, SIRT1 deficient mice and even liver-specific SIRT1 deficient mice would represent a better model
Increased LD formation can also contribute to hepatic steatosis, which occurs under 

a variety of circumstances. The activation of cell stress pathways generally increases the numbers of LDs forming in cells [64-66]. In mice, HFD leads to the formation of massive 
amounts of LDs in hepatocytes. These processes are often accompanied by the activation of ER stress [67], a known activator of a lipogenic gene expression program in the liver [68]. ER stress is a phenotypic hallmark in hepatic steatosis that can activate intramembrane proteolysis. Glucose regulated protein 78 (GRP78) plays a central role in the monitoring of cell homeostasis and during ER stress conditions and activates the adaptive process, termed the UPR. Under nonstress conditions, GRP78 binds to its client proteins protein kinase-like ER kinase, ATF6, and inositol-requiring enzyme 1, preventing their signaling. However, when the ER is overloaded with newly synthesized proteins or is “stressed” by agents that cause the accumulation of unfolded proteins, GRP78 binds to the unfolded proteins in the ER, freeing its client proteins [69, 70]. The nuclear translocation of ATF6, the master transcription factor 
in the regulation of TG synthesis in hepatocytes, contributes to the storage of TG in the liver [71]. It has been demonstrated that the inhibition of HDAC can induce GRP78 acetylation, leading to therapeutic resistance, which is attenuated when GRP78 is knocked down using RNA interference [72]. A previous study demonstrated that lipid-accumulated HepG2 cells are susceptible to injury. RSV can improve the stressed cells, and this is partially mediated by restoring the function of the ER [73]. Thus, SIRT1, which is one of the HDACs, might regulate ATF6 partially via translational modification of GRP78. On the other hand, as a member of the ATF subfamily of the bZIP transcription factors [74], ATF6 has the potential to act 
as either a transcriptional activator or a transcriptional repressor. A previous study has shown that ATF6 confers a multidrug resistance phenotype to gastric cancer cells through the transactivation of SIRT1 expression [75]. We therefore assume that ATF6 might also have a transcriptional effect on SIRT1. The present study revealed that there is a positive feedback loop for SIRT1 expression that involves ATF6, because SIRT1 KD or overexpression in hepatocytes led to up-regulated or down-regulated expression of ATF6, whereas ATF6 
silencing or overexpression in hepatocytes in turn resulted in up-regulated or down-regulated expression levels of SIRT1, respectively. The most fascinating finding in our study is that ATF6 was pulled down by SIRT1 antibody, indicating that SIRT1 is directly bound to and likely inhibits ATF6 dissociation into the cytoplasm, leading to the inhibition of ATF6-mediated accumulation of LDs. In our study, a potential binding site for ATF6 was found in the SIRT1 promoter region, and ATF6 might directly deactivate SIRT1 transcriptional activity by directly binding to the corresponding promoter of SIRT1. Furthermore, the PLA also suggests that ATF6 can directly bind to SIRT1 in hepatocytes after RSV treatment. The results clearly demonstrate that RSV acts to enhance SIRT1 activity and expression through a positive feedback loop involving ATF6. The results of this study have also demonstrated that ATF6 is subjected to deacetylation mediated by SIRT1 after RSV treatment. The deacetylation of ATF6 constitutes an important post-translational mechanism that controls the stability of the protein and activity of ATF6 (Fig. 7). However, the mechanism underlying the SIRT1-ATF6 interaction needs further investigation.

Conclusion

This study revealed that RSV supplementation improves hepatic steatosis and reduces the accumulation of LDs in mouse liver and hepatocytes through the stimulation of SIRT1 and the dependent deacetylation and inactivation of ATF6, followed by a positive feedback loop for SIRT1 transcription associated with ATF6 binding to the SIRT1 promoter region. Our investigation provides an avenue in which to study NAFLD pathogenesis and develop 
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new molecules for pharmaceutical interventions. This study also suggests that humans can achieve beneficial metabolic effects through lifestyle modifications and RSV supplementation, which would act by regulating the SIRT1/ATF6 pathway and its downstream processes.
AbbreviationsAMPK (AMP-activated protein kinase); ATF6 (activating transcription factor 6b); Zip (basic region-leucine zipper); ChIP (chromatin immunoprecipitation); CIDEC (cell death inducing DFFA like effector C); CR (calorie restriction); CREBH (cyclic adenosine monophosphate responsive element binding protein H); DMEM (Dulbecco’s modified Eagle’s medium); ER (endoplasmic reticulum); FA (fatty acid); FBS (fetal bovine serum); Fsp27β (fat-specific protein 27β); GRP78 (glucose regulated protein 78); HDAC (histone deacetylase); HDL-C (high-density lipoprotein cholesterol); HFD (high-fat diet); IR (insulin resistance); KD (knockdown); LD (lipid droplet); LDL-C (low-density lipoprotein cholesterol); NAFLD (non-alcoholic fatty liver disease); NASH (non-alcoholic steatohepatitis); PA (palmitate acid); PLA (proximity ligation assay); PLIN1 (perilipin1); qRT-PCR (quantitative reverse transcription polymerase chain reaction); RSV (resveratrol); SDS (sodium dodecyl sulfate); SDS-PAGE 
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