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ABSTRACT
Injury and dysfunction of endothelial cells (ECs) are closely related to the pathogenesis of steroid‐induced
osteonecrosis of the femoral head (ONFH), while MicroRNAs (miRNAs) play an essential role in the processes.
Extracorporeal shockwave treatment (ESWT) has been used in the non-invasive treatment of various diseases
including musculoskeletal and vascular disorders. In particular, ESWT with low energy levels showed a
beneficial effect in ischemic tissues. However, there has been no comprehensive assessment of the effect of
ESWT and miRNAs on steroid-induced ONFH. In the present study, we investigated the role and mechanism of
ESWT and miRNAs both in vitro and in vivo. Using a steroid-induced ONFH rat model, we found that ESWT
significantly enhances proliferation and angiogenesis as well as alleviates apoptosis. In two types of ECs, ESWT
can promote cell proliferation and migration, enhance angiogenesis, and inhibit apoptosis. Notably, our study
demonstrates that miR-135b is downregulated and modulated forkhead box protein O1 (FOXO1) in ECs treated
with dexamethasone. Remarkably, both miR-135b knockdown and FOXO1 overexpression reversed the
beneficial effect of ESWT on ECs. Additionally, our data suggest that ESWT activates the FOXO1-related
pathway to impact proliferation, apoptosis, and angiogenesis. Taken together, this study indicates that ESWT
relieves endothelial injury and dysfunction in steroid-induced ONFH via miR-135b targeting FOXO1.

In the past, microRNAs (miRNAs/miRs) are deemed as
“noise” or “junk” RNAs. However, they are now broadly
recognized a critical regulator of gene expression that
function mainly at the posttranscriptional level. The
progress in high-throughput sequencing techniques and
associated analyses have shed light on the characters of
miRNAs in ONFH development and progression [3].
Recently, extracorporeal shockwave treatment (ESWT)
has been proven to be able to enhance angiogenesis via
stimulating localized stress on the membranes of ECs,
which is similar to fluid shear stress in blood vessels
[4, 5]. However, a comprehensive assessment of the

INTRODUCTION
Osteonecrosis is regarded as bone cell death initiated by
an impairment of the blood supply to the bone [1].
Steroid-induced osteonecrosis of the femoral head
(ONFH) is a serious adverse result of excessive usage
of glucocorticoids (GCs), which is one of main causes
of ONFH [2]. While the exact pathogenesis and
molecular mechanisms that contribute to ONFH remain
indefinite, it seems that endothelial cells (ECs) injury
and dysfunction play a crucial role in the course of the
disease.
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effects of ESWT and miRNAs on steroid-induced ONFH
has still not been reported. In this study, we explored the
potential role of ESWT in the proliferation, apoptosis,
migration, and angiogenesis of ECs. In addition, we
attempted to obtain insight into the molecular and
signaling mechanisms of effects of ESWT on ONFH.

Angiography and micro-computed tomography (CT)
scanning
Six weeks after the final MP injection, angiography
and micro-CT scanning were performed to analyze the
microstructure of the femoral heads. After general
anesthesia via the administration of phenobarbital
sodium, 4% paraformaldehyde were perfused into the
aorta ventralis of the open abdominal cavity followed
by MICROFIL (MV-112; Flow Tech, Inc., Carver,
MA, USA) [8]. Subsequently, the bilateral femoral
heads were harvested and stored at 4° C overnight.
After decalcification, all samples were scanned with a
micro-CT
imaging
system
(Quantum
GX;
PerkinElmer, Waltham, MA, USA), and the total
vessel volume was quantified with Analyze 12.0
software (PerkinElmer).

MATERIALS AND METHODS
Ethics statement
The study was approved by the Institutional Ethics
Review Committee of the China-Japan Friendship
Hospital (No. 2016-GZR-4, Beijing, China). All animal
experiments
were
performed
following
the
recommendations of the Guide for the Care and Use of
Laboratory Animals, published by the National
Institutes of Health (NIH). The approved guidelines and
regulations were followed in all experiments, and
informed consent was obtained from all study patients.

Immunohistology
Six weeks after the final MP injection, all rats were
sacrificed, and the femurs were fixed with 4%
paraformaldehyde for 24 hours at 4° C. Then the
samples underwent decalcification with 10% ethylenediaminetetraacetic acid (pH 7.4) for 8 weeks. After that,
they were dehydrated in different concentrations of
ethanol, embedded in paraffin, and cut into 5-μm-thick
sections. Assessment was carried out with a light
microscope.

Animal grouping and establishment of the ONFH
rat model
The Animal Research Committee of the China-Japan
Friendship Hospital approved all procedures carried out.
A total of 48 male Sprague-Dawley rats aged 12 weeks
and weighing 300 ± 20 g were obtained from the
Laboratory Animal Center of the Academy of Military
Medical Sciences (animal license no. SCXK (Jun) 20170004; Beijing, China). They were randomly assigned to
the following groups: (a) the control group (n = 12), (b)
the ESWT group (n = 12), (c) the methylprednisolone
(MP) group (n = 12), and (d) the MP + ESWT group (n =
12). Rats in the model group were administrated 20 μg/kg
lipopolysaccharide (LPS; Sigma, San Francisco, CA,
USA) via intraperitoneal injection. Then, 24 h later, the
rats got three doses of intramuscular injections of 40
mg/kg methylprednisolone (Pfizer Inc., Ascoli Piceno,
Italy) at intervals of 24 hours as previously described [6].
Rats in the control group were administrated the same
volume of normal saline.

