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Abstract: Resveratrol is a natural polyphenolic compound that prevents inflammation in
chondrocytes and animal models of osteoarthritis (OA) via yet to be defined mechanisms.
The purpose of this study was to determine whether the protective effect of resveratrol on
IL-1β-induced human articular chondrocytes was associated with the TLR4/MyD88/NF-кB
signaling pathway by incubating human articular chondrocytes (harvested from
osteoarthritis patients) with IL-1β before treatment with resveratrol. Cell viability was
evaluated using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay and TNFα levels in culture supernatants were measured by ELISA(Enzymelinked
immunosorbent assay). The levels of TLR4 and its downstream signaling targets (MyD88
and TRAF6) and IL-1β were assessed by measuring the levels of mRNA and protein
expression by real-time RT-PCR and western blot analysis, respectively, in addition to
assessing NF-кB activation. In addition, TLR4 siRNA was used to block TLR4 expression
in chondrocytes further demonstrating that resveratrol prevented IL-1β-mediated
inflammation by TLR4 inhibition. We found that resveratrol prevented IL-1β-induced
reduction in cell viability. Stimulation of chondrocytes with IL-1β caused a significant
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up-regulation of TLR4 and its downstream targets MyD88 and TRAF6 resulting in NF-кB
activation associated with the synthesis of IL-1β and TNFα. These IL-1β-induced
inflammatory responses were all effectively reversed by resveratrol. Furthermore,
activation of NF-кB in chondrocytes treated with TLR4 siRNA was significantly
attenuated, but not abolished, and exposure to resveratrol further reduced NF-кB
translocation. These data suggested that resveratrol prevented IL-1β-induced inflammation
in human articular chondrocytes at least in part by inhibiting the TLR4/MyD88/NF-кB
signaling pathway suggesting that resveratrol has the potential to be used as a nutritional
supplement to counteract OA symptoms.
Keywords: resveratrol; toll-like receptor 4; nuclear factor-кB; chondrocytes; osteoarthritis;
interleukin-1β; inflammation

1. Introduction
Osteoarthritis (OA) is a common chronic joint disease, particularly in the aging population,
characterized primarily by articular cartilage degeneration and secondary bone hyperplasia [1].
Cartilage damage is the most important feature in OA. Cartilage provides mechanical stability and
resistance to loads [2]. Chondrocytes represent the only cellular components of cartilage [3] that
produce type II collagen and proteoglycan that constitute the cartilaginous matrix and play a dominant
role in cartilage function [4].
The cause of OA involves injury, loss of cartilage structure and function, or a disturbance of
proinflammatory and anti-inflammatory signaling pathways [5,6]. In addition, the integrity of the
subchondral bone, synovium, menisci, ligaments, periarticular muscles and nerves also impact the
pathogenesis of OA [7]. For example, synovial inflammation is directly linked to cartilage degradation,
which further up-regulates mediators and molecules such as interleukin (IL)-8, IL-6, and inducible
nitric oxide synthase (iNOS) [8]. To date there are no cures for OA since treatments resulting in the
successful restoration of cartilage have not been developed [9]. Current OA treatment strategies
involve reducing pain and inflammation, limiting the loss of functional capacity and maintaining joint
mobility. Several in vitro and preclinical studies have suggested the protective roles of dietary polyphenols
on progression of OA, in terms of alleviating chondrocyte inflammation and further cartilage
damage/destruction, through their ability to directly or indirectly interact with the joint-associated
tissues (i.e., articular cartilage, bone, or synovium), resulting in the mitigation of joint pain [8,10,11].
A recent study also reported that an extra-virgin olive oil diet (the beneficial effects of olive oil could
be due to its phytochemicals) combined with physical activity exerted drastically anti-osteoarthritis
effect by increasing lubricin and eliciting anti-inflammatory responses [12], suggesting that reducing
inflammation by phytochemicals is beneficial to alleviating OA diseases.
Toll-like receptor 4 (TLR4) is a pattern recognition receptor that elicits inflammatory responses
critical to the development of antigen-specific adaptive immune responses [13]. Recent studies have
demonstrated that TLR4 induces inflammatory responses following the recognition of several
endogenous ligands associated with tissue injury [14]. TLR4 is not only expressed by immune cells
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but also expressed by non-professional antigen presenting cells (such as cells comprising articular
cartilage) [15] that possess functional properties similar to monocytes or macrophage [13,16,17].
