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Role of Interleukin-10 in Endochondral Bone
Formation in Mice

Anabolic Effect via the Bone Morphogenetic Protein/Smad Pathway

Youn-Kwan Jung,1 Gun-Woo Kim,1 Hye-Ri Park,1 Eun-Ju Lee,1 Je-Yong Choi,2

Frank Beier,3 and Seung-Woo Han1

Objective. Interleukin-10 (IL-10) is a pleiotropic
immunoregulatory cytokine with a chondroprotective
effect that is elevated in cartilage and synovium in
patients with osteoarthritis. However, the role of IL-10
during endochondral bone formation and its mecha-
nism of action have not been elucidated.

Methods. IL-10–/– mice and IL-10–treated tibial
organ cultures were used to study loss and gain of IL-10
functions, respectively, during endochondral bone for-
mation. Primary chondrocytes from the long bones of
mouse embryos were cultured with and without IL-10.
To assess the role of IL-10 in chondrogenic differentia-
tion, we conducted mesenchymal cell micromass cul-
tures.

Results. The lengths of whole skeletons from
IL-10–/– mice were similar to those of their wild-type
littermates, although their skull diameters were
smaller. The tibial growth plates of IL-10–/– mice showed
shortening of the proliferating zone. Treatment with
IL-10 significantly increased tibial lengths in organ

culture. IL-10 also induced chondrocyte proliferation
and hypertrophic differentiation in primary chondro-
cytes in vitro. Mechanistically, IL-10 activated STAT-3
and the Smad1/5/8 and ERK-1/2 MAP kinase pathways
and induced the expression of bone morphogenetic
protein 2 (BMP-2) and BMP-6 in primary chondrocytes.
Furthermore, the blocking of BMP signaling attenuated
the IL-10–mediated induction of cyclin D1 and RUNX-2
in primary chondrocytes and suppressed Alcian blue
and alkaline phosphatase staining in mesenchymal cell
micromass cultures.

Conclusion. These results indicate that IL-10 acts
as a stimulator of chondrocyte proliferation and chon-
drogenic or hypertrophic differentiation via activation
of the BMP signaling pathway.

The main pathologic feature of osteoarthritis
(OA) is gradual loss of cartilage from exposure to
repetitive loading. The initial response of chondrocytes
to external mechanical loading is adaptation; that is, they
become metabolically active and proliferative (1). How-
ever, repetitive stress induces hypertrophic differentia-
tion and, eventually, chondrocyte apoptosis. During this
process, the balance between anabolic and catabolic
signaling pathways in which SOX9 and RUNX-2, re-
spectively, function as major regulatory transcription
factors is critical in determining the fate of chondrocytes
(2,3). Several cytokines can affect the expression of
SOX9 and RUNX-2 via complex autocrine and para-
crine loops and, as a consequence, have an effect on the
progression of OA (4,5).

The physiologic and pathologic roles of the main
catabolic cytokines, such as interleukin-1� (IL-1�) and
tumor necrosis factor � (TNF�), have been well estab-
lished in chondrocyte biology (4). In contrast, the roles
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of anabolic cytokines remain poorly understood, al-
though IL-10 seems to be a strong candidate for detailed
study (5,6). In joint tissues, IL-10 and its receptor are
typically expressed in chondrocytes and synovial fibro-
blasts (7,8). Furthermore, levels of IL-10 are signifi-
cantly elevated in cartilage, synovial tissue, and subchon-
dral bone tissue from OA patients, while serum levels
are diminished (9). In addition to mature chondrocytes,
mesenchymal stem cells (MSCs) and MSCs differenti-
ated along the chondrogenic lineage express substantial
amounts of IL-10 (10). Several in vivo and in vitro
studies support the idea that IL-10 works protectively on
cartilage tissue (11–16). In one study, subjects in the
lowest quartile for the innate ex vivo production of IL-10
upon lipopolysaccharide stimulation had a 3-fold in-
creased risk of having OA as compared to those in the
highest quartile (11). In vitro studies have also revealed
that IL-10 promotes the production of extracellular
matrix proteins of cartilage, such as type II collagen and
aggrecan (12–14,16). In addition, IL-10 has been re-
ported to suppress the production of catabolic matrix
metalloproteinases (MMPs) as well as the apoptosis of
chondrocytes (15,16). Taken together, these results sug-
gest that IL-10 has direct protective effects on cartilage.

These effects of IL-10 on chondrocytes may
involve complex interactions with a number of locally
acting essential growth factors required for endochon-
dral bone formation, such as Indian hedgehog (IHH),
parathyroid hormone–related protein (PTHrP), fibro-
blast growth factors (FGFs), bone morphogenetic pro-
teins (BMPs), and Wnt proteins. The BMPs, which are
members of the transforming growth factor � (TGF�)
superfamily, consist of at least 15 members, and they
have been implicated in multiple steps of chondrogene-
sis (17). During the commitment of mesenchymal cells to
the chondrocyte lineage, BMP signals are involved in the
maintenance of the NK 3 homeobox 2 (NKX-3.2) and
SOX9 autoregulatory loop in response to Sonic hedge-
hog (SHH) (18). BMP signaling also involves the SOX9-
dependent induction of SOX5 and SOX6, which as a
SOX trio, play a critical role in chondrogenic differen-
tiation (19). In addition, BMPs promote chondrocyte
proliferation, both directly and in an IHH/PTHrP-
dependent manner (20,21). Strong evidence for the
critical roles played by BMPs in the terminal hypertro-
phic differentiation of chondrocyte is provided by accel-
erated differentiation toward hypertrophic chondrocytes
in mice with constitutively activated BMP receptor sig-
nals (22).

