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Abstract
Background  Endochondral ossification (ECO) is essential for bone regeneration, involving cartilage formation, 
hypertrophy, angiogenesis, and ossification. Co-culturing mesenchymal stem cells (MSCs) with endothelial cells (ECs) 
shows potential to enhance bone regeneration but has not been effectively applied to ECO strategy.

Methods  We examined the synergistic effects of MSCs and ECs on chondrogenesis, osteogenesis, and angiogenesis, 
followed by transcriptomic analysis. ECO organoids were formed in the scaffolds, and a critical-sized calvarial bone 
defect model was used for in vivo evaluation.

Results  Co-culture of ECs and MSCs promoted osteogenic differentiation and hypertrophic chondrogenic 
differentiation of MSCs. The ECO organoids exhibited enhanced vascularization and improved mineralization. In vivo, 
the co-culture group showed superior vascularization and bone repair compared to the MSCs-only group.

Conclusions  Co-culturing ECs with MSCs in ECO organoids enhances bone regeneration, offering a promising 
alternative to traditional tissue engineering strategies. This approach may improve therapeutic outcomes by 
promoting endochondral bone formation.
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Introduction
Endochondral ossification (ECO) is the primary process 
responsible for bone formation during prenatal develop-
ment and bone repair after injury in adults [1–3]. ECO 
begins with the formation of a hyaline cartilage template, 
which undergoes hypertrophy and calcification, followed 
by invasion of blood vessels and subsequent deposition of 
mineralized bone. In this process, vascularization plays 
a key role by providing the necessary oxygen and nutri-
ents for new bone formation [4], as well as facilitating 
the transition from the activities of hypertrophic chon-
drocytes to osteoprogenitor cells and osteoclasts, which 
remodel the calcified cartilage into mineralized bone 
[5]. In addition, vascularization plays a crucial signaling 
role in bone repair by regulating osteocyte survival and 
differentiation [6]. In bone tissue engineering (BTE), 
insufficient vascularization or the lack of a vascularized 
network in organoids and scaffold constructs remain a 
significant barrier to successful bone repair, particularly 
in large defects [7]. Over the last two decades, studies 
have attempted to combine osteogenesis and angiogene-
sis to enhance the outcomes of bone regeneration [8–11]. 
These studies have noted a positive feedback mechanism 
known as angiogenic-osteogenic coupling, where angio-
genesis promotes bone development while the formation 
of bone tissue reversely enhances angiogenesis [5]. How-
ever, the strategies employed by most studies involved 
various scaffold modifications, such as pore structure, 
addition of bioactive substances, and tailored surfaces, or 
the direct addition of angiogenic cells [12], focusing on 
evaluating the outcomes of bone regeneration without 
deep understanding of the mechanisms by which vascu-
larization participates in bone repair. Moreover, much 
of the bone formation resulting from these strategies is 
direct and rapid, analogous to intramembranous ossi-
fication but not representative of the natural process of 
ECO, making it difficult to relate improved bone regen-
eration outcomes to physiologically relevant mechanistic 
insights.

Previous studies have demonstrated the in vitro inter-
actions between mesenchymal stem cells (MSCs), as 
important progenitor cells in both chondrogenesis and 
osteogenesis, and endothelial cells (ECs) as the key cells 
responsible for angiogenesis, supplementing our under-
standing of the ECO process. ECs have been shown 
to promote osteogenesis in MSCs, while MSCs have 
been conversely shown to maintain EC phenotype and 
enhance their angiogenic ability [13–18]. However, the 
lack of biomimetic ECO models makes it challenging to 
recreate in vivo conditions and hence gain appreciation 
of cell interactions that are representative of their native 
behaviour. The majority of in vitro studies on ECO have 
been limited to 2D culture systems, restricting the extent 
of physiological interactions between cell types and the 

ability to capture dynamic changes in cell fate during 
ECO. Investigating the interactions between MSCs and 
ECs in 3D ECO models and their impact on the progres-
sion of ossification is a key step both in deepening our 
mechanistic understanding of the physiological process 
of ECO and in improving the development of therapeutic 
strategies for bone repair.

Among a limited number of studies which constructed 
3D ECO models and attempted the incorporation of ECs 
[19–22], most have introduced the ECs during the late 
stage of cartilage-to-bone transition, into pre-formed 
cartilage/bone templates rather than at the initial stage 
of chondrogenic differentiation. However, during natu-
ral ECO, vascular invasion closely follows the first phase 
of cartilage differentiation, well before the late phase 
of bone formation. This early vascularization is criti-
cal for the subsequent progression of ECO. In an ECO 
model, the early introduction of ECs may be essential for 
enhancing blood supply and oxygen exchange within the 
newly formed cartilage matrix. This optimizes the micro-
environment for cartilage differentiation and provides 
more physiologically relevant insights into the mecha-
nisms of early vascular-cartilage interactions. Further-
more, establishing vascular networks during the early 
phase of ECO may create a more favourable microenvi-
ronment for subsequent ossification, facilitating acceler-
ated mineralization and improved integration with the 
host vasculature. In this study, we established a 3D MSC-
EC co-culture system that introduced ECs during the 
early chondrogenic stage, aiming to recreate a process 
more closely resembling natural ECO. This strategy seeks 
to address the limitations of existing research and may 
pose a solution to the common issue of “delayed vascular 
invasion” for implanted bone constructs [23, 24], with the 
potential to significantly shorten the repair timeline.

