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FSTL1 Promotes Inflammatory Reaction and Cartilage
Catabolism through Interplay with NFkB Signaling
Pathways in an In Vitro ONFH Model

Yuan Qu,' Yi Liu,> and Rui Li'?

Abstract— Osteonecrosis of the femoral head (ONFH) usually occurs in young people and is
closely associated with autoimmune reactions. Follistatin-like 1 (FSTL1) was recently proven
to participate in several inflammation-related diseases. The role of FSTL1 in ONFH is still
unclear. Serum levels of FSTL1 were not significantly different in ONFH patients and healthy
individuals. In contrast, elevated expression levels of FSTL1 were observed in degraded
cartilage and synovial fluid in ONFH patients and in a cultured human primary chondrocyte
model treated with interleukin-1 beta (IL-1(3) and tumor necrosis factor-alpha (TNF-c).
Suppression of FSTL1 by FSTL1-siRNA downregulated the inflammatory response mediat-
ed by IL-1f3 or TNF-« in cultured human chondrocytes. In a human cartilage culture model,
FSTL1 promoted the production of inflammatory cytokines and cartilage degradation
enzymes. The activation of NFkB signaling pathway was detected in degenerated cartilage
from ONFH patients and in FSTL1-treated chondrocytes. Additionally, administration of an
NF«B inhibitor (JSH-23) significantly reduced the overexpression of inflammatory cytokines
and protein degradation enzymes induced by FSTL1 and maintained the level of major
cartilage matrix components (aggrecan and collagen II). In summary, FSTL1 was involved
in the degeneration progression of the ONFH and might provide a novel direction for treating
and curing ONFH.
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INTRODUCTION many factors, including radioactive factors, trauma, blood

system diseases, systemic steroid hormone application, and

Osteonecrosis of the femoral head (ONFH), also
known as avascular necrosis (AVN), occurs mostly in
young people between the ages of 30 and 50 [1], and the
average age of onset is 35 years, which is earlier than that
of osteoarthritis (OA). The etiology of ONFH involves
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viral infection [1]. In addition, recent studies have also
found that the incidence of ONFH is also related to genetic
predisposition [2].

Early ONFH can be alleviated by reducing joint bur-
den and applying nonsteroidal drugs. Advanced osteonec-
rosis with severe joint disease usually requires surgical
prosthesis implantation, including femoral resurfacing
arthroplasty, hemiarthroplasty, and total hip arthroplasty
(THA) [3, 4]. Surgical prosthesis implantation can provide
good clinical benefits in relieving pain and in improving
exercise quality. However, postoperative complications are
not negligible, such as infections in patients with immune
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dysfunction and high risk of dislocation and loosening of
the implant, especially in young patients [1, 4]. Once a
complication occurs, the patient will have a poor progno-
sis. Therefore, the effect of surgical treatment does not
meet the expectations of doctors and patients; it is neces-
sary to explore new ways to improve the treatment status of
ONFH.

Previous studies have found that the production
of interleukin-1 beta (IL-1f), tumor necrosis factor
alpha (TNF-«), and IL-6 are significantly elevated in
ONFH [5-7], indicating that inflammation may play
an essential role in the occurrence and development
of ONFH and in cartilage degeneration, destruction,
and repair. Follistatin-like 1 (FSTL1), a secreting
glycoprotein, has been known for approximately
20 years [8]. Early studies found that FSTL1 has
an anti-inflammation effect in a mouse arthritis mod-
el [9], but recent studies have found that FSTLI1
promotes the occurrence and progression of inflam-
matory reactions, exhibiting a pro-inflammatory role
by activating several signaling pathways in osteoar-
thritis and rheumatoid arthritis (RA) models [10, 11].
However, the regulation of FSTL1 in ONFH and its
potential role in inflammation in this condition is still
unknown. In this study, the systemic and local pro-
duction of FSTL1 in ONFH patients was evaluated,
and human primary chondrocytes and cartilage cul-
ture models were used to investigate the potential
role of FSTL1 in the inflammation and metabolism
of ONFH.

MATERIALS AND METHODS

Ethics Statement

Our research protocol was approved by the Medical
Ethics Committee of the Second Hospital of Jilin Univer-
sity (Changchun, China). Written informed consent was
obtained from all enrolled patients.

