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Acteoside inhibits inflammatory response
via JAK/STAT signaling pathway in
osteoarthritic rats
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Abstract

Background: Osteoarthritis (OA) is a common degenerative disease of synovial joints caused by inflammation.

Acteoside (ACT), a major component and lipase inhibitor from the Chinese tea Ligustrum purpurascens kudingcha,

has been reported to regulate the inflammation and immune response. The study aims to investigate the effects of

ACT on inflammatory responses and joint protection in OA rats.

Methods: Cell proliferation was examined by MTT and colony formation assay. Apoptosis was analyzed using flow

cytometry with Annexin V/PI staining. ELISA was employed to examine the concentration of inflammatory

cytokines. OA rat model was established by surgery stimulation.

Results: ACT treatment significantly inhibited the upregulation of inflammatory cytokines induced by IL-1β in

primary chondrocytes, including IL-6, IL-12, TNF-α and IFN-γ. ACT stimulation also enhanced the cell proliferation,

while inhibited cell apoptosis in IL-1β-treated chondrocytes. Consistently, ACT treatment led to downregulation of

cleaved-caspase-3 and apoptosis regulator Bax, and upregulation of Bcl-2. Furthermore, ACT treatment inhibited IL-

1β-induced activation of JAK/STAT pathway. The results were confirmed in surgery-induced OA rat model.

Moreover, ACT treatment significantly inhibited synovial inflammation and articular chondrocyte apoptosis in OA

rats.

Conclusion: Our findings indicate that ACT has the potential therapeutic effect on OA through inhibiting the

inflammatory responses via inactivating JAK/STAT signaling pathway.

Keywords: Acteoside, Apoptosis, Inflammation, Osteoarthritis, JAK/STAT

Background

Osteoarthritis (OA) is a common chronic arthritis that

might lead to disability worldwide, especially for the

older people in the developing country [1]. The clinical

pathological characters of OA include progressive loss of

articular cartilage, integrity destruction, increased joint

friction, bone hyperplasia and persistent pain [2, 3].

Though much progress has been achieved, the patho-

genesis and mechanism of OA, remains illusive and the

definitive cure is still not available [4].

OA could be characterized as an inflammatory disease as

various inflammatory cytokines are involved in OA [5, 6].

Enhanced expression of IL-1β was observed in OA patients’

cartilage, synovial fluid and membrane [7]. Chondrocytes

stimulated by IL-1β had elevated a variety of inflammatory

cytokines such as IL-6, IL-8, and TNF-α [8]. Multiple re-

ports suggested that inhibition of inflammatory response by

targeting IL-1β could be a first-line therapeutic treatment

for OA patients [9, 10]. Numerous studies suggest that vari-

ous signaling pathways participate in the pathogenesis of

OA, including TGF-β pathways, NF-κB pathways and

AMPK/SIRT-1/PGC-1α pathways [11–14]. Lim et.al re-

ported that p38 MAPK/c-Fos/AP-1 signaling cascade and

JAK/STAT pathways had also been activated in IL-1β stim-

ulated chondrocytes [15].

Traditional herbal medicines have been commonly

used to treat OA [16, 17]. Xue et al. reported that herbal

formula Xianlinggubao could improve the pain and
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knee/hand OA [18]. Morin, which was isolated from

Moraceae family, showed anti-inflammatory function on

IL-1β stimulated chondrocytes [19]. Acteoside (ACT), a

major component and lipase inhibitor from the

Chinese tea Ligustrum purpurascens kudingcha, has

been reported to regulate the inflammation and im-

mune response [20, 21]. In dextran sulphate sodium-

induced colitis model, Hausmann et al. demonstrated

that ACT treatment ameliorated intestinal inflamma-

tion [22]. ACT also showed anti-inflammatory effects

via blocking TLR4 dimerization in mouse model of

xylene-induced ear oedema, LPS-induced endotoxic

shock and LPS-induced acute kidney injury [21, 23].

However, whether ACT exhibits therapeutic function

on OA and the anti-inflammatory mechanism in OA

remains unclear.

Here, we found that ACT inhibited the upregulation

of inflammatory cytokines (such as IL-6, IL-12, TNF-α

and IFN-γ) induced by IL-1β in primary chondrocytes.

In addition, ACT enhanced the cell proliferation, while

inhibited cell apoptosis in IL-1β-treated chondrocytes.

