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ABSTRACT

BACKGROUND: The aim of this study was to investigate whether allopurinol and oxypurinol treatment could mitigate oxidative
stress and germ cell apoptosis in testicular ischemia-reperfusion (IR) injury.

METHODS: Thirty-two male rats were divided into four groups: Group | (Sham-Operated, n=8), in which the testicle was exposed
but torsion was not performed; Group 2 (IR + Saline, n=8), in which torsion/detorsion was applied to the left testicle and | mL of
normal saline was administered; Group 3 (IR + Allopurinol, n=8), in which torsion/detorsion was applied to the left testicle and 50 mg/
kg allopurinol was administered; and Group 4 (IR + Oxypurinol, n=8), in which torsion/detorsion was applied to the left testicle and
50 mg/kg oxypurinol was administered. On postoperative day 28, left testicular tissue samples were collected, and total antioxidant
status (TAS), total oxidant status (TOS), and oxidative stress index (OSI) levels were measured. Additionally, the gene expression
levels of Bax, B-cell lymphoma 2 (Bcl-2), endothelial nitric oxide synthase (eNOS), and vascular endothelial growth factor A (VEGF-A)
were analyzed.

RESULTS: Allopurinol and oxypurinol significantly decreased OSI levels (p<0.001). Oxypurinol was found to be significantly more
effective in reducing oxidative stress (p<0.001). Both allopurinol and oxypurinol significantly reduced Bax gene expression levels
(p<0.001). Treatment with allopurinol (p=0.009) and oxypurinol (p=0.001) significantly increased Bcl-2 levels. Additionally, both agents
significantly reduced the apoptosis index (p<0.001). Allopurinol (p,=0.007, p,<0.001) and oxypurinol (p,,<0.001) treatments signifi-
cantly increased eNOS and VEGF-A gene expression levels.

CONCLUSION: Allopurinol and oxypurinol reduce oxidative stress in the testis following IR injury, with oxypurinol demonstrating a
greater antioxidant effect. Both treatments also reduce apoptosis by contributing positively to the eNOS and VEGF-A-mediated repair
processes. Therefore, allopurinol and oxypurinol may serve as potential therapeutic agents for clinical application in testicular torsion.
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INTRODUCTION blood flow to the testis decreases, resulting in ischemic dam-

age to the tissue. This condition requires emergency surgi-
Testicular torsion is a serious condition that, if not treated cal detorsion to prevent further ischemic injury.'"! However,

promptly, can lead to long-term consequences such as testic-  surgical detorsion itself also promotes the generation of reac-

ular atrophy and infertility. As the degree of torsion increases, tive oxygen species (ROS), leading to additional tissue dam-
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age. Germ cell apoptosis, which is significantly triggered by
oxidative stress, has been detected in experimental models.
Testicular germ cell apoptosis plays an important role in de-
termining the prognosis of testicular torsion.

Nitric oxide (NO) is a free radical present in nearly every tis-
sue and plays a crucial role in regulating vascular tone, particu-
larly within the cardiovascular system. Additionally, it exhibits
anti-inflammatory and antioxidant properties, enabling it to
interact readily with ROS in both physiological and pathologi-
cal processes. Studies investigating ischemia-reperfusion (IR)
injury in various biological systems have shown that NO re-
duces oxidative damage in tissues by modulating cellular pro-
cesses that protect cells and tissues from oxidative stress."!

There are three distinct isoforms of nitric oxide synthase
(NOS), the enzyme responsible for NO synthesis, each en-
coded by a different gene locus: neuronal (nNOS), inducible
(iNOS), and endothelial (eNOS). eNOS is a structural iso-
form and is localized primarily to the membrane, account-
ing for approximately 90%. NO synthesized by eNOS in the
endothelium diffuses into smooth muscle cells, leading to
muscle relaxation. Although eNOS activity has been demon-
strated in various tissues and organs (including mast cells,
platelets, pancreatic 3-cells), its primary source is the vascular
endothelial cells.! Furthermore, several studies have shown
that eNOS is expressed in Leydig and Sertoli cells, as well as
in rare degenerated germ cells in the testis. It has also been
demonstrated that germ cells in testes overexposed to IR
damage express eNOS.P! The excessive expression of eNOS
suggests that NO plays a regulatory role in apoptosis. Recent
studies have shown that NO exhibits strong anti-apoptotic
activity and exerts tissue-protective effects in damage caused
by IR, which represents a highly interesting and potentially
significant area of research.[]

