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A B S T R A C T

Our study aimed to determine the effects of sodium tanshinone IIA sulfonate (STS) on proliferation, migration,
invasion, and inflammation in rheumatoid arthritis human fibroblast-like synoviocytes (RA-HFLSs). Firstly, re-
sults demonstrated STS reduced proliferation, migration, invasion in HFLSs. Also, we found that STS could
alleviate the reorganizations of F-actin cytoskeleton in TNF-α-treated HFLSs. In addition, STS decreased the
production of IL-1β, IL-6, MMP-1, and MMP-3 in TNF-α-treated RA-HFLSs. Further study showed that STS
blocked MAPK/NF-κB activations in TNF-α-stimulated RA-HFLSs. Moreover, we illustrated that STS could al-
leviate rheumatoid arthritis progression and prevent inflammation damage in joint tissues of collagen-induced
arthritis (CIA) mice. Taken together, this study suggested that STS inhibited proliferation, migration, invasion,
and inflammation of RA-HFLSs by blocking MAPK/NF-κB pathways.

1. Introduction

Rheumatoid arthritis (RA) is a chronical and systemic autoimmune
disease [1,2]. It is well known that RA is distinguished by synovitis
inflammation, synovial hyperplasia and the progressive destruction of
cartilage and joints [1–3]. The rheumatoid arthritis fibroblast like sy-
noviocytes (RA-FLSs) that locate at the synovial intimal edges is re-
sident mesenchymal cells [4,5]. The activated RA-FLSs play an im-
portant role in the inflammatory response, synovial hyperplasia, joint
destruction, and comorbidity in the RA progression [6,7]. Accumu-
lating evidence indicate that RA-FLSs could be activated and display
tumor cells-like biological characteristics, like aggressive proliferation,
migration, and invasion, which contributes to damages of cartilage,
joint, and bone. In addition, the RA-FLSs could also produce and secrete
inflammatory cytokines, which could deteriorate the RA progression as
feedback [4,5]. Therefore, modulating RA-FLSs proliferation, migra-
tion, and invasion and RA-FLSs-induced inflammatory process might be
therapeutic strategies for RA treatments.

Tanshinone IIA (TIIA) is one of the main pharmacological compo-
nents of the famous herbal medicine, Salvia miltiorrhiza that has been
widely used for cardiovascular diseases treatment in China [8–12].
Sodium tanshinone IIA sulfonate (STS), a water-soluble sulfonate de-
rived from TIIA, has been approved by the State Food and Drug Ad-
ministration of China (CFDA) for treating coronary heart disease and

ischemic stroke [8–12]. Accumulating evidence demonstrates in-
hibitory STS-mediated effects against inflammation and oxidative stress
contributes to its protections on cardiovascular diseases [8–12]. Pre-
vious studies have also found that STS could inhibit inflammatory re-
sponses in lipopolysaccharide-induced endothelial cells, cigarette
smoke extract-induced chronic obstructive pulmonary disease mice and
hemorrhagic shock-induced rat models, via modulating mitogen-acti-
vated protein kinases (MAPKs)/nuclear factor kappa B (NF-κB) path-
ways [8–12]. In addition, STS is able to alleviate the disruption of
cerebrovascular integrity by regulating the Rho-associated protein ki-
nase (ROCK)-mediated cellular contractility in human umbilical vein
endothelial cells and zebrafish models [10,13]. Interestingly, previous
studies have reported that TIIA could alleviate tissue damages and
provide anti-nociceptive effects in RA mice, which provides evidence
supporting potential roles of STS in RA treatments [14–16]. However,
protective actions of STS on RA-FLSs are still unveiled. Thus, in the
current study, we aimed to investigate the effects of STS on in-
flammation, proliferation, migration, and invasion of human fibroblast-
like synoviocytes rheumatoid arthritis (RA-HFLSs) and its underlying
mechanisms [17]. Also, we investigated STS actions on collagen-in-
duced arthritis (CIA) in mice in vivo [17].
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2. Materials and methods

2.1. Chemical and reagents

Sodium tanshinone IIA sulfonate (STS, powers, purity: ≥98%
HPLC-UV, the chemical structure was shown in Fig. 1A) was obtained
from Chengdu Must Biotechnology Company (Chengdu, China). The
STS was endotoxin-free. The DMEM and F-12K medium, fetal bovine
serum were obtained from Gibco (Grand Island, NY, USA). TNF-α and
BSA were obtained from Pepro Tech (Grand Island, NY, USA). The
bovine type II collagen, Freund's complete adjuvant, and Freund's in-
complete adjuvant were obtained from Sigma (St. Louis, MO, USA).

