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Degradation of collagen type Il caused by pro-inflammatory cytokines such as tumor necrosis factor alpha
(TNF-at) is one of the major pathological characteristics of osteoarthritis (OA). Dimethyl fumarate (DMF)
is a medication approved by the US Food and Drug Administration (FDA) as an oral multiple sclerosis
(MS) therapy. In this study, we found that DMF ameliorated collagen type Il degradation by inhibiting
the expression of MMP-1, MMP-3, and MMP-13 caused by TNF-o. Mechanistically, DMF attenuated
MMPs expression by suppressing JAK/STAT3 pathway. These findings imply that DMF treatment might
be a potential therapeutic strategy for chondroprotective therapy.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Osteoarthritis (OA), a major cause of disability, is a degenerative
joint disease [1]. Progressive loss of articular cartilage is one of the
major pathological characteristics of OA. Pro-inflammatory cyto-
kines including interleukin-1p (IL-1B) and tumor necrosis factor
alpha (TNF-a) disturb the metabolism balance of extracellular
matrix (ECM) in chondrocytes, mainly composed by collagen type
II. The activation of degradative enzymes such as the matrix
metalloproteinases (MMPs) plays a pivotal role in the loss and deg-
radation of proteoglycans and collagen the destruction of articular
cartilage in patients who are suffering from osteoarthritis [2]. It has
been reported that MMP-3 degrades proteoglycans and activates
procollagenase in articular cartilage [3]. MMP-13 mainly targets
type Il collagen in cartilage for degradation [4]. Tumor necrosis fac-
tor alpha (TNF-a1) was also involved in the progression of OA via
up-regulating MMPs expression or triggering inflammatory pro-
cess [5]. Currently, no treatment or drug is available to retard its
progression. Thus, it is believed that disturbing the effects of MMPs
or pro-inflammatory cytokine activity may reduce the cartilage
degradation in OA.

Dimethyl fumarate (DMF) is a methyl ester of fumaric acid
approved by the FDA as an oral multiple sclerosis (MS) therapy
[6]. Multiple lines of evidence have demonstrated the detoxifica-
tion and anti-inflammatory capabilities of DMF, which reduces
with the production and release of inflammatory molecules, such
as cytokines (TNF-o, IL-1B, and IL-6) and NO, and elevates the
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production of detoxification enzymes such as reduced-form nico-
tinamide adenine dinucleotide phosphate quinone reductase 1
and/or glutathione [7,8]. DMF also inhibits the expression of
VCAM-1 in endothelial cells [9] and activates nuclear factor ery-
throid 2-related factor (Nrf2), a transcription factor which reduces
the free radicals, prevents synthesis of reactive nitrogen species
(RNS), and thus protects the CNS from degeneration and axonal
loss [10]. However, little information regarding to the effects of
DMF on MMPs and subsequent collagen type Il has been reported
before.

2. Materials and methods
2.1. Primary cell culture

The study was approved by the local ethics committee and
guided by the World Medical Association Declaration of Helsinki
Ethical Principles for Medical Research Involving Human Subjects.
All of participants have signed the written informed consent. Nor-
mal specimens of knee joint cartilage were obtained from normal
femoral heads of patients undergoing prosthetic replacement due
to fracture of the femoral neck or distal femoral tumor. Briefly, car-
tilage tissue was digested in 0.25% trypsin (Sigma-Aldrich, USA) at
37 °C for 30 min followed by digestion in 3 mg/ml collagenase type
[ (Sigma-Aldrich, USA) in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 (1:1) (Gibco, UK) supplemented with 10% heat-inac-
tivated foetal bovine serum (FBS) (Gibco, UK), 2 mM glutamine
(Gibco, UK), 100 U/ml penicillin, 100 mg/ml streptomycin (Gibco,
UK), 2.5 mg/ml amphotericin B (Sigma-Aldrich, USA), and 50 mg/
ml ascorbic acid (Sigma-Aldrich, USA) (complete media) at 37 °C
for 16 h. Isolated chondrocytes were cultured in monolayer in


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.10.005&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.10.005
mailto:yeli086@yeah.net
http://dx.doi.org/10.1016/j.bbrc.2014.10.005
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

258 Y. Li et al./Biochemical and Biophysical Research Communications 454 (2014) 257-261

complete media in a humidified atmosphere of 5% CO, at 37 °C and
harvested at passage 2.

