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Abstract: The aim of this study is to investigate the effects and possible mechanisms of sodium ferulate (SF) on
anti-apoptosis in steroid-induced femoral head osteonecrosis in rabbits. Japanese white rabbits were randomly divided
into three groups (control group, treatment group, and model group), each with 24 rabbits. The model and treatment
groups were first injected with an intravenous dose of horse serum, 10 ml/kg, three weeks later with an intravenous
dose of 7.5 ml/kg, and two weeks later with an intramuscular dose of methylprednisolone, 45 mg/kg, three times in
order to establish rabbit models of osteonecrosis. Concurrently, the treatment group was injected with intravenous
doses of SF 20 mg/kg for two weeks, once per day. Three time points, Weeks 2, 4, and 8, were selected after modeling
was completed. Osteonecrosis was verified by histopathology with haematoxylin-eosin (HE) staining. The apoptosis
rate of osteonecrosis was observed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay.
The apoptosis expressions of caspase-3 and Bcl-2 were analyzed by immunohistochemistry and Western blot. The
rabbit models of osteonecrosis were successfully established and observed by HE staining. SF was effective in in-
tervening in apoptosis and decreasing the apoptosis rate in femoral head necrosis by the immunohistochemistry and
TUNEL assay (P<0.01). Western blot analysis indicated that there were statistical significances in the protein levels of
caspase-3 and Bcl-2 (P<0.01). SF has a protective effect by reducing the incidence of early steroid-induced femoral
head necrosis in rabbits, effectively intervening in apoptosis through decreasing caspase-3 expression and up-regulating
Bcl-2 expression.
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1 Introduction 2007). Currently, the complex pathogenesis of os-

teonecrosis has not yet been clarified, and the possible

Steroid-induced femoral head osteonecrosis is
characterized by trabecular bone necrosis and bone
marrow necrosis because of the long-term glucocor-
ticoid used. Glucocorticoid is one of the most im-
portant factors in nontraumatic osteonecrosis, and the
proportion could reach anywhere between 35% and
45% (Mont and Hungerford, 1995; Lavernia et al.,
1999; Jones and Hungerford, 2004). Generally, when
the cumulative dosage of prednisone gets to be more
than 2000 mg, osteonecrosis may occur (Felson and
Anderson, 1987; Koo et al., 2002; Aaron and Gray,
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mechanisms include fat embolism, intravascular co-
agulation, intraosseous pressure, osteoporosis, immune
factors, etc., which may also be caused by several
factors working together. Caspase-3 and Bcl-2 play
key roles in the apoptotic pathway. These cytokines
have been studied in depth and many studies have
demonstrated that caspase-3 can stimulate apoptosis,
and Bcl-2 is an apoptosis inhibitor (Tsujimoto and
Shimizu, 2000; Kroemer and Martin, 2005; Mazum-
der et al., 2008) (Fig. 1). Eberhardt ez al. (2001) sug-
gested that ischemia results from coagulation were
difficult to reproduce experimentally, and early changes
occur at times that the vasculature is normal. Recently,
some studies have shown that support for bone
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Fig. 1 Diagram of apoptotic mechanism for Bcl-2 and caspase-3

vasculature in regions with active metabolism, which
requires vascular endothelial growth factor, is reduced
secondarily to the decline in adrenocorticotropic-
hormone (to nearly zero) that is also caused by
high-dose glucocorticoids. This suggested that earlier
changes in cellular response mediate the later changes
seen in bone after 4-8 weeks (Zaidi et al., 2010).
Therefore, it is necessary to find a reasonable appli-
cation that not only allows glucocorticoid admini-
stration, but also prevents the occurrence of steroid-
induced femoral head osteonecrosis.

