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Background: Ischemia-reperfusion (I/R) injury to the testis can lead to organ damage, infertility, and subfertility. The goal of this
study was to investigate the effects of fasudil on this devastating condition.

Methods: Thirty male Long-Evans rats were divided into five groups: a control group (no torsion), rats administered fasudil (30 mg/
kg, no torsion), rats subject to ischemia with no treatment (I) (I/R injury), injured rats that received treatment 1 (T1) (I/R with 30 mg/
kg fasudil before detorsion), and injured rats that received treatment 2 (T2) (I/R with 30 mg/kg fasudil after detorsion). Serum levels of
TNF-a and IL-6, along with tissue levels of glutathione (GSH), malondialdehyde (MDA), caspase-3, and Johnsen Tubular Biopsy
Score (JTBS), were measured.

Results: Group I exhibited significantly higher levels of MDA and caspase-3 than all other groups except T2 (p < 0.05). Although the
difference was not statistically significant, Group T2 exhibited lower MDA and caspase-3 levels than Group I (p > 0.05). Additionally,
Group I displayed significantly higher TNF-a and IL-6 levels, and lower GSH and JTBS values, than the other groups (p < 0.05).
Conclusion: Our findings indicate that fasudil protects the testis from I/R injury, particularly when administered early.
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Introduction

Testicular torsion is a critical urological emergency that affects approximately 1 in 4000 men under the age of 25 years. It
occurs when the testis rotates on its own axis, leading to torsion of the spermatic cord and the subsequent impairment of
blood flow. This condition can manifest at any age but is particularly prevalent during the perinatal and pubertal
periods."? Rapid diagnosis and treatment are crucial in testicular torsion. If treatment is not initiated within 4-8 hours
of the onset of symptoms, spermatogenic cell loss may occur, leading to infertility and subfertility. In fact, an
orchiectomy may become necessary.'*

The pathophysiology of testicular torsion involves ischemia-reperfusion (I/R) injury. During the ischemic phase, the
reduction in blood flow triggers anaerobic metabolism, leading to a decreased production of adenosine triphosphate
(ATP) and antioxidant substances. This metabolic shift increases reactive oxygen species (ROS) due to the low
antioxidant capacity of the tissue. Following reperfusion, the restoration of blood flow exacerbates the production of
ROS generated by the mitochondrial electron transport chain, the NADPH oxidase system, and uncoupled nitric oxide
synthase. The resulting ROS can damage cellular structures, causing a loss of cellular viability or even cell death.>®

Rho-associated coiled-coil-containing kinase (ROCK) is a protein kinase that regulates several critical processes
required for inflammatory response, including actin cytoskeleton organization, cell adhesion, migration, and apoptosis.’
Previous studies have determined that ROCK activation is involved in the pathogenesis of I/R and that ROCK regulates
ROS production. Fasudil, a selective ROCK inhibitor, has been shown to inhibit ROCK activation and reduce infarct size
and myocyte apoptosis during myocardial I/R in rats. It has also been found to reduce lung damage caused by intestinal I/
R.*? Accordingly, this study was designed to investigate the potential protective effects of fasudil on testicular I/R injury.
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Materials and Methods

This experiment was approved by the Gazi University Animal Experiments Ethics Committee with the reference number
G.U.ET-21.082 and the study was carried out in the Gazi University Faculty of Medicine Animal Research Laboratory.
All experiments were conducted in strict accordance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. This experimental study was carried out using Long-Evans rats fed standard rat chow and
kept in cages at proper ambient temperature and humidity in a laboratory environment with a 12:12 hour photoperiod. No
food or water restrictions were applied before the study, and no medication was administered. Thirty rats weighing
250-300 g were randomly allocated into five groups of six rats each.

