
Research Article
Increased HIF-1α in Knee Osteoarthritis Aggravate Synovial
Fibrosis via Fibroblast-Like Synoviocyte Pyroptosis

Li Zhang, Li Zhang, Zhengquan Huang, Runlin Xing , Xiaochen Li, Songjiang Yin,
Jun Mao, Nongshan Zhang, Wei Mei, Liang Ding, and Peimin Wang

Department of Orthopedics, The Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China

Correspondence should be addressed to Peimin Wang; drwpm@163.com

Received 3 August 2018; Accepted 3 December 2018; Published 10 January 2019

Academic Editor: László Virág

Copyright © 2019 Li Zhang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fibroblast-like synoviocytes (FLSs) are the main effector cells of knee osteoarthritis (KOA) synovial fibrosis. Our last report showed
that NLRP1 and NLRP3 inflammasomes may mediate LPS/ATP-induced FLSs pyroptosis in KOA. In the present study, we found
an elevated hypoxia-inducible factor-1α (HIF-1α) level in the synovial tissue of KOA model rats, and inhibiting the increase of
HIF-1α could improve synovial fibrosis in rats. Subsequently, we established LPS/ATP-induced model in FLSs mimicking the
inflammatory environment of KOA. FLSs transfected with siRNA HIF-1α showed a reduced cell death; meanwhile, the relative
expression of pyroptosis-related proteins was also downregulated. Additionally, FLSs transfected with or without siRNA
GSDMD were exposed to hypoxia. GSDMD silencing can significantly reduce both gene and protein levels of fibrogenic markers
transforming growth factor-β (TGF-β), procollagen-lysine, 2-oxoglutarate 5-dioxygenase2 (PLOD2), collagen type I α1 chain
(COL1A1), and tissue inhibitor of metalloproteinases 1 (TIMP1). Taken together, our findings indicate that increased HIF-1α is
highly involved in the KOA synovial fibrosis. Moreover, elevated HIF-1α may aggravate synovial fibrosis via FLS pyroptosis.

1. Introduction

Knee osteoarthritis (KOA) is a degenerative joint disorder
that affects all tissues in the knees characterized by the pro-
gressive destruction of articular cartilage and surrounding
tissues especially the synovial membrane, causing pain, stiff-
ness, and chronic disability [1]. Among these symptoms,
stiffness and pain are highly correlated with synovial fibrosis
and fibroblast-like synoviocytes (FLSs) have been proven to
be the main effector cells [2]. In KOA, excessive extracellular
matrix (ECM) deposition in the presence of inflammation
and tissue damage leads to synovial fibrosis. Accumulating
evidence has demonstrated the critical role of transforming
growth factor-β (TGF-β) in fibrotic response [3, 4]. Besides,
genes procollagen-lysine, 2-oxoglutarate 5-dioxygenase2
(PLOD2) and collagen type I α1 chain (COL1A1) and tissue
inhibitor of metalloproteinases 1 (TIMP1) are shown upreg-
ulating in osteoarthritis-related fibrosis; they are usually con-
sidered to be fibrogenic markers [5].

With the development of research, KOA has been widely
accepted as an immune-related disease. Thus, inflammation
and oxidative stress are frequently discussed in the onset
and progression of KOA [1].

Recently, a new form of programmed inflammatory
cell death has been described as pyroptosis. This
caspase-1-dependent cell death is mostly found in mono-
cytes, macrophages, and dendritic cells [6]. In the canoni-
cal process of pyroptosis, activated nod-like receptor
protein 3 (NLRP3) forms an inflammasome comprised of
apoptosis-associated speck-like protein (ASC) and the ser-
ine protease caspase-1 [7]. NLRP3 inflammasome governs
the cleavage and activation of caspase-1; subsequently,
the activated caspase-1 will further generate proinflamma-
tory cytokines IL-1β and IL-18 by the cleavage of their
precursor and induces pyroptosis through the cleavage of
gasdermin D (GSDMD) [8].

In our last study [9], the correlation between the NLRP
inflammasomes and FLS pyroptosis was investigated in vivo
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and in vitro. We have revealed that NLRP1 and NLRP3
inflammasomes mediate LPS/ATP-induced pyroptosis in
KOA. However, the significance of FLS pyroptosis in KOA
still needs to be further explored. Increasing evidence has
shown that cell pyroptosis in different tissues such as the
liver, renal, and airway participates in chronic aseptic inflam-
mation and can be related to tissue fibrosis [10–12]. Would
this also be applied to explain the pathological mechanism
of synovial fibrosis in KOA?