Sodium ferulate (SF) is water-soluble and is a new
type of non-peptide antagonist of the endothelin re-
ceptor 3-methoxy-4-hydroxycinnamate sodium (Fig. 2).
SF, which is stable and has low toxicity, can be easily
synthesized. At present, it is widely used in scientific
researches and clinical treatment (Graf, 1992;
Balasubashini et al., 2004; Wenk et al., 2004;
Khanduja et al., 2006; Perluigi et al., 2006; Sriniva-
san et al., 2006; Yogeeta et al., 2006). SF has a vari-
ety of physiological functions and beneficial effects,
such as preventing DNA from being damaged, having
anti-apoptotic activity, protecting endothelial cells,
promoting the vascular smooth muscle cell prolifera-
tion, and improving the local blood supply. SF was
also reported to be effective in preventing bone loss in
ovariectomized rats (Sassa et al., 2003), promoting
bone remodeling, and leading to a predominantly
osteoblastic phase. It was also found to inhibit
radiation-induced DNA strand breaks and enhance
the survival of mice (Maurya et al., 2005; Maurya and
Devasagayam, 2013). Therefore, it is interesting to
investigate the potential advantages of SF on the
femoral head osteonecrosis. Currently, the effects of
SF on osteonecrosis have been investigated in vitro,
but rarely studied in vivo.

CH=CHCOO Na*

HO

Fig. 2 Chemical structure of sodium ferulate (SF)

The rabbit model was established using a modi-
fied method of injecting horse serum intravenously,
and then injecting methylprednisolone intramuscu-
larly. This model of osteonecrosis was first success-
fully copied by Matsui et al. (1992). SF had been
widely used in clinics, and the clinical application of
the optimal dose had basically been clarified and used
in accordance with the drug manual. Therefore, we
did not create a group of high or low doses or a posi-
tive control group to perform further comparisons.
Particularly, according to the adult clinical regular
dose and the dose conversion formula of man to rabbit
derived by the body surface area, we calculated the
rabbit dose of 20 mg/kg. The aim of present study was
to demonstrate the effect of SF as an anti-apoptotic
agent on bone cells in osteonecrosis, and to further
investigate the possible pathogenesis of steroid-
induced femoral head osteonecrosis.

2 Materials and methods
2.1 Animals, reagents, drugs, and instruments

The animals used were 72 adult male Japanese
white rabbits (mean age: 20 months; mean body
weight: 3.2 kg; provided by the Experimental Animal
Center of Xi’an Jiaotong University, China). The rab-
bits were randomly divided into three groups: control
group, treatment group (methylprednisolone plus SF),
and model group (methylprednisolone only), each
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consisting of 24 rabbits. The rabbits of model and
treatment groups first received intravenous injection
of horse serum at a dose of 10 ml/kg, and three weeks
later an intravenous injection of a dose of 7.5 ml/kg.
Two weeks later methylprednisolone was injected
intramuscularly at a dose of 45 mg/kg three times,
once per day. Concurrently, the treatment group was
injected SF intravenously at a dose of 20 mg/kg, once
per day, for a total of two weeks. Each rabbit was
daily injected with penicillin by one hundred thou-
sand units in a week for preventing infection. The
control group was not given any handling and housed
and fed under identical conditions. Eight rabbits of
each group were randomly sacrificed by an overdose
of anesthesia in turn by Weeks 2, 4, and 8.

2.2 Histopathology

The bilateral femoral heads harvested from the
animals were immediately fixed with 10% neutral
buffered formalin, decalcified with 10% ethyl-
enediaminetetraacetic acid (EDTA) neutralized with
sodium sulphate buffer for about six weeks, then
embedded in paraffin, and cut along the coronal plane
into 4 um thick sections. The sections were processed
by haematoxylin-eosin (HE) staining. The tissues of
bone and marrow were observed by optical micros-
copy at 200 times magnification. Osteonecrosis was
identified by the necrosis of the medullary haemato-
poietic cells, empty lacunae, or condensed nuclei in
osteocytes. As previously reported, a few empty la-
cunae and lesions in the normal trabecular bone
and/or just only fat cell necrosis were excluded from
the diagnosis of osteonecrosis. In counting the empty
lacunae, the observer was blinded as to the groups to
assure that all the work was honestly reported.