2.2. Cell culture and treatment

The RA-HFLSs was purchased from the ATCC (Manassas, VA, USA)
and maintained in DMEM medium supplied with 10% FBS, 100 U/mL
penicillin, and 100mg/mL streptomycin with a humidified atmosphere
5% CO2 at 37 °C. The RA-HFLSs that passage between 5 and 10 was
used in this study. The experiment was conducted at 24 h after the RA-
HFLSs were seeded. STS and other compounds were firstly dissolved in
DMSO or H2O as stock a solution and then was added into cell culture
medium directly.

2.3. Experimental animal and protocol

Male DBA/1 mice (18–22 g, 8–9weeks) were obtained from IMET
Research Inc. (Nantong, China). The mice were maintained under SPF
condition, with standard light-dark cycle, temperature, and humidity.
All animal experiments were approved by the Institutional Animal Care,
and Use Committee of the First People's Hospital of Yunnan Province
(FPHYP-0029-2018) and all animals were treated in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Animals were randomly divided into to three
groups (n= 10): Vehicle (normal animals were given normal saline),
CIA (CIA animals were given normal saline), CIA+ STS group (CIA
animals given STS, 5mg/kg, oral administrations, once a day, from day
21 to 48).

The CIA mice model was induced by twice immunization according
to the protocol described in the previous study with small modifications
[18–23]. In brief, DBA/1 mice were firstly given intradermal injections
of bovine type II collagen emulsified in Freund's complete adjuvant
(vol/vol, 1:1) as primary immunization on day 0, and then given sec-
ondary immunization using bovine type II collagen emulsified in in-
complete Freund's adjuvant (vol/vol, 1:1) on day 21 [18–23]. The
clinical symptoms and scores of limbs were collected and measured by
two independent and blinded operators every three days from day 21 to
day 48 [18–23]. The clinical arthritis score was assessed using a range
of 0 to 4 (0, no change; 1, significant swelling and redness of one digit;
2, mild swelling and erythema of the limb or swelling of more than two
digits; 3, marked swelling and erythema of the limb; 4, maximal
swelling and redness of the limb and later, ankylosis), which was well
described in previous studies [18–23]. On day 48, mice were eu-
thanized using pentobarbital injections, and samples were obtained for
the following studies [18–23].

2.4. Cell viability

Cell viability was detected using the Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Kumamoto, Japan) according to the manufacturer's
protocols. In brief, RA-HFLSs were plated in the 96-wells cell culture
plate and treated with different doses of STS (0, 1, 3, 10, 30 and
100 μM) for 24 h. Then, RA-HFLSs were incubated with CCK-8 reagents.
Finally, the OD values (at 450 nm) were measured using a microplate
reader.

2.5. Migration and invasion assay

The Boyden chamber methods were used to carry out the migration
and invasion in RA-HFLSs [18–23]. The RA-HFLSs were planted in 24-
wells plate with 6.5-mm diameter inserts containing 8-μm pores
(Corning, Costar, NY, USA) [18–23]. For the migration assay, the RA-
HFLSs were suspended in FBS-free DMEM and planted in upper
chambers in the system. After that, 0.5 mL of medium supplied with
10% of FBS with or without STS (1, 3, and 10 μM) were added into
lower chambers in the system. After 24 h, cells on upper surfaces of all
filters were removed out using cotton swabs, and migratory cells that
migrated into lower surfaces were fixed by paraformaldehyde about
10min, stained by Hoechst 33342 for another 10min, and finally im-
aged using a confocal laser-scanning microscope system (Olympus,
Kyoto, Japan) at five independent visual fields.