Cellular activation following ligation of TLR4 can lead to increased production of IL-1β and reduced
production of type II collagen and aggrecan [15]. In contrast, inhibition of TLR4 relieved
up-regulation of IL-1β and interfered with OA progression [18]. A previous report demonstrated that
TLR4 had a higher level of expression in isolated and cultured chondrocytes from OA patients than in
those from non-OA patients [19] indicating that TLR4 may play an important role in OA pathogenesis.
In addition, this study also determined that alarmins S100A8 and S100A9 which were associated with
cartilage breakdown in human OA tissues exerted net catabolic effect on human chondrocytes in a
TLR4-depent fashion [19], further indicating that TLR4 played a critical role in OA.
Resveratrol (trans-3,5,40-trihydroxystilbene) is a natural polyphenolic compound present in grapes,
berries and peanuts [20]. Abundant evidence has demonstrated that resveratrol could be a candidate
for OA therapy [21–23]. Resveratrol exerts antiosteoarthritis effects by mediating anti-apoptotic,
anti-inflammatory, and anti-oxidative functions in chondrocytes (in vitro) and in animal models for
OA [24–29]. The anti-inflammatory effects of resveratrol on chondrocytes have been linked to the
inhibition of nuclear facor (NF)-кB which down-regulates pro-inflammatory gene products [30,31]. A
previous report demonstrated that resveratrol suppressed NF-κB activation induced by TLR4-mediated
signaling in RAW264.7 cells [32] and another report showed that resveratrol exerted the protective
effects by inhibiting cell death and preventing inflammation in cardiomyocytes undergoing
anoxia/reoxygenation, which might be associated with the TLR4/NF-кB signaling pathway [33].
However, it is not clear whether resveratrol can interfere with NF-кB by inhibiting TLR4 signaling in
human inflammatory articular chondrocytes. Therefore, the aim of this study was to determine whether
the protective effects of resveratrol on IL-1β-stimulated human articular chondrocytes involved
signaling via TLR4 that in turn affected the myeloid differentiation factor 88 (MyD88)/NF-кB
signaling pathway. We first determined whether resveratrol given at various concentrations
exerted anti-inflammatory responses in IL-1β-stimulated human articular chondrocytes from OA
patients. Second, we explored whether the protective effect, at least partly due to signaling via
the TLR4/MyD88/NF-κB pathway.
2. Results and Discussion
The principal findings of the present study were: (i) no cell toxicity of resveratrol at various
concentrations (6.25–200 µM) was detected in human articular chondrocytes from OA patients.
In addition, a relative low resveratrol concentrations (6.25, 12.5 or 25 µM) promoted cell proliferation
in contrast to higher concentrations (50, 100 or 200 µM) that had no effect; (ii) resveratrol exerted
anti-inflammatory effects on IL-1β-stimulated human articular chondrocytes from OA patients in a
dose-dependent manner (6.25–200 µM); and (iii) the anti-inflammatory effects of resveratrol were
partly due to the inhibition of TLR4 expression associated with the subsequent block of the MyD88
dependent pathway that in turn interfered with of NF-кB activation.
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2.1. Resveratrol Improved the Inhibition of IL-1β-Induced Chondrocyte Proliferation
Pro-inflammatory cytokines such as IL-1β and tumor necrosis factor alpha (TNFα) have been
shown to mediate chondrocytes degradation associated with OA [34–37]. Therefore, to mimic an
inflammatory response in chondrocytes during OA, chondrocytes were pretreated with IL-1β, a
recognized inducer of OA in vitro [38] prior to treatment with various concentration of resveratrol.
By using the MTT assay, we found that resveratrol (6.25–200 µM) had no discernable toxic effects on
chondrocytes cultured in the presence or absence of IL-1β. Moreover, at 6.25 and 12.5 µM, resveratrol
significantly stimulated chondrocyte proliferation. In addition, viability and proliferation of cells
exposed to IL-1β (10 ng/mL) was significantly impaired but not in the presence of resveratrol (6.25 to
25 µM) (Figure 1) indicating that a relative low concentrations (6.25, 12.5 or 25 µM) could promote
cell proliferation in contrast to higher concentrations (50, 100 or 200 µM).