Sample Collection

According to Ficat classification [2], a total of 14
patients with ONFH grades [-II (median age, 52 years;
range, 44 to 64 years) and 14 patients with ONFH
grades III-1V (median age, 54 years; range, 48 to
67 years) who intended to accept surgical treatment
from the Second Hospital of Jilin University were en-
rolled in this study. Additionally, ten patients with a
femoral head fracture (FNF) (median age, 57.5 years;
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range, 54 to 67 years) who intended to accept total
medullary arthroplasty or femoral head replacement
were enrolled in this study as a control. The details of
all enrolled patients are shown in Table 1. All patients
were diagnosed by their clinical manifestation and by
magnetic resonance imaging (MRI) analysis without
pulmonary tuberculosis, rheumatism, and glucocorticoid
application. Next, peripheral blood was collected from
every ONFH patient and from healthy individuals (me-
dian age, 45 years; range, 30 to 56 years); synovial fluid
and articular cartilage were obtained from ONFH and
FNF patients. Peripheral blood and synovial fluid sam-
ples were centrifuged, and the supernatant was stored at
—80 °C for further testing.

Primary Chondrocyte Extraction and Culture

Cartilage tissue specimens were obtained from the
FNF patients, who acted as the control group, and the
specimens were repeatedly washed in sterile PBS to re-
move the residual blood; then, the specimens were cut into
1-mm® pieces. After the specimens were digested with
0.25% trypsin at 37 °C for 20 min, the digests were
centrifuged, and the sediment was digested with 0.2%
type II collagenase at 37 °C overnight and was filtered
using a sterile 200 mesh screen. After the filtrate was
centrifuged, the substrate was dispersed and purified with
DMEM/F12 media (HyClone, Thermo Co., USA) includ-
ing 10% FBS and 0.1% penicillin—streptomycin. After that,
the cells were seeded and cultured in DMEM/F12 media in
an incubator at 37 °C with 5% CO,. The cell culture
medium was changed twice a week. After the cells were
subcultured for two to three passages, the chondrocytes
were seeded into six-well plates to be used in the
experiments.

The Culture of Human Cartilage Explants

Human cartilage explants obtained from FNF patients
who accepted total medullary arthroplasty or femoral head
replacement were isolated and cultured as previously
reported [12]. The cartilage samples were cut into small
pieces with a diameter of 1 mm and a thickness of 1-2 mm.
Then, the cartilage specimens were cultured in serum-free
DMEM medium containing 25 mM HEPES, 2 mM gluta-
mine, 100 mg/ml streptomycin, 100 IU/ml penicillin, and
2.5 mg/ml gentamicin in tissue-culture flasks at 37 °C with
5% CO,. After that, the cultured cartilage specimens were
stimulated by recombinant human FSTLI1 protein at a
concentration of 300 ng/ml (R&D Systems Inc., MN,
USA) for 5 days.
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Table 1. Group Characteristics
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Characteristics Group A Group B Control of peripheral FNF of synovial fluid
blood for ELISA for ELISA
Number 14 14 10 10
Age (years) Mean 52.7£5.9 54.7+5.7 43.8+7.4 58.6+4.2
Range 44-64 48-67 30-56 54-67
Male/female 7717 8/6 5/5 5/5
Grade (/I/II/IV) 6/8/0/0 0/0/5/9 0/0/0/0

Immunohistochemistry Staining

Immunohistochemical (IHC) analyses in this study
were performed as previously reported [7]. In brief, the
cartilage tissues or cultured cartilage explants were fixed,
dehydrated, and embedded in paraffin to prepare 5-um-
thick slices. The sections were dewaxed, rehydrated, and
blocked with 5% normal donkey serum. Thereafter, the
serial sections were incubated with the following primary
antibodies at 4 °C overnight: goat anti-FSTL1 (1:100 dilu-
tion; Santa Cruz Biotechnology Co., USA), rabbit anti-IL-
113, rabbit anti-TNF-c, rabbit anti-matrix metalloprotei-
nase 13 (MMP-13), rabbit anti-nitric oxide synthases 2
(NOS-2) (1:200 dilution; Abcam Biotechnology Co.,
USA), and rabbit anti-IL-6 (1:100 dilution; Zhong Shan
Golden Bridge Biotechnology Co., Ltd., Beijing, China).
After the serial sections were washed, they were incubated
with donkey anti-rabbit immunoglobulin (IgG)-horserad-
ish peroxidase (HRP) and donkey anti-goat IgG-HRP
secondary antibodies (1:500 dilution; Jackson ImmunoR-
esearch Laboratories, Inc., PA, USA) at 37 °C for 30 min.
The images were captured by an electron microscope
(Olympus, Tokyo, Japan) at x 200 magnification and were
quantified by Image-Pro Plus software (Media Cybernet-
ics, Inc., USA). Each part was examined independently by
two researchers blinded to the sample identities.

