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Abstract

Background/Aims: Fisetin is a naturally abundant flavonoid isolated from various fruits and
vegetables that was recently identified to have potential biological functions in improving
allergic airway inflammation, as well as anti-oxidative and anti-tumor properties. Fisetin
has also been demonstrated to have anti-obesity properties in mice. However, the effect
of fisetin on nonalcoholic fatty liver disease (NAFLD) is still elusive. Thus, the present study
evaluated whether fisetin improves hepatic steatosis in high-fat diet (HFD)-induced obese
mice and regulates lipid metabolism of FL83B hepatocytes in vitro. Methods: NAFLD was
induced by HFD in male C57BL/6 mice. The mice were then injected intraperitoneally with
fisetin for 10 weeks. In another experiment, FL83B cells were challenged with oleic acid to
induce lipid accumulation and treated with various concentrations of fisetin. Results: NAFLD
mice treated with fisetin had decreased body weight and epididymal adipose tissue weight
compared to NAFLD mice. Fisetin treatment also reduced liver lipid droplet and hepatocyte
steatosis, alleviated serum free fatty acid, and leptin concentrations, significantly decreased
fatty acid synthase, and significantly increased phosphorylation of AMPKa and the production
of sirt-1 and carnitine palmitoyltransferase I in the liver tissue. In vitro, fisetin decreased lipid
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accumulation and increased lipolysis and B-oxidation in hepatocytes. Conclusion: This study
suggests that fisetin is a potential novel treatment for alleviating hepatic lipid metabolism and
improving NAFLD in mice via activation of the sirtl/AMPK and B-oxidation pathway.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common liver disease typically
characterized by excessive lipid accumulation and metabolic disorder in hepatocytes [1].
The initial symptoms of NAFLD generally implicate the progress of simple fatty liver, which
gradually develops into increasingly severe forms of liver disease, including nonalcoholic
steatohepatitis, liver fibrosis, cirrhosis, and hepatocellular carcinoma [2]. Obesity would
increase the risk of chronic diseases, including type 2 diabetes, hypertension, stroke, and
cancer [3]. In addition, excess triglycerides (TGs) stored in hepatocytes may cause hepatic
steatosis and interfere with the metabolic function of the liver [4]. Therefore, obesity could
cause hepatic steatosis, which an important risk factor for the development of NAFLD.

Sterol regulatory element binding protein 1c (SREBP-1c) is an essential transcription
factor in the regulation of lipid synthesis and maintenance of cellular homeostasis [5].
Previous studies have found that peroxisome proliferator-activated receptor (PPAR) and

CCAAT /enhancer-binding protein (C/EBP) are also important transcription factors for
controlled lipid biosynthesis and can switch on fatty acid synthase (FAS) gene expression to
synthesize fatty acid chains [6]. Therefore, the activation of lipid transcription factors would
accelerate liver lipid accumulation and result in fatty liver disease.

AMPK is a heterotrimeric enzyme that is composed by AMPKa (a catalytic subunit),
AMPKP (a scaffolding subunit), and AMPKy (a regulatory subunit) [7]. Recent studies have
found that AMPK regulates energy balance [8]. When the liver, muscle, and adipose tissue
accumulate excessive energy, these tissues activate the AMPK pathway to regulate lipid and
glucose metabolism [9]. AMPK activity could induce ACC phosphorylation and decrease
ACC activity for suppressed lipid biosynthesis [10, 11]. Thus, phosphorylation of AMPK
can not only maintain energy balance, but also inhibit the formation of TGs to reduce lipid
accumulation in the liver. In addition, sirt1 plays a role in regulating AMPK activity to enhance
AMPK phosphorylation in adipocyte and hepatocytes [12]. Sirt1-deficient mice lack AMPK
activity, but SREBP-1c expression is promoted in mice with induced obesity and hepatic
steatosis compared to wild-type HFD-induced obese mice [13]. Animal studies have found
that metformin is an antidiabetic drug that can activate AMPK and reduce hepatic steatosis
by increasing fatty acid $-oxidation and reducing SREBP-1c expression [14, 15]. Therefore,
sirtl/AMPK pathway activity potentially inhibits lipid accumulation in hepatocytes and
improves hepatic steatosis.