2.2. RNA isolation and quantitative real time PCR

Chondrocytes were induced with TNF-oo (10 ng/mL) with or
without DMF (0, 1, 10, 50 uM) for 24 h. Chondrocytes were col-
lected and total RNA was extracted by using TRIzol reagent (Invit-
rogen, USA). The concentration and purity of extracted total RNA
were determined by using the absorbance at 260 and 280 nm.
cDNA was synthesized by reverse transcription of RNA(2 g) using
Superscript First-Strand Synthesis System (Invitrogen, USA). Syn-
thesized cDNA was used for PCR amplification using specific prim-
ers, a core kit for SYBR Green (Applied Biosystems, USA) in a Step
One Real-Time PCR System (Applied Biosystems, USA). The follow-
ing primers were used in this study: for

MMP-1:  forward, 5-GGGAATAAGTACTGGGCTGTTCAG-3’;
reverse, 5-CCTCAGAAAGAGCAGCATCGATATG; for MMP-3, for-
ward, 5- CCTCTATGGACCTCCCACAGAATC-3’; reverse, 5'-GGTGCT
GACTGCATCGAAGGACAAA-3'; for

MMP-13: forward, 5-CTGGCCTGCTGGCTCATGCTT-3'; reverse,
5-CCTCAGAAAGAGCAGCATCGATATG-3'; for actin: forward, 5'-
CACCTTCTACAATGAGCTGCGTGT-3’; reverse, 5'-CACAGCCTGGATA
GCAACGTACA-3.

2.3. MMP-1, 3 and -13 enzyme linked immunosorbent assays (ELISAs)

After indicated treatment, the culture medium was assessed by
the enzyme-linked immunosorbent assay (ELISA). Commercial
ELISA kits (R&D Systems, Abingdon, UK) were used according to
the manufacturer’s instructions to measure MMP-1, MMP-3 pro-
tein expression (ng/ml) and MMP-13 protein expression (pg/ml).

2.4. Western blot analysis

After indicated treatments, chondrocytes were collected and
washed with ice-cold phosphate-buffered saline (PBS). The protein
was extracted and protein concentration was evaluated by the
Bicinchoninic Acid (BCA) Protein Assay kit. 20 g of total extracted
proteins were subjected to 10% sodium dodecyl sulfate (SDS)-poly-
acrylamide gels, followed by transference onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA). After blocked with
5% dry fat milk in Tris-buffered saline plus 0.05% Tween-20 (TBST)
for 1h at room temperature (RT), the PVDF membranes were
sequentially probed with primary antibodies overnight at 4 °C
and the secondary antibody linked with horse radish peroxidase
(HRP) (Pierce Biotechnology, USA) at room temperature (RT) for
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1 h. Blots were developed with enhanced chemiluminescence
(ECL) kit (Pierce Biotechnology).

The membranes were detected using Enhanced Chemilumines-
cence (ECL) reagents (GE Healthcare, USA) and exposed to X-ray
films.

2.5. Statistical analysis

All data were expressed as arithmetic mean + standard devia-
tion (SD). The data were analyzed by one-way ANOVA. Differences
were considered significant when P was less than 0.05.

3. Results
3.1. Effects of DMF on MMP-1, MMP-3, and MMP-13 gene expression

We analyzed the effects of DMF on MMP-1, MMP-3 and MMP-
13 gene expression by quantitative real-time PCR. Chondrocytes
un-stimulated with TNF-o showed low gene expression of
MMP-1, MMP-3 and MMP-13, TNF-a significantly induced the
gene expression of MMP-1, MMP-3 and MMP-13 and this induc-
tion was inhibited by DMF in a dose dependent manner (1, 10,
50 uM) (Fig. 1).

