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Abstract

Background: Fibroblast-like synoviocytes (FLS) have cancer cell-like characteristics, such as abnormal proliferation
and resistance to apoptosis, and play a pathogenic role in rheumatoid arthritis (RA). Hyperproliferation of RA-FLS that
can be triggered by the activation of interleukin-6/signal transducer and activator of transcription 3 (IL-6/STAT3) sign-
aling destructs cartilage and bone in RA patients. Chrysoeriol is a flavone found in medicinal herbs such as Chrysan-
themi Indici Flos (the dried capitulum of Chrysanthemum indicum L.). These herbs are commonly used in treating RA.
Chrysoeriol has been shown to exert anti-inflammatory effects and inhibit STAT3 signaling in our previous studies. This
study aimed to determine whether chrysoeriol inhibits hyperproliferation of RA-FLS, and whether inhibiting STAT3
signaling is one of the underlying mechanisms.

Methods: IL-6/soluble IL-6 receptor (IL-6/sIL-6R)-stimulated RA-FLS were used to evaluate the effects of chrysoeriol.
CCK-8 assay and crystal violet staining were used to examine cell proliferation. Annexin V-FITC/PI double staining was
used to detect cell apoptosis. Western blotting was employed to determine protein levels.

Results: Chrysoeriol suppressed hyperproliferation of, and evoked apoptosis in, IL-6/sIL-6R-stimulated RA-FLS.

The apoptotic effect of chrysoeriol was verified by its ability to cleave caspase-3 and caspase-9. Mechanistic stud-

ies revealed that chrysoeriol inhibited activation/phosphorylation of Janus kinase 2 (JAK2, Tyr1007/1008) and STAT3
(Tyr705); decreased STAT3 nuclear level and down-regulated protein levels of Bcl-2 and Mcl-1 that are transcriptionally
regulated by STAT3. Over-activation of STAT3 significantly diminished anti-proliferative effects of chrysoeriol in IL-6/
sIL-6R-stimulated RA-FLS.

Conclusions: We for the first time demonstrated that chrysoeriol suppresses hyperproliferation of RA-FLS, and sup-
pression of JAK2/STAT3 signaling contributes to the underlying mechanisms. This study provides pharmacological and
chemical justifications for the traditional use of chrysoeriol-containing herbs in treating RA, and provides a pharmaco-
logical basis for developing chrysoeriol into a novel anti-RA agent.
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[1, 2]. Fibroblast-like synoviocytes (FLS) have cancer
cell-like characteristics, such as abnormal proliferation
and resistance to apoptosis, and play a pathogenic role
in RA [3]. Hyperproliferation of RA-FLS leads to the
damage of bones and cartilage of RA patients. Activa-
tion of signal transducer and activator of transcrip-
tion 3 (STAT3) promotes proliferation and suppresses
apoptosis of RA-FLS [4]. High level of interleukin-6
(IL-6), commonly found in inflamed joints of RA
patients, causes abnormal activation/phosphorylation
of STAT3 (Tyr705) [5]. Therefore, the IL-6/STAT3
pathway has been regarded as a target for treating RA.

Disease-modifying antirheumatic drugs (DMARDs),
including conventional DMARDs (e.g., methotrex-
ate and leflunomide), targeted DMARDs (e.g., Janus
kinase inhibitors) and biological DMARDs (e.g., tumor
necrosis factor inhibitors, IL-6 inhibitors, IL-1 inhibi-
tors and T-cell immunomodulators), are the main-
stay for treating RA [6]. DMARDs can efficiently
ameliorate joint swelling and pain of RA patients [7].
However, they have severe adverse effects that have
restricted their clinical use. The most severe side
effect of DM ARD:s is infection, a result of their inhibi-
tory effects on the host immune system [8]. Stomach
upset, hepatotoxicity, blood dyscrasias and interstitial
lung disease are commonly associated with DM ARDs
as well [9]. Other available anti-RA drugs, including
non-steroidal anti-inflammatory drugs (NSAIDs) and
glucocorticoids, also have side effects, including cardi-
ovascular, upper gastrointestinal, metabolic and endo-
crine effects [10, 11]. Developing safe and effective
natural products as novel anti-inflammatory agents is
a hot research topic in anti-RA drug discovery.

