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Abstract

To date, no effective medical approach for the treatment of erectile dysfunction (ED) secondary to ischemic priapism (IP) has
been described. The aim of this study was to evaluate the anti-inflammatory, antifibrotic, and antioxidant effects of pirfenidone
(PFD) on cavernosal tissue in a rat model of IP. Forty-eight male albino rats aged 8—10 months, with mean weights of 410 +
18.6 g were randomized into four groups (n =12 in each group): no IP (group 1); IP for 1h, followed by intracavernosal
pressure (ICP) measurements using electrical cavernous nerve stimulation (CNS) (group 2); IP for 1h, followed by ICP
measurements using electrical CNS 6 weeks later (group 3); and IP for 1 h, oral PFD (30 mg/kg once daily) treatment by oral
gavage, followed by ICP measurements using electrical CNS 6 weeks later (group 4). Malondialdehyde (MDA) and reduced
glutathione levels were measured spectrophotometrically. In a histological evaluation, cavernosal collagen/smooth muscle ratios
were calculated. The intracavernosal pressure values of group 1 were higher than those of groups 2 and 3 (p <0.05) but similar to
those of group 4 (p > 0.05). The mean MDA level was significantly higher in group 3, as compared with that in group 4 (p =
0.004). The mean collagen/smooth muscle ratio in groups 1-4 was 24%, 42%, 65%, and 48%, respectively. Physiological,
biochemical, and histopathological evaluations of the PFD effect on cavernosal tissue in a rat model of IP were the strengths and
the lack of molecular and immunohistochemical analysis were the limitations of this study. In this study, we examined the effects
of PFD on cavernosal tissue in a rat model of IP. We found that PFD reduced cavernosal fibrotic activity and improved erectile
function. We conclude that PFD may represent a new treatment option in IP treatment.

Introduction

Priapism is defined as a state of persistent penile erection
lasting longer than 4 h, unrelated to sexual arousal or desire
[1, 2]. It has an incidence of 1/100,000 across age groups and
is predominantly found in those aged 20-50 years [1, 2].
Three main subtypes of priapism are recognized: ischemic,
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nonischemic, and stuttering priapism. Ischemic priapism (IP)
is characterized by low flow or veno-occlusion within a
closed-compartment syndrome, with acidosis, hypercapnia,
and hypoxia in cavernosal blood gas examination [3, 4]. IP is
generally painful. In contrast, nonischemic priapism is char-
acterized by high arterial blood flow and is generally non-
painful [3]. Stuttering priapism is an unusual and poorly
understood form of low-flow priapism that occurs mostly in
sickle-cell disease, and the data obtained from this study may
not be applicable to this group. Of these three subtypes, IP is
the most common type of priapism (95%) [3, 4]. Previous
studies focusing on IP suggested that the presence of a dense
fibrotic component secondary to the progression of fibrosis
may result in erectile dysfunction (ED) [5, 6]. Research also
showed that transforming growth factor-p (TGF-f) played a
key role in fibrogenesis and that TGF-P1-neutralizing anti-
bodies decreased the fibrotic effects of IP [7, 8].

Previous animal studies demonstrated that 5-methyl-1-
phenyl-2-(1H)-pyridone  (PFD), an antifibrotic agent,
decreased collagen production and the formation of TGF-,
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tumor necrosis factor-o, and platelet-derived growth factor,
which are histological markers of progressive fibrosis [9-11].
In addition to its antifibrotic effects, anti-inflammatory and
antioxidant effects of PFD have been demonstrated [12, 13].
Several studies have investigated the antifibrotic effects of
PFD on lung, kidney, skin, and bladder [14-17]. However,
there are no studies in the English literature on the relationship
between PFD and cavernosal fibrosis secondary to IP.

In this study, we aimed to investigate the antifibrotic and
antioxidant effects of PFD in a rat model of IP and to
evaluate its effects on erectile function. To the best of our
knowledge, this experimental IP rat model is the first in the
literature to evaluate the antifibrotic effect of PFD on pro-
longed fibrosis and subsequent ED.

