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Background: Diabetes mellitus (DM) frequently leads to male infertility, with oxidative stress being

a primary culprit in damaging testicular function. This damage may extend to key spermatogenic

Article info: genes, including the sperm-specific cation channels CatSper] and CatSper2, which are essential for
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Revised: 27 Feb 2025 © Materials and Methods: This study investigated the therapeutic potential of eugenol against
Accepted: 10 Apr 2025 . ftesticular dysfunction in a streptozotocin (STZ)-induced diabetic rat model, focusing on glycemic

control, oxidative stress, histopathology, and the expression of CatSper] and CatSper2 genes. In this
experimental study, 32 male Wistar rats were divided into control, diabetic, diabetic+eugenol (4 mg/
kg/d, IP), and eugenol-only groups. Diabetes was induced with a single STZ injection (55 mg/kg).
After 8 weeks of treatment, fasting blood glucose, serum oxidative stress markers (malondialdehyde
[MDA], superoxide dismutase [SOD], glutathione peroxidase [GPx]), testicular histology, and
CatSper1/2 mRNA expression were analyzed.

Results: Eugenol treatment significantly attenuated hyperglycemia in diabetic rats (P<0.05). It
also mitigated diabetes-induced testicular damage, as shown by histopathological improvement.
Biochemically, eugenol reversed oxidative stress by lowering elevated MDA (P<0.05) and restoring
depleted SOD and GPx activities (P<0.05). Crucially, diabetes profoundly downregulated CatSper!
. and CatSper2 gene expression (P<0.000), and eugenol treatment significantly restored their mRNA
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Conclusion: Eugenol exerts a multifaceted protective effect against diabetic testicular damage by
improving glycemic control, reducing oxidative stress, preserving testicular architecture, and restoring
the expression of the critical spermatogenic genes: CatSper! and CatSper2. These findings highlight
eugenol’s promise as a therapeutic adjunct for managing diabetic male infertility.
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Introduction

nfertility affects approximately 10-25%

of reproductive-aged couples globally,

equating to 60-80 million couples. Male

factors exclusively account for 10-30%

of these infertility cases. Among various
conditions contributing to declining male fertility, dia-
betes mellitus (DM) represents a significant concern. As
a prevalent chronic disease, DM affected approximately
422 million people worldwide in 2014, posing substan-
tial threats to male reproductive health through multiple
pathological mechanisms [1]. Diabetes induces severe
oxidative stress in various tissues, including testicular
tissue, through chronic hyperglycemia [2]. Diabetes-
induced oxidative stress results from an imbalance be-
tween reactive oxygen species (ROS) production and
endogenous antioxidant defense systems [3]. In testicu-
lar tissue, this imbalance can lead to lipid peroxidation,
DNA damage, mitochondrial dysfunction, and ultimate-
ly, apoptosis of germ cells [4]. Numerous studies have
demonstrated that diabetes is associated with signifi-
cant impairment of sperm quality parameters, including
count, motility, and normal morphology [5].

Additionally, reduced levels of sex hormones such as
testosterone, luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) have been well-documented
in diabetic patients. One crucial mechanism by which
diabetes affects sperm function involves the disruption
of key genes involved in spermatogenesis and sperm
maturation [6]. Among these genes, the Cation chan-
nel of sperm (CatSper) genes are particularly impor-
tant. CatSper channels, comprising four main subunits
(CatSperl1-4), play essential roles in sperm motility,
capacitation, and the acrosome reaction. Specifically,
CatSperl and CatSper2 serve as fundamental structural
components of these channels, and any disruption in their
expression can directly impact sperm function [7]. Re-
cent studies have indicated that oxidative stress can affect
the expression of these vital genes in spermatogenic cells
[8]. CatSper channels are selectively permeable to calci-
um ions and are located in the sperm plasma membrane.
These channels activate in response to intracellular pH
changes and other factors, regulating calcium influx that
is essential for sperm hyperactivation [9]. Impairment
of these channel functions is recognized as a significant
cause of asthenozoospermia [10]. Recently, researchers
have shown growing interest in natural compounds with
antioxidant properties as potential therapeutic interven-
tions for oxidative stress-related complications. In this
context, eugenol (4-allyl-2-methoxyphenol), the primary
phenolic compound in clove essential oil (Syzygium aro-
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maticum), has garnered significant attention [11]. Euge-
nol possesses multiple pharmacological properties, in-
cluding anti-inflammatory, antimicrobial, analgesic, and
antioxidant effects.

