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A B S T R A C T

Synovitis is an aseptic inflammation that leads to joint effusion, pain and swelling. As one of the main drivers of
pathogenesis in osteoarthritis (OA), the presence of synovitis contributes to pain, incidence and progression of
OA. In our previous study, DC32 [(9α,12α-dihydroartemisinyl) bis(2′-chlorocinnmate)], a dihydroartemisinin
derivative, was found to have an antirheumatic ability via immunosuppression, but the effect of DC32 on sy-
novitis has not been fully illuminated. In this study, we chose to evaluate the effect and mechanism of DC32 on
attenuating synovial inflammation. Fibroblast-like synoviocytes (FLSs) of papain-induced OA rats were isolated
and cultured. And DC32 significantly inhibited the invasion and migration of cultured OA-FLSs, as well as the
transcription of IL-6, IL-1β, CXCL12 and CX3CL1 in cultured OA-FLSs measured by qPCR. DC32 remarkably
inhibited the activation of ERK and NF-κB pathway, increased the expression of Nrf2 and HO-1 in cultured OA-
FLSs detected by western blot. DC32 inhibited the degradation and phosphorylation of IκBα which further
prevented the phosphorylation of NF-κB p65 and the effect of DC32 could be relieved by siRNA for Nrf2. In
papain-induced OA mice, DC32 significantly alleviated papain-induced mechanical allodynia, knee joint swel-
ling and infiltration of inflammatory cell in synovium. DC32 upregulated the mRNA expression of Type II col-
lagen and aggrecan, and downregulated the mRNA expression of MMP2, MMP3, MMP13 and ADAMTS-5 in the
knee joints of papain-induced OA mice measured by qPCR. The level of TNF-α in the serum and secretion of TNF-
α in the knee joints were also reduced by DC32 in papain-induced OA mice. In conclusion, DC32 inhibited the
inflammatory response in osteoarthritic synovium through regulating Nrf2/NF-κB pathway and attenuated OA.
In this way, DC32 may be a potential agent in the treatment of OA.

1. Introduction

Osteoarthritis (OA), a universal disabling joint disease, is char-
acterized by degeneration of the articular cartilage, subchondral os-
teoporosis and synovitis [1]. OA is increasingly recognized as a disorder
of the entire joint, in which inflammation plays a prominent role,
manifesting as synovitis [2,3]. The presence of synovitis has been as-
sociated with pain, incidence and progression of OA [4]. Therefore,
nonsteroidal anti-inflammatory drugs (NSAIDs) and analgesic drugs are

commonly used in attenuating OA.
Many inflammatory mediators such as proteinases, growth factors

and cytokines are involved in the initial stages of OA [5]. As one of the
drivers of OA pathogenies, synovial inflammation leads to an imbalance
between the catabolic and anabolic activities of the chondrocyte in the
cartilage extracellular matrix (ECM), causing the dysregulation of
chondrocyte function [6,7]. The synovium in OA patients is char-
acterized by synovial lining hyperplasia, sublining fibrosis and stromal
vascularization [8]. The infiltration of inflammatory cells in synovium
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observed in OA patients can amplify synovial inflammation [9,10].
Chemokines such as CXCL12 and CX3CL1 promote the chemotactic
recruitment of leukocytes to the site of inflammation and accelerate the
inflammatory response [11].

TNF-α, commonly detected in synovial fluid in OA patients, could
be used to stimulate fibroblast-like synoviocytes (FLSs) and activate a
series of downstream signaling pathways, including mitogen-activated
phosphokinase (MAPK) and NF-κB [12–15]. FLSs in the inflamed sy-
novium produce catabolic and pro-inflammatory mediators, leading to
excess production of the proteolytic enzymes, which exacerbate carti-
lage breakdown and OA deterioration [16–18]. The NF-κB signaling
pathway is one of the crucial pathways that regulates the transcription
of the pro-inflammatory cytokines [19]. Activation of NF-κB signaling
also accelerates the secretion of matrix metalloproteinases (MMPs),
ADAMTSs and chemokines and ultimately enhances articular damage
[20,21]. However, NF-κB signaling induced inflammation could be at-
tenuated by activating NF-E2-related factor 2 (Nrf2) - antioxidant sig-
naling, which regulates the expression of crucial antioxidant and anti-
inflammatory genes [22].

Artemisinin and its derivatives are widely used antimalaria drugs
with antiviral and anti-inflammatory activities [23,24]. In our previous
studies, DC32 (Fig. 5A) was reported to restore the imbalance of the T
lymphocyte subpopulation and ameliorate inflammatory symptoms by
activating the Nrf2/HO-1 pathway in mice with collagen-induced

arthritis (CIA) [25,26]. Focusing on the synovial inflammation, this
study investigated the effects of DC32 on inflammatory responses in rat
osteoarthritic synovium and the mechanism of DC32 on inhibiting sy-
novitis.