The knee joints consume oxygen and nutrients during
movement; thus, it is very important to study the homeosta-
sis of the cellular environment from the perspective of oxida-
tive stress [13]. Hypoxia-inducible factor-1α (HIF-1α) is a
transcriptional factor and key regulator of the cellular
response to hypoxia. Clinical studies have shown that HIF-1α
levels in the serum, synovial fluid, and articular cartilage of
KOA patients are associated with progressive joint damage
[14]. It may serve as an alternative biomarker for the progres-
sion and prognosis of KOA. Previous studies have demon-
strated that HIF-1α is associated with the upregulation of
gene expression encoding proinflammatory cytokines and
growth factors to activate fibroblasts and mediate fibrosis
[15]. Unfortunately, the specific molecular mechanism in
KOA synovial fibrosis involving HIF-1α is still unknown.

In summary, synovial fibrosis in KOA seems to be a com-
bined result of inflammation and oxidative stress. FLS pyrop-
tosis may play a crucial role in the entire pathogenesis of
KOA. This programmed inflammatory cell death may be
regulated by HIF-1α and associated with synovial fibrosis.
In the present study, we investigated the correlation between
HIF-1α, FLS pyroptosis and synovial fibrosis in vitro cells,
and KOA model rats via molecular biology and histochemi-
cal methods. Our hypothesis is that elevated HIF-1α in
KOA may aggravate synovial fibrosis via FLS pyroptosis.
Ameliorating hypoxia in the synovial tissue or inhibition of
FLS pyroptosis may exert a protective effect.

2. Materials and Methods

2.1. In Vivo Animal Experimental Design. Eighteen
3-month-old SD female rats, weight ranging from 280 g to
320 g (provided by Beijing Vital River Laboratory Animal
Technology Co. Ltd.), were used. Animals were maintained
in a specific pathogen-free laminar-flow housing apparatus
under controlled temperature, humidity, and 12 h light/dark
regimen. All animal protocols were approved by the Animal
Care and Use Committee of the Nanjing University of
Chinese Medicine. All experiments were conducted in accor-
dance with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Rats were randomly assigned to three groups: Normal
(n = 6), KOA (n = 6), and KOA+Digoxin (n = 6). KOA was
induced by monosodium iodoacetate (MIA) as described
previously. Briefly, on day 1, KOA group rats were anesthe-
tized with Nembutal and given intra-articular injection of
1mg of MIA (Sigma, St. Louis, MO, USA) in 50μl physio-
logic saline through the infrapatellar ligament of the bilateral
knee joint while Normal group rats were treated with 50μl
sterilized physiologic saline. From day 14, the KOA+Digoxin

group was intraperitoneally injected with HIF-1α inhibitor
digoxin (Chengdu Herb Purity Co. Ltd., Chengdu, China)
at a dose of 100μg/kg, in 50μl sterilized physiologic saline,
once a day for 2 weeks, while the other two groups were
treated with 50μl sterilized physiologic saline. At day 28, all
rats were sacrificed to harvest the synovial tissue.

2.2. Measurement of the Right Knee Joint Diameter. The
transverse diameters of the right knees were measured at
day 1, day 7, day 14, day 21, and day 28, with a slide caliper
(Mitutoyo, Kanagawa, Japan) to measure the horizontal dis-
tance between the left and right highest points of the knee
joints flexed at 90°, respectively. Each knee was measured
three times, and the mean value was calculated.

2.3. Hematoxylin and Eosin Staining. Synovial tissues were
fixed in 10% neutral formalin, soaked in EDTA, embedded
in paraffin, and cut into slices, for routine HE staining.

2.4. Sirius Red Staining. All procedures were carried out
according to the instructions of Picro Sirius Red Stain kit
(Abcam, Cambridge, UK). Briefly, the tissue sections were
dewaxed, dipped into water, stained with 1 g/l Picric
Acid-Sirius Red at 37°C for 1 h, and then washed with water.
The sections were mounted and viewed under a Leica
DMI3000B microscope (Leica, Germany), with the use of
bright field.

2.5. Isolation and Culture of Primary Rat KOA-FLSs. In brief,
synovial tissues were washed for 2-3 times with
phosphate-buffered saline (PBS) then minced into pieces of
2-3mm2, digested in 0.1% collagenase type II (Sigma, St.
Louis, MO, USA) for 30min. Following cell dissociation,
the samples were filtered through a cell strainer. After
dissociation, fibroblasts were pelleted by centrifugation at
1,500 rpm for 4min and cultured in DMEM supplemented
with 10% fetal calf serum (FCS; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and antibiotics (100U/ml
penicillin, 100μg/ml streptomycin; Invitrogen, CA, USA).
Cells were identified as our previous studies [16]. Passages
3-6 of the synovial fibroblasts were used for the experiments.

2.6. Small Interfering RNA Preparation and Transfection. To
inhibit the HIF-1α and GSDMD expression in the FLS, com-
mercially available HIF-1α, GSDMD, and vehicle control
small interfering RNA (Invitrogen, CA, USA) were used.
FLSs were transfected with siRNAs by using Lipofectamine
2000 (Invitrogen, CA, USA) according to manufacturer’s
instructions. siRNA was diluted in transfection reagent and
culture medium, and the cells were incubated with 20pmol
siRNA for 6 h.