These findings suggest that BMPs promote al-
most every aspect of chondrogenesis, from commitment

to terminal differentiation. With regard to joint homeo-
stasis, there is evidence to show that BMPs play a
chondroprotective role in joint cartilage via their ana-
bolic effects (23). In OA tissue, the expression of BMPs
2, 3, 6, and 7 was found to be increased, whereas the
expression of BMPs 4 and 5 was decreased (24,25).
However, little is known of the regulatory mechanisms
that control BMP expression in OA.

The purpose of this study was to investigate the
role of IL-10 during endochondral bone formation in
order to gain insights into its pathophysiologic or pro-
tective functions in OA cartilage. It was found that IL-10
increased chondrogenic and hypertrophic differentiation
and chondrocyte proliferation via the BMP pathway.
These results suggest that IL-10 is an important up-
stream regulator of BMP signaling in chondrocyte
biology.

MATERIALS AND METHODS

Reagents and antibodies. Recombinant mouse IL-10
was purchased from BioVision, and recombinant human/
mouse IHH (C28II) and recombinant human BMP-2 were
from R&D Systems. Dorsomorphin and cyclopamine were
purchased from Sigma-Aldrich, and recombinant human Nog-
gin was from Joint Protein Central. Rabbit polyclonal anti-
bodies against SOX9, type II collagen, type X collagen,
proliferating cell nuclear antigen (PCNA), RUNX-2, and
MMP-13 and mouse monoclonal antibody for cyclin D1 were
purchased from Abcam. Rabbit polyclonal antibodies against
p–STAT-3 (Tyr705), p–STAT-3 (Ser727), p-Smad1/5/8, total
Smad1, p-AKT (pTyr374), AKT, p-ERK (pTyr202/204), and
p-I�B were obtained from Cell Signaling Technology. Rabbit
polyclonal antibodies for IHH, IL-10 receptor �-subunit, and
ERK-1/2 were obtained from Epitomics, Millipore, and BD
Biosciences, respectively, and mouse monoclonal antibody for
�-actin was from Sigma-Aldrich.

Animal experiments. Female homozygous IL-10–/–

mice on the C57BL/6 background were kindly provided by
Professor E. S. Kim (Kyemyung University, Daegu, Korea).
IL-10–/– mice were maintained in the Central Animal Facility
of the Daegu Fatima Hospital (Daegu, Korea). The IL-10
treatment experiment was performed using pregnant ICR mice
obtained from the Hana Breeding Laboratory. Mice were
killed on embryonic day 11.5 (E11.5) by dislocation of the
cervical spine to use for micromass cultures, on E15.5 for
primary chondrocyte cultures and tibial organ cultures, and on
E18.5 for histologic analysis. All animal protocols were ap-
proved by the Institutional Animal Care and Use Committee
of Kyungpook National University School of Medicine.

Staining of the skeleton. Skeletons from IL-10–/– mice
and their wild-type littermates on postnatal day 1 were pre-
pared and stained with Alcian blue and alizarin red as previ-
ously described (26). Briefly, skin, muscles, and visceral organs
were removed prior to overnight fixation in 95% ethanol at
room temperature. Specimens were then incubated overnight
in a solution containing 0.015% Alcian blue (Sigma), rinsed
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with 95% ethanol for 3 hours, and transferred to 2% KOH for
24 hours. Specimens were then counterstained overnight with
0.005% alizarin red S in 1% KOH, and cleared by placing them
in 1% KOH/20% glycerol for 2 days. Samples were then stored
in a 1:1 mixture of glycerol and 95% ethanol.

Isolation and culture of mouse primary chondrocytes.
Primary chondrocytes were isolated from the humerus, radius,
and ulna of E15.5 mice as previously described (27). Isolated
bones were equilibrated in �-minimum essential medium
(�-MEM)–based organ culture media supplemented with
0.2% bovine serum albumin, 0.25 mM ascorbic acid, 1 mM
�-glycerophosphate, 0.25% L-glutamine, and 0.25% penicillin/
streptomycin for 24 hours at 37°C in an atmosphere containing
5% CO2. Specimens were then incubated for 15 minutes at
37°C in 0.25% trypsin–EDTA, with gentle shaking, and di-
gested for 2 hours with 3 mg/ml of collagenase P (Sigma-
Aldrich) in complete Dulbecco’s modified essential medium
(DMEM). Fractioned cells were filtered through a 40-�m
nylon mesh (BD Biosciences) and collected by centrifugation.
Cell culture was performed in a 3:2 mixture of Ham’s F-12 to
DMEM containing 10% fetal bovine serum (FBS), and 0.25%
L-glutamine. For starvation and treatment, 1% DMEM was
used. Primary chondrocytes at passage 0 were used for exper-
iments because of their dedifferentiation capacity (28).

