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Objective: The aim of the study were to evaluate the effect of sildenafil against avascular necrosis of
femoral head (ANFH) in a rabbit model, and to study the role of protein kinase G (PKG) pathway and
vascular endothelial growth factor (VEGF) in ANFH.
Methods: Three weeks after inducing ANFH with methylprednisolone injection, 45 female adult New
Zealand white rabbits were divided into three groups and treated as follows: group SI received daily
intraperitoneal sildenafil with a dose of 10 mg/kg per day; group SD received daily sildenafil identically
to group SI plus auricular vein injection DT3 (a specific PKG inhibitor); group NS received only normal
saline. The blood perfusion function in the femoral head was measured by perfusion MRI and ink artery
infusion. Bilateral femora heads were examined histopathologically for the presence of osteonecrosis;
VEGF of tissue was examined by Western blot analysis; cGMP level and PKG activity were also measured.
Results: The incidence of ANFH in SI group was significantly lower than that observed in NS and SD
groups (p < 0.05). VEGF in SI group was increased compared to NS group. cGMP level and PKG activity
were also significantly different between NS and SI group (p < 0.05). However, these effects of sildenafil
in SD group were all markedly inhibited by the administration of DT3 compared to SI group.
Conclusion: Sildenafil appear to increase the perfusion of femoral head by up-regulating VEGF through
PKG pathway. The increased perfusion of femoral head could prevent ANFH.
© 2017 Turkish Association of Orthopaedics and Traumatology. Publishing services by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Introduction Sildenafil is a well-known phosphodiesterase type 5 (PDE5)
Avascular necrosis of femoral head (ANFH) has been reported to
occur in patients who have received steroid treatment for under-
lying diseases such as systemic lupus erythematosus and inflam-
matory bowel disease, and also for immunosuppression after organ
transplants.1 The natural history of untreated ANFH generally in-
volves a progressive collapse that often requires surgical treat-
ments. Therefore, the prevention of ANFH is an optional strategy for
such patients. ANFH is characterized through the impairment of
osseous blood flow that leads to the collapse of femur head.2

Steroid-induced ANFH in rabbits is useful model to assess the ef-
ficacy of potential treatments on this disease.3
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antagonist that significantly attenuates catabolism of guanosine 30,
50-cyclic monophosphate (cGMP) thereby enhancing signaling
pathways involving protein kinase G (PKG). As such, sildenafil has
been shown effective for the treatment of erectile dysfunction,
congestive heart failure, pulmonary hypertension, and diabetic
neuropathy.4e7 Moreover, sildenafil has also shown promise in the
management of ischemia-reperfusion injury in the heart8 and
limb9 and also has been useful in the treatment of fracture and bone
defect.10 Importantly, all of these pathologies entail a significant
ischemic component indicating the effectiveness of sildenafil in
resolving these tissue pathologies. Sildenafil therapy could confer
protection via PKG dependent pathway during ischemic disease
including heart and limb ischemia.8,9 However, it was reported that
sildenafil can improve blood flow in ischemic diseases, yet the
molecular mechanisms involved in this response are not well un-
derstood.8,9,11 Moreover, no studies have been performed exam-
ining the effects of PDE5 blockade in models of osteonecrosis. Thus,
rvices by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. T1-weighted coronal MRI image of rabbit proximal femur. The region of interest
(ROI) in the central part of femoral head (marked by the white circle) with a size of
8e10 pixels was defined for analysis of local intraosseous perfusion.
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our study provides important new information regarding the effect
of PDE5 inhibition on blood perfusion of bone tissue and reveals
possible mechanisms necessary for this response.

In the present study here, we report the effects of sildenafil on
the blood perfusion and angiogenesis of femoral head in steroid-
induced model. VEGF is the only growth factor proven to be spe-
cific and critical for blood vessel formation.12,13 We also examined
VEGF expression with sildenafil treatment. Moreover, we blocked
PKG dependent pathway to observe whether the effects of silden-
afil therapy are dependent on PKG mediated activity.

