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Background: Tendon–bone healing after anterior cruciate ligament reconstruction (ACLR) remains limited by insufficient bone
formation and an unfavorable inflammatory microenvironment. Although bone marrow–derived mesenchymal stem cells (BM-
SCs) have therapeutic potential, their osteogenic and immunomodulatory effects are suboptimal. Additionally, the role of R-
spondin 2 (RSPO2) in enhancing BMSC-mediated tendon–bone healing remains unclear. This study aims to investigate the role
of RSPO2 in promoting the osteogenic differentiation of BMSCs and its effect on M2 macrophage polarization, as well as the
potential of RSPO2 combined with BMSCs to accelerate tendon-bone healing after ACLR.
Methods: During the osteogenic induction of BMSCs, low, medium, and high concentrations of RSPO2 recombinant protein (10,
20, 40 nmol/L) were added, respectively, followed by alkaline phosphatase (ALP) staining and the measurement of osteogenesis-
related protein expression. RAW264.7 cells were differentiated into macrophages using PMA, and the effects of BMSCs and/or
RSPO2 onM1/M2macrophage polarizationwere analyzed using qRT-PCR.A rat ACLRmodel was established, and the rats were
divided into four groups: Control, BMSCs, BMSCs+Low RSPO2 (co-injection), and BMSCs+Medium RSPO2 (co-injection).
Micro-CT imaging was performed to analyze bone tunnel area and mineralized tissue formation at 4 and 8 weeks post-ACLR.
Histological analysis, including HE staining, Safranin O-Fast Green staining, and COL2α1 immunohistochemistry, was used
to evaluate tendon-bone healing. Immunofluorescence staining was conducted to detect the expression of M1 (iNOS) and M2
(CD163) macrophage markers at the tendon-bone interface.
Results: RSPO2 significantly promoted the osteogenic differentiation of BMSCs, with the medium concentration of RSPO2
showing the most pronounced effect. RSPO2 and BMSCs also promoted M2 macrophage polarization and inhibited M1 polar-
ization, with the medium concentration of RSPO2 demonstrating the most significant impact. Micro-CT results indicated that
RSPO2 and BMSCs treatment significantly reduced the bone tunnel area and increased the formation of mineralized tissue com-
pared to the control group. Histological analysis revealed that RSPO2 and BMSCs treatment improved tendon-bone interface
healing, characterized by more orderly fiber tissue arrangement and an increase in chondrocytes and fibrocartilaginous tissue.
Immunofluorescence staining results showed that RSPO2 and BMSCs promotedM2macrophage polarization at the tendon-bone
interface.
Conclusions: RSPO2 enhances BMSC-induced osteogenic differentiation and promotes M2 macrophage polarization, thereby
improving tendon–bone healing after ACLR surgery in a small-animal model. The combined treatment of RSPO2 and BMSCs
demonstrates promising preclinical potential in accelerating bone formation and tendon–bone interface repair, with the medium
concentration of RSPO2 showing the most notable effect. However, these findings are based solely on a small-animal model, and
further validation in large-animal models and clinical studies is required before potential clinical translation.
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Introduction

Anterior cruciate ligament (ACL) injury, a common
sports injury, often leads to severe functional impairment
and long-term complications [1,2]. ACL reconstruction
surgery is the standard treatment to restore knee joint sta-
bility, typically using autografts or allografts [3,4]. How-
ever, tendon-bone healing after surgery is limited, resulting

in poor functional recovery and an increased risk of postop-
erative re-injury [5]. The structured reconstruction of the
tendon-bone interface and effective bone healing are cru-
cial for the long-term outcome of ACL reconstruction [6,7].
Therefore, exploring novel biomolecules and cellular ther-
apies to promote bone healing has become a key direction
in research in this field.

https://doi.org/10.24976/Discov.Med.202638204.18
https://creativecommons.org/licenses/by/4.0/


230

Bone marrow mesenchymal stem cells (BMSCs) have
been widely applied in tissue repair and regenerative
medicine research due to their excellent osteogenic poten-
tial and immunomodulatory effects [8,9]. BMSCs can not
only differentiate into osteoblasts but also regulate the lo-
cal immune environment by secreting various cytokines and
signaling molecules, thereby promoting tissue regeneration
and wound healing [10]. Studies have shown that BMSCs
can induce macrophage polarization into the M2 phenotype
during bone healing, creating a favorable environment for
repair [11,12]. However, the therapeutic efficacy of BM-
SCs remains suboptimal, and is influenced by individual
differences and local microenvironmental factors in clinical
setting. Therefore, identifying molecules that can enhance
the efficacy of BMSCs represents a major research focus.

R-spondin 2 (RSPO2), a molecule belonging to the R-
spondin family, primarily regulates various biological pro-
cesses by activating the Wnt/β-catenin signaling pathway
and has gained considerable attention in recent years [13–
15]. RSPO2 has been shown to have the potential to pro-
mote osteoblast proliferation and differentiation in bone tis-
sue, and its role in bone repair is gradually being recognized
[16]. A recent study has demonstrated that RSPO2 plays an
important role in tendon–bone interface regeneration and
ligament insertion healing [17]. Additionally, the potential
immunomodulatory role of RSPO2, especially its influence
on macrophage polarization, warrants further exploration.

