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A long-acting FGF21 alleviates hepatic
steatosis and inflammation in a mouse model
of non-alcoholic steatohepatitis partly
through an FGF21-adiponectin-IL17A
pathway
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BACKGROUND AND PURPOSE
Non-alcoholic steatohepatitis (NASH) is the most severe form of non-alcoholic fatty liver disease and is a serious public health
problem around the world. There are currently no approved treatments for NASH. FGF21 has recently emerged as a promising
drug candidate for metabolic diseases. However, the disadvantages of FGF21 as a clinically useful medicine include its short
plasma half-life and poor drug-like properties. Here, we have explored the effects of PsTag600-FGF21, an engineered long-acting
FGF21 fusion protein, in mice with NASH and describe some of the underlying mechanisms.

EXPERIMENTAL APPROACH
A long-acting FGF21 was prepared by genetic fusion with a 600 residues polypeptide (PsTag600). We used a choline-deficient
high-fat diet-inducedmodel of NASH inmice. The effects on body weight, insulin sensitivity, inflammation and levels of hormones
and metabolites were studied first. We further investigated whether PsTag600-FGF21 attenuated inflammation through the
Th17-IL17A axis and the associated mechanisms.

KEY RESULTS
PsTag600-FGF21 dose-dependently reduced body weight, blood glucose, and insulin and lipid levels and reversed hepatic
steatosis. PsTag600-FGF21 enhanced fatty acid activation and mitochondrial β-oxidation in the liver. The profound reduction in
hepatic inflammation in NASH mice following PsTag600-FGF21 was associated with inhibition of IL17A expression in Th17 cells.
Furthermore, PsTag600-FGF21 depended on adiponectin to exert its suppression of Th17 cell differentiation and IL17A
expression.

CONCLUSIONS AND IMPLICATIONS
Our data have uncovered some of the mechanisms by which PsTag600-FGF21 suppresses hepatic inflammation and further
suggest that PsTag600-FGF21 could be an effective approach in NASH treatment.

British Journal of
Pharmacology

British Journal of Pharmacology (2018) 175 3379–3393 3379

DOI:10.1111/bph.14383© 2018 The British Pharmacological Society

http://orcid.org/0000-0002-4979-5110


Abbreviations
ACSL, acyl CoA synthetase; ALT, alanine aminotransaminase; AST, aspartate aminotransaminase; CD, choline-deficient;
CD-HFD, choline-deficient with a high-fat diet; DIO, diet-induced obese; FATP, fatty acid transport protein; HCC, hepa-
tocellular carcinoma; HFD, high-fat diet; MCD, methionine- and choline-deficient; NAFLD, non-alcoholic fatty liver dis-
ease; NAS, NAFLD activity score; NASH, non-alcoholic steatohepatitis; OGTT, oral glucose tolerance test; SD, standard diet;
siRNA, short interfering RNA; WAT, white adipose tissue

Introduction
Non-alcoholic fatty liver disease (NAFLD), characterized by
hepatic steatosis, is a very common chronic liver disease
worldwide (Ma et al., 2016; Liu et al., 2016b). Hepatic steatosis
combined with other pathological changes, such as
lipotoxicity, oxidative stress and mitochondrial dysfunction,
induces non-alcoholic steatohepatitis (NASH) from NAFLD
(Michelotti et al., 2013; Bashiardes et al., 2016). The preva-
lence of NASH is estimated to be 2–5% in the general popula-
tion (Liu et al., 2016a). NASH is the most severe category of
NAFLD and is a significant risk factor for liver cirrhosis and
hepatocellular carcinoma (HCC) (Tanaka et al., 2012).
NASH-associated cirrhosis is predicted to surpass chronic
hepatitis C as the leading cause of liver transplantation in
the USA within the next 3 years (Wree et al., 2013; Cassidy
and Syed, 2016). However, currently, there is no established
treatment for NASH.

The growth factor FGF21 is a member of the FGF family
that is secreted mainly from tissues with high metabolic
activity, such as liver, pancreas, muscle and adipose tissue,
and acts in many tissues (Gimeno and Moller, 2014; Chen
et al., 2017). In humans, the circulating levels of FGF21 are
elevated in individuals with both NAFLD and NASH, suggest-
ing that FGF21 may have a role in the progression of fatty
liver disease (Liu et al., 2015). Furthermore, a range of studies
have shown a positive correlation between serum FGF21 and
typically metabolic parameters, such as free fatty acids and
triglycerides, in patients who developed NAFLD and NASH
(Liu et al., 2014). The major risk factors for NAFLD are insulin
insensitivity, obesity and dyslipidemia, which are improved
by FGF21 (Zhang and Li, 2014; Talukdar et al., 2016). In
FGF21-KO mice fed a diet deficient in methionine and
choline (MCD), the lack of FGF21 is associated with markedly
worsened hepatic steatosis, apoptosis, fibrosis, inflammation
and thus the progression to severe NASH (Reitman, 2013;
Fisher et al., 2014; Fisher and Maratos-Flier, 2016). Impor-
tantly, FGF21 treatment attenuates or eliminates the MCD
diet-induced progression to NASH (Ju et al., 2016). The first
clinical studies using an FGF21 analogue appear to redirect
the therapeutic utility of FGF21 to lipids and pathological
conditions, such as NASH (Kharitonenkov and Dimarchi,
2015; Talukdar et al., 2016). These findings support the devel-
opment of FGF21 as a novel drug candidate for the treatment
of NASH, although the mechanisms of FGF21 actions in
NASH are mostly unknown (Inagaki, 2015; Musso et al.,
2016). Recently, several studies suggested that inflammation
preceded steatosis and determined the long-term prognosis
of NASH (Wolf et al., 2014;Machado andDiehl, 2016). Recent
findings have suggested that systemic inflammation may be
orchestrated by Th17 cells in NASH pathogenesis (Harley
et al., 2014; Gomes et al., 2016). IL17A induces neutrophil
infiltration in white adipose tissue (WAT) and liver causing

NASH, and HCC. Additionally, the effects and mechanisms
of FGF21 on reducing inflammation in NASH have not been
fully addressed.

We have syntheiszed a novel recombinant polypeptide,
PsTag, that could be useful in the development of bio-drugs
with properties comparable to those achievable by PEGyl-
ation, but with potentially fewer side effects (Podust et al.,
2015; Yin et al., 2016). PsTag600-FGF21 was a fusion protein
engineered by fusing PsTag600 polypeptides to human
FGF21. This fusion protein showed not only prolonged but
also greater pharmacological effects in mice and could there-
fore be a more effective drug candidate than the unmodified
FGF21. PsTag600-FGF21 not only markedly improved the
serum half-life to 12.93 h inmice but also prevented the rapid
aggregation of native FGF21 (Yin et al., 2016). The strong
correlation between Type 2 diabetes, obesity and NASH
provides a logical justification for therapies such as
PsTag600-FGF21 that reduce body weight and enhance insu-
lin sensitivity. However, the therapeutic effects of PsTag600-
FGF21 on high-fat diet (HFD) -induced obese (DIO)mice have
only been studied in terms of reducing blood glucose and
lipid levels and reversing hepatic steatosis (Yin et al., 2016).
The effects on steatohepatitis, especially its inflammatory as-
pects, need to be assessed for PsTag600-FGF21 to be a thera-
peutic candidate for NASH.