Figure 1. Effects of resveratrol and IL-1β on the viability and proliferation of chondrocytes
in vitro. Serum-starved (0.5% FCS) human articular chondrocytes from OA patients were
treated with various concentration of resveratrol (0, 6.25, 12.5, 25, 50, 100, 200 µM) only
or in the presence of 10 ng/mL IL-1β for 24 h. Cell viability was examined using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)method. Treatment groups
were analyzed in triplicate and the data expressed as the mean ± SD from three
independent experiments. p < 0.05, * vs. control, # vs. IL-1β.

2.2. Resveratrol Suppressed IL-1β-Induced TLR4 Expression and TNFα Production
Recent studies have indicated that resveratrol might be used to treat and prevent OA progression
in an experimental animal model by preventing apoptosis and conferring anti-inflammatory and
antioxidant properties via yet to be defined mechanisms [27,28,39]. TLR4 activation leads to
translocation of NF-кB into the nucleus [40,41] resulting in the induction of inflammatory responses [13].
Resveratrol acting as an anti-inflammatory dietary phytochemical blocked some catabolic effects of
proinflammatory mediators such as IL-1β and TNFα via the inhibition of NF-кB [20,42].
To determine whether TLR4 was activated in the presence of IL-1β and whether resveratrol could
inhibit the IL-1β-induced TLR4 activation we incubated chondrocytes with IL-1β (10 ng/mL) for 1 h
followed by incubation in the presence or absence of different concentrations (6.25–200 µM) of
resveratrol for 24 h. Using RT-PCR and western blot analysis, TLR-4 mRNA (Figure 2a) and protein
expression levels (Figure 2b) were determined, demonstrating a marked increase in TLR4 mRNA and
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protein expression levels in chondrocytes treated with IL-1β. Discrepancies between our results and
data presented by Chen et al. [43] that demonstrated that TLR4 expression was not affected by
IL-1β may be due to different cell sources (in this study we used OA chondrocytes which
may be more sensitive to response to IL-1β stimulation). However, our data were supported by
Schelbergen et al. [19] that demonstrated that TLR4 mRNA was higher in OA chondrocytes than in
non-OA chondrocytes. In addition, we demonstrated that TLR4 expression in chondrocytes treated
with IL-1β and resveratrol (6.25 to 200 µM) was significantly decreased, suggesting that resveratrol
exerted negative effect on TLR4 expression not only at a relatively small concentration (6.25 µM) but
also a relatively big concentration (200 µM).
To address whether resveratrol at various concentration exerted anti-inflammatory effects on
IL-1β-stimulated chondrocytes the TNFα expression profile in culture supernatants in the absence or
presence of resveratrol was assessed. As shown in Figure 2c, 10 ng/mL IL-1β treatment significantly
increased TNFα concentration. By contrast, resveratrol at the doses tested in this study reduced TNFα
production in a dose-dependent manner implying that resveratrol could prevent IL-1β-induced
chondrocytes damage by reducing TNFα production.
Figure 2. Effect of resveratrol on TLR4 mRNA and protein synthesis and TNFα
production. (a) Serum-starved (0.5% FCS) human articular chondrocytes were treated
with 10 ng/mL IL-1β alone for 1 h before being treated with different concentrations of
resveratrol (0, 6.25, 12.5, 25, 50, 100, 200 µM) and 10 ng/mL IL-1β for 24 h. The relative
expression levels of TLR4 mRNA were determined by real-time RT-PCR. p < 0.01,
* vs. control, # vs. IL-1β; (b) Effect of resveratrol on TLR4 protein expression.
After chondrocytes were incubated in the presence or absence of resveratrol as described
above, whole cell protein concentrations were determined and the relative amount of
TLR4 assessed by Western blot analysis. p < 0.01, * vs. control, # vs. IL-1β; (c) TNF-α
concentrations in the culture supernatants were determined by ELISA. This assay was
performed in triplicate and the data expressed as the mean ± SD from three independent
experiments. p < 0.01, * vs. control, # vs. IL-1β.
