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Abstract 

Background The impaired blood supply to the bones is an important pathological feature of steroid-induced oste-
onecrosis of the femoral head (SIONFH). Danshen is a Chinese herb that shows therapeutic effects on SIONFH, but the 
effects of one of its major bioactive constituents, Tanshinone I (TsI), on SIONFH remain unknown. Here, we evaluated 
the effects of TsI on SIONFH, particularly focusing on its effects on angiogenesis, in in vivo and in vitro research.

Methods SIONFH was induced in Sprague–Dawley rats by an intramuscular injection of methylprednisolone (40 mg/
kg) in combination with an intraperitoneal injection of lipopolysaccharide (20 μg/kg). Morphological alterations of 
the femoral head were observed by dual-energy X-ray absorptiometry and HE staining. Western blot, qRT-PCR, and 
immunohistochemical/immunofluorescence staining were used to determine gene expression.

Results TsI (10 mg/kg) alleviated bone loss and rescued the expression of angiogenesis-related molecules (CD31, 
VWF, VEGF, and VEGFR2) in the femoral heads of SIONFH rats. Notably, TsI rescued the down-regulated expression of 
SRY-box transcription factor 11 (SOX11) in  CD31+ endothelial cells in the femoral heads of SIONFH rats. In vitro stud-
ies showed that TsI preserved the dexamethasone-harmed angiogenic property (migration and tube formation) of 
human umbilical vein cells (EA.hy926), suppressed dexamethasone-induced cell apoptosis, reduced pro-apoptotic 
proteins (cytosolic cytochrome C, Bax, and caspase 3/9) and increased anti-apoptotic protein Bcl-2, whereas silencing 
of SOX11 reversed these beneficial effects.

Conclusions This study demonstrates that TsI alleviates SIONFH and promotes angiogenesis by regulating SOX11 
expression. Our work would provide new evidence for the application of TsI to treat SIONFH.
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Graphical Abstract

Background
Osteonecrosis of the femoral head (ONFH) is a debilitat-
ing skeletal disorder that commonly occurs in young and 
middle-aged individuals [1, 2]. Although many advances 
have been made in joint-preserving treatments, many 
patients still require surgery, usually total hip arthro-
plasty, while the durability of commonly used bone graft 
materials is unsatisfactory [3–9]. Steroids are known to 
be the most common cause of non-traumatic ONFH 
[10–12]. According to a multicenter investigation, among 
patients diagnosed with non-traumatic ONFH, 26.35% 
of males and 55.75% of females have reported corticos-
teroid use, and glucocorticoid intake is positively associ-
ated with an increased risk of non-traumatic ONFH [13]. 
Although several hypotheses have been proposed, the 
etiology and pathology of steroid-induced osteonecrosis 
of the femoral head (SIONFH) are not completely clari-
fied [14].

The impaired blood supply to the bones is considered 
to be the main cause of ONFH [15]. To date, a variety 
of studies have revealed the correlation between ster-
oids and deficient blood supply to bones. Steroids can 
exert direct toxicity on the microvasculature, induce 
endothelial cell apoptosis and lead to the dysfunction of 
vascular endothelial cells [16–20]. It has been reported 

previously that the growth, migration, in vitro tube for-
mation capacity, and cytokine secretion of circulating 
endothelial progenitor cells are impaired in patients with 
SIONFH [21]. In addition to the direct effect on endothe-
lial cells, steroids regulate some essential factors such as 
vascular endothelial growth factor (VEGF) to influence 
angiogenesis [22–24]. In contrast, promoting angiogen-
esis has been proven to significantly relieve SIONFH 
[25–27]. Therefore, enhancing angiogenesis is a prom-
ising approach for the prevention or early treatment of 
SIONFH.

