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ARTICLE
Sulforaphane ameliorates non-alcoholic fatty liver disease in

mice by promoting FGF21/FGFR1 signaling pathway

Yi-kuan Wu'?, Zheng-nan Ren'?, Sheng-long Zhu3, Yun-zhou Wu?, Gang Wang"z, Hao Zhang1'2’5, Wei Chen'?°, Zhao He'?57,
Xian-long Ye® and Qi-xiao Zhai'?

Most studies regarding the beneficial effect of sulforaphane (SFN) on non-alcoholic fatty liver disease (NAFLD) have focused on
nuclear factor E2-related factor 2 (Nrf2). But the molecular mechanisms underlying the beneficial effect of SFN in the treatment of
NAFLD remain controversial. Fibroblast growth factor (FGF) 21 is a member of the FGF family expressed mainly in liver but also in
adipose tissue, muscle and pancreas, which functions as an endocrine factor and has been considered as a promising therapeutic
candidate for the treatment of NAFLD. In the present study we investigated whether FGF21 was involved in the therapeutic effect
of SFN against NAFLD. C57BL/6J mice were fed a high-fat diet (HFD) for 12 weeks to generate NAFLD and continued on the HFD for
additional 6 weeks with or without SFN treatment. We showed that administration of SFN (0.56 g/kg) significantly ameliorated
hepatic steatosis and inflammation in NAFLD mice, along with the improved glucose tolerance and insulin sensitivity, through
suppressing the expression of proteins responsible for hepatic lipogenesis, while enhancing proteins for hepatic lipolysis and fatty
acids oxidation. SFN administration significantly increased hepatic expression of FGFR1 and fibroblast growth factor 21 (FGF21) in
NAFLD mice, along with decreased phosphorylation of p38 MAPK (the downstream of FGF21). HepG2 cells were treated in vitro
with FFAs (palmitic acid and oleic acid) followed by different concentrations of SFN. We showed that the effects of SFN on FGF21
and FGFR1 protein expression were replicated in FFAs-treated HepG2 cells. Moreover, the increased FGFR1 protein occurred earlier
than increased FGF21 protein. Interestingly, the rapid effect of SFN on FGFR1 protein was not regulated by the FGFRT gene
transcription. Knockdown of FGFRT and p38 genes weakened SFN-reduced lipid deposition in FFAs-treated HepG2 cells. SFN
administration in combination with rmFGF21 (1.5 mg/kg, i.p., every other day) for 3 weeks further suppressed hepatic steatosis in
NAFLD mice. In conclusion, SFN ameliorates lipid metabolism disorders in NAFLD mice by upregulating FGF21/FGFR1 pathway. Our
results verify that SFN may become a promising intervention to treat or relieve NAFLD.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), arising from the input/
output imbalance of hepatic free fatty acid metabolism, encom-
passes a broad-spectrum ranging from the simple steatosis to
steatohepatitis, cirrhosis and primary liver cancer [1, 2]. NAFLD
pathogenesis is widely described as a “two-hit” theory. Obesity
and insulin resistance as a “first hit” causes the accumulation of fat
in the liver, leading to simple fatty liver. The “second hit" is
characterized as inflammation, endoplasmic reticulum stress (ER
stress), oxidative stress, mitochondrial dysfunction and other
factors, leading to steatohepatitis and fibrosis [3, 4]. However,
clinical studies have demonstrated a high degree of heterogeneity
in the pathogenesis and clinical manifestations of the disease [5].
Currently, there are no pharmacological approaches for treating
this disease [6, 7], while the only remedy is the intensive lifestyle
change, including calorie restriction and exercise [8].

Broccoli sprout powder has been found to improve liver
function in non-obese patients with fatty liver disease [9].
Sulforaphane (SFN) is a naturally occurring isothiocyanate derived
from cruciferous vegetables such as broccoli, cabbage and kale.
Bioactive SFN is demonstrated for a promising chemo-preventive
compound with anti-oxidant, anti-cholesterol, and anti-cancer
properties [10]. SFN was recently reported to decrease weight gain
and visceral adiposity in high-fat diet-fed (HFD) mice and alcohol-
induced steatosis [11, 12]. Other studies have provided strong
evidence for the efficacy of SFN on patients with type 2 diabetes
[13, 14]. However, the mechanism underlying SFN-mediated
NAFLD remains elusive.

As SFN is a natural nuclear factor E2-related factor 2 (Nrf2)
activator, many studies have elucidated the role of SFN in obesity
by using either Nrf2 knockout (KO) and Kelch-like ECH-associated
protein 1 (Keap1) knockdown (KD) in mice or Nrf2 activators
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[15, 16]. Despite extensive researches, the results of Nrf2 are
inconsistent in hepatic steatosis and insulin resistance. In this
sense, fibroblast growth factor (FGF) 21 is a promising therapeutic
candidate for the treatment of NAFLD due to its beneficial effects
on lipid homeostasis. This growth factor is a notable member of
the FGF family that functions as an endocrine agent, which is
expressed predominantly in liver [17] but also in adipose tissue,
muscle, and pancreas [18-21]. Most studies indicate that the
administration or overexpression of FGF21 in obese animals has
positive metabolic effects [22, 23] while FGF21 knockout mice
have an increased hepatic lipid content when challenged with a
HFD [24]. However, paradoxically elevated protein expression of
FGF21 is evident in liver and white adipose tissue (WAT) of both
diet-induced obese (DIO) mice and genetically obese ob/ob or db/
db mice [25-27]. Furthermore, increased level of FGF21 correlates
not only with liver fat content in NAFLD but also with body mass
index (BMI) in human subjects [28, 29], which has raised the
concept of FGF21 resistance [30]. FGF21 actions are mediated
through a heterodimeric receptor complex comprising FGF
receptor 1 (FGFR1) and (Klotho [31]. Diet-induced obese (DIO)
mice have diminished expression of these receptor components in
liver and WAT, attenuated FGF21 signaling response and impaired
induction of FGF21 target genes. Thus, is there any possibility to
restore the endogenous FGF21 response in obese subjects
improving their metabolic parameters and the risk of developing
obesity-associated pathologies?

To confirm our hypothesis, we investigated the effects of SFN
on hepatic steatosis in mice induced by a HFD and in HepG2 cells
induced by free fatty acids (FFAs), with a goal of understanding
the potential signaling pathway between SFN and FGF21
in NAFLD.

MATERIALS AND METHODS

Ethical statement

All experimental procedures involving mice were carried out
according to protocols approved by the Institutional Animal Ethics
Committee of Jiangnan University (JN. No20160303-20161125[14]
and 20170509-20170930[58]). All efforts were made to minimize
suffering of experimental mice in this research. Animal studies are
reported in compliance with the ARRIVE guidelines [32] and
adhere to the National Institutes of Health (NIH) standards [33].

Cell culture and transfection

The human hepatoma HepG2 cell line was purchased from Cell
Bank of the Shanghai Institute of Cells, Chinese Academy of
Science (Shanghai, China). Cells were maintained in DMEM media
(C119655008BT, Gibco, New York, NY, USA) with 10% FBS (10099-
141, Gibco) and 100 pg/mL penicillin/streptomycin in a humidified
atmosphere containing 5% CO, at 37 °C. Palmitic acid and oleic
acid (57-10-3, 112-80-1, Nu-Chek Prep, Elysian, MN, USA) were
mixed thorough in media, then SFN (56317, Sigma, Shanghai,
China) was added into media. For small RNA interference, HepG2
cells were transfected with FGFR1-specific siRNA, p38MAPK-
specific siRNA and scramble siRNA (GenePharma, Shanghai, China)
for 24 h by using Jet-Prime Transfection Reagent (114-15, Polyplus,
New York, NY, USA) according to the manufacturer’s instructions.
The transfected cells were cultured containing either vehicle or
FFAs for 6 h, and then stimulated by SFN for another 6 h.

Establishment of NAFLD animal model and dosage information

Male C57BL/6J mice (7 weeks old, weighing 20+2g) were
purchased from SLAC (C57BL/6Slac, Shanghai, China). All mice
studied were maintained on a 12 h light/dark cycle at 24 +2°C
with free access to food and water. Normal diets (ND; 10% energy
from fat) were purchased from Xietong Organism (AIN93, Nanjing,
China) and high-fat diets (HFD; 60% energy from fat) were
purchased from HFK Bioscience Co; Ltd (H10010, Beijing, China).
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Sulforaphane (90% purity) was obtained from Pioneer Herb
Industrial Co; Ltd (SF-010P, Ganzhou, China) and added to HFD
diet (0.56 g/kg) (China). Recombinant mouse FGF21 was prepared
by College of Life Science, Henan Normal University (Xinxiang,
China).

After a week acclimation, mice were fed a ND or HFD diet for
12 weeks. Then the mice in HFD group (average 40g) were
randomly divided into HFD and HFD + SFN group, followed by
additional 6 weeks of feeding with the respective diet (Supple-
mentary Fig. S1a).

To set-up recombinant FGF21 mouse groups (rmFGF21), HFD-
induced obese mice, with either vehicle (HFD) or HFD + SFN (0.56
g/kg) for 3 weeks, were subjected to intraperitoneal injection of
rmFGF21 (1.5 mg/kg, i.p., every other day) for another 3 weeks
(Supplementary Fig. S1b).

Hematoxylin and eosin and oil red O staining

For hematoxylin and eosin (H&E) staining, tissues were fixed in 4%
paraformaldehyde overnight and embedded in paraffin. Sections
(5-um) were stained with H&E dyes and evaluated using a digital
slice scanner (Pannoramic MIDI, 3DHistech, Budapest, Hungary).
For oil red O staining, fresh liver tissues were embedded in
optimum cutting temperature (OCT) compound and cryo-
sectioned. The sections were stained with 0.5% oil red O according
to standard procedures.

Plasma lipid profile

Plasma triglyceride (TG), cholesterol (TC), low density lipoprotein
(LDL), high density lipoprotein (HDL), alanine transaminase (ALT)
and aspartate transaminase (AST) levels were measured by Roche
Modular P800 Automatic Analyzer (Roche, Rotkreuz, Switzerland).

Enzyme-linked immunosorbent assays (ELISA)

Hepatic interleukin 13 (IL-1B), tumor necrosis factor alpha (TNF-a)
and monocyte chemoattractant protein-1 (MCP-1) levels were
measured with ELISA kits from R&D Systems (DY401-05, DY410-05,
DY479-05, Minneapolis, MN, USA) according to the protocols of the
manufacturer. Absorbance was measured at 450 nm with a
microplate reader Multiclan GO (Thermo Fisher Scientific Inc,
Waltham, MA, USA). Hepatic tissue samples were homogenized in a
saline solution (1:19, w/v) using a homogenizer (Polytron, Ningbo,
China) at 55Hz for 1min. Samples were centrifuged at 4°C,
10,000 x g for 10 min. Protein concentrations were determined by
BCA Protein Assay Kit (P0010S, Beyotime, Shanghai, China). Insulin
levels in plasma were measured by the Mercodia Mouse Insulin
ELISA kit (10-1247-01, Uppsala, Sweden) according to the standard
procedure.

Hepatic TG, TC contents and citrate synthase activity

Hepatic TG (K622-100), TC (K603-100) levels and citrate synthase
activity (K318) were quantified in liver homogenates according to
Biovision kit (Milpitas, CA, USA). Briefly, frozen livers were weighed,
homogenized and centrifuged and the supernatant was collected
for measurement.

Glucose and insulin tolerance tests

Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)
were performed as in previous reports [17]. For the GTTs, mice
were fasted overnight for 12 h, and glucose (2 g/kg) was injected
intraperitoneally. For the ITTs, insulin (0.75 U/kg) was injected
intraperitoneally.

Immunoblotting

Cells and tissues samples were lysed by RIPA buffer (containing
protease inhibitors and phosphatase inhibitors). Protein concen-
tration was quantified by a BCA Protein Assay Kit (Beyotime). Equal
amounts of proteins were electrophoretically separated in
SDS-PAGE gels and transferred onto PVDF membranes (Millipore,
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Billerica, MA, USA). Primary antibodies were incubated overnight
at 4°C and then probed with secondary horseradish peroxidase-
labeled antibody. Antibodies for P-HSL (Ser660, #4126), HSL
(#4107), p-p38 MAPK (Thr180/Tyr182, #4511), p38 MAPK (#9212),
p-p44/42 MAPK (ERK1/2) (Thr202/Tyr204, #9101), p44/42 MAPK
(ERK1/2) (#9102), p-SAPK/INK (Thr183/Tyr185, #4668), SAPK/JNK
(#9258), FAS (C20G5, #3180), CHOP (L63F7, #2895) and FGF
Receptor 1 (D8E4, #9740) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibodies for FGF21 were
purchased from Abcam (#ab171941, Cambridge, UK). Antibodies
for BKlotho were purchased from R&D Systems (#AF2619).
Antibodies for PPARa (H-98, #sc-9000), SREBP1 (F-10, #sc-
365514), PPARy (H-100, #sc-7196), GRP78 (A-10, #sc-376768),
ATF6 (F-7, #s5c-166659) and B-actin (C4, #sc-47778) were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). The signals were
visualized by Plus-enhanced chemiluminiscence using FluorChem
FC3 (ProteinSimple, San Jose, CA, USA). The densitometric analyses
of protein expression were performed by AlphaView Software
(ProteinSimple).

RNA isolation and real-time quantitative PCR (RT-gPCR)

Total RNA was extracted from cells and tissues using TRIzol
according to the manufacturer’s protocol and reversely tran-
scribed to cDNA using PrimeScript™ RT Master Mix (RRO36A,
Takara, Kyoto, Japan). Primers (Supplementary Table S1) were
used to perform RT-qPCR with Absolute Q-PCR SYBR Green
Supermix (172-5124, Bio-Rad, Irvine, CA, USA) with CFX Connect™
Real-Time System (Bio-Rad).

Statistical analysis

Statistical analysis was undertaken only when each group size has
a minimum of n=>5 independent samples/individuals, and in a
blinded manner. Normal distribution was confirmed using the
Kolmogorov-Smirnov test. Statistical analysis between two groups
was performed by independent t-test, or when multiple compar-
isons were made, by one-way analysis of variance (ANOVA)
followed by Tukey's post-hoc test using GraphPad Prism 8.0.2
(GraphPad Software Inc,, San Diego, CA, USA). For all one-way
ANOVAs, post-hoc tests were run only if F achieved P < 0.05 and
there was no significant variance in homogeneity. For Western
blot and RT-gPCR analysis, the relative protein or mRNA
expression values were expressed as “fold difference” by
comparing to the corresponding control value, and the control
value was normalized to 1.0. Potential outliers were tested using
Grubbs' test. *P < 0.05 were considered as a statistically significant
difference. Data were presented as mean with standard
deviations (SD).

RESULTS

SFN alleviated hepatic damage in mice fed a HFD along with
improvement of hepatic steatosis and inflammation

To investigate the role of SFN in non-alcoholic fatty liver, NAFLD
mice were generated through 12 weeks HFD feeding and then
followed with SFN supplement for another 6 weeks (Supplemen-
tary Fig. S1a). The pathological changes of the liver demonstrated
a significant increase in the size (Fig. 1a) as well as the weight of
liver and the indices of liver/body weight (Fig. 1b). Severe hepatic
steatosis and inflammation assessed by H&E staining (Fig. 1c),
while hepatic fat droplets were assessed by oil red O staining
(Fig. 1d). Notably, SFN supplement markedly reduced the size of
fat droplets in liver in conjunction with a reduction in hepatic
content of TG and TC (Fig. 1e). Despite of unaltered circulating TG,
plasma levels of TC, LDL and HDL were significantly reduced in
HFD + SFN group compared to HFD group, so were the levels of
ALT and AST (Fig. 1f, g). The gene and protein expression levels of
pro-inflammatory cytokines IL-13, TNF-a and MCP-1 were
increased in the HFD group, but decreased following SFN
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treatment (Fig. 1h, i). Together, these results demonstrated that
SFN supplement significantly improved hepatic steatosis and
inflammation.

SFN increases fatty acids metabolism in mice fed a HFD

As hepatic steatosis was dramatically reduced in mice with SFN
supplement, we then investigated if SFN could play a role in
mediating fatty acids metabolism. Firstly, we detected the
expression of molecules involved in lipogenesis and lipolysis.
The protein levels of hepatic sterol regulatory element binding
protein-1 (SREBP1), peroxisome proliferator-activated receptor
gamma (PPARy) and fatty acid synthase (FAS) were significantly
decreased by SFN supplement in mice fed a HFD (Fig. 2a, b),
indicating the reduction of lipogenesis. Consistently, the mRNA
levels of aforementioned molecules showed a similar change
compared to protein levels (Fig. 2c). In contrast, hepatic
peroxisome proliferator-activated receptor a (PPARa) protein level
(Fig. 2a, b) and mRNA levels of Ppara (Fig. 2d) were elevated by
SFN supplement, accompanied by increased mRNA levels of
Cptila, Acox1, Acadm, Acadvl (Fig. 2d) as well as an increase in
hepatic citrate synthase activity (Fig. 2e), suggesting an enhanced
fatty acids oxidation in liver. Additionally, the protein level of
hormone-sensitive lipase (HSL) and its mRNA level Lipe were
unchanged among three groups, but SFN significantly increased
the phosphorylation level of HSL (Fig. 2f-h) and mRNA of Pnpla2,
indicative of enhanced lipolysis. Thus, reduced hepatic steatosis
by SFN supplementation is associated with upregulating hepatic
lipolysis and fatty acids oxidation while down-regulating
lipogenesis.

SFN improves HFD-induced insulin resistance

Insulin resistance has been recognized as the key risk factor for
NAFLD. To understand if SFN plays a role in altering insulin
resistance, GTTs and ITTs were performed to assess the glucose
homeostasis and insulin sensitivity in mice with or without SFN
supplement. At the baseline, both fasting glucose and insulin
levels were higher in mice fed a HFD compared to mice fed a ND.
Of which, the lower levels were observed in HFD-mice with SFN
supplement (Fig. 3a, b). In addition, a decreased response to
glucose load in the HFD-mice was reversed post SFN supplement
(Fig. 3c), indicative of an effect of SFN on improving glucose
tolerance. Consistently, a rapid response of glucose to insulin load
was evident in HFD-mice with SFN supplement (Fig. 3d), along
with a decreased insulin resistant index (HOMA-IR) score (Fig. 3e).
Thus, SFN supplement in mice significantly improves obesity-
related insulin sensitivity and glucose tolerance.

SFN induces hepatic FGF21 signaling and inhibits p38MAPK
Previous studies have shown that ER stress is involved in the
regulation of hepatic steatosis. To determine whether ER stress was
associated with SFN-ameliorated NAFLD, glucose regulated protein
78 (GRP78), activating transcription factor 6 (ATF6) and C/EBP
homologous protein (CHOP) protein levels were examined by
immunoblotting. Although GRP78 protein level was unaltered,
enhanced ATF6 and CHOP protein levels were observed in mice
fed a HFD compared to mice fed a chow diet, suggesting obesity-
induced hepatic ER stress. Of interest, elevated protein expression
of hepatic ATF6 and CHOP were significantly reduced by SFN
supplement (Fig. 4a, b), indicating an inhibitory role of SFN in ER
stress.

Considerable literatures have shown that FGF21 is not only an
energy metabolic regulator but also a stress hormone to maintain
metabolic homeostasis [34-36]. To understand if FGF21 was
involved in the above effects of SFN, we detected the protein
expressions of FGF21, FGF receptor 1 (FGFR1) and obligatory co-
receptor BKlotho in liver, epididymal white adipose tissue (eWAT)
and brown adipose tissue (BAT). Hepatic FGF21 protein level was
increased in HFD-fed mice and further aggravated by SFN (Fig. 4c,
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d). However, no change in FGF21 protein expression was observed
in eWAT and BAT between HFD and HFD + SFN group (Supple-
mentary Fig. S2). The protein expression of hepatic FGFR1 was
reduced by HFD, which was prevented upon SFN supplement
(Fig. 4c, d). However, the alterations of hepatic FGFR1 did not
occur in eWAT and BAT (Supplementary Fig. S2). In addition, the
expression of BKlotho was affected neither in liver nor in eWAT
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and BAT between HFD and HFD + SFN group (Supplementary
Fig. S2). Next, we examined the signaling of MAPK, including p38,
ERK1/2 and JNK1/2 as the downstream of FGF21. SFN supplement
significantly suppressed phosphorylation of p38MAPK level with-
out affecting ERK and JNK in the liver (Fig. 4e, f). Thus, SFN
increased hepatic FGF21 and FGFR1 expressions and reduced
P38MAPK phosphorylation in mice with NAFLD.
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Beneficial effect of SFN on NAFLD is diminished with the
knockdown of FGFRT in vitro
To further understand the mechanism of SFN in NAFLD, we
treated the HepG2 cells with FFAs for 24 h to establish an in vitro
model, then followed by incubating with SFN at different doses for
additional 24 h. SFN (<20 uM) has been proven not to affect the
viability of HepG2 cells at 24 h and 48 h (Supplementary Fig. S3a).
We found that 20 uM SFN increased FGF21 protein level in the
absence of FFAs (Fig. 5a). Of interest, FFAs treatment also
increased FGF21 protein expression (Fig. 5a), which were further
enhanced by SFN in a dose-dependent manner (Fig. 5a). 20 uM
SFN showed the best effect on down-regulating FAS, PPARy,
whereas downregulation of phosphorylated p38MAPK was
evident even with 10uM SFN (Fig. 5a, b). In consistent with
results in cellular FGF21, secreted FGF21 was also increased post
SFN treatment (Supplementary Fig. S3b). Unlike FGF21, the protein
expression of FGFR1 and BKlotho was reduced in the presence of
FFAs, of which, the reduction was prevented by SFN treatment
(Fig. 5¢, d). Importantly, the recovery of FGFR1 protein occurred
earlier at 1h than BKlotho at 2h and FGF21 at 4h post SFN
(Fig. 5¢, d), implicating a functional reaction of SFN on FGFR1
molecules before the sequential reactions on 3Klotho and FGF21
molecules. In consistent, a decrease in phosphorylated p38MAPK
was evident at 1 h post SFN (Fig. 5¢, d). Treatments with SFN alone
also increased FGF21, FGFR1 and BKlotho protein levels at
different time points (Supplementary Fig. S3c). To further under-
stand the relationship of SFN with FGFR1 and FGF21, we checked
if SFN-associated alterations on their protein levels were due to
any effect on gene transcription. The mRNA levels of FGF21 and
FGFR1 were unaffected at 1h, 2h and 4h post SFN treatment
(Fig. 5e), which means SFN affected protein of FGFR1 not mRNA.
In addition, we also investigated the effect of SFN on the
downstream of FGF21/FGFR1 axis by knockdown of FGFRT via RNA
interference. The higher silencing efficiency siRNA Oligos were
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used in subsequent study after Western blot tests (Fig. 5f, g, j, k).
SFN-mediated a rapid up-regulation of FGF21 and downregulation
of phosphorylated p38MAPK were weakened with RNA inter-
ference of FGFR1 (Fig. 5h, i). Furthermore, knockdown of p38
blunted SFN-mediated downregulation of FAS and PPARy protein
levels (Fig. 51, m). Consistently, the reduced lipid deposition in SFN
treated HepG2 cells was weakened after FGFRT and p38 knock-
down (Supplementary Fig. S3d, e). Taken together, SFN acts on
FGFR1 rather than FGF21 to rescue mice from FGF21-resistant
status.

SFN combines with exogenous FGF21 to further improve hepatic
steatosis in HFD-fed mice

To further clarify the association between FGF21 and SFN in
mediating hepatic steatosis and inflammation, mice were
administered rmFGF21 (1.5mg/kg, ip. every other day) for
3 weeks with or without SFN supplement (Supplementary
Fig. S1b). Formation of fat droplets was reduced in the livers of
HFD-mice with single SFN or rmFGF21 treatment. Of which, a
further reduction was evident in mice with combination of SFN
and rmFGF21 (Fig. 6a, b). Consistently, lowest levels of liver weight
and hepatic TG were observed in mice with combination of SFN
and rmFGF21 relative to single SFN or rmFGF21 treatment (Fig. 6c,
d). However, neither the indices of liver to body weight nor level
of hepatic TC was altered in mice following treatment with single
SFN, rmFGF21 and a combination of SFN and rmFGF21 (Fig. 6¢, d).
The gene expression levels of pro-inflammatory cytokines //7b and
Tnf were decreased in the single SFN and rmFGF21 group and
further decreased following combined treatment (Fig. 6e). Plasma
lipid results showed that circulating TG, TC and HDL levels were
significantly reduced in SFN + rmFGF21 group compared to single
SFN or rmFGF21 treatment, while LDL, ALT and AST levels had no
change among three groups (Fig. 6f, g). Furthermore, hepatic
p38MAPK phosphorylation and PPARy levels were dramatically
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reduced in mice with combined treatment compared to single
rmFGF21 treatment (Fig. 6h, i and Supplementary Fig. S4a-c).
Interestingly, FAS protein levels were increased dramatically under
exogenous FGF21 treatment with or without FFAs, but returned to
normal level when treatment with combination of SFN and FGF21
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in the HepG2 cells. Similar results were observed in PPARy protein
expression (Fig. 6j, k), indicating an inhibitory effect of SFN on FAS
and PPARy expression. Thus, FGF21 is indispensable in SFN-
ameliorated hepatic steatosis and SFN might concert with
exogenous FGF21 to protect NAFLD.
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Fig. 6 SFN combines with exogenous FGF21 to further improve hepatic steatosis in vivo and in vitro. a, b Representative images of lipid
droplets by H&E staining (original magnification, x200; scale bars, 100 pm) and by oil red O (original magnification, x100; scale bars, 200 pm). c
Liver weight (left panel) and liver-to-body weight indices (%) (right panel). d Content of liver TG (left panel) and TC (right panel). e
Quantification of the hepatic genes involved in inflammation. f Levels of plasma TG, TC, LDL and HDL. g Levels of plasma ALT (left panel) and
AST (right panel). h, i Representative blots of pp38 and PPARy in liver and densitometric analysis. j, k pp38, PPARy and FAS protein levels were
determined by immunoblotting with or without exogenous treatment with FGF21 under SFN treatment and densitometric analysis (n are of
three independent experiments). n = 8. Data are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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DISCUSSION

In the present study, we provide several novel findings. Firstly, SFN
alleviated hepatic steatosis and inflammation in association with
reducing lipogenesis, increasing lipolysis and fatty acid oxidation.
Secondly, HFD caused a compensatory increase in hepatic FGF21
and decreased FGFR1 expression along with an elevated
phosphorylation of p38MAPK in mouse liver. However, SFN
prevented HFD-mediated reduction of FGFR1 along with reducing
the phosphorylation of p38MAPK. In addition, the effect of SFN on
FGF21 and FGFR1 protein was replicated in the HepG2 cells in the
presence of FFAs. More importantly, SFN-mediated recovery of
FGFR1 occurred at the earlier time point before enhancing FGF21,
in conjunction with a decrease in the phosphorylation of
pP38MAPK. Furthermore, the effect of SFN on preserving FGFR1
protein was on the translational rather than transcriptional level as
mMRNA levels of FGFR1 was unaffected by SFN. Lastly, gene
silencing of FGFR1 abolished the effect of SNF on upregulating
FGF21 and down-regulating phosphorylated p38MAPK, and gene
silencing of p38 blunted SFN-mediated downregulation of FAS
and PPARy. Meanwhile, SFN with exogenous FGF21 improved
hepatic steatosis in HFD-fed mice. Thus, SFN may serve as a
stabilizer of FGFR1 and BKlotho, thereby enhancing the expression
of FGF21. Through which, it prevents the phosphorylation of
p38MAPK, thereby alleviating lipid metabolism disorders in vivo
and in vitro.

