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1  | INTRODUC TION

Glucocorticoids are conventionally employed in the treatment of au‐
toimmune and inflammatory diseases, such as nephrotic syndrome, 
systemic lupus erythematosus and rheumatoid arthritis. However, 
the osteonecrosis of the femoral head (ONFH) may occur follow‐
ing high‐dose glucocorticoid treatment.1‐3 In China, 55.75% female 

ONFH patients and 26.35% male ONFH cases were found to be 
glucocorticoid‐induced according to a recent multi‐centre investi‐
gation.4 The destruction and the resultant dysfunction of hip joints 
requiring total hip arthroplasty may occur when ONFH is not treated 
properly. Even so, the majority of patients suffering from ONFH 
are normally young and are in constant need of multiple surgeries 
over their entire life‐time. Therefore, it is important to elucidate the 
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Abstract
The injury and dysfunction of the femoral head microvascular endothelial cells are as‐
sociated with the pathogenesis of glucocorticoid‐induced osteonecrosis of the femo‐
ral head (ONFH). Reports indicate that icariin (ICA) can enhance vascular roles and 
also inhibit endothelial cell dysfunction. However, it still remains unclear whether ICA 
can promote angiogenesis in glucocorticoid‐induced ONFH. In this study, we inves‐
tigate this hypothesis through in vitro and in vivo experiments. Results showed that 
0.1 mg/mL hydrocortisone significantly suppressed bone microvascular endothe‐
lial cells (BMECs) proliferation while ICA at 10−5 mol/L reversed this inhibition. ICA 
significantly promoted BMECs migration, tube formation, the angiogenesis‐related 
cytokines expression and the activation of Akt. Furthermore, ICA enhanced Bcl‐2 
expression but diminished Bax expression. According to in vivo results, rats with ICA 
treatment exhibited a lower ratio of empty lacunae, higher volume of blood vessels 
and more CD31‐positive cells. This study revealed that ICA promotes angiogenesis of 
BMECs in vitro and improves femoral head blood vessel volume of rats treated with 
glucocorticoid, suggesting the efficacy of ICA in the prevention of glucocorticoid‐in‐
duced ONFH.
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pathophysiology of glucocorticoid‐induced ONFH and device ways 
of preventing its occurrence.

Although clinic glucocorticoid use and ONFH occurrence are as‐
sociated strongly, the exact mechanisms are still unclear although 
some factors such as coagulation abnormalities, hyperlipidaemia, 
oxidative stress and endothelial dysfunction are suggested to be in‐
volved.5‐9 These factors are thought to be associated with bone isch‐
aemia due to the interruption of bone‐vascular supply. Moreover, 
reports suggest that glucocorticoids can directly harm the endothe‐
lial cells, causing in vasoconstriction, thrombus formation in the fem‐
oral head and the disturbance of the coagulation‐fibrinolysis system. 
Collectively, these events decrease the blood supply to the trabec‐
ular bone and finally lead to ONFH.10,11 Therefore, maintaining the 
blood circulation within the femoral head is a key step to preventing 
glucocorticoid‐induced ONFH.

Thus, it is possible that pro‐angiogenesis substances can pre‐
vent ONFH by inhibiting endothelial cell injury. As a flavonoid 
isolated from Epimedii Herba, Icariin (ICA; C33H40O15) is a major 
pharmacological active component of this plant. For thousands of 
years, ICA has been widely used in China, Japan and Korea as aph‐
rodisiacs, tonics and anti‐osteoporosis as recorded in the Chinese 
pharmacopeia.12 From earlier reports, ICA has been found to be an 
effective treatment of bone metabolic‐related diseases. Indeed, it 
enhances bone healing13 and prevents osteoporosis14 and ONFH.15 
Furthermore, it was reported vascular function can be promoted by 
ICA as well as inhibiting the endothelial cell dysfunction.16 Chung 
et al17 found that ICA could stimulate in vitro endothelial cell mi‐
gration proliferation, tubulogenesis, and also promote angiogenesis 
in situ by activating PI3K/Akt signal pathway. The protective effect 
of ICA on vascular endothelial cells may be associated with its anti‐
apoptosis effect.16 However, to our knowledge, there is no study on 
whether ICA can prevent ONFH by improving the blood supply and 
promoting angiogenesis.

Given the pro‐angiogenesis and other biological functions of 
ICA, we have been suggested that ICA might enhance the blood 
supply and promote angiogenesis in ONFH. In vitro and in vivo ex‐
periments were used to test this hypothesis.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and treatment

As reported in our previous study, the bone microvascular endothe‐
lial cells (BMECs) were acquired from patients undergoing hip ar‐
throplasty as a result of femoral neck fractures.18 Briefly, Dulbecco's 
modified Eagle's medium (DMEM; Gibco) was used to wash the 
aseptically collected cancellous bone (subchondral region) of the 
femoral head twice for 5 minutes. The supernatant was removed, 
and the bone debris warmly digested with 0.2% of type I collagenase 
(Sigma) for half an hour before they were separated with 0.25% 
Trypsin‐EDTA (Gibco, Invitrogen) for 5 minutes. DMEM was then 
added to inactivate the enzyme solution. Filtration was conducted 
using a 70‐μmol/L cell strainer, followed by centrifugation of the 

solution 430g for 6 minutes after which the supernatant was dis‐
carded. Cell culture was performed using endothelial cell medium 
(ECM; ScienCell) which contained 5 mL recombinant human vascular 
endothelial growth factor, 5% foetal bovine serum (FBS) and anti‐
biotics at 37°C in 5% CO2. After every 3 days, the culture medium 
was changed. Upon reaching 80%‐90% confluence, the cells were 
passaged. The BMECs from two to five passages were used in all ex‐
periments. The expression of the endothelial cell markers CD31 and 
vWF was examined by immunofluorescence. The Institutional Ethics 
Review Committee of the China‐Japan Friendship Hospital approved 
this study. The approved guidelines and regulations were used in all 
experiments on BMECs, and informed consent was obtained from 
all study patients.