Inmice, NASH-like hepatic pathology can be induced by a
choline-deficient (CD) diet or an MCD diet (Takahashi et al.,
2012). However, the CD or MCD diet does not promote
insulin resistance, obesity or metabolic syndrome but rather
induces weight loss and even cachexia (Wolf et al., 2014;
Nakagawa, 2015). Therefore, these dietary models do not
completely reproduce NASH and its consequences in
humans. However, mice fed with a diet deficient in choline
and with a high fat content (CD-HFD) exhibit insulin resis-
tance and obesity, as well as a human NASH-like pathology
(Takahashi et al., 2012; Wolf et al., 2014). We therefore used
a CD-HFD-induced NASHmodel, because the metabolic char-
acteristics of this model closely resemble those of human
NASH and could therefore provide a broader measurement
of a range of relevant pharmacodynamic parameters. In this
study, our objective was to evaluate the effects of PsTag600-
FGF21 in NASH and to provide mechanistic insights into its
underlying anti-inflammatory effects.

Methods

Animals
All animal care and experimental protocols complied with
the Laboratory Animal Management Regulations in China
and the ethical committee at China Pharmaceutical Univer-
sity. All animals were used in accordance with the procedures
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approved by the College of Veterinary Medicine Yangzhou
University and Use Committee (licence No. SCXK (Su)
2012–0004). Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015).

In pharmacological studies,male C57BL/6mice at 3 weeks
of age were used. All animals were provided by the Animal
Facility at the College of Veterinary Medicine, Yangzhou
University. The mice were kept as follows: 4 per cage for a
single-dose pharmacodynamics study in NASH mice; 5 per
cage for a 15 day pharmacological study in NASH mice. All
animals were housed in a temperature-controlled (22–24°C)
environment with a relative humidity of 60–70% and a 12 h
light and 12 h dark cycle. Apart from the NASH mice, all
animals received water and food ad libitum. Mice were main-
tained on their respective diets during the treatment period.
After 12 weeks of a diet period, either a standard diet (SD)
(XIETONG, China) or a CD-HFD (44.9 kcal% fat, 35.1 kcal%
carbohydrates and 20.0 kcal% protein, without added
choline) (D05010402, Research diets, New Brunswick, NJ,
USA), the mice were randomly assigned to the treatment or
vehicle group.

General procedures
We chose the CD-HFD-induced NASH mouse model be-
cause the metabolic characteristics of this model more
closely resemble those of human NASH (Wolf et al., 2014;
Chackelevicius et al., 2016) and this model provides
measurements of a broader range of relevant metabolic
parameters than those available for CD or MCD diet-
induced NASH.

Randomization was conducted by an individual other
than the operator. The animals were selected randomly from
the pool of all cages eligible for inclusion in the study and
were randomly divided into groups.

The group sizes were as follows: 8 per group for a single-
dose pharmacodynamics study in NASH mice and 10 per
group for a 15 days pharmacological study in NASH mice.
We used the minimum possible number of mice that would
achieve statistical significance.

Experimental procedures in mice
In vivo biology. In a single-dose pharmacodynamics study,
mice (n = 32) were randomly divided into four
groups, which were injected i.p. with vehicle, FGF21
(1 mg·kg�1; 51 nmol·kg�1) or PsTag600-FGF21 (0.37 and
3.7 mg·kg�1; 3.7 mg·kg�1 PsTag600-FGF21 is equivalent to
51 nmol·kg�1 FGF21). The coding sequence of human
FGF21 (NCBI accession no. AAQ89444.1) and PsTag600
(NCBI accession no KT964028) was synthesized by GenScript
(Nanjing, China). Native FGF21 and PsTag600-FGF21 were
purified as described (Yin et al., 2016). Body weight was
measured every day for 7 days after the single injection.
The serum concentrations of FGF21 were measured with a
sandwich ELISA (DF2100, R&D Systems, Minneapolis,
MN, USA).

In the 15 day pharmacological study, i.p. injections of
vehicle, 0.37 or 3.7 mg·kg�1 PsTag600-FGF21, were adminis-
tered every 3 days for 15 days. Body weight and food and
water intakes were recorded daily throughout the study. Body
composition was measured on day 12 using a MesoMR23-

060H-I imaging instrument (Shanghai Niumag Corporation,
China). On day 13, plasma was collected from the retro-
orbital sinus of each mouse to measure blood glucose, gluca-
gon, insulin, triglyceride, cholesterol, free fatty acid,
adiponectin, alanine aminotransaminase (ALT) and aspartate
aminotransaminase (AST) levels. An oral glucose tolerance
test (OGTT) was performed on day 14 with an intragastric
administration of a glucose solution (2 g·kg�1) after a 12 h
fast. Tissues were collected for lipid analyses, mRNA and
protein expression analyses and histological examinations.

For co-administration of PsTag600-FGF21 and rIL17A,
mice were injected i.p. with 3.7 mg·kg�1 PsTag600-FGF21
every 3 days and with 25 μg·kg�1 recombinant mouse
IL17A (Z03031, GenScript, Nanjing, China) twice a day
for 15 days. For rIL17A treatment, mice were injected i.p.
with 25 μg·kg�1 recombinant mouse IL17A (Z03031,
GenScript, Nanjing, China) twice a day for 15 days. To
neutralize adiponectin in vivo, mice were injected i.p.
(100 μg per mouse) with anti-adiponectin (ab3455, Abcam,
Cambridge,MA,USA)or control IgGonceaweekand3.7mg·kg�1

PsTag600-FGF21 every 3 days for 15 days. Body weight
and food and water intakes were recorded every day.
Tissues were collected for histological and immunohisto-
chemical analyses.

T1-weighted magnetic resonance imaging
(MRI)
T1-weighted MRI was measured as previously described (Yin
et al., 2016) and performed using the MesoMR23-060H-I
imaging instrument (Shanghai Niumag Corporation).