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2.3. Resveratrol Suppressed Activation of the TLR4/NF-кB Signaling Pathway and Subsequent
Synthesis of IL-1β in IL-1β-Stimulated Human Chondrocytes
We next investigated whether the protective effects of resveratrol on human chondrocytes involved
the TLR4/NF-кB signaling pathway. In the presence of IL-1β resveratrol at both low (6.25–25 µM)
and high (50–200 µM) concentrations had significant negative effects on TLR4 signaling although an
increase in cellular proliferation was observed at the lower doses but not at the higher concentrations.
Therefore, a representative low and high dose treatment of resveratrol (12.5 and 100 µM) was used to
examine whether resveratrol could inhibit the IL-1β-induced activation of NF-кB and subsequent
IL-1β synthesis.
Figure 3. Effect of resveratrol on IL-1β-induced NF-кB activation and the levels of IL-1β
mRNA and protein synthesis in human chondrocytes. (a) Serum-starved (0.5% FCS)
human articular chondrocytes were treated with 10 ng/mL IL-1β for 1 h before the addition
of 12.5 or 100 µM resveratrol for 24 h. Total chondrocyte RNA and nuclear protein
concentrations were determined. The relative expression of NF-кB mRNA and protein was
determined by real-time RT-PCR and western blot analysis. p < 0.05, * vs. control,
# vs. IL-1β; (b) Effect of resveratrol on IL-1β mRNA and protein expression. After
chondrocytes were cultured in the presence or absence of resveratrol as described above,
total RNA and whole cell protein concentrations were determined by real-time RT-PCR
and western blot analysis. p < 0.05, * vs. control, # vs. IL-1β.

As shown in Figure 3a, IL-1β (10 ng/mL) up-regulated NF-кB mRNA expression and nuclear
translocation that was significantly inhibited by resveratrol (12.5 or 100 µM). These results suggested
that resveratrol could reverse IL-1β-mediated effects on chondrocytes by suppressing NF-кB activation
suggesting that the anti-inflammatory response conferred by resveratrol might be mediated in part by
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the TLR4/NF-кB pathway. We also examined the expression levels of IL-1β mRNA and protein in
chondrocytes. Western blot analyses designed to measure active IL-1β in chondrocytes supported the
above observations that IL-1b activated NF-кB and that increases in IL-1β mRNA and protein
synthesis could be significantly reversed by resveratrol (Figure 3b). Resveratrol (12.5 or 100 µM)
significantly reduced the production of mature IL-1β. These results indicated that in IL-1β-stimulated
human chondrocytes cultured in the presence of either low (12.5 µM) or high (100 µM) resveratrol
concentrations blocked inflammatory responses by inhibiting the TLR4/NF-кB signaling pathway.
2.4. TLR4-Knockdown Increased the Effects of Resveratrol on IL-1β-Stimulated Human Chondrocytes
To further confirm that the TLR4/NF-кB signaling pathway in human articular chondrocytes was
affected by resveratrol TLR4 siRNA was used to block TLR4 expression followed by analysis of
NF-кB activation. Administration of TLR4 siRNA reduced TLR4 mRNA levels by approximately
30% (Figure 4a).
Figure 4. Effect of resveratrol on TLR4 and NF-кB expression in IL-1β-treated human
articular chondrocytes after TLR4-knockdown. (a) Serum-starved (0.5% FCS) articular
chondrocytes were pretreated with TLR4 siRNA or scrambled siRNA and then exposed
to 10 ng/mL IL-1β for 1 h followed by the addition of 100 µM resveratrol and 10 ng/mL
IL-1β for 24 h. Expression of TLR4 mRNA and protein was determined by real-time
RT-PCR and western blot analysis, respectively. p < 0.01, * vs. control, # vs. IL-1β,
and & vs. IL-1β + 100; (b) After incubation of chondrocytes as described above, total RNA
and nuclear protein concentrations were determined by real-time RT-PCR and western blot
analysis, respectively. p < 0.01, * vs. control, # vs. IL-1β, $ vs. siRNA, ^ vs. siRNA +IL-1β.
a
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Greater inhibition effects of the TLR4 siRNA were not observed probably because: (i) the
transfection and inhibition efficiency of TLR4 shRNA plasmid we used in chondrocytes perhaps was
somewhat low, although it may be suitable for a variety of cell lines; (ii) the basal level of TLR4
mRNA in chondrocytes was low, so the inhibitory effects of the TLR4 siRNA were less effective.