2.2 | Cell proliferation and viability

ICA (purity > 98%) was obtained from Solarbio. Dimethyl sulfoxide 
was used to dissolve it, and then, the solution was stored in the dark 
at −20°C. The effect of ICA and hydrocortisone (HC) on BMECs pro‐
liferation and viability was evaluated using the CCK‐8 assay kit in 
accordance with the manufacturer's instructions. 100 μL of ECM and 
10 μL of CCK‐8 solution were added to each well after treatment in 
96 wells, and an additional 2 hours of incubation was performed. The 
micro‐plate reader at 450 nm was used to determine the absorbance 
value.

2.3 | BMECs migration assay

The effect of ICA and HC on BMECs migration was evaluated after 
performing transwell and wound‐healing assays. For the wound‐
healing assay, 5 × 105 BMECs were cultured in 6‐well plates up to 
24 hours until they grew to the required confluence. Thereafter, they 
were treated with ICA or HC for 24 hours. Using a 200‐μL pipette 
tip, a scratch was created on a cell monolayer. At 0 and 24 hours, the 
width of the scratch was measured, and the percentage of scratch 
recovery were determined. For the transwell assay (Corning, 8 μm), 
5 × 105 BMECs were suspended in 200 μL serum‐free medium in 
the upper chambers and then treated with different factors. About 
500 μL ECM comprising of FBS was put in the lower chamber. The 
upper chambers were washed with phosphate buffer saline (PBS), 
and the cells on the top surface of this chamber were scrubbed off 
with a cotton swab at the end of a 12‐hour incubation at 37°C in 5% 
CO2. This was followed by fixation of the cells on the bottom surface 
of the membrane with paraformaldehyde (4%) for 20 minutes, fol‐
lowed by staining with 1% crystal violet for half an hour. The invasive 
cells were evaluated and counted under an optical microscope.

2.4 | BMECs tube formation assay

After coating with 100 μL of Matrigel (BD, USA), the 96‐well plate 
kept under 37°C for 1 hour to allow it to solidify and polymerize. 
BMECs were pre‐treated with ICA or HC for 24 hours with FBS‐free 
condition ECM. Thereafter, seeding of a total of 2 × 105 cells/well 
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was performed on the Matrigel. Tube formation process was moni‐
tored by microscopic visualization at the end of a 6‐hour incubation 
and later quantified by NIH ImageJ.

2.5 | Immunofluorescence staining

BMECs were embedded on round coverslips before placing them in a 
12‐well plate. Paraformaldehyde (4%) was used to fix the BMECs for 
20 minutes after reaching the desired confluence. Then, 0.1% Triton 
X‐100 was used to treat them for 15 minutes, and blocking was done 
for 30 minutes at 37°C using 10% FBS. Subsequently, using rabbit an‐
tibodies against CD31 (Abcam, 1:200) and vWF (Abcam, 1:200), the 
slips were labelled at 4°C overnight. On the following day, PBS was 
used to wash the slices three times and Alexa Fluor™488 secondary 
antibodies (Invitrogen) were employed to immerse them for 1 hours at 
37°C. Then, 5μg/mL 4',6‐diamidino‐2‐phenylindole (DAPI) was used to 
stain the slips for 30 seconds, rinsing done by PBS after which a confo‐
cal laser scanning microscope was used to analyse the results.

2.6 | Western blot analysis

After treatment of BMECs for 24 hours, proteins were extracted by 
RIPA lysis buffer and BCA assay kit (Beyotime) was applied for the 
measurement of total protein concentration. Thereafter, heating at 
95°C for 5 minutes resulted in the denaturing of the proteins. SDS‐
PAGE was used to separate 30 μg sample of proteins, and then, they 
were transferred to PVDF membranes. Blocking of the membranes 
with 5% dried skimmed milk was done and then incubated by primary 
antibodies against VEGF（Abcam, 1:1000）, Akt (Abcam, 1:1000), 
p‐Akt (Abcam, 1:500), Bax (Abcam, 1:1000), Bcl‐2 (Abcam, 1:500) 
and β‐actin (Abcam, 1:3000) overnight at 4°C followed. Afterwards, 
incubation with their corresponding secondary antibodies was con‐
ducted. The bands were observed with Electrochemiluminescence 
Plus Reagent (Invitrogen). Image Lab 3.0 software was used to quan‐
tify the band intensity.

2.7 | The qRT‐PCR assay

TRIzol reagent (Invitrogen) assisted in obtaining the total RNA ex‐
tracts, and cDNA (Takara, Japan) was used to synthesize by the 1ug 
of total RNA. The SYBR Green system (Bio‐Rad) was used to per‐
form qPCR. At a temperature of 95°C for 3 minutes, amplification of 
cDNA samples included 40 cycles of 95°C for 15 seconds and 60°C 
for 45 seconds. Table 1 shows the forward and reverse primers. 

Target gene expressions were normalized to the housekeeping gene 
β‐actin and calculated by the 2−△△Ct method.