Evaluation of hormones and metabolites
Plasma insulin, adiponectin, glucagon (Millipore Billerica,
MA, USA) and IL17A (Abcam, Cambridge, MA, USA) levels
were determined with ELISA kits, and ELISA was conducted
following the protocol provided by the manufacturer. Plasma
cholesterol, triglyceride, free fatty acids, ALT and AST were
measured with an autoanalyser (Hitachi 7020; Hitachi,
Tokyo, Japan). The lipids were measured with a cholesterol kit
(A111–1, Jiancheng, Nanjing, China) and a triglyceride kit
(A110–1, Jiancheng, Nanjing, China). Long-chain acyl CoAs
weremeasured using liquid chromatography and tandemmass
spectrometry by the Key Laboratory of Drug Quality Control
and Pharmacovigilance at China Pharmaceutical University.
Blood glucose was measured at 0, 15, 30, 60, 90 and 120 min
with a One Touch glucometer (Sannuo, Changsha, China).
The glucose AUC during the OGTT from 0 to 120 min was cal-
culated by the linear trapezoidal method (GraphPad Prism 5,
GraphPad Software Inc., San Diego, CA, USA).

Histological and immunohistochemical
analyses
Freshly harvested livers were fixed immediately in 10% (v/v)
zinc-formalin. Tissue samples were embedded in paraffin,
cut to a thickness of 4 μm and stained with haematoxylin
and eosin (H&E) and Masson’s trichrome. For Oil-red O
staining, liver samples were frozen in liquid nitrogen and
sectioned at 8 μm thickness using a cryostat. Liver samples
were graded based on the NAFLD activity score (NAS) (Kleiner
et al., 2005). For the immunohistochemical analysis, the liver
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sections were incubated with a primary anti-CD3 (ab16669,
Abcam, Cambridge, MA, USA) or anti-F4/80 antibody
(ab6640, Abcam, Cambridge, MA, USA), followed by incuba-
tion with the corresponding secondary antibody.

Gene expression analysis
Total RNA was extracted from the mouse livers, differentiated
3T3-L1 adipocytes and naïve CD4+ T cells by using the
EasyPure™ RNA Kit (TransGen, Beijing, China), and comple-
mentary DNA was synthesized using the GoTaq® 2-Step RT
qPCR System (Promega, Madison, Wisconsin, USA). Quanti-
tative RT-PCR was performed using SYBR Green (Applied
Biosystem, Foster City, CA, USA) according to the manufac-
turer’s instructions (StepOne Plus, Applied Biosystem). The
data were analysed by using the ΔΔCt method and normal-
ized to the internal control, β-actin mRNA. Primers were
designed and synthesized by GenScript (Nanjing, China)
and are listed in Supporting Information Table S1.

Preparation of cells and flow cytometry analysis
Mononuclear cells in the liver were isolated and labelled as
previously described (Gomes et al., 2016) and then stimulated
with ionomycin and PMA (BD Biosciences, San Jose, CA,
USA) for another 4–6 h after initial activation for 72 h. The
cells were also treated with 2 μL·mL�1 Leukocyte Activation
Cocktail, with GolgiPlug (BD Biosciences, San Jose, CA,
USA). The cells were collected and washed after 4–6 h
and then incubated with anti-mouse CD16/CD32
(Biolegend, San Diego, CA, USA) for 30 min to block non-
specific Fc interactions. Then, the cells were stained with
APC-anti-mouse CD4 (Biolegend, San Diego, CA, USA) for
20 min at 4°C in the dark. After washing twice with stain-
ing buffer (eBioscience, San Diego, CA, USA), the cells were
fixed and permeabilized using Cytofix/Cytoperm solution
(eBioscience, San Diego, CA, USA) for 20 min at 4°C in
the dark, and the intracellular cytokine was stained using
PE-anti-mouse IL17A (Biolegend, San Diego, CA, USA) for
40 min at 4°C in the dark. Then, the cells were centrifuged
and washed to remove unbound antibodies. All protocols
were according to the manufacturer’s instructions. FACS
analysis was performed on a Becton-Dickinson FACS
Calibur (BD Biosciences, San Jose, CA, USA), and data were
analysed using FlowJo software (Tree Star Inc., USA).

In vitro assays
The 3T3-L1 preadipocytes, AML12 cells andC2C12myoblasts
were obtained from the American Type Culture Collection
(ATCC,Manassas, USA). Induction of preadipocyte differenti-
ation was performed according to the method described
previously (Yin et al., 2016). Briefly, the differentiation of
3T3-L1 fibroblasts was induced 2 days later in DMEM
supplemented with 10% FBS, 1 μmol·L�1 dexamethasone,
0.5 mmol·L�1 3-isobutyl-1-methylxanthine and 1 μg·mL�1

insulin (48 h); the medium was then changed to
DMEM/10% FBS/1 μg·mL�1 insulin (48 h).

The spleens were dissected fromC57BL/6mice and passed
through sterilized 70 μm cell strainers (BD Biosciences, San
Jose, CA, USA) to obtain single-cell suspensions in IMDM
containing 10% FBS (Invitrogen, Carlsbad, CA, USA). Red
blood cells were lysed with RBC lysis buffer (eBioscience,
San Diego, CA, USA). Naïve CD4+ T cells were purified by

using anti-CD4 magnetic beads (Miltenyi Biotech, Bergisch
Gladbach, Germany).

For mouse Th17 differentiation, naïve CD4+ T cells were
stimulated with plate-bound anti-mCD3 (5 μg·mL�1,
eBioscience, San Diego, CA, USA) and soluble anti-mCD28
(1 μg·mL�1, eBioscience, San Diego, CA, USA). The follow-
ing were used to stimulate the Th17 polarized condition:
mIL-6 (10 ng·mL�1, R&D Systems, Minneapolis, MN,
USA), mTGF-β (1 ng·mL�1, R&D Systems, Minneapolis,
MN, USA) and mIL-23 (10 ng·mL�1, R&D Systems, Minne-
apolis, MN, USA). Recombinant mouse adiponectin
(Z03148, GenScript, Nanjing, China) was absent or present
in parallel wells to show its effect on Th17 cell differentia-
tion. For intracellular cytokine detection, cells were stimu-
lated with PMA and ionomycin for another 4–6 h after
initial activation for 72 h.

Differentiated 3T3-L1 adipocytes and naïve CD4+ T cells
were cultured in IMDM supplemented with 10% FBS.
Coculture of adipocytes and naïve CD4+ T cells was
performed using a transwell system (Corning, Acton, MA,
USA) with a 0.4 μm porous membrane to separate the upper
and lower chambers. In the lower chamber, 2.5 × 105 differen-
tiated 3T3-L1 adipocytes were cultured, whereas 5 × 105 naïve
CD4+ T cells were cultured in the upper chamber. The
cells were treated with the indicated concentrations of
PsTag600-FGF21 in the presence or absence of the PPARγ
antagonist GW9662 (HY-16578, MCE, NJ, USA) or short
interfering RNA (siRNAs) for the indicated times.

