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KLF4 downregulates FGF21 to activate inflammatory
injury and oxidative stress of LPS-induced ATDCS
cells via SIRT1/NF-kB/p53 signaling
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Abstract. Ankylosing spondylitis (AS) is a chronic inflamma-
tory disease. Transcriptional regulation of fibroblast growth
factor 21 (FGF21) by the transcription factor Kriippel-like
factor 4 (KLF4) serves an important role in chronic inflam-
matory disease. However, to the best of our knowledge, the
role of both these factors in AS has not been previously
reported. In the present study, ATDCS5 cells were induced by
lipopolysaccharide (LPS) to establish an AS inflammatory
injury model. The expression levels of FGF21 and KLF4 were
detected using reverse transcription-quantitative PCR and
western blotting. Cell transfection was performed to alter the
expression levels of KLF4 and FGF21. Subsequently, the regu-
latory effects and mechanisms underlying KLF4 and FGF21
on oxidative stress and inflammation in AS were investigated
by performing Cell Counting Kit-8 assays, ELISAs, TUNEL
staining and western blotting. Moreover, the expression levels
of sirtuin 1 (SIRT1)/NF-xB/p53 pathway-related proteins
were detected via western blotting. FGF21 overexpression
promoted LPS-induced viability on ATDCS5 cells, inhibited
LPS-induced apoptosis, and decreased the LPS-induced
inflammatory response and oxidative stress levels of
ATDCS5 cells. Overexpression of the transcription factor
KLF4 reversed the protective effect of FGF21 overexpres-
sion on LPS-induced inflammatory injury in ATDCS5 cells.
The results suggested that this process may be achieved via
regulating the SIRT1/NF-xB/p53 signaling pathway. Overall,
the present study demonstrated that KLF4 downregulates
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Introduction

Ankylosing spondylitis (AS) is a type of immune inflamma-
tory disease that primarily affects the spine and sacroiliac
joints. The majority of patients develop AS between the ages
of 18-22 years, with a male to female ratio of 2:1 (1,2). AS
is a highly disabling disease, and numerous patients require
surgical correction of morphological deformities caused by
joint involvement as traditional symptomatic treatment is inef-
fective (3). AS is associated with immune disorders, cytokine
imbalance and genetic factors, but the exact cause of the
disease is not completely understood (4). Therefore, in recent
years, the exploration of the mechanism underlying AS and the
search for targeted drugs for the treatment of AS have become
novel research hotspots.

Recent studies have reported that oxidative stress and
inflammation serve a crucial role in the occurrence and
development of AS (5,6). In the active stage of AS, there are
high levels of oxidative stress, and the biomarkers of oxidative
damage are significantly increased (7). In addition, the early
stage of AS is primarily characterized by inflammatory bone
destruction. With the development of the disease, inflam-
matory bone destruction and new bone formation can occur
simultaneously, indicating that the inflammatory response
serves a key role in the pathogenesis of AS (8). Furthermore,
there is a close relationship between oxidative stress and
inflammation. After the activation of inflammatory cells, a
variety of cytokines, such as TNF-a, IL-1f and interferon-v,
can be produced, which then activate the cells to produce a
large number of oxidative active substances. Solmaz et al (9)
revealed that the level of oxidative stress in patients with
AS was significantly higher compared with that in healthy
subjects, and that the level of oxidative stress in patients with
active disease state was higher compared with that in patients
with inactive disease state and the control group. Therefore,
the occurrence and development of AS can be controlled via
the improvement of the oxidative stress and inflammatory
response in AS.
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Fibroblast growth factor 21 (FGF21) is a polypeptide
hormone that regulates energy homeostasis and is synthe-
sized by numerous organs (10). The mechanism of action
underlying FGF21 is complex, and it can exert different
metabolic functions in multiple target organs in the form of
autocrine, paracrine and endocrine factors (11). Increasing
evidence has suggested that FGF21 is associated with
a variety of chronic inflammatory diseases. A previous
study has shown that the expression level of FGF21 was
significantly reduced in the cartilage of mice with rheuma-
toid arthritis (12). FGF21 also improves collagen-induced
arthritis by regulating oxidative stress and inhibiting
the NF-xB signaling pathway (13). Furthermore, it has
been revealed that metformin improves experimental
obesity-related autoimmune arthritis by inducing FGF21
expression (14). However, to the best of our knowledge, the
effect of FGF21 on oxidative stress and inflammation in AS
has not been previously reported.