For the invasion assay, RA-HFLSs cells were planted into upper
chambers precoated with Matrigel reagents (BD Bioscience, CA, USA) in
FBS-free DEME. 0.5mL of medium supplied with 10% of FBS with or
without STS (1, 3, and 10 μM) was added into lower chambers in the
system. After 24 h, cells on upper surfaces of all filters were removed
out using cotton swabs, and migratory cells that migrated into lower
surfaces were fixed by paraformaldehyde about 10min, stained by
Hoechst 33342 for another 10min, and finally imaged using a confocal
laser-scanning microscope system at five independent visual fields.

Fig. 1. Chemical structure of STS and STS effects on RA-HFLSs viability.
(A) Chemical structure of STS was shown. (B) RA-HFLSs (1× 104 cells) were
treated with various doses of STS for 24 h, and cell viability was measured via
CCK8 assay. The cell viability was expressed as % of the control. Results are
showed as means± SEM (n=9). Control group was untreated cells.
#P < 0.05 and ##P < 0.01, versus control group.
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2.6. Proliferation assays

The RA-HFLSs cells were firstly labeled by EdU (5-ethynyl-2′-
deoxyuridine) using the BeyoClick™ EdU-488 cell proliferation assay kit
(Beyotime, Shanghai, China). Then, RA-HFLSs cells were dissociated,
counted, and seeded into plates and incubated with or without TNF-α
(10 ng/mL) TNF or STS (0, 1, 3 and 10 μM) for 24 h. After that, cells
were collected, washed and finally imaged using a confocallaser-scan-
ning microscope system.

2.7. Immunofluorescence assay of the actin cytoskeleton

Cells were collected, washed, fixed in paraformaldehyde, permea-
bilized by Triton X-100 in PBS, and finally blocked with blocking buf-
fers. After that, samples were incubated with primary antibodies for
12 h at 4 °C and Alexa-Fluor 488 or 596 secondary antibodies (1:500
dilutions, Invitrogen, CA, USA) for 0.5 h at room temperature, respec-
tively. Cells were mounted with Prolong-anti-fade reagents and finally
imaged a confocal-laser-scanning microscope system.

2.8. Enzyme-linked immunosorbent assay (Elisa)

RA-HFLSs cells were pretreated with various doses of STS for 1 h
and then stimulated with TNF-α (10 ng/mL) for another 24 h. After
that, the IL-6, IL-1β, MMP-1, and MMP-3 released into cells conditioned
media, or supernatants of lysed tissues were measured using specific
ELISA Ready SET Go Kits (eBiosciences, San Diego, CA, USA).

2.9. Quantitative PCR (qPCR) assay

Total RNA was extracted using TRIzol reagents (Invitrogen,
Carlsbad, CA) following the manufacturer's protocols. The isolated RNA
was reverse transcribed into prepared cDNA using the MMLV reverse
transcriptase (Santa Cruz, CA, USA). The qPCR assay was performed
using fast start universal SYBR-Green master reagents (Roche) with the
ABI Prism 7500 real-time PCR system (Applied Biosystems, Foster City,
CA, USA). The relative expression of each target gene compared with
GAPDH was calculated using the comparative Ct method. The primer
sequence used in the current study was listed in Table 1.

2.10. Western blot assay

The nuclear and cytoplasmic protein was prepared according to the
manufacturer's protocols (Beyotime, Shanghai, China). The protein
concentration was measured using the BCA™ Protein Assay kit
(Invitrogen). Equal amounts of protein were subjected to SDS-PAGE,
and then electrically transferred onto PVDF membranes (Bio-Rad, CA,
USA). Subsequently, membranes were blocked for 1 h with 5% non-fat
milk in TBS-0.1% Tween 20 (TBST), and incubated with primary anti-
bodies: p-TAK-1, p-IKKα/β, t-IKKα, p-IκBα, t-IκBα, p-p65, t-p65, p-p38,
t-p38, p-ERK1/2, t-ERK1/2, p-JNK, t-JNK, GAPDH and β-actin, and

peroxidase-conjugated secondary antibodies for overnight at 4 °C and
for 1 h at room temperature, respectively (CST, Danvers, MA, USA).
Finally, protein bands were visualized using an ECL-plus-Western-
blotting detection reagent (GE Healthcare, WI, USA). Images of bands
were captured by the ChemiDoc XRS Molecular Imager and analyzed
using the Bio-Rad Quantity-One Software (Bio-Rad).

