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Abstract

Testicular ischaemia reperfusion (I/R) injury results with serious dysfunctions in

testis. This study aims to explore effects of soluble guanylate cyclase (sGC) stimulator

Riociguat on experimental testicular I/R injury in rats. Twenty-one male rats were

divided into three groups (Control, IR and IRR). The control group was not exposed

to any application. Bilateral testis from IR and IRR animals were rotated 720� in

opposite directions for 3 h to induce experimental testicular ischaemia. Animals in IR

and IRR groups were subjected to 3 h of reperfusion. Isotonic and Riociguat were

administered to the animals 30 min prior reperfusion by oral gavage. At the end of

experiment, animals were sacrificed and tissue samples were used for analyses.

Riociguat treatment significantly decreased tissue malondialdehyde and Luminol

levels compared to the IR group (p < 0.05). The pathological changes, pro-apoptotic

proteins (Bax, Caspase 3, and Caspase 9) and apoptotic index in the IR group were

down regulated in Riociguat treated animals (p < 0.05). Riociguat treatment was also

significantly increased anti-apoptotic Bcl-2 expression, but alleviated tissue injury via

modulating pro-inflammatory cytokine IL-1β levels and significantly (p < 0.05) down-

regulating NF-κB activity. Moreover, mTOR and ERK phosphorylation increased in IR

group (p < 0.05), but Riociguat treatment reduced protein phosphorylation. Our

experiment indicated that targeting sGC might support surgical interventions in tes-

ticular I/R injury by modulating oxidative stress, inflammation, and apoptotic protein

expression levels, but more detailed studies are required to explore the protective

activity of Riociguat and underlying mechanisms in testicular I/R injury.
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1 | INTRODUCTION

Testicular ischaemia reperfusion (I/R) injury is one of the most impor-

tant urological conditions that require surgical intervention and is

mainly observed in new-borns, young children, and adolescents

(Howe et al., 2017). Testicular ischaemia occurs with rotation of sper-

matic chord around itself and it leads to cease of blood flow to the

testis and accumulation of reactive oxygen species (ROS) (Aydogdu

et al., 2021). The symptoms of testicular ischaemia are scrotal and

abdominal pain, swelling, skin erythema, nausea, vomiting, and fever
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(Zvizdic et al., 2021). Although testicular ischaemia can be interfered

surgically with de-rotating the twisted spermatic chord in the opposite

direction, the secondary underlying mechanism of reperfusion may

still require treatment to avoid subfertility, which is a forthcoming

result of hypoxia and increased ROS accumulation (Aydın et al., 2021;

Dejban et al., 2019; Dolatkhah et al., 2020). It is accepted that the

overproduction of ROS is the main reasons for testicular I/R injury

(Yousefi-Manesh et al., 2019). The other reasons for testicular I/R

injury are the accumulation of inflammatory cytokines such as IL-1β

and transcription factors such as NF-κB (Abdel-Gaber et al., 2018;