Based on this, the present study aims to investigate
the effects of RSPO2 on bone healing after ACL recon-
struction by enhancing the osteogenic differentiation and
immunoregulatory functions of BMSCs, particularly pro-
moting M2 macrophage polarization. We hypothesize that
RSPO2 can amplify the osteogenic and immunomodulatory
potential of BMSCs, facilitating bone healing and acceler-
ating the structural reconstruction of the tendon-bone in-
terface. The findings of this study will provide a theoret-
ical foundation for the application of RSPO2 in orthopedic
treatments and offer new perspectives for the development
of novel combined therapies to promote bone healing in the
future.

Materials and Methods

Cell Culture
Mouse BMSCs (iCell-0116a) and RAW264.7 cells

(iCell-m047) were purchased from Cellverse Co., Ltd.
(Shanghai, China). The cells were cultured in an incu-
bator at 37 °C with 5% CO2, and maintained in DMEM
(PM00031, Proteintech, Wuhan, China) containing 10%
FBS (PM00011), 100 U/mL penicillin, and 100 µg/mL
streptomycin (PR40022). All cell lines used in this
study were authenticated for species identification, and all
tested negative for mycoplasma contamination. Mouse
BMSCs adhere to plastic culture surfaces and exhibit a
spindle-shaped morphology. With increasing passages, the

cells become progressively more homogeneous, display-
ing a whirlpool-like or parallel arrangement with clear cell
boundaries and good proliferative capacity.

Osteogenic Differentiation of BMSCs
First, BMSCs were seeded at an appropriate density

onto culture plates and cultured in regular medium until
the cell density reached 70%–80%. Then, the medium
was replaced with osteogenic induction medium contain-
ing 10 mM β-glycerophosphate, 50 µg/mL ascorbic acid,
and 100 nM dexamethasone. Different concentrations (10,
20, and 40 nmol/L) of human recombinant RSPO2 protein
(120-43-20UG, Thermo Fisher Scientific, Waltham, MA,
USA) were added to the osteogenic differentiation induc-
tion medium, followed by continuous culture for 14 days,
with fresh medium replaced every two days. During this
period, cell morphology was regularly observed under a mi-
croscope, showing gradual elongation of cells and the for-
mation of mineralized nodules as osteogenic differentiation
progressed.

ALP Staining
On the 14th day of osteogenic differentiation, the

medium was removed, and the cells were washed 2–3 times
with PBS. Cells were then fixed with 4% paraformaldehyde
for 10 minutes, followed by three additional PBS washes.
According to the instructions of the alkaline phosphatase
(ALP) staining kit, the staining working solution was pre-
pared and added to the fixed cells. The cells were incubated
in the dark at room temperature for 10 minutes, until a blue-
purple staining signal appeared. After staining, the cells
were rinsed with distilled water to terminate the reaction.
The stained cells were then observed and photographed un-
der a light microscope (BX53, Olympus, Tokyo, Japan),
where ALP-positive cells showed a blue-purple color. Ad-
ditionally, the staining results were semi-quantified using
image analysis software (version 2.9.0, National Institutes
of Health (NIH), Bethesda, MD, USA) to assess the degree
of osteogenic differentiation.

Western Blotting
First, the cells or tissue samples were added to RIPA

lysis buffer (R0010, Solarbio, Beijing, China) containing
protease inhibitors and lysed on ice for 30 minutes. Then,
the samples were centrifuged at 12,000 rpm for 10 minutes,
and the supernatant was collected as the protein sample.
After determining the protein concentration using a BCA
kit (PC0020, Solarbio, Beijing, China), the protein sam-
ples were mixed with sample buffer and heated at 95 °C
for 5 minutes to denature the proteins. Next, the samples
were loaded onto an SDS-PAGE gel for electrophoresis and
transferred to a PVDF membrane (IPVH00010, Solarbio,
Beijing, China) after protein separation. After the transfer,
themembrane was blockedwith a 5%BSA solution at room
temperature for 1 hour, followed by overnight incubation
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with the primary antibodies (RUNX2 (1:1000, ab192256,
Abcam, Cambridge, UK), COL1 (1:1000, ab316222, Ab-
cam, Cambridge, UK), BMP-2 (1:1000, ab214821, Abcam,
Cambridge, UK), OCN (1:1000, ab93876, Abcam, Cam-
bridge, UK), GAPDH (1:1000, ab181602, Abcam, Cam-
bridge, UK)) at 4 °C. The next day, the membrane was
washed with TBST and incubated with HRP-conjugated
secondary antibodies (1:1000, ab6721, Abcam, Cambridge,
UK) at room temperature for 1 hour. After another
wash, the membrane was immersed in ECL chemilumines-
cent reagent for signal detection using a gel imaging sys-
tem (ChemiDoc MP, Bio-Rad Laboratories, Hercules, CA,
USA). Finally, quantitative analysis of the protein bands
was performed using ImageJ software (version 2.9.0, NIH,
Bethesda, MD, USA), normalizing to GAPDH to assess the
relative expression levels of the target proteins.

