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Abstract
Background: To investigate the effect and underlying mechanism of Bushenhuoxue formula (BSHXF) on
steroid-related osteonecrosis of the femoral head (SONFH).

Methods Seventy-�ve male New Zealand white rabbits were divided into three groups: control group,
model group and BSHXF group. Rabbit SONFH was induced by methylprednisolone (MPS) combined
with lipopolysaccharide (LPS). At week 2 and 6 post induction, the corresponding number of rabbits were
sacri�ced, and the femoral heads were harvested for tissue analyses, including histopathology,
mechanical test of femoral heads, micro-CT, tartrate-resistant acid phosphatase (TRAP) staining,
immunohistochemistry for p-P65 and co-staining of TRAP and alkaline phosphatase (ALP). Additionally,
the serum TRACP5b level was measured using enzyme-linked immunosorbent assay (ELISA). Meanwhile,
we also evaluated the effect of BSHXF treatment on osteoclastogenesis in vitro. The protein level of
cathepsin K (CTSK), P65, p-P65 and NFATc1 in rabbit femoral heads and RAW264.7 cells were detected,
respectively.

Results: At weeks 2 and 6 post induction, the elevated TRAP, p-P65 expression and reduced ALP
expression were observed in the model group, with decreases in weight-bearing capacity of femoral
heads and bone mass. After BSHXF treatment, the ratio of empty lacuna and the incidence of
osteonecrosis in BSHXF group were markedly lower than that in model group. Micro-CT evaluation
indicated that BSHXF has a preventive effect on bone loss in rabbit SONFH. In addition, BSHXF treatment
increased weight-bearing capacity of femoral heads and reduced TRAP+ osteoclasts and serum
TRACP5b level. Interestingly, CTSK, p-P65 and NFATc1 upregulation in necrotic femoral head could be
reversed by BSHXF treatment, which also effectively inhibited RANKL-induced osteoclast differentiation
and down-regulated CTSK, p-P65 and NFATc1 expression in vitro.

Conclusions: BSHXF could inhibit osteoclastogenesis and bone resorption on rabbit steroid-related
osteonecrosis of the femoral head by suppressing NF-κB/NFATc1 pathway. 

Background
Steroid-related osteonecrosis of the femoral head (SONFH) usually occurs after high-dose steroid
treatment for several diseases, such as severe acute respiratory syndrome (SARS), and systemic lupus
erythematosus (SLE) [1–3]. As a degenerative and refractory bone disease, it ultimately leads to the
collapse of subchondral bone and total hip joint replacement [4, 5]. Subchondral collapse of femoral
head is strongly associated with changes in osteoclast and osteoblast activities [6–8], ie, a dominate
bone resorption of necrotic bone without adequate repair of bone formation [9, 10]. Meanwhile, previous
study reported that osteogenic process takes about 3 months to establish new bone with good
mechanical properties, while the osteoclastic process only needs about 3 weeks to affect the bone
structure of trabeculae [7]. Current treatments for ONFH focus on preventing the subchondral collapse,
including core decompression with autologous bone graft [9] and/or implanted marrow cell therapy [11],
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etc, which do not always prevent progress to subchondral collapse. Thus, if bone resorption associated
with osteonecrosis can be inhibited or delayed until su�cient new bone with good mechanical properties
has formed, it would appear that the collapse of the femoral head could be delayed or avoided. Although
several clinical studies have reported satisfactory results in the treatment of ONFH with bisphosphonates
[12, 13], there are also serious side effects in the jaw and femur regions [14, 15]. Therefore, exploration of
novel and e�cient agents that have therapeutic effects targeting the osteoclasts are urgently needed.

Osteoclast (Oc), derived from hematopoietic progenitor, accomplish bone resorption by secreting acid and
proteases in the bone microenvironment and then dissolving the organic bone matrix [16]. Receptor
activator of nuclear factor-κB ligand (RANKL), a transmembrane ligand, interacts with its receptor RANK
to activate a cascade of intracellular signaling pathways [17] and then induce osteoclasts differentiation.
Meanwhile, these signaling cascades enable the expression of Oc function-related genes and proteins,
including tartrate resistant acid phosphatase (TRAP) and cathepsin K (CTSK), thus eventually leading to
the formation of mature osteoclasts [16, 18].

NF-κB is a family of transcription factors, including the signaling proteins p65 (RelA), c-Rel, RelB, NF-κB1
(p105-p50) and NF-κB2 (p100-p52), which are involved in cell proliferation, apoptosis, in�ammatory
response, immune response [19]. NF-κB activation, in response to RANKL or TNF, has been shown to
activate the transcription factor c-Fos and T cell nuclear factor (NFATc1), both of which are critical for the
induction of osteoclastogenesis [20, 21]. Several osteoporosis animal models have con�rmed that
activation of NF-κB/NFATc1 signaling pathway can induce osteoclast differentiation and increased
osteoclast activity [22, 23]. Meanwhile, another study showed that ONFH is related to the up-regulation of
NF-κB signaling pathway [24]. However, it has not been reported whether there is a correlation between
NF-κB/NFATc1 signaling pathway and osteoclast formation in ONFH.

Traditional Chinese medicine (TCM) has become a promising complementary and alternative medicine
for ONFH with limited side effects [25]. According to the theories of TCM, su�cient essence of kidney and
liver is the key to maintaining bone homeostasis and bone regeneration [26]. In addition, a previous study
proved that the main pathogenesis of osteonecrosis of the femoral head is blood-stasis [27].
Bushenhuoxue formula (BSHXF), a tonifying kidney and promoting blood circulation decoction, have
been shown to be effective in the treatment of SONFH in clinic in China, but the underlying mechanisms
remain unclear.

Thus, we aimed to investigate BSHXF for the preventive effects in rabbit SONFH and to examine its
possible mechanisms.

