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a b s t r a c t

Pro-inflammatory cytokines IL-1b and TNFa play important roles in the manifestation of arthritis by
disrupting the anabolic and catabolic activities of the chondrocytes. We observed a novel mechanism
of cartilage regulation by which muscle cells diminish the response of chondrocytes to IL-1b and TNFa.
We found that chondrocytes cocultured with muscle cells or cultured in muscle cell-conditioned medium
significantly enhanced the expression of cartilage matrix proteins (collagen II and collagen IX) and
resisted IL-1b and TNFa-induced cartilage damage. Our data suggest that this effect is achieved by inhib-
iting the expression of key components of the signaling pathways of pro-inflammatory cytokines (includ-
ing NFjB, ESE-1, Cox-2, and GADD45b), leading to attenuated expression of cartilage-degrading enzymes
(MMPs and ADAMTS4). Therefore, our work unveils a potential role of muscle in regulating cartilage
homeostasis and response to pro-inflammatory stimuli, and provides insights on designing treatment
strategies for joint degenerative diseases such as arthritis.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Inflammation of the joint leads to chronic pain and swelling in
arthritis [1]. Pro-inflammatory cytokines in the inflamed joint, most
notably IL-1b and TNFa, disrupt the catabolic and anabolic balance of
the cartilage cells (i.e. chondrocytes). This leads to the destruction of
cartilage extracellular matrix (ECM), whose major protein compo-
nents are collagens and proteoglycans [2]. Collagen type II is the
major collagen in cartilage that makes up over 90% of collagen mass
[1]. Other collagens, including collagen IX and XI, play important
roles in stabilizing the structure of collagen type II [3]. Pro-inflam-
matory cytokine-induced destruction of collagen and other ECM is
mediated by the signaling pathways of MAP kinases and NFjB [2].
These events subsequently lead to two effects on cartilage gene
expression. One effect is the induction of metalloproteinases MMPs
and ADAMTS, which leads to the degradation of collagen and aggre-
can at the protein level. This effect is mediated by transcription
factors such as AP-1 [2]. The other effect is the inhibition of transcrip-
tion of cartilage matrix proteins such as collagen II, which reduces
the cartilage matrix production at the mRNA level [2]. This effect is
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mediated by transcription factors EGR-1, ESE-1, and GADD45b, as
well as by cyclooxygenase-2 (Cox-2) [4–6].

Under normal conditions, cartilage homeostasis is regulated by
factors expressed within the cartilage tissue as well as tissues
surrounding the cartilage [2]. Muscle is a tissue that lies immedi-
ately next to the developing cartilage in the embryo [7]. While car-
tilage does not directly contact muscle tissue in the adult joint
(except at the temporomandibular joint), it remains in close prox-
imity to cartilage throughout life [8]. Multiple pieces of evidence
suggest that muscle may regulate skeletal development. For exam-
ple, when muscle in the chick embryo was paralyzed by botulinum
toxin, which abolished muscle contraction and caused muscle atro-
phy, the embryo showed abnormal joint formation and shortened
bones [9]. Mouse mutants that lack muscle-specific proteins such
as dystrophin/utrophin or myogenin also exhibited skeletal abnor-
malities including a curved spine or a reduced skeletal size [10,11].
Similarly, mouse knockouts of Pax7, a marker for muscle progeni-
tor cells, exhibited reduced body sizes as well [12]. Consistent with
the phenotype of these mouse mutants, short stature and scoliosis
are common features of children with Duchenne muscular dystro-
phy [13,14]. More recently, we found that chondrocytes cocultured
with muscle cells exhibited increased expression of cartilage
matrix proteins [15]. Since these muscle cell cultures do not
contract, we believe that muscle cells provide biochemical signals
to regulate cartilage gene expression [15].
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In addition to regulating skeletal development, muscle has also
been proposed to be an immunogenic organ [16]. Muscle produces
a variety of cytokines (such as IL-6 and IL-15), matrix metallopro-
teinases (MMPs) and MMP inhibitors (TIMPs) [16–18]. Some of
these factors have been shown to mediate exercise-associated
anti-inflammatory responses [16]. Furthermore, patients with con-
genital myopathy showed deformation and fibrosis of the tempo-
romandibular joint, and it has been suggested that reduced
muscle strength may be a risk factor for knee arthritis [19,20].

