
Introduction
Torsion or twisting of the ovary around its ligament 
includes 3% of gynecological emergencies. Ischemia 
caused by torsion occurred via blockage of blood flow, 
and after it, the reduction in tissue oxygen occurred (1). 
This condition also results in ovarian tissue damage, 
such as necrosis and gangrene, follicle degeneration, and 
destruction of follicles (2). All of these disorders may 
result in female infertility. After the first recognition of 
torsion, blood flow was restored to prevent tissue necrosis 
(3, 4). 

Detorsion led to the overproduction of reactive oxygen 
species (ROS) and free radicals in ovarian tissue (5). The 
imbalance condition between ROS production and the 
antioxidant defense system is named oxidative stress. 
Massive production of ROS through oxidative stress 
could damage the mitochondrial membrane and lead to 
the release of cytochrome c. The Bcl-2 family proteins are 
arranged into 2 groups: anti-apoptotic (Bcl-2 and Bcl-x) 
and pro-apoptotic (Bax and Bad), which regulate the release 
of cytochrome c from the mitochondrial membrane. In 
detail, anti-apoptotic proteins, such as Bcl-2 and Bcl-xl, 
prevent the release of cytochrome c, thereby decreasing 

the incidence of apoptosis. In contrast to antiapoptotic 
proteins, pro-apoptotic proteins such as bad and bax act 
as inducers of apoptosis by stimulating pro-caspase 9; 
after this, pro-caspase 9 leads to caspase 9 activation, then 
caspase 3 is activated; finally, this leads to DNA damage 
and apoptosis. The weakness of the antioxidant defense 
system could be improved by antioxidant components, 
and prevent these related damages (6).

Eugenol, a component of the Asian herbal medicine 
Syzygium aromaticum, has anti-inflammatory, anti-
fungal, and antioxidant properties. And due to this, the 
component acts as an antioxidant compound against 
oxidative damage (7, 8). In this context, several studies 
showed the antioxidant feature of eugenol that maintains 
any tissue damage related to oxidative stress (8-10).

Accordingly, in the present study, we aimed to investigate 
the anti-apoptotic effect of eugenol on apoptosis-related 
gene expression in the adult rat ovary.

Material and Methods
Animals and Study Design
A total of forty-eight adult female Wistar rats (200–250 g) 
were obtained from the animal facility of Tabriz University 
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of Medical Sciences. Animals were housed at a controlled 
temperature (22 ± 2 °C) under 12‑h light/dark cycles and 
had free access to standard chow and water. Rats were 
randomly assigned to six groups (n = 8 each):
1.	 Sham
2.	 TD (torsion/detorsion + normal saline)
3.	 TDO30 (torsion/detorsion + 30 mg/kg eugenol)
4.	 TDO60 (torsion/detorsion + 60 mg/kg eugenol)
5.	 CO30 (healthy + 30 mg/kg eugenol
6.	 CO60 (healthy + 60 mg/kg eugenol)

Randomization was performed using a computer‑generated 
random number sequence. 

Blinding Procedures
To minimize bias, outcome assessments were performed 
under blinded conditions. Tissue samples were labeled 
with coded identifiers by an investigator not involved 
in data acquisition. Biochemical assays, gene expression 
analyses, and histological scoring were conducted by 
researchers blinded to group allocation.

Surgical Method of Ovarian Torsion Induction
Ovarian torsion was induced according to previously 
described methods (3, 5). Briefly, all rats were anesthetized 
using ketamine (80 mg/kg) and xylazine (10 mg/kg). The 
abdominal area was shaved, and a 2.5 cm midline incision 
was made to access the abdominal cavity. Subsequently, 
the uterine tube and ovary were carefully exposed, and the 
ovary, together with the adnexa, was rotated 720° around 
its ligament. To maintain the torsion, the rotated ovary 
was fixed to the abdominal wall using a 6/0 nylon suture. 
This condition was maintained for 3 hours.
Thirty minutes before detorsion, the first dose of eugenol 
was administered. Afterward, the ovary was detorsed to 
restore blood flow, and the reperfusion period continued 
for 10 days. During this time, the treatment groups received 
different doses of eugenol. Following administration of 
the final dose, all animals were anesthetized, and ovarian 
tissues were collected for histopathological examination 
as well as for the assessment of oxidative stress markers 
and gene expression (5).