2. Methods

2.1. Animals

Pathogen-free male Sprague-Dawley rats (n= 20, 6weeks old,
200–220 g in weight) were purchased from the Center of Experimental
Animals of Nantong University (Jiangsu, China). The rats were fed a
standard laboratory diet with ultra-pure water and were housed under
SPF conditions with a 12 h light/dark cycle.

Pathogen-free male C57BL/6J mice (n=60, 6 weeks old, 20–22 g in
weight) were purchased from Weitong Lihua Experimental Animal Co.
Ltd. (Beijing, China). The mice were fed a standard laboratory diet with
ultra-pure water and were housed under SPF conditions with a 12 h
light/dark cycle.

2.2. Preparation of DC32

DC32 was prepared as previously described [27]. In brief, dihy-
droartemisinin (DHA) was biotransformed to 9α-OH DHA by

Table 1
Primer sequences used in qPCR experiments.

Gene Species Forward primer (5′–3′) Reverse primer (5′–3′)

IL-6 Rat AATCTGCTCTGGTCTTCTGG GATGAGTTGGATGGTCTTGG
IL-1β Rat CCAGGATGAGGACCCAAGCA TCCCGACCATTGCTGTTTCC
CXCL12 Rat TGCTCATCTCTGTCTCATCC CATTGGTCATGGAGGTCAAC
CX3CL1 Rat TGGTCTACTCTTCTGTCTGG CTGTCTGAATCACACTCTGG
GAPDH Rat CAGGGCTGCCTTCTCTTGTG GATGGTGATGGGTTTCCCGT
MMP2 Mouse ATTTGGCGGACAGTGACACCAC ATCTACTTGCTGGACATCAGGGGG
MMP3 Mouse GCTGAGGACTTTCCAGGTGTTG GGTCACTTTTTTGGCATTTGGGTC
MMP13 Mouse GATGACCTGTCTGAGGAAG ATCAGACCAGACCTTGAAG
ADAMTS-5 Mouse TCTCCAAAGGTTACGGATGGG TCTTCAGGGCTAAGTAGGCAG
Aggrecan Mouse CACGCTACACCCTGGACTTTG CCATCTCCTCAGCGAAGCAGT
Col2a1 Mouse AGCGACTGTCCCTCGGAAAAAC CCAGGTAGGCGATGCTGTTCTTAC
TNF-α Mouse GTTCTATGGCCCAGACCCTCAC GGCACCACTAGTTGGTTGTCTTTG
GAPDH Mouse TGATGGGTGTGAACCACGAG GCCCTTCCACAATGCCAAAG

Fig. 1. DC32 decreased the mRNA levels of pro-in-
flammatory cytokines and chemokines in cultured OA-FLSs.
OA-FLSs of papain-induced OA rats were isolated and cul-
tured. OA-FLSs were treated with TNF-α (10 ng/mL) and
various concentrations of DC32 (0.1, 0.3 and 1 μM) for 24 h.
The relative levels of IL-6 (A), IL-1β (B), CXCL12 (C), and
CX3CL1 (D) mRNA expression in cultured OA-FLSs were
measured by qPCR. The data generated are from 3 replicate
experiments. n=5, values are the mean ± SEM.
###P < 0.001 vs. the Control group, *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the TNF-α group.
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Streptomyces griseus ATCC 13273. Then, DC32 was synthesized by
coupling 9α-OH DHA and 2-Cl cinnamic acid. After separation and
purification, the purity of DC32 was determined by HPLC. DC32 with a
purity> 99% was used in this research.

2.3. Induction of OA in SD rats

Preparation of L-cysteine-activated papain: papain was dissolved in
sterile physiological saline to a concentration of 4%, and L-cysteine was
dissolved in sterile physiological saline to a final concentration of
0.03M [28,29]. Papain (4%) was mixed with 0.03M L-cysteine at a
ratio of 2: 1. Then the mixture was placed at room temperature for
30min.

Male SD rats received a 0.2mL intra-articular injection of L-cy-
steine-activated papain in knee joints on the 1st, 4th and 7th days to
induce OA. After four weeks, papain-induced OA rats were sacrificed
for OA-FLSs isolation. And OA-FLSs used in present research were all
from SD rats.