Organ culture and histologic analysis. Tibiae isolated
from E15.5 mice were equilibrated for 24 hours at 37°C in
�-MEM–based organ culture medium as previously described
(29,30). Treatment with recombinant mouse IL-10 (20 ng/ml)
was performed 1 day after dissection and carried out for 6 days,
with media changes on alternate days. For morphometric
analysis, tibial explants were photographed under a dissecting
microscope (Nikon). For histologic analyses, tibiae were fixed
overnight in 4% buffered paraformaldehyde, embedded in
paraffin, cut into 5-�m–thick sections, and stained with Safra-
nin O. For immunohistochemical analyses for SOX9, PCNA,
IHH, RUNX-2, and type X collagen �1-chain, sections were
incubated overnight at 4°C with primary antibodies (31).
Horseradish peroxidase–conjugated secondary antibody (Pro-
mega) was used for localization. Sections from at least 3 mice
and at least 3 sections per mouse were analyzed, and the
numbers of positive cells within a 400-�m2 rectangle were

counted under a microscope. For all antibodies, mouse IgG at
the same concentrations was used as a negative control follow-
ing the same protocol in the absence of primary antibody.

Micromass culture. Micromass cultures were per-
formed as described previously (32,33). Briefly, limb buds from
E11.5 mouse embryos were dissected, and mesenchymal cells
were isolated by digestion for 90 minutes in Dispase II
(Roche), with gentle shaking. Cells were resuspended in a 3:2
concentration of Ham’s F-12 to DMEM containing 10% FBS,
0.25% penicillin/streptomycin, and 0.25% L-glutamine, and
plated at a density of 2.5 � 105 cells/10-�l drop. One hour after
plating, the wells were flooded with growth medium supple-
mented with 1 mM �-glycerophosphate and 0.25 mM ascorbic
acid. Cells were cultured for up to 12 days in culture medium,
which was replaced every 2 days. Cells were differentiated in
micromass culture for 3 days to allow chondrogenesis and then
treated with IL-10 (20 ng/ml) or Noggin (100 ng/ml). Cells
were fixed for 1 hour in 10% formalin and stained overnight
with 1% Alcian blue in 0.1N HCl. To quantify Alcian blue
incorporation, cultures were incubated overnight with 6M
guanidine hydrochloride, and the absorbance was measured at
600 nm. Alkaline phosphatase staining was performed after
fixation with citrate–acetone–formaldehyde fixative solution.
Fixed cells were incubated with an alkaline dye mixture for 15
minutes at room temperature, washed with phosphate buffered
saline, and photographed.

RNA isolation and real-time polymerase chain reac-
tion (PCR) analysis. Total RNA was isolated from primary
chondrocyte cultures using TRIzol reagent (Invitrogen), and
first-strand complementary DNA was synthesized using Super-
script III reverse transcriptase (Invitrogen). Real-time PCR
was performed using a LightCycler 480 instrument and Light-
Cycler 480 SYBR Green I Master Mix (both from Roche). Real-
time PCR oligonucleotide primers for mouse chondrocyte-
specific or related genes were designed using Universal Probe
Library System software (https://www.roche-applied-
science.com). Primers used for real-time PCR are shown in
Table 1.

Protein isolation and Western blot analyses. Proteins
from primary chondrocyte cultures (n � 3 independent isola-
tions) were extracted using 300 �l of radioimmunoprecipita-

Table 1. Primer sequences used in real-time polymerase chain reaction analyses

Gene Forward Reverse

Acan 5�-CCAGCCTACACCCCAGTG-3� 5�-GAGGGTGGGAAGCCATGT-3�
Col2a1 5�-CGGTCCTACGGTGTCAGG-3� 5�-TTATACCTCTGCCCATTCTGC-3�
Col10a1 5�-GCATCTCCCAGCACCAGA-3� 5�-CCATGAACCAGGGTCAAGAA-3�
Opn 5�-GGAGGAAACCAGCCAAGG-3� 5�-TGCCAGAATCAGTCACTTTCAC-3�
PthrP (Pthlh) 5�-GGTTCAGCAGTGGAGTGTCC-3� 5�-CAGACACAGCGCGTTTGA-3�
Ihh 5�-TGCATTGCTCTGTCAAGTCTG-3� 5�-GCTCCCCGTTCTCTAGGC-3�
Ptch1 5�-GGAAGGGGCAAAGCTACAGT-3� 5�-TCCACCGTAAAGGAGGCTTA-3�
Runx2 5�-TAAAGTGACAGTGGACGGTCCC-3� 5�-GCCCTAAATCACTGAGGCGAT-3�
Sox9 5�-CAGCAAGACTCTGGGCAAG-3� 5�-TCCACGAAGGGTCTCTTCTC-3�
Mmp13 5�-GCCAGAACTTCCCAACCAT-3� 5�-TCAGAGCCCAGAATTTTCTCC-3�
Bmp2 5�-CGGACTGCGGTCTCCTAA-3� 5�-GGGGAAGCAGCAACACTAGA-3�
Bmp3 5�-CTCTCCCAAGTCATTTGATGC-3� 5�-GCGTGATTTGATGGTTTCAA-3�
Bmp4 5�-GAGGAGTTTCCATCACGAAGA-3� 5�-GCTCTGCCGAGGAGATCA-3�
Bmp6 5�-ACTGACTAGCGCGCAGGA-3� 5�-TGTGGGGAGAACTCCTTGTC-3�
Bmp7 5�-CGAGACCTTCCAGATCACAGT-3� 5�-CAGCAAGAAGAGGTCCGACT-3�
Gapdh 5�-TGTCCGTCGTGGATCTGAC-3� 5�-CCTGCTTCACCACCTTCTTG-3�
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tion assay buffer supplemented with protease and phosphatase
inhibitors (Roche Diagnostics) and were microcentrifuged for
20 minutes at 10,000g. Total cell lysates (containing 20–30 �g
of protein) were separated by 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes (Immobilon-P; Millipore).
Membranes were then blocked for at least 1 hour at room
temperature using 5% skimmed milk, and membrane-bound
proteins were probed with primary antibodies against SOX9,
type II collagen, cyclin D1, PCNA, RUNX-2, type X collagen,
p-STAT-3, p-Smad1/5/8, p-Akt, p-I�B, p–ERK-1/2, and p-p38.
Membranes were washed in Tris buffered saline–Tween and
incubated for 1 hour at room temperature with horseradish
peroxidase–conjugated secondary antibody (Santa Cruz Bio-
technology), and proteins were detected using enhanced
chemiluminescent detection reagents (GE Healthcare).