Material And Methods
Preparation of BSHXF

Ten kinds of herbal medicines in BSHXF were offered from the First A�liated Hospital of Zhejiang
Chinese Medical University (Hangzhou, China). The extraction process described as follows contains two
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parts: aqueous and ethanol extracts. In brief, eight of these herb medicines, Rehmannia glutinous
(Liboscb), Eucommia ulmoides (Oliv.), Aconitum carmichaeli (Debx.), Lyciumbarbarum (L.), Cornus
o�cinalis (Sieb.), Carthamus tinctorius (L.), Glycyrrhiza uralensis (Fisch.) and Dioscoreae opposite
(Thunb.), were mixed in a ratio of 3:2:2:2:1:1:1:2 and then used for aqueous extraction. Cinnamomum
cassia (Presl) and Prunus persica (Batsch.) were mixed in a ratio of 1:2 for ethanol extraction. At last, the
two types of extracts were thoroughly mixed and concentrated to 2 g crude drug/ml and stored at -20 °C
for further use. We have performed the high-performance liquid chromatography (HPLC) to identify the
active ingredients of BSHXF. In our study, the major six constituents including loganin, amygdalin,
pinoresinol diglucoside, cinnamaldehyde, liquiritin and hydroxysa�or yellow A were identi�ed [28].
Animals And Modeling

Seventy-�ve 28-week-old male New-Zealand white rabbits weighting 3 ~ 4 kg were obtained from the
animal center of Zhejiang Chinese Medical University (SCXK 2015-0004). All rabbits were fed a standard
diet and water ad libitum. Meanwhile, our studies were conducted in accordance with the guides
established by the Committee on the Ethics of Animal Experiments of Zhejiang Chinese Medical
University.

All rabbits were randomly divided into 3 groups: control (N = 30), model (rabbits with steroid-related
ONFH, N = 30), BSHXF (rabbits with steroid-related ONFH treated with BSHXF, N = 15). The rabbit steroid-
related osteonecrosis of the femoral head was induced according to previous study [29]. Brie�y, 10 µg/kg
body weight of lipopolysaccharide (LPS; Sigma, USA) was injected intravenously on day 0. Twenty-four
hours after LPS injection, three intramuscular injections of 20 mg/kg body weight of methylprednisolone
(MPS; P�zer, USA) were given, at a time interval of 24 h.

Drug Administration

Rabbits in BSHXF group with oral BSHXF (2.38 g/kg body weight/day) for 6 consecutive weeks post
induction. The dose for oral administration was determined according to the dosage conversion formula
[30]. The same dose of 0.9% normal saline was fed to the rabbits of control and model group.

Biochemical Analysis

At week 2 and 6 post induction, blood sample was taken from the three groups, and the serum of
samples was prepared by centrifugation at 12000 rpm and 4 °C for 5 minutes, and �nally stored the
serum at -80 °C. Using a TRACP5b assay kit (Nanjing JianchengBioengineering Institute, Nanjing, China)
to quantify the serum TRACP5b, which is a serum marker of bone resorption.

Tissue Sample Preparation

At week 2 post induction, �fteen rabbits in the control and model groups were sacri�ced, and the bilateral
femora were obtained. At week 6 post induction, �fteen rabbits in each group were sacri�ced, and the
bilateral femora were also obtained.
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The right femurs of rabbits were �xed in 4% paraformaldehyde (pH 7.4) for 3 days, and then scanned by
a micro-CT equipment (Skyscan 1176, Bruker microCT N.V., Kontich, Belgium). Next, bone samples were
decalci�ed with 10% EDTA solution for 30 days and embedded in para�n. The 3-µm-thick coronal
sections were used for hematoxylin & eosin (H&E) staining, tartrate-resistant acid phosphatase (TRAP)
staining, and immunohistochemistry. The left femurs of rabbits were used for western blots and
mechanical test, respectively.

Histopathology

Osteonecrosis lesions in steroid-related rabbits were observed by histopathological examination. The
evaluation criteria for osteonecrosis were based on the previous study by Yamamoto et al [31].
Osteonecrosis was determined when there were necrosis of medullary hematopoietic cells or fat cells,
empty lacunae or pyknotic nuclei in osteocytes. Rabbit with one or more osteonecrosis lesions was
considered to be osteonecrosis-positive one [32]. Meanwhile, the ratio of empty lacunae was calculated
for each femoral head by H&E staining.

Micro-CT Analysis And Mechanical Test

The representative femoral head images of rabbits were obtained from a micro-CT equipment. NRecon,
CTAn and CTVol were used to reconstruct and analyze parameters of images of the femoral head,
respectively. We selected the subchondral bone of rabbit femoral head as the region of interest (red area,
Fig. 2D). Ten consecutive images from the region of interest of rabbit femoral head were used for 3-D
reconstruction and analysis. Then the trabecular bone volume per tissue volume (BV/TV), trabecular
thickness (Tb. Th), trabecular separation (Tb. Sp) were calculated.

At weeks 2 and 6 post induction, the femoral heads of three groups were tested for the weight-bearing
capacity using the axial compression testing machine (EnduraTec TestBenchTM system, Bose Corp.,
USA). The working principle of the axial compression testing machine was to apply a static load to the
femoral head at a speed of 0.5 mm/min (schematic diagram, Fig. 2H). During the load deformation
process of the femoral head, the appearance of the �rst mechanical turning point was considered as the
weight-bearing capacity of the femoral head.

