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Background: Thrombospondin-1 (TSP-1) is a multifunctional glycoprotein involved in various physiological processes, including
tissue repair and the regulation of angiogenesis. However, its role in bone regeneration remains unclear. This study aims to in-
vestigate the role of TSP-1 in promoting bone healing in a rat fracture model, with a particular focus on its effects on angiogenesis
and the recruitment of mesenchymal stem cells (MSCs).

Methods: A stable femoral fracture model was established in rat. The experimental rat received treatment of TSP-1, MSCs, or a
combination of both, and bone healing was assessed 2 weeks post-surgery. Micro-computed tomography (micro-CT) was used to
evaluate bone regeneration by analyzing bone mineralization and trabecular parameters. Immunohistochemistry was performed
to detect angiogenesis and bone formation markers (Cluster of Differentiation 105 (CD105), Cluster of Differentiation 31 (CD31),
Bone Morphogenetic Protein-2 (BMP-2)). To investigate the mechanism by which TSP-1 promotes angiogenesis, 5-ethynyl-2’-
deoxyuridine staining (EdU) staining was used to assess endothelial cell proliferation, and Western blotting was conducted to
measure the protein expression of cyclooxygenase-2 (COX-2) and vascular endothelial growth factor (VEGF). A tube formation
assay was used to evaluate the effect of TSP-1 on endothelial cell tube formation. Additionally, MSCs were co-cultured with
TSP-1 for 7 days, and Transwell migration assays were performed to evaluate MSC migration. Tube formation assays were also
used to assess vascular differentiation potential of MSCs. Immunofluorescence staining was performed to detect the expression
of endothelial cell markers CD31, vascular endothelial growth factor receptor 1 (VEGFR1), and vascular endothelial growth
factor receptor 2 (VEGFR2) in MSCs.

Results: Two weeks post-surgery, the TSP-1 and MSC groups exhibited significantly more callus, denser trabecular bone, and
higher mineralization levels compared to the model group (p < 0.05). The TSP-1+MSC group showed superior fracture healing,
bone mineralization, trabecular thickness, and bone density compared to the single-treatment TSP-1 and MSC groups (p <
0.05). Immunohistochemical analysis revealed that, compared to the model group, the expression of CD105, CD31, and BMP-2
was significantly increased in the TSP-1 and MSC groups (p < 0.05), with the TSP-1+MSC group showing higher expression
levels than the single treatment groups (p < 0.05). Hematoxylin-eosin staining results showed that in the TSP-1 and MSC groups,
fibrous tissue was gradually replaced by bone tissue, with mature bone formation observed. The TSP-1+MSC group exhibited
more mature bone tissue. In vitro, TSP-1 treatment significantly promoted endothelial cell proliferation and tube formation, with
higher protein expression levels of COX-2 and VEGF detected as compared to the control group (p < 0.05). Additionally, TSP-1
significantly enhanced MSC migration and tube formation, and upregulated the expression of endothelial cell markers CD31,
VEGFR1, and VEGFR2 in MSCs (p < 0.05).

Conclusions: Both TSP-1 and MSCs, whether used alone or in combination, significantly promoted bone formation and angio-
genesis during the fracture healing process. The combined treatment with TSP-1 and MSC showed the most significant effects,
suggesting a synergistic role in accelerating fracture repair. These results provide new evidence for the potential applications of
TSP-1 and MSCs in bone fracture healing and vascular regeneration.
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Introduction

Fractures represent a common type of trauma world-
wide, especially among the elderly, with the incidence sig-
nificantly increasing with age [1,2]. Although most frac-
tures can gradually heal through self-repair, complex frac-
tures, fractures in areas with limited blood supply, and frac-
tures accompanied by osteoporosis often experience de-
layed healing, nonunion, or healing failure [3,4]. These
complications cause considerable pain in patients and sig-
nificantly reduce their quality of life. Fracture healing is
a complex biological process that involves inflammation,
cartilage and bone tissue regeneration, and angiogenesis
[5,6]. Therefore, developing therapeutic strategies that can
simultaneously promote osteogenesis and angiogenesis to
accelerate fracture healing holds significant clinical impor-
tance.

