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A B S T R A C T

Crosstalk between subchondral bone and articular cartilage is considered a central feature of osteoarthritis (OA)
initiation and progression, but its underlying molecular mechanism remains elusive. Meanwhile, specific ad-
ministration of drugs in subchondral bone is also a great challenge during investigation of the process. We here
explore the role of stromal cell-derived factor 1 (SDF-1)/C-X-C chemokine receptor type 4 (CXCR4) axis in the
crosstalk between subchondral bone and articular cartilage in OA pathogenesis, using osmotic infusion pumps
implanted in tibial subchondral bone directly to ensure quantitative, continuous and steady drug delivery over
the entire experiment. We found that increased SDF-1 in subchondral bone firstly induced subchondral bone
deterioration by erroneous Mesenchymal Stem Cells (MSCs) recruitment and excessive bone resorption in
anterior cruciate ligament transection (ACLT) mice. Deterioration of subchondral bone then led to the traverse of
SDF-1 from subchondral bone to overlying cartilage. Finally, SDF-1 from underlying subchondral bone combined
with CXCR4 in chondrocytes to induce articular cartilage degradation by promoting the shift of transforming
growth factor-β receptor type I (TβRI) in chondrocytes from activin receptor-like kinase 5 (ALK5) to activin
receptor-like kinase 1 (ALK1). More importantly, specific inhibition of SDF-1/CXCR4 axis in ACLT rats atte-
nuated OA by stabilizing subchondral bone microarchitecture, reducing SDF-1 in cartilage and abrogating the
shift of TβRI in chondrocytes. Our data demonstrate that the SDF-1/CXCR4 axis may coordinate the crosstalk
between subchondral bone and articular cartilage in OA pathogenesis. Therefore, specific inhibition of SDF-1/
CXCR4 axis in subchondral bone or intervention in SDF-1 traverse may be therapeutic targets for OA.

1. Introduction

Osteoarthritis (OA) is the most common multifactorial degenerative
joint disorders characterized by cartilage loss, subchondral bone
sclerosis and osteophyte formation [1–3]. Current pharmacologic
therapies primarily target at symptoms controlling but their efficacy on
OA progression is disappointing, until the end stage necessitating joint
replacement [4,5]. As the exact pathogenesis of OA remains elusive,
explorations for targets in preventive and disease-modifying therapies
are urgently needed.

It is now recognized that although OA is characterized by articular

cartilage degeneration the whole joint is involved during OA progres-
sion [6–9]. Notably, the crosstalk between subchondral bone and ar-
ticular cartilage is also considered a central feature of OA initiation and
progression [10–12]. It has been reported that the alteration in sub-
chondral bone microarchitecture precedes articular cartilage degen-
eration during OA progression [13–16]. We have also found that un-
coupled bone remodeling plays a pivotal role in the cartilage
degeneration [17,18]. Of note, cartilage chondrocytes in OA are dif-
ferent from normal cartilage ones in their cytokine and growth factor
expression patterns [19,20]. Previous studies have reported that both
OA and the aging process itself alter the pattern of TβRI expression in a

https://doi.org/10.1016/j.bone.2019.05.010
Received 20 December 2018; Received in revised form 20 April 2019; Accepted 7 May 2019

⁎ Corresponding authors at: Department of Orthopaedics and Traumatology, Nanfang Hospital, Southern Medical University, Guangzhou, Guangdong 510515,
China.

E-mail addresses: cuizhuang@smu.edu.cn (B. Yu), yubinol@163.com (Z. Cui).
1 Han-Jun Qin and Ting Xu have contributed equally to this work.

Bone 125 (2019) 140–150

Available online 17 May 2019
8756-3282/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2019.05.010
https://doi.org/10.1016/j.bone.2019.05.010
mailto:cuizhuang@smu.edu.cn
mailto:yubinol@163.com
https://doi.org/10.1016/j.bone.2019.05.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2019.05.010&domain=pdf


shift from ALK5 to ALK1 [21]. The impact of TGF-β on cartilage is
anabolic through ALK5 induced Smad2/3 signaling [22] while cata-
bolic through ALK1 induced Smad1/5/8 signaling pathway [23–25].
However, the underlying mechanism remains unknown towards the
shifting of receptor balance between ALK1 and ALK5 in chondrocytes
during OA pathogenesis.

Consideration of the crosstalk between subchondral bone and
overlying cartilage as a main factor in OA initiation and progression
raises a question. Is it feasible that the mutual communication occurs
between subchondral bone and articular cartilage? It is known that the
interface between the subchondral bone and calcified layer of cartilage
lies subchondral bone plate (SBP), which acts as an impenetrable bar-
riers to sustain the homeostasis and integrity of overlying cartilage
[26,27]. However, increasing evidence shows that it is probable for
them to communicate. Several studies have demonstrated that the
subchondral plate porosity increases in OA [28,29], accompanied by
accumulation of microcracks and eruption of blood vessels through the
plate, implying that molecules may traverse the subchondral plate to
couple subchondral bone deterioration and articular cartilage degen-
eration during OA progression.

