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ABSTRACT

Icariin is commonly used for the clinical treatment of osteonecrosis of the femoral head (ONFH). miR-
23a-3p plays a vital role in regulating the osteogenic differentiation of bone marrow-derived mesenchy-
mal stem cells (BMSCs). The present study aimed to investigate the roles of icariin and miR-23a-3p in the
osteogenic differentiation of BMSCs and an ONFH model. BMSCs were isolated and cultured in vitro using
icariin-containing serum at various concentrations, and BMSCs were also transfected with a miR-23a
inhibitor. The alkaline phosphatase (ALP) activity and cell viability as well as BMP-2/Smad5/Runx2 and
WNT/B-catenin pathway-related mRNA and protein expression were measured in BMSCs. Additionally,
a dual-luciferase reporter assay and pathway inhibitors were used to verify the relationship of icariin
treatment/miR-23a and the above pathways. An ONFH rat model was established in vivo, and a 28-day
gavage treatment and lentivirus transfection of miR-23a-3p inhibitor were performed. Then, bone bio-
chemical markers (ELISA kits) in serum, femoral head (HE staining and Digital Radiography, DR) and
the above pathway-related proteins were detected. Our results revealed that icariin treatment/miR-
23a knockdown promoted BMSC viability and osteogenic differentiation as well as increased the
mRNA and protein expression of BMP-2, BMP-4, Runx2, p-Smad5, Wnt1 and B-catenin in BMSCs and
ONFH model rats. In addition, icariin treatment/miR-23a knockdown increased bone biochemical mark-
ers (ACP-5, BAP, NTXI, CTXI and OC) and improved ONFH in ONFH model rats. In addition, a dual-
luciferase reporter assay verified that Runx2 was a direct target of miR-23a-3p. These data indicated that
icariin promotes BMSC viability and osteogenic differentiation as well as improves ONFH by decreasing
miR-23a-3p levels and regulating the BMP-2/Smad5/Runx2 and WNT/B-catenin pathways.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Osteonecrosis of the femoral head (ONFH), a progressive dis-
ease, causes the collapse of the joint cartilage and femoral head,
which is accompanied with pain and gait disturbance
(Karasuyama et al., 2015). Currently, over 30 million people suffer
from ONFH globally, including more than 8 million individuals in
China (Fang et al., 2019a; Wang et al., 2017). Delaying or reversing
the progression of ONFH is a problem in clinical treatment. Clini-
cally, Western medicine mainly adopts conservative treatment,
which does not delay or reverse the progression of ONFH. Tradi-
tional Chinese medicine has been clinically verified in the treat-
ment of ONFH and has attracted the attention of Western
medicine. The Chinese herbal Huo-Gu formula (HGF) prevents
femoral head collapse, delays total hip arthroplasty and maintains
physical function in the treatment of ONFH (Huang et al., 2020).
Qing’e pill and Salvia regulate bone formation and remodeling by
suppressing osteoclasts (Shuai et al., 2014).

Epimedium brevicornu Maxim is a traditional Chinese medicine
that has been used to attenuate inflammation and restore osteoge-
nesis (Fang et al., 2019a; Wang et al., 2009). Icariin, a flavonoid iso-
lated from Epimedium brevicornu Maxim, is the major effective
active component. For thousands of years, icariin has been widely
used in China, Japan and Korea as an aphrodisiac, tonic and
anti-osteoporosis agent, as recorded in the Chinese Pharmacopeia.
Previous studies have demonstrated that icariin is an effective
treatment for bone metabolic-related diseases (Wang et al,,
2018; Yu et al., 2019; Cheng et al., 2014). Icariin also stimulates
the osteoblastic differentiation of BMSCs or long bone-derived
cells, enhances bone healing, prevents osteoporosis and improves
ONFH (Wang et al., 2018; Yu et al., 2019). Oral icariin treatment
promotes bone formation by inhibiting bone resorption and
improving peak bone mineral density and bone quality, which
has significant importance for the prevention of osteoporosis and
osteoporotic fractures caused by different reasons (Cheng et al.,
2014).

Recent studies have emphasized the importance and signifi-
cance of miRNAs in the pathogenesis, prevention and treatment
of ONFH (Liao et al.,, 2019; Yuan et al,, 2015). It has been reported
that various miRNAs participate in the development of ONFH by
regulating bone development and regeneration (Liao et al., 2019).
Studies have demonstrated that miR-23a-3p is the most signifi-
cantly upregulated miRNA in patients with ONFH, and it is signif-
icantly downregulated during osteogenic differentiation (Dong
et al., 2017). Overexpression of miR-23a-3p inhibits osteogenic dif-
ferentiation of BMSCs, whereas downregulation of miR-23a-3p
enhances this process (Dai et al., 2019). In a preliminary experi-
ment, we found that the expression of miR-23a-3p was signifi-
cantly increased in ONFH rats, while icariin reduced the
expression of miR-23a-3p (Supplemental Fig. 1A). However, no rel-
evant research has been reported on the protective mechanism of
icariin against ONFH or its relationship with miR-23a-3p.