Immunoblotting
Western blot analyses were performed using standard
methods with commercially available antibodies. Anti-CCL2
(ab8101), anti-TNFα (ab6671), anti-adiponectin (ab22554),
anti-adiponectin receptor 1 (ab126611) and anti-adiponectin
receptor 2 (ab77612) antibodies were obtained from Abcam
(Cambridge, MA, USA). Anti-mouse IL-17/IL-17A (MAB421)
and anti-mouse klotho β (AF2619) antibodies were obtained
from R&D Systems (Minneapolis, MN, USA). Anti-β-actin
antibody was obtained from ZSGB-Bio (Beijing, China). The
corresponding secondary antibodies were obtained from
Sangon Biotech (Shanghai, China). The protein concentra-
tion was determined using the Bradford Protein Assay Kit
(Beyotime Institute of Biotechnology, Shanghai, China). The
images were calculated by densitometric scanning using
Quantity One® (Bio-Rad, Hercules, CA, USA). The signal
intensity of CCL2, TNFα and IL17A was normalized to the
one of β-actin to control for unwanted variations.

RNA interference
Accell siRNAs against adiponectin (SMARTpool) andAdipo1
receptor (SMARTpool) and non-targeting control siRNA
were obtained from GE Dharmacon. All transfections were
performed using Accell siRNA reagents following the
manufacturer’s instructions (GE Dharmacon). Naïve CD4+ T
cells were cultured with anti-CD3 along with anti-mCD28
antibody for specific activation for 36 h. Then, the cells were
centrifuged at 1000× g for 10 min to exchange the Th17-
polarizing medium (mIL-6, mTGF-β and mIL-23) in the
presence of 1 μmol·L�1 siRNA. The gene expression levels of
adiponectin and Adipo1 receptor were quantified by RT-PCR
as described above.
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Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations for experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). All statistical analyses were
performed using GraphPad Prism 5 (GraphPad Software
Inc., San Diego, CA, USA). Data were compared by two-way
ANOVA, followed by post hoc Student–Newman–Keuls tests,
and all data were expressed as the mean ± SD. Post hoc tests
were run only if F achieved P < 0.05 and there was no
significant variance inhomogeneity. A P value below 0.05
(P < 0.05) was considered significantly different.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharma-
cology.org, the common portal for data from the IUPHAR/
BPS Guide to PHARMACOLOGY (Harding et al., 2018), and
are permanently archived in the Concise Guide to PHARMA-
COLOGY 2017/18 (Alexander et al., 2017a,b,c,d).

Results

The effect of single injections of FGF21 and
PsTag600-FGF21 on body weight in NASH
mice
The systemic effects of single i.p. injections of native FGF21
and PsTag600-FGF21 on body weight were assessed in CD-

HFD-induced NASH mice. The CD-HFD induced a more than
16-fold increase in serum FGF21 (Supporting Information
Figure S1). Meanwhile, the single injection of PsTag600-
FGF21 (3.7 mg·kg�1) significantly increased serum FGF21
level lasting until day 5. As shown in Figure 1A, body weight
was decreased by 2.3 g at 3 days after treatment with the high
dose of PsTag600-FGF21 (3.7 mg·kg�1) and lasted until day 7,
whereas no loss of body weight was detected after injection of
native FGF21. Treatment with the low dose of PsTag600-
FGF21 (0.37 mg·kg�1) also reduced body weight until day 3.
It was worth noting that the serum half-life of native FGF21
in mice was very short (approximately 15–30 min) (Yin et al.,
2016; Kharitonenkov and Dimarchi, 2017), which could
account for its lack of effect on body weight. Significant
reductions in liver cholesterol and triglycerides were
observed in the PsTag600-FGF21 (3.7 mg·kg�1) treated group
compared with the vehicle control at the end of the study
(Supporting Information Figure S2).

A long-acting human FGF21 fusion protein,
PsTag600-FGF21, attenuates the development
of steatohepatitis
To evaluate the effect of PsTag600-FGF21 on NASH,
we treated CD-HFD-induced NASH mice for a period of
15 days with PsTag600-FGF21 (0.37 and 3.7 mg·kg�1 i.p.
every 3 days). Treatment with PsTag600-FGF21 (0.37 and
3.7 mg·kg�1) reduced body weight by 11.0 and 26.2% at
the end of 15 days of study (Figure 1B) and was associated

Figure 1
Physiological effects of PsTag600-FGF21 in CD-HFD-induced NASHmice. (A) Body weight change wasmeasured daily for 7 days. NASHmice were
injected i.p. with a single dose on day 0 (n = 8 per group). (B) In a 15 day pharmacological study, body weight was monitored every day (n = 10 per
group). (C) Liver weight/body weight (%) of mice after 15 days of treatment. (D) T1-weightedMRI images (top) and the fat highlight images (bot-
tom) of mice were shown. (E) Body compositions were analysed. (F) Change in body composition adjusted to body weight. Data shown are
means ± SD. *P < 0.05, significantly different from vehicle-treated NASH mice).
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with 17.0 and 21.2% reductions in liver-to-body-weight
ratios respectively (Figure 1C). PsTag600-FGF21 also dose-
dependently reduced liver, inguinal WAT and brown adi-
pose tissue weight compared with vehicle-treated NASH
mice (Table 1).

After 12 days of treatment, T1-weighted MR images were
used to evaluate whole-body fat distribution in NASH mice
associated with obesity. PsTag600-FGF21 significantly
reduced signal (dark zones) in the whole-body scan,
compared with vehicle-treated NASH mice (Figure 1D). In
terms of body composition, treatment with PsTag600-
FGF21 (0.37 and 3.7 mg·kg�1) was associated with 34.6 and
60.5% reductions in body fat mass respectively (Figure 1E).
Similarly, lean mass and total water in NASH mice were also

significantly reduced (Figure 1E). Body weight loss mirrored
reductions in body fat content (Figure 1F).

We next measured the effects of PsTag600-FGF21 on
glucose and lipid metabolism. A glucose tolerance test was
performed on study day 14 after a 12 h fast (Figure 2A).
PsTag600-FGF21 protected against CD-HFD-induced glucose
tolerance. The AUC for blood glucose after treatment with
PsTag600-FGF21 (3.7 mg·kg�1) was reduced by 35.9%
(Figure 2A) compared with vehicle-treated NASH mice.
Treatment with either dose of PsTag600-FGF21 reduced
circulating levels of cholesterol (Figure 2B), triglycerides
(Figure 2C), AST (Figure 2D) and ALT (Figure 2E) on day 15
of treatment in comparison with the vehicle-treated CD-
HFD group. Hepatic cholesterol and triglycerides content

Table 1
Metabolic parameters in mice fed a Standard diet (SD) or the CD- HFD and treated with vehicle and PsTag600-FGF21