Afolabi et al., 2022). Until today, researchers examined varying treat-

ment strategies such as antioxidants, calcium channel blockers (Jafari

et al., 2021; Taheri et al., 2021) vasodilator drugs (Bozlu et al., 2009),

plant delivered phenolic compounds (Shokri et al., 2019), anti-fibrotic

drugs (Kölükçü et al., 2021), amniotic fluid (Aydogdu et al., 2021) even

traditional medical applications such as leech therapy (Davoodi

et al., 2021) and varying drugs (Shokoohi et al., 2022) to explore the

optimum supplementary treatment to alleviate testicular I/R injury. All

of these treatment strategies aim to improve microvascular circulation

and reduce oxidative stress. Although varying degrees of success have

been reported in previous experiments, the clinical applicability of

these examinations still requires more detailed research. For that rea-

son, researchers are intensively performing both clinical and pre-

clinical studies to understand the underlying mechanism of testicular

I/R injury and any possible protective drug administration treatment

protocol. ROS are a subset of free radicals and, as a general descrip-

tion, imbalance between endogenous antioxidants and free radicals

may lead to oxidative stress (Cannavò et al., 2019). However, as a free

radical, nitric oxide (NO) can act both harmful or protective in tissue

injury depending on the activity mechanism (Wink et al., 2001). That

leads the researchers to focus on NO, and some studies report possi-

ble protective activity of NO in2014I/R injury in varying organs

(Barlas & Hatibo�glu, 2002; Dokucu et al., 2000). Targeting NO to pro-

tect tissue is a strategy to provide vascular relaxing and up-regulate

blood flow to the organs (Yu et al., 2018). In clinical practice, soluble

guanylate cyclase (sGC) stimulators are novel developed drugs that

are targeting cGMP indepentdently from NO and result in vasodila-

tion. Recent studies indicate that sGC signalling can activate antioxi-

dant and anti-inflammatory signalling (Bauersachs et al., 2017; Paul

et al., 2018; Sravani et al., 2020). However, the potential effects of

sGC stimulators on testicular —I/R injury have not been investigated

yet. For that reason, we aimed to explore the possible protective

potency of sGC stimulator, Riociguat, in testicular —I/R injury with

considering oxidative stress, apoptotic process, inflammation and

activity of varying cellular signals.

2 | MATERIALS AND METHODS

2.1 | Experimental design

All experimental procedures of this study were performed with

approval of Experimental Animal Ethics Committee of Firat University

(approval date and number: 01.11.2021-4753). Twenty-one adult 8–

10-week-old 300–350-g male Sprague Dawley rats were divided into

three groups (Control, IR and IRR) of seven animals in each. Animal

numbers were determined by considering previously published testic-

ular I/R injury studies (Dokucu et al., 2000). Until the experiment, the

animals were housed in polycarbonate cages at stabilized laboratory

unit temperature (21 ± 3�C) with a 12-h light–dark cycle and 50%

± 5% humidity. Animals in the control group did not receive any appli-

cation during the experiment and were sacrificed at the end of the

study. Animals in IR and IRR were exposed to bilateral testicular

ischaemia with surgical procedure which described previously

(Gozukara et al., 2020). Blood flow to the testes was ceased for 3 h.

Animals in IR and IRR groups received 1 ml isotonic and 10 mg/kg

Riociguat (Cat no: AS-19299, Key Organics, UK) by oral gavage in the

last half hour of ischaemia. At the end of ischemic period, scrotal

sutures were removed and bilaterally testes were de-rotated to the

contrary directions manually to provide reperfusion. The scrotum of

animals in IR and IRR groups was fixed and reperfusion was provided

for 3 h. At the end of the experiment, animals were sacrificed with

exsanguination and left testes were fixed in 10% neutral buffered for-

malin for histopathological examinations. The right testes of the ani-

mals were encapsulated and seminiferous tubules were isolated. The

samples were frozen in liquid nitrogen and stored �80�C for immuno-

blotting and biochemistry analyses.

2.2 | Biochemical analyses

Testicular malondialdehyde (MDA) analysis and chemiluminescence

assay were performed to measure lipid peroxidation end substance

and total ROS levels. Measurement of tissue levels of MDA and ROS

were carried out as described previously (Şener et al., 2015; Tamer

et al., 2019). Lipid peroxidation was evaluated as MDA equivalents

using an extinction coefficient of 1.56 � 105 M/cm and results are

expressed as nmol MDA/g tissue. Reactive oxygen metabolites (ROM)

were measured with luminol assay, which is able to use to detection

of hydrogen peroxide, hydroxyl radical and hypochlorite radicals spe-

cifically. Measurement performed in a luminometer (Junior LB 9509,

EG&G Berthold, Germany) with administration of luminol (5-amino-2,

3-dihydro-1,4-phthalazinedione, Sigma) to the tissue samples. Results

of luminol assay are expressed in relative light units (rlu) per mg of

tissue.