2.3 Immunohistochemistry

The sections were processed by immunohisto-
chemical staining to detect the expression of
caspase-3 and Bcl-2, respectively. After being im-
mersed in phosphate-buffered saline (PBS) with 0.1%
Tween 20 (pH 7.4) for 30 min and 0.2% H,0, for 1 h
for blocking endogenous peroxidase, the sections
were incubated with mouse anti-rabbit monoclonal
primary antibodies against caspase-3 and Bcl-2 sep-
arately (Santa Cruz Biotechnology, USA). The anti-
bodies were dissolved in a solution consisting of 0.5%
(5 g/L) bovine serum albumin (BSA) and 0.1% (1 g/L)

sodium azide in 0.1 mol/L PBS for 24 h at 4 °C. After
three washings with PBS, the sections were exposed
to biotinylated goat anti-mouse IgG diluted 1:300 for
2 h at room temperature. The sections were washed
three times with PBS after being processed by the
avidin-biotin-peroxidase complex diluted 1:100 for
2 h at room temperature. Then, the peroxidase reac-
tion was developed for 15 min in 0.1 mol/L Tris buffer
(pH 7.6) consisting of 0.01% 3,3-diaminobenzidine
tetrahydrochloride and 0.01% H,0,. The sections
were observed and photographed by the eclipse 50i
optical microscope imaging system (Nikon Co., Ltd.,
Tokyo, Japan). Positive brown staining for caspase-3
and Bcl-2 in subchondral bone of the femoral heads
was visible, and also distributed in the bone marrow
and trabecular bone. Samples without primary anti-
bodies processing were used as the negative control.

The staining intensities of immunohistochemis-
try for caspase-3 and Bcl-2 on images from all groups
were quantitatively analyzed. It is crucial to empha-
size that all sections were analyzed simultaneously
for the quantitative study. The positive staining im-
ages were analyzed at the 200 times magnification by
the analysis software Image Pro Plus (Media Cyber-
netics, Baltimore, MD, USA). Each analyzed area
was approximately the same in size. In the given
region, we evaluated the sum of all the pixel intensity
or optical density values (Mendonga et al., 2005). We
obtained the numerical values from twenty different
regions in each tissue, and then calculated the average,
which represented the specified marker in the given
tissue. In counting the average positive staining areas
of caspase-3 and Bcl-2, the observer was blinded as to
the groups to assure that all the work was honestly
reported.

2.4 TUNEL apoptosis detection

The sections were processed to observe the
presence and location of apoptosis using a terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) detection kit (Promega Co., Ltd., Beijing,
China). The detecting procedures were strictly fol-
lowed by the kit protocols. The sections were photo-
graphed with the eclipse 50i optical microscope
imaging system (Nikon Co., Ltd., Tokyo, Japan).
TUNEL-positive staining was visibly located in the
bone nucleus in subchondral bones of the femoral
heads, and the color set was vividly tan or brown, and
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a few positive granules appeared in cytoplasm. In
addition, the brown puncta and bundles were also
distributed in the trabecular bone and bone marrow.
Samples without TUNEL assay were the negative
control. Twenty high magnified views (200 times
magnification) were randomly selected in every sec-
tion. Fifty bone cells were counted in each region, and
the positive staining area and apoptosis index (apop-
tosis cells/all cells) were calculated. The apoptosis
cells in osteocytes and marrow were all calculated by
blinded observers. In counting the positive level of
apoptotic cells, the observer was blinded as to the
groups to assure that all the work was honestly
reported.

2.5 Western blot analysis

The specimens were washed repeatedly with
cold PBS and then immersed in RIPA buffer, with a
proportion of protein cleavage in 0.2 ml/g. Subse-
quently, the specimens were ground in liquid nitrogen
for 20 min, and the supernatant solution was extracted
into centrifuge tubes. The insoluble materials were
removed by microcentrifugation at 12000 r/min for
10 min at 4 °C. Cell lysates were mixed analyzed by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred electropho-
retically to polyvinylidene difluoride membranes.
After being blocked with a solution of Tris buffered
saline (TBS) and 5% (50 g/L) skim milk, membranes
were incubated with mouse anti-rabbit monoclonal
antibodies against caspase-3 and Bcl-2 (Santa Cruz
Biotechnology, USA). For the detection of chemilu-
minescence, membranes were incubated in the en-
hanced chemiluminescence substrate for horseradish
peroxidase (HRP) in the dark room. The luminescent
signal was detected and gathered by the CCD camera,
and transmitted to the computer controller unit and
transformed to fixed quantity by the analysis equip-
ment linked to computer. Then the data were handled
for analysis and documentation. HRP-conjugated mouse
anti-rabbit B-actin antibody was used as an internal
control. In counting the expressions of caspase-3 and
Bcl-2, the observer was blinded as to the groups to
assure that all the work was honestly reported.

