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Tao-Hong-Si-Wu Decoction ameliorates steroid-induced avascular
necrosis of the femoral head by regulating the HIF-1o pathway
and cell apoptosis
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Summary The aim of this study was to corroborate the hypothesis that Tao-Hong-Si-Wu Decoction
(THSWD) affects steroid-induced avascular necrosis of the femoral head (SANFH) by
regulating the hypoxia-inducible factor 1o (HIF-10) pathway. Forty-eight New Zealand
rabbits were randomly divided into a normal control group (NC group), a model group
(SANFH group), a THSWD group, and a dimethyloxalylglycine group (DMOG group).
Rabbits in the SANFH group were injected with both horse serum and methylprednisolone.
Rabbits in the THSWD group were gavaged with THSWD in addition to receiving the same
treatment as the SANFH group. Rabbits in the DMOG group were injected with extra DMOG
in conjunction with the same treatment as the SANFH group. Rabbits in the NC group
received the same amount of normal saline. Eight weeks after steroid treatment, the femoral
heads of rabbits were removed to examine HIF-1a, vascular endothelial growth factor (VEGF),
caspase-3, and bcl-2. Results indicated that THSWD significantly promoted the expression of
HIF-10 and VEGF in the femoral head tissue of rabbits and markedly inhibit the apoptosis of
osteocytes, chondrocytes, and bone marrow cells. In addition, THSWD suppressed caspase-3
expression and induced bcl-2 expression in femoral head tissues. In conclusion, THSWD can
suppress SANFH by regulating the HIF-1a pathway and cell apoptosis.

Keywords: Tao-Hong-Si-Wu Decoction, avascular necrosis of the femoral head, HIF-1a, VEGEF,
caspase-3, bel-2

1. Introduction the general consensus is that several pathways may
interrupt the bone microcirculation process and affect

Steroid-induced avascular necrosis of the femoral head the supply of essential nutrients. As a result, deaths

(SANFH) is an aseptic and ischemic condition that
may result from long-term use of glucocorticoids. This
condition is primarily characterized by the necrosis of
bone marrow and trabecular bones (/). As suggested by
a Chinese epidemiologic study, SANFH accounts for
approximately 24.1% of all cases of osteonecrosis of
the femoral head (ONFH) (2). Thus far, the mechanism
underlying SANFH has not been not clear (3), but
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of both osteocytes and fat cells may occur, resulting
in further damage to bone structures (4). As SANFH
progresses, bone collapse and osteoarthritis may also
occur, and patients are likely to experience intolerable
pain and ankylosis (4,5). SANFH affects patients with
the condition directly and it also has a long-term impact
on the health care system (6). An estimated four out of
five patients may experience femoral head collapse if
osteonecrosis occurs due to inappropriate treatment (/).
Most approaches used to preserve the joint focus
on preventing collapse primarily by supporting the
underlying subchondral bone (7) and there is debate
as to whether these approaches are effective over the
long term (8). Since a large proportion of patients with
SANFH are adolescents who usually need additional
surgery, identifying molecular and genetic pathways
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that are associated with SANFH may assist clinicians to
determine the optimal timing of surgery and to devise
preventive interventions for articular surface collapse (4).

Hypoxia-inducible factors (HIFs) are a class of
DNA-binding transcription factors that is able to
activate a series of hypoxia-related genes under certain
circumstances and trigger an adaptive response in
order to decrease oxygen tension. Researchers have
identified approximately 100 HIFs, including vascular
endothelial growth factor (VEGF), hemexygenase-1, and
glucose transporter protein-1 (9). As previous studies
have suggested, VEGF promotes the development
of new blood vessels and activated VEGF stimulates
angiogenesis, erythropoiesis, and cell proliferation and
survival (/0,11). Furthermore, Riddle et al. reported
that VEGF plays significant roles in angiogenic-
osteogenic coupling in the process of osteanagenesis as
a target of HIF-1a (/2). A study by Li et al. found that
deferoxamine stimulates angiogenesis and bone repair
in SANFH by up-regulating the expression of HIF-1a
(8). All of these findings indicate that activated HIF-
la pathways have positive effects on angiogenesis,
osteanagenesis, and cell protection. Therefore, HIF-1a
pathways could presumably be targeted in patients with
SANFH. Caspase-3 is an apoptosis-related protein that
may cleave cellular substrates and lead to apoptosis (/3).
Recent studies have suggested that the pathophysiology
of SANFH is likely to be associated with the apoptosis
of osteoblasts and osteocytes, which is mediated by
nitric oxide (NO) (/4,15). In addition, Weinstein et al.
noted the marked apoptosis of osteocytes in specimens
obtained from patients with SANFH (/6).