For ECs analysis, anti-CD31 antibody (Abcam,
Cambridge, UK), anti-Ki-67 antibody (Bioworld,
Nanjing, China), and terminal deoxynucleotidyl
transferase dUTP nick end labeling (Beyotime,
Shanghai, China) were applied to stain the samples
according to our previous study. ImageJ software (NIH,
Bethesda, MD, USA) was used to analyze the
immunohistochemical staining images in terms of
integrated option density (IOD) of the total area of
trabecular bones and the target protein. Then, the mean
density (IOD/area) was assessed.
Cell culture and treatment

ESWT
Using the previously described protocols [9], human
umbilical vein ECs (HUVECs) purchased from the Cell
Bank of Shanghai Institute of Biological Science
(Shanghai, China) were cultured. HUVECs from
passages 3 to 5 were used in this study. Primary human
bone microvascular ECs (BMECs) were isolated from
patients with femoral neck fractures who were
undergoing hip arthroplasty (Supplementary Table 1).
BMECs were cultured using a previously described
protocol [10]. BMECs from passages 3 to 5 were
utilized in all experiments. The expression levels of the
ECs markers CD31 (Proteintech, Rosemont, IL, USA)

After shaving both hindlimbs, the rats were placed on
a warming pad for ESWT. Based on a previous study
[7], the shock wave applicator (Dornier AR2;
Wessling, Germany) with a probe was placed on the
hip, and a single bout of 1,500 shocks was delivered
at an energy density of 0.5 mJ/mm 2 and a frequency
of 1 Hz for 25 min. For cells underwent ESWT, 1 ×
106 cells were harvested and resuspended in 1 ml of
culture medium in microcentrifuge tubes. The
shockwave applicator was maintained just on the
surface of tubes to treat cells via gels.
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and vWF (Proteintech) were examined using
immunofluorescence. To explore the effects of ESWT,
the cells were either treated with dexamethasone (DEX;
Yuanye, Shanghai, China) or underwent ESWT or both.
At certain intervals, a series of in vitro assays were
carried out on the cells.

twelve hours, the insert was stained with 0.1% crystal
violet. Subsequently, the cells attached to the upper
surface of the filter membranes were cleared with a
cotton swab. Migration activity was assessed under an
optical microscope.
Tube formation assay

Human femoral head tissues
To explore the vessel-like construction activity of
HUVECs and BMECs, pre-cooled 24-well plates were
coated with Matrigel (289 µL) at 37° C for 30 min.
The two cell types were seeded (4.0 × 10 5 cells/mL)
onto the Matrigel-coated plates at 37° C and 5% CO2
for 16 h. Images were acquired using an optical
microscope, and the results were analyzed by using
ImageJ software (NIH).

As described previously, surgery-isolated femoral head
tissues from patients with steroid-induced ONFH and
paired tissues from patients with femoral neck fractures
were collected from five patients.
Cell viability assay
The Cell Counting Kit-8 assay (CCK-8; Dojindo,
Kumamoto, Japan) was utilized to estimate cell
viability. At 24h, 48h, and 72 h, 10 μL of CCK-8
solution was added to the cells in each well and
incubated at 37° C for 1 h. The absorbance was
evaluated at 450 nm using a microplate reader.

Cell transfection
The miR-135b inhibitor, forkhead box protein O1
(FOXO1) overexpression vector, and negative control
were obtained from Hanbio (Shanghai, China).
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
was used to introduce miRNA inhibitors into HUVECs
or BMECs per the manufacturer’s protocol.

Cell proliferation assay
To confirm the changes in the proliferation rates of the
two cell types (HUVECs and BMECs), an EdU-488
Cell Proliferation Kit (Ribobio, Guangzhou, China) was
used, and the results were assessed via fluorescence
microscopy or flow cytometry (FC) per the
manufacturer’s instructions.

Luciferase reporter assays
Luciferase reporters containing wild-type or mutated
plasmid were constructed using psi-CHECK2 vectors
(Promega, Madison, WI, USA). The luciferase vector
containing the pcDNA3.1-FOXO1-3'-untranslated
region plasmid was co-transfected with the miR-135b
mimic or negative control into human embryonic
kidney 293 (HEK293) cells using Lipofectamine 3000
(Invitrogen), with 10 ng of Renilla luciferase
reporters used as an internal control. After 48 h, the
cells were harvested and lysed. Luciferase activity
was determined using the Dual-Luciferase Reporter
Assay System (Promega) per manufacturer’s
instructions.

Apoptosis assay
Annexin-V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) assays (Beyotime) were used to
measure cell apoptosis. The cells were incubated
with Annexin V-FITC and PI reagent for 15 min in
the dark. Then, the cell apoptosis rate was evaluated
using FC.
Migration assay

RNA
extraction
and
quantitative
reverse
transcription polymerase chain reaction (qRT-PCR)

To observe the effects of DEX and/or ESWT on the
migration of the two cell types (HUVECs and
BMECs), wound healing and transwell assays were
utilized. A scratch was created on a cell monolayer by
using a 200 μL pipette tip. At 0 h and 24 h, the width
of the scratch was assessed, and the rate of scratch
recovery or the number of migrated cells was
determined. For the transwell assays (3 μm; Corning,
Corning, NY, USA), 1 × 10 5 cells/well treated with
different factors were suspended in the upper chamber
of a 24-well transwell plate with a 200 μL serum-free
medium. Next, 600 μL/well complete medium with
20% serum was added in the lower chamber. After
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Total RNA was obtained using TRIzol reagent
(Invitrogen) and reverse transcribed using a miRNA
reverse transcription kit (Cat. no. 4366596l; Applied
Biosystems, Foster City, CA, USA). The expression
of miR-135b was quantified using TaqMan
Universal Master Mix II (Cat. no. 4440038; Applied
Biosystems). The primes for miR-135b were
TaqMan Assays and U6 served as an internal
control for this assay (Cat. no. 4426961; Applied
Biosystems). The 2-ΔΔCT method was used to measure
the relative levels.
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Western blot analysis