Bone tissue regeneration and angiogenesis are two
closely linked biological processes. Angiogenesis provides
the necessary nutrients and oxygen for newly formed bone
tissue, while the migration and differentiation of osteoblasts
are key steps in new bone formation [7,8]. During osteoge-
nesis, insufficient angiogenesis may lead to limited or de-
layed bone tissue formation, making the promotion of an-
giogenesis crucial for accelerating fracture repair [9]. Re-
cent years have seen a surge in the adoption of mesenchy-
mal stem cells (MSCs) in bone repair research by virtue of
their pluripotency and ability to secrete various growth fac-
tors that promote bone tissue regeneration and angiogene-
sis [10,11]. MSCs can activate osteoblasts and endothelial
cells through secreted cytokines and exosomes, enhancing
tissue repair at the fracture site [12,13]. However, the re-
cruitment efficiency and differentiation potential of MSCs
at injury site remain suboptimal, and optimizing their appli-
cation continues to pose a challenge in current bone repair
research.

In addition to MSCs, thrombospondin-1 (TSP-1), a
multifunctional extracellular matrix protein, has gained
widespread attention in recent years [14]. TSP-1 plays a
critical role in regulating various physiological processes
such as angiogenesis, cell migration, and tissue repair
[15-17]. Particularly, its role in tissue repair is medi-
ated through the modulation of angiogenesis, which en-
hances local blood supply to promote tissue regeneration
[18]. Unlike conventional angiogenic factors like vascu-
lar endothelial growth factor (VEGF), which primarily act
through well-characterized pathways (e.g., VEGF/vascular
endothelial growth factor receptor 2 (VEGFR?2) signaling)
to stimulate endothelial proliferation and vessel sprouting,
TSP-1 is traditionally considered an anti-angiogenic ma-
tricellular protein [19]. However, a recent study has un-
covered a more nuanced role of TSP-1, demonstrating its
context-dependent pro-angiogenic or modulatory effects,
particularly in tissue remodeling and repair [20].

It has been shown that TSP-1 not only exhibits strong
pro-angiogenic properties in wound healing but also pro-
motes tissue repair through interactions with other cy-
tokines [17]. Therefore, TSP-1 holds promise in bone tis-
sue regeneration by regulating angiogenesis in the process
of fracture healing.

Although the potential of MSCs and TSP-1 in frac-
ture repair has been widely studied, their synergistic mech-
anisms have not been fully elucidated. Whether TSP-1 can
further enhance the osteo-healing effects of MSCs by pro-
moting their migration, engraftment, and vascular differ-
entiation remains insufficiently supported by experimental
data. Therefore, a deeper investigation into the synergistic
mechanisms of TSP-1 and MSCs in fracture repair is cru-
cial to providing a theoretical foundation for future clinical
applications.

This study aims to systematically evaluate the inde-
pendent and combined effects of TSP-1 and MSCs on frac-
ture healing using a rat femoral fracture model. We hypoth-
esize that TSP-1 can directly promote angiogenesis and fur-
ther accelerate fracture healing by enhancing MSC migra-
tion and vascular differentiation. To test this hypothesis, we
analyzed the effects of TSP-1 and MSCs on trabecular for-
mation, bone tissue mineralization, angiogenesis, and os-
teogenic differentiation, with the goal of uncovering their
synergistic mechanisms in fracture repair. Our research not
only provides new experimental evidence for the combined
use of TSP-1 and MSCs in fracture healing but also offers
theoretical guidance for developing more clinically effec-
tive therapies for fracture repair.

Materials and Methods

Establishment of a Stable Femoral Fracture Model

Forty male Sprague—Dawley rats (6—8 weeks old, each
weighing 200-250 g) were purchased from Charles river
(Beijing, China) The rats were anesthetized using isoflurane
to ensure complete anesthesia [21]. Hair on the right femur
was shaved, and the area was disinfected and covered with
a sterile surgical drape.