The BMP 2/Smad5/Runx2 and WNT1/B-catenin pathways are
the most important pathways in osteoblast proliferation and dif-
ferentiation (Gu et al., 2018; Dai et al., 2013). Based on the above
information, we infer that the therapeutic effects of icariin on
ONFH are related to the miR-23a-3p, BMP 2/Smad5/Runx2 and
WNT1/B-catenin pathways. Therefore, we isolated rat BMSCs and
established a rat model of ONFH, and we then intragastrically
administered icariin or co-cultured the cells followed by transfec-
tion of a miR-23a-3p inhibitor to elucidate the therapeutic mecha-
nisms of icariin in ONFH and the roles of miR-23a-3p in osteogenic
differentiation. The present study elucidated the therapeutic
mechanism of icariin against ONFH and provided a scientific basis
for the clinical application of icariin.
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2. Materials and methods
2.1. Materials and reagents

Wistar rats were obtained from Laboratory Animal Manage-
ment Center of Southern Medical University (SCXK(YUE)2016-
0041). Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Gibco (Grand Island,
NY, USA). Anti-CD29, anti-CD34, anti-CD44 and anti-CD45 antibod-
ies were purchased from Abcam (USA). Prime Script RT Master Mix
was purchased from Takara (DaLian, China). ITaq Universal SYBR
Green Supermix was purchased from Bio-Rad (Hercules, CA,
USA). Lentivirus LV3-pGLV-h1-GFP-puro-miR-23a-3p inhibitor or
LV3-pGLV-h1-GFP-puro-NC was purchased from Youdi Biotechnol-
ogy (Guangzhou, China). Icarin (HPLC > 94%) was purchased from
Sigma-Aldrich (Shanghai, #11286, China), and its chemical charac-
terization is provided in Supplemental Fig. 2. Icarin was prepared
into a 50 mg/mL suspension with normal saline for intragastric
administration.

2.2. Isolation, culture and identification of BMSCs

Primary rat BMSCs were harvested by flushing the bone marrow
cavity of the femurs and tibias of 4-week-old rats. After anesthesia
and execution, the femurs and tibias were removed, and the bone
marrow contents were flushed out. The bone marrow contents
were layered over the same volume of Ficoll-Paque (Absin, China)
and centrifuged at 900g for 20 min at 4 °C. Next, the middle phase
containing the mononuclear cell layer was removed and washed 2
times with washing buffer. Bone marrow mononuclear cells were
cultured in osteogenic differentiation medium (Cyagen Bio-
sciences, RAWMX-90021, USA) supplemented with 10% FBS, 100
U/mL penicillin and 100 U/mL streptomycin at 37 °C in a 5% CO,
atmosphere (Thermo, USA). After 48 h, the nonadherent cells were
removed, and the adherent cells were cultured in another flask
(Yang et al., 2020; Farahzadi et al., 2020). The positive ratios of
CD29, CD44, CD34 and CD45 antibodies were detected by flow
cytometry (BD, Accuri C6, USA) to identify BMSCs.

2.3. Preparation of icariin-containing serum and its optimal
concentration

To prepare icariin-containing serum (SI), 6-week-old Wistar
rats were orally gavaged with 200 mg/kg icariin once a day for
7 days. After 7 days, rats were euthanized, and blood samples were
collected. The serum was filtered and sterilized with 0.22 pm filter
to obtain 15 mL of SI (Zhang et al., 2020).

BMSCs were seeded in 6-well plates and cultured in osteogenic
induction medium supplemented with different concentrations of
SI (2.5%, 5% and 10%) or cultured in icariin-free serum at the same
ratio. After induction for 9 days, ALP activity was measured using
an alkaline phosphatase kit (Nanjing Jiancheng, A059-2). The
serum concentration corresponding to the highest ALP activity
was the optimal concentration of SI, and it was used in subsequent
experiments.

HPLC identification of the icariin in osteogenic induction med-
ium supplemented with 10% SI or 10% icariin-free serum: Acetoni-
trile was added to the above medium to precipitate the proteins
and the supernatant was evaporated to dryness. The residues were
re-dissolved in acetonitrile and 20 pL aliquot was injected onto the
HPLC column (Yin et al., 2014). The analytes were measured with a
DionexU-3000 HPLC system with a xbridge amide column(150 m
m x 4.6 mm). The mobile phase consisted of 100% acetonitrile
(A) and 0.005% phosphoric acid in water (B), and was programmed
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as follows: 0-30 min, 15-30% B; 30-60 min, 80% B. The flow rate
was 2.0 mL/min and the ambient temperature was set at room
temperature. UV detection was at a wavelength of 270 nm. HPLC
results were shown in Supplemental Fig. 3.

