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Total flavonoids of Rhizoma drynariae ameliorate steroid-induced
avascular necrosis of the femoral head via the PI3K/AKT pathway
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Abstract. Steroid-induced avascular necrosis of the femoral
head (SANFH) is a common orthopaedic disease that is
difficult to treat. The present study investigated the effects of
total flavonoids of Rhizoma drynariae (TFRD) on SANFH
and explored its underlying mechanisms. The SANFH rat
model was induced by intramuscular injection of lipopolysac-
charides and methylprednisolone. Osteoblasts were isolated
from the calvariae of neonatal rats and then cultured with
dexamethasone (Dex). TFRD was used in vitro and in vivo,
respectively. Haematoxylin and eosin staining was used to
assess the pathological changes in the femoral head. Terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labelling assay and flow cytometry were
conducted to detect apoptosis of osteoblasts. The 2',7'-dichlo-
rofluorescein-diacetate staining method was used to detect
reactive oxygen species (ROS) levels in osteoblasts and
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay was used to detect osteoblast proliferation.
The expression of caspase-3, Bax, Bcl-2, VEGF, runt-related
transcription factor 2 (RUNX?2), osteoprotegerin (OPG),
osteocalcin (OCN), receptor activator of nuclear factor kB
ligand (RANKL) and phosphoinositide 3-kinase (PI3K)/AKT
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pathway related-proteins were detected via western blotting.
It was found that TFRD reduced the pathological changes,
inhibited apoptosis, increased the expression of VEGF,
RUNX?2, OPG and OCN, decreased RANKL expression and
activated the PI3K/AKT pathway in SANFH rats. TFRD
promoted proliferation, inhibited apoptosis and reduced ROS
levels by activating the PI3K/AKT pathway in osteoblasts. In
conclusion, TFRD protected against SANFH in a rat model.
In addition, TFRD protected osteoblasts from Dex-induced
damage through the PI3K/AKT pathway. The findings of the
present study may contribute to find an effective treatment for
the management of SANFH.

Introduction

Osteonecrosis of the femoral head (ONFH) is one of the
most common diseases affecting the hip joint, resulting in
severe pain or joint disability (1,2). Steroid-induced avascular
necrosis of the femoral head (SANFH) is the most common
type of ONFH (3). If patients with SANFH are not treated
properly, the femoral head may collapse, resulting in hip
function damage and disability (4,5). Although conservative
treatment and surgery have been used as SANFH treatment,
there is no recognized effective therapy thus far. Therefore, it
is important to explore the exact pathogenesis of SANFH and
find an ideal treatment for SANFH.

Medicinal herbs are used to treat various diseases in
Japan, Korea, China, other Asian areas and now all over
the world (6). Chinese herb-derived active components
provide valuable compounds for new drug candidate
development (7). Rhizoma drynariae is one of the herbs
from Davallia (L.) Sm., which comprises phenolic acids,
triterpenes and flavonoids (8). Total flavonoids of Rhizoma
drynariae (TFRD) is a herbaceous component extracted
from the drained root of Rhizoma drynariae and the effec-
tive monomer of TFRD includes neoeriocitrin, naringenin
and naringin (9,10). This compound stimulates bone forma-
tion or inhibits bone resorption by modulating signalling
in pathways involving bone morphogenetic protein in bone
metabolism, Wnt/B-catenin, receptor activator of nuclear
factor kB ligand (RANKL)/RANK and cathepsin K
(a cysteine protease) (8). In addition, naringin serves as an
active compound of TFRD to inhibit bone loss and promote
bone repair in rats with glucocorticoid-induced ONFH via
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the AKT/Bad pathway (11). However, the effects of TFRD on
SANFH have not been reported.

The phosphoinositide 3-kinase (PI3K)/AKT pathway serves
an important role in several basic cellular processes including
survival, proliferation, growth and differentiation (12,13). A
study has shown that the phosphatase and tensin homolog
regulate angiogenesis in human pancreatic cancer cells through
the PI3K/AKT/VEGEF pathway (14). Zhang et al (15) reported
that exosomes could enhance bone regeneration by activating
the PI3K/AKT pathway. Hu et al (16) found that ginsenoside
Rgl protected rat bone marrow stem cell apoptosis induced by
hydrogen peroxide through the PI3K/AKT pathway. Hence, the
present study hypothesized that the PI3K/AKT pathway might
be associated with the pathogenesis of SANFH. However,
there is little research on the role of this pathway in SANFH.