2.3 | Tissue processing and immunohistochemistry

The left testes of animals were fixed in 10% neutral buffered formalin,

a routine tissue processing protocol performed, and the samples were

embedded into paraffin blocks. Haematoxylin and eosin (HE) staining,

immunohistochemistry and terminal deoxynucleotidyl transferase

dUTP nick end labelling (TUNEL assay) were performed on 5 μm thick

sections. HE stained samples were analysed for tissue pathology and

Johnsen's biopsy score (Johnsen, 1970). For immunohistochemistry,
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antigen retrieval was performed in citrate buffer (pH: 6.0) and all

immunohistochemical protocols were performed with a ready to use

kit (Cat no: TP-125-HL; Thermo Scientific, Waltham, MA, USA). Pri-

mary antibodies of Bax (Cat no: sc-7480; Santa Cruz Biotechnology,

Dallas, TX, USA), Caspase 3 (Cat no: sc-56053; Santa Cruz Biotechnol-

ogy, Dallas, TX, USA) and Caspase 9 (Cat no: sc-56076; Santa Cruz

Biotechnology, Dallas, TX, USA) were diluted in 1:100, 1:100 and

1:200 ratios respectively. Sections were counterstained with haema-

toxylin and mounted with Entellan.

2.4 | TUNEL assay and quantification

Testicular apoptotic index (AI) in animals was obtained with TUNEL

assay (Seker et al., 2020). For that purpose, testis sections were

deparaffinized and rehydrated through an increasing alcohol series.

Sections were washed in distilled water and kept in PBS before

TUNEL assay. All procedure were performed with a ready to use

detection kit of In Situ Cell Death Detection Kit, Fluorescein (Cat no:

11684795910; Roche Diagnostics, Indianapolis, IND, USA), and all

steps were performed according to the manufacturer's directions.

Samples were counterstained and mounted with DAPI (Cat no:

sc-24941, Santa Cruz Biotechnology, Dallas, TX, USA). For quantifica-

tion of the AI, randomly selected 100 tubules from each group were

evaluated under camera attached fluorescence microscope with 20�
magnification. Germinal epithelial cells were considered either positive

or negative for DNA fragmentation. In the case of the nuclei of cells

were observed with green fluorescence then considered as positive

due to DNA fragmentation. If the nuclei were blue due to counter-

stain DAPI, cells were accepted as negative for DNA fragmentation

because of nuclear integrity. The AI in each seminiferous tubule was

calculated manually by comparing the number of positive cells to the

total number of cells in each tubule, and the results were expressed as

a percentage.

2.5 | Western blotting and quantification

Protein lysates were loaded into gel and run for 25 min. Separated

proteins were transferred onto a PVDF membrane and blocking was

performed for 1 h in 5% skim milk that dissolved in PBS-T. Primary

antibodies of IL-1β (Cat no: sc-52012; Santa Cruz Biotechnology,

Dallas, Texas, USA), Bcl-2 (Cat no: sc-7382; Santa Cruz Biotechnology,

Dallas, TX, USA), NF-κB (Cat no: sc-8008; Santa Cruz Biotechnology,

Dallas, TX, USA), mTOR (Cat no: sc-517464; Santa Cruz Biotechnol-

ogy, Dallas, TX, USA), p-mTOR (Cat no: 2971 S; Cell Signaling Tech-

nology Danvers, MA, USA), p44/42 MAPK (Erk1/2) (Cat no: 9107 S;

Cell Signaling Technology Danvers, MA, USA), Phospho-p44/42

MAPK (Erk1/2) (Cat no: 4370 S; Cell Signaling Technology Danvers,

MA, USA) were diluted 1:1000 and membranes were incubated for

2 h at room temperature. Samples washed in PBS-T and secondary

antibody incubations of anti-rabbit (Cat no: ab97051; abcam CB, UK)

and anti- mouse (Cat no: ab98808; abcam CB, UK) were performed

for 1 h at room temperature. Clarity Western ECL Substrate (Bio-rad,

Cat no: #1705061, Bio-rad Laboratories, Hercules, CA, USA) was used

for development of band and membranes were monitored under Che-

miDoc™ Imaging System (Cat no: 12003153; Bio-rad Laboratories,

Hercules, CA, USA). Band intensities were measured with Image J

software as described previously (Seker et al., 2022). Total protein

measurements of IL-1β, Bcl-2 and NF-κB were performed with com-

paring protein of interest with loading control β-actin. Phosphoryla-

tion ratio of mTOR and ERK were measured with comparing

phosphorylated protein to total protein. Each of these total and phos-

phorylated proteins was normalized with comparing the loading con-

trol before measurement of phosphorylation levels.