Tao-Hong-Si-Wu Decoction (THSWD) is a
traditional Chinese medication that consists of four
basic herbs: Radix Rehmanniae Praeparata (shu di
huang), Radix Angelicae Sinensis (dang gui), Rhizoma
Ligustici (Chuan xiong), and Radix Paeoniae Alba (bai
shao). THSWD also contains two additional ingredients,
Semen Prunus and Flos Carthami Tinctorii. A wide range
of benefits of THSWD have been identified since its
introduction, including stimulation of blood circulation,
neuroprotection, and facilitation of angiogenesis (17-19).
A combination of a recombinant tissue-type plasminogen
activator and THSWD resulted in a decreased infarct
size, it stimulated cerebral blood circulation, and it
enhanced neuron function in patients who had suffered a
cerebral embolic stroke (20). THSWD has been used to
treat rabbits in a model of SANFH, resulting in reduced
blood viscosity, increased regeneration of local micro-
vessels, improved local blood supply, and facilitation
of the recovery of the necrotic femoral head (2/,22).
THSWD appears to be closely associated with regulation
of HIF-1a, and HIF-1a is reported to prevent the
occurrence of SANFH (/,23). However, few systematic
studies have consolidated the aforementioned findings,
and whether THSWD affects SANFH via the HIF-1a
signaling pathway is still debated.

The current study sought to explore the effects of
THSWD in a model of SANFH by detecting the level
of VEGF expression and clarifying the role of the HIF-
la pathway. This study also detected the rate of cell
apoptosis and it examined the level of expression of the
apoptosis-related proteins caspase-3 and Bcl-2 in order to
determine whether THSWD influences cell apoptosis in
a model of SANFH. This study represents an intriguing
approach that links HIF-1a to SANFH and it also reveals
potential clues to managing patients with SANFH in
clinical practice.

2. Materials and Methods

2.1. Lentivirus transduction and creation of a model of
SANFH

A fragment containing HIF-1a was cloned into a
pCDH vector. This vector was, together with other
packaging plasmids, co-transfected into cells using the
Lipofectamine LTX kit (Invitrogen, CA), and the viral
particles therein were collected 48 h after transfection.

A total of 48 healthy New Zealand rabbits weighing
between 2.0 and 2.5 kg were housed at the Experimental
Animal Center of The First People's Hospital of
Lianyungang at a temperature of 25 = 3°C and all rabbits
were fed normally. All experimental protocols were
approved by the Medical Animal Studies Committee of
The First People's Hospital of Lianyungang, China.

Rabbits ate and drank freely with a normal 12 h-light
and 12h-dark cycle. After rabbits were given an initial
adaptation period of seven days, they were randomly
divided into 4 groups: a SANFH group (n = 12), a
THSWD group (n = 12), a vector group (n =12), and an
HIF-1a group (n = 12). Rabbits in the SANFH group
were injected with horse serum (Sigma, USA) via the
ear vein at a dose of 10 mg/kg. After 3 weeks, horse
serum was injected again via the ear vein at a decreased
dose of 6 mg/kg. After 2 weeks, methylprednisolone
(Sigma) was injected into rabbits intraperitoneally at a
daily dose of 45 mg/kg for 3 consecutive days. Penicillin
was also injected intraperitoneally accompanied with
the injection of hormones in order to prevent infection.
Rabbits in the THSWD group were gavaged with
THSWD at a concentration of 0.75 g/mL, 20 pg/g once
a day in addition to receiving the same treatment as
the SANFH group. Rabbits in the vector group were
injected with Lentivirus, and an empty vector (5.5 x10"
vp/mL, 25 pL per side) was injected into the collapsed
portion of the femoral head in addition to receiving the
same treatment as the SANFH group. Rabbits in the
HIF-1a group were injected with Lentivirus, and an
HIF-10 fragment (5.5 x 10" vp/mL, 25 uL per side) was
injected into the collapsed portion of the femoral head in
addition to receiving the same treatment as the SANFH
group.

