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ABSTRACT

Recently, there has been growing interest in using cell therapy through core decompression (CD) to treat
osteonecrosis of the femoral head (ONFH). Our study aimed to investigate the effectiveness and mechanism of
human umbilical cord mesenchymal stem cells (hUCMSCs) in treating steroid-induced ONFH. We constructed a
steroid-induced ONFH rabbit model as well as dexamethasone (Dex)-treated bone microvascular endothelial
cells (BMECs) model of human femoral head. We injected hUCMSCs into the rabbit femoral head via CD. The
effects of hUCMSCs on steroid-induced ONFH rabbit model and Dex-treated BMECs were evaluated via micro-
CT, microangiography, histology, immunohistochemistry, wound healing, tube formation, and western blotting
assay. Furthermore, we conducted single-cell RNA sequencing (scRNA-seq) to examine the characteristics of
endothelial cells, the activation of signaling pathways, and inter-cellular communication in ONFH. Our data
reveal that hUCMSCs improved the femoral head microstructure and bone repair and promoted angiogenesis in
the steroid-induced ONFH rabbit model. Importantly, hUCMSCs improved the migration ability and angioplasty
of Dex-treated BMECs by secreting COL6A2 to activate FAK/PI3K/AKT signaling pathway via integrin a1p1.

INTRODUCTION glucocorticoids, alcohol, and hyperlipidemia as the

main risk factors [1]. Many scholars have proposed
Osteonecrosis of the femoral head (ONFH) is defined hypotheses for the pathogenesis of the steroid-induced
by the localized death of osteocytes and bone marrow ONFH, including apoptosis of osteoblasts, and the
components due to reduced or interrupted blood supply disruption of bone homeostasis [2], among others. The
to the femoral head. In this disorder, the balance role of bone microvascular endothelial cells (BMECs)
between bone formation and bone destruction is in steroid-induced ONFH was previously emphasized,
disrupted, ultimately leading to structural collapse and and the proposed “angiogenic-osteogenic coupling” [3,
destruction of the femoral head, causing pain and 4] further underscores the pivotal role of angiogenesis
dysfunction of the hip joint in patients. In China, the in repairing osteonecrosis. In addition, glucocorticoids
cumulative number of patients with non-trauma-induced directly affect BMECs, leading to their apoptosis,
femoral head necrosis has reached 8,120,000, with dysfunction, and the development of a hypercoagulable
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state [5]. Additionally, BMECs are arranged in the inner
layer of blood vessels and play an extremely critical
role in bone repair angiogenesis. Moreover, the
dysfunction of BMECs has an essential role in the
occurrence of steroid-induced ONFH [6]. Under this
background, the present study explores how to protect
and rescue the functions of BMECs.

Mesenchymal stem cell (MSC) therapy has shown
promising applications in several fields, mainly in-
cluding ischemic cardiomyopathy [7], acute respiratory
distress syndrome [8], autoimmune diseases [9], and
osteoarthritis [10]. Compared with other types of MSCs,
human umbilical cord mesenchymal stem cells
(hUCMSCs) have gained attention in cell therapy due to
their advantages of being accessible by non-traumatic
means, low immunogenicity, high in vitro expansion
capacity, and ethical compliance [11]. Additionally,
hUCMSCs have demonstrated powerful repair
capabilities in repairing diseases, such as kidney injury
[12] and skin injury [13]. Scholars have treated ONFH
via the arterial injection of hUCMSCs, and the results
demonstrated a marked reduction in the volume of
ONFH in patients without serious complications [14].
However, the underlying mechanism of action remains
unclear. This mechanism of action may be related to the
regulation of the local immune environment by
hUCMSCs [15]. The administration routes of cell
therapy for ONFH mainly include arterial and local
injections.  Currently, core decompression (CD)
combined with stem cell injection is the most
mainstream operative approach [16]. In this treatment,
stem cells are injected directly into the affected area
while reducing intraosseous pressure and scraping away
dead bone tissue, avoiding problems of stem cell
homing.

Overall, hUCMSCs-based cell therapy combined with
CD has vital clinical translational value. This study
aimed to inject hUCMSCs directly into the femoral
head via CD and systematically evaluate the therapeutic
effects of hUCMSCs on a methylprednisolone (MPS)-
induced ONFH rabbit model using micro-CT, angio-
graphy, histology, and tissue immunochemistry. The
potential mechanism of action of hUCMSCs in ONFH
was explored by using a scRNA-seq database and
validated in vitro by studying Dex-treated BMECs of
human femoral head.

