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Abstract: As a main cause of morbidity in the aged population, osteoarthritis (OA) is characterized by cartilage 
destruction, synovium inflammation, osteophytes, and subchondral bone sclerosis. To date its etiology remains 
elusive. Recent data highlight an important role of subchondral bone in the onset and progression of OA. Therefore, 
elucidating the mechanisms underlying abnormal subchondral bone could be of importance in the treatment of OA. 
Interleukin-6 is a proinflammatory cytokine involved in many physiological and pathological processes. Although in 
vitro and in vivo studies have indicated that IL-6 is an important cytokine in the physiopathogenesis of OA, its effects 
on subchondral bone have not been studied in OA animal models. In this study, we aimed to i) investigate the role of 
IL-6 in the pathological phenotypes of OA subchondral bone MSCs including increase in cell numbers, mineralization 
disorder and abnormal type I collagen production; ii) explore whether the systemic blockade of IL-6 signaling could 
alleviate the pathological phenotypes of experimental OA. We found that IL-6 was over-secreted by OA subchondral 
bone MSCs compared with normal MSCs and IL-6/STAT3 signaling was over-activated in subchondral bone MSCs, 
which contributed to the pathological phenotypes of OA subchondral bone MSCs. More importantly, systemic in-
hibition of IL-6/STAT3 signaling with IL-6 antibody or STAT3 inhibitor AG490 decreased the severity of pathological 
phenotypes of OA subchondral bone MSCs and cartilage lesions in OA. Our findings provide strong evidence for a 
pivotal role for IL-6 signaling in OA and open up new therapeutic perspectives.
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Introduction

As a main cause of morbidity in the aged po- 
pulation, osteoarthritis (OA) is characterized by 
cartilage destruction, synovium inflammation, 
osteophytes, and subchondral bone sclerosis. 
To date its etiology remains an open question. 
Recent data highlight an important role of sub-
chondral bone in the onset and/or progression 
of OA [1-3]. Therefore, elucidating the mecha-
nisms underlying bone sclerosis could be of 
importance in the treatment of OA, since bone 
sclerosis in OA increases mechanical stress to 
the overlying cartilage [4]. Bone sclerosis could 
lead to enhanced bone mineral density (BMD) 
in OA patients. However, enhanced BMD does 
not mean increased bone tissue density [5, 6] 
and does not mean better mechanical proper-

ties of OA bone tissue [7, 8]. Moreover, microCT 
analysis of human OA bone tissue revealed ab- 
normal microstructure and organization of this 
tissue [8].

Interleukin 6 (IL-6) blockade has been shown to 
be effective in various musculoskeletal disor-
ders, in particular rheumatoid arthritis (RA) [9]. 
Although in vitro and in vivo studies have indi-
cated that IL-6 is an important cytokine in the 
physiopathogenesis of OA, the effect of system-
ic IL-6 inhibition on abnormal subchondral bo- 
ne, an essential feature of OA, has not been 
studied in OA animal models, nor in humans.

IL-6 is a pleiotropic proinflammatory cytokine 
involved in many physiological and pathological 
processes [10]. It belongs to a family of gp130 
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cytokines. IL-6 binds firstly to its non-signaling 
specific receptor (IL-6R) and then to a common 
subunit gp130, which activates two main sig-
naling pathways: signal transducer and activa-
tor of transcription (STAT) and extracellular sig-
nal-regulated kinase (ERK) [11]. Stat1, 3 and 5 
are all activated by IL-6, but Stat3 is the main 
signaling factor downstream of IL-6 [12].

There is a close relationship between IL-6 ser- 
um levels and two major risk factors of knee 
OA: obesity and metabolic syndrome [13]. Data 
from a prospective cohort study indicated that 
higher serum level of IL-6 and body mass index 
(BMI) were independent predictors of incident 
radiographic knee OA [14]. High level of IL-6 are 
not only observed in knee OA synovial fluid and 
surrounding tissues at the onset of OA [15, 16], 
but is involved in the progression of knee OA 
after meniscectomy [17]. Within the joint, sev-
eral tissues including synoviocytes, chondro-
cytes and subchondral bone mesenchymal 
stem cells (MSCs) can secret IL-6 in response 
to different stimulations, such as mechanical 
loading [18, 19]. The infrapatellar fat pad from 
knee OA patients can stimulate the secretion of 
IL-6 by synoviocytes [20]. In bovine chondro-
cytes, IL-6 increases the mRNA expression lev-
els of matrix metalloproteinase 1 (Mmp1), 3 
and 13, and a disintegrin and metalloprotein-
ase with thrombospondin motifs 4 (Adamts4) 
and 5 [21]. Intra-articular injections of IL-6 re- 
produced OA-like cartilage destruction in mice, 
and IL-6 knockout (KO) mice develop less se- 
vere posttraumatic OA lesions [22]. 