Materials and methods
Animals

This study complied with the guidelines of the Institutional
Animal Care and Ethics Committee of Zonguldak Bulent
Ecevit University (Zonguldak, Turkey) (approval no.: 2018/
04). In total, 48 healthy Wistar albino rats aged 8—10 months,
with mean body weights of 410 + 18.6 g were included in this
study. The animals were housed under standard vivarium
conditions in a climate-controlled room (18-22 °C, 40-60%
humidity, and 12-h light/dark cycle), with free access to water
and standard food. All the procedures were conducted in
accordance with the National Institutes of Health guide for the
care and use of laboratory animals. To prevent any biases, all
the stages of experiments were performed by a neutral crew
who were blinded to groups throughout the study.

Groups and experimental design

In this experimental study, ICP was preferred as the main
marker, both for early-onset and prolonged erectile function,
according to experimental groups. Following an adaptation
period of 1 week, 48 rats were randomly divided into the
following four groups, with 12 animals in each group: a non-
IP group and intracavernosal pressure (ICP) measurements
using electrical cavernous nerve stimulation (CNS) (group 1);
experimental IP for 1h and subsequent ICP measurements
(group 2); experimental IP for 1 h, no PFD treatment, and ICP
measurements 6 weeks later (group 3); and experimental IP
for 1h, PFD treatment (30 mg/kg administered orally once
daily by oral gavage), and ICP measurements 6 weeks later
(group 4). In this study, dosing of the PFD was calculated
with reference to a clinical study in patients with idiopathic
pulmonary fibrosis [18] and to an experimental rat model of
severe pulmonary hypertension [19]. All the surgical pro-
cedures were performed under general anesthesia, induced

by intraperitoneal ketamine (80 mg/kg). A priapism model
was created, using a vacuum device and a constrictor band,
as previously described in the literature [20, 21]. A 50-ml
plastic syringe was used as a vacuum erection device. The
most distal part of the tip of the syringe was cut to create an
effective vacuum erection model. A rubber ring (2-mm
thick) obtained from a 16 Fr Foley catheter was used to
induce and sustain the penile erection. The tip of the device
was placed over the penis at the level of the radix penis, and
its piston was pulled up slightly, until an adequate erection
was achieved. The constrictive ring was then pushed onto
the radix penis (Fig. 1a).

Physiological erection model

To produce unilateral CNS, a stainless-steel bipolar-stimulat-
ing electrode was attached to the posterolateral edge of the
prostate. A 25-gauge needle, which was connected to a
heparinized polyethylene tube, was then inserted into the left
corpus cavernosum for ICP monitoring, using a data acquisi-
tion system (Biopac MP30 System, SantaBarbara, CA, USA).
The CNS was administered to all rats, using a 15-Hz, 4-V
electrical stimulation at a pulse width of 15ms for 60s
[22, 23]. The animals were also catheterized intra-aortically for
simultaneous intra-aortic blood pressure monitoring (Fig. 2).

Histopathological analysis

Following the ICP measurements, a penectomy was per-
formed, and the cavernosal tissues were separated into two
equal parts for further histopathological and spectro-
photometric evaluation. Following extraction, the cavernosal
tissues were placed in a solution of 10% formaldehyde for
fixation and analysis. For the histopathological examination,
the cavernosal tissue slices were cut into sections, 4-um thick,
using a fully automated microtome (Fig. 1b). Masson’s tri-
chrome staining was used to measure the ratio of the collagen
to the cavernosal smooth muscle. Under light microscopy,
quantitative analysis was performed, using the Image J
Threshold Color plugin in randomly selected four fields of
each slide (x400), as follows: <30% collagen = (+), 31-50%
collagen = (++), 51-70% collagen = (+++), and >70%
collagen = (4++++).