Western Blot Analysis

Total proteins were extracted from primary chondro-
cytes following standard protocols as previously reported
[12]. The nuclear and cytoplasmic protein were separated
and extracted by the NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce Biotechnology, USA) accord-
ing to the instruction of the manufacturer and the protein
concentrations were tested by the BCA assay kits (Beyo-
time Biotechnology, Shanghai, China). After the proteins
were separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, they were transferred
to polyvinylidene difluoride membranes (Millipore, Bill-
erica, MA). Then, the membranes were blocked with 5%

bovine serum albumin in Tris buffer—saline Tween 20
(10 mM Tris—HCI, pH 8.0; 150 mM NaCl; and 0.5%
Tween 20) at room temperature for 30 min followed by
incubation with the following primary antibodies at 4 °C
for 12 h: goat anti-FSTLI, rabbit anti-laminB, rabbit anti-
aggrecan, rabbit anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (1:1000 dilution; Santa Cruz, USA),
rabbit anti-IkBx, rabbit anti-pIlkBe, rabbit anti-NF«kB-
p65 (1:1000 dilution; Cell Signaling Technology Inc.,
MA, USA), rabbit anti-cyclooxygenase-2 (COX-2), rabbit
anti-NOS-2, rabbit anti-MMP-13, and rabbit anti-collagen
II (Col-2) (1:1000 dilution; Abcam, USA). The GAPDH
and laminB antibodies were used as the internal protein
loading controls for data analysis. After the membranes
were incubated with the HRP-conjugated secondary anti-
bodies (Jackson Laboratory, USA), the protein signals
were detected using the enhanced chemiluminescence
(ECL) kit (Pierce Biotechnology, USA). All experiments
were repeated in triplicate.

Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatants of sera, synovial fluid, and stimulat-
ed cultured chondrocytes were collected, centrifuged, and
stored separately at — 80 °C. The protein levels of FSTL1
in human sera and synovial fluid were determined by
human FSTL1 ELISA kits (Abcam, USA) using protocols
provided by the manufacturers. The secretion of TNF-«,
IL-1p3, prostaglandin E2 (PGE-2), and IL-6 in cell culture
supernatants were determined by human ELISA Kkits
(Abcam, USA) according to the protocols provided by
the manufacturers. The absorbance values (OD values) at
450 nm were detected by an absorbance microplate reader
(Bio-Rad) according to the instructions of the
manufacturer.

Real-Time PCR

Total RNA was extracted from cartilage tissue, pri-
mary chondrocytes, or cultured human cartilage explants
from each indicated group using the RNAeasy kit
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(Beyotine Biotechnology Corporation, Shanghai, China)
according to the instructions of the manufacturer. SYBR
Green I dye was used to perform real-time PCR and to
monitor DNA synthesis. Sequence-specific primers in this
study are listed in Table 2 (synthesized by Sangon Com-
pany, Shanghai, China). Each single PCR product was
verified by a melting curve analysis and was normalized
to GAPDH. The experiments were performed in triplicate.
The relative expression level of each target gene was
calculated using the 2~“““" method.

FSTL1-siRNA Transfection

The small interfering RNA (siRNA) targeting human
FSTL1 mRNA (siRNA group) and the negative mis-
matched control siRNA (NC group) were designed and
synthesized by RiboBio (Guangzhou, China). Primary
chondrocytes were transfected with 50 nmol/L FSTL1-
siRNA and negative control for 48 h as the manufacturer’s
instructions. The total mMRNA of the transfected chondro-
cytes was extracted to detect the mRNA content of FSTLI,
and the cell supernatant was collected to identify the levels
of TNF-«, IL-6, and IL-13 by ELISA assay. In addition,
chondrocytes pretreated with FSTL1-siRNA for 24 h were
stimulated with IL-13 and TNF-c, and mRNA expression
of related inflammatory cytokines was measured.