2.4. Transfection of miR-23a-3p in BMSCs and grouping

The miR-23a-3p inhibitor (5'-GGAAAUCCCUGGCAAUGUGAU-3')
and negative control (5-CUUAGGCAUUGCCAGCUCAAU-3’) were
transfected into the lentiviral green fluorescent protein (GFP)-
tagged vector, LV3-pGLV-h1-GFP-puro. Synthetic miRNA (1 x 10°
transducing units/mL) was transfected into BMSCs according to
the manufacturer’s protocol. The most effective multiplicity of
infection (MOI) was determined according to the pilot experiment.
BMSCs were plated into 10 cm dishes at a density of 1 x 10° cells/
dish in 5 mL of media and transduced using a GFP-tagged lentiviral
vector (lenti-23a-inhibitor-GFP and lenti-GFP) at a MOI of 100
plaque-forming units/cell in the presence of 5 pL of polybrene
(Merck KGaA). After lentiviral transduction, cells were selected
with G418, and the stably transfected cell lines were then processed
by monoclonal screening (Li et al., 2020). The transduced BMSCs
were named miR-23a-3p-inhibitor BMSCs and miR-23a-3p-
negative BMSC.

BMSCs were classified into the following 4 groups: the miR-
23a-NC group (transfected with the miR-23a-3p negative control
sequence), the miR-23a-NC + 10% SI group (transfected with the
miR-23a-3p negative control sequence and cultured with 10%
icariin-containing serum), the miR-23a inhibitor group (trans-
fected with the miR-23a-3p inhibitor), and the miR-23a inhibi-
tor + 10% SI group (transfected with the miR-23a-3p inhibitor
and cultured with 10% icariin-containing serum).

2.5. Alizarin red staining

BMSCs were plated into 6-well plates at a density of 3 x 10°
cells per well and cultured with differentiation medium. After
21 days of induction, cells were washed with PBS and then fixed
with 95% ethanol for 30 min at room temperature. Cells were
stained with 40 mmol/L alizarin red S solution (pH = 4.2) for
20 min at room temperature with gentle shaking (Farahzadi
et al., 2016). After removal of the staining solution, cells were
washed 5 times with distilled water. Finally, images were acquired
with an Olympus fluorescence microscope (Olympus, CX71, Japan).

2.6. Cell viability assay

The above 4 groups of BMSCs were plated into 96-well plates
(5 x 10% cells/well) in triplicate and cultured for 0, 72, 96 and
120 h. After culture, the CCK-8 working solution (Beyotime,
C0037, China) was added to the wells for 1 h of incubation, and
then cell viability was assessed daily by absorbance at 490 nm
using a microplate reader (Model 680 Microplate Reader, Bio-
Rad) (Cao et al., 2020).

2.7. Dual-luciferase reporter assay

To construct the Runx2 3’UTR plasmid, the full-length 3'UTR of
Runx2 mRNA containing the putative miR-23a-3p-binding
sequence was cloned into the pGL3 promotor vector (Promega,
Madison, WI, USA). The putative miR-23a-3p recognition sites in
the Runx2 3’UTR were mutated by site-directed mutagenesis. For
the dual luciferase assay, BMSCs were transfected with 150 nM
premiR-23a-3p or a negative precursor control using Lipofec-
tamine 2000 (Invitrogen). After 24 h, cells were cotransfected with
200 ng of pRL-Runx2 and 100 ng of pGL3-luc as the internal control
(G. Zhang et al., 2017). Cell extracts were prepared 48 h later, and
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the dual luciferase reporter assay (Promega) was performed
according to the manufacturer’s protocol.

2.8. RNA extraction and RT-qPCR

Total RNA was extracted from BMSCs and femoral head tissues
using TRIzol Reagent. The specific primers sequences are listed in
Table 1. All qRT-PCR analyses were performed by the Light-
Cycler® 480 Real-time PCR System (Roche). U6 snRNA and pB-
actin mRNA levels were used for normalization. The thermal
cycling conditions were as follows: 10 min at 95 °C and 40 cycles
of 10 s at 95 °C and 60 s at 60 °C. Data were analyzed by the relative
quantification (2"2“CT) method. The fold change in transcript level
was calculated using AACT normalized to control (Brazvan et al.,
2016; Fathi et al., 2020).