First, a hole was drilled into the proximal end of the
femur, and a 25-gauge needle was inserted through a small
incision above the knee joint into the medullary cavity to en-
sure stabilization after fracture. A microcutter was used to
create a transverse or oblique fracture in the midshaft of the
femur, ensuring the fracture line was neat and completely
broken. The intramedullary needle was then pushed into the
distal end of the femur to align and stabilize the two fracture
ends.

After surgery, the skin incision was sutured with ab-
sorbable sutures to ensure proper wound healing. The 40
rats were randomly divided into four groups using a random
number table: model group, TSP-1 group, MSC group, and
TSP-1+MSC group. In the TSP-1 group, the rats were sub-
cutaneously injected with human TSP-1 recombinant pro-
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tein (10 pg/kg/day). The dosage of TSP-1 was determined
based on preliminary experiments conducted in our labora-
tory. The rats in the MSC group received tail vein injections
of bone marrow mesenchymal stem cells (BM-MSCs; 1 x
10° cells). In the TSP-1+MSC group, the rats received both
TSP-1 recombinant protein (10 pg/kg/day) subcutaneously
and BM-MSCs (1 x 10 cells) via tail vein injection. The
rats in the model group were injected with an equivalent
volume of saline.

Fourteen days after the fracture, the rats were eu-
thanized via intraperitoneal injection of 3% pentobarbi-
tal sodium (110 mg/kg), and the tissues encompassing the
femoral fracture healing sites were harvested for analysis of
the healing process. This study has been approved by the
Beijing Keweite Laboratory Animal Welfare Ethics Com-
mittee (approval no. KWT-2023-1221-01).

Micro-Computed Tomography (micro-CT)

Upon collection, the femoral tissue samples collected
from the experimental rats were immediately fixed to pre-
vent deformation. After fixation, the samples undergo de-
hydration through a series of ethanol concentrations un-
til fully dehydrated, and were then stored at —80 °C un-
til scanning. The samples were scanned using a micro-CT
scanner with the following parameters: resolution set to 10
pum, a voltage at 40 kV, a current at 200 pA, scanning an-
gle of 360°, and exposure time typically set to 1000 ms.
The fixed and dehydrated bone samples were placed on
the scanning platform. Layer-by-layer scanning was per-
formed, converting the 2D images into 3D data. Upon scan
completion, micro-CT software (SkyScan NRecon, NRe-
con 1.6.x.x, Bruker microCT, Kontich, Belgium) was used
to reconstruct the images, generating a 3D structural repre-
sentation of the sample for further analysis of various pa-
rameters.

Immunohistochemistry

Fracture healing tissues were collected from the rats
for immunohistochemical analysis. After fixation, the tis-
sues were dehydrated through a series of ethanol concen-
trations, embedded in paraffin, and sectioned into 4—6 pm
slices. The sections were subjected to dewaxing and rehy-
dration, followed by heat-induced antigen retrieval (HIER).
To block endogenous peroxidase activity, the sections were
treated with 3% hydrogen peroxide, and nonspecific bind-
ing sites were blocked with 5% bovine serum albumin.
The sections were incubated with primary antibodies (Clus-
ter of Differentiation 105 (CD105), Cluster of Differentia-
tion 31 (CD31), Bone Morphogenetic Protein-2 (BMP-2)),
followed by washing. Afterward, Horseradish Peroxidase
(HRP)-conjugated secondary antibodies were applied, and
after washing, 3,3’-Diaminobenzidine (DAB) chromogen
was used for color development for 5 minutes. Hema-
toxylin was used for counterstaining to visualize cell nuclei.
Finally, the sections were dehydrated with ethanol, cleared
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with xylene, and mounted with a coverslip. Stained tissue
sections were examined under a microscope, and quanti-
tative analysis was performed using Imagel software (ver-
sionl.5f, NIH, Bethesda, MD, USA).

