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A B S T R A C T

Background: Osteonecrosis of the femoral head (ONFH) is a refractory disease due to its unclear pathomechanism.
Neither conservative treatment nor surgical treatment during the early stage of ONFH achieves satisfactory re-
sults. Therefore, this study aims to explore the available evidence on the effect of zoledronic acid on early-stage
ONFH.
Methods: For groups were established:the Normal group, model group, Normal saline group(NS group) and
zoledronic acid-treated group. The blood supply to the femoral head of animals in the model group and zoledronic
acid-treated group was interrupted via a surgical procedure, and zoledronic acid was then locally administered to
the femoral head. Four weeks after surgery, all the hips were harvested and evaluated by micro-CT and histo-
pathology(H&E staining, TRAP staining, Toluidine blue staining and masson staining).
Results: The values of BMD, BS/BV and Tb.Th in the Normal group and zoledronic acid-treated group were
significantly higher than those in the model group and NS group (p < 0.05). The outcome of H&E staining,
Toluidine blue staining and masson staining were consistent with that of micro-CT.
Conclusion: The local administration of zoledronic acid in the femoral head had positive effects on the bone
structure of the femoral head in a modified rat model of traumatic ONFH and offered a promising therapeutic
strategy during the early stage of ONFH.
The Translational potential of this article: This article could provide a choice for treating patients who have
osteonecrosis of femora head and can be the basic research for advanced development over this disease
Introduction

Until now, healing of osteonecrosis of the femoral head (ONFH) has
been difficult due to the unclear pathomechanism. Many studies have
shown that various etiologies are involved in the course of ONFH, and the
main causes are trauma, glucocorticoid use and alcohol abuse. ONFH
caused by glucocorticoid use and alcohol abuse is often called non-
traumatic ONFH. In Japan, the annual incidence rate of nontraumatic
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ONFH is 1.91/100,000 [1]; every year, the number of patients with
ONFH due to various causes is between 20,000 and 30,000 in America
[2]. Furthermore, China has an estimated 8.12 million young people,
especially those aged more than 15 years, diagnosed with nontraumatic
ONFH [3]. ONFH is a severe disease that often occurs in young people
and ultimately causes osteoarthritis and hip replacement without zole-
dronic acid treatment. Hence, it is crucial to intervene during the early
stage to avoid and delay the progress of ONFH.
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Figure 1. Diagrams showing the establishment of the procedure of traumatic
ONFH and the pathway of injecting zoledronic acid.
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Currently, the traditional therapies before collapse include conser-
vative treatment, such as pharmacologic or physical therapeutic regi-
mens, and surgical treatment, such as core decompression, osteotomy
and bone transplantation [4]. Unfortunately, the results of these methods
are different due to many factors. Therefore, research regarding addi-
tional effective and stable procedures is necessary.

As we know, bisphosphonates can inhibit osteoclastic activity which
have been used as the treatment of various clinical diseases [5]. Fabian
von Knoch et al. [6]demonstrated that bisphosphonate may also promote
proliferation and osteoblastic differentiation of human bone marrow
stromal cells(BMSC) and further promote osteoblastic bone formation. As
one of bisphosphonates, zoledronic acid is an effective drug for osteo-
porosis and has also been used to cure osteonecrosis. DG, L et al. [7]
indicated that zoledronic acid treatment was beneficial for femoral head
sphericity in a rat model of Perthes disease. Bisphosphonates have also
demonstrated positive outcomes in patients with nonfemoral avascular
necrosis and in a rabbit model of surgically induced ONFH [8,9]. How-
ever, controversy still exists. Lee, Y.-K., et al. [10]indicated that zoledr-
onate was ineffective for preventing collapse of the femoral head, and
reduction of hip arthroplasty did not occur. Therefore, further funda-
mental studies of zoledronic acid treatment are essential. In addition, an
effective animal model of traumatic ONFH is still needed to investigate
ONFH.

Materials and methods

Materials

Tianqing etazoledronic acid (made in China), 5 ml: 4 mg.