In our previous work, we established an innovative in 
vitro ECO organoid model using engineered MSCs and 
microspheres [25], which effectively simulated the in 
vivo process of ECO. In this study, we created a new co-
culture system of MSCs and ECs based on ECO organ-
oids, where ECs were introduced during the initial stage 
of chondrogenic differentiation. This integration not only 
enhanced cell-cell interactions but also optimized the 
local microenvironment, which was crucial for organoid 
development and function. Comprehensive evaluations 
of cell interactions, in vitro ECO organoid performance, 
and in vivo bone repair outcomes demonstrated signifi-
cantly improved osteogenesis through the co-cultivation 
of ECs with MSCs in the ECO organoids. The findings of 
this study provide a realistic and comprehensive under-
standing of bone formation mechanisms in ECO, as well 
as introduce new directions for enhancing the repair out-
comes of large bone injuries.
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Materials and methods
Cell culture and identification
Human umbilical cord MSCs (UCMSCs, hereafter 
referred to as MSCs) were purchased from EUBIO 
Technologies. Human umbilical vein endothelial cells 
(HUVECs, hereafter referred to as ECs) and ATDC5 cells 
were kindly donated by the Orthopaedic Laboratory of 
the Ninth People’s Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine. MSCs, ECs and ATDC5 cells 
were grown in α-MEM medium (Gibco) containing 10% 
fetal bovine serum (FBS; Gibco) and 1% penicillin-strep-
tomycin (P-S, Hyclone). When the cells were grown to 
80% confluent, conditioned medium (CM) was obtained 
by washing the cells in phosphate buffered saline (PBS) 
and culturing for 48 h in fresh medium.

To identify MSC-related surface markers (Figure S1), 
MSCs (1 × 106 cells) were incubated with the following 
monoclonal antibodies: FITC-CD45 (Biolegend), FITC-
CD73 (Biolegend), APC-CD90 (Biolegend), PE-CD105 
(Biolegend). Unstained cells were used as negative con-
trols. MSCs were incubated with antibodies at room tem-
perature for 30 min and then detected by flow cytometry 
(BD Biosciences).

Cell viability and migration assay
Cell viability was measured by CCK-8 kit (Dojindo) and 
live/dead staining kit (Beyotime). Transwell migration 
was used to evaluate the effect of MSC-CM on the migra-
tion ability of ECs. ECs (1 × 104 cells) were seeded into 
Transwell inserts (Corning) containing 8 μm pore mem-
brane. In the lower culture chamber, growth medium or 
MSC-CM was added. After incubation for 12 h, the cells 
were fixed with 4% paraformaldehyde and stained with 
crystal violet for 5 min. The cells which have migrated 
to the underside of the Transwell membrane were then 
observed by microscopy. For the scratch healing experi-
ment, ECs (2 × 105) were seeded in a 6-well plate. Once 
the cells reached confluence, a sterile pipette tip was used 
for the scratch, followed by culturing the cells in growth 
medium or MSC-CM until the scratch was fully healed. 
The scratch was imaged at 0 and 24  h, and the healing 
area was calculated using ImageJ software.

Tube formation assay of ECs
Matrigel (Corning) was evenly spread on 96-well plates 
and incubated at 37 ℃ for 30 min. An EC suspension was 
prepared, and the 96-well plates were inoculated with 100 
µL cell suspension (1 × 104 cells) per well. Calcein-AM 
staining was performed after 4 to 6  h, and microscopy 
images were taken. Quantitative results were calculated 
using the ImageJ software.

MSC differentiation and ECO model
For osteogenic induction, osteogenic medium was 
α-MEM containing 10% FBS, 1% P-S, 500 µM ascorbic 
acid, 10 mM β-glycerophosphate, and 100 nM dexameth-
asone. ALP activity was evaluated on day 7, where BCIP/
NBT kit (Beyotime) was used to determine A405, and 
BCA Protein Assay Kit (Beyotime) was used to deter-
mine A560. ALP activity was measured as A405/A560 
[26]. Calcium deposition was evaluated on day 21, where 
1% Alizarin Red S (ARS, Sigma-Aldrich) solution was 
used for staining, followed by washing with PBS until the 
eluent was colorless. Then, 10% CPC was added and the 
plate was shaken in a shaker for 30 min, before measur-
ing A570 to quantify the amount of calcium nodules.

For chondrogenic induction, chondrogenic medium 
was α-MEM containing 10% FBS, 1% P-S, 10 ng/mL TGF-
β3, 100nM dexamethasone, and 10µM ascorbic acid. On 
day 21, the cartilage pellet was fixed with 4% paraformal-
dehyde, followed by paraffin embedding and sectioning, 
and histological and immunohistochemical staining to 
evaluate chondrogenesis.

For the ECO model, cells were encapsulated in Col-I 
sponges (purchased from Wuxi BIOT Biology Technol-
ogy Co., Ltd.) with dimensions of 3 mm diameter and 2 
mm height. MSCs and ECs were resuspended and seeded 
into the scaffolds at a ratio of 9:1 within an 8 µL volume 
of 1 × 105 cells/µL. This induction involved two phases: 
chondrogenesis followed by hypertrophy. Chondrogenic 
medium composition was described above. Hypertro-
phic induction medium was α-MEM containing 50 µM 
L-thyroxin, 100 nM dexamethasone, 50 pg/mL IL-1β, 
and 0.01 M β-glycerophosphate [25]. The cell ratio was 
determined based on preliminary experiments (Figure 
S2). Specifically, we initially tested cell ratios of 1:0, 1:1, 
3:1, and 9:1 (MSC: EC). After seeding the mixed cells into 
type I collagen scaffolds and conducting chondrogenic 
induction, we observed on day 3 that the 9:1 group was 
able to form a relatively compact spheroid, similar to the 
result observed in the pure MSC group. Therefore, we 
chose the 9:1 ratio for co-culture.