The present study investigated the function of TFRD
on rats with SANFH, including pathological changes of the
femoral head, apoptosis of bone cells and the PI3K/AKT
pathway. In addition, the function of TFRD in osteoblasts was
investigated. The present study might provide useful informa-
tion on the pathogenesis of SANFH and support the further
clinical application of TFRD.

Materials and methods

Animals. A total of 24 male Sprague-Dawley rats (12 weeks
old; 250-300 g; Liaoning Changsheng Biotechnology Co.,
Ltd.) were used in the present study. All rats were housed under
standard laboratory conditions (12-h light/dark cycle, 24-25°C
and 50-55% humidity ) and provided free access to food and
water. The experiments were performed in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (8th edition) (17) and approved
by the Institutional Animal Care and Use Committee of the
Affiliated Hospital of Shandong University of Traditional
Chinese Medicine (approval no. 2019-58).

Grouping and animal model establishment. All rats were
randomized into control, SANFH, or SANFH+TFRD groups
(n=8 each). TFRD was purchased from Beijing Qihuang
Pharmaceutical Manufacturing Co., Ltd. (trade name: Qiang
gu capsuled, drug approval number: Z20030007). Based on
the instructions of Qiang gu capsule, clinical usage (0.75 g-day
for adults) and the Meeh-Rubner equation (18) of dose conver-
sion, 20 mg/kg dosage was chosen for administration to rats
by intraperitoneal injection daily. A previous study reported
that rats were administered with Rhizoma drynariae extract
at dose of 20 mg/kg body weight once daily (19). The SANFH
model was induced by intramuscular injection of lipopolysac-
charides (LPS) and methylprednisolone (MPS). Briefly, rats in
the SANFH and SANFH+TFRD groups were given two doses
of 20 ug/kg LPS (Escherichia coli 055: BS; Sigma-Aldrich;
Merck KGaA) on days 0 and 1 (twice at 24 h intervals) and
administered 40 mg/kg MPS (Pfizer, Inc.) on days 3, 4 and 5
(three times after a 24-h interval). Rats in the control group
were injected with normal saline. Additionally, rats in the
SANFH+TFRD group were intraperitoneally injected with
20 mg/kg/day TFRD every day, while the remainder of the
rats were injected with normal saline. The time interval
for all injections was 24 h. All rats were weighed weekly.

Subsequently, four weeks after the final MPS injection, all
rats were sacrificed by intraperitoneal overdose anaesthesia
with pentobarbital sodium (240 mg/kg, Sigma-Aldrich; Merck
KGaA) and femoral heads were harvested for subsequent tests.

Haematoxylin and eosin staining. The femur specimens were
fixed in 4% paraformaldehyde for 48 h at 4°C and then decalci-
fied with 10% ethylenediaminetetraacetic acid for 4-6 weeks
at room temperature. After complete decalcification, the
specimens were dehydrated in graded ethanol, embedded in
paraffin and cut into 4-um sections. Thereafter, the sections
were dewaxed with xylene and then gradually dehydrated via
gradient ethanol. The sections were stained with haematoxylin
solution for 5 min at 37°C followed by eosin solution for 2 min
at 37°C. Finally, the sections were dehydrated with gradient
ethanol, washed three times using xylene and then mounted
in neutral gum. The histopathological changes were examined
under a light microscope (Leica Microsystems GmbH) by
two independent authors. Three sections were obtained from
each femoral head and the percentage of empty lacunae was
assessed at x100 magnification in five randomly selected
fields per section. The diagnosis of ONFH was established on
the basis of the pathological features of empty bone lacuna
numbers and surrounding necrotic bone marrow tissues.

Terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick end labelling (TUNEL) assay. TUNEL assay
was used to detect the apoptosis rate of osteoblasts using a Situ
Cell Death Detection kit (Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's protocol. Following
routine dewaxing and dehydration, the sections were digested
with pepsin (~0.25%-0.5% hydrochloric acid solution) for
25 min at room temperature, incubated with 50 1 TUNEL
reaction mixture for 1 h at 37°C and then incubated with 50 pl
of peroxidase for 30 min at 37°C. Thereafter, the sections were
dyed with 3,3'-diaminobenzidine reagent and stained with
hematoxylin for 2 min at room temperature. Cells with brown
nuclei were considered as TUNEL-positive cells and were
further assessed under a fluorescence microscope (Olympus
Corporation). The apoptosis rate of osteoblasts was defined as
the proportion of the number of TUNEL-positive cells to the
total number of cells.