KLF, a zinc finger protein family with several structurally
similar members, serves an important role in gene transcrip-
tional regulation in eukaryotic cells (15). KLF4 is a nuclear
transcription factor with important biological functions.
Currently, KLF4 is widely studied in chronic inflammatory
diseases. For instance, KLF4 expression is increased in the
synovial tissues of patients with rheumatoid arthritis, and
KLF4 deficiency reduces the inflammatory response induced
by collagen antibodies (16). Therefore, we hypothesized that
the binding of the transcription factor KLF4 with the FGF21
promoter serves an important role in AS.

A previous study reported that FGF21 could regulate
the expression of the sirtuin 1 (SIRT1) signaling pathway,
serving a role in the development of diseases, such as
acute pancreatitis and myocardial energy metabolism
disease (17,18). The expression levels of anti-SIRT1 autoan-
tibodies in patients with AS are abnormally high, indicating
that anti-SIRT1 autoantibodies could be used as a marker
for early diagnosis and prediction of hip involvement in
AS (19). In addition, SIRT1 can improve the inflammatory
response in diseases by blocking the NF-kxB/p53 signaling
pathway (20,21).

Therefore, the present study aimed to investigate the regu-
latory role and mechanism underlying KLF4 on FGF21 in AS
to provide a theoretical basis for the pathogenesis and targeted
therapy of AS.

Materials and methods

Cell culture and treatments. Mouse chondrocyte ATDCS5
cells were obtained from The Cell Bank of Type Culture
Collection of The Chinese Academy of Sciences (Chinese
Academy of Sciences, Shanghai, China). Cells were cultured
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) with 5% CO,
at 37°C. Subsequently, 5 pg/ml lipopolysaccharide (LPS;
Sigma-Aldrich; Merck KGaA) was added to the cells for 12 h
to establish the AS inflammatory injury model.

Database. The interaction between KLF4 and FGF21 was
predicted by bioinformatics analysis using the JASPAR
database (jaspar.genereg.net).

RNA extraction and reverse transcription-quantitative
PCR (RT-qPCR). Total RNA was extracted from
cells using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), and reverse transcribed into cDNA using the
High Capacity cDNA Reverse Transcription kit according
to the manufacturer's protocol and random hexamer primers
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
following thermocycling conditions were used for qPCR:
Initial denaturation at 95°C for 5 min; followed by 40 cycles
of denaturation at 95°C for 30 sec and annealing at 60°C for
30 sec; and final extension at 72°C for 20 sec. gPCR was
performed using a SYBR Green PCR Master Mix (Applied
Biosystems; Thermo Fisher Scientific, Inc.). mRNA expres-
sion levels were quantified using the 2°*2“4 method (22). The
sequences of the primers used for qPCR were as follows:
FGF21 forward, 5~ AGATCAGGGAGGACGGAACA-3' and
reverse, 5S-"TCAGGATCAAAGTGAGGCGAT-3"; TNF-a
forward, 5'-CCACCACGCTCTTCTGTCTA-3" and reverse,
5'-ACTGATGAGAGGGAGCCCATT-3"; IL-6 forward,
5-ACTGATGAGAGGGAGCCCATT-3' and reverse, 5'-ACT
GATGAGAGGGAGCCCATT-3" IL-1p forward, 5"-TAGGGC
TGGCAGAAAGGGAACA-3' and reverse, 5-GTGGGAGCG
AATGACAGAGGGT-3"; KLF4 forward, 5'-CGGGCTGAT
GGGCAAGTT-3" and reverse, 5-GGGCAGGAAGGATGG
GTAA-3"; and GAPDH forward, 5“-TGAAGGTCGGAGTCA
ACGG-3' and reverse, 5'-CCTGGAAGATGGTGATGGG-3'.
GAPDH was used as the internal reference gene.