To detect the in vitro VEGFA secretion ability of ECO 
organoids, 15 ECO organoids (cultured for 6 weeks) were 
placed into Transwell inserts containing 0.4  μm pore 
membrane (Corning), and the bottom of the lower cham-
ber was coated with Matrigel and seeded with ECs. After 
6 h, the lower chamber was stained with Calcein-AM and 
microscopy images were taken. Quantitative analysis was 
performed using ImageJ software.

Histology, immunohistochemistry, and µ-CT scan-
ning of ECO organoids were performed after 6 weeks of 
in vitro culture, using the same procedures as described 
later for the animal experiments.
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RT-qPCR and bulk RNA-Seq
Total RNA was extracted using TRIzol reagent (Invitro-
gen). The RNA was reverse transcribed into cDNA with 
a Prime Script RT reagent kit (Takara). Primers were syn-
thesized by Sangon Biotech (Table S1) and GAPDH was 
used as an endogenous control. SYBR Green (Takara) 
was used to measure gene expression by RT-qPCR. Rela-
tive mRNA expression was calculated using the 2−ΔΔCt 
method.

For bulk RNA-seq, the control group comprised MSCs 
while the experimental group comprised MSCs treated 
with EC-CM, with each group containing three inde-
pendent replicates. RNA was first extracted using TRIzol 
reagent (Invitrogen), followed by the construction of 
a cDNA library and high-throughput sequencing. The 
sequencing data were then subjected to quality control 
and alignment, and DESeq2 was used to identify differ-
entially expressed genes (DEGs). Subsequently, GO and 
KEGG enrichment analyses were performed, and gene 
set enrichment analysis (GSEA) was conducted to assess 
the enrichment of gene sets.

Western blot
Cells were homogenized in radio immunoprecipita-
tion assay (RIPA, Leagene). Protein concentrations were 
determined using the BCA Protein Assay Kit (Beyotime). 
Samples were loaded on 10% SDS–polyacrylamide gel 
electrophoresis gels and then transferred to nitrocellu-
lose membranes. Immunoblotting was done in primary 
antibody dilution buffer (A1810, Solarbio) with the corre-
sponding antibodies. The antibodies used were: VEGFA 
(Proteintech), CD31 (Bioss), and GAPDH (YEASON). 
Full-length blots are presented in Supplementary Mate-
rial 2.

Scanning electron microscopy (SEM)
The microstructural properties of microspheres were 
characterized by SEM (FEI Quanta 200). The micro-
spheres were fixed with 2.5% glutaraldehyde, dehydrated 
and dried, and then sputter coated with gold before 
images were taken using SEM.

DAPI/Phalloidine staining
The cytoskeleton of cells cultured in microspheres was 
analyzed by staining with Phalloidine (Beyotime) and 
4’,6-diamidino-2-phenylindole (DAPI, Beyotime). The 
stained microspheres were observed using a TCS-SP8 
STED 3X confocal microscope (Leica).

Animal experiment
The rat calvarial defect model and associated animal 
experiments were conducted under the approval of 
the Peking University Ethics Committee (LA2019365). 
The work has been reported in line with the ARRIVE 

guidelines 2.0 (Supplementary Material 3). Sprague-
Dawley (SD) rats (n = 36; aged 8 weeks) were randomly 
divided into three groups. For each animal, after full 
anesthesia with isoflurane, two 5  mm diameter defects 
were carefully created in the skull bone using a trephine 
bur. The dura mater was meticulously preserved to pre-
vent hemorrhage and ensure optimal bone healing condi-
tions. For the same group of rats, each of the three rats 
was randomly placed in the same cage and placed in the 
same location in the animal house. Post-operative care 
included the administration of 100  mg/kg cefazolin for 
two days to prevent infection. Rats were monitored daily, 
and all rats with infected incisions were excluded.

The three groups were: Ctrl group where defects were 
treated with empty microspheres; MSC group where 
defects were treated with microspheres loaded with 
1 × 106 MSCs; and MSC + EC group where defects were 
treated with microspheres loaded with 9 × 105 MSCs and 
1 × 105 ECs. Both cell-containing groups underwent 7 
days of pre-culture in chondrogenic differentiation con-
ditions before implantation. During surgery, defects were 
treated with the respective constructs, and the surgical 
site was closed with sutures.

Blinding measures were implemented at different 
stages of the experiment to reduce bias and enhance the 
reliability of the study. Group allocation was performed 
by YQS and ZHH using a randomization method. The 
experimenters responsible for outcome assessment and 
data analysis were blinded to the group allocation to 
avoid potential bias.

Microfil perfusion and µ-CT
At 6 weeks post-surgery, half of the rats were anesthe-
tized, and a long incision was made in the chest and 
abdomen to fully expose the heart and free the liver. A 
vascular catheter was inserted into the left ventricle, and 
the right auricle was broken by micro-scissors. Sequen-
tial injections of 20 mL of heparinized saline, 20 mL of 
4% paraformaldehyde, and 20 mL of Microfil solution 
were made. Finally, the sample was left overnight at 4 °C 
[9, 19, 27].