MTT assay. Proliferation of primary chondrocytes was
determined using an MTT assay. Briefly, E15.5 primary chon-
drocytes (1 � 104/well) were seeded into 96-well plates in a 3:2
(volume/volume) mixture of Ham’s F-12 and DMEM, with or

without IL-10 (10 ng/ml), in the presence or absence of BMP-2
(100 ng/ml). After 48 hours of culture, 50 �l of MTT was added
to each well, and the plate was incubated for 4 hours at 37°C.
Medium was then removed and cells were solubilized with 150
�l of DMSO. Spectrophotometric absorbance was measured at
570 nm.

Statistical analysis. Student’s t-test and one-way ana-
lysis of variance with Tukey’s multiple comparison post-tests
were used to determine differences between means. All ana-
lyses were conducted using SPSS version 14.0 software. Results
are presented as the mean � SD. P values less than 0.05 were
considered significant.

RESULTS

Reduction in the proliferating zone of embryonic
growth plates following genetic deletion of IL-10. To
determine the role played by IL-10 during endochondral
bone formation in vivo, we analyzed the skeletons of

Figure 1. Whole skeletal and growth plate phenotypes of IL-10–/– mice. A and B, Alizarin red and Alcian blue staining of whole mouse skeletons
(A) and skulls (B) obtained on postnatal day 1 from IL-10–/– mice and their wild-type (WT) littermates. Mineralized bone matrix is stained red;
cartilaginous tissue is stained blue. The diameters and widths of the skulls in B were measured, and these data are also shown (right). C, Safranin
O staining of tibial growth plates from wild-type and IL-10–/– mice on embryonic day 18.5, illustrating the resting zone (top area), proliferating zone
(P), and hypertrophic zone (H). D, Quantification of cell densities in the resting zone, as well as the relative length of the proliferating and
hypertrophic zones versus the total growth plate. IL-10–/– mice showed a shorter proportion of the proliferating zone and a longer proportion of the
hypertrophic zone than did their wild-type littermates. Values in B and D are the mean � SD of 4 mice per group. � � P � 0.05 versus wild-type
mice.
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IL-10–/– mice on postnatal day 1. Staining of whole
skeletons showed no differences in the extremities or
spine of the IL-10–/– mice as compared to their wild-type
littermates, based on measurements of bone lengths and
mineralized portions (Figure 1A). On the other hand,
IL-10–/– mice had smaller skulls and showed less Alcian
blue staining in the occipital bones as compared to their
wild-type littermates. In addition, the distal phalanges of
IL-10–/– mice showed faint Alcian blue staining as com-
pared to their wild-type littermates (Figure 1B). We next
examined phenotype differences in growth plates ob-
tained on E18.5 from IL-10–/– mice and their wild-type
littermates. Safranin O staining of tibial growth plates
revealed a shortened proliferating zone and a corre-

sponding increase in the hypertrophic zone in IL-10–/–

mice (Figures 1C and D), with no changes in cell density
in the resting zone.

Lower PTHrP expression by IL-10–/– chondro-
cytes during BMP-2–induced differentiation. Given the
histologic results, we sought to determine the expression
of messenger RNA (mRNA) for major transcription
factors, regulatory proteins, and chondrocytes markers.
Primary chondrocytes obtained on E15.5 were cultured
for 4 days in insulin–transferrin–selenium and BMP-2–
containing media representing proliferating and hyper-
trophic conditions, respectively. Real-time PCR analysis
revealed that chondrocytes from IL-10–/– mice showed
significantly less PTHrP expression than did those from