Animals

Twenty-two adult SPF Sprague–Dawley rats (purchased from the
Animal Center of the General Hospital of the PLA, weighing between 350
and 400 g) were used. This experiment was approved by the Animal Care
and Use Committee of the General Hospital of the PLA, according to the
National Institutes of Health guidelines for the use of experimental ani-
mals. All rats were bred in the same environment (the same temperature
and humidity) with unlimited access to food and water under a standard
diet.

In total, in this study, four groups were established, and all animals
were divided into three groups: the model group(6), normal saline
group(NS group) (6) and the zoledronic acid-treated group(10). and the
normal group consisted of 10 normal hips from the model group. All the
samples were harvested at the fourth week after surgery.

Establishment of traumatic ONFH and the zoledronic acid-treated group

All 22 rats were anaesthetized by injecting 2% pentobarbital (0.3 ml/
100 g) into the abdominal cavity; then, the rats were placed onto the
operating table. Once the rats were deeply anesthetized, the fur was
removed from the operative area; the skin was preserved, sterilized, and
covered with a sterile sheet; and a right hip lateral incision was made
from the center of the trochanter of approximately 2 cm in length. The
muscle was separated and pulled along the direction of the muscle fibers,
the hip joint capsule was cut to expose the femoral head, the hip joint was
dislocated, the round ligament was cut off with a 3-0 suture closely
rounding the base of the femoral head, and it was slid left and right 5
times to destroy all the blood supply nourishing the femoral head. Due to
approximate 14 μL of the volume of the femoral head in rat and the
consequence of preliminary experiment, in order to insure enough
zoledronic acid keeping in the femoral head, in the zoledronic acid-
treated group, approximately 100 μL(4mg/5 ml) zoledronic acid injec-
tion (Zhengda Tianqing) per rat was injected into the channel, which was
approximately 0.2 cm long, and drilled with the syringe needle of a 2 ml
injector. During the operation, the sciatic nerve was bypassed to avoid
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injury, the joint capsule was enhanced, and the integrity of the sur-
rounding muscle of the hip joint was maintained to avoid dislocation of
the hip joint. To prevent infection, the wound was rinsed with normal
saline, and the incision was sutured in layers. After all the rats had
awoken, they were active and fed without any abnormalities (Figs. 1, 2).

Assessment of traumatic ONFH

Four weeks after the surgery, the femurs of rats in the model group
were removed from the body and soaked in 10% neutral calcium form-
aldehyde. ONFH was evaluated by using micro-CT and H&E staining
analyses.

Micro-CT evaluation

All the right femoral heads and 10 left femoral heads were scanned
and reconstructed with a micro-CT scanner (GE e Xplore Locus, USA) to
and assess the relevant bone parameters, such as the BMD(bone mineral
density), BV(bone volume), BV/TV(bone volume/tissue volume), BS/
BV(bone surface/bone volume), Tb. Sp(trabecular space) and Tb.Th
(trabecular thickness). The ROI Size was X:2.8207; Y:2.8413; Z:2.2854
(millimeters), the scanning resolution was 27 μm, the scanning voltage
was 74.01 kV, the current was 133.0 μA, and the threshold was 75–255.
All the data were analyzed by GE Micro View software.

H&E staining, Toluidine blue staining and Masson staining

Specimens were soaked in 10% neutral calcium formaldehyde for 2
weeks and then put into 10% EDTA for decalcification. After decalcifi-
cation and paraffin embedding, the samples were sectioned at a thickness
of 5 μm in the coronary position, and the sections were stained with
hematoxylin and eosin (H&E), Toluidine blue staining and Masson
staining.

TRAP staining

TRAP staining suit (G1050,Servicebio), Hematoxylin dye(G1004,-
Servicebio), The differentiation of liquid (G1005-3,Servicebio), the blue
liquid(G1005-4,Servicebio). All dyeing procedures follow the in-
structions of TRAP staing suit.