At 12 weeks post-surgery, µ-CT scanning was per-
formed after euthanizing the other half of rats with car-
bon dioxide (CO2) gas. The excised calvarial specimens 
encompassing the defect area were fixed in 4% parafor-
maldehyde for 24  h, and subsequently assessed using 
µ-CT (SCANCO µCT-100, Switzerland). Parameters 
including bone volume/tissue volume (BV/TV), bone 
mineral density (BMD), and the relative bone growth sur-
face area of the regenerated tissue were quantified using 
Evaluation V6.5 software (SCANCO, Switzerland).
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Histology and immunohistochemistry
The calvarial specimens were decalcified using 10% 
EDTA solution over a period of four weeks. Following a 
sequential dehydration process in graded ethanol series, 
the samples were embedded in paraffin and sectioned 
with 7  mm thickness. Staining was performed with 
hematoxylin and eosin (H&E), Safranin O-Fast Green, 
and Masson’s trichrome. For immunohistochemical anal-
ysis, antibodies targeting Col-I (Novus), Col-II (Novus), 
Col-X (eBioscience), CD31 (Bioss), α-SMA (Proteintech), 
vWF (Proteintech), PD-L1 (Proteintech) and human 
mitochondria (Abcam) were used.

Bone histomorphometry analysis
Bone histomorphometry was used to analyze miner-
alization rate. ARS (30  mg/kg) and Calcein (30  mg/kg, 
Sigma-Aldrich) with fluorescent labeling were injected 
intraperitoneally at 3 and 10 days before euthanasia, 
respectively. Sample collection and histological process-
ing were performed as described above. Non-decalcified 
sections were observed using a fluorescence microscope 
(Olympus). The mineral apposition rate (MAR) was cal-
culated as the ratio of the distance between the two fluo-
rescent labels to the time interval between the labeling.

Statistical analysis
All data were obtained from at least 3 independent 
experiments and expressed as mean ± SEM. Statistical 
comparisons for two groups were made using unpaired 
Student’s t-test, while one-way ANOVA was employed 
for multiple group analyses, followed by post-hoc tests 
for detailed pairwise comparisons. These analyses were 
conducted using GraphPad Prism software. For ANOVA, 

post-hoc comparisons were performed using Tukey’s 
multiple comparisons test to adjust for multiple com-
parisons. p < 0.05 was considered a significant difference 
between groups.

Results
Experimental design
In vitro MSC-EC interactions were primarily focused 
on three key biological processes: osteogenesis, chon-
drogenesis, and angiogenesis, which are crucial for tis-
sue regeneration and repair. In particular, the co-culture 
group, where MSCs and ECs were cultured together, 
demonstrated significantly enhanced outcomes. These 
improvements were observed in both the formation of 
in vitro ECO organoids, which mimicked the complex 
structure and function of the tissue being studied, and in 
the in vivo repair of bone defects, where the co-culture 
group exhibited superior bone healing and tissue regen-
eration compared to other groups(Figure 1).

MSCs promote angiogenesis of ECs
The paracrine effects of MSCs on ECs were investi-
gated by applying the conditioned medium (CM) (Fig. 
2A). MSC-CM applied to ECs promoted cell prolifera-
tion to a certain extent, as shown by CCK-8 assay and 
live/dead staining (Fig. 2B-C). Moreover, ECs exposed 
to MSC-CM displayed enhanced migration and scratch 
healing (Fig. 2D-E), both of which were activities associ-
ated with their angiogenic ability. Correspondingly, ECs 
cultured in MSC-CM showed significant upregulation of 
key endothelial markers (Fig. 2F-G), including VEGFA, 
and CD31 [28]. These findings suggest that MSCs can 
mutually influence ECs through paracrine signaling, 

Fig. 1  Experimental design
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leading to enhanced activities related to angiogenesis. As 
shown in the tube formation assay of ECs, stimulation by 
MSC-conditioned medium (MSC-CM) slightly enhanced 
angiogenesis although without significant differences. In 
contrast, direct co-culture of ECs and MSCs at a ratio of 
9:1 significantly promoted the angiogenic response (after 
excluding MSCs cultured alone), suggesting that a mixed 
culture of the two cell types may be necessary for the 
practical enhancement of angiogenic outcomes (Fig. 2H).

ECs promote osteogenic differentiation of MSCs and 
formation of hypertrophic cartilage
The role of ECs in osteogenic differentiation of MSCs 
was examined by both indirect exposure through EC-CM 
and direct exposure through mixed co-culture at a ratio 
of 9:1 (Fig.  3A). Osteogenesis outcomes included ALP 
activity on day 7 of osteogenic induction (Fig. 3B and D) 
and ARS staining on day 21 (Fig. 3C and E). While expo-
sure to EC-CM did not lead to increased ALP activity 

Fig. 2  Synergistic effects of MSCs and ECs in angiogenesis. A Experiment set up for investigating the effect of MSCs on EC angiogenesis. B CCK-8 assay 
indicating the proliferation of ECs in response to MSC-CM. C Live/dead staining images of ECs after treatment with MSC-CM. D Transwell migration and 
E scratch healing of ECs in response to MSC-CM treatment. F RT-qPCR and G western blot analysis of endothelial marker expression in ECs after 3 days of 
MSC-CM stimulation. H Representative images and quantification of tube formation after 4 h of treatment. Scale bar = 200 μm for all microscopy images. 
For all charts, data are presented as mean ± SEM (standard error of the mean), * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001, ns: no significance, n ≥ 3 
per group
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in MSCs, it resulted in significantly higher ARS staining 
indicative of a greater number of mineralized nodules. 
Meanwhile, MSCs directly mixed with ECs in the co-
culture group showed significant elevation in both ALP 
activity and mineralized nodule formation. Furthermore, 

MSCs exposed to EC-CM were found to have greatly 
upregulated expression of key osteogenic genes at 14 
days, including RUNX2, ALP, VEGFA, OCN, and OPN 
(Fig.  3F). These findings collectively suggest that ECs 