RESULTS

HUVECs
and
BMECs
were
lysed
using
radioimmunoprecipitation assay buffer (Biosharp,
Hefei, China). To determine protein concentration, a
Bicinchoninic Acid Protein Assay Kit (Biosharp) was
utilized. Equivalent protein lysates were separated using
sodium
dodecyl
sulfate
polyacrylamide
gel
electrophoresis and transferred onto polyvinylidene
difluoride membranes. Then they were then subjected to
western blot analysis. The primary antibodies against
FOXO1 (2880S), cleaved caspase-3 (9661S), and βactin (3700S) were purchased from Cell Signaling
Technology (Danvers, MA, USA). The primary
antibodies anti-cyclin D1 (60186-1-1), anti-cyclin E1
(11554-1-AP), anti-Bim (22037-1-AP), anti-Bcl2
(60178-1-Ig), anti-Bax (60267-1-Ig), anti-matrix
metalloproteinase (MMP)2 (66366-1-Ig), anti-MMP9
(N-terminal, 10375-2-AP), and anti-vascular endothelial
growth factor A (VEGFA; 66828-1-Ig) were obtained
from Proteintech. In addition, horseradish peroxidaseconjugated goat anti-mouse or anti-rabbit IgG H&L
(ZJ2020-M and ZJ2020-R, respectively; Bioworld) was
applied as the secondary antibody. The protein bands
were visualized via an electrochemiluminescence
detection system (Thermo Fisher Scientific, Waltham,
MA, USA) and analyzed using Image Lab 5.0 software
(Bio-Rad, Hercules, CA, USA).

ESWT enhances proliferation and angiogenesis and
alleviates apoptosis in steroid-induced ONFH in rats
Here, we evaluated the damage to the vessels in the
femoral head. Angiography, micro-CT scanning, and
ECs analysis suggested that MP obviously destroyed the
vessels of the femoral head. However, ESWT resulted
in significant angiogenesis in the femoral head (Figure
1A, 1B).
The effects of ESWT on cellular proliferation in the
femoral heads of animal models were assessing using
Ki67 immunostaining. The results revealed that cellular
proliferation in the MP group was reduced compared to
that in the control group. However, ESWT significantly
reversed the steroid-induced anti-proliferative effect
(Figure 1C). As shown in Figure 1D, the apoptosis rate
was higher in the MP group than in the control group.
Conversely, ESWT alleviated apoptosis in the femoral
head. The aforementioned results suggest that ESWT
enhances ECs proliferation and angiogenesis as well as
alleviates apoptosis in steroid-induced ONFH.
Identification of BMECs
The isolated cells showed high expression levels of
CD31 and vWF (Supplementary Figure 1). These
results demonstrated that the cells were BMECs, which
were utilized in the experiments described below.

Bioinformatics analysis
The three most popular databases, namely TargetScan
(http://www.targetscan.org/vert_72/), miRDB (http://
www.mirdb.org/), and miRWalk (http://mirwalk.umm.
uni-heidelberg.de/), were used to predict the target genes
of miR-135b. Only those identified in all three databases
were determined as target genes of miR-135b. ClueGO, a
Cytoscape plug-in, was used to integrate Gene Ontology
(GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways and create a functionally
organized GO term/KEGG pathway network [11].

Effect of ESWT on the proliferation of ECs treated
with glucocorticoids (GCs)
To explore the functional roles of ESWT on the
proliferation of ECs treated with normal or high levels
of GCs, HUVECs and BMECs were cultured in a
conditioned medium with DEX and/or ESWT for a
series of functional assays. Cell proliferation was
observed using the CCK-8 assay (Figure 2A–2D) and
confirmed using the EdU assay (Figure 2E). The
results showed that DEX markedly reduced the
proliferative capability of the cells, whereas ESWT led
to a significant increase in the proliferation of the
two cell types. In addition, the DEX-induced downregulation of cell proliferation could be ameliorated
by ESWT in the two cell types (Supplementary Figure
2).

Statistical analysis
All statistical analyses were performed using GraphPad
Prism software (version 8.0; GraphPad Software Inc.,
La Jolla, CA, USA). All values are expressed as means
± standard deviations. Statistically significant
differences were evaluated using the Student’s t-test or
a one-way analysis of variance. Data with a P value <
0.05 was considered to be significant.

Effect of ESWT on the apoptosis of ECs treated with
GCs

Availability of data and material
We used Annexin V-FITC/PI double staining with FC
analysis to assess cell apoptosis. The results
demonstrated that DEX dramatically increased the

The data of this study are available from the
corresponding author on reasonable request.
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apoptosis rate in cells compared to that in the control
group. Conversely, pretreatment with ESWT attenuated
the apoptotic effect of DEX on HUVECs and BMECs.
In addition, HUVECs and BMECs exposed to ESWT
alone did not exhibit more apoptotic cells compared
to those in the control group (Figure 2F and
Supplementary Figure 2).

The DEX group showed strong anti-angiogenic effects
in the tube formation assay with smaller tube length and
loop formation, which was ameliorated by ESWT
treatment. Furthermore, we observed that both types of
ECs treated with ESWT alone presented superior
angiogenesis activity compared to that of the control
group (Figure 2I and Supplementary Figure 2).

Effect of ESWT on the migration and angiogenesis
of ECs treated with GCs

miR-135b is downregulated in DEX-treated human
ECs and displays decreased levels in human necrotic
femoral head tissues

To determine whether ESWT affects the migration and
angiogenesis of ECs with DEX, we performed wound
healing, transwell, and tube formation assays. The
results of migration in vitro showed that DEX imped
the wound recovery and migration of ECs,
whereas ESWT ameliorate these processes.
Furthermore, we found that HUVECs and BMECs
treated with ESWT alone demonstrated higher
migration and wound recovery rates compared to the
control group (Figure 2G, 2H and Supplementary
Figure 2).

To identify the differentially expressed miRNAs
(DEMs) that were regulated by GCs, miRNAs
expression profiles of BMECs treated with GCs
(GSE74089) were downloaded from the Gene
Expression Omnibus database and analyzed. After
normalization of the microarray results, DEMs were
identified. As shown in the cluster heat map and
volcano plot, a total of seven DEMs were observed in
the dataset (Figure 3A). Among the DEMs, four were
upregulated, whereas three were downregulated.