Experimental Testicular Torsion Model

Before every surgical procedure, ketamine hydrochloride (50 mg/kg; Ketalar, Eczacibasi, Turkey) and xylazine hydro-
chloride (5 mg/kg; Alfazyne 2%, Ege Vet, Turkey) were administered to each rat as anesthesia. Mid-scrotal incisions
were used for torsion, detorsion, and sham procedures. After we created torsion by rotating the left testis clockwise 2
turns (720 degrees), it was fixed to the scrotum with 6/0 polypropylene. At the end of the torsion period, the testis was
returned to its initial anatomical position. The following process were applied to the five groups (n=6/group):

Control group (Group C): Rats in this group only had their tissue and blood sampled without being subjected to any
processing.

Fasudil group (Group F): 30 mg/kg fasudil was administered intraperitoneally (IP) without torsion. Tissue and blood
samples were then taken.

Ischemia group (Group I): Two hours after 720° extravaginal left testis torsion, detorsion was carried out. At the
fourth hour, an orchiectomy was carried out, and a blood sample was taken.

Treatment group 1 (Group T1): Thirty mg/kg of fasudil was administered IP 1.5 hours after torsion, and detorsion was
performed 30 min after this procedure. At the fourth hour of detorsion, an orchiectomy was performed, and a blood
sample was taken.

Treatment group 2 (Group T2): Two hours after torsion, detorsion was performed. Immediately afterward, 30 mg/kg of
fasudil was administered IP. At the fourth hour of detorsion, an orchiectomy was performed, and a blood sample was taken.

Following the experiment, blood and tissue samples were obtained from each rat to measure malondialdehyde (MDA),
glutathione (GSH), caspase-3, TNF-a, IL-6, and Johnsen Testicular Biopsy Score (JTBS). After the blood samples were
centrifuged for 10 minutes at 3000 rpm to examine TNF-a and IL-6, the sera were placed in Eppendorf tubes and stored at
—80°C. To facilitate histopathological analysis, half of the removed testis was preserved in 10% formalin; to measure MDA,
GSH, and caspase-3, the other half of the tissue was frozen in liquid nitrogen and stored at —80°C.

Measurements of TNF-a and IL-6 levels in the blood samples were carried out in accordance with the instructions
provided with the Enzyme-Linked ImmunoSorbent Assay (ELISA) kits we used (cat. no. E0764Ra and EO135Ra,
respectively; Jiaxing Korain Biotech, Zhejiang, China). To measure tissue levels of MDA, GSH, and caspase-3,
100 mg of frozen testicular tissue from each rat was homogenized using phosphate-buffered saline (pH: 7.2) with
a Teflon pestle shredder at 3500 rpm for 15 min. The supernatant was collected upon centrifugation. Levels of MDA,
GSH, and caspase-3 were analyzed separately in each tissue sample obtained from each rat using commercial ELISA kits
(cat. no. EO156Ra, E1101Ra, and E1648Ra, respectively; Jiaxing Korain Biotech, Zhejiang, China). Blood IL-6 and
TNF-a levels and tissue MDA, GSH, and caspase-3 levels were evaluated by a single biochemist.

A 10% formaldehyde solution was used to fix the testicular tissues. These tissues were embedded in paraffin wax
blocks, cut into 4-pm thick sections, and stained with hematoxylin-eosin. Using a light microscope, 60 transversely cut
seminiferous tubules were assessed in each of the samples obtained from each rat to evaluate JTBS (Olympus BX53,
Japan). All samples were evaluated blindly by two pathologists who had no knowledge of the study groups. The
histopathological scoring was determined by taking the average of the values assigned by the two pathologists. When the
pathologists reached a consensus on the grade, this was noted.
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Statistical Analysis

The data are presented in the format mean + standard deviation (SD). SPSS version 22.0 was used for the statistical
analysis. The Shapiro—Wilk test was used to assess the normal distribution of each dataset. Tukey’s post hoc test was
utilized after a one-way analysis of variance for a statistical analysis of the normally distributed data. The level of
statistical significance was set at p < 0.05. Kruskal-Wallis and Bonferroni post hoc tests were performed for MDA,
caspase-3, and JTBS levels when the data were not normally distributed (p < 0.005).