Biochemical analysis

Measurement of lipid peroxidation

Tissue malondialdehyde (MDA) levels were studied as a
marker of lipid peroxidation. The cavernosal tissues
obtained from the penectomy specimens were homo-

genized using 10% trichloroacetic acid (Sigma Chemical
Co., St. Louis, MO, USA). The homogenates were

SPRINGER NATURE



234

0. Cinar et al.

Fig. 1 a A 1-h ischemic
priapism (IP) model was created
by placing a constrictive ring
(red arrow) on the radix penis.
b Transverse section of a corpus
cavernosum in group 1
(Masson’s trichrome stain under
light microscopy, x25), with
smooth muscle fibers (red color)
and collagen contents (blue
color). (The yellow arrow
denotes the urethra)

Fig. 2 The intracavernosal
pressure (ICP) (blue line)
induced by electrical stimulation
(red line) and the intra-aortic
blood pressure (green line) were
recorded simultaneously for 60 s.
BICP, basal intracavernosal
pressure; MICP, maximum

4 Volt electrical stimulation

\\R%

intracavernosal pressure; AUC,
area under the curve

Intracavernosal pressure

individually centrifuged at 3000 rpm for 15 min, and the
supernatant fractions were added to 1% butylhydrox-
ytoluene (Sigma Chemical Co., St. Louis, MO, USA) and
0.67% thiobarbituric acid (Sigma Chemical Co., St.
Louis, MO, USA) and boiled for 15 min. The obtained
samples were evaluated spectrophotometrically at 535
nm. The MDA levels in corporal tissue were expressed as
nanomoles/gram (nmol/g) [24].

Measurement of antioxidant activity in cavernosal tissue
The level of reduced glutathione (GSH) in cavernosal
tissue was studied as an endogenous antioxidant marker.

The cavernosal tissues were homogenized using 10%
trichloroacetic acid (Sigma Chemical Co., St. Louis, MO,
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Intraaortic blood pressure

USA), and the homogenate was then centrifuged at
3000 rpm for 15 min. The obtained supernatant was added
to 1% butylhydroxytoluene (Sigma Chemical Co., St.
Louis, MO, USA), 0.67% thiobarbituric acid (Sigma Che-
mical Co., St. Louis, MO, USA), and dithiobisnitrobenzoate
(Sigma Chemical Co., St. Louis, MO, USA) solution.
The tissue absorbance was measured by spectrophotometry
at 412 nm. Reduced glutathione levels in corporal tissue
were expressed as micromole/gram (umol/g) [25].

Statistical analysis
The statistical evaluation was performed using the Statis-

tical Package for the Social Sciences for Windows software,
version 21.0 (IBM, Chicago, IL, USA). Differences
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Table 1 The mean intracavernosal pressure (ICP) levels

Group 1 Group 2 Group 3 Group 4 Group 1 vs 2 Group 1 vs 3 Group 1 vs 4 Group 3 vs 4
BICP (mmHg) 150+£7.8 5124 8.4+4.1 126 +6.4 0.004 0.04 0.48 0.13
MICP (mmHg) 514+17.6 16.9+£8.3 31.8+16.2 53.1+19.1  0.001 0.03 0.85 0.02
PICP (mmHg) 35.1+12.6 11.6+7.7 234153 40.6+15.2  0.001 0.11 0.43 0.03
MeICP (mmHg) 50.1+10.9 12.8+£6.3 25.0+16.7 40.9+19.9 0.001 0.003 0.26 0.09
AUC 563.5+353.5 2534+193.6 349.9+222.6 763.0+408.8 0.04 0.17 0.30 0.02
MeICP/MIBP ratio  0.42+0.11 0.11+0.07 0.20+£0.12 0.33+0.15  0.001 0.002 0.21 0.07

BICP basal intracavernosal pressure, M/CP maximum intracavernosal pressure, PICP peak intracavernosal pressure (calculated by MICP-BICP),
MelCP mean intracavernosal pressure, AUC area under the curve, MIBP mean intra-arterial pressure

p values lower than 0.05 were bold marked

between the groups were assessed using the Student’s 7-
test, a one-way analysis of variance, and a paired 7T-test. A
p-value of <0.05 was considered statistically significant.