No rabbits died during creation of the model and
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Table 1. HIF-10, VEGF, and B-actin primers for RT-PCR

Gene Forward Reverse Length
HIF-la 5'-GCTTGCTCATCAGTTGCC-3' 5'-GCCTTCATTTCATCTTCAATATCC-3' 706 bp
VEGF 5'-TGCACCCACGACAGAAGGGGA-3' 5'-TCACCGCCTTGGCTTGTCACAT-3' 360 bp
B-actin 5'-CCCATTGAACACGGCATT-3' 5'-GGTACGACCAGAGGCATACA-3' 250 bp

HIF-1a: Hypoxia-inducible factor 1a; VEGEF: vascular endothelial growth factor; RT-PCR: reverse transcription-polymerase chain reaction.

SANFH was verified using hematoxylin and eosin (HE)
staining. Rabbits in each group were sacrificed after
eight weeks and their femoral heads were examined
using both RT-PCR and immunohistochemical analysis.

2.2. Immunohistochemistry (IHC)

IHC was performed to detect the expression of HIF-
la, VEGF, caspase-3, and bcl-2 proteins. IHC was
performed in triplicate for each sample and femoral head
tissues in the NC control group served as controls. All
tissue samples were incubated with primary antibodies
against HIF-1a (1:500), VEGF (1:400), caspase-3
(1:500), and bcl-2 (1:500) overnight at 4°C and then
incubated with a secondary antibody biotinylated with
goat anti-mouse IgG (1:900) for 30 minutes. Phosphate
buffer saline (PBS) solutions served as the negative
controls in order to replace the primary antibodies and
all antibodies were purchased from Santa Cruz. Six
random fields were chosen for each sample (x 200) in
order to record the number of positive cells. Another 10
random fields were then chosen and positive staining
was determined based on the integrated optical density
(IOD). IHC results were analyzed by two independent
researchers using the software Image-Pro Plus 6.0.

2.3. RNA isolation and RT-PCR

Total RNA from tissues was isolated using the TRIzol
reagent (Invitrogen, Germany) according to the
manufacturer's instructions. The ReverTra Ace qPCR
RT Kit (Toyobo, Japan) was used to transcribe total
RNA into cDNA, and RT-PCR was performed with the
THUNDERBIRD SYBR" qPCR Mix (Toyobo, Japan)
using the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). The corresponding primer sequences
are listed in Table 1. The level of expression of the
target gene was normalized to that of B-actin and was
calculated using the 2**“" method. The corresponding
experiment was replicated three times.

2.4. Intra-artery ink perfusion

Intra-artery ink perfusion assay was performed to
visualize and assess the blood supply in the femoral
head of rats. Rats were intraperitoneally administered
pentobarbital sodium and then the inferior vena cava
and abdominal aorta were immediately exposed and

ligated. One tube used to infuse ink was inserted into
the distal abdominal aorta and another tube for drainage
was inserted into the inferior vena. Heparinized saline
(25,000 units in 250 mL 0.9% sodium chloride) was
used to wash the inferior vena, and then the abdominal
aorta was infused with 10% gelatin/Indian ink (20 g
gelatin in 100 mL Indian ink and 100 mL water) using
a pressure of 90 mmHg. The above procedures were
continued until the toes and lower legs were uniformly
black. Samples were harvested and stained using HE.
The ratio of perfusion was calculated with the software
Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring,
MD), and the ratio of perfusion was defined as the area
of the inked artery with respect to the area of the entire
artery.

2.5. Quantification of microvessel density (MVD)

MVD was used to determine the state of angiogenesis,
which was quantified by IHC with anti-CD31 antibody
as previous described (24). A single endothelial cell
or endothelial cell cluster that was clearly separated
from adjacent microvessels was considered to be a
microvessel.

