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Effects of tadalafil on ischemia/reperfusion injury in rat brain
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Abstract Cerebral ischemia-reperfusion (I/R) injury is
caused by lack of blood supply to the brain. The accu-
mulation of toxic products such as reactive oxygen species
(ROS) occurs on reperfusion, when the occlusion is
removed. The resulting oxidative stress results in the ini-
tiation of pathways leading to necrotic and apoptotic cell
death. Tadalafil (TAD) prevents the accumulation of ROS
and increases antioxidant cellular protective mechanisms.
The aim of this study was to investigate the effect of TAD
treatment against short-term global brain I/R injury in rats.
The study was carried out on 30 Wistar-albino rats, which
were divided into three groups including a control group
(n = 10), an I/R group (n = 10) and an I/R + TAD group
(n = 10) (2 mg/kg/day for 4 days before ischemia). At the
end of the experiment, tissue samples were collected for
both biochemical and histopathological analyses. Mal-
ondialdehyde was significantly lower in the TAD-admin-
istered group (9.06 & 0.15) than in the I/R group
(» < 0.05). However, no significant difference was
observed in nitric oxide levels in the TAD-administered
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group compared to the I/R group. The mean superoxide
dismutase level was significantly higher in the I/R-TAD
group than the I/R group. There was no statistically sig-
nificant difference in glutathione peroxidase levels in
I/R + TAD group compared to I/R group. Histopatholog-
ically, TAD-administered group provided significant mor-
phological improvement compared to the I/R group. We
concluded that TAD prevented I/R-induced neurotoxicity
as shown by obtained biochemical and histopathological
findings.
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Introduction

Cerebrovascular disease is a leading cause of death and
disability in many countries. Cerebral ischemia results
from reduced cerebral blood flow due to a transient or
permanent cerebral artery occlusion [1, 2]. Ischemic injury
in brain leads to neuronal cell death [3, 4], and eventually
causes neurological impairment. In addition, tissue damage
following cerebral ischemia is caused by complex patho-
physiological processes such as glutamate excitotoxicity,
membrane depolarization, inflammation, and apoptosis [5].
When the brain is deprived of blood supply, the injury is
not only caused by the temporary loss of oxygen and
energy supply, but also by reactive oxygen species (ROS),
which is generated through reactions with the reintroduced
oxygen during reperfusion [1, 5]. The brain is very sus-
ceptible to damage by energy-depriving injuries, particu-
larly oxygen radical-mediated injuries, because it has low
energy levels, high aerobic metabolism, and low concen-
trations of radical-scavenging enzymes [6]. There is sub-
stantial experimental evidence that ROS is produced in the
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brain during ischemia and reperfusion injury [7]. These
reactive species are often divided into two groups: ROS
and reactive nitrogen species (RNS).

Reactive oxygen species are potent oxidizing and
reducing agents that directly damage cellular membranes
through lipid peroxidation (LPO) [8]. Alternative approa-
ches to demonstrate their involvement in cerebral ischemic
damage have concentrated on measuring the rate of con-
sumption of endogenous protective molecules or the for-
mation of byproducts of LPO, such as malondialdehyde
(MDA) [9]. The antioxidant enzyme capacity of the tissue
affected by ischemia/reperfusion (I/R) is particularly
important for primary endogenous defense against free
radical (FR)-induced injury. Superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px) are
endogenous antioxidants that play a role in the prevention of
oxidative injury [10]. NO is beneficial as a messenger or
modulator, but in conditions such as oxidative stress, it is
potentially toxic. The toxic effects of NO may be attributed
to ONOO™, which is a reaction product of NO with super-
oxide (O, 7). Nitric oxide synthase (NOS) activity and NO
release are greatly increased in the acutely ischemic brain.
There are several sources for NO overproduction caused by
cerebral ischemia. The described elevation in intracellular
Ca*" after the ischemia is a likely source of the production of
NO via nNOS activation. Therefore, an enhancement of
antioxidant activity in brain tissues may be potentially
beneficial for neuronal recovery from I/R injury [11].

Tadalafil (TAD) is a selective inhibitor of cyclic gua-
nosine monophosphate (cGMP)-specific phosphodiesterase
type 5 (PDES) and represents a class of drugs that have
lately been reported to possess neuroprotective features
[12]. It crosses the blood—brain barrier and prevents the
accumulation of ROS when their production is accelerated
and increases antioxidant cellular protective mechanisms
[12-14]. However, its neuroprotective effects have rarely
been investigated in global cerebral ischemia in rats [15,
16]. Therefore, the aim of the present study was to inves-
tigate the effectiveness of TAD treatment in preventing
brain I/R injury in rats.