Parameters

SD CD-HFD

Vehicle Vehicle
PsTag600-FGF21
0.37 mg·kg�1

PsTag600-FGF21
3.7 mg·kg�1

Body weight (g) 27.6 ± 0.6a 36.6 ± 0.9 29.0 ± 1.2a 24.2 ± 1.0a

Liver weight (g) 0.89 ± 0.11a 1.69 ± 0.21 1.11 ± 0.08a 0.88 ± 0.10a

iWAT weight (g) 0.38 ± 0.15a 1.68 ± 0.20 1.08 ± 0.21a 0.45 ± 0.26a

BAT weight (g) 0.10 ± 0.02 0.13 ± 0.02 0.10 ± 0.04 0.08 ± 0.02a

Plasma insulin (nmol·L�1) 2.5 ± 1.1a 13.7 ± 4.5 2.6 ± 0.4a 1.3 ± 0.4a

Plasma fed glucose (mmol·L�1) 6.63 ± 0.90a 8.90 ± 0.35 6.53 ± 0.32a 5.67 ± 0.75a

Plasma fasting glucose (mmol·L�1) 5.20 ± 0.41a 6.33 ± 0.75 3.73 ± 0.69a 4.5 ± 0.45a

Plasma glucagon (pg·mL�1) 279 ± 28 283 ± 43 223 ± 13 235 ± 16

Plasma free fatty acid (mmol·L�1) 1.06 ± 0.15 1.15 ± 0.26 0.72 ± 0.04a 0.58 ± 0.10a

n = 10 per group. Data are means ± SD. BAT, brown adipose tissue; iWAT, inguinal WAT.
aP < 0.05, significantly different from vehicle-treated NASH mice.

Figure 2
Effects on glucose tolerance, levels of hormones and metabolites. (A) For OGTT, blood glucose and the glucose AUC from 0 to 120 min were
measured. (B) Serum cholesterol. (C) Serum triglyceride. (D) Plasma AST. (E) Plasma ALT. (F) Liver cholesterol. (G) Liver triglyceride. (H) Liver total
long-chain acyl CoA. (I) Serum adiponectin. Data shown are means ± SD (n = 10 per group). *P< 0.05, significantly different from vehicle-treated
NASH mice.
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after PsTag600-FGF21 treatment were also significantly
reduced (Figure 2F, G). Meanwhile, there was a profound
increase in total long-chain acyl CoA content in the livers
(Figure 2H). Changes in glucose homeostasis were also
detected, including reduced insulin, fed glucose, fasting
glucose and free fatty acids (Table 1).

Histological examination of hepatic sections stained with
H&E (Figure 3A) and Oil-red-O (Figure 3B, G) showed that
there were extensive microvesicular cellular vacuoles,
reflecting intrahepatic fat accumulation in CD-HFD-induced
NASHmice. The average NAS in vehicle-treated NASH groups
was 5.2 (Figure 3F), indicating that these scores were largely
considered diagnostic of NASH (Kleiner et al., 2005). In
contrast, hepatocellular vacuolization and lipid droplets
were seldom observed in hepatic sections from PsTag600-
FGF21-treated NASH mice (Figure 3A, B, G). The NAS of
PsTag600-FGF21-treated group was also significantly
decreased (Figure 3F). As shown in Figure 3C, Masson’s
trichrome staining of liver revealed that PsTag600-FGF21
treatment resulted in a significant reversal effect of
pericellular fibrosis. We next investigated whether
PsTag600-FGF21 treatment affected the infiltration of hepatic
immune cells in CD-HFD-induced NASH mice. Strong
increases in intrahepatic immune cells comprised CD3+ T
cells and F4/80+ macrophages in CD-HFD compared with
SD mice (Figure 3D, E, H, I). PsTag600-FGF21 treatment sig-
nificantly reduced CD3+ T cells and F4/80+ macrophages
levels (Figure 3D, E, H, I).

To investigate the related gene expression by which
PsTag600-FGF21 exerted its effects on NASH, we first studied
the transcription of key genes involved in fatty acids

activation and mitochondrial β-oxidation in the liver. Long-
chain fatty acids are activated to acyl CoAs by several acyl
CoA synthetases (ACSLs) and several fatty acid transport pro-
teins (FATPs) (Ellis et al., 2010; Li et al., 2010). Treatments
with PsTag600-FGF21 markedly increased the expression of
ACSL1, ACSL5 and FATP5 compared with vehicle-treated
NASH mice (Figure 4A). PsTag600-FGF21 treatment led to a
significant increase in the mRNA for PPARγ coactivator 1α to
enhance mitochondrial β-oxidation (Figure 4A). Next, in
addition to its potent anti-steatosis actions, PsTag600-
FGF21 also suppressed hepatic inflammation in NASH mice
as indicated by reduced mRNA levels of several hepatic in-
flammatory markers (Figure 4B). Fifteen days of treatment
with PsTag600-FGF21 significantly reduced the expression
of CCL2, TNFα, IL-6, IL-1β, F4/80 and CD68 (Figure 4B).
The TGFβ1 gene involved in fibrosis was down-regulated
after PsTag600-FGF21 treatment (Figure 4B). Reduced CCL2
and TNFα protein levels were also observed in the livers of
PsTag600-FGF21-treated NASH mice (Figure 4C, D).

PsTag600-FGF21 suppressed infiltration of
Th17 cells and IL17A expression in NASHmice
To investigate how PsTag600-FGF21 suppressed hepatic
inflammation, we examined whether PsTag600-FGF21 had
the potential to modulate IL17A expression. Flow cytometry
analysis of CD-HFD-induced NASH mice showed significant
increase in IL17A-expressing Th17 cells in livers (Figure 5A).
The number of Th17 cells was lower in PsTag600-FGF21-
treated NASH mice than that in the untreated NASH mice
(Figure 5A). Decreased gene expressions of IL17A and the

Figure 3
Tissue histological and immunohistochemical analyses. Representative histology and IHC on liver sections after the treatment of PsTag600-FGF21,
PsTag600-FGF21 (3.7 mg·kg�1) + rIL17A or rIL17A. From A to E: H&E, Oil-red-O, Masson, CD3 and F4/80 (200× magnification). (F) NAS. (G–I)
Quantification analysis of Oil-red-O, CD3 and F4/80 using image analytical software Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA). Data shown are means ± SD (n = 5 per group). *P< 0.05 significantly different from vehicle-treated NASHmice. #P< 0.05, significantly
different from PsTag600-FGF21-treated NASH mice.
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Figure 5
The roles of IL17A in CD-HFD-induced NASHmice. (A) Flow cytometry analysis and quantification of IL17A expression on CD4+ T cells in the livers.
(B) Relative mRNA levels of IL17A and Lcn2 in livers. (C) Western blot analysis of IL17A protein levels in the livers and quantitation of results of
Western blot using Quantity One® (Bio-Rad). (D) Serum IL17A was measured in CD-HFD-induced NASH mice with/without PsTag600-FGF21.
Data shown are means ± SD (n = 10 per group). *P < 0.05, significantly different from vehicle-treated NASH mice.