Statistical Analysis

The data were presented as the mean + standard devi-
ation (SD) from three independent experiments. The sta-
tistical analysis between the two groups was performed
with the paired 7 test, and the statistical analysis of three
or more groups used one-way analysis of variance
(ANOVA) by GraphPad Prism 5.0. Statistical significance
was considered if the value of P was < 0.05.
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RESULTS

Production of FSTL1 in Peripheral Blood and Synovial
Fluid of ONFH Patients

Previous studies reported that the FSTL1 concentration
in peripheral blood and synovial fluid was upregulated both
in OA and RA patients [10]. To investigate the FSTL1 levels
in ONFH patients, we collected serum from ONFH patients
and healthy individuals to perform ELISAs. Serum FSTL1
levels in healthy controls (4.738 +1.482 ng/ml) were not
different from those in ONFN patients (group A, 5.157+
1.464 ng/ml; group B, 5.164 £ 1.409 ng/ml) (Fig. 1a). There
was no statistical difference in serum FSTLI1 levels between
the mild ONFH group (group A) and the severe ONFH group
(group B). To determine the production of FSTL1 in ONFH
patients, we collected synovial fluid and cartilage in ONFH
patients to assess the protein and mRNA levels of FSTLI.
Here, FNF patients were used as a control group. As shown
in Fig. 1b, the FSTL1 concentrations in synovial fluid from
the ONFH groups (group A, 22.19 +3.767 ng/ml; group B,
21.06 +5.044 ng/ml) were significantly higher than that in
the FNF group (12.05 +2.298 ng/ml) (Fig. 1b). IHC results
showed a poor expression of FSTL! in the FNF group
(Fig. 1¢). In contrast, the secretion of FSTL1 was greatly
increased in cartilage in ONFH patients (Fig. 1d). When
compared to the FNF group, the mRNA levels were upregu-
lated by approximately 3.1-fold in group A and 3.8-fold in
group B (Fig. le). However, mRNA and protein levels
showed no statistically significant difference between the
mild ONFH group (group A) and the severe ONFH group
(group B) (Fig. 1b, d, and e). The data suggest that serum
FSTLI cannot be used as a systemic indicator for evaluating
the progression of ONFH. However, the obvious changes of
FSTLI in local joints suggest that FSTL1 may be closely
related to the progression of ONFH.

Table 2. Real-Time PCR Primers of Human

Target gene Forward primers, 5'-3’ Reverse primers, 53’
Aggrecan AATGCTGGTACTCCAAACCC CTGGATCGTTATCCAGCAAACAGC
COX-2 CTTCACGCATCAGTTTTT TCACCGTAAATATGATTTAAGTCCAC
Col-2 GTGAGCCATGATTCGCCTCGG CACCAGGTTCACCAGGATTGCC
FSTL1 CCAGAACTATGATAATGGAGACGCT TAAGATGAACTATGAACCTCCTGCC
IL-1B3 CTGTCCTGCGTGTTGAGGGA TTGGGTAATTTTTGGGATCTACA
IL-6 TGGGCACAGAACTTATGTTG TTGAGGTAAGCCTACACTTTCC
NOS-2 ACGTCATAGTCTCTCTAAACCGTGC GTGCTGACTGGAAATCTCAAGG
MMP-13 AAATTATGGAGGAGGAGATGCCCATT TCCTTGGAGTGGTCAAGACCTAA
NFkB2 CAGTGAGAAGGGCCGAAAGAC CAGGGGCAGGGAGAAGGAG
TNF-a ATCTTCTCGAACCCCGAGTGA GGAGCTGCCCCTCAGCTT

GAPDH

GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGC
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Fig. 1. Expression levels of FSTL1 in peripheral blood, synovial fluid, and articular cartilage in enrolled patients. (a) Detection of FSTLI levels in the serum
of healthy people, patients with ONFH grades I-1I (group A) and patients with ONFH grades III-1V (group B), as determined by ELISA. (b) The FSTL1
levels in the synovial fluid of patients in the FNF group, group A, and group B were detected, and the synovial fluid of patients in the three groups was
collected and measured by ELISA. (¢) Articular cartilage of patients in the FNF group, group A, and group B were collected, and the levels of FSTL1 in each
group were tested by IHC, which was analyzed in (d). (e) The FSTL1 expression levels in articular cartilage of patients in the FNF group, group A, and group

B were detected by real-time PCR. *P <0.05, **P < 0.05. Scale bar, 50 pm.