Materials and methods
Animals and experimental procedures

The animals were procured, maintained, and used in
accordance with the Animal Welfare Act and the Guide for
the Care and Use of Laboratory Animals by Mustafa
Kemal University, Animal Ethical Committee. Male Wistar
rats weighing 200-250 g were housed in polycarbonate
cages and given the standard laboratory chow and water at
24 °C with 42 £5 % relative humidity in a 12-12-h
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light—dark cycle. Body temperature was maintained around
37 £ 5 °C throughout the surgical procedure.

Experimental design

Rats were divided into three groups: (1) control (n = 10),
(2) /R (n = 10) (ischemia was induced by bilateral
occlusion of the carotid arteries for 20 min and reperfusion
was achieved by releasing the occlusion to restore the
circulation for 20 min), (3) /R + TAD (n = 10) (2 mg/
kg/day for 4 days before ischemia). Ischemia was induced
12 h after last dose of TAD (Lifta; Abdi Ibrahim, Istanbul,
Turkey), a long-acting phosphodiesterase type-5 (PDE-5).

Induction of cerebral ischemia

Rats were anesthetized with ketamine hydrochloride
(75 mg/kg) and xylazine (8 mg/kg). Two common carotid
arteries were exposed through lateral incisions and sepa-
rated from the nervous vagus. Ischemia was induced by
bilateral clamping of the common carotid arteries for
20 min. Reperfusion was achieved by declamping the
arteries to restore the circulation for 20 min more. Blood
pressure was monitorized using a femoral transducer.

Tissue samples

Brain tissues were rapidly excised, and parietal lobes of
right hemispheres were used for microscopic examination.
The left hemispheres were used for biochemical analyses.
The tissues were weighed and homogenized in 4 volumes of
ice-cold Tris—HCl buffer (50 mM, pH 7.4) containing
0.50 ml/l Triton X-100 with a homogenizer (IKA Ultra-
Turrax T 25 Basic) for 2 min at 13,000 rpm at +4 °C.
Tissue homogenates were centrifuged at 5,000 g for 60 min
to remove debris, and the clear supernatant fluids were
separated and kept at —40 °C until the enzyme activity
measurements were performed (about a week later).

Biochemical determination

The brain tissue samples were stored at —70 °C until tissue
analysis of MDA levels, NO, SOD, and GSH-Px activities.
Brain tissues were homogenized for 2 min at 5,000 rpm in
four volumes of ice-cold Tris—HCI buffer (50 mM, pH 7.4)
using a glass Teflon homogenizer (Ultra-Turrax IKA T10
Basic, Germany) for MDA, NO, and protein measurement.
The homogenates were then centrifuged at 5,000 g for
60 min to remove debris and obtain supernatant. Super-
natant fluids were collected and used for measuring GSH-
Px activities and protein concentration. The supernatant
solutions were mixed with an equal volume of an ethanol/
chloroform mixture (5/3, volume per volume V/v).



Acta Neurol Belg (2014) 114:33-40

35

After centrifugation at 5,000 g for 30 min, the clear upper
layer (the ethanol phase) was collected and used in the
analysis of SOD activity and protein assays. All prepara-
tion procedures were carried out at +4 °C.

Determination of malondialdehyde level

The tissue MDA level was determined using a method
from Esterbauer and Cheeseman based on its reaction with
thiobarbituric acid (TBA) at 90-100 °C. In the TBA test
reaction, MDA and TBA react to produce a pink pigment
with an absorption maximum at 532 nm at pH 2-3 and at
90 °C for 15 min. The sample was mixed with 2 volumes
of cold 10 % (w/v) trichloroacetic acid to precipitate the
protein. The precipitate was centrifuged and an aliquot of
the supernatant was reacted with an equal volume of
0.67 % (w/v) TBA in a boiling water bath for 10 min.
After cooling, the absorbance was read at 532 nm. Results
were expressed as nmol/g of wet tissue, by reference to a
standard curve prepared from measurements made with a
standard solution (1,1,3,3-tetramethoxypropane).