Results

Group F exhibited the lowest amounts of tissue MDA and caspase-3, while Group I displayed the highest levels.
While caspase-3 and MDA levels increased distinctly in the torsion group, a considerable decrease was observed
in the T1 group treated with fasudil, although the difference was not statistically significant (p = 0.036 and
0.040, respectively). In terms of MDA (p = 0.020 and < 0.001, respectively) and caspase-3 (p < 0.001 and <
0.001, respectively), Group I had significantly higher levels than Groups C and F. Although MDA and caspase-3
levels were found to be lower in Group T2 than in Group I, no statistically significant differences were found (p
Compared to Group I, which underwent torsion, there was a statistically significant increase in tissue GSH levels
in Groups T1 and T2, which received fasudil treatment (p = 0.005 and 0.013, respectively). Additionally, there
was a significant difference in GSH, as in MDA and caspase-3, in Group I relative to Groups C and F (p < 0.001
and < 0.001, respectively). Although the increase in Group T1 was greater than in Group T2, there was no
statistically significant difference. Furthermore, we found that non-enzymatic antioxidant GSH levels increased in
Group F, but no difference was found between Groups C and F. Decreases in the levels of lipid peroxidation
product and apoptosis indicators MDA and caspase-3 were also detected in Group F (Table 1).

Group I exhibited the highest levels of IL-6 and TNF-o, marking a statistically significant difference
compared to all other groups, while Group F displayed the lowest (p < 0.001; Table 1). Microscopy evaluation
revealed that overall spermatic activity was preserved, with a JTBS score above 4 observed in all specimens.
However, focal areas of reduced activity were observed in some samples. For example, Group T1 also shown
a tubule with nearly perfect activity (Figure 1). In the ischemia group, tubular hyalinization and loss of function
were seen (Figure 2). JTBS levels were highest in Group F and lowest in Group I (Figure 1). Fasudil
administration without torsion (Group F) did not significantly change JTBS scores compared to Group C (p >
0.05). Group I showed statistically different spermatogenic activity in terms of JTBS compared to Groups C and
F (p < 0.001 and < 0.001, respectively). Comparing Groups C and F with Groups Tl and T2 indicated no
statistically significant differences in spermatogenic activity in terms of JTBS (p = 0.049/0.006 and 0.045/ 0.005,
respectively) (Figure 2). At the end of the experiment, an improvement in JTBS was detected in the treatment
groups relative to the ischemia group (Table 1 and Figure 2).

Discussion

Testicular torsion is a medical emergency in which prompt identification and treatment are required to save the testis and
its fertility, as testicular damage begins within 4-8 hours. Researchers have evaluated fasudil’s antioxidant, anti-
inflammatory, and histopathological healing effects in brain, heart, and intestine ischemia models, but we applied it to

Table | Distribution and Standard Deviations of Biochemical Parameters and JTBS According to Groups

Group C Group F Group | Group T' Group T? P Value
Malondialdehyde (MDA) (nmol/mL) | 0.95+0.18 0.75+0.08 2.03+0.46 1.15£0.13 1.26+0.36 0.001
Glutathione (GSH)(mg/L) 481.41+43.47 | 492.48+28.35 | 373.06+53.70 | 468.91+47.23 | 459.60+35.25 | 0.001
Caspase-3 (ng/mL) 2.63x1.11 1.68+0.43 8.56+1.58 4.48+1.80 4.98+1.96 0.001
IL-6 (ng/L) 15.48+2.49 12.18+1.84 23.56x1.55 15.33£2.61 16.48+2.02 0.001
TNF-a (ng/L) 105.80+46.80 | 84.36£22.22 | 425.11+67.63 | 132.18+61.50 | 202.31+82.61 | 0.001
JTBS 9.76x0.10 9.77+0.12 7.49%0.39 8.72+0.29 8.32+0.31 0.001
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Figure | In the example of group TI; JTBS score 9 with mature sperms and spermatids.