MATERIALS AND METHODS
In vivo animal experiments
The experiments were performed at the Animal

Experiment Center of the Renmin Hospital, Wuhan
University. All animal procedures followed the

guidelines for laboratory animal care and adhered to the
ARRIVE qguidelines. Ethical approval for the
experiments was obtained from the Laboratory Animal
Ethical and Welfare Committee of the Renmin Hospital
of Wuhan University (WDRM20220106). Thirty-six
male New Zealand rabbits weighing 3 + 0.5 kg were
procured from the Animal Experiment Center of the
Renmin Hospital, Wuhan University.

On the first day of the experiment, an intravenous
injection of 10 pg/kg lipopolysaccharide (LPS) (Sigma,
USA) was administered along the marginal ear vein,
followed by intramuscular administration of 20
mg/kg/day MPS (Pfizer, USA) on days 2 to 4. The
rabbits were randomly divided into three groups, with
12 rabbits in each group: 1. the MPS group; 2. the CD
group; 3. the CD+hUCMSC group.

Animal surgery

The rabbits were subjected to anesthesia using 3%
pentobarbital sodium at a dosage of 30 mg/kg,
supplemented with inhalation anesthesia for assistance.
The operation was performed in an animal fluoroscopy
operating room. In brief, a 1 mm Kirschner wire was
drilled along the center of the femoral neck under
fluoroscopy of the C-arm machine (Supplementary
Figure 1A), a 2 mm hollow drill was drilled along the
Kirschner wire to 3 mm below the cartilage
(Supplementary Figure 1B). In the CD+hUCMSCs
group, 0.2 ml of pluronic F127 hydrogel (sigma, USA)
containing hUCMSCs was slowly injected (hUCMSCs
concentration of 5 x 108 cells/ml). In the CD group, a
syringe was used to inject 0.2 ml of pluronic F127
hydrogel. The pluronic F127 hydrogel was prepared
with reference to a previous study [17]. In the MPS
group, rabbits were anesthetized, and the femur was
exposed by making an incision in the skin, which was
then sutured.

The wounds were closed using non-absorbable sutures,
and a single intramuscular injection of 400,000 units of
penicillin was administered after the surgery. The rabbit
femur specimens were collected after eight weeks.

Microangiography of the femoral head

Five rabbits were taken from each group for the
operation according to the previously reported method
and reagent supplier guidelines [18]. Following the
induction of anesthesia, Heparin saline (20 U/ml) was
instilled through a disposable infusion device, and 4%
paraformaldehyde was instilled. Finally, Microfil
(Microfil MV-122, Flow Tech, USA) was instilled via
syringe at 150 ml according to the reagent supplier’s
protocol. It was noted that the same instillation rate was
maintained for each animal as closely as possible. The
animals were then executed via injection with an
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overdose of 3% sodium pentobarbital and left overnight
in the refrigerator at 4°C. Samples of the proximal
femur were removed and fixed in 4% paraformaldehyde
for 48 h, followed by decalcification with ethyl-
enediaminetetraacetic acid (EDTA, 10%, pH 7.4).

Micro-CT

The femoral specimen was secured in a sample tube and
subjected to scanning using a micro-CT (SkyScan 1276
micro-CT system, Bruker, Kontich, Belgium). The
parameters were set as follows: peak energy, U = 85
kV, I =200 pA. The scanning slice gap was 10.5 pm,
and the intermediate frequency resolution was 1024 x
1024. The data were acquired and reconstructed with
the NRecon software (v1.7.4.2), and the 3D
reconstruction was carried out using CTvox (v3.3).
Subsequently, measurements of bone volume/total
volume (BV/TV, %), trabecular number (Th.N, 1/mm),
trabecular separation (Tb.Sp, pm), and trabecular
thickness (Tb.Th, um) were performed using CTAn
(v1.17.7.2) and CTvol (v2.3.2).

Histological analysis of the femoral head

To prepare for observation, the proximal femur samples
were first fixed in 4% paraformaldehyde and then
decalcified using 10% EDTA. The samples were
dehydrated and embedded in paraffin. From the
paraffin-embedded samples, we prepared sections 4 pm
in thickness. These sections were subjected to
Hematoxylin and eosin (HE) staining and viewed under
a light microscope. To compute the cavity ratio in the
bones, three fields of view were randomly selected.