2.7. FLS Treatment. To induce cell pyroptosis, FLSs trans-
fected with HIF-1α siRNA (HIF-1α siRNA group) or vehicle
scramble siRNA (Vehicle group) were stimulated with LPS
(1μg/ml) in DMEM for 6 h and then challenged with ATP
(3mM) for 1 h. The FLSs exposed to DMEM with same
volume of PBS served as controls (Normal group).

To evaluate the relationship between pyroptosis and
fibrosis, FLSs transfected with GSDMD siRNA (GSDMD
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siRNA group) or vehicle scramble siRNA (Vehicle group)
were exposed to hypoxia (cultured in 1% O2, 24 h). The Nor-
mal group FLSs cultured at 37°C in a humidified 95% air and
5% CO2 atmosphere served as controls (Normal group).

2.8. Real-Time PCR. RNA was isolated from synovial tissue
and FLSs with Trizol (Invitrogen, CA, USA), respectively.
The reverse transcription was performed by using a first
strand cDNA synthesis kit (Takara, Otsu, Japan) according
to manufacturer’s instructions. qPCR was performed using
Premix Ex Taq SYBR-Green PCR (Takara) according to
manufacturer’s instructions on an ABI PRISM 7300 (Applied
Biosystems, Foster City, CA, USA).

Primer was designed and synthesized by Shanghai
Biotechnology Service Company in accordance with the gene
sequence in GenBank gene sequence design, together with
Oligo v6.6. Sequences for primers were as follows: caspase-1
forward, 5′-GACCGAGTGGTTCCCTCAAG-3′, and
reverse, 5′-GACGTGTACGAGTGGGTGTT-3′; ASC for-
ward, 5′-GACAGTACCAGGCAGTTCGT-3′, and reverse,
5′-AGTAGGGCTGTGTTTGCCTC-3′; NLRP3 forward, 5′
-CTCACCTCACACTCCTGCTG-3′, and reverse, 5′-AGAA
CCTCACAGAGCGTCAC-3′; GSDMD forward, 5′-TCAT
GGTTCTGGAAACCCCG-3′, and reverse, 5′-CCAGAC
ACTGGTTCTGGAGC-3′; TGF-β forward, 5′-GACTCT
CCACCTGCAAGACC-3′, and reverse, 5′-GGACTGGCG
AGCCTTAGTTT-3′; COL1A1 forward, 5′-GTACATCAG
CCCAAACCCCA-3′, and reverse, 5′-CAGGATCGGAA
CCTTCGCTT-3′; PLOD2 forward, 5′-ATGCTCGAGAC
ATGGGTGTG-3′, and reverse 5′-TTTTCCTTCCAATCCA
CGGG-3′; TIMP1 forward, 5′-CAGCTTTCTGCAACTC
GGAC-3′, and reverse, 5′-CAGCGTCGAATCCTTTGAG
C-3′; and GAPDH forward, 5′-TTCACCACCATGGAGA
AGGC-3′, and reverse, 5′-CTCGTGGTTCACACCC
ATCA-3′. The mRNA level of individual genes was normal-
ized to GAPDH and calculated by 2−ΔΔCt data analysis
method.

2.9. Western Blotting Analysis. Synovial tissues and FLS were
mixed with RIPA lysate and grinded for 10-15min, respec-
tively. Samples were agitated on ice for 30min and the super-
natant was collected. The protein levels were quantified with
a BCA protein assay kit (Roche, Basel, Switzerland). Then the
protein samples were electrophoresed in SD-PAGE to sepa-
rate protein bands. Proteins were transferred from gel onto
PVDF membrane, blocked with 5% nonfat dry milk for 2 h.
The membrane was incubated with the first antibody
(1 : 1000) for overnight at 4°C, and then with the second anti-
body for 2 hours. Later bands were visualized by exposure to
ECL method and the overall gray value of protein bands
(average gray value area) was quantified, GAPDH as internal
marker, namely, target protein gray value/internal reference
overall gray value.

2.10. ELISA. IL-1β and IL-18 levels in the culture media were
determined using a commercially available rat IL-1β, IL-18
enzyme-linked immunosorbent assay (ELISA) kit (Shanghai

Lengton Bioscience Co., Shanghai, China) according to
manufacturer’s instructions.

2.11. Flow Cytometry. After treatment, the cells were double
stained with Annexin V-fluorescein isothiocyanate and
propidium iodide (Annexin V: FITC apoptosis detection
kit; BD Biosciences, Santa Cruz, CA, USA) according to the
instructions. Quantification was then performed by flow
cytometry (Beckman Coulter, Miami, FL, USA).

2.12. Pimonidazole Staining and Immunofluorescence. To
investigate synovial tissue hypoxia, rats were injected with
Hypoxyprobe™-1 (pimonidazole HCl) (Hypoxyprobe™-1
Plus Kit, Burlington, MA, USA) at a dosage of 60mg/kg for
45min prior to sacrifice. Subsequent immunofluorescence
staining followed the kit instructions. The image was
observed by inverted fluorescence microscope (Leica
DMI3000B, Germany).