In this study, we aimed to i) investigate the role 
of IL-6 in the pathological phenotypes of OA 
subchondral bone MSCs including increase in 
cell numbers, mineralization disorder and ab- 
normal type I collagen production; ii) explore 
whether the systemic blockade of IL-6 signaling 
could alleviate the pathological phenotypes of 
experimental OA mouse. We found that IL-6 
was over-secreted by OA subchondral bone 
MSCs compared with normal MSCs and IL-6/
STAT3 signaling was over-activated in subchon-
dral bone MSCs, which contributed to the path-
ological phenotypes of OA subchondral bone 
MSCs. More importantly, systemic inhibition of 
IL-6/STAT3 signaling with IL-6 antibody or STAT3 
inhibitor AG490 decreased the severity of path-
ological phenotypes of OA subchondral bone 
MSCs and cartilage lesions in OA. Our findings 
provide strong evidence for a pivotal role for 

IL-6 signaling in OA and open up new therapeu-
tic perspectives.

Materials and methods

Animals and OA mouse model

Anterior cruciate ligament transaction (ACLT) 
was performed in 8-week-old male C57BL/6 
mice to induce OA as described [23]. Sham 
controls were done on independent mice. In a 
first assay, mice received intraperitoneal injec-
tions of an IL-6 antibody (#BE0046, BioXcell, 
0.5 mg once a week) (n=10) or an IgG isotype 
control (#BE0088, BioXcell) (n=10) for 8 weeks 
from the day after the ACLT. In a second assay, 
the mice were treated daily with an intraperito-
neal injection of AG490 (0.5 mg every other 
day, n=10) or DMSO vehicle control (n=10) for 8 
weeks from the day after the ACLT. At week 8 
after ACLT, knee joint samples were harvested 
from osteoarthritic mouse and sham controls.

Histology

Knee joint samples were fixed in 4% paraforma-
dehyde, decalcified in 20% formic acid, and 
embedded with paraffin. 5 μm-thick serial sec-
tions were cut through the medial knee joints. 
Hematoxylin & orange G (H&OG) stained sec-
tions were scored according to the OARSI rec-
ommended 0-6 subjective scoring system [24]. 
In addition, cartilage proteoglycan loss was 
scored (on a scale of 0-3) for the complement 
of cartilage destruction [25]. The cartilage de- 
struction severity was expressed as a summed 
score (sum of the 5 highest scores) and as a 
maximal score for the medial femora and tibiae 
separately within each joint.

MSCs isolation, in vitro culture and osteogen-
esis

The bone marrow from tibia subchondral bone 
were suspended in cold PBS with 2% FBS and 
passed through a 70 μm filter. Filtered bone 
marrow cells were suspended in PBS with 2% 
FBS and 0.1 g/L phenol red and then enriched 
for lineage negative (Lin-) cells using the Spin- 
Sep system (Stem Cell Technologies, Vancouver, 
BC, Canada). The cells were incubated with a 
murine progenitor enrichment cocktail (Stem 
Cell Technologies) on ice for 30 min, washed, 
and then incubated with dense particles on ice 
for 20 min. The cells were then centrifuged at 
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1200 g for 10 min, and the cells at the density 
medium/PBS interface were collected.

Enriched MSCs were seeded onto culture pla- 
tes at a density of 0.1 × 106 cells/cm2 in alpha-
MEM containing 100 units/ml penicillin (Gibco) 
and 100 μg/ml streptomycin (Gibco). The media 
were changed after 72 h and adherent cells 
were maintained in culture with twice weekly 
media changes.

To induce osteogenic differentiation, MSCs 
were treated with 100 nM dexamethasone, 10 
mM β-glycerophosphate disodium and 50 μg/
ml ascorbic acid.

Alizarin red staining and quantification

Osteoblast maturation was evaluated by miner-
alized nodules stained with Alizarin Red. After 
fixation, the cells were washed with cold PBS 
and incubated in 40 mM Alizarin Red (pH 4.2) 
for 30 min at 37°C, then washed with PBS and 
imaged.

Decalcification was performed using 0.1 M HCl 
overnight at 4°C. Then, 20 μL of samples were 
transferred to the test tubes containing 1 mL of 
methyl thymol blue solution and 1 mL of alka-
line solution. Absorbance was determined at 
610 nm.