Interestingly, accelerating lipid decomposition is an important strategy for improving
NAFLD [6]. In the liver, excessive lipid biosynthesis is mainly a phenomenon of excessive
energy accumulation. Exercise or calorie restriction can increase lipolysis to consume liver
TGs and eliminate liver steatosis [16, 17]. Many studies have suggested that some vegetable
and fruit extracts could increase TG metabolism in NAFLD therapy [18-20]. Omega-3 fatty
acids (DHA and EPA), medium-chain fatty acids, Lactobacillus plantarum, and mulberry
anthocyanins also reduce TG levels in the liver [21-23]. Furthermore, hepatocytes activate
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) to decompose TGs
and form glycerol and free fatty acids in the citric cycle for energy production [24]. However,
free fatty acids will stimulate liver macrophages and cause inflammatory responses, and
activated macrophages release inflammatory mediators to induce insulin resistance in
hepatocytes [25]. Notably, excess TGs in the liver are broken down, and released free fatty
acids must be decomposed to produce energy via fatty acid -oxidation and reduce the
damage to liver and adipose tissue.
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Fisetin is a flavonoid isolated from various fruits and vegetables [26] that can suppress
inflammatory effects, with strong anti-oxidant and anti-tumor effects [27, 28]. Previous
studies have found that fisetin can enhance the levels of adiponectin in 3T3-L1 adipocytes
by enhancing sirt1 expression, and inhibit mTORC1 signaling to block differentiation of 3T3-
L1 preadipocytes [29, 30]. Fisetin can also regulate fatty acid synthase (FAS), ATP citrate
lyase, and glucose 6-phosphatase gene expression and enhance glucose transporter type 4
gene expression in hepatocytes compared to HFD-fed mice [30], but how fisetin regulates
lipid accumulation in the liver and improves NAFLD is not clear. In the present study, we
evaluated whether fisetin regulates lipid metabolism in FL83B hepatocytes in vitro. We also
investigated whether fisetin modulates adipogenesis and lipolysis in steatotic hepatocytes,
and improves NAFLD in HFD-induced obese mice.

Materials and Methods

Animals and administration of fisetin

Four-week-old male C57BL/6 mice were procured from the National Laboratory Animal Center,
Taipei, Taiwan. All experimental animals were approved and supervised by the Laboratory Animal Care
Committee of Chang Gung University of Science and Technology (IACUC approval numbers 2016-002 and
2017-007). The mice were housed in an air conditioned room at a constant temperature of 23 * 2°C, and
maintained on a normal chow diet with clean water ad libitum for 1 week before being randomly divided
into three groups of 12 (Fig. 1A): normal mice maintained with normal chow diet (11.4% fat), HFD-fed mice
maintained with HFD (60% fat), and F20 mice maintained with HFD and administered 20 mg/kg fisetin
(purity 298%, St. Louis, MO, USA) dissolved in DMSO. The HFD and normal mice administered DMSO as
control by intraperitoneal injection twice a week for last 10 weeks. F20 groups were maintained on HFD for
4 weeks and then treated with 20 mg/kg fisetin by intraperitoneal injection twice a week for last 10 weeks.
Food intake was defined as weight of consumed food (g) x calorie of diet per day, and the diet intake of
mouse was monitored per day and body weight recorded weekly [31]. We also calculated the food efficiency
ratio as defined by weight gain (g)/food intake (g) x 100 [32].