Mechanistically, ACT treatment inhibited the activation

of JAK/STAT signaling induced by IL-1β stimulation.

Thus, our data indicates that ACT might be used to as

an allopathic molecule to treat the OA.

Methods

Chondrocyte isolation, culture and treatment

ACT (purity ≥98%), and dimethylsulfoxide (DMSO)

were obtained from Sigma Chemical Co. (St. Louis, MO,

USA). ACT was dissolved in DMSO as a 100 mg/ml

stock solution and stored at 4 °C. Further dilution was

done in cell culture medium.

Sprague-Dawley rats (male, 1–2 weeks old) were pur-

chased from Shanghai SLAC Animal Co. (Shanghai,

China). Articular cartilage was isolated and cut into small

pieces, followed by digestion with 0.2% Collagenase II at

37 °C for 6 h. Chondrocytes was pelleted by centrifuge

after digestion. Chondrocytes were maintained in DMEM/

F-12 medium (Gibco, Carlsbad, CA, USA) supplemented

with 20% FBS plus 1% antibiotic mixture of Penicillin and

Streptomycin) in a 5% CO2 incubator at 37 °C. Cells were

seeded in a 6-well plate (2 × 105 cells/mL) and cultured

for 24 h, and then stimulated with 10 ng/ml IL-1β (Pepro-

tech, USA) to establish cellular OA, then different concen-

trations of ACT (0, 10, 50, 100 μM) or aceclofenac

(positive control, ACE 30 μM) were added to the medium

and further incubated for another 24 h.

Immunocytochemistry staining

Primary chondrocytes cells were seeded in a 6-well plate

(2 × 105 cells/mL) covered with coverslips. The cover-

slips were removed after cell adhesion. The cultured

cells were rinsed using PBS followed by toluidine blue

staining. Briefly, cells were fixed with formaldehyde for

2 h and then 70% ethanol for 20 min. 0.04% toluidine

blue dye was used to stain the cells following manufac-

turer’s protocol. Staining results were recorded and ana-

lyzed under a light microscope. For Collagen II

immunocytochemistry staining, after fixed with 10%

paraformaldehyde for 40 min and permeated with 0.1%

TritonX-100, cells were treated with 3% H2O2 for 10

min, then blocked with 5% blocking buffer for 30 min at

room temperature. Primary antibody (Anti-Collagen II,

Abcam, 1:200) was incubated with cells overnight at

4 °C. After thorough PBS wash, a second antibody (Beyo-

time, Ltd., Shanghai, China) was applied at room

temperature for 30 min. Diaminobenzidine (DAB) solu-

tion was used for visualization under microscope.

ELISA

Cytokines (IL-1β, IL-6, IL-12, TNF-α and IFN-γ) in cell

culture supernatant or synovial fluid of knee joint were

examined using cytokine ELISA kits (R&D systems, MN,

USA) following the manufacturer’s manuals.

MTT and colony formation assay

MTT method was used to assess chondrocyte viability.

Chondrocytes were seeded in a 96-well plates at a dens-

ity of 6 × 103 cells/well. 0.5 mg/mL MTT (Sigma-Aldrich,

MO, USA) was added to the medium and cultured with

cells for 4 h. Absorption was recorded at 490 nm using a

microplate reader. For colony formation assay, chondro-

cytes were cultured in a 10-cm petri-dish and cultured

for 4 days. After wash with PBS, chondrocytes were fixed

using methanol and stained with 0.1% crystal violet to

count the number of colonies.

Annexin V/PI staining

Annexin V/PI staining was performed to analyze cell apop-

tosis. Briefly, chondrocytes were digested and re-suspended

in Annexin V/PI staining binding buffer. Cells were stained

with Annexin V-FITC (1: 200) and propidium iodide (1:

500) for 20min. Cell apoptosis was analyzed by flow cytom-

etry (cells were considered apoptotic when positive for

annexin V and negative for PI staining).

Western blotting

Chondrocytes were lysed using RIPA buffer and total pro-

tein was extracted. Concentrations were examined with a

bicinchoninic acid kit (ThermoFisher Scientific, MA, USA).

20 μg protein samples were separated by running SDS-

PAGE gel and then transferred to PVDF membranes. After

blocking, membrane was incubated with primary antibodies

(4 °C, overnight). After wash with PBST, membrane was fur-

ther probed with secondary antibodies (room temperature,

1 h). The protein bands were blotted using enhanced
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chemiluminescence kit (ThermoFisher Scientific, MA,

USA). All experiments were repeated at least for three

times.