Cell death is one of the fundamental physiological process-
es occurring in all living organisms. Programmed cell death
occurs through three main pathways: apoptotic cell death,
autophagic cell death, and necroptotic cell death. Currently,
two major pathways have been defined for apoptosis: the ex-
trinsic (death receptor) pathway and the intrinsic (mitochon-
drial) pathway. Although these two programmed cell death
mechanisms are not completely independent, they share simi-
larities in the proteins that regulate the process and can in-
fluence one another depending on the stimulus that triggers
cell death. The intrinsic pathway is activated by intracellular
signals released when cells are under stress and proceeds
through the release of proteins from the mitochondrial inter-
membrane space. B-cell lymphoma 2 (Bcl-2) is a protein with
both proapoptotic and antiapoptotic functions that plays a
crucial role in the intrinsic apoptotic pathway; approximately
25 different types have been identified to date. Bcl-2 proteins
are central regulators of the intrinsic apoptotic pathway and
determine whether a cell will undergo apoptosis. Bax (Bcl-2
associated X apoptosis regulator) is a proapoptotic member
of the Bcl-2 family capable of forming pores in the outer mi-
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tochondrial membrane. These molecules are involved in the
initiation of apoptosis.[%7]

During embryonic development, vascular endothelial growth
factor (VEGF) plays a significant role in regulating angiogen-
esis in various physiological processes, including neovascular-
ization, wound healing, ovulation, the menstrual cycle, blood
pressure regulation, and pregnancy. VEGF was first identified
as a permeability factor in tumor studies. Since then, it has
been shown to be one of the key molecules in endothelial
cell proliferation and angiogenesis. It exerts this effect by pro-
moting cell migration and facilitating new vessel formation.!®
VEGEF is one of the primary factors responsible for the forma-
tion and proliferation of endothelial cells. It also stimulates
the expression of anti-apoptotic proteins in endothelial cells.
NO plays an important role in the angiogenesis and increased
vascular permeability induced by VEGF. A study conducted
in mice lacking INOS and eNOS enzymes demonstrated a
reduction in the effectiveness of VEGF]

Allopurinol was initially used for cancer treatment but was
found to be ineffective. Later, its role in purine metabolism
and its identification as a xanthine oxidase inhibitor led to
its approval for the treatment of hyperuricemia and gout in
1966.1'

Xanthine oxidase converts allopurinol into its main metabo-
lite, oxypurinol. Both compounds are analogs of the purine
bases xanthine and hypoxanthine. They inhibit the production
of uric acid, the end product of purine catabolism, and reduce
superoxide generation by inhibiting xanthine dehydrogenase
activity. At low concentrations, allopurinol acts as both a sub-
strate and a competitive inhibitor of the enzyme, whereas
at high concentrations, it functions as a non-competitive in-
hibitor. Oxypurinol, the active metabolite of allopurinol, is
a non-competitive inhibitor of the enzyme. The formation
of oxypurinol accounts for most of the pharmacological ef-
fects of allopurinol, and its prolonged presence in tissues is
significant.l'?

Compared to allopurinol, oxypurinol has been shown to pos-
sess various properties, including antioxidant, anti-inflamma-
tory, and cell death—preventive effects. Escobar et al.l'® dem-
onstrated that oxypurinol protects against oxidative damage
in acute pancreatitis. In an IR study conducted in rats, oxypu-
rinol was shown to have a protective effect on the myocar-
dium.['"]

Effective treatment following testicular torsion may provide
protection against the adverse effects of IR injury.l'? In this
study, we investigated whether treatment with allopurinol
and oxypurinol could reduce oxidative stress and germ cell
apoptosis in rat testes following IR.

MATERIALS AND METHODS

The study was approved by the InstitutionalF Review Board
for the Care and Use of Laboratory Animals (this study was
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approved by the Suleyman Demirel University Animal Experi-
ments Local Ethics Committee date: 12.04.2023, decision no:
148). All procedures were conducted in accordance with the
ARRIVE guidelines (Animal Research: Reporting of In Vivo
Experiments), the UK Animals (Scientific Procedures) Act
1986 and its associated guidelines, EU Directive 2010/63/
EU for animal experimentation, and the National Research
Council's Guide for the Care and Use of Laboratory Animals.