2.11. Histochemical analysis

At the termination of the experiment, hind limbs with overlying
skins from each animal were excised and fixed in 10% neutral-buffered-
formalin solutions. Then, tissues were decalcified in 10% of EDTA and
embedded in paraffin. The 4 μm thick section was made and stained
with hematoxylin and eosin (H&E) kit for histological observations.

2.12. Graphing and statistical analysis

All data were present as mean means± S.E.M. for at least three
independent experiments. Data were analyzed by GraphPad Prism 6.0
(San Diego, CA, USA). Statistical significance was assessed by one-way
or two-way ANOVA with Bonferroni's correction. P < 0.05 was con-
sidered significant in all analyses.

3. Results

3.1. Effect of STS on cell viability of RA-HFLSs

To investigate effects s of STS, we firstly measured STS potential
cytotoxicity in RA-HFLSs using the CCK8 assay. As shown in Fig. 1B, no
obvious cytotoxic effect was observed in RA-HFLSs exposed to 0 to
10 μM of STS for 24 h. Therefore, concentrations lower than 10 μMwere
used for the following experiments.

3.2. STS suppressed migration and invasion of RA-HFLSs

We then investigated the effects of STS on migration and invasion in
RA-HFLSs using the trans-well Boyden chamber method. As shown in
Fig. 2A, we found that STS could significantly decrease the migration
RA-HFLSs, when compared with the control group (compared with the
control group, P < 0.01). In addition, as shown in the invasion assay
results, STS could also suppress the invasion of RA-HFLSs in a dose-
dependent manner (Fig. 2B, P < 0.01).

3.3. STS suppressed proliferation in TNF-α-treated RA-HFLSs

RA-HFLSs proliferation plays a critical role in RA progress.
Encouraged by the inhibitory actions of STS on migration and invasion,
we here also detected the STS effects on proliferation in RA-HFLSs. As
shown in Fig. 3, TNF-α could induce the RA-HFLSs proliferation
(compared with the control group, all P < 0.01), however, STS treat-
ment could dose-dependently suppress TNF-α-induced proliferation
(compared with the TNF-α-treated group, all P < 0.01).

3.4. STS suppressed cytoskeleton alterations of TNF-α-induced RA-HFLSs

It is well known that dynamic reorganizations of actin cytoskeleton
contribute to migration and invasion in RA-HFLSs. To confirm the STS
actions on RA-HFLSs, we then performed the immunofluorescence
staining to visualize the affection on F-actin reorganization. As reported
in previous reports, in our study, we also found that TNF-α (10 ng/mL)
could significantly increase actin stress fiber formation (data were
shown in Fig. 4). However, STS treatment was able to reduce the in-
tensity of F-actin stress fibers in TNF-α-treated RA-HFLSs.

Table 1
The primer sequences.

Name Sequence (5′ to 3′)

IL-1β F GGCAACTGTTCCTGAACTCAACTG
R CCATTGAGGTGGAGAGCTTTCAGC

IL-6 F AAGCCAGAGCTGTGCAGATGAGTA
R CTTGGTCACCGACGTCCTGT

MMP-1 F CAGAGATGAAGTCCGGTTTTTC
R GGGGTATCCGTGTAGCACAT

MMP-3 F CAAAACATATTTCTTTGTAGAGGACAA
R TTCAGCTATTTGCTTGGGAA

GAPDH F TGGAAGGACTCATGACCACA
R AGGGGTCTACATGGCAACTG
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3.5. STS repressed MMPs production in RA-HFLSs exposed to TNF-α

MMPs play an important role in the RA progression. Therefore, we
then detected the actions of STS on MMPs productions in TNF-α-treated
RA-HFLSs. As demonstrated in Fig. 5A and B, when compared to the
control cells, TNF-α (10 ng/mL) could obviously increase the mRNA
level of MMP-1 and MMP-3 in RA-HFLSs (all P < 0.01). However, STS
treatment inhibited the mRNA expression of MMP-1 and MMP-3 in
TNF-α-treated RA-HFLSs (compared with the TNF-α-treated group, all
P < 0.01). Moreover, STS could significantly down-regulate the pro-
tein level of MMP-1 and MMP-1 in TNF-α-induced RA-HFLSs (Fig. 5C
and D, compared with the TNF-α-treated group, all P < 0.01).