2.8 | In vivo studies

2.8.1 | Animal grouping and treatment

The Animal Research Committee of the China‐Japan Friendship 
Hospital approved all procedures that were carried out. Thirty SD 
rats, weighing 260 ± 20 g, were randomly assigned into the following 
groups: (a) the control, (b) the methylprednisolone (MP) group and 
(c) the MP + ICA group. Sequential drug administration for rats in 
the MP group and the MP + ICA group was performed to develop 
the ONFH model. The experimental rats were administered 10 μg/
kg of lipopolysaccharide every 24 hours for 2 days. Then, the rats 
were intramuscularly injected with a dosage of 40 mg/kg MP (Pfizer 
Pharmaceutical, China) three times every 24 hours for 3 days as 
previously described.19 For the control group, a sham injection with 
normal saline administered was given to each rat. Gavage feeding 
of rats in the MP + ICA group with a daily dose of 60 mg/kg ICA for 
6 weeks after the last injection of MP was carried out. The similar 
dosage of saline as the MP + ICA group was administered for rats 
from the control group and the MP group. At 6 weeks from the final 
injection of MP, all rats were killed. Femoral heads were collected 
for further assessment. In all groups, there was no rat dead before 
the assessment.

2.8.2 | Angiography and micro‐CT scanning

At 6 weeks post‐final injection of MP, angiography and micro‐CT 
scanning were utilized to assess the microstructure of the femoral 
heads. Briefly, after the administration of phenobarbital sodium for 
general anaesthesia, 4% paraformaldehyde and MICROFIL (MV‐112, 
Flow Tech, Inc) were perfused into the aorta ventralis of an open ab‐
dominal cavity as previously described.20 Then, the bilateral femoral 
heads were isolated following an overnight storage of rats at 4°C. 
After decalcification, micro‐CT scanning at a voxel of 9 microns was 
used to examine the samples and quantify the total vessel volume 
with CTVol software.

2.8.3 | Haematoxylin and eosin staining

Paraformaldehyde was used to fix the femoral head sam‐
ples for 24 hours at 4°C and then decalcified with 10% 

Gene markers Forward Reverse

VEGF CCCACTGAGGAGTCCAACAT AAATGCTTTCTCCGCTCTGA

CD31 TGTCAAGTAAGGTGGTGGAGTCT AGGCGTGGTTGGCTCTGTT

vWF GGGGTCATCTCTGGATTCAAG TCTGTCCTCCTCTTAGCTGAA

PDGF‐B CTTGGCTCGTGGAAGAAGGA GCGTTGGTGCGGTCTATGA

β‐Actin ACTTAGTTGCGTTACACCCTT GTCACCTTCACCGTTCCA

TA B L E  1   Real‐time PCR gene markers
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ethylenediaminetetraacetic acid (EDTA, pH 7.4) for 40 days. After 
decalcification, the samples were dehydrated in different concen‐
trations of ethanol, embedded in paraffin, cut into 5 μm and stained 
with haematoxylin‐eosin. Assessment of all specimens was carried 
out with a light microscope. In three randomly selected fields, the 
ratio of empty lacunae in the bone was calculated.

2.8.4 | Immunohistochemical analyses

Deparaffinization in xylene and rehydration through a graded series 
of alcohols was conducted for three decalcified specimens from each 
group. At room temperature for 10 minutes, endogenous peroxidase 
activity was blocked by 3% H2O2. This was followed by incubation of 
the sections overnight with the anti‐CD31 antibody (Abcam, 1:200) 
and then with secondary antibody for 30 minutes. Subsequently, 
the DAB peroxidase substrate was used to incubate the sections for 
5 minutes. Counterstaining with haematoxylin, dehydration, clear‐
ing with xylene of all sections were done and then coverslipping. All 
images were captured using the same settings under the microscope 
(Nikon). Image‐Pro Plus software was used to analyse the images of 
immunohistochemical staining in terms of integrated option density 
(IOD) of the total area of trabecular bones and the target protein. 
Subsequently, calculation and counting of the mean density (IOD/
area) were done.

2.9 | Statistical analysis

All data are presented as the mean ± standard deviation (SD). A 
one‐way analysis of variance was used to compare the experimental 
groups followed by Tukey's post hoc test, and then, the count data 

was performed by Fisher's exact probability test. The SPSS version 
21.0 (SPSS Inc) was used for statistical analysis. Values with P < .05 
were regarded as statistically significant.

3  | RESULTS

3.1 | Culture and identification of BMECs

BMECs were isolated from femoral bone tissue at the subchon‐
dral region. Some cell clusters and scattered individual spindle‐
shaped cells were noted 48 hours after the initial cell culture 
(Figure 1A,B). After 14 days of culture, the cells developed the 
typical cobblestone morphology of endothelial cells. The tube 
formation assay results confirmed the angiogenic property of the 
cells in vitro (Figure 1C). The isolated cells showed a high expres‐
sion of CD31 and vWF (Figure 1D,E). These results indicated that 
these cells were BMECs and thus were used in the experiments 
described below.

3.2 | Effects of HC and ICA on BMECs proliferation

The proliferative capacity of BMECs for 48 hours by the CCK8 
assay was examined by the impact of HC (0‐0.2 mg/mL) or ICA 
(10−7‐10−3 mol/L) on it (Figure 2A,B). HC at 0.1 mg/mL obviously 
suppressed cell proliferation, which is consistent with our previ‐
ous studies.21 ICA at 10−3 mol/L significantly decreased cell pro‐
liferation (P < .01), while ICA at 10−5 mol/L significantly promoted 
the proliferation of BMECs (P < .01) relative to the control group. 
Hence, 0.1 mg/mL HC and 10−5 mol/L ICA were used in the fol‐
lowing studies.