Experimental Groups

In this study, 32 male Wistar albino rats weighing between
259 and 465 g were used. The animals were housed under
standardized conditions and kept in separate cages. The rats
were randomly divided into four groups:

* Group | (Sham-Operated, n=8): The testicle was exposed,
but torsion was not performed.

* Group 2 (IR-Saline, n=8): Torsion/detorsion was applied to
the left testicle, and normal saline was administered.

* Group-3 (IR-Allopurinol, n=8): Torsion/detorsion was ap-
plied to the left testicle, and allopurinol was administered.

* Group 4 (IR-Oxypurinol, n=8): Torsion/detorsion was ap-
plied to the left testicle, and oxypurinol was administered.

Preparation of Allopurinol and Oxypurinol

The raw materials for the preparation of the parenteral forms
of allopurinol (HY-B0219-500) and oxypurinol (HY-19657-
200) were obtained from the MedChemExpress LLC (New
Jersey, USA). The drugs were prepared under sterile condi-
tions according to the manufacturer's recommendations and
were administered at a dose of 50 mg/mL.

Surgical Procedure and Sample Harvesting

After 12 hours of fasting, the rats were weighed and anesthe-
tized via intraperitoneal injection of ketamine hydrochloride
(90 mg/kg) and xylazine hydrochloride (10 mg/kg). Using ster-
ile surgical techniques, a midline scrotal incision was made,
and the left testicle was exposed. In the IR-Saline, IR-Allopu-
rinol, and IR-Oxypurinol groups, a torsion model was created
by rotating the testicle and its cord 720° clockwise for two
hours. The testicle was then fixed to the scrotum with a 5/0
silk suture to prevent detorsion, and the scrotum was closed.
Thirty minutes before the detorsion procedure, | mL of nor-
mal saline was administered intraperitoneally to the IR-Saline
group, whereas allopurinol and oxypurinol were administered
intraperitoneally at a dose of 50 mg/kg to the IR-Allopurinol
and IR-Oxypurinol groups, respectively. After two hours of
ischemia, the scrotal incision was reopened, detorsion pro-
cedure was performed, and the incision was closed in all IR
groups. During the reperfusion period, the rats were allowed
free access to standard chow and water. On the 28th day of
the experiment, all animals were sacrificed, and the left tes-
ticle of each animal was harvested and stored at -80°C until
further analysis.
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Determination of Total Antioxidant Status, Total

Oxidant Status, and Oxidative Stress Index

Total antioxidant status (TAS) and total oxidant status (TOS)
were measured using colorimetric methods with TAS and
TOS kits kit (REL Assay Diagnostics, Tirkiye), following the
manufacturer’s instructions. The TAS assay was calibrated
with Trolox, and results were expressed as pmol Trolox
equivalent/L (umol Trolox eg/L). TOS levels were determined
based on the oxidation of ferrous ions to ferric ions in an
acidic medium in the presence of various oxidative species.
The analyses were performed using three different portions
of the same tissue sample, and each portion was assessed in
three technical replicates.

TAS and TOS results were presented in the graph as fold
changes compared to the control group. The oxidative stress
index (OSI) values were calculated as the ratio of TOS to TAS.

Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-qPCR)

Total RNA was isolated from minced rat testis tissues using
the Monarch® Total RNA Miniprep Isolation Kit (New England
Biolabs) according to the manufacturer's instructions. RNA
purity and quality were measured using a microspectropho-
tometer (Allsheng). Approximately 500 ng of RNA from each
sample was converted into complementary DNA (cDNA)
using the iScriptTM cDNA Synthesis Kit (Bio-Rad) following
the manufacturer’s protocol. qRT-PCR was performed on a
CFX Connect Real-Time PCR System (Bio-Rad) using iTaq
Universal SYBR® Green Supermix (Bio-Rad) according to the
manufacturer's instructions. Primer sequences for rat en-
dothelial nitric oxide synthase (eNOS), vascular endothelial
growth factor-A (VEGF-A), Bax, Bcl-2, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were generated using
the NCBI BLAST interface. Primer sequence information is
provided in Table |. Relative gene expression levels were nor-
malized to GAPDH expression, and quantification was per-
formed using the AACt method.