Various studies have demonstrated that eugenol can
protect against oxidative stress through multiple mecha-
nisms, including direct neutralization of free radicals,
enhanced activity of antioxidant enzymes such as su-
peroxide dismutase (SOD) and glutathione peroxidase
(GPx), increased glutathione levels, and reduced malo-
ndialdehyde (MDA) as a lipid peroxidation marker [12,
13]. Additionally, a study demonstrated that eugenol ef-
fectively mitigated acrylamide-induced testicular toxic-
ity in rats. The protective mechanism was attributed to
modulation of the AMPK/p-AKT/mTOR signaling path-
way and to the restoration of blood-testis barrier integrity
[14]. Research has demonstrated that eugenol can effec-
tively alleviate intestinal injury caused by the transmis-
sible gastroenteritis virus (TGEV) in pigs. Its protective
mechanism acts by suppressing ROS production and
subsequently inhibiting the NLRP3/GSDMD-mediated
pyroptosis pathway, a form of inflammatory cell death
[15]. Although the antioxidant effects of eugenol have
been investigated in various models, limited studies have
examined its impact on the CatSper gene expression un-
der diabetic conditions. Given the importance of these
genes in sperm function and the role of oxidative stress
in regulating their expression, investigating eugenol’s ef-
fects on this pathway could reveal novel aspects of its
protective mechanisms. Therefore, this study aims to ex-
amine the effects of eugenol on oxidative stress indica-
tors (SOD, GPx, MDA) and the expression of CatSperl
and CatSper2 genes in streptozotocin (STZ)-induced
diabetic rats.

Materials and Methods
Animals and experimental design

This research was an experimental, controlled labora-
tory study conducted on an animal model. This experi-
mental study used 32 adult male Wistar rats weighing
200-250 g. The animals were housed under standardized
laboratory conditions, maintaining a temperature of 23+2
°C, relative humidity of 40-50%, and a 12-hour light-dark
cycle, with ad libitum access to standard rodent diet and
water. Following three days acclimatization period, the
rats were randomly allocated into 4 equal groups (n=8):
1) a healthy control group receiving normal saline; 2) a
diabetic control group; 3) a diabetic group treated with
eugenol (4 mg/kg/d via gavage) for 8 weeks; and 4) a
healthy group receiving the same eugenol treatment regi-
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Gene Sequences
CatSper 1 Forward: TTTACCTGCCTCTTCCTCTTCT
p Reverse: ACCAGGTTGAGGAAGATGAAGT
CatSper 2 Forward: TGGTTGTTGCTTGGTTCC
P Reverse: TTCCTTGACTGGTTCCTCT
GAPDH Forward: 5'-ACTCTGGTAAAGTGGATATTGTTGC -3

Reverse: 5'-GGAAGATGGTGATGGGATTTC -3’

men. Diabetes induction was achieved through a single
intraperitoneal injection of (STZ; Sigma-Aldrich) at 55
mg/kg, dissolved in 0.01 M citrate buffer (pH 4.5) [16-
18]. Diabetes was confirmed 3 days post-injection by
measuring blood glucose levels from the tail vein; rats
with glucose concentrations exceeding 250 mg/dL were
classified as diabetic.

Sample collection and processing

Upon completion of the §-week experimental period,
all animals were anesthetized using an intraperitoneal in-
jection of ketamine (50 mg/kg) and xylazine (10 mg/kg).
Blood samples (3-5 mL) were subsequently collected
via cardiac puncture and transferred to sterile tubes. The
blood samples were centrifuged at 3500 rpm for 10 min-
utes to separate serum, which was aliquoted and stored
at -80 °C for subsequent biochemical analyses. Follow-
ing euthanasia, bilateral orchidectomy was performed
through a lower abdominal incision. The testes were
carefully dissected, cleaned of adhering tissues, and di-
vided for various analyses: One portion was snap-frozen
in liquid nitrogen for gene expression studies, while the
contralateral testis was processed for histological ex-
amination. Fasting blood glucose was measured using a
commercial kit (Iran Pars Azmoon).