Although the downregulation of TLR4 mRNA by TLR4 siRNA was not significant, the subsequent
results demonstrated that TLR4 siRNA still exert inhibition effect. Results illustrated in Figure 4a
showed a significant up-regulation of TLR4 mRNA and protein in IL-1β-treated chondrocytes,
whereas in chondrocytes receiving both IL-1β and resveratrol, a significant reduction of TLR4
expression was observed compared to IL-1β-treated chondrocytes. Conversely, the addition of IL-1β
failed to increase TLR4 expression levels in TLR4 siRNA pretreated chondrocytes. In addition,
compared to chondrocytes cultured in the presence of IL-1β and resveratrol, chondrocytes pretreated
with TLR4 siRNA presented with a marked reduction in TLR4 expression in the presence of IL-1β and
resveratrol. Data presented in Figure 4b demonstrated that NF-кB mRNA and protein expression in
IL-1β-treated chondrocytes was activated significantly, whereas in chondrocytes receiving both IL-1β
and resveratrol, a significant reduction of NF-кB expression was observed compared to IL-1β-treated
chondrocytes. In chondrocytes pretreated with TLR4 siRNA NF-кB activation was significantly
attenuated, but not abolished, indicating that in IL-1β-induced chondrocytes TLR4 could be activated
and that activation of NF-кB could be mediated by TLR4 stimulation. These data further suggested
that activation of NF-кB was not only due to TLR4 stimulation but also involved other mechanisms.
Interestingly, the addition of resveratrol to chondrocytes treated with both TLR4 siRNA and IL-1β had
an even greater reduction in NF-кB expression levels. This finding confirmed that resveratrol might
exert anti-inflammatory effects on chondrocytes, at least in part via the TLR4/NF-кB pathway.
2.5. Effect of Resveratrol on MyD88 and TRAF6 Expression in IL-1β-Stimulated Human Chondrocytes
The classic TLR4 signaling pathway involves both MyD88-dependent pathway and independent
pathways (that involves signaling via TRIF (TIRdomain-containing adaptor-inducing interferon-β)).
Several reports have indicated that resveratrol specifically targeted the TRIF complex of the TLR4
signaling pathway in different cell types [44,45]. We therefore examined in particular whether the
MyD88-dependent pathway was involved in human chondrocytes. To test this idea, we measured the
expression of MyD88 and TNF receptor-associated factor (TRAF) 6 mRNA and protein following
treatment with IL-1β in the presence of either 12.5 or 100 µM resveratrol. As shown in Figure 5a,b,
IL-1β alone increased MyD88 protein expression by 55% and the presence of either 12.5 or 100 µM
resveratrol decreased MyD88 expression by 33% and 40%, respectively. TRAF6 expression was
significantly up-regulated after IL-1β treatment, whereas the addition of resveratrol reduced TRAF6
expression compared to IL-1β alone. These data confirmed that the Myd88-dependent signaling
pathway was initiated in IL-1β-treated chondrocytes exposed to resveratrol supporting data presented
by Sebai et al. that demonstrated that resveratrol treatment prevented LPS-induced extracellular
lipoperoxidation of AR42J cells (in part due to signaling via the MyD88 pathway) [46]. However, our
data did not exclude the involvement of the MyD88 independent (TRIF) signaling pathway suggesting
that in our model resveratrol acted in a MyD88-dependent manner that may or may not have also
activated the TRIF-dependent pathway in human articular chondrocytes.
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Figure 5. Effect of resveratrol on the TLR4 signaling pathway in human chondrocytes.
The effect of resveratrol on (a) MyD88 and (b) TRAF6 mRNA and protein expression was
assessed in serum-starved (0.5% FCS) articular chondrocytes treated with 10 ng/mL IL-1β
for 1 h before being treated with either 12.5 or 100 µM resveratrol for 24 h. The relative
expression levels of MyD88 and TRAF6 mRNA were determined by real-time RT-PCR.
p < 0.05, * vs. control, # vs. IL-1β. After incubation of chondrocytes in the presence or
absence of resveratrol as described above, the relative amount of MyD88 and TRAF6 were
determined by western blot analysis.