Statistical Analysis

Statistical analyses were conducted using SPSS 23.0 (IBM Inc.,
Chicago, IL, USA). Tukey’s Honestly Significant Difference
(HSD) test and one-way analysis of variance (ANOVA) were
used to compare measurements between the study groups
for statistical significance. Normality was assessed using the
Kolmogorov-Smirnov test, and homogeneity of variance was
evaluated with Levene’s test. Continuous variables with nor-
mal distribution were presented as meantstandard deviation
(SD). The level of statistical significance was set at p<0.05.

RESULTS
TAS, TOS, and OSI Levels

A significant increase in TAS levels was observed in the IR-Sa-
line (p=0.002), IR-Allopurinol (p<0.001), and IR-Oxypurinol
(p<0.001) groups compared with the sham-operated group.
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Table I. Quantitative real-time polymerase chain reaction (QRT-PCR) primer sequences

Gene Primer Direction Primer Sequence

BAX Forward 5’-GCAGAGGATGATTGCTGATGT-3’
Reverse 5’-CCTTGAGCACCAGTTTGCTA-3’

BCL2 Forward 5’-GTGGATGACTGAGTACCTGAAC-3’
Reverse 5-GAGACAGCCAGGAGAAATCAA-3’

eNOS Forward 5-GTGAAGGCGACTATCCTGTATG-3’
Reverse 5’-CATGCTCTAGGGATACCACATC-3’

VEGF-A Forward 5’-GGAAGAGAGAGAGAGAGAGAGAC-3’
Reverse 5’-GACTGGTCCGATGAAAGATCC-3’

GAPDH Forward 5’-CAAGGTCATCCCAGAGCTGAA-3
Reverse 5’-CATGTAGGCCATGAGGTCCAC-3’

Table 2. Total antioxidant status (TAS), total oxidant status (TOS), and oxidative stress index (OSI) values of the groups (values are

presented as mean#standard deviation)
Group TAS (mmol Trolox Eq/L) TOS (pmol H,0, Eq/L) osl
Sham-operated 1.06+0.15* 3.86+1.02 3.71£1.07°

IR-Saline 1.52:0. | |b®=0002
IR-Allopurinol 2.41+0.38¢ (p<000)
IR-Oxypurinol 3.84:0. | 5¢ =000

31.19+1.88 (p<0:001)
15.93+0.69¢ (<0001
10.9440.90¢ (<0:00D

20.35+2.9° (p<0.001)
6.72+0.86¢ (<0001
2.85+0.272 (=054

abed Different superscript letters indicate statistically significant differences. TAS: Total antioxidant status; TOS: Total oxidant status; OSI: Oxidative stress

index.

Allopurinol and oxypurinol treatments significantly increased
TAS levels compared to the IR-Saline group (p<0.001). Oxy-
purinol increased TAS levels significantly more than allopuri-
nol (p<0.001) (Table 2).

Compared to the sham-operated group, TOS levels were sig-
nificantly higher in all IR groups (p<0.001). TOS levels were
significantly lower in the IR-Allopurinol and IR-Oxypurinol
groups when compared to the IR-Saline group (p<0.001).
Oxypurinol decreased TOS levels significantly more than al-
lopurinol (p<0.001) (Table 2).

Compared to the sham-operated group (p<0.001), OSI levels
were significantly higher in the IR-Saline and IR-Allopurinol
groups. However, no significant difference was observed
between the IR-Oxypurinol and sham-operated groups
(p=0.554). Both allopurinol and oxypurinol treatments signifi-
cantly reduced OSI values compared to the IR-Saline group
(p<0.001). Oxypurinol was more effective than allopurinol in
reducing oxidative stress (p<0.001) (Table 2, Fig. I).