Assessment of oxidative stress parameters

Oxidative stress was evaluated by measuring key an-
tioxidant enzymes and lipid peroxidation markers in se-
rum samples. SOD and GPx activities were determined
using commercial ELISA kits (Anthous, Austria) ac-
cording to the manufacturer’s protocols. Lipid peroxida-
tion was assessed by quantifying MDA levels through
the thiobarbituric acid reactive substances method. In
this procedure, serum samples were reacted with thio-
barbituric acid in an acidic medium, heated for 15 min-
utes, and the absorbance of the resulting chromogen was
measured spectrophotometrically at 532 nm.

Res Mol Med, 2025; 13(2):121-130

RNA extraction and gene expression analysis

Total RNA was extracted from testicular tissue using
TRIzol reagent according to the manufacturer’s instruc-
tions. RNA concentration and purity were determined
spectrophotometrically, and samples with A260/A280
ratios of 1.8-2.0 were used for subsequent analysis.
Complementary DNA (cDNA) was synthesized using
a reverse transcription kit. Quantitative real-time PCR
(qQRT-PCR) was performed using specific primers for
CatSperl and CatSper2, with GAPDH serving as the
reference gene (Table 1). The relative expression levels
were calculated using the 2644V method.

Histological examination

The left testis from each rat was fixed in Bowen’s fixa-
tive, processed routinely, and embedded in paraffin. Tis-
sue sections (5 um thick) were stained with hematoxylin
and eosin (H&E). For each testis, 50 randomly selected
round seminiferous tubules were examined under a light
microscope. The diameter of the seminiferous tubules
and the height of the germinal epithelium were mea-
sured using image analysis software. A quantitative as-
sessment of spermatogenic function was performed us-
ing the Johnsen scoring system (score 1-10), with higher
scores indicating complete spermatogenesis and normal
tubular epithelium.

Statistical analysis

All quantitative data are presented as Mean+SD. Statis-
tical analyses were performed in SPSS software, version
18 (SPSS Inc., Chicago, IL, USA). Intergroup compari-
sons were conducted using a one-way analysis of vari-
ance (ANOVA), with post hoc comparisons performed
using the least significant difference (LSD) test. Statisti-
cal significance was defined as a P<0.05 for all analyses.
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Results
Fasting blood glucose levels

Analysis of fasting blood glucose levels revealed
significant variations among the experimental groups
throughout the study period. Before diabetes induction,
all animals exhibited normal fasting blood glucose levels
within the physiological range, with no statistically sig-
nificant differences observed between groups (P>0.05),
confirming comparable baseline metabolic status. Three
days after STZ administration, diabetic induction groups
(diabetic and diabeticteugenol) showed a significant
increase in fasting blood glucose levels compared with
the healthy control group (P<0.05). At the conclusion
of the 8-week experimental period, the diabetic group
maintained significantly elevated blood glucose levels
compared to the control group (P<0.05). Importantly, the
diabeticteugenol group showed a statistically significant
reduction in blood glucose levels compared to the un-
treated diabetic group (P<0.05) (Table 2).

Histopathological examination results

Microscopic evaluation of testicular tissue revealed
significant differences among the experimental groups.
In the diabetic group receiving eugenol, the seminifer-
ous tubules showed only minor structural alterations
compared with those in the control groups. Notably, sig-
nificant tissue disintegration and degenerative changes
in the germinal epithelium were not clearly observable.
The germ cells maintained their normal morphological
characteristics, and the seminiferous tubules appeared
regularly arranged with approximately rounded con-
tours. The interstitial spaces surrounding the seminifer-
ous tubules were not empty, and no signs of inflammatory
infiltration were detected. The basement membranes of
all seminiferous tubules appeared continuous and intact
when compared to the diabetic control group. While a
limited number of cells within each seminiferous tubule
showed evidence of sloughing, no marked atrophy of the

Table 2. Fasting blood glucose levels (mg/dL)
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seminiferous tubules was observed. In the group receiv-
ing eugenol alone, all histological features observed un-
der light microscopy were comparable to those described
in the healthy control group. Germ cells at various stages
of development were clearly visible adjacent to the base-
ment membrane and within the tubular lumina, indicat-
ing normal spermatogenic activity (Figure 1).

Evaluation of seminiferous tubules based on
Johnson score, diameter, and epithelial thickness

Evaluation of seminiferous tubules using the Johnson
score revealed that the mean Johnson score, seminifer-
ous tubule diameter, and tubular epithelial thickness
were significantly reduced in the diabetic control group
compared with the other experimental groups (P<0.05).
Furthermore, in the eugenol-treated diabetic groups, the
mean Johnson score, seminiferous tubule diameter, and
tubular epithelial thickness were significantly higher
than in the diabetic control group. However, these val-
ues remained lower than those in the healthy control
group (P<0.05). On the other hand, the group receiving
eugenol alone showed no significant change in the mean
Johnson score, seminiferous tubule diameter, or tubu-
lar epithelial thickness compared to the healthy control
group (Table 3).

