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Therapeutic effect of Resveratrol in the treatment of
osteoarthritis via the MALAT1/miR-9/NF-kB signaling pathway
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Abstract. The aim of the current study was to explore the role
of Resveratrol (Res) in osteoarthritis (OA) and its underlying
mechanism. Reverse transcription-quantitative polymerase
chain reaction and western blot analysis were used to deter-
mine the relative expression levels of metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1), microRNA-9
(miR-9), nuclear factor kappa B subunit 1 (NF-«kB1), inter-
leukin (IL)-6, matrix metallopeptidase 13 (MMP-13) and
caspase-3 in vitro and in the in vivo model of OA, as well
as examining the effect of Res on MALATI, miR-9 and
NF-kBl1, IL-6, MMP-13 and caspase-3 expression levels.
Immunohistochemical analysis was performed to examine
NF-kB1 and MMP-13 protein levels in the in vivo model of OA.
Dual-luciferase reporter assays were used to confirm the regu-
latory relationship between miR-9 and MALAT1 and NF-«Bl,
as well as examining the effect of Res on the transcriptional
activation of MALAT1 promoter. Furthermore, the effect
of Res on cell proliferation in vitro was examined by MTT
assay. The relative mRNA expression levels of MALATI and
NF-«xB1 were significantly increased, while miR-9 expression
was significantly decreased in the OA group compared with
the sham group. Treatment with Res partially reversed the
effects of OA on MALATI, NF-kB1 and miR-9 expression.
Similarly, the relative protein expression levels of NF-«xBI,
IL-6, MMP-13 and caspase-3 were significantly increased
in the OA group compared with the sham group; however,
treatment with Res partially reversed the effects of OA on
the protein expression levels of NF-xB1, IL-6, MMP-13 and
caspase-3. MALAT1 and NF-kBI1 were identified as potential
target genes of miR-9, and dual-luciferase assays were used to
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examine the effect of miR-9 on the luciferase activity of 3'UTR
MALATI and NF-kBI1. Treatment with Res suppressed the
transcriptional activation of the MALAT1 promoter, thereby
inhibiting MALATI expression. Additionally, the relative
expression level of miR-9 significantly increased following
treatment with Res in a dose-dependent manner, while the
relative protein expression levels of NF-xBl, IL-6, MMP-13
and caspase-3 significantly decreased following treatment
with Res compared with the control. Furthermore, treatment
with Res significantly increased the growth rate of chondro-
cytes in a dose-dependent manner compared with the control.
Taken together, these results suggest that direct targeting of
the MALAT1/miR-9/NF-kB1/IL-6, MMP-13/caspase-3 axis
may be a novel therapeutic strategy for the treatment of OA.

Introduction

Osteoarthritis (OA) is the most common form of rheumatic
disease with the highest rate of incidence, which ultimately
leads to limited joint mobility, chronic pain and disability (1).
At the cellular level, OA is characterized by decreased tissue
cellularity and damage to the extracellular matrix (1). It was
previously demonstrated that apoptosis in chondrocytes
was enhanced in the articular cartilage of patients with OA.
Apoptotic cells in the cartilage of patients with OA were
identified by the detection of DNA strand breaks using
TUNEL assay, which identified high levels of apoptotic cells
in the zones of cartilage known as the superficial and middle
zones (2).