Bax, Bcl-2 Gene Expression Levels, and Bax/Bcl-2 Ratio

Bax gene expression levels were significantly increased in the
IR-Saline group compared to the other groups (p<0.001). Al-
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Figure 1. Oxidative stress index (OSl) levels among the groups.

lopurinol and oxypurinol treatments significantly decreased
Bax gene expression levels compared to the IR-Saline group
(p<0.001). No significant difference was found between the
IR-Allopurinol and IR-Oxypurinol groups (p=0.171) (Table 3).
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Table 3. Bax, Bcl-2 gene expression levels and Bax/Bcl-2 ratios of the groups (values are presented as meanzstandard deviation)

Group Bax Bcl-2 Bax/Bcl-2
Sham-operated 1.00+0.08* 1.00+0.07* 1.00+0.10°
IR-Saline 1.43+0. | 3 (p<0001) 0.48+0.08° (P=0.00) 3.01+0.48° (<0001
IR-Allopurinol 1.10£0.072 (¢=0277) 0.92+0.452 ¢=0917 1.40£0.59: (=0-193)

IR-Oxypurinol 0.98+0. 32 ¢=0790)

1.02+0.2 |2 ¢=09%9)

0.98+0.09 ¢=09%9)

** Different superscript letters indicate statistically significant differences.

4,00

3,00

2,00

=)
1,00 E E

Apoptotic index (Bax/Bcl-2)

T T T T
Sham-operated IR-Saline IR-Allopurinol IR-Oxypurinol
Groups

Figure 2. Apoptotic index values among the groups.

Table 4. Endothelial nitric oxide synthase (eNOS) and
vascular endothelial growth factor A (VEGF-A)
gene expression levels of the groups (values are
presented as meantstandard deviation)

Group eNOS VEGF-A

Sham-operated
IR-Saline
IR-Allopurinol
IR-Oxypurinol

1.00+0.09*

1,240,160 ¢=0009
1.48:0.1 |« <0000
1.60:£0. 1 6¢ <000

1.00£0.08

1.200.18: 6=034)
1.740.18 (<0201
2.42:£0.27¢ ¢~000)

sb< Different superscript letters indicate statistically significant differences.

Bcl-2 gene expression levels were significantly decreased in
the IR-Saline group compared to the other groups (p=0.002).
Compared to the IR-Saline group, allopurinol (p=0.009)
and oxypurinol (p=0.001) treatments significantly increased
Bcl-2 gene expression levels. No significant difference was
found between the IR-Allopurinol and IR-Oxypurinol groups
(p=0.863) (Table 3).
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The Bax/Bcl-2 ratio (apoptotic index) was significantly in-
creased in the IR-Saline group compared to the other groups
(p<0.001). Compared to the IR-Saline group (p<0.001),
both allopurinol and oxypurinol treatments significantly de-
creased the Bax/Bcl-2 ratio. No significant difference was
found between the IR-Allopurinol and IR-Oxypurinol groups
(p=0.159) (Table 3, Fig. 2).

eNOS and VEGF-A Gene Expression Levels

Compared to the sham-operated group, eNOS gene expres-
sion levels were significantly higher in the IR-Saline (p=0.006),
IR-Allopurinol  (p<0.001), and IR-Oxypurinol (p<0.001)
groups. Allopurinol (p=0.007) and oxypurinol (p<0.001)
treatments significantly increased eNOS gene expression lev-
els compared to the IR-Saline group. No significant difference
was found between the IR-Allopurinol and IR-Oxypurinol
groups (p=0.306) (Table 4).

VEGF-A gene expression levels were significantly higher in
the IR-Allopurinol and IR-Oxypurinol groups compared to
the sham-operated group (p<0.001), whereas no significant
difference was found between the IR-Saline group and sham-
operated groups (p=0.342). Allopurinol and oxypurinol treat-
ments significantly increased VEGF-A gene expression lev-
els compared to the IR-Saline group (p<0.001). Oxypurinol
increased VEGF-A gene expression levels significantly more
than allopurinol (p<0.001) (Table 4).

DISCUSSION

The present study aimed to investigate the protective effects
of allopurinol and oxypurinol on germ cell apoptosis induced
by testicular IR in rats. The findings indicate that testicular
IR significantly induces germ cell apoptosis in rats, whereas
allopurinol and oxypurinol activate repair mechanisms by re-
ducing apoptosis.