F I G U R E  1   Morphology and 
characterization of BMECs. A, Cancellous 
bone in the femoral head was ground 
into broken bone pieces under sterile 
condition. B, 14‐d cultured BMECs grown 
to the desired confluence showing a 
cobblestone morphology. C, In vitro tube 
formation results of BMECs. Cells were 
grown on the Matrigel for 6 h under 
normal growth conditions, and capillary 
tube formation was observed under an 
inverted light microscope. (D) and (E) 
Immunofluorescence staining results of 
CD31 and vWF. The representative CD31‐
positive and vWF‐positive cells were 
identified as BMECs
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For the cell viability tests, four groups of BMSCs were estab‐
lished as (a) the control group; (b) the ICA group, treated with 
10−5 mol/L ICA; (c) the HC group, treated with 0.1 mg/mL HC; 
and (d) the HC + ICA group, treated with 0.1 mg/mL HC and 
10−5 mol/L ICA. As shown in Figure 2C, BMECs proliferation was 
significantly suppressed by HC and this inhibition was reversed 
by ICA.

3.3 | Effects of HC and ICA on BMECs 
migration and angiogenesis

We performed in vitro tests for migration, wound healing and tube 
formation to determine whether ICA affects migration and angio‐
genesis of BMECs in the presence of HC. HC inhibited the wound 
recovery and migration of BMECs (both P < .01) as confirmed by 
the results of wound‐healing and migration assay, while ICA rescued 
the wound recovery process and migration of BMECs (P < .05 and 
P < .01, respectively). It was also found that BMECs treated with ICA 
alone showed higher migration and wound recovery compared to 
the control group (Figure 3A‐C,E,F).

In the tube formation assay, a smaller tube length and no loop 
formation were seen in the HC group. But more visible and longer 
tubes were observed in the HC + ICA group. Besides, we observed 
that BMECs treated with ICA alone had better angiogenesis activity 
compared to the control group (Figure 3D,G,H).

3.4 | ICA promoted angiogenesis‐related 
cytokine expression as well as the activation of Akt 
in the BMECs

Using qRT‐PCR and Western blot analyses, the VEGF expression in 
the BMECs was measured. The mRNA and protein expressions of 
VEGF in the HC group were markedly lower relative to the control 
group. Even so, the expression of VEGF in the HC + ICA group was 
obviously higher compared to the HC treatment alone, Moreover, 
the up‐regulation of VEGF levels in ICA group was found to be rela‐
tive to the control group (Figure 4A‐C).

The expression of another angiogenesis‐related mRNA in the 
BMECs was also explored. CD31 has an important function in the 

adhesion process of endothelial cells. qRT‐PCR results demonstrated 
that HC suppressed the CD31 expression, while ICA significantly up‐
regulated its expression when either administered alone or together 
with HC. vWF is a highly expressed cytokine in the endothelium, and 
PDGF‐B is secreted from endothelial cells. Our results show that HC 
and ICA did not have any effects on vWF and PDGF‐B expression 
(Figure 4D‐F).

The potential mechanism underlying the observed effects of 
ICA was explored by examining the effect of ICA on the Akt signal‐
ling pathway. As shown in Figure 4G‐I, Western blotting showed 
that HC significantly decreased p‐Akt level in the HC alone group 
compared with the control group (P < .01). Pre‐treatment with ICA 
for 24 hours significantly enhanced p‐Akt expression (P < .01). And 
the expression of p‐Akt in the ICA alone did not show any change 
compared with the control group (P > .05). Total Akt levels in each 
group did not change.

3.5 | ICA suppressed the Bax and Bcl‐2‐mediated 
apoptosis in the BMECs

The expression of Bcl‐2 and Bax in the BMECs was detected using 
Western blot analysis. The expression of Bax was remarkably in‐
creased (P < .01), while the expression of Bcl‐2 was decreased in the 
HC group (P < .05) (Figure 5) relative to the control group. However, 
pre‐treatment with ICA markedly reduced the expression of Bax and 
elevated the expression of Bcl‐2 relative to the HC group (P < .05). 
Furthermore, the protein levels of Bcl‐2 and Bax in the ICA group 
were comparable to those of the control group.

3.6 | Histological analysis

The definition of ONFH is the diffuse presence of empty lacunae 
or pyknotic nuclei of osteocytes in the bone trabeculae accompa‐
nied by surrounding bone marrow cell necrosis as previously re‐
ported.22 According to histological analysis, 2 of the 10 rats from 
the ICA group and 8 of the 10 rats from the MP group developed 
ONFH. Fisher's exact probability test showed an obvious decrease 
in the incidence of ONFH in the ICA groups (P < .05; Figure 6E‐F). No 
ONFH was detected in the control group (Figure 6A,B). Relative to 

F I G U R E  2   Effect of HC and ICA on BMECs proliferation. A, B, Cell proliferation results of BMECs treated with different concentrations 
of HC or ICA for 48 h. *indicated P < .05; **indicated P < .01. C, Cell proliferation results of BMECs at 48 and 72 h after incubation with HC 
(0.1 mg/mL) or ICA (10−5 mol/L). *indicated P < .05; **indicated P < .01



     |  7325YU et al.

the MP + ICA group, more empty lacunae and necrotic bone marrow 
cells were noted in the MP group (Figure 6C,D). The rate of empty 
lacunae of the ICA groups was significantly lower relative to the MP 
group (P < .1; Figure 6G).

3.7 | ICA protected the blood vessels from the 
glucocorticoid‐induced ONFH in rats

To assess the blood supply of the femoral head, we applied angi‐
ography to visualize angiogenesis in vivo. Angiographic results 
showed that MP markedly destroyed the blood vessels of femoral 
heads. However, co‐administration of ICA produced significant pro‐
tective effects on blood vessels of the femoral heads (Figure 7A). 