Chrysoeriol (CSR) is a flavonoid compound found
in diverse medicinal herbs such as Cardiospermi
Halicacabi Herba (all parts of Cardiospermum hali-
cacabum L.) and Chrysanthemi Indici Flos (the dried
capitulum of Chrysanthemum indicum L.) [12, 13].
These herbs are commonly used for treating RA and
have been shown to have anti-arthritic effects in ani-
mal models [14, 15]. These facts suggest that CSR has
anti-arthritic effects. In a previous study, we found
that CSR ameliorates 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced acute skin inflammation in
mice. Moreover, in the animal model and in RAW?264.7
cells, CSR inhibits STAT3 signaling [16]. Whether CSR
inhibits proliferation of, and induces apoptosis in RA-
FLS is unknown.

In this work, we investigated the effects of CSR on
hyperproliferation of IL-6/sIL-6R-stimulated RA-FLS
and explored the involvement of the JAK2/STAT3
pathway in the effects.
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Materials and methods

Reagents

CSR (purity > 99%, determined by HPLC) was purchased
from Extrasynthese (Genay Cedex, France). Indometha-
cin, crystal violet, phosphate-buffered saline (PBS) and
dimethylsulfoxide (DMSO) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). CCK-8 (Cell Count-
ing Kit-8) was purchased from TransGen Biotech (Bei-
jing, China). Recombinant human IL-6 and recombinant
human soluble IL-6 receptor a (sIL-6R) were purchased
from PeproTech (Rocky Hill, NY, USA). Janus kinase
2 (JAK2, ab39636) and phospho-JAK2 (Tyr1007/1008,
ab32101) monoclonal antibodies, HRP-conjugated sec-
ondary antibodies (ab7090, ab97040), and Annexin
V-FITC Apoptosis Staining / Detection Kit (#ab14085)
were purchased from Abcam (Cambridge, CB2 0AX,
UK). B-cell lymphoma 2 (Bcl-2, sc-7382) and GAPDH
(sc-365062) monoclonal antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mye-
loid cell leukemia 1 (Mcl-1, #94296), caspase-9 (#9508),
caspase-3 (#9662), STAT3 (#12640), phospho-STAT3
(Tyr705, #9131) and lamin B1 (#12586) monoclonal anti-
bodies were obtained from Cell Signaling Technology
(Boston, MA, USA). All other chemicals used were pur-
chased from Sigma and were of analytical grade.

Cell culture

RA-FLS were purchased from Cell Applications (San
Diego, CA). L929 and MIHA cells were purchased from
American Type Culture Collection (ATCC; Rockville,
MD, USA). Fetal bovine serum (FBS) and Dulbecco’s
Modified Eagle Medium (DMEM) were purchased from
HyClone (Logan UT, USA). Cells were maintained in
high glucose DMEM containing 10% FBS and 1% penicil-
lin/streptomycin (P/S, GIBCO, USA) at 37 “C in a humid-
ified atmosphere of 5% CO,. CSR and indomethacin were
dissolved in DMSO at the concentrations of 40 mM and
100 mM, respectively. IL-6 was reconstituted in distilled
water to 50 pg/ml and sIL-6R was reconstituted in PBS to
50 pg/ml (PH 7.2). Solutions for cell assays were filtered
with syringe filters (0.22 pm) and stored at -20 ‘C. The
stock solutions were diluted with DMEM immediately
before experiments. The final concentration of DMSO in
cell culture was 0.1%.

Cell viability assay

CCK-8 assay was performed to determine the cyto-
toxicity of CSR on RA-FLS, MIHA and L1929 cells.
Cells (3 x 10%/well) in 200 ul DMEM were seeded in
96-well plates, incubated at 37 ‘C for 24 h and given a
fresh medium change. The cells were treated with vari-
ous concentrations of CSR (0, 5, 10, 20, 40, 80 uM) or
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indomethacin (100 uM) for 1 h and then stimulated with
IL-6/sIL-6R (100 ng/ml each) for 24 h or 48 h. Cells in
the control group were treated with solvents (DMSO for
CSR; PBS for IL-6/sIL-6R). In each well, 20 ul of CCK-8
solution was added and then incubated for 4 h. Absorb-
ance of each well was measured at 450 nm with a micro-
plate spectrophotometer (BD Biosciences, USA).