Figure 2. Increased tibial length in organ cultures following interleukin-10 (IL-10) treatment. A, Safranin O staining of tibiae in organ culture.
Tibiae isolated from wild-type mice on embryonic day 15.5 were cultured for 6 days in the absence (left) and presence (right) of 20 ng/ml of IL-10
and then stained with Safranin O. The proliferating (P) and hypertrophic (H) zones of the tibiae increased in response to IL-10. Original
magnification � 40. B, Quantification of the longitudinal growth of tibiae over the culture period (left) and proportions of hypertrophic and
proliferating zones with respect to the total growth plate length (right). C, Immunohistochemical analysis of tibial organ cultures (left) and
quantification of positive cells (right). The numbers of positive cells for SOX9 in the resting zone, proliferating cell nuclear antigen (PCNA) in the
proliferating zone, and RUNX-2 in the hypertrophic zone were counted in 5 different 400-�m2 rectangles. IL-10 treatment increased the numbers
of cells positive for SOX9, PCNA, and RUNX-2. Values in B and C are the mean � SD of 4 mice per group. � � P � 0.05 versus no IL-10 treatment.
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wild-type littermates under BMP-2–mediated differenti-
ation conditions (data available upon request from the
corresponding author).

Increased growth of tibiae in organ cultures
following IL-10 treatment. Next, we investigated the
gain-of-function effects of IL-10 on chondrocyte prolif-
eration and differentiation using a tibial organ culture
system. Tibiae obtained on E15.5 from wild-type mice
were cultured for 6 days in the presence or absence of
IL-10 (20 ng/ml). Gross analysis showed that IL-10
treatment resulted in a small but significant increase in
longitudinal growth. Histologic analysis revealed that
IL-10 caused an increase in the length of proliferating

and hypertrophic zones as compared to the untreated
controls, but the proportions of both zones with respect
to the total growth plate length were similar in tibiae
from IL-10–treated mice and untreated controls (Fig-
ures 2A and B).

To explore the molecular actions of IL-10 in
endochondral bone growth, we performed immunohis-
tochemistry for major transcription factors and the
proliferation marker PCNA in tibial organ cultures.
Immunohistochemical analysis revealed that IL-10 sig-
nificantly increased the number of chondrocytes express-
ing SOX9 and PCNA in resting and proliferating layers
of the growth plate. RUNX-2 was also significantly

Figure 3. Effects of interleukin-10 (IL-10) on chondrocyte proliferation and hypertrophic differentiation. A, Expression of mRNA for chondrogenic
and hypertrophic marker genes. Primary chondrocytes obtained on embryonic day 15.5 (E15.5) from wild-type mice were cultured for 4 days in the
presence or absence of 10 ng/ml of IL-10 in either chondrogenic media (5 mM �-glycerophosphate and 50 �g/ml of ascorbic acid) or media
containing bone morphogenetic protein 2 (BMP-2; 100 ng/ml). RNA was isolated and analyzed by quantitative polymerase chain reaction (qPCR).
Results are representative of 3 independent real-time qPCR experiments. Values are the mean � SD. � � P � 0.05 versus no IL-10 treatment. B,
Western blot analysis of SOX9, type II collagen, proliferating cell nuclear antigen (PCNA), RUNX-2, type X collagen, and pro–matrix
metalloproteinase 13 (proMMP-13) proteins in whole lysates of primary chondrocytes cultured for 4 days in the presence or absence of 10 ng/ml
of IL-10. �-actin was used as a loading control. Results are representative of 3 independent experiments. C, Effect of IL-10 on cell numbers, as
determined by MTT assay. Primary chondrocytes obtained on E15.5 were cultured in the presence or absence of IL-10 in media alone or in media
containing BMP-2. After 2 days, cells were isolated and counted. Values are the mean � SD of 5 separate experiments. � � P � 0.05 versus no IL-10
treatment.
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increased by IL-10 in the hypertrophic layer of growth
plate compared to untreated controls (Figure 2C). The
control group showed positive staining for IHH only in
the prehypertrophic zone, whereas the IL-10–treated
group showed more widespread expression from the
prehypertrophic to the hypertrophic layer (data avail-
able upon request from the corresponding author). We
also examined the expression of the IL-10 receptor,
which was abundant from the resting to the prehyper-
trophic layer, with gradual attenuation in the hypertro-
phic layer of the growth plate. A similar expression
pattern of the IL-10 receptor � subunit was verified
during the differentiation of ATDC5 chondroprogenitor
cells as well. Treatment with IL-10 increased the ex-
pression of IL-10 receptor in the hypertrophic layer
(data available upon request from the corresponding
author).

IL-10–induced chondrocyte proliferation and hy-
pertrophic differentiation in primary chondrocytes. We
then studied the effect of IL-10 on mRNA and protein
expression in primary chondrocytes. Primary chondro-
cytes obtained on E15.5 from wild-type mice were
cultured for 4 days with or without IL-10 in medium
alone or in the presence of BMP-2. Real-time PCR
analyses revealed that IL-10 treatment increased the
levels of mRNA for both chondrogenic and hypertrophic
marker genes, including aggrecan, type II collagen,
osteopontin, and MMP-13. In addition, PTHrP mRNA
was up-regulated by IL-10. Under BMP-2–mediated
differentiation conditions, IL-10 significantly increased
the mRNA expression of SOX9, IHH, patched 1, and
RUNX-2 (Figure 3A). However, other chondrogenic
and hypertrophic marker genes were unaffected by
IL-10 in the presence of BMP-2. At the protein level,