Macrophage Activation and Culture
First, RAW264.7 cells were seeded into culture dishes

and cultured in regular medium until they reached 70%–
80% confluence. Then, the cells were treated with 100
nM PMA to induce activation for 24 hours. Meanwhile,
BMSCs were seeded into another culture dish and cultured
in regular medium until they reached 70%–80% conflu-
ence. The BMSCs were treated with different concentra-
tions (10, 20, 40 nmol/L) of RSPO2 recombinant protein
for 24 hours. Subsequently, the activated RAW264.7 cells
were co-cultured with RSPO2-treated BMSCs in a Tran-
swell system, with RAW264.7 cells placed in the upper
chamber and BMSCs in the lower chamber. The co-culture
system was incubated at 37 °C with 5% CO2 for 48 hours.

qRT-PCR
First, total RNA was extracted from cells using an

RNA extraction kit (R1200, Solarbio, Beijing, China), and
the RNA concentration and purity were measured. Next,
the extracted RNA was transcribed into cDNA using a re-
verse transcription kit (K16215, Solarbio, Beijing, China),
with the process carried out at 37 °C using a thermal cy-
cler (Applied BiosystemsTM 2720, Thermo Fisher Scien-
tific, Waltham, MA, USA) for 15 minutes. Then, the qRT-
PCR reaction mix was prepared, including the cDNA tem-
plate, specific primers, SYBR Green, qPCR Master Mix,
etc., and the reaction mixture was aliquoted into qPCR
tubes. The reaction conditions were as follows: initial de-
naturation at 95 °C for 1 minute, followed by 40 amplifi-
cation cycles of 95 °C for 5 seconds (denaturation), 60 °C
for 30 seconds (annealing/extension), and fluorescence sig-
nal collection. After amplification, a melt curve analysis
was performed, with a gradual increase in temperature to
observe fluorescence signal changes and ensure the speci-
ficity of the amplification products. Finally, the Ct values
generated by the real-time fluorescence quantitative PCR
instrument (QuantStudio 12K Flex, Thermo Fisher Scien-
tific, Waltham, MA, USA) were analyzed, and the relative

expression level of the target gene was normalized using an
internal reference gene (β-actin), typically calculated us-
ing the 2−∆∆Ct method. The primer sequences used in this
study are listed in Table 1.

Establishment of ACLR Surgical Model
A total of 48 male Wistar rats (6–7 weeks old, 180 ±

20 g) were purchased from Charles river (Beijing, China).
All animals were housed under standard conditions (12-
hour light/dark cycle, humidity 40–60%, temperature 23
°C) with free access to food and water. After one week of
adaptive feeding, the animals were used for subsequent ex-
periments. First, rats were anesthetized via intraperitoneal
injection of sodium pentobarbital (40 mg/kg) to ensure sta-
ble body temperature and maintain a sterile environment.
A small incision was made on the anterolateral side of the
rat’s knee joint to expose the joint. Then, microsurgical
tools (BeaverTM Mini Blades, Beaver-Visitec International,
Waltham, MA, USA) were used to transect the anterior cru-
ciate ligament (ACL) in the ACL region. Throughout the
procedure, care was taken to avoid damage to surrounding
structures, such as the meniscus and patellar ligament. Fol-
lowing complete ligament transection, the skin and soft tis-
sue were sutured layer by layer, and postoperative analge-
sia was administered to alleviate pain. During ACL recon-
struction surgery, the lateral peroneus longus tendon of the
rat ankle was selected as the graft material. A 0.9-mm drill
bit (Twist Drill, Dentsply Sirona, York, PA, USA) was used
to create bone tunnels on the femur and tibia sides. The
graft was fixed with bone screws on the lateral side of the
bone tunnels to ensure stability. After the surgery, the soft
tissues of the knee joint were repaired, and the wound was
sutured layer by layer. Postoperative analgesia was admin-
istered to the rats, and appropriate activity restriction was
implemented to promote recovery and prevent complica-
tions. All rats were randomly divided into four groups: con-
trol (12 rats); BMSCs (12 rats); BMSCs + Low RSPO2 (10
nmol/L) (12 rats); BMSCs + Medium RSPO2 (20 nmol/L)
(12 rats). The control group received intra-articular injec-
tions of 50 µL PBS on the day of surgery, postoperative
day 3, and postoperative day 7. In the BMSCs, BMSCs
+ Low RSPO2, and BMSCs + Medium RSPO2 groups,
equivalent volumes of untreated BMSCs (105 cells/mL) or
BMSCs treated with Low/Medium RSPO2 (105 cells/mL)
were injected intra-articularly on the same schedule. Be-
fore each injection, the rat’s knee was flexed to 90° to in-
crease joint space, and the injection was made in the central
line of the patellar tendon to avoid damage to intra-articular
ligaments. At 6 weeks after treatment, all rats were euth-
anized by intraperitoneal injection of sodium pentobarbital
(180mg/kg). The tendon–bone interface tissue, bone tunnel
region tissue, and knee joint synovial tissue were harvested
from each group. The study has been approved by the Bei-
jing Keweite Laboratory AnimalWelfare Ethics Committee
(approval No. KWT-2023-1223-03).
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Table 1. Primer sequences.
Primer name Primer sequences (5′-3′)