Pro-Inflammatory Cytokines (IL-13 and TNF-x)
Induced FSTLI1 Level in Primary Chondrocytes

Many studies have shown that pro-inflammatory cyto-
kines are involved in regulating the secretion of FSTL1, and
IL-13, TNF-«, [FN-gamma can induce the overexpression
of FSTLI in nucleus pulposus cells, MT3T3 cells, stromal
cells, and stroma cells [13—15]. To test whether IL-1f3 and
TNF-« regulate FSTL1 secretion, IL-13 or TNF-«,

respectively, was added in the cultured human primary
chondrocyte for 48 h. Real-time PCR and ELISA results
showed that both IL-13 and TNF-o promote the level of
FSTLI in a chondrocyte culture model (Fig. 2a, b). Given
that both IL-13 and TNF-« played a central role in the
degeneration of ONFH, we hypothesized that locally elevat-
ed FSTL1 in the joints might arise from the continued
stimulation of peripheral IL-13 and TNF-x and the inflam-
matory mediators associated with them.
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FSTL1 Downregulation by FSTL1-siRNA Reduced the
IL-1$3 and TNFx-Mediated Inflammatory Reaction in
Primary Chondrocytes

Previous studies reported using short hairpin RNA
to downregulate the FSTLI level could decrease the
pro-inflammatory cytokine-mediated inflammatory re-
sponse in stromal cells [14, 16]. In the present study,
we used siRNA targeting human FSTL1 (FSTLI-
siRNA) to transfect human primary chondrocytes, and
real-time PCR and western blot were performed to test
the effect of FSTL1-siRNA on the production of
FSTLI. Figure 3a shows that the expression of FSTL1
was significantly decreased by siRNA. The western
blot result confirmed the efficiency of FSTL1-siRNA,
as the protein level of FSTL1 was inhibited by the
administration of FSTL1-siRNA (Fig. 3b—c). Here,
the production of inflammation-associated biomarkers
(IL-1B, TNF-«, and IL-6) was evaluated in a cell
culture model. Administration of FSTL1-siRNA alone
did not significantly affect the levels of IL-1[3, TNF-«,
and IL-6 (Fig. 3d—f), as assayed by ELISA.

To test the effect of FSTL1-siRNA in inflammation
condition, IL-13 and TNF-« were used to establish a chon-
drocyte inflammatory model separately to assess the effect
of FSTL1 by adding FSTL1-siRNA in the culture medium.
As Fig. 3g and h demonstrate, the treatment of chondrocytes
with FSTL1-siRNA downregulated the IL-13-induced
overexpression of TNF-« and IL-6 mRNA levels. TNF-o-
mediated increases in IL-1{3 and IL-6 levels were inhibited
by FSTL1-siRNA treatment (Fig. 3i, k). The data suggested
that blocking the expression of FSTL1 can inhibit IL-1{3 or
TNF-a-induced inflammatory processes in chondrocytes.
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FSTL1 Enhanced the Secretion of Inflammatory
Cytokines in Cultured Cartilage Explants

To assess the effect of FSTL1 in cartilage inflamma-
tion and metabolism, the cartilage explants from five FNF
patients were collected, and a cartilage explant culture
model was constructed in vitro. Because FSTL1 was high-
ly increased in ONFH patient synovial fluid, the present
study used a high dosage of FSTL1 (300 ng/ml) cocultured
with cartilage explant in vitro for 5 days. After they were
stimulated with FSTL1, the cultured cartilage samples
were harvested to evaluate the production of inflammatory
cytokines (IL-1f3, IL-6, TNF-«, and NOS-2) and the pri-
mary cartilage catabolic enzyme (MMP-13), as measured
by real-time PCR and IHC. Real-time PCR revealed a
significant increase in the expression of IL-1[3 (2.7-fold),
IL-6 (1.9-fold), TNF-« (3.7-fold), NOS-2 (2.5-fold), and
MMP-13 (4.9-fold) in the FSTL1 group relative to the
control group (Fig. 4a—e). There was a significantly lower
protein expression of inflammatory cytokines and catabol-
ic enzyme in the control group; in contrast, these bio-
markers were highly increased in the group treated with
FSTL1 (Fig. 4—j). The result indicated increased FSTL1
could accelerate inflammation and degeneration of carti-
lage in vitro.