The testes are highly susceptible to ischemic damage due to
the terminal nature of their blood supply and the lack of ar-
terial anastomoses. The duration of testicular torsion is di-
rectly proportional to the extent of damage. The salvage rate
of the testis is 90% in patients who undergo surgical detor-
sion within six hours.['¥ After this critical period, the salvage
rate decreases significantly. However, it is unclear whether
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testicular function is fully preserved even after early surgical
detorsion. Even a few hours of untreated torsion can dam-
age testicular tissue and lead to functional loss. Experimental
studies have shown that when the twisted testis is left in
place after unilateral testicular torsion, damage to the blood-
testis barrier may occur, affecting both testes and potentially
reducing fertility. Testicular torsion followed by detorsion
has been shown to induce the formation of ROS, which can
result in germ cell apoptosis and DNA damage in the tes-
tis. Oxidative stress negatively affects sperm concentration
and motility and is therefore considered a significant cause
of male infertility. Studies have demonstrated that detorsion
can impair the exocrine functions of the testis, cause changes
in sperm morphology, and lead to decreased sperm motility
and count. Therefore, additional therapeutic strategies are
needed following surgical detorsion.!'!! Effective treatment
following testicular torsion can provide protection against the
detrimental effects of IR. Various drugs have been successfully
tested in animal models to reduce the adverse effects of IR
in testicular torsion.['” The fundamental mechanism of these
agents is the regulation of blood flow after injury, reduction
of germ cell apoptosis, and minimization of oxidative stress.
These agents have largely been used in experimental torsion
models. However, there are also studies in which treatment
was administered before torsion.!'®! Since testicular torsion is
an unpredictable condition, initiating appropriate treatment
after torsion is more meaningful in terms of clinical applicabil-
ity. Testicular torsion is an emergency situation, and in our
clinical practice, the time from diagnosis to emergency tes-
ticular detorsion is approximately 30 minutes. Therefore, we
determined this period based on the assumption that these
drugs could be administered immediately after diagnosis and
exert a protective effect on the testicles until surgery. De-
spite the promising results of experimental studies, the great-
est challenge is translating one or more of these agents into
clinical use. In this context, since allopurinol and oxypurinol,
which were used as antioxidants in our study, are already
clinically prescribed for conditions such as hyperuricemia and
gout, their application in the clinical management of testicular
torsion may be more feasible.

Allopurinol, a xanthine oxidase inhibitor, is a urate-lowering
drug used in the treatment of hyperuricemia and gout. Vari-
ous studies have demonstrated the protective effects of al-
lopurinol on the testis after IR in experimental models.!'”]
Oxypurinol, the active metabolite of allopurinol, has been
reported to have stronger biological properties, including an-
tioxidant, anti-inflammatory, and anti-apoptotic activities in
various pathological conditions. Oxypurinol protects against
oxidative damage in acute pancreatitis and regulates pro-in-
flammatory genes.['® Another study showed that oxypurinol
protects cardiac tissue from IR damage in rats.l'"”! In our opin-
ion, no study has yet investigated the effects of allopurinol
and oxypurinol on germ cell apoptosis in testicular torsion.
Therefore, the results of this study add novel information to
the current literature.
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The mechanisms underlying testicular damage following IR
have not yet been fully elucidated. The main pathophysiologi-
cal events in testicular torsion are ischemia caused by twisting
of the spermatic cord and reperfusion injury resulting from
surgical correction of the torsion. IR injury involves neutro-
phil migration, the formation of pro-inflammatory cytokines
and adhesion molecules, lipid peroxidation, apoptosis, anoxia,
and changes in microvascular blood flow.'” The most im-
portant factor initiating cytotoxic events after reperfusion is
the ROS produced by xanthine oxidase (XO). ROS increases
membrane permeability and disrupts membrane integrity
through the oxidation of lipids in cellular and mitochondrial
membranes® Our study showed that allopurinol and oxy-
purinol, which are XO inhibitors, reduce oxidative stress in
the testis after IR, and that oxypurinol is a more effective
antioxidant than allopurinol.

Experimental data have shown that germ cells in the testis
are highly sensitive to ischemia and are susceptible to damage
following IR. The most important pathological mechanism in
this injury is germ cell apoptosis. Due to oxidative damage,
significant germ cell apoptosis has been observed in experi-
mental testicular torsion/detorsion models. Clinical and ani-
mal studies have shown that apoptosis can lead to germ cell
loss and reduced spermatogenesis. Apoptosis is a physiologi-
cal process by which the body eliminates unwanted cells and
serves as the primary defense mechanism against damaged
cells.*s] Various regulatory genes involved in apoptosis have
been identified.