Materials and methods

Animals, grouping, and treatment

Forty-five female 28-week-old healthy, pathogen-free, adult
New Zealand white rabbits, weight (2.8e3.5 kg), were used. Ani-
mals were obtained from the Experimental Animal Center of
Medical College of *** University. All experimental procedures were
approved by the Ethics Committee of Medical College of *** Uni-
versity. ANFH model was induced as previously reported.14 All
rabbits were injected one intravenous injection 10 mg/kg of lipo-
polysaccharide [(LPS), Sigma, St. Louis, MO, USA]. 24 h later, three
injections of 20 mg/kg of methylprednisolone [(MPS), Pfizer, Inc.,
Brussels, Belgium] were given intramuscularly at a time interval of
24 h. Three weeks after final administration of MPS, rabbits were
divided into three groups and treated as follows: one group
received daily sildenafil (Prifer, Inc., Brussels, Belgium) mixed in
normal saline by intraperitoneal injection with a dose of 10 mg/kg
per day (Group SI; n ¼ 15); One group received daily sildenafil
identically to group SI plus DT3 (Sigma, St. Louis, MO, USA), a
specific PKG inhibitor, which was administered 1 mg/kg by auric-
ular vein injection (SD; n ¼ 15); The other received only normal
saline (NS; n ¼ 15). Before and 6 weeks after final MPS adminis-
tration, the blood perfusion function in the proximal femora was
measured by perfusion MRI. Five rabbits in each group were used
for intra-arterial ink perfusion and the others were sacrificed for
measurement 6 weeks after final MPS administration.

Tissue preparation

Animals were sacrificed with an excessive i.v. dose of pento-
barbital sodium, after which the bilateral femurs were rapidly
removed and the femoral heads were harvested and divided into
two parts through the coronal plane of the femoral head. Halves of
the bilateral femoral heads were immediately fixed in 10% buffered
formalin for 1 week and decalcified with 10% ethylenediaminetet-
raacetate for 3 weeks. After decalcification, femoral heads were
embedded in paraffin, and 4-mm-thick coronal sections were pre-
pared for histomorphological examination. Other halves were
collected and stored at �80 �C for western blot analysis, enzyme-
linked immunosorbent assay and PKG activity assay.

Dynamic MRI measurement

MRI examination was performed using a 1.5 T clinical whole-
body MRI system (Intera NT, Philips Medical Systems, Best,
Netherlands) with a maximum gradient strength of 30 mT/m in
accordance with previous study.15 The rabbit was anesthetized by
an intraperitoneal injection of pentobarbital sodium. We used a
commercially available surface coil with a diameter of 4.7 cm
(Micro 4.7, Philips Medical Systems) as the radiofrequency (RF)
receiver, which was put under the hip, meanwhile we used body
volume coil as the RF transmitter. After the positioning scan, a plane
through the femoral head, greater trochanter, and proximal femur
was performed for three-point planscan and T1-weighted
anatomical images were obtained as in previous study.16 Accord-
ing to anatomical imaging, a dynamicMRI scan series was collected.
We applied dimeglumine gadopentetate (Magnevist; Schering,
Berlin, Germany) with a dose of 0.8 mmol/kg as MRI contrast agent.
A series of dynamic images were collected to facilitate covering
wash-out phase. For the dynamic MRI, the signal intensity (SI)
values in predefined round regions of interest (ROI) in the femoral
head were analyzed by the published protocol14 (Fig. 1). SI over
time was recorded and drawn as the time-signal intensity curve.
The perfusion index of maximum enhancement (Emax) was calcu-
lated from the curve as the previous literature.17 Ibase was defined as
the mean signal intensity of the first 3 images, Imax was defined as
themaximumvalue of the first quickly rising part of the time-signal
intensity curve. Emax was calculated according to the following
equation: Emax ¼ [(Imax � Ibase)/Ibase]$100%.