2.6. Transferase-mediated dUTP nick end labeling
(TUNEL) assay

A TUNEL detection kit (Promega, China) was used
to evaluate apoptosis according to the manufacturer's
instructions. Cells that were colored brown or that
contained brown-yellow nuclei or brown-yellow
granules in their cytoplasm were classified as TUNEL-
positive cells. TUNEL-positive cells were observed
under a fluorescent microscope (Nikon, Japan) at 200x.
The corresponding rate of apoptosis was calculated as
the number of TUNEL-positive cells divided by the
total number of cells. Calculations were obtained by
three independent researchers.

2.7. Statistical analysis

All statistical analysis was performed with the software
SPSS 21.0 (Chicago, USA). Continuous data are
expressed as the mean + standard deviation (S.D.). A #-test
or one-way analysis of variance (ANOVA) was used
to compare groups and a p-value of less than 0.05 was
considered to indicate statistical significance.
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Figure 1. Histopathological observations (200x). Empty lacunae were observed in the SANFH group (A), THSWD group (B),
vector group (C), and HIF-1a group (D). Comparison of the ratio of empty lacunae among the four groups (E). The diameter of
fat cells was measured in the marrow of the SANFH group (F), THSWD group (G), vector group (H), and HIF-1a group (I).
Comparison of the diameter of fat cells among the four groups (J). SANFH: avascular necrosis of the femoral head, THSWD: Tao
-Hong-Si-Wu Decoction. Data are presented as the mean + S.D. *p < 0.05 vs. the SANFH group, #p < 0.05 vs. the THSWD group,

op < 0.05 vs. the vector group.
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Figure 2. Inmunohistochemical staining of HIF-1a and VEGF (200x). Immunohistochemical staining of HIF-1o in the SANFH
group (A), THSWD group (B), vector group (C), and HIF-1a group (D). Semi-quantitative analysis of HIF-1a in the four groups
(E). Immunohistochemical staining of VEGF in the SANFH group (F), THSWD group (G), vector group (H), and HIF-1a group (I).
Semi-quantitative analysis of VEGF in the four groups (J). Data are presented as the mean + S.D. *p < 0.05 vs. the SANFH group,

#p < 0.05 vs. the THSWD group, °p < 0.05 vs. the vector group.

3. Results

3.1. THSWD and HIF-1a played protective roles in the
process of SANFH

As shown in Figure 1A-E, rats in the SANFH and
vector groups displayed obvious osteonecrosis, which
was evident as pyknosis and empty lacunae in bone
cells. The ratio of empty lacunae in the THSWD and
HIF-1a groups was significantly lower than that in the
SANFH and vector groups (p < 0.05). In addition, the
cellular structure of some fat cells collapsed, whereas
the diameter of fat cells in the THSWD and HIF-1a
groups was significantly smaller than the diameter of
those cells in the SANFH and vector groups (p < 0.05,
Figure 1F-J).

3.2. THSWD promoted HIF-1o. and VEGF expression in
femoral head tissues

Levels of HIF-1a and VEGF expression were measured
using THC and RT-PCR in order to assess whether
THSWD was able to affect the HIF-1a pathway. As
suggested by the eight-week IHC analysis (Figure 2),
the HIF-1a group exhibited higher levels of HIF-1a and
VEGF expression than the other groups. The THSWD
group had increased levels of HIF-1a and VEGF
expression in comparison to the SANFH and vector
groups (p < 0.05). Similarly, RT-PCR results indicated
that the level of expression of HIF-1oo mRNA in the
THSWD and HIF-1a groups was markedly higher than
that in the SANFH and vector groups (p < 0.05; Figure
3A). A similar trend in VEGF expression is shown in
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Figure 3B (p < 0.05). Therefore, results indicated that
the HIF-1a pathway is regulated by THSWD.

3.3. Angiogenesis was regulated by THSWD and HIF-1a

The results of intra-arterial ink perfusion are shown in
Figure 4. Few capillaries that formed a sparse network

©

Relative expression of
HIF-1a mRNA
. N

Relative expression of

Figure 3. Levels of expression of HIF-1a (A) and VEGF (B)
mRNA were measured in femoral head tissues using RT-
PCR. Data are presented as the mean + S.D. *p < 0.05 vs. the
SANFH group, #p < 0.05 vs. the THSWD group, °p < 0.05 vs.
the vector group.

were identified in the medullary cavity of rats in the
SANFH and vector groups. The perfusion ratios in the
THSWD and HIF-1a groups were significantly higher
than those in the SANFH and vector groups (p < 0.05).
MVD is shown in Figure 5, indicating immunostaining
for CD31. Both the THSWD and HIF-1a groups
exhibited significantly larger numbers of microvessels
in subchondral bone in comparison to the SANFH and
vector groups (p < 0.05).