Figure 1. Effect of ESWT on proliferation, angiogenesis, and apoptosis in steroid-induced ONFH in rats. (A) blood supply
assessed by micro-CT scanning; (B) CD31 staining in the femoral head; (C) Ki-67 staining in the femoral head; (D) TUNEL staining in the
femoral head. (magnification, ×20) n=6 **P < .01, ***P < .001.
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Figure 2. Effect of ESWT on endothelial cells treated with GCs. (A–C) cell viability was examined by CCK-8 analysis in HUVECs; ECs
were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (D) cell viability examined by CCK-8 analysis in BMECs;
(E) cell proliferation confirmed by EdU assay in BMECs; ECs were subjected to ESWT with 0.03 mJ/mm 2, 1000 shots followed by DEX with 180
μM. (F) apoptosis rate of assessed through Annexin V-FITC/PI in BMECs; ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed
by DEX with 180 μM. (G) migration ability evaluated by wound healing assay in BMECs; (H) migration ability evaluated by Transwell assay in
BMECs; (I) angiogenesis ability evaluated by tube formation assay in BMECs. n=3 **P < .01, ***P < .001.

www.aging-us.com

415

AGING

Figure 3. Effect of miR-135b on endothelial cells treated with GCs. (A) Volcano plot and heat map of potential differentially
abundance microRNAs; (B) expression of miR-135b in HUVECs; (C) expression of miR-135b in BMECs; (D) expression of miR-135b in femoral
head tissue; (E) After transfection of inhibitor mir-135b, ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180
μM. cell viability examined by CCK-8 analysis in BMECs; (F) cell proliferation confirmed by EdU assay in BMECs; After transfection of inhibitor
mir-135b, ECs were subjected to ESWT with 0.03 mJ/mm2, 1000 shots followed by DEX with 180 μM. (G) apoptosis rate of assessed through
Annexin V-FITC/PI in BMECs; After transfection of inhibitor mir-135b, ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by
DEX with 180 μM. (H) migration ability evaluated by wound healing assay in BMECs; (I) migration ability evaluated by Transwell assay in
BMECs; (J) angiogenesis ability evaluated by tube formation assay in BMECs. n=3 **P < .01, ***P < .001.
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Considering the most dramatically altered expression
levels, we performed PCR assays to validate the miR135b expression level changes in HUVECs, BMECs,
and human necrotic femoral head tissues. The results
showed that DEX downregulated miR-135b, whereas
ESWT resulted in a significant increasement in the
expression level of miR-135b (Figure 3B–3D).

135b (Figure 4A). To test the association between miR135b and FOXO1, luciferase reporter plasmids of miR135b and FOXO1 were used. The results demonstrated
reduced luciferase reporter activity in the cotransfection of luciferase reporter plasmids containing
wild-type FOXO1 and miR-135b mimics in HEK293
cells (Figure 4B). As shown in Figure 4C–4H and
Supplementary Figure 4, FOXO1 overexpression
significantly inhibited ECs proliferation, apoptosis
resistance, migration, and angiogenesis. These results
suggest that miR-135b targets and negatively regulates
FOXO1 in both HUVECs and BMECs.

Knockdown of miR-135b reverses the beneficial
effect of ESWT on ECs proliferation
To investigate the role of miR-135b in ESWT-mediated
proliferation, ECs were transfected with the miR-135b
inhibitor or negative control inhibitor. CCK-8 assays
were performed to evaluate the role of miR-135b in
proliferation regulation, and the results demonstrated
that transfection with the miR-135b inhibitor reversed
the proliferation effect of ESWT on both EC types. A
similar result was further confirmed using EdU assays
(Figure 3E, 3F and Supplementary Figure 3).

Role of ESWT and miR-135b in the regulation of the
FOXO1-cyclin pathway and expression
To further investigate the effects of ESWT on the
intracellular pathway and factors related to
proliferation, the expression levels of FOXO1, cyclin
D1, and cyclin E1 were detected using western blot
analysis, which demonstrated that ESWT significantly
increased the expression levels of cyclin D1 and cyclin
E1 while decreasing the expression level of FOXO1
(Figure 5). Also, we observed that miR-135b
knockdown dramatically reversed the beneficial effect
of ESWT (Figure 6).

Knockdown of miR-135b reverses the beneficial
effect of ESWT on ECs apoptosis
To study the role of miR-135b downregulation in DEXinduced cytotoxicity in ECs, the miR-135b inhibitor
was transfected into HUVECs and BMECs. The FC
analysis results show a higher apoptosis rate in
HUVECs transfected with the miR-135b inhibitor. In
addition, a similar result was observed in BMECs.
These data indicated that knockdown of miR-135b
blocked the beneficial effect of ESWT on ECs apoptosis
resistance (Figure 3G and Supplementary Figure 3).

Role of ESWT and miR-135b in the regulation of the
FOXO1-Bim pathway and expression
To further determine whether the roles of ESWT and
miR-135b on apoptosis are mediated by the FOXO1Bim pathway, the expression levels of Bim, Bcl2, Bax,
Bad, and cleaved caspase-3 were detected. We found
that ESWT significantly decreased the expression levels
of pro-apoptotic proteins, such as Bim, Bax, Bad, and
cleaved caspase-3, but increased the expression level of
Bcl2, an anti-apoptotic protein (Figure 5). Furthermore,
miR-135b knockdown blocked the beneficial effect of
ESWT (Figure 6).

Knockdown of miR-135b reverses the beneficial
effect of ESWT on ECs migration and angiogenesis
We further observed that the knockdown of miR-135b
by the inhibitor blocked the beneficial effect of ESWT
on ECs migration and angiogenesis. ESWT minimized
the effects of the miR-135b inhibitor on HUVEC and
BMEC migration using wound-healing assays (Figure
3H, 3I and Supplementary Figure 3). Consistent results
were also obtained from transwell assays. In addition,
we found that the beneficial effect of ESWT was
suppressed by miR-135b knockdown.

Role of ESWT and miR-135b in the regulation of the
FOXO1-VEGF pathway and expression
We further observed that ESWT upregulated migrationand angiogenesis-related proteins, such as MMP2,
MMP9, and VEGFA. As expected, ESWT significantly
increased the levels of these proteins, which were
downregulated owing to DEX (Figure 5). Moreover,
miR-135b inhibition markedly suppressed the beneficial
effect of ESWT (Figures 6, 7).