Four animals from the first, second, and third groups and
three animals from the fourth group that were not able to
create a successful erection model, did not have any signs of
ischemia in the pathological examination, or could not be
alive during 6 weeks of follow-up, were excluded from
the study.

Results

The mean basal ICP value in group 1 (15.0+£7.8 mmHg)
was higher than that in group 2 (5.1+2.4mmHg) (p =
0.004) and group 3 (8.4 £4.1 mmHg) (p = 0.04) but similar
to that in group 4 (12.6 + 6.4 mmHg) (p = 0.48). The mean
maximal ICP (MICP) value in group 1 (51.4 = 17.6 mmHg)
was higher than that in group 2 (16.9 +8.3 mmHg) (p =
0.001) and group 3 (31.8+16.2mmHg) (p =0.03) but
similar to that in group 1 (51.4 +17.6 mmHg) and group 4
(53.1+19.1 mmHg) (p =0.85). The MelCP/mean intra-
arterial blood pressure (MIBP) ratio was significantly higher
in group 1 (0.42+0.11) as compared with that in group 2
(0.11+£0.07) (p=0.001) but similar to that in group 4
(0.33+£0.15) (p =0.21) (Table 1).

The mean area under curve (AUC) value, which reflected
the efficacy of the quality of the ICP response, in group 1
(563.5 £353.5), was higher than that in group 2 (253.4 +
193.6) (p = 0.04), but the mean AUCs were similar in group
1 and group 4 (p =0.30) (Table 1).

The mean MDA level in group 2 (125.1 +22.5 nmol/g)
was higher than that in group 1 (64.5+7.2nmol/g) (p =
0.043). The mean MDA level was significantly higher in
group 3 (29.5 + 5.8 nmol/g) as compared with that in group
4 (6.2 £0.8 nmol/g) (p = 0.004) (Table 2).

The mean cavernosal GSH levels were 5.0+1.2, 2.7+
0.8, 1.2+0.2, and 2.1 +0.9 ymol/g in groups 1-4, respec-
tively. The mean GSH level in group 3 was increased as

Table 2 The mean malondialdehyde (MDA) and reduced glutathione
(GSH) levels of the groups

Group 1 Group 2 Group 3 Group 4
MDA (nmol/g) 64.5+7.2% 125.1+22.5° 29.5+58> 6.2+0.8°
GSH (umol/g)  5.0+12°  27x0.8° 12£02¢ 2.1+0.9¢

3 =0.043; °p = 0.004; p = 0.26; and 9p =0.32

compared with that in group 4, although the increase was
statistically nonsignificant (p = 0.32) (Table 2).

As shown by the histological evaluation, the percentage
and grade of cavernosal fibrosis were + and 26%, ++ and
42%, +++ and 65%, and ++ and 48% in groups 1, 2, 3,
and 4, respectively (Fig. 3).

Discussion

Previous studies of PFD investigated its effects on idio-
pathic—or drug-induced—Ilung inflammation and fibrosis
[18, 26], renal fibrosis [15], skin scarring [16], and bladder
fibrosis [17]. This study is the first to investigate the effect
of PFD on cavernosal fibrosis and erectile function.
Cavernosal, neuronal, and vascular integrity are the main
components necessary for initiating and maintaining an
adequate erection. IP is a clinical condition that causes ED
by affecting at least one of these components. Several
experimental animal models mimicking a human erection
have been described in the literature to evaluate erectile
function [8, 20-23]. Among these models, electrical
rhythmic stimulation of the cavernous nerve is one of the
most widely applied techniques for simulating a human
erection, with subsequent monitorization of the ICP/intra-
aortic pressure ratio. Using this technique, we compared
different ICP fractions, such as the basal ICP, mean MICP,
MelCP, and MelCP/MIBP ratio, to shed light on erectile
function among the different groups (Fig. 2, Table 1). As
shown by the results, these ICP fractions were significantly
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Fig. 3 Collagen accumulation (blue color) and smooth muscle (red color) contents in the groups (Masson’s trichrome stain under light

microscopy, x400)