3.4. THSWD inhibited the apoptosis of osteocytes,
chondrocytes, and bone marrow cells

The average rate of apoptosis in the four groups was
calculated once the corresponding treatment had been
administered for eight weeks. Apoptosis of osteocytes,
chondrocytes, and bone marrow cells was examined. As
shown in Figure 6, the number of TUNEL-positive cells
in the THSWD and HIF-1a groups was significantly
lower than the number of those cells in the SANFH and
vector groups (p < 0.05). These findings suggested that

Ratio of perfusion (%)

Figure 4. Results of intra-arterial ink perfusion in the SANFH group (A), THSWD group (B), vector group (C), and HIF-1a
group (D), and a comparison of the perfusion ratio among the four groups (200x). Data are presented as the mean + S.D. *p <
0.05 vs. the SANFH group, #p < 0.05 vs. the THSWD group, °p < 0.05 vs. the vector group.
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Figure S. Immunohistochemical staining using antibodies against CD31 in the SANFH group (A), THSWD group (B),
vector group (C), and HIF-1a group (D) and a comparison of microvessel density among the four groups (200x). Data are
presented as the mean + S.D. *p < 0.05 vs. the SANFH group, #p < 0.05 vs. the THSWD group, ©p < 0.05 vs. the vector group
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Figure 6. The apoptosis of osteocytes, chondrocytes, and bone marrow cells in the SANFH group (A), THSWD group (B),
vector group (C), and HIF-1a group (D) was determined with a TUNEL assay, and the quantitative results were analyzed
(200x). Data are presented as the mean + S.D. *p < 0.05 vs. the SANFH group, #p < 0.05 vs. the THSWD group, p < 0.05 vs. the

vector group.
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Figure 7. Immunohistochemical staining of caspase-3 and bcl-2 (200x). Immunohistochemical staining of caspase-3 in the
SANFH group (A), THSWD group (B), vector group (C), and HIF-1a group (D). Semi-quantitative analysis of caspase-3 in the
four groups (E). Immunohistochemical staining of bcl-2 in the SANFH group (F), THSWD group (G), vector group (H), and
HIF-10. group (I). Semi-quantitative analysis of bel-2 in the four groups (J). Data are presented as the mean + S.D. *p < 0.05 vs.
SANFH group, #p < 0.05 vs. THSWD group, ©p < 0.05 vs. vector group.

both THSWD and HIF-1a can suppress early apoptosis
in steroid-associated osteonecrosis.

3.5. THSWD inhibited caspase-3 expression and
induced bcl-2 expression in femoral head tissues

IHC was performed to assess the levels of expression
of apoptosis-related proteins such as caspase-3 and
bcl-2 in femoral head tissues. Figure 7A-E shows
that immunoreactivity to caspase-3 was weak in
the THSWD and HIF-1a groups but significantly
stronger in the SANFH and vector groups (p < 0.05).
The THSWD and HIF-1la groups exhibited strong
immunoreactivity to bcl-2 while the SANFH and vector
groups exhibited relatively weak immunoreactivity (p
< 0.05, Figure 7F-J). Therefore, THSWD and HIF-1a
were able to suppress the progression of SANFH by
influencing the expression of apoptosis-related proteins.

4. Discussion

SANFH is a condition often found in young and middle-
aged populations, and excessive or long-term usage
of steroids accounts for most cases of SANFH (25).
Steroid hormones regulate the metabolism of sugar,
fat, and proteins and also affect oxidative stress, cell
proliferation, and apoptosis (26). The current study
attempted to establish a link between THSWD and HIF-
1o/VEGF pathways in order to clarify whether THSWD
is able to regulate the apoptosis of bone cells.