2.4. Isolation and culture of primary rat OA-FLSs

In brief, synovial tissues from papain-induced OA rats were washed
twice with phosphate-buffered saline and cut into small pieces. Then
synovial tissues were digested for 40min with 1mg/mL collagenase
(Sigma-Aldrich, USA) at 37 °C and then washed twice with DMEM-12%
FBS (Sigma-Aldrich, USA). The adherent cells were allowed to attach to
tissue culture plates overnight, and non-adherent cells were washed
away with fresh medium once per day for the next 3 days, followed by
repeated washing and the addition of fresh medium every 3 days for
2 weeks. Passages 3–6 were used for the experiments [30,31].

2.5. Cell viability

The cytotoxicity of DC32 on OA-FLSs was analyzed by MTT. In brief,
OA-FLSs (7× 103 cells/well) were seeded in 96-well plates and in-
cubated for 12 h. DC32 (0.1, 0.3, 1, 3, 10 μM) was added and incubated
for 24 h. Then the supernatant was discarded and 100 μL of 0.5mg/mL
MTT was added. After incubation for 3 h, the OD value was measured at

a test wavelength of 570 nm and a reference wavelength of 650 nm.

2.6. Cell migration and invasion assays

2.6.1. Cell migration assay
For the cell migration assay, cell migration induced by TNF-α was

determined using 6.5mm Transwell chambers with 8 μm pores
(Corning, USA). DMEM-10% FBS was placed in the lower chambers.
OA-FLSs (3×103 cells/well) were seeded in the upper chambers in
duplicate filters with TNF-α (10 ng/mL), and DC32 (0.1, 0.3, 1 μM) was
added to the corresponding chambers for 12 h. The chambers were
fixed and stained by diff-quick stain as described in the instructions.

2.6.2. Cell invasion assay
For the cell invasion assay, Matrigel basement membrane matrix

(BD Biosciences, USA) was diluted 8-fold in DMEM and coated in the
Transwell chambers. DMEM-10% FBS was placed in the lower cham-
bers. OA-FLSs (1× 104 cells/well) were seeded into the upper cham-
bers in duplicate filters with TNF-α (10 ng/mL), and DC32 (0.1, 0.3,
1 μM) was added to the corresponding chambers for 24 h. The cells that
invaded the basement membrane were fixed and stained by diff-quick
stain.

Migration and invasion were quantified by counting the stained
cells that migrated or invaded to the lower side of the filter using an
optical microscope (Olympus IX53) (magnification 100×). Each
chamber was photographed for nine random fields, and the stained cells
were counted.

2.7. Stimulation of OA-FLSs with TNF-α

OA-FLSs (5×105 cells/well) were seeded into 6-well plates for
12 h, and then stimulated with 10 ng/mL TNF-α. DC32 (0.1, 0.3, 1 μM)
and diclofenac sodium (1 μM) were added to the corresponding wells.
The cells were cultured for 24 h before mRNA and protein extraction.

2.8. Gene knockdown in OA-FLSs

Predesigned small interfering RNA (siRNA) for Nrf2 (sense: GCAG

Fig. 2. DC32 inhibited TNF-α-induced migration and
invasion of cultured OA-FLSs. OA-FLSs of papain-in-
duced OA rats were isolated and cultured. Migration
and invasion of cultured OA-FLSs was assessed in
Transwell chambers. OA-FLSs were treated with TNF-
α (10 ng/mL) and various concentrations of DC32
(0.1, 0.3 and 1 μM) for 12 h and 24 h. The re-
presentative graphs of migration and invasion of
cultured OA-FLSs for 12 h and 24 h were shown in
(A). The number of migrating OA-FLSs (B) and in-
vasive OA-FLSs (C) were quantified respectively. The
data generated are from 3 replicate experiments.
n= 3, values are the mean ± SEM, ##P < 0.01,
###P < 0.001 vs. the Control group, *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the TNF-α group.
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CCAUGACUGAUUUAATT, antisense: UUAAAUCAGUCAUGGCUGCTT)
and negative-control siRNA were purchased from TranSheepBio in
China. Transfection mixes were prepared using Namipo. Cells at 30%
confluence were transfected for 24 h and then treatment with DC32
(1 μM) or TNF-α (10 ng/mL). After cultured for another 24 h, the cells
were collected for protein extraction.

2.9. Induction of OA in C57BL/6J mice

Male C57BL/6J mice were anesthetized with sodium pentobarbital
(50mg/kg, i.p.), and then received a 6 μL intra-articular injection of L-
cysteine-activated papain in knee joints on the 1st, 4th and 7th days
[32]. The mice were randomly divided into six groups of 10 mice to
establish a Sham group, an OA group, DC32-treated groups
(6.25 mg·kg−1·d−1, 12.5 mg·kg−1·d−1, 25mg·kg−1·d−1) and diclofenac
sodium-treated group (1mg·kg−1·d−1). On day 14, DC32 and diclo-
fenac sodium were administered p.o. to the OA mice every day for four
weeks, while mice in the Sham and OA groups received vehicle. The
above groups were used to evaluate the therapeutic effect of DC32 on
OA.