Quantitatively, the MP group had significantly lower volume per‐
centages and blood vessel volumes relative to the control and ICA 
groups (Figure 7C). In addition, immunohistochemical staining for 
CD31, a marker of endothelial cells, revealed similar results as an‐
giography. MP significantly decreased CD31 expression, an effect 
that was reversed by ICA (Figure 7B,D). Therefore, ICA promotes 
angiogenesis in rats with ONFH.

4  | DISCUSSION

In this study, the negative effects of HC on BMECs viability, tube 
formation, apoptosis, angiogenesis‐related cytokines expression and 

F I G U R E  3   Effect of HC and ICA on BMECs migration and angiogenesis. A, B, E, Wound‐healing results of BMECs for different 
treatments. BMECs were treated with 10−5 mol/L ICA, 0.1 mg/mL HC and combination of 10−5 mol/L ICA and 0.1 mg/mL HC for 24 h. 
*indicated P < .05; **indicated P < .01. C, F, Transwell assay results of BMECs for different treatments. BMECs were treated with 10−5 mol/L 
ICA, 0.1 mg/mL HC and combination of 10−5 mol/L ICA and 0.1 mg/mL HC in the lower chamber for 12 h incubation. *indicated P < .05; 
**indicated P < .01. D, G, H, Tube formation assay results of BMECs for different treatments. BMECs were treated with 10−5 mol/L ICA, 
0.1 mg/mL HC and combination of 10−5 mol/L ICA and 0.1 mg/mL HC for 6 h of incubation on the Matrigel.*indicated P < .05; **indicated 
P < .01
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the activation of Akt through in vitro experiments were found to be 
reduced by ICA. We also showed that ICA administration produced 
significant improvement in blood vessel functions in the femoral 
head of glucocorticoid‐treated rats.

As studies have shown that endothelial cell injury and dysfunc‐
tion are closely associated with the pathogenesis of ONFH, many 
studies have used human umbilical vein endothelial cells (HUVECs) 
to replicate the ONFH endothelial condition in vitro. Kerachian et 
al23 suggested that in addition to the heterogeneity of endothelial 
cells in the whole body, the endothelial dysfunction occurs at the 
microvascular bed in the ONFH. However, HUVECs are derived from 
a macrovascular bed that does not exist in adults. Therefore, in our 
study, we used BMECs obtained from the subchondral bone of the 
femoral head to enable a more specific molecular study instead of 
using the non‐specific HUVECs. We observed that the isolated cells 
formed adherent colonies and exhibited a typical cobblestone‐like 
morphology of endothelial cells after 14 days of culture. As previ‐
ously demonstrated, endothelial cells in vitro will form capillary‐like 
tubules when exposed to extracellular matrix protein.24 Similarly, 
we found that BMECs formed a capillary tubular pattern when 

incubated on the Matrigel for 6 hours, which contains a mixture of 
extracellular matrix proteins. Besides, CD 3125 and vWF,26 the stan‐
dard markers of endothelial cells, were highly expressed as revealed 
by the immunofluorescence staining. All these confirmed the pres‐
ence of endothelial cells in the isolates of the subchondral bone of 
the femoral head.

Glucocorticoid is a widely used drug in the clinics and has 
been the leading cause of non‐traumatic ONFH. Seguin et al27 
reported that ONFH and regional endothelial dysfunction are 
strongly associated. Glucocorticoids can directly injure endothe‐
lial cells,10 decrease blood flow to the femoral head28 and com‐
promise microcirculation.29 Eventually, this leads to ischaemia 
and hypoxia which cause avascular necrosis of the femoral head 
and impairs the bone function and structure.30 Consistent with 
previous findings, our in vitro results showed that glucocorticoid 
inhibited angiogenesis of BMECs, including migration, wound 
healing and tube formation.31 Furthermore, we found that ICA 
had a protective role against the negative effects of glucocorti‐
coid on BMECs, which demonstrates that ICA has the potential to 
promote angiogenesis.

F I G U R E  4   Effect of ICA on angiogenic cytokine expression and the activation of Akt in BMECs. A, Western blot analysis of VEGF 
in BMECs following different treatments. B, The results of the Western blot were quantified, and the protein expression of VEGF was 
determined. C‐F, Quantitative RT‐PCR analysis of VEGF, CD31, vWF and PDGF‐B mRNA expression in BMECs following different 
treatments. G, Western blot analysis of Akt and p‐Akt in BMECs following different treatments. H‐I, The results of the Western blot were 
quantified, and the protein expression of p‐Akt and Akt was determined. Each condition was performed in triplicate, *indicated P < .05; 
**indicated P < .01
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VEGF has been shown to be an important cytokine in angiogen‐
esis. It can act directly on endothelial cells to promote proliferation, 
migration and vascularization.32,33 Hence, dysregulation of VEGF 
will have an effect on angiogenesis and consequently the repair 

process.9 In this study, we observed that HC significantly decreased 
VEGF expression in BMECs while ICA promoted its expression. 
Subsequently, we studied the expression of other factors related to 
angiogenesis. CD31 is mainly expressed in endothelial cells and is an 

F I G U R E  5   ICA suppressed the Bax and Bcl‐2‐mediated apoptosis in the BMECs. A, Western blot analyses of Bcl‐2 and Bax expression in 
BMECs following different treatments. B, C, The results of the Western blot were quantified, and the protein expressions of Bcl‐2 and Bax 
were determined. Each condition was performed in triplicate, *indicated P < .05; **indicated P < .01

F I G U R E  6   Histological analysis of 
rat femoral heads. No sign of ONFH was 
observed in the control group (A, B). 
Numerous empty lacunae surrounded by 
necrotic marrow cells were observed in 
the MP group (C, D), while fewer empty 
bone lacunae were observed in the ICA 
group (E, F) compared to the MP group. G, 
Bar shows the ratio of empty lacunae in 
each group. Empty lacunae are indicated 
by black arrows. **indicated P < .01
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endothelial marker.25 Endothelial cells specifically produce vWF, a 
marker that stains newly formed vessels.26 Stimulation of matura‐
tion of the vessel wall is as a result of PDGF‐B, which is secreted by 
endothelial cells.34 Compared to the HC group, our study showed 
that the mRNA expression level of CD31, vWF and PDGF‐B was sub‐
stantially higher in the HC + ICA group. Moreover, ICA alone also 
increased the expression of these factors, which further supports 
the findings that ICA promotes angiogenesis.

