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Fracture healing is a dynamic process affected
by many systemic and local factors.[1] It is vital
for fracture healing that the blood supply is
sufficient for crucial factors such as hormones,
growth factors, and minerals to reach the fracture
site.[1] Reduced fracture vascularity may result in
a delayed bone union and atrophic non-union.
Despite the developments in medical treatment
methods, challenges related to the bone union are
observed in 2 to 30% of fractures.[2]
Phosphodiesterase-5
(PDE5)
enzyme
is
abundantly found in the skeletal muscle cells,
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ABSTRACT
Objectives: We aimed to investigate the radiological,
biomechanical, histopathological, histomorphometric, and
immunohistochemical effects of different doses of vardenafil on
fracture healing.
Materials and methods: Fifty-one rats were divided into three
groups. Group V5 was given 5 mg/kg/day of vardenafil; Group
V10 was given 10 mg/kg/day of vardenafil; and the control group
was given the same volume of saline. Six rats from each group
were sacrificed on Day 14 (early period) and the remaining
rats were sacrificed on Day 42 (late period). Callus/femoral
volume and bone mineral density were measured using microcomputed tomography. Five femurs from each group in the
late period were examined by biomechanical tests. In addition
to the histopathological and histomorphometric evaluations,
immunohistochemical analyses were performed to examine the
levels of inducible nitric oxide synthase (iNOS), transforming
growth factor-3 (TGF-b3), and nuclear factor kappa B (NF-kB)
proteins.
Results: Both doses of vardenafil increased primary bone volume
and maximal bone fracture strength in late period, compared to the
control group (p<0.05). Histological healing scores of vardenafil
groups were significantly higher in early period (p<0.001). While
cartilaginous callus/total callus ratio in early period was higher,
callus diameter/femoral diameter ratio in late period was lower
in vardenafil groups (p<0.01). The NF-kB immunopositivity in
V10 group decreased in early period, compared to control group
(p<0.001). The TGF-b3 and iNOS immunopositivity increased in
both V5 and V10 groups, compared to the control group in early
period, but returned to normal in late period.
Conclusion: During the first period of fracture healing process
in which vasodilation is mostly required with increasing
inflammation, vardenafil has ameliorating effects on the bone
union and supports fracture healing.
Keywords: Bone healing, femur, rat, vardenafil.
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vascular smooth muscle cells, and pulmonary
vascular structures. The PDE5A3, an isoform
of the PDE5 enzyme, is specific for the smooth
muscle cells and involved in the regulation of the
contractions of vascular smooth muscle cells.[3,4] The
PDE5 enzyme inhibitor is a type of targeted therapy
used in many diseases such as erectile dysfunction,
symptoms of benign prostatic hyperplasia, chronic
heart failure, pulmonary hypertension, and
essential hypertension.[5,6] As a PDE5 inhibitor,
vardenafil acts by blocking the degradative action
of cGMP-specific PDE5, resulting in an increase
in the intracellular levels of 3-5-cyclic guanosine
monophosphate (cGMP), an essential secondary
messenger, and has been demonstrated to be a
critical stimulator of angiogenesis through the
upregulation of pro-angiogenic factors and the
control of cGMP concentration.[7] Recent studies
have shown that PDE5 inhibitors have beneficial
effects on the fracture healing by enhancing bone
formation in experimental animal models.[8,9] This
may be related to the beneficial effect of PDE5
inhibitors on vasodilatation, angiogenesis and
nitric oxide (NO)/cGMP/protein kinase G (PKG)
signaling pathway.[10]
Although there are limited studies examining the
effects of different PDE5 inhibitors on the fracture
union in the literature,[8-10] there are no available
data regarding vardenafil and its different doses in
fracture healing. In the present study, therefore, we
aimed to investigate the radiological, biomechanical,
histopathological,
histomorphometric,
and
immunohistochemical effects of different doses of
vardenafil on the bone healing process in a rat femur
fracture model.