Western blotting. Total protein was extracted from ATDC5
cells using RIPA reagent (Protech Technology Enterprise Co.,
Ltd.). Protein concentrations were determined using a BCA
kit (Abcam). Proteins (30 ug per lane) were separated via
10% SDS-PAGE and then transferred to PVDF membranes.
After blocking with 5% fat-free milk was used for 1.5 h at
37°C, the membranes were incubated at 4°C overnight with
the following antibodies: Anti-FGF21 (1:1,000; Abcam; cat.
no. ab171941), anti-KLF4 (1:1,000; Abcam; cat. no. ab214666),
anti-Bcl-2 (1:1,000; Abcam; cat. no. ab182858), anti-Bax
(1:1,000; Abcam; cat. no. ab32503), anti-cleaved caspase 3
(1:1,000; Abcam; cat. no. ab32042), anti-SIRT1 (1:1,000;
Abcam; cat. no. ab110304), anti-phosphorylated (p)-NF-kB
p65 (1:1,000; Abcam; cat. no. ab239882), anti-NF-kB p65
(1:1,000; Abcam; cat. no. ab207297), anti-Acetyl-p53 (1:1,000;
Abcam,; cat. no. ab17496) and GAPDH (1:1,000; Abcam,; cat.
no. ab8245). Subsequently, the membrane was incubated with
a Goat Anti-Rabbit IgG H&L HRP-conjugated secondary anti-
body (1:5,000; Abcam; cat. no. ab70902) a Goat Anti-Mouse
IgG H&L (Alexa Fluor® 488) secondary antibody (1:5,000;
Abcam; cat. no. ab150117) at room temperature for 1 h. The
bands were visualized using enhanced chemiluminescence
reagent (GE Healthcare). Protein expression levels were
semi-quantified using ImageJ software (version 1.46; National
Institutes of Health) with GAPDH as the loading control.

Cell transfection. ATDCS5 cells were seeded (1x10° cells/ml)
into a 6-well plate and cultured for 12 h until the cells grew
to ~80% confluence. Cells were transfected with 20 nM
FGF21 overexpression (Ov) plasmid (Ov-FGF21; Shanghai
GenePharma Co., Ltd.) or negative control (NC) plasmid
(Ov-NC; empty vector) using Lipofectamine® 2000
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(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol.

The eukaryotic expression vector pcDNA3.1-KLF4 was
constructed by Tiandz, Inc.. Cells were transfected with 20 nM
pcDNA3.1-NC (an empty vector) or pcDNA3.1-KLF4 using
Lipofectamine 2000. After transfection for 48 h at 37°C with
5% CO,, transfection efficiencies were assessed via RT-qPCR
and western blotting.

Cell Counting Kit-8 (CCK-8) assay. ATDCS cells were seeded
(8x10? cells/ml/well) into 96-well plates and cultured for 12 h.
After transfection, cell viability was assessed using a CCK-8
assay (Vazyme Biotech Co., Ltd.). Briefly, 10 u1 CCK-8 solu-
tion was added to each well and incubated for 2 h at 37°C. The
absorbance was measured at a wavelength of 450 nm using a
VersaMax microplate reader (Molecular Devices, LLC).

TUNEL assay. ATDCS5 cells were seeded (1x10° cells/well)
into 6-well plates. After transfection, cells were fixed with
4% paraformaldehyde for 15 min at 37°C. After washing
with PBS, TUNEL solution was added for 1 h at 37°C.
Biotin labeling and subsequent DAB color development
were performed for 10 min at 15°C using reagents provided
in the kit according to the manufacturer's instructions. The
cells were stained with 0.1 zg/ml DAPI for 10 min at room
temperature, prior to detecting nuclear DNA fragmentation
using the DeadEnd™ Fluorometric TUNEL system (Promega
Corporation). Finally, after the cells were washed with PBS,
five random fields of views were selected for analysis, in which
cell apoptosis was observed using glass coverslips with PBS
as mounting medium. Stained cells were visualized using an
IX71 fluorescent microscope (Olympus Corporation).