FSTL1 Activated the NFkB Signaling Pathway In Vitro

The NFkB signaling pathway is closely associated
with the degeneration and necrosis of articular cartilage
in ONFH models [17, 18]. Many groups have reported that
FSTLI1 promotes inflammatory progression in OA, RA,
obesity, and lumbar disc herniation (LDH) by activating
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Fig. 2. IL-1$3 and TNF-« could promote the expression of FSTLI in chondrocytes. (a) The FSTL1 mRNA expression levels in chondrocytes stimulated by
IL-1$3 and TNF- were detected by real-time PCR. (a) Human chondrocytes were cultured with 10 ng/ml IL-1f3 or 10 ng/ml TNF-« for 48 h, and the total
mRNA of each group was extracted. The PBS group was used as a control. (b) Human chondrocytes were cultured with PBS, 10 ng/ml IL-1f3, or 10 ng/ml
TNF-« for 48 h, and the supernatant of every group was collected for the detection of FSTL1 expression level by ELISA. *P <0.05, **P<0.01,

#EEP <0.001.
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Fig. 3. Interference of the expression of FSTL1 can inhibit IL-13 and TNF-«-induced inflammation. (a) FSTL1 expression levels in human primary
chondrocytes transfected with FSTL1-siRNA were detected by real-time PCR (a) and western blot assay (b—c¢). Primary chondrocytes were transfected with
FSTL1-siRNA for 48 h, and the total mRNA and protein were collected (d—f). The supernatants of primary chondrocytes were obtained after 48 h of
transfection, and the levels of IL-1f3 (d), IL-6 (e), and TNF-« (f) were measured by ELISA. The IL-6 (g) and TNF-« (h) expression levels in transfected
primary chondrocytes, which were further stimulated by 10 ng/ml IL-1f3 for 48 h, were tested by real-time PCR. The IL-6 (i) and TNF-« (j) expression levels
in transfected primary chondrocytes, which were further stimulated by 10 ng/ml TNF-« for 48 h, were also measured. *P < 0.05, **P <0.01, ***P < 0.001.

NF«kB signaling [11]. To investigate the activation of the
NFkB pathway, three FNF patients and three ONFH
patients were randomly selected to donate cartilage to test
the activation of the NFkB pathway. Cartilage sections
were stained with phospho-IkBa (pIkBx), and RNA
extracts were collected to detect the NFkB2 level by real-

time PCR. As indicated in Fig. 5a, pIkBoc expression was
higher in the ONFH group than in the FNF group. More-
over, the NFkB2 level was increased approximately 3-fold
in the ONFH group relative to the control group (Fig. 5b).
To further test the effect of FSTL1 on the activation of
NFkB signaling, human primary chondrocytes were
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treated with different concentrations of FSTL1 (0, 100, and
300 ng/ml) for 1 h. FSTL1 dramatically induced the pro-
duction of plkBa in the cytoplasm and NFkBp65 in the
nucleus (Fig. 5c, d), as assayed by western blot. RNA
extracts were harvested from chondrocytes from the three
groups. The result of real-time PCR indicated that FSTL1
significantly upregulated chondrocyte NFkB2 levels rela-
tive to the levels of the untreated cultured chondrocytes,
and the high-dose group (300 ng/ml) exhibited significant-
ly increased production of NF«kB2 relative to that of the
low-dose group (100 ng/ml) (Fig. 5e). The data suggest
that FSTL1 enhances the activity of the NFkB signaling
pathway in a dose-dependent manner.

Inhibitors of NFkB Reduced Inflammation and
Catabolism in Human Primary Chondrocytes

To investigate whether the pro-inflammatory effect of
FSTL1 is dependent on the NFkB signaling pathway,
primary chondrocytes were treated with FSTLI1
(300 ng/ml) in the presence or absence of NFkB signaling
inhibitor-JSH-23 (20 pumol). To test the role of JSH-23 on
the expression of FSTL 1-inducible cytokines and catabolic
enzymes was analyzed by ELISA and real-time PCR. As
shown in Fig. 6a—d, administration of JSH-23 reduced the
secretion of IL-1f3, IL-6, TNF-«, and PGE-2, which are
induced by FSTL1. Western blot results showed the protein
overexpression of COX-2, NOS-2, and MMP-13 was sup-
pressed with the application of JSH-23 (Fig. 6e). Increasing
the production of inflammation mediators and catabolism-
related enzymes cause the degeneration and destruction of
the cartilage of the femoral head and promote the progres-
sion of ONFH. The present study detected the expression
of the critical components of cartilage matrices, such as
aggrecan and Col-2, using real-time PCR and western blot.
Figure 6f-h shows that the high dose of FSTL1 destroyed
the balance of synthesis and catabolism for the cartilage
matrix and speeds up the catabolism of cartilage, as indi-
cated by the loss of the production of aggrecan and Col-2.
The application of JSH-23 blocked the suppression of
aggrecan and Col-2 induced by FSTL1. These data suggest
inhibition of the NFkB signaling pathway can downregu-
late the inflammatory response and the cartilage destruc-
tion caused by FSTLI.