Determination of nitric oxide level in tissue samples

The method for plasma nitrite and nitrate levels was based on
the Griess reaction. Samples were initially deproteinized with
Somogy’s reagent. Total nitrite (nitrite 4 nitrate) was mea-
sured by spectrophotometry at 545 nm after conversion of
nitrate to nitrite by copperized cadmium granules. A standard
curve was established with a set of serial dilutions (10~ to
107 mol/l) of sodium nitrite. Linear regression was done
using the peak area from nitrite standards. The resulting
equation was used to calculate the unknown sample concen-
trations. The NO levels were expressed as [tmol/g wet tissue.

Determination of superoxide dismutase activity

Total (Cu—Zn and Mn) SOD (EC 1.15.1.1) activity was
determined based on the method of Sun et al. [13]. The
principle of the method is based on the inhibition of nitro
blue tetrazolium (NBT) reduction by the xanthine—xanthine
oxidase system as a superoxide generator. Activity was
assessed in the ethanol phase of the supernatant, after 1 ml
of an ethanol-chloroform mixture (5:3, v/v) was added to
the same volume of the sample and centrifuged. One unit
of SOD was defined as the amount of enzyme causing
50 % inhibition in the NBT reduction rate. The SOD
activity was expressed as U/g protein.

Determination of glutathione peroxidase activity

Glutathione peroxidase (EC 1.6.4.2) activity was measured.
The enzyme reaction in the tube containing NADPH,

reduced glutathione (GSH) and sodium azide, and gluta-
thione reductase was initiated by the addition of H,O,. The
change in absorbance at 340 nm was monitored by a
spectrophotometer. Activity was expressed as U/g protein.

Histopathological examination

Brain samples were fixed in 10 % neutral buffered for-
malin for light microscopic examination. After dehydrating
with the graded alcohol series, tissues were embedded in
paraffin. Several 5 pm thick transverse sections were
obtained from brain tissue blocks and stained with hema-
toxylin—eosin for histological evaluation. Three sections
from each rat were evaluated and totally 30 sections per
group were evaluated for histopathological scoring. Sec-
tions were examined and photographed with an Olympus
DP20 camera-attached Olympus CX41 photomicroscope.
In addition, a statistical analysis modified from Shi et al.
[17] and Nanri et al. [18] was made according to two
parameters: the percentage of neurons showing signs of
ischemia such as shrunken eosinophilic cell cytoplasm and
pyknotic nuclei, and signs of tissue degeneration such as
hemorrhage and edema (0, no signs of ischemia and
degeneration; 1, scattered ischemic neurons and mild
degeneration; 2, nearly half of the neurons are ischemic
and moderate degeneration; 3, extensive cell loss or most
of the neurons show signs of ischemia and severe degen-
eration) (Table 1).

Statistical analysis

Data were analyzed by using a commercially available
statistics software package (SPSS®15 for Windows). Dis-
tributions of the groups were tested using the one-sample
Kolmogorov—Smirnov test. The measured parameters for
all groups were normally distributed, and the parametric
statistical method was used to analyze the data. A one-way
ANOVA test was performed, and post hoc multiple com-
parisons were done by Scheffe’s method for adjusting
significance levels in a linear regression analysis. Results
were presented as mean + standard error of means (SEM).
A p value lower than 0.05 was regarded as statistically
significant. This method was used in similar studies that
had a small number of subjects.

Results
Biochemical results (oxidants and antioxidants)
Mean levels of SOD, GSH-Px, MDA, and NO in the brain

tissue are listed in Table 2. MDA levels were significantly
increased in the I/R group in comparison with the control
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Table 1 Histopathologic

. Grade 0  Grade 1 Grade 2 Grade 3

scoring
Ischemia No sign  Scattered ischemic neurons  Nearly 50 % of neurons  Extensive cell loss
Degeneration  No sign  Mild Moderate Severe

Table 2 Histopathologic Grade 0 Grade 1 Grade 2 Grade 3

scoring
Ischemia No sign  Scattered ischemic neurons  Nearly 50 % of neurons  Extensive cell loss
Degeneration  No sign  Mild Moderate Severe

group (p < 0.001). MDA was significantly lower in the
TAD-administered group than in the I/R group (p < 0.05).
NO levels in both the I/R and TAD groups increased sig-
nificantly compared to the control group. However, no
statistical difference regarding NO levels was observed in
the TAD group compared to the I/R group. The mean SOD
level significantly decreased in the I/R group, while the
mean SOD level was significantly higher in the I/R-TAD
group than the I/R group (Fig. 1). The mean GSH-Px level
significantly decreased in the I/R group, while the mean
GSH-Px level was higher in the I/R-TAD group than the
I/R group.