Hematoxylin-Eosin (HE) Staining

The tissue was fixed and dehydrated through a series
of increasing ethanol concentrations. Xylene was used for
clearing. The tissue was embedded in paraffin and sec-
tioned into 4-6 pm slices. The sections were dewaxed and
hydrated using decreasing concentrations of ethanol, prior
to staining with hematoxylin for 10 minutes. After wash-
ing, eosin staining was performed for 3 minutes, followed
by washing. The sections were dehydrated through a se-
ries of ethanol concentrations and cleared with xylene. Af-
ter a mounting medium was applied, the cleared sections
were covered with a coverslip, gently pressed, and allowed
to dry. The stained sections were observed under a micro-
scope to analyze the tissue and cellular structure.

Cell Culture

Human umbilical vein endothelial cells (HUVECs;
iCell-h110) were purchased from iCELL (Shanghai,
China). Endothelial cell-specific culture medium was used.
HUVECs were cultured in an incubator at 37 °C with 5%
COg. The culture medium was changed every 3 days,
and when the cells reached 80%-90% confluence, they
were trypsinized and passaged. Rat BM-MSCs (RAT-iCell-
s018), purchased from iCELL, were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum. The cells were cultured in an incubator at 37
°C with 5% COg. The culture medium was replaced when
the cells reached 70%—80% confluence, followed by enzy-
matic digestion and subculturing. The HUVECs used had
been authenticated by means of STR approach, whereas the
BM-MSCs had been subjected to species identification. All
cells tested negative for mycoplasma contamination.

Cell Treatment

HUVECs were randomly divided into two groups:
control group and TSP-1 group (10 nM). The dosage of
TSP-1 was determined based on preliminary experiments
conducted in our laboratory. Similarly, MSCs were also
randomly divided into two groups: control group and TSP-
1 group (100 nM).

5-ethynyl-2'-deoxyuridine (EdU) Staining

Click-iT EdU kit (C10337, Thermo Fisher Scientific,
Waltham, MA, USA) was used for EdU staining. Cell cul-
ture medium supplemented with EAU was added to cells
for a 1-hour incubation. After the medium was removed,
the cells were fixed and then washed. The cells were per-
meabilized using a permeabilization agent. A reaction mix-
ture, prepared according to the kit instructions, was added
to the cells for a 30-minute incubation. After washing, 4'6-
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diamidino-2-phenylindole (DAPI) staining (C1006, Bey-
otime, Shanghai, China) was performed for 5 minutes to vi-
sualize the nuclei. Following washing, EdU-positive cells
were observed using a fluorescence microscope (BXS53,
Olympus, Tokyo, Japan).

Western Blotting

The harvested cells were first treated with lysis buffer
to obtain protein samples. The samples were mixed with
sodium dodecyl sulfate (SDS) sample buffer (ST626, Be-
yotime, Shanghai, China) and then boiled to achieve pro-
tein denaturation. Next, the proteins were separated using
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) based on their molecular weight. After-
ward, the separated proteins were transferred from the gel
to a polyvinylidene fluoride (PVDF) membrane (FFP19,
Beyotime, Shanghai, China). Once transferred, nonspe-
cific binding sites on the membrane were blocked using
a blocking solution. Then, the membrane was incubated
with a diluted primary antibody overnight at 4 °C or at
room temperature, followed by washing with TBS with
Tween-20 (TBST) (J77500.K8, Thermo Fisher Scientific,
Waltham, MA, USA). Among the tested primary antibod-
ies are cyclooxygenase-2 (COX-2) (1:1000, ab179800, Ab-
cam, Cambridge, UK) and vascular endothelial growth fac-
tor A (VEGF-A) (1:1000, ab46154, Abcam, Cambridge,
UK). After that, the membrane was incubated with an HRP-
conjugated secondary antibody (1:1000, ab6721, Abcam,
Cambridge, UK). Finally, after washing, enhanced chemi-
luminescence (ECL) (P0018S, Beyotime, Shanghai, China)
chemiluminescent substrate was added and the emitted sig-
nals were detected using a gel imaging system. The pro-
tein expression levels were quantified using Imagel soft-
ware (version 1.5f, NIH, Bethesda, MD, USA).