FOXO1 is a direct target of miR-135b in ECs
To explore the mechanism of miR-135b in ECs
proliferation, apoptosis, migration, and angiogenesis,
the potential target genes of miR-135b were identified
using the TargetScan, miRWalk, and miRDB databases.
According to the results, FOXO1, which plays an
important role in ECs proliferation, migration, and
angiogenesis, maybe a potential target gene of miR-
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In the present study, we demonstrated that ESWT
promotes
ECs
proliferation,
migration,
and
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Figure 4. Effect of FOXO1 on endothelial cells treated with GCs. (A) predicted target gene of miR-135b through miRwalk, TargetScan,
and miRDB; GO and KEGG enrichment analysis of potential target genes via ClueGO; bioinformatics analysis revealed FOXO1 as a potential
target gene of miR-135b. (B) dual luciferase reporter assay verified the targeting relationship between miR-135b and FOXO1; After
overexpression of FOXO1, ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (C) cell viability
examined by CCK-8 analysis in BMECs; (D) cell proliferation confirmed by EdU assay in BMECs; After overexpression of FOXO1, ECs were
subjected to ESWT with 0.03 mJ/mm2, 1000 shots followed by DEX with 180 μM. (E) the apoptosis rate assessed through Annexin V-FITC/PI in
BMECs; After overexpression of FOXO1, ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (F)
migration ability evaluated by wound healing assay in BMECs; (G) migration ability evaluated by Transwell assay in BMECs; (H) angiogenesis
ability evaluated by tube formation assay in BMECs. n=3 **P < .01, ***P < .001.
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angiogenesis as well as attenuates apoptosis in vitro
and in vivo. In vitro, miR-135b downregulation
blocked the beneficial effects of ESWT on
proliferation, migration, angiogenesis, and antiapoptosis in both HUVECs and BMECs. Utilizing
bioinformatics analysis, FOXO1 was regarded as a
potential target gene of miR-135b, and overexpression
of FOXO1 was also observed to reverse the positive
effect of ESWT. The findings give insights into the
role of miRNAs in ESWT for steroid-induced ONFH,
clarifying a potential mechanism of the miR135b/FOXO1 axis.

heart disease [17–19]. ESWT could activate local
cells, inducing secretion of several cytokines around
the diseased tissue, and then exert its effects on the
surrounding tissues, including blood vessels and the
extracellular environment [20, 21]. In addition, ESWT
could increase local metabolism, resulting in tissue
repair. In the present study, we firstly investigated the
effect of ESWT on vessel volume, ECs proliferation,
and apoptosis through in vivo study. Then, the
optimized parameters of ESWT on ECs were evaluated
by in vitro studies. We found that ESWT influences
ECs in a dose-dependent manner. In a previous study,
the results suggested that low-energy ESWT can
induce angiogenesis and restore stenotic kidney
microcirculation [22]. In another study, low-energy
ESWT was also found to be able to ameliorate
testicular ischemia-reperfusion injury in rats. This
suggests that low energy play a crucial role in the
beneficial effects of ESWT, which is consistent with
the results of our study.

Previous studies suggested that ECs destruction and
dysfunction are strongly related to the pathogenesis of
steroid-induced ONFH [12, 13]. Bone development
involves bone modeling and remodeling, both of
which are coupled with angiogenesis [14–16].
Recently, ESWT has been recognized as an effective
therapy for musculoskeletal disorders and ischemic

Figure 5. Role of ESWT in the regulation of FOXO1 and related proteins. ECs were subjected to ESWT with 0.05 mJ/mm2, 1000 shots
followed by DEX with 180 μM. (A–J) Immunoblotting and statistical graph of FOXO1, Cyclin D1, Bim, Bcl2, Bax, cleaved Caspase-3, MMP2,
MMP9 (N-terminal), Cyclin E1, and VEGFA. n=3 **P < .01, ***P < .001.
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Now, there is substantial evidence verify that miRNAs
play a critical role in the development and progression
of steroid-induced ONFH [23, 24]. Therefore, we
hypothesize that ESWT may exert beneficial effects
through some miRNAs. Hence, we identified DEMs in
BMECs treated with GCs compared to healthy controls
in our previous study [25]. Through bioinformatics
analysis, we found that miR-135b may be the potential
mediator, which has been known to negatively regulate
the expression of FOXO1 in both ECs and osteoblasts
[26, 27]. Consistently, we also found that miR-135b
expression was downregulated in steroid-induced
ONFH rats, HUVECs, and BMECs, accompanied by
conversely-upregulated FOXO1. In addition, when

exposed to ESWT, GCs failed to repress miR-135b
expression.
FOXO1 has been reported to exert broader suppressive
activity in regulating ECs proliferation, migration, and
angiogenesis while promoting apoptosis [28, 29]. Using
bioinformatics analysis, our results revealed that
FOXO1 may serve as a target gene of miR-135b. A
recent study indicated that FOXO1 represses cyclin D1
expression, thereby promoting cell cycle arrest [30].
Our study also suggested that ESWT-induced
upregulation of miR-135b and downregulation of
FOXO1 may contribute to increased cyclin D1 and E1
levels. Conversely, the beneficial effect of ESWT is

Figure 6. Role of miR-135b in the regulation of FOXO1 and related proteins. After transfection of inhibitor mir-135b, ECs were
subjected to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (A–J) Immunoblotting and statistical graph of FOXO1, Cyclin
D1, Bim, Bcl2, Bax, cleaved Caspase-3, MMP2, MMP9 (N-terminal), Cyclin E1, and VEGFA. n=3 **P < .01, ***P < .001.
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abolished when miR-135b is inhibited and FOXO1 is
upregulated.

MAPK mediated pathway. Importantly, FOXO1, one
of the most widely studied members of the FOXO
family, is an essential regulator of endothelial growth.
Previous studies have shown that endothelial-restricted
deletion of FOXO1 induces a profound increase in
ECs proliferation and vessel development [37]. In our
study, the results suggested that FOXO1 was a target
of miR-135b and altered the expression levels of
VEGFA, MMP2, and MMP9, thereby regulating
migration and angiogenesis in both HUVECs and
BMECs.