Serum oxidative stress parameter levels

MDA levels

Evaluation of serum MDA levels across the study
groups revealed significant differences. The diabetic
control group exhibited a statistically significant in-
crease in MDA concentration compared to the healthy
control group (P<0.05). Conversely, serum MDA levels
were significantly lower in all eugenol-treated groups
than in the diabetic control group (P<0.05). However,
despite this improvement, MDA levels in the eugenol-
treated diabetic groups remained significantly elevated
relative to the healthy control group (P<0.05) (Table 4).

MeantSD
Group
Before Diabetes Induction Three Days After Induction End of Study (8 Weeks)
Control 94.5+5.34 102.42+7.25 92.445.34
Diabetic 98.2+2.6 325.4+4.07" 357.6+15.73"
Diabetic + eugenol 96.3+3.89 305.5+4.03" 180.243.2"*
Eugenol 94.25+2.4 92.8+4.7 91.5+4.05

"Significant compared to the control group (P<0.05), *Significant compared to the diabetic group (P<0.05).

Res Mol Med, 2025; 13(2):121-130
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Figure 1. Representative picture of testis histology in different study groups

Note: Diabetic group in which severe testicular damage was noted; control group in which normal testicular architecture was
seen; diabetic group treated with eugenol, in which there was an improvement in the seminiferous tubule structure (stained

with H&E, scale bar: x400).

SOD levels

Assessment of serum SOD activity showed a signifi-
cant decrease in the diabetic control group compared
with the healthy control group (P<0.05). Treatment with
eugenol resulted in a significant increase in serum SOD
levels in all treated groups compared to the untreated di-
abetic group (P<0.05). Nonetheless, SOD activity in the
eugenol-treated diabetic groups remained significantly
lower than that observed in the healthy control group
(P<0.05) (Table 4).

GPx levels

Analysis of serum GPx activity indicated a significant
reduction in the diabetic control group compared to the
healthy control group (P<0.05). A significant increase in
serum GPx levels was observed in the eugenol-treated
groups when compared to the diabetic control group
(P<0.05). However, similar to the pattern seen with SOD,
GPx activity in the eugenol-treated diabetic groups was
still significantly lower than that in the healthy control
group (P<0.05) (Table 4).

Table 3. Comparing Mean+SD of Johnson score, seminiferous tubule diameter, and tubular epithelial thickness in the study

groups

MeanxSD

Group
Mean Johnson Score

Seminiferous Tubule Diameter (um)

Epithelial Thickness (um)

Healthy control 9.70.46

Diabetic 4.4+0.17"
Diabetic + eugenol 7.25+0.44*

Eugenol 9.5+0.34

252.42+4.25 65.5+1.25
145.1142.57° 31.5+2.13"
188.5+3.23* 52.5+2.15"
255.22+1.7 66.03+1.05

“Indicates significance compared to the healthy control group. “Indicates significance compared to the diabetic group.

Res Mol Med, 2025; 13(2):121-130
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Table 4. Effect of eugenol on the levels of SOD, GPx, and MDA in the rats’ serum after STZ-induced diabetes

Mean1SD
Group
SOD (U/mL) GPx (U/mL) MDA (nmol/mL)
Control 1.65+0.21 2.310.15 0.58+0.08
Diabetic 0.6+0.11" 0.75+0.13" 2.2+0.03"
Diabetic + eugenol 1.2+0.18™ 1.4+0.16™ 1.6+0.07™*
Eugenol 1.68+0.25* 2.25+0.125* 0.55+0.08*

Abbreviations: SOD: Superoxide dismutase; GPx: Glutathione peroxidase; MDA: Malondialdehyde.
"P<0.05 compared to the control group, *P<0.05 compared to the diabetic control group.

CatSperl and CatSper2 gene expression

Quantitative real-time PCR analysis revealed signifi-
cant alterations in mRNA expression levels of the sperm-
specific cation channel genes, CatSperl and CatSper2,
in testicular tissue across the experimental cohorts.