Eugenol Preparation and Administration
Eugenol (clove extract) was freshly prepared in normal 
saline before each administration. In treatment groups, 
eugenol was administered intraperitoneally (i.p.) at doses 
of 30 mg/kg or 60 mg/kg. In T/D groups, the compound 
was injected 30 minutes before detorsion, allowing 
adequate systemic distribution before reperfusion. Healthy 
control groups (CO30 and CO60) received the same doses 
following an identical schedule. All animals underwent a 
10‑day post‑detorsion treatment period, after which they 
were euthanized, and ovarian tissues were harvested for 
biochemical, molecular, and histological evaluations.

ARRIVE Compliance Statement
This study was designed and reported in accordance with 
the ARRIVE 2.0 guidelines for animal research. All efforts 
were made to minimize animal suffering and to reduce 
the number of animals used while maintaining statistical 
validity.

Ovarian Tissue Fixation
Following excision, ovarian tissue samples were fixed in 
10% formalin for 72 hours. After fixation, routine tissue 
processing was performed. Finally, the tissue sections were 
stained with hematoxylin and eosin (H&E) and prepared 
for histopathological evaluation.

Histopathological Examination of Ovarian Tissue
Histopathological assessment was conducted using a 
light microscope. The tissue sections were evaluated 
for pathological alterations, including hemorrhage, 
tissue bleeding, and structural disruption. In addition, 
morphological characteristics of ovarian follicles, such 
as follicular diameter and the presence of degenerative 
changes, were carefully examined.

Measurement of Oxidative Stress Markers in Ovarian 
Tissue
Malondialdehyde (MDA) levels were measured as an 
indicator of lipid peroxidation in ovarian tissue. Initially, 
ovarian tissues were homogenized in 5.1% KCl solution 
to obtain a uniform homogenate. Subsequently, 0.5 
mL of the homogenate was transferred into a 15 mL 
Falcon tube. Then, 3 mL of 1% phosphoric acid and 6% 
thiobarbituric acid (TBA) were added to the mixture. 
The resulting solution was incubated in a boiling water 
bath for approximately 45 minutes. After cooling, 4 mL 
of n‑butanol was added, and the mixture was thoroughly 
shaken. The samples were then centrifuged at 3000 rpm for 
20 minutes. The colored supernatant phase was separated, 
and its absorbance was measured at 535 nm (11, 12). The 
activities of superoxide dismutase (SOD) and glutathione 
peroxidase (GPx) were determined using an enzyme-
linked immunosorbent assay (ELISA) reader according to 
the protocols provided by the respective commercial assay 
kits.

Quantitative Real-Time Polymerase Chain Reaction 
Analysis
Total RNA was extracted using TRIzol reagent 
(Invitrogen, Paisley, UK), and its concentration was 
assessed spectrophotometrically. The RNA samples 
were then standardized to a concentration of 0.5 µg/mL. 
Complementary DNA (cDNA) was synthesized from 5 µg 
of total RNA in a 20 µL reaction mixture using a reverse 
transcription kit supplied by Thermo Scientific (Waltham, 
MA, USA). The primer sequences used for gene expression 
analysis are provided in Table 1. GAPDH served as the 
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housekeeping gene for normalization of expression data. 
Quantitative real-time polymerase chain reaction (PCR) 
was performed in accordance with previously reported 
procedures, and relative mRNA expression was quantified 
using the Pfaffl method (2−ΔCT (target) to 2−ΔCT (reference) 
(5,13) (Table 1).

Immunocytochemistry Method
The protein expression levels of Bax, Bcl‑2, and 
Caspase‑3 were evaluated using an immunoperoxidase 
staining method with a commercial Santa Cruz 
immunohistochemistry kit (Germany). Initially, 
endogenous peroxidase activity was blocked by 
incubating the tissue sections with 3% hydrogen peroxide 
(H₂O₂) for 20 minutes. The sections were then washed 
with phosphate‑buffered saline (PBS) for 5 minutes. For 
antigen retrieval, the sections were placed in boiling PBS 
(pH 6.0) and then washed again with PBS.