To observe intracellular hypoxia, treated FLSs were fixed
with 4% paraformaldehyde in PBS for 15min and then
blocked with 5% BSA for 60min. Subsequent incubation with
primary antibodies and secondary antibodies followed the kit
instructions; cells were visualized under a confocal scanning
microscope (Zeiss LSM 700).

2.13. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 6.0 Software (San Diego, CA, USA).
Data are presented as mean ± standard deviation. Group
comparisons were assessed with the one-way ANOVA or
Student’s t-test or two-way ANOVA with Bonferroni’s
post hoc test for comparison of multiple columns. A value
of P < 0 05 (two-tailed) was considered as statistically
significant.

3. Results

3.1. The Synovial Tissue of KOA Rats Was in a State of
Aggravated Hypoxia. The synovial tissue of MIA-induced
KOA model rats shows an aggravated hypoxia compared
with the Normal group observed by pimonidazole staining
(Figure 1(a)) and HIF-1α inhibitor digoxin (100μg/kg) could
be able to contain this situation. In addition, we quantita-
tively analyzed both gene and protein expressions
(Figure 1(b)) of HIF-1α in synovial tissues of rats in each
group. The KOA group resulted in a significant upregulation
compared with the Normal group (P < 0 05). This upregula-
tion was significantly inhibited in the KOA+Digoxin group
(P < 0 05).

3.2. HIF-1α Inhibitor Attenuated Synovial Fibrosis in Rats. To
quantify the degree of knee swelling in rats, transverse diam-
eters of the right knees were measured (Figure 2(a)). On day
14, the knee joint diameter of the KOA group was signifi-
cantly larger than that of the Normal group (P < 0 05), and
on day 28, the knee joint diameter of the KOA+Digoxin
group was significantly smaller than that of the KOA group
(P < 0 05). To evaluate synovial fibrosis in rats, anatomical
characteristics and pathological sections of the synovial tissue
(Figures 2(b) and 2(c)) were observed. In HE staining,
digoxin treatment showed an orderly arranged synovial
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Figure 1: The synovial tissue of KOA rats was in a state of aggravated hypoxia. (a) Representative synovial tissues stained with pimonidazole,
400x, scale bar = 20 μm. (b) Relative gene and protein expressions of HIF-1α in synovial tissues of rats in each group. Data were expressed as
the mean ± SD. ∗P < 0 05 vs. the Normal group; #P < 0 05 vs. the KOA group.
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Figure 2: Continued.
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lining cells, loose connective tissue, and less inflammatory
cell infiltration, compared with the KOA rat. Besides, the
KOA group showed markedly increased collagen deposition
while this change was relatively lessened in the KOA
+Digoxin group observed under Sirius Red staining. In addi-
tion, the gene expressions of TGF-β, COL1A1, PLOD2, and
TIMP1 were measured by real-time PCR (Figure 2(b)). There
was a significant increase in the expression of these
fibrosis-related genes in the KOA group compared with the
Normal group (P < 0 01); digoxin treatment could attenuate
the upregulation of these genes. The same trend can also be
observed with Western blotting (Figures 2(c) and 2(d)) after
gene translation into proteins (P < 0 01).

3.3. HIF-1α siRNA Attenuates the LPS+ATP-Induced Cell
Pyroptosis in FLS. The silencing effect of the HIF-1α siRNA
and GSDMD siRNA was confirmed by PCR. After LPS
+ATP treatment, the protein and relative mRNA expression
(Figures 3(b)–3(d)) of caspase-1, ASC, NLRP3, and GSDMD
in the Vehicle group were higher than those in the Normal
group (P < 0 05); meanwhile, HIF-1α siRNA group has
shown a significant decrease of these key pyroptosis-related
substances compared with the Vehicle group (P < 0 05).
Levels of proinflammatory factors IL-1β and IL-18
(Figure 3(e)) released by FLS pyroptosis in culture superna-
tant were determined by ELISA. The HIF-1α siRNA group
has shown a significant downregulation of IL-1β and IL-18

compared with the Vehicle group (P < 0 05). In addition, cell
apoptosis was detected by flow cytometry (Figures 3(f)). The
cell apoptosis rate in the Vehicle group was significantly
higher than that in the Normal group (P < 0 01), and the cell
apoptosis rate in the HIF-1α siRNA group was significantly
lower than that in the Vehicle group (P < 0 01).