Intra-artery ink perfusion

We referred to the previous study18 to detect the static blood
supply of the femoral head. After anesthetized by an intraperitoneal
injection of pentobarbital sodium, all animals were performed
intra-artery ink perfusion. The abdominal aorta and inferior vena
cava were exposed and isolated, and then proximal part were
ligated. A needle of vein transfusion device was distally inserted
into the abdominal aorta for infusion. A drainage tube was inserted
into the inferior vena cava distal to the site of ligation. Heparinized
saline (25,000 units in 250ml of 0.9% sodium chloride) was used for
irrigation from the needle until the liquid from the drainage tube
was clear. Then 10% gelatin/Chinese ink (20 g of gelatin in 100 ml of
Chinese ink and 100 ml of water) at a pressure of 90 mmHg was
performed to perfuse animals until the skin of the bilateral crura
and nails were symmetrically black. All animals were sacrificed and
retained in the refrigeration for 24 h at 4 �C. Then the bilateral fe-
murs were removed and the samples of femoral heads were har-
vested, fixed, decalcified, embedded, cut into 25-mm-thick slices.
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The configuration of the femoral head and blood distribution were
observed under a stereomicroscope. The perfusion ratio was
calculated using the Image-Pro Plus 6.0 image analysis software.
Ratio of perfusion was defined as the ratio of the area of inked ar-
tery to the area of the entire femoral head.19

Histopathology

The diagnosis of ANFHwas determined at 6 weeks after the final
steroid injection. The specimens stained with haematoxylin and
eosin for the presence of ANFH. The presence of ANFHwas assessed
blindly by two authors based on the presence of diffuse empty
lacunae or pyknotic nuclei of osteocytes within the bone trabec-
ulae, accompanied by surrounding bone marrow cell necrosis or fat
cell necrosis. If the diagnoses differed between the two in-
vestigators, a consensus was reached by discussion of the histo-
logical findings without knowledge of the group from which the
specimen was obtained. Rabbits with at least one ANFH lesion
among the eight areas were therefore considered to have ANFH.We
used Image-Pro Plus 6.0 software. At 200 times magnification, 10
fields of the trabeculae were randomly chosen and 30 bone lacunae
were counted in each field. The proportion of empty bone lacunae
was calculated. 4 randomly-selected non-necrotic fields of bone
marrow were randomly chosen and the average greatest diameters
of 50 bone marrow fat cells were calculated.

Western blot analysis

Total protein was isolated by crushing and homogenizing the
femoral head with RIPA buffer (Thermo Scientific, USA). Proteins
were separated and transferred to membranes following standard
protocols and probed using mouse monoclonal anti-VEGF (1:500;
Abcam, USA) antibody. Protein expression was visualized on a film
with an enhanced chemiluminescence kit (NEN Life Science Prod-
ucts Inc., Boston, MA, USA). Relative protein expression was
determined using image analysis software (Media Cybernetics). For
the quantitative analysis of protein, the intensity of each test band
was expressed as the optical density (OD). b-actin was detected by
mouse monoclonal anti-actin antibody (1:1000; Santa Cruz, USA)
and was used as an internal control.

Measurement of Tissue cGMP and PKG Activity. Bone tissue
cGMP level was measured by enzyme-linked immunosorbent assay
using cGMP Enzyme Immunoassay Kit (R&D systems, Minneapolis,
MN) according to the manufacturer's directions. PKG activity was
measured according to the manufacturer's instructions (Cyclex,
Fig. 2. Blood perfusion of femoral head. (A) Representative dynamic MRI timeeintensity
perfusion (Week 6) compared with baseline, based on MRI intensity. (B) Time-course chan
head showed a significantly decreased perfusion index (maximum contrast enhancement
controls without osteonecrosis (n ¼ 12) (*P < 0.05, ANFHþ rabbits compared with baseline
Nagano, Japan). Spectrophotometric absorbance was measured at
450 nm, and the results were normalized per mg of protein.

Statistical analysis

Statistical analyses were conducted using SPSS software 17.0
(SPSS, Inc., Chicago, IL, USA). Numerical data in each group were
presented as mean ± standard deviation (SD). Data were analyzed
using one-way analysis of variance (ANOVA), followed by the
NewmaneKeuls multiple comparison procedure. P < 0.05 was
considered to indicate a statistically significant difference.

Results

Sildenafil treatment enhances blood perfusion

Blood perfusion of the femoral heads was monitored at 0 and 6
weeks by dynamic MRI, representative dynamic timeeintensity
curves for a rabbit with osteonecrosis showed a decrease in blood
perfusion at 6 week compared with baseline (Fig. 2A). Emax in the
femoral head of SI group with sildenafil treatment showed a sig-
nificant increase at 6 week compared with group NS. In contrast,
coadministration of DT-3 diminished the enhanced blood perfusion
by sildenafil in SD group. A significant decrease in the Emax of
femoral head was found in all rabbits with osteonecrosis, whereas
no significant change in rabbits without osteonecrosis (Fig. 2B).
Blood perfusion of the femoral heads was also detected by intra-
artery ink perfusion. We could observed much more black gran-
ules in SI group (Fig. 3B), but there were just few granules in NS and
SD groups (Fig. 3A and C). The rate of infusion in the femoral head
were compared in three groups. The rate in SI group with sildenafil
treatment showed a significant increase compared with NS group.
However, the effect was blocked by DT-3 in SD group, though the
rate in SD group still higher than NS group (Fig. 3D).