Figure 4
Gene analysis of liver. (A) Relative mRNA levels of key genes associated with hepatic metabolism in livers. ACSL; FATP; Pgc-1α, PPARγ coactivator 1α.
(B) Relative mRNA levels of proinflammatory genes in livers. CCL2; TNFα; IL-6; IL-1β; F4/80; CD68. (C, D) Western blot analysis of CCL2 and TNFα
protein levels in the livers and quantitation of results of Western blot using Quantity One® (Bio-Rad). Data shown are means ± SD (n = 10 per
group). *P < 0.05, significantly different from vehicle-treated NASH mice.
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IL17A target lipocalin2 were observed after PsTag600-FGF21
treatment (Figure 5B). Reduced levels of IL17A protein were
also measured in liver and blood of PsTag600-FGF21-treated
NASH mice (Figure 5C, D).

Recombinant IL17A reversed the
anti-inflammatory effect of PsTag600-FGF21
in NASH mice
We next tested whether recombinant IL17A (rIL17A)
injection in CD-HFD-induced NASH mice would reverse
the anti-inflammatory effect of PsTag600-FGF21. One
interesting finding was that co-administration of PsTag600-
FGF21 + rIL17A tended to further reduce body weight,
compared with the single administration of PsTag600-FGF21
(Figure 6A). However, liver-to-body-weight ratios were not
significantly different between the PsTag600-FGF21 + rIL17A
group and PsTag600-FGF21 group (Figure 6B). Glucose
tolerance tests revealed that rIL17A had no effect on glucose
tolerance (Figure 6C). Moreover, mice treated with PsTag600-
FGF21 alone showed an increase in mRNA levels of key genes
associated with hepatic metabolism, which were not
altered in mice receiving co-administration with PsTag600-
FGF21 + rIL17A (Supporting Information Figure S3). As shown
in Figure 3C–3E, 3H, 3I, co-administration of PsTag600-

FGF21 + rIL17A failed to reduce liver inflammation and
fibrosis, in contrast to mice treated with PsTag600-FGF21
alone. Compared to vehicle-treated NASH mice, both
combined administration of PsTag600-FGF21 + rIL17A
and single administration of PsTag600-FGF21 significantly
reduced liver vacuolization and intrahepatic lipid without
marked difference in efficacy (Figure 3A, B, G). However,
NASH mice treated with rIL17A alone had relatively
exacerbating NASH, which was not significantly different
from those of vehicle-treated NASH mice (Figure 3). Thus,
we suggest that the anti-inflammatory effects of PsTag600-
FGF21 were dependent on decreases in IL17A in
NASH mice.

PsTag600-FGF21 indirectly suppressed Th17
cell differentiation and IL17A expression
The effects of PsTag600-FGF21 on down-regulation Th17-
IL17A axis in vivo raised the question of the mechanism(s)
underlying these effects. We first investigated the influence
of PsTag600-FGF21 on Th17 cell differentiation in vitro.
However, PsTag600-FGF21 which was present during differ-
entiation had no effect on IL17A production in Th17 cells
(Figure 7A). We next tested whether a β-klotho exists in naïve
CD4+ T cells. As shown in Figure 7B, Western blot analysis

Figure 6
The effect of recombinant IL17A on body weight, liver weight and glucose tolerance in NASHmice. (A) In a 15 day pharmacological study, change
in body weight was monitored every day. NASH mice were injected i.p. with 3.7 mg·kg�1 PsTag600-FGF21 every 3 days and 25 μg·kg�1 rIL17A
twice a day. (B) Liver weight/body weight (%) of mice after 15 days of treatment. (C) For OGTT, blood glucose and the glucose AUC from 0 to
120 min were measured. Data shown are means ± SD (n = 10 per group). *P < 0.05, significantly different from vehicle-treated NASH mice;
#P < 0.05, significantly different from PsTag600-FGF21-treated NASH mice.
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demonstrated that a β-klotho protein was expressed in differ-
entiated 3T3-L1 adipocytes, but not in naïve CD4+ T cells.
These results indicated that the effects of PsTag600-FGF21
on Th17 cell differentiation were indirect.

Data presented in earlier research suggested that themajor
functions of FGF21weremediated through β-klotho/FGFR1c
pathway (Kharitonenkov and Dimarchi, 2015; Fisher and
Maratos-Flier, 2016). The receptor FGFR1c was expressed
broadly, but β-klotho expression wasmore restricted to tissues
such as the liver, pancreas, adipose tissue, skeletal muscle and
brain (Gimeno and Moller, 2014; Zhang and Li, 2014). Thus,
we investigated whether PsTag600-FGF21 regulated the pro-
duction of IL17A by Th17 cells through direct effects on
FGF21 target tissues. Naïve CD4+ T cells were cocultured with
differentiated 3T3-L1 adipocytes, AML12 cells and C2C12
myoblasts respectively. As shown in Figure 7C, a significant
decrease in Th17 cells only resulted from differentiated 3T3-
L1 adipocytes that were PsTag600-FGF21 treated. Meanwhile,
differentiated 3T3-L1 adipocytes without PsTag600-FGF21
had no influence on Th17 cell differentiation (Supporting
Information Figure S4). As native FGF21 had been shown to
activate PPARγ in adipocytes, we next investigated the role

of this transcription factor in PsTag600-FGF21-suppressd
Th17 cell differentiation (Dutchak et al., 2012; Lin et al.,
2013). Pretreatment of differentiated 3T3-L1 adipocytes with
the PPARγ antagonist GW9662 partly blocked the effects of
PsTag600-FGF21 in Th17 cell differentiation and IL17A
expression (Figure 7D). Thus, these results revealed that
adipocytes and PPARγ were involved in the indirect effects
of PsTag600-FGF21 on Th17 cell differentiation.

PsTag600-FGF21-treated adipocytes suppressed
Th17 cell differentiation via adiponectin
Administration of PsTag600-FGF21 (0.37 and 3.7 mg·kg�1)
resulted in a marked increase in plasma levels of
adiponectin in NASH mice (Figure 2I). Serum adiponectin
was significantly increased at 3 days after treatment with
the high dose of PsTag600-FGF21 (3.7 mg·kg�1) (Supporting
Information Figure S5). Meanwhile, adiponectin production
in differentiated 3T3-L1 adipocytes was induced by
PsTag600-FGF21 treatment (Figure 8A, B), consistent with
previous research (Holland et al., 2013). Furthermore, previ-
ous studies found that exogenous adiponectin inhibited