ELISAs. The levels of IL-6 (cat. no. ab222503), IL-1f (cat.
no. ab197742) and TNF-a (cat. no. ab208348) in the cell
medium were measured using commercially available ELISA
kits (all Abcam) according to the manufacturer's protocols.
The levels of inflammatory cytokines from the cell supernatant
were calculated from standard curves. Lactate dehydrogenase
(LDH) levels in cell medium were measured using an LDH
Cytotoxicity Assay kit (cat. no. A020-2-2, Nanjing Jiancheng
Bioengineering Institute) according to the manufacturer's
protocol.

Oxidative stress markers. Malondialdehyde (MDA; cat.
no. A003-1-2), reduced glutathione (GSH; cat. no. A005-1-2)
and superoxide dismutase (SOD; cat. no. A001-3-2) levels
were determined using commercially available ELISA kits
(all Nanjing Jiancheng Bioengineering Institute) according to
the manufacturer's protocol.

Dual-luciferase reporter assay. The FGF21 reporter, which
contains 1 kb of the FGF21 promoter, was created using
RT-qPCR as aforementioned and cloned into the pGL3
plasmid (Shanghai GenePharma Co., Ltd). Then, 20 nM
pcDNA3.1-KLF4 plasmid or 20 nM pcDNA3.1 plasmid and
pGL3-FGF21 plasmid (WT and MUT version) were co-trans-
fected into ATDCS cells using Lipofectamine 2000 at 37°C for
48 h. At 48 h post-transfection, cells were harvested and lucif-
erase activities were analyzed using a dual-luciferase assay

kit (Promega Corporation) according to the manufacturer's
protocol. Renilla luciferase activity was used to normalize the
firefly luciferase activity.

Chromatin immunoprecipitation (ChIP) assay. Cells were
collected and fixed with 1% formaldehyde for 15 min at 37°C,
after which the cells were scraped and lysed in 100 1 SDS lysis
buffer (Beyotime Institute of Biotechnology). After purified by
soluble material, extracted proteins were immunoprecipitated
using 5 1 KLF4 antibody (1:1,000; Abcam; cat. no. ab214666)
or control rabbit IgG (1:1,000; Abcam; cat. no. ab133470)
for 12 h at 4°C. Subsequently, 20 ul protein A+G agarose
beads (Beyotime Institute of Biotechnology) was added and
incubated for another 4 h at 4°C. After the supernatant was
removed, the collected agarose beads were washed five times
with 100 gl PBS (0.01 M; pH 7.4) and denatured by boiling
for 5 min. The relative expression levels were determined via
RT-gPCR according to the aforementioned protocol.

Statistical analysis. Comparisons among multiple groups were
analyzed using one-way ANOVA followed by Tukey's post hoc
test. Comparisons between two groups were analyzed using an
unpaired Student's t-test. Statistical analyses were performed
using GraphPad Prism software (version 22.0; GraphPad
Software, Inc.). Data are presented as the mean + standard devi-
ation of three independent repeats. P<0.05 was considered to
indicate a statistically significant difference.

Results

FGF21 overexpression increases viability and inhibits the
apoptosis of LPS-induced ATDCS cells. Western blotting and
RT-qPCR were used to detect the expression levels of FGF21
in LPS-induced ATDCS cells. The results demonstrated that
the expression level of FGF21 was significantly decreased
in the LPS-induced group compared with that in the control
group (Fig. 1A and B). Subsequently, cell transfection was
performed to overexpress FGF21 and cells were divided into
control, Ov-NC and Ov-FGF21 groups. RT-qPCR and western
blotting were used to assess cell transfection efficiency.
Compared with that in the Ov-NC group, the expression level
of FGF21 in Ov-FGF21 group was significantly increased,
indicating successful transfection (Fig. 1C and D).

Subsequently, cells were divided into control, LPS, LPS +
Ov-NC and LPS + Ov-FGF21 groups. Cell viability was
detected by performing a CCK-8 assay. The results showed
that the viability of cells in the LPS group was significantly
decreased compared with that in the control group. Moreover,
compared with that in the LPS + Ov-NC group, the cell viability
of LPS-treated, FGF21-overexpression cells was significantly
increased (Fig. 1E). LDH release by cells was detected using
an LDH kit. Compared with that in the control group, the
release of LDH by cells in the LPS group was significantly
increased. However, LDH release by LPS-induced cells was
significantly decreased by FGF21 overexpression compared
with that in the LPS + Ov-NC group (Fig. 1F).