MATERIALS AND METHODS
This study was approved by the Bağcılar Training and
Research Hospital Ethics Committee (No: 2017/2) for
animal experiments and was conducted in accordance
with the principles of the World Medical Association
statement on animal use in biomedical research.
Animals
Fifty-four Sprague-Dawley male rats, weighing
an average of 370 g (range, 348 to 392 g), were used
in the study. One animal from each group was
excluded for various reasons (one animal died from
both the low- and high-dose vardenafil groups, and
one animal from control group did not gain enough
weight). During the study, unlimited tap water
and standard rodent feed were given to the rats.
The animals were followed throughout the entire
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procedure at 22°C, in cycles of 12 h light and 12 h
dark. The rats were randomly divided into three
groups (n=17): control, low dose of vardenafil (V5),
and high dose of vardenafil (V10). By the oral gavage
method, the animals in the V5 and V10 groups were
administered a vardenafil solution at a dose of
5mg/kg/day, and 10 mg/kg/day, respectively and
the animals in control group were administered
the same volume of saline solution, until the day of
sacrification.
Surgery
Fracture models were established by the
osteotomy of right femurs and applying Kirschner
wire (K-wire) fixation. Before surgery, 8 mg/kg of
gentamicin (Genta®, İ.E. Ulagay, Istanbul, Turkey)
was administered subcutaneously as a single-dose
prophylaxis. Intraperitoneal injection of 80 mg/kg
ketamine hydrochloride (Ketalar®, Pfizer, Istanbul,
Turkey) and intraperitoneal injection of 5 mg/kg
xylazine hydrochloride (Rompun®, Bayer, Istanbul,
Turkey) were used for anesthesia. The femur body
was reached by passing through the vastus lateralis
and rectus femoris muscles with a 3-cm lateral
longitudinal incision of the right thigh. Transverse
osteotomy was performed in the middle of the femur
by using a micro-cutter. Using an electrical driller
motor, a 1.2-mm K-wire was moved antegradely
through the distal fragment and pulled out from
the knee area. The K-wire was, then, pulled distally
until the wire disappeared at the fracture line. After
the reduction, the K-wire was moved retrogradely
and pushed into the intramedullary channel of the
proximal fragment. The stability of fracture line was
checked, and a care was taken to avoid a distraction in
the osteotomy line. After the procedure, the fascia and
the skin were sutured and closed separately.
Radiological analysis
The newly formed callus volume (mm 3) and
bone mineral density (BMD) (g/cm 3) of all femur
specimens were measured with a microcomputed
tomography (mCT) device (Bruker Micro-CT
SkyScan 1174, MA, USA). For each specimen of
the right femur, firstly mCT scanogram images
were obtained and, then, the evaluation area of
7.5 mm above and below of the fracture line was
evaluated and the callus volumes were calculated
in the examination area of 15 mm in total. The BMD
analyses were performed using 0.25 g/cm 3 and
0.75 g/cm 3 of calcium hydroxyapatite calibration
rods. The analysis of images was carried out using
the Bruker CT analyzer program and the images
were reconstructed in three dimensions (3D).
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Histopathological analysis
All femurs cleaned from their muscles were
fixed in a 10% buffered formaldehyde solution for
a week. After fixation, they were decalcified in 10%
formic acid solution for three days and, then, taken
macroscopically into the cassettes and dehydrated by
serial alcohol sets, acetone, xylene, paraffin stages in a
closed system of tissue processor device. Subsequently,
a paraffin blocking was performed, longitudinal
sections of 3 to 4 µm were taken and stained by
hematoxylin-eosin (H-E) and Masson’s trichrome.
A light microscope (Olympus BX61; Olympus Corp.,
Tokyo, Japan) with a camera attachment (Olympus
DP72; Olympus Corp., Tokyo, Japan) was used for
histopathological examination and photographing. At
least five sections were randomly selected and scored
according to a numerical scoring system for callus
healing and according to the histological healing scale
between 1 and 10 determined by a histologist and
pathologist, as previously described.[11] Inflammation
scoring was evaluated by a pathologist under the light
microscope according to the lymphocyte infiltration
and scored between 0 and 3 by the same histologist as
previously described.[12]