Notably, activation of FOXO1 initiates apoptosis by
targeting the downstream molecules Bim, Bcl2, and
Bax [31]. Bim plays a critical role in the pro-apoptotic
process by interacting with anti-apoptotic proteins.
FOXO1 could directly activate Bim gene expression to
promote apoptosis [32]. In the present study, DEX was
observed to induce Bim production, thereby leading to
apoptosis. In addition, ESWT could prevent ECs from
apoptosis both in vitro and in vivo.

Our study presented some limitations. Firstly, many
signal pathways regulate proliferation, apoptosis,
migration, and angiogenesis; however, our present study
only investigated main signal pathways according to
previous studies. Further studies should investigate
more. Secondly, the dose-timing effects of miR-135b on
rats were not assessed. Further studies are needed to
elucidate that.

Intriguingly, VEGF, a potent angiogenic factor, plays
a vital role in ECs proliferation, migration, and
angiogenesis [33]. The MMP superfamily consists of
metalloproteinases that degrade the extracellular
matrix, a fundamental process before cell migration,
invasion, and angiogenesis [34, 35]. In a previous
study investigating the effects of the VEGF- related
pathway in ESWT, the results suggest that ESWT
significantly enhances diabetic wound healing [36].
The mechanism mainly involves increasing neovascularization and tissue regeneration via VEGF and

In conclusion, our study indicates that ESWT relieves
endothelial injury and dysfunction in steroid-induced
ONFH via miR-135b targeting of FOXO1.

Figure 7. Schematic diagram of the protective effect of ESWT in endothelial cells treated with GCs through miR135b/FOXO1 pathway.

www.aging-us.com

421

AGING

AUTHOR CONTRIBUTIONS

https://doi.org/10.1161/01.CIR.0000148849.51177.97
PMID:15520304

X.W., Y.W., X.F., and X.X. conducted the experiments
and collected data; X.W. and Y.W. contributed to data
analyses; W.S. supervised the study and critically
reviewed the paper; X.W. and W.S. directed the project
and wrote the paper.

CONFLICTS OF INTEREST

6.

Yue J, Wan F, Zhang Q, Wen P, Cheng L, Li P, Guo W.
Effect of glucocorticoids on miRNA expression
spectrum of rat femoral head microcirculation
endothelial cells. Gene. 2018; 651:126–33.
https://doi.org/10.1016/j.gene.2018.01.057
PMID:29408208

7.

Mayer-Wagner S, Ernst J, Maier M, Chiquet M, Joos H,
Müller PE, Jansson V, Sievers B, Hausdorf J. The effect
of high-energy extracorporeal shock waves on hyaline
cartilage of adult rats in vivo. J Orthop Res. 2010;
28:1050–6.
https://doi.org/10.1002/jor.21074 PMID:20135673

8.

Zhang G, Qin L, Sheng H, Yeung KW, Yeung HY, Cheung
WH, Griffith J, Chan CW, Lee KM, Leung KS.
Epimedium-derived phytoestrogen exert beneficial
effect on preventing steroid-associated osteonecrosis
in rabbits with inhibition of both thrombosis and lipiddeposition. Bone. 2007; 40:685–92.
https://doi.org/10.1016/j.bone.2006.10.026
PMID:17188589

9.

Tao SC, Yuan T, Rui BY, Zhu ZZ, Guo SC, Zhang CQ.
Exosomes derived from human platelet-rich plasma
prevent apoptosis induced by glucocorticoidassociated endoplasmic reticulum stress in rat
osteonecrosis of the femoral head via the Akt/Bad/Bcl2 signal pathway. Theranostics. 2017; 7:733–50.
https://doi.org/10.7150/thno.17450 PMID:28255363

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this
paper.

FUNDING
This study was funded by the National Natural Science
Foundation of China (grant nos. 82072524 and
81871830), the Natural Science Foundation of Beijing
Municipality (grant no. 7182146), the Fundamental
Research Funds for the Central Universities and Research
Projects on Biomedical Transformation of the ChinaJapan Friendship Hospital (grant no. PYBZ1828), and
Innovation Fund for Outstanding Doctoral Candidates of
Peking University Health Science Center.

REFERENCES
1.

2.

Petek D, Hannouche D, Suva D. Osteonecrosis of the
femoral head: pathophysiology and current concepts
of treatment. EFORT Open Rev. 2019; 4:85–97.
https://doi.org/10.1302/2058-5241.4.180036
PMID:30993010
Weinstein RS. Glucocorticoid-induced osteonecrosis.
Endocrine. 2012; 41:183–90.
https://doi.org/10.1007/s12020-011-9580-0
PMID:22169965

3.

Wu X, Sun W, Tan M. Noncoding RNAs in SteroidInduced Osteonecrosis of the Femoral Head. Biomed
Res Int. 2019; 2019:8140595.
https://doi.org/10.1155/2019/8140595
PMID:31930139

4.

Ito K, Fukumoto Y, Shimokawa H. Extracorporeal shock
wave therapy for ischemic cardiovascular disorders.
Am J Cardiovasc Drugs. 2011; 11:295–302.
https://doi.org/10.2165/11592760-000000000-00000
PMID:21846155

5.