2.6 | Statistical analyses

Statistical analyses were performed in SPSS Version 24. All measured

or obtained data were considered whether distributed normally or

not. One-way ANOVA used for statistical analyses of parametric tests.

For non-parametrical statistics, Kruskal–Wallis test was used. Multiple

comparisons were performed with post hoc Tukey and Tamhane's T2

tests for parametric and non-parametric tests respectively. Results are

shown as mean ± SD and p < 0.05 and p < 0.01 considered as

significant.

3 | RESULTS

3.1 | Biochemical results

The lowest MDA tissue level was obtained as 13.51 ± 2.49 nmol/g in

control group. Tissue level of MDA in IR group elevated significantly

to 22.90 ± 3.57 nmol/g and the difference between control and IR

groups was significant (p < 0.05). In IRR group, the tissue level of

MDA was 14.81 ± 5.68 nmol/g and results of this group was similar

(p = 0.959) to control group but it was significantly different

F IGURE 1 Graphical demonstration of biochemical analyses.
Different superscripts between columns indicate statistically
significance. *p < 0.05; **p < 0.01
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(p < 0.05) than the IR group. In luminol assay we observed that the

lowest level is measured in control group as 30.73 ± 3.44 rlu/mg and

tissue level increased significantly (p < 0.01) to 67.95 ± 0.05 rlu/mg in

IR group. The tissue level of ROS were alleviated to 52.55 ± 1.55 rlu/

mg in IRR group. The difference in IRR group was significant com-

pared to control (p < 0.01) and IR groups (p < 0.05). Graphical demon-

stration of the biochemistry results are shown in Figure 1.

3.2 | Histopathological results

Microscopic observations indicated that the seminiferous tubule

structure in the control group was normal. In this group, seminiferous

tubules were filled with germinal epithelium. There were Leydig cells

in interstitial tissue that was located between seminiferous tubules.

Seminiferous tubules were surrounded with basement membrane and

myoid cells, which were located on the outer surface of the tubules.

The lumen of the tubules in this group was filled with developed

sperm cells. In IR group, severe pathological changes were observed.

Desquamation of germinal epithelial cells, pyknotic germinal epithe-

lium nuclei and multinucleated giant cells were detected widespread.

Edematous interstitium and severe haemorrhage was observed as

proof of disruption in testis-blood barrier in IR group (Figure 2). The

mentioned pathological changes were alleviated in Riociguat-treated

group, but this group had slightly pathological outcomes. Johnsen's

biopsy score and germinal epithelium thickness in the control group

were 9.87 ± 0.34 and 71.03 ± 6.99 μm, but they dramatically

(p < 0.01) decreased in the IR group to 7.24 ± 1.83 and 50.76

± 7.56 μm respectively, as a result of desquamation and shrinkage in

cell clusters. Johnsen's biopsy score and germinal epithelium thickness

in Riociguat treated group were 8.77 ± 0.90 and 67.56 ± 10.07 μm.

Results in this group were closer to the control group compared with

the IR group, but significantly difference (p < 0.05) was still obvious.

Graphical demonstration of the histopathological analyses is shown in

Figure 3.

3.3 | Immunohistochemistry results

Our microscopic investigations indicated that apoptosis regulator key

proteins are expressed in healthy testicular germinal epithelial cells,

but there was more intensity observed in the IR group. Mainly

desquamated cell clusters were more intense for Bax, Caspase 3 and

Caspase 9. Microscopic observations demonstrated that Riociguat

pre-treatment before reperfusion down-regulated pro-apoptotic pro-

tein expression levels. Statistical analysis of Bax immunopositivity in

tissue sections was 3.90% ± 1.20% in the control group. The results

were 9.71% ± 2.17% and 6.66% ± 2.66% in IR and IRR groups respec-

tively. The difference between the groups was significant (p < 0.01).