Immunohistochemical analysis
Immunohistochemical staining of streptavidinbiotin-peroxidase method was applied on the femoral
sections using monoclonal and polyclonal antibodies
labeled to show inducible nitric oxide synthase (iNOS),
transforming growth factor-β3 (TGF-β3), and nuclear
factor kappa B (NF-κB) proteins in fracture healing.
Five regions showing positive immunolabeling with
relevant antigens were analyzed in terms of staining
intensity by using semi-quantitative modified
H-SCORE. Scores between 0 and 300 were given
by two researchers for five regions, and the scores
were averaged. Femoral localizations of staining were
determined, and the changes in protein expression
and regional differences were detected semiquantitatively.[14]
Statistical analysis
Statistical analysis was performed using the
GraphPad Instat version 3.06 software (GraphPad
Inc., CA, USA). Descriptive data were expressed in
mean ± standard error (SE). The means of two or

2nd week

6th week

Control

Three-point bending test was applied to determine
the biomechanical durability of fracture healing at the
level reached at the end of six weeks. Biomechanical
tests were carried out using a tester device (Instron
5982, MA, USA) with a load capacity of 100 kN, a
sampling frequency of 1 kHz, and a force measurement
accuracy of ± 0.5%. The right femoral bones were
positioned horizontally on the measuring device by
their fronts facing upward, and the tests were carried
out to ensure that the applied force reached the
axis perpendicular to the fracture line. The distance
between the supports was the same for each right
femur bone, measured as 10 mm. The bones were bent,
until a fracture occurred at a rate of 5 mm/s. The force
and deflection data were recorded simultaneously by
a computer program (Instron Blue Hill 3, MA, USA)
that was compatible with the test device used. The
breaking force was determined as the highest point
(Fmax) of the force curve.

diameter were calculated in fracture areas obtained
at the end of two weeks. Since the cartilaginous callus
disappeared in the samples taken at the end of six
weeks, only the ratio of the total callus diameter-tofemoral bone diameter was calculated.[3]

V5

Biomechanical analysis
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Quantitative analysis of serial sections of the
fracture area was performed with Olympus DP72
image analysis software as previously described.[13]
Total callus consisting of the bone (ossified tissue),
cartilage and fibrous callus was measured. The ratio
of the cartilaginous callus area-to-total callus area and
the ratio of the total callus diameter-to-femoral bone

V10

Histomorphometry

FIGURE 1. Microcomputed tomography images obtained at
two and six weeks in the control, V5 (Vardenafil 5 mg) and
V10 (Vardenafil 10 mg) groups.
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Table I
The callus volume/bone volume ratio and BMD measured by microcomputed tomography at two
and six weeks in the control, V5 (Vardenafil 5 mg) and V10 (Vardenafil 10 mg) groups
2nd week

6th week

Mean±SE

Mean±SE

p value

1.41±0.22

0.69±0.05†

0.0022

Callus volume/bone volume (mm /mm )
3

3

Control group
V5 group

1.35±0.11

0.79±0.06*,†

0.0022

V10 group

1.42±0.15

0.80±0.04*,†

0.0043

0.964

0.022

p value
BMD (g/cm3)
Control group

0.949±0.013

1.051±0.004†

0.0022

V5 group

0.974±0.009

1.051±0.008†

0.0022

V10 group

0.957±0.013

1.058±0.006†

0.0022

0.373

0.665

p value

BMD: Bone mineral density; SE: Standard error; * p<0.05 vs control group; † p<0.01 vs 2nd week group.