Stromal cell-derived factor 1 (SDF-1), an 8-kDa chemokine, exerts
its role by binding to the seven transmembrane G-protein-coupled re-
ceptor, C-X-C chemokine receptor type 4 (CXCR4). It is reported that
SDF-1 is mainly expressed by bone marrow stromal stem cells [30] and
osteoblasts [31] in bone but not produced by chondrocytes in cartilage
[32,33]. Recent evidence has attracted more attention towards the role
of SDF-1/CXCR4 axis in the OA pathogenesis. Previous studies have
showed that SDF-1 increases dramatically in the synovial fluid [34,35]
and subchondral bone [36] while the expression of its receptor CXCR4
elevates significantly in the articular chondrocytes and subchondral
bone marrow stromal cells [36,37]. These imply that SDF-1/CXCR4 axis
may play a vital role in OA progression, but it is unknown whether and
how SDF-1/CXCR4 axis regulates the crosstalk between subchondral
bone and articular cartilage in OA pathogenesis.

Thus in the present study, we inserted and fixed osmotic infusion
pumps directly in subchondral bone as a local drug delivery tool which
allows quantitative, continuous and steady drug delivery over the entire
experiment. Our results revealed that SDF-1/CXCR4 axis might co-
ordinate the crosstalk between subchondral bone and articular cartilage
in OA pathogenesis and that specific inhibition of SDF-1/CXCR4 axis
attenuated OA by stabilizing subchondral bone microarchitecture, re-
ducing SDF-1 in cartilage and abrogating the shift of TβRI in chon-
drocytes.

2. Materials and methods

2.1. Mice, rats and clinical samples

Three-month-old male C57BL/6J (WT) mice and SD rats were pur-
chased from the animal center of Southern Medical University. The
anterior cruciate ligament transection (ACLT) was done to induce ab-
normal mechanical loading-associated osteoarthritis of the left knee.
Sham operation was done by opening the joint capsule and then su-
turing the incision in the left knee of independent rodents. Mice were
used for the study of the effect of systemic drug administration on OA
development. We randomly divided the mice into 3 groups as follows:
sham-operated, ACLT-operated treated with vehicle and ACLT-operated
treated with AMD3100 (n=15 per group, 5 on day 14, 30 and 60 se-
parately). Rats were introduced to explore the effect of local adminis-
tration of drug in subchondral bone on OA development. Rats were also
randomized to similar 3 groups (n=5 per group). Rats were eu-
thanized 2months after surgery. All mice and rats were maintained in
the Animal Facility of the Southern Medical University. The experi-
mental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of the Southern Medical University,
Guangzhou, China. Additionally, Various regions of human OA joints

were harvested from the human subjects undergoing total knee re-
placement (n=4, age range 50-70 years old). The integrated samples
were divided into OA part and relatively normal part (RN). OA group
where cartilage was severely damaged or fibrillated with OARSI score
of 15–18; while relatively normal (RN) group was non-fibrillated with
OARSI scores of 0–3 [36]. ALL personal information was anonymized
and de-identified and this study was approved by the Ethical Medical
Committee, Nanfang Hospital.

2.2. Implantation of osmotic infusion pumps

Both systemic and local administration of AMD3100 were admini-
strated directly after ACLT surgery. For systemic admission of
AMD3100 (Abcam, ab120718) in ACLT mice, a 1.5 cm transverse skin
incision was made over the dorsal thorax, and a subcutaneous pocket
created via blunt dissection. The loaded Alzet osmotic minipumps
(Alzet model 1004, 0.11 μl per hour, 28 days) were inserted and the
fascia and skin closed with 8–0 nylon. AMD3100 was delivered at a rate
of 180 μg/day, which corresponds to steady serum level of 0.3 μg/ml
[38–40,49].

For specific administration of AMD3100 in tibial subchondral bone
of ACLT rats, a curved incision was made on the lateral side of the knee.
The incision began from the level of the knee and ended to 1 cm distal
to the tibial tuberosity. We then made a layer-by-layer dissection to
expose tibial anterolateral muscles and bluntly dissected them along the
lateral border of the tibia. To avoid blockage of micro-osmotic pumps,
we first inserted a 1ml syringe needle from the anteroinferior tibial
plateau and confirmed the needle in subchondral bone by X-ray. Then,
micro-osmotic pumps (Alzet model 1004, 0.11 μl per hour, 28 days)
were implanted into subchondral bone following the canal made by the
syringe needle and covered by anterolateral muscles. Finally, the whole
assembly was buried subcutaneously. AMD3100 (1 μg) was infused into
subchondral bone continuously for 1month employing osmotic infu-
sion pump.

2.3. Micro-CT analysis

We acquired the knee joints of mice and rats and dissected them free
of soft tissue, fixed them in 70% ethanol overnight. We then scanned
the specimen using high-resolution micro-CT (SkyScan 1172) and re-
constructed the scanned images by image reconstruction software
(NRecon v1.6) [16]. The data were analyzed using data analysis soft-
ware (CTAn v1.9) and three-dimensional model visualization software
(μ CTVol v2.0). We set the scanner at a voltage of 50 kVp, current of
200 μA and resolution of 5.8 μm per pixel. We chose a threshold of 50
based on visual interpretation. Three-dimensional histomorphometric
analysis was performed using longitudinal images of the tibial sub-
chondral bone. The region of interest was defined to cover the whole
tibial subchondral bone medial compartment. Three-dimensional
structural parameters analyzed included: TV (total tissue volume;
contains both trabecular and cortical bone), Tb.Th (trabecular thick-
ness), Tb.Sp (trabecular separation), Conn.Dn (connectivity density)
and Tb.Pf (trabecular pattern factor).