A TUNEL assay was conducted to detect apoptosis and
western blotting was performed to detect the expression levels
of apoptosis-related proteins. The apoptotic rate was signifi-
cantly increased after LPS induction compared with that in



A .
FGF21 ~ ——
aavon | A S

LPS

Control
B c
gl
'5 1.51 § 1.5+
& o
3 5
o
g 1.01 % 1.0
& £
1] -
L 051 ki & 051
2 i
3 2
[0} =
T 0.0 S 0.0-
Control LPS &£ Control
c
D s
2 31 E — 150+
9_) ddk ok 9
o =1
< 21 5 1001
L1 3 50-
o K
[T >
2 3
g o oL %
o Control Ov-NC  Ov-FGF21 [
g
o

LPS

CHEN et al: ROLE OF KLF4/FGF21 IN AS

C

FGF21 A S ‘

GAPDH D D D

Control Ov-NC Ov-FGF21
5 2.0 1
'ﬁ *kk
3
5 151
x
Q
& 1.0
(O]
w
*kk g 0.5 1
©
Q
T go-
LPS Control Ov-NC Ov-FGF21
F .
g 4. dekk
" N
I i
o
3 2
(9]
2
T 1
[0
o
0- —
B s £ ¢ &
> I} 5 - > G
(@) I o (@] [
& > é >
o (@)
5 9 5 9
(%) %)
o o
- -

Figure 1. FGF21 overexpression increases the activity of LPS-induced ATDCS cells. FGF21 (A) protein and (B) mRNA expression levels were detected
via western blotting and RT-qPCR, respectively. Transfection efficiency of Ov-FGF21 was detected via (C) western blotting and (D) RT-qPCR. (E) Cell
viability was detected by performing an CCK-8 assay. (F) Cytotoxicity was detected using an LDH kit. ““P<0.001 vs. control or Ov-NC; P<0.01, ""P<0.001
vs. LPS + Ov-NC. FGF21, fibroblast growth factor 21; LPS, lipopolysaccharide; RT-qPCR, reverse transcription-quantitative PCR; Ov, overexpression;

NC, negative control.

the control group (Fig. 2A and B), which was accompanied by
significantly decreased expression levels of Bcl-2 and signifi-
cantly increased expression levels of Bax and cleaved caspase 3
(Fig. 2C). Compared with LPS + Ov-NC, the apoptotic rate
was significantly decreased in the LPS + Ov-FGF21 group;
this was accompanied by significantly increased expression
levels of Bcl-2 and significantly decreased expression levels
of Bax and cleaved caspase 3. These results indicated that
FGF21 overexpression increased the activity and inhibited the
apoptosis of LPS-induced ATDCS cells.

FGF21 overexpression attenuates the inflammatory response
and oxidative stress of LPS-induced ATDCS) cells. To verify the
effect of FGF21 overexpression on the inflammatory response
of cells, the expression levels of inflammation-related factors,
including TNF-a, IL-6 and IL-1f, were detected via RT-qPCR
and ELISAs. The expression levels of TNF-a, IL-6 and IL-1$
in LPS-induced ATDCS cells were significantly increased
compared with those in the control group (Fig. 3A and B).
Compared with those in the LPS + Ov-NC group, the expres-
sion levels of these inflammatory cytokines were significantly
decreased in the LPS + Ov-FGF21 group.

Oxidative stress levels in the cells were also measured.
Compared with those in the control group, the levels of

SOD and GSH-Px were significantly decreased in the LPS
group, whereas the level of MDA was significantly increased.
Compared with those in the LPS + Ov-NC group, the levels of
SOD and GSH-Px were significantly increased in the LPS +
Ov-FGF21 group, whereas the level of MDA was significantly
decreased (Fig. 3C). These results revealed that FGF21 over-
expression decreased the inflammatory response and oxidative
stress of LPS-induced ATDCS cells.