Resveratrol (Res) can regulate the expression of several
intracellular signaling proteins and it is known to be associated
with specific anti-inflammatory properties (3.4). In addition,
Res can regulate cell proliferation while preventing inflam-
mation and apoptosis in both the chronic and acute phases
of OA (5). Res reduces the morphological changes of chon-
drocytes and inhibits the induction of the pro-inflammatory
cytokine interleukin (IL)-1p (4). Furthermore, Res suppresses
nuclear factor kappa B subunit 1 (NF-kBI)-dependent
pro-inflammatory signaling and inhibits membrane-bound
and mature IL-1f production in chondrocytes (3). By contrast,
in vitro studies demonstrated that IL-1f inhibits the chondro-
cyte proliferation (3-5).
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Until recently, non-coding RNAs (ncRNAs) were consid-
ered to have generic intracellular roles (6). Ribosomal RNAs
(rRNAs) and transfer RNAs (tRNAs) are involved in the
translation of mRNA, whereas small nuclear RNAs (snRNAs)
participate in RNA splicing and small nucleolar RNAs
(snoRNAs) mediate rRNA modification (6). Previous studies
demonstrated that long non-coding RNAs (IncRNAs), RNAs
>200 nucleotides in length with no or limited protein-coding
ability (6,7), can serve crucial roles in several types of
human cancer (8-10). In addition, IncRNAs may function
to regulate gene expression at both the transcriptional and
post-transcriptional levels based on genetic and epigenetic
mechanisms (11,12). Furthermore, associations between
IncRNAs and OA were previously investigated. Xing et al (13)
identified 121 IncRNAs that were up- or downregulated in
OA. MicroRNAs (miR) are small non-coding RNA molecules
derived from the introns and exons of both protein-coding
and non-coding transcripts transcribed by RNA polymerase
IT (13-15). In addition, processed pseudogenes can activate
certain miRs (16).

A previous study demonstrated that treatment with Res
downregulated the expression of MALATI, and as an IncRNA,
MALATI can function as a molecular sponge of miR-9 (17). In
addition, miR-9 can directly target NF-kB, and as an inflam-
matory cytokine NF-kB can induce apoptosis in chondrocytes
contributing to the development of OA (18). In the current
study, to explore the role of Res in OA and its underlying
mechanism, the in vivo model of OA was established and the
effect of Res was examined in vitro and in the in vivo model
of OA. PCR techniques and western blot analysis, immuno-
histochemical analysis, dual-luciferase reporter assays were
performed to study underlying mechanisms, while MTT assay
was used to study the effect of Res on cell proliferation in vitro.
Res treatment was indicated to inhibit MALAT1 and modulate
MALAT1/miR-9/NF-kB signaling pathway.

Materials and methods

Animals and experimental design. A total of 30 male C57BL/6
mice (age, 10 weeks; weight, 20-30 g) were purchased from
the Shanghai Laboratory Animal Centre, Chinese Academy
of Sciences (Shanghai, China). The mice were divided
into three groups: Sham surgery (sham group, n=10), OA
with vehicle injection (OA group, n=10) and OA with Res
treatment (OA + Res group, n=10). Following 7 days accli-
matization, OA was induced using the destabilizing medial
meniscus (DMM) model (18). Briefly, mice were anesthe-
tized with pentobarbital (50 mg/kg IP) and an incision was
made in the right knee. The joint capsule immediately medial
to the patellar tendon was incised and the joint capsule was
opened using microsurgical scissors. DMM was achieved by
sectioning the medial meniscotibial ligament with microsur-
gical scissors. In the sham group, an incision was made in
the right knee joint and ligaments were visualized only and
not transected. All experimental protocols were approved
by the Institutional Animal Care and Use Committee at
Nanjing University of Chinese Medicine (Nanjing, China).
The current study was approved by the Institutional Ethics
Committee on Animal Research at Nanjing University of
Chinese Medicine.
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Res treatment. Res (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich; Merck KGaA) to give a final concentration
of 100 mg/ml (stock solution). The stock solution was diluted
with PBS to give a final concentration of 12.5 mg/ml. At five
weeks post-surgery, mice in the OA + Res group received
10 ml Res, while mice in the sham group received 10 ml PBS
via intra-articular injection through the patellar tendon with
the use of a U-100 insulin syringe (BD Biosciences, San Jose,
CA, USA). All injections were performed twice a week for
8 weeks. At 13 weeks post-surgery, the mice were sacrificed
and knee joints were harvested.