When Caspase 3 immunopositivity evaluated, the distribution in the

control group was 7.74% ± 2.20%. The immunopositivity level in the

IR group was 10.95% ± 2.67% and the difference between groups

F IGURE 2 Representative micrographs of tissue sections of the groups. Desquamation of germinal epithelium (asterisk), nuclear pyknosis
(arrow), edematous interstitium with disrupted interstitial tissue (thick arrow), severe haemorrhage at interstitial tissue (arrow head), desquamated
immature cell cluster and protoplasmic droplets in seminiferous tubule lumen (curved arrow). Staining: haematoxylin and eosin, bar:
200 and 20 μm
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was statistically significant (p < 0.01). The intensity in IRR group was

8.58% ± 2.19%, and statistical analyses indicated the Caspase 3 tissue

level decreased significantly (p < 0.01) in the Riociguat treated group

compared with the IR group. However, the difference between the

control and IRR groups was significant (p < 0.05) as well. The intrinsic

apoptosis regulator Caspase 9 level in the tissue of the control group

was 12.58% ± 2.81% and it increased significantly (p < 0.01) in the IR

group with 17.73% ± 5.76% tissue distribution density. Caspase

9 immunopositivity range in IRR group was 11.83% ± 3.60%. Analyses

indicated that Caspase 9 immunopositivity in control and IRR groups

was similar (p = 0.423), but there were significant difference

(p < 0.01) between IR and IRR groups. Representative micrographs of

immunostained sections are shown in Figure 4.

3.4 | TUNEL assay results

In our study, we evaluated TUNEL assay positivity in germinal epithe-

lial cells. There were positive signals were obvious, mainly in germinal

epithelium. Positive signals were also detected in some testicular

F IGURE 3 Graphical demonstration of the statistical analyses of germinal epithelial thickness and Johnsens's biopsy score. Different
superscripts between columns indicate statistically significance. *p < 0.05; **p < 0.01

F IGURE 4 Immunohistochemical micrographs of Bax, Caspase 3 and Caspase 9 in control, IR and IRR groups. Intense Bax immunopositivity
in germinal epithelium (curved arrow), Caspase 3 immunopostivity in desquamated spermatogonia (thick arrow) and germinal epithelial cell
developing stages (arrow head), dense immunopositivity of Caspase 9 in germinal epithelium (asterisk). Bar: 20 μm
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capillary endothelial cells and interstitial Leydig cells. Statistical

analyses of TUNEL assay indicated that AI in germinal epithelial cell

in the control group was 3.89% ± 1.91%. AI in the IR group was

14.25% ± 4.15% and the difference between two groups was sta-

tistically significant (p < 0.01). The ratio of AI in IRR group was

6.53% ± 1.61% and the results of this group was significantly dif-

ferent than both control and IR (p < 0.01) groups. TUNEL assay

micrographs and graphical representations of the statistical results

are shown in Figures 5 and 6.

3.5 | Western blot results

Western blotting band intensity and thickness analyses are shown in

Figure 7. Analyses revealed that IL-1β levels increased significantly

(p < 0.05) in the IR group, while tissue levels in the IRR group were

similar to the control (p = 0.293) and IR (p = 0.194) groups. Anti-

apoptotic Bcl-2 protein levels were reduced significantly (p < 0.01) in

the IR group compared to the control and IRR groups. The lowest NF-

κB expression was observed in the control group and it was similar to

F IGURE 5 Representative micrographs of terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay in control, IR, and IRR
groups. Staining: TUNEL assay, counterstain: DAPI. Bar: 20 μm

F IGURE 6 Graphical demonstration of statistical analyses of immunohistochemistry and terminal deoxynucleotidyl transferase dUTP nick end
labelling assay analyses. Different superscripts between columns indicate statistically significance. *p < 0.05; **p < 0.01
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the IRR group. The tissue level of NF-κB is significantly up-regulated in

IR group compared to control (p < 0.01) and IRR (p < 0.05) groups. When

mTOR phosphorylation results were analysed, there were not any differ-

ence between the control and IRR groups (p = 0.051), but it was signifi-

cantly (p < 0.05) up-regulated in the IR group compared to control group.

Analyses of ERK phosphorylation results indicated that ERK phosphory-

lation in IR group is significantly (p < 0.05) up-regulated compared to

control and IRR groups. Our experiment indicated that I/R may up-

regulated mTOR and ERK phosphorylation in testicular tissue.