Western blot analysis. Total protein was extracted from the
osteoblasts and tissues of the femoral head using radioimmuno-
precipitation assay buffer containing protease and phosphatase
inhibitors (Abcam). A bicinchoninic acid (BCA) kit (Thermo
Scientific, Inc.) was used to measure the total protein concentra-
tion. Equal amounts of protein (30 pzg/lane) were loaded on 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
and then transferred onto polyvinylidene fluoride membranes
(Pall Life Sciences). Thereafter, the membranes were blocked
with 5% non-fat milk (Sigma-Aldrich; Merck KGaA) in
Tris-buffer saline containing 0.1% Tween-20 for 1 h at room
temperature and then incubated with the following primary
antibodies overnight at 4°C: Anti-caspase-3 (cat. no. 14220;
1:1,000), anti-Bax (cat. no. 14796; 1:1,000), anti-RUNX?2
(cat. no. 12556; 1:1,000), anti-phosphorylated (p-)PI3K
(cat. no. 17366; 1:1,000), anti-p-AKT (cat. no. 4060; 1:1,000),
anti-AKT (cat. no. 4691; 1:1,000) and anti-glyceraldehyde
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3-phosphate dehydrogenase (internal parameter; cat. no. 5174;
1:1,000 all from Cell Signaling Technology, Inc.; anti-Bcl-2
(ab196495; 1:1,000) and anti-OCN (ab13418; 1:1,000),
from Abcam; and anti-VEGF (sc-7269; 1:1,000), anti-OPG
(sc-390518; 1:1,000), anti-RANKL (sc-377079; 1:1,000) and
anti-PI3K (sc-1637; 1:1,000) from Santa Cruz Biotechnology,
Inc. The membranes were then incubated with corresponding
horseradish peroxidase-conjugated secondary antibodies
(1:1,000, Wuhan Boster Biological Technology Co., Ltd.) for
1 h at room temperature. Finally, the labelled proteins were
treated with enhanced chemiluminescence (ECL) solution
(Pierce; Thermo Fisher Scientific, Inc.) and the protein bands
were analysed using ImagelJ software, version 1.8.0 (National
Institutes of Health).

Cell culture and treatment. Osteoblasts were isolated from
calvariae of neonatal rats as previously described (20). Briefly,
heads of 2-day-old neonatal rats were cut off, soaked in
phosphate-buffered saline (PBS; HyClone; Cytiva) and the
calvariae were then dissected out. Thereafter, the calvariae
were cut into pieces, incubated with 1% trypsin (Gibco;
Thermo Fisher Scientific, Inc.) for 15 min at 37°C and then
incubated with PBS containing 0.25% collagenase (Type I;
Sigma-Aldrich; Merck KGaA) for 60 min at 37°C. Following
centrifugation at 300 x g for 10 min at 37°C, the osteoblasts
were obtained and cultured in a-minimal essential medium
containing 12% foetal bovine serum and antibiotics (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C with 5% CO,.

Osteoblasts were treated with different concentrations of
dexamethasone (Dex; 0, 10°, 107 and 10-* M; Sigma-Aldrich;
Merck KGaA) for 0, 24, 48 and 72 h at 37°C or TFRD (0, 0.1,
0.5,2.5,12.5 and 62.5 ug/ml) for 48 h at 37°C to estimate the
dosage effects on cell proliferation. Osteoblasts were divided
into control (without treatment), Dex (osteoblasts treated
with 10°® M Dex for 48 h at 37°C), Dex+TFRD [osteoblasts
pre-treated with 12.5 yg/ml TFRD (the maximum concen-
tration of TFRD without cytotoxicity on osteoblasts) for 2 h
at 37°C and then incubated with 10* M Dex for 48 h at 37°C],
Dex+TFRD+LY294002 group (osteoblasts pre-treated with
12.5 pg/ml TFRD for 2 h at 37°C and 10 xM LY294002
[an inhibitor of PI3K/AKT pathway; Beyotime Institute of
Biotechnology] for 1 h at 37°C and then incubated with 10 M
Dex for 48 h at 37°C). Following treatment, osteoblasts were
collected for further experiments.