2.4. Fluorescence in Situ Hybridization for SDF-1

Slides were placed in a wet box and applied with 0.2mol/L hy-
drochloric acid to the tissue. We rinsed the slices for 15min at room
temperature and washed them twice with DEPC for 1min each time.
The slices were covered with Proteinase K and put into the molecular
hybridizer at 37 °C for 20min. Proteinase K reaction was stopped with
0.2% or 0.1mol/L glycine wash solution for 1min (fresh) followed by
wash twice in PBS, 1min each time. We fixed tissue with 4% PFA
paraformaldehyde for 10min, then washed three times in PBS for 1min
each time. The slices were washed twice with acetic anhydride
(pH=8.0) at room temperature for 5min followed by wash 5 times
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with PBS for 1min each time, then washed twice with 5× SSC (pH 7.5)
for 1min each. The slices were put in wet box and FISH probes (Mus
SDF-1 5′-FAM-CCGGCAGGGGCAUCGGUAGCUCAGGCUGAC-3′) were
applied to the slides, and hybridized at 37 °C overnight. Then the slices
were washed with 2× SSC (pH=7.5) at room temperature for 1min
followed by wash 5 times with PBS for 1min each at room temperature.

2.5. Histochemistry, immunohistochemistry and histomorphometry analysis

Knee joints of mice and rats were dissected, fixed in 4% buffered
formalin for 48 h, and decalcified in 10% EDTA (pH 7.4) for 4 weeks.
Specimens were embedded in either paraffin or optimal cutting tem-
perature (OCT) compound (Sakura Finetek). 4-μm-Thick longitudinal-
oriented sections of the knee joint medial compartment were cut. For
the measurement of the thickness of the calcified cartilage in H&E
staining, 10× modified images were selected. Hyaline cartilage was
separated from calcified cartilage by the tidemark line. We measured
the distance from the tidemark to subchondral bone plate (SBP) as the
thickness of calcified cartilage, and the distance from the tidemark to
articular cartilage surface as the thickness of hyaline cartilage. Tartrate-
resistant acid phosphatase (Trap) staining was conducted using a
standard protocol (Sigma-Aldrich). Sagittal sections of knee joint
medial compartment were incubated with primary antibodies at 4 °C
overnight. For immunohistochemical staining, we used a horseradish
peroxidase-streptavidin detection system (Dako) and counterstained
with hematoxylin (Dako) or methyl green (Sigma-Aldrich). For im-
munofluorescence staining, second antibodies conjugated with fluor-
escence were incubated for 1 h at room temperature (RT) while
avoiding light. We then microphotographed slices to perform histo-
morphometric measurements on the entire area of the tibia subchondral
bone (Olympus DP71). Quantitative analysis was conducted in a
blinded fashion with software image J (ImageJ 1.51j8). The number of
positively stained cells was counted in the whole tibia subchondral
bone area per specimen and five sequential specimens per mouse in
each group were measured. Osteoarthritis Research Society
International-modified Mankin criteria (OARSI) scores were calculated
as previously described [41].

2.6. Chondrocytes and BMCs culture

Chondrocytes were isolated from the epiphyses of long bones of the
hind limb from 3 to 4 day old C57BL/6J mice. Surrounding tissues were
dissected clearly by two tweezers and epiphyseal cartilage were col-
lected in DMEM/F12 medium. The tissue was exposed to 0.25% trypsin
0.9 mM EDTA for 15min, and subsequently incubated with 0.15%
collagenase type II for 3–4 h at 37 °C with continuous mixing. Digested
cartilage was strained through a 70 μmmembrane and cells collected by
centrifugation and cultured in DMEM/F12 medium supplemented with
10% fetal bovine serum at 37 °C in a humidified 5% CO2 incubator.
Four week-old C57BL/6J mice were sacrificed and the primary BMSCs
were isolated from the femurs and tibias under a sterile condition. After
flushing the bone marrow cavity with MEM alpha medium and re-
moving large tissues with a 200-mesh nylon filter, the isolated bone
marrow cells were cultured in MEM alpha medium supplemented with
10% fetal bovine serum, 1% penicillin and streptomycin at 37 °C in an
environment with 5% CO2.

2.7. Transwell assay

The migration assay was designed using transwell plates that were
6.5 mm in diameter with 8 μm pore filters. The upper chambers were
loaded with 1× 105 BMSCs in 200 μl of DMEM containing 0.1% BSA,
and the lower chambers with 500 μl of DMEM containing 10% FBS. In
SDF group the lower chambers were treated with SDF-1 (100 ng/ml). In
AMD group, the BMSCs in upper chambers were 2 hr-pretreatment of
200 ng/ml AMD3100, the lower chambers were treated with SDF-1

(100 ng/ml). Following incubation for 15 h, cells in the upper chamber
were removed and the membranes were fixed in 4% paraformaldehyde
for 20min. The cells that migrated to the lower side of the filter were
stained with 0.1% crystal violet for 10min and then observed under a
light microscope [42].