Immunohistochemistry 

Immunohistochemistry was performed accord-
ing to standard protocol. Sections were incu-
bated with primary antibodies against mouse 
nestin (Invitrogen Antibodies), osterix (Abcam), 
IL-6 (Abcam) and p-STAT3 (Tyr705, Cell signal-
ing technology) overnight at 4°C. For immuno-
histochemical staining, a horse radish peroxi-
das-streptavidin detection system (Dako) was 
used to detect the immunoactivity followed by 
counterstaining with hematoxylin (Dako). 

Flow cytometry

Mice were sacrificed and tibia subchondral 
bone marrow cells were harvested and pooled 
together. After red blood cells were lysed, the 
bone marrow cells were centrifuged and then 
the cell pellet was resuspended and fixed in 4% 
paraformaldehyde. Cells were permeabilized in 
0.1% Triton X-100 and then blocked in blocking 
buffer (PBS with 3% FBS and 0.1% sodium azi- 
de) for 30 min on ice. Then the cells were incu-

bated with anti-nestin antibody (Invitrogen Anti- 
bodies), anti-osterix antibody (Abcam) or iso-
type control for 1 h at 37°C in dark room, and 
then washed twice with PBS with 0.1% BSA. 
The cells were incubated with fluorochrome-
conjugatd secondary antibody for 30 min on 
ice. Probes were analyzed using a BD Calibur 
flow cytometer and CellQuest software (Becton 
Dickinson).

qRT-PCR

Total RNA was isolated using an RNeasy Mini 
Kit (Qiagen, Valencia, CA, USA). cDNA was syn-
thesized from 1 μg of total RNA. Quantitative 
PCR was performed using the ABI Prism 7500 
(Applied BioSystems, Foster City, CA, USA) and 
the SYBR Green PCR Master Mix (Takara Bio 
Inc., Otsu, Japan). The cycling conditions were 
as follows: 94°C for 30 s followed by 40 cycles 
of 94°C for 5 s and 60°C for 34 s. The 2-ΔΔCt me- 
thod was used to calculate the relative expres-
sion of each target gene. GAPDH was used as 
an internal control. The primer sequences are 
listed as follows: IL-6: 5’-GCCTTCTTGGGACTG- 
ATGCT-3’ (forward), 5’-TGCCATTGCACAACTCTT- 
TTCT-3’ (reverse); Col1A1: 5’-GAGAGGTGAACA- 
AGGTCCCG-3’ (forward), 5’-AAACCTCTCTCGCC- 
TCTTGC-3’ (reverse); Col1A2: 5’-CCCAGAGTGG- 
AACAGCGATT-3’ (forward), 5’-ATGAGTTCTTCGC- 
TGGGGTG-3’ (reverse); GAPDH: 5’-CCCTTAAGA- 
GGGATGCTGCC-3’ (forward), 5’-TACGGCCAAAT- 
CCGTTCACA-3’ (reverse). 

Western blot

Cells were lysed on ice for 30 min in a lysis buf-
fer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet 
P-40, and 0.1% SDS supplemented with prote-
ase inhibitors). The proteins were separated by 
SDS-PAGE, transferred to a PVDF membrane, 
and detected using anti-IL-6 (Cell Signaling 
Technology, Danvers, MA, USA), anti-p-STAT3 
(Y705) (Cell Signaling Technology), anti-STAT3 
(Cell Signaling Technology), anti-Col1A1 (Ab- 
cam), anti-Col1A2 (Invitrogen Antibodies) and 
anti-GAPDH (Cell Signaling Technology) anti-
bodies. The proteins were visualized using an 
enhanced chemiluminescence system (GE 
Healthcare, Piscataway, NJ, USA).

In vitro neutralization of IL-6

To block the IL-6 activity in vitro, IL-6 neutraliza-
tion antibody (Peprotech, Rocky Hill, NJ, USA) 
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was added to the cell culture medium at a con-
centration of 0.8 μg/ml. IgG was used as con- 
trol.

RNAi

Plasmid vector loading shRNAs against IL-6  
for lentivirus packaging were purchased from 
Genecopoeia (Rockville, MD, USA). 293T cells 
were plated and the transfection complex was 
added to the culture medium at 293T 70-80% 
confluence. Then the cells were incubated in a 

CO2 incubator at 37°C for 48 h and the medium 
was then collected. Lentivirus titer was evalu-
ated by Lenti-X p24 Rapid titer kit (Clontech, 
Mountain View, CA, USA). After infection of 
MSCs by lentivirus loading shRNAs against IL- 
6, RT-PCR was perormed to analyze IL-6 expre- 
ssion.