Tube Formation Assay

An appropriate amount of Matrigel was added to cover
the entire bottom of a 24-well plate. The plate was then
placed in a 37 °C incubator for 30 minutes to allow the Ma-
trigel to solidify into a gel. The cultured endothelial cells or
MSCs were seeded at a density of 1 x 10° cells/well onto
the solidified Matrigel. Then, the cells were incubated in
an incubator for 24 hours under conditions suitable for cell
growth. To induce tube formation, VEGF (20 ng/mL) was
added to the culture medium. After 24 hours, the cell mor-
phology was observed under a microscope. Tube formation
length was quantified using Imagel software (version 1.5f,
NIH, Bethesda, MD, USA).

Transwell Assay

First, the cells to be tested was resuspended in culture
medium, generally at a concentration of 1 x 10° cells/mL.
Then, an appropriate amount of culture medium (containing
10% fetal bovine serum) was added to the lower chamber of
the Transwell insert, and 100 pL of the cell suspension was

added to the upper chamber. The insert was placed into a
24-well plate and incubated for 24 hours, allowing the cells
to migrate through the membrane pores to the lower cham-
ber. After incubation, the upper chamber was washed with
phosphate-buffered saline (PBS) to remove non-migrated
cells, and the upper surface of the Transwell insert was gen-
tly wiped. Next, the insert was immersed in fixative for 10
minutes, wash, and stained with crystal violet solution for
10 minutes; subsequently, excess dye was washed away.
Finally, the migrated cells on the lower surface of the mem-
brane were observed under a microscope. The migrated
cells were enumerated using ImageJ software (version 1.5f,
NIH, Bethesda, MD, USA).

Immunofluorescence (IF) Staining

Firstly, cell smears of the treated MSCs were pre-
pared and then fixed for 15 minutes. After washing with
PBS, the cells were permeabilized using a permeabiliz-
ing agent for 10 minutes, followed by washing. Then,
non-specific binding sites were blocked by incubating the
cells with 5% skim milk for 30 minutes. Afterward, the
cell smears were incubated overnight at room tempera-
ture with diluted primary antibodies against CD31 (1:1000,
ab%9498, Abcam, Cambridge, UK), vascular endothelial
growth factor receptor 1 (VEGFR1) (1:1000, ab2350, Ab-
cam, Cambridge, UK), and VEGFR2 (1:1000, ab234110,
Abcam, Cambridge, UK). After incubation, the samples
were washed and fluorescence-labeled secondary antibod-
ies (1:1000, ab175702, ab150080, Abcam, Cambridge,
UK) were applied for a 1-hour incubation, followed by an-
other wash. Then, the cell nuclei were stained with DAPI
for 10 minutes, followed by washing. Finally, the samples
were mounted with mounting medium and observed using
a fluorescence microscope. The expression levels of CD31,
VEGEFR1, and VEGFR?2, along with their fluorescence in-
tensities, were quantified using Imagel software (version
1.5f, NIH, Bethesda, MD, USA).

Statistical Analysis

Statistical analysis was conducted using GraphPad
Prism software (version 9.0, GraphPad Software Inc., San
Diego, CA, USA). The data were analyzed using #-tests
and one-way analysis of variance (ANOVA), followed by
Tukey’s post-hoc test for multiple comparisons. Results are
presented as mean =+ standard deviation (SD). A p-value of
less than 0.05 was considered statistically significant.

Results

TSP-1 and/or MSC Treatment Promotes Fracture
Healing in Rat Femur

Two weeks post-surgery, tissue at the fracture callus
site was observed using micro-CT. Compared to the model
group, the TSP-1 and MSC groups showed significantly
more callus, denser trabecular bone, and higher levels of
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Fig. 1. TSP-1 and/or MSC treatment promotes fracture healing in rat femur. (a) micro-CT images of the trabecular bone in the

proximal femur fracture site of rat. The arrow indicates the area of new callus formation. (b) Measurement of bone volume over total
volume (BV/TV). (c¢) Evaluation of trabecular number (Tb.N). (d) Quantitative analysis of trabecular thickness (Tb.Th) via micro-CT.
(e) Assessment of trabecular separation (Tb.Sp). n=10. * p < 0.05, ** p <0.01, *** p < 0.001. Abbreviations: MSC, mesenchymal

stem cell; TSP-1, thrombospondin-1; micro-CT, micro-computed tomography.