3.4. Inhibition of FLS Pyroptosis May Alleviate Fibrosis. After
the Vehicle and GSDMD siRNA groups were exposed to
hypoxia (1% O2) for 24h, pimonidazole staining was
performed to confirm intracellular hypoxia (Figure 4(a)).
The Vehicle group and the GSDMD siRNA group showed
similar intracellular hypoxia. Then PCR (Figure 4(b)) and
Western blotting (Figures 4(c) and 4(d)) were used to evalu-
ate fibrosis at the level of gene and protein expression. Both
mRNA and protein expressions of TGF-β, COL1A1, PLOD2,
and TIMP1 were markedly downregulated in GSDMD
siRNA-transfected FLS compared with Vehicle (P < 0 05).

4. Discussions

In the present study, the relationship between HIF-1α and
synovial fibrosis was investigated in KOA rats. The inhibition
of HIF-1α in KOA downregulated the level of synovial
fibrosis-related factors TGF-β, COL1A1, PLOD2, and
TIMP1. In subsequent experiments in vitro, we proved that
HIF-1α siRNA may lead to a significant reduction of cell
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Figure 2: HIF-1α inhibitor attenuated synovial fibrosis in rats. (a) The severity of synovial fibrosis evaluated by the transverse diameters of the
right knees. ∗P < 0 05 vs. the Normal group; #P < 0 01 vs. the KOA+Digoxin group. (b) Anatomical changes of each group. (c) Representative
synovial tissues of each group stained with HE and Sirius Red staining, 200x, scale bar = 20 μm. Disorderly arranged synovial lining cells,
inflammatory cell infiltration, and increased collagen deposition could be observed in the KOA group. (d) Relative gene expression of
TGF-β, COL1A1, PLOD2, and TIMP1 in synovial tissues of rats in each group. ∗∗P < 0 01 vs. the Normal group; ##P < 0 01 vs. the KOA
group. (e) Typical protein bands for each group. (f) The same trend with gene level can also be observed in the relative protein level.

6 Oxidative Medicine and Cellular Longevity



0.0

0.5

1.0

1.5

HIF-1�훼
GSDMD

Re
lat

iv
e g

en
e e

xp
re

ss
io

n

Normal Vehicle SiRNA 1 SiRNA 2 SiRNA 3

(a)

0.0

0.5

1.0

1.5

2.0

2.5

Normal
HIF-1�훼 SiRNA
Vehicle

⁎

⁎

⁎

#
#

#

#

⁎

Re
lat

iv
e g

en
e e

xp
re

ss
io

n

Caspase-1 ASC NLRP3 GSDMD

(b)

Normal
Cell 1 Cell 2 Cell 3

HIF-1�훼 SiRNA
Cell 1 Cell 2 Cell 3

Vehicle
Cell 1 Cell 2 Cell 3

Caspase-1

ASC

NLRP3

GSDMD

GADPH

(c)

0.0

0.1

0.2

0.3

0.4

0.5

Normal
HIF-1�훼 SiRNA
Vehicle

#

#

#

#

GSDMDNLRP3ASCCaspase-1

Re
lat

iv
e p

ro
te

in
 le

ve
l

⁎

⁎
⁎

⁎

(d)

0

20

40

60

80

Normal
HIF-1�훼 SiRNA
Vehicle

#

#

ng
/L

IL-18IL-1�훽

⁎

⁎

(e)

Figure 3: Continued.
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pyroptosis-related factors caspase-1, ASC, NLRP3, GSDMD,
IL-1β, and IL-18, both mRNA and protein expressions, com-
pared with those with normal FLSs after the treatment of LPS
+ATP. In addition, when FLSs were exposed to hypoxia,
GSDMD siRNA may reduce the gene and protein levels of
these aforementioned synovial fibrosis-related factors. These
findings indicated that increased HIF-1α in KOA may aggra-
vate synovial fibrosis via FLS pyroptosis.

Hypoxia and inflammation persistently exist in the
pathological progress of KOA. It is well established that when
tissue oxygen demand exceeds supply, a cascade of intracellu-
lar events is activated increasing the expression of HIF-1α.
Previous studies have demonstrated that increased HIF-1α
could cause chondrocyte apoptosis through the overactiva-
tion of endoplasmic reticulum stress [17]. As a transcription
factor, HIF-1α regulates the expression of genes encoding
proteins involved in angiogenic growth factors, such as
vascular endothelial growth factor (VEGF) and TGF-β, in
rheumatoid arthritis [18].

In addition, Gupta et al. found that HIF-1α can induce
NLRP3 inflammasome complex during hypoxic conditions
[19]. NLRP3 is one of the most well-known inflammasomes,

which can activate caspase-1 and induce pyroptosis. This
canonical pathway may require a two-step mechanism. At
the first stage, proinflammatory mediators pro-IL-1β and
pro-IL-18, NLRP3, and caspase family members are tran-
scriptionally generated. This stage is called the preparatory
phase and has been proven to be highly correlated with the
NF-κB signaling pathway. The second stage is activation,
when the NLRP3 inflammasomes are assembled and
caspase-1 is activated. Activated caspase-1 further matures
pro-IL-1β and pro-IL-18 and induces pyroptosis partially
through the cleavage of GSDMD [20]. Unlike the
NLRP3/caspase-1 canonical pathway pyroptosis, caspase-11
can be activated by direct sensing of intracellular LPS and
promotes pyroptosis through GSDMD cleavage [21]. It
seems that the cleavage of GSDMD is required and sufficient
to drive pyroptosis. Shi et al. confirmed this core role of
GSDMD cleavage in cell pyroptosis through CRISPR-Cas9
[22]. Pyroptosis causes rapid plasma membrane rupture,
resulting in the release of intracellular proinflammatory
mediators IL-1β, IL-18, and HMGB1 [23].