Studies have shown that the Bcl-2 protein family, including
pro-apoptotic (Bax, Bak, Bid, and Bim) and anti-apoptotic
(Bcl-2, Bcl-xL) molecules, plays an important role in regulat-
ing germ cell apoptosis.?"! Some studies in various experi-
mental models have revealed that the Bax/Bcl-2 system is
crucial for the maintenance of normal spermatogenesis.?? In
addition to their roles in normal testicular physiology, Bax
and Bcl-2 proteins have also been found to be significant in
the development of various testicular disorders, such as tes-
ticular hyperthermia, cryptorchidism, and radiation-induced
testicular damage.[?! In the present study, Bax and Bcl-2
gene expression levels were measured to assess the level of
germ cell apoptosis in testicular tissue using qRT-PCR. A sig-
nificant increase in the apoptotic index was identified in the
IR-Saline group compared to the sham-operated group. This
result demonstrates that oxidative damage leads to germ cell
apoptosis in testicular tissue. The results of the present study
also showed that treatment with allopurinol and oxypurinol
administered after IR effectively reduces germ cell apoptosis.
However, no difference was observed between the two drugs
in terms of anti-apoptotic properties.

Nitric oxide, which has dual effects on both cell survival and
death, plays a vital role in testicular disorders, including tes-
ticular torsion and inflammation. However, the functions of
NOS in testicular torsion are currently not well understood.
21 NOS is an enzyme family that catalyzes the production
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of NO from L-arginine. There are three subtypes: neuronal
NOS (nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS).! Previous studies have shown that eNOS, in par-
ticular, accelerates angiogenesis under ischemic stress con-
ditions.?) Phosphorylation of eNOS leads to its activation
and NO production. The potential importance of NO in IR
stems from its role as an antioxidant in both physiological
and pathological processes, as it readily interacts with ROS
and reduces oxidative damage in various biological systems.[”]
NO has both toxic and protective effects following IR injury.
High levels of NO produced by iNOS and nNOS can cause
cell damage or death. However, NO produced by eNOS has
been shown to reduce oxidative damage in various biological
systems. NO has also exhibited anti-inflammatory effects by
mediating several inflammatory processes, such as preventing
neutrophil infiltration and reducing pro-inflammatory cyto-
kine levels.”®] These anti-inflammatory effects contribute to
tissue protection against IR damage. Additionally, degenera-
tive germ cells in the testis have been shown to excessively
express eNOS.,? suggesting that eNOS and eNOS-mediat-
ed NO play a role in germ cell apoptosis. It has also been
observed that NO inhibits recombinant human caspases, a
family of cysteine proteases that play a critical role in the
initiation and execution of apoptosis, in a dose-dependent
manner.BY? In this study, eNOS levels were found to be sig-
nificantly increased in all IR groups compared to the sham-
operated group. This result indicates that the tissue enters a
repair process after IR. Moreover, allopurinol and oxypurinol
increased eNOS levels significantly more than the IR-Saline
group. These findings suggest that treatment with allopurinol
and oxypurinol after IR may positively contribute to the re-
pair process through antioxidant and anti-apoptotic effects by
increasing eNOS-mediated NO production.

Angiogenesis is a physiological process that enables the for-
mation of new vessels from pre-existing vascular structures in
response to ischemia. VEGF is the most important factor in
the angiogenic process. In previous studies, exogenous local
injection of VEGF has been shown to improve neovascular-
ization in both mice and humans.B'l An experimental study
on renal IR demonstrated that increased VEGF expression
is associated with reduced renal damage through enhanced
new blood vessel formation.’” The presence of VEGF in nor-
mal testicular tissue, prostate, and seminal vesicles, as well as
its high levels in semen, suggests that it plays an important
role in male reproductive physiology.’®! In testicular tissue,
VEGF contributes to both angiogenesis and steroidogenesis
in Leydig cells. It also maintains the permeability of testicular
blood vessels by regulating testicular function.?¥ In a study
conducted on rats, VEGF protein expression was reported
to be significantly decreased in the testicular IR group, while
VEGEF levels increased in the treatment group, leading to in-
creased vascularization and reduced damage.®® In the pres-
ent study, allopurinol and oxypurinol treatment significantly
increased VEGF-A gene expression levels compared to the
sham-operated and IR-Saline groups. This result suggests that
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allopurinol and oxypurinol treatment enhances vasculariza-
tion in testicular tissue after IR. Theoretically, increased vas-
cularization may reduce testicular damage; however, further
studies including pathological tissue scoring are needed to
confirm this conclusion.