Crystal violet staining

The crystal violet staining assay was employed to visualize
the effects of CSR on the proliferation of RA-FLS. Cells
(1 x 10° cell/dish) seeded in 60 mm dishes were treated
with CSR at various concentrations (0, 10, 20 uM) for 1 h
and stimulated with IL-6/sIL-6R (100 ng/ml each) for
48 h. Afterwards, cells were fixed with 10% formalin for
5 min, followed by staining with 0.05% crystal violet solu-
tion in distilled water for 30 min. Cells were then washed
and photographed. Crystal violet was solubilized with
1 ml of 33% glacial acetic acid. Absorbance was measured
at 570 nm using a microplate spectrophotometer.

Apoptosis assay

Apoptotic effects of CSR on RA-FLS were measured by
Annexin V-FITC/PI double staining using an Apopto-
sis Detection Kit following the manufacturer’s protocol.
Cells (1 x 10° cell/well) were seeded in 6-well plates over-
night and then treated as described in the Crystal violet
staining section. Both detached and adherent cells were
harvested and then incubated in 100 pl labeling solution
(5 ul of Annexin V-FITC, 5 pl of PI, 10 pl of 10 x binding
buffer and 80 pl of H,0) in darkness at room tempera-
ture for 15 min. After that, 400 pl of 1 x binding buffer
was added to stop the staining reaction. Flow cytometric
analysis was then performed with a BD Accuri C6 flow
cytometer (BD Biosciences, USA). In the flow cytometric
scatter graphs, cells undergoing apoptosis are shown in
the upper-right quadrant (late-stage apoptotic cells) and
the lower-right quadrant (early-stage apoptotic cells).

Immunoblotting

Lysates were prepared from cultured RA-FLS as pre-
viously described [17]. Cell nuclear and cytoplasmic
extracts were prepared using the Mammalian Nuclear
and Cytoplasmic Protein Extraction Kit (TransGen Bio-
tech, Beijing, China) following the manufacturer’s proto-
col. Protein concentrations were measured using a Quick
Start " Bradford Protein Assay (Bio-Rad, USA).

Western blot assays were performed as previously
described [16]. Immunoreactive bands were visualized
using the Enhanced Chemiluminescence Detection Kit
(Invitrogen, USA). Image | software was used to meas-
ure the intensity of each band. The relative level of each
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protein of interest was normalized to the endogenous
B-actin, GAPDH or lamin B1 in each experiment.

Adenoviral transduction

Adenovirus expressing green fluorescent protein (GFP)-
flag-tagged STAT3C (Ad-STAT3C) and control adenovi-
rus expressing GFP (Ad-Empty vector) were purchased
from Vigene Biosciences (Shandong, China). STAT3C
(A662C, N664C mutant) is a constitutively activated vari-
ant of STAT3. RA-FLS (6 x 10° cells/dish) were seeded
in 100 mm dishes and transduced with Ad-STAT3C
(7.8 x 107 pfu/ml, RA-FLSSTAT3C) or Ad-Empty vec-
tor (7.8 x 107 pfu/ml, RA-FLSEMPY vector) for 24 b and
then supernatant was discarded and replaced with fresh
medium. After 12 h, transduced RA-FLS were used for
experiments.

Statistical analysis

Data are presented as the means=standard devia-
tion (SD). Comparison of quantitative data in multiple
groups was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s test. P<0.05 was regarded
as statistically significant.