3.6. STS decreased pro-inflammatory cytokines production in RA-HFLSs
exposed to TNF-α

Overproduction of pro-inflammatory cytokines, including IL-6 and
IL-1Β in RA-HFLSs, was reported to be well involved in the pathogen-
esis of RA. Here, we also detect the possible inhibitory role of STS
against the production of pro-inflammatory cytokines in TNF-α-treated
RA-HFLSs. As shown in Fig. 6A and B, TNF-α (10 ng/mL) significantly
increased the mRNA expression of IL-6 and IL-1β in RA-HFLSs (com-
pared with the control group, all P < 0.01). However, STS treatment
inhibited the increase of IL-6 and IL-1Β mRNA expression in TNF-α-
treated RA-HFLSs (compared with the TNF-α-treated group, all
P < 0.01). Moreover, STS also significantly down-regulated the pro-
tein level of IL-6 and IL-1β in TNF-α-induced RA-HFLSs (Fig. 6C and D,
compared with the TNF-α-treated group, all P < 0.01).

3.7. STS inhibited MAPKs and NF-κB activations in TNF-α-induced RA-
HFLSs

MAPK signaling pathways are crucial for RA-FLSs migration, pro-
liferation, and inflammatory cytokine expression. And NF-κB is an im-
portant modulator of the inflammatory process in the development of
RA. To further explore the underlying mechanisms of STS in cell pro-
liferation, migration, invasion, and inflammatory response; we then
examined actions of STS on MAPKs and NF-κB pathways in TNF-α-in-
duced RA-HFLSs.

Firstly, as shown in Fig. 7, the level of phosphorylated p38, JNK and
ERK were significantly increased in cells exposed to TNF-α (compared
with the control group, all P < 0.01). However, STS treatment (3 and
10 μM) could significantly suppress the TNF-α-induced phosphorylation
of p38, JNK and ERK in RA-HFLSs (compared with the TNF-α-treated
group, all P < 0.01).

Next, as shown in Fig. 8, we also found that STS could also decrease
TNF-α-induced phosphorylation of NF-κB p65 and IκBα (compared with
the TNF-α-treated group, all P < 0.01). Moreover, STS treatment could
significantly inhibit TNF-α-induced degradation of IκBα in RA-HFLSs
(Fig. 8, compared with the TNF-α-treated group, all P < 0.01). Nor-
mally, NF-κB was activated by TAK1 via regulating interactions with
TNF receptor-associated factor (TRAF)-6. The level of TAK1 phos-
phorylation was also detected in this study. The results demonstrated
that STS (10 μM) significantly decreased the level of phosphorylated-
TAK1 in RA-HFLSs (Fig. 8, compared with the TNF-α-treated group, all
P < 0.01).

Fig. 2. Effect of STS on migration and
invasion of RA-HFLSs.
(A) RA-HFLSs (1× 104 cells) were
treated with various doses of STS for
24 h, and then migration was tested
using a Boyden trans-well chamber, and
chemotaxis was quantified by counting
the migration index (% of the control),
scale bar: 200×. (B) Cell invasion was
determined using a Matrigel basement
membrane matrix chamber, and the in-
vading cells were quantified by
counting the invasion index (% of the
control), scale bar: 200×. Results are
showed as means± SEM (n=9).
Control group was untreated cells.
#P < 0.05 and ##P < 0.01, versus
control group.

Fig. 3. Effect of STS on TNF-α-induced
proliferation in RA-HFLSs.
(A) The EdU cell proliferation assay was
used to assess cell proliferation in RA-
HFLSs (1×104 cells) after treatment
with STS or TNF-α (10 ng/mL) for 24 h.
(B) And then EdU positive cells ratio
were quantified by counting the number
of positive cells to total cells (%), scale
bar: 100×. Results are showed as
means± SEM (n=9). Control group
was untreated cells. #P < 0.05 and
##P < 0.01, versus control group.
*P < 0.05 and **P < 0.01, versus
TNF-α-treated group.