Histopathological results

Microscopic examination revealed normal neuronal struc-
ture in the control group (Fig. 2). In the I/R group, sig-
nificant cell body shrinkage, increased eosinophily, and
condensation of cell nucleus was observed (Fig. 3). In
addition, the pia mater was detached in some regions
(Fig. 4) and hemorrhage was observed under the pia mater
(Fig. 5). In the I/R 4 TAD group, cellularity was increased
compared to the I/R group (Fig. 6). In addition, the general
neuronal structure was preserved (Fig. 7). Statistically, I/R
caused significant cell loss and degeneration compared to
the control group and Group 3. However, TAD adminis-
tration increased cellularity and improved general tissue
histology compared to Group 2 (Fig. 8). Histopathologic
scores for each group is shown in Table 3.

Discussion

Two major hypotheses have been proposed for the
phenomenon of I/R-induced neuronal death. The first, a
neurotransmitter hypothesis, is related to the role of exci-
totoxic amino acids in the acute period of ischemia [9, 11].
The second, a FR hypothesis, is directed at the events
during reperfusion [10].The formation of ROS initiates a
vicious cascade of tissue injury. In particular, ROS leads to
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peroxidation of lipids as clearly seen in our study with
consecutive alteration of membrane structure. These events
provide evidence to explain delayed neuronal death after
periods of I/R [11]. In animal studies, it has been shown
that endothelial adhesion of polymorphonuclear leukocytes
(PMN), which generate ROS and RNS, significantly con-
tribute to the pathogenesis of reperfusion injury after focal
ischemia [7].

The central nervous system contains large amounts of
lipids which are vulnerable to FR-induced LPO, a major
pathophysiologic mechanism of secondary neuronal and
glial damage [9, 19-21]. The balance between the con-
sumption of endogenous protective molecules and the
formation of products of LPO, such as MDA [20], deter-
mines tissue resistance to oxidative injury. SOD and GSH-
Px are endogenous antioxidants, which function in the
prevention of oxidative injury [21-23]. Therefore, an
enhancement in antioxidant activity in brain tissues may be
potentially beneficial for neuronal recovery from I/R
injury.

Tadalafil inhibits the ¢cGMP specific PDE5 which is
responsible for degradation of cGMP which then causes
smooth muscle relaxation. Tadalafil is predominantly
metabolized by CYP3A4 to a catechol metabolite which is
then excreted mainly in the feces. Its half life is 17.5 h and
has rare side effects like headache, back pain, flushing, and
vision changes. It is commonly used to treat a number of
diseases such as erectile dysfunction, prostatic hyperplasia,
chronic obstructive pulmonary disease, hypertension, and
coronary heart disease [24]. The mechanism of PDE-5
inhibitors includes the active inhibition of the PDE-5
enzyme catalyzing the hydrolysis of cGMP, thereby caus-
ing an increase in cGMP [25]. PDE-5 inhibitors may also
inhibit the activity and expression of NADPH oxidase by
enhancing cGMP levels [26]. Perk et al. [27] analyzed the
effects of sildenafil citrate administration on LPO and
antioxidant redox enzymes in the blood of healthy men.
They found that sildenafil significantly increased SOD and
CAT activities and slightly decreased MDA levels at 6 and
24 h in animal models. If the activity and expression of
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Fig. 2 Normal neuronal structure in control group

NADPH oxidase is inhibited, then the formation of ROS
will decrease [27]. In several studies, it has been shown
that cyclic adenosine monophosphate or cGMP analogs
have protective properties against LPO in the plasma of rat
neural [28] and renal [29] cells.

Tadalafil was previously reported to be beneficial in
several I/R-induced brain and spinal cord pathologies [9,
12, 30]. Different PDE-5 inhibitors were also found to be
effective in stroke models [31]. It was shown that TAD

Fig. 3 Significant cell body shrinkage (arrows), increased eosinoph-
ily (arrowheads) and condensation of cell nucleus in I/R group

treatment decreased ischemia-induced neuronal cell death
and apoptosis and enhanced cell proliferation in the hip-
pocampus of rats [31, 32].