Biochemical analysis

After sacrificing the mice, serum was collected and assayed by a biochemistry analyzer (DRI-CHEM
NX500, Fuji, Tokyo, Japan). We investigated the levels of total cholesterol (TC), high-density lipoprotein
(HDL), and total TGs according to the manufacturer’s instructions. Free fatty acid was measured using
the free fatty acid quantitation kit (Sigma) and the manufacturer’s protocol. Serum treated with the assay
reagent and the levels of free fatty acids were determined by the absorbance at 570 nm using a microplate
reader (Multiskan FC, Thermo, Waltham, MA, USA).

Histological analysis

Liver and adipose tissue was fixed in 10% formalin and embedded with paraffin before staining with
hematoxylin and eosin (HE) solution as previously described [33, 34]. Periodic acid-Schiff (PAS) stain using
the periodic acid-Schiff staining system (Sigma) indicated glycogen accumulation in liver tissue as described
previously [35]. All biopsy specimens were assayed using a light microscope (Olympus, Tokyo, Japan).

Immunohistochemistry (IHC)

The liver was fixed and embedded with paraffin and the tissue sliced into 6-um sections. Each slide
was incubated with CPT-1 or sirt1 antibody (1:50) overnight, washed, and incubated with HRP anti-rabbit
secondary antibody. Finally, the slide was treated with DAB substrate and CPT-1 or sirt1 expression observed
with a light microscope.
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Western blot analysis

Protein bands were separated on 8-10% SDS-PAGE gels and transferred to polyvinylidene difluoride
(PVDF) membrane for probing with primary antibodies overnight. The membrane was washed and
incubated with secondary antibodies and specific protein signals detected with Luminol/Enhancer solution
(Millipore, Billerica, MA, USA) by the BioSpectrum 600 system (UVP, Upland, CA, USA). Primary antibodies
included acetyl CoA carboxylase-1 (ACC-1), phosphorylated-ACC-1 (pACC-1), ATGL, HSL, phosphorylated
HSL (pHSL), C/EBPa, C/EBPf3, PPAR-a and PPAR-y (Abcam, Cambridge, MA, USA), phosphorylated AMPKa
(pAMPKa), AMPKa, FAS, carnitine palmitoyltransferase 1 (CPT-1), CPT2, sirtl, SREBP-1c (Cell Signaling
Technology, MA, USA), and B-actin (Sigma).

Cell culture and induced fatty liver cells

Normal mouse liver cell line FL83B was purchased from the Bioresource Collection and Research
Center (BCRC, Taiwan). Cells cultured in F12 medium (Invitrogen-Gibco™, Paisley, Scotland) contained
10% FBS at 37°C in a 5% CO, atmosphere. FL83B cells were incubated with 0.5 mM oleic acid to induce
lipid accumulation in hepatocytes for 48 h, then treated with fisetin (0-100 uM) for 24 h to analyze the
experimental results.

Cell viability assay

Fisetin was dissolved in DMSO and <0.1% DMSO was used in all cell experiments. FL83B cells were
incubated with fisetin for 24 h and treated with MTT solution (Sigma) for 4 h. The culture plate was
then treated with isopropanol and absorbance measured at 570 nm to evaluate cell viability using a
spectrophotometer (Multiskan FC).

Oil red O staining

FL83B cells were seeded in 6-well plate and incubated with 0.5 mM oleic acid for 48 h before being
treated with fisetin (0- 100 pM) for 24 h. FL83B cells were fixed with formalin and oil droplets stained using
oil red O solution (Sigma) as described previously [36]. The oil droplets in hepatocytes were observed using
an inverted microscope (Olympus).

Hepatic lipid accumulation and lipoperoxidation

FL83B cells were seeded in culture plates and incubated with 0.5 mM oleic acid for 48 h before being
treated with fisetin (0- 100 uM) for 24 h. FL83B cells were fixed with formalin, and stained with BODIPY
581/591 C11 and BODIPY 493/503 (Invitrogen, Carlsbad, CA, USA) to investigate lipoperoxidation and lipid
accumulation, respectively. Cell nuclei were stained with DAPI and all results observed with a fluorescence
microscope (Olympus).