Z. Wang, et al. International Immunopharmacology 73 (2019) 370–378

373



3.8. STS alleviated arthritis progression and damages in CIA mice

To further investigate potential therapeutic actions of STS on RA in
vivo, the CIA-induced RA mice model was performed in our study. We
found that STS treatment could significantly decrease clinical arthritis
scores in CIA mice (Fig. 9A, compared with the vehicle-treated group,
all P < 0.01). Moreover, the histopathological analysis also showed
STS treatments could alleviate inflammatory infiltration, synovial hy-
perplasia, and cartilage destruction in joints tissue of CIA mice (shown
in Fig. 9B).

4. Discussion

Previous studies have provided evidence supporting the potential
protective actions of STS in RA [8–12]. In the present study, we de-
monstrated that STS could suppress the migration and invasion and
inflammation in human fibroblast-like synoviocytes rheumatoid ar-
thritis (RA-HFLSs). Then, we also demonstrated that STS treatment
could attenuate synovial inflammation and joint destruction in col-
lagen-induced arthritis (CIA) mice. Moreover, we found that STS could

block TNF-α-induced MAPKs and NF-κB activation in RA-HFLSs. Thus,
our findings suggested that STS conferred inhibitory effects on ag-
gressive behaviors of RA-HFLSs by blocking MAPKs and NF-κB activa-
tions, which might be developed as novel agents for RA treatments.

Accumulating evidence indicates that the activated RA-FLSs display
tumor cells-like biological characteristics, like aggressive proliferation,
migration, and invasion, which contributes to damages of cartilage,
joint and bone [6,7,24]. Firstly, it is well reported that abnormal pro-
liferation of RA-FLSs contribute to synovial hyperplasia [6,7,24].
Usually, RA-FLSs locate at the joint surface, destroy cartilage and ac-
tivate osteoclasts, resulting in bone erosion and destruction [6,7,24].
Therefore, migration and invasion of RA-FLSs into cartilages is also well
associated with the joint destruction in RA [6,7,24]. Thus, modulating
RA-FLSs proliferation, migration and invasion are supported to be novel
therapeutic strategies for preventing destructive progress in RA
[19–23]. In agreement with the previous reports that STS could sup-
press the proliferation and migration of endothelial cells [8–12], in the
current study, we also confirmed inhibitory effects of STS on pro-
liferation, migration, and invasion of RA-HFLSs. It is well known that
cells cytoskeleton rearrangements participate in regulating the

Fig. 4. Effect of STS on TNF-α-induced cytoskeletal
reorganization in RA-HFLSs.
The RA-HFLSs (1× 104 cells) were treated with or
without STS or TNF-α (10 ng/mL) for 24 h. And then
cells were fixed and stained with fluorescent phal-
loidin and DAPI to visible F-actin (red) and nuclei
(blue). Representative images from three in-
dependent experiments are shown here (n=9);
scale bar: 400×. Control group was untreated cells.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 5. Effect of STS on TNF-α-induced MMPs pro-
duction in RA-HFLSs.
The RA-HFLSs (1× 104 cells) were treated with or
without STS or TNF-α (10 ng/mL) for 24 h. (A and B)
After that, the total mRNA was extracted, and the
mRNA expression of MMP-1 and MMP-3 were ana-
lyzed using qPCR. The mRNA level was normalized
to GAPDH and expressed as folds of the control
group. (C and D) The protein was prepared, and the
protein level of MMP-1 and MMP-3 were detected
using Elisa. Results are showed as means± SEM
(n=9). Control group was untreated cells.
#P < 0.05 and ##P < 0.01, versus control group.
*P < 0.05 and **P < 0.01, versus TNF-α-treated
group.
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direction of cell migration and invasion, which is a tightly coordinated
process [19,25,26]. Here, we also found that STS could prevent cytos-
keletal reorganization in RA-HFLSs as evidenced by inhibition on F-
actin remodeling in TNF-α-stimulated cells, which are key steps that
control cells migration and invasion, further supporting ours in vitro
findings. In conclusion, we demonstrated that STS could suppress pro-
liferation, migration, and invasion of RA-FLSs. These findings suggested

STS might be beneficial for the prevention of joint destruction in
treatments.