Tanshinone I (TsI) is an important lipophilic diterpene 
extracted from Danshen (Radix Salvia miltiorrhiza). 
Danshen is an essential component of the Chinese herbal 
Huogu formula, which has beneficial effects in the treat-
ment of SIONFH [28]. Danshen has also been found to 
promote angiogenesis in a rabbit model of the avascular 
necrotic femoral head [29]. Additionally, TsI has been 
reported to inhibit osteoclast differentiation and reduce 
the formation of multinuclear osteoclasts [30, 31]. Con-
sistently, Danshen ethanolic extract, in which TsI has 
been identified as one of the major components, has 
been reported to reduce the lipopolysaccharide (LPS)-
induced dental alveolar bone resorption in rats [32]. 
These findings indicate the potential beneficial effect of 
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TsI in preventing osteonecrosis. Nonetheless, the specific 
role of TsI in angiogenesis in OFNH has not been men-
tioned yet. Therefore, investigating the effects of TsI on 
vascular endothelial cells and angiogenesis in ONFH is of 
significance.

SRY-box transcription factor 11 (SOX11) participates 
in embryonic development and promotes nerve regen-
eration [33, 34]. Moreover, it promotes tumor angiogen-
esis through transcriptional regulation of platelet-derived 
growth factor A in mantle cell lymphoma [35–37]. It has 
also been reported that SOX11 overexpression enhances 
the osteogenesis of tendon-derived stem cells and stimu-
lates the tube formation capacity of HUVEC cells [38]. 
Additionally, an obvious decrease in SOX11 expression 
has been observed in dexamethasone (DEX)-treated 
bone marrow mesenchymal stem cells [39]. These find-
ings suggest that SOX11 might be a positive regulator of 
angiogenesis, which supports the therapeutic potential of 
SOX11 in SIONFH. Interestingly, TsI has been found to 
dramatically reverse interleukin (IL)-1β-induced down-
regulation of SOX11 in chondrocytes, thereby inhibiting 
chondrocyte inflammation and apoptosis and preventing 
the development of arthritis [40]. However, whether TsI 
has the same effect on SOX11 has not been investigated 
in SIONFH.

In the present study, we aimed to explore the effects 
of TsI on angiogenesis in SIONFH and to determine 
whether SOX11 is involved in the functions of TsI, hop-
ing that our findings will be helpful for the prevention 
and early treatment of SIONFH.

Methods
Animal grouping and treatment
The protocol of animal experiments was approved by 
the Ethics Committee of the Heilongjiang University 
of Chinese Medicine and performed according to the 
guidelines for the care and use of experimental animals. 
Twelve-week-old male Sprague–Dawley rats (weighing 
420 ± 20  g) were purchased from Liaoning Changsheng 
biotechnology co., Ltd. (SPF grade) and kept in cages 
under standard laboratory conditions (the temperature at 
24℃, 12-h day/night cycle). Rats had free access to food 
and water. After one week of adaptive feeding, these rats 
were randomly divided into the control, SIONFH, and 
SIONFH + TsI groups (12 rats in each group). SIONFH 
models were established as previously described, and rats 
were intraperitoneally injected with lipopolysaccharide 
(LPS; 20  μg/kg/d) for two consecutive days and subse-
quently received an intramuscular injection of methyl-
prednisolone (MPS; 40  mg/kg/d, Pfizer bio, China) for 
three consecutive days [41]. Rats in the control group 
were administered an equivalent amount of 0.9% saline at 
the same time.

Four weeks after the last injection of MPS, rats in the 
SIONFH + TsI group were intraperitoneally injected 
with 10  mg/kg TsI (CAS: 568-73-0, purity ≥ 98%, Alad-
din, China) dissolved in 1% dimethyl sulfoxide (DMSO) 
once a day for four consecutive weeks. Rats in the con-
trol group and SIONFH group were administered an 
equivalent amount of vehicle (1% DMSO) at the same 
time. After the last injection of MPS, the body weight of 
the rats was measured at weeks 0, 1, 2, 3, 4, 5, 6, 7, and 
8. Four consecutive weeks after the TsI injection, all rats 
were killed and the femoral heads were collected for later 
examination.