Among the various proinflammatory cytokines released
from pyroptosis, IL-1β has been the one most extensively
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Figure 3: HIF-1α siRNA attenuates the LPS+ATP-induced cell pyroptosis in FLS. (a) The silencing effect of the HIF-1α siRNA and GSDMD
siRNA was both confirmed by PCR. (b) mRNA expression of NLRP3 inflammasome, its components (caspase-1, ASC), and its downstream
(GSDMD) were downregulated after the transfection of HIF-1α siRNA compared with the Vehicle group. (c) Typical protein bands for each
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studied in fibrotic diseases, such as liver, lung, and kidney
fibrosis. In vitro studies have shown that IL-1β promotes
the proliferation and transdifferentiation of HSCs with a
substantial increase in levels of their fibrogenic markers,

including metalloproteinases (MMPs), TIMP1, COL1A1,
and TGF-β [24]. TGF-β is considered to be the master regu-
lator of fibrosis because it activates FLSs, promotes expres-
sion of ECM genes, and inhibits ECM degradation. Gene
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Figure 4: Inhibition of FLS pyroptosis may alleviate fibrosis. (a) Representative synovial tissues stained with pimonidazole, 400x, scale
bar = 20 μm. The Vehicle group and the GSDMD siRNA group showed similar intracellular hypoxia. (b) Relative gene expressions of
TGF-β, COL1A1, PLOD2, and TIMP1 in the GSDMD siRNA group were downregulated compared with those in the Vehicle group
(P < 0 05). (c) Typical protein bands for each group. (d) Protein levels of TGF-β, COL1A1, PLOD2, and TIMP1 in the GSDMD
siRNA group were downregulated compared with those in the Vehicle group (P < 0 05).
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expressions of PLOD2, COL1A1, and TIMP1 were upregu-
lated both in OA fibroblasts stimulated with TGF-β and in
mice with TGF-β-induced fibrosis [25]. Besides, TGF-β is
associated with various signaling pathways, such as Smad
and WNT, or microRNA to regulate chronic inflammation
and fibrosis in joint tissues [26–28]. Thus, it is generally con-
sidered that TGF-β is a crucial mediator linking inflamma-
tion to fibrosis.

As mentioned above, pyroptosis induced by the
NLRP3 inflammasome is receiving increasing attention in
the recent researches since it participates in various dis-
eases. Multiple mechanisms have been proposed to acti-
vate NLRP3, including bacterial, K+ efflux, lysosomal
destabilization, mitochondrial damage, production of reac-
tive oxygen species, Ca2+ influx, and cell swelling. The study
of pyroptosis is initially concentrated on macrophages
infected by bacteria and virus. But increasing evidence has
shown that cell pyroptosis may occur in different tissues
participating in chronic aseptic inflammation and related to
tissue fibrosis. For instance, microglia pyroptosis can induce
neurogenic inflammation and fibrosis [29], hepatic stellate
cell pyroptosis causes chronic hepatitis and liver fibrosis
[10], and macrophage pyroptosis in the kidney leads to renal
inflammation and fibrosis [30].

In the present paper, we premise that increased
HIF-1α in KOA may aggravate synovial fibrosis via FLS
pyroptosis. This hypothesis was confirmed in subsequent
studies. The synovial tissue of KOA model rats showed a
significant increase in mRNA and protein expression of
HIF-1α. Inhibiting the increase of HIF-1α can reduce the
level of fibrogenic markers TGF-β, COL1A1, PLOD2,
and TIMP1. This in vivo experiment demonstrated that
hypoxia was highly correlated with KOA synovial fibrosis.
In the subsequent in vitro experiments, HIF-1α silencing
can significantly reduce the FLS death induced by LPS
+ATP; meanwhile, both gene and protein levels of cas-
pase-1, ASC, NLRP3, GSDMD, IL-1β, and IL-18 were also
downregulated. This may indicate that pyroptosis was
involved in KOA and can be induced by elevated HIF-1α
because LPS stimuli can mimic inflammatory environ-
ments similar to KOA and are often used to induce arthri-
tis models. At last, FLSs transfected with or without
siRNA GSDMD were exposed to hypoxia. GSDMD silenc-
ing can significantly reduce both gene and protein levels of
fibrogenic markers TGF-β, COL1A1, PLOD2, and TIMP1.
This data suggests that FLS pyroptosis may exacerbate
fibrosis in hypoxia.