The RA-FLSs play an important role in RA development, which are
well associated with inflammatory response, synovial hyperplasia, joint
destruction, and various kinds of comorbidity [1–5]. The inflammatory
cytokines, especially IL-6 and IL-1β, play a key role in synovial in-
flammation in the RA process [27–29]. Increasing evidence suggests

Fig. 6. Effect of STS on TNF-α-induced IL-6, IL-1β
production in RA-HFLSs.
The RA-HFLSs (1× 104 cells) were treated with or
without STS or TNF-α (10 ng/mL) for 24 h. (A and B)
After that, the total mRNA was extracted, and the
mRNA expression of IL-6 and IL-1β were analyzed
using qPCR. The mRNA level was normalized to
GAPDH and expressed as fold of the control group.
(C and D) The protein was prepared, and the protein
level of IL-6 and IL-1β were detected using Elisa.
Results are showed as means± SEM (n=9). Control
group was untreated cells. #P < 0.05 and
##P < 0.01, versus control group. *P < 0.05 and
**P < 0.01, versus TNF-α-treated group.

Fig. 7. Effect of STS on MAPKs pathways in TNF-
α-induced RA-HFLSs.
The RA-HFLSs (1× 104 cells) were treated with
or without STS or TNF-α (10 ng/mL). After that,
the protein was prepared and the level of phos-
phorylated and total p38, JNK and ERK protein
was detected by Western blot. Results are showed
as means± SEM (n=5). Control group was un-
treated cells. #P < 0.05 and ##P < 0.01, versus
control group. *P < 0.05 and **P < 0.01,
versus TNF-α-treated group.
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that activated RA-FLSs could produce and secrete inflammatory cyto-
kines that deteriorate the RA progression [1–5]. Thus, the discovery of
anti-inflammatory agents is considered as one of the important strate-
gies for RA treatments [27–29]. Accumulating evidence indicates that
inhibitory effects against inflammation and oxidative stress by STS
contribute to its protections on cardiovascular diseases. Previous stu-
dies have demonstrated that STS could inhibit inflammatory responses
in lipopolysaccharide-induced endothelial cells [8–12]. It has been
widely reported TNF-α induces activation of RA-HFLSs and trigger the
production of inflammatory cytokine and mediator [27–29]. As a first
step towards the application of STS, we detected STS effects on pro-
inflammatory cytokines in TNF-α-stimulated RA-HFLSs. In our study,
we also confirmed that STS could suppress expressions of IL-1β and IL-6
in TNF-α-stimulated RA-HFLSs.

MMPs, the major proteases involved in the invasion and degrada-
tion of anatomical barriers, have a role in extracellular matrix de-
gradation [7]. The TNF-α treatment has been well reported to induce
MMPs expressions in RA-FLSs, and these processes are mainly regulated

by transcriptional and translational levels [30,31]. Among MMPs,
MMP-1 and MMP-3are markedly elevated in synovial fluid from RA
patients and collagen degradation, causing disease progression and
bone erosion [32–34]. MMPs expressions could be induced by pro-in-
flammatory cytokines, like TNF-α in RA-FLSs. And previous reports also
indicate that MMPs are down-regulated in response to the anti-TNF
therapy [32,33]. It is well reported that MMP expression is well asso-
ciated with FLS migration and invasion in RA-FLSs [32,33]. In our
study, TNF-α induced increasing production of both MMP-1 and MMP-3
in RA-HFLSs. In the present study, we observed that STS treatment
markedly down-regulated the TNF-α-induced production of MMP-1 and
MMP-3 in RA-HFLSs, suggesting that one of the mechanisms for STS-
regulated aggressive behavior of RA FLSs is reducing MMP-1 and MMP-
3 production.

Increasing evidence demonstrates that MAPKs, including p38, ERK,
and JNK, not only play an important role in the inflammatory response
in RA-FLSs but also participate in the migration, invasion, actin cytos-
keletal reorganization in RA-FLSs [35–37]. Discovery of drugs that

Fig. 8. Effect of STS on NF-κB pathways
in TNF-α-induced RA-HFLSs.
The RA-HFLSs (1× 104 cells) were
treated with or without STS or TNF-α
(10 ng/mL). After that, the protein was
prepared, and the level of phosphory-
lated and total p65 and IκBα protein
was detected by Western blot. Results
are showed as means± SEM (n=5).
Control group was untreated cells.
#P < 0.05 and ##P < 0.01, versus
control group. *P < 0.05 and
**P < 0.01, versus TNF-α-treated
group.