Statistical analyses

All statistical analyses were performed by IBM SPSS Statistics 20
software. Values are represented by the mean � standard deviation, and
the data conforming to P < 0.05 were considered statistically significant.
All data satisfying the normal distribution and the test of homogeneity of
variance were analyzed using ANOVA with multiple comparisons, and
the data that did not satisfy the test of homogeneity of variance were



Figure 2. Ink was injected into the normal femoral head to verify that zoledronic acid can be also successfully applied using the same way.A.during operation; B.under
X ray; C. coronal plane of femora head after injection of ink.
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analyzed by nonparametric tests.

Results

The assessment of the success of the traumatic ONFH model

Four right femurs from the model group were abandoned because of
infection. Micro-CT and H&E staining were valid methods to evaluate the
success of the traumatic ONFH model. All the right femurs from the
model group were analyzed by these two means. In the micro-CT images,
the trabecular continuity of the subchondral bone tissue was interrupted
and disordered, and the local trabecula was sparse and thin. Further-
more, the outcome of H&E staining also showed typical features of
ONFH, in which many empty lacunae appeared (Fig. 3).
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Results of the micro-CT analysis

All 32 samples from the four groups were scanned by micro-CT. After
comparing the results between each group among the four groups, the
values of the BMD (B), Tb.Th(D) and BS/BV(F) were significantly
different among zoledronic acid-treated group, NS group and model
group (p < 0.05) (Figs. 4, 5).

Outcome of H&E staining, Toluidine blue staining, Masson staining and
TRAP staining

In the model group, osteocyte death on trabeculae was observed. At
the magnifications of 40�,20� and 10�, H&E staining also displayed
more empty lacunae in the model group than in the normal group and
zoledronic acid-treated group. The trabeculae were sparser and thinner
in the model group than in the other two groups. The Toluidine blue
staining were not only evaluated cartilage tissues but also assessed bone
Figure 3. H&E staining and micro-CT assessment of
the model group: (A) Image in the coronal plane of the
femoral head stained by H&E at 40� magnification.
The black arrow indicates empty lacunae, the trabec-
ula was disordered, and the local trabecula was sparse
and thin. (B) Image in the coronal plane of the femoral
head scanned by micro-CT. The white arrow indicates
that bones became less dense and more porous and
that the trabecular continuity was interrupted, disor-
dered and thin.

Figure 4. Morphometric evaluation of
micro-CT images among the four groups: (A
¼ normal group) trabeculae were dense,
continuous, thick and arranged in order;
(B¼model group), (C¼nomal saline group)
the local structure disappeared, trabeculae in
other areas of the femoral head were
discontinuous and disordered, they also
became thin, and necrosis of the femoral
head was more severe than it in the other
groups; (D ¼ zoledronic acid-treated group)
the trabeculae in the same area appeared
denser and more continuous than those in
the model group and NS group but less than
those in the normal group. (NS ¼ normal
saline).



Figure 5. 3D reconstruction results of the four
groups: (A) there was no difference for the value of BV
in zoledronic acid-treated group comparing with other
groups; (B) the value of the BMD had difference in
zoledronic acid-treated group comparing NS group
and model group ; (C) There was no difference for BV/
TV among the four groups; (D) There was significant
difference for Tb.Th in zoledronic acid-treated group
comparing with other three groups; (E) TbSp had
difference between zoledronic acid-treated group and
normal group; (F) BS/BV were significantly different
among zoledronic acid-treated group, NS group and
model group (p < 0.05). (NS ¼ normal saline).
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[11,12], the outcome of Toluidine bue staining revealed that calcified
cartilage, subchondral bone plate, and subchondral trabecular bone in
normal group and zoledronic acid-treated group were better than them in
model group. Masson staining showed that in the normal group, blue
staining representing inmature bone tissue and collagen were seldom;
Compared with the normal group, the model group showed a large
amount of blue-stained collagen in the trabecular bone, and the inmature
collagen area was significantly increased. Compared with the model
group and NS group, the zoledronic acid-treated group displayed
significantly reduced area of inmature bone tissue (blue staining) and the
tissue was mostly stained red. The area of blue-stained collagen was
significantly decreased in the zoledronic acid-treated group. TRAP
staining showed that there were less osteoclasts(the osteoclasts were
wine-red and the nuclei were blue) on the surface of trabeculae in normal
group and zoledronic acid-treated group than them in other groups
(Figs. 6–9).