Statistical analysis

Statistical significance was calculated by Stu- 
dent’s t-test for two-sample comparisons using 

Figure 1. Cartilage degradation and subchondral bone sclerosis in ACLT osteoarthritis (OA) mouse. Anterior cruciate 
ligament transaction (ACLT) was performed in 8-week-old male C57BL/6 mice to induce OA. 8 weeks after surgery, 
histological changes in knee joints were analyzed between OA mice and sham controls by AB/H&OG staining (A). 
Green arrows indicated cartilage destructions. The summed OARSI scores of articular cartilage histologic structure 
were compared in OA mice or sham controls (B). The cartilage area of tibia was quantified through Bioquant soft-
ware in OA mice and sham controls (C). The subchondral bone thickness of tibia was quantified in OA mice and 
sham controls (D). Data are shown as the means ± SD. *: P<0.05, **: P<0.01, ACLT vs. Sham.

Figure 2. Increase in cell numbers, mineralization disorder and abnormal type I collagen production of subchondral 
bone MSCs in ACLT OA mouse. Immunostainings for nestin and osterix were employed to analyze the number of 
MSCs in the subchondral bone marrow of OA mice compared to sham controls (A). Flow cytometry was performed 
to confirm the results from immunostainings (B and C). MSCs were harvested from subchondral bone of OA mice 
and sham controls, cultured in vitro and induced to undergo osteogenic differentiation. Alizarin red staining was 
employed to evaluate the mineralization ability of these MSCs (D). Quantitative RT-PCR was performed to investigate 
the mRNA expression levels of col1A1 and col1A2 in OA MSCs compared with normal MSCs (E) and the ratio of 
col1A1 to col1A2 mRNA was calculated (F). GAPDH was used as an internal control. The results are expressed as the 
percentage of GAPDH. Western blot using col1A1 and col1A2 antibodies was performed to confirm the results from 
qRT-PCR (G). GAPDH was used as an internal control. Protein bands density was measured using image software. 
The relative protein expression level was normalized to GAPDH. Data are shown as the means ± SD. *: P<0.05, **: 
P<0.01, ACLT vs. Sham.
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the software SPSS 16.0. Statistical significance 
was determined using data from at least three 
independent experiments. P<0.05 were defined 
as significant. All of the data are presented as 
the mean ± SD unless otherwise specified.

Results

Cartilage degradation and subchondral bone 
sclerosis in ACLT OA mouse

ACLT was performed in C57BL/6 mice to gener-
ate a destabilized OA model. 8 weeks after sur-
gery, histological changes in knee joints were 
analyzed between OA mice and sham controls. 
Sham knee joints were normal, indicated by 
AB/H&OG staining (Figure 1A). In contrast, re- 
markable cartilage degenerations and proteo-
glycans loss were observed in the OA knee 
joints (Figure 1A). To quantify the severity of 
cartilage damage, we compared the scores of 
articular cartilage histologic structure between 
OA mice and sham controls. The summed OA- 
RSI scores for morphological structure changes 
were significantly greater in the knee joints of 
OA mice than sham controls (Figure 1B). Also, 
the cartilage area of tibia was quantified throu- 
gh Bioquant software. A 60% decrease in the 
tibia cartilage area was observed in OA mice 
compared with sham controls (Figure 1C). 

To analyze the changes of subchondral bone in 
OA knee joints, the subchondral bone thick-
ness of tibia was quantified. A 60% increase in 
the subchondral bone thickness of tibia was 
observed in OA mice compared with sham con-
trols (Figure 1D), suggesting that there was 
sclerosis in subchondral bone area of OA mice. 

Increase in cell numbers, mineralization disor-
der and abnormal type I collagen production of 
subchondral bone MSCs in ACLT OA mouse

In the current study, we focused on the abnor-
mal changes of subchondral bone in OA mice. 
Bone formation is resulted from osteogenic dif-
ferentiation of bone marrow MSCs. Therefore, 
following the analysis of the pathological phe-
notypes of articular cartilage and subchondral 
bone in osteoarthritis, the changes of MSCs  
in subchondral bone were then investigated. 
Immunostaining for nestin, primarily expressed 
in adult bone marrow MSCs [23], revealed a 
significantly higher number of nestin+ cells in 
the subchondral bone of OA mice compared to 

sham controls (Figure 2A). Once committed to 
the osteoblast lineage, MSCs express osterix,  
a marker of osteoprogenitors. The number of 
osterix+ osteoprogenitors also significantly in- 
creased in the subchondral bone of OA mice 
compared to sham controls (Figure 2A), indi-
cating nestin+ MSCs undergo osteoblastic dif-
ferentiation for de novo bone formation. These 
results were confirmed in flow cytometry analy-
sis. A 2-fold increase in the number of nestin+ 
MSCs (Figure 2B) and osterix+ osteoprogeni-
tors (Figure 2C) from subchondral bone was 
observed in OA mice compared with sham con- 
trols. 