The PI3K/Akt pathway has been found to regulate a wide range 
of fundamental cell functions such as survival, growth, migration, 
proliferation and cell cycle progression.35,36 It has been shown that 
activation of the survival signal PI3K/Akt pathway is closely associ‐
ated with vascular angiogenesis.37 Previous study showed that ICA 

stimulated angiogenesis in HUVECs by activation of Akt.17 Our re‐
sults showed that HC decreased Akt activation and angiogenesis in 
BMECs, while ICA increased Akt activation and angiogenesis. These 
results suggest that the angiogenic activity of ICA requires the PI3K/
Akt signal pathway.

Apoptosis is a normal physiological process that plays an es‐
sential role in the progression of ONFH.38 The endothelium is a 
crucial site where the control of apoptosis during angiogenesis  
occurs.39 Furthermore, the suppression of endothelial cell apopto‐
sis is necessary for the maintenance of blood vessel integrity and 
for angiogenesis.40 Previous studies have shown that increased ex‐
pression of Bcl‐2 prevents apoptosis while increased expression of 
Bax promotes apoptosis.41,42 Therefore, the balance between the 

F I G U R E  7   Evaluation of blood supply and revascularization in femoral heads. A, Representative images of blood vessels in the femoral 
heads of rats in each group, white lines represent blood vessels. B, Representative images of CD31 staining in the femoral heads of each 
group; the arrow indicates a CD31‐positive endothelial cell. C, Quantification of total blood vessel volume in the femoral head of each group. 
D, Mean density of CD31 in the femoral head slices of each group. *Indicated P < .05; **indicated P < .01
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expression of Bcl‐2 and Bax determines cell death or survival. Feng 
et al43 found that the level of Bax protein in the ONFH group was ob‐
viously higher compared to the control group and the level of Bcl‐2 
was significantly decreased in the ONFH group. This study found 
that ICA exerted anti‐apoptosis effects in the glucocorticoid‐in‐
duced apoptosis of BMECs by increasing the protein level of Bax and 
decreasing the protein level of Bcl‐2. This finding presents one of the 
mechanisms by which ICA promotes angiogenesis. Further studies 
are warranted to validate these observations.

In the in vivo study, we used LPS combined MPS techniques to 
develop a rat model of ONFH as these methods have been proved 
to be effective in modelling ONFH.44 The MP group showed his‐
topathological characteristics such as empty lacunae and bone 
marrow cell necrosis. After the ICA treatment, the rate of empty la‐
cunae decreased obviously. The results demonstrated that ICA can 
prevent glucocorticoid‐induced ONFH. In addition, we performed 
the micro‐CT‐based microangiography to visualize and quantify the 
blood circulation in the rat femoral head. We found that there were 
significantly more blood vessels in the ICA and control groups com‐
pared with the MP group. Furthermore, using immunohistochemical 
techniques, we observed that the expression of CD31, a biomarker 
for angiogenesis, was enhanced in the ICA group relative to the MP 
group, which further affirmed our hypothesis.

Our study had some limitations. First, many signal pathways 
regulate angiogenic activity; however, our present study only inves‐
tigated the PI3K/Akt signal pathway. Further studies should investi‐
gate them. Second, the dose‐timing effects of ICA treatment on rats 
were not assessed. In the present study, only one dose was applied, 
which was based on data from preliminary studies.45 Whether lon‐
ger treatment periods would more effective was also not conducted 
in this study. Further studies are needed to elucidate that.

In conclusion, this study revealed that ICA promotes angio‐
genesis of BMECs in vitro and improves femoral head blood vessel 
volume of rats treated with glucocorticoid. Therefore, it may be an 
effective and novel therapeutic agent for preventing glucocorticoid‐
related ONFH.

ACKNOWLEDG EMENTS

This study was funded by the National Natural Science Foundation 
of China (No. 81703896 and No. 81673776), the Capital Health 
Research and Development of Special (No. 2016‐2‐4062) and 
Beijing municipal science and technology commission (No. 
Z171100001017209).

CONFLIC T OF INTERE S T

The authors confirm that there are no conflicts of interest.

AUTHOR’ S CONTRIBUTIONS

Huachen Yu carried out the main part of the studies and drafted 
the manuscript. Ju'an Yue and Weiguo Wang helped with the 

animal experiment. Pei Liu and Wei Zuo participated in the statisti‐
cal analysis. Wanshou Guo and Qidong Zhang conceived the study, 
participated in its design and coordination, and helped to draft the 
manuscript. All authors read and approved the final manuscript.

DATA AVAIL ABILIT Y S TATEMENT

All data and materials were included in the manuscript.

ORCID

Huachen Yu  https://orcid.org/0000‐0001‐7189‐058X 

R E FE R E N C E S

 1. Weinstein RS. Glucocorticoid‐induced osteonecrosis. Endocrine. 
2012;41:183‐190.

 2. Tanaka Y, Yoshikawa N, Hattori S, et al. Combination therapy with 
steroids and mizoribine in juvenile SLE: a randomized controlled 
trial. Pediatr Nephrol. 2010;25:877‐882.