2.8. Mechanical stress trial

To investigate the effect of tensile forces itself on the pattern of TβRI
expression in chondrocytes, we conducted the mechanical stress trial in
vitro. Chondrocytes (5×105/well), cultured in DMEM/F12 medium
supplemented with 10% FBS and 100 μg/ml streptomycin and 100 U/
ml penicillin, were grown on collagen type I-coated Bioflex II, six-well
culture plates to 80% confluence (7–8 days). Various magnitudes (0,
3%, 6%, 9%, 12%, 18%) of Cyclic Tensile Stress (CTS) were applied to
the cells at a rate of 0.5 Hz by FX-5000 Flexercell system (Flexcell
International) [43]. After loading of the plates on a station (located in
an incubator at 5% CO2 with 95% humidity) for 24 h, protein was
extracted for Western Blot analysis.

2.9. RT-PCR

To determine the effect of SDF-1 on the gene expression of ALK1 and
ALK5 in chondrocytes, primary mouse articular chondrocytes were
treated with 0, 20, 50 ng/ml SDF-1 for 24 h with or without 2 hr-pre-
treatment of 200 ng/ml AMD3100. Before the treatment of SDF-1, the
culture medium of chondrocytes was changed into DMEM/F12 medium
supplemented with 1% FBS. The TRIzol reagent (Invitrogen, CA, United
States) was used for homogenization and the total RNA extraction was
conducted following the manufacturer's instructions. PrimeScript™ RT
Master Mix (Takara) was employed to reverse transcribe mRNA into
cDNA and SYBR® Premix Ex Taq™ II PCR was used to perform RT-PCR
on ABI QuantStudio5 (Applied Biosystems USA). The relative expres-
sion of each target gene (ALK1 and ALK5) was calculated using the
2−ΔΔCt method. The primer sequences for the genes used are listed in
Supplementary Table 1.

2.10. Western blot

To detect the effect of SDF-1 on the relative protein expression in
chondrocytes, primary mouse articular chondrocytes were plated on 6-
well plates and treated with 0, 20, 50 ng/ml SDF-1 for 24 h with or
without 2 hr-pretreatment of 200 ng/ml AMD3100. Before the treat-
ment of SDF-1, the culture medium of chondrocytes was changed into
DMEM/F12 medium supplemented with 1% FBS. Extracted protein
(30 μg) were separated using SDS-PAGE and blotted on polyvinylidene
fluoride (PVDF) membrane (Bio-Rad Laboratories). Proteins were ana-
lyzed for ALK1 (Thermo Fisher, 1:1000, PA5-49803), ALK5 (Abcam,
1:500, ab31013) and CXCR4 (Abcam, 1:100, ab124824) and visualized
by an enhanced chemiluminescence kit (Amersham Bioscience).

2.11. Statistical analysis

Experiments were performed three times. Data are presented as
mean ± s.d. One-way analysis of variance (ANOVA) was used for
multifactorial comparisons in this study. Homogeneity of variance was
tested first and then the differences between groups were assessed by
post hoc multiple comparisons. Specifically, if no heterogeneity was
observed, the Bonferroni test was used to assess the differences between
groups. However, if heterogeneity did exist, the Welch test was used to
test the equality of means and the Dunnett's T3 was used to assess the
differences between groups. The investigators were blinded to alloca-
tion during experiments and outcome assessment. The level of sig-
nificance was set at P < 0.05 and indicated by “*” compared as de-
noted by bar, P < 0.01 was indicated by “**” compared as denoted by
bar. All data analysis was conducted with SPSS 22.0 analysis software
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(SPSS Inc.).

3. Results

3.1. SDF-1 elevates in subchondral bone during the onset of OA

Recent evidence has attracted more attention towards the role of
SDF-1/CXCR4 axis in the OA pathogenesis. Immunofluorescent staining
showed that the level of SDF-1 elevated significantly in the subchondral
bone of ACLT mice in comparison with sham controls (Fig. 1A–C).
Consistently, a higher level of SDF-1 was detected in the OA part of
human subchondral bone compared to the RN part (Fig. 1D–F and
Supplementary Fig. 1). We next examined the effects of inhibition of
SDF-1/CXCR4 axis on the joints in ACLT mice by systemic adminis-
tration of AMD3100. Three-dimensional micro-CT of tibial subchondral
bone showed increased TV and Tb.Pf, and reduced SBP thickness in
ACLT mice since 14 d after surgery. However, treatment with AMD3100
returned these parameters back to their normal levels comparable with
sham controls (Fig. 2A–D and Supplementary Fig. 2). In addition, we
found that articular cartilage degeneration began 30 d after surgery,
following subchondral bone deterioration (Fig. 2A and E). Inhibition of
SDF-1/CXCR4 axis normalized OARSI scores and the expression levels
of MMP13, Col X and ADAMTS5 in articular cartilage similar to sham
controls (Fig. 2F–J). These findings demonstrated that inhibition of
SDF-1/CXCR4 axis ameliorated OA pathogenesis by normalization of
subchondral bone deterioration and further rescue of the homeostasis

and integrity of overlying cartilage.