Fig. 3  Effects of ECs on osteogenesis and chondrogenesis of MSCs. A Experiment set up for investigating the effects of ECs on MSC osteogenic and 
chondrogenic differentiation. B Representative images of osteogenic MSCs stained for ALP activity on day 7. C Representative images of osteogenic MSCs 
stained ARS on day 21. D ALP quantification on day 7 of osteogenic differentiation. E Calcium quantification on day 21 of osteogenic differentiation. F 
RT-qPCR results of osteogenic gene expression in MSCs on day 14 of osteogenic differentiation. G Representative histological (Saf-O) and immunohisto-
chemical (Col-II, Col-X) staining of MSC chondrogenic pellets on day 21 of chondrogenic differentiation. H RT-qPCR results of chondrogenic gene expres-
sion in MSCs on day 14 of chondrogenic differentiation. I Transwell co-culture set up of ECs and ATDC5. J RT-qPCR results of gene expression related to 
cartilage metabolism in ATDC5 cells after Transwell co-culture with ECs for 3 days. Scale bar = 200 μm for all microscopy images. For all charts, data are 
presented as means ± SEM (standard error of the mean), * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001, ns: no significance, n ≥ 3 per group
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have an important role in promoting the osteogenic dif-
ferentiation of MSCs.

Similarly, the role of ECs in chondrogenic differentia-
tion of MSCs was examined by indirect exposure through 
EC-CM and directly mixed co-culture at a ratio of 9:1. 
These experiment set ups were possible as our prelimi-
nary experiments confirmed that chondrogenic induc-
tion medium did not adversely affect ECs, and in fact 
upregulated VEGFA expression (Figure S3). The chon-
drogenic pellets formed by MSCs were analyzed by RT-
qPCR at 14 days and histological staining at 21 days. 
Histological and immunohistochemical analysis revealed 
significantly increased expression of Col-X in both the 
EC-CM and direct co-culture groups compared to con-
trol pellets, with more pronounced staining observed in 
the EC-CM group (Fig. 3G). Interestingly, MSC pellets 
exposed to EC-CM showed simultaneous upregulation 
of both chondrogenesis-specific genes (SOX9, COL2A1, 
ACAN) and hypertrophic chondrocyte genes (IHH, 
COL10A1, MMP13) (Fig. 3H). Notably, although MMP13 
is a matrix-degrading enzyme, its upregulation facilitates 
the remodeling of the cartilage matrix and subsequent 
vascular invasion, thereby creating a favorable environ-
ment for subsequent bone formation. These results sug-
gested that ECs might help induce early chondrogenic 
differentiation of MSCs but eventually directs them to 
form hypertrophic cartilage. To verify these findings, a 
Transwell co-culture system was established using ECs 
in the top chamber and ATDC5 in the bottom chamber, 
both two types of cells cultured in α-MEM with 10% FBS 
and 1% P-S (Fig. 3I). ATDC5 is a commonly used chon-
drogenic cell line that has been used to model endochon-
dral ossification and matrix mineralization [29, 30]. The 
early expression of genes related to cartilage metabolism 
in ATDC5 (Fig. 3J) corroborated with gene expression 
patterns in MSCs, where the co-culture group showed 
simultaneous upregulation of genes associated with 
chondrogenesis (e.g., Sox9, Acan) as well as hypertrophy 
and matrix degradation (e.g., Mmp13).

Transcriptomic analysis of MSCs exposed to EC-CM
Transcriptomic analysis was performed to compare the 
transcriptional profile of MSCs before and after EC-CM 
stimulation for 3 days. The gene expression patterns of 
the Ctrl and EC-CM groups were distinguished by PCA 
(Fig. 4A). A total of 1449 differentially expressed genes 
(DEGs) were detected, of which 517 were upregulated 
and 932 were downregulated (Fig. 4B, C). GO enrich-
ment analysis highlighted changes in gene expression of 
the EC-CM group associated with osteogenesis, chon-
drogenesis, angiogenesis, and extracellular matrix (ECM) 
(Fig. 4D). Notably, KEGG enrichment analysis revealed 
significant differences in the expression of TGF-β and 
PI3K-AKT signaling pathways (Fig. 4E). Compared with 

the control group, the PI3K-AKT pathway related to 
osteogenic differentiation [31] was upregulated in the 
EC-CM group (Fig. 4F), while the TGF-β pathway closely 
related to chondrogenesis [32] as downregulated (Fig. 
4G). In the early stages of chondrogenic differentiation, 
TGF-β signaling is not required to initiate chondrogene-
sis, but limits chondrogenesis for osteoblast lineage com-
mitment. Therefore, downregulated TGF-β signaling may 
favor the transition from chondrocyte to osteoblast lin-
eage [33]. These findings provide some insights into the 
mechanisms by which EC-CM may influence MSC differ-
entiation and fate.