2.9. Western blot analysis

Total protein was isolated from cultured cells by lysing with
lysis buffer containing phenylmethylsulfonyl fluoride (PMSF) on
ice. The femoral head was placed in liquid nitrogen and ground fol-
lowed by lysis using the above lysis buffer. After lysis, the total pro-
tein concentration was determined using a Bio-Rad protein assay
system (Bio-Rad, Hercules, CA, USA), and 60 pg of total protein
was electrophoresed on 12% SDS polyacrylamide gels followed by
transfer to a PVDF membrane (Millipore). Membranes were
blocked with 5% nonfat milk solution at room temperature for
2 h and then incubated with anti-BMP-2 (Abcam, ab14933, USA,
dilution 1:500), anti-BMP-4 (Abcam, ab39973, USA, dilution
1:500), anti-Runx2 (Abcam, ab76956, USA, dilution 1:200), anti-
phosphorylated-Smad5 (p-Smad5, Abcam, ab92698, USA, dilution
1:200), anti-Smad5 (Abcam, ab40771, USA, dilution 1:1000), anti-
Wnt1l (Abcam, ab15251, USA, dilution 1:100), anti-B-catenin
(Abcam, ab68183, USA, dilution 1:500) and GAPDH antibodies for
2 h at 37 °C. The membranes were then washed three times and
incubated with horseradish peroxidase-conjugated secondary anti-
bodies for 1 h at room temperature. The membranes were then
incubated with ECL solution (Millipore, Darmstadt, Germany),
and the protein bands were scanned and quantified (Brazvan
et al., 2016; Fathi et al., 2020). The relative band intensity was
assessed as the ratio of the gray value of each protein to that of
the corresponding GAPDH.

2.10. Animal model establishment and grouping

Animal modeling procedures were performed on male Wistar
rats weighing 200-250 g. Forty-five rats were housed in a standard
animal care room (12-h light/dark cycle; 22-26 °C; humidity,
37%-42%) with free access to food and water during the study. After
adaptive feeding for 1 week, a rat model of femoral head necrosis
was established. The experimental studies were approved by the
Institutional Animal Care and Use Committee of Guangxi Univer-
sity of Chinese Medicine (Approval No: DW-20190829-031).

Thirty-nine rats were included in the model group and modeled
with lipopolysaccharide (LPS) and methylprednisolone. The rats
were given two intraperitoneal injections of 20 pg/kg LPS (Escher-
ichia coli 055:B5, Sigma, USA) on days 0 and 1 at a time interval of
24 h. After 24 h, the rats received three intramuscular injections of
40 mg/kg methylprednisolone sodium succinate (Pfizer Pharma-
ceutical, China) on days 3, 4 and 5 at a time interval of 24 h
(Dong et al., 2015). Six rats were included in the blank control
group and were subjected to the same injection procedure but with
an equal volume of saline. In total, 36 rats were successfully mod-
eled and grouped into the following 6 groups: the model group (in-
jected with an equal volume of saline), the BMSC group (injected
with 1 x 10° BMSCs), the miR-23a-NC group (injected with
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Table 1
Primers used for qRT-PCR analysis.

Gene name Prime name Primers (5’ to 3') Length

GAPDH Forward TGACAACTTTGGCATCGTGG 78
Reverse GGGCCATCCACAGTCTTCTG

BMP-2 Forward GGACGTCCTCAGCGAGTTT 106
Reverse CAGGTCGAGCATATAGGGGG

BMP-4 Forward CAGGGCCAACATGTCAGGAT 147
Reverse GTGATGCTTGGGACTACGCT

Runx2 Forward GCCTTCAAGGTTGTAGCCCT 133
Reverse TGAACCTGGCCACTTGGTTT

Samd5 Forward TGTTGGGCTGGAAACAAGGT 94
Reverse GTGACACACTTGCTTGGCTG

Wwntl Forward CAACATCGATTTCGGTCGCC 79
Reverse CATGAGGAAGCGTAGGTCCC

B-catein Forward ACTCCAGGAATGAAGGCGTG 109
Reverse GAACTGGTCAGCTCAACCGA

miR-23a-3p RT GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACGGAAATCC 61
Forward CGGATCACATTGCCAGGG
Reverse CAGTGCGTGTCGTGGAGT

1 x 10° miR-23a-3p-negative BMSCs), the miR-23a-NC + icariin
group (injected with 1 x 10° miR-23a-3p-negative BMSCs and
gavaged with 200 mg/kg icariin), the miR-23a inhibitor group (in-
jected with 1 x 10® miR-23a-3p-inhibitor BMSCs) and the miR-23a
inhibitor + icariin group (injected with 1 x 10° miR-23a-3p-
inhibitor BMSCs and gavaged with 200 mg/kg icariin). After
successful modeling, the rats were anesthetized, and 200 pL of
BMSCs (1 x 10°), miR-23a-3p-negative BMSCs (1 x 10°) or
miR-23a-3p-inhibitor BMSCs (1 x 10°) was injected into the femur
bone marrow cavity using a microsyringe. Postoperative intraperi-
toneal injection of antibiotics was performed to prevent infection.
The above intragastric administration was prepared once a day for
a total of 28 days. On the 7th, 14th and 28th days, blood was col-
lected from the rats, centrifuged and stored at —20 °C. The rats
were then subjected to digital radiography (DR) examination
(Goodsee, #GDA32-02, China) and sacrificed, and bilateral femurs
were collected for HE staining, RT-PCR and Western blotting.