Mus-ITGAM-F CGACACCATCGCATCTAA
Mus-ITGAM-R TCCCTGAACATCACCACC
Mus-β-actin-F GGCTGTATTCCCCTCCATCG
Mus-β-actin-R CCAGTTGGTAACAATGCCATGT
Mus-CD14-F TCTTGAACCTCCGCAACG
Mus-CD14-R CAGCATCCCGCAGTGAAT
Mus-iNOS-F GAGCGAGTTGTGGATTGTC
Mus-iNOS-R CCAGGAAGTAGGTGAGGG
Mus-IL-6-F TGCCTTCTTGGGACTGAT
Mus-IL-6-R CTGGCTTTGTCTTTCTTGTT
Mus-IL-1β-F CTCGTGCTGTCGGACCCAT
Mus-IL-1β-R CAGGCTTGTGCTCTGCTTGTGA
Mus-TNF-α-F GGCGGTGCCTATGTCTCA
Mus-TNF-α-R CCTCCACTTGGTGGTTTGT
Mus-Arg1-F AAGACAGCAGAGGAGGTG
Mus-Arg1-R AGTCAGTCCCTGGCTTAT
Mus-TGF-β-F GGCGGTGCTCGCTTTGTA
Mus-TGF-β-R TCCCGAATGTCTGACGTATTGA
Mus-CD163-F GCCTCTGCTGTCACTAACG
Mus-CD163-R CCACGGACACTTCATTCA
Mus-IL-10-F TTTCAAACAAAGGACCAG
Mus-IL-10-R GGATCATTTCCGATAAGG

Micro-CT Analysis
At 6 weeks after treatment, bone tunnel region tissues

were collected from the rats. First, the samples were pre-
pared to be scanned, which typically need to be treated with
a fixative to ensure stability during the scanning process.
Then, the relevant parameters were set on the Micro-CT
device (SkyScan 1275, Bruker, Kontich, Belgium. Res-
olution: 19.8 µm; Exposure time: 1000 ms; Voltage: 50
kV; Current: 200 µA) to ensure the appropriate position in
the scanning region of the sample. Next, during the scan-
ning, the sample was rotated and imaged at different an-
gles through X-rays. After scanning, software was used for
image reconstruction, converting the raw X-ray data into
two-dimensional or three-dimensional images. Once re-
construction was complete, a Micro-CT analysis software
(Bruker microCT software suite, Bruker, Kontich, Bel-
gium) for image post-processing and quantitative analysis
was applied. Finally, the analysis results were displayed us-
ing virtual slicing or three-dimensional reconstruction im-
ages, and statistical analysis was performed to assess the
experimental effects.

Hematoxylin-Eosin Staining
At 6 weeks after treatment, tendon–bone interface tis-

sues of the rat knee joint were collected. First, paraffin-
embedded tissue sections with a thickness of 5 µm were
prepared and placed on glass slides. The sections were de-
paraffinized using xylene, then hydrated with a gradient of
ethanol, followed by rinsing with distilled water. Next,

the sections were immersed in hematoxylin solution for 5
minutes, rinsed until the cell nuclei appeared blue-violet,
and differentiated with 1% hydrochloric acid ethanol to re-
store the blue color. Then, the sections were immersed in
eosin solution for 3 minutes to stain the cytoplasm pink.
Afterward, the sections were dehydrated with a gradient of
ethanol, cleared with xylene, and finally mounted the slides
with a mounting medium and allowed to dry. The stained
sections were observed and photographed under a micro-
scope, and quantitative analysis was performed using Im-
age J software (version 1.53t, National Institutes of Health,
Bethesda, MD, USA).

Orange Red O-Green Solid Staining

At 6 weeks after treatment, tendon–bone interface tis-
sues of the rat knee joint were collected. First, 5 µm thick
paraffin-embedded tissue sections were prepared and per-
formed dewaxing and hydrated. The paraffin was removed
using xylene, followed by stepwise hydration with ethanol
of different concentrations, and finally rinsed with distilled
water. Next, the sections were immersed in Orange Red O
solution for 10 minutes. After staining, the sections were
rinsed with distilled water and then immersed in Green
Solid solution for 5 minutes. Subsequently, the sections
were rinsed with distilled water and performed dehydra-
tion using ethanol and xylene stepwise for transparency. Fi-
nally, a mounting medium was used to mount the sections
and allowed to dry. The stained sections were observed
under a microscope, with the cytoplasm appearing orange-
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red and collagen fibers appearing green, which helps dis-
tinguish tissue components. Quantitative analysis was per-
formed using ImageJ software (version 1.53t, National In-
stitutes of Health, Bethesda, MD, USA).

Immunohistochemistry (IHC)
At 6 weeks after treatment, tendon–bone interface tis-

sues of the rat knee joint were collected. First, the tis-
sue sections were deparaffinized and hydrated, followed
by antigen retrieval using heat. Then, the sections were
blocked with blocking solution to prevent nonspecific
binding. The primary antibody (Collagen II) (1:1000,
AF5456, Affinity, Liyang, China) was added and incubated
overnight at 4 °C. Afterward, the sections were washed
to remove unbound antibodies, and the HRP-labeled sec-
ondary antibody (1:1000, ab6721, Abcam, Cambridge, UK)
was added and incubated for 1 hour at room temperature.
Next, DAB chromogenic solution was used to visualize the
target protein, which would appear brown. Hematoxylin
counterstaining may be optionally performed. After com-
pletion, the sections were dehydrated, cleared, andmounted
with mounting medium. Finally, the stained sections were
observed under a microscope (BX53, Olympus, Tokyo,
Japan) and the expression of the target protein was eval-
uated.