To increase cell membrane permeability, the sections 
were treated with 3% Triton X‑100. The samples were 
then incubated at 27 °C for 45 minutes. Afterward, the 
sections were incubated with PBS containing 10% serum 
along with primary polyclonal antibodies against Bax, 
Bcl‑2, Caspase‑3, and GAPDH. Following incubation, 
the samples were washed three times with PBS, and an 
additional four 5-minute washes were performed.

Finally, the stained tissue sections were examined with 
an Olympus light microscope to assess the expression 
patterns of the target proteins.

Evaluation of Apoptosis in Ovarian Tissue by the TUNEL 
Method 
Apoptosis in ovarian follicles was evaluated using 
the terminal deoxynucleotidyl transferase‑mediated 
dUTP nick end labeling (TUNEL) assay with an In 
Situ Cell Death Detection Kit (Boehringer Mannheim, 
Germany). The procedure was performed according to 
the manufacturer’s instructions. Briefly, ovarian tissue 
sections were first deparaffinized and rehydrated through 
a descending ethanol series. The sections were then 
incubated with proteinase K (20 mg/mL) for 20 minutes 
at room temperature in a humidified chamber to enhance 
tissue permeability.

To block endogenous peroxidase activity, the samples 

were treated with 3% hydrogen peroxide in methanol 
for 10 minutes. Subsequently, the tissue sections were 
incubated overnight at 4 °C with the TUNEL reaction 
mixture containing terminal deoxynucleotidyl transferase 
enzyme and a labeled deoxynucleotide solution. After 
incubation, the slides were treated with anti‑fluorescein 
antibody conjugated with peroxidase at 25 °C for 30 
minutes. The chromogenic reaction was then developed 
with diaminobenzidine for 15 minutes.

Between each step, the sections were rinsed with PBS. 
Finally, the slides were counterstained with hematoxylin 
for 1 minute, then dehydrated, cleared, and mounted with 
Entellan (Merck, Darmstadt, Germany).

Apoptotic cells were identified by dark brown nuclear 
staining under light microscopy. The apoptotic index was 
calculated by dividing the number of TUNEL‑positive 
cells by the total number of granulosa cells and expressing 
the result as a percentage. The mean apoptotic index for 
each experimental group was subsequently determined 
and analyzed using ImageJ software (5).

 
Statistical Analysis
For Statistical analysis, SPSS 20 (IBM, USA) was used. Data 
were tested for normality using the Kolmogorov–Smirnov 
test. All results were presented as mean ± standard error. 
For comparing the histopathological parameters and 
oxidative stress values, One-way ANOVA followed by 
Tukey post hoc test was used. Statistical significance was 
set at P < 0.05.

Results
Histopathological Assessment
Histopathological examination of ovarian tissue in the 
torsion–detorsion (TD) group revealed evident structural 
alterations, including tissue degeneration, hemorrhage, 
and disruption of normal ovarian architecture. 
Morphological evaluation of follicles demonstrated a 
reduction in follicular diameter along with an increased 
number of degenerated follicles. In contrast, ovarian 
tissues from the sham and healthy control groups exhibited 
normal histological architecture, characterized by regular 
follicular development and intact follicular morphology, 
with no signs of hemorrhage or tissue degeneration. 
Notably, administration of eugenol in the treatment 
groups (TDO30 and TDO60) markedly alleviated the 
histopathological alterations induced by TD, leading to 
substantial restoration of ovarian tissue structure and a 
reduction in follicular degeneration (Table 2, Figure 1).

Oxidative Stress Markers in Ovarian Tissue
The level of MDA, a major end product of lipid 
peroxidation, was significantly higher in the TD group 
than in the sham group (P < 0.05), indicating increased 
oxidative stress. In contrast, eugenol treatment at different 
doses significantly reduced MDA levels (P < 0.05). 