Morphology evaluation
Dual-energy X-ray absorptiometry was used to deter-
mine the bone mineral density (BMD) of the femoral 
heads. Hematoxylin–eosin (HE) staining was performed 
for histological analysis. Briefly, bone tissue samples were 
fixed in 10% formalin, decalcified in ethylene diamine 
tetra-acetic acid (EDTA; Sigma, USA), embedded in par-
affin, and sectioned at 4  μm. To observe the pathologi-
cal changes in the bone tissues, the stained sections were 
examined under a light microscope (Olympus, Japan), 
and the rate of empty lacunae was calculated as previ-
ously described [42]. Ten fields of each section were ran-
domly selected (under 200 × magnification), and twenty 
bone lacunae were counted in each field. The rate of 
empty lacunae was calculated as the number of empty 
bone lacunae versus the total number of bone lacunae.

Immunohistochemical staining
Immunohistochemical staining was performed to detect 
angiogenesis-related proteins in the femoral head, 
including platelet endothelial cell adhesion molecule-1 
(also known as CD31) and von Willebrand factor (VWF). 
The sections were incubated with primary antibodies 
against CD31 (1:100-diluted, A0378, ABclonal, China) 
and VWF (1:100-diluted, AF3000, Affinity, China) at 
4 °C overnight, followed by incubation with a secondary 
antibody, horseradish peroxidase-conjugated goat-anti-
rabbit IgG (1:500-diluted, #31460, ThermoFisher, USA) 
for 60  min. The sections were then incubated with the 
peroxidase substrate diaminobenzidine (Solarbio, China) 
for 5 min and counterstained with hematoxylin (Solarbio, 
China). Finally, the brown-yellow reaction products were 
observed under a light microscope (Olympus, Japan) at 
400 × magnification.

Immunofluorescence staining
Sections were blocked in goat serum for 15 min at room 
temperature. The sections were then incubated with pri-
mary antibodies against SOX11 (1:100-diluted, DF8614, 
Affinity, China), CD31 (1:100-diluted, 66,065-2-Ig, 
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Proteintech, China), VWF (1:50-diluted, sc-365712, Santa 
Cruz, USA) and RUNX family transcription factor 2 
(RUNX2; 1:50-diluted, 20,700-1-AP, Proteintech) at 4 °C 
overnight. Subsequently, the sections were incubated 
with Alexa Fluor™ 555-labeled goat-anti-rabbit second-
ary antibody (1:200-diluted, A27039, Invitrogen, USA) 
and fluorescein isothiocyanate (FITC)-labeled goat-
anti-mouse secondary antibody (1:200-diluted, ab6785, 
Abcam, UK) at room temperature for 60  min. Finally, 
the samples were counterstained with 4’, 6-diamidino-
2-phenylindole (Aladdin, China) and photographed 
with a fluorescence microscope (Olympus, Japan) at 
400 × magnification.

Cell culture and treatment
The human umbilical vein cell line EA.hy926 is one of the 
most commonly used human vascular endothelial cell 
lines [43]. EA.hy926 was maintained in Dulbecco’s modi-
fied Eagle’s medium (Sigma, USA) supplemented with 
10% (v/v) fetal bovine serum (Sigma, USA) at 37 °C under 
a 5%  CO2 atmosphere. According to a previous study, 
treatment with 10 μM DEX for 48 h significantly induced 
cell apoptosis and impaired the angiogenic properties of 
EA.hy926 cells [25]. To determine the effects of TsI on 
cells exposed to DEX (Aladdin, China), we incubated 
the cells with 20 μM TsI and/or 10 μM DEX for 48 h. To 
determine the role of SOX11 in angiogenesis, cells were 
transfected with SOX11-specific siRNA (si-SOX11) or 
negative control siRNA (si-NC) using Lipofectamine™ 
RNAiMAX Reagent (Invitrogen, USA) according to the 
manufacturer’s instructions.

Cell counting kit‑8 (CCK‑8) assay
Cell viability was measured by the CCK-8 assay. EA.hy926 
cells were seeded into 96-well plates and incubated with 
0, 1, 5, 10, 20, 40, and 80 μM TsI for 48 h. Subsequently, 
10 μl CCK-8 reagent (Beyotime, China) was added to the 
culture medium in each well. One hour later, A450 was 
analyzed using a microplate reader (BIOTEK, USA) to 
represent the cell viability.