3.2. SDF-1/CXCR4 axis induces subchondral bone deterioration by
erroneous recruitment of MSCs and excessive bone resorption

We then explore the mechanism of SDF-1/CXCR4 axis on the al-
teration of subchondral bone microarchitecture in ACLT mice in OA
pathogenesis. We found that the MSCs were increased significantly and
dispersed throughout the bone marrow in subchondral bone of vehicle-
treated ACLT mice and that inhibition of SDF-1/CXCR4 axis returned
the MSCs back to normal comparable with sham controls (Fig. 3A and
D). We further confirmed that SDF-1/CXCR4 axis induced the mobili-
zation and recruitment of MSCs as demonstrated by the transwell assay
(Fig. 3K and L). And the amount of pErK+ and osterix+ cells [44,45]
were dramatically higher in subchondral bone of vehicle-treated ACLT
mice in comparison with AMD3100-treated ACLT group (Fig. 3E–H). In
addition, the number of tartrate-resistant acid phosphatase (TRAP)-
positive osteoclast cells increased dramatically (Fig. 3I–J) and led to
larger bone marrow cavities (Fig. 2A–D) in the vehicle-treated ACLT
model in comparison with sham controls. Of note, inhibition of SDF-1/
CXCR4 axis suspended the elevation of TRAP+ cells and normalized
subchondral bone microarchitecture. Taken together, these results
suggested that, during OA pathogenesis, SDF-1/CXCR4 axis might in-
duce subchondral bone deterioration by erroneous recruitment of MSCs
and excessive bone resorption.

Fig. 1. SDF-1 elevates in subchondral bone during the onset of OA. (A–C) Immunofluorescent staining and quantitative analysis of SDF-1 in subchondral bone of
ACLT mice at 14, 30 and 60 days post operation. n=5. Scale bar, 100 μm; Magnified view, 50 μm. SB= Subchondral bone; C=Cartilage; S= Synovium. (D) The
gross macroscopic observation in tibial plateau of the samples obtained from patients at the time of total joint arthroplasty. OA=Osteoarthritis damaged part;
RN= relatively normal part. (E, F) Immunohistochemical staining of SDF-1 in human subchondral bone of OA part and RN part. N=4. Scale bar, 100 μm.
Sham= sham-surgery. ACLT=ACLT-surgery treated with vehicle. *p < 0.05, **p < 0.01 compared as denoted by bar.
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3.3. SDF-1 in cartilage elevates following subchondral bone deterioration

Double-immunofluorescent staining showed that the amount of
SDF-1 in articular cartilage elevated significantly in vehicle-treated
ACLT mice in comparison with sham controls, while inhibition of SDF-
1/CXCR4 axis normalized the SDF-1 level in cartilage (Fig. 4A and B).
Moreover, we further found that specific administration of AMD3100 in
subchondral bone returned the elevated SDF-1 in articular cartilage
back to normal level in comparison with vehicle-treated ACLT rats
(Fig. 4C and D). However, mRNA expression of SDF-1 was not detected
in chondrocytes though it is obvious in the cells of subchondral bone in

ACLT mice, demonstrated by in-situ hybridization (Supplementary
Fig. 3). In addition, we found expression of CXCR4 in cartilage was
increased in vehicle-treated ACLT mice during OA pathogenesis
whereas inhibition of SDF-1/CXCR4 axis returned the elevated CXCR4
back to normal level (Fig. 4E and F), which was confirmed by the
western-blot assay (Fig. 4G). These results indicated that SDF-1 in
subchondral bone might traverse from bone to cartilage to link sub-
chondral bone deterioration with articular cartilage degeneration.

Fig. 2. Inhibition of SDF-1/CXCR4 axis systemically attenuates OA pathogenesis in mice. (A) Representative three dimensional micro-CT images of sagittal views of
subchondral bone medial compartment (TOP); Safranin O and fast green staining (middle) with solid arrows indicating proteoglycan loss and cartilage destruction
(Scale bar, 100 μm); H&E staining (bottom) where double-headed arrows to marker calcified cartilage (CC) and hyaline cartilage (HC) thickness (Scale bars, 50 μm) at
14, 30 and 60 days after sham operation or ACLT surgery. (B–E) Quantitative analysis of tibial subchondral bone of total tissue volume (TV) (B), trabecular pattern
factor (Tb.pf) (C), subchondral bone plate thickness (D) and HC/CC ratio in cartilage (E) n=5 per group. (F–I) Immunostaining and quantification of MMP13, Col X
and ADAMTS5 in articular cartilage 30 d post-operation. n= 5 per group. Scale bars, 50 μm. (J) Osteoarthritis Research Society International-modified Mankin
scores of articular cartilage at 30 days after surgery. n=5. Sham= sham-surgery; ACLT=ACLT-surgery treated with vehicle; AMD=ACLT-surgery treated with
AMD3100. *p < 0.05, **p < 0.01 compared as denoted by bar.
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3.4. SDF-1/CXCR4 axis induces articular cartilage degradation by
promoting shift of TβRI expression in chondrocytes from ALK5 to ALK1

It has been reported that the ALK1/ALK5 ratio increases during OA
progression [25], but the underlying mechanism is still unknown. The
present study confirmed that the reduction of ALK5 was much greater
during the onset of OA than that of ALK1 in ACLT mice (Fig. 5A–D),
resulting in the elevated ratio of ALK1/ALK5. We also found that the
ALK1/ALK5 ratio was regulated by SDF-1/CXCR4 axis and that in-
hibition of SDF-1/CXCR4 axis with AMD3100 increased the expression
of ALK5 but reduced the ALK1 level in articular cartilage (Fig. 5A–D).
Consistently, our western-blot analysis (Fig. 5E) and RT-PCR (Fig. 5F
and G) showed that SDF-1 reduced ALK5 expression but kept ALK1
expression in chondrocytes while inhibition of SDF-1/CXCR4 axis in-
creased the expression of ALK5 but decreased ALK1 level. We further
confirmed that the abnormal mechanical stress itself on chondrocytes
did not alter the ALK5 and ALK1 expression (Fig. 5H). Taken together,
these results revealed that SDF-1/CXCR4 axis induced articular carti-
lage degeneration by promoting the shift of TβRI in chondrocytes from
ALK5 to ALK1 during OA pathogenesis.