MTT assay. Osteoblast proliferation was assessed using
the MTT assay. Briefly, osteoblasts (2.0x10* cells/ml) were
seeded onto 96-well plates and exposed to TFRD, Dex and
LY294002 as detailed in the previous experiment, respectively.
Thereafter, osteoblasts were incubated with 20 ul MTT solu-
tion (5 mg/ml, Beyotime Institute of Biotechnology) at 37°C
for 4 h and then incubated with 150 ul dimethyl sulfoxide.
Finally, optical density (OD) was measured at 490 nm with a
spectrophotometric plate reader (Bio-Rad Laboratories, Inc.).
The experiments were repeated three times.

Flow cytometry. The Annexin V-fluorescein isothio-
cyanate (FITC) early apoptosis detection kit (Cell Signaling
Technology, Inc.) was used to analyse osteoblast apoptosis.
Briefly, osteoblasts were incubated with Annexin V-FITC

(10 pl) and propidium iodide (5 ul) for 30 min without light
at room temperature. The apoptosis rate of osteoblasts
(including early and late apoptotic cells) was measured using
a BD FACSCanto II flow cytometer (Becton, Dickinson and
Company).

Reactive oxygen species (ROS) production assay. The ROS
level in osteoblasts was measured using a dichlorofluores-
cein-diacetate (DCFH-DA) dye (Sigma-Aldrich; Merck
KGaA). Briefly, osteoblasts (3x10° cells per well) were seeded
into 24-well plates and exposed to different treatments as
detailed in the previous experiments. The osteoblasts were
then collected, washed with PBS and incubated with 10 uM
DCFH-DA for 30 min at 37°C without light. Fluorescence
intensity was measured via flow cytometry.

Statistical analysis. All data were presented as the mean + stan-
dard deviation and analysed using GraphPad Prism 7.0 software
(GraphPad Software, Inc.). Significant differences among three
or more groups were assessed by one-way analysis of variance
(ANOVA) with Tukey's post hoc test. P<0.05 was considered
to indicate a statistically significant difference.

Results

TFRD reduces the pathological changes of the femoral head
and inhibits apoptosis of the necrotic zone in SANFH rats.
In the present study, LPS and MPS were used to establish a
rat model of SANFH. To investigate the influence of TFRD
on SANFH rats, rats were intraperitoneally injected with
TFRD. During the experimental period, all rats survived
and there were no significant differences in the mean body
weights among the control, SANFH and SANFH+TFRD
groups (P>0.05; Fig. 1A). Haematoxylin and eosin staining
was used to assess the pathological changes in the femoral
head. As shown in Fig. 1B, bone structure was intact in the
control group, while there were many empty bone lacunae
and broken trabeculae in the SANFH group. In addition, the
percentage of empty lacuna in the SANFH+TFRD group
was lower compared with the SANFH group (P<0.05).
TUNEL assay was conducted to detect apoptosis of the
bone cells of the femoral head. As presented in Fig. 1C, the
apoptosis rate in the SANFH and SANFH+TFRD groups
was higher compared with the control group (P<0.01),
however treatment with TFRD reduced the apoptosis rate
compared with the SANFH group (P<0.05). In addition,
the expression of apoptosis-related proteins (caspase-3, Bax
and Bcl-2) was detected via western blotting. The results
showed that the expression of caspase-3 and Bax in the
SANFH and SANFH+TFRD groups was increased whereas
the expression of Bcl-2 was decreased in comparison with
the control group (Fig. 1D-G; P<0.01), while treatment with
TFRD increased the expression of Bcl-2 and decreased the
expression of Bax and caspase-3 compared with that in the
SANFH group (Fig. 1D-G; P<0.01).