Having observed the increased number of 
MSCs from subchondral bone in OA, we then 
evaluated the functions of these cells. MSCs 
were harvested from subchondral bone, cul-
tured in vitro and induced to undergo osteogen-
ic differentiation. Alizarin red staining was em- 
ployed to evaluate the mineralization ability of 
these MSCs. The significant attenuation of 
staining was observed in OA subchondral bone 
MSCs compared with sham controls (Figure 
2D). These results were supported by the Ali- 
zarin red quantification (Figure 2D), suggesting 
that the mineralization ability of OA subchon-
dral bone MSCs was weaker than normal MSCs 
although their number was more than normal 
MSCs.

Blunted mineralization could be attributed to 
abnormal production of type I collagen in OA 
MSCs [26]. As shown in Figure 2E, a 2.4-fold 
higher expression of col1A1 mRNA was obser- 
ved in OA MSCs compared with normal MSCs, 
using quantitative RT-PCR, whereas the expres-
sion of col1A2 mRNA chains was similar bet- 
ween OA and normal MSCs. This increase in 
col1A1 expression in OA MSCs without signifi-
cant changes in col1A2 expression led to a sig-
nificant increase in the ratio of col1A1 to col1- 
A2 in OA MSCs compared with normal MSCs 
(Figure 2F). These results were supported by 
the data from western blot using col1A1 and 
col1A2 antibodies (Figure 2G).

IL-6 over-production in OA subchondral bone 
MSCs

Having observed the defective mineralization 
and abnormal type I collagen production in OA 
subchondral bone MSCs, we aimed to elucidate 
the underlying molecular mechanisms. Total 
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protein was harvested from normal and OA 
MSCs. The protein expression levels of thirty-
six bone metabolism markers were assessed 
using an antibody array. IL-6 was significantly 
upregulated in OA MSCs compared with normal 
control (Data not shown). Immunostaining re- 
vealed significant up-regulation of IL-6 in MSCs 
in tibia subchondral bone of OA mice compared 
with sham controls (Figure 3A). Immunostaining 
for phosphorylated STAT3 which is activated by 
IL-6 showed the same pattern as IL-6 (Figure 
3A). qRT-PCR revealed a 5-fold increase in IL- 
6 mRNA expression in OA subchondral bone 

MSCs compared with normal MSCs (Figure 3B). 
Through western blot, significant protein up-
regulation of IL-6 (Figure 3C) and phosphory-
lated STAT3 (Figure 3D) was observed in OA 
subchondral bone MSCs compared with normal 
MSCs. Supernatant of OA and normal MSCs 
was collected and ELISA was performed to 
measure the IL-6 secretion of these cells. The 
enhancement of IL-6 secretion was observed in 
OA subchondral bone MSCs compared with 
normal MSCs (Figure 3E). These data suggest-
ed IL-6 signaling was over-activated in OA sub-
chondral bone MSCs.  

Figure 4. IL-6 contributes to the pathological phenotypes of OA subchondral bone MSCs. siRNA was employed to si-
lence IL-6 expression in MSCs from OA subchondral bone (A). Following the treatment of IL-6 neutralization antibody, 
IL-6 siRNA or STAT3 inhibitor AG490, MSCs were induced to undergo osteogenic differentiation. Alizarin red stain-
ing was employed to evaluate the mineralization ability of these MSCs (B). Quantitative RT-PCR was performed to 
investigate the mRNA expression levels of col1A1 and col1A2 in OA MSCs treated with IL-6 neutralization antibody, 
IL-6 siRNA or STAT3 inhibitor AG490 and the ratio of col1A1 to col1A2 mRNA was calculated (C). GAPDH was used 
as an internal control. Western blot using col1A1 and col1A2 antibodies was performed to confirm the results from 
qRT-PCR (D). GAPDH was used as an internal control. Protein bands density was measured using image software 
(E). The relative protein expression level was normalized to GAPDH. Data are shown as the means ± SD. *: P<0.05.