EA.hy926 migration assay
The migration of EA.hy926 cells was evaluated by the 
wound-healing assay. Cells were cultured in the serum-
free medium until they reached 100% confluence, and 
a straight scratch was made across the middle of each 
well using a 200-μl pipette tip. The cells were then cul-
tured in the serum-free medium containing 20  μM TsI 
and/or 10 μM DEX for 24 h. At the time points of 0 and 
24 h, images of cells at identical locations were acquired 
under a phase-contrast microscope (Olympus, Japan) 
at 100 × magnification, and the migration rate was 
calculated.

EA.hy926 tube formation assay
EA.hy926 cells were seeded into 96-well plates precoated 
with Matrigel (Corning, USA) at a density of 1 ×  104 
cells per well. Cells were then cultured in the serum-
free medium containing 20  μM TsI and/or 10  μM DEX 
for 16 h. Finally, images of capillary-like structures were 
obtained under a phase-contrast microscope (Olympus, 
Japan) at 100 × magnification, and the number of tubes 
was calculated.

Cell apoptosis assay
The Annexin V-FITC/propidium iodide (PI) kit (Key-
GEN, China) was used to evaluate cell apoptosis accord-
ing to the manufacturer’s instructions. After 48  h of 
incubation with 20 μM TsI and/or 10 μM DEX, the cells 
were harvested, washed with PBS, and resuspended in 
the binding buffer. Next, the cells were incubated with 
Annexin V-FITC/PI for 5–15 min in the dark. Finally, the 
cells were analyzed individually using a flow cytometer 
(ACEA, USA).

RNA extraction and quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted from bone tissues or trans-
fected EA.hy926 cells using an RNApure high-purity 
total RNA rapid extraction kit (BioTeke, China) following 
the manufacturer’s protocol. Afterward, total RNA was 
reverse-transcribed into cDNA using M-MLV reverse 
transcriptase and RNase inhibitor (Takara, Japan). qRT-
PCR was conducted using Taq HS Perfect Mix (Takara, 
Japan) and SYBR Green (BioTeke, China) in an Exicycler 
96 PCR system (BIONEER, Korea). Relative quantifica-
tion of gene expression was determined using the  2−ΔΔCt 
method. β-actin was employed as a housekeeping gene 
for internal normalization. Primer sequences (5′–3′) 
are as follows: Rat Sox11, forward-AGG ATG CCG ACG 
ACC TCA TG, reverse-GAA GTT CGC CTC CAG CCA GT; 
Human SOX11, forward-ACG GTC AAG TGC GTG TTT 
CTG, reverse-TGC TGG TGC GGT GGT TCC TC; Human 
CD31 (gene name PECAM1), forward-AAG ATA GCC 
TCA AAG TCG , reverse-CTG GGC ATC ATA AGA AAT .

Western blot
Bone tissues or EA.hy926 cells were lysed in RIPA lysis 
buffer supplemented with PMSF (Beyotime, China). 
The cytosolic fraction was prepared using a Subcellu-
lar Structure Mitochondrial Extraction Kit (BOSTER, 
China) according to the manufacturer’s instructions. 
Protein samples were then quantified using a BCA pro-
tein assay kit (Beyotime, China). Proteins were loaded 
on SDS-PAGE and transferred to PVDF membranes 
(ThermoFisher, USA). The membranes were then 
blocked with 5% bovine serum albumin (BSA; Biosharp, 
China) and incubated with primary antibodies against 
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VEGF (1:1000-diluted, A16703, ABclonal, China), vas-
cular endothelial growth factor receptor 2 (VEGFR2; 
1:1000-diluted, A5609, ABclonal), Cytochrome C 
(1:1000-diluted, A4912, ABclonal), Bax (1:1000-diluted, 
A19684, ABclonal), Bcl-2 (1:500-diluted, A0208, 
ABclonal), Caspase 3 (1:500-diluted, AF7022, Affin-
ity), Caspase 9 (1:1000-diluted, #9505, Cell Signal-
ing Technology, USA), CD31 (1:1000-diluted, A0378, 
ABclonal), VWF (1:1000-diluted, AF3000, Affinity), 
SOX11 (1:1000-diluted, A17945, ABclonal), and β-actin 
(1:2000-diluted, 60008–1-Ig, Proteintech) at 4  °C over-
night. Finally, the membranes were incubated with sec-
ondary antibodies at 37 °C for 40 min, and proteins were 
visualized using an enhanced chemiluminescence kit (7 
sea Biotech, China).