To confirm the involvement of the above identified 
signaling pathways, the protein expression of down-
stream molecules of relevant pathways was compared 
between the Ctrl and EC-CM groups. It was found that 
during osteogenic differentiation, the EC-CM group had 
significantly higher expression of phosphorylated AKT 
protein compared to the Ctrl (Fig. 4H). Since PI3K activa-
tion phosphorylates the downstream molecule AKT and 
causes its localization to the cell membrane, which then 
acts to promote bone formation [34], the elevated expres-
sion of phosphorylated AKT in the EC-CM group veri-
fies that PI3K-AKT could be a key pathway by which ECs 
promote osteogenic differentiation of MSCs. Meanwhile 
during chondrogenic differentiation, the EC-CM group 
did not show enhanced phosphorylation of SMAD-2/3 as 
the classical downstream signal transduction molecule of 
TGF-β, but rather significantly increased the expression 
of phosphorylated SMAD-1/5/9 (Fig. 4I). This signified 
the activation of SMAD-1/5/9 which is reported to be 
associated with terminal differentiation and mineraliza-
tion [35]. Combined with the results of transcriptomic 
analysis, these findings suggest that the EC secretome 
may impact MSC differentiation through different path-
ways, including the activation of PI3K-AKT to enhance 
osteogenesis, and acting through TGF-β to activate 
SMAD-1/5/9 signaling that promotes hypertrophy fol-
lowing chondrogenesis.

Construction of in vitro ECO organoid through extended 
MSC-EC co-culture in scaffolds
The above findings illustrated that ECs and MSCs influ-
ence each other through paracrine mechanisms, impact-
ing the outcomes of MSC differentiation that allude to 
the process of ECO. However, short-term co-culture to 
a period not exceeding 3 weeks and in 2D restrict the 
extent of interactions between cell types as well as the 
ability to observe transitional and late-stage differentia-
tion outcomes. To more faithfully mimic the physiologi-
cal progression of ECO, we constructed an in vitro ECO 
model that uniquely involved the early introduction of 
ECs to MSCs, which were grown within a 3D scaffold 
for an extended period analogous to the time frame of 
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in vivo ECO. Specifically, MSCs and ECs at a ratio of 9:1 
were seeded into type I collagen sponges, and these scaf-
fold constructs were subjected to chondrogenic induc-
tion for 4 weeks followed by hypertrophic induction for 

2 weeks, ultimately yielding in vitro ECO organoids at the 
end of a 6-week culture period (Fig. 5A).

After the first 4 weeks of chondrogenic differentiation, 
the Saf-O staining indicated that the MSC group had 
more hyaluronic cartilage matrix, while the MSC + EC 

Fig. 4  Transcriptome sequencing and signaling pathway analysis. A Principal Component Analysis (PCA) plot illustrating the global gene expression 
differences between MSCs exposed to EC-CM or not exposed (Ctrl). B Volcano map of differentially expressed genes (DEGs). C Clustering heat map of 
DEGs. D GO enrichment analysis. E KEGG enrichment analysis. F GSEA analysis of PI3K-AKT signaling pathway. G GSEA analysis of TGF-β signaling pathway. 
H Western blot analysis showing the protein expression of phosphorylated (p-AKT) or non-phosphorylated (AKT) downstream molecule of PI3K-AKT 
signaling during osteogenic differentiation of MSCs on day 3. I Western blot analysis showing the protein expression of phosphorylated (p-SMAD-1/5/9 
and p-SMAD-2/3) or non-phosphorylated (SMAD-1/5/9 and SMAD-2/3) downstream molecule of TGF-β signaling during chondrogenic differentiation 
of MSCs on day 3
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group appeared to have been gradually replaced and had 
more Col-X positive areas (Fig. 5B), indicating a gradual 
transition to hypertrophic chondrogenic phenotype in 
both groups, similar to the results of chondrogenic pellet 
staining.

After 6 weeks, µ-CT analysis demonstrated that MSC 
+ EC group exhibited enhanced mineralization (Fig. 
5C). Histological and immunohistochemical staining of 
6-week ECO sections revealed that the cartilage matrix 
in MSC + EC group was more extensively replaced 
compared to the MSC group. Although there was no 

Fig. 5  Results of endochondral osteogenesis in vitro. A ECO model overview diagram. B Results of section staining at 4 weeks: Safranin O-Fast Green 
staining and immunohistochemistry (Col-II and Col-X). C µ-CT results and quantification at 6 weeks suggests the mineralization level of the organoids. D 
Results of section staining at 6 weeks: Safranin O-Fast Green staining and immunohistochemistry (Col-X and Col-I). E RT-qPCR results at week 6 revealed 
the expression of bone and cartilage related genes. F CD31 immunohistochemical staining of ECO organoids at 6 weeks. G Quantitative results of the 
proportion of CD31-positive cells in ECO organoids at 6 weeks. H Schematic diagram of Transwell tube formation experiment. I The results of tube forming 
experiment revealed the effect of ECO organoid paracrine on angiogenesis of ECs. Scale bar = 200 μm for all microscopy images. For all charts, data are 
presented as means ± SEM (standard error of the mean), * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001, ns: no significance, n ≥ 3 per group
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significant difference in the immunohistochemical stain-
ing for Col-I, the expression of Col-X was markedly 
increased in the co-culture group (Fig. 5D). RT-qPCR 
analysis further revealed that the expression levels of 
osteogenic markers and cartilage hypertrophy mark-
ers were significantly elevated in the co-culture group 
compared to the control group (Fig. 5E). At 6 weeks, the 
MSC + EC group had more CD31-positive cells than the 
control group (Fig. 5F-G). Hypertrophic chondrocytes 
secrete high levels of VEGFA, which promotes the forma-
tion of blood vessels and facilitates the transition to bone 
[5, 36]. To compare the paracrine effects on angiogenesis 
between the two groups, we performed a Transwell tube 
formation assay (Fig. 5H). The results indicated that the 
angiogenic potential of the MSC + EC group was signifi-
cantly higher than that of the MSC group (Fig. 5I). These 
results suggest that ECs may contribute to vasculariza-
tion and mineralization during ECO.