Figure 3. IL-6 over-production in OA subchondral bone MSCs. Immunostainings were employed to investigate the 
expression of IL-6 and p-STAT3 in the subchondral bone marrow of OA mice compared to sham controls (A). MSCs 
were harvested from subchondral bone of OA mice and sham controls, cultured in vitro. Quantitative RT-PCR was 
performed to investigate the mRNA expression level of IL-6 in OA MSCs compared with normal MSCs (B). GAPDH was 
used as an internal control. The results are expressed as the fold changes over Sham. Western blot was performed 
to investigate the expression levels of IL-6 (C) and p-STAT3 (D) in MSCs from OA and normal subchondral bone. 
GAPDH was used as an internal control. ELISA was employed to investigate the secretion of IL-6 from MSCs of OA 
and normal subchondral bone (E). Data are shown as the means ± SD. *: P<0.05, ACLT vs. Sham.
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IL-6 contributes to the pathological phenotypes 
of OA subchondral bone MSCs

We then asked whether IL-6 signaling over-acti-
vation contributed to the defective mineraliza-
tion and abnormal type I collagen production in 
OA subchondral MSCs. To answer this question, 
we made attempts to block IL-6 signaling of OA 
MSCs through IL-6 neutralization antibody, IL-6 
siRNA (Figure 4A) and STAT3 inhibitor AG490. 
Alizarin red staining revealed a significant en- 
hancement of mineralization in OA subchondral 
bone MSCs in response to IL-6 signaling block-
ade (Figure 4B). These results were supported 
by the Alizarin red quantification (Figure 4B), 
suggesting that defective mineralization of OA 
MSCs was improved through IL-6 signaling blo- 
ckade. 

qRT-PCR revealed that the ratio of col1A1 to 
col1A2 mRNA in OA MSCs was reduced in res- 
ponse to IL-6 neutralization antibody, IL-6 siRNA 
and AG490 (Figure 4C). As shown in Figure 4D, 
the down-regulation of col1A1 protein was ob- 
served in OA MSCs in response to IL-6 neutral-

ization antibody, IL-6 siRNA and AG490, using 
western blot, whereas the expression of col1A2 
protein remained unchanged. This decrease in 
col1A1 protein expression in OA MSCs without 
significant changes in col1A2 protein expres-
sion in response to IL-6 signaling blockade led 
to a significant decrease in the ratio of col1A1 
to col1A2 in OA MSCs (Figure 4E). These data 
suggested that the abnormal type I production 
in OA MSCs was corrected at least in part, if not 
all, through IL-6 signaling blockade.

The alleviation of cartilage degradation and 
subchondral bone sclerosis in ACLT OA mouse 
in response to IL-6 signaling blockade

To validate the role of IL-6 in the subchondral 
bone at the progression of osteoarthritis, we 
systemically injected IL-6 antibody or AG490, 
which was responsible for the blockade of IL-6 
signaling, into OA mouse. The knee joints were 
harvested 8 weeks after surgery. AB/H&OG 
staining revealed a significant improvement of 
ACLT-induced cartilage degenerations and pro-
teoglycans loss of knee joints in response to 

Figure 5. The alleviation of cartilage degradation and subchondral bone sclerosis in ACLT OA mouse in response to 
IL-6 signaling blockade. Anterior cruciate ligament transaction (ACLT) was performed in 8-week-old male C57BL/6 
mice to induce OA. In a first assay, mice received intraperitoneal injections weekly of an IL-6 antibody or an IgG iso-
type control for 8 weeks from the day after the ACLT. In a second assay, the mice were treated daily with an intraperi-
toneal injection of AG490 or DMSO vehicle control for 8 weeks from the day after the ACLT. 8 weeks after surgery, 
histological changes in knee joints were analyzed between OA mice and sham controls by AB/H&OG staining (A). 
Green arrows indicated cartilage destructions. The summed OARSI scores of articular cartilage histologic structure 
were compared in OA mice or sham controls (B). The cartilage area of tibia was quantified through Bioquant soft-
ware in OA mice and sham controls (C). The subchondral bone thickness of tibia was quantified in OA mice and 
sham controls (D). Data are shown as the means ± SD. *: P < 0.05.
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the use of IL-6 neutralization antibody or AG490 
compared with IgG control or AG490 vehicle 
(Figure 5A). Correspondingly, the summed OA- 
RSI scores for morphological structure changes 
were significantly lower in the knee joints in 
response to the use of IL-6 neutralization anti-
body or AG490 (Figure 5B). A 3-fold increase in 
the tibia cartilage area was observed in the 
knee joints in response to the use of IL-6 neu-
tralization antibody or AG490 (Figure 5C). The 
subchondral bone thickness of tibia was redu- 
ced significantly in response to the use of IL-6 
neutralization antibody or AG490 compared 
with IgG control or AG490 vehicle (Figure 5D). 
These data suggested that cartilage degrada-
tion and subchondral bone sclerosis of OA mice 
was alleviated to some extent in response to 
IL-6 signaling blockade.