Cell culture and transfection. Mouse chondrocytes
(ATCC® CRL-12424™) were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
Chondrocytes were cultured in Dulbecco's modified Eagle
medium (DMEM)/F12 (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS, 0.1 mg/ml streptomycin
and 1,000 U/ml penicillin (Thermo Fisher Scientific, Inc.)
and maintained in a 5% CO,-humidified incubator at room
temperature. Chondrocytes were grown to 70% confluence
and treated with 15 or 30 M Res prior to transfection with
miR-9 mimic or scramble control which were manufactured
by Shanghai GenePharma Co., Ltd. using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Each experi-
ment was performed in triplicate.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from tissue samples and chondrocytes using the mirVana™
miRNA Isolation kit (Ambion; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. Total RNA
was reverse transcribed into cDNA using the PrimeScript®
RT reagent kit (Takara Biotechnology Co., Ltd., Dalian,
China), followed by qPCR. For miR-9 and MALATI expres-
sion, qPCR was performed using the TagMan microRNA
assay (Applied Biosystems; Thermo Fisher Scientific,
Inc.). For NF-kB1 expression, qPCR was performed using
the SYBR® Premix Ex Taq™ kit (Takara Biotechnology
Co., Ltd.). All qPCR were performed using an ABI-7500
Sequence Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The relative miR-9, MALAT1 and
NF-xB1 expression levels were quantified using the 2-24¢4
method (19). U6 and GAPDH mRNA were used as endoge-
nous controls for miR-9, MALAT1 and NF-«xBI, respectively.
The primer pairs used were as follows: miR-9 forward,
5-GGTCTTTGGTTATCTAGCTGTATGA-3' and reverse,
5'-3CAGTGCGTGTCGTGGAGT-3); MALATI forward,
5'-CAGACCACCACAGGTTTACAG-3' and reverse, 5'-AGA
CCATCCCAAAATGCTTCA-3"); NF-«xBI forward, 5-CAA
GCGAGGAGGGGACGTG-3' and reverse, 5'-CCCCCA
GAGCCTCCACCC-3"); U6 forward, 5-CTCGCTTCGGCA
GCACA-3' and reverse, 5'-AACGCTTCACGAATTTGC
GT-3'; GAPDH mRNA forward, 5"-TGACTTCAACAGCGA
CACCCA-3' and reverse, 5'-CACCCTGTTGCTGTAGCC
AAA-3". The thermocycling conditions were as follows: 94°C
for 5 min, 30 cycles of 94°C for 30 sec and 60°C for 30 sec
and 72°C for 30 sec, 72°C for 10 min. Each experiment was
performed in triplicate.
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MTT assay. Cell proliferation was examined in chondrocytes
by MTT assay following treatment with Res. Following a
48 h incubation, 0.5 mg/ml MTT (Sigma-Aldrich; Merck
KGaA) was added to chondrocytes and incubated at 37°C for
4 h. Following incubation, culture medium was removed and
150 1 DMSO was added into each well (48-well plate at a
density of 1x10° cells/well). The absorbance was measured at
a wavelength of 490 nm using a multi-mode microplate reader
(CHAMELEON™ V; Hidex, Turku, Finland) to analyze cell
survival. All experiments were performed in triplicate.

Dual-luciferase reporter assay. The mutant 3'UTR
of MALATI1/NF-xkB1 was generated by mutating the
miR-9 binding site sequence in the wild-type 3'UTR of
MALATI/NF-kB1. The wild-type or mutant 3'UTR of
MALATI1/NF-kB1 were PCR amplified and cloned into the
pRL-TK reporter vector (Promega Corporation, Madison,
WI, USA). Chondrocytes were seeded into 48-well plates at
a density of 1x10° cells/ml and co-transfected with 300 ng
luciferase reporter vector containing the wild-type or mutant
3'UTR of MALATI1/NF-kB1 and 20 pmol miR-9 mimic or
scramble control using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufactur-
er's protocol. Following 48-h transfection, chondrocytes were
lysed and cell lysates were collected. Relative luciferase activi-
ties were detected using a Dual-Luciferase Reporter Assay
system (Promega Corporation). Firefly luciferase activity
was normalized to Renilla luciferase activity. Each test was
performed in triplicate.

MALATI luciferase assay. The promoter region of wild-type
MALATI1 was PCR amplified and cloned into the pRL-TK
reporter vector (Promega Corporation). Chondrocytes were
seeded into 48-well plates at a density of 1x10° cells/ml and
transfected with 300 ng luciferase reporter vector containing
the promoter region of MALATI using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Subsequently, chondrocytes
were treated with 15 or 30 uM Res for 48 h. Following 48-h
treatment with Res, chondrocytes were lysed and cell lysates
were collected. The relative Renilla luciferase activity was
detected using a Luciferase Reporter Assay system (Promega
Corporation). Each experiment was performed in triplicate.