TFRD increases the protein expression of VEGF, RUNX2,
OPG and OCN and decreases the protein expression of
RANKTL in the femoral head of SANFH rats. Protein expression
in the femoral head of rats was detected via western blotting.
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Figure 1. TFRD reduced the pathological changes of the femoral head and inhibited apoptosis of the necrotic zone in SANFH rats. (A) Body weight over
time of rats in the control, SANFH and SANFH+TFRD groups (n=8). (B) Haematoxylin and eosin staining was used to assess the pathological changes in
the rat femoral head (magnification, x100). (C) TUNEL assay was conducted to detect apoptosis in bone cells of the rat femoral head (magnification, x100).
(D) Protein bands of apoptosis related proteins (caspase-3, Bax and Bcl-2). The expression of (E) caspase-3, (F) Bax and (G) Bcl-2 was detected using western
blotting. “P<0.05 and “P<0.01 vs. the control group; "P<0.05 and “P<0.01 vs. the SANFH group. TFRD, total flavonoids from Rhizoma drynariae; SANFH,

steroid-induced avascular necrosis of the femoral head.

As shown in Fig. 2, Compared with the control group, the
expression of VEGF, RUNX2, OPG and OCN in the SANFH
and SANFH+TFRD groups was decreased (P<0.01), whereas
the expression of RANKL was increased (P<0.01). Compared
with the SANFH group, treatment with TFRD increased the
expression of VEGF, RUNX2, OPG and OCN and reduced the
expression of RANKL (P<0.05).

TFRD activates the PI3K/AKT pathway in the SANFH rats.
To explore the protective mechanism of TFRD in SANFH
rats, the PI3K/AKT pathway-related proteins were detected
by western blotting. The results showed that the SANFH and
SANFH+TFRD groups had lower expression of p-P13K/P13K
and p-AKT/AKT than that in the control group (P<0.01; Fig. 3),
while treatment with TFRD increased the protein expression
of p-P13K/P13K and p-AKT/AKT compared with the SANFH
group (P<0.01; Fig. 3).

TFRD promotes proliferation, inhibits apoptosis, reduces
ROS levels and activates the PI3K/AKT pathway in
osteoblasts. The effect of different concentrations of

Dex at different time points on osteoblast proliferation
was investigated using MTT assay. The results showed
that Dex inhibited osteoblast proliferation in a dose- and
time-dependent manner and that 10-® M Dex inhibited osteo-
blast proliferation (P<0.05; Fig. 4A). Additionally, MTT
assay was used to evaluate the cytotoxic effect of TFRD on
osteoblasts. As shown in Fig. 4B, when the concentration of
TFRD was less than 12.5 pg/ml, TFRD had no cytotoxic
effect on osteoblasts. Therefore, 10 M Dex and 12.5 ug/ml
TFRD were selected for subsequent experiments. As can be
seen in Fig. 4C-E, treatment with Dex reduced the OD,y,
value, increased apoptotic rate and ROS production in
osteoblasts compared with the control group (P<0.01), while
the opposite effects of TFRD in osteoblasts were observed.
Compared with the control group, Dex increased the expres-
sion of caspase-3 and Bax and decreased the expression of
Bcl-2, p-P13K/P13K and p-AKT/AKT (P<0.01; Fig. 4F), but
this effect was weakened by TFRD.

TFRD protects osteoblasts from Dex-induced damage through
the PI3K/AKT pathway. In order to elucidate the mechanism
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Figure 2. TFRD increased the expression of VEGF, RUNX2, OPG and OCN and decreased the expression of RANKL in the femoral head of SANFH rats.
(A) Protein bands of VEGF, RUNX2, OPG, OCN and RANKL. The expression of (B) VEGF, (C) RUNX2, (D) OPG, (E) OCN and (F) RANKL in the femoral
head of rats was detected using western blotting. “P<0.01 vs. the control group; “P<0.05 and “P<0.01 vs. the SANFH group. TFRD, total flavonoids from
Rhizoma drynariae; RUNX2, runt-related transcription factor 2; OPG, osteoprotegerin; OCN, osteocalcin; RANKL, receptor activator of nuclear factor kappa

B ligand; SANFH, steroid-induced avascular necrosis of the femoral head.
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Figure 3. TFRD activated the PI3K/AKT pathway in the SANFH rats. (A) Protein bands of p-PI3K, PI3K, p-AKT and AKT. The expression of p-PI3K/PI3K
(B) and p-AKT/AKT (C) in the femoral head of rats was detected using western blotting assay. “"P<0.01 vs. the control group; #P<0.01 vs. the SANFH
group. TFRD, total flavonoids from Rhizoma drynariae; PI3K, phosphoinositide 3-kinase; SANFH, steroid-induced avascular necrosis of the femoral head;

p-, phosphorylated.