The body weight of the mice was observed and measured every

week. The diameter of the right knee joint was measured using elec-
tronic digital calipers every week. On day 42, the mice were sacrificed,
and the knee joint was harvested for hematoxylin and eosin staining
and protein extraction.

2.10. Mechanical allodynia (von Frey filaments)

Mechanical allodynia was assessed by measuring withdrawal
thresholds to calibrated von Frey filaments. Mice were placed into a
Perspex chamber with a metal grid floor, allowing access to the un-
derside of their paws, and were allowed to acclimate prior to the start of
the experiment. Mechanical allodynia was tested by touching the
plantar surface of the mouse's hind paw with von Frey filaments in
ascending order of force for up to 5 s. A positive response was noted if
the paw was sharply withdrawn. Once a positive withdrawal response
was established, the paw was retested starting with the next descending
von Frey filament until no response occurred. The lowest amount of
force required to elicit a response was recorded as the paw withdrawal
threshold in grams [33].

Fig. 3. DC32 inhibited the activation of ERK and NF-κB
pathway in cultured OA-FLSs. OA-FLSs of papain-induced
OA rats were isolated and cultured. OA-FLSs were cul-
tured with increasing concentrations of DC32 (0.1, 0.3, 1,
3 and 10 μM) for 24 h. The cell viability of OA-FLSs was
determined by MTT assay (A). OA-FLSs were treated with
TNF-α (10 ng/mL) and various concentrations of DC32
(0.1, 0.3 and 1 μM) for 24 h. The phosphorylation of ERK
(B), p38 (C) and JNK (D) were analyzed by western blot.
Phosphorylation of ERK in cultured OA-FLSs was in-
hibited by DC32, but the phosphorylation of p38 and JNK
were not affected by DC32. The phosphorylation of IκBα
(E) and NF-κB p65 (F) were analyzed by western blot.
DC32 (1 μM) significantly inhibited the phosphorylation
and degradation of IκBα and the activation of NF-κB p65
in cultured OA-FLSs. The data generated are from 3 re-
plicate experiments. n= 5, values are the mean ± SEM.
#P < 0.05, ##P < 0.01 vs. the Control group,
*P < 0.05, **P < 0.01 vs. the TNF-α group.
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2.11. Preparation of serum and ELISA assay

Blood samples were collected from the retro-orbital venous plexus.
After standing for 30min at room temperature, the samples were cen-
trifuged at 2000×g for 15min. The level of TNF-α (FMS-ELM028,
FCMACS, China) in the serum was detected by ELISA kits.

2.12. mRNA isolation and quantitative real-time PCR (qPCR)

Isolation of total RNA from knee joints of C57BL/6J mice and OA-
FLSs was performed using TransZol Up (ET111, Transgen, China). RNA
quantity and quality were assessed in a NanoDrop-100 spectro-
photometer (Thermo Scientific, USA). cDNA Reverse Transcription Kit
(Hiscript II Reverse Transcriptase, R223-01, Vazyme, China) was used
to reverse transcribe total RNA (1 μg) according to the manufacturers'
instructions.

For quantification of gene expression by qPCR, SYBR Green detec-
tion chemistry (Q331-02, Vazyme, China) was used on the QuantStudio
Real-Time PCR system (Thermo Scientific, USA). The cycling conditions
included an initial step at 95 °C for 5min, followed by 40 cycles at 95 °C
for 10 s and 55–72 °C for 40 s. Quantitative measurements of all primers
used in this study were determined using (2−ΔΔCt) method. All values
were expressed relative to the expression of GAPDH. Primer's sequences
of the targeted genes were listed in Table 1.

2.13. Western blot analysis

Antibodies: anti-TNF-α antibody was purchased from Biorbyt (UK);
antibodies against ERK, p-ERK, p38, p-p38, JNK, p-JNK, IκBα, p-IκBα,
NF-κB p65, p-NF-κB p65, Nrf2, HRP-conjugated anti-rabbit IgG or anti-

mouse IgG were purchased from CST (USA); anti-HO-1 antibody was
purchased from Abcam (UK); and anti-GAPDH antibody was purchased
from Sigma (USA).

The OA-FLSs were washed with PBS and knee joints from C57BL/6J
mice were homogenized in liquid N2. Then, the OA-FLSs and homo-
genate were respectively suspended in 1mL of ice-cold RIPA lysis buffer
(Beyotime Biotechnology, China) with 10 μL of PMSF for 30min for
complete lysis. After centrifugation at 10,000×g for 15min at 4 °C, the
supernatants were transferred to new tubes. All extraction procedures
were performed on ice. Protein concentrations were then determined
using a BCA protein assay kit (Thermo Scientific, USA).