Immunostaining for nestin revealed a signifi-
cantly lower number of nestin+ cells in the sub-
chondral bone marrow of OA mice in response 
to the use of IL-6 neutralization antibody or AG- 
490 compared with IgG control or AG490 vehi-
cle (Figure 6A). The number of osterix+ osteo-
progenitors also significantly decreased (Figure 
6A). These results were confirmed in flow cyto- 
metry analysis. A significant decrease in the 
number of nestin+ MSCs (Figure 6B) and oste- 
rix+ osteoprogenitors (Figure 6C) from subchon-
dral bone was observed in OA mice in response 
to IL-6 signaling blockade. 

Discussion

Articular cartilage degradation is the primary 
pathological phenotype in OA, to which hypoxia-

inducible factor-2α (HIF-2α) [27, 28] and com-
plement component 5 (C5) [29] have been re- 
cently shown to contribute, in addition to ADA- 
MTS5 [30] and MMP13 [31]. Articular cartilage 
homeostasis depends on its biochemical and 
biomechanical interaction with subchondral 
bone and other joint tissues such as synovium 
[32]. Subchondral bone provides the mechani-
cal support for articular cartilage and under-
goes modeling and remodeling in response to 
the mechanical environment changes [33]. For 
instance, ACL rupture increases the risk of 
knee OA [34]. It has been reported that about 
20-35% of OA individuals are estimated to un- 
dergo an ACL tear [35]. Clinically, OA pathologi-
cal phenotypes include cartilage degradation, 
tidemark disruption with angiogenesis, osteo-
phyte formation and subchondral bone sclero-
sis [36]. Bone marrow lesion is always closely 
associated with pain and believed to predict 
the severity of cartilage damage in OA [37].

Both clinical and animal studies reported that 
the progression of OA is associated with the 
abnormal accumulation of MSCs in joint tis-
sues and synovial fluids [38, 39]. We observed 
that IL-6 over-production from OA subchondral 
bone led to an increased number of nestin+ and 
osterix+ MSCs in the subchondral bone marrow 
in experimental OA model. During the normal 
remodeling process, osteoblasts and their pro-
genitors are primarily recruited to the resorp-
tion site on the bone surface. However, the al- 
tered bone marrow microenvironment induced 
by abnormal mechanical loading may result in 
“in situ” commitment of osteoprogenitors in the 
bone marrow cavities. Less well mineralized 

Figure 6. The decrease of subchondral bone MSCs number of OA mouse in response to IL-6 signaling blockade. 
Anterior cruciate ligament transaction (ACLT) was performed in 8-week-old male C57BL/6 mice to induce OA. In a 
first assay, mice received intraperitoneal injections weekly of an IL-6 antibody or an IgG isotype control for 8 weeks 
from the day after the ACLT. In a second assay, the mice were treated daily with an intraperitoneal injection of AG490 
or DMSO vehicle control for 8 weeks from the day after the ACLT. 8 weeks after surgery, immunostainings for nestin 
and osterix were employed to analyze the number of MSCs in the subchondral bone marrow (A). Flow cytometry was 
performed to confirm the results from immunostainings (B and C). Data are shown as the means ± SD. *: P<0.05.
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newly formed bone could be observed within 
bone marrow lesions [40]. These clustered bo- 
ne marrow osteoprogenitors may lead to the de 
novo bone formation that is visualized as bone 
marrow lesions under MRI.

The alteration of the subchondral bone tissue 
microstructure in the progression of OA was 
recently described as osteogenesis imperfecta 
[41]. Therefore, subchondral bone sclerosis in 
OA may be attributable to abnormal collagen 
production in vivo [42]. Considering that type I 
collagen levels are enhanced in the trabecular 
bone of the femoral heads of OA patients, this 
should result in mineralization elevation [43]. 
However, the fact is that this tissue is observed 
to be hypo-mineralized [2, 5, 44]. Type I colla-
gen is composed of a heterotrimer of α1 and 
α2 chains at an average ratio of 2.4:1 in normal 
subchondral bone. However, this ratio is elevat-
ed to 4:1-17:1 in in vivo OA bone tissue [42]. 
Associated with the reduction in crosslinks 
observed in OA bone tissue [2] and the over-
hydroxylation of lysine in collagen fibrils [42], 
this could explain a reduction in bone mineral-
ization. However, whether the alterations of col-
lagen production in OA subchondral bone could 
lead to abnormal cell metabolism or systemic 
regulation remains elusive.