Discussion

Numerous studies have demonstrated that the process of ONFH is
caused by cofounding factors, which include metabolic disorders, genetic
factors, and interrupted blood supply of the femoral head induced by
comprehensive causes ranging from high intraosseous pressure, me-
chanical injury and impaired blood vessels [13,14]. The mechanisms of
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ONFH have been thought to likely be due to primary procedures asso-
ciated with osteonecrosis [15]. For example, the large doses of gluco-
corticoids used by many patients with autoimmune diseases and alcohol
abuse have been closely related to changes in blood fat, which then result
in thrombi in the vessel supplying the femoral head [16]. Trauma is
another etiology associated with ONFH. These pathological processes
lead to bone cell death and eventual disruption of the structure of the
femoral head. Moreover, it is difficult to identify an ideal therapeutic
schedule to manage patients with ONFH before collapse; to obtain an
effective consequence of preserving the hip joint, treatment for ONFH at
the early stage of the disease is extremely vital [15]. In general, the main
treatments for ONFH during the early stage are nonsurgical treatment
and surgical treatment, while the outcomes vary.

As an antiresorptive drug, zoledronic acid-treated group can conserve
bone mineral density and strengthen bones by inhibiting bone resorption
[17]. Fabian von Knoch et al. [6] thought that bisposphonates were
benefit to higher bone density, stimulation of bone formation, and
decreased wear debris mediated osteolysisIn. lieu of this property, zole-
dronic acid has been considered the basic,first-line drug that is most
commonly applied in the treatment of osteoporosis [18]. For the same
reason, many researchers have introduced this kind of agent in their
studies of ONFH and other diseases to explore the effect of treatment. An
article published by Friedl, G, et al. demonstrated that the use of zole-
dronic in patients with ONFH requiring total hip arthroplasty was



Figure 6. H&E staining analysis of coronal plane
sections of the femoral head in the 3 groups with
different magnifications: (A-C¼normal group)
trabeculae were dense, continuous and thick, and
almost no empty lacunae or cases of osteocyte
death were detected; (D-F¼model group,G-
I¼normal saline group) osteocyte death on the
trabeculae was shown, and the sections also dis-
played more empty lacunae than in the normal
group and zoledronic acid-treated group; (J-L ¼
zoledronic acid-treated group) osteonecrosis was
less than in the model group and there were more
empty lacunae than in the normal group.(NS ¼
normal saline); (bar:10� ¼ 100 μm, 20� ¼ 100
μm, 40� ¼ 50 μm).

Figure 7. Toluidine blue staining analysis of coronal plane sections of the femoral head in the 3 groups with different magnifications: calcified cartilage, subchondral
bone plate, and subchondral trabecular bone in Normal group and zoledronic acid-treated group were better than them in other groups (A-C¼Normal group; D-
F¼model group; G-I¼ Normal saline group; J-L ¼ zoledronic acid-treated group); (NS¼Normal saline) (bar: 10� ¼ 100 μm, 20� ¼ 100 μm, 40� ¼ 50 μm).
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associated with a positive clinical result [19]. Zoledronate was also
successfully applied for improving the morphology of the femoral head
due to the inhibition of osteoclast activity in a rat model of traumatic
ONFH [20]. In a clinical trial, in children with Legg-Calve-Perthes dis-
ease, intravenous zoledronic acid treatment obtained improved efficacy
[21]. M, R. et al. [22] indicated that intravenous bisphosphonate treat-
ment for traumatic ONFH in teenagers generated good outcomes. How-
ever, the common methods in most of these studies associated with
zoledronic acid were intravenous or oral routes. Bisphosphonate therapy
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through blood circulation for improving the shape of ONFH has not
appeared to determine outcomes in clinical practice [22–24]. Local
application of ibandronate in the femoral head in a pig model of osteo-
necrosis showed a beneficial effect [25]. Local administration can ensure
as much zoledronic acid as possible in the femoral head because of the
high affinity of zoledronate acid for mineralized bone [26]; therefore, we
decided to apply local administration in a rat model of ONFH in our
study. Zheng LZ et al. [27] showed a good outcome using
steroid-associated osteonecrosis model of rat. Traumatic ONFH was also