5. Conclusion

Based on the data obtained from rats and in vitro cells, we
concluded that increased HIF-1α is highly involved in the
KOA synovial fibrosis. Moreover, elevated HIF-1α may
aggravate synovial fibrosis via FLS pyroptosis. Further study
is required to determine the signal pathway involved in
HIF-1α/NLRP3 inflammasome activation/pyroptosis. Its
mechanism will provide new ideas and means for under-
standing and treating KOA-related synovial fibrosis.

Abbreviations

KOA: Knee osteoarthritis
FLS: Fibroblast-like synoviocytes
NLRP: Nod-like receptor protein
ASC: Apoptosis-associated speck-like protein with a

caspase recruitment domain
GSDMD: Gasdermin D
LPS: Lipopolysaccharide
ATP: Adenosine triphosphate
siRNAs: Small interfering RNAs
HIF-1α: Hypoxia-inducible factor-1α
TGF-β: Transforming growth factor-β
PLOD2: Procollagen-lysine, 2-oxoglutarate

5-dioxygenase2
COL1A1: Collagen type I α1 chain
TIMP1: Tissue inhibitor of metalloproteinases 1.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

All authors declare that there are no actual or potential
conflicts of interest including any financial, personal, or
other relationships with other people or organizations
that could inappropriately influence or be perceived to
influence our work.

Authors’ Contributions

Li Zhang and Li Zhang contributed equally to this work and
should be considered co-first authors.

Acknowledgments

The current work was supported by the National Natural
Science Foundation of China (no. 81573993, no. 81774334).

References

[1] S. Glyn-Jones, A. J. Palmer, R. Agricola et al., “Osteoarthritis,”
The Lancet, vol. 386, no. 9991, pp. 376–387, 2015.

[2] D. F. Remst, E. N. Blaney Davidson, and P. M. van der Kraan,
“Unravelling osteoarthritis-related synovial fibrosis: a step
closer to solving joint stiffness,” Rheumatology, vol. 54,
no. 11, pp. 1954–1963, 2015.

[3] X. M. Meng, D. J. Nikolic-Paterson, and H. Y. Lan, “TGF-β:
the master regulator of fibrosis,” Nature Reviews Nephrology,
vol. 12, no. 6, pp. 325–338, 2016.

[4] P. M. van der Kraan, “The changing role of TGFβ in
healthy, ageing and osteoarthritic joints,” Nature Reviews
Rheumatology, vol. 13, no. 3, pp. 155–163, 2017.

[5] D. F. Remst, E. N. Blaney Davidson, E. L. Vitters et al.,
“Osteoarthritis-related fibrosis is associated with both elevated
pyridinoline cross-link formation and lysyl hydroxylase 2b
expression,” Osteoarthritis and Cartilage, vol. 21, no. 1,
pp. 157–164, 2013.

10 Oxidative Medicine and Cellular Longevity



[6] L. Vande Walle and M. Lamkanfi, “Pyroptosis,” Current
Biology, vol. 26, no. 13, pp. R568–R572, 2016.

[7] I. Jorgensen and E. A. Miao, “Pyroptotic cell death defends
against intracellular pathogens,” Immunological Reviews,
vol. 265, no. 1, pp. 130–142, 2015.

[8] W. T. He, H. Wan, L. Hu et al., “Gasdermin D is an executor of
pyroptosis and required for interleukin-1β secretion,” Cell
Research, vol. 25, no. 12, pp. 1285–1298, 2015.

[9] L. R. Zhao, R. L. Xing, P. M. Wang et al., “NLRP1 and NLRP3
inflammasomes mediate LPS/ATP‑induced pyroptosis in knee
osteoarthritis,” Molecular Medicine Reports, vol. 17, no. 4,
pp. 5463–5469, 2018.

[10] A. Wree, A. Eguchi, M. D. McGeough et al., “NLRP3 inflam-
masome activation results in hepatocyte pyroptosis, liver
inflammation, and fibrosis in mice,” Hepatology, vol. 59,
no. 3, pp. 898–910, 2014.

[11] G. Xu, F. Yue, H. Huang et al., “Defects in MAP1S-mediated
autophagy turnover of fibronectin cause renal fibrosis,” Aging,
vol. 8, no. 5, pp. 977–985, 2016.

[12] S. Hussain, S. Sangtian, S. M. Anderson et al., “Inflammasome
activation in airway epithelial cells after multi-walled carbon
nanotube exposure mediates a profibrotic response in lung
fibroblasts,” Particle and Fibre Toxicology, vol. 11, no. 1,
p. 28, 2014.

[13] J. Fernández-Torres, Y. Zamudio-Cuevas, G. A. Martínez--
Nava, and A. G. López-Reyes, “Hypoxia-inducible factors
(HIFs) in the articular cartilage: a systematic review,” Euro-
pean Review for Medical and Pharmacological Sciences,
vol. 21, no. 12, pp. 2800–2810, 2017.