Immunofluorescence Staining
At 6 weeks after treatment, knee joint synovial tissues

were collected from the rats. First, the samples were fixed
with 4% paraformaldehyde for 10 minutes, then washed
with PBS and permeabilized with 0.1% Triton X-100 for
5 minutes, followed by another PBS wash. Next, the sam-
ples were blocked with 5% BSA for 30–60 minutes to re-
duce nonspecific binding. The specific primary antibod-
ies (CD163 (1:1000, ab182422, Abcam, Cambridge, UK),
iNOS (1:1000, ab178945, Abcam, Cambridge, UK)) were
added and incubated overnight at 4 °C or for 1 hour at
room temperature. After washing with PBS, the Alexa
Fluor 594-labeled secondary antibody (1:1000, ab150080,
Abcam, Cambridge, UK) was added and incubated in the
dark at room temperature for 1 hour, followed by another
PBS wash. Optionally, the nuclei were stained with DAPI,
then washed with PBS. Anti-fade mounting medium was
added, covered with a coverslip, and finally, the fluores-
cence signal of proteins in the samples was observed under
a fluorescence microscope (Axio Imager, Carl Zeiss AG,
Oberkochen, Germany) and their expression and localiza-
tion were analyzed. Quantitative analysis of protein expres-
sion was performed using Image J software (version 1.53t,
National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
Data were analyzed using GraphPad Prism software

(version 9.0, GraphPad Software, Inc., San Diego, CA,
USA), with statistical significance defined as p < 0.05.

Differences between the two groups were compared us-
ing t-tests, while one-way ANOVA followed by Tukey’s
post-hoc test was applied for comparisons across multiple
groups.

Results

RSPO2 Promotes Osteogenic Differentiation of
BMSCs

Low, medium, and high concentrations of RSPO2 re-
combinant protein (10, 20, 30 nmol/L) were added during
the osteogenic induction culture of BMSCs, respectively.
After 7 days of culture, BMSCs were subjected to ALP
staining, with results shown in Fig. 1a,b. Compared to the
control group, treatment with RSPO2 at high, medium, and
low concentrations significantly increased the ALP stain-
ing intensity of BMSCs (p < 0.05). Compared to the
low-concentration RSPO2 treatment group, the medium-
concentration RSPO2 treatment group showed a significant
increase in ALP staining intensity (p < 0.05). However,
compared to the medium-concentration RSPO2 treatment
group, the high-concentration treatment group exhibited a
significant decrease in ALP staining intensity (p < 0.05).
We also measured the expression levels of osteogenic-
related proteins in BMSCs. Results shown in Fig. 1c–g in-
dicate that the protein expression levels of RUNX2, COL1,
BMP-2, and OCN were significantly higher in the RSPO2
treatment groups at all concentrations compared to the con-
trol group (p < 0.05). Compared to the low-concentration
RSPO2 treatment group, the medium-concentration treat-
ment group showed a significant increase in the protein ex-
pression levels of RUNX2, COL1, BMP-2, and OCN (p <

0.05). In contrast, the high-concentration RSPO2 treatment
group showed significantly lower protein expression lev-
els of RUNX2, COL1, BMP-2, and OCN compared to the
medium-concentration treatment group (p < 0.05). These
results suggest that the promoting effect of RSPO2 on os-
teogenic differentiation of BMSCs is not dose-dependent
and only the optimal dose produces the maximum promot-
ing effect.

BMSCs and/or RSPO2 Synergistically Promote M2
Polarization of Macrophages

We used PMA (100 nM) to stimulate RAW264.7
cells for macrophage differentiation for 48 hours. The
mRNA levels of macrophage markers CD14 and CD11b in
RAW264.7 cells were measured. The results in Fig. 2a,b
show that, compared to the PBS group, the mRNA lev-
els of CD11b and CD14 were significantly increased in the
PMA group. This indicates that RAW264.7 cells were suc-
cessfully induced into macrophages. To investigate the po-
tential effects of RSPO2 and BMSCs on macrophages, we
treated macrophages with RSPO2 and/or BMSCs. The re-
sults in Fig. 2c–f show that, compared to the control group,
the mRNA expression of M1 macrophage markers (iNOS,
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Fig. 1. RSPO2 promotes osteogenic differentiation of BMSCs. (a,b) ALP staining results of BMSCs induced for osteogenic differen-
tiation for 14 days under different concentrations of RSPO2 treatment. (c–g) Expression of osteogenic-related proteins RUNX2, COL1,
BMP-2, and OCN in BMSCs induced for osteogenic differentiation for 14 days. n = 6. *p < 0.05, ***p < 0.001. RSPO2, R-spondin 2;
BMSCs, bone marrow–derived mesenchymal stem cells; ALP, alkaline phosphatase.