2.11. Hematoxylin-eosin (HE) staining

Pathological changes in the femoral head were detected by HE
staining (Zhang et al., 2019). After fixation and decalcification,
<0.5 cm x 0.5 cm x 0.1 cm of tissue was removed. The sections
were fixed, embedded and subjected to HE staining. The 5-pm sec-
tions were soaked in water, differentiated in hydrochloric acid
ethanol for 30 s and rinsed in water for 5 min. The sections were
then recovered in ammonia water for 10 min and stained with
eosin for 2 min. The sections were dehydrated via alcohol, cleaned
three times with xylene and sealed with neutral balsam. Finally,
images were acquired at 400x magnification (CX71, Olympus Cor-
poration, Tokyo, Japan).

2.12. ELISA

Rat tail vein blood was collected and preserved in a nonantico-
agulant tube. After standing at room temperature for 30 min and
centrifugation at 2000 r/min for 10 min, the upper serum was col-
lected and stored at —80 °C. ELISA kits (Cloud Clone, Wuhan, China)
were used to determine serum levels of ACP-5, BAP, NXTI, CTXI and
0OC according to the manufacturer’s instructions (Brazvan et al.,
2016).

2.13. Statistical analyses

The results were expressed as the mean + SD. All experiments
were performed with randomization of group assignment via allo-
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cation concealment, blinding of operators, blinding of measure-
ments and blinding of analyses. When only two groups were
compared, a Student’s t-test was used. Multiple comparisons were
evaluated by one-way or two-way Anova (with repeated measures
when appropriate) followed by Tukey-Kramer tests or Bonferroni
corrections. Outcomes were considered statistically significant
with two-tailed P < 0.05.

3. Results
3.1. Characteristics and osteogenic differentiation of BMSCs

After isolation of the BMSCs (Fig. 1A), flow cytometry identified
the purity of BMSCs using a fluorescently labeled antibody. As
shown in Fig. 1B, alizarin red staining verified that BMSCs were
induced into osteoblasts after 21 days of osteogenic induction. As
shown in Fig. 1C, the percentages of CD29-PE-, CD44-FITC-,
CD34-FITC- and CD45-PE-positive BMSCs were 94.87%, 98.98%,
0.45% and 0.16%, respectively. Immunophenotypic studies have
shown that cultured BMSCs are CD29- and CD44-positive but
CD34- and CD45-negative (Kim et al., 2011; Jiang et al., 2010).
BMSCs can be induced into osteoblasts, and alizarin red staining
is used for the identification of osteogenic ability (Li et al., 2019).
Therefore, these data showed that the isolated BMSCs were BMSCs
and could be used for subsequent experiments.

3.2. Icariin treatment/miR-23a-3p knockdown increases ALP activity
and BMSC viability via the BMP-2/Smad5/Runx2 and WNT/B-catenin
pathways in BMSCs

After 9 days of induction with the same serum concentration
(5% and 10%), the ALP activity of the icariin-containing serum
group was significantly higher than that of the icariin-free serum
group. Treatment with the various concentrations of icariin-
containing serum (0%, 2.5%, 5% and 10%) indicated that the ALP
activity was upregulated in a dose-dependent manner (Fig. 2A).
Therefore, we selected 10% icariin-containing serum for the subse-
quent BMSC culture. After icariin treatment or miR-23a-3p knock-
down (markedly decreased miR-23a-3p level; Supplemental
Fig. 1B), ALP activity was significantly upregulated (P < 0.05), and
combined icariin treatment and miR-23a-3p knockdown increased
ALP activity compared to single icariin treatment or miR-23a-3p
knockdown (Fig. 2B, P < 0.05).

As shown in Fig. 2C, BMSC viability in the icariin and miR-23a-
3p inhibitor groups was significantly higher than that in the
icariin-free serum (miR-23a-NC) group (P < 0.05). Surprisingly,
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compared to the single icariin treatment or miR-23a-3p inhibitor
group, BMSC viability was significantly increased in the combined
icariin treatment and miR-23a-3p knockdown group (P < 0.05).
Additionally, Alizarin red staining showed that icariin treatment/
miR-23a-3p knockdown induced osteogenic differentiation of
BMSCs, and combined icariin treatment and miR-23a-3p knock-
down significantly induced osteogenic differentiation of BMSCs
compared to single icariin treatment or miR-23a-3p knockdown
(Fig. 2D, P < 0.05).