Effect of MSC-EC constructs in the repair of critical-sized 
calvarial bone defects
Having confirmed that the paracrine effects of ECs are 
conducive to MSC osteogenesis through mechanisms 
related to ECO, and that early introduction of ECs in 
an in vitro MSC organoid model of ECO effectively 
enhanced the progression of late-stage cartilage hyper-
trophy and osteogenic differentiation during extended 
culture, we proceeded to apply this approach for in vivo 
bone repair. MSC-EC injectable constructs were made 
by encapsulating MSCs and ECs at a ratio of 9:1 in com-
mercially obtained gelatin microspheres as a delivery 
vehicle (Figure S4) [37]. The control groups were empty 
microspheres without cells (Ctrl) and microspheres 
seeded with MSCs only (MSC). The cell-seeded groups 
(MSC and MSC + EC) were pre-cultured in chondro-
genic induction medium for 7 days before implantation 
in critical-sized rat calvarial bone defects (Fig. 6A). This 
type of in vivo defect was chosen for two reasons: (1) Cal-
varial bone is one of a few bones in the body that repairs 
by intramembranous ossification. The intentional choice 
of an intramembranous bone formation model would 
better illustrate the potential advantages of a therapeu-
tic approach based on ECO, which would not normally 
occur at this anatomical site. (2) The use of long bone 
defect models in small animals is associated with numer-
ous limitations, particularly since these often need to be 
created at load-bearing sites and hence require extensive 
stabilization (e.g., using metal plates) during healing. 
This introduces problems of stress shielding and lack of 
physiological loading in the defect area, often resulting 
in inconsistent and non-representative repair outcomes 
[38].

At 6 weeks post-implantation, Microfil perfu-
sion results demonstrated a much higher density of 

neovascularization in the defect site for the MSC + EC 
group compared to both the Ctrl and MSC groups 
(Fig.  6B). At 12 weeks, µ-CT analysis indicated greatly 
enhanced mineralization in the MSC group compared 
to Ctrl, as shown through bone volume fraction (BV/
TV) and bone mineral density (BMD), while values for 
the MSC + EC group significantly exceeded the other two 
groups (Fig.  6C). Improved mineralization in the MSC 
and MSC + EC groups was verified by double labeling 
with Calcein and ARS (Fig. 6F).

Histological and immunohistochemical staining were 
performed on the calvarial section samples at 12 weeks 
post-implantation (Fig. 6D-E). Based on the histological 
images, no obvious signs of inflammation were observed 
at the implantation site, which may be attributed to the 
immunomodulatory effects of MSCs. Immunohisto-
chemical staining for PD-L1 was markedly stronger 
in both experimental groups compared to the control 
group, supporting our hypothesis (Figure S5). We can 
observe that, compared to the control group, both the 
MSC group and the MSC + EC group showed evidence 
of endochondral ossification, as reflected by the presence 
of more Col-II and Col-X positive areas as well as more 
positive regions in the Safranin O staining. Combined 
with histological staining results and Col-I immunohis-
tochemistry, it was confirmed that the MSC + EC group 
exhibited significant repair effects. Furthermore, through 
CD31 and α-SMA immunostaining and quantitative 
analysis (Fig. 6F) of the repaired tissue, it was confirmed 
that the co-culture group significantly enhanced the vas-
cularization in the repair area. The vWF immunohisto-
chemical staining results further confirmed the enhanced 
level of vascularization in the MSC + EC treatment group 
(Figure S6).

In addition, we further examined the expression of 
human mitochondria using specific antibodies (Figure 
S7). No positive staining was observed in the control 
group, while scattered positive cells were detected in 
both the MSC and MSC + EC groups, indicating the pres-
ence of implanted human-derived cells within the newly 
formed tissue. Notably, in the MSC + EC group, positive 
cells were observed surrounding blood vessels, suggest-
ing that the implanted ECs may have participated in the 
formation of new vessels.

We further assessed the rate of bone tissue mineral-
ization at 12 weeks post-implantation (Fig.  6G). Com-
pared to the control group, both the MSC and MSC + EC 
groups exhibited a significantly increased mineraliza-
tion rate, which may be attributed to the implanted cells. 
However, no significant difference was detected between 
the two experimental groups.
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Discussion
This study explored the role of MSC and EC co-culture 
in endochondral ossification (ECO), revealing a synergis-
tic effect in angiogenesis, osteogenesis, and chondrocyte 
hypertrophy. When applied to tissue engineering strate-
gies, this co-culture system enhanced in vitro osteogen-
esis and in vivo vascularized bone repair, suggesting it 
may serve as a promising bone tissue engineering (BTE) 

approach for critical-sized bone defects. Several key 
points are worth discussing.

Firstly, the importance of vascularization in ECO. 
ECO is a complex developmental process well docu-
mented over past decades [1, 2, 39–45]. Recent advances 
in bone tissue engineering have led to the establishment 
of ECO-based engineered models such as organoids or 
callus-like structures [25, 27, 46–52]. Unlike intramem-
branous ossification (IMO), ECO enables the formation 

Fig. 6  Evaluation of the effect of calvarial bone repair in vivo. A Schematic diagram of animal experiments. B Microfil perfusion imaging at 6 W revealed 
the level of vascularization in calvarial defect repair in different groups. C µ-CT scans revealed the effects of calvarial defect repair at 12 weeks. D Results 
of 12-week section histology staining: HE, Safranin O-Fast Green and Masson’s trichrome. E Results of 12-week section immunohistology staining: Col-II, 
Col-X, Col-I, CD31 and α-SMA. F CD31 and α-SMA positive cell counts at 12 weeks revealed the level of vascularization in the repaired tissue. G Double 
labeling of Calcein and ARS at 12 weeks revealed the ability of bone mineralization. For all charts, data are presented as means ± SEM (standard error of 
the mean), * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001, ns: no significance, n ≥ 3 per group
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of more vascularized, biomimetic bone [53–55]. Consid-
ering the differential roles of vascularization in osteoar-
thritis (OA) and ECO [56–59], our study incorporated 
ECs into an established in vitro ECO organoid model 
[25]. Early inclusion of ECs in a 3D culture system suc-
cessfully mimicked essential features of ECO, including 
late-stage hypertrophy, vascular ingrowth, and matrix 
mineralization.