For immunohistochemistry, the sections were incubated
overnight at 4°C with a CD31 primary antibody (1:800,
Novus Biologicals, USA). Subsequently, after
incubation with a secondary antibody, the sections were
visualized and photographed under a light microscope
(Olympus, Japan). The counting of microvessels was
conducted independently by two researchers.

Single-cell profiling

Data of single cell source collection and analysis

The scRNA-seq data of human normal femoral head
and ONFH were obtained from SRP361778 via the
SRA database (https://www.ncbi.nlm.nih.gov/sra/). To
identify the top 2000 most variable genes, a normalized
expression matrix was utilized. Next, principal
components  analysis (PCA) was used for
dimensionality reduction, which helped eliminate batch
effects using the top 50 PCA components. In the
clustering analysis, a clustering algorithm was utilized
to visualize the data through techniques such as uniform
manifold approximation, projection (UMAP), and
t-distributed stochastic neighbor embedding (t-SNE).

In the analysis, we utilized the “FindAllMarkers”
function with specific parameter  settings
(logfc.threshold = 0.25, min.pct = 0.25, and min.diff.pct
= 0.25) to identify marker genes for each cluster. The
first 100 marker genes were subjected to a gene
ontology (GO) enrichment analysis to gain insights into
their  functional annotations.  Additionally, cell
annotation was performed based on previous knowledge
of cell marker genes combined with GO analysis.

Pathway enrichment analysis

To further investigate the differentially expressed genes
(DEGs) within cell families, we conducted GO and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis using the clusterProfiler R package
(adjusted p-value < 0.05).

Analysis of intercellular communication

To explore the potential mechanisms underlying the
interaction between stem cells and ECs, we employed
the CellChat package (version 1.4.0) to analyze
intercellular communication between different cell
types (set p-value < 0.05).

In vitro experiments

Isolation, culture, and identification of BMEC

The study was conducted in accordance with the
Declaration of Helsinki, and approved by the Ethics
Committee of Wuhan University (WDRMZ2021-
KS068). In this study, we collected tissue samples from
the femoral head of one individual donor (male, 48
years old) who underwent total hip arthroplasty for
coxitis secondary to developmental dysplasia of the hip
(DDH), and we collected operative residual tissue
samples after obtaining informed consent from the
donor.

Operating according to the previously reported method
[19], we treated the bone with DMEM medium
containing 2% type | collagenase (Servicebio, China)
and 0.25% EDTA (Servicebio, China). The oil and fine
bone particles were filtered out using a 70 um cell sieve
(Biosharp, China), and the cell suspension was
collected. Next, the cell suspension was centrifuged,
and the supernatant was removed. The cells were
cultured using ECM (ScienCell, USA) medium.

Following a 24 h incubation period, the medium was
removed. The cell culture dishes were then gently
rinsed with pre-warmed HBSS to remove any
unadhered cells. This washing step was repeated thrice.
Subsequently, a fresh culture medium was added to the
dishes, and the culture was continued. When the
cells grew to 80-90% of the culture dish, the cells
were collected using 0.25%  EDTA, trypsin

www.aging-us.com

7930

AGING


https://www.ncbi.nlm.nih.gov/sra/

concentration of 0.1%, and re-inoculated culture in a 1:2
ratio. After two passages, we prepared for subsequent
experiments.

To identify the primary cells, we used immuno-
fluorescence. First, we fixed the cells using 4%
paraformaldehyde for a duration of 10 minutes. Then,
the cells were permeabilized with a 0.2% Triton X-100
PBS solution and incubated in a PBS solution
containing 1% BSA for 30 minutes. Next, the primary
antibodies VWF (1:400, Servicebio, China) and CD31
(1:200, Servicebio, China) were added to the cells and
incubated overnight at 4°C. Subsequently, the cells
were incubated with a fluorescent secondary antibody
for an hour at room temperature, away from light.
Finally, the cells were visualized and photographed
under a fluorescent microscope (Olympus, Japan).