3.2. Effects of DMF on MMP-1, MMP-3 and MMP-13 protein levels

We next investigated whether DMF affected the TNF-o induced-
protein levels of MMP-1, MMP-3 and MMP-13 in chondrocytes. As
shown in Fig. 2, DMF significantly down-regulated the augmented
protein levels of MMP-1, MMP-3 and MMP-13 which were induced
by TNF-a in a dose dependent manner (1, 10, 50 pM).

3.3. Effects of DMF on collagen II degradation

The degradation of collagen Il by MMPs has been a critical step
leading to damage of the joints in OA patients. By Western blotting,
the results showed that TNF-a decreased collagen II levels, which
was ameliorated by treatment with DMF in a dose dependent man-
ner (see Fig. 3).

3.4. DMF inhibits the activation of STAT3

JAK2/STATs pathways have been reported to be involved in acti-
vation of MMPs.

Among the seven STAT members downstream of JAK signaling
pathways, STAT3 appears to be one of the most important regula-
tors. A recent study has shown that the JAK2/STAT3 pathway is
involved in the collagen II reduction in chondrocytes [11]. The
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Fig. 1. Effects of dimethyl fumarate (DMF) on MMP-1, MMP-3, and MMP-13 gene expression. Human chondrocytes were treated with 10 pg/ml TNF-o in the presence or
absence of DMF (0, 1, 10, 50 uM) for 24 h, and total RNA was assessed for MMPs mRNA expression by real time PCR. (A) MMP-1; (B) MMP-3; (C) MMP-13 (*P<0.01 vs.

nontreated control, n = 4; *P<0.01 vs. TNF-o treated group).
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Fig. 2. Effects of Dimethyl fumarate (DMF) on MMP-1, MMP-3, and MMP-13 protein expression. Human chondrocytes were treated with 10 pig/ml TNF-o in the presence or
absence of DMF (0, 1, 10, 50 uM) for 24 h, and MMPs expression was determined by the Elisa assay. (A) MMP-1; (B) MMP-3; (C) MMP-13 (*P < 0.01 vs. non-treated control,

n=4; #P<0.01 vs. TNF-o treated group).

A)

TNF-0. -

+ + +
DMF 0 0 1 10 s
Collagen
type it D el — cm—
B-Actin —

(B)

= 'm
=) n

e
th

Collagen type II
(Relative value)

+ + +

10 50

Fig. 3. Normal human chondrocytes were treated with TNF-o with or without various doses of DMF or the solvent, DMSO, for 24 h. The levels of collagen type II in total cell
lysates were measured by Western blot analysis (P< 0.01 vs. control group; #*P < 0.01 vs. TNF-o treated group).
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Fig. 4. DMF prevents the activation of JAK2/STAT3. Human chondrocytes were treated with TNF-o with or without various doses of DMF or the solvent, DMSO, for 24 h. (A)
The expression level of phosphorylated STAT-3; (B) pre-treatment with either JAK1 or JAK2 inhibitor efficiently reduced AGE-induced STAT3 tyrosine phosphorylation

(P<0.01 vs. control group; *P<0.01 vs. TNF-o treated group).

results indicated that TNF-a significantly induced expression of the
tyrosine phosphorylated form of STAT3 24 h after stimulation.
Notably, the activation was attenuated by treatment with DMF
(Fig. 4A). Meanwhile, both JAK1 and JAK2 inhibitors successfully
blocked TNF-a-induced STAT3 phosphorylation and DNA-binding
activity (Fig. 4B).