10. Yu H, Yue J, Wang W, Liu P, Zuo W, Guo W, Zhang Q.
Icariin promotes angiogenesis in glucocorticoidinduced osteonecrosis of femoral heads: In vitro and in
vivo studies. J Cell Mol Med. 2019; 23:7320–30.
https://doi.org/10.1111/jcmm.14589 PMID:31507078
11. Bindea G, Mlecnik B, Hackl H, Charoentong P,
Tosolini M, Kirilovsky A, Fridman WH, Pagès F,
Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in
to decipher functionally grouped gene ontology and
pathway annotation networks. Bioinformatics.
2009; 25:1091–3.
https://doi.org/10.1093/bioinformatics/btp101
PMID:19237447
12. Yao X, Yu S, Jing X, Guo J, Sun K, Guo F, Ye Y. PTEN
inhibitor
VO-OHpic
attenuates
GC-associated
endothelial progenitor cell dysfunction and
osteonecrosis of the femoral head via activating Nrf2
signaling and inhibiting mitochondrial apoptosis
pathway. Stem Cell Res Ther. 2020; 11:140.
https://doi.org/10.1186/s13287-020-01658-y
PMID:32228695

Nishida T, Shimokawa H, Oi K, Tatewaki H, Uwatoku T,
Abe K, Matsumoto Y, Kajihara N, Eto M, Matsuda T,
Yasui H, Takeshita A, Sunagawa K. Extracorporeal
cardiac shock wave therapy markedly ameliorates
ischemia-induced myocardial dysfunction in pigs in vivo.
Circulation. 2004; 110:3055–61.

www.aging-us.com

13. Kerachian MA, Cournoyer D, Harvey EJ, Chow T,
Séguin C. Isolation and characterization of human

422

AGING

bone-derived endothelial cells. Endothelium. 2007;
14:115–21.
https://doi.org/10.1080/10623320701347062
PMID:17497368

https://doi.org/10.1177/0963689720917342
PMID:32237997
23. Liao W, Ning Y, Xu HJ, Zou WZ, Hu J, Liu XZ, Yang Y, Li
ZH. BMSC-derived exosomes carrying microRNA-1225p promote proliferation of osteoblasts in
osteonecrosis of the femoral head. Clin Sci (Lond).
2019; 133:1955–75.
https://doi.org/10.1042/CS20181064 PMID:31387936

14. Peng Y, Wu S, Li Y, Crane JL. Type H blood vessels in
bone modeling and remodeling. Theranostics. 2020;
10:426–36.
https://doi.org/10.7150/thno.34126 PMID:31903130
15. Percival CJ, Richtsmeier JT. Angiogenesis and
intramembranous osteogenesis. Dev Dyn. 2013;
242:909–22.
https://doi.org/10.1002/dvdy.23992 PMID:23737393

24. Kong L, Zuo R, Wang M, Wang W, Xu J, Chai Y, Guan J,
Kang Q. Silencing MicroRNA-137-3p, which Targets
RUNX2 and CXCL12 Prevents Steroid-induced
Osteonecrosis of the Femoral Head by Facilitating
Osteogenesis and Angiogenesis. Int J Biol Sci. 2020;
16:655–70.
https://doi.org/10.7150/ijbs.38713
PMID:32025213

16. Zaidi M. Skeletal remodeling in health and disease. Nat
Med. 2007; 13:791–801.
https://doi.org/10.1038/nm1593 PMID:17618270
17. Qiu Q, Shen T, Wang Q, Yu X, Jia N, He Q. Cardiac shock
wave therapy protects cardiomyocytes from hypoxiainduced injury by modulating miR-210. Mol Med Rep.
2020; 21:631–40.
https://doi.org/10.3892/mmr.2019.10892
PMID:31974607

25. Yu QS, Guo WS, Cheng LM, Lu YF, Shen JY, Li P.
Glucocorticoids
Significantly
Influence
the
Transcriptome of Bone Microvascular Endothelial Cells
of Human Femoral Head. Chin Med J (Engl). 2015;
128:1956–63.
https://doi.org/10.4103/0366-6999.160564
PMID:26168838

18. Gollmann-Tepeköylü C, Pölzl L, Graber M, Hirsch J,
Nägele F, Lobenwein D, Hess MW, Blumer MJ,
Kirchmair E, Zipperle J, Hromada C, Mühleder S, Hackl
H, et al. miR-19a-3p containing exosomes improve
function of ischaemic myocardium upon shock wave
therapy. Cardiovasc Res. 2020; 116:1226–36.
https://doi.org/10.1093/cvr/cvz209 PMID:31410448

26. Fan JB, Ruan JW, Liu W, Zhu LQ, Zhu XH, Yi H, Cui SY,
Zhao JN, Cui ZM. miR-135b expression downregulates
Ppm1e to activate AMPK signaling and protect
osteoblastic cells from dexamethasone. Oncotarget.
2016; 7:70613–22.
https://doi.org/10.18632/oncotarget.12138
PMID:27661114

19. Wang QW, Zhang QY, Gao FQ, Sun W. Focused extracorporeal shockwave treatment during early stage of
osteonecrosis of femoral head. Chin Med J (Engl).
2019; 132:1867–9.
https://doi.org/10.1097/CM9.0000000000000331
PMID:31306227

27. Bai M, Li J, Yang H, Zhang H, Zhou Z, Deng T, Zhu K,
Ning T, Fan Q, Ying G, Ba Y. miR-135b Delivered by
Gastric Tumor Exosomes Inhibits FOXO1 Expression in
Endothelial Cells and Promotes Angiogenesis. Mol
Ther. 2019; 27:1772–83.
https://doi.org/10.1016/j.ymthe.2019.06.018
PMID:31416776

20. Chen YL, Sheu JJ, Sun CK, Huang TH, Lin YP, Yip HK.
MicroRNA-214 modulates the senescence of vascular
smooth muscle cells in carotid artery stenosis. Mol
Med. 2020; 26:46.
https://doi.org/10.1186/s10020-020-00167-1
PMID:32410577

28. Dang LT, Aburatani T, Marsh GA, Johnson BG, Alimperti
S, Yoon CJ, Huang A, Szak S, Nakagawa N, Gomez I, Ren
S, Read SK, Sparages C, et al. Hyperactive FOXO1
results in lack of tip stalk identity and deficient
microvascular regeneration during kidney injury.
Biomaterials. 2017; 141:314–29.
https://doi.org/10.1016/j.biomaterials.2017.07.010
PMID:28711779

21. Hu J, Liao H, Ma Z, Chen H, Huang Z, Zhang Y, Yu M,
Chen Y, Xu J. Focal Adhesion Kinase Signaling Mediated
the Enhancement of Osteogenesis of Human
Mesenchymal Stem Cells Induced by Extracorporeal
Shockwave. Sci Rep. 2016; 6:20875.
https://doi.org/10.1038/srep20875 PMID:26863924