RESULTS
Radiological findings
The images obtained from control, V5, and V10
groups by mCT scanning performed following the
second and sixth weeks of the fracture healing
processes are presented in Figure 1. When the ratio
of callus volumes to the cortical bone volume in the
fracture area was examined, there was no significant
difference among the groups at two weeks, while
the rates were significantly higher in the vardenafil
groups at six weeks (p<0.05). At six weeks, as
the fracture healing progressed, the ratio of callus
volume to bone volume also decreased significantly
(p<0.01) (Table I).
There was no statistically significant difference
among the groups in terms of BMD results (g/cm3)
both at two and six weeks. However, the BMD values
increased significantly at six weeks, compared to
those of the second week (p<0.01) (Table I).
Biomechanical findings
The mean maximum fracture strength (Fmax)
value obtained from the right femoral bones of the
V5 group was greater than the values obtained from

the V10 and control groups (Figure 2). While the
highest fracture strength value was obtained from
V5 group, the lowest fracture strength value was
obtained from the control group (p<0.05). Although
there was a difference between the Fmax values
of V5 and V10 groups, it did not reach statistical
significance (p>0.05) (Figure 2).
Histopathological findings
Extensive soft callus areas in two-week images
of femoral fractures could be differentiated by the
cartilaginous callus, as well as the inflammation
and infiltration areas (Figure 3). In the six-week

60

*
15

50

40
Fmax (N)

more independent groups were compared using the
one-way analysis of variance (ANOVA) test, and the
differences between groups were compared using
the Tukey-Kramer multiple comparison test and the
Kruskal Wallis comparison test. Values of p<0.05,
p<0.01, and p<0.001 were considered statistically
significant for different groups.

36.71

12.45
12.52

30
22.96
20

16.15

10

0
V5

V10

Control

FIGURE 2. The mean values of maximum fracture force
(Fmax) of the control, V5 (Vardenafil 5 mg) and V10
(Vardenafil 10 mg) groups.
* p<0.05 vs control group.
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2nd week

6th week

V10

V5

Control

2nd week

317

FIGURE 3. The microscopical images of bone healing at two and six weeks in the control, V5 (Vardenafil 5 mg) and V10 (Vardenafil
10 mg) groups, hematoxylin-eosin (first and second column) and Masson’s trichrome (third and fourth column), 10¥ magnification.

images, the primary bone regions were also noted,
as well as the hard callus formed with the reduced
two-dimensional callus diameter (Figure 3).
Histological healing scores are presented in
Table II. The scores of fracture healing increased
significantly in the vardenafil groups at two weeks,

compared to the control group (p<0.01); however,
there was no statistically significant difference
between the dose groups. At six weeks, only the
increase in the V10 group was significantly higher,
compared to the control and V5 groups (p<0.05),
although there was no significant difference between
the control and V5 groups.

Table II
The histological healing scores and inflammation scores of fracture sites at two and six weeks in
the control, V5 (Vardenafil 5 mg) and V10 (Vardenafil 10 mg) groups
2nd week

6th week

Mean±SE

Mean±SE

p value

Histological healing score
1.17±0.41

6.50±0.84¶

0.0024

V5 group

4.83±1.60**

7.67±1.51†

0.0193

V10 group

4.67±2.07**

8.67±0.82*,‡

0.0055

0.0011

0.013

3.00±0.0

0.67±0.21¶

V5 group

0.17±0.17***

0.17±0.17

1.00

V10 group

1.00±0.44***

0±0*

0.076

<0.0001

0.045

Control group

p value
Inflammation score
Control group

p value

0.0001

BMD: Bone mineral density; SE: Standard error; * p<0.05; ** p<0.01 and *** p<0.001 vs control group; † p<0.05; ‡ p<0.01
and ¶ p<0.001 vs 2nd week group.
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Table III
The histomorphometric findings measured at two and six weeks in the control,
V5 (Vardenafil 5 mg) and V10 (Vardenafil 10 mg) groups
2nd week
Cartilaginous callus
area/total callus area

6th week

Total callus
diameter/femoral diameter

Total callus
diameter/femoral diameter

%

Mean±SE

Mean±SE

Mean±SE

Control group

47.47±4.67

43.85±4.08

17.85±4.45

V5 group

82.68±5.56**

56.55±6.70

6.39±1.55*

V10 group

90.90±4.08**

47.09±4.79

4.84±0.58*

<0.0001

0.153

0.0088

p value

All data were measured in µm; SE: Standard error; * p<0.01 and ** p<0.001 vs control group.