Figure 2 In the example of ischemia group; JTBS score 5 with alive spermatocytes but dead spermatids.

testicular ischemia for the first time.® '* Fasudil demonstrated antioxidant, anti-inflammatory, and tissue-healing proper-
ties by lowering MDA, IL-6, TNF-a, and caspase-3 levels while boosting GSH and JTBS. Even when administered
alone, fasudil exerted anti-inflammatory and antioxidant effects on rats.

It was previously proven that experimental testicular I/R injury in rats begins at 540° torsion, and blood flow does not
resume when the torsion lasts longer than 4 hours.'' ™ Accordingly, we applied 2-hour 720° extravaginal torsion to rats’
left testes to comply with clinical models and generate adequate ischemia.
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Anaerobic metabolism produces less ATP during ischemia, and chronic use generates purine metabolites, such as
xanthine and hypoxanthine. During reperfusion, these metabolites are processed by the enzyme that transforms xanthine
dehydrogenase into xanthine oxidase during ischemia, initiating excessive ROS production.”'* The resulting ROS
produce oxidative stress in the testicular parenchyma, injure the cell genome, and induce apoptosis via caspase activation.
These alterations are associated with increased testicular tissue necrosis.'”> The increased ROS can damage lipids,
proteins, and DNA, causing cellular malfunction.'® This can only be prevented by reducing ROS formation or increasing
antioxidant defenses.

Several compounds have demonstrated antioxidant effects in testicular torsion models, as have hydrogen sulfide and
memantine. MDA, GSH, SOD, and catalase were investigated as oxidant and antioxidant markers. These medicines used
in these investigations exhibited antioxidant properties, benefitting the animals’ pathophysiology."'”'® Fasudil is
a selective inhibitor of ROCK. RhoA belongs to the Ras superfamily, and the first effector recognized was ROCK.
The Rho/ROCK signaling pathway influences cell contraction, motility, and morphology.'® ' Researchers have shown
that ROS stimulates the Rho/ROCK pathway and that fasudil has antioxidant, antiapoptotic, and anti-inflammatory
properties while also regulating nitric oxide production.'®** Fasudil demonstrated antioxidant effects in acetaminophen-
induced liver injury cases by lowering MDA, the end product of ROS-induced lipid peroxidation, and raising GSH,
a nonenzymatic antioxidant thought to facilitate ROS scavenging.*> Additionally, fasudil can decrease lipid peroxidation
by lowering ROS levels in I/R injury cases.** This impact can be attributed to a reduction in ROS production via
downregulation of NADPH oxidase.”’ Fasudil demonstrated antioxidant activity in our experiment by lowering MDA
and raising GSH more notably in Group T1, who received it half an hour before detorsion, than in Group T2, who
received it immediately afterwards.

Fasudil inhibits inflammatory response as well as neutrophil and oxygen free radical production in the circulation.
Fasudil also transactivates peroxisome proliferator-activated receptor alpha (PPAR-a), which increases ROS detoxifica-
tion defenses that protect cells from cytokine toxicity. Yang induced 1-hour cerebral ischemia in mice, demonstrating that
cerebral necrosis, NADPH oxidase activity, and ROS content were reduced by fasudil treatment after 18 hours. It also
displayed a neuroprotective effect, albeit not in PPAR-a knockout mice.?

During testis I/R, germ cells and interstitial macrophages produce more proinflammatory cytokines, and inflammation
generally contributes significantly to the injury.®*°*® These cytokines cause chemotaxis of neutrophils to the testis, and
neutrophils help overproduce reactive oxygen species during I/R.® ROCK inhibition was demonstrated to block NF-«xB
p65 signaling and inflammation in a study on lipopolysaccharide-induced renal failure. Consistent with these observa-
tions, in contrast-induced acute kidney injury, fasudil reduced p-NF-kB levels and the production of inflammatory
cytokines, such as TNF-a and IL-6.** Similarly, these inflammatory cytokines, whose production also increased in
acetaminophen-induced liver damage, decreased with fasudil treatment.”> Consistent with previous research, we found
a considerable increase in TNF-a and IL-6 levels after testicular ischemia. Fasudil produced a statistically significant
decrease in the treatment groups compared to the ischemia group, particularly in Group T1. All these data reinforce the
anti-inflammatory and antioxidant potential of fasudil.