mineralization. The TSP-1+MSC group exhibited even
greater levels of fracture healing and mineralization com-
pared to the TSP-1 and MSC groups (Fig. 1a). Compared to
the model group, the TSP-1 and MSC groups showed sig-
nificant increases in trabecular thickness, trabecular num-
ber, and bone mineral density (p < 0.05) (Fig. lb—e). Ad-
ditionally, the treatment combining TSP-1 and MSC led to
more pronounced increases in trabecular thickness, trabec-
ular number, and bone mineral density compared to the sin-
gle treatments of TSP-1 and MSC (p < 0.05) (Fig. 1b—e). In
contrast, compared to the model group, both the TSP-1 and
MSC groups exhibited significantly reduction in trabecu-
lar separation (p < 0.05), whereas the combined treatment
with TSP-1 and MSC led to a more significant reduction in
trabecular separation (p < 0.05) (Fig. 1b—e).

TSP-1 and/or MSC Treatment Promotes
Angiogenesis and Osteogenesis During Fracture
Healing

We assessed the expression of CD105, CD31, and
BMP-2 in the callus tissue via immunohistochemistry. The
results revealed that, compared to the model group, the
TSP-1 and MSC groups showed significantly increased ex-
pression of CD105, CD31, and BMP-2 (Fig. 2a—f) (p <
0.05). Furthermore, the expression of CD105, CD31, and
BMP-2 in the TSP-1+MSC group was significantly higher
than in the TSP-1 and MSC groups (p < 0.05). Accord-
ing to the HE staining results, the model group exhibited
partial fibrous and cartilage tissue but no mature bone tis-
sue (Fig. 2g). In the TSP-1 and MSC groups, fibrous tissue
was gradually replaced by bone tissue, with some mature
bone observed. In contrast, more mature bone tissue was
observed in the TSP-1+MSC group.
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Fig. 2. TSP-1 and/or MSC treatment promotes angiogenesis and osteogenesis during fracture healing. (a,b) IHC analysis of Bone
Morphogenetic Protein-2 (BMP-2) expression in fracture healing tissue of rat after TSP-1 and/or MSC treatment. (c,d) IHC analysis of
Cluster of Differentiation 31 (CD31) expression in fracture healing tissue of rat after TSP-1 and/or MSC treatment. (e,f) IHC analysis of
Cluster of Differentiation 105 (CD105) expression in fracture healing tissue of rat after TSP-1 and/or MSC treatment. (g) HE staining
of fracture healing tissue in rat. The arrow indicates the area of newly formed bone tissue. n = 10. *** p < 0.001. Abbreviations: HE,
hematoxylin-eosin; IHC, immunohistochemistry; MSC, mesenchymal stem cell; TSP-1, thrombospondin-1.
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hydrogenase.

TSP-1 Treatment Directly Increases Endothelial Cell
Proliferation and Tube Formation In Vitro

To investigate the mechanism by which TSP-1 en-
hances angiogenesis during bone healing, we first per-
formed EdU staining to assess endothelial cell proliferation
after TSP-1 treatment. The results showed that the number
of EdU-positive endothelial cells was significantly higher in
the TSP-1 group compared to the control group (p < 0.05)
(Fig. 3a,b). We also measured the protein expression lev-
els of COX-2 and VEGF in endothelial cells. The results
revealed that the protein expression levels of COX-2 and
VEGEF in TSP-1-treated endothelial cells were significantly

higher than in the control group (Fig. 3c—e) (p < 0.05). Fur-
thermore, the results of the tube formation assay showed
that the number and length of tube formations were sig-
nificantly increased in TSP-1-treated endothelial cells com-
pared to the control group (Fig. 3f,g) (p < 0.05).