Transcription factor KLF4 inhibits FGF21 expression.
The JASPAR database was used to predict the binding sites
between KLF4 and FGF21 (Fig. 4A and B). Subsequently, the
expression level of KLF4 in cells was detected via RT-qPCR
and western blotting. KLF4 expression was significantly
increased in the LPS group compared with that in the control
group (Fig. 4C and D). Subsequently, the KLF4 overexpres-
sion plasmid was constructed, and the transfection efficiency
was determined via RT-qPCR and western blotting. The
expression level of KLF4 in the pcDNA3.1-KLF4 group was
significantly increased compared with that in the pcDNA3.1
group (Fig. 4E and F).

Subsequently, the binding sites between FGF21 and
KLF4 were verified using luciferase reporter gene assays.
The S1 and S2 sequences of FGF21 were mutated (MUT),
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Figure 2. FGF21 overexpression inhibits the apoptosis of LPS-induced ATDCS5 cells. Cell apoptosis was (A) detected by performing a TUNEL assay and
(B) quantified. Magnification, x200. (C) Apoptosis-related proteins were detected via western blotting. “““P<0.001 vs. control; “P<0.05, #P<0.01 and *#P<0.001
vs. LPS + Ov-NC. FGF21, fibroblast growth factor 21; LPS, lipopolysaccharide; Ov, overexpression; NC, negative control.

namely FGF21-MUT (S1) and FGF21-MUT (S2) (Fig. 4B).
Compared with that in the pcDNA3.1 group, the luciferase
activity in the pcDNA3.1-KLF4 group was significantly
decreased in FGF21-WT (S1), whereas the activity level
was not significantly altered in FGF21-MUT (S1). Similarly,
there was no significant change in the luciferase activity
of FGF21-WT (S2) and FGF21-MUT (S2) between the
pcDNA3.1 and pcDNA3.1-KLF4 groups, indicating that the
binding site of KLF4 and FGF21 was at the Sl site of FGF21
(Fig. 4G). The ChIP assay results also confirmed the associa-
tion between FGF21 and KLF4 (Fig. 4F and H). Cells were
divided into control, LPS, LPS + Ov-NC, LPS + Ov-FGF21,
LPS + Ov-FGF21 + pcDNA3.1 and LPS + Ov-FGF21 +
pcDNA3.1-KLF4 groups. The expression level of FGF21 was

detected via RT-qPCR and western blotting. KLF4 overex-
pression significantly downregulated the expression level of
FGF21 in cells compared with LPS + Ov-FGF21 + pcDNA3.1
(Fig. 41 and J). Collectively, these results suggested that KLF4
inhibited FGF21 expression.

KLF4 overexpression reverses the protective effect of
FGF21 overexpression on the inflammatory injury of
LPS-induced ATDCS cells. To further investigate the effects
of KLF4 and FGF21 on LPS-induced inflammatory injury
in ATDCS cells, cells were divided into the control, LPS,
LPS + Ov-NC, LPS + Ov-FGF21 + pcDNA3.1 and LPS +
Ov-FGF21 + pcDNA3.1-KLF4 groups. Cell viability was
detected using a CCK-8 assay. The results demonstrated
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Figure 3. FGF21 overexpression attenuates the inflammatory response and oxidative stress of LPS-induced ATDCS cells. (A) Reverse transcription-quantitative
PCR was performed to detect the expression levels of TNF-a, IL-6 and IL-1f. (B) ELISA assays were performed to detect the levels of TNF-a, IL-6 and IL-1f.
(C) Detection of oxidative stress levels. ““P<0.001 vs. Control; ##P<0.001 vs. LPS + Ov-NC. FGF21, fibroblast growth factor 21; LPS, lipopolysaccharide;

Ov, overexpression; NC, negative control.