Immunohistochemistry

Co-staining for TRAP and alkaline phosphatase (ALP) was performed by a TRAP/ALP stain kit following
the manufacturer’s protocol (294-67001, Wako, Japan). The 3-µm-thick coronal sections were treated with
0.3% hydrogen peroxide for 10 min to reduce endogenous peroxidase activity. The 3-µm-thisck coronal
sections were incubated in 0.01 mol/L citrate buffer (pH 6.0) at 60 °C for 4 h antigen retrieval.
Subsequently, the sections were treated with primary antibodies of p-P65 (diluted 1:200, LS-B652, LSBio)
and incubated overnight at 4 °C. After washing, HRP-conjugated second goat anti-rabbit antibody (diluted
1:1000) was added for 20 min, and DAB was used for detecting positive staining while hematoxylin for
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counterstaining. Finally, we calculated the number of positively stained cells in �ve consecutive sections
of each rabbit.

Preparation Of BSHXF-mediated Serum

Twenty 8-week-old SD rats weighting 200 g were randomly divided into control group and BSHXF group.
The rats of BSHXF group were fed with BSHXF (1 mg/10 g body weight) once a day for 7 days [30]; the
same dose of 0.9% normal saline was fed to the rats of control group. The blood sample of two groups
were taken from the abdominal aorta, and the serum of samples was prepared by centrifugation at
5000 rpm and 4 °C for 10 minutes, and �nally stored the serum at -80 °C.

Trap Staining And Cell Proliferation Assay

In the experiments of in vitro and in vivo, tartrate-resistant acid phosphatase (TRAP) staining was
performed to identify osteoclasts. The number of cells per mm2 was used to calculate osteoclast
formation in the experiments of in vivo. In the experiments of in vitro, RAW264.7 cells (5 × 103 cells/well)
were seeded in 6-well plates and cultured in α-minimum essential medium containing 10% (v/v) FBS. The
cells were divided into a control group and three treatment groups, which treated with BSHXF serum (0,
10%) or Bay 11-7082 (2 µM, NF-κB pathway inhibitor). The effective concentration of Bay 11-7082 (2 µM)
we used as described previously [33]. And Bay 11-7082 (#S2913) was purchased from Selleckchem
(Houston, TX, USA). RANKL (50 ng/ml, PeproTech) was used to induce osteoclast formation in the three
treatment groups. Six days later, the cells of all groups were �xed and stained with TRAP staining
solution. Among them, cells with at least 3 nuclei were considered as osteoclasts

Using Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan) to test cell proliferation. RAW264.7 cells
(5 × 103 cells/well) were seeded in 96-well plates and incubated in 37 °C, 5%CO2 humidi�ed atmosphere
overnight. After removing the supernatant and washing with phosphate buffered saline, the cells were
cultured in FBS-free medium containing different concentrations of BSHXF-mediated serum. Twenty-four
hours later, 10 µl CCK8 solution was added to each well and incubated for 3 h, then the absorbance
values were measured at 490 nm.

Western Blot

The effects of BSHXF-mediated serum on NF-κB pathways in RAW264.7 cells were evaluated by Western
blotting. The RAW264.7 cells were seeded (5 × 103 cells/well) into 6-well plates and divided into 4 groups:
a control group and 3 groups treated with BSHXF serum (0, 10%) or Bay 11-7082 (2 µM). RAW264.7 cells
were induced into osteoclasts by RANKL for 6 days. At day 7, all cells were lysed in lysis buffer to obtain
total protein extracts and the expression levels of cathepsin K (CTSK), P65, p-P65, NFATc1 were
determined. Proteins extracts were loaded on SDS-PAGE gel and transferred to PVDF membranes. The
membranes were blocked with 5% non-fat milk for 1 h and then incubated overnight at 4˚C with primary
antibody against CTSK (diluted 1:1000, ab188604, Abcam), P65 (diluted 1:1000, bs-0465R, Bioss), p-P65
(diluted 1:1000, LS-B652, LSBio), NFATc1 (diluted 1:1000, NB300-620, Novus Biologicals Inc.,) and
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GAPDH (diluted 1:10000, G8795, Sigma-Aldrich), followed by incubation with the corresponding
secondary antibodies at room temperature for 1 h. Finally, the densities of the bands were visualized with
an Image Quant LAS 4000 (EG, United States).

The protein expression levels of CTSK, P65, p-P65, NFATc1 in the rabbit femoral heads were also detected
by western blot, and the steps are the same as above

Statistical analysis

All data were described as means ± standard deviation (SD). Fisher's exact probability test and
independent-samples t-test and one-way ANOVA test were performed in the present research using SPSS
software. A P value of less than 0.05 was considered signi�cant.

Results
In rabbit steroid-related ONFH, the balance of bone resorption and bone formation has been disrupted at
an early stage

H&E staining showed the osteonecrotic changes of each rabbit. The model group showed typical
osteonecrotic changes at weeks 2 (early stage of rabbit SONFH) and 6 post induction, which was
consistent with previous report [34], including bone marrow oedema, broken trabeculae, empty bone
lacunae surrounded by necrotic marrow cells or �brous connective tissue (Fig. 1A). Meanwhile, the
osteonecrotic changes were more serious at the time-point of 6 weeks post induction. At weeks 2 and 6
post induction, the incidence of osteonecrosis in model group was 66.7% (10/15), 86.7% (13/15),
respectively (Fig. 1B). Moreover, the ratio of empty lacunae at week 6 post induction was signi�cantly
higher than that at week 2 post induction (Fig. 1C). Micro-CT images of control group showed the
subchondral bone of femoral heads was �nely spread and integrated. However, the subchondral
trabeculae of model group were damaged, and the damage was more serious as time goes on (Fig. 1D).
Compared to the control group, BV/TV and Tb.Th were signi�cantly lower in the model group, while Tb.Sp
was higher (Fig. 1E, F, G). In addition, mechanical test at week 6 post induction showed the weight-
bearing capacity of the femoral head of the model group was signi�cantly lower than that of the control
group (Fig. 1I), which can re�ect the obvious bone loss in the necrotic femoral heads at this moment. 