The samples were loaded onto a gel at 30 μg per lane for 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto a PVDF membrane (0.22 μm, Merk Millipore). After
blocking with 5% nonfat dry milk for 2 h, the membrane was incubated
with the primary antibody (1:1000) for overnight at 4 °C and then with
the secondary antibody (1:4000) for 2 h. 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. In
brief, the target protein gray value/internal reference overall gray value
was calculated.

2.14. Statistical analysis

All experiments were performed in triplicate. Statistical analysis
was performed using GraphPad Prism 6.0 Software (San Diego, CA,
USA). Data are presented as the mean ± SEM. Group comparisons
were assessed with the two-tailed Student's t-test or ANOVA with
Bonferroni's post hoc test for comparison of multiple columns. A value
of P < 0.05 was considered as statistically significant.

Fig. 4. DC32 inhibited NF-κB pathway by activating Nrf2
in cultured OA-FLSs. OA-FLSs of papain-induced OA rats
were isolated and cultured. OA-FLSs were treated with
TNF-α (10 ng/mL) and various concentrations of DC32
(0.1, 0.3 and 1 μM) for 24 h. The expression of Nrf2 and
HO-1 were analyzed by western blot. DC32 (1 μM) sig-
nificantly increased the protein levels of Nrf2 and HO-1 in
OA-FLSs (A). OA-FLSs was transfected with Nrf2 siRNA
for 24 h and then treated with DC32 (1 μM) for another
24 h. DC32 results in an increase of Nrf2 which could
relieved by Nrf2 siRNA (B). DC32 inhibited the phos-
phorylation and degradation of IκBα, and the decrease of
p-IκBα could relieved by Nrf2 siRNA (C). DC32 inhibited
the phosphorylation of NF-κB p65, and the decrease of p-
NF-κB p65 could relieved by Nrf2 siRNA (D). The data
generated are from 3 replicate experiments. n= 5, values
are the mean ± SEM. ##P < 0.01, ###P < 0.001 vs.
the Control group, *P < 0.05, **P < 0.01,
***P < 0.001 vs. the TNF-α group, $P < 0.05,
$$$P < 0.001 vs. the DC32 group.
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3. Results

3.1. DC32 reduced the transcription of pro-inflammatory cytokines and
chemokines in cultured OA-FLSs

First, we analyzed the effect of DC32 on TNF-α-induced pro-in-
flammatory cytokines and chemokines production in cultured OA-FLSs.
TNF-α significantly increased the mRNA levels of IL-6 (Fig. 1A) and IL-
1β (Fig. 1B) in cultured OA-FLSs, and DC32 (0.1, 0.3, 1 μM) reversed
this effect caused by TNF-α. In addition, DC32 (0.1, 0.3, 1 μM) sig-
nificantly decreased the transcription of CXCL12 (Fig. 1C) and CX3CL1
(Fig. 1D) in cultured OA-FLSs, which were upregulated by TNF-α.

3.2. DC32 inhibited the migration and invasion of cultured OA-FLSs

A Transwell assay was used to determine whether DC32 could in-
hibit the migration and invasion of cultured OA-FLSs induced by TNF-α.
Compared with the Control group, TNF-α significantly increased the
migration and invasion of cultured OA-FLSs (Fig. 2A). The migration
(Fig. 2B) and invasion ability (Fig. 2C) of OA-FLSs treated with different
concentrations of DC32 was significantly decreased, which demon-
strated a significant dose-dependent inhibition of cultured OA-FLSs
migration and invasion.

3.3. DC32 inhibited the activation of ERK and NF-κB in cultured OA-FLSs

To further investigate the molecular mechanism through which
DC32 inhibited TNF-α-induced inflammatory response in cultured OA-
FLSs, western blot was performed to study changes in MAPK and NF-κB

signaling pathways. As shown in Fig. 3A, DC32 (0.1–1 μM) had no cy-
totoxicity on cultured OA-FLSs and were used in this study. DC32 sig-
nificantly inhibited the phosphorylation of ERK (Fig. 3B), but had no
influence on the phosphorylation of p38 (Fig. 3C) or JNK (Fig. 3D). On
the other hand, TNF-α stimulation dramatically increased the phos-
phorylation and degradation of IκBα and activated NF-kB p65 com-
pared with the Control group. Oppositely, DC32 inhibited TNF-α-in-
duced phosphorylation and degradation of IκBα (Fig. 3E), and
decreased the phosphorylation of NF-κB p65 (Fig. 3F).