Considering
the
inflammation
scores,
inflammation in the vardenafil groups was
significantly reduced, compared to the control group
(p<0.001), and the least inflammation was observed

TGF-b3

iNOS

V10

V5

Control

NF-kB

in the V5 group; however, there was no significant
difference in the scores of dose groups for both
periods (Table II).

FIGURE 4. The microscopical images of immunohistochemical analysis of nuclear factor kappa B (NF-kB), transforming growth
factor-b3 (TGF-b3), and inducible nitric oxide synthase (iNOS) at two weeks in the control, V5 (Vardenafil 5 mg) and V10 (Vardenafil
10 mg) groups, 10¥ magnification.
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Table IV
NF-kB, TGF-b3 and iNOS immunoreactivity at two and six weeks in the control,
V5 (Vardenafil 5 mg) and V10 (Vardenafil 10 mg) groups
2nd week

6th week

Mean±SE

Mean±SE

p value

NF-kB
Control group

94.00±8.72

70.00±12.25

0.149

V5 group

66.67±10.85

65.00±21.16

0.971

V10 group

36.67±6.67**

55.00±8.54

0.110

0.0007

0.820

p value
TGF-b3

206.00±8.94

120.00±20.0†

0.008

V5 group

Control group

275.00±9.22**

83.33±16.67†

0.002

V10 group

288.33±8.33**

75.00±20.45†

0.002

<0.0001

0.284

76.00±10.30

100.00±22.36

0.674

p value
iNOS
Control group
V5 group

125.00±7.64*

87.50±22.13

0.335

V10 group

141.67±9.46**

63.33±17.26†

0.002

0.0001

0.188

p value

NF-kB: Nuclear factor kappa B; TGF-b3: Transforming growth factor-b3; iNOS: Inducible nitric oxide synthase;
H-SCORE data are presented as mean ± standard error mean; * p<0.01 and ** p<0.001 vs control group;
† p<0.01 vs 2nd week group.

Histomorphometric findings
The ratio of cartilaginous callus area-to-total callus
area in the fractures at two weeks was found to
significantly increase in the V5 and V10 groups,
compared to the control group (p<0.001). However,
no significant difference in the ratio of total callus
diameter-to-femoral bone diameter was detected
among the groups (Table III). Since the cartilaginous
callus area completely disappeared in the fracture
area at six weeks, only the ratio of the total callus
diameter-to-femoral bone diameter was calculated for
histomorphometric analysis and significant decreases
were detected in this ratio at six weeks, compared to
the control group (p<0.01) which gradually decreased
by increasing dose of vardenafil (Table III).
Immunohistochemical findings
In the comparison of immunostainings
between the groups at two weeks, the lowest
NF-kB immunoreactivity was observed in the V10
group and, as the dose of vardenafil increased,
the immunopositivity decreased (p<0.001) (Figure 4).
Similarly, at six weeks, the immunopositivity of NF-kB
in the femoral fracture areas decreased, as the
dose increased, although this difference was not
statistically significant (Table IV).

An increasing TGF-β3 immunopositivity was
observed in the vardenafil-administered rats at two
weeks (Figure 4), and this increase was statistically
significant, compared to the control group (p<0.001).
No such difference was found among the groups at
six weeks. On the other hand, when the secondand sixth-week groups were compared in terms of
TGF-β3 immunoreactivity, a dramatic decrease was
noted at six weeks (p<0.01) (Table IV).
A significantly increased iNOS immunopositivity
was observed in the vardenafil- administered rats at
two weeks, compared to the control group (p<0.01 for
V5 and p<0.001 for V10 group) (Figure 4). Comparing
the immunoreactivities at two and six weeks, a
statistically significant decrease was observed in
the immunopositivity of V10 group at six weeks,
compared to the second-week measurement (p<0.01).