Western blot analysis. Chondrocytes were washed three times
with ice-cold PBS and total protein was extracted using 0.2 ml
RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen,
China). Chondrocytes were incubated in lysis buffer for 30 min
on ice followed by centrifugation at 18,894 x g for 20 min at 4°C.
Total protein was quantified using a bicinchoninic acid assay
kit (Thermo Fisher Scientific, Inc.) and 25 pg protein was sepa-
rated via SDS-PAGE on a 6 or 10% gel. The separated proteins
were transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA) and blocked for 1 h at 25°C
with Tris-buffered saline containing 0.1% Tween™ 20 and
5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) to
prevent non-specific binding. The membranes were incubated
with mouse primary antibodies against NF-kB1 (1:5,000; cat.
no. MA5-15128), MMP-13 (1:5,000; cat. no. MAS5-14247),
caspase-3 (1:5,000; cat. no. MA1-91637), IL-6 (1:5,000; cat.
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no. M621B all Invitrogen; Thermo Fisher Scientific, Inc.) or
B-actin (1:10,000; cat. no. 3700S; Cell Signaling Technology,
Inc., Danvers, MA, US) for 12 h at 4°C. Following primary incu-
bation, membranes were incubated with anti-mouse horseradish
peroxidase (HRP)-labeled secondary antibodies (1:12,000; cat.
no. 7076S; Cell Signaling Technology, Inc.) at room temperature
for 1 h. Protein bands were visualized using RapidStep™ ECL
detection reagent (EMD Millipore) and Syngene GeneGenius
Gel Light Imaging system (Syngene, Frederick, MD, USA),
according to the manufacturer's protocol. Each experiment was
performed in triplicate.

Immunohistochemistry (IHC). Tissue samples were fixed with
10% formalin at 4°C for 12 h and embedded in paraffin and
paraffin-embedded samples were cut into 5-mm sections,
which was later put to blocking stage with 3% hydrogen
peroxide for 60 min at room temperature. For antigen retrieval,
tissue sections were incubated with 0.01 M sodium citrate
(pH 6) in a microwave oven for 10 min. Following antigen
retrieval, tissue sections were incubated with mouse primary
antibodies against NF-xB1 (cat. no. PA5-17654; 1:500) and
MMP-13 (cat. no. MA5-14238; 1:500; both Invitrogen; Thermo
Fisher Scientific, Inc.) for 12 h at 4°C. Following primary
incubation, tissue sections were incubated with HRP-labeled
secondary antibodies (cat. no. 7074S; 1:1,000; CST, Danvers,
MA, US) for 1 h at room temperature. Subsequently, tissue
sections were stained with hematoxylin (Dako Cytomation,
Glostrup, Denmark) at 37°C for 2 h. Dimethyl benzene was
used to mount the tissue sections and images were captured
using a light microscope (magnification, x400). Two indepen-
dent pathologists scored the staining intensity of each protein.
The staining intensity was scored as follows: no staining, 0;
weak staining, 1; moderate staining, 2; and strong staining, 3.
Each experiment was performed in triplicate.

Statistical analysis.Data were presented as the mean + standard
deviation. All statistical analyses were performed using
SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA).
The difference between two groups was analyzed using a
two-tailed Student's t-test, whilst the difference among three
or more groups was analyzed using one-way analysis of vari-
ance and Scheffe's test was used as a post-hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

MALATI, miR-9 and NF-xBI1 expression in the in vivo model
of OA. As shown in Fig. 1, the relative expression levels of
MALATI, miR-9 and NF-kB1 were analyzed in tissue samples
from mice in the sham, OA and OA + Res groups. The rela-
tive mRNA expression levels of MALAT1 and NF-kB1 were
significantly increased, while miR-9 expression was signifi-
cantly decreased in the OA group compared with the sham
group (Fig. 1B-D). Meanwhile, compared with OA group,
treatment with Res partially reversed the effects of OA on the
mRNA expression levels of MALAT1, miR-9 and NF-«B1.