Results

CSR suppressed hyperproliferation of IL-6/
sIL-6R-stimulated RA-FLS

CCK-8 assay was used to evaluate the effect of CSR on
hyperproliferation of IL-6/sIL-6R-stimulated RA-FLS.
Results showed that pre-treatments with CSR (5, 10, 20,
40, 80 puM; 24 or 48 h) reduced the viability of IL-6/sIL-
6R (100 ng/ml each)-stimulated RA-FLS in time- and
dose-dependent manners (Fig. la). In agreement with
previous reports, the positive control drug indometha-
cin also suppressed the hyperproliferation of IL-6/sIL-
6R-stimulated RA-FLS [18]. The anti-proliferative effect
of 100 pM indomethacin against IL-6/sIL-6R-stimulated
RA-FLS was comparable to that of 40 uM CSR. Crystal
violet staining confirmed that CSR had dose-dependent
and significant inhibitory effects on the proliferation of
IL-6/sIL-6R-stimulated RA-FLS (Fig. 1b). Anti-prolif-
erative activities of CSR were also evaluated in normal
human liver-derived MIHA cells and in mouse fibroblast
L1929 cells. Viabilities of IL-6/sIL-6R (100 ng/ml each)-
stimulated MIHA and L929 cells were not significantly
affected by a 24-h incubation with up to 40 pM CSR
(Additional file 1). These findings indicate that CSR sup-
presses hyperproliferation of RA-FLS and has no obvious
influence on the proliferation of normal cells.

CSR induced apoptosis in IL-6/sIL-6R-stimulated RA-FLS
Flow cytometry assay was used to determine the pro-
apoptotic effects of CSR on IL-6/sIL-6R-stimulated
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RA-FLS after Annexin V-FITC/PI double staining. As
shown in Fig. 2a, CSR treatments induced cell apopto-
sis. After a 48-h treatment, apoptosis rates in the con-
trol group, low dose CSR group (10 pM) and high dose
CSR group (20 pM) were 1.440.4%, 4.4+1.5% and
24.9 £ 2.9%, respectively. CSR also significantly and dose-
dependently elevated protein levels of cleaved caspase-3
and cleaved caspase-9 (Fig. 2b), two apoptotic markers,
confirming its apoptotic effects in this cell model.

CSR inhibited the JAK2/STAT3 pathway in IL-6/
sIL-6R-stimulated RA-FLS

As shown in Additional file 2, among 3 tested stimula-
tion durations (20, 40, 80 min) with IL-6/sIL-6R (100 ng/
ml each), 40-min stimulation induced the greatest acti-
vation/phosphorylation of STAT3 (Tyr705) in RA-FLS.
Thus, RA-FLS stimulated with IL-6/sIL-6R (100 ng/
ml each) for 40-min were used as the cell model in the
subsequent assays. In the present study, we found that
pre-treatments of CSR for 1 h dose-dependently inhib-
ited IL-6/sIL-6R-induced phosphorylation of JAK2
(Tyr1007/1008) and STAT3 (Tyr705) without affect-
ing the total JAK2 and STATS3 levels (Fig. 3a). Figure 3b
shows that CSR dose-dependently and significantly
decreased the nuclear STAT3 level in IL-6/sIL-6R-stim-
ulated RA-FLS. IL-6/sIL-6R alone or in combination
with CSR did not affect the protein level of STAT3 in

the cytoplasm. As shown in Fig. 3c, IL-6/sIL-6R upregu-
lated protein levels of Bcl-2 and Mcl-1, which are STAT3
target genes involved in cell survival, while CSR dose-
dependently and significantly suppressed the upregula-
tion. These findings indicate that CSR inhibits the JAK2/
STAT3 pathway in IL-6/sIL-6R-stimulated RA-FLS.

Over-activation of STAT3 attenuated the inhibitory effect
of CSR on RA-FLS hyperproliferation

To determine whether STAT3 signaling contributed to
the inhibitory effects of CSR on the viability of RA-FLS,
we over-activated STAT3 in RA-FLS by transducing
STAT3C into the cells. Green fluorescent and bright-field
microscopy images of RA-FLS showed that the transduc-
tion was successful (Fig. 4a). Immunoblotting showed
that transduction with Ad-STAT3C in RA-FLS caused
remarkable elevation of phosphorylated STAT3 (Tyr705)
level compared to transduction with Ad-Empty vector
(Fig. 4a), showing an overactivation of STAT3 in RA-
FLS. Upon STAT3 overactivation, the inhibitory effects
of 10, 20 and 40 uM CSR on the proliferation of IL-6/
sIL-6R-stimulated RA-FLS decreased by 9%, 15% and
22%, respectively (Fig. 4b). Viability of CSR-untreated
RA-FLSEmPY vector op CSR-untreated RA-FLSSTAT3C was
regarded as 100%. These findings indicate that inhibi-
tion of the STAT3 signaling contributes to the inhibitory
effect of CSR on the cell viability of RA-FLS.
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membrane was cut based on molecular weights of proteins to be examined before hybridisation with primary antibodies. Original images of all
blots are presented in Additional file 3. Data are expressed as mean =% SD of 3 independent experiments. * P<0.05, ** P<0.01 vs. IL-6/sIL-6R plus CSR
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Discussion

In a previous study, we found that CSR has anti-inflam-
matory effects in an acute inflammation mouse model
[16]. In this study, we demonstrated that CSR inhib-
its hyperproliferation of RA-FLS. Findings of this and
our previous studies suggest that CSR has anti-arthritic
potential.