29. Huang H, Regan KM, Lou Z, Chen J, Tindall DJ. CDK2dependent phosphorylation of FOXO1 as an apoptotic
response to DNA damage. Science. 2006; 314:294–7.
https://doi.org/10.1126/science.1130512
PMID:17038621

22. Zhao Y, Santelli A, Zhu XY, Zhang X, Woollard JR, Chen
XJ, Jordan KL, Krier J, Tang H, Saadiq I, Lerman A,
Lerman LO. Low-Energy Shockwave Treatment
Promotes Endothelial Progenitor Cell Homing to the
Stenotic Pig Kidney. Cell Transplant. 2020;
29:963689720917342.

www.aging-us.com

30. Schmidt M, Fernandez de Mattos S, van der Horst A,
Klompmaker R, Kops GJ, Lam EW, Burgering BM,
Medema RH. Cell cycle inhibition by FoxO forkhead

423

AGING

transcription factors involves downregulation of cyclin
D. Mol Cell Biol. 2002; 22:7842–52.
https://doi.org/10.1128/MCB.22.22.7842-7852.2002
PMID:12391153

metastasis via modulation of MMP2 and MMP9. J Cell
Biochem. 2018; 119:7790–9.
https://doi.org/10.1002/jcb.27158 PMID:29904939
35. Liang Y, Yang N, Pan G, Jin B, Wang S, Ji W. Elevated
IL-33 promotes expression of MMP2 and MMP9 via
activating STAT3 in alveolar macrophages during
LPS-induced acute lung injury. Cell Mol Biol Lett.
2018; 23:52.
https://doi.org/10.1186/s11658-018-0117-x
PMID:30410547

31. Liang Y, Cao D, Li Y, Liu Z, Wu J. MicroRNA-302a is
involved in folate deficiency-induced apoptosis through
the AKT-FOXO1-BIM pathway in mouse embryonic
stem cells. Nutr Metab (Lond). 2020; 17:103.
https://doi.org/10.1186/s12986-020-00530-3
PMID:33372619
32. Sun T, Zhang J, Deng B, Fan X, Long T, Jin H, Tao S, Kang
P, Tan Q. FOXO1 and FOXO3a sensitize non-small-cell
lung cancer cells to cisplatin-induced apoptosis
independent of Bim. Acta Biochim Biophys Sin
(Shanghai). 2020; 52:1348–59.
https://doi.org/10.1093/abbs/gmaa129
PMID:33167006

36. Chen RF, Chang CH, Wang CT, Yang MY, Wang CJ, Kuo
YR. Modulation of vascular endothelial growth factor
and mitogen-activated protein kinase-related pathway
involved in extracorporeal shockwave therapy
accelerate diabetic wound healing. Wound Repair
Regen. 2019; 27:69–79.
https://doi.org/10.1111/wrr.12686
PMID:30394625

33. Jeon HH, Yu Q, Lu Y, Spencer E, Lu C, Milovanova T,
Yang Y, Zhang C, Stepanchenko O, Vafa RP, Coelho PG,
Graves DT. FOXO1 regulates VEGFA expression and
promotes angiogenesis in healing wounds. J Pathol.
2018; 245:258–64.
https://doi.org/10.1002/path.5075 PMID:29574902

37. Wilhelm K, Happel K, Eelen G, Schoors S, Oellerich MF,
Lim R, Zimmermann B, Aspalter IM, Franco CA,
Boettger T, Braun T, Fruttiger M, Rajewsky K, et al.
FOXO1 couples metabolic activity and growth state in
the vascular endothelium. Nature. 2016; 529:216–20.
https://doi.org/10.1038/nature16498
PMID:26735015

34. Wang X, Yang B, She Y, Ye Y. The lncRNA TP73-AS1
promotes ovarian cancer cell proliferation and

www.aging-us.com

424

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Identification of BMECs. The representative CD31‐positive and vWF‐positive cells were identified as BMECs.
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Supplementary Figure 2. Effect of ESWT on HUVECs treated with GCs. ECs were subjected to ESWT with 0.05 mJ/mm2, 1000
shots followed by DEX with 180 μM. (A) cell proliferation confirmed by EdU assay; (B) apoptosis rate of assessed through
Annexin V-FITC/PI; (C) migration ability evaluated by wound healing assay; (D) migration ability evaluated by Transwell assay;
(E) angiogenesis ability evaluated by tube formation assay. n=3 **P < .01, ***P < .001.
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Supplementary Figure 3. Effect of miR-135b on HUVECs treated with GCs. After transfection of inhibitor mir-135b, ECs were subjected
to ESWT with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (A) cell viability examined by CCK-8 analysis; (B) cell proliferation
confirmed by EdU assay; (C) apoptosis rate of assessed through Annexin V-FITC/PI; (D) migration ability evaluated by wound healing assay; (E)
migration ability evaluated by Transwell assay; (F) angiogenesis ability evaluated by tube formation assay. n=3 **P < .01, ***P < .001.
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Supplementary Figure 4. Effect of FOXO1 on HUVECs treated with GCs. After overexpression of FOXO1, ECs were subjected to ESWT
with 0.05 mJ/mm2, 1000 shots followed by DEX with 180 μM. (A) cell viability examined by CCK-8 analysis; (B) cell proliferation confirmed by
EdU assay; (C) apoptosis rate of assessed through Annexin V-FITC/PI; (D) migration ability evaluated by wound healing assay; (E) migration
ability evaluated by Transwell assay; (F) angiogenesis ability evaluated by tube formation assay. n=3 **P < .01, ***P < .001.
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Supplementary Table
Supplementary Table 1. Clinical details of patients for isolation of bone microvascular
endothelial cells.
Patients
P1
P2
P3
P4
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Disease
FNF
FNF
FNF
FNF

Age (years)
67
68
68
66

Gender
M
M
M
M
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Height (cm)
172
171
170
175

Weight (kg)
64
66
70
62

Garden grade
IV
IV
IV
IV
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