Cell culture

The hUCMSCs were purchased from Shenzhen Wingor
Biotechnology Co., Ltd [20]. Moreover, the cells used
in the experiments were obtained from 3-6 generations
of the same batch of cells. The cells were cultured using
the DMEM/F12 (HyClone, USA) supplemented with
10% FBS (Serapro, USA) and a 1% penicillin mixture
(Biosharp, China). The cell culture was maintained at
37°C with 5% CO,. The medium was refreshed every
2-3 days when the cells reached approximately 80-90%
passage.

BMECs were divided into three groups: the Con group;
the Dex group; the Dex+hUCMSC group. Cell co-
culture was performed in a non-contact co-culture
manner. In 6, 24, and 96-well plate Transwell co-culture
systems (0.4 pm, Corning, USA), hUCMSCs were
inoculated in the upper chamber and BMECs in the
lower chamber in a 2:1 cell ratio and cultured with
ECM.

Cell counting Kit- 8 (CCK-8)

To determine the viability of BMECs, the CCK-8
(Beyotime Institute of Biotechnology, China) assay was
performed following the supplier’s instructions. BMECs
were incubated with 5000 cells per well in 96-well
plates and treated with varied concentrations of Dex
(50, 100, 150, 200, and 300 uM) for a duration of 24 h.
After the treatment period, CCK-8 (10 pl) solution was
added to each well and incubated for 2 h at 37°C in 5%
CO,. The absorbance at 450 nm was then measured
using a microplate reader (Perkin Elmer, USA).

Enzyme-linked immunosorbent assay (ELISA)

The concentration of COL6A2 was measured using an
ELISA kit (BYabscience, China) according to the
instructions provided by the manufacturer.

SiRNA transfection

For the transformation of hUCMSCs, the RNAIMAX
reagent was used following the manufacturer’s
instructions. The cells were treated with negative
control (NC) RNA and COL6A2 siRNA (RIBOBIO),
respectively.

Wound healing assay

The BMECs were grown in 6-well plates until they
reached 90-100% coverage. Then, they were co-
cultured with either Dex-treated cells or hUCMSCs for
24 h. To create scratches on the cells, a 200 pl pipette
tip was used. The scratches were visually examined and
photographed. The ImageJ Software (version 3.0) was
utilized to analyze the data at 0 and 24 h. The
percentage of scratch shortening was calculated using
this software.

Tube formation assay

A tube-forming assay was employed to evaluate the
angiogenic capacity of BMECs in vitro. In pre-cooled
24-well plates, 250 pl of matrix gel (Corning, USA) was
added and incubated at 37°C for 30 minutes. BMECs
were then inoculated in ECM without FBS and
incubated at 37°C in 5% CO_ for 6 h. The resulting tube
formations were observed, photographed, and analyzed
using the ImageJ Software.

Western blot analysis

The total protein from each group of BMECs was
derived using RIPA lysis buffer, and the total protein
was measured using a BCA kit (Servicebio, China).
After electrophoresis and electrotransfer, the
membranes were incubated with primary antibodies (p-
FAK, FAK, p-PI3K, PI3K, p-AKT, AKT at a dilution of
1:1000 from Cell Signaling Technology, USA; GAPDH
from  Servicebio, China) overnight at 4°C.
Subsequently, the membranes were incubated with
secondary antibodies for 1 hour at 37°C. The levels of
protein quantification were visualized using the ImageJ
Software.

Statistical analysis

The SPSS software (v22.0) was used for data analysis.
Data were presented as mean + standard deviation. For
normally distributed data, t-tests, one-way ANOVA,
and Tukey’s test were applied. P-value < 0.05 was
considered statistically significant. All experiments
were conducted in triplicate.

Data availability statement

The data presented in this study are available on request
from the corresponding author.
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RESULTS
Results of in vivo research

hUCMSCs improved the femoral head microstructure
in the MPS-induced ONFH rabbit model

Micro-CT was employed for the quantitative analysis of
the microstructure of the femoral head. In the MPS
rabbit femoral head, the trabeculae were observed to be
sparse and  disorganized. However, in the
CD+hUCMSCs group, the trabeculae appeared to be
complete and well-aligned (Figure 1A). Furthermore,
when comparing the CD+hUCMSCs group with the
MPS group, significant differences were observed in
several parameters. The CD+hUCMSCs group exhibited
significantly higher values for Th.Th, Tb.N and BV/TV.
Additionally, the CD+hUCMSC group displayed a