of TFRD-induced protection of osteoblasts from Dex-induced
damage, the PI3K/AKT pathway inhibitor (LY294002) was
used to treat the osteoblasts in the Dex+TFRD group. As shown
in Fig. 5A, the expression of p-P13K/P13K and p-AKT/AKT
in the Dex+TFRD+LY294002 group was reduced compared
with that in the Dex+TFRD group (P<0.01), indicating that the
activation of the PI3K/AKT pathway induced by TFRD was
blocked via LY294002. Subsequently, the effects of LY294002
on proliferation, apoptosis and ROS production was detected
in osteoblasts. As presented in Fig. 5B-D, following LY294002
treatment, the OD,,, value was decreased, while the apoptotic
rate and ROS production were increased in the osteoblasts
(P<0.05).

Discussion

ONFH is a common disease, mainly caused by the abuse of
steroid hormones (21). SANFH is characterized by difficult
recovery and poor prognosis, which has a serious impact
on the health and quality of life of patients (22). The main
chemical constituents of the Rhizoma drynariae extract
include phenolic acids, flavonoids and triterpenes, as well as
their glycosides (8). Among these, studies have mainly focused
on total flavonoids (23-25). As TFRD has antioxidant proper-
ties and anti-osteoporosis activity, it has been widely used in
clinic and has great value in research and development (26).
The present study found that TFRD reduced the pathological
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Figure 4. TFRD promoted proliferation, inhibited apoptosis, reduced ROS levels and activated the PI3K/AKT pathway in osteoblast. (A-C) MTT assay was
used to detect osteoblast proliferation. (D) Flow cytometry was used to analyse osteoblast apoptosis. (E) DCFH-DA staining was used to detect the ROS
level in osteoblasts. (F) The expression of caspase-3, Bax, Bcl-2, p-PI3K/PI3K and p-AKT/AKT in osteoblasts was detected using western blotting. "P<0.05
and “P<0.01 vs. the control group; “P<0.05 and “P<0.01 vs. the Dex group. TFRD, total flavonoids from Rhizoma drynariae; ROS, reactive oxygen species;
PI3K, phosphoinositide 3-kinase; p-, phosphorylated; DCFH-DA, dichlorofluorescein-diacetate; Dex, dexamethasone; OD, optical density; FITC, fluorescein
isothiocyanate.
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Figure 5. TFRD protected osteoblast from Dex-induced damage through the PI3K/AKT pathway. (A) The expression of p-PI3K/PI3K and p-AKT/AKT in
osteoblasts was detected using western blotting. (B) MTT assay was used to detect osteoblast proliferation. (C) Flow cytometry was used to analyse osteoblast
apoptosis. (D) DCFH-DA staining was used to detect the ROS level in osteoblast. “P<0.01 vs. the Dex group; “P<0.05 and *P<0.01 vs. the Dex+TFRD group.
TFRD, total flavonoids from Rhizoma drynariae; Dex, dexamethasone; PI3K, phosphoinositide 3-kinase; p-, phosphorylated; ROS, reactive oxygen species;
DCFH-DA, dichlorofluorescein-diacetate.

changes, inhibited cell apoptosis, increased the expression  expression and activated the PI3K/AKT pathway in SANFH
of VEGF, RUNX2, OPG and OCN, decreased RANKL rats. In addition, TFRD promoted proliferation, inhibited
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apoptosis and reduced ROS levels by activating the PI3K/AKT
pathway in osteoblasts.

In the treatment of ONFH, restoring the bone blood
and nutrient supply is important for bone healing and bone
formation (27,28). When the blood supply is obstructed, it
causes ischemia and anoxia of the femoral head, leading to
the apoptosis of osteoblasts and ONFH (29,30). VEGF is a
crucial angiogenic factor that regulates the proliferation and
migration of vascular endothelial cells and vascularization
and serves a key role in bone formation and healing (31-33).
In addition, VEGF and endothelial cells can induce osteogenic
differentiation of bone marrow-derived mesenchymal stem
cells (34). The present study found that VEGF expression in
rats with SANFH was decreased, while treatment with TFRD
increased VEGF expression. These findings indicated that
TFRD increases VEGF expression, which may promote bone
formation and osteoblast differentiation.