Table 1. The Primer Sequence Used for the Expression Analysis of Genes

Genes Primer

Bax
Forward: GGCGAATTGGAGATGAACTG
Reverse: TTCTTCCAGATGGTGAGCGA

Bcl-2
Forward: CTTTGCAGAGATGTCCAGTCAG
Reverse: GAACTCAAAGAAGGCCACAATC

Caspase 3
Forward: TGTCATCTCGCTCTGGTACG
Reverse: AAATGACCCCTTCATCACCA

GADPH
Forward: ATGGAGAAGGCTGGGGCTCACCT
Reverse: GCCCTTCCACGATGCCAAAGTTGT
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Moreover, the activities of antioxidant enzymes, including 
SOD and GPx, were markedly decreased in the TD 
group relative to the sham group (P < 0.05). However, 
administration of eugenol significantly increased the 
levels of these antioxidant enzymes in comparison with 
the TD group (P < 0.05) (Table 3).

Expression of Bax, Bcl‑2, and Caspase‑3 Genes
Gene expression analysis revealed that the mRNA levels of 
pro‑apoptotic genes Bax and Caspase‑3 were significantly 
upregulated in the TD group compared with the sham 
group (P < .05). Treatment with different doses of eugenol 
(TDO30, TDO60, CO30, and CO60) significantly reduced 
the expression of these pro‑apoptotic genes compared 
with the TD group (P < 0.05). In contrast, the expression 

of the anti‑apoptotic gene Bcl‑2 was significantly reduced 
in the TD group compared with the sham group (P < 0.05). 
Administration of eugenol significantly enhanced Bcl‑2 
expression in the treatment groups compared with the 
TD group (P < 0.05). Furthermore, the Bax/Bcl‑2 ratio, an 
important indicator of apoptotic signaling, was markedly 
elevated in the TD group compared with the sham group 
(P < 0.05). In contrast, this ratio was significantly reduced 
in the eugenol‑treated groups (TDO30 and TDO60) 
compared with the TD group (Table 4).

Immunohistochemical Findings
Immunohistochemical analysis showed strong expression 
of Bax and Caspase‑3 proteins in ovarian tissue sections 
from the TD group, indicating increased apoptotic 

Table 2. The Diameters of Follicles in the Study Groups

Groups Diameter of preantral follicles (µm) Diameter of antral follicles (µm) Diameter of Graafian follicles (µm)

Sham 55.42 ± 2.2 153.20 ± 3.65 255.45 ± 3.40

TD 37.25 ± 1.7* 94.55 ± 1.55* 170.22 ± 2.07*

TDO30 44.34± 1.5*# 138.20 ± 2.05*# 202.12 ± 2.53*#

TDO60 48.52 ± 2.7*# 136.65 ± 1.63*# 200.45 ± 3.13*#

CO30
CO60

54.25 ± 2.4 155.50 ± 2.37 260.35 ± 2.1

55.14 ± 1.20 152.77 ± 4.61 255.78 ± 1.81

Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/detorsion group; TDO30, rats subjected to 3 hours of ovarian torsion and treated with 30 
mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian torsion and treated with 60 mg/kg eugenol; CO30, healthy rats treated with 30 mg/kg eugenol; CO60, 
healthy rats treated with 60 mg/kg eugenol.
Data are presented as mean ± SD. An asterisk (*) indicates a statistically significant difference compared with the sham group, while the symbol (#) denotes a 
significant difference compared with the TD group.

Figure 1. Histopathological Observations of Ovarian Tissue (H&E Staining). (A) Sham-operated group; (B) ovarian torsion/detorsion group; (C) rats subjected 
to 3 hours of ovarian torsion treated with 30 mg/kg eugenol; (D) rats subjected to 3 hours of ovarian torsion treated with 60 mg/kg eugenol; (E) healthy rats 
receiving 30 mg/kg eugenol; (F) healthy rats receiving 60 mg/kg eugenol.
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activity. In contrast, minimal expression of these proteins 
was observed in the sham group. In the eugenol‑treated 
groups (TDO30 and TDO60), moderate expression of 
Bax and Caspase‑3 was detected, which was notably lower 
than in the TD group, suggesting attenuated apoptosis. 
Additionally, ovarian tissues from healthy animals treated 
with eugenol (CO30 and CO60) showed no remarkable 
expression of Bax and Caspase‑3 proteins. Conversely, 
Bcl-2 expression was markedly reduced in the TD 
group compared with the sham group, whereas eugenol 

administration significantly increased Bcl‑2 expression in 
the treatment groups (Figures 2–4).