Data presented in this report provided evidence suggesting that the protective effects of resveratrol
were mediated in part due to activation of the TLR4/MyD88/NF-κB signaling pathway. A schematic of
potential molecular mechanisms involved is described in Figure 6, suggesting that resveratrol
treatment inhibited IL-1β-induced inflammatory responses in chondrocytes. However, due to the
preliminary results and in vitro nature of the study, future studies conducted in vivo will be required to
determine the efficacy, safety, and molecules targets affected by resveratrol using OA animal models.
3. Experimental Section
3.1. Reagents and Antibodies
Collagenase type II, MTT, resveratrol, and the protease inhibitor cocktail were all purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F-12
(1:1) and fetal calf serum (FCS) were obtained from Hyclone (Thermo Scientific, Logan, UT, USA).
Resveratrol was prepared as a 400 mM solution in DMSO and then further diluted in cell culture
medium (the final concentration of DMSO in medium was not more than 0.1%). IL-1β was purchased
from PeproTech (Rocky Hill, NJ, USA). Enzymelinked immunosorbent assay (ELISA) kit was
obtained from Boster Biotechnology (Wuhan, China). RNAiso plus and the RT-PCR kit were
purchased from TaKaRa (Dalian, China). The BSA kit was obtained from Bio-Rad (Hercules, CA,
USA). Polyclonal anti-β-actin (sc-477787), anti-TLR4 (sc-293072), anti-IL-1β (sc-7884), anti-MyD88
(sc-74532), and anti-TRAF6 (sc-8409) antibodies and TLR4 siRNA (sc-40261) were purchased from
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Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody specific for phosporylated
NF-κB p65 (No. 3033) was obtained from Cell Signal Technology (Beverly, MA, USA). Anti-mouse and
anti-rabbit secondary antibodies were obtained from Pierce (Rockford, IL, USA) and the enhanced
chemiluminescence reagent was purchased from Amersham Biosciences (Buckinghamshire, UK).
3.2. Chondrocyte Isolation and Culture
Human knee articular chondrocytes were isolated from 30 patients (ages 48–70 years old)
undergoing joint replacement surgery for osteoarthritis. The study was approved by the Ethics
Committee at the Shengjing Hospital China Medical University, Shenyang, China and informed
consent was obtained from all participants. Cartilage slices were digested primarily with 0.25% typsin
for 1 h at 37 °C and subsequently with 0.04% collagenase type II overnight in a 37 °C water bath.
Primary cells cultures were seeded at 1~2 × 105 cells/mL in a 25 cm2 flask at 37 °C, 5% CO2 in
DMEM/F12 medium supplemented with 10% FCS, penicillin (100 U/mL) and streptomycin
(100 U/mL). All chondrocytes were used for the described experiments at the third passage.
3.3. Cell Viability Assay
Chondrocytes (5000/well) were seeded in triplicate in a 96-well plate and cultured for 24 h in the
presence or absence of 10 ng/mL IL-1β for 1 h followed by the addition of various resveratrol
concentrations (0, 6.25, 12.5, 25, 50, 100, 200 μM) for 24 h at 37 °C, 5% CO2. Cell viability and
proliferation was determined using the MTT method. Briefly, cells were washed with PBS 3 times and
then MTT (5 mg/mL) was added to each well and incubated for 4 h at 37 °C 5% CO2. The culture
medium was then removed and replaced with an equal volume of DMSO to dissolve blue formazan
crystals. Absorbance was determined at 570 nm using a micro plate reader (Bio-Rad, Hercules, CA,
USA) and data expressed as the mean ± standard deviation (SD) of three independent experiments.
3.4. Chondrocyte Treatment
Chondrocytes were washed three times with PBS and incubated for 1 h in serum-starved media
(0.5% FCS). Serum-starved chondrocytes were pre-stimulated as follows: 10 ng/mL IL-1β for 1 h
before the addition of various concentrations of resveratrol (0–200 μM) for 24 h, or 10 ng/mL IL-1β
for 1 h before the addition of either 12.5 or 100 μM resveratrol for 24 h. TLR4 small interference
(si) RNA was used to knock down TLR4 expression followed by exposure to 10 ng/mL IL-1β for 1 h
before being treated with 100 μM resveratrol for 24 h.