TSP-1 Enhances Angiogenesis Indirectly by
Promoting MSC Migration and Vascular
Differentiation

Our study demonstrated that TSP-1 was able to recruit
MSCs and significantly increased tube formation in MSCs
in vitro. After co-incubating MSCs with TSP-1 for 7 days,
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VEGFR2, vascular endothelial growth factor receptor 2; CD31, Cluster of Differentiation 31; DAPI, 4’6-diamidino-2-phenylindole.
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results from the Transwell migration assays showed that
TSP-1 significantly promoted MSC migration (p < 0.05)
(Fig. 4a,b). The tube formation assay further demonstrated
that TSP-1 promoted tube formation of MSCs in vitro (p
< 0.05) (Fig. 4c,d). Additionally, IF results showed that
the expression of endothelial cell markers CD31, VEGFRI,
and VEGFR2 was significantly upregulated in MSCs com-
pared to the control group (Fig. 4e—j). These findings
confirm that TSP-1 indirectly promotes initial angiogene-
sis by enhancing MSC migration and differentiation into
endothelial-like cells.

Discussion

In this study, we comprehensively assessed the indi-
vidual and synergistic effects of TSP-1 and MSCs on bone
healing using a rat femoral fracture model. Our findings
demonstrated that both TSP-1 and MSCs independently
promoted fracture healing and, when combined, further
enhanced the formation of both bone and blood vessels.
These results contribute to a deeper understanding of the
mechanisms underlying bone repair and offer new insights
and potential strategies for fracture treatment. To provide
a broader context for these findings, we provide a multi-
faceted comparative analysis of our findings with other rel-
evant studies in the following.

This study showed that TSP-1 treatment significantly
enhanced trabecular bone density, mineralization, and an-
giogenesis at the fracture site, primarily by promoting
endothelial cell proliferation and blood vessel formation,
thereby accelerating healing. These findings align with the
research by Pourheydar et al. [22], which demonstrated that
TSP-1 boosts angiogenesis through the activation of COX-
2 and VEGF signaling pathways. In our study, we also ob-
served a marked increase in COX-2 and VEGF expression
in endothelial cells treated with TSP-1, and the EdU pro-
liferation assay confirmed that TSP-1 effectively promoted
endothelial cell proliferation. Bardag-Gorce et al.’s work
[23] further underscores the dual role of TSP-1 in tissue re-
pair and angiogenesis, providing solid support for our re-
sults.

Moreover, TSP-1 not only directly promotes angio-
genesis but also further enhances vascularization by facil-
itating MSC migration and differentiation. This is consis-
tent with the findings of Tietze ef al. [24], who studied the
role of TSP-1 in MSC recruitment and migration. Our study
confirmed the promoting effect of TSP-1 on MSC migration
through Transwell assays and demonstrated MSC differen-
tiation into endothelial-like cells via IF. These results sug-
gest that TSP-1 not only acts directly on endothelial cells
but also indirectly influences the angiogenic potential of
MSCs, thereby contributing more comprehensively to frac-
ture healing.

The role of MSCs in bone repair has been widely rec-
ognized, particularly in the context of angiogenesis and os-
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teogenic differentiation during fracture healing. A study
by Guillamat-Prats [25] demonstrated that MSCs promote
the generation of new blood vessels and enhance bone tis-
sue regeneration by secreting a variety of growth factors
and cytokines. In our study, the MSC treatment group also
significantly increased trabecular bone density and miner-
alization, while the expression of vascular and osteogenic
markers such as CD105, CD31, and BMP-2 was notably
enhanced. These findings align with the results of Bian et
al. [26], further confirming that MSCs play a crucial role
in bone and vascular generation through their secretory ac-
tivity. The synergistic effect may be attributed to TSP-1
enhancing the paracrine activity of MSCs.

Additionally, MSCs further promote angiogenesis and
bone healing at the fracture site through interactions with
endothelial cells. A study by Zhang et al. [27] indicated
that MSCs can accelerate bone repair by secreting exo-
somes and angiogenic factors, such as VEGF, which pro-
mote angiogenesis in collaboration with endothelial cells.
Our study similarly demonstrated that MSCs not only en-
hanced osteogenic differentiation but also, in combination
with TSP-1, significantly enhanced the angiogenic capac-
ity of endothelial cells. This further underscores that MSCs
are not only functionally involved in osteogenesis during
bone repair but also engage in the synergistic regulation of
angiogenesis.