Our results indicated that type I collagen pro-
duction in OA MSCs is increased compared 
with normal MSCs and may be the cause of 
abnormal mineralization. This was resulted pri-
marily from a direct effect on the col1A1 expres-
sion in OA MSCs. Associated with no significant 
change in col1A2 expression, this led to a high-
er ratio of α1 to α2 chain in OA MSCs than nor-
mal MSCs. Several previous reports have re- 
vealed a similar increase in expression of the 
α1 chain of type I collagen in ex vivo OA bone 
explants [45, 46]. We also observed a higher 
ratio of α1 to α2 chain in OA MSCs compared 
with normal MSCs, using Western blot. If in 
vitro conditions are similar in vivo, this would 
produce more type I collagen with an imbal-
ance of α1 to α2 chains, which would impair 
proper mineralization. That is to say, although 
more abundant, this kind of collagen matrix is 
difficult to mineralize properly, which would 
result in a less mineralized subchondral bone. 
Futhermore, the decrease in mineralization ob- 
served in vitro under basal conditions indicated 
that a cellular defect is responsible for this 
abnormal mineral deposition so that osteogen-

ic differentiation inducer such as BMP2 can not 
manage to correct this situation [47, 48].

IL-6 was previously shown to induce Mmp1, 
Mmp3 and Mmp13 and Adamts-4 and Adam- 
ts-5 mRNA expression in bovine chondrocytes 
[21]. IL-6 KO has been previously shown to re- 
duce DMM-induced OA in mice [22]. In humans, 
a low production of IL-6 is associated with the 
absence of OA in the aged population [49]. 
Here, we showed that the systemic use of anti-
IL-6 antibody or STAT3 inhibitor exerted protec-
tive effects in an experimental OA model, thus 
providing the relevance for IL-6 therapeutic tar-
geting in OA. This finding supports ongoing clini-
cal investigations of the efficacy of tocilizumab, 
a humanised anti-IL-6R monoclonal neutralis-
ing antibody, for severe subsets of OA patients 
(ClinicalTrials.gov NCT02477059).

ACLT-induced joint instability may lead to exper-
imental OA through the mechanical stress on 
cartilage and subchondral bone. NF-κB is one 
of the most important transcription factors to 
modulate biomechanical signals in chondro-
cytes [50]. In OA, NF-κB also plays an important 
role [51]. IL-6 is not only a direct target gene of 
NF-κB in human chondrocytes [52], but also a 
key mediator of several chondrocyte procata-
bolic factors involved in OA. Our results sug-
gested that the IL-6/Stat3 signaling might be 
another important regulator of catabolic and 
inflammatory effects of mechanical stress in 
OA-related cartilage damage and subchondral 
bone sclerosis. More importantly, IL-6 might 
crosstalk with other proinflammatory media-
tors such as IL-1 and TNFα in various joint tis-
sues to contribute to the pathological pheno-
types of OA.

Our findings are not unique. In a previous study, 
the authors reported that IL-6 induced chon-
drocyte catabolism mainly via Stat3 signaling, 
a pathway activated in cartilage from joint sub-
jected to DMM. Systemic blockade of IL-6 or 
STAT-3 can alleviate DMM-induced OA in mice 
[53]. However, there are some important differ-
ences between these two studies. Firstly, unlike 
the previous study in which antibody against 
IL-6R was used to block IL-6 activity, monoclo-
nal antibody against IL-6 was employed in the 
current study; secondly, AG490 was used to 
inhibit STAT3 activity in the current study and in 
contrast, Stattic was used in the previous 
study; finally, the previous study mainly focused 
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on the effect of IL-6 on articular cartilage and 
our study focused on the effect of IL-6 on sub-
chondral bone. Coupled with the previous stu- 
dy, our study provides deeper insights into OA 
pathogenesis by demonstrating the pivotal role 
of the IL-6/Stat3 pathway in OA.

In conclusion, we showed that IL-6 was over-
produced by OA subchondral bone MSCs and 
IL-6/Stat3 signaling was over-activated in OA 
subdhondral bone, which contributed to the 
pathological phenotypes of OA subchondral 
bone MSCs including MSCs number increase, 
mineralization disorder and abnormal type I col-
lagen production. The systemic blockade of IL-6 
signaling could alleviate the severity of carti-
lage degradation and subchondral bone sclero-
sis of experimental OA in mice. Our results open 
new therapeutic perspectives on the basis of 
the data that pharmacological blockade of the 
IL-6/Stat3 signaling could reduce OA severity. 
These findings need to be further confirmed 
with other blocking strategies (other pharmaco-
logical inhibitors, siRNA or gene knockout) in 
different OA models.
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