Although the mechanisms SANFH are unclear, the
consensus view is that the final result of SANFH is
an interruption of bone microcirculation (27), mainly
through disruption of angiogenesis and limiting of the
penetration of new vessels into necrotic bone (/). Regular
angiogenesis is thus crucial to ameliorating SANFH,

since angiogenesis is closely correlated with increased
circulation of oxygen and nutrients in bone tissues
(28). HIF-1a is a key regulatory factor that restores the
intracellular oxygen concentration, and HIF-1a has been
found to play a critical role in manipulating angiogenesis
in stem cells (29). The significance of HIF-1a is also
evident from the fact that administration of ethyl
3,4-dihudroxybenzoate (EDHB) deters the progression
of SANFH because it inhibits the functioning of HIF
prolyl hydroxylase and it stabilizes HIF-1a expression
(1,30,31). A target gene of HIF-1a, VEGF, also plays a
major role in encouraging the angiogenesis-osteogenesis
coupling process (32-34). VEGF improves angiogenesis
by activating a variety of signal pathways. One such
pathway is the MEK/ERK pathway, which is crucial to
the proliferation of endothelial cells (35).

In addition, steroids may accelerate osteonecrosis by
facilitating the apoptosis of osteoblasts and osteocytes,
thereby partially contributing to bone cell death
(14,36-38). Bcl-2 and caspase-3 are typical apoptosis-
related factors. Bcl-2 was found to be up-regulated and
caspase-3 was found to be down-regulated during the
development of SANFH (39). Intriguingly, HIF-1a
appears to regulate numerous pro-apoptotic proteins (e.g.
BNIP3 and NOXA) and anti-apoptotic proteins (e.g.
Bcl-2, Bel-xl and Bid) as well (40,41). Since the HIF-
la signaling pathway has been found to be involved in
regulation of the morphology/function of bone cells and
osteoblasts (42), HIF-1a presumably plays a major role
in the progression of SANFH.

THSWD was first described in the traditional Chinese
medical text "YiZonglinJian" (The Golden Mirror of
Medical Orthodoxy). In response to the negative effects
of SANFH, THSWD excels at limiting the aggregation
of platelets, increasing blood viscosity, and altering
blood stasis (43,44). Three components of THSWD, i.e.
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danggui, chuan xiong, and bai shao, have been found to
improve microcirculation and to facilitate microvessel
regeneration. These effects are specifically evident in the
form of increased blood/plasma viscosity, repair/limited
aggregation of blood cells, and a decrease in plasma
fibrinogen levels (45). THSWD is adept at restoring a
necrotic femoral head, and this restoration starts at the
interface between the necrotic bone and normal bone.
The new bone tissues that form cover the surface of
necrotic bone trabeculae and thereby form a dense mass.
Fibrous granulation tissues form within this mass and
bone resorption spreads to the necrotic portion of bone.
Despite restoration reaching a certain stage, collapse
of the femoral head can occur because of poor blood
circulation (46). A key potential action of THSWD is
that it may improve blood flow in microcirculation, and
this action has been enhanced by modifying both HIF-1a
and TNF-a (23). These contentions ultimately imply that
THSWD might promote osteogenesis and angiogenesis
by elevating HIF-1a.

The current study used the traditional Chinese
medicine THSWD to specifically treat SANFH, and this
study filled a gap in research with solid evidence that
THSWD molecularly modified HIF/VEGF signaling to
ameliorate symptoms of SANFH. Moreover, this study
lifted the mysterious veil surrounding traditional Chinese
medicine and it suggested that THSWD is beneficial to
patients with SANFH by facilitating angiogenesis and
suppressing cell apoptosis. These findings suggest that
certain molecules within THSWD might play a crucial
role in alleviation of micro-circulatory disturbances, and
extraction of these molecules should be the next priority.
The extracts can be concentrated and made into pills,
since pills would be a convenient and highly efficient
form of administration.

In conclusion, levels of HIF-1a and VEGF expression
were elevated when THSWD was given. THSWD
inhibited the apoptosis of bone cells and the transference
of HIF-1a in order to regulate the transcription of
VEGF. These findings suggest that THSWD might
ameliorate SANFH by regulating HIF-1a signaling and
inhibiting the apoptosis of bone cells. Nevertheless, these
conclusions should be investigated further in clinical
trials in order to justify use of THSWD as an effective
treatment for SANFH.
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