NF-xBI, IL-6, MMP-13 and caspase-3 expression in the
in vivo model of OA. The relative protein expression levels of
NF-«BI, IL-6, MMP-13 and caspase-3 were determined by
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Figure 1. MALATI1, miR-9 and NF-kBI1 expression in the in vivo model of OA. The (A) relative (B) MALATI, (C) miR-9 and (D) NF-xB1 expression levels
were determined by RT-qPCR in tissue samples from mice in the Sham, OA and OA + Res groups. "P<0.05 vs. OA + Res group; “P<0.05 vs. sham group.
MALATI, metastasis associated lung adenocarcinoma transcript 1; miR, microRNA; NF-kBI, nuclear factor kappa B subunit 1; OA, osteoarthritis; Res,
Resveratrol; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

western blot analysis in tissue samples from mice in the sham,
OA and OA + Res groups (Fig. 2). The NF-«B1, IL-6, MMP-13
and caspase-3 protein expression levels were significantly
increased in the OA group compared with the sham group
(Fig. 2B-E). However, treatment with Res partially reversed
the effects of OA on the protein expression levels of NF-«Bl,
IL-6, MMP-13 and caspase-3.

Immunohistochemical analysis of NF-xBI and MMP-13 in
the in vivo model of OA. THC was performed to examine the
protein levels of NF-kB1 and MMP-13 in tissue samples from
mice in the sham, OA and OA + Res groups. As shown in
Fig. 3, strong NF-kBI staining was observed in the OA group
compared with the sham group. Similarly, strong MMP-13
staining was observed in the OA group compared with the
sham group (Fig. 4). These results suggest that the in vivo
DMM-induced OA model increased NF-xBl and MMP-13
expression. However, treatment with Res partially reversed the
effects of OA on NF-xB1 and MMP-13 expression.

MALATI directly regulates miR-9 and miR-9 directly targets
NF-kBI. The 3'UTR of MALATI was revealed to contain a

putative binding site for miR-9 (Fig. 5A) via computational
analysis using the online microRNA database (www.mirdb.
org). The dual-luciferase reporter gene assay was performed
to confirm the interaction between MALATI and miR-9 in
chondrocytes. Following co-transfection with miR-9 mimic,
the dual-luciferase reporter gene assay revealed that miR-9
significantly decreased the luciferase activity of wild-type
MALATI compared with mutant MALAT]1 (Fig. 5B). In addi-
tion, co-transfection with scramble control had no effect on
the luciferase activity of wild-type or mutant MALATI. To
further investigate the role of miR-9 in OA, potential target
genes of miR-9 were examined. Bioinformatics analysis was
performed using the online microRNA database (www.mirdb.
org) to identify NF-kB1 as a putative target gene of miR-9
(Fig. 5C). Following co-transfection with miR-9 mimic,
the dual-luciferase reporter gene assay revealed that miR-9
significantly decreased the luciferase activity of wild-type
3'UTR NF-kB1 compared with mutant NF-xB1 (Fig. 5D),
while co-transfection with scramble control had no effect on
the luciferase activity of wild-type or mutant NF-xB1. Taken
together, these results suggest MALATI directly regulated
miR-9, and NF-xB1 was confirmed as a target gene of miR-9.
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Figure 2. NF-xBl1, IL-6, MMP-13 and caspase-3 expression in the in vivo model of OA. (A) The relative protein expression levels of NF-xB1, IL-6, MMP-13
and caspase-3 were determined by western blot analysis in tissue samples from mice in the Sham, OA and OA + Res groups. Quantification of (B) NF-xB1,
(C) IL-6, (D) MMP-13 and (E) caspase-3 protein expression. "P<0.05 vs. OA + Res group; “"P<0.05 vs. sham group. NF-xB1, nuclear factor kappa B subunit 1;
IL-6, interleukin-6; MMP-13, matrix metallopeptidase 13; OA, osteoarthritis; Res, Resveratrol.