DISCUSSION
Recently, the positive contribution of PDE5 inhibitors,
used in the treatment of erectile dysfunction, to
the fracture healing has been demonstrated in
various studies.[3,15] It has been demonstrated that
sildenafil and tadalafil, two of PDE5 inhibitors, are
able to accelerate the healing of fracture defects by
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supporting the formation of bony fracture bridges
and exert this beneficial effect by increasing nitric
oxide synthase (NOS) enzymes.[3,15] Dinçel et al.[8]
evaluated the effects of sildenafil and pentoxifylline
on the fracture union biomechanically, histologically,
and radiologically and found that sildenafil had
positive effects on early and late fracture union. In
our study, we demonstrated that vardenafil, a more
potent and selective PDE5 inhibitor than sildenafil,
accelerated the fracture union beginning from the
early stages, even at low doses in our rat model.
Although there are radiological evaluations of
fracture healing based on the direct X-ray findings,
there is evidence that these radiological evaluations
and measurements are not sufficiently objective in
examining the fracture healing and show distinctions
in evaluation between individuals.[16,17] In a study
by Rajfer et al.,[18] a quantitative mCT was used
to investigate the effect of tadalafil, another PDE5
inhibitor, on the fracture healing in a rat model
established by an open femoral osteotomy, and the
mineral content, mineralized callus area and BMD were
measured. In the osteotomy site, the callus volumes,
particularly at six weeks, increased significantly,
compared to those at two weeks; however, there was
no statistically significant difference between the
groups. In terms of the BMD measurement, they also
found no significant difference between the groups.
In our study, we measured the callus volumes and the
cortex volumes in the fracture line, their ratio to each
other, and the BMDs using the mCT device, which can
provide a standard numerical way for the findings
of radiological measurement and imaging. We found
that both doses of vardenafil significantly increased
the primary bone volume, particularly in the late
period, although it did not significantly affect BMD.
Three-point bending test is a widely used
method to measure the biomechanical strength
of the callus tissue.[18,19] A valuable data on the
bending forces can be obtained with this method;
however, the lack of testing of rotational and
shear forces is among the main limitations of the
test. Nyman et al.[19] investigated the effects of
lovastatin on the fracture union and measured the
structural stiffness, structural strength (maximum
strength), and energy failure using this three-point
bending test. In addition, they measured the total
callus volume and mineralized callus volume with
mCT and showed that these values were inversely
proportional to the callus strength and stiffness.
In another study, Prodinger et al.[20] used this
bending test in a study in which they investigated
the biomechanical behavior and radiological
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characteristics of bones of different lengths in
rats and showed that the ideal bone that could be
measured biomechanically with this test was long
bones. As a result of the biomechanical analysis in
the present study, both doses of vardenafil at six
weeks were found to increase the maximum bone
fracture strength significantly, compared to the
control group; however, no significant difference
was found between the two doses. In addition, there
was no significant difference between the BMD
values of the groups according to the mCT findings.
Therefore, these findings indicate that there is no
strong relationship between the biomechanical data
and BMD.
According to the histopathological data, although
mostly fibrous tissue and a small amount of cartilage
were observed in the soft callus areas in the control
group in the early period, more cartilage tissue and
even a small amount of immature bone were found in
vardenafil-administered rats. By the sixth week, due
to the natural fracture healing process, the cartilage
tissues and a small amount of immature bone were
observed in the soft callus areas of the control group,
while the cartilage and immature bone were found
in equal amounts in the callus areas of rats treated
with low-dose vardenafil. Histopathological scores
increased in rats treated with high doses of vardenafil,
in other words, predominantly immature bone and a
small amount of cartilage were observed in the callus
areas, and even the fracture line was completely
closed in some rats and covered with immature bone.
Therefore, the fact that vardenafil induces the fracture
healing and increases the strength of the fracture line
may be related to its contribution to the formation of
hard callus.
Clarifying the cellular and biochemical events
of the fracture healing process has been a guide
in investigating the effects of many physical and
biological factors on fracture healing. To understand
the roles of these processes in the positive effects
of vardenafil at tissue level, we performed
immunohistochemical analyses of iNOS, TGF-3, and
NF-κB proteins. It was previously demonstrated
that sildenafil was an anti-inflammatory and
neuroprotective agent in rodents, acting through
the NOS-NO-cGMP-IKβα-NFκB pathway in
neuroinflammation.[21] A study by Abdel Aziz et al.[22]
conducted in the diabetic rats showed that tadalafil
influenced the erectile function by increasing cGMP
levels, expression of NOS enzymes, and decreasing
NF-κB expression levels. In a rat fracture model
established in the present study, we found that a
high dose of vardenafil significantly reduced NF-κB
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immunopositivity in the early period, compared to
the control group, although the effects in the late
period returned to the same levels of the control
group. Therefore, we consider that the effects of
vardenafil on the NF-κB pathway in fracture healing
can be only exerted in the early period. Further
molecular studies using different doses may reveal
the role of NF-κB pathway mediating the effects of
vardenafil and other factors in the fracture healing
process.
Vardenafil is a PDE5 inhibitor which catalyzes
cGMP degradation and promotes smooth muscle
relaxation. It is known to cause NO-induced
cGMP accumulation and subsequent vasodilation.
It has also been shown that intracellular cGMP
accumulation reduces the oxidative stress in
tissue, exerting antioxidative effects. The NO is
a common radical in the site of fracture healing
and inflammation.[23] Vardenafil increases and
contributes to the blood flow to the fracture healing
site owing to its effects on the NO production
pathway.[3] In the immunohistochemical iNOS
analysis, we found that both doses of vardenafil
increased the iNOS immunopositivity in the early
period of the fracture, but lost its effect in the late
period of recovery. This suggests that vardenafil
is effective in early stages, when the vasodilation
is most needed in the fracture healing process,
but later this effect disappears with primary bone
formation.