higher in group 1, as compared with those in groups 2 and
3. This finding can be explained by increased fibrotic
activity secondary to cavernosal ischemia in groups 2 and 3.
The histological evaluation of the cavernosal specimens in
groups 2 and 3 was consistent with increased fibrotic
activity, as compared with that in group 1 (Fig. 3). As the
priapism process progressed, an increased rate of fibrosis
was observed in group 3 (mean collagen/smooth muscle
ratio: 65%) as compared with that in group 1 (mean col-
lagen/smooth muscle ratio: 24%). PFD given orally once a
day by oral gavage for 6 weeks led to a decrease in
cavernosal fibrosis in group 4 (48%). At the end of the 6-
week period, the mean amount of collagen had regressed in
group 4, and the level of fibrotic activity was similar to that
in group 2 (42%) (Fig. 3). Furthermore, statistically sig-
nificant improvements in ICP measurements were observed
in group 4 (PFD-treated group) as compared with the same
parameters in groups 2 and 3 (Table 1). In addition, the
MICP, PICP, and AUC values in group 4 were higher than
those in group 3, demonstrating that erectile function in this
group 6 weeks after the PFD treatment was better than that
in group 3 in this rat model of IP. In terms of cavernosal
histology and ICP variables, the findings showed that PFD
effectively prevented the formation of fibrosis and improved
erectile function in this present IP rat model. Considering
the effect of PFD on erectile function in rats, despite its
speculative potential, clinical implications of this agent can
be reflected in human model of delayed ischemic priapism.

Nonenzymatic lipid peroxidation is a harmful chain
reaction, which directly damages the cellular membrane and
indirectly damages other cell components via reactive
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aldehydes. The levels of MDA are commonly used as a
marker of lipid peroxidation at the cellular level [21, 27]. In
this study, cavernosal MDA levels were significantly
increased in group 2 after IP for 1 h, as compared with those
in group 1. This finding reflected the increase in lipid per-
oxidation, due to cavernosal tissue ischemia, and was con-
sistent with that of previous reports in the literature [21, 27].
The levels of MDA decreased in group 3 after 6 weeks. The
lowest MDA levels were recorded in group 4 after 6 weeks
of the PFD treatment. The decrease in MDA levels in group
4 as compared with those in group 3 supports the anti-
oxidant activity of PFD. Previous rat model studies on the
effect of priapism on MDA levels investigated only its
short-term effects [21, 27-30]. To the best of our knowl-
edge, this study is the first to evaluate the long-term changes
in MDA levels in cavernosal tissue. We believe that the lack
of data in the literature on the long-term effect of IP on
MDA levels increases the value of our study.

Although there was no statistically significant differ-
ence in the mean GSH levels of the groups, it is note-
worthy that the level of GSH progressively decreased
from group 1 to 3. The mean GSH level, which was
slightly increased in group 4 (PFD-treated group)
(Table 2) was similar to that in group 2. This finding
pointed to the recovery of oxidant activity in the PFD-
treated group within 6 weeks. Given the observed
increase in the GSH level in the PFD group, we will
investigate the antioxidant response to different doses of
PFD in the future. The increase in the GSH level in the
PFD group has encouraged us to investigate the anti-
oxidant response to different doses of PFD in the future.
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Limitations of the study

The PFD effect on penile erectile function was analyzed
using physiological, biochemical, and histopathological
parameters in a rat model of IP. However, this study has
some limitations including

1. The lack of molecular and immunohistochemical
analysis

2. The lack of clarification of PFD dosing in a rat model
of ischemic priapism

3. The lack of data regarding dose adjustment in
human beings

4. Because all the animals were killed at the end of the
experiments, the lack of observational data on sexual
life among the groups following PFD use

5. The lack of data for stuttering priapism and
nonischemic priapism

Conclusions

In this study, PFD treatment reduced cavernosal fibrosis,
and the treatment was associated with an improvement in
erectile function and histology in an experimentally induced
rat model of IP. The results suggest that PFD may represent
a new treatment option in the management of ED secondary
to IP. Although the findings are promising and point to a
possible oral medical treatment for IP, further studies are
needed.
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