Fig. 9. Effects of STS on arthritis progression and
alleviated synovial inflammation in CIA mice.
CIA was induced by two times of immunization in
mice. Animals were administrated with vehicle or
STS (10mg/kg) on every other day from day 0 to
day 48. Clinical symptoms and score of limbs were
observed and recorded from day 21. On day 48,
animals were sacrificed, and synovial tissues were
collected. (A) Effects of STS on arthritis scores in
CIA mice. (B) Representative histological assess-
ment of joint in CIA mice on day 48 (400×).
Results are showed as means± SEM (n=5).
#P < 0.05 and ##P < 0.01, versus control
group; *P < 0.05 and **P < 0.01, versus the
vehicle-treated group.
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targeting MAPK pathways is supported to be therapeutic strategies for
preventing RA progress [19–23]. Previous studies have demonstrated
that STS could inhibit inflammatory responses in various models, via
modulating MAPKs pathways [8–12]. Thus, in the current study, we
also investigate STS effects on MAPK pathways in RA-HFLSs. In accord
with previous studies, we found that TNF-α stimulation could induce
activation of p38, ERK, and JNK in RA-FLSs [19–23]. In the current
study, we observed that STS could block the activation of MAPKs, as
evidenced by inhibiting phosphorylation of p38, ERK, and JNK. Not-
edly, several compounds, including triptolide, kaempferol, oxymatrine,
and betulinic acid have been reported to suppress migration and in-
vasion in RA-FLSs via modulating MAPKs pathways [19–23]. Thus, we
suggested that inhabiting MAPKs activation in TNF-α-stimulated RA-
FLSs might be potential mechanisms for STS-mediated suppression of
proliferation, migration, invasion, actin cytoskeletal reorganization.

It is well reported that NF-κB pathways well participate in reg-
ulating inflammation in RA-FLSs [38–43]. Inhibiting NF-κB activity has
been considered an important target for controlling synovial in-
flammation, synovial hyperplasia, and matrix degenerations [38–43].
Previous studies have demonstrated that STS could inhibit in-
flammatory responses in various models, via modulating NF-κB path-
ways [8–12]. Therefore, we here postulated that STS could suppress NF-
κB activation in RA-HFLSs [19–23]. Our results demonstrated that STS
could inhibit phosphorylation of NF-κB and IκBα, and suppress de-
gradation of IκBα protein. Current data also confirmed that STS could
block the NF-κB nuclear accumulation induced by TNF-α. Usually, NF-
κB pathways are modulated by TAK1 via regulating TRAF-6 [38–40]. In
this study, we also confirmed that STS modulated the phosphorylation
of TAK1, suggesting that TAK1 should be one of the upstream mod-
ulators of NF-κB mediated by STS [38–40]. These findings suggested
that STS provide protective effects against RA by blocking NF-κB acti-
vation via regulating TAK1 and IκB pathways.

The CIA-induced RA models are the most common models of RA and
CIA has been widely used in different kinds of studies to investigate RA
pathogenesis and discovery agents for RA treatments [19–23,44–48].
To further detect the effects of STS against RA, CIA-induced RA mice
was also performed in our study. Treatments of RA mice with STS could
significantly decrease clinical scores and alleviate synovial inflamma-
tion. Due to several limitations, we did not conduce experiments to
detect the accumulating content of STS in the joints of RA mice. Since
that it is important to exclude that the effects of STS in vivo are simply
indirect effects, we would perform the pharmacokinetics and tissue
distribution study of STS in mice. In summary, this study provided
evidence to support the notion that STS conferred therapeutic effects on
RA progression and inflammatory damage in mice.

In conclusion, this study provided evidence that STS inhibited
proliferation, migration, invasion, and inflammation in RA-HFLSs and
attenuated RA progression in CIA mice. Our findings suggested that
inhibition of MAPKs and NF-κB pathways might contribute to STS-
mediated inhibitory actions against RA. These results demonstrated
that STS might be developed as novel agents for RA treatments.
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