Evaluation of the CatSper! gene expression demon-
strated a substantial downregulation in the Diabetic
group relative to the normoglycemic Control group
(P<0.001; Figure 1A). Therapeutic intervention with eu-
genol in the diabetic+eugenol group significantly miti-
gated this suppression, resulting in a marked elevation in
CatSperl transcript levels compared with the untreated

diabetic cohort (P<0.001). Notably, the expression in the
eugenol monotherapy group did not differ significantly
from that in the control group.

A congruent expression profile was observed for the
Catsper? gene (Figure 1B). Diabetes induction precipi-
tated a profound reduction in CatSper2 mRNA abun-
dance in the diabetic control group compared to the
healthy controls (P<0.001). Eugenol treatment conferred
a significant restorative effect, with the diabetict+eugenol
group exhibiting markedly higher CatSper2 expression
than the untreated diabetic group (P<0.01) (Figure 2).

Figure 2. Relative mRNA expression levels of CatSper genes in testicular tissue of experimental groups

"P<0.00, ""P<0.0001, *P<0.01, *##¥P<0.0001.

Res Mol Med, 2025; 13(2):121-130
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Discussion

The present study provides compelling evidence that
eugenol, a primary bioactive component of clove oil
renowned for its broad-spectrum antioxidant, antimi-
crobial, antifungal, and antiviral properties [19], confers
significant protection against diabetes-induced testicular
damage, primarily by modulating oxidative stress pa-
rameters. Our quantitative histomorphometric analysis,
utilizing the Johnsen scoring system, unequivocally re-
vealed substantial testicular impairment in the diabetic
cohort. This finding was evidenced by a marked reduc-
tion in the mean Johnsen score, seminiferous tubule
diameter, and epithelial height compared to the healthy
control group (P<0.05). Critically, eugenol intervention
in diabetic rats significantly ameliorated these structural
deficits, leading to a notable increase in all three morpho-
metric parameters relative to the untreated diabetic group
(P<0.05). However, the values remained intermediate be-
tween the diabetic and healthy control levels, indicating
a partial but significant restoration of testicular function.

Our biochemical findings further solidify the central
role of oxidative stress in the pathogenesis of diabetes-
induced testicular injury. We observed that the diabetic
state significantly elevated MDA levels, a robust marker
of lipid peroxidation, while concurrently reducing the
activities of the key antioxidant enzymes, SOD and GPx.
The observed oxidative imbalance is consistent with a
substantial body of previous research demonstrating
that diabetes potently enhances ROS production, induc-
ing a state of significant oxidative stress that depletes
endogenous antioxidant defenses and accelerates cel-
lular damage [20]. The diabetic condition precipitates a
profound redox imbalance, characterized by the exces-
sive generation of free radical species, including super-
oxide, hydroxyl, and peroxyl radicals. This oxidative
surge actively accelerates membrane lipid peroxidation
while simultaneously depleting the body’s endogenous
antioxidant defenses. In our investigation, therapeutic
administration of eugenol effectively counteracted these
pathological alterations. Eugenol treatment significantly
attenuated lipid peroxidation, as demonstrated by re-
duced MDA levels, and concurrently enhanced the ac-
tivities of SOD and GPx, thereby fortifying the cellular
antioxidant defense system. These results align closely
with the established literature, confirming that exog-
enous antioxidant compounds can effectively mitigate
the destructive impact of oxidative stress on the delicate
testicular microenvironment and spermatogenic func-
tion [21, 22]. Our findings align with studies on other
phytochemicals, such as piperine, which similarly dem-
onstrated protection against chemical-induced testicular

Res Mol Med, 2025; 13(2):121-130
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damage by counteracting oxidative stress and its down-
stream effects [23]. The specific antioxidant efficacy of
eugenol, documented here, characterized by reduced
lipid peroxidation and enhanced antioxidant enzyme ac-
tivities, directly corroborates earlier findings by Barghi
et al [24].

Furthermore, eugenol administration at our tested dos-
age demonstrated a highly favorable safety profile, in-
ducing no adverse histopathological alterations in the
testicular tissue of healthy animals. This finding cor-
roborates earlier safety assessments of this compound
[24]. It is further supported by the work of Moghimian
et al., who, in their 2017 study, demonstrated that admin-
istering a clove extract containing over 90% eugenol to
healthy rats did not induce any testicular tissue disorders,
thereby confirming its safety [22].