Rat OA surgery model

Sprague-Dawley (SD) rats (10 weeks old, n = 30) were

purchased from Shanghai SLAC (Shanghai, China) and

divided into 3 groups randomly (n = 10/group): Sham,

sham-operated control; OA/NC, surgical stimulation to

induce OA only; OA/ACT, surgical stimulation to in-

duce OA and treated with ACT.

Rat OA surgery model was set up by destabilization of

the medial meniscus (DMM) [24]. Rats were performed

surgery and 4 weeks later, OA/ACT group rats were i.p.

injected ACT (100mg/kg) every 2 days for 8 weeks while

the OA/NC Rats received vehicle (DMSO, Sigma-Aldrich,

MO, USA). Rats were euthanized 8 weeks later and joint

tissues were collected for analysis (1–2 weeks old male

Sprague-Dawley rats were purchased from Shanghai

SLAC Animal Co. (Shanghai, China) and anesthetized

with 5% isoflurane. Then rats were killed by cervical dis-

location and ribs were removed. Articular cartilage was

isolated and cut into small pieces, followed by digestion

with 0.2% Collagenase II at 37 °C for 6 h). All animal

experiments were approved by the Committee of Animal

Experiments of Shanghai Ninth People’s Hospital.

Statistical analysis

All the data were shown as the mean ± standard deviation.

The differences between groups were examined for statis-

tical significance using a Student’s t-tests and one way

ANOVA using Graphpad software (California, USA). A *

p < 0.05 were considered statistically significant.

Results

ACT doesn’t affect primary chondrocyte cell viability

To investigate whether ACT affects chondrocyte viability,

primary chondrocytes from the articular cartilage of SD

rats was isolated. As shown in Fig. 1a, the morphology of

chondrocytes appeared long spindle-shaped while the cell

membrane was smooth with good refraction. Toluidine

blue staining showed the nucleuses in dark blue, nuclei in

blue-violet, and cartilage cytoplasm in fuchsia (Fig. 1b).

Furthermore, climb slices of chondrocytes were stained

with Collagen II, and brown staining indicated the gran-

ules in the cytoplasm (Fig. 1c). The results indicated the

successful isolation and culture of primary chondrocytes

since Collagen II were specifically synthesized and se-

creted by chondrocytes. The molecular structure of ACT

Fig. 1 ACT doesn’t affect primary chondrocyte cell viability. Rat primary chondrocytes were isolated and cultured in vitro. a Cell morphologies of

chondrocytes were examined with a microscope. b Toluidine blue staining of primary rat chondrocytes. c Collagen II staining for primary rat

chondrocytes were performed to identify the chondrocytes. d The molecular structure of ACT was shown. e Primary rat chondrocytes were

treated with ACT (0, 10, 50, 100 μM) for 24 h, CCK-8 assay was employed to detect cell viability. a-c were representative data from three

independent experiments. e was representative result from three independent experiments with triplicates
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was shown in Fig. 1d. Primary chondrocytes were incu-

bated with different concentrations of ACT and cell viabil-

ity was examined 24 h later. The results revealed that

when cultured with different concentration of ACT (0, 10,

50, 100 μM), cell viability of chondrocytes was not affected

by ACT treatment (Fig. 1e).

ACT inhibits inflammatory cytokine production in primary

chondrocytes induced by IL-1β stimulation

IL-1β stimulation resulted in inflammatory cytokine pro-

duction in chondrocytes [25]. ELISA assay was carried out

to examine the levels of inflammatory cytokines in chon-

drocyte cell culture supernatant. Compared with the blank

group, cell culture supernatant from IL-1β-stimulated

chondrocyte group enhanced the production of IL-6, IL-12,

TNF-α and IFN-γ (Fig. 2). Furthermore, the result revealed

that ACT inhibited IL-1β-induced upregulation of inflam-

matory cytokines in a dose-dependent manner. In addition,

the anti-inflammatory effect of ACT was slightly weaker

than that of the positive control ACE.

ACT promotes cell proliferation and inhibits cell

apoptosis in primary chondrocyte stimulated by IL-1β

Next, the function of ACT on chondrocyte proliferation

and apoptosis was analyzed.

MTT assay results demonstrated that while IL-1β

stimulation significantly inhibited cell viability of primary

chondrocytes, ACT significantly enhanced chondrocytes

viability in a dose-dependent manner (Fig. 3a). Consist-

ently, ACT treatment rescued the colony formation of pri-

mary chondrocytes, which was dampened by IL-1β

stimulation (Fig. 3b). Annexin V/PI staining was per-

formed to test the function of ACT on chondrocytes

apoptosis. Compared with the blank control, primary

chondrocytes treated with IL-1β showed higher rate of cell

apoptosis, which was effectively reduced by ACT treat-

ment in a dose-dependent manner (Fig. 3c). Moreover, IL-

Fig. 2 ACT inhibits inflammatory cytokine production in primary chondrocytes induced by IL-1β stimulation. Rat primary chondrocytes were

untreated or treated with 10 ng/mL IL-1β together with different concentration of ACT or ACE (positive control, 30 μM) for 24 h. a-d The

expression levels of IL-6, IL-12, TNF-α and IFN-γ in culture supernatants were measured by ELISA assay. *** p < 0.001, ** p < 0.01 and * p < 0.05

compared with blank group. ## p < 0.01 and # p < 0.05 compared with IL-1β group. The experiment was repeated three times and the

representative results were shown
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1β stimulation significantly inhibited the expressions of

Bcl-2 while enhanced Bax and C-caspase3 protein expres-

sion. ACT treatment significantly enhanced Bcl2 expres-

sion and dampened Bax/C-Caspase3 expression (Fig. 3d).

However, the protective effect of ACT on chondrocyte

was slightly weaker than that of the positive control ACE.

ACT inhibits JAK/STAT signaling pathway in primary

chondrocytes

Studies have reported that IL-1β could activate the JAK/

STAT signaling pathway and enhance chondrocytes

apoptosis [26]. Similarly, we demonstrated that IL-1β

significantly enhanced the JAK/STAT signaling as

Fig. 3 ACT promotes cell proliferation and inhibits cell apoptosis in primary chondrocyte stimulated by IL-1β. Rat primary chondrocytes were

untreated or treated with 10 ng/mL IL-1β together with different concentration of ACT ACE (positive control, 30 μM) for 24 h. a MTT assay was

performed to examine chondrocyte viability. b chondrocyte proliferation was measured by colony formation assay. c Annexin V/PI staining was

performed to examine the chondrocyte apoptosis. d The protein expression of Bcl-2, Bax, and Cleaved-caspase 3 were analyzed. *** p < 0.001, **

p < 0.01 and * p < 0.05 compared with blank group. ## p < 0.01 and # p < 0.05 compared with IL-1β group. The experiment was repeated three

times and the representative results were shown

Fig. 4 ACT inhibits JAK/STAT signaling in primary chondrocytes. Rat primary chondrocytes were untreated or treated with 10 ng/mL IL-1β

together with different concentration of ACT ACE (positive control, 30 μM) for 24 h. a, b JAK, p-JAK, STAT3 and p-STAT3 were analyzed. ** p < 0.01

and * p < 0.05 compared with blank group. # p < 0.05 compared with IL-1β group. The experiment was repeated three times and the

representative results were shown in (a)
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showed by the enhanced expression of phosphorylated

JAK and STAT3 (Fig. 4). Furthermore, ACT reversed IL-

1β-induced JAK/STAT signaling in a dose-dependent

manner, indicating that JAK/STAT signaling participates

in the anti-inflammatory effect of ACT.

ACT inhibits inflammation in the synovial tissue and

protects cartilage in surgery-induced OA rat

To further analyze the effects of ACT on cartilage protec-

tion in vivo, surgery-induced OA rat model was employed

to evaluate the function of ACT. SD rats with surgery

stimulation were treated with ACT and synovial inflam-

matory cytokines were examined by ELISA. As shown in

Fig. 5, IL-1β, IL-6, IL-12, TNF-α and IFN-γ productions

were significantly increased in synovial fluid of knee joint

by surgery stimulation, whereas ACT treatment markedly

reduced the production of these inflammatory cytokines

(Fig. 5). In addition, expressions of cleaved caspase-3 and

Bax were significantly enhanced and Bcl-2 expression was

inhibited by surgery stimulation, which was reversed by

ACT treatment (Fig. 6a and b). Moreover, JAK/STAT sig-

naling pathway in the cartilage was activated in OA/NC

group compared with that of sham group, while ACT

treatment significantly inhibited the activation of JAK/

STAT signaling pathway (Fig. 6).