In our study, TAD administration decreased I/R-induced
elevation in MDA levels and increased SOD level com-
pared to the I/R group. Our biochemical results are in line
with data from the existing literature. In addition, PDE-5
inhibitors have a protective effect on endothelial tissue by
opening adenosine triphosphate-sensitive potassium (K-ATP)
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Fig. 5 Hemorrhage under pia (arrow) in I/R group

channels [33]. It was reported in another study that TAD
increases the activity of antioxidant enzymes, such as SOD
and GSH-Px, and decreases MDA levels after spinal cord
injury in rats [34]. Sildenafil increased SOD, GSH-Px, and
CAT levels and decreased MDA levels in testicular torsion/
detorsion injury in rats [29]. Erol et al. [34] found an
increase in MDA levels and a decrease in SOD and GSH-
Px enzyme activities, a pattern of tissue damage, in an
experimental SCI (spinal cord injury) study. Serarslan also
reported similar findings in an experimental SCI model.
Those levels were inverted by neuroprotective treatment. In
another study, neuroprotective treatment significantly
increased tissue GSH-Px and SOD levels between 22 and
26 h post-injury [35]. In a study by Ozdegirmenci et al.
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Fig. 6 Increased cellularity in TAD + IR group

Fig. 7 Preserved neurons in TAD + IR group

w
4+

Mean Score

Control IIR I/R+TAD

Fig. 8 Histopatologic scoring of the control, I/R and I/R + TAD
groups. All values represent mean = SEM. I/R ischemia reperfusion-
applied, /R 4+ TAD ischemia reperfusion + tadalafil-treated. ¥p < 0.001:
compared to the control group; €p < 0.05: compared to the I/R

group
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Table 3 Histopathologic scores of the groups

Grade 0 (n) Grade 1 (n) Grade 2 (n) Grade 3 (n) Mean score &= SEM
Control (n: 10) 7 3 0 0 0.30 £+ 0.48
I/R group (n: 10) 4 6 2.60 + 0.51
I/R + TAD group (n: 10) 0 2 7 1 1.90 + 0.56

p < 0.001: control vs I/R group, p < 0.001: control vs I/R + TAD group, p < 0.05: I/R vs I/R + TAD group. One-way ANOVA with post hoc

Scheffe’s test was used

[16], where the effects of sildenafil and TAD against I/R
injury were compared in terms of biochemical parameters,
TAD was found to be more potent than sildenafil by means
of increasing GSH-Px activity significantly after I/R.

NO has an important role in modulating blood flow and
tissue injury in normal and several pathological conditions.
NO passes through cell membranes by several means
without specific release or uptake mechanisms that induce
changes in signal-related functions. The main signal
transduction pathways of NO are the activation of the
soluble guanylyl cyclases, the formation of cGMP, and the
action of cGMP-dependent protein kinases in the nervous
system. The intracellular level of cGMP is controlled by its
rate of synthesis via guanylyl cyclases and/or by the rate of
its degradation via PDE [36, 37].

Recently, it was shown that PDE-5 inhibitors augment
the action of NO by preventing the hydrolysis of cGMP
[38]. Nitric oxide is a potent inhibitor of NADPH oxidase
expression, which in turn reduces O, formation in vascular
smooth muscle cells from vascular tissue, an effect medi-
ated by cGMP [39]. It follows that PDE-5 inhibitors, by
increasing cGMP levels, may also inhibit the activity and
expression of NADPH oxidase, and thus O, formation will
be reduced; as a result, these would augment NO
bioavailability.

Based on these mechanisms, it has been shown that
PDE-5 inhibitors could increase NO levels in both humans
[40] and rats with different tissue injuries. In our study, NO
levels in the I/R and I/R 4 TAD groups increased signif-
icantly compared to the control group. But TAD didn’t
increase NO levels compared with the I/R group. In a study
by Arikan et al. [41], TAD administration increased NO
levels in I/R injury compared to the control.

Histopathologically, one of the significant findings of
ischemic encephalopathy is eosinophilic neurons (EN). EN
was recognized as a neuron with cytoplasmic eosinophilia,
exhibiting pyknosis, karyorrhexis, or karyolysis. It was
reported by Sun et al. [42] that intense EN areas are prone
to transform into infarct areas when compared to areas of
low-density EN. In our study, the IR group showed a large
number of EN compared to the I/R + TAD and control
groups. In addition, we observed shrunken neurons with

pyknotic nuclei, damaged vessels, and edema as reported in
another study [42].

In conclusion, TAD prevented ischemia reperfusion-
induced neurotoxicity as shown by our biochemical and
histological findings, suggesting that ischemia reperfusion-
induced neurotoxicity may be secondary to free oxygen
radicals and that TAD’s protective role may arise from its
antioxidative and radical-scavenging effects. Thus, the
concomitant use of TAD may help prevent ischemia—
reperfusion-induced neurotoxicity.

Conflict of interest None.
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