The protective mechanism of eugenol appears to
involve the suppression of oxidative stress-induced
apoptotic pathways. Substantial evidence indicates that
diabetes-induced oxidative stress is a potent activator
of both the intrinsic and extrinsic apoptotic pathways in
testicular tissue [20]. Externally, ROS can promote the
extrinsic pathway via TNF-o and FasL binding to their
receptors (TNFR1 and Fas), initiating caspase-8 and
subsequently executing caspases-3/7 [25, 26]. Concur-
rently, the intrinsic pathway is activated through mito-
chondrial cytochrome c release, leading to apoptosome
formation and caspase-9 activation [27]. This finding
showed that diabetes activates these caspase cascades
and that increased caspase-3 significantly contributes to
testicular apoptosis [28]. The consistency between our
findings and other antioxidant studies underscores their
therapeutic potential. Shoorei et al. showed that carva-
crol ameliorates oxidative stress and germ cell apoptosis
in diabetic rat testes [29]. Similarly, Al-Hashem et al. and
Hartley et al. reported protective effects of vitamins E/C
and melatonin, respectively, against hypoxia-induced
impairment of reproductive function [30, 31]. At the
same time, Moghimian et al. demonstrated vitamin C’s
efficacy against torsion-induced testicular damage [21].

The robust antioxidant efficacy of eugenol observed in
our model is strongly corroborated by recent literature.
Our findings are strongly supported by the work of Chi-
lukoti et al. who demonstrated that eugenol effectively
mitigates diabetes-induced oxidative stress and cellular
damage in rat testicular tissue [32]. Furthermore, while
our study focused on oxidative stress and gene expres-
sion, Rad et al. further elucidated the protective pathway,
providing direct molecular evidence that eugenol treat-
ment in diabetic rats favorably modulates key apoptotic

—
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regulators [18]. This collective evidence solidifies eu-
genol’s role as a multifaceted therapeutic agent against
diabetic testicular damage.

Crucially, we provide compelling evidence that ex-
perimental diabetes significantly downregulates the
expression of the sperm-specific cation channel genes
CatSperl and CatSper2, a suppression effectively coun-
teracted by eugenol. This issue offers a vital molecular
insight into the mechanisms underlying diabetic infer-
tility. This finding aligns with a 2023 study on diabetic
mice, which found that diabetes simultaneously dam-
ages sperm DNA, chromatin, morphology, and CatSper
protein expression, providing a comprehensive explana-
tion for clinical infertility in diabetic men [33].

The observed CatSper downregulation provides a mo-
lecular basis for the impaired sperm motility (astheno-
zoospermia) seen in diabetic males, as the CatSper chan-
nel complex in the sperm flagellum is indispensable for
calcium influx during hyperactivation, a motility pattern
essential for fertilization [34]. Our finding corroborates
proteomic research by Brewis et al. which identified sig-
nificant alterations in sperm ion channel proteins under
diabetic conditions [35]. Notably, eugenol did not alter
basal CatSper expression in non-diabetic animals, indi-
cating a targeted action against pathological dysregula-
tion without disrupting physiological expression, align-
ing with its established safety profile [36].

This study was limited to two CatSper genes and did
not assess other channel subunits or direct sperm func-
tional parameters, such as calcium influx or motility. Fu-
ture research should investigate other CatSper subunits,
eugenol’s direct effect on channel function and sperm
hyperactivation, and conduct longer-term studies to con-
firm effects on fertility and validate these mechanisms in
other models.

Conclusion

The present study compellingly demonstrates that
eugenol, the primary compound in clove oil, protects
against diabetes-induced testicular damage through
multiple mechanisms. Our findings revealed that diabe-
tes causes testicular tissue injury by inducing oxidative
stress, increasing lipid peroxidation, and decreasing the
activity of antioxidant enzymes SOD and GPx. Eugenol
treatment effectively reversed these pathological chang-
es. This compound protected the tissue from damage by
reducing oxidative stress and enhancing the activity of
antioxidant enzymes. Specifically, eugenol restored the
expression of CatSper] and CatSper2 genes, which were

Research in Molecular Medicine

significantly downregulated in diabetes. These genes are
crucial for the normal function of sperm calcium chan-
nels and sperm motility. Given eugenol’s efficacy in
repairing the molecular, biochemical, and tissue dam-
age caused by diabetes, along with its favorable safety
profile, this compound can be considered a promising
therapeutic option for male reproductive complications
of diabetes.
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