3.4. DC32 inhibited NF-κB pathway by activating Nrf2 in cultured OA-FLSs

The effect of DC32 on Nrf2/HO-1 pathway in cultured OA-FLSs was
examined by western blot. DC32 (0.1, 0.3, 1 μM) was given to cultured
OA-FLSs for 24 h, and the protein levels of HO-1 and Nrf2 were sig-
nificantly upregulated in a dose-dependent manner (Fig. 4A). To verify
the role of Nrf2 in the expression of NF-κB, siRNA for Nrf2 was trans-
fected into cultured OA-FLSs (Fig. 4B). The change in the protein levels
of IκBα and NF-κB p65 were determined by western blot. The results
showed that Nrf2 siRNA could reverse the decrease in the phosphor-
ylation of IκBα (Fig. 4C) and NF-κB p65 (Fig. 4D) induced by DC32.

3.5. DC32 ameliorated the symptoms of papain-induced OA mice

To evaluate whether DC32 has protective effect against induction
and development of OA, papain-induced OA model was established in
C57BL/6J mice. DC32 and diclofenac sodium were given to papain-
induced OA mice from day 14 to day 42. The body weight and diameter
of knee joint were measured every week to evaluate the therapeutic

Fig. 5. DC32 ameliorated the symptoms of papain-
induced OA mice. Chemical structure of DC32 (A).
Papain-induced OA model was established in mice
and different groups of mice were orally adminis-
tered the vehicle, DC32 (6.25, 12.5, 25mg/kg) or
diclofenac sodium (1mg/kg) from day 14 to day 42.
The body weight of the mice was measured every
week and had no difference in different groups (B).
The mechanical withdrawal threshold of the mice of
OA group in the feet decreased compared with that of
the Sham group. Administration of DC32 and diclo-
fenac sodium significantly alleviated papain-induced
mechanical allodynia (C). The diameter of knee joint
was measured every week and reduced by DC32 (D).
Representative photographs of H&E-stained sections
of cartilage (E) and synovium (F) in knee joints. The
red arrow indicates inflammatory cell infiltration,
and the black arrow indicates hyperplasia of con-
nective tissues. The data generated are from 3 re-
plicate experiments and the results are shown as an
average ± SEM of 6 mice for each group.
###P < 0.001 vs. the Sham group, *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the OA group. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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effect of DC32 on OA. When the mice received an intra-articular in-
jection of L-cysteine-activated papain, the body weight slightly de-
creased at first and then increased until no difference with the Sham
group mice (Fig. 5B). Administration of DC32 (12.5, 25mg/kg) atte-
nuated mechanical allodynia in papain-induced pain in a dose

dependent manner, without tolerance and resistance (Fig. 5C). In ad-
dition, DC32 alleviated the knee joint swelling of OA mice and the
diameter of the knee joint was remained smaller than that of the OA
group during DC32 administration (Fig. 5D). These results suggested
that DC32 attenuated papain-induced mechanical allodynia and knee

Fig. 6. DC32 reduced the transcription of MMPs and
ADAMTS-5, increased that of aggrecan and Col2a1 in
knee joint of papain-induced OA mice. Papain-induced
OA model was established in mice and different groups of
mice were orally administered the vehicle, DC32 (6.25,
12.5, 25mg/kg) or diclofenac sodium (1mg/kg) from day
14 to day 42. The relative levels of MMP2 (A), MMP3 (B),
MMP13 (C), ADAMTS-5 (D), aggrecan (E) and Col2a1 (F)
mRNA expression in the knee joint of papain-induced OA
mice were measured by qPCR. The data generated are
from 3 replicate experiments. n= 5, values are the
mean ± SEM. ##P < 0.01, ###P < 0.001 vs. the Sham
group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the OA
group.

Fig. 7. DC32 reduced the level of TNF-α in the serum and
knee joint of papain-induced OA mice. Papain-induced
OA model was established in mice and different groups of
mice were orally administered the vehicle, DC32 (6.25,
12.5, 25mg/kg) or diclofenac sodium (1mg/kg) from day
14 to day 42. The concentration of TNF-α in the serum
was measured by ELISA and DC32 administration de-
creased the TNF-α level in the serum (A). The TNF-α
mRNA level (B) and protein expression (C) were mea-
sured by qPCR and western blot. The data generated are
from 3 replicate experiments. n= 5, values are the
mean ± SEM. #P < 0.05, ###P < 0.001 vs. the Sham
group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the OA
group.
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joint swelling in mice with OA. The H&E sections revealed that the knee
joint in OA mice was seriously damaged by hyperplasia of connective
tissues and inflammatory cell infiltration (Fig. 5E). However, there was
almost no joint surface irregularity or erosion of the articular cartilage
in DC32 treatment group except DC32-6.25 group. The synovium in OA
mice was infiltrated with inflammatory cells and DC32 reduced the
inflammatory cell infiltration (Fig. 5F). These data indicated that DC32
relieved inflammation and joint destruction caused by OA.