Histological results

Throughout the experimental period, nine of the 45 rabbits died
and were excluded from the evaluation: three were in NS group,
four were in SI group and two were in SD group. Osteonecrosis in
NS group was obvious (Fig. 4A and D). Many empty lacunae were
found in bone trabeculae and the number and morphology of he-
matopoietic and fat cells in marrow tissue had necrotic changes. In
SI group, slight osteonecrosis was observed with fewer empty
lacunae and necrotic medullary hematopoietic cells and fat cells
curves for a rabbit with osteonecrosis of femoral head, showing a decrease in blood
ges (mean ± SD) in the perfusion index (maximum contrast enhancement) of femoral
) at the femoral head of rabbits with osteonecrosis (ANFHþ; n ¼ 24) compared with
and control rabbits).



Fig. 3. Ink artery infusion angiography of the femoral head and the ratio of perfusion. (A and C). Few black granules were found in NS and SD groups. (B). Compared with NS and SD
groups, SI group had more ink-stained black granules. (D). Bar graph shows the ratio of perfusion in the femoral head. The ratio of perfusion in SI group was significantly higher than
that in NS group; the ratio of perfusion in SD group was significantly lower than that in SI group *P < 0.05 vs group NS, #P < 0.05 vs group SI.

Fig. 4. H&E staining and data analysis. Group NS (n ¼ 12) showed discrete trabecular bone with many empty lacunae, surrounded by few spindle-shaped osteoblasts and plenty of
marrow fat cells (A, big view and D, local amplification); Group SI (n ¼ 11) showed more trabecular bone and less empty lacunae in the trabecular bone was found (B); Group SD
(n ¼ 13) also showed more empty lacunae in the trabecular bone and enlarged fat cells were found (C). The ratio empty lacunae and the diameter of fat cells were decreased after
sildenafil treatment and the affect was blocked by DT3 (E and F). Empty lacunae are shown by white arrows and enlarged fat cells are shown by black arrows. Magnification: �200
(A, B and C), �400 (D) *P < 0.05 vs group NS, #P < 0.05 vs group SI.
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Fig. 6. Western blot and analysis of VEGF protein. (A). Protein expression bands of
VEGF in three groups with b-actin as internal control. (B). The relative density of the
bands in group SI was higher than that in group NS and SD groups. *P < 0.05 vs group
NS, #P < 0.05 vs group SI.
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(Fig. 4B). However, osteonecrosis in SD group was still obvious
(Fig. 4C). In total, 83.3% of the rabbits (10/12) in NS group developed
ANFH 6 weeks after the last injection of MPS, while sildenafil
reduced the incidence of osteonecrosis, only 36.7% of the rabbits (4/
11) developed ANFH in SI group(P < 0.05, Pearson chi-square test).
Although the incidence (76.9%, 10/13) in SD group was not signifi-
cant compared with NS group (P > 0.05, Pearson chi-square test), it
was still a tendency to ameliorate. The rate of empty lacunae was
11.9 ± 4.1% and the average bone marrow fat cell size was
41.2 ± 5.3 mm in SI group, which were significantly lower than those
in NS group (37.5 ± 6.7%, 50.3 ± 9.2 mm). However, the effect was
interdicted by DT3 in SD group (32.5 ± 6.7%, 47.6 ± 7.4 mm) (Fig. 4E
and F).

Tissue cGMP level and PKG Activity. Comparison revealed that
the cGMP levels in sildenafil-treated femoral head were signifi-
cantly higher than NS group (Fig. 5A). Treatmentwith sildenafil also
caused increase in tissue PKG activity as compared with NS group
(Fig. 5B). Together, these data indicated that sildenafil therapy
augments ischemic tissue cGMP accumulation and PKG activity.
However, the incensement were all markedly inhibited by the
administration of DT3 (Fig. 5A and B).