3.5. Specific inhibition of SDF-1/CXCR4 axis in subchondral bone using
osmotic infusion pumps attenuates OA

To validate the role of SDF-1/CXCR4 axis in subchondral bone
during the onset of OA, specific inhibition of SDF-1/CXCR4 axis in the
subchondral bone of ACLT rats was achieved via osmotic infusion
pumps (Fig. 6A and B). Like systemic use of SDF-1/CXCR4 axis in-
hibitor, local application of AMD3100 similarly improved the sub-
chondral bone microarchitecture in comparison with vehicle-treated
ACLT rats (Fig. 6C–G and Supplementary Fig. 2). Further specific in-
hibition of SDF-1/CXCR4 axis suspended the elevation of nestin+ and

MMP9+ cells in subchondral bone as compared to vehicle-treated ACLT
controls (Fig. 6H–K). In addition, we found that specific inhibition of
SDF-1/CXCR4 axis in subchondral bone attenuated articular cartilage
degeneration, as demonstrated in OARSI scores (Fig. 6C and L). More-
over, specific inhibition of SDF-1/CXCR4 axis normalized the expres-
sion of MMP13, Col X and ADAMTS5 in articular cartilage as in sham
controls (Fig. 6M–P). In exploration of the chondroprotective me-
chanism for specific inhibition of SDF-1/CXCR4 axis using osmotic in-
fusion pumps in subchondral bone, we found that specific administra-
tion of AMD3100 in the subchondral bone returned the SDF-1 in the
articular cartilage back to its normal level in comparison with vehicle-
treated ACLT controls (Fig. 4C and D). More importantly, as in sham
controls, specific inhibition of SDF-1/CXCR4 axis in the subchondral
bone normalized the ALK1/ALK5 ratio in articular cartilage which was
increased significantly in the vehicle-treated ACLT rats (Fig. 6Q–T).
Taken together, all these results demonstrated that SDF-1/CXCR4 axis
exerted its role on OA pathogenesis as a coupling factor between sub-
chondral bone and articular cartilage.

4. Discussion

Subchondral bone deterioration plays a central role in triggering a
cascade of events that lead to overlying cartilage degeneration, then the
onset of OA [9,16]. In this study, we demonstrated that SDF-1/CXCR4
axis coordinated the crosstalk between subchondral bone and articular
cartilage in OA pathogenesis. Specific inhibition of SDF-1/CXCR4 axis
attenuated OA by stabilizing subchondral bone microarchitecture, re-
ducing SDF-1 in cartilage and abrogating the shift of TβRI in chon-
drocytes. We also noticed that SDF-1 in synovium has been reported to
play a vital role in cartilage degeneration by infiltrating into chon-
drocytes [35], and that synovectomy could ameliorate the onset of OA
[34]. We believe in these findings as we consider that SDF-1 in

Fig. 3. SDF-1/CXCR4 axis induces subchondral bone deterioration by erroneous recruitment of MSCs and excessive bone resorption in mice. (A–H) Immunostaining
and quantitative analysis of LepR+ (A,B), nestin+ (C, D), osterix+ (G, H) and pErk+ (E, F) cells in subchondral bone at 30 days post operation. n=5 per group. Scale
bar, 100 μm; Magnified view, 50 μm. (I, J) Tartrate-resistant acid phosphatase (TRAP) staining and quantitative analysis from mice at 30 days after surgery. n=5.
Scale bar, 100 μm. (K, L) Transwell assay. Immunostaining and quantification of MSCs induced by SDF-1. Sham= sham-surgery; ACLT=ACLT-surgery treated with
vehicle; AMD=ACLT-surgery treated with AMD3100. *p < 0.05, **p < 0.01 compared as denoted by bar.
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synovium may accelerate but not trigger cartilage destruction during
OA progression. We here demonstrated that tibial subchondral bone
deterioration occurred since 14 d after surgery, while alteration in sy-
novium and cartilage began 30 d after surgery, following subchondral
bone deterioration. So, infiltration of SDF-1 from synovium is attributed
to the damaged integrity of cartilage structure caused by subchondral
bone deterioration. Thus, SDF-1 in synovium may have no chance to
infiltrate into chondrocytes in vivo if we maintain the homeostasis and
integrity of overlying cartilage by normalizing of subchondral bone
microarchitecture. Indeed, we revealed that stabilization of sub-
chondral bone structure using AMD3100, administrated by osmotic
infusion pumps in subchondral bone specifically significantly lowered
SDF-1 in articular cartilage in comparison with vehicle-treated ACLT
rodent model, protecting the integrity of overlying cartilage.