[14] L. Qing, P. Lei, H. Liu et al., “Expression of
hypoxia-inducible factor-1α in synovial fluid and articular
cartilage is associated with disease severity in knee osteoarthri-
tis,” Experimental and Therapeutic Medicine, vol. 13, no. 1,
pp. 63–68, 2017.

[15] X. Li, J. Li, L. Wang et al., “The role of metformin and resver-
atrol in the prevention of hypoxia-inducible factor 1α accumu-
lation and fibrosis in hypoxic adipose tissue,” British Journal of
Pharmacology, vol. 173, no. 12, pp. 2001–2015, 2016.

[16] S. Yin, P. Wang, R. Xing et al., “Transient receptor potential
ankyrin 1 (TRPA1) mediates lipopolysaccharide (LPS)-in-
duced inflammatory responses in primary human osteoar-
thritic fibroblast-like synoviocytes,” Inflammation, vol. 41,
no. 2, pp. 700–709, 2018.

[17] Z. Huang, M. Zhou, Q. Wang, M. Zhu, S. Chen, and
H. Li, “Mechanical and hypoxia stress can cause chondro-
cytes apoptosis through over-activation of endoplasmic retic-
ulum stress,” Archives of Oral Biology, vol. 84, pp. 125–132,
2017.

[18] Y. Li, Y. Liu, C. Wang et al., “Succinate induces synovial angio-
genesis in rheumatoid arthritis through metabolic remodeling
and HIF-1α/VEGF axis,” Free Radical Biology and Medicine,
vol. 126, pp. 1–14, 2018.

[19] N. Gupta, A. Sahu, A. Prabhakar et al., “Activation of NLRP3
inflammasome complex potentiates venous thrombosis in
response to hypoxia,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 114, no. 18,
pp. 4763–4768, 2017.

[20] S. Kesavardhana and T. D. Kanneganti, “Mechanisms govern-
ing inflammasome activation, assembly and pyroptosis induc-
tion,” International Immunology, vol. 29, no. 5, pp. 201–210,
2017.

[21] N. Kayagaki, I. B. Stowe, B. L. Lee et al., “Caspase-11 cleaves
gasdermin D for non-canonical inflammasome signalling,”
Nature, vol. 526, no. 7575, pp. 666–671, 2015.

[22] J. Shi, Y. Zhao, K. Wang et al., “Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death,”
Nature, vol. 526, no. 7575, pp. 660–665, 2015.

[23] L. Hou, Z. Yang, Z. Wang et al., “NLRP3/ASC-mediated
alveolar macrophage pyroptosis enhances HMGB1 secretion
in acute lung injury induced by cardiopulmonary bypass,”
Laboratory Investigation, vol. 98, no. 8, pp. 1052–1064,
2018.

[24] Z. Yaping, W. Ying, D. Luqin, T. Ning, A. Xuemei, and
Y. Xixian, “Mechanism of interleukin-1β-induced prolifera-
tion in rat hepatic stellate cells from different levels of signal
transduction,” APMIS, vol. 122, no. 5, pp. 392–398, 2014.

[25] D. F. Remst, A. B. Blom, E. L. Vitters et al., “Gene expression
analysis of murine and human osteoarthritis synovium reveals
elevation of transforming growth factor β–responsive genes in
osteoarthritis-related fibrosis,” Arthritis & Rhematology,
vol. 66, no. 3, pp. 647–656, 2014.

[26] A. Akhmetshina, K. Palumbo, C. Dees et al., “Activation of
canonical Wnt signalling is required for TGF-β-mediated
fibrosis,” Nature Communications, vol. 3, no. 1, p. 735, 2012.

[27] M. Xue, S. Gong, J. Dai, G. Chen, and J. Hu, “The treatment of
fibrosis of joint synovium and frozen shoulder by Smad4 gene
silencing in rats,” PLoS One, vol. 11, no. 6, article e0158093,
2016.

[28] R. Li, A. C. Chung, Y. Dong, W. Yang, X. Zhong, and H. Y.
Lan, “The microRNA miR-433 promotes renal fibrosis by
amplifying the TGF-β/Smad3-Azin1 pathway,” Kidney
International, vol. 84, no. 6, pp. 1129–1144, 2013.

[29] B. A. McKenzie, M. K. Mamik, L. B. Saito et al., “Caspase-1
inhibition prevents glial inflammasome activation and pyrop-
tosis in models of multiple sclerosis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 115, no. 26, pp. E6065–E6074, 2018.

[30] S. D. Chung, T. Y. Lai, C. T. Chien, and H. J. Yu, “Activat-
ing Nrf-2 signaling depresses unilateral ureteral
obstruction-evoked mitochondrial stress-related autophagy,
apoptosis and pyroptosis in kidney,” PLoS One, vol. 7,
no. 10, article e47299, 2012.

11Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