that cell viability was significantly decreased in the LPS +
Ov-FGF21 + pcDNA3.1-KLF4 group compared with that in
the LPS + Ov-FGF21 + pcDNA3.1 group (Fig. 5A). LDH
release was detected using the LDH kit. Compared with that
in the LPS + Ov-FGF21 + pcDNA3.1 group, LDH release
was increased in the LPS + Ov-FGF21 + pcDNA3.1-KLF4
group (Fig. 5B). Cell apoptosis was detected by performing
a TUNEL assay and western blotting. Compared with the
LPS + Ov-FGF21 + pcDNA3.1 group, the apoptotic rate
was significantly increased in the LPS + Ov-FGF21 +
pcDNA3.1-KLF4 group, which was accompanied by signifi-
cantly decreased Bcl-2 protein expression, and significantly
increased Bax and cleaved caspase 3 protein expression
(Fig. 5C-E). In addition, the levels of inflammatory factors

and oxidative stress were detected. Compared with those
in the LPS + Ov-FGF21 + pcDNA3.1 group, the levels of
TNF-a, IL-6, IL-1 and MDA in the LPS + Ov-FGF21 +
pcDNA3.1-KLF4 group were significantly increased,
whereas the levels of SOD and GSH-Px were significantly
decreased (Fig. 6A-C). These results suggested that KLF4
overexpression reversed the inhibitory effect of FGF21
overexpression on LPS-induced inflammation and oxidative
stress in ATDCS cells.

FGF21 overexpression protects LPS-induced ATDCS cells
via the SIRTI/NF-kB/p53 signaling pathway. Finally, the
expression levels of SIRT1/NF-xB/p53 pathway-related
proteins, including SIRT1, p-NF-kB p65, NF-xB p65 and
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Figure 6. KLF4 overexpression reverses the protective effect of FGF21 overexpression on the inflammatory response and oxidative stress of LPS-induced
ATDCS cells. (A) Reverse transcription-quantitative PCR was performed to detect the expression levels of TNF-a, IL-6 and IL-1f. (B) ELISAs were performed
to detect the levels of TNF-a, IL-6 and IL-1p. (C) Detection of oxidative stress levels. ““P<0.001 vs. Control; #"P<0.001 vs. LPS + Ov-FGF21; #*P<0.01 and
AAMP<(0.001 vs. LPS + Ov-FGF21 + pcDNA3.1. KLF4, Kriippel-like factor 4; FGF21, fibroblast growth factor 21; LPS, lipopolysaccharide; Ov, overexpression;

NC, negative control.

acetyl-p53, were detected via western blotting. Compared
with those in the control group, the expression levels of SIRT1
were significantly decreased, whereas the expression levels of
p-NF-xB p65 and acetyl-p53 were significantly increased in
the LPS group. After FGF21 overexpression, the expression
level of SIRT1 was increased, and the expression levels of
p-NF-xB p65 and acetyl-p53 were decreased in LPS-treated
cells. After KLF4 overexpression, the effects of LPS and
FGF21 overexpression on the expression levels of SIRTI,
p-NF-«B p65 and acetyl-p53 were partially reversed (Fig. 7).
These results suggested that FGF21 overexpression may
protect LPS-induced ATDCS cells via the SIRT1/NF-«B/p53
signaling pathway.

Discussion

ATDCS cells can differentiate into chondrocytes. In
addition, ATDCS5 cells are widely used in the study of
AS (23,24). LPS is commonly used as an inducer of inflam-
matory responses, stimulating cells to induce inflammatory
responses and produce proinflammatory cytokines (25).
Therefore, in the present study, ATDCS5 cells were selected
to establish an LPS-induced joint injury model. The results
demonstrated that LPS induced decreased cell viability, and
increased LDH release, apoptosis, inflammatory cytokine
levels and oxidative stress levels, indicating successful
model induction.
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Figure 7. FGF21 overexpression protects LPS-induced ATDCS cells via the SIRT1/NF-kB/p53 signaling pathway. Western blotting was performed to detect
the expression levels of SIRT1/NF-xB/p53 signaling pathway-related proteins. ““P<0.001 vs. Control; *#P<0.001 vs. LPS + Ov-FGF21; #P<0.05, #*P<0.01 and
AAMP<(0.001 vs. LPS + Ov-FGF21 + pcDNA3.1. KLF4, Kriippel-like factor 4; FGF21, fibroblast growth factor 21; LPS, lipopolysaccharide; SIRTI, sirtuin 1;

Ov, overexpression; NC, negative control; p, phosphorylated.