CD

significantly lower value for Th.Sp compared with the
MPS group. The implantation of hUCMSCs inhibited
the occurrence of osteonecrosis and promoted bone
regeneration in the femoral head of the ONFH rabbit
model, thus improving the  aforementioned
microstructure of the femoral head (Figure 1B-1E).

hUCMSCs promoted angiogenesis in the femoral head
in the MPS-induced ONFH rabbit model

Micro-CT and angiography in each group were used to
perform microvascular imaging of the femoral head
(Figure 2A). The microvessel number, microvessel
percentage, and microvessel volume were markedly
improved in the CD+hUCMSC group in comparison to
the MPS group (Figure 2B-2D). The implantation of
hUCMSCs promoted microangiogenesis in the femoral
head of the ONFH model rabbits.
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Figure 1. hUCMSCs improved the femoral head microstructure in the MPS-induced ONFH rabbit model. (A) Representative
images of Micro-CT of the femoral head in each group; (B-E) Quantitative analysis of Tb.Th, Th.N, BV/TV and Th.Sp in each group. The data
are presented as the means + SD (n = 7). *p < 0.05, ""p < 0.01, *"*p < 0.001, compared with the MPS group. #p < 0.05, #p < 0.01, **p < 0.001,
compared with the Dex group.
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hUCMSCs reduced the incidence of empty lacunae

and increased the number of CD31+ microvessels

Osteonecrosis and angiogenesis were evaluated using
HE staining and immunohistochemical CD31 staining.
In the MPS group, many empty lacunae (formerly
occupied by cells) and nuclear pyknosis (shrinkage of
cell nuclei) were observed. Conversely, the
CD+hUCMSC group exhibited fewer empty lacunae
(Figure 3A). Implantation of hUCMSCs resulted in a
remarkable reduction in the occurrence of empty
lacunae in the femoral head of the ONFH rabbit model
(Figure 3C). Furthermore, the CD+hUCMSC group
exhibited a significantly higher number of CD31+
microvessels compared with the MPS group (Figure 3B,
3D). The implantation of hUCMSCs reduced the
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occurrence of empty lacunae in the femoral head of the
ONFH rabbit model and promoted the generation of
CD31+ microvessels.

In vitro research

scRNA-seq analyzed and identified different cell types

and ECs clusters

We identified and categorized each cluster of cell types
(Figure 4A), as follows: T cells, Monocytes, NK cells,
B cells, Osteoblasts, endothelial cells (ECs),
Osteoclasts, MSCs, and Macrophages. The proportion
of each group of cells in the sample is shown in Figure
4B. The heat map shows the top 10 marker genes in
each cluster (Figure 4C). Figure 4D shows ECs were
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Figure 2. hUCMSCs promoted MPS-induced angiogenesis in the femoral head in a rabbit model of ONFH. (A) Representative
microvascular imaging of the femoral head in each group. (B—D) Quantitative analysis of the vessel volume, number of penetrating vessels
and percentage of vessel volume. The data are presented as the means + SD (n = 5). *p < 0.05, "p < 0.01, *"p < 0.001, compared with the
MPS group. #p < 0.05, #p < 0.01, ##p < 0.001, compared with the Dex group.
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clustered into 3 subtypes, while Figure 4E shows
signature genes embedded on t-SNE dimension
reduction map. Figure 4F presents a dot plot showing
marker genes for ECs subtypes. The ECs were divided
into three subtypes based on their proliferating capacity
and the extent of their cell development. Three possible
subtypes were identified: (0) proliferating ECs, (1)
CD74+ ECs and (2) mature ECs (Figure 4G).