Hepatic fatty acid uptake

FL83B cells were incubated with 0.5 mM oleic acid for 48 h and then treated with fisetin for 24 h before
staining with BODIPY FL C12 fluorescent probe to evaluate fatty acid uptake by fluorescence microscopy
(Olympus).

Statistical analysis
Statistical analyses included one-way analysis of variance (ANOVA) and a Dunnett post hoc test. Results
are expressed as mean * SEM. P-values < 0.05 were considered significant.

Results

Fisetin reduced HFD-induced obesity in mice

Visual observation revealed that HFD mice had greater body weight than normal mice.
Interestingly, F20 mice had significantly reduced body weight compared to HFD mice in the
last weeks of the experiment (Fig. 1B). We also found that F20 mice did not have altered
food intake, but inhibited food efficiency ratio compared to HFD mice (Fig. 1C-D). The last
week of the experiment, F20 mice had significantly reduced body weight compared to HFD
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Fig. 1. Fisetin reduced body weight in HFD-induced obese mice. (A) Male mice were fed a HFD (containing
60% fat) for 14 weeks, and administered DMSO, 20 mg/kg fisetin (F20) by intraperitoneal injection (I.P.)
twice a week from Week 4 to Week 14. (B) The appearance of the animal, (C) food intake, (D) food efficiency
ratio, and (E) body weight. (F) Weight gain was measured when fisetin was administered by intraperitoneal
injection for 10 weeks. (G) Weight gain was measured in the last week. Data are presented as mean * SEM;
n =12.*P<0.05, **P<0.01 compared to mice with HFD-induced obesity.

mice (34.5£1.41 g vs. 39.4+1.52 g; Fig. 1E). As fisetin was given for 10 weeks, body weight
in F20 mice was significantly decreased compared to HFD mice (Fig. 1F). Weight gain was
measured in the last week, and F20 mice were significantly decreased weight gain compared
to HFD mice (F20: 4.62+1.25 g vs. HFD: 9.55+1.38 g; Fig. 1G).

Fisetin attenuated liver steatosis in obese mice

Grossly, the livers of the normal group were dark brown/red, and the livers of the HFD
group were yellowish and lacked luster. The F20 group had recovered the dark brown/red
color of the liver (Fig. 2A). Interestingly, fisetin did not eliminate the liver weight and relative
weight of liver/body weight compared to obese mice (Fig. 2B-C). However, histologically,
many lipid droplets and fat vacuoles were observed in HFD mice, and fisetin significantly
reduced the number of lipid droplets and fat vacuoles in F20 mice (Fig. 2D-E). Glycogen
accumulation in hepatocytes was evaluated by PAS staining, which showed that the HFD group
had significantly reduced glycogen accumulation. Fisetin elevated glycogen accumulation in
F20 mice compared to HFD mice (Fig. 2F).
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Fig. 2. Fisetin ameliorated hepatic steatosis in HFD-induced obese mice. (A) The appearance of the liver, (B)
liver weight, and (C) relative weight of the liver. (D) HE staining of liver tissues (200x magnification). (E)
Calculated number of lipid droplets in liver tissue (400x magnification). Data are presented as mean + SEM;
n = 12. **P<0.01 compared to mice with HFD-induced obesity. (F) PAS stain demonstrating the glycogen
distribution in the liver.

Fig. 3. Fisetin reduced
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adipose tissue. (C) HE
staining of epididymal
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magnification). Data
are presented as mean
+SEM; n=12.**P<0.01
compared to mice with
HFD-induced obesity.
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Fisetin attenuated the weight of adipose tissue in obese mice

Fisetin significantly reduced the epididymal adipose tissue weight compared to HFD
mice (Fig. 3A-B). Histological staining and analysis demonstrated that fisetin reduced
adipocyte size compared to HFD mice (Fig. 3C).
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Effects of fisetin on serum lipid metabolism

Serum analysis showed that fisetin did not significantly decrease TC, TG, and HDL
levels in HFD mice (Fig. 4A-C). However, fisetin significantly decreased free fatty acid levels
compared to the HFD group (Fig. 4D). Fisetin also significantly suppressed serum leptin
levels compared to HFD mice (Fig. 4E).