Notably, the combination of TSP-1 and MSCs in this
study exhibited a significant synergistic effect. Compared
to the use of TSP-1 or MSCs alone, the TSP-1+MSC treat-
ment significantly increased trabecular thickness, number,
density, and mineralization, with a marked upregulation in
the expression of markers such as CD105, CD31, and BMP-
2. This finding is consistent with the results of Gong et al.
[28], who demonstrated that MSCs, in synergy with TSP-
1, accelerate angiogenesis at the fracture site and promote
bone tissue regeneration by enhancing extracellular matrix
remodeling.

The results of this study are consistent with numerous
studies concerning TSP-1 and MSCs in bone repair, while
also expanding the understanding of their synergistic mech-
anisms in fracture healing. Luo ef al. [29] suggested that
TSP-1 plays an important role in the early stages of bone
healing by regulating immune responses and enhancing an-
giogenesis. Our study further validates this perspective,
showing that TSP-1 can enhance angiogenesis at the frac-
ture site through both direct and indirect mechanisms, and
accelerate bone repair through its synergistic action with
MSCs.

Furthermore, this study is the first to demonstrate that
TSP-1 indirectly enhances angiogenesis by promoting the
differentiation of MSCs into endothelial-like cells. This
finding provides new directions for future bone repair ther-
apeutic strategies and offers experimental evidence for the
application of TSP-1 and MSCs in regenerative medicine.
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Although this study has made important discoveries,
there are still some limitations. Firstly, this study was lim-
ited to a rat model, and the actual effects in clinical applica-
tions need to be further validated. Additionally, the mecha-
nisms of action of TSP-1 and MSCs in bone repair are com-
plex, and future research could further explore their specific
roles in immune regulation, inflammatory responses (such
as failure to detect interleukin (IL)-6/tumor necrosis fac-
tor o (TNF-a)), and extracellular matrix remodeling. Al-
though recombinant BMP-2 is widely used clinically as an
osteoinductive factor, its clinical application remains con-
strained by several limitations. For example, supraphysio-
logical doses are often required to achieve therapeutic effi-
cacy, which can lead to complications such as ectopic bone
formation, inflammatory responses, and even an increased
risk of tumor development in some cases. In addition, the
high cost and short biological half-life of BMP-2 further
limit its clinical utility. In contrast, our study demonstrates
that the combined treatment with TSP-1 and MSCs exhibits
superior efficacy and potentially enhanced safety.

Future studies could integrate gene editing technolo-
gies to clarify the specific signaling pathways through
which TSP-1 regulates MSC migration and differentiation,
and explore how gene modulation can optimize the thera-
peutic effects of TSP-1 and MSCs. Furthermore, based on
the findings of this study, clinical trials can be organized
to explore the potential application of combined treatment
with TSP-1 and MSC in complex fractures and chronic bone
injuries.

Conclusions

This study aims to evaluate the role of TSP-1 and
MSCs in fracture healing using a rat femoral fracture model
and investigate their synergistic effects in promoting bone
tissue regeneration and angiogenesis. Both TSP-1 and
MSCs can independently enhance trabecular formation,
mineralization, and vascularization, and their combined ap-
plication further amplifies bone and vascular formation at
the fracture site. This synergistic effect is primarily medi-
ated by TSP-1’s direct involvement in promoting endothe-
lial cell proliferation and angiogenesis, as well as its indirect
enhancement of angiogenesis through MSC migration and
differentiation. Additionally, the combined treatment with
TSP-1 and MSCs drives the maturation of bone tissue and
osteogenic differentiation, providing a potential strategy for
fracture repair.

These findings offer new insights into the application
of TSP-1 and MSCs in bone repair and lay the foundation
for future research on fracture treatments. Based on our cur-
rent findings in a rat model, further clinical studies are war-
ranted to assess their potential in promoting fracture healing
in humans. This study provides valuable experimental ev-
idence for the future development of regenerative medical
therapies based on TSP-1 and MSCs.
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