2.6 Statistical analysis

The numerical values were expressed as mean+
standard deviation (SD). The SPSS 17.0 software was

used for analysis. One-way analysis of variance
(ANOVA) was performed to analyze the statistical
data, while Chi-square test was performed for the
count data. In all tests, a P value of less than 0.05 was
considered as statistically significant.

3 Results
3.1 Histopathology

In the control group, there was scant osteone-
crosis in trabecular bone and bone marrow; con-
versely, osteonecrosis was observed in 13 rabbits in
the model group (54%) and in 4 rabbits in the treat-
ment group (17%). Osteonecrosis appeared at Week 2
after steroid administration and was obvious at Week 8
in the model group. Except the 4 bone necrotic rabbits
in the treatment group, there was no statistical sig-
nificance between the control group and the treatment
group (Fisher’s exact test, P=0.458). The rate of
empty lacunae in the model group was significantly
different compared with that in the control group at
Weeks 2, 4, and 8 (P<0.05); compared with the
treatment group, there was statistical significance at
Weeks 4 and 8 (P<0.05), but no significance at Week 2
(P=0.0612).

Necrotic areas in the model group were clearly
distinguished from the surrounding normal tissue.
The marrow tissue also had necrotic changes of he-
matopoietic and fat cells. Trabecular bone had also
shown necrotic changes, such as condensed nuclei
and empty lacunae in osteocytes. In the edge of tra-
becular bone, many fibroblasts and fibrous tissues
also existed. In addition, many activated osteoclasts
were observed in the necrotic trabecular bone and
marrow. Necrotic areas in the treatment group were
observed as slight degeneration or necrosis of me-
dullary hematopoietic cells and fat cells, and trabe-
cular bone showed mild bone necrosis. Although the
degeneration or osteonecrosis had existed, the archi-
tecture of trabecular bone did not collapse. Few fi-
broblasts and fibrous tissues were observed in the
edge of trabecular bone (Figs. 3 and 4).

3.2 Immunohistochemistry

The subchondral section of the femoral head was
the interested region. The immunostaining for
caspase-3 was most intense in the model group and
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Treatment group Model group
(methylprednisolone plus SF) (methylprednisolone only)

Control group

Fig. 3 Effects of methylprednisolone and methylprednisolone plus sodium ferulate (SF) on osteocytes in HE-stained
sections at Weeks 2, 4, and 8

Week 2: The empty lacunae in trabecular bone were visible and the fat cells were increased in the model group. In the
treatment group, the osteonecrosis was not obvious. The arrows pointed few empty lacunae in the model group. Week 4: In
the model group, the empty lacunae in trabecular bone and the fat cells in the marrow were increased, necrotic changes of
hematopoietic cells and fat cells were also observed in the marrow tissue, and the trabecular bone became thin and partially
ruptured. In the treatment group, there were only few empty lacunae in trabecular bone, and the fat cells slightly increased.
The arrows pointed to more empty lacunae in the model group. Week 8: In the model group, the empty lacunae and the fat
cells were increased significantly, the trabecular bone was widely sparse and fractured. A large number of necrotic fat cells
were filled in the bone marrow. In the treatment group, it showed slight osteonecrosis, the empty lacunae and fat cells
increased to some extent, but far less than those in the model group. The arrows pointed to a lot of empty lacunae in the
model group. Magnification: x200
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increased gradually (Fig. 5). Quantitative image
analysis illustrated a meaningful increase in immu-
nolabeling as a percentage of total bone volume in the
model group compared with that in the control group
(P=4.06><10_5) and the treatment group (P=0.0059)
(Fig. 6). The immunostaining for Bcl-2 was lowest in
the model group, whereas it increased gradually in the

Control group

Week 8

431

treatment group from Week 2 to Week 8 (Fig. 7).
Quantitative imaging analysis demonstrated a sig-
nificant decrease as a percentage of total bone volume
in the model group compared with that in the control
group (P=0.0038), then a significant increase in the
treatment group compared with that in the model

Treatment group
(methylprednisolone plus SF)

group (P=0.017) (Fig. 8).