Res influences the transcriptional activity of the MALATI
promoter. To further explore the underlying mechanism of
MALATI in OA, a dual-luciferase reporter construct driven by
MALATI promoter was examined in chondrocytes following
treatment with Res. The luciferase reporter gene assay revealed
that the transcriptional activation of the MALAT1 promoter
was significantly decreased following treatment with Res in

a dose-dependent manner compared with control (Fig. 6A).
In addition, the relative mRNA expression level of MALAT1
significantly decreased following treatment with Res in a
dose-dependent manner compared with control (Fig. 6B).
Taken together, these results suggest that treatment with
Res suppressed the transcriptional activity of the MALATI
promoter thereby inhibiting MALAT1 expression.
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Figure 3. Immunohistochemical analysis Results for NF-«xBl1 in the in vivo model of OA. NF-«BI staining was determined by IHC in in tissue samples from
mice in the Sham, OA and OA + Res groups. Strong staining was considered to indicate a NF-kB1-positive Result. (Scale bar=10 ym). NF-xB1, nuclear factor
kappa B subunit 1; OA, osteoarthritis; Res, Resveratrol; IHC, immunohistochemistry.

Figure 4. Immunohistochemical analysis results for MMP-13 in the in vivo model of OA. MMP-13 staining was determined by IHC in in tissue samples from
mice in the Sham, OA and OA + Res groups. Strong staining was considered to indicate a MMP-13-positive Result. (Scale bar=10 ygm). MMP-13, matrix
metallopeptidase 13; OA, osteoarthritis; Res, Resveratrol; IHC, immunohistochemistry.

Res effects miR-9 and the NF-«xBI1 signaling pathway in
chondrocytes. The expression levels of miR-9, NF-xBl1, IL-6,
MMP-13, caspase-3 were detected in cells following treat-
ment with different doses (15 and 30 M) of Res. The relative
expression level of miR-9 was significantly increased, whilst
the mRNA expression level of NF-kB1 was significantly
decreased following treatment with Res in a dose-dependent
manner compared with control (Fig. 7A and B). Similarly,
the protein expression levels of NF-xB1, IL-6, MMP-13 and
caspase-3 were significantly decreased following treatment
with Res compared with control (Fig. 7C-G).

Res promotes cell proliferation in mouse chondrocytes.
Following treatment with various doses (15 and 30 uM) of
Res, cell viability was determined by MTT assay. The growth
rate of chondrocytes significantly increased following treat-

ment with Res in a dose-dependent manner compared with
control (Fig. 8). These results suggest that treatment with Res
can significantly increase chondrocyte proliferation.

Discussion

As an abundant phytoalexin found in grape skins and red wine,
resveratrol (3,4, 5-trihydroxystilbene) is a potent and selective
inhibitor of NF-kB activation (18-20). In addition, Res inhibits
cyclooxygenase 2 (COX-2) transcription and activity in human
mammary epithelial cells (21,22). As a polyphenolic phytoes-
trogen, Res can activate sirtuin 1, expression of which was
demonstrated previously to be inhibited in OA. In addition,
Res can promote the differentiation of OA and therefore Res
may be beneficial in maintaining healthy cartilage (23). In the
current study, the effect of Res on the transcriptional activity
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of the MALATI1 promoter was examined. Treatment with  the relative expression levels of MALATI1, miR-9, NF-«BI,
Res suppressed the transcriptional activity of the MALAT1  IL-6, MMP-13 and caspase-3 in vitro and in the in vivo model
promoter thereby inhibited MALAT1 expression. In addition, of OA, as well as examining the effect of Res. Following
RT-qPCR and western blot analysis were used to determine  treatment with Res, the relative expression level of miR-9 was
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Figure 7. Effect of Res treatment on miR-9, NF-xB1, IL-6, MMP-13, caspase-

3 expression in mouse chondrocytes. The relative (A) miR-9 and (B) NF-xB1

mRNA expression levels were determined by RT-qPCR in chondrocytes following treatment with 0, 15 or 30 mM Res for 48 h. (C) The relative NF-xB1, IL-6,
MMP-13 and caspase-3 protein expression levels were determined by western blot analysis in chondrocytes following treatment with 0, 15 or 30 mM Res for

48 h. Quantification of (D) NF-xBl1, (E) IL-6, (F) MMP-13 and (G) caspase-3

protein expression. n=3. "P<0.05 vs. control group. miR, microRNA; NF-«BI,

nuclear factor kappa B subunit 1; IL-6, interleukin-6; MMP-13, matrix metallopeptidase 13; Res, Resveratrol.

significantly increased in a dose-dependent manner, whereas
the protein expression levels of NF-xB1, IL-6, MMP-13 and
caspase-3 were significantly decreased.