3.6. DC32 restored the balance of ECM biosynthetic and catabolic gene
expression in knee joints of papain-induced OA mice

To examine the effect of DC32 on biosynthetic and catabolic gene
expression in papain-induced OA mice, we detected the mRNA ex-
pression of MMP2, MMP3, MMP13, ADAMTS-5, aggrecan and Col2a1
by qPCR. MMP2 (Fig. 6A), MMP3 (Fig. 6B), MMP13 (Fig. 6C) and
ADAMTS-5 (Fig. 6D) mRNA expression were significantly upregulated
in the knee joints of OA mice, while the mRNA levels of aggrecan
(Fig. 6E) and Col2a1 (Fig. 6F) were significantly downregulated. Ad-
ministration of DC32 decreased the mRNA levels of MMPs and
ADAMTS-5, and increased the mRNA levels of aggrecan and Col2a1.

3.7. DC32 reduced inflammation in papain-induced OA mice

Afterwards, we assessed the effect of DC32 on TNF-α expression in
papain-induced OA mice. The level of TNF-α in serum were quantified
by ELISA and the expression of TNF-α in knee joints were detected by
qPCR and western blot. In mice with OA, the level of TNF-α in the
serum (Fig. 7A) was almost twice high as that in the Sham group. Both
the mRNA level (Fig. 7B) and the protein expression (Fig. 7C) of TNF-α
in knee joints were significantly upregulated in papain-induced OA
mice. All treatment groups significantly reduced the level of TNF-α in
serum and the secretion of TNF-α in the knee joints.

4. Discussion

OA is characterized by cartilage breakdown and synovial in-
flammation, which is directly related to clinical symptoms such as joint
swelling, synovitis and inflammatory pain [34]. As one of the drivers of
OA pathogenesis, synovitis is initiated by the infiltration of in-
flammatory cells into the synovium, followed by synovial hyperplasia.
The hyperplastic synovium produces pro-inflammatory cytokines, che-
mokines and proteases, and then invades and destroys cartilage. In

particular, FLSs are central effectors of synovitis [35]. In this study, we
investigated the effects of DC32 on inflammatory responses in rat os-
teoarthritic synovium and the protective effects of DC32 on papain-
induced OA mice model.

Our results showed that DC32 inhibited the migration and invasion
of OA-FLSs pretreated with TNF-α. Diclofenac sodium, a positive drug
in this study, was commonly used for OA in clinic, while the overuse of
diclofenac sodium could increase the risk of heart attacks in patients
[36,37]. Compared with diclofenac sodium, DC32 dramatically reduced
the transcription of IL-1β, IL-6, CXCL12 and CX3CL1 upregulated by
TNF-α in cultured OA-FLSs. It was reported that inhibiting the pro-
duction of chemokines may be a feasible therapeutic strategy to block
the recruitment of inflammatory cells in synovitis [38]. These results
suggested that DC32 inhibited inflammatory response in osteoarthritic
synovium by reducing the production of pro-inflammatory cytokines
and chemokines.

As a potent inducer of the inflammatory response, TNF-α activates
the IKK/NF-κB and MAPK/AP-1 signaling pathways, which in turn
trigger the production of pro-inflammatory cytokines and chemokines
involved in the initiation and progression of inflammatory diseases,
including OA [39,40]. The MAPK pathway can be divided into ERK,
p38 and JNK MAPK pathways, which play an important role in phos-
phorylating transcription factors [41,42]. In our study, the phosphor-
ylation of ERK, but not p38 and JNK, was suppressed by DC32. In
general, ERK is mainly involved in anabolic processes, whereas JNK and
p38 are mostly associated with cellular responses to stress conditions
[43]. The ERK signaling pathway has been found to regulate diverse
cellular processes such as proliferation, survival, differentiation and
migration. It has been reported that the ERK signaling pathway, which
induced the expression of MMP2, could be inhibited by several NSAIDs
[44]. DC32 may therefore suppressed the anabolic processes regulated
by ERK signaling pathway to inhibit inflammatory response in os-
teoarthritic synovium.