Model group
(methylprednisolone only)

Fig. 5 Effects of methylprednisolone and methylprednisolone plus sodium ferulate (SF) on osteocytes in immuno-

histochemical staining of caspase-3 at Weeks 2, 4, and 8

Week 2: The positive staining is brown, and the staining in the model group was more intense than that in the control and
treatment groups. The visible positive staining was hardly observed in the control and treatment groups. Week 4: The
positive staining between the trabecular bone and marrow further deepened in the model group. The positive staining in the
treatment group also increased, but it was far less than that in the model group. Week 8: The positive staining was richly
intense between the trabecular bone and marrow in the model group. There was intense staining in some individual regions
of the treatment group, but overall, the positive staining was slight. Magnification: x200 (Note: for interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article)
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Fig. 6 Average staining area of caspase-3 in the three
groups at Weeks 2, 4, and 8

The immunostaining for caspase-3 was most intense in the
model group and increased gradually. It illustrated a mean-
ingful increase in immunolabeling as a percentage of total
bone volume in the model group compared with that in the
control group (P=4.06x10") and the treatment group (P=
0.0059). Values are expressed as mean+SD (n=8). " P<0.05
versus control group; “ P<0.05 versus treatment group
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Control group

Treatment group
(methylprednisolone plus SF)

Model group
(methylprednisolone only)

Fig. 7 Effect of methylprednisolone and methylprednisolone plus sodium ferulate (SF) on osteocytes in immuno-

histochemical staining of Bcl-2 at Weeks 2, 4, and 8

Week 2: The positive staining is brown, and the staining in the model group was less intense than that in the control and
treatment groups. The visible positive staining was hardly observed in the model group. Week 4: The positive staining was
most significant in the treatment group, and lowest in the model group. Week 8: The positive staining in the treatment group
was intense and similar with that in the control group. The positive staining in the model group slightly increased but was
far less than that in the other two groups. Magnification: x200 (Note: for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article)
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3.3 TUNEL apoptosis

Positive cells were localized in the nucleus, and
were brown or brown-yellow, or a few positive gran-
ules appeared in cytoplasm. There were individual
apoptotic cells scattered in trabecular bone and mar-
row in the control group, and the mean apoptotic rate

Fig. 8 Average staining area of Bcl-2 in the three groups
at Weeks 2, 4, and 8

The immunostaining for Bcl-2 was lowest in the model
group, whereas it increased gradually in the treatment group.
It demonstrated a significant decrease as a percentage of total
bone volume in the model group compared with that in the
control group (P=0.0038), then a significant increase in the
treatment group compared with that in the model group (P=
0.017). Values are expressed as mean+SD (n=8). ~P<0.05
versus control group; “ P<0.05 versus treatment group

was 4.05%. There were brown particles of positive
staining located in cell nucleus of trabecular bone and
marrow in the model group. From Week 2 to Week 8§,
the expressions of apoptotic osteocytes and intrame-
dullary apoptotic fat cells increased gradually. The
rate of mean apoptosis in the model group was much
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higher (31.51%), and was statistically significant
compared with that in the control group (P<0.01).
There was a little apoptotic staining in bone marrow
and bone nucleus in the treatment group, and the
mean apoptotic rate was 10.96%, which showed no
significance compared with that in the control group

Control group

detected sections at Weeks 2, 4, and 8

Treatment group
(methylprednisolone plus SF)

(P>0.05); conversely, there was a statistical signifi-
cance compared with that in the model group
(P<0.01). From Week 2 to Week 8, the expressing
tendency of apoptotic cells increased a little, some
trabecular bone became thinner, and the number of
osteocytes reduced slightly (Figs. 9 and 10).

Model group
(methylprednisolone only)

Week 2: Positive cells were localized in the nucleus, and were brown or brown-yellow, or a few positive granules appeared
in cytoplasm. There were individual apoptotic cells scattered in trabecular bone and marrow in the control group and few
apoptotic staining in trabecular bone and marrow in the treatment group. A number of brown particles of positive staining
were located in cell nucleus of trabecular bone and marrow in the model group. Week 4: The apoptotic cells had increased
significantly in the model group, but the increase was not significant in the treatment group. Week 8: The apoptotic staining
was most significant between the osteocytes and marrow cells in the model group. There were not significant changes of
apoptotic cells in the treatment group. Magnification: x200 (Note: for interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article)