4 | DISCUSSION

Although surgically intervention is the only accepted treatment

method, accumulated reactive oxygen species may maintain a tissue

degeneration process that is also called as I/R injury. This testicular

complication may lead subfertility or infertility in patients after a

while. For that reason, researchers aim to explore most appropriate

supplementary treatment besides providing reperfusion to the ische-

mic testis (Davoodi et al., 2020). Most of the previously published arti-

cles examined antioxidant substances to suppress the adverse effects

of I/R injury on testes (Erol et al., 2017). One of the most commonly

observed changes in I/R injury is the accumulation of ROS, the up-

regulation of inflammatory cytokine release, germinal epithelial cell

pyknosis, cellular desquamation, and the formation of multinucleated

giant cells, which is thought to be evidence of a disruption in cell pro-

liferation and maturity (Ayengin et al., 2021; Kohsaka et al., 2022;

Seker et al., 2020). We observed severe pathological changes in testis,

which were exposed to I/R injury as reported in literature. Today,

Johnsen's biopsy is still one of the most accepted testicular tissue

F IGURE 7 Western blotting results and graphical demonstration of statistical analyses. Different superscripts between columns indicate
statistically significance. *p < 0.05; **p < 0.01
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degeneration score systems, and previously published studies

reported that targeting oxidative stress or vasodilator pathways

may up-regulate Johnsen's biopsy score in I/R exposed testis

(Arena et al., 2017; Tanriverdi et al., 2021). In a previously pub-

lished study, authors reported that vasodilator drugs could increase

blood flow to the torsion induced experimental animal testis in an

early phase (Savaş et al., 2002). As a matter of fact, vasodilator

drugs can reduce testicular ischaemia related testicular pathology

with contribution of independent varying process (Beheshtian

et al., 2008). Re-oxygenizing drugs such as vasodilators are also

reported with their antioxidant activity thus inhibiting germinal epi-

thelial DNA fragmentation and apoptosis. Riociguat has capability

to provoke vasodilation through sGC-cGMP signalling. The vasodi-

lation process is regulated through NO-sGC-cGMP signalling and it

leads to vasodilation, inhibition of platelet aggregation, anti-

inflammatory response and induction of antioxidant enzymes

(Nossaman et al., 2012). On the other hand, the novel drug Rioci-

guat has the ability to regulate vasodilation independently from NO

with affecting sGC-cGMP signalling. In literature review, we found

that Riociguat possess anti-inflammatory activity in various dis-

eases (Toxvig et al., 2019). Riociguat was reported to contribute

on anti-inflammatory process via inhibiting the formation of

NLRP-1 inflammasome/IL-1β cascade (Donda et al., 2018). When

we compare these literatures and our current experiment, we

observe consistent results. First of all decrease in tissue MDA and

IL-1β level demonstrate possible anti-oxidant and anti-

inflammatory activity of this drug. Testicular I/R injury increases

germinal epithelial cell apoptosis through not only stimulating pro-

apoptotic but also suppressing anti-apoptotic Bcl-2 protein

expression (Roshanaee et al., 2022; Unsal et al., 2021). Results of

our current study also confirmed that literature information and

we observed significantly suppression of Bcl-2 expression in I/R

exposed testis. Furthermore, targeting vascular dilation in ische-

mic organs up-regulates anti-apoptotic Bcl-2 expression, which is

probably a result of re-oxygenation as fast as possible (Elmimehr

et al., 2021). Despite the apoptotic regulators, cellular NF-κB is

suspected to be responsible for the regulation of testicular I/R

injury and results of previous experiments reported antioxidant

substances inhibit Caspase 3 expression through NF-κB signalling

(Afolabi et al., 2022). In our current experiment, we observed that

NF-κB is significantly up-regulated in injured testis and that the

sGC stimulator Riociguat may have potency to suppress NF-κB

activity. The literature demonstrates that NF-κB modulation in

oxidative stress dependins on the cell type and disease. The sur-

vival or harm contributing activity of this protein complex is stimu-

lated by numerous signalling and the fate is progressed by various

mechanisms. When we evaluated our results and consider the lit-

erature, it is possible to reach that NF-κB is probably activated in

I/R exposed testis with indirect mechanisms by increased ROS

level as described previously (Lingappan, 2018). In the end we can

conclude that anti-oxidant activity of Riociguat may be responsi-

ble to reduce NF-κB due to activating antioxidant enzyme

systems.