Figure 4. Interleukin-10 (IL-10)–mediated chondrocyte signaling and interaction with the bone morphogenetic protein (BMP) and Indian
hedgehog (IHH) pathways. A, Signaling mechanisms involved in the effects of IL-10 on chondrocytes. Serum-starved primary chondrocytes obtained
from wild-type mice on embryonic day 15.5 (E15.5) were stimulated for the indicated times with 50 ng/ml of IL-10, and cell lysates were analyzed
by Western blotting. IL-10 induced the phosphorylation of STAT-3, ERK-1/2, and Smad1/5/8, but not Akt or I�B. B, Interaction of IL-10 signaling
with BMP/Smad signaling. Primary chondrocytes were cultured with BMP-2 (100 ng/ml) or IL-10 (10 ng/ml) in the presence of the receptor or ligand
BMP-2 antagonists dorsomorphin (2 �M) or Noggin (150 ng/ml), respectively. After 4 days, cells were harvested, and protein expression was
examined by Western blotting. C, Partial dependence of IL-10–mediated chondrocyte proliferation on IHH signaling. Primary chondrocytes were
cultured for 4 days with recombinant IHH (rIHH; 100 ng/ml) or IL-10 (10 ng/ml) in the presence or absence of cyclopamine (5 �M), an inhibitor
of smoothened. Results shown for all Western blot experiments are representative of 3 experiments. �-actin was used as a loading control in all
Western blot experiments. D, Time course of the expression of BMPs 2, 3, 4, 6, and 7 in response to IL-10 treatment. Real-time polymerase chain
reaction analysis was performed on RNA extracted from primary chondrocytes treated with 10 ng/ml of IL-10 for the indicated times. Values are
the mean � SD. � � P � 0.05 versus baseline, by analysis of variance with Tukey’s post hoc test.
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IL-10 increased the expression of PCNA, RUNX-2,
and type X collagen in the presence of media, but in
the presence of BMP-2. ProMMP-13, the marker for
hypertrophic differentiation, was increased by IL-10
in the presence of media and in the presence of
BMP-2. The chondrogenic markers SOX9 and type II
collagen were not affected by IL-10 at the protein level
(Figure 3B).

To investigate the role played by IL-10 in chon-
drocyte proliferation, we conducted an MTT assay on
primary chondrocytes obtained on E15.5. We have

shown previously that MTT values correspond to chon-
drocyte numbers (34). After 2 days of culture in the
current study, the presence of IL-10 significantly in-
creased the numbers of chondrocytes. However, the
effect of IL-10 on chondrocyte numbers was lost in the
presence of BMP-2 (Figure 3C).

IL-10–mediated chondrocyte signaling and inter-
actions with the BMP and IHH pathways. We next
examined the signaling mechanisms involved in the
effects of IL-10 on chondrocytes. Serum-starved primary
chondrocytes on E15.5 from wild-type mice were stim-

Figure 5. Dependence of interleukin-10 (IL-10)–mediated chondrogenic and hypertrophic differentiation on bone morphogenetic protein (BMP)
signaling. A, Attenuation of IL-10–mediated chondrocyte differentiation by Noggin. Mesenchymal cells obtained on embryonic day 11.5 (E11.5)
from normal mouse limb buds were plated at 2.5 � 105 cells/10-�l drop and cultured in the absence (media control) or presence of Noggin
(100 ng/ml), IL-10 (20 ng/ml), or both. After 12 days, micromass cultures were stained with Alcian blue to visualize the degree of chondrogenic
differentiation or with alkaline phosphatase to visualize hypertrophic maturation. Original magnification � 2.5. B, Quantification of Alcian blue
binding to sulfated glycosaminoglycans in the extracellular matrix following cell culture as in A. Values are the mean � SD of triplicate experiments.
� � P � 0.05; �� � P � 0.01. C, Immunohistochemical analysis of p-Smad1/5/8 expression in the prehypertrophic and hypertrophic layers of tibia
obtained on E18.5 from IL-10–/– mice and their wild-type (WT) littermates (left). The numbers of p-Smad1/5/8–positive cells in 400-�m2 rectangles
were also quantified (right). Values are the mean � SD. � � P � 0.05 versus wild-type mice. D, Schematic representation of the mechanistic insights
into cross-talk between IL-10/STAT-3 and BMP signaling deduced from this study of the IL-10–mediated up-regulation of chondrocyte proliferation
and differentiation. IL-10 signaling induces the expression of BMP-2 and BMP-6. Subsequently, BMP/Smad signaling participates in the
IL-10–mediated induction of RUNX-2, SOX9, and cyclin D1. Indian hedgehog (IHH) signaling, which contributes to IL-10–mediated cyclin D1
induction, is independent of BMP signaling. IL-10Rc � IL-10 receptor; BMPRI/II � BMP receptor type I/II.
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ulated with 50 ng/ml of IL-10, and as expected, phos-
phorylation at both Tyr705 and Ser727 of STAT-3 was
increased. In addition, Smad1/5/8 and ERK-1/2 MAP
kinase phosphorylation was also activated by IL-10
(Figure 4A). Other signaling pathways, including Akt
and I�B, were not activated by IL-10. Based on the
observed activation of Smad signaling, we further stud-
ied the interaction of BMP and IL-10–induced signaling.
Accordingly, primary chondrocytes were cultured for 4
days with BMP-2 or IL-10 in the presence of dorsomor-
phin or Noggin, which antagonize BMP signaling at the
receptor and ligand levels, respectively. The induction of
cyclin D1 by IL-10 or BMP-2 was dramatically attenu-
ated by dorsomorphin and Noggin. However, the expres-
sion of IHH was not suppressed by BMP antagonists
(Figure 4B), and induction of RUNX-2 was blocked
more efficiently by dorsomorphin. To unravel the role of
IHH in IL-10 function, cells were treated with cyclo-
pamine, a smoothened inhibitor, to inhibit IHH signal-
ing. Cyclopamine weakly attenuated cyclin D1 induction
by IL-10, but did not affect the induction of RUNX-2 by
IL-10 (Figure 4C).