IL-6, IL-1β, and TNF-α) was significantly reduced in the
BMSCs group (p < 0.05). Compared to the BMSCs-only
treatment group, the mRNA expression levels of iNOS, IL-

6, IL-1β, and TNF-α were significantly lower in the BM-
SCs+Low RSPO2 and BMSCs+Medium RSPO2 groups (p
< 0.05), with the reduction being more significant in the
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BMSCs+Medium RSPO2 group (p < 0.05). The results in
Fig. 2g–j revealed that, compared to the control group, the
mRNA expression ofM2macrophagemarkers (CD163, IL-
10, TGF-β, and Arg-1) was significantly increased in the
BMSCs group (p < 0.05). Compared to the BMSCs-only
treatment group, the mRNA expression levels of CD163,
IL-10, TGF-β, and Arg-1 were significantly increased in
the BMSCs+Low RSPO2 and BMSCs+Medium RSPO2
groups (p< 0.05), with the increase being more significant
in the BMSCs+Medium RSPO2 group (p < 0.05). These
results suggest that RSPO2 accelerates the polarization of
macrophages toward M2 by BMSCs.

Micro-CT Imaging Analysis of ACLR After BMSCs
and/or RSPO2 Treatment

Micro-CT was used to analyze the area of the femoral
and tibial tunnel on the joint surface at 6 weeks post-
surgery (Fig. 3a). For the tunnel regions, at 6 weeks post-
surgery, the tunnel areas on both femoral and tibial sides in
the BMSCs, BMSCs+Low RSPO2, and BMSCs+Medium
RSPO2 groups were significantly smaller than in the con-
trol group (p < 0.05), with the BMSCs+RSPO2 treat-
ment groups showing significantly smaller tunnel areas
compared to the BMSCs-only group (p < 0.05), and the
Medium RSPO2 group exhibiting the smallest tunnel ar-
eas (p < 0.05) (Fig. 3b,c). We also measured the forma-
tion of mineralized tissue in the tunnel’s scaffold (BV/TV).
The results in Fig. 3d,e show that at 6 weeks post-surgery,
the BV/TV values in the BMSCs, BMSCs+Low RSPO2,
and BMSCs+Medium RSPO2 groups were significantly in-
creased compared to the control group (p < 0.05). Com-
pared to the BMSCs-only treatment group, the BV/TV
values in the BMSCs+Low RSPO2 and BMSCs+Medium
RSPO2 groups more significantly increased (p < 0.05),
with the BV/TV values on the femoral and tibial sides being
significantly higher in the BMSCs+Medium RSPO2 group
compared to the BMSCs+Low RSPO2 group (p< 0.05). In
summary, the combined treatment of BMSCs and RSPO2
results inmoremineralized tissue formation in the bone tun-
nels on both femoral and tibial sides, with the best therapeu-
tic effect observed in the BMSCs+Medium RSPO2 group.

Histological Analysis After ACLR Surgery
Finally, we observed the histological changes in

the tissues after anterior cruciate ligament reconstruc-
tion (ACLR) surgery. HE staining results (Fig. 4a,b)
showed that at 6 weeks, the BMSCs+Low RSPO2 and
BMSCs+Medium RSPO2 groups displayed more orderly
fibrovascular tissue. Additionally, compared to the con-
trol group, the BMSCs, BMSCs+Low RSPO2, and BM-
SCs+Medium RSPO2 groups showed a significant reduc-
tion in the relative width of the bone-graft interface at 6
weeks, with the relative width being notably shorter than
that of the control group (p < 0.05).

Next, we performed Picro-Sirius Red-Olive Green
staining to observe chondrocytes and fibrocartilage at the
tendon-bone interface. Our results (Fig. 4c,d) showed that
BMSCs and/or RSPO2 treatment significantly increased the
number of chondrocytes and fibrocartilage at the tendon-
bone interface. Compared to the BMSCs group, the BM-
SCs+Low RSPO2 group significantly increased chondro-
cytes and fibrocartilage at the tendon-bone interface (p <

0.05). Furthermore, compared to the BMSCs+Low RSPO2
group, the BMSCs+Medium RSPO2 group exhibited even
more chondrocytes and fibrocartilage formation (p< 0.05).

To quantify collagen fiber remodeling, the expression
of COL2α1 protein was detected using IHC. As shown in
Fig. 4e,f, compared to the control group, COL2α1 positive
staining was significantly increased in the BMSCs group at
6 weeks (p < 0.05). In comparison to the BMSCs group,
the BMSCs+Low RSPO2 and BMSCs+Medium RSPO2
groups also showed significant increases in COL2α1 pos-
itive staining at 6 weeks, with the staining intensity in the
latter being significantly stronger than in the former (p <

0.05).

BMSCs and/or RSPO2 Treatment Promotes M2
Macrophage Polarization at the Tendon-Bone
Healing Interface

IF staining was performed to measure the expression
of M1 macrophage marker (iNOS) and M2 macrophage
marker (CD163) at the tendon-bone interface tissue 6weeks
after ACLR surgery. The results in Fig. 5a–d show that
compared to the control group, BMSCs treatment signif-
icantly increased the positive expression of CD163 (p <

0.05) and decreased the positive expression of iNOS (p <

0.05). Compared to the BMSCs group, the BMSCs+Low
RSPO2 andBMSCs+MediumRSPO2 groups showed a sig-
nificant increase in the positive expression of CD163 (p <

0.05) and a reduction in the positive expression of iNOS (p
< 0.05). Additionally, the BMSCs+Medium RSPO2 group
exhibited a significantly higher level of positive CD163 ex-
pression (p< 0.05) and a significant reduction in iNOS pos-
itive expression (p < 0.05) compared to the BMSCs+Low
RSPO2 group.