Despite the implication of muscle in regulating inflammation,
the role of muscle cells on the response of chondrocytes to pro-
inflammatory cytokines has never been reported. Here we show
that chondrocytes cocultured with muscle cells are more resistant
to cartilage destruction induced by pro-inflammatory cytokines,
suggesting a novel role of muscle cells in regulating catabolic and
anabolic processes in cartilage tissue.
Materials and methods

Cell culture. Murine myoblasts (C2C12) and NIH3T3 cells were
purchased from American Type Culture Collection. RCS chondro-
cytes were a generous gift from Dr. Andrew Lassar (Harvard Med-
ical School). The cells were seeded at a density of 104/well of 24
well plates. All cocultures were seeded at a ratio of 2:1
(RCS:C2C12). C2C12 muscle cell-conditioned medium was pre-
pared as described [15]. Cells were cultured in DMEM with 10%
FBS (Hyclone) and 1% pen/strep for 3 days before 3 days of IL-1b
or TNFa (Peprotech) treatment.

Immunocytochemistry. Cultures were fixed with 4% paraformal-
dehyde and incubated with primary antibodies overnight. The
primary antibodies were: mouse anti-collagen II (generous gift
from Dr. Tom Linsenmayer, Tufts University); mouse anti-collagen
IX (D1–9, Dev. Stud. Hybr. Bank); rabbit anti-desmin (Abcam
Cat#12500). The secondary antibodies were: goat anti-mouse/rab-
bit conjugated with Alexa 488 (green) or 594 (red) (Invitrogen).
Images were taken using the Olympus IX71 inverted microscope
and Olympus DP70 digital camera. Relative protein levels were
quantified by analyzing pixel intensities of fluorescent signals
using the program Image J [21]. Values of pixel intensity were nor-
malized to the total chondrocyte numbers, which were determined
by their round cell morphology and collagen II protein expression.
Three repeats were carried out for each experiment, and for each
experiment 3–10 views were photographed for quantification.
For statistical analysis, the mean and standard deviation were cal-
culated. Statistically significant differences (i.e. P < 0.05) were
determined by one-way analysis of variance (ANOVA).

Western blot analysis. For Western blot analysis, total protein
lysates were obtained from confluent 6 cm tissue culture plates
that contained roughly 3 � 106 cells, following a standard protocol.
The proteins were separated by SDS–PAGE and blotted using the
BioRad apparatus. The membranes were hybridized with the
following antibodies overnight: rabbit anti-collagen II (Abcam,
Ab34712), rabbit anti-desmin (Abcam, Ab12500), mouse anti-col-
lagen IX (Chemicon/Millipore, MAB3304) and mouse anti-GAPDH
(Abcam, Ab8245). After repeated washing, the membranes were
hybridized with secondary antibodies of goat anti-mouse or anti-
rabbit HRP-conjugated antibodies (Calbiochem). The signals were
developed using ECL substrate (Pierce, cat# 32106), and films ex-
posed to chemiluminescent signals were developed in Kodak
M35A-X-OMAT processor.