Statistical analysis
Data are presented as mean ± standard deviation (SD). 
Statistical analysis was performed using GraphPad Prism. 
One-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test was used to compare differences 
between groups. Values with P < 0.05 were considered 
statistically significant.

Results
TsI alleviated bone loss in SIONFH rats
Body weight changes during the study period were shown 
in Fig. 1a. No significant difference was observed among 
the groups. According to the results of HE staining, fewer 
empty lacunae were observed in the SIONFH + TsI group 
compared with the SIONFH group (Fig. 1b and c). Dual-
energy X-ray absorptiometry results showed that BMD 
in the SIONFH group was lower than that in the con-
trol group, whereas TsI treatment increased the BMD of 
SIONFH rats (Fig.  1d). These results indicated that TsI 
treatment alleviated bone loss in rats with SIONFH.

TsI promoted angiogenesis in the femoral heads of SIONFH 
rats
We subsequently investigated the effects of TsI on angio-
genesis in the femoral heads by evaluating the expression 
of angiogenesis-related molecules. Immunohistochemi-
cal staining showed an obvious decrease in CD31 and 
VWF in the femoral heads of rats with SIONFH, whereas 
TsI treatment significantly attenuated the loss of CD31 
and VWF (Fig. 2a). Moreover, TsI markedly rescued the 
MPS-induced reduction in VEGF and VEGFR2 in the 
femoral heads (Fig. 2b). These results suggested that TsI 
promoted angiogenesis in the femoral heads of rats with 
SIONFH.

We further performed immunofluorescence double 
staining for the osteogenic marker RUNX2 and angi-
ogenesis-related molecules. As shown in Additional 

file  1: Fig. S1, both CD31 (Additional file  1: Fig. S1a) 
and VWF (Additional file  1: Fig. S1b) co-localized with 
RUNX2. The expression of CD31, VWF, and RUNX2 in 
the SIONFH group was lower than that in the control 
group, whereas TsI treatment rescued the expression of 
CD31, VWF, and RUNX2. These results indicated that 
TsI restored the reduction of CD31 and VWF not only in 
vascular endothelial cells but also in osteoblasts.

TsI increased the SOX11 expression in the femoral heads 
of rats with SIONFH
Next, we examined the effects of TsI on SOX11 expres-
sion in the femoral heads of SIONFH rats. As shown 
in Fig.  3a, the mRNA level of Sox11 was significantly 
reduced in the femoral heads of rats with SIONFH and 
was markedly increased by TsI treatment. Immuno-
fluorescence staining showed that SOX11 expression 
significantly decreased in CD31-positive endothelial 
cells, whereas TsI treatment elevated SOX11 expression 
(Fig.  3b). These results suggested that SOX11 might be 
involved in the effects of TsI on angiogenesis in the femo-
ral head of SIONFH rats.

TsI suppressed the apoptosis in DEX‑treated EA.hy926 cells
Considering the critical role of endothelial cells in angio-
genesis [44], we used EA.hy926 cells to mimic the ONFH 
endothelial condition in vitro and investigated the effects 
of TsI on EA.hy926 cells exposed to DEX. The CCK-8 
assay indicated that less than 20  μM TsI did not show 
obvious cytotoxicity on EA.hy926 cells (Fig.  4a). The 
apoptosis rate was significantly increased in cells exposed 
to DEX, whereas 20  μM TsI markedly decreased the 
apoptosis rate (Fig.  4b). Western blot analysis revealed 
that TsI significantly decreased the levels of pro-apop-
totic proteins (cytosolic Cytochrome C, Bax, Caspase 
3, and Caspase 9) and rescued the expression of anti-
apoptotic protein Bcl-2 in DEX-treated EA.hy926 cells 
(Fig.  4c, d). These findings suggested that TsI markedly 
protected EA.hy926 cells from DEX-induced apoptosis.