In the late stage of AS, progressive joint destruction and
bony fusion lead to a reduced range of motion and even
disability of the joint, severely affecting the quality of life
of the patient (26). At present, the pathogenesis of AS is
not completely understood; thus, it is of great significance
to further study the molecular mechanism underlying its
pathogenesis.

FGF21, a member of the FGF family, is an endocrine
factor that primarily mediates glucose and lipid metabolism,
and serves a key role in maintaining glucose homeostasis and
protecting the liver, heart, kidney and skin from damage and
cancer cell proliferation (27). Studies have shown that FGF21
served an important role in chronic inflammatory diseases.
For instance, FGF21 improved collagen-induced arthritis
by regulating oxidative stress and inhibiting the NF-xB
signaling pathway (13). FGF21 and adalimumab were found
to exert similar pharmacological effects on collagen-induced

rheumatoid arthritis by regulating systemic inflammation (28).
In addition, metformin was shown to improve experimental
obesity-related autoimmune arthritis by inducing FGF21
expression and brown adipocyte differentiation (14). These
findings suggested that FGF21 serves an important role in the
regulation of articular inflammation. However, to the best of
our knowledge, the role of FGF21 in AS has not been reported
so far. In the present study, the expression level of FGF21 was
significantly decreased in LPS-induced ATDCS5 cells, which
was consistent with the study conducted by Chen et al (12) that
demonstrated a decrease in FGF21 expression in the cartilage
of rheumatoid arthritis model mice. The present study further
verified the role of FGF21 in AS. FGF21 overexpression
promoted LPS-induced viability of ATDCS cells and decreased
cell apoptosis, as well as inhibiting the cellular inflamma-
tory response by downregulating the expression of TNF-a,
IL-6 and IL-1p in cells. In addition, FGF21 overexpression
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inhibited cellular oxidative stress in LPS-induced ATDC5
cells. The levels of SOD and GSH-Px were increased, and the
level of MDA was decreased after FGF21 overexpression in
LPS-induced ATDCS cells.

The transcription factor KLF4 was able to transcription-
ally activate the expression of FGF21, as determined via
bioinformatics analysis. Moreover, the relationship between
the two factors was confirmed by performing dual-luciferase
reporter gene and ChIP assays. KLLF4 also serves an important
role in inflammatory joint diseases (16,29,30). In the present
study, KLF4 overexpression reversed the protective effect of
FGF21 overexpression on LPS-induced inflammatory injury
in ATDCS cells.

In addition, the SIRT1/NF-«kB/p53 signaling pathway
was activated in LPS-induced ATDCS cells. After FGF21
overexpression, the SIRT1/NF-kB/p53 signaling pathway was
inhibited. KLF4 overexpression reversed the inhibitory effect
of FGF21 overexpression on the SIRT1/NF-kB/p53 signaling
pathway in LPS-induced ATDCS cells. SIRT1, as a histone
IIT deacetylase widely present in human cells, regulates the
tumor suppressor factor p53, NF-kB and other factors via
deacetylation to exert a variety of biological activities (31). In
addition, a previous study reported that dipeptidyl peptidase-4
inhibitors induce FGF21 expression via SIRT1 signaling,
thereby improving myocardial energy metabolism (17). FGF21
alleviates acute pancreatitis by activating the SIRT1 signaling
pathway (18). Therefore, it may be preliminarily concluded
that FGF21 overexpression may protect LPS-induced ATDC5
cells via the SIRT1/NF-kB/p53 signaling pathway. The mech-
anism underlying the regulatory effects of KLF4 and FGF21
on the SIRT1/NF-kB/p53 signaling pathway requires further
investigation.

In conclusion, the present study demonstrated that
KLF4 downregulates FGF21 to activate inflammatory
injury and oxidative stress of LPS-induced ATDCS cells via
SIRT1/NF-xB/p53 signaling. (Fig. S1). Therefore, the present
study provided a solid theoretical basis for the pathogenesis of
AS and the drug targeted therapy of AS.
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