TUNEL Assay
The TUNEL assay was performed to evaluate apoptotic cell 
death in ovarian follicles. The number of TUNEL‑positive 
cells was significantly higher in the TD group compared 
with the sham group (Figure 5). Furthermore, the 
apoptotic index in pre‑antral, antral, and Graafian follicles 
was markedly increased in the TD group relative to the 

Figure 2. Immunohistochemical Expression of Bax Protein in the Experimental Groups. (A) Sham group; (B) ovarian torsion/detorsion group; (C) 3 hours of ovarian 
torsion treated with 30 mg/kg eugenol; (D) 3 hours of ovarian torsion treated with 60 mg/kg eugenol; (E) healthy rats receiving 30 mg/kg eugenol; (F) healthy rats 
receiving 60 mg/kg eugenol. Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/detorsion group; TDO30, rats subjected to 3 hours of ovarian 
torsion treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian torsion treated with 60 mg/kg eugenol; CO30, healthy rats receiving 30 mg/
kg eugenol; CO60, healthy rats receiving 60 mg/kg eugenol. An asterisk (*) indicates a significant difference compared with the sham group, while the symbol (†) 
indicates a significant difference compared with the T/D group (P < 0.05).

Table 3. The Oxidative Stress Markers in the Study Groups

Groups SOD GPX MDA

Sham 1.77±0.04 21.84±0.77 0.65±0.03

TD 0.78±0.12* 8.71±0.63* 1.60±0.07*

TDO30 1.23±0.24# 16.20±0.89# 0.91±0.05#

TDO60 1.15±.07# 18.24±0.69# 0.82±0.02#

CO30 1.19±0.23 21.72±0.74 0.58±0.02

CO60 1.73±0.24 21.81±0.31 0.56±0.01

Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/
detorsion group; TDO30, rats subjected to 3 hours of ovarian torsion and 
treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian 
torsion and treated with 60 mg/kg eugenol; CO30, healthy rats treated with 
30 mg/kg eugenol; CO60, healthy rats treated with 60 mg/kg eugenol.
Data are presented as mean ± SD. An asterisk (*) indicates a statistically 
significant difference compared with the sham group, while the symbol (#) 
denotes a significant difference compared with the TD group.

Table 4. The Expression of the Apoptotic-Related Genes in the Study Groups

Groups Bax Bcl Caspase-3

Sham 0.31±0.01 1.02±0.02 0.29±0.03

TD 1.03±0.02 0.62±0.01 1.09±0.02

TDO30 0.63±0.04 0.82±0.02 0.77±0.01

TDO60 0.57±0.03 0.84±0.03 0.63±0.03

CO30 0.36±0.02 1.13±0.01 0.47±0.01

CO60 0.33±0.02 1.23±0.01 0.46±0.01

Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/
detorsion group; TDO30, rats subjected to 3 hours of ovarian torsion and 
treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian 
torsion and treated with 60 mg/kg eugenol; CO30, healthy rats treated with 
30 mg/kg eugenol; CO60, healthy rats treated with 60 mg/kg eugenol.
Data are presented as mean ± SD. An asterisk (*) indicates a statistically 
significant difference compared with the sham group, while the symbol (#) 
denotes a significant difference compared with the TD group.
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Figure 3. Immunohistochemical Analysis of Caspase‑3 Protein Expression in Different Experimental Groups. (A) Sham group; (B) ovarian torsion/detorsion group; 
(C) 3 hours of ovarian torsion treated with 30 mg/kg eugenol; (D) 3 hours of ovarian torsion treated with 60 mg/kg eugenol; (E) healthy rats receiving 30 mg/
kg eugenol; (F) healthy rats receiving 60 mg/kg eugenol. Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/detorsion group; TDO30, rats 
subjected to 3 hours of ovarian torsion treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian torsion treated with 60 mg/kg eugenol; CO30, 
healthy rats receiving 30 mg/kg eugenol; CO60, healthy rats receiving 60 mg/kg eugenol. The asterisk (*) denotes a significant difference compared with the sham 
group, and the symbol (†) indicates a significant difference compared with the T/D group (P < 0.05).