MAPK activates the NF-κB pathway to induce the expression of pro-
inflammatory factors and infiltration of inflammatory cells [45,46].
Hence, we further investigated the effects of DC32 on NF-κB pathway.
Under physiological conditions, NF-κB p65 is sequestered in the cyto-
plasm by the IκBα protein. Upon inflammatory stimulation, such as
TNF-α, IKK promotes IκBα phosphorylation and degradation, which
enables NF-κB p65 to translocate to the nucleus [47]. NF-κB p65 then
binds to its specific promoter region and initiates the transcription of
inflammatory factors [48]. Our results revealed that DC32 down-
regulated the phosphorylation of NF-κB p65 by decreasing the

Fig. 8. Mechanisms of DC32-inhibited inflammatory re-
sponse in osteoarthritic synovium. DC32 increased the ex-
pression of Nrf2 and then promoted HO-1 expression in
cultured OA-FLSs. Furthermore, the activation of Nrf2 in-
hibited the degradation and phosphorylation of IκBα, which
prevented the phosphorylation of NF-κB p65. In this way,
DC32 inhibited the synovial inflammation in OA through
reducing the production of pro-inflammatory cytokines and
chemokines.
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phosphorylation and degradation of IκBα in OA-FLSs.
We have previously reported that DC32 ameliorated inflammatory

symptoms by activating the Nrf2/HO-1 pathway in mice with CIA
[25,26]. Nrf2, a key transcription factor, was reported to play a central
role in protecting cells against oxidative stress and upregulating the
genes encoding antioxidant proteins including HO-1 [49]. DC32 acti-
vated Nrf2 and then upregulated the expression of HO-1 in OA-FLSs.
Deletion of Nrf2 enhanced inflammation, while its upregulation de-
creased pro-inflammatory and immune responses regulated by NF-κB
[50]. Nrf2 prevented the degradation of IκBα and blocked NF-κB p65
nuclear translocation and transcription of pro-inflammatory genes se-
quentially. In this study, Nrf2 mRNA interference relieved the DC32-
induced downregulation of IκBα and NF-κB p65, proving that the ac-
tivation of Nrf2 inhibited the NF-κB pathway.

To further evaluate whether DC32 has protective effects on OA, we
established papain-induced OA mice model for the in vivo study. The
papain-induced OA mice developed joint inflammation, while DC32
showed good protective effects on knee joint swelling and inflammatory
cell infiltration. And DC32 also attenuated the splenomegaly caused by
OA (Fig. S1). We found that the body weight of the mice had no sig-
nificant changes after intra-articular injection with papain compared
with that of the Sham group. It is consistent with previous reports that
the progression of OA may not continuously lead to weight loss, which
might only occur in the early stages of OA [28].

Von Frey filaments were used to evaluate mechanical allodynia in
papain-induced OA mice, and DC32 was found to attenuate papain-
induced mechanical allodynia without tolerance or resistance.
However, the mechanism underlying OA-related pain has not been fully
illuminated [51]. Since the articular cartilage has no vessels or nerves,
noncartilaginous joint tissues such as subchondral bone, periosteum,
synovium, ligament and joint capsules are thought to be important in
pain generation [51,52]. DC32 downregulated the mRNA levels of IL-1β
and IL-6 in cultured OA-FLSs reported to contribute to the development
of pain, potentially explaining the decreased pain perception in papain-
induced OA mice [14].

DC32 significantly inhibited the cartilage degradation and in-
flammatory cell infiltration in synovium caused by OA, which was
observed in H&E-stained sections. An imbalance of ECM biosynthesis
and catabolism in articular cartilage was also observed in papain-in-
duced OA mice. The reduced synthesis of ECM and the increased pro-
duction of enzymes resulted in the acceleration of joint damage [53].
DC32 had an effect on the overall metabolism of proteoglycans in OA
cartilage by promoting synthesis and reducing catabolic gene expres-
sion. Inflammatory cytokines promote the synthesis and release of
proteolytic enzymes, which decompose the key components of ECM.
Both IL-1β, IL-6 and TNF-α are considered to be dominant in the in-
duction of inflammation and bone erosion [54]. DC32 decreased the
level of TNF-α in serum and reduced the secretion of TNF-α in the knee
joints of papain-induced OA mice. DC32 could not only inhibit in-
flammation by reducing the secretion of TNF-α, but also regulate car-
tilage biosynthesis and catabolic activity in treatment of OA.

In conclusion, our results demonstrated that DC32 suppressed the
inflammatory response in osteoarthritic synovium through regulating
Nrf2/NF-κB pathway (Fig. 8). Moreover, DC32 alleviated pain and in-
flammation, restored the balance of ECM biosynthetic and catabolic
activities in papain-induced OA mice. DC32 exhibited same efficacy
with diclofenac sodium in attenuating papain-induced OA and showed
a higher therapeutic effect on osteoarthritic synovium. These findings
suggest that DC32 may be a promising agent for the treatment of OA.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105701.
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