RT-PCR analysis. Total RNA was isolated using the RNeasy mini
kit (Qiagen) [15]. All PCR analyses were normalized based on
GAPDH expression using the iQ5 Real Time PCR Detection System
(BioRad). Rat primer sequences are (50–30): GAPDH (NCBI#
NM_017008), 1131-GTTGCTGAGGAGTCCCCA-1147 (Forw) and
1258-CCTATTCGAGAGAAGGGA-1241 (Rev). Col IIa1 (NCBI#NM_01
2929.2), 1972-AAGCAAGGTGACCAGGGTATTCCT-1995 (Forw) and
2255-TTCTCGCCAACATCACCTCTGTCT-2232 (Rev). Col IX (NCBI#
NM_001108675), 1961-TCGTGGATGTGGTGCTGAAGATGA-1984
(Forw) and 2100-ATTGGGTCCCTGTTTGCCTGGATA-2083 (Rev);
aggrecan (NCBI#NM_0221190.1), 1363-AAGGACTGTCTATCTG
CACGCCAA-1386 (Forw) and 1487-TCACCACCCACTCCGAAGAAG
TTT-1465 (Rev). MMP13 (NCBI#NM_133530.1), 1705-GCTGAAGA
GTGATCATAA-1722 (Forw) and 1904-GCTATCTGTTAATGTGTGT
-1886 (Rev). MMP9 (NCBI#NM-031055.1), 2869-AGCCCGTTTAAA
GTGCATGTGTGC-2892 (Forw) and 2959-GAGTGTCCGAGGAAGA
TACTTGGT-2936 (Rev). ADAMTS4 (NCBI#XM_341154.1), 1818-AG
CAGATGGTTCTTACGCCCTCAA-1841 (Forw) and 2012-AGACGT
ACATTCTGTGGGTTGCCA-1989 (Rev). NF-jB (NCBI#XM_342346),
3419-AAGGCCATCATATCGTTCCG-3438 (Forw) and 3619-CATA
CCCCAAGCCACACCGA-3600 (Rev). ESE-1 (NCBI#NM_001024768),
221-CCTGAACAACCAACACATGTCCC-243 (Forw) and 302-CTCAG
TTCTGTCCCTTTGGGATCT-279 (Rev). COX-2 (NCBI#NM_017232.3)
1596-ACCTAGCACCTTCGGAGGA-1614 (Forw) and 1694-GAGGCAA
AGGGACACCCTT-1676 (Rev). GADD45b (NCBI#NM_001008321),
2-AACCCGGGATCCGTGTCA-19 (Forw) and 187-GCAAAGCACTCGT
CCAGATCC-167 (Rev).
Results

Chondrocytes cocultured with muscle cells maintain collagen protein
expression upon pro-inflammatory cytokine challenge

We tested the effect of muscle cells on the response to pro-
inflammatory cytokines in chondrocytes by coculturing these two
cell types. We have previously used the same coculture system
to evaluate the effect of muscle cells on cartilage matrix production
[15]. In this system, we selected RCS cell line (rat chondrosarcoma
cells), which is a commonly used chondrocyte cell line for studying
cartilage gene expression [22]. For muscle cells, we selected C2C12
mouse muscle cell line, which is a widely used cell line for studying
muscle differentiation [23]. RCS cells generally have a compact
morphology and express cartilage marker collagen II, while
C2C12 muscle cells have a fibroblast-like morphology and express
muscle marker desmin (Fig. 1A). In addition, C2C12 muscle cells do
not express cartilage markers even when cocultured with chondro-
cytes (Fig. 1A) [15]. This distinction between the two cell types al-
lows us to evaluate protein expression in chondrocytes through
immunocytochemistry.

We first assayed cartilage marker collagen protein expression in
chondrocytes treated with pro-inflammatory cytokines IL-1b and
TNFa. We found that chondrocytes cultured alone showed reduced
collagen II and collagen IX expression after the administration of
1 ng/ml of IL-1b or 2 ng/ml of TNFa (Fig. 1B), which is consistent
with prior reports [24]. Strikingly, collagen II and collagen IX pro-
tein expression remained high upon IL-1b or TNFa treatment in
chondrocytes that were cocultured with muscle cells (Fig. 1B). This
result was further quantified using Image J, a program that mea-
sures the fluorescent intensity of immunostained images [21]
(Fig. 1C and D). We performed Western blot analysis and further
confirmed that indeed chondrocytes cocultured with muscle cells
expressed higher levels of collagen II and collagen IX proteins,
which were maintained in the presence of IL-1b or TNFa
(Fig. 1E). Since C2C12 cells do not express cartilage markers
(Fig. 1A and F) [15], our analysis suggests that muscle cells enhance
the resistance of chondrocytes to pro-inflammatory cytokine-in-
duced collagen reduction. We confirmed the specificity of this ef-
fect by coculturing chondrocytes with non-muscle cells NIH3T3
and found that coculturing with NIH3T3 cells did not lead to en-
hanced collagen II expression in chondrocytes upon IL-1b treat-
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ment (S-Fig. 1). Furthermore, we found that chondrocytes cultured
in cell-free muscle cell-conditioned medium exhibited signifi-
cantly enhanced resistance to pro-inflammatory cytokine-induced
collagen destruction, suggesting that this effect is mediated by fac-
tors secreted by muscle cells (Fig. 1F).