Figure 4. Immunohistochemical Evaluation of Bcl‑2 Protein Expression in the Experimental Groups. (A) Sham group; (B) ovarian torsion/detorsion group; (C) 3 
hours of ovarian torsion treated with 30 mg/kg eugenol; (D) 3 hours of ovarian torsion treated with 60 mg/kg eugenol; (E) healthy rats receiving 30 mg/kg eugenol; 
(F) healthy rats receiving 60 mg/kg eugenol. Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/detorsion group; TDO30, rats subjected to 3 
hours of ovarian torsion treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian torsion treated with 60 mg/kg eugenol; CO30, healthy rats 
receiving 30 mg/kg eugenol; CO60, healthy rats receiving 60 mg/kg eugenol. The asterisk (*) represents a significant difference compared with the sham group, 
while the symbol (†) indicates a significant difference compared with the T/D group (P < 0.05).
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sham group. Treatment with different doses of eugenol 
significantly reduced the number of TUNEL‑positive 
cells. It decreased the apoptotic index in ovarian tissue 
compared with the TD group, indicating eugenol’s 
protective effect against TD‑induced apoptosis (Figure 5).

Discussion
In the current study, the results indicate that inducing 
TD leads to histological damage in the TD group. These 
damages were observed as disruption and hemorrhage in 
the ovarian tissue sections. Also, in follicle evaluation, a 
change in follicle diameter and follicle morphology was 
seen as degenerative damage (14,15). Tissue degeneration 
may result from ovarian torsion, followed by hypoxia 
and ischemia due to circulatory disturbance, including 
temporary cutoff of blood flow. This disorder causes 
tissue to undergo hypoxia, necrosis, and gangrene. In 
turn, reperfusion, performed to prevent ischemia, leads 
to microvascular endothelial damage, rupture, and 
hemorrhage. Also, when the massive volume of blood 
suddenly fills the entire ovary, it causes tissue disruption 
and hemorrhage (16). In support of our results, studies 
in the field of torsion demonstrate that TD of the ovary 
causes tissue damage, including follicle degeneration, 
hemorrhage, and disruption. As well as studies done by 
Shokoohi et al, display that 3-hour ischemia of ovarian 
tissue followed by 10-day reperfusion causes tissue 
damage in the TD group (5).

The assessment of oxidative stress markers in the current 
study shows that the activity of antioxidant enzymes (SOD 
and GPx) declined in the TD group. In this group as well, 
the level of lipid peroxidation increased markedly. This 
enhancement was observed in the MDA tissue level, the 
end product of lipid peroxidation. Lipid peroxidation due 
to TD of the ovary occurs as a result of free radicals such 
as hydroxyl, superoxide, and peroxyl activity. Increased 
free radical activity reduces the activity of endogenous 
antioxidant enzymes, such as SOD and GPx. Thereby, TD 
of the ovary causes an imbalance between SOD and GPx 
activity, and the production of free radicals and ROS leads 
to an increase in MDA production (2, 6). This increase 
indicates a weakness in the body’s antioxidant defense 
system. As a result of this happening, ovarian tissue 
cells and follicles undergo DNA damage and cell injury, 
followed by apoptosis (16). 

ROS produced extracellularly (exogenous) can activate 
extracellular apoptosis via caspase-8, with TNF-α binding 
to FASL and its receptors (FAS, TNFR). Caspase 8 can 
activate the downstream apoptotic pathway and also 
activate caspase 3 or caspase 7 as a major effector caspase. 
At the end, this pathway leads to DNA damage and cell 
apoptosis (5, 6).

In addition, apoptosis in ovarian tissue cells can be 
controlled through the intracellular apoptosis pathway, 
which is affected by the activation of harmful pathways. 