Our study has several limitations. First, as an experimental
study, the sample size was limited. Second, testicular size was
not measured, as we initially planned to focus on pathology
and apoptosis. Histopathological examination could not be
performed due to a technical problem. Finally, since hormone
levels were not evaluated, we were only able to demonstrate
the effects of the drugs on reducing infertility in the long
term. Further studies are needed on this issue. We believe
that our study may serve as a pioneer for future research.

CONCLUSION

In conclusion, testicular torsion caused a significant increase
in germ cell apoptosis due to elevated testicular oxidative
stress. Allopurinol and its active metabolite, oxypurinol, were
shown to reduce oxidative stress in the testis after IR, and
oxypurinol was found to be a more effective antioxidant than
allopurinol. Treatment with allopurinol and oxypurinol was
also shown to be effective in reducing germ cell apoptosis. In
this respect, allopurinol and oxypurinol are potential agents
for clinical applications in testicular torsion.
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DENEYSEL CALISMA - 0Z

Deneysel testis torsiyonu modelinde allopurinol ve oksipurinol tedavisinin apoptozis
iizerine etkisi

AMAC: Allopurinol ve oksipurinol tedavisinin testis iskemi-reperfiizyonunda (IR) oksidatif stresi ve germ hiicre apoptozunu azaltip azaltamayacagini
incelemek.

GEREC VE YONTEM: Otuz iki erkek sican dort gruba ayrildi: Grup | (Sham-Ameliyat, n=8), testis aciga cikarildi, ancak torsiyon uygulanmadi;
Grup-2 (IR+Salin, n=8), sol testise torsiyon/detorsiyon uygulandi ve | ml serum fizyolojik verildi; Grup-3 (IR+Allopurinol, n=8), sol testise torsi-
yon/detorsiyon uygulandi ve 50 mg/kg allopurinol verildi; Grup 4 (IR+Oksipurinol, n=8), sol testise torsiyon/detorsiyon uygulandi ve 50 mg/kg
oksipurinol verildi. Sol testis ameliyat sonrasi 28. giinde alindi ve dokuda TAS, TOS ve OSI diizeyleri dlglildi. Ayrica Bax, Bcl-2, eNOS ve VEGF-A
gen ekspresyon diizeyleri incelendi.

BULGULAR: Allopurinol ve oksipurinol, OSI diizeylerini anlamli sekilde azaltti (p<0.001). Oksipurinoliin oksidatif stresi azaltmada anlamli sekil-
de daha etkili oldugu bulundu (p<0.001). Allopurinol ve oksipurinol, Bax gen ekspresyon diizeyini anlamli sekilde azaltti (p<0.001). Allopurinol
(p=0.009) ve oksipurinol (p=0.001) tedavisi Bcl-2 diizeyini anlamli sekilde artirdi. Allopurinol ve oksipurinol apoptoz indeksini anlamli sekilde azaltti
(p<0.001). Allopurinol (p'=0.007, p?<0.001) ve oksipurinol (p'?<0.001) tedavileri, eNOS ve VEGF-A gen ekspresyon seviyelerini anlaml sekilde
artirmistir.

SONUC: Allopurinol ve oksipurinol, IR sonrasi testiste oksidatif stresi azaltmada etkilidir ve oksipurinol daha gliglii bir antioksidan etkiye sahiptir.
Allopurinol ve oksipurinol tedavisi, eNOS ve VEGF-A aracili onarim slirecine olumlu katkida bulunarak apoptozu azaltmada etkilidir. Bu agilardan,
allopurinol ve oksipurinol, testis torsiyonunda klinik uygulamalar igin potansiyel ajanlardir.

Anahtar sézciikler: Allopurinol; iskemi; oksipurinol; reperfiizyon; testis torsiyonu.

Ulus Travma Acil Cerrahi Derg 2026;32(3):229-237  DOI: 10.14744/tjtes.2025.50636

Ulus Travma Acil Cerrahi Derg, March 2026, Vol. 32, No. 3 237