Discussion

This study demonstrates that RSPO2 accelerates bone
healing after ACL reconstruction by enhancing the os-
teogenic differentiation of BMSCs and promoting M2
macrophage polarization. Our findings are consistent with
previous studies and provide new insights into the potential
role of RSPO2 in bone repair.

We observed that RSPO2 significantly enhanced the
osteogenic differentiation of BMSCs, as evidenced by in-
creased alkaline phosphatase (ALP) activity and upregula-
tion of osteogenic markers, such as RUNX2, COL1, BMP-
2, and OCN. Interestingly, the effect of RSPO2 on osteo-
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Fig. 2. BMSCs and/or RSPO2 synergistically promoteM2 polarization of macrophages. (a,b) RAW264.7 cells were stimulated with
PMA for 24 hours, and the expression levels of ITGAM and CD14 were measured to verify whether RAW264.7 cells were successfully
activated into macrophages. (c–f) qRT-PCR was used to measure the mRNA expression of M1 macrophage markers (iNOS, IL-6, IL-1β,
TNF-α) in macrophages. (g–j) qRT-PCR was used to measure the mRNA expression of M2 macrophage markers (Arg1, TGF-β, CD163,
IL-10) in macrophages. n = 6. **p < 0.01, ***p < 0.001.

genesis was not dose-dependent, with moderate concen-
trations showing the most significant effect. This is con-
sistent with the findings of Mai Arima et al. [18], who
also reported that RSPO2 promotes osteoblast differentia-
tion through the Wnt/β-catenin pathway. However, in our
study, high concentrations of RSPO2 appeared to inhibit os-
teogenic activity above a certain threshold, suggesting that
further research is needed to optimize the treatment dosage.

We investigated the role of RSPO2 in macrophage po-
larization and found that when used in combination with
BMSCs, RSPO2 promoted M2 macrophage polarization
and reduced the expression of M1 markers. Consistent
with the findings reported by Wang et al. [19], that BM-
SCs promote tissue repair by inducing M2 polarization,
our study further confirms these findings and demonstrates
that RSPO2 enhances the polarization. This suggests that
RSPO2 not only boosts the osteogenic potential of BMSCs
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Fig. 3. Micro-CT Imaging Analysis of ACLR After BMSCs and/or RSPO2 Treatment. (a) Cross-sectional Micro-CT images of
bone tunnels on the femoral and tibial sides. (b,c) Relative tunnel areas on the femoral and tibial sides at 6 weeks after ACLR surgery.
(d,e) Bone volume/total volume ratio (BV/TV) on the femoral and tibial sides at 6 weeks after ACLR surgery. n = 6, *p < 0.05, ***p <
0.001. ACLR, anterior cruciate ligament reconstruction.
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Fig. 4. Histological Analysis After ACLR Surgery. (a,b) Representative images of the tendon-bone interface at 6 weeks after ACLR
surgery with different treatments through HE staining, and quantification of the relative width of the interface. (c,d) Picro-Sirius Red-
Olive Green staining at the tendon-bone interface at 6 weeks after ACLR surgery, with quantitative analysis of fibrocartilage. (e,f)
Immunohistochemical detection of COL2α1 expression at the tendon-bone interface at 6 weeks after ACLR surgery. n = 6, **p < 0.01,
***p < 0.001.

but also creates a favorable immunoregulatory microenvi-
ronment that may accelerate bone healing. The specific

molecular mechanisms by which RSPO2 regulates immune
cell behavior warrant further investigation.
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Fig. 5. BMSCs and/or RSPO2 Treatment Promotes M2 Macrophage Polarization at the Tendon-Bone Healing Interface. (a,b)
Expression of CD163 at the tendon-bone interface 6 weeks after ACLR surgery measured by immunofluorescence staining. (c,d) Ex-
pression of iNOS at the tendon-bone interface 4 weeks after ACLR surgery measured by immunofluorescence staining. n = 6. *p< 0.05,
**p < 0.01, ***p < 0.001.
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Through Micro-CT analysis, we confirmed that the
bone tunnel area was smaller and the bone volume frac-
tion (BV/TV) increased in the RSPO2 treatment group, with
the most significant effect observed at moderate concentra-
tions. This finding is consistent with the study by Nora Al-
hazmi et al. [20], who demonstrated the role of RSPO2
in promoting bone regeneration in a cranial defect model.
Our research provides new insights into the effectiveness
of RSPO2 in the ACL reconstruction model, which differs
from traditional bone defect models in its mechanical en-
vironment. This difference highlights the potential broad
applicability of RSPO2 in promoting bone healing across
different tissue contexts.

Histological analysis further confirmed the role of
RSPO2 in promoting tendon-bone healing. We observed
that the fibrous structure at the tendon-bone interface was
more organized in the RSPO2 treatment group, with in-
creased formation of cartilage and fibrocartilage, particu-
larly at moderate concentrations. These findings are con-
sistent with the study by Gao et al. [21], who highlighted
the importance of fibrocartilage formation in tendon-bone
connection. RSPO2 may enhance this process by creating
a healing environment that favors fibrocartilage formation
and structural remodeling.

Immunofluorescence analysis showed that RSPO2
treatment increased the expression of the M2 macrophage
marker CD163 at the tendon-bone interface and decreased
the expression of the M1 marker iNOS. This finding is con-
sistent with the report by Wang et al. [22], who indicated
that M2 macrophages play a key role in tissue repair. By
demonstrating that RSPO2 amplifies BMSC-induced M2
polarization, we propose its potential synergistic effect in
improving healing outcomes through immune modulation.