Apoptosis of spermatogenic cells is a physiological process that occurs during normal spermatogenesis.”’ However,
the abnormal process of testicular I/R frequently results in widespread spermatogenic cell death, which can lead to
greater testicular dysfunction and infertility.>® Several biomarkers, including Bax, Bcl-2, caspase-3, and p-53 protein,
have been found useful in cases of testicular torsion to assess the apoptotic process. Lipid peroxidation-induced
membrane instability allows mitochondrial cytochrome ¢ to enter the cytoplasm. Cytochrome C release promotes
apoptosome formation, which triggers caspase-9 and caspase-3, resulting in apoptosis.*' In a flap survival model, fasudil
inhibited apoptosis via its effect on the Bax/Bcl-2 ratio, an indicator of apoptosis; it also increased autophagy.’
Additionally, fasudil exerted antiapoptotic effects by reducing apoptosis and caspase-3 in contrast-induced acute kidney
injury, diabetic cardiomyopathy, and heart I/R injury models.®**** Fasudil can inhibit ROCK activity and upregulate
p-Akt. This could influence caspase-3 by downregulating downstream apoptotic factor Bax and upregulating antiapop-
totic protein Bcl-2.2* In our testicular torsion model, consistent with these findings, fasudil reduced caspase-3 in the
treatment groups, although not statistically significantly.
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ROS overproduction during testicular reperfusion causes oxidative stress in the testicular parenchyma, destroys the
cell genome, and initiates caspase cascades, resulting in apoptosis.>® All these changes are directly related to increasing
necrosis in the testicular tissues. Torsion of the testis causes injuries, which are evaluated using biochemical and
histopathological approaches and based on the determination of fertility. The RhoA/ROCK pathway damages the testis’s
cytoskeleton, adherens junctions, and tight junctions, disrupting the blood—testis barrier and thus impairing
spermatogenesis.**

Because ischemia strongly impacts spermatogenesis in the testes, we assessed the damage produced by torsion using
JTBS, which is considered highly relevant in the quantitative histological evaluation of spermatogenesis.>>*® Our JTBS
results in the torsion group showed a substantial decrease, indicating histopathologically that testicular injury resulted.
The development of values close to normal with fasudil treatment, while not quite matching the values in the control
group, reflects the histological healing effects of fasudil, especially in Group T1. These results reinforce the protective
effects of fasudil on tissue already demonstrated in previous studies using brain, acute kidney injury, and cardiac
ischemia models. In sum, we demonstrated that fasudil exerts a histopathological healing effect, both by ameliorating
JTBS and by preventing apoptosis through the inhibition of caspase-3.

The small number of animals in each group, the termination of the experiment after four hours, and the lack of
measurements at the 24th hour or later are among the main limitations of the study. Moreover, parameters such as TNF-a,
IL-6, GSH, MDA, and caspase 3 were evaluated only using ELISA, while quantitative real-time PCR and Western blot
analyses were not performed. These deficiencies stem from the limitations on the use of laboratory animals in our country
and our limited budget. We hope that firmer and more supportable results will be obtained in future studies that take these
deficiencies into consideration.

Conclusions

Based on an experimental testicular torsion model, fasudil reduces I/R injury as an antioxidant, anti-inflammatory,
antiapoptotic, and histopathological curative, especially when given early. Fasudil is easy to access and store, can be
given intravenously, can spread rapidly to cells, is efficacious for up to eight hours with a single dose, and can be used in
humans. Therefore, as shown in this study, fasudil offers beneficial protective effects before the detorsion stage in cases
of testicular ischemia or similar ischemias and when starting the relevant surgery.
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