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Purpose: Osteoarthritis (OA) is associated with chronic low-grade inflammation.

Resveratrol exerts protective effects on OA through its anti-inflammatory property; however,

the mechanism of resveratrol on anti-inflammatory signaling pathways has not been fully

elucidated yet. The aim of the present study was to investigate whether resveratrol-mediated

PI3K/Akt expression is linked to TLR4/NF-κB pathway and the role of TLR4/Akt/FoxO1

axis in the anti-osteoarthritic effect of resveratrol.

Methods: SW1353 cells stimulated by IL-1β (10 ng/mL)were cultured in the presence or absence

of resveratrol (50 μM) and then treated with TLR4 siRNA, PI3K inhibitor LY294002 or FoxO1

siRNA, respectively. The associated proteins of TLR4 signaling pathways and TLR4/Akt/FoxO1

axis were evaluated by Western blot. The level of IL-6 in the supernatant was detected by ELISA.

Results: IL-1β treatment increased the expression of TLR4/NF-κB and phosphorylation of

PI3K/Akt and FoxO1, while additional resveratrol further upregulated the expression of

PI3K/Akt and FoxO1 phosphorylation but downregulated TLR4 signals in SW1353 cells.

Further analyses by the inhibition of TLR4, PI3K/Akt and FoxO1 signaling pathways,

respectively, showed that the activation of TLR4 can induce PI3K/Akt phosphorylation,

which increases the phosphorylation of FoxO1 and inactivates it. Next, inactivated-FoxO1

can reduce the expression of TLR4, which forms a self-limiting mechanism of inflammation.

Resveratrol treatment can upregulate PI3K/Akt phosphorylation and inactivate FoxO1,

thereby reducing TLR4 and inflammation.

Conclusion: This study reveals that TLR4/Akt/FoxO1 inflammatory self-limiting mechan-

ism may exist in IL-1β-stimulated SW1353 cells. This study reveals a novel cross-talk

mechanism which is between integrated PI3K/Akt/FoxO1 signaling network and TLR4-

driven innate responses in IL-1β-stimulated SW1353 cells. Resveratrol may exert anti-OA

effect by enhancing the self-limiting mechanism of inflammation through TLR4/Akt/FoxO1

axis.

Keywords: resveratrol, toll-like receptor 4, osteoarthritis, interleukin-1β, forkhead box O1,

phosphoinositide-3-kinase/protein kinase B

Introduction
It is estimated that 10% of men and 18% of women over 60 years of age worldwide

suffer from the osteoarthritis (OA).1 OA is caused by a variety of factors, such as

trauma, joint fibrosis, obesity, or a disturbance of proinflammatory and anti-
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inflammatory signaling pathways.2 Although the exact

pathogenesis of OA is not fully established, the studies

have shown that OA may be associated with chronic low-

grade inflammation, and the expression of cytokines and

inflammatory mediators is significantly increased when

OA occurs.3 Interleukin-1 beta (IL-1β) is a key pro-

inflammatory cytokine which involved in the pathogenesis

of OA.4 The level of IL-1β was significantly increased in

the synovial fluid, synovial membrane, and cartilage in

patients with OA.5,6 Studies have shown that IL-1β can

promote catabolism and inhibit anabolism of cartilage by

inducing the production of metalloproteinases (MMPs)7

and interfering with the synthesis of type-II collagen in

chondrocytes.8

Toll-like receptor 4 (TLR4), a member of the family of

innate immune receptors, has been studied and demon-

strated to be closely related to the development of OA.

The expression of TLR4 is elevated in the cartilage and the

area of synovial injury of OA. Furthermore, TLR4-

mediated signaling pathway is involved in the destruction

of articular cartilage.9,10 In our previous study, we found

that the expressions of TLR4 gene and protein in OA

chondrocytes induced by IL-1β were significantly

increased, while inhibiting the expression of TLR4 could

alleviate the inflammation.11 In addition, the levels of

TLR4 mRNA and protein expression in the cartilage tissue

of the knees in animal OA models induced by a high-fat

diet were significantly increased.12 Those studies demon-

strated that TLR4-mediated signaling pathway may play

an important role in the pathogenesis of OA.

Forkhead box O1 (FoxO1) is a transcriptional regulator

of cell metabolism, proliferation and differentiation.13 In

macrophages, FoxO1 potentiates TLR4 signaling by bind-

ing to multiple enhancer-like elements, while the activa-

tion of the TLR4 induces phosphoinositide-3-kinase/

protein kinase B (PI3K/Akt) phosphorylation which inac-

tivates FoxO1, establishing a self-limiting mechanism of

inflammation.14 This TLR4/Akt/FoxO1 self-limiting axis

presented in macrophages plays a critical role in chronic

low inflammation associated with obesity. As it is known

that OA is related to chronic low-degree inflammation, and

obesity, in particular, is considered a major risk factor for

OA. Therefore, it is of great significance to study whether

TLR4/Akt/FoxO1 axis exists in chondrocytes of OA,

which will contribute to reveal the pathogenesis of OA.

Current clinical treatments for OA are focused on reliev-

ing pain and improving joint function. However, most med-

ications have quite side effects, such as increased risk of

gastrointestinal or cardiovascular disease.15,16 Resveratrol,

a natural polyphenolic compound, produced by plants in

response to environmental stress and found in red grape

skin, peanuts, a variety of berries and medical plants17,18

exerts anti-osteoarthritic effects by its anti-apoptotic, anti-

inflammatory and anti-oxidative functions.19–23 Resveratrol

may perform the anti-inflammatory effects by inhibiting the

activation of the nuclear factor-кB (NF-кB) and then decreas-
ing the expression of pro-inflammatory factors.24,25

Previously, we demonstrated that supplement with resvera-

trol (45mg/kg) by gastric for twelve weeks in C57BL/6Jmice

induced by a high-fat diet could improve OA symptoms, and

TLR4 expression is decreased significantly in the knee joint

cartilage in vivo.12,26 Moreover, we also found that resvera-

trol could exert the anti-osteoarthritic effect by inhibiting

TLR4/MyD88 dependent and non-dependent signaling path-

way on human osteoarthritic chondrocytes in vitro.27 In

addition, our recent study demonstrated that resveratrol sup-

pressed TLR4 expression by activating PI3K/Akt signaling

in articular chondrocytes .28 However, cross-talk between

TLR4/NF-κB and PI3K/Akt pathways is still obscure and

the mechanisms of anti-osteoarthritic effect of resveratrol

need to be further illustrated.

Thus, we hypothesized that TLR4/Akt/FoxO1 axis

exists in OA and resveratrol may exert anti-osteoarthritic

effect, at least in part by enhancing TLR4/Akt/FoxO1 axis,

thereby decreasing TLR4 expression and subsequent

TLR4/NF-κB signaling pathway suppression. To address

this, in the present study, we mimic OA state by stimulat-

ing SW1353 cells with IL-1β29 to verify our hypothesis

“in vitro”.

Materials and Methods
Cells, Reagents and Antibodies
The human chondrosarcoma cell line SW1353 was pur-

chased from the Chinese academy of sciences cell bank

(Shanghai, China). Dulbecco’s modified Eagle’s medium

(DMEM) was provided by HyClone (Logan UT, USA).

Fetal bovine serum (FBS) was purchased from Clark

Bioscience (Richmond, VA, USA). Resveratrol and

LY294002 were obtained from Sigma-Aldrich (St. Louis,

MO, USA). Trypsin and Phosphatase inhibitors were pro-

vided by KeyGEN BioTECH (Nanjing, China). IL-1β was

purchased from PeproTech (Rocky Hill, NJ, USA). Human

IL-6 ELISA kits were purchased from Boster Biotechnology

(Wuhan, China). The BCA kit, RIPA lysate and 6×SDS

loading buffer were obtained from Beyotime (Shanghai,
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China). FoxO1 siRNA was obtained from Guangzhou

RIBOBIO (Guangzhou, China). PMSF was provided by

Dingguo Changsheng Biotechnology (Beijing, China).

TLR4 siRNA (sc-40261), rabbit anti-β-actin (sc-477787),

anti-TLR4 (sc-30002) and mouse anti-MyD88 (sc-74532)

polyclonal antibodies were purchased from Santa Cruz

Biotechnology (CA, USA). The rabbit antibody specific for

anti-TRIF (No. 4596), p-NF-κB p65 (No. 3033), PI3K

(No.4249), p-PI3K p85 (No.4228), Akt (No.4691), p-Akt

(No.4060), FoxO1 (No.2880) and p-FoxO1 (No. 9461)

were obtained from Cell Signal Technology (Beverly, MA,

USA). Anti-mouse and anti-rabbit secondary antibodies were

purchased from Zhongshan Biotechnology (Beijing, China),

the enhanced chemiluminescence reagent was provided by

Thermo Fisher Scientific (Rockford, IL, USA).

Cell Culture and Treatment
SW1353 cells cultures were maintained in DMEM supple-

mented with 10% fetal bovine serum (100 U/mL penicillin,

and 100 μg/mL streptomycin). Cultures were kept in an

incubator at 37°C with 5% CO2 and the medium was

replaced every two or three days. The cells were passaged

with 0.25% trypsin after reaching 90% confluence, then

seeded into 6-well plates at a density of 1 × 105 cells/well

with 2 mL DMEM media. Serum-starved (0.5% FBS)

SW1353 cells were subjected to IL-1β (10 ng/mL) with or

without resveratrol (50μM) treatments for the indicated time.

PI3K inhibitor LY294002 was used as previously reported .28

Briefly, the serum-starved cells were incubated with 25 μg/
mLLY294002. After 1 h, cells were exposed to 10 ng/mL IL-

1β with or without 50 μM resveratrol for 30 min or 24 h.

Small Interfering RNA (siRNA)
A modified TLR4 siRNA transfection protocol was used.

1×105 cells/well in six-well culture microplates were

transfected with 1.0 μg TLR4 siRNA or control siRNA

sequences in 2 mL of antibiotic-free DMEM media (0.5%

FBS). Six hours later, the medium was replaced with

normal growth medium and the incubation was continued

for 48 h at 37°C with 5% CO2. Then, the cells were

exposed to 10 ng/mL IL-1β in the absence or presence of

50 μM resveratrol for 30 min or 24 h in serum-starved

media (0.5% FBS). Cells and cultural supernatants were

collected for the detection of Western blot and ELISA.

FoxO1 siRNA duplex was used as the following protocol.

Cells were seeded in six-well plates at a density of 5×104 cells/

well in antibiotic-free DMEM media (10% FBS) for 2 mL.

The following day, cells were transfected with 50 nM siRNA

duplex and 12 μL of siRNA transfection reagent mixed in

antibiotic-free DMEM media (10% FBS). The transfected

cells were incubated at 37°C with 5% CO2 for 48

h. Untreated cells and control siRNA were used as negative

controls. Culture medium was then replaced with serum-

starved media (0.5% FBS) and exposed to 10 ng/mL IL-1β
with or without 50 μMresveratrol for 30min or 24 h. Cells and

cultural supernatants were collected for the subsequent experi-

ments of Western blot and ELISA.

Western Blot Analysis
Western blot was performed with the same method as pre-

viously described .28 Briefly, the SW1353 cells were washed

by cold PBS for three times, then RIPA buffer containing

PMSF (1:100) and phosphatase inhibitors (1:100) was

added. The sample was incubated on ice for 10 min and

then centrifuged (12,000g, 15 min, 4 ºC). Total protein was

estimated using BCA kit. Samples were stored at -80 ºC

freezer until analysis. Protein samples were diluted to

a concentration of 1μg/μL and protein denaturation heated

at 95°C for 5 min in 6×SDS loading buffer. Extracted

proteins (20μg/lane) were loaded onto 8% SDS-PAGE elec-

trophoresis at a constant voltage of 100 V for 1.5 h and then

the separated proteins were transferred onto PVDF mem-

branes at a constant voltage of 85 V for 1.5 h at 4°C.

The membranes were then blocked nonspecific sites

with 5% skim milk or 5% BSA for 1 h at room tem-

perature, washed three times with TBS containing 0.1%

Tween 20 (TBST) and then incubated with the following

primary antibodies: β-actin (1:500), PI3K (1:1000),

p-PI3K p85 (1:1000), Akt (1:1000), p-Akt (1:2000),

FoxO1 (1:1000), p-FoxO1 (1:1000), TLR4 (1:500),

MyD88 (1:500), TRIF (1:1000) and p-NF-κB p65

(1:1000) overnight at 4 ºC. The next day membranes

were washed with TBST for three times and incubated

with horseradish peroxidase-conjugated secondary anti-

body (1:5000 dilution) for 2 h at room temperature. After

washing with TBST, blots were developed with an

enhanced chemiluminescence reagent. Quantification of

band was performed using the Scion Image 4.0 software

(Scion Corporation, Frederick, MD, USA).

ELISA Assay
Cultural supernatants for 24 h were collected and centri-

fuged (12,000g, 5 min, 4 ºC), and then stored at -80 ºC

until use. The amount of IL-6 in the culture medium was

measured using ELISA kits. All experimental protocols

were carried out according to the manufacture’s protocol.
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Statistical Analysis
All data were expressed as means ± standard deviation

(SD). Comparisons between groups were done by one-way

analysis of variance (ANOVAs) and multiple comparisons

post hoc tests were performed by Fisher’s least significant

difference (LSD) using SPSS statistical software (SPSS

13.0 software, SPSS Inc, Chicago, IL, USA). Probability

values <0.05 were considered statistically significant.

Results
Resveratrol Exerted Anti-Osteoarthritic

Effect by Inhibiting TLR4/NF-КB
Expression via MyD88-Dependent and -

Independent Signaling Pathway in IL-1β-
Stimulated SW1353 Cells
In order to confirm that the anti-osteoarthritic effect of resver-

atrol on IL-1β-induced SW1353 cells is involved in the TLR4/

NF-кB signaling pathway, we used siRNA to block TLR4

expression, and detected related protein of MyD88-

dependent and –independent signaling pathway. As shown in

Figure 1A and B, TLR4 protein was significantly inhibited in

siRNA transfected cells. Data presented in Figure 1C and

D showed that a significant increase of TLR4 protein was

observed in IL-1β-induced SW1353 cells, whereas additional

resveratrol treatment reversed the up-regulation. Besides,

TLR4-knockdown significantly attenuated the up-regulation

of TLR4 levels in IL-1β-induced SW1353 cells, while the

addition of resveratrol further reduced TLR4 expression.

Consistently, MyD88, TRIF and NF-кB expression in IL-1β-
stimulated SW1353 cells were activated significantly, whereas

resveratrol treatment reduced their expression. Moreover,

MyD88, TRIF and NF-κB activation were significantly down-

regulated by TLR4 siRNA, but not abolished, the addition of

resveratrol decreased the expression of these proteins in an

even greater extent (Figure 1C, E–G). This result confirmed

that TLR4 was activated by IL-1β treatment in SW1353 cells

and resveratrol might exert anti-osteoarthritic effect partly by

inhibitingTLR4/MyD88-dependent/- independent/NF-κB sig-

naling pathways.

Either IL-1β or Resveratrol Treatment

Activated PI3K/Akt but Inactivated

FoxO1 in SW1353 Cells
To investigate the effect of IL-1β or resveratrol on PI3K/Akt

and FoxO1, SW1353 cells were treated with 10 ng/mL IL-1β
or 50 μM resveratrol for indicated time. Data presented in

Figure 2 showed that treatment with IL-1β (Figure 2A and B)

or resveratrol (Figure 2C and D) elicited a rapid phosphoryla-

tion of PI3K, Akt and FoxO1. The peak levels of p-PI3K, p-

FoxO1 appeared in 30 min in either IL-1β- or resveratrol-
treated cells, while the peak levels of p-Akt appeared in 60

min in the cells with IL-1β stimulation, but presented in 30min

in cells with resveratrol treatment. These data demonstrated

that both IL-1β and resveratrol activated the PI3K/Akt signal-
ing pathways but inactivated FoxO1 in SW1353 cells.

TLR4-Knockdown Attenuated the Effect

of Resveratrol on Activation of the PI3K/

Akt and Inactivation of FoxO1 in IL-1β-
Induced SW1353 Cells
To investigate whether PI3K/Akt and FoxO1 are regulated by

TLR4 in IL-1β-induced SW1353 cells and whether the anti-

osteoarthritic effect of resveratrol is involved in the regulation.

TLR4 siRNA was used to block TLR4 expression. As data

presented in Figure 3A–D, IL-1β treatment increased the

phosphorylation levels of PI3K/Akt and FoxO1 in SW1353

cells, while additional resveratrol further up-regulated their

expression. Interestingly, the TLR4-specific siRNA signifi-

cantly attenuated PI3K, Akt and FoxO1 phosphorylation in

SW1353 cells treated with IL-1β, whereas the addition of

resveratrol to cells treated with both TLR4 siRNA and IL-1β
had an even greater increase in PI3K and FoxO1 phosphoryla-

tion levels. Compared to SW1353 cells cultured in the presence

of IL-1β and resveratrol, cells pretreated with TLR4 siRNA

presented with a significant alleviation in PI3K, Akt and

FoxO1 phosphorylation. As shown in Figure 3E, IL-6 concen-

trations in the culture supernatants were obviously up-

regulated in IL-1β-induced SW1353 cells, while marked

reduction of IL-6 level was observed in the addition of resver-

atrol. Moreover, TLR4-knockdown decreased IL-6 production

in the IL-1β-induced SW1353 cells, and additional resveratrol

further reduced IL-6 level. These results indicated that PI3K/

Akt and FoxO1 are regulated by TLR4, and the cross-talk of

them may involve in the anti-inflammatory effect of

resveratrol.

Inhibition of PI3K Enhanced TLR4

Expression and Inflammatory Responses

and Activation of FoxO1
To further examine whether PI3K/Akt modulates TLR4 and

FoxO1, we applied PI3K inhibitor LY294002 to block the

PI3K/Akt pathway. The results presented in Figure 4A and
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B showed that TLR4 protein expression was significantly

increased after blocking the PI3K/Akt pathway in IL-1β-

induced SW1353 cells and in cells treated with IL-1β and

resveratrol. As shown in Figure 4C and D, after the PI3K/Akt

pathway was inhibited, p-PI3K, p-Akt and p-FoxO1 expres-

sion were attenuated in cells treated with IL-1β and

a reduction of PI3K, Akt and FoxO1 phosphorylation levels

was also observed in cells treated with IL-1β and resveratrol.

In addition, compared with cells treated by IL-1β, IL-6 con-

centrations in the culture supernatants were obviously

increased after blocking PI3K, while the addition of resver-

atrol could down-regulate IL-6 level. Compared cells

exposed to IL-1β and resveratrol, LY294002 treatment led

to a marked increase of IL-6 level (Figure 4E). These results

Figure 1 Resveratrol down-regulated TLR4/NF-кB expression via MyD88-dependent and -independent signaling pathway in IL-1β-induced SW1353 cells. (A) SW1353 cells

were transfected with TLR4 siRNA (100 nM) or control siRNA for 48 h, TLR4 expression was analyzed by Western blot. (B) The levels of TLR4 were normalized with β-
actin. The results for Western blot were expressed as folds of CON. *P <0.05, versus the CON, #P <0.05 versus control siRNA. (C) SW1353 cells were transfected with

TLR4 siRNA (100 nM) or control siRNA for 48 h and then exposed to 10 ng/mL IL-1β with or without 50 μM resveratrol (RES) for 24 h, TLR4, MyD88, TRIF, and p-NF-κB
p65 expression were analyzed by Western blot. (D–G) The levels of TLR4, MyD88, TRIF and p-NF-κB p65 were normalized with β-actin. The results for Western blot were

expressed as folds of CON. All data were expressed as the mean ± SD of three independent experiments. **P <0.01 versus the CON, #P <0.05, ##P <0.01 versus the IL-1β, $
$P <0.01 versus IL-1β + RES, &&P <0.01 versus siRNA, ^^P <0.01 versus siRNA + IL-1β.
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indicated that the effects of resveratrol on the reduction of IL-

1β-stimulated TLR4 expression and inactivation of FoxO1

were at least partly related to PI3K/Akt signaling pathway.

FoxO1-Knockdown Inhibited

TLR4-Mediated PI3K/Akt Activation
To explore whether FoxO1 is involved in the suppression of

resveratrol on TLR4 expression and TLR4-mediated PI3K/

Akt activation, SW1353 cells were transfected with FoxO1-

specific siRNA. As shown in Figure 5A and B, FoxO1

protein was significantly inhibited by 70% in siRNA trans-

fected cells. FoxO1-knockdown significantly attenuated

p-PI3K, p-Akt and TLR4 protein expression in IL-1β-

treated SW1353 cells and a reduction of p-PI3K, p-Akt and

TLR4 expression also was observed in IL-1β-induced

SW1353 cells in the presence of resveratrol. Compared to

IL-1β-induced cells with FoxO1 siRNA treatment, the addi-

tion of resveratrol had an even greater reduction in TLR4

protein expression and activation in PI3K and Akt phosphor-

ylation (Figure 5C–G). Consistently, IL-6 concentrations in

the culture supernatants were also reduced by the FoxO1-

specific siRNA, and the addition of resveratrol further

decreased IL-6 level (Figure 5H). The results indicated that

FoxO1 is involved in the inhibition of resveratrol on IL-1β-
induced TLR4 expression and inflammatory response.

Moreover, FoxO1-knockdown inhibited PI3K/Akt activation

which may be mediated by TLR4.

Discussion
The anti-inflammatory effects of resveratrol on OA have

been largely demonstrated in vitro and in vivo

studies,12,22,26 in which the inhibition of TLR4/NF-κB sig-

naling pathway plays an important role.11,30 However, the

mechanism of how resveratrol inhibits TLR4, an important

gene in OA pathogenesis is not fully understood. In the

present study, we demonstrated that resveratrol inhibits IL-

1β-induced upregulation of TLR4 in SW1353 chondrocytes

by activating the PI3K/Akt pathway and subsequent inacti-

vation of FoxO1, and then downregulates TLR4 expression

following inactivating NF-κB via the inhibition of TLR4/

MyD88 - dependent and - independent signaling pathway,

thereby improved the inflammatory state of chondrocytes.

For our knowledge, it is the first time to reveal that TLR4/

Figure 2 IL-1β or resveratrol treatment promoted activation of the PI3K/Akt signaling but led to inactivation of FoxO1 in SW1353 cells. (A), (C) Serum-starved (0.5% FBS)

SW1353 cells were treated with 10 ng/mL IL-1β or resveratrol (50 μM) for 10, 15, 30, 60 and 120 min. p-PI3K, p-Akt, and p-FoxO1 expression were determined by Western

blot analysis. (B), (D) The levels of p-PI3K, p-Akt, p-FoxO1 were normalized with their respective total PI3K, Akt, FoxO1 levels. The results for Western blot were

expressed as folds of CON. Data were expressed as the mean ± SD of three independent experiments. *P <0.05, **P <0.01 versus the CON group.
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Akt/FoxO1 axis may exist in OA chondrocytes and the anti-

osteoarthritic effect of resveratrol partly involved in enhan-

cing this limiting axis which in turn inhibit TLR4/NF-κB

signaling pathway.

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) has two dif-

ferent structures: cis-and trans-resveratrol, and the cis-isomeric

form is relatively stable.31 Oral administration of resveratrol is

rapidly metabolized in the intestine and liver to form glucur-

onides, sulfates, or sulfoglucuronides conjugation.32,33 Several

studies have demonstrated that resveratrol has potent anti-OA

properties. It has been shown that resveratrol could prevent

cartilage degeneration by inhibiting the synthesis of catabolic

factors and pro-inflammatory mediators.34,35 In a rat model of

OA, resveratrol alleviates inflammatory damage and exerts

anti-OA effect by inhibiting NF-κB and activating HO-1/Nrf-

2 signaling pathway.36

PI3K/Akt is the predominant signaling transduction path-

way responsible for the cell proliferation, aging or some

important physiological processes.37 Recent studies showed

that the PI3K/Akt signaling pathway could be activated when

inflammation is induced in vitro,38,39 while resveratrol could

inhibit inflammatory responses by decreasing IL-6, TNF-α,

IFN-γ, et al.22,40,41 FoxO1 is one of the earliest members of the

FoxO family13 and is a key regulator of cell metabolism, cell

cycle and death.42 The ability of FoxO is largely dependent on

posttranscriptional modifications,43 such as phosphorylation44

and acetylation.45 Nuclear export or FoxO1 phosphorylation

leads to FoxO1 inactivation which lost its capacity of binding

to target regulatory elements.46 Resveratrol could exhibit dif-

ferent regulatory roles for FoxO1 under specific circum-

stances. It has been reported that resveratrol promoted

wound healing in diabetic47 or increased glycolysis 48 by

inhibiting FoxO1. However, the opposite results have also

been reported which showed that resveratrol upregulated

FoxO1 transcriptional activity in preventing osteoporosis49

or regulating oxidative stress and apoptosis of renal.50

In the present study, we found that either resveratrol or IL-

1β treatment could activate PI3K/Akt signaling and inactivate

FoxO1 in a time-dependent manner in SW1353 cells.

Consistently, phosphorylation level of PI3K/Akt and FoxO1

Figure 3 Resveratrol activated PI3K/Akt and inactivated FoxO1 which were attenuated by TLR4-knockdown in IL-1β-induced SW1353 cells. (A) SW1353 cells were

transfected with TLR4 siRNA for 48 h as described above, then stimulated with IL-1β (10 ng/mL) in the presence or absence of resveratrol (50 μM) for 30 min, p-PI3K, p-Akt

and p-FoxO1 expression were determined by Western blot. (B–D) The levels of p-PI3K, p-Akt and p-FoxO1 were normalized with their respective total PI3K, Akt, FoxO1

levels. The results for Western blot were expressed as folds of CON. (E) IL-6 concentrations in the culture supernatants incubated for 24 h were determined by ELISA. All

data above were expressed as the mean ± SD of three independent experiments. **P <0.01 versus the CON, ##P <0.01 versus the IL-1β, $$P <0.01 versus IL-1β + RES,
&&P <0.01 versus siRNA, ^P <0.05, ^^P <0.01 versus siRNA + IL-1β.
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Figure 4 PI3K/Akt regulated TLR4 and FoxO1 expression. (A) Serum-starved (0.5% FBS) SW1353 cells were pretreated with LY294002 (25 μg/mL) for 1 h and then

exposed to IL-1β (10 ng/mL) with or without resveratrol (50 μM) for 24 h. TLR4 expression and were determined by Western blotting analysis. (B) The levels of TLR4 were

normalized with β-actin. The results for Western blot were expressed as folds of CON. (C) After SW1353 cells pretreated with LY294002 were exposed to IL-1β (10 ng/

mL) in the absence or presence of resveratrol (50 μM) for 30 min, p-PI3K, p-Akt, and p-FoxO1 expression were determined by Western blotting analysis. (D) The levels of

p-PI3K, p-Akt and p-FoxO1 were normalized with their respective total PI3K, Akt, FoxO1 levels. The results for Western blot were expressed as folds of CON. (E) IL-6
concentrations in the culture supernatants incubated for 24 h were determined by ELISA. All data above were expressed as the mean ± SD of three independent

experiments. **P <0.01 versus the CON group, #P <0.05, ##P <0.01 versus the IL-1β group, &&P <0.01 versus the IL-1β + RES group, ^P <0.05, ^^P <0.01 versus the IL-1β +

RES + LY294002 group.
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Figure 5 FoxO1-knockdown decreased p-PI3K, p-Akt and TLR4 protein expression in IL-1β-treated SW1353 cell. (A) SW1353 cells were transfected with FoxO1 siRNA

(50 nM) or control siRNA for 48 h, FoxO1 expression was analyzed by Western blot. (B) The levels of FoxO1 were normalized with β-actin. The results for Western blot

were expressed as folds of CON. **P <0.01, versus the CON, ##P <0.01 versus control siRNA. (C), (F) After SW1353 cells were transfected with FoxO1 siRNA for 48 h as

described above, cells were exposed to 10 ng/mL IL-1β with or without 50 μM RES for 30 min or 24 h, p-PI3K, p-Akt, and TLR4 expression was analyzed by Western blot.

(D–E), (G) The levels of p-PI3K, p-Akt, and TLR4 were normalized with their respective total PI3K, Akt or β-actin levels. The results for Western blot were expressed as

folds of CON. (H) IL-6 concentrations in the culture supernatants were assessed by ELISA. All data above were expressed as the mean ± SD of three independent

experiments. **P <0.01 versus the CON, ##P <0.01 versus the IL-1β, $$P <0.01 versus IL-1β + RES, &P <0.05, &&P <0.01 versus siRNA, ^^P <0.01 versus siRNA + IL-1β.
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was further enhanced by the addition of resveratrol and IL-1β

together, but the effect was partly abolished by TLR4-

knockdown, indicating that the activation of PI3K/Akt and

the inactivation of FoxO1 were down-regulated by the inhibi-

tion of TLR4 expression. Our findings agreed with the report

that PI3K/Akt is the downstream of TLR4,51 and its phosphor-

ylation is dependent on the TLR4 activation.52 It has been

reported that PI3K/Akt pathway could regulate the activity of

FoxO1, and the activation of PI3K/Akt pathway leads to

phosphorylation, cytoplasmic retention and inactivation of

FoxO1.53 In this study, TLR4-knockdown inhibited PI3K/

Akt pathway, which decreased the level of phosphorylation

of FoxO1 in SW1353 cells treated with IL-1β, and the TLR4-

specific siRNA also alleviated PI3K, Akt and FoxO1 phos-

phorylation in cells cultured in the presence of both IL-1β and

resveratrol, suggesting that the activation of PI3K/Akt

mediated by resveratrol is regulated by TLR4 signaling path-

way, while FoxO1 is the downstream of PI3K/Akt.

Consistent with our previous results,28 we also demon-

strated that the anti-osteoarthritic effect of resveratrol may

exert by inhibiting TLR4 via the activation of PI3K/Akt

signaling pathway in the present study. Furthermore, we

found PI3K inhibitor down-regulated FoxO1 phosphorylation

in IL-1β-induced SW1353 cells suggesting that the inhibition

of PI3K/Akt pathway could activate FoxO1. Similarly,

resveratrol suppressed FoxO1 activation in IL-1β-induced

SW1353 cells, while blocking the PI3K/Akt pathway led to

an activation of FoxO1, which demonstrated that resveratrol

regulated FoxO1 by activating PI3K/Akt signaling.

Next, we investigated whether resveratrol regulates

PI3K/Akt activation and TLR4 inhibition by FoxO1 in

IL-1β-induced SW1353 cells. It was found that FoxO1-

knockdown attenuated IL-1β-induced TLR4 expression

indicating that FoxO1 could regulate TLR4 expression,

which was agreed with previous report that FoxO1 triggers

TLR4 activation in macrophage.14 Additionally, FoxO1-

knockdown also repressed PI3K/Akt activation in IL-1β-

Figure 6 Schematic description of resveratrol-mediated suppression of inflammation in IL-1β-induced SW1353 cells. IL-1β-upregulated TLR4 expression results in the

activation of the TLR4/NF-кB signaling via MyD88-dependent and -independent pathways, which causes translocation of NF-кB into the nucleus resulting in the production

of pro-inflammatory cytokines such as IL-6, MMP13, TNFα, etc. The activation of TLR4 by IL-1β can induce PI3K/Akt phosphorylation, which increases the phosphorylation

of FoxO1 and inactivates it. Inactivated FoxO1 reduces the expression of TLR4, establishing a self-limiting mechanism of inflammation. Resveratrol treatment can upregulate

PI3K/Akt phosphorylation and inactivate FoxO1, that is resveratrol highlights the self-limiting mechanism by promoting PI3K/Akt activation, thereby down-regulating TLR4/

NF-кB pathway and inflammation. ➞, lead to/activate; ⊣, inhibit.
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induced SW1353 cells, implying that the inhibition of

PI3K/Akt could be mediated by TLR4. While, the activa-

tion of resveratrol on PI3K/Akt was attenuated by FoxO1

siRNA, but not abolished, suggesting that the activation of

PI3K/Akt mediated by resveratrol is affected by FoxO1, at

least in part in IL-1β-stimulated SW1353 cells.

In summary, this study reveals a novel PI3K-dependent

cross-talk between integrated PI3K/Akt/FoxO1 signaling

network and TLR4-driven innate responses. IL-1β stimu-

lated TLR4, which activate PI3K/Akt signaling and sub-

sequently FoxO1 inactivation, establishing a self-limiting

mechanism of inflammation, resveratrol could enhance

this self-limiting mechanism of inflammation to reduce

the level of TLR4/NF-кB and pro-inflammatory cytokines.

A schematic of potential molecular mechanisms involved

is described in Figure 6.

Conclusion
Our findings demonstrated that TLR4/Akt/FoxO1 self-

limiting axis may exist in IL-1β-stimulated SW1353 cell,

and resveratrol highlights this self-limiting axis to exert

anti-osteoarthritic effect. Thus, this study reveals a novel

cross-talk presented between integrated PI3K/Akt/Foxo1

signaling network and TLR4-driven innate responses.

Taken together, our study may provide a potent therapeutic

target for OA, and resveratrol may be of great value in the

prevention and treatment of OA.
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