40 7 ocontrol group Fig. 10 Positive levels of apoptotic cells in the three groups at
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3.4 Protein expression of caspase-3 and Bcl-2

The caspase-3 expression was less in the treat-
ment group (P<0.01), but the expression was pro-
moted and highest in the model group (P<0.05). The
protein level of Bcl-2 was highest in the treatment
group (P<0.01), but the expression was least and was
inhibited in the model group (P<0.05). Pretreatment
with SF (20 mg/kg) markedly reversed the steroid-
induced suppression of Bcl-2 protein level (P<0.01)
and it also significantly suppressed the increase of
caspase-3 expression (P<0.01). All results demon-
strated the potential protective effect of SF on steroid-
induced apoptosis in the femoral head osteonecrosis
(Figs. 11 and 12).

Week 2

Week 4

4 Discussion

Femoral head necrosis is a serious and common
degenerative disease in orthopedics, which mostly
occurs in the middle-aged, and finally leads to
femoral head collapse and post-secondary degenera-
tive arthritis. It seriously affects patients’ normal lives
and has a high morbidity. Moreover, most patients
eventually have to endure hip arthroplasty. Gluco-
corticoid is a strong angiogenesis inhibitor, which can
destroy blood circulation in a series of ways, leading
to the reduction in local blood perfusion (Hashimoto
et al., 2002). It can break the dynamic equilibrium
of osteocytes in the femoral head, inhibit their re-
generation, and accelerate their degradation. Finally,

Week 8

Caspase-3

B-actin

Bcl-2

B-actin

Fig. 11 Effects of methylprednisolone and methylprednisolone plus sodium ferulate (SF) on the protein levels of
caspase-3 (a) and Bcl-2 (b) in the three groups at Weeks 2, 4, and 8

(a) The caspase-3 expression significantly increased and was highest in the model group compared with that in the control
and treatment groups. The increase of caspase-3 expression was not too obvious in the treatment group. (b) It was visible that
the Bcel-2 expression in the model group was weakest and gradually declined. The expression in the treatment group was
highest. N: control group; A: treatment group (methylprednisolone plus SF); B: model group (methylprednisolone only)
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Fig. 12 Protein expression of caspase-3 (a) and Bcl-2 (b) in the three groups at Weeks 2, 4, and 8
(a) Caspase-3 expression was less in the treatment group (P<0.01), but the expression was promoted and highest in the model
group (P<0.05). Pretreatment with SF (20 mg/kg) significantly suppressed the increase of caspase-3 expression (P<0.01).
(b) Protein level of Bel-2 was highest in the treatment group (P<0.01), but the expression was least and inhibited in the model
group (P<0.05). Pretreatment with SF (20 mg/kg) markedly reversed the steroid-induced suppression of Bcl-2 protein level
(P<0.01). " P<0.05 versus control group; * P<0.05 versus treatment group
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it leads to ischemia and osteocyte apoptosis (Ker-
achian et al., 2009), inhibits repair and reconstruction
of necrotic bone tissue, and intensifies bone necrosis
(Bradway and Morrey, 1993; Mont et al., 2006).

The crucial treatment of steroid-induced femoral
head osteonecrosis depends on the early diagnosis
and intervention to delay the occurrence of bone ne-
crosis, and ultimately, to postpone the treatment of
hip arthroplasty. However, it has not clearly demon-
strated the necrosis of osteocytes, for no feature of
necrotic cells, such as swelling and inflammation, is
observed. Eberhardt ef al. (2001) studied rabbits us-
ing large doses of hormone and found that there was a
large area of osteoblasts apoptosis. Rojas ez al. (2003)
found that the apoptosis of osteoblasts was signifi-
cantly different before and after hormone therapy in
transplant patients by the application of bone biopsy.
After hormone therapy, the normal osteoblasts re-
duced, but the apoptotic osteoblasts increased. In
addition, with the increase in the dose of hormones,
more and more osteoblasts became inactive and un-
derwent apoptosis. O'Brien et al. (2003) found that
hormones could directly affect osteoblasts and
stimulate apoptosis, but osteoclasts were not affected
in mice. Hormones played a potential role in the os-
teocytes apoptosis. Weinstein et al. (2000) studied
five human femoral head specimens caused by hor-
mones, three cases of alcoholism, one by injury, and
five cases of sickle cell disease, and found that hor-
mones caused a large number of apoptosis cells by
TUNEL technique, but there were rarely any or no
apoptotic cells in other sections. Hormones, an im-
portant factor in osteonecrosis as an apoptosis inducer,
could promote osteoblast apoptosis. Hormone-induced
oxidative stress could also lead to cell damage and
non-normal cell apoptosis (Wang et al., 2004).