RT-PCR and Western blot analyses were used to detect the
mRNA and protein expression levels, respectively, of BMP-2,
BMP-4, Runx2, p-Smad5/Smad5, Wnt1 and B-catenin. After icariin
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treatment or miR-23a-3p knockdown, the protein and mRNA levels
of BMP-2, BMP-4, Runx2, Wnt1 and B-catenin as well as the phos-
phorylation level of p-Smad5 were significantly higher than those
in the miR-23a-NC control group (P < 0.05). In addition, after com-
bined icariin treatment and miR-23a-3p knockdown, the mRNA
and protein levels of BMP-2, BMP-4, Runx2, p-Smad5/Smad5,
Wntl and B-catenin were markedly increased compared to those
in the miR-23a-NC + SI and miR-23a inhibitor groups (Fig. 3A-C).

TargetScan was used to predict the target gene of miR-23a-3p,
which predicted that Runx2 may contain a putative binding site
with miR-23a-3p. The luciferase activity results demonstrated that
cotransfection of the luciferase reporter plasmid containing
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Fig. 3. Icariin treatment/miR-23a-3p knockdown induces the expression of BMP-2, BMP-4, Runx2, p-Smad5, Wnt1 and B-catenin in BMSCs. (A) RT-PCR was used to detect the
expression of BMP-2, Runx2, Smad5, Wnt1 and B-catenin mRNA. (B and C) Western blotting was used to detect the protein expression of BMP-2, BMP-4, Runx2, p-Smad5,
Wnt1 and B-catenin. (D) Dual-luciferase reporter assay was used to verify the relationship of miR-23a-3p and Rnux2. Data are represented as the means + SD (n = 3). *P < 0.05
vs. its miR-23a-NC group. ®P < 0.05 vs. miR-23a-NC + SI group. ®P < 0.05 vs. miR-23a-inhibitor group.

Runx2-Wild type (WT) with the miR-23a-3p inhibitor significantly
decreased the reporter activity compared to the negative control in
BMSCs (P < 0.05), while the miR-23a-3p inhibitor did not affect the
luciferase activity of the Runx2 mutant (MUT). These results
demonstrated that miR-23a-3p directly targets Runx2 in BMSCs
(Fig. 3D).

These results revealed that icariin treatment/miR-23a-3p
knockdown increases ALP activity and BMSC viability, thereby
promoting the osteogenic differentiation of BMSCs via the
BMP-2/Smad5/Runx2 and WNT/B-catenin pathways.

3.3. Icariin treatment/miR-23a-3p knockdown improves osteonecrosis
of the femoral head

In the blank group, HE staining showed (Fig. 4) that the struc-
ture of the femoral head was complete and that the chondrocytes
and trabecular bone were normal. After ONFH modeling, the nor-
mal structures of the femoral head changed, and the number of
cartilage and chondrocytes increased compared to the blank group.
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In addition, ONFH modeling resulted in many empty lacunae com-
pared to the blank group. After injection of BMSCs or miR-23a-NC
BMSCs, chondrocytes proliferation was observed around the
medulla. After icariin treatment, the structure of the cartilaginous
layer was not complete, and the number of cartilage and chondro-
cytes increased compared to the model group. After knockdown of
miR-23a-3p (Supplemental Fig. 1C), the structure of the cartilagi-
nous layer was complete, and the number of cartilage and chon-
drocytes significantly increased compared to the model group.
After combined icariin treatment and miR-23a-3p knockdown,
the number of cartilage and chondrocytes significantly increased,
and the structure of the cartilaginous layer was complete and
trended to normal. HE staining showed that icariin induces new
bone formation of the femur head.

DR of the femur head showed early osteonecrosis in the rat
ONFH model, and the necrotic area was predominantly located in
cancellous bone and the chondral region. In the ONFH model, the
femur head presented shrinkage and partial collapse, and bone tra-
beculae appeared thinner. After icariin treatment or miR-23a-3p
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Fig. 4. Icariin treatment/miR-23a-3p knockdown improves osteonecrosis of the femoral head. (A) HE staining was used to observe the morphological changes of the femoral
head. (B) Digital radiography (DR) was used to observe the femoral head after 28 treatments.

knockdown, necrosis of the femur head was partially repaired.
After combined icariin treatment and miR-23a-3p knockdown,
the cartilage layer and bone trabeculae appeared thicker. The DR
images (Fig. 4) showed that icariin treatment/miR-23a-3p knock-
down accelerates the repair of the femur head.