Secondly, selection of MSC tissue source. It is note-
worthy that this study selected human umbilical cord 
mesenchymal stem cells (UCMSCs) as the primary seed 
cells, due to their superior proliferative capacity and 
lower immunogenicity compared to MSCs derived from 
sources such as bone marrow or adipose tissue [60]. In 
addition, UCMSCs share the same tissue origin as ECs 
used in this study (HUVECs), which may help enhance 
cellular compatibility and functional interactions during 
co-culture. This “tissue-origin matching” strategy may be 
of particular significance for constructing vascularized 
tissues.

Thirdly, how MSCs enhance angiogenesis. In this 
study, we observed that MSCs promoted angiogen-
esis. This effect may be mediated through two primary 
mechanisms. First, MSCs can secrete a variety of pro-
angiogenic factors, such as vascular endothelial growth 
factor A (VEGFA), fibroblast growth factor 2 (FGF2), 
platelet-derived growth factor subunit B (PDGFB), and 
hepatocyte growth factor (HGF), which enhance EC pro-
liferation, migration, and tube formation, thereby pro-
moting neovascularization [61, 62]. Second, there may 
be direct cell–cell contact between MSCs and ECs, which 
could further support spatial organization and stabili-
zation of vascular structures through specific signaling 
pathways. Additionally, MSCs are widely recognized to 
exhibit pericyte (PC)-like characteristics. PCs are peri-
vascular cells that naturally reside around capillaries and 
venules, and they regulate vessel formation, maturation, 
and stabilization through both direct contact and para-
crine signaling with endothelial cells. During embryonic 
development and tissue repair, the coordination between 
ECs and PCs is essential for the formation of functional 
vasculature. This interaction primarily involves key sig-
naling pathways such as VEGFA, Angiopoietin-1/Tie2, 
PDGFB, Notch, and TGF-β [63, 64]. These findings sug-
gest that MSCs may promote angiogenesis through simi-
lar mechanisms.

Fourthly, how ECs promote chondrocyte hypertrophy. 
In this study, ECs were found to accelerate the hyper-
trophic progression of chondrocytes. According to tran-
scriptomic analysis, this effect may be associated with 
the activation of the PI3K-AKT and TGF-β signaling 
pathways (Fig. 4). Interestingly, we found that co-culture 
with ECs upregulated Mmp13 and downregulated Ihh 
in ATDC5 cells. Since Ihh is typically expressed in early 

hypertrophy and declines at later stages, we speculate 
that ECs accelerated ATDC5 hypertrophy progression, 
explaining this expression pattern and suggesting ECs 
may facilitate cartilage-to-bone transition by promoting 
terminal maturation.

Fifthly, how MSC–EC interact within ECO organoids. 
Prior studies showed ECs promote MSC osteogenesis 
[13, 65]. ECs not only form bone vasculature and deliver 
nutrients, but also exert paracrine effects on osteoblasts, 
which in turn support EC angiogenesis [66–69]. In our 
3D organoid system, ECs likely played paracrine roles in 
early ECO, co-differentiating with MSCs into hypertro-
phic chondrocytes. Later, some ECs may undergo apop-
tosis, while others form functional vessels, continuing to 
influence neighboring hypertrophic chondrocytes and 
osteoblasts/osteocytes.

Sixthly, the choice of in vivo model. We selected a cal-
varial defect model for its experimental simplicity and 
clear demonstration of ECO processes. Although calvar-
ial bones primarily undergo IMO, chondrocyte presence 
during calvarial development [52] and ECO involvement 
in repair [57] have been reported. Thus, critical-sized 
calvarial defects can activate ECO, providing a suitable 
platform to study vascular–bone coupling and scaffold-
mediated regeneration. Compared to long bone models, 
this approach also offers advantages in imaging, ethics, 
and animal welfare.

Lastly, limitations of this study. In vitro growth factor 
induction cannot fully mimic the complex in vivo micro-
environment, potentially contributing to in vitro–in vivo 
discrepancies. In addition, although immunohistostain-
ing confirmed human-derived cells in new vasculature 
in vivo (Figure S7), we did not trace the lineage of ECs 
in ECO Organoids in vitro. CD31 + cells observed in 
monocultures raise the question of whether ECs in ECO 
organoids derived from seeded ECs or differentiated 
from other sources. Future studies should address these 
dynamics for a deeper understanding of cell fate in ECO 
systems.

Conclusion
In conclusion, the present study comprehensively eluci-
dated the cellular interactions between MSCs and ECs 
during bone regeneration in ECO organoids and in vivo 
model. We firstly identified the influence of MSCs on the 
vascularization during ECO. Furthermore, ECs promoted 
the early hypertrophy of MSCs derived chondrocytes and 
their late transdifferentiation into osteocytes and matrix 
mineralization. Co-cultivation of MSCs and ECs syn-
ergistically enhanced the capacity of bone regeneration 
and in vivo bone repair efficacy by ECO. This study could 
provide valuable insights for strategies in bone tissue 
engineering in the future.
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