A previous study demonstrated that Res reduced the
expression of MALAT1 (16). To investigate the effect of Res
on MALATI expression in OA, a dual luciferase reporter

construct driven by MALAT1 promoter was examined in
chondrocytes following treatment with Res. The luciferase
reporter gene assay revealed that treatment with Res signifi-
cantly suppressed the transcriptional activity of the MALAT1
promoter. These results suggest that Res may directly influ-
ence the transcription of MALATI. In the current study, the
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Figure 8. Res treatment increases cell proliferation in mouse chondrocytes.
Cell proliferation was examined in chondrocytes following treatment with 0,
15 or 30 uM Res for 48 h. n=3. "P<0.05 vs. control group.

luciferase reporter gene assay was also used to investigate
the regulatory relationship between miR-9 and MALATI or
NF-kBl. MALAT]I directly regulated miR-9, and NF-xB1 was
confirmed as a target gene of miR-9.

Several studies have demonstrated the effect of Res on
NF-kB (24-26). NF-«B is a transcription factor that mediates
immune and inflammatory responses, and it is hypothesized
that Res exerts its effects by partially inhibiting NF-xB acti-
vation (24). Res reduces IkBa degradation and prevents the
nuclear translocation of p65 NF-«B in mast cells stimulated by
PMA and A23187. It is likely that Res inhibits the expression
of COX-2, TNF-a, IL-6 and IL-8 through NF-«kB activation
and IkB degradation (24). NF-kBI regulates the transcription
of genes which function in cell adhesion, proliferation and
differentiation as well as the immune response, apoptosis
and angiogenesis (25). NF-kB1 encodes both p50 and p105
proteins (26). p105 is a cytoplasmic protein that does not bind
to DNA directly. However, p50 can directly bind to DNA and is
subunit is derived from the N-terminus of the precursor protein,
pl05 (26). In the current study, DMM was used to establish
an in vivo model of OA, and Res was used to treat OA. The
summed score and the relative MALATI1, miR-9 and NF-xB1
expression levels were examined in tissue samples from mice
in the sham, OA and OA + Res groups. The relative mRNA
expression levels of MALAT1 and NF-kB1 were significantly
increased, while miR-9 expression was significantly decreased
in the OA group compared with the sham group. However,
treatment with Res partially reversed the effects of OA on the
mRNA expression levels of MALATI, miR-9 and NF-«kBI.
In addition, western blot analysis demonstrated that the rela-
tive protein expression levels of NF-«xB1, IL-6, MMP-13 and
caspase-3 were significantly increased in the OA and OA +
Res groups compared with the sham group although treat-
ment with Res partially reversed the effects of OA on protein
expression. Furthermore, NF-xB1 and MMP-13 expression
was examined by IHC in samples from mice in the sham, OA,
OA + Res groups. NF-kB1 and MMP-13 were highly expressed
in the OA and OA + Res groups compared with sham group,
however treatment with Res partially reversed the effects of
OA on NF-kB1 and MMP-13 expression.

The interactions between miR-9 and NF-«B were hypothe-
sized to suppress apoptosis during chondrogenesis (27), as cells
transfected with miR-9 inhibitors were associated with a higher
level of caspase-3 activity and an increased rate of apoptosis,
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whereas cells transfected with miR-9 mimics were associated
with a lower level of caspase-3 activity and a decreased rate of
apoptosis (28). Different cell types and distinct intercellular
environments may cause differences observed. In particular,
a previous study reported low miR-9 expression in the knee
tissues of patients with OA which may be related with the
enhanced level of apoptosis in chondrocytes (27). In addition,
miR-9 can negatively regulate the expression of NFkBI, thus
suggesting that a reduction in miR-9 expression may increase
the expression of NF-kB and therefore inhibit cell prolifera-
tion (29,30-32)

In conclusion, treatment with Res downregulates MALAT1
expression, and MALAT1 may function as a molecular sponge
of miR-9. In addition, miR-9 can directly target NF-«xB, and
as an inflammatory cytokine NF-kB can induce apoptosis in
chondrocytes contributing to the development of OA. In the
current study, DMM was used to establish an in vivo model
of OA, which was treated with Res and the effect of Res was
examined in vitro and in the in vivo model of OA.
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