To investigate the temporal regulation of the
expression of BMPs by IL-10, we performed real-time
PCR analysis on mRNA extracted from primary chon-
drocytes that had been treated with IL-10 (10 ng/ml).
The expression of mRNA for BMP-2 and BMP-6 was
significantly elevated by 2–3-fold after 2 hours of IL-10
treatment. However, BMP-3 expression was profoundly
suppressed in IL-10–treated primary chondrocytes, and
IL-10 did not influence the expression of mRNA for
BMP-4 or BMP-7 (Figure 4D).

Increased chondrogenic and hypertrophic differ-
entiation via BMP signaling following treatment with
IL-10. To determine whether IL-10–mediated chondro-
cyte differentiation is dependent on BMP signaling, we
conducted mesenchymal micromass cultures. Mouse
limb bud mesenchymal cells obtained on E11.5 were
seeded at a density of 2.5 � 105 cells/10-�l drop and
cultured with IL-10 (20 ng/ml), either alone or with
Noggin (100 ng/ml). After 12 days, we examined carti-
laginous matrix production and cell differentiation by
using Alcian blue and alkaline phosphatase staining. As
expected, mesenchymal cells treated with IL-10 showed
prominent induction of cartilage matrix production and
differentiation as compared to medium-treated controls
by Alcian blue and alkaline phosphatase staining. Treat-
ment with Noggin potently suppressed IL-10–mediated
cartilage matrix production and differentiation (Figures
5A and B), indicating that IL-10–mediated chondro-
genic and hypertrophic differentiation is largely depen-

dent on BMP signaling. We then examined the intensi-
ties of BMP signaling in the growth plates of IL-10–/–

mice and wild-type littermates. We found that IL-10–/–

mice expressed lower levels of phosphorylated Smad1/
5/8, which was consistent with the reduced level of BMP
signaling we observed (Figure 5C).

DISCUSSION

Although previous in vivo and in vitro studies
have raised the possibility that IL-10 has a protective
effect on chondrocytes, the mechanisms of IL-10 effects
on chondrocytes have been unclear (11–16). In this
study, we demonstrated that IL-10 promotes chondro-
genic differentiation, proliferation, and hypertrophic
differentiation of chondrocytes. In addition, the blocking
of BMP signaling attenuated IL-10–induced induction of
RUNX-2 and cyclin D1 expression, suggesting that the
role of IL-10 in endochondral bone growth is largely
dependent on BMP/Smad signaling. IL-10 is known to
be constitutively produced in chondrocytes, and its
mRNA expression is higher in fetal or OA chondrocytes
as compared to healthy adult chondrocytes (7). Thus,
our findings suggest that IL-10 as upstream activator of
the BMP/Smad cascade may play a significant role in
skeletal development and OA. These findings reveal that
the IL-10–mediated protective effect on chondrocytes is
due to its anabolic effect via the BMP/Smad pathway, in
addition to its antiinflammatory effects.

We showed that IL-10 increased the formation of
alkaline phosphatase–positive nodules in micromass cul-
ture and that this effect was abrogated by Noggin, which
indicates that IL-10 induces chondrocyte hypertrophy
via BMP/Smad signaling in vitro. This result, however,
seems to be in conflict with the chondroprotective effect
of IL-10 (11–16), since chondrocyte hypertrophy is as-
sociated with OA. On the other hand, mice lacking BMP
receptor type IA expression in articular chondrocytes
show articular cartilage erosion after birth that resem-
bles OA in humans (35). Considering that BMP signal-
ing promotes almost every aspect of endochondral bone
formation resulting from chondrocyte proliferation, dif-
ferentiation, and terminal hypertrophy (36), this genetic
study suggests that BMP signaling has an overall bene-
ficial effect on the maintenance of postnatal articular
cartilage. Our findings indicate that IL-10, signaling
through BMP/Smad, may also play an important role in
protection against chondrocyte damage, despite its role
in chondrocyte hypertrophy in vitro.

The IHH/PTHrP and BMP pathways promote
chondrocyte proliferation during endochondral bone
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formation (20). When one of these pathways is blocked,
chondrocyte proliferation is significantly attenuated,
which suggests that IHH–PTHrP and BMP signaling are
necessary for chondrocyte proliferation (20). In addi-
tion, several lines of evidence indicate that the IHH/
PTHrP and BMP systems interact closely (20,37–39).
Cartilage-specific knockout of Smad1/5, the main signal-
ing molecules in the canonical BMP pathway, display
nearly completely suppressed IHH expression in hyper-
trophic chondrocytes (38). In contrast, the overexpres-
sion of IHH in cartilage was shown to increase the
expression of BMPs in the perichondrium and in prolif-
erating chondrocytes (20,39), whereas IHH–/– mice
showed reduced expression of BMPs (37). These results
indicate the existence of a positive feedback loop be-
tween BMPs and the IHH/PTHrP pathway during chon-
drocyte proliferation.