Figure 7
PsTag600-FGF21 indirectly suppressed Th17 cell differentiation and IL17A expression. (A) Naïve CD4+ T cells were treated with indicated concen-
trations of PsTag600-FGF21 during differentiation to Th17 cells. The supernatant IL17A levels were assayed after differentiation. (B) Naïve CD4+ T
cells were analysed for the expression of FGF21 receptor β-klotho. Differentiated 3T3-L1 adipocytes were used as a positive control. (C) Coculture
of naïve CD4+ T cells and differentiated 3T3-L1 adipocytes /AML12 cells/C2C12 myoblasts with/without PsTag600-FGF21 (3.7 μg·mL�1) during
differentiation to Th17 cells. Flow cytometry analysis and quantification of IL17A expression on CD4+ T cells after differentiation. (D) Co-culture of
differentiated 3T3-L1 adipocytes and naïve CD4+ T cells were pretreated with GW9662 (10.0 μmol·L�1) for 1 h, followed by incubation with
PsTag600-FGF21 (3.7 μg·mL�1) during differentiation to Th17 cells. The supernatant IL17A levels were assayed after differentiation. Data shown
are means ± SD (n = 6 per group). *P < 0.05, significantly different as indicated.
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Figure 8
PsTag600-FGF21 suppressed Th17 cell differentiation via adiponectin (n = 5 per group). (A, B) Differentiated 3T3-L1 adipocytes were incubated
with indicated concentrations of PsTag600-FGF21 for 24 h. Adiponectin concentration in the conditioned medium and relative adiponectin
mRNA abundance were analysed. *P< 0.05, significantly different as indicated. (C) Naïve CD4+ T cells were treated with indicated concentrations
of adiponectin during differentiation to Th17 cells. The levels of IL17A in the supernatants were assayed after differentiation. *P < 0.05, signifi-
cantly different as indicated. (D) Naïve CD4+ T cells were analysed for the expression of the adiponectin receptors, Adipo1 and Adipo2. C2C12
muscle cells were used as a positive control. (E) Naïve CD4+ T cells were transfected with Adipo1 receptor siRNA or non-targeting control siRNA.
Relative abundance of Adipo1 receptor mRNA and protein levels were analysed. *P < 0.05, significantly different as indicated. (F) Naïve CD4+ T
cells were transfected with Adipo1 receptor siRNA and were treated with adiponectin (5 μg·mL�1) during differentiation to Th17 cells. The levels
of IL17A in the supernatants were assayed after differentiation. *P< 0.05, significantly different as indicated. (G) Differentiated 3T3-L1 adipocytes
were transfected with adiponectin siRNA or nontargeting control siRNA. Relative adiponectin mRNA abundance and protein levels were analysed.
*P < 0.05, significantly different as indicated. (H) Differentiated 3T3-L1 adipocytes were transfected with siRNA against adiponectin, or naïve
CD4+ T cells were transfected with siRNA against Adipo1 receptors respectively. Differentiated 3T3-L1 adipocytes and naïve CD4+ T cells were
cocultured with PsTag600-FGF21 (3.7 μg·mL�1) during differentiation to Th17 cells. The levels of IL17A in the supernatants were assayed
after differentiation. *P < 0.05, significantly different as indicated. (I) Western blot analysis of IL17A protein levels in the livers was measured
in PsTag600-FGF21-treated NASH mice with/without an anti-adiponectin antibody. Quantitation of results of Western blot using Quantity
One® (Bio-Rad) *P < 0.05, significantly different from PsTag600-FGF21-treated NASH mice. (J) Serum IL17A in mice described in (I)
(*P < 0.05 vs. PsTag600-FGF21-treated NASH mice). (K, L) Quantification of CD3 and F4/80 from Supporting Information Figure S7. Data
shown are means ± SD. *P < 0.05, significantly different from PsTag600-FGF21-treated NASH mice.
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Th17 cell differentiation from naïve CD4+ T cells (Shibata
et al., 2015; Zhang et al., 2016). These results prompted us to
examine whether adiponectin released from differentiated
3T3-L1 adipocytes was elevated by PsTag600-FGF21 treat-
ment and suppressed Th17 cell differentiation. First of all,
we examined the in vitro effects of adiponectin on Th17 cell
differentiation. As shown in Figure 8C, IL17A production in
Th17 cells were significantly reduced by exposure to
adiponectin. Next, the expression of adiponectin receptors,
Adipo1 and Adipo2, were assessed in naïve CD4+ T cells.
The results of Western blots showed that only Adipo1
receptors were expressed in naïve CD4+ T cells (Figure 8D).
Furthermore, to determine whether adiponectin regulated
IL17A expression through Adipo1 receptors, naïve CD4+ T
cells were transfected with siRNA against this receptor,
leading to a reduction of about 74% in its mRNA (Figure 8E).
siRNA against Adipo1 receptors also down-regulated protein
levels of these receptors in naïve CD4+ T cells (Figure 8E).
Specific knockdown of AdipoR1 attenuated suppression of
adiponectin-induced IL17A expression in Th17 cells
(Figure 8F). Finally, to clarify whether PsTag600-FGF21-
treated adipocytes can modulate Th17 cell differentiation
through an adiponectin-dependent pathway, differentiated
3T3-L1 adipocytes were transfected with siRNA against
adiponectin and naïve CD4+ T cells were transfected with
siRNA against Adipo1 receptors respectively. Control experi-
ments had showed that siRNA against adiponectin could
regulate mRNA and protein levels of adiponectin in adipo-
cytes (Figure 8G). As shown in Figure 8H and Supporting
Information Figure S6, IL17A expression was significantly in-
creased when adiponectin in adipocytes or Adipo1 receptors
in naïve CD4+ T cells were specifically knocked-down.

We further blocked adiponectin signalling in PsTag600-
FGF21-treated NASH mice using an antibody against
adiponectin. Blocking adiponectin raised the levels of IL17A
protein in liver and blood of PsTag600-FGF21-treated NASH
mice (Figure 8I, J). This also significantly increased
intrahepatic CD3+ T cells and F4/80+ macrophages in
PsTag600-FGF21-treated NASH mice, compared with the
single administration of PsTag600-FGF21 (Figure 8K, L and
Supporting Information Figure S7). Taken together, these data
suggested that PsTag600-FGF21 depended on adiponectin to
suppress Th17 cell differentiation and IL17A expression.

Discussion
Therapeutic development of native FGF21 has presented
problems, such as its inherently short plasma half-life and
poor drug-like properties (Owen et al., 2014; Kharitonenkov
and Dimarchi, 2015). The recombinant PsTag polypeptide
technology showed potential for extending t1/2 that could
replace the traditional chemical polymer, PEG, in order to
design biological drugs with tailored pharmacological proper-
ties to improve studies of, and therapies for, various diseases
(Podust et al., 2015; Yin et al., 2016). This recombinant PsTag
polypeptide consists of five amino acids (Pro, Ser, Thr, Ala and
Gly), is an uncharged, hydrophilic and unstructured biologi-
cal polymer and has been shown to be safe and poorly immu-
nogenic (Yin et al., 2016). In the present study, we explored
the efficacy of a new, long-acting FGF21 attached to a

PsTag600 polypeptide, in a CD-HFD-induced NASH mouse
model and revealed some of the mechanisms responsible for
this activity. Our results suggested that PsTag600-FGF21
may be a treatment option for patients with NASH.