Fisetin regulated adipogenesis in liver tissue

Western blot detecting specific liver proteins showed that fisetin significantly
suppressed transcription factor expression associated with adipogenesis, including SREBP-
1c, C/EBPa, C/EBPq, and PPAR-y, compared to the HFD group. However, fisetin increased
PPARa expression and suppressed FAS expression compared to the HFD group (Fig. 5A).

Fisetin regulated the AMPK/sirt1 pathway and lipolysis in liver tissue

In liver tissue, fisetin significantly enhanced sirtl, pAMPKa, and pACC-1 expression
compared to the HFD group (Fig. 5B). In lipolysis, fisetin could also promote ATGL and the
phosphorylation of HSL expression compared to the HFD group (Fig. 5C). Fisetin increased
CPT-1, but not CPT2, expression in the fatty acid 3-oxidation pathway compared to the HFD
group (Fig. 5C). Using IHC, we examined stained liver tissue slides to observe the distribution

Fig. 4. Effects of fisetin
on serum biochemical
analysis. (A) HDL, (B)
TC, (C) TG, (D) free fatty
acids, (E) leptin. Data
are presented as mean
+ SEM; n = 12. *P<0.05,
**P<0.01 compared to
mice with HFD-induced
obesity.
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Fig. 6. Fisetin modulated sirt-
1 and CPT-1 expression in the
liver. (A) sirtl and (B) CPT-
1 expression was analyzed
by immunohistochemistry
and labeled as a brown color
drop. Three independent
experiments were analyzed .

Fig. 7. Fisetin reduced lipid
accumulation in FL83B cells.
FL83B cells were treated with
0.5 mM oleic acid (OA) at
37°C for 48 h to induce lipid
accumulation in hepatocytes,
followed by fisetin (3-100 pM)
for 24 h. Oil Red O stain shows
lipid accumulation. Three
independent experiments
were analyzed.

of sirtl and CPT-1 protein, finding a large amount of sirt1 and CPT-1 in the normal group, but
sirtl and CPT-1 was significantly decreased in the liver tissue of HFD mice. Notably, fisetin
significantly recovered sirtl and CPT-1 expression in the liver tissue compared to the HFD

group (Fig. 6).

Cell viability of fisetin in FL83B cells

We investigated whether fisetin can modulate lipid metabolism in hepatocytes in vitro.
First, we used the MTT assay to investigate the cytotoxicity of fisetin in FL83B hepatocytes.
We found no cell cytotoxicity at fisetin concentrations <100 uM (data not shown), and 3-100
UM fisetin was assayed in all cell experiments.

Fisetin regulated lipid accumulation and lipoperoxidation in FL83B cells

Fisetin alleviated lipid droplets induced by oleic acid treatment (Fig. 7). The fluorescent
dye BODIPY 493/503 confirmed that fisetin treatment decreased lipid accumulation
(Fig. 8A). Furthermore, BODIPY 581/591 C11 detected hepatic lipoperoxidation,
and the immunofluorescent images demonstrated that fisetin significantly decreased
lipoperoxidation compared to oleic acid-induced hepatocytes (Fig. 8B). Next, fatty acid
uptake was detected using the BODIPY FL C12 fluorescent probe at 0 and 24 h. Oleic acid
promoted fatty acid uptake in hepatocytes after 24 h. Fisetin clearly suppressed fatty acid
uptake compared to the oleic acid group (Fig. 9).
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581/591 C11 (red) were used to detect hepatic lipid droplets and lipoperoxidation, respectively, under a
fluorescent microscope. Three independent experiments were analyzed. Nuclei were stained with DAPI
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Fig. 9. Fisetin
reduced fatty
acid  uptake

into FL83B
cells. FL83B
cells were
treated with
0.5 mM oleic
acid (0A)
and fisetin