 3. Hodson EM, Alexander SI. Evaluation and management of steroid‐
sensitive nephrotic syndrome. Curr Opin Pediatr. 2008;20:145‐150.

 4. Zhao D‐W, Yu M, Hu K, et al. Prevalence of nontraumatic osteo‐
necrosis of the femoral head and its associated risk factors in the 
Chinese population: results from a nationally representative survey. 
Chin Med J (Engl). 2015;128:2843‐2850.

 5. Wang GJ, Cui Q, Balian G. The Nicolas Andry award. The pathogen‐
esis and prevention of steroid‐induced osteonecrosis. Clin Orthop 
Relat Res. 2000;370:295‐310.

 6. Motomura G, Yamamoto T, Miyanishi K, Jingushi S, Iwamoto Y. 
Combined effects of an anticoagulant and a lipid‐lowering agent on 
the prevention of steroid‐induced osteonecrosis in rabbits. Arthritis 
Rheum. 2004;50:3387‐3391.

 7. Kuribayashi M, Fujioka M, Takahashi KA, et al. Vitamin E pre‐
vents steroid‐induced osteonecrosis in rabbits. Acta Orthop. 
2010;81:154‐160.

 8. Ichiseki T, Kaneuji A, Katsuda S, et al. DNA oxidation injury in 
bone early after steroid administration is involved in the patho‐
genesis of steroid‐induced osteonecrosis. Rheumatology (Oxford). 
2005;44:456‐460.

 9. Kerachian MA, Seguin C, Harvey EJ. Glucocorticoids in osteonecro‐
sis of the femoral head: a new understanding of the mechanisms of 
action. J Steroid Biochem Mol Biol. 2009;114:121‐128.

 10. Kerachian MA, Harvey EJ, Cournoyer D, Chow TYK, Séguin C. 
Avascular necrosis of the femoral head: vascular hypotheses. 
Endothelium. 2006;13:237‐244.

 11. Amin Kerachian M, Cournoyer D, Harvey EJ, et al. New insights 
into the pathogenesis of glucocorticoid‐induced avascular necrosis: 
microarray analysis of gene expression in a rat model. Arthritis Res 
Ther. 2010;12:R124.

 12. Zhang G, Qin L, Shi Y. Epimedium‐derived phytoestrogen flavo‐
noids exert beneficial effect on preventing bone loss in late post‐
menopausal women: a 24‐month randomized, double‐blind and 
placebo‐controlled trial. J Bone Miner Res. 2007;22:1072‐1079.

 13. Brandi ML, Collin‐Osdoby P. Vascular biology and the skeleton.  
J Bone Miner Res. 2006;21:183‐192.

 14. Zhu HM, Qin L, Garnero P, et al. The first multicenter and random‐
ized clinical trial of herbal Fufang for treatment of postmenopausal 
osteoporosis. Osteoporos Int. 2012;23:1317‐1327.

 15. Huang Z, Cheng C, Cao B, et al. Icariin Protects against 
Glucocorticoid‐Induced Osteonecrosis of the Femoral Head in 
Rats. Cell Physiol Biochem. 2018;47:694‐706.

https://orcid.org/0000-0001-7189-058X
https://orcid.org/0000-0001-7189-058X


7330  |     YU et al.

 16. Wang YK, Huang ZQ. Protective effects of icariin on human umbili‐
cal vein endothelial cell injury induced by H2O2 in vitro. Pharmacol 
Res. 2005;52:174‐182.

 17. Chung B‐H, Kim J‐D, Kim C‐K, et al. Icariin stimulates angiogenesis 
by activating the MEK/ERK‐ and PI3K/Akt/eNOS‐dependent signal 
pathways in human endothelial cells. Biochem Biophys Res Commun. 
2008;376:404‐408.

 18. Yue Ju'an, Wan F, Zhang Q, et al. Effect of glucocorticoids on 
miRNA expression spectrum of rat femoral head microcirculation 
endothelial cells. Gene. 2018;651:126‐133.

 19. Dong Y, Li Y, Huang C, Gao K, Weng X. Systemic application of 
teriparatide for steroid induced osteonecrosis in a rat model. BMC 
Musculoskelet Disord. 2015;16:163.

 20. Yang F, Xue F, Guan J, Zhang Z, Yin J, Kang Q. Stromal‐cell‐derived 
factor (SDF) 1‐alpha overexpression promotes bone regeneration 
by osteogenesis and angiogenesis in osteonecrosis of the femoral 
head. Cell Physiol Biochem. 2018;46:2561‐2575.

 21. Yu QS, Guo WS, Cheng LM, Lu YF, Shen JY, Li P. Glucocorticoids 
significantly influence the transcriptome of bone microvascu‐
lar endothelial cells of human femoral head. Chin Med J (Engl). 
2015;128:1956‐1963.

 22. Yamamoto T, Irisa T, Sugioka Y, et al. Effects of pulse methylpred‐
nisolone on bone and marrow tissues: corticosteroid‐induced os‐
teonecrosis in rabbits. Arthritis Rheum. 1997;40:2055‐2064.

 23. Kerachian MA, Cournoyer D, Harvey EJ, Chow T, Séguin C. Isolation 
and characterization of human bone‐derived endothelial cells. 
Endothelium. 2007;14:115‐121.

 24. Arnaoutova I, Kleinman HK. In vitro angiogenesis: endothelial cell 
tube formation on gelled basement membrane extract. Nat protoc. 
2010;5:628‐635.