3.5. TLR4 siRNA Treatment
A modified siRNA transfection protocol (Santa Cruz Biotechnology, Paso Robles, CA, USA) was used
to transfect 1 × 106 cells with 1.0 μg TLR4 siRNA or a scramble siRNA sequence that served as a
negative control. After transfection, cells were cultured for additional 48 h in DMEM/F12 medium
containing 10% FCS. Culture medium was then replaced with serum starved media (0.5% FCS) and
exposed to 10 ng/mL IL-1β for 1 h before being the addition of 100 μM resveratrol for 24 h. The
following chondrocyte treatment groups were included (1) control; (2) IL-1β; (3) IL-1β + 100 μM
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resveratrol; (4) TLR4 siRNA; (5) TLR4 siRNA + IL-1β; (6) TLR4 siRNA+IL-1β + 100 μM
resveratrol; (7) control siRNA; (8) control siRNA + IL-1β; and (9) control siRNA+IL-1β +
100 μM resveratrol.
3.6. RNA Extraction and Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted using RNAiso plus according to the manufacturer’s instructions.
The PCR reactions of amplified TLR4, MyD88, TRAF6, NF-κB, and IL-1β products were
quantitatively measured using the 7500 real time PCR detection system (ABI, Carlsbad, CA, USA).
Each PCR reaction mixture contained 10 μL of 2× SYBR Green Master Mix (TaKaRa, Dalian, China),
0.8 μL of forward and or reverse primers (10 μmol/μL), 0.4 µL of Rox Reference DyeII (50×)
(TaKaRa, Dalian, China) and 2 μL of cDNA. Forty cycles with denaturation at 95 °C for 5 s and an
annealing and extension temperature of 60 °C for 34 s in a total volume of 20 μL were used to amplify
the respective targets. Amplification of β-actin was used as endogenous control gene to analyze the
real-time PCR data of target genes and data analyzed using the 2−ΔΔCt Method [47]. The relative level
of target gene mRNA was calculated by subtracting Ct values of the control gene from the Ct values of
the targets. The sequences of the forward (F) and reverse (R) primers are listed 5' to 3' as follows:
β-actin (101 bp) (F) 5'-CACACTGTGCCCATCTACGA-3', (R) 5'-CTCAGTGAGGATCTTCATGA
GGTAGT-3'. TLR4 (148 bp) (F) 5'-AGGACTGGGTAAGGAATGAGC-3', (R) 5'-ATCACCTTT
CGGCTTTTATGG-3'.
NF-кB
(218
bp)
(F)
5'-AGGAGAGGATGAAGGAGTTGTG-3',
(R) 5'-CCAGAGTAGCCCAGTTTTTGTC-3'. IL-1β (247 bp) (F) 5'-AGTGGCAATGAGGAT
GACTTGT-3', (R) 5'-AGATGAAGGGAAAGAAGGTGCT-3'. MyD88 (178 bp) (F) 5'-CACTCAG
CCTCTCTCCAGGT-3', (R) 5'-AGTCTTCAGGGCAGGGACA-3'. TRAF6 (191 bp) (F) 5'-CTGG
AAGCCCTAAGACAAAGA-3', (R) 5'-GGCAAGGAAAGGCACTGTT-3'.
3.7. Protein Extraction and Immunoblot Analysis
Whole cell lysates and chondrocyte nuclear extracts were prepared and subjected to SDS-PAGE.
Briefly, chondrocytes were washed with ice cold PBS and whole cell proteins were extracted with lysis
buffer (50 mM Tris-HCl, pH 7.5, 0.1 mM Na3VO4, 1% Nonidet P-40, 25 mM NaF, 2 mM EDTA,
2 mM EGTA, 1 mM DTT, and 1% protease inhibitor cocktail) on ice for 30 min. Cell debris was
removed by centrifugation and supernatants stored at −80 °C until use. For isolation of chondrocyte
nuclei, chondrocytes were trypsinized and washed 3 times with PBS. Supernatants were carefully
removed by centrifugation and the cell pellet re-suspended in hypotonic lysis buffer containing a
protease inhibitor cocktail and incubated on ice for 20 min followed by the addition of 10% NP-40.