High levels of IL-6 have been observed in joints and
blood of RA patients, and serum IL-6 level positively cor-
relates with disease activity [19]. IL-6 exerts its biologi-
cal activities through IL-6-specific receptor and a signal
transducer, gp130 [20]. There are two forms of IL-6-spe-
cific receptor: mIL-6R (membrane-bound IL-6R) and
sIL-6R. A much higher level of sIL-6R than mIL-6R was
detected in synovial fluid and blood of RA patients [21].
Therefore, we used IL-6/sIL-6R-stimulated RA-FLS as
the cell model in this study.

When IL-6 binds to sIL-6R in RA-FLS, JAK2, an
upstream kinase of STATS3, is activated [22], leading
to the activation of STAT3. Activated STAT3 forms

homodimers and then translocates to the nucleus to
regulate the transcription of its target genes [23]. By
transcriptionally up-regulating survival genes such
as Bcl-2 and Mcl-1, STAT3 signaling promotes RA-
FLS hyperproliferation [24, 25]. In this study, it was
found that CSR lowers protein levels phospho-JAK2
(Tyr1007/1008), phospho-STAT3 (Tyr705), Bcl-2 and
Mcl-1 and decreases STAT3 nuclear localization in
IL-6/sIL-6R-stimulated RA-FLS, indicating that CSR
inhibits the JAK2/STAT3 pathway in the cell model.
Activation of the JAK2/STAT3 pathway promotes
FLS activation/proliferation. FLS proliferation and
resistance to apoptosis together with recruitment of
other fibroblasts result in synovial hyperplasia, a typical
feature of RA [26, 27]. During the progression of RA,
hyperplastic synovial membrane is of persistent inflam-
mation, leading to cartilage damage and joint destruc-
tion [28]. In the present study, CSR was observed to
be able to suppress hyperproliferation of, and induce
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apoptosis in, IL-6/sIL-6R-stimulated RA-FLS, substan-
tiating that CSR has anti-arthritic potential.

Apart from STAT3, high expression and over-activation
of STAT1, another STAT family member that is related
to inflammation, can also be observed in the synovium of
RA patients [29]. In the RA-FLS model, STAT1 can also
be activated by IL-6/sIL-6R stimulation [30]. Suppress-
ing STAT1 expression and inhibiting STAT1 activation
have been regarded as approaches for treating RA [30].
Whether CSR exerts anti-RA effects by inhibiting STAT1
signaling remains to be studied.

Hyper-proliferated FLS interact with bone cells, which
is another important event involved in joint damage in
RA. IL-6/sIL-6R complex induces RA-FLS hyperpro-
liferation through promoting the autocrine of receptor
activator of NF-kB ligand (RANKL) [31]. RANKL facili-
tates the differentiation of osteoclasts from myeloid pre-
cursors, leading to bone erosion [32, 33]. To explore the
involvement of RANKL in CSR’s anti-RA mechanisms,
we will, in the future, investigate whether CSR inhibits
RANKL production by suppressing JAK2/STAT3 path-
way in IL-6/sIL-6R-stimulated RA-FLS.
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Conclusions

In the present study, we for the first time demonstrated
that CSR inhibits hyperproliferation of IL-6/sIL-
6R-stimulated RA-FLS, and that inhibition of JAK2/
STAT3 signaling is one of the underlying mechanisms.
This study provides pharmacological and chemical jus-
tifications for the traditional use of CSR-containing
herbs in RA treatment, and provides pharmacologi-
cal groundwork for developing CSR as a novel anti-RA
agent. Moreover, this study supports the notion that
the JAK2/STAT3 pathway is a target for anti-RA drug
discovery.
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