Bone cell damage and the imbalance between osteogenesis
and bone exfoliation activities ultimately lead to bone struc-
ture destruction and collapse (35). RUNX2, a transcription
activator of osteoblasts, serves an important role in the regula-
tion of gene expression during osteogenic differentiation (36).
The degree of cell deposition and mineralization can be
reflected by the expression level of OCN, which is involved in
the late stage of osteogenic differentiation (37). OPG produced
by osteoblasts can bind to osteoblast membranes, block the
differentiation of osteoclast precursors and promote osteoclast
apoptosis, thus preventing the development of ONFH (38,39).
The present study detected the expression of RUNX2, OPG,
OCN and RANKL in the femoral head of rats. Treatment with
TFRD was found to increase the expression of RUNX2, OPG
and OCN and reduce the expression of RANKL. The above
results indicate that TFRD promotes the differentiation of
osteoblasts.

Ischaemic necrosis of the femoral head is the main process
resulting in bone cell death; after ischaemia and hypoxia occur,
cell death (apoptosis) is activated (40). Previous studies have
shown that Dex can induce osteoblast apoptosis and SANFH
in rat or human specimens by upregulating caspase-3 (20,41).
Bcl-2 is an anti-apoptotic gene, whereas Bax is a pro-apoptotic
gene (3) and studies have reported that the cause of Dex-induced
osteoblast apoptosis is the imbalance between Bcl-2 and Bax
(mitochondrial dysfunction) (42,43). Additionally, Dex treat-
ment can increase ROS production and excessive ROS may
cause cell apoptosis through the mitochondrial-mediated
caspase apoptosis pathway (44). In the present study, SANFH
modelling and Dex treatment promoted cell apoptosis,
increased the expression of caspase-3 and Bax and decreased
the protein expression of Bcl-2 in vivo and in vitro. In addition,
compared with the SANFH and Dex groups, TFRD treatment
inhibited cell apoptosis, decreased the protein expression of
caspase-3 and Bax and increased the protein expression of
Bcl-2. TFRD treatment reduced ROS production and promoted
Dex-induced osteoblast proliferation. These findings indicate
that TFRD serves an anti-apoptosis role in SANFH partly by
inhibiting the mitochondrial pathway.

At present, the pathogenesis of ONFH is still unclear,
although apoptosis is one of its most studied mechanisms (45).
Previous studies have reported apoptotic signals transduced
by the PI3K/AKT-Bax/Bcl-2/caspase-3 pathway in some

DEX
Oxidative
/d stress

Proliferation
Bcl-2

Apoptosis
kOSteoblast /

Figure 6. A brief schematic diagram showing the underlying mechanism
of TFRD in SANFH. TFRD, total flavonoids from Rhizoma drynariae;
SANFH, steroid-induced avascular necrosis of the femoral head; PI3K, phos-
phoinositide 3-kinase; Dex, dexamethasone; p, phosphorylation.

TFRD

Caspase-3
Bax

T

orthopaedic diseases (46,47). In addition, Cakir er al (48)
have found that the accumulation of ROS causes oxidative
stress and activates the c-Jun N-terminal kinase pathway,
which may inhibit the activation of the AKT pathway and
promote osteoblast apoptosis. The present study found that
SANFH modelling and Dex treatment reduced the expres-
sion of p-P13K/P13K and p-AKT/AKT in vivo and in vitro,
while treatment with TFRD increased the protein expression
of p-P13K/P13K and p-AKT/AKT compared with expression
in SANFH and Dex groups. The addition of PI3K inhibitor
(LY294002) reversed the promotion of the PI3K/AKT pathway
in osteoblasts induced by TFRD, as well as the promotion of
proliferation and inhibition of apoptosis and ROS production
in osteoblasts caused by TFRD. These findings suggested that
TFRD protects osteoblasts from Dex-induced damage through
the PI3K/AKT pathway (Fig. 6).

In conclusion, TFRD protected against SANFH in a
rat model. In addition, TFRD protected osteoblasts from
steroidal damage via PI3K/AKT pathway. The findings of
the present study may have implications for future treat-
ments of SANFH.
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