Discussion

ACT has been demonstrated to exert the anti-

inflammation activity in multiple different disease models.

ACT treatment could alleviate intestinal inflammation and

mucosal damage in dextran sulphate sodium-induced col-

itis model, which provides a potential therapeutic medicine

for IBD treatment [22]. Lipopolysaccharide-induced inflam-

mation in acute lung injury could also be ameliorated by

ACT via NF-κB signaling pathway [23]. However, the anti-

inflammatory activity of ACT on OA remains illusive. In

this study, we reported for the first time that ACT could in-

hibit inflammation both in IL-1β-stimulated primary chon-

drocytes in vitro and in surgery-induced OA rat model.

Mechanistically, it was demonstrated that ACT inhibited

JAK/STAT signaling pathway and regulated chondrocyte

cell proliferation and apoptosis (Fig. 7).

ACT combined with temozolomide could synergistically

enhance the antitumor effect in glioblastoma chemotherapy

by reducing cell viability and inhibiting cell migration [27].

However, in other studies, ACT could improve the cell via-

bility of human neuroblastoma SH-SY5Y cells [28, 29]. We

confirmed that ACT treatment didn’t affect primary chon-

drocyte cell viability, even at a high concentration (Fig. 1e).

Inflammatory cytokines have been known to participate in

the development and progression of OA [30]. Consistent

with previous reports, we found that chondrocytes

Fig. 5 ACT inhibits inflammatory cytokine production in synovial tissue of surgery-stimulated OA rats. SD rats were surgery-stimulated to induce

OA and treated with ACT (100mg/kg, i.p. injection). The generations of (a) IL-1β, (b) IL-6, (c) IL-12, (d) TNF-α and (e) IFN-γ in synovial fluid of knee

joint were measured by ELISA assay. ** p < 0.01 and * p < 0.05 compared with sham group. # p < 0.05 compared with OA/NC group. The

experiment was repeated three times and the representative results were shown
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stimulated by IL-1β had elevated expression of inflamma-

tory cytokines such as IL-6, IL-8, TNF-α, and IFN-γ [8].

However, ACT could inhibit the inflammatory cytokine

production in chondrocytes induced by IL-1β stimulation

(Fig. 2). While targeting inflammatory cytokines was ex-

plored as therapeutic strategy in the OA treatment [31, 32],

ACT might be a potential allopathic molecule that could be

used to inhibit the inflammation in OA patients.

Suppressor of Cytokine Signaling proteins (SOCS) nega-

tively regulated JAK/STAT signaling in rheumatoid arthritis

and OA [33]. Lim et.al reported that JAK2/STAT1/2

signaling was involved in Matrix metalloproteinase-13 in-

duction in IL-1β stimulated chondrocytes [15]. Soluble IL-6

receptor has also been suggested to be a promising thera-

peutic target of OA drug development by ameliorating car-

tilage extracellular protein degradation via JAK/STAT

signaling pathways. In the present study, our results showed

that JAK/STAT signaling pathway was enhanced by IL-1β

stimulation in primary chondrocytes, and ACT could inhibit

the JAK/STAT signaling in a dose-dependent manner (Fig.

4). We also confirmed our in vitro findings in a surgery-

induced OA rat model in vivo. As shown in Figs. 5 and 6,

Fig. 6 ACT protects cartilage in surgery-induced OA rat. SD rats were surgery-stimulated to induce OA and treated with ACT (100mg/kg, i.p.

injection). a, b The expressions of Bcl-2, Bax, Cleaved-caspase3, JAK, p-JAK, STAT3 and pSTAT3 in the tibial cartilage was measured by western

blotting. Results were repeated three times and representative data was shown. *** p < 0.001, and ** p < 0.01 compared with sham group. # p <

0.05 compared with OA/NC group

Fig. 7 The diagram of mechanisms how acteoside inhibits inflammatory response via JAK/STAT signaling pathway in primary chondrocytes
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ACT treatment inhibited inflammatory cytokines produc-

tion in the synovial tissue and protected cartilage in surgery-

induced OA rat.

Conclusion

ACT inhibits inflammatory response via JAK/STAT sig-

naling pathway in OA, which might be used as an allo-

pathic molecule medicine to treat the OA patients.
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