TsI rescued the angiogenic property of DEX‑treated 
EA.hy926 cells
Next, wound-healing and tube formation assays were 
applied to evaluate the effects of TsI on the angiogenesis 
activity of EA.hy926 cells. As shown in Fig. 5a, the DEX-
damaged migration capacity of EA.hy926 cells was rescued 
by TsI treatment. In the tube formation assay, an obvious 
decrease in loop formation was observed in cells exposed 
to DEX in comparison to control cells, whereas more vis-
ible tubes were observed in cells receiving TsI protection, 
indicating the promoting effect of TsI on the angiogenic 
property of EA.hy926 cells (Fig. 5b). Consistently, the pro-
tein levels of VEGF and VEGFR2 were reduced by DEX, 
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Fig. 1 TsI alleviated bone loss in SIONFH rats. a Body weight of rats in each group. b HE staining showed the histological appearance of femoral 
heads (magnification 40 ×, scale bar: 500 μm; magnification 100 ×, scale bar: 200 μm; magnification 400 ×, scale bar: 50 μm). The empty lacunae are 
indicated by black arrows. c The rate of empty lacunae was calculated. d Femoral head bone mineral density (BMD) was measured by dual-energy 
X-ray absorptiometry. **P < 0.01 vs. Control and ##P < 0.01 vs. SIONFH. N = 6 in each group
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Fig. 2 Effects of TsI on angiogenesis in femoral heads of rats with SIONFH. a Immunohistochemical staining for CD31 and VWF in femoral heads of 
rats (magnification 400 ×; scale bars: 50 μm). b Western blot analysis for expression levels of VEGF and VEGFR2 in femoral heads of rats. **P < 0.01 vs. 
Control and ##P < 0.01 vs. SIONFH. N = 6 in each group
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Fig. 3 Effects of TsI on SOX11 expression in femoral heads of rats with SIONFH. a The qRT-PCR was used to measure the mRNA levels of Sox11 in the 
femoral heads of rats. **P < 0.01 vs. Control and ##P < 0.01 vs. SIONFH. N = 6 in each group. b Immunofluorescence staining for SOX11 and CD31 (an 
endothelial cell marker) in femoral heads of rats (magnification 400 ×; scale bar: 50 μm)
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Fig. 4 Effects of TsI on DEX-induced apoptosis of EA.hy926 cells. a Cell viability was detected by the CCK-8 assay after incubation with different 
concentrations (0, 1, 5, 10, 20, 40, 80 μM) of TsI for 48 h. **P < 0.01 vs. 0 μM TsI. EA.hy926 cells were treated with 20 μM TsI and/or 10 μM DEX for 48 h. 
b The apoptosis rate was measured by Annexin V-FITC/PI flow cytometry. c, d Western blot analysis was performed to evaluate the expression levels 
of cytosolic cytochrome C, Bax, Bcl-2, caspase-3, and caspase-9 in EA.hy926 cells. **P < 0.01 vs. Control and ##P < 0.01 vs. DEX. N = 3 in each group
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Fig. 5 Effects of TsI on the angiogenic property of EA.hy926 cells exposed to DEX. EA.hy926 cells were treated with 20 μM TsI and/or 10 μM DEX 
for 48 h. a The wound-healing assay showed the migration capability of EA.hy926 cells. b The tube formation assay was used to measure the 
angiogenesis activity of EA.hy926 cells. c The expression levels of VEGF, CD31, and VWF were measured by Western blot analysis. Magnification 
100 ×; scale bars: 200 μm. **P < 0.01 vs. Control and ##P < 0.01 vs. DEX. N = 3 in each group
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whereas TsI treatment preserved their expression (Fig. 5c). 
These findings indicated that TsI rescued the angiogenic 
property of DEX-treated EA.hy926 cells.