The present study showed that IL-10 promoted
chondrocyte proliferation in vivo and in vitro and that
this promotion was accompanied by an increase in the
expression of BMPs and IHH. In addition, BMP antag-
onist or hedgehog receptor smoothened antagonist re-
duced the IL-10–mediated expression of cyclin D1,
which is a critical requirement for chondrocyte prolifer-
ation (40). In contrast, the increased expression of IHH
by IL-10 was not attenuated by BMP antagonists, sug-
gesting that the IL-10/STAT-3 signaling cascade directly
controls the expression of IHH. Based on these findings,
it would appear that the IL-10/STAT-3 signaling cascade
plays a crucial role in the regulation of chondrocyte
proliferation. However, chondrocyte proliferation is also
controlled by additional signaling pathways, including
FGFs and Wnt. Further investigations are necessary to
elucidate the precise role of IL-10 in chondrocyte pro-
liferation.

BMP/Smad signaling controls many critical steps
in chondrocyte differentiation. The activity and signaling
outcomes of this pathway are influenced by many intra-
cellular and extracellular signals (41). Our observations
show that IL-10 increased the levels of BMP-2 and
BMP-6 transcripts in primary chondrocytes, but de-
creased the levels of mRNA for BMP-3, which is con-
sistent with the combinatorial nature of the action of
BMPs. The expression of BMP-2, an indispensable
growth factor that is required throughout endochondral
bone formation, is under complex control mechanisms,
including hedgehog-Gli, Wnt/�-catenin, PTH/CREB,
NF-�B, and estrogen receptor � signaling pathways (42).
Our results suggest that IL-10 receptor and its down-
stream signaling cascade through JAK/STAT-3 contrib-
ute to the enhanced expression of BMP-2.

It has been reported that leukemia inhibitory
factor–mediated STAT-3 activation induces BMP-2 ex-
pression and leads to the activation of Smad1/5/8 during
astrocyte differentiation (43). These findings, together
with our results, suggest that the JAK/STAT-3 signaling
cascade plays an important role in the expression of
BMP-2 under inflammatory conditions. Furthermore,
we found that together with BMP-2, IL-10 induced the
production of BMP-6, which is known to interact func-
tionally with BMP-2 during bone formation (44,45).
Evidence from previously reported immunohistochemi-
cal analyses revealed that BMP-2 and BMP-6 are coex-
pressed in hypertrophic cartilage (44,45). Functionally,
the loss of BMP-6 on a background of BMP-2 haplo-
insufficiency causes moderate growth retardation and
a delay in endochondral bone formation (45), while the
deletion of BMP-6 alone showed no significant change
in embryonic skeletal phenotype, except for delayed
ossification of the sternum (44). Moreover, an earlier
study showed that BMP-2/6 heterodimers are 5–10-fold
more potent than BMP-2 homodimers at inducing car-
tilage and bone production in vivo (46). We found that
IL-10 increased the expression of BMP-2 and BMP-6
simultaneously, which may allow them to cooperatively
regulate endochondral bone formation.

Smad1/5/8 is the major mediator of canonical
BMP signaling and plays a role in the regulation of
chondrocyte proliferation and differentiation (41). Our
results showed that IL-10 stimulation increased the
phosphorylation of the C-terminal Ser463/465 of Smad1/
5/8 in an immediate manner in primary chondrocytes
(Figure 4A). Considering that the expression of mRNA
for BMP-2 and BMP-6 increased �2 hours after IL-10
treatment (Figure 4D), this immediate activation of
Smad1/5/8 suggests cross-talk with other signaling path-
ways downstream of the IL-10 receptor. It is well known
that the activation of Smad1/5/8 is relatively specific to
BMP receptor signaling (41,47). However, recent evi-
dence showed that other ligand/receptor systems can
directly activate Smad1/5/8 (48,49). In smooth muscle
cells, serotonin (5-hydroxytryptamine [5-HT]) and its
receptor 5-HT1B/1D directly phosphorylated Smad 1/5/8,
in a Rho/Rho kinase signaling–dependent manner (48).
Stromal cell–derived factor 1 and its receptor CXCR4
were also reported to directly activate Smad1/5/8 signal-
ing (49). The present study is the first to suggest
IL-10–mediated direct activation of Smad1/5/8. Addi-
tional work is required to address the mechanism of
IL-10–induced immediate Smad1/5/8 phosphorylation
and its biologic meaning.

In summary, the present study shows that IL-10
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promotes chondrocyte differentiation and proliferation
in primary chondrocytes. As depicted in Figure 5D, the
findings of this study provide mechanistic insights into
cross-talk between IL-10/STAT-3 and BMP signaling.
While our studies were largely focused on embryonic
and early postnatal growth plate cartilage, there are
numerous connections between cartilage development
and OA (50). Thus, the mechanisms identified here may
also be partly responsible for IL-10–mediated chondro-
protective effects in OA.
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