scRNA-seq analysis of the inter-cellular
communication and DEGs in ECs

We analyzed five significantly up, or down-regulated
signaling pathways in ECs in the control and ONFH
groups (Figure 5A, 5B). It was revealed that the VEGF
signaling pathway was markedly down-regulated in the
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ONFH group. Additionally, we performed KEGG
enrichment analysis of DEGs in ECs (Figure 5C, 5D),
and PI3K/AKT signaling pathway expression was found
to be markedly down-regulated in the ONFH group.
This result suggests that the VEGF and PI3K/AKT
signaling pathways are crucial in ONFH pathogenesis.
Next, we analyzed the inter-cellular communication
between ECs and other cells (Figure 5E-5M). We found
that MSCs have strong inter-cellular communication
with proliferating ECs via “COL6A2-ITGAL/ITGB1”,
and the collagen pathway signaling network also
suggested that MSCs affect proliferating ECs via the
collagen pathway. Cell migration and angiogenesis are
linked to the integrin alfl, which is coded by the
ITGAL and ITGBL1 genes. Furthermore, the activation
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Figure 3. hUCMSCs reduced the incidence of empty lacunae and increased the number of CD31+ microvessels. (A) The bone
tissues were analyzed via HE staining. (B) Immunohistochemistry staining of CD31. (C) Quantitative analysis of empty lacunae. (D)
Quantitative analysis of the number of CD31+ vessels. The data are presented as the means + SD (n = 7). *p < 0.05, **p < 0.01, ""p < 0.001,
compared with the MPS group. #p < 0.05, #¥p < 0.01, #*p < 0.001, compared with the Dex group.
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of the PI3K/AKT signaling pathway downstream plays
a crucial role in regulating cell survival and migration.
This factor suggests that the effect of MSCs on ECs
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may be achieved through the “COL6A2-
ITGAL/ITGB1” pathway. This hypothesis was sub-
sequently tested using in vitro experiments.
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Figure 4. scRNA-seq was used to analyze and identify different cell types and EC clusters. (A) Cell type annotation of 9 clusters.
(B) The percentage of clusters and cell types in each sample was represented on a proportion chart. (C) The heat map shows the top 10
marker genes in each cluster. (D) Two-dimensional plots of UMAP dimensionality reduction of the ECs. (E) ECs signature genes embedded
on t-SNE dimension reduction map. (F) Dot plot showing marker genes for ECs subtypes. (G) tSNE shows the color-coded clustering for ECs.
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Identification of the BMECs and the effect of Dex on
the viability of BMECs

Primary human BMECs were extracted to understand
the mechanism of action of hUCMSCs on steroid-
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demonstrated the biological properties of primary cells
for angiogenesis. The cells co-expressed CD31 and
VWEF by immunofluorescence detection, suggesting that
the primary cells were BMECs (Figure 6A).

The Dex treatment of BMECs for 24 h was detected
using CCK-8. We found that Dex inhibited BMECS’
viability in a concentration-dependent manner. More-
over, when the Dex concentration was 200 pM (Figure
6B), the cell viability of Dex-treated BMECs was
significantly inhibited. However, the inhibitory effect of
Dex was reversed after co-culture with hUCMSCs
(Figure 6C). Therefore, 200 uM Dex will be used for
subsequent experiments.

hUCMSCs improved the migration ability and
angioplasty of Dex-treated BMECs

To study the effects of hUCMSCs on the migration and
angiogenic abilities of BMECs, we conducted wound
healing and tube formation assays (Figure 7A, 7B). In
the Dex group, Dex significantly inhibited the migration
ability of BMECs compared with the Con group. In the
Dex+hUCMSC group, the impaired migration ability of

CD31

BMECs was reversed after co-culture with hUCMSCs
(Figure 7C). In tube formation assays, Dex-treated
BMECs had shorter tubes and fewer branching points,
and the angiogenic ability of BMECs was enhanced
after co-culture with hUCMSCs (Figure 7D, 7E).

hUCMSCs played a protective role by regulating
FAK/PI3K/AKT signaling pathway through COL6A2
Using ELISA analysis, we discovered that the
concentration of COL6A2 was significantly higher in
the culture supernatant of the Dex+hUCMSC group
compared with that in the Con and Dex groups (Figure
8A). Furthermore, the level of p-FAK/FAK, p-
PI3K/PI3K, and p-AKT/AKT was markedly increased
in BMECs in the Dex+hUCMSC group compared with
the Dex group (Figure 8B, 8C). To verify the role of
COL6A2, we knocked down COL6A2 in hUCMSCs,
and the results demonstrated that COL6A2 knockdown
reversed the up-regulation of p-FAK/FAK, p-
PI3K/PI3K, and p-AKT/AKT levels (Figure 8D). It was
suggested that COLG6A2 activated FAK/PI3K/AKT.
Next, to verify whether the action of COL6A2 was
mediated through integrin alf1, we used Obtustatin
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Figure 6. Identification of the BMECs and the effect of Dex on the viability of BMECs. (A) The immunofluorescence staining of
CD31 and VWF was used to identify BMECs. (B) The effects of Dex (50, 100, 150, 200, 300 uM) on the cell viability were determined by CCK-
8 assay. (C) The effects of hUCMSCs on the cell viability under 200 uM Dex stimulation were determined by CCK-8 assay. The data are

presented as the means +SD (n = 3). "p < 0.05, "p < 0.01, ™

*p < 0.001, compared with the Con group.
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(Ob) as a selective integrin alfl blocker [21]. The after Ob treatment (Figure 8E). It is suggested that the
results demonstrated that p-FAK/FAK, p-PI3K/PI3K, activation of the FAK/PI3K/AKT signaling pathway by
and p-AKT/AKT levels were markedly down-regulated COL6A2 is mediated through integrin alfl.
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Figure 7. hUCMSCs improved the migration ability and angioplasty of Dex-treated BMECs. (A) Wound healing at 0, 12, and 24 h
after Dex treatment. (B) Tube formation assay at 12 h after Dex treatment. (C) Scratch closure rate in three groups. (D, E) Total length and
Total branching points in three groups. The data are presented as the means + SD (n = 3). "p < 0.05, *p < 0.01, ***p < 0.001, compared with
the Con group. #p < 0.05, #p < 0.01, #¥p < 0.001, compared with the Dex group. Scale bars: 50 um.
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Furthermore, COLG6A2 knockdown reversed the and angiogenesis of Dex-treated BMECs in vitro, and

protective effect of hUCMSCs in wound healing and the mechanism of action is that hUCMSCs secrete
tube formation assay (Figure 8F-8J). These results COLBA2 to activate FAK/PI3K/AKT signaling path-
suggested that hUCMSCs can promote the migration way through integrin a1p1 (Figure 9).
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Figure 8. hUCMSCs played a protective role by regulating FAK/PI3K/AKT signaling pathway through COL6A2. (A) COL6A2
levels in the cell supernatants, assessed via ELISA. (B—E) The protein level of p-FAK, FAK, p-PI3K, PI3K, p-AKT, AKT and GAPDH in BMECs by
Western blot. (F) Wound healing assay at 0, 12, and 24 h after co-culture with hUCMSCs. (G) Scratch closure rate in three groups. (H) Tube
formation assay at 12 h after co-culture with hUCMSCs. (I, J) Total length and Total branching points in three groups. The data are
presented as the means + SD (n = 3). *p < 0.05, *p < 0.01, ***p < 0.001, compared with the Con group. "p < 0.05, **p < 0.01, *"p < 0.001,
compared with the Dex group. #p < 0.05, #p < 0.01, #p < 0.001, compared with the Dex+hUCMSC group. Scale bars: 50 um.
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DISCUSSION

Glucocorticoids are widely used to treat autoimmune
diseases and allergic diseases. However, long-term
high-dose of such medication may cause steroid-
induced ONFH. Glucocorticoids are one of the primary
risk factors in nontraumatic ONFH [22]. The
pathogenesis of steroid-induced ONFH remains
unclear, although the vascular injury hypothesis [23] is
one of the most prominent mechanisms. The vascular
injury hypothesis suggests that ECs injury-related
vascular injury reduces or interrupts blood flow to the
femoral head and ultimately leads to the onset of
ONFH. The BMECs play an essential role in vascular
homeostasis and angiogenesis in bone. BMECs
primarily consist of H-type and L-type microvascular
ECs [4], of which H-type ECs are primarily distributed
in the metaphysis and can promote bone repair and
regeneration [24]. Simultaneously, the damage and
dysfunction of BMECs are crucial in the development
of steroid-induced ONFH. Glucocorticoids can directly
damage ECs and lead to the development of a
hypercoagulable state [25]. Therefore, the protection
and rescue of BMECs function represent one of the
possible approaches to prevent and treat steroid-
induced ONFH.

Recently, a significant number of studies have
demonstrated that hUCMSCs and their exosomes
have powerful functions in promoting angiogenesis
and injury repair [26]. Their mechanisms of action
may include promoting cytokine secretion via ECs,
inhibiting apoptosis, and regulating ECs’ oxidative
stress injury. It was found that hUCMSCs can
promote VEGF secretion by ECs through their
exosomes, accelerate ECs  proliferation and
migration, and promote angiogenesis [27]. In a
diabetic model, hUCMSCs and their exosomes can
protect ECs and promote diabetic wound healing by

J 4 weeks J 8 weeks

Day1 LPS (10 pg/kg)

1*108 huCcMsC: t
Day2-4 MPS (20 mglkg/day) e

into the femoral head

Sample collection

regulating ECs’ oxidative stress injury mediated by
high glucose [28].

CD is one operative method of treating ONFH and is
applied among patients in the early stages before the
femoral head has yet to collapse. The main objective of
CD is to remove sclerotic dead bone within the lesion,
reduce intraosseous pressure and promote angiogenesis
near the decompression channel, ultimately delaying the
disease’s progression or curing the disease [29].
However, the results of CD treatment alone are variable,
and their effectiveness has been challenged [30]. To
obtain better efficacy, cell therapy combined with CD
was proposed and has achieved better results [31-33].
This result suggests that the approach of cell therapy
combined with CD treatment may be a promising
direction for the future. However, the application of
autologous-derived MSCs has some drawbacks. For
example, the acquisition of MSCs is traumatic, the
number of MSCs acquired is limited, and treatment
efficacy is affected by the age of the patient [34, 35].
Moreover, the advantages of hUCMSCs, such as their
low immunogenicity, simple acquisition, and ethical
compliance, make hUCMSCs more suitable for cell
therapy applications. Additionally, using this method,
cells are delivered directly into the lesion through the
CD channel to exert their repairing effect, thereby
avoiding stem cell homing. In in vivo experiment, we
found that hUCMSCs improved femoral micro-
circulation, elevated the number of CD31+
microvessels, and alleviated the occurrence of osteo-
necrosis in a rabbit model of steroid-induced ONFH. It
is suggested that hUCMSCs prevent the occurrence of
steroid-induced ONFH by  improving  bone
microcirculation.

Collagen VI primarily exists in the extracellular matrix.
In addition to its anchoring role, Collagen VI can also
regulate apoptosis and oxidative stress and promote cell
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Figure 9. hUCMSCs promote steroid-induced ONFH repair by improving BMECs function.
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growth [36]. Moreover, Collagen VI consists of three
primary isoforms encoded by three genes, COL6A1,
COLB6AZ2, and COL6AS3, respectively. Collagen VI can
bind to many cell surface receptors to perform
biological functions, including integrin alfl [37].
Integrins are cell surface transmembrane receptors, and
activated integrins can induce changes in intracellular
signaling pathways, which primarily include the
FAK/PI3K/AKT signaling pathway [38]. The FAK is a
non-receptor tyrosine kinase that can be activated by
VEGF and integrins [39], and it is involved in ECs
proliferation, survival, and migration [40, 41].
Therefore, FAK plays a pivotal role in angiogenesis
[42]. We found that the migration and angiogenic
ability of BMECs received inhibition after Dex
treatment, while p-FAK/FAK, p-PI3K/PI3K, and p-
AKT/AKT expression were reduced. After co-culture
with hUCMSCs, the inhibition of BMECs migration
and angiogenic ability was reversed, while p-
FAK/FAK, p-PI3K/PI3K, and p-AKT/AKT levels were
up-regulated. The supernatant of the hUCMSCs culture
medium had a markedly higher concentration of
COL6A2 than that in the Con group, and the
knockdown of COL6A2 in hUCMSCs reversed the
levels of p-FAK/FAK, p-PI3K/PI3K, and p-AKT/AKT.
It is suggested that hUCMSCs may apply their
protective effects on BMECs by activating the
FAK/PI3K/AKT signaling pathway through COL6A2.
Concurrently, the up-regulation of p-FAK/FAK, p-
PI3K/PI3K, and p-AKT/AKT levels were reversed after
the use of the specific inhibitor of integrin alf1, Ob,
which suggests that FAK/PI3K/AKT signaling pathway
activation by COL6A2 is mediated through integrin
alpl.

CONCLUSION

In conclusion, this study revealed that hUCMSCs can
promote femoral head angiogenesis and bone repair in the
Steroid-induced ONFH rabbit model. Moreover, the
hUCMSCs can promote the migration and angiogenesis
of Dex-treated BMECs in vitro, and the mechanism of
action is that hUCMSCs secrete COL6A2 to activate
FAK/PI3K/AKT signaling pathway through integrin alf1.
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SUPPLEMENTARY MATERIALS

Supplementary Figure

A

Supplementary Figure 1. X-ray during the animal surgery. (A) Kirschner wire was drilled along the center of the femoral neck;
(B) Hollow drill was drilled into the femoral head.
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