DISCUSSION

ONFH is characterized by increasing joint destruc-
tion, cartilage collapse and loss of joint function, and

Qu, Liu, and Li

Fig. 4 Inflammatory cytokine levels in FSTL1-stimulated human cartilagep»
were detected. The secretion of IL-1p (a), IL-6 (b), TNF-a (c), NOS-2 (d),
and MMP-13 (e) in cultured human cartilage in vitro was measured by
real-time PCR. Human cartilage was cultured and stimulated by 300 ng/ml
FSTLI in vitro for 5 days, and the total mRNA, including that of the
control group, was collected. IHC was used to verify the levels of IL-1f (f),
IL-6 (g), TNF-a (h), NOS-2 (i), and MMP-13 (j) in cultured human
cartilage stimulated by FSTL1 for 5 days. *P <0.05, **P<0.01. Scale
bar, 50 pm.

persistent pain. Although the exact cause of ONFH is still
unknown, the consensus is that ONFH is caused by a
variety of exogenous factors, such as trauma and hormonal
use, and by endogenous factors, such as immune disorders,
metabolic disorders, and even genetic changes [1]. Recent
studies have shown that a variety of treatments such as
nonsteroidal anti-inflammatory drugs, cytokines such as
hepatocyte growth factor (HGF), transforming growth
factor-3 (TGF-f3), and vascular endothelial growth factor
(VEGF), and stem cell therapy and viral vector gene ther-
apy can block the inflammatory manifestations and allevi-
ate the symptoms of ONFH [4, 9, 19]. However, none of
these treatments can change the outcome of ONFH-joint
replacement. Loss of motor function and various compli-
cations caused by joint replacement also bring great phys-
ical and mental pain to patients. The extensive incidence of
ONFH and the difficulty of treatment suggest that we
should thoroughly explore the pathogenesis of ONFH
and seek better treatment strategies for ONFH.

Many studies have found that several inflammatory
factors or enzymes in the serum, synovial fluid, and de-
generative cartilage of ONFH patients have changed sig-
nificantly and participate in the pathological process of
ONFH [5-7]. A previous study showed that certain geno-
types of IL-1f3, TGF-f3, IL-10, and TNF-« associated with
the pathogenesis of ONFH [5]. TNF-« and IL-1f3 are
major systemic pro-inflammatory factors that play an es-
sential role in the pathogenesis of ONFH. Importantly,
TNF-oc has been reported to promote the expression of
other cytokines, such as IL-3, IL-6, IL-12, MMP-13, and
ADAMTS-7, to accelerate the progression of ONFH [20,
21]. In addition, human and animal studies have shown
that the loss of bone related to menopause may be caused
by the activation of osteoclasts promoted by IL-6 [22] and
that inhibiting IL-6 expression could reduce the inflamma-
tory response and reduce necrosis to promote bone recon-
struction [23, 24]. Moreover, a previous study reported that
the levels of TNF-&, COX-2, ADAMTS-4, and MMP-13
were significantly higher in ONFH patients than in FNF
patients, while the aggrecan and collagen levels were de-
creased in ONFH patients [6]. These data indicated that
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Fig. 5. The NFkB signaling pathway was activated by FSTL1 in vitro. (a) The expression level of pIkBox in the human cartilage of patients with ONFH was
higher than that of the FNF group, as detected by IHC. (b) The NF«B2 level in the cartilage of patients with ONFH was significantly increased compared with
that of the control group. The total mRNA in the human cartilage of patients with FNF or ONFH was isolated and assayed by real-time PCR. (¢) The IkBoc
and pIkBa expression in primary cells stimulated by FSTL1 were detected by western blot assay. Primary cells were treated with 0, 100, or 300 ng/ml FSTL1
for 1 h and were lysed by cell lysis buffer to obtain the total protein. (d) The NFkB-p65 levels in primary cells stimulated by FSTL1 were also detected by
western blot. Primary chondrocytes were cultured with 0, 100, or 300 ng/ml FSTLI for 1 h, and the nuclear and cytoplasmic protein were collected for each
group. (e) The NFkB2 expression in human primary chondrocytes stimulated by FSTL1 was also detected by real-time PCR. *P <0.05. Scale bar, 50 pum.

finding and inhibiting the appropriate targets during the
ONFH inflammation process may provide new treatment
strategies for ONFH.