The result of double staining for TRAP and ALP showed that there was an increase in the expression of
TRAP+ osteoclast (Oc) and a decrease in the expression of ALP+ osteoblast (Ob) in the model group
(Fig. 1J). Additionally, the ratio of TRAP+ Oc/ALP+ Ob increased with the extension of time post induction
(Fig. 1K). These results indicated that the balance of bone resorption and bone formation has been
disrupted at an early stage in rabbit SONFH.

Upregulated NF-κB pathway in necrotic femoral head is associated with osteoclastogenesis
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To con�rm the osteoclastogenesis, the sections of femoral head were stained with TRAP. As shown in
Fig. 2A, compared to the control group, the model group showed more TRAP+ osteoclasts in the femoral
heads. In addition, the number of osteoclasts at week 6 post induction was more than that at week 2 post
induction (Fig. 2B). Similarly, changes in serum TRACP5b levels were consistent with histological
changes (Fig. 2C).

To determine whether osteonecrotic changes are associated with NF-κB signaling pathways, we
performed immunohistochemical staining of p-P65 in the sections of rabbit femoral head. The sections
of rabbit femoral head were positive for p-P65 by immunohistochemical staining, especially the necrotic
femoral head sections (Fig. 2D). Meanwhile, the protein expression of p-P65 at weeks 2 and 6 post
induction in model group were signi�cantly higher than that in control group (Fig. 2E). The results
indicated that high osteoclast activity in model group may be related to the excessive activation of NF-κB
signaling pathways.

BSHXF attenuates osteonecrotic changes and prevents bone loss in steroid-related ONFH in rabbits

At week 6 post induction, the effect of BSHXF treatment on SONFH were examined by H&E staining to
observe the osteonecrotic changes of each rabbit. The BSHXF group compared to the model group
showed fewer empty bone lacunae and relatively intact structure of medullary cavity (Fig. 3A). The
incidence of osteonecrosis in BSHXF group was 33.3% (5/15), which was lower than 86.7% (13/15) in
model group (Fig. 3B). Moreover, up-regulated ratio of empty lacunae observed in model group was
reduced by BSHXF treatment (Fig. 3C). 

The 3-D images of Micro-CT scanning indicated that the subchondral trabeculae of model group were
severely damaged (Fig. 3D). Interestingly, BSHXF group showed a good protective effect on the
subchondral trabeculae compared to the model group (Fig. 3D). Consistent with 3-D general view, BV/TV
and Tb.Th were increased in the BSHXF group, while Tb.Sp was decreased (Fig. 3E, F and G). Meanwhile,
mechanical test at week 6 post induction indicated that BSHXF treatment increased the weight-bearing
capacity of femoral heads (Fig. 3H).

BSHXF inhibits osteoclastogenesis may through suppressing NF-κB/NFATc1 pathway in steroid-related
ONFH in rabbits

As shown in Fig. 4A and 4B, TRAP staining showed numerous TRAP+ osteoclasts in the femoral head of
model group, which was signi�cantly decreased after BSHXF treatment. In line with histological
observations, the serum TRACP5b level were dramatically increased in model group. Treatment with
BSHXF signi�cantly reduced the serum TRACP5b level (Fig. 4C). Additionally, we also found that BSHXF
signi�cantly downregulated the expression of NFATc1, CTSK and p-P65 in femoral heads (Fig. 4D). All
these results indicated that BSHXF had effect on suppression of osteoclastogenesis may through
inhibiting NF-κB/NFATc1 pathway. 

BSHXF inhibits RANKL-induced osteoclast differentiation by suppressing NF-κB/NFATc1 pathway in vitro
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RANKL (50 ng/ml) induced RAW264.7 cells for 6 days, many multinucleated osteoclasts were generated,
however, cells in the control group without the presence of RANKL did not observe osteoclast formation
(Fig. 5A). Addition of BSHXF serum (10%) and Bay 11-7082 (2 µM, acts as a positive control group) into
the same cultures showed the similar results, both of which inhibited osteoclast formation as measured
by TRAP staining (Fig. 5A). CCK8 tested the effect of the corresponding concentrations of BSHXF on
RAW264.7. (Fig. 5B). Notably, osteoclasts in cultures that were treated with BSHXF not only reduced the
number of osteoclasts, but also changed the morphology of osteoclasts, which contains fewer numbers
of nuclei compared to osteoclasts in RANKL alone group (Fig. 5C and D). In addition, BSHXF treatment
signi�cantly reduced abundance of NFATc1, CTSK and p-P65 in RANKL-induced osteoclast differentiation
(Fig. 5E). The results indicated that BSHXF had effect on suppression of osteoclastogenesis by inhibiting
NF-κB/NFATc1 pathway. 

Discussion
Bone homeostasis is controlled by the dynamic balance between osteoclast-mediated bone resorption
and osteoblast-mediated bone formation [35]. When bone homeostasis is disrupted, it can cause many
orthopedic diseases, such as osteoporosis [36] and osteonecrosis [37–39]. Osteonecrosis of the femoral
head is a complex disease that causes loss of bone microstructural integrity, which leads to the collapse
of the femoral head and ultimately to the need for total hip replacement [40]. Recently, the imbalance in
ONFH between osteoclastogenesis and osteogenesis has become a concern [37]. The pathological
mechanism of collapses of the femoral head is that osteoclast-mediated bone resorption is stronger than
osteoblast-mediated bone formation [7, 12, 41], which leads to bone loss. Therefore, inhibiting osteoclast
activity and promoting osteoblast activity are the key to prevent collapse of femoral head. As the
initiating factor of the collapse of femoral head, osteoclast activity should be inhibited as early as
possible, which may delay or avoid the collapse of the femoral head.