Previous studies had already demonstrated that treatment
with FGF21 reduced circulating glucose and lipid levels, lead-
ing to body weight loss in obese animals (Gimeno andMoller,
2014; Fisher and Maratos-Flier, 2016). However, these studies
did not assess the effects of FGF21 on hepatic inflammation
and fibrosis. Only two experimental studies of native FGF21
or FGF21 analogues had implicated FGF21 in the treatment
of MCD diet-induced NASH (Fisher et al., 2014; Ju et al.,
2016). The MCD diet-fed mouse model has a number of
disadvantages, including decreased bodyweight, serum
triglycerides and glucose levels (Kubota et al., 2013). By using
CD-HFD to induce a type of NASH associated with obesity
and a human NASH-like pathology, we could focus on the
effects of long-acting FGF21 on weight loss, as PsTag600-
FGF21 treatment potently induced weight loss in DIO mice
(Yin et al., 2016). In the present study, chronic administration
of PsTag600-FGF21 also reduced the body weight and
improved the insulin sensitivity, as expected. Therefore, we
suggest that PsTag600-FGF21 may be useful in the treatment
of NASH associated with obesity.

Inflammation is one of the many defining pathological
characteristics of NASH (Wolf et al., 2014; Heymann and
Tacke, 2016; Wang et al., 2017). Although disordered lipid
metabolism and fat accumulation in the liver are the com-
mon characteristics of both simple steatosis and NASH,
steatosis might not be required for the progression of NASH
in some cases (Gomes et al., 2016; Liu et al., 2016a). Many
studies have shown that inflammation aggravated the
metabolic disorders of NASH and suggested that inflamma-
tion determined the long-term prognosis of NASH (Yilmaz,
2012; Gomes et al., 2016). Therefore, therapeutic drugs for
NASH must also reverse the inflammation in the liver. The
mechanism by which FGF21 regulated hepatic metabolism
had been relatively clear (Fisher et al., 2014; Fisher and
Maratos-Flier, 2016). PsTag600-FGF21 enhanced hepatocyte
fatty acid oxidation by up-regulating ACSL/FATP expression
and promoting mitochondrial β-oxidation of fatty acids,
consistent with the role of native FGF21 in hepatic metabo-
lism. Thus, we must also study the anti-inflammatory effect
of PsTag600-FGF21 resulting in the reversal of NASH.

Inflammation in NASH is frequently triggered by
mobilized Th17 cells and increased IL17A levels (Harley
et al., 2014; Gomes et al., 2016). In addition, recombinant
IL17A injection in chow-fed C57BL/6 mice mimicked NASH
(Gomes et al., 2016). The most interesting finding of the pres-
ent study was that the anti-inflammatory activity of
PsTag600-FGF21 in NASH was related to its down-regulation
of IL17A production. Adiponectin receptors were known to
be expressed on T cells and adiponectin could directly inhibit
Th17 cells via the SIRT1/PPARγ/RAR-related orphan
receptor γt pathway (Shibata et al., 2015; Zhang et al.,
2016). Additionally, adiponectin and FGF21 regulated glu-
cose and lipid metabolism in similar ways and were function-
ally linked (Kharitonenkov and Adams, 2013). Several recent
studies demonstrated that FGF21 was a positive regulator of
adiponectin and that FGF21 depended on adiponectin to
exert a systemic effect on energy metabolism and insulin

L Bao et al.

3390 British Journal of Pharmacology (2018) 175 3379–3393

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=650&familyId=106&familyType=OTHER
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=600
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=600


sensitivity (Holland et al., 2013; Lin et al., 2013). The known
action of FGF21 as a potent regulator of adiponectin secretion
hinted that PsTag600-FGF21 may exhibit anti-inflammatory
activity attributable to adiponectin. Our data revealed that
PsTag600-FGF21 depended on adiponectin to suppress Th17
cell differentiation and IL17A expression. There is good evi-
dence for Th17 cells and its effector cytokine IL17A playing
major roles in inflammation and autoimmunity (Bettelli
et al., 2008; Korn et al., 2009). Modulating Th17 cell-mediated
inflammatory response may be one of the mechanisms for
FGF21 benefiting autoimmune diseases. PsTag600-FGF21, a
long-acting FGF21, was implicated in the control of the ex-
pression and release of many proteins and lipids from adipose
tissue, not just adiponectin. Further studies directed at identi-
fying these proteins and lipids could not only offer new
insights into the anti-inflammatory actions of PsTag600-
FGF21 but also unveil novel actions of PsTag600-FGF21.

Our study showed that the therapeutic effects of PsTag600-
FGF21 on NASH were to reverse hepatic steatosis and fibrosis
and reduce inflammation. Furthermore, PsTag600-FGF21
down-regulated IL17A production through the FGF21-
adiponectin-IL17A axis, which could be amechanism bywhich
PsTag600-FGF21 exerts anti-inflammatory effects in the NASH
model. Taken together, the results showed that PsTag600-
FGF21 exerted a number of pharmacological effects in NASH
mice and could therefore be an effective drug candidate.
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Figure S1 The circulating levels of FGF21 were measured
every day for 7 days. Mice were injected intraperitoneally
with a single dose on day 0 (n = 6/group). (Data are means
±SD. *P < 0.05 vs vehicle-treated NASH mice).
Figure S2 Liver cholesterol and triglycerides were detected
after 7 days (n = 6/group). (Data are means ±SD. *P < 0.05 vs
vehicle-treated NASH mice).

Figure S3 Relative mRNA levels of key genes associated with
hepatic metabolism in livers. (n = 6/group). (Data are means
±SD. *P < 0.05 vs vehicle-treated NASH mice).
Figure S4 Coculture of naïve CD4+ T cells and differentiated
3 T3-L1 adipocytes during differentiation to Th17 cells. Flow
cytometry analysis and quantification of IL17A expression on
CD4+ T cells after differentiation. (Data are means ±SD).
Figure S5 Effects of chronic administration with PsTag600-
FGF21 (3.7 mg·kg�1) on serum levels of adiponectin. (Data
are means ±SD; n = 10/group. *P < 0.05 vs vehicle-treated
NASH mice).
Figure S6 Differentiated 3 T3-L1 adipocytes were
transfected with nontargeting siRNA or naïve CD4+ T cells
were transfected with nontargeting siRNA respectively. Dif-
ferentiated 3 T3-L1 adipocytes and naïve CD4+ T cells were
cocultured with PsTag600-FGF21 (3.7 μg/mL) during
differentiation to Th17 cells. The supernatant IL17A levels
were detected after differentiation. (Data are means ±SD;
n = 6/group. *P < 0.05).
Figure S7 Tissue immunohistochemical analyses. Representative
IHC on liver sections after the treatment of PsTag600-FGF21,
PsTag600-FGF21 + control IgG, PsTag600-FGF21 + Adiponectin
Ab in the CD-HFD induced NASH mice (200 × magnification).
(n = 5/group).
Table S1 PCR Primer Sequences.
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