Down‑regulation of SOX11 reversed the protective effects 
of TsI on DEX‑treated EA.hy926 cells
To determine whether SOX11 is involved in the pro-
tective effects of TsI on DEX-treated EA.hy926 cells, 

siRNA against SOX11 or its negative control was 
transfected into EA.hy926 cells. Forty-eight hours 
after transfection, qRT-PCR and Western blot analy-
sis confirmed the down-regulation of SOX11 (Fig.  6a 
and b). Knockdown of SOX11 impaired TsI-induced 
preservation of migration (Fig.  6c), tube formation 
(Fig. 6d), as well as CD31 expression (Fig. 6e) in DEX-
treated EA.hy926 cells. These results indicated that 

Fig. 6 Down-regulation of SOX11 impaired the protective effects of TsI on EA.hy926 cells exposed to DEX. EA.hy926 cells were transfected with 
siRNA against SOX11 or its negative control. Forty-eight hours after cell transfection, a, b qRT-PCR and Western blot were used to determine the 
expression of SOX11 in EA.hy926 cells. c, d Wound-healing and tube formation assays were performed to determine the migration capability and 
angiogenesis activity of EA.hy926 cells, respectively. e The mRNA level of CD31 was detected by qRT-PCR. Magnification 100 ×; scale bars: 200 μm. 
**P < 0.01. N = 3 in each group
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SOX11 was important for the protective effects of TsI 
on the angiogenic property of EA.hy926 cells exposed 
to DEX.

Discussion
Long-term steroid medication is the leading cause of 
non-traumatic ONFH, but its pathogenesis remains 
unclear [13]. In the present study, we determined the 
role of TsI, a major bioactive component of Danshen (a 
Chinese herbal medicine), in promoting angiogenesis 
in in vivo and in vitro models of SIONFH. In our work, 
MPS in combination with LPS was used to establish a 
rat model of SIONFH, as the efficacy of this method has 
been proved in the previous research [41]. We found 
that TsI administration significantly improved the his-
topathological characteristics of ONFH in rats, includ-
ing empty lacunae and bone marrow cell necrosis. In 
addition, TsI treatment dramatically increased the 
BMD of rats with SIONFH. These results strongly sug-
gested that TsI ameliorated steroid-induced bone loss 
of the femoral head in rats.

Steroid-induced impairment of angiogenesis is one of 
the main causes of ONFH [15]. Angiogenic factors play 
essential roles in angiogenesis. VEGF and its receptor 
VEGFR2 can convey signals that promote the prolif-
eration, survival, and migration of endothelial cells, 
thereby accelerating the formation of new blood ves-
sels during bone repair [45]. Other endothelial markers 
such as CD31 and VWF also promoted angiogenesis 
[46]. In the serum samples of patients with SIONFH, 
these angiogenesis-related factors were decreased [47], 
thereby disrupting vascularization and new blood ves-
sel growth into the necrotic bone [48].

As previously reported, injection of the VEGFR2 
antibody into the capsular attachment to the proxi-
mal femur successfully induced a rat model of ONFH 
[49]. In contrast, treatment to promote the expression 
of these angiogenic proteins was confirmed to enhance 
angiogenesis and prevent the progression of ONFH 
[50–52]. Interestingly, Danshen was found to promote 
angiogenesis by increasing the expression of VEGF in 
a rabbit model of the avascular necrotic femoral head 
[29]. Consistently, we found that TsI treatment sig-
nificantly reversed the steroid-mediated inhibition of 
the expression of these angiogenesis-related factors in 
in vivo and in vitro models of SIONFH, suggesting that 
TsI may play a protective role in SIONFH by promoting 
angiogenesis.