As a matter of fact, testicular I/R injury is a complicated pro-

cess and most of the signalling and regulators of this process have

not been explored yet. Recent findings indicate that mTOR and

ERK are kinases that are possibly contributing to these pathological

circumstances. The literature based on mTOR, ERK and I/R injury is

still very limited, but when we review literature, a previously per-

formed experiment reported that mTOR phosphorylation is up-

regulated as an internal response to tissue injury, and authors of

this study concluded that mTOR phosphorylation contributes to

tissue degenerations in testicular I/R injury (Javdan et al., 2018).

This study also indicated that antioxidant drug administration

inhibits not only mTOR phosphorylation but also Caspase 3

expression and DNA fragmentations. There are results of some

previously performed experiments indicated that mTOR inhibitor

rapamycin administration protected testis tissue against testicular

I/R with regulating tissue oxidative stress and apoptotic cell

death (Ghasemnejad-Berenji et al., 2017; Ghasemnejad-Berenji

et al., 2018). On the other hand, it is possible to achieve some

opposing results in other experiments. In one of these, mTOR

phosphorylation evaluated, and it was reported that phosphoryla-

tion levels were significantly reduced in I/R injury in heart (Wang

et al., 2017). The authors also concluded that growth factors have

ability to restore mTOR phosphorylation, thus protecting organs.

When we compare our results with previously published articles,

we observed that mTOR phosphorylation is elevated in I/R

exposed testis and it slightly alleviated in Riociguat treated ani-

mals. We also believe the conflicting results of mTOR in I/R injury

might be related due to multifunctional activity of this kinase.

Another kinase, ERK was also reported as a regulatory in apoptosis

and it was reported that inhibition of ERK phosphorylation

reduced testicular tissue degenerations (Altavilla et al., 2012).

When compared our results we also observed a significant

increase in ERK phosphorylation in I/R exposed testis and Rioci-

guat treatment reduced this process. We observed that testicular

I/R probably provoke ERK phosphorylation, but Riociguat treat-

ment alleviated this imbalance.

5 | CONCLUSIONS

As a conclusion, results of our experiment indicate that targeting

sGC with novel drug Riociguat has potency to protect the testis in

testicular I/R injury. Targeting vasodilation by sGC might provide

oxygenized blood to the ischemic testis, thus have possibility to

inhibit the formation of ROS. More advantages of sGC stimulator

Riociguat is possibly activation of anti-inflammatory signalling. Fur-

thermore, results of our current experiment and recently published

articles reporting possible anti-apoptotic activity of this drug.

Although we observed promising results, we believe that more

detailed studies are required to understand the underlying mecha-

nism of anti-oxidant, anti-apoptotic, anti-inflammatory and protec-

tive activity of this novel drug on I/R injury and the clinical

applicability of this drug.
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6 | LIMITATIONS OF THE STUDY

PCR analyses of apoptotic proteins, inflammatory cytokine of IL-1β, sur-

vival regulatory total mTOR, total ERK and phosphorylated genes would

support the results of this study, but our western blotting analyses indi-

rectly indicate gene expression levels of the mentioned pathways with

considering protein expression levels. Cleaved Caspase of 3 and 9 would

also improve the novelty of this study, but our TUNEL assay results dem-

onstrate double stranded breaks, which also indirectly indicate cleavage

and thus activation of mentioned apoptotic proteins. Moreover, evaluat-

ing signalling mechanisms such as Akt-PI3K-mTOR and intermediate

steps in ERK signalling pathway might provide more detailed information

for the underlying mechanism of the protective activity of sGC stimulator

Riociguat in testicular I/R injury, but our end product analyses of phos-

phorylation levels of mTOR and ERK also provide information for the

contribution of mentioned signalling mechanisms.
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