For thousands of years, chinese medicine has been widely utilized in China to treat bone-related diseases.
Among them, BSHXF has been proven to reduce cartilage degeneration in mice osteoarthritis [28], and
effectively treat SONFH in clinic in China. However, the underlying mechanism of BSHXF in the treatment
of SONFH was unknown. In the present study, we found that BSHXF has the effect on suppression of
osteoclastogenesis by suppressing NF-κB/NFATc1 pathway in rabbits SONFH.

In a series of pathological examinations, we found that osteonecrotic lesions in SONFH rabbits showed
bone marrow oedema, broken trabeculae, empty lacunae surrounded by necrotic marrow cells or �brous
connective tissue, which are the typical osteonecrotic characteristics of this disease. After BSHXF
treatment, the osteonecrotic changes were improved and the incidence of osteonecrosis was also
reduced. Micro-CT scanning results showed that BSHXF treatment can effectively preserve the bone
mass of subchondral bone in the femoral head, which can be re�ected from the data of bone volume
(BV/TV), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp). These results suggest that
BSHXF could prevent bone loss in SONFH rabbits.
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Furthermore, we evaluated the inhibitory effect of BSHXF on osteoclastogenesis in vitro and in vivo,
respectively. The elevated TRAP expression and reduced ALP expression were observed in the model
group at weeks 2 and 6 post induction, with decreases in weight-bearing capacity of femoral heads and
bone mass. Our �ndings on animal models are not only consistent with previous reports [7, 8, 37], but for
the �rst time demonstrated that the balance between bone resorption and bone formation has been
disrupted during the early stage of rabbit SONFH. In vivo treatment with BSHXF, we found that BSHXF
reduced TRAP+ osteoclasts and serum TRACP5b level and down-regulated the expression of CTSK, which
may act by inhibiting NF-κB/NFATc1 signaling pathways in rabbits with SONFH. In order to con�rm the
inhibitive effects of BSHXF on osteoclastogenesis, we used BSHXF-mediated serum to interfere with
RANKL-induced osteoclast differentiation. By calculating the number of TRAP+ osteoclasts, we found
that BSHXF-mediated serum can effectively inhibit osteoclast differentiation by affecting the activity of
transcription factors in the NF-κB/NFATc1 signaling pathways.

SONFH is closely related to the up-regulation of NF-κB expression [24]. Meanwhile, activation of NF-κB
and transcription factor NFATc1 promotes osteoclast differentiation, which was reported in other bone
diseases models [42, 43]. Interestingly, we found that the increase of osteoclasts in the necrotic femoral
head was also accompanied by upregulation of NF-κB and NFATc1 expression, which leads us to believe
that the correlation also exists in SONFH. It is well known that NF-κB acts as an initiator of NFATc1
induction during RANKL-induced osteoclastogenesis. Previous studies found that one hour after the
interaction of RANKL with RANK, p50 and p65 (two components of NF-κB) activate the NFATc1 promoter,
indicating the close relationship between NF-κB and NFATc1 [44, 45]. Another study demonstrated that
the activity of NFATc1 was signi�cantly inhibited after treatment with dehydroxymethylepoxyquinomicin
(DHMEQ) (an NF‐κB inhibitor) [46]. As is shown in our study, both in vivo and in vitro evidence indicate
that BSHXF could effectively inhibits osteoclastogenesis, which is achieved by inhibiting NF-κB/NFATc1
signaling pathway.

Conclusions
In conclusion, our study revealed that BSHXF reduces abnormal osteoclastogenesis in SONFH by
inhibiting NF-κB/NFATc1 signaling pathway. Thus, BSHXF should be considered as a potential candidate
drug for the treatment of SONFH.

Abbreviations
BSHXF: Bushenhuoxue formula; SONFH: steroid-related osteonecrosis of the femoral head; MPS:
methylprednisolone; LPS: lipopolysaccharide; ALP: alkaline phosphatase; ELISA: enzyme-linked
immunosorbent assay; CTSK: cathepsin K; SARS: severe acute respiratory syndrome; SLE: systemic lupus
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H&E: hematoxylin & eosin; DHMEQ: dehydroxymethylepoxyquinomicin.



Page 12/23

Declarations
Ethics approval and consent to participate

All animals were handled according to the Council for International Organization of Medical Sciences on
Animal Experimentation (World Health Organization, Geneva, Switzerland) and Zhejiang Chinese Medical
University guidelines for laboratory animals. The protocol was approved by the Committee on the Ethics
of Animal Experiments of Zhejiang Chinese Medical University. 

Consent for publication

Not applicable. 

Availability of data and materials

The datasets generated or analyzed during the current study are available from the corresponding author
upon written request. 

Competing interests

The authors declare that they have no con�icts of interest. 

Authors' contributions

PZ and HSF performed the main experiments of this work. HHX, QM and WHY contributed to the
materials acquisition and data analysis. CJX, ZYS and RX helped modify the data analysis. LF and QWG
conducted the animal experiment. SFH and PEW designed this work. PZ wrote the paper. PJT and HTJ
critically reviewed all content. All authors approved the version of the manuscript. 

Funding

This study gets large supports from Chinese National Natural Science Foundation (Grants Nos.81973869,
81904221, 81873324, and 81873325), Traditional Chinese Medical Administration of Zhejiang Province
(Grant Nos.2018ZA034, 2018ZZ011, 2019ZQ018, and 2020ZA117); Health Commission of Zhejiang
Province (Grant Nos. 2019RC225); Opening Project of Zhejiang Provincial Preponderant and
Characteristic Subject of Key University (Chinese Traditional Medicine), Zhejiang Chinese Medical
University (Grant Nos. ZYX2018001 , ZYX2018004, and ZYXYB2019003), Natural Science Foundation of
Zhejiang Province (Grant Nos. LQ16H270007). 

Acknowledgments

We wish to thank Dr. Luwei Xiao (Institute of Orthopaedics and Traumatology, the First A�liated Hospital
of Zhejiang Chinese Medical University, Hangzhou, Zhejiang, P.R. China) for his valuable proposals in
revised paper.



Page 13/23

References
[1] C.C. Mok, C.S. Lau, R.W.J.B.J.o.R. Wong, Risk factors for avascular bone necrosis in systemic lupus
erythematosus. Br J Rheumatol. 1998;37:895.

[2] L.K. So, A.C. Lau, L.Y. Yam, T.M. Cheung, E. Poon, R.W. Yung, et al. Development of a standard
treatment protocol for severe acute respiratory syndrome. Lancet. 2003;361:1615-7.

[3] X.H. Xie, X.L. Wang, H.L. Yang, D.W. Zhao, L. Qin, Steroid-associated osteonecrosis: Epidemiology,
pathophysiology, animal model, prevention, and potential treatments (an overview). J Orthop Translat.
2015;3:58-70.

[4] M. Moriya, K. Uchiyama, N. Takahira, K. Fukushima, T. Yamamoto, K. Hoshi, et al. Evaluation of bipolar
hemiarthroplasty for the treatment of steroid-induced osteonecrosis of the femoral head. Int Orthop.
2012;36:2041-7.

[5] W.A. Rahman, D.S. Garbuz, B.A. Masri, Total hip arthroplasty in steroid-induced osteonecrosis: early
functional and radiological outcomes. Can J Surg. 2013;56:41-6.

[6] T. Mikami, T. Ichiseki, A. Kaneuji, Y. Ueda, T. Sugimori, K. Fukui, et al. Prevention of steroid-induced
osteonecrosis by intravenous administration of vitamin E in a rabbit model, J Orthop Sci. 2010;15:674-7.

[7] C. Wang, X. Wang, X.L. Xu, X.L. Yuan, W.L. Gou, A.Y. Wang, et al. Bone microstructure and regional
distribution of osteoblast and osteoclast activity in the osteonecrotic femoral head, PLoS ONE.
2014;9:e96361.

[8] C. Wang, H. Meng, Y. Wang, B. Zhao, C. Zhao, W. Sun, et al. Analysis of early stage osteonecrosis of the
human femoral head and the mechanism of femoral head collapse, Int. J. Biol. Sci. 2018;14:156-164.

[9] Y. Assouline-Dayan, C. Chang, A. Greenspan, Y. Shoenfeld, M.E. Gershwin, Pathogenesis and natural
history of osteonecrosis, Semin. Arthritis Rheum. 2002;32:94-124.

[10] M.H. Chan, P.K. Chan, J.F. Gri�th, I.H. Chan, L.C. Lit, C.K. Wong, et al.  Steroid-induced osteonecrosis
in severe acute respiratory syndrome: a retrospective analysis of biochemical markers of bone
metabolism and corticosteroid therapy, Pathology.2006;38:229-35.

[11] P. Hernigou, A. Poignard, S. Zilber, H. Rouard, Cell therapy of hip osteonecrosis with autologous bone
marrow grafting, Indian J Orthop.2009; 43:40-5.

[12] K.A. Lai, W.J. Shen, C.Y. Yang, C.J. Shao, J.T. Hsu, R.M. Lin, The use of alendronate to prevent early
collapse of the femoral head in patients with nontraumatic osteonecrosis. A randomized clinical study, J
Bone Joint Surg Am.2005;87: 2155-9.



Page 14/23

[13] S. Agarwala, D. Jain, V.R. Joshi, A. Sule, E�cacy of alendronate, a bisphosphonate, in the treatment
of AVN of the hip. A prospective open-label study, Rheumatology (Oxford).2005;44:352-9.

[14] S.C. Kim, D.H. Kim, H. Mogun, W. Eddings, J.M. Polinski, J.M. Franklin, et al. Impact of the U.S. Food
and Drug Administration's Safety-Related Announcements on the Use of Bisphosphonates After Hip
Fracture, J. Bone Miner. Res. 2016;31:1536-40.

[15] C.J. Wotton, J. Green, A. Brown, M.E.G. Armstrong, S. Floud, V. Beral, G.K. Reeves, Use of oral
bisphosphonates and risk of hospital admission with osteonecrosis of the jaw: Large prospective cohort
study in UK women, Bone. 2019;124:69-74.

[16] W.J. Boyle, W.S. Simonet, D.L. Lacey, Osteoclast differentiation and activation, Nature. 2003;423:337-
42.

[17] S. Tanaka, K. Nakamura, N. Takahasi, T. Suda, Role of RANKL in physiological and pathological bone
resorption and therapeutics targeting the RANKL-RANK signaling system, Immunol. Rev. 2005;208:30-49.

[18] H. Takayanagi, The role of NFAT in osteoclast formation, Ann. N. Y. Acad. Sci. 2007;1116:227-37.

[19] R.C. Rickert, J. Jellusova, A.V. Miletic, Signaling by the tumor necrosis factor receptor superfamily in
B-cell biology and disease, Immunol. Rev. 2011;244:115-33.

[20] T. Kubota, M. Hoshino, K. Aoki, K. Ohya, Y. Komano, T. Nanki, et al. NF-kappaB inhibitor
dehydroxymethylepoxyquinomicin suppresses osteoclastogenesis and expression of NFATc1 in mouse
arthritis without affecting expression of RANKL, osteoprotegerin or macrophage colony-stimulating
factor, Arthritis Res. Ther. 2007;9:R97.

[21] H. Takayanagi, S. Kim, T. Koga, H. Nishina, M. Isshiki, H. Yoshida, A. Saiura, M. Isobe, et al. Induction
and activation of the transcription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal
differentiation of osteoclasts, Dev. Cell. 2002; 3:889-901.

[22] B.F. Boyce, Z. Yao, L. Xing, Functions of nuclear factor kappaB in bone, Ann. N. Y. Acad. Sci.
2010;1192:367-75.

[23] Y. Abu-Amer, NF-κB signaling and bone resorption, Osteoporos Int. 2013;24:2377-86.

[24] J. Pei, L. Fan, K. Nan, J. Li, Z. Shi, X. Dang, et al. Excessive Activation of TLR4/NF-κB Interactively
Suppresses the Canonical Wnt/β-catenin Pathway and Induces SANFH in SD Rats, Sci Rep.
2017;7:11928.

[25] Y.A. Yeh, J.H. Chiang, M.Y. Wu, C.H. Tsai, H.C. Hsu, H.C. Hsu, et al.  Association of Traditional Chinese
Medicine Therapy with Risk of Total Hip Replacement in Patients with Nontraumatic Osteonecrosis of the
Femoral Head: A Population-Based Cohort Study, Evid Based Complement Alternat Med. 2019; 5870179.



Page 15/23

[26] L. Li, H. Liu, W. Shi, H. Liu, J. Yang, D. Xu, et al. Insights into the Action Mechanisms of Traditional
Chinese Medicine in Osteoarthritis, Evid Based Complement Alternat Med. 2017;5190986.

[27] T. Yu, Z. Zhang, L. Xie, X. Ke, Y. Liu, The in�uence of traditional Chinese medicine constitutions on the
potential repair capacity after osteonecrosis of the femoral head, Complement Ther Med. 2016; 29:89-93.

[28] P.E. Wang, L. Zhang, J. Ying, X. Jin, C. Luo, S. Xu, et al. Bushenhuoxue formula attenuates cartilage
degeneration in an osteoarthritic mouse model through TGF-β/MMP13 signaling, J Transl Med.
2018;16:72.

[29] L. Qin, G. Zhang, H. Sheng, K.W. Yeung, H.Y. Yeung, C.W. Chan, et al. Multiple bioimaging modalities in
evaluation of an experimental osteonecrosis induced by a combination of lipopolysaccharide and
methylprednisolone, Bone. 2006;39:863-71.

[30] W.H. Chen, X.Y. Kong, R. Wan, C.S. Xiao, L. Li, Z.Y. Wang, et al. Effects of huogu I formula (I) on
correlated factors of bone regeneration in chickens with steroid-induced necrosis of femoral head, Chin J
Integr Med. 2012;18:378-84.

[31] T. Yamamoto, T. Irisa, Y. Sugioka, K. Sueishi, Effects of pulse methylprednisolone on bone and
marrow tissues: corticosteroid-induced osteonecrosis in rabbits, Arthritis Rheum. 1997;40:2055-64.

[32] G. Zhang, L. Qin, H. Sheng, K.W. Yeung, H.Y. Yeung, W.H. Cheung, et al. Epimedium-derived
phytoestrogen exert bene�cial effect on preventing steroid-associated osteonecrosis in rabbits with
inhibition of both thrombosis and lipid-deposition, Bone. 2007;40:685-92.

[33] S. Liu, L. Zhu, J. Zhang, J. Yu, X. Cheng, B. Peng, Anti-osteoclastogenic activity of isoliquiritigenin via
inhibition of NF-κB-dependent autophagic pathway, Biochem. Pharmacol. 2016;106:82-93.

[34] L.Z. Zheng, H.J. Cao, S.H. Chen, T. Tang, W.M. Fu, L. Huang, et al. Blockage of Src by Speci�c siRNA
as a Novel Therapeutic Strategy to Prevent Destructive Repair in Steroid-Associated Osteonecrosis in
Rabbits, J. Bone Miner. Res. 2015;30:2044-57.

[35] S.L. Teitelbaum, Bone resorption by osteoclasts, Science. 2000;289:1504-8.

[36] L. Xia, Z. Yin, L. Mao, X. Wang, J. Liu, X. Jiang, et al. Akermanite bioceramics promote osteogenesis,
angiogenesis and suppress osteoclastogenesis for osteoporotic bone regeneration, Sci Rep.
2016;6:22005.

[37] Y. Jiang, Y. Zhang, W. Chen, C. Liu, X. Li, D. Sun, et al. Achyranthes bidentata extract exerts
osteoprotective effects on steroid-induced osteonecrosis of the femoral head in rats by regulating
RANKL/RANK/OPG signaling, J Transl Med. 2014;12:334.

[38] L. Zhou, S.J. Yoon, K.Y. Jang, Y.J. Moon, S. Wagle, K.B. Lee, et al. COMP-angiopoietin1 potentiates the
effects of bone morphogenic protein-2 on ischemic necrosis of the femoral head in rats, PLoS ONE.



Page 16/23

2014;9:e110593.

[39] C. Wang, J. Peng, S. Lu, Summary of the various treatments for osteonecrosis of the femoral head by
mechanism: A review, Exp Ther Med. 2014; 8:700-706.

[40] M.A. Kerachian, C. Séguin, E.J. Harvey, Glucocorticoids in osteonecrosis of the femoral head: a new
understanding of the mechanisms of action, J. Steroid Biochem. Mol. Biol. 2009;114:121-8.

[41] J.G. Hofstaetter, J. Wang, J. Yan, M.J. Glimcher, The effects of alendronate in the treatment of
experimental osteonecrosis of the hip in adult rabbits, Osteoarthr. Cartil. 2009;17:362-70.

[42] S. Vaira, M. Alhawagri, I. Anwisye, H. Kitaura, R. Faccio, D.V. Novack, RelA/p65 promotes osteoclast
differentiation by blocking a RANKL-induced apoptotic JNK pathway in mice, J. Clin. Invest.
2008;118:2088-97.

[43] T.N. Crotti, S.M. Sharma, J.D. Fleming, M.R. Flannery, M.C. Ostrowski, S.R. Goldring, et al. PU.1 and
NFATc1 mediate osteoclastic induction of the mouse beta3 integrin promoter, J. Cell. Physiol.
2008;215:636-44.

[44] J.H. Kim, N. Kim, Regulation of NFATc1 in Osteoclast Differentiation, J Bone Metab. 2014;21:233-41.

[45] B.F. Boyce, Y. Xiu, J. Li, L. Xing, Z. Yao, NF-κB-Mediated Regulation of Osteoclastogenesis, Endocrinol
Metab (Seoul). 2015;30:35-44.

[46] C. Dou, Y. Chen, N. Ding, N. Li, H. Jiang, C. Zhao, et al. Xanthotoxin prevents bone loss in
ovariectomized mice through the inhibition of RANKL-induced osteoclastogenesis, Osteoporos Int.
2016;27:2335-2344.

Figures



Page 17/23

Figure 1

In rabbit steroid-related ONFH, the balance of bone resorption and bone formation has been disrupted at
an early stage (A) Histological features of rabbit femoral heads. The model group shows empty bone
lacunae or pyknotic nuclei of osteocytes (black arrowheads), �brous connective tissue (black arrows)
alongside newly formed bone (blue arrows), broken trabeculae (purple arrow), and marrow oedema (green
arrows) surrounded by necrotic marrow cells. In the control group, no sign of SONFH was observed. Scale
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bar, 200μm. (B) The incidence of osteonecrosis at weeks 2, 6 after SONFH induction. (C) The empty bone
lacunae ratio in the model and control groups. (D) Three-dimensional micro-CT image of the femoral
heads subchondral bone (sagittal view) of rabbits. The red area indicates the subchondral bone. (E-G)
Quantitative analysis of bone volume/total volume (BV/TV), trabecular thickness (Tb.Th) and trabecular
separation (Tb.Sp). (H) Mechanical test schematic diagram. (I) Weight-bearing capacity of femoral heads
are tested at weeks 2, 6 after SONFH induction. (J) Co-staining of TRAP activity (blue arrowheads) and
ALP-positive osteoblasts (green arrowheads) at weeks 2, 6 after SONFH induction. Scale bar, 150μm. (K)
Quantitative analysis of TRAP+.Oc/ALP+.Ob at weeks 2, 6 after SONFH induction. The data are shown as
the means ± SD; *P 0.05, ***P 0.001, ****P 0.0001.
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Figure 2

Upregulated NF-κB pathway in necrotic femoral head is associated with osteoclastogenesis (A) Changes
of TRAP+ osteoclasts in rabbit femoral heads at weeks 2, 6 after SONFH induction. The model group
shows numerous TRAP+ osteoclasts both in the subchondral bone and the medullary trabeculae (blue
arrowheads) at weeks 2, 6 post- induction. Scale bar, 200μm. (B) Quantitative analysis of TRAP+
osteoclasts at weeks 2, 6 post induction. (C) Serum TRACP5b level in the model and control groups at the
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two time points. (D) Immunohistochemistry of p-P65 in rabbit femoral heads in the model and control
groups (green arrowheads). Scale bar, 200μm. (E) Positive cell ratio of p-P65 in rabbit femoral heads. The
data are shown as the means ± SD; *P 0.05, **P 0.01.

Figure 3

BSHXF attenuates osteonecrotic changes and prevents bone loss in steroid-related ONFH in rabbits (A)
Histological features of normal bone from normal rabbits, and osteonecrotic bone from rabbits with
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SONFH with or without BSHXF treatment. The model group shows typical osteonecrotic changes, while
the BSHXF group attenuates osteonecrotic changes, with fewer empty bone lacunae and necrotic marrow
cells. Scale bar, 200μm. (B) The incidence of osteonecrosis in the model group and the BSHXF group at
week 6 after SONFH induction. (C) The empty bone lacunae ratio in the three groups. (D) Three-
dimensional micro-CT image of the femoral heads subchondral bone (sagittal view) of rabbits. (E-G)
Quantitative analysis of bone volume/total volume (BV/TV), trabecular separation (Tb.Sp) and trabecular
thickness (Tb.Th). (H) Weight-bearing capacity of femoral heads in the model group and the BSHXF
group are tested at week 6 after SONFH induction. The data are shown as the means ± SD; *P 0.05, **P
0.01, ***P 0.001.

Figure 4

BSHXF inhibits osteoclastogenesis by suppressing NF-κB pathway in steroid-related ONFH in rabbits (A)
Changes of TRAP+ osteoclasts in rabbit femoral heads of the three groups at week 6 after SONFH
induction. The model group shows numerous TRAP+ osteoclasts both in the subchondral bone and the
medullary trabeculae, however, BSHXF effectively inhibits osteoclastogenesis. Scale bar, 200μm. (B)
Quantitative analysis of TRAP+ osteoclasts at week 6 post induction. (C) Serum TRACP5b level in the
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control, model and BSHXF groups at week 6 post induction. (D)Western blotting result of NFATc1, P65, p-
P65 and CTSK protein expression in rabbit femoral heads at week 6 post induction. The data are shown
as the means ± SD; *P 0.05, **P 0.01, ****P 0.0001.

Figure 5

BSHXF inhibits RANKL-induced osteoclastogenesis in vitro (A) Representative images of osteoclasts after
treatment with BSHXF (10%) or Bay 11-7082 (2μM, acts as a positive control group) (magni�cation =
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200×). (B) The effects of the indicated concentrations of BSHXF on RAW264.7 was tested by CCK8.
Quantitative analysis shows the number of TRAP+ multinucleated cells (>3 nuclei) per well (C), and mean
osteoclasts nuclei number (D). (E) Western blotting result of NFATc1, P65, p-P65 and CTSK protein
expression at day 7 after stimulation by RANKL (50 ng/mL) with BSHXF serum (10%) or Bay 11-7082
(2μM). The data are shown as the means ± SD. *P 0.05, **P 0.01.