Increased resistance to IL-1b and TNFa-induced reduction of
collagen II and collagen IX can be achieved by maintained mRNA
production or by reduced protein degradation. To evaluate
whether coculturing with muscle cells leads to maintained mRNA
expression in chondrocytes treated with IL-1b or TNFa, we
performed qRT-PCR analysis on collagen and aggrecan genes. We
purposely chose cells from two different species so that the pres-
ence of mouse C2C12 cells would not interfere with our RT-PCR
analysis of rat chondrocytes when we use rat-specific primers with
GAPDH as a loading control. From this analysis, we found that
coculturing with muscle cells did not alter the mRNA level of col-
lagen II in the absence of IL-1b and TNFa (Fig. 2A and B). However,
in the presence of increasing amounts of IL-1b (0.1–1 ng/ml) or
TNFa (0.5–2 ng/ml), chondrocytes cocultured with C2C12 muscle
cells exhibited significantly higher levels of collagen II mRNA,
while control chondrocytes expressed a progressively reduced
amount of collagen II mRNA (Fig. 2A and B). In contrast to the
results of collagen II, coculturing with muscle cells did not prevent
IL-1b or TNFa-induced collagen IX mRNA downregulation (Fig. 2C
and D). Since our earlier results indicated that collagen IX protein
expression was maintained in cocultured chondrocytes upon IL-
1b or TNFa treatment (Fig. 1D–F), it suggests that muscle cells
may regulate collagen IX expression primarily through a post-tran-
scriptional mechanism. While we were unable to assay aggrecan
protein expression due to the lack of a suitable antibody, we found
that aggrecan mRNA was maintained at a higher level in cocultured
chondrocytes than in chondrocytes cultured alone when treated
with low levels of IL-1b or TNFa, although both cytokines did lead
to significant reduction of aggrecan expression in cocultured chon-
drocytes (Fig. 2E and F).

Taken together, we found that chondrocytes cocultured with
muscle cells exhibited resistance to IL-1b and TNFa-induced colla-
gen reduction. In addition, muscle cells may regulate cartilage gene
expression at both the transcriptional level and the post-transcrip-
tional level.

Coculturing with muscle cells leads to reduced expression of cartilage-
degrading enzymes

Cartilage-degrading enzymes play important roles in regulating
cartilage matrix expression at the post-transcriptional level [25].
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Thus we evaluated the expression of three such enzymes MMP13,
MMP9, and ADAMTS4 [2]. We found that increasing amounts of IL-
1b (from 0.1 ng/ml to 1 ng/ml) or TNFa (from 0.5 to 2 ng/ml) led to
a progressive increase in MMP13 expression in RCS chondrocytes
cultured alone (Fig. 3A and B). However, IL-1b or TNFa (especially
at low concentrations) did not induce a significant increase in
MMP13 expression in chondrocytes cocultured with muscle cells
(Fig. 3A and B). Similarly, the expression level of other metallopro-
teinases MMP9 and ADAMTS4 were also generally lower in chon-
drocytes cocultured with muscle cells (Fig. 3C–F).
Coculturing with muscle cells reduces pro-inflammatory cytokine
signaling in chondrocytes