 25. Muraoka N, Shum L, Fukumoto S, Nomura T, Ohishi M, Nonaka K. 
Transforming growth factor‐beta3 promotes mesenchymal cell pro‐
liferation and angiogenesis mediated by the enhancement of cyclin 
D1, Flk‐1, and CD31 gene expression during CL/Fr mouse lip fusion. 
Birth Defects Res A Clin Mol Teratol. 2005;73:956‐965.

 26. Uras N, Oguz SS, Zergeroglu S, et al. CD31 and Factor VIII in an‐
giogenesis of normal and pre‐eclamptic human placentas. J Obstet 
Gynaecol. 2012;32:533‐536.

 27. Seguin C, Kassis J, Busque L, et al. Non‐traumatic necrosis of bone 
(osteonecrosis) is associated with endothelial cell activation but not 
thrombophilia. Rheumatology (Oxford). 2008;47:1151‐1155.

 28. Boss JH, Misselevich I. Osteonecrosis of the femoral head of lab‐
oratory animals: the lessons learned from a comparative study 
of osteonecrosis in man and experimental animals. Vet Pathol. 
2003;40:345‐354.

 29. Wei J, Shi YU, Zheng L, et al. miR‐34s inhibit osteoblast prolifera‐
tion and differentiation in the mouse by targeting SATB2. J Cell Biol. 
2012;197:509‐521.

 30. Lian JB, Stein GS, van Wijnen AJ, et al. MicroRNA control of 
bone formation and homeostasis. Nat Rev Endocrinol. 2012;8: 
212‐227.

 31. Zhang Y, Yin J, Ding H, et al. Vitamin K2 ameliorates damage of 
blood vessels by glucocorticoid: a potential mechanism for its pro‐
tective effects in glucocorticoid‐induced osteonecrosis of the fem‐
oral head in a rat model. Int J Biol Sci. 2016;12:776‐785.

 32. Yang C, Yang S, Du J, et al. Vascular endothelial growth factor gene 
transfection to enhance the repair of avascular necrosis of the fem‐
oral head of rabbit. Chin Med J (Engl). 2003;116:1544‐1548.

 33. Carmeliet P, Ferreira V, Breier G, et al. Abnormal blood vessel de‐
velopment and lethality in embryos lacking a single VEGF allele. 
Nature. 1996;380:435‐439.

 34. Mittermayr R, Slezak P, Haffner N, et al. Controlled release of fibrin 
matrix‐conjugated platelet derived growth factor improves isch‐
emic tissue regeneration by functional angiogenesis. Acta Biomater. 
2016;29:11‐20.

 35. Ku YH, Cho B‐J, Kim MJ, et al. Rosiglitazone increases endothelial 
cell migration and vascular permeability through Akt phosphoryla-
tion. BMC Pharmacol Toxicol. 2017;18:62.

 36. Vivanco I, Sawyers CL. The phosphatidylinositol 3‐Kinase AKT 
pathway in human cancer. Nat Rev Cancer. 2002;2:489‐501.

 37. Lee MY, Luciano AK, Ackah E, et al. Endothelial Akt1 mediates an‐
giogenesis by phosphorylating multiple angiogenic substrates. Proc 
Natl Acad Sci USA. 2014;111:12865‐12870.

 38. Tao S‐C, Yuan T, Rui B‐Y, Zhu Z‐Z, Guo S‐C, Zhang C‐Q. Exosomes 
derived from human platelet‐rich plasma prevent apoptosis induced 
by glucocorticoid‐associated endoplasmic reticulum stress in rat 
osteonecrosis of the femoral head via the Akt/Bad/Bcl‐2 signal 
pathway. Theranostics. 2017;7:733‐750.

 39. Williams TA, Verhovez A, Milan A, Veglio F, Mulatero P. Protective 
effect of spironolactone on endothelial cell apoptosis. Endocrinology. 
2006;147:2496‐2505.

 40. O'Connell BJ, Genest J Jr. High‐density lipoproteins and endothelial 
function. Circulation. 2001;104:1978‐1983.

 41. Nomura M, Shimizu S, Ito T, et al. Apoptotic cytosol facilitates Bax 
translocation to mitochondria that involves cytosolic factor regu‐
lated by Bcl‐2. Cancer Res. 1999;59:5542‐5548.

 42. Delbridge AR, Grabow S, Strasser A, Vaux DL. Thirty years of 
BCL‐2: translating cell death discoveries into novel cancer thera‐
pies. Nat Rev Cancer. 2016;16:99‐109.

 43. Feng Z, Zheng W, Tang Q, et al. Fludarabine inhibits STAT1‐me‐
diated up‐regulation of caspase‐3 expression in dexametha‐
sone‐induced osteoblasts apoptosis and slows the progression 
of steroid‐induced avascular necrosis of the femoral head in rats. 
Apoptosis. 2017;22:1001‐1012.

 44. Yu Z, Fan L, Li J, et al. Lithium prevents rat steroid‐related osteo‐
necrosis of the femoral head by beta‐catenin activation. Endocrine. 
2016;52:380‐390.

 45. Hu Y, Sun BO, Liu K, et al. Icariin Attenuates High‐cholesterol Diet 
Induced Atherosclerosis in Rats by Inhibition of Inflammatory Response 
and p38 MAPK Signaling Pathway. Inflammation. 2016;39:228‐236.

How to cite this article: Yu H, Yue J, Wang W, et al. Icariin 
promotes angiogenesis in glucocorticoid‐induced 
osteonecrosis of femoral heads: In vitro and in vivo studies.  
J Cell Mol Med. 2019;23:7320–7330. https ://doi.org/10.1111/
jcmm.14589 

https://doi.org/10.1111/jcmm.14589
https://doi.org/10.1111/jcmm.14589