4. Discussion

TNF-o is a pivotal cytokine in many inflammatory disorders
including osteoarthritis. In particular, TNF-o. induces MMPs, TNF-
o, IL-8, and complement factor involved in the cartilage degrada-
tion in vitro [12]. It suppressed proteoglycan production and
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stimulated collagen type II degradation. In this study, we found
that DMF ameliorated collagen type I degradation by inhibiting
the expression of MMP-1, MMP-3, and MMP-13. TNF-a has been
reported to induce catabolic genes, such as matrix metalloprotein-
ase-1 (MMP-1), MMP-3, MMP-9, and MMP-13 [13]. MMP-3 protein
was reported to be expressed in the synovium and the surface of
cartilage in the knee joints and in pannus-like tissue of patients
with OA [14]. In addition to collagen type II, MMP-13 also degrades
proteoglycan, types IV and type IX collagen, osteonectin and perl-
ecan in cartilage. It has been suggested that inhibition of MMPs
expression, especially MMP-1, MMP-3, MMP-13, may show some
beneficial effects of chondroprotection on the pathological condi-
tions such as OA [15].

Activation of JAK/STAT pathway or STAT signaling has been
involved in chondrocytes of OA patients. The JAK/STAT3 pathway
has been reported to regulate the induction of MMP-1 expression
[16]. In addition, Legendre et al. (2005) reported that IL-6/sIL-6R
treatment provoked MMP-1, -3 and -13 expressions via STAT1/3
activation in primary bovine chondrocytes [17]. In addition, it
has been reported that IL-1B treatment induces MMP-13 and acti-
vates JAK/STAT signaling in SW1353 cells, particularly, via JAK2/
STAT1/2 [18]. Our study demonstrated that DMF inhibits the acti-
vation of the JAK/STAT3 pathway, suggesting a novel inhibitory
effect of DMF in inflammation. Consistent with our findings, it
has been suggested that immunomodulatory mechanisms of action
of DMF or its metabolite monomethyl fumarate (MMF) include
inhibition of cytokine-induced nuclear translocation of the nuclear
factor kappa B (NF-kB) [19], apoptosis of stimulated T cells [20],
and increased production of the TH2 cytokines IL-4 and IL-5 in
stimulated T cells, whereas generation of the TH1 cytokine inter-
feron gamma (IFN-vy) [21]. The long-term effect of DMF in neuronal
cells is most probably mediated via Nrf2 as other reported mecha-
nisms such as the inhibition of the nuclear translocation of NF-xB
[22].

In spite of its proven clinical efficacy, the mode of metabolism
and the pharmacodynamics of DMF are still not completely under-
stood. It has been shown that orally applied DMF for a considerable
part is rapidly metabolized to methylhydrogen fumarate (MHF) at
basic pH conditions as present in the upper intestine. Due to its
high lipophilicity, DMF has been shown rapidly to penetrate into
cells and may thus at least in part be absorbed after po application
without being hydrolyzed. As a matter of fact, no detectable
amounts of DMF were hitherto found in plasma samples after po
administration [23]. However, in order to explore its potential
therapeutic effects, DMF has been used to study various in vitro
disease models. And the concentration of DMF used in these stud-
ies is mainly ranged from 1 pM to 75 pM. For example, a recent
study indicated that treatment with DMF at the concentrations of
5, 20, and 50 puM in rat vascular smooth muscle cells (VSMCs)
resulted in a dose-dependent suppression of calcification in rat
VSMCs [24]. In addition, DMF was seen to inhibit TGF-B-stimulated
type I collagen expression in a dose-dependent manner from 20-
40 pM in mesangial cells (RMCs) [25]. Another study showed that
20 uM DMF caused an increase in relative HDAC1, HDAC2, and
HDAC4 mRNA levels in astrocytes [26]. Kang and his colleagues
showed that DMF treatment reduced the mRNA levels of adipo-
genic genes C/EBPb, C/EBPa, PPARc, SREBP-1¢, FAS, and aP2 in a
dose dependent manner at the concentrations of 25, 50, and
75 uM [27]. These findings support the concentrations of DMF
we used in this study.

In conclusion, for the first time, our data demonstrated that
DMF suppressed TNF-o- induced degradation of collagen type II
in human chondrocytes. Mechanistically, DMF attenuated MMPs
expression by suppressing JAK/STAT3 pathway. These findings

imply that DMF treatment might be a potential therapeutic strat-
egy for chondroprotective therapy.
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