Suppression of endothelial cell apoptosis is required for 
the maintenance of blood vessel integrity and angiogen-
esis [44], whereas steroids significantly induced the apop-
tosis of endothelial cells [25, 53]. Mechanistically, DEX 
increased the expression levels of apoptosis indicators (Bax 

and cytosolic Cytochrome C) in endothelial cells [54, 55]. 
In contrast, factors that inhibit apoptosis were shown to 
protect the angiogenic properties of endothelial cells [53].

TsI treatment was found to suppress the pro-apop-
totic effects of paraquat in SH-SY5Y cells and to prevent 
paraquat-induced alterations in Bax, Bcl-2, and cytosolic 
Cytochrome C [56]. Similarly, in the present work, we 
found that TsI treatment rescued endothelial cells from 
DEX-induced apoptosis and markedly decreased pro-
apoptotic proteins and increased anti-apoptotic proteins. 
Moreover, TsI treatment significantly reversed the DEX-
mediated inhibition of endothelial cell migration and 
tube formation, indicating the strong promotion of the 
angiogenic property of endothelial cells. Therefore, we 
speculated that the protective role of TsI in SIONFH was 
partially mediated through the inhibition of endothelial 
cell apoptosis.

To date, the molecular mechanisms underlying the 
pharmacological effects of TsI have not been fully eluci-
dated. Some studies have reported the potential receptors 
for TsI, for example, TsI was found to directly target and 
exhibit inhibitory activities against insulin-like growth 
factor 1 receptor in vascular smooth muscle cells and epi-
dermal growth factor receptor/fibroblast growth factor 
receptor 4 in HEK293 cells, but these interactions have 
not been verified in vascular endothelial cells [57, 58]. 
In this work, we investigated the regulation of SOX11 
expression by TsI.

SOX11 is a SOXC transcription factor that plays an 
important role in skeletogenesis and neurogenesis [59, 
60]. Recent evidence has implicated SOX11 in angio-
genesis [38]. In SOX11-positive mantle cell lymphoma, 
increased tumor angiogenesis and higher levels of pro-
angiogenic factors, including angiopoietin-1 and -2 and 
fibroblast growth factor-1, were observed. Additionally, 
SOX11 could transcriptionally up-regulate the expression 
of platelet-derived growth factor A, thereby promoting 
vessel formation in endothelial cells [35, 36, 61]. Further-
more, SOX11 was identified as a negative regulator of cell 
apoptosis, as it inhibited the activity of caspases, includ-
ing caspase 3, 6, and 7, whereas knockdown of SOX11 
significantly induced cell apoptosis [62–65].

In a model of IL-1β-induced murine osteoarthri-
tis, SOX11 was significantly down-regulated by IL-1β 
in chondrocytes, whereas TsI treatment reversed this 
down-regulation and protected chondrocytes from 
IL-1β-induced apoptosis [40]. Similarly, we found that 
silencing of SOX11 impaired the TsI-mediated protection 
of the angiogenic property of endothelial cells, suggesting 
an essential role of SOX11 in the protective effects of TsI.

However, other molecules or signaling pathways 
may also be implicated in TsI-mediated protective 
roles in angiogenesis. For instance, TsI inhibited the 
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phosphorylation of NF-κB, and activation of NF-κB 
caused endothelial cell death and apoptosis and led to the 
inhibition of angiogenesis [66–68]. Therefore, the benefi-
cial functions of TsI in angiogenesis in SIONFH may also 
be related to the inhibition of NF-κB signaling, which 
requires further research. This study has some limita-
tions. Considering that hyperactivation of osteoclasts is 
intensively implicated in the progression of SIONFH [69, 
70], it is necessary to investigate whether the therapeu-
tic effect of TsI on SIONFH is related to its functions of 
inhibiting osteoclast differentiation [30, 31].

Conclusions
This study reported the beneficial effects of TsI in treat-
ing SIONFH. In vivo studies showed that TsI attenuated 
bone loss and promoted angiogenesis in the femoral 
heads of SIONFH rats. In  vitro studies showed that TsI 
protected endothelial cells from steroid-induced apop-
tosis and preserved the angiogenic properties of the 
cells. Mechanistic studies demonstrated that SOX11 was 
implicated in these protective effects of TsI.
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