(3-30 uM) and
observed by
fluorescence
microscopy.
BODIPY FL
C12 (green)
was used to
detect  fatty
acid uptake by
hepatocytes
at 0 and 24
h. Three
independent
experiments
were analyzed.
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Nuclei were stained with DAPI (blue).
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Fig. 10. Effects of fisetin on lipid metabolism in FL83B cells. FL83B cells were treated with 0.5 mM oleic
acid (OA) for 48 h to induce lipid accumulation in hepatocytes, followed by fisetin (3-100 pM) 24 h. (A)
Transcription factors associated with adipogenesis and lipogenesis proteins, (B) lipolysis, (C) the AMPK/
Sirt-1 pathway, and (D) (-oxidation were detected by Western blot. Three independent experiments were
analyzed using (3-actin as an internal control.

Effect of fisetin on lipid metabolism in hepatocytes

Western blot showed that fisetin reduced SREBP-1c, PPAR-y, and C/EBPa expression,
but not C/EBPf expression, compared to oleic acid (Fig. 10A). Fisetin also increased ATGL
and pHSL expression in a concentration-dependent manner compared to oleic acid (Fig.
10B). Furthermore, fisetin significantly promoted sirtl, phosphorylation of AMPK, and
phosphorylation of ACC, and decreased FAS production compared to oleic acid (Fig. 10C).
Finally, fisetin increased CPT-1, but not CPT2, expression (Fig. 10D).

Discussion

Obesity is an important factor in many serious chronic diseases, and studies have shown
that obesity is a high risk group for hypertension, coronary atherosclerosis, type 2 diabetes,
and cancer [1, 37]. Being overweight and obesity do not only increase adipocyte size and
hyperplasia, but in these states the liver tissue accumulates excessive lipid droplets, causing
hepatic steatosis, the early stage of NAFLD [3, 37]. Therefore, in the hepatic steatosis stage,
treating and maintaining liver health and function, or attenuating the deterioration of liver
steatosis, would create an opportunity to prevent and attenuate the development of NAFLD.
In liver tissue, excessive lipid accumulation would interfere with the normal physiological
function of hepatocytes, causing lipid and carbohydrate metabolism abnormalities, liver
cell inflammation, peroxidation, and insulin resistance [1, 3]. These symptoms may not only
cause diabetes, but can also promote chronic liver fibrosis and liver cancer [2]. A recent
study pointed out that new therapy targets of hepatic steatosis mainly block lipid generation
and accumulation in the liver, leading to the decomposition of fat oil droplets, enhancing the
[-oxidation metabolism of fatty acids, and maintaining mitochondrial function [14, 38, 39].

In recent years, some plant compounds have been found to improve NAFLD [19, 40-
42]. In obese mice, resveratrol can improve body weight and reduce hepatic steatosis by
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enhancing sirtl and AMPK activity [38]. Luteolin could attenuate NAFLD by blocking the
expression of liver X receptor and SERBP-1c [43]. Quercetin has also been confirmed to
alleviate oxidized LDL levels in the liver and decrease hepatic steatosis in HFD-induced obese
mice [44]. In this current study, fisetin effectively alleviated body weight and epididymal
adipose tissue weight. However, fisetin did not decrease the liver weight. Interestingly, fisetin
could suppress lipid accumulation and fat vacuoles in the livers of HFD-fed mice. Fisetin
also inhibited lipogenesis, regulated the sirt1/AMPK pathways, and enhanced -oxidation to
reduce the development of hepatic steatosis in HFD-induced obese mice. Therefore, fisetin
has the potential to ameliorate obesity-induced NAFLD.