Overproduction of intracellular ROS can stimulate the 
release of cytochrome c from the inner mitochondrial 
membrane, leading to the formation of the apoptosome, 
a protein complex that activates pro-caspase 9. And it 
can activate caspases 3 and 7 (effector caspases), leading 
to apoptosis. 2 groups of proteins directly control the 
intrinsic apoptotic pathway: pro-apoptotic proteins such 
as Bax, Bid, and Bad, and nitric oxide (6). These molecules 
and genes activate the cytochrome c-releasing pathway 
from the inner membrane of mitochondria. Other 
controlling proteins in the intracellular apoptotic pathway 
include Bcl-2 and Bcl-XL, which are anti-apoptotic 
and prevent the release of cytochrome c (6). In this 
research, the expression of Bax, Bcl-2, and caspase 3 was 
investigated, showing elevated ROS levels and weakened 
antioxidant defense, along with increased Bax and caspase 
3 expression and decreased Bcl-2 gene expression in the 
TD group. These complications represent the induction of 
apoptosis in ovarian tissue.

In the present study, assessment of Bax, Bcl-2, and 
caspase 3 protein expression, as well as apoptotic cells 
using the TUNEL method, demonstrates that Bax and 
caspase 3 antibody expression was enhanced, while Bcl-2 
antibody expression was reduced. Also, TUNEL analysis 
showed an increase in TUNEL-positive cells undergoing 
apoptosis in the TD group. These reviews could be the 
reason for confirming high expression of Bax and caspase 
3 genes in the TD group, which shows the activation 
of the apoptosis pathway (5). An increase in TUNEL-
positive cells in this group confirms increased apoptosis. 
This process can be the result of overproduction of ROS, 
activation of free radicals, and weakness of the antioxidant 
defense system (17). In this context, several studies show 
that TD leads to ovarian tissue damage and cell apoptosis. 
Also, many studies show that TD of the ovary increases 
the expression of apoptosis-related genes, such as Bax and 
caspase 3, in the TD group. Studies also show a decrease in 
Bcl-2 gene expression in the TD group (5, 18). 

The results of the current study indicate that the use of 
eugenol as an antioxidant preserves ovarian tissue against 
injuries caused by ROS overproduction and free radical 
activity, so that in the treated group receiving various doses 
of eugenol, tissue damage and follicle degeneration were 
observed at lower levels. Also, the evaluation of oxidative 
stress marker levels shows an important reduction in 
the level of lipid peroxidation in the treated group with 
eugenol (19). Also, the activity of antioxidant enzymes 
clearly increases in this group, attenuating ROS effects and 
reducing oxidative stress-related injuries. In this regard, 
several studies exhibit that eugenol, as an antioxidant 
agent, can prevent lipid peroxidation and increase SOD 
and GPx levels (20, 21).

Administration of eugenol to the treated group in 
the current study reduces the apoptotic index, gene 
expression, and apoptosis-related proteins in the ovarian 
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tissue of rats. The antioxidant properties of eugenol can 
mitigate injuries by reducing ROS, thereby elevating 
the body’s antioxidant defense system (22). Eugenol, by 
preventing the overproduction of extracellular ROS, can 
inhibit caspase-8 activation and the extracellular apoptotic 
pathway. Also, this antioxidant combination prevents the 
release of cytochrome c by inhibiting free radicals and 
the activation of intracellular ROS, thereby preventing 
activation of the intracellular apoptotic pathway. Also, 
enhancing the antioxidant defense system increases the 
expression of anti-apoptotic genes and proteins, such as 
Bcl-2, thereby preventing the release of cytochrome c and 
the activation of the apoptotic pathway. The evaluation 
of ovarian tissue by the TUNEL method shows that, in 
the treated group, the number of TUNEL-positive cells 
and the apoptosis index decline. In this context, many 
researchers have investigated eugenol as an antioxidant 
agent, which reduces the expression of apoptosis-related 
genes and proteins. Additionally, this combination 
elevates Bcl-2 expression.

Limitations of the Study
The present study has several limitations. First, 
although eugenol significantly improved oxidative stress 
parameters, histopathological alterations, and apoptosis-
related molecular markers, functional reproductive 
outcomes such as ovarian reserve, estrous cycle regularity, 
ovulation rate, hormone profiles, fertility rate, and 

pregnancy outcomes were not evaluated. Therefore, it 
remains uncertain whether the observed molecular and 
histological improvements translate into restoration 
of reproductive function. Second, the investigation 
focused primarily on oxidative stress and apoptosