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ABSTRACT

Introduction: Fracture healing is still one of the most important problems in orthopedic surgery clinics. Alcohol consumption,
smoking, systemic disorders, and different drugs are among the factors that diminish fracture healing. Sildenafil citrate may enhance
bone healing speed as it has known effects of increasing the blood supply to the tissues.

Materials and methods: 36 male, Wistar-Albino rats were randomly divided into two groups as the control group and sildenafil
group. A retrograde intramedullary Kirschner (K)-wire was inserted, and then standard closed shaft fracture was established with the
use of a three-point bending system. Sildenafil was given orally to the sildenafil group after production of fracture. Each group was
subdivided into two groups; seventeen rats were killed at the first week (Control Group A; Sildenafil Group C) and the other seventeen
rats at the fourth week (Control Group B; Sildenafil Group D).

Results: At the end of the first week, the results of control group (B) was not statistically significant but trended to have a better
histological score, with a median grade of 5 (range: 2-5), than the sildenafil group (D), with a median grade of 3.5 (range: 2-5)
(p=0.16). At the end of the fourth week, histological callus formation was found to be significantly superior in the sildenafil group,
with a median grade of 8 (5-9), than in the control group, with a median grade of 5 (5-7) (p=0.02). The difference between the control

and experimental groups as determined radiographically was not significant at both 1 and 4 weeks, respectively.
Conclusions: The microscopic results of this study indicate that sildenafil might have dual effects on fracture healing. It accele-
rates the bone healing in the repair phase, where it has a trend to have some suppressive effects on the inflammatory phase.
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Introduction

Fracture healing is a complicated process,
which occurs by restoration of the normal tissue
without scarring. This process is affected by many
factors. Adequate blood supply of the bone and its
surrounding tissue is the mainstay of bone healing”
». Bone healing begins with the hematoma phase,
which is characterized by complex process of clot
formation, platelet degranulation, and growth factor
release at the fracture site. For this purpose, the
required inflammatory mediators, fibroblasts and
growth factors accumulate at the fracture site.

Phosphodiesterase (PDE)-5 inhibitors act by
inhibiting the catabolism of cyclic guanosine
monophosphate (cGMP), which is a potent
vasodilator initially activated by nitric oxide
(NO)®. These drugs are not only being used in
erectile dysfunction® ¥, but also in pulmonary
hypertension, congestive heart failure and diabetic
neuropathy®®. Furthermore, sildenafil - a phospho-
diesterase inhibitor has also shown promising
results in the treatment of ischemia-reperfusion
injury in the heart and experimental embolic stroke
in the rat®'?. Clearly, all of these diseases involve
a significant ischemic component, indicating the
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effectiveness of sildenafil in resolving these tissue
pathologies"". Currently, no study exists in the lit-
erature that examines the effects of PDE-5
inhibitors on bone healing.

Sildenafil has also been proven to promote
angiogenesis in several studies, particularly in
ischemic conditions. In an experiment on mice,
Dussault et al."? found that sildenafil is almost as
potent as vascular endothelial growth factor in
inducing cellular migration and promoting capil-
lary-like tube formation in human umbilical vascu-
lar endothelial cells. Likewise, Senthilkumar et
al."" found that sildenafil therapy stimulated angio-
genesis in ischemic limbs of eNOS—/- and
INOS—/- mice. This effect was independent of NO-
production. As a fracture impairs the blood supply
of a long bone, angiogenesis is a critical point for
revascularization of bone fragments.

Several studies in the literature have reported
some deleterious effects of the sildenafil on colla-
gen synthesis, inflammation and fibroblast differ-
entiation. In one of them sildenafil reduced both
collagen 1 synthesis and differentiation of myofi-
broblasts"?; in another neonatal lung injury-recov-
ery model in rats, sildenafil treatment has been
shown to inhibit lung inflammation by demonstrat-
ing a reduction in the influx of inflammatory cells,
including macrophages and neutrophilic granulo-
cytes"?.

We have previously published our hypothesis
that sildenafil citrate may enhance bone healing by
various mechanisms such as by increasing the
blood supply, micro-circulation and the mediatory
concentration at the fracture site®. The results of a
very recent study on mice supports our hypothesis
that sildenafil may accelerate bone healing”. The
present study is conducted to supply further data
about the effects of sildenafil on early and late
phases of fracture healing. Our experimental study
aimed to investigate the histological, radiological
and biomechanical effects of sildenafil citrate on a
closed femoral fracture model in rats. The hypothe-
sis of the study was that the effects of sildenafil
might be different in early (inflammatory) and late
(repair) phases of the fracture healing.

Material and methods

Experimental model

The study was performed with the approval of
the Institutional Review Board. This study was con-
ducted on 36 male Wistar rats that were skeletally

mature, weighing 350 + 20 g. The rats were sup-
plied from the same animal laboratory in order to
minimize the hereditary variations between sub-
jects. The study has been approved by ethics com-
mittee. The procedures and handling of rats were in
conformity with the Helsinki Declaration.

A closed femur fracture model as described by
Bonnarren and Einhorn"® was used for study.
Before the anesthesia, a single dose of a first-gener-
ation cephalosporin (Cefamezin 50 mg/kg) was
administered intramuscularly for infection prophy-
laxis. Rats were fed a standard chow and allowed
water without restriction. They were allowed
mobility in a similar environment without any
restriction.

Surgical technique

The rats were weighed by electronic scale, and
a combination of ketamine HCl 50 mg/kg (Ketalar)
and xylazine (Rompun), injected intraperitoneally,
was used for anesthesia.

The surgical procedures were performed by
the same surgeons (SO and CYK). After the knee
was prepared with povidone iodine, an anteromedi-
al skin incision was made. Medial parapatellar inci-
sion was used, the patella was everted laterally, and
the knee was flexed to expose the femoral condyles.
An 8 mm Kirschner (K)-wire was applied from the
entry point just anterior to the intercondylar notch.
The K-wire was cut at about the entry point, leav-
ing less than 5 mm length in the joint. The patella
was reduced, and capsule and skin were closed.

The intramedullary position of the K-wire was
checked radiographically. A closed fracture was
created with the closed fracture device recommend-
ed by Bonnarens and Einhorn"?. The fractures were
also checked radiographically. All of the fractures
in the experiment were simple mid-shaft fractures.

Study groups

Rats were arbitrarily assigned to four groups
(Groups A, B, C, D) of nine animals each. Groups
A and B were control groups, and Groups C and D
were sildenafil groups (Table 1). Sildenafil citrate
was pulverized within 10 cm 3 water and Groups C
and D received sildenafil citrate in their drinking
water as 1 mg/day.

On the seventh day after the fracture, the rats
in Groups A and C were sacrificed. Their fractured
left femurs were excised without damaging the cal-
lus, and radiological and histological examinations
were applied.
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Group A: Control group, sacrified on 7th day
Group B: Control group, sacrified on 28th day
Group C: Sildenafil group, sacrified on 7th day
Group D: Sildenafil group, sacrified on 28th day

Table 1: Groups in the study.

There were two rats with displaced K-
wires and reduction loss (1 in Group A and 1 in
Group C). These were excluded from the study.

Rats in Groups B and D were sacrificed on the
28th day, and the same process, which was
described above for Groups A and C, was applied.

Simple biomechanical examination

Clinical examination of the healing was done
as described by Akman et al’”. The femur disarticu-
lated from the hip and knee joints, and was stripped
of the soft tissues after sacrification. Passive motion
in both sagittal and coronal dimension scored O,
motion in only one direction scored 1 and no
motion scored 2.

Radiological examination

Anteroposterior (A-P) and lateral radiographs
were taken after excision of the femurs.
Radiographs were scored according to Goldberg
classification"®. The scoring was done by three
independent orthopedists (Table 2).

T
Table 2. Radiological assessment of union according to Goldberg et al

Score Radiologic Assessment

1 Non-union

Possible union

3 Complete union

Histological examination

Two pathologists, who were blinded to the
group assignments, individually assessed histologi-
cal grade of the fracture healing. After two months,
the senior pathologist assessed the specimens once
again. The same team as a consensus decided the
final scores. After the radiological assessment, the
femurs were preserved in 10% formol solution.
After fixation, they were decalcified by 10% acetic
acid, 0.85 NaCl and 10% formalin solution, sequen-
tially.

Then, samples were embedded in paraffin
blocks and cut in slices of 4-5 microns. The sam-
ples were stained with hematoxylin- eosin. Each
sample was examined under x40 and x100 magnifi-
cations. Healing was graded according to Huo et
al."” (Table 3, Figure 1).

Table 3. Histological grading of the fracture healing due to classification of H

Score l|l\lnl(lxlﬂil F Indlll‘\ in Fracture Site

Fibrous nssue

Mamly fibrous tissue
Equal amounts of fibrous tissue and cartlage
Maimnly cartilage. little fibrous tisse

Cartilage

Equal amousts of carilage and ummature bone tssue

Mamly smmature bone tissue httle cartlage

3
4
s
6 Masnly carulage. hinle immature bone trssue
o
8
9

Fractuse healing with ummatare bone tissue

10 Fractuse healing with matare bor

CRSE o i ﬂi i

Figure 1 A-C: Hematoxylin-eosin (HE) stain and x 40
magnification. Cortical thickness of the femur (approxi-
mately 0.8 mm) was shown with two headed white
arrows. Thin black arrows indicate fibrous tissue, bend
arrows indicate chondroid tissue, thick black arrows
indicate woven bone tissue, thick grey arrow indicate
mature bone tissue. A. Huo grade 3, as there are equal
amounts of fibrous and chondroid tissue between cortical
bone fragments. B. Equal amounts of woven bone and
cartilage between cortices of two fragments are seen
(Grade 7 callus formation).C. Fracture healing with
immature bone (Grade 9 callus formation). D. HE stain
and x 100 magnification, Grade 7 callus formation.

Statistical analysis

All data obtained from this study were record-
ed and evaluated by using “Statistical Package for
Social Sciences for Windows 13” program.
Quantitative variables were given as mean SD
(standard deviation), while the categorical variables
were given as numbers and percentages. A frequen-
cy analysis was also performed. The normalcy of
distribution was evaluated when comparing the
groups. Parametric tests (independent samples test)
were used with normally distributed data, while
non-parametric tests (Mann-Whitney U test) were
used with non-normally distributed data. Wilcoxon
signed ranks test was used for comparisons over
time (1 and 4 weeks). Statistical significance was
accepted as p<0.05. Method 2 (covariance matrix)
was used for intra-observer and inter-observer relia-
bility.

Results

Simple biomechanical findings
No significant differences exist between the
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control (0(0-1)) and sildenafil (O (0-1)) groups at
the end of the first week (p=0.8). No significant dif-
ferences exist between the control (2 (1-2)) and
sildenafil (2(2-2)) groups at the end of the fourth
week (p=0.77).

Radiological findings

No significant differences exist between the
control (1.66 (1-2)) and sildenafil (1.33-2.66)
groups at the end of the first week (p=0.28). No sig-
nificant differences exist between the control (2.33
(2-3)) and sildenafil (2.66 (2-3)) groups at the end
of the fourth week (p>0.22) (Table 4). Both A - B
(control groups) and C - D (sildenafil groups) pair
demonstrated a significant difference over time,
with p values of 0.01 and 0.025, respectively.

Median (min-max) One week later | Four week later | P value

Control group 1.66 (1-2) 2.33(2-3) 0.01 *

Sildenafil group | 1.66(1.33-2.66) | 2.66(2-3) [0.025 *

P value 0.28 ** 0.22 **

Table 4: Comparison of the radiological results due to
Goldberg et al™®.

* Wilcoxon signed ranks test
** Mann Whitney-U test

Histological findings
At the end of the first week, the median score
of the group (A) (control group) was 5 (2-5) and of
the group (C) (sildenafil group) was 3.5(2-5). The
difference was not significant (p=0.16) between
Groups A and C (Figure 2).
- e

Figure 2: The scatter-plot graphic of the samples in con-
trol and sildenafil groups due to Huo histological classi-
fication at the end of the first week.

At the end of the fourth week, the healing
scores of Group D had significant difference com-
pared to healing scores of Group B (8 (5-9) and 5
(5-7), respectively; p=0.02) (Figure 3) (Table 5).

Both A - B (control groups) and C - D (silde-
nafil groups) pairs demonstrated a significant dif-
ference over time, with p values of 0.01 and 0.04,
respectively.

Histological grading atthe end of the first week

cal grade
or Nw s G o

Histologi

« control group = sildenafil group

Histological grading at the end of the fourth week

Histologi

ological gracle

Figure 3: The scatter-plot graphic of the samples in con-
trol and sildenafil groups due to Huo histological classi-
fication at the end of the fourth week.

Median (Min-max) | One week later | Four week later P value

Control group 5(2-5) 5(5-7) 0.01 *
Sildenafil group 3.5(2-5) 8(5-9) 0.04 *
P value 1.61 ** 0.02 **

Table 5: Comparison of histological results due to classi-
fication of Huo et al*®.

* Wilcoxon signed ranks test

** Mann Whitney-U test

The intra-observer reliability was 0.9894 (95%
confidence interval, 0.9789 to 0.9947), and the
intra-observer reliability was 0.9598 (95% confi-
dence interval, 0.9211 to 0.9797).

No adverse effect of the sildenafil was
encountered on the subjects.

Discussion

This is the first study in the literature that sep-
arately investigate the effects of sildenafil on bone
early and late phases of healing. According to our
histological examination results, sildenafil citrate
does not have a significant effect in the inflammato-
ry phase, whereas it significantly accelerated bone
healing in the repair phase.

Bone healing acceleration in the late phase
was evident in our study. This effect might be relat-
ed to the beneficial effects of PDE-5 inhibitors on
vasodilatation®?* and angiogenesis®?”. These
effects are related to the NO-mechanism®* ?".
Guanylate cyclase is activated by NO- and converts
guanosine triphosphate (GTP) to cGMP®”). cGMP
increases vasodilatation and requires PDE to be
catabolized.
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Sildenafil acts by inhibiting PDE and conse-
quently functions as a vasodilator®. Vasodilatation
results in increased blood flow to the tissues.

A very recent study on mice"”, showed that
sildenafil treatment accelerates fracture healing by
enhancing bone formation. To their findings,
Western blot analyses have shown a significantly
higher expression of the pro-angiogenic and
osteogenic cysteine-rich protein 61, confirming the
increase of bone formation. This was in concur-
rence with our hypothesis, which has been pub-
lished years before®.

Our study has similar findings with this study
in a different model, except that it gives some data
that sildenafil is not useful (if not harmful) in the
inflammatory phase of the bone healing.

Several studies exist proving that NO-
improves bone healing® *. NO is a well- accepted
angiogenic regulator that participates in several cel-
lular responses, including but not limited to
increased endothelial cell proliferation and survival,
increased endothelial cell motility, and increased
activation of signaling pathways necessary for
angiogenic activity® .

Although the effects of sildenafil citrate was
not statistically significant, there was a slight trend
of a potential retardation of bone healing observed
in the early phase of callus formation in sildenafil
group. This possible retardation in the inflammation
phase can be related with sildenafil’s known sup-
pressive effect on inflammation® . In an in vitro
study on tissue culture of fibroblasts taken from
Peyronie’s plaques, Valente et al."¥ showed that
sildenafil reduced both collagen 1 synthesis and dif-
ferentiation of myofibroblasts. Also, in a neonatal
lung injury-recovery model in rats, de Visser et
al."® showed that sildenafil treatment inhibited lung
inflammation by demonstrating a reduction in the
influx of inflammatory cells, including
macrophages and neutrophilic granulocytes.
Fibroblasts act as both precursor of chondroblasts
and osteoblasts, and a potential source of growth
factors that are essential in bone healing®".
Furthermore, they synthesize collagen and other
extracellular matrix proteins and have a crucial role
in fibrous callus formation®?.

The current study has limitations. Our experi-
mental model did not provide absolute fracture sta-
bilization, but this was done on purpose as to opti-
mize external callus formation, and facilitate histo-
logical assessment. Pre-fracture fixation was pre-
ferred in order to minimize the risk of complica-

tions related to prolonged anesthesia and operative
time (infection). The descriptive nature of the study
was another limitation. Moreover, using standard
radiographs might not be expected to provide
enough details to classify bone healing. Micro-
computed tomography (CT) o would have been
more appropriate, since it would add data about
bone architecture, which are not provided by histol-
ogy®. In addition, radiological assessment was
done after dissection of the bone, which makes an
objective assessment difficult.

The results of this study indicate that sildenafil
accelerates fracture healing, particularly in the
repair phase. However, it has no positive effects on
bone healing in the inflammatory phase.
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