AMPK is an important enzyme in sensing and regulating cellular and whole-body energy
balance, and sitr-1 has a regulatory effect on lipid metabolism by activating AMPK expression
for the maintenance and regulation of energy metabolism [45]. Phosphorylation of Thr172
in AMPKa is required for kinase activity and enhanced more 100-fold activation [46]. AMPK«
activation can inhibit lipid biosynthesis, accelerating the decomposition of lipid to reducing
liver fat accumulation [10]. Sirt1 is an NAD-dependent deacetylase and has been reported
to have many beneficial effects for controlled glucose homeostasis, lipid metabolism, and
insulin resistance in the liver tissue of obese mice [12]. In our current experiment, we found
that HFD obese mice treated with fisetin express increased level of sirt1 and pAMPKa in liver
tissue, and FL83B hepatocyte experiments demonstrated that fisetin significantly promotes
sirtl and pAMPKa expression in vitro. Resveratrol, a sirtl agonist, could significantly
increase sirtl and pAMPK expression in the liver tissue of NAFLD mice [38]. Resveratrol
could reduce total cholesterol and triacylglycerol in serum and reduce liver adipogenesis
through increased phosphorylation of ACC to regulate fatty acid synthesis [47]. Our results
also demonstrate that fisetin could significantly increase ACC phosphorylation in HFD-
induced obese mice and oleic acid-induced hepatocytes in vitro. Activated ACC could catalyze
acetyl CoA to produce malonyl-CoA for elongated fatty acid chains [24]. Recent research
found that phosphorylation of AMPK could stimulate phosphorylation of its substrate, which
suppresses ACC phosphorylation [10]. Interestingly, dephosphorylation of ACC is activated
and phosphorylation of ACC switched off [24]. Thus, we thought that fisetin could effectively
increase sirtl and pAMPKa expression to block the synthesis of fatty acid chains.

Hepatocytes took up excessive free fatty acids and switched transcription factors on for
lipogenesis, causing lipid accumulation, and these free fatty acid would reduce AMPK activity
and disturb the energy balance [6, 9]. Previous studies reported that AMPK phosphorylation
can suppress the expression of lipogenesis-related transcription factors, including SREBP-
1c, PPAR, and C/EBP [48]. In this study, the HFD mice had increased expression of SREBP-
1c, C/EBPa, and PPAR-y, and fisetin significantly suppressed SREBP-1c, C/EBPa and PPAR-y
expression in liver tissue. Similarly, fatty liver cells treated with fisetin exhibited attenuated
SREBP-1c, PPAR-y, and C/EBPa expression in vitro. Previous studies confirmed that C/EBP«
and C/EBP are able to assist adipocyte differentiation and increase lipid accumulation in
adipocytes and hepatocytes [49]. However, our results demonstrated that fisetin does not
significantly regulate C/EBP[3 expression in cellular and animal models. The results confirm
that fisetin has the ability to block lipid synthesis in hepatocytes, mainly by blocking the
transcription factors SREBP-1c, C/EBPq, and PPAR-y.

ACC could switch on the synthesis of fatty acid chains and stimulate FAS expression
[24]. Therefore, activated AMPK could reduce ACC activity to block FAS production for
lipid synthesis. SREBP-1c could bind to the FAS gene promoter to give assist fatty acid
chain synthesis in hepatocytes [49]. Obviously, HFD-induced obese mice, liver tissue could
significantly FAS expression, and fisetin could reduce FAS production compared to obese
mice. We found that fisetin can reduce FAS expression in oleic acid-induced fatty liver cells.
Cell and animal experiments confirmed that fisetin has the ability to block FAS expression to
reduce lipid synthesis in liver tissue, improving hepatic steatosis.