Thus, HE staining and DR indicated that icariin treatment/miR-
23a-3p knockdown induces bone formation and accelerates the
repair of the femur head, ultimately improving osteonecrosis of
the femoral head.

3.4. Icariin treatment/miR-23a-3p knockdown activates the BMP-2/
Smad5/Runx2 and WNT/p-catenin pathways in the ONFH model

RT-PCR and Western blot analyses (Fig. 5) detected the mRNA
and protein expression levels, respectively, of BMP-2, BMP-4,
Runx2, p-Smad5/Smad5, Wnt1 and B-catenin. Compared to the
blank control group, the mRNA and protein expression levels of
BMP-2, BMP-4, Runx2, p-Smad5/Smad5, Wnt1 and B-catenin in
the ONFH model group were significantly decreased, and their
levels were significantly lower than those in BMSCs group and
miR-23a-NC group (P < 0.05). After icariin treatment or miR-23a-
3p knockdown, the mRNA and protein levels of BMP-2, BMP-4,
Runx2, Wnt1 and B-catenin as well as the phosphorylation level
of p-Smad5 were significantly higher than those in the miR-23a-
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NC group (P < 0.05). In addition, after combined icariin treatment
and miR-23a-3p knockdown, the mRNA and protein levels of
BMP-2, BMP-4, Runx2, p-Smad5/Smad5, Wnt1 and B-catenin were
significantly increased compared to those in the miR-23a-
NC + icariin and miR-23a inhibitor groups. These data showed that
icariin treatment/miR-23a-3p knockdown activates the BMP-2/
Smad5/Runx2 and WNT/B-catenin pathways in the ONFH model.

3.5. Icariin treatment/miR-23a-3p knockdown regulates the levels of
bone formation- and bone resorption-specific markers in ONFH model
rats

At 7 days, 14 days and 28 days after icariin treatment/miR-23a-
3p knockdown, we detected the levels of bone formation- and bone
resorption-specific markers. Fig. 6 shows that the levels of ACP-5,
BAP, NTXI, CTXI and OC in icariin-treated and miR-23a-3p knock-
down rats were significantly higher than those in ONFH model rats.
Surprisingly, compared to the icariin treatment/miR-23a-3p
knockdown group, the levels of ACP-5, BAP, NTXI, CTXI and OC in
the miR-23a-inhibitor + icariin group were significantly increased.
In addition, compared to the corresponding 7-day data, the levels
of ACP-5, BAP, NTXI, CTXI and OC on days 14 and 28 were signifi-
cantly increased. These results revealed that icariin treatment/
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miR-23a-3p knockdown accelerates bone formation and bone
resorption in a time-dependent manner.

4. Discussion

ONFH is a disease of mesenchymal or bone cells that is common
in people who take hormones and ingest alcohol for a long time,
and it can cause femoral head collapse and even require total hip
replacement (Zhang et al., 2010). BMSCs are multipotent cells that
can differentiate into osteoblastic cells under the appropriate con-
ditions (Kreke et al., 2005). Clinically, implantation of BMSCs has
been used as a cellular therapeutic option for the treatment of
ONFH, and implanted BMSCs can differentiate into osteoblasts (Ji
et al., 2008). Traditional Chinese medicine promotes osteoinduc-
tion in the repair of ONFH. Huo Xue Tong Luo capsule (HXTL cap-
sule) promotes osteogenesis in rat MSCs (B. Fang et al., 2019). In
the present study, we successfully isolated rat BMSCs and found
that icariin treatment/miR-23a-3p knockdown induced BMSC via-
bility and osteogenic differentiation via the BMP-2/Smad5/Runx2
and WNT/B-catenin pathways in vitro. Furthermore, implantation
of BMSCs into the femoral head with combined icariin treatment
and miR-23a-3p knockdown accelerated osteogenic differentiation
and improved ONFH (HE staining and DR). In summary, our study
showed that icariin may be developed as an ONFH treatment drug
and that miR-23a-3p may be a target for ONFH treatment.