SDF-1/CXCR4 axis leads to subchondral bone deterioration by in-
ducing erroneous recruitment of MSCs and excessive bone resorption in
subchondral bone. It has been previously reported that increased bone
remodeling in subchondral bone is a key point in OA pathogenesis
[9,16]. After ACLT, abnormal mechanical loading induces excessive
bone resorption in subchondral bone, which liberates excessive

cytokines and molecules embedded in the bone matrix leading to er-
roneous recruitment of MSCs to bone marrow but not to bone resorp-
tion sites [16]. We here also found increased bone remodeling in sub-
chondral bone, as demonstrated by elevated Trap and Nestin positive
cells. Although the identity of MSCs is still not straightforward, how-
ever, in adult bone marrow, Nestin+ cells have been shown to re-
present a subset of bone marrow precursor cells mainly in endothelial
cell lineage and mesenchymal lineage [46]. And Nestin+ cells and
leptin receptor-positive (LepR+) cells are major osteoblast-forming
mesenchymal stromal precursor cells (MSPCs) in adult bone marrow
[47,48]. SDF-1 is a well-known factor that regulates the migration and
osteogenic differentiation of MSCs [45]. Previous studies have shown
that inhibition of SDF-1/CXCR4 signaling can ameliorate OA develop-
ment [36,49,50]. However, they did not explore the impact of SDF-1/
CXCR4 axis on the crosstalk between subchondral bone and articular
cartilage during OA pathogenesis and their inhibitor of SDF-1/CXCR4
signaling was administrated systemically. In this study, we revealed
that SDF-1/CXCR4 axis indeed played a vital role in increased bone
remodeling of subchondral bone during OA pathogenesis. pErk, the
downstream signaling of SDF-1, was elevated significantly during early

Fig. 4. SDF-1 traverses from the bone to cartilage to link subchondral bone deterioration with articular cartilage degeneration. (A, B) Double-immunofluorescent
staining and quantification of SDF and CXCR4 in articular cartilage of mice. n=5. Scale bars, 50 μm. (C, D) Double-immunofluorescent staining and quantitative
analysis of SDF and CXCR4 in articular cartilage of rats. n= 5. Scale bars, 50 μm. (E, F) Immunohistochemical staining and quantitative analysis of CXCR4 in
articular cartilage of mice. n=5. Scale bars, 50 μm. (G) Western Blot. The expression of CXCR4 in Chondrocytes after treated with SDF-1 for 24 h with or without
2 hr-pretreatment AMD3100. Sham= sham-surgery; ACLT=ACLT-surgery treated with vehicle; AMD3100=ACLT-surgery treated with AMD3100. C= control,
S20= SDF-1 (20 ng/ml), S50= SDF-1 (50 ng/ml), A=AMD3100 (200 ng/ml), A+ S20=AMD3100 (200 ng/ml)+ SDF-1(20 ng/ml), A+ S50=AMD3100
(200 ng/ml)+ SDF-1 (50 ng/ml). *p < 0.05, **p < 0.01 compared as denoted by bar.
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stage of OA. Of note, specific inhibition of SDF-1/CXCR4 axis using
AMD3100 via osmotic infusion pumps suppressed phosphorylation of
Erk, then normalized the expression of Nestin, LepR and Osterix in
subchondral bone. Further, we also demonstrated that targeted in-
hibition of the SDF-1/CXCR4 axis suppressed bone resorption of sub-
chondral bone, as defined by reduced MMP9-positive osteoclastic cells
in subchondral bone relative to vehicle-treated ACLT rats. Excessive
bone resorption has a capacity of indirect induction of erroneous MSCs
recruitment by excessive liberation of cytokines and molecules em-
bedded in bone marrow matrix [16]. Thus taken together, SDF-1/
CXCR4 axis plays a pivotal role in subchondral bone deterioration by
inducing erroneous MSCs recruitment directly and indirectly.

SDF-1 traverses from the bone to cartilage to couple subchondral
bone deterioration with articular cartilage degeneration. It is known
that the interface between the subchondral bone and calcified layer of
cartilage lies subchondral bone plate (SBP). In a normal situation, SBP
acts as impenetrable barriers to sustain the homeostasis and integrity of
overlying cartilage. However, during the onset of OA, SBP porosity
increases, allowing larger molecules to traverse the subchondral plate
to link subchondral bone deterioration and articular cartilage degen-
eration [28,29]. The present study found that SDF-1 elevated sig-
nificantly in the articular cartilage in vehicle-treated ACLT rodent

model and that normalization of subchondral bone microarchitecture
by specific administration of AMD3100 in subchondral bone returned
SDF-1 in cartilage back to its normal level comparable with sham
controls. These imply that elevation of SDF-1 in cartilage may be as-
sociated with underlying subchondral bone. It is known that sub-
chondral bone during OA development undergoes uncoupled bone re-
modeling [16], which might lead to enlargement of SBP porosity to
allow SDF-1 to traverse from subchondral bone to overlying cartilage.
The bone resorption and bone formation during uncoupled bone re-
modeling do not coordinate well or do not occur at specific anatomical
sites, resulting in bone formation not in the bone resorption area, thus
formation of osteoid islets and enlargement of subchondral plate por-
osity.