Based on our current experimental findings, we
propose that RSPO2 regulates macrophage polarization
through both direct and indirect BMSC-mediated mecha-
nisms. First, our in vitro macrophage experiments demon-
strated that RSPO2 alone was able to shift macrophage po-
larization toward an M2 phenotype, as evidenced by in-
creased expression of M2-associated markers and suppres-
sion of M1-associated markers. This suggests that RSPO2
can act directly on macrophages, potentially through acti-
vation ofWnt/β-catenin–related signaling pathways, which
have been reported to influencemacrophage phenotype reg-
ulation. Second, RSPO2markedly enhanced the osteogenic
differentiation capacity of BMSCs and amplified the im-
munomodulatory function of BMSCs, leading to a stronger
pro-regenerative microenvironment. BMSCs are known
to secrete paracrine factors that influence macrophage be-
havior, and RSPO2 stimulation likely augments this effect,
thereby indirectly promoting M2 polarization via BMSC–
macrophage crosstalk. Therefore, we hypothesize that
RSPO2 exerts a dual regulatory role in the tendon–bone
healing process after ACL reconstruction: (1) direct modu-
lation ofmacrophage polarization, and (2) indirect enhance-

ment of BMSC-mediated immunoregulation and osteogen-
esis.

Despite the significant potential of our findings, there
are several limitations in this study. First, our research
primarily focused on the early stages of bone healing and
did not evaluate the long-term effects of RSPO2 treatment
on bone quality and functional recovery. Future studies
should include extended observation periods to assess the
persistence and quality of newly formed bone. Addition-
ally, although we demonstrated the role of RSPO2 in pro-
moting M2 macrophage polarization, its underlying molec-
ular mechanisms remain unclear. Future research should
explore how RSPO2 interacts with specific signaling path-
ways, such as the Wnt/β-catenin pathway, and immune-
related pathways that regulate macrophage polarization and
osteogenesis.

Another limitation is the use of a rat ACL reconstruc-
tion model, which may not fully replicate the complexity of
human ACL injury and bone healing. While animal models
offer valuable insights, clinical translation will require fur-
ther validation in larger animal models and, ultimately, con-
firmation through human trials. Although local RSPO2 ad-
ministration promoted osteogenesis and tendon–bone heal-
ing in a rat ACLRmodel, the potential risk of ectopic ossifi-
cation associated with intra-articular RSPO2 delivery can-
not be excluded, particularly in human knees. Previous re-
search suggests that RSPO2 may interact with inflamma-
tory pathways, including NF-κB–related signaling, which
has been implicated in pathological osteogenesis and het-
erotopic ossification under inflammatory conditions [16].

It should be noted that no ectopic bone formation was
observed in this study. However, the applicability of these
findings may be constrained by a small-animal model and
a limited observation period, which might not fully cap-
ture delayed or uncommon adverse effects. Future stud-
ies in large-animal models with longer follow-up and con-
trolled RSPO2 dosing are required to further evaluate safety
and translational feasibility. Moreover, only male rats were
used in this study. Given that sex hormones, particularly es-
trogen, can influence macrophage polarization and immune
responses, this design choice may limit the generalizabil-
ity of our findings to females [23]. Consequently, future
studies incorporating female animals are needed to assess
potential sex-specific effects.

In addition, although the results from imaging, histo-
logical, and immunological analyses suggested improved
tendon–bone healing, the absence of biomechanical testing
(e.g., graft pull-out strength testing) represents a key limi-
tation. Therefore, the functional relevance of the observed
structural improvements requires further validation through
mechanical assessment in subsequent research.

Future research should focus on several key direc-
tions. First, exploring the long-term effects of RSPO2 on
bone quality and functional recovery is crucial for under-
standing its full therapeutic potential, including evaluating
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whether RSPO2 can reduce reinjury rates or improve the
long-term effects of tendon-bone integration. Second, de-
termining the optimal dosage of RSPO2 for bone healing is
important, as our results suggest that excessively high con-
centrations may inhibit osteogenesis. Future studies should
aim to identify the best treatment window. Additionally,
investigating the molecular mechanisms behind RSPO2’s
dual role in osteogenesis and immune modulation could
help develop more targeted therapies. Understanding how
RSPO2 interacts with specific immune cell subpopulations
and signaling pathways may pave the way for combination
therapies that promote bone regeneration and regulate im-
munity. Finally, clinical studies are essential for translating
these preclinical findings into human applications. RSPO2
holds significant therapeutic potential for promoting bone
healing across a spectrum of orthopedic conditions, includ-
ing ACL injuries, fractures, and other tendon-bone integra-
tion issues.

Conclusions

In conclusion, this study provides strong evidence that
RSPO2 accelerates bone healing after ACL reconstruction
by enhancing the osteogenic differentiation of BMSCs and
promoting M2 macrophage polarization. These findings
highlight RSPO2 as a potential therapeutic target for im-
proving clinical outcomes in bone and tendon healing. Fu-
ture research should focus on optimizing the dosage of
RSPO2, understanding its molecular mechanisms, and val-
idating its efficacy in clinical settings.
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