The cell suspension was then mixed vigorously for 20 s and then centrifuged. Nuclear extraction buffer
was then added to the pellets and incubated for 30 min with intermittent mixing. Extracts were
centrifuged and the supernatant (nuclear extracts) stored at −80 °C until use.
The protein concentrations of the whole cell and nuclear extracts were determined using a BSA kit.
Protein samples were boiled for 5 min in 1× SDS sample buffer (50 mM Tris-HCl, pH 6.8,
20% glycerol, 2% SDS, 0.02% bromophenol blue) containing 2%-mercaptoethanol. Extracted proteins
subjected to SDS-PAGE and then transferred onto a polyvinylidene difluoride membrane for 3 h
at 4 °C. Respective membranes were then blocked with 5% fat-free milk for 1 h at room temperature,
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washed 3 times with Tween-Tris buffered saline and then incubated with the following primary
antibodies: anti-TLR4, anti-MyD88, anti-TRAF6, anti-IL-1β, (1:300 dilution), or anti-phosphorylated
NF-κB p65 (1:1000 dilution) overnight at 4 °C. The next day the blots were washed and incubated in
the presence of horseradish peroxidase-conjugated secondary antibodies (1:5000 dilution) for 45 min
at room temperature. The enhanced chemiluminescence reagent was used to identify reactive bands
that were quantified using the Scion Image 4.0 software (Scion Corporation, Frederick, MD, USA).
Figure 6. Schematic describing the proposed anti-inflammatory response resulting
from resveratrol treatment and its effects on TLR4 following stimulation of chondrocytes
with IL-1β. IL-1β-upregulated TLR4 expression results in the activation of the
TLR4/MyD88/NF-кB signaling pathway causing translocation of NF-кB into the
nucleus resulting in the production of proinflammatory cytokines such as IL-1β and
TNFα. Resveratrol-mediated directly inhibition of TLR4 expression could block the
TLR4/MyD88/NF-кB signaling pathway (a1, dashed line), or resveratrol could affect
TLR4 pathway processes in the nucleus through unknown regulatory mechanisms that
regulate the gene expression (a2, dashed line); Direct inhibition of NF-кB by resveratrol, as
described by Csaki [25] and Shakibaei [26] is shown in (b, solid line); Mechanisms
involved in NF-кB suppression by resveratrol-activated SIRT1, as described by Lei [31]
are shown in (c, solid line).

3.8. ELISA Assay
TNFα concentrations in the culture supernatants were measured using a commercial enzyme-linked
immunosorbent assay (ELISA) kit (Boster Biotechnology, Wuhan, China) according to the
manufacture’s protocol.
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3.9. Statistical Analysis
All data were expressed as the mean ± SD. Statistical analysis were performed using one-way
analysis of variance (ANOVA) using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). p < 0.05
was considered to be statistically significant.
4. Conclusions
Our results demonstrated that TLR4 played an important role in the pathogenesis of OA and that
resveratrol exerted anti-inflammatory effects on IL-1β-induced human articular chondrocytes at least
in part by inhibiting the TLR4/MyD88/NF-кB signaling pathway. Our findings also indicated that
resveratrol could protect chondrocytes against the development of OA suggesting that resveratrol
could be developed as a novel therapeutic agent for the treatment of OA. Currently, there are no
effective treatments to cure OA and current available therapies such as non-steroid anti-inflammatory
drugs only alleviate symptoms and are associated with adverse side-effects. Resveratrol is a dietary
polyphenol nutritional supplement with the potential of counteracting symptoms associated with OA.
Therefore, additional studies should be carried out to determine whether other TLR4 signaling
pathways might be involved in the pathogenesis of OA and better define the mechanism by which
resveratrol interfered with the TLR4/NF-κB pathway, that is, either directly or through other regulatory
mechanisms. Additional in vivo studies will be required to understand the efficacy, safety, and
molecules targeted by resveratrol followed by clinical trials to evaluate the effects of resveratrol on OA.
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