Expression of VEGF in femoral heads

Different protein bands of VEGF measured by western blot with
b-actin as internal control were displayed in Fig. 6A. According to
quantification by Western blot, relative optical density of bands
boosted in SI groupwhen comparedwith NS group. Meanwhile, the
response of protein expression was arrested by DT3 in SD group
(Fig. 6B).

Discussion

As the exact pathogenesis of osteonecrosis remains to be
elucidated, it is believed that the combined effects of metabolic
factors, local factors affecting blood flow including thrombosis,
increased intraosseous pressure, and mechanical stresses may give
rise to osteonecrosis. Therapeutic angiogenesis and flow recovery
remain important clinical goals for osteonecrosis of femoral head
with the objective of avoiding further tissue dysfunction and total
hip replacement. As such, several experimental approaches have
been explored such as VEGF, bFGF, and other therapies.20e23

However, successful clinical results are limited, thus highlighting
the need for continued investigation of alternative approaches to
restore vascular function and to recover the blood flow during
tissue ischemia.
Fig. 5. cGMP level and PKG activity in femoral heads. cGMP level (A) and PKG activity (B) w
DT3 in group SD. *P < 0.05 vs group NS, #P < 0.05 vs group SI.
According to dynamic MRI and static ink perfusion, in this study,
we provide novel information that PDE5 inhibitor sildenafil therapy
significantly enhances blood flow recovery in necrotic femoral head
with ANFH, along with the upregulation of VEGF protein expres-
sions. Meanwhile, number of empty bone lacunae and bone
marrow fat cells diameter decreased with the incidence decreasing.
These effects suggested that sildenafil exerted a positive protective
benefit to ANFH.

VEGF loss play an important role in the initial stage of femoral
head ANFH. Since VEGF is a potent angiogenic peptide, it is likely
responsible for the neovascularization observed in the penumbra of
ARCO Stage IV ANFH of the femoral head.24 Previous study indi-
cated that VEGF protein and mRNA levels were significantly lower
in ANFHþ rabbits compared with controls.25 The down regulation
of VEGF may play a critical role in the disease process of ANFH.
However, in present study, VEGF increased after administration of
ere increased after treatment of sildenafil in group SI, and the effects were blocked by
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sildenafil, which was consistent with previous studies.8,26 The
perfusion of tissue could increase after added neovascularization.

The above responses may be all through PKG pathway as several
previous studies with application of sildenafil.9,26 The volume of
cerebral infarction was significantly decreased by PDE5 inhibitor
administration with selectively increasing blood flow in the
ischemic brain via increased cGMP levels.27 In this study, PKG ac-
tivity is also enhanced by PDE5 inhibitor sildenafil after increase of
cGMP level, which is an important mediator of ischemia-induced
angiogenesis and acts as a relaxant second messenger in the ves-
sels. Therefore, we determined whether sildenafil-induced
increasing blood flow and elevated expression of VEGF retentively
occur through PKG pathways using the specific PKG inhibitor DT-3.
Our study revealed that sildenafil exerts the effects through the
PKG pathway. In addition, sildenafil-induced VEGF expression was
blocked by DT-3 as well, suggesting that VEGFwas very likely in the
downstream of PKG, which was consistence with Sahara's study,
whose study demonstrated another PDE5 vardenafil significantly
enhanced blood flow recovery and augmented capillary collateral
formation in ischemic muscle.26

There are some limitations in this study. First, we did not
measure the blood vessel density but measured the activity of
angiogenesis. After all neovascularization was an important
component of the increasing blood flow. Second, we did not mea-
sure the change of NO, and we were just concerned about the
downstream of NO/cGMP/PKG. Therefore, further studies about
NO/cGMP/PKG pathway need to be further studied. Third, sildenafil
can accelerate fracture healing including delayed union28,29 and
attenuate apoptosis and oxidative stress,30 which were greatly
connected with osteonecrosis; however, our study did not involve
those.

In conclusion, our findings suggest that the PDE5 inhibitor sil-
denafil increases blood flow of femoral head through a PKG-
dependent pathway. Thus, PDE5 inhibition may have a therapeu-
tic potential to treat ischemic conditions such as ANFH.
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