The TGF-β released into the environment
following the activation of cytokines during the
inflammation phase, which is the first stage of
fracture healing, stimulates the mesenchymal
cells for the production of type 2 collagen and
structural proteoglycan, and the osteoblast cells
for collagen production.[24] It is abundant in the
hematoma formed in the fracture line and effective
on the cartilage and bone matrix synthesis. It
has also chemotaxis properties in the bone tissue
cells. Additionally, it stimulates the fibronectin
production and matrix storage in the bone tissue.[25]
To the best of our knowledge, there is no study
showing the PDE5 inhibitor's role in the fracture
healing via the TGF pathway. In this study, according
to the immunohistochemical findings, we showed
that TGF-β3 was effective, particularly in the first
phase of fracture healing, and vardenafil increased
this effect significantly; however, TGF-β3 returned
to the normal levels in the late period. This finding
suggests that TGF-β3 expression may increase with
the increase of inflammation, and vardenafil may
accelerate the fracture healing by elevating the
expression.

321

In the current study, the comparisons for two
different doses of vardenafil demonstrated no
statistically significant difference in terms of the
radiological, biomechanical and histomorphometric
findings. However, the histological healing scores
were found to be significantly different in the
high-dose group in the late period, compared to
the low-dose group; however, no such difference
was observed in the early period. Similarly, the
inflammation in high dose group in the late period
significantly decreased and even completely
disappeared compared to the low-dose group, while
no statistically significant difference was found
between the doses in the early period. According
to the immunohistochemical findings, a significant
decrease in NF-κB immunopositivity was detected
only in high-dose group in the early period, while
no statistically significant difference was found
between the dose groups in terms of iNOS and
TGF-β3 reactivity in both periods.

There were some limitations in our study. Since
the surgical fracture model was chosen, the fracture
hematoma, which is very important in the early stages
of fracture union, was removed from the fracture
site. Secondly vardenafil doses have been determined
based on doses studied in the literature, therefore
a complete optimization has not been achieved.
Finally, statistical analysis could only be performed
in relatively small groups, since the lowest possible
number of animals was used when determining the
number of animals in the groups.
In conclusion, this study demonstrates that,
during the fracture healing process, vardenafil
has positive effects on the bone healing
radiologically, biomechanically, histopathologically,
histomorphometrically, and immunohistochemically,
particularly in the early period, when the vasodilation
is more needed, and the inflammation occurs.
Although vardenafil showed positive effects on
fracture healing at the doses we selected in this study,
further studies are needed to establish the most
optimal dose.
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