The present study also demonstrated that SDF-1/CXCR4 axis in-
duced articular cartilage degradation by promoting the shift of TβRI
expression in chondrocytes from ALK5 to ALK1. Previous research has
shown that CXCR4 is primarily expressed by the articular chondrocytes
[35] and SDF-1 is its only known ligand [51]. And It has been well
investigated that the maintenance of articular cartilage metabolic
homeostasis and structural integrity relies on TGF-β and its downstream
signaling [52]. The balance between signaling via either ALK5 or ALK1
is able to determine the response of chondrocytes to TGF-β stimulation,

Fig. 5. The shift of TβRI expression in chondrocytes from ALK5 to ALK1 in ACLT mice. (A–D) Immunofluorescent staining and quantitative analysis of ALK5, ALK1 in
articular cartilage from mice at 30 days after surgery. n=5. Scale bars, 50 μm. (E–G) Western-blot analysis (E) and RT-PCR (F,G) of ALK5, ALK1 in Chondrocytes
after treated with SDF-1 for 24 h with or without 2 h-pretreatment AMD3100. (H) Western Blot. Expression of ALK5 and ALK1 in cartilage on different mechanical
stress. Sham= sham-surgery. ACLT=ACLT-surgery treated with vehicle. AMD=ACLT-surgery treated with AMD3100. C= control, S20= SDF-1 (20 ng/ml),
S50= SDF-1 (50 ng/ml), A=AMD3100 (200 ng/ml), A+ S20=AMD3100 (200 ng/ml)+ SDF-1 (20 ng/ml), A+ S50=AMD3100 (200 ng/ml)+ SDF-1 (50 ng/
ml). *p < 0.05, **p < 0.01 compared as denoted by bar.
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which is anabolic through ALK5 induced Smad2/3 signaling while
catabolic through ALK1 induced Smad1/5/8 pathway [23–25]. We
found that SDF-1/CXCR4 axis in chondrocytes resulted in the shift of
TβRI expression in chondrocytes from a dominant ALK5 to a more
pronounced ALK1, with the ratio of ALK1/ALK5 increased. Of note,
inhibition of SDF-1/CXCR4 axis, both systemic and specific adminis-
tration of AMD3100 in subchondral bone, normalized the ALK1/ALK5
ratio in articular cartilage and ameliorated the onset of OA. The impact

of specific administration of AMD300 in subchondral bone on the bal-
ance between ALK1 and ALK5 in cartilage might be attributed to nor-
malization of subchondral bone microarchitecture by specific inhibition
of SDF-1/CXCR4 axis in subchondral bone. This might results in the
inability of SDF-1 to traverse SBP to combine with CXCR4 in the ar-
ticular chondrocytes.

CXCR7, previously named RDC1, has been recently identified as a
novel receptor for SDF-1 [53]. Unlike CXCR4, CXCR7 activation does

Fig. 6. Specific inhibition of SDF-1/CXCR4 axis in subchondral bone in rats. (A, B) Osmotic infusion pump implanted directly in subchondral bone of rats. (C)
Representative three dimensional micro-CT images of sagittal views of subchondral bone medial compartment (TOP); Safranin O and fast green staining (middle)
with solid arrows indicating proteoglycan loss and cartilage destruction (Scale bar, 100 μm), H&E staining (bottom) where double-headed arrows to marker calcified
cartilage (CC) and hyaline cartilage (HC) thickness (Scale bars, 50 μm). (D–G) Quantitative micro-CT analysis of tibial subchondral bone of total tissue volume (TV)
(D), trabecular pattern factor (Tb.pf) (E), subchondral bone plate thickness (F) and HC/CC ratio in cartilage (G). n=5 per group. (H–K) Immunofluorescent staining
and quantitative analysis of Nestin+, MMP9+ cells. n=5. Scale bars, 50 μm. (L) Osteoarthritis Research Society International–modified Mankin scores of articular
cartilage at 60 days after surgery. n= 5. (M-P) Immunofluorescent staining and quantitative analysis of MMP13, Col X and ADAMTS5 in articular cartilage. n= 5 per
group. Scale bars, 50 μm. (Q–T) Immunofluorescent staining and quantitative analysis of ALK1, ALK5 in articular cartilage. n= 5 per group. Scale bars, 50 μm.
Sham= sham-surgery. ACLT=ACLT-surgery treated with vehicle. AMD3100=ACLT-surgery treated with AMD3100. *p < 0.05 **p < 0.01 compared as denoted
by bar.
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not promote cell migration. Rather, CXCR7 induces cell growth, an-
giogenesis and protection from apoptosis [33]. It has also been reported
that CXCR7 is expressed in cartilage and synovial fibroblasts, which has
evoked great attention towards the investigation of the role of CXCR7
on rheumatoid arthritis [54,55]. Additionally, recent papers reveal that
CXCR7 participates in the modulation of CXCR4 signaling, because it is
able to heterodimerize with CXCR4 [56,57]. Thus, CXCR7 might also be
a promising target towards OA pathogenesis.

This study found that SDF-1/CXCR4 axis might promote OA pro-
gression by coupling subchondral bone deterioration and articular
cartilage degeneration. Specific inhibition of SDF-1/CXCR4 axis in
subchondral bone using osmotic infusion pumps stabilized subchondral
bone microarchitecture by normalization of erroneous MSCs recruit-
ment and abnormal bone resorption, and then ameliorated articular
cartilage degradation by abrogation of the shift of TβRI expression in
chondrocytes from ALK5 to ALK1. Taken together, our findings may
provide a mechanistic insight into how SDF-1/CXCR4 axis regulates the
crosstalk between subchondral bone and articular cartilage in OA pa-
thogenesis.
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