Since most inflammatory factors are released by
inflammatory cells such as macrophages, somatic cells,
and TH cells in the body, it has been thought that the
occurrence of joint necrosis is caused by local or
systemic or local immune attacks on the joints. How-
ever, present research shows that cartilage degeneration
and necrosis destruction may be induced by the joint
itself. FSTL1 can be produced by a variety of cells in

nonhematopoietic cell lines, especially mesenchymal
cells. In the joint system, FSTL1 is expressed in both
synovial and cartilage tissues [25]. In patients with OA
and RA, the expression level of FSTL1 in synovial
tissue was significantly higher than that in cartilage
tissue [10, 11]. In addition, FSTL1 had high levels in
mouse models or human rheumatoid arthritis patients
and was found to aggravate RA progression by pro-
moting the expression of MMP-1, MMP-3, and MMP-
13 through activating NFkB, JAK/STAT3, and MAPK
pathways [26]. In lumbar disc degeneration patients,
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Fig. 6. Inhibition of the NF-«kB signaling pathway could reduce the FSTL1-mediated inflammatory reaction and catabolism in chondrocytes. The secretion
of IL-13 (a), IL-6 (b), TNF-« (¢), and PGE-2 (d) in FSTLI-treated primary cells with or without JSH-23 were determined by ELISA. Human primary
chondrocytes were treated with 300 ng/ml FSTLI with or without 20 umol JSH-23 for 48 h. The control group was added to the same concentration of
DMSO without FSTL1 or JSH-23. (e) Total protein of each treated group was also collected, and COX-2, NOS-2, and MMP-13 expression levels were
detected by western blot. (e-h) The expression levels of aggrecan and Col-2 were assessed by real-time PCR and western blot. Col-2 and aggrecan expression
levels were determined by western blot. *P < 0.05, **P <0.01, ***P < 0.001.

FSTL1 was overexpressed in human serum and lumbar
discs, and it has a positive correlation with visual
analog scale; FSTL1 can also be upregulated by the
administration of TNF-« and can be enhanced the
production of inflammatory cytokines and MMP-13
by activation of the MAPK and NF«kB signaling path-
ways [27].

Although the role of FSTL1 in the regulation of
inflammation is still controversial, most studies have
shown that FSTL1 may promote the occurrence and
progression of inflammatory reactions in bone and
joint degeneration-related diseases such as OA, RA,
and LDH [11]. Herein, we explored the role of FSTL1
in human ONFH for the first time. We found that the
expression levels of FSTLI in the human peripheral
blood did not display a difference between healthy
individuals and ONFH patients. In a further test, the
effect of FSTL1 in local joints in the production of

synovial fluid and articular cartilage was examined and
showed significantly elevated in ONFH patients com-
pared with that in FNF patients, testing by ELISA and
IHC staining. To test the regulatory effect of FSTL1 in
IL-13 and TNF-mediated inflammatory responses in
the chondrocyte culture model, downregulation of
FSTL1 by adding FSTL1-siRNA inhibited the level
of inflammatory cytokines induced by IL-1{3 and
TNF. FSTL1 promoted the expression of IL-1[3, IL-6,
TNF-o, NOS-2, and MMP-13 in primary chondrocyte
and cartilage explants in vitro. Strikingly, inhibiting the
NFkB pathway can prevent the pro-inflammatory ef-
fect of FSTL1 and rescue the depression of collagen II
and aggrecan.

In conclusion, FSTL1 had high expression in the syno-
vial fluid and joint cartilage tissues of ONFH patients and
significantly enhanced the appearances of IL-1[3, IL-6, TNF-
&, NOS-2, and MMP-13 in ONFH models in vitro, mainly
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through activating the NF«B signaling pathway. These find-
ings suggest that FSTL1 may act as an endogenous trigger or
factor in the regulation of human ONFH and can be consid-
ered as a promising target for human ONFH therapy in the
future.
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