Figure 8. Effects of the zoledronic acid on
Masson staining of the femoral head in rats
with osteonecrosis of the femoral head. In the
Normal group, inmature bone tissue and
collagen were seldom; Compared with the
model group and NS group, the zoledronic
acid-treated group displayed significantly
reduced area of inmature bone tissue (blue
staining) and the tissue was mostly stained
red(mature bone). (A-D ¼ Normal group; E-
H¼model group; I-L¼ Normal saline group;
M-P ¼ zoledronic acid-treated group); (NS ¼
normal saline); (bar:4� ¼ 500 μm, 10� ¼
100 μm, 20� ¼ 100 μm, 40� ¼ 50 μm).

Figure 9. TRAP(tartrate-resistant acid phosphatase) staining showed that there were less osteoclasts(black arrow) on the surface of trabeculae in normal group and
zoledronic acid-treated group than them in other groups. (A-D ¼ Normal group; E-H¼model group; I-L¼ Normal saline group; M-P ¼ zoledronic acid-treated group);
(NS¼ Normal saline); (bar:4� ¼ 500 μm, 10� ¼ 100 μm, 20� ¼ 100 μm, 40� ¼ 50 μm).
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common in clinical and the model of ONFH has the advantages of being
fast and stable, so we ameliorated a rat model of traumatic ONFH to
evaluate the efficacy of zoledronic acid treatment. To maintain homo-
geneity of all the animal models, we used a 3-0 suture closely rounding
the base of the femoral head and then made a circle and slid the suture
left and right 5 times to destroy all the blood supply nourishing the
femoral head. With the use of this method, all the animal models of
ONFH showed small heterogeneity. In the zoledronic acid-treated group,
approximately 100 μL(4mg/5 ml) eta zoledronic acid was injected into
the channel, which was approximately 0.2 cm long and entered at the
base of the femoral head after drilling with the syringe needle of a 2 ml
injector despite high pressure in the channel. The intervention began
after surgery was achieved. According to micro-CT, the BMD, BS/BV, and
Tb.Th., representing osteogenic parameters, showed significant
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differences among the model group, NS group and the zoledronic
acid-treated group. The outcome of H&E staining, Toluidine blue staining
andMasson staining were also parallel to that of micro-CT. TRAP staining
showed that osteoclast activity was lower in zoledronic acid-treated,
group than in other groups. Our results were also accord with the results
which were demonstrated in Fabian von Knoch et al. [6] We confirmed
that local administration of zoledronic acid in the femoral head had
positive effects on the bone structure of the femoral head in a modified
rat model of traumatic ONFH and offered a promising therapeutic
strategy during the early stage of ONFH to delay the progression of this
disease.

In fact, our study still has a limitation, as we did not identify the exact
amount of zoledronic acid used to treat the femoral head and the efficacy
of the treatment with different amount and concentration of zoledronic
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acid. The mechanisms that generated this outcome should also be further
investigated. In subsequent studies, we will attempt to quantify zole-
dronic acid treatment and therapeutic range and verify the related
mechanisms through various experiments. In addition, medication-
related osteonecrosis of the jaws (MRONJ), a severe side effect of
bisphosphonate, was reported in a series of studies [28]. Many studies in
regard to this aspect will be performed in our following work. In recent
years, combination therapies and tissue-engineered treatments have
been increasing and have offered positive results [29–32], and stem cell
therapy has also been viewed as a promising treatment [33]. For that
reason, the efficacy of stem cells combined with zoledronic acid. Lastly, if
ZOL injection could treat already happened osteonecrosis needs to be
investigated in our following studies.[]
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