We next evaluated whether reduced expression of cartilage-
degrading enzymes in chondrocytes cocultured with muscle cells
correlates with reduced expression of downstream mediators of
pro-inflammatory cytokines. As NFjB plays a key role in the signal
transduction of pro-inflammatory cytokines [2], we evaluated the
mRNA level of p105, which encodes a crucial NFjB subunit. We
found that chondrocytes cocultured with muscle cells generally
expressed lower levels of NFjB either in the absence or presence
of IL-1b or TNFa (Fig. 4A). To evaluate the activation of NFjB sig-
naling, we assayed the expression of NFjB-induced factors. ESE-1
(epithelial-specific ETS factor-1) is a direct target of NFjB, and
can inhibit collagen II expression by binding to its promoter [2]. In-
deed, we found that ESE-1 expression in control chondrocytes was
induced by both IL-1b and TNFa (Fig. 4B). Interestingly, ESE-1
expression was significantly lower in cocultured chondrocytes
treated with IL-1b or TNFa (Fig. 4B). Furthermore, Cox-2, a factor
induced by ESE-1 that mediates the IL-1b-induced inflammatory
response, was also expressed at a lower level upon pro-inflamma-
tory cytokine challenge in chondrocytes cocultured with muscle
cells (Fig. 4C). Finally, we assayed the expression of another
NFjB-induced factor, GADD45b, which also inhibits collagen II
mRNA expression [2,6]. Similar to ESE-1 and Cox-2, GADD45b
was expressed at a much lower level in chondrocytes cocultured
with muscle cells upon IL-1b or TNFa challenge (Fig. 4D). There-
fore, we concluded that chondrocytes cocultured with muscle cells
elicited an attenuated response to pro-inflammatory cytokines,
leading to the reduced expression of cartilage-degrading enzymes,
and the enhanced resistance to cytokine-induced reduction of car-
tilage matrix at both the mRNA and protein level.
Discussion

We observed a novel mechanism of muscle-mediated cartilage
regulation. We found that in an inflammatory environment, cocul-
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turing with muscle cells significantly enhanced the expression of
collagen II and collagen IX proteins in chondrocytes, while reduc-
ing the expression of cartilage-degrading enzymes. We suggest
that this effect is achieved by inhibiting the expression of key com-
ponents of the signaling pathways (such as NFjB) that mediate the
activity of pro-inflammatory cytokines in chondrocytes. Since
culturing in muscle cell-conditioned medium led to significantly
enhanced resistance to pro-inflammatory cytokine-induced colla-
gen destruction in chondrocytes, we suggest that the enhanced
resistance to pro-inflammatory cytokine damage is conferred by
factors secreted from the muscle cells alone, and is not due to
the method of coculturing itself. Therefore, our work indicates a
potential role of muscle in regulating cartilage homeostasis in an
inflammatory environment [20].

Several factors have shown antagonistic effects to pro-inflam-
matory cytokine-induced cartilage degradation. One such factor
is TGFb, which inhibited IL-1b-induced collagen II reduction and
MMP13 induction, but did not inhibit the expression of aggrecan-
ase ADAMTS4 [26]. In contrast, in this study, the effect of chondro-
genic factor BMP2 on IL-1b-induced cartilage destruction was
minimal [26]. While IGF-I has been reported to inhibit pro-inflam-
matory cytokine-induced collagen degradation, often a large
amount of IGF-I is required for this inhibitory activity [27–29]. In
addition, components of cartilage ECM such as glucosamine and
chondroitin sulfate were shown to be anti-inflammatory, as they
inhibit NFjB signaling [30,31]. Thus it will be of interest to exam-
ine the effect of muscle cells on the expression of glucosamine and
chondroitin sulfate in chondrocytes.

While it is not yet clear which specific factors in muscle cells
contribute to the anti-inflammatory effect we observed in our
cocultures, proteomic analyses of muscle cells and muscle cell-
conditioned medium have uncovered an array of muscle-derived
proteins including IGFs and Wnts [32–34], which may be involved
in the anti-inflammatory response. In this investigation, we evalu-
ated our cultures two days after cytokine treatment, a timeline that
did not allow us to analyze the expression of immediate early
mediators of IL-1b (such as Egr-1 and c-Jun), whose induction oc-
curs quickly (within 1 h of IL-1b treatment) but subsequently ta-
pers off over the course of one day [35]. Evaluation of early
response genes that are involved in cartilage degradation upon
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treatment with pro-inflammatory cytokines in our system will fur-
ther our understanding on the mechanisms of muscle cell-medi-
ated cartilage regulation [2,36].
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