It is well known that effective signal transduction of FGF21 is
promoted after its binding to FGFR1 and fKlotho [37, 38].
Paradoxically, obesity increases circulating FGF21 in both mice
[25] and humans [39], most likely as a result of increased fatty liver,
which suggests that obesity leads to an FGF21-resistant state [40].
Although the physiology of FGF21 is complicated because it is
synthesized in multiple organs and can act on multiple target
tissues, SFN enhances FGF21 expression only in mouse liver. This
suggests a liver specificity of SFN/FGF21 signaling that can
modulate NAFLD. As FGF21 binds to FGF receptors with extremely
low affinity, although FGFR1 has the highest affinity for FGF21 [37],
one would propose that the increased level of FGF21 in obesity
lacks of sufficient amount of FGFR1 to form a functional complex.
However, SFN rapidly enhances the protein levels of FGFR1 along
with a decrease in the phosphorylation of p38MAPK, which
strongly indicates that SFN promotes FGF21 signaling in vivo that
starts from modulating FGFR1. It is currently unknown whether
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SFN prevented degradation of FGFR1 or enhanced translation of
FGFR1. It would be interesting to investigate this with the follow-
up studies. This notion is further supported by the result that SFN
does not have a rapid gene effect on FGFR1 and FGF21.
Meanwhile, the maximum reduction in the phosphorylation of
P38MAPK is evident only with additional elevated FGF21 protein
by SFN, demonstrating that SFN enables an effective signal
transduction of FGF21 through promoting interaction of FGF21
with FGFR1 and BKlotho.

Treatment with SFN does not affect HFD-induced weight gain
(Supplementary Fig. S5a, b), but reduced hepatic TG levels. It is
noteworthy that the combination of SFN and FGF21 displays a
better effect on improving hepatic steatosis than single SFN or
FGF21 supplement. This suggests that, apart from stabilizing
FGFR1, SFN may also promote effective signaling transduction by
employing efficient amount of FGF21 to enhance the formation of
FGF21 with FGFR1. Combining the RT-gPCR results of lipid
metabolism genes, the role of SFN administration in inhibiting
excessive fat deposition was through altering lipid metabolism, via
a pathway that may be associated with p38MAPK mediated
pathway [41-43]. This notion is further supported by our results
that HFD or FFAs-mediated increase in p38MAPK phosphorylation
and FAS expression is restored by SFN supplement. In addition,
SFN-mediated decrease in FAS and PPARy protein expression in
HepG2 cells is weakened by knocking down gene of p38MAPK,
indicative of the involvement of p38MAPK in SFN-mediated fatty
acid metabolism. However, the question as to how p38MAPK
contributes to lipogenesis needs further studies to clarify. In
addition, obesity-related hepatic ER stress wase suppressed after
SFN supplement, mainly through reducing ATF6 and CHOP
protein expression rather than GRP78, suggesting that ER stress
might not be the main potential mechanism in SFN-ameliorated
NAFLD. In our study, HFD increased the protein level of Nrf2 in
whole liver extracts (Supplementary Fig. S6a, b), which is
consistent with the data that obese patients with hepatic steatosis
have higher Nrf2 protein level in liver [44]. However, SFN
supplement could not further increase the protein level of Nrf2,
which enlighten us to explore more potential molecular mechan-
isms involved in the pathogenesis of NAFLD.

In conclusion, SFN can alleviate hepatic triglyceride accumula-
tion, inflammation and improve insulin sensitivity in HFD-mice. On
the molecular level, SFN enables effective signaling transduction
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of FGF21 through enhancing the levels of FGFR1 protein thereby
rescuing mice from hepatic FGF21-resistant state. On the other
hand, SFN can also combine with exogenous FGF21 to improve
hepatic steatosis in HFD-fed mice (Fig. 7). Our studies verified that
SFN may become a promising drug to treat or relieve NAFLD.
Further investigation is required for elucidation of efficacy and
safety of combination of SFN and FGF21 on improvement of
NAFLD patients.
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