Another strategy for improving hepatic steatosis is to accelerate lipid metabolism in
hepatocytes [50]. Many studies have suggested that a good lifestyle and regular exercise
promote liver lipid metabolism and restore normal liver function [39, 51]. In addition,
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appropriate diet could regulate the liver lipid metabolism and attenuate the development
of NAFLD. Previous studies found that quercetin not only inhibits the differentiation of
adipocytes and lipid synthesis, but also enhances the decomposition of lipids in obese
mice [44]. Quercetin has also been shown to promote lipolysis in the livers of NAFLD mice.
a-Linolenic acid-rich flaxseed oil also increases lipolysis through enhanced ATGL expression,
preventing alcoholic hepatic steatosis in mice [16]. Ginsenoside Rb2 also suppresses lipid
accumulation in the liver by upregulating ATGL and phosphorylation of HSL in obese mice
[52]. In the current study, fisetin markedly increased ATGL and pHSL production in the livers
of obese mice and fatty hepatocytes in vitro, indicating a direct role for ATGL and HSL in
lipolysis in the mouse liver. ATGL can hydrolyze TGs to from diglycerides and release a free
fatty acid, and phosphorylation of HSL hydrolyzes diglycerides to from monoglycerides and
releases a free fatty acid [53]. Consequently, fisetin is effective at reducing lipid accumulation,
improving hepatic steatosis in obese mice.

Excess TGs, which are broken down into excess free fatty acids and released into the
blood to interfere with metabolism, stimulate inflammatory responses in the liver and
vasculature, deteriorating into insulin resistance, metabolic syndrome, and cardiovascular
disease [54, 55]. Therefore, these free fatty acids need to be immediately converted into
energy via f-oxidation or the formation of cholic acid through fecal exclusion to reduce the
inflammatory response [56, 57]. In B-oxidation, CPT-1 functions to transfer the acyl group
of a long-chain fatty acyl-CoA to form acyl carnitines [24]. Studies have shown that AMPK
and sirt1 activation can enhance CPT-1 expression, promoting -oxidation [58]. Resveratrol
could increase AMPK activity to inhibit ACC activity, reducing fatty acid synthesis; resveratrol
promotes lipolysis and increases [-oxidation, decreasing lipid accumulation in hepatocytes
[59]. Celastrol also increases sirt1/AMPK expression, promoting [3-oxidation for lipolysis and
decreasing inflammatory and oxidative damage in the livers of NAFLD mice [13]. We used
IHC to confirm CPT-1 expression in the liver and found that fisetin can significantly recover
CPT-1 expression. Therefore, we thought that fisetin could accelerate the decomposition of
fatty acids and reduce inflammatory damage. In addition, the decomposition of fatty acids
will result in liver cell oxidative damage [25, 37]. Using BODIPY 581/591 C11 fluorescent
dye, we found that fisetin ameliorates lipid peroxidation in oleic acid-induced fatty liver cells.
Thus, fisetin could accelerate the decomposition of fatty acids and reduce lipid peroxidation
causing cell damage.

We found that the caloric intake of both F20 and HFD mice did not differ from the normal
mice. However, the F20 and HFD mice had greater food efficiency than the normal mice and
the HFD contained more fat energy, which could significantly increase body weight and
lead to the accumulation of excess oil droplets, interfering with carbohydrate metabolism
for glycogen synthesis. Interestingly, fisetin could significantly decrease the epididymal
adipose tissue and body weight. PAS stain demonstrated that fisetin could recover glycogen
accumulation in hepatocytes compared to HDF-induced obese mice and has the potential
to regulate lipid accumulation and glycogen synthesis to maintain liver metabolic function.

Adipose tissue secretes leptin, which binds to the leptin receptor of hypothalamic
neurons to suppress appetite and reduce body weight [60]. Studies have shown that blood
levels of leptin are higher in obesity, and reducing leptin levels would improve insulin
resistance and metabolic syndrome [61]. Fisetin significantly reduced serum leptin levels,
but appetite was not affected. Therefore, whether fisetin regulates insulin sensitivity needs
to be studied further.

Our experimental results confirmed that fisetin can inhibit body weight and epididymal
adipose tissue weight. Fisetin also significantly suppresses lipid accumulation in the liver
tissue of obese mice through activation of the sirt1/AMPK pathway and enhances lipolysis
and 3-oxidation to ameliorate hepatic steatosis. We conclude that fisetin is an excellent anti-
obesity flavonoid for blocking NFLD development.
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