SF is a sodium salt of ferulic acid with a variety
of pharmacological functions extracted from tradi-
tional Chinese herbs, such as Angelica sinensis and
Cimicifuga heracleifolia, some grain, roasted coffee,
and tomato. It is stable, lower in toxicity, soluble in
water and can be synthesized. At present, SF has been
widely used and confirmed in cardiovascular medi-
cine, renal medicine, endocrinology, and other fields.
It has been proven that SF plays a role in lowering
lipids, inhibiting thrombosis and apoptosis, and im-
proving the microcirculation of blood supply. Some
previous work showed effects of SF on mitogen-

activated protein (MAP) kinases, cell adhesion
molecules, and on vascular endothelial growth factor
itself. It was likely that the beneficial effects of the SF
are multifactorial, and could include effects on key
pathways supporting adequate perfusion and cell
differentiation as well as anti-apoptotic pathways
(Cheng et al., 2008; Wang et al., 2011; Kim and Lee,
2012). Because of the structure of phenolic hydroxyl,
SF could interfere in the conduct of apoptosis path-
way. Recent reports showed that SF was used
in treating osteoporosis, osteoarthritis, and cartilage
degeneration, and showed good results. However, it
was rarely studied on the early intervention and
treatment of osteonecrosis.

Our results show that apoptosis indeed exists in
osteocytes and bone marrow cells in the early stage of
femoral head osteonecrosis. The changes of necrosis
and apoptosis in the model group were more obvious
than those in the other two groups. SF could interfere
in apoptosis, prevent or delay the occurrence of
steroid-induced osteonecrosis, and the probable me-
chanisms were: (1) SF could reduce the oxygen free
radicals and cytotoxicity caused by excessive gluco-
corticoid, which could induce peroxidation and DNA
damage (Rukkumani et al., 2004); (2) SF could re-
duce the protein level of caspase-3, increase the Bcl-2
expression, protect the DNA from being damaged,
and inhibit the apoptosis pathway (Sudheer et al.,
2007).

The process of apoptosis is regulated by Bcl-2
expression. Bcl-2 is an anti-apoptotic protein, mainly
presented in the outer membrane of mitochondria, and
known for its regulation of the apoptotic pathways. It
plays a central role in the regulation of cell prolifera-
tion and apoptosis (Karlnoski et al., 2007). Caspase-3
is expressed downstream in the Bcl-2 pathway, and
plays a crucial role in the execution and index of
apoptosis in the caspase family (Park er al., 2008).
The ways to induce apoptosis by caspase-3 are dif-
ferent, such as cleavage of DNA repair molecules,
anti-apoptotic protein degradation, and cleavage of
extracellular matrix proteins and skeleton proteins.
It was confirmed that excessive glucocorticoid de-
creased Bcl-2 expression, increased protein level of
caspase-3, and mediated apoptosis (Byun et al., 2005).
However, SF altered or reversed these changes. The
results show that SF reduced the apoptosis rate and
protected bone marrow-derived mesenchymal stem
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cells (BMSCs) and osteocytes from apoptosis induced
by steroid-induced oxidative stress. Our study in vivo
has demonstrated the basis and further evaluated the
clinical prophylactic treatment of steroid-induced
osteonecrosis. It shows significant short-term effects
in the preliminary experiments, but its long-term
efficacy needs to be observed further and confirmed
in more studies.

In short, our results provide experimental evi-
dence that SF has protective and apoptosis-intervening
effects on excessive steroid-induced osteonecrosis in
femoral head of cultured rabbits to regulate the ex-
pressions of caspase-3 and Bcl-2. With the continuous
development of science and technology, a variety of
steroid-induced femoral head necrosis in-depth stud-
ies will be done, and more and more effective meas-
ures to prevent or reverse the occurrences of bone
necrosis will be found.
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