Chinese herbal medicines are considered economical and safe
because they are less toxic, and they have been used to cure differ-
ent diseases, including ONFH and osteoporosis (Wang et al., 2018;
Yu et al., 2019; Cheng et al., 2014). Osteoblast proliferation and
osteogenic differentiation are the keys to the recovery of ONFH
(Zhao et al., 2010). ALP, a marker enzyme involved in metabolism
and regeneration of bone and other mineralized tissues, is a key
molecule that determines the degree of bone mineralization
(Huang et al., 2019; Halling Linder et al., 2017). Genistein stimu-
lates the proliferation and osteoblastic differentiation of mouse
BMSCs, and it promotes bone anabolism (Pan et al.,2005). Cao
et al. found that icariin promotes osteogenic differentiation
through increased mRNA expression of BMP-2 in BMSCs (Cao
et al., 2012). Zhao et al. found that icariin exerts its potent osteo-
genic effect through induction of Runx2 expression, production
of BMP-4 and activation of BMP signaling (Zhao et al., 2008). Cajan
leaves combined with BMSCs promote vascular endothelial growth
factor (VEGF) expression and improves ONFH repair (Shi, et al.,
2014). Our results supported this previous finding as they showed
that icariin promoted ALP (BAP) levels in BMSCs and ONFH rats.
Furthermore, icariin promoted bone biochemical markers (ACP-5,
BAP, NTXI, CTXI and OC) in the serum of ONFH rats. These data
indicated that icariin promotes osteogenic differentiation of BMSCs
and stimulates bone formation in rats, thereby improving ONFH.

Increasing evidence has indicated that miRNAs play a vital role
in the development of various bone diseases. miRNA microarray
chip analysis has revealed that 22 miRNAs are upregulated and
17 miRNAs are downregulated in nontraumatic ONFH samples
(Wu et al, 2015; Wang et al., 2014). Among all the miRNAs in
ONFH, miR-23a-3p has been reported to be upregulated in both
serum and bone tissue, and the upregulation of miR-23a-3p may
lead to the downregulation of Runx2, which in turn results in less
new bone formation of the trabecular bone (Ramirez-Salazar et al.,
2018; Kelch et al, 2017). In contrast, inhibiting miR-23a-3p
enhances the osteogenic differentiation of BMSCs (Li et al., 2016).
miR-23a downregulation and icariin have the same effect on
hBMSCs in vitro as both promote hBMSC osteogenic differentiation
and activate the Wnt/p-catenin signaling pathway (Xu et al., 2021).
In the present study, RT-PCR analysis indicated that miR-23a-3p
was markedly upregulated in the ONFH model, which agreed with
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previous studies. Interestingly, TargetScan predicted that Runx2
might be a target of miR-23a-3p. Luciferase assays demonstrated
that Runx2 was directly targeted by miR-23a-3p, and their expres-
sion was negatively correlated. Therefore, we identified miR-23a-
3p as a negative regulator of BMSC osteogenic differentiation.
Compared to the control group, the icariin, miR-23a-3p inhibitor
and icariin + miR-23a-3p inhibitor groups significantly promoted
and enhanced the mRNA and protein expression of BMP-2, BMP-
4, Runx2, p-Smad5, Wnt1 and B-catenin with the icariin + miR-
23a-3p inhibitor group resulting in the greatest enhancement of
expression. Therefore, icariin may promote osteogenic differentia-
tion by downregulating miR-23a-3p.

The BMP 2/Smad5/Runx2 and Wnt/B-catenin pathways are the
most important pathways in osteoblast proliferation and differen-
tiation. Bone morphogenetic proteins (BMPs) trigger intracellular
signaling and activate Smad complexes that regulate the transcrip-
tion of BMP-responsive genes, including Runx2 (Leboy et al., 2001).
Several studies have reported that BMP-2, BMP-4 and Runx2 are
osteogenic markers of osteogenesis (Doecke et al., 2006). Zhang
et al. found that icariin promotes bone formation by upregulating
the BMP2/Runx2 and OPG/RANKL pathways under high local con-
centrations of vancomycin treatment (Zhang et al., 2017). Robinson
et al. found that upregulation of the Wnt/B-catenin signaling path-
way is required for bone formation in response to mechanical load-
ing (Robinson et al., 2016). Icariin promotes hBMSC osteogenesis
in vitro via activation of the Wnt/B-catenin signaling pathway
(Xu et al., 2021). Our previous study demonstrated that icariin acti-
vates the WNT1/B-catenin osteogenic signaling pathway in a frac-
ture model (Zhang et al., 2020). In the present study, we found that
icariin treatment/miR-23a-3p knockdown upregulated the levels
of BMP-2, BMP-4, Runx2, p-Smad5, Wnt1 and B-catenin in BMSCs
and ONFH model rats, thereby activating the BMP 2/Smad5/Runx2
and WNT1/B-catenin pathways. In addition to previous research,
the present study demonstrated that icariin promotes osteogenic
differentiation via activation of the BMP 2/Smad5/Runx2 and
Wnt/B-catenin pathways.

5. Conclusion

Icariin promotes BMSC viability and osteogenic differentiation,
thereby improving ONFH via decreasing miR-23a-3p levels and
regulating the BMP-2/Smad5/Runx2 and WNT/B-catenin path-
ways. Icariin plays a positive role in miR-23a-3p-mediated osteo-
genic differentiation and cell viability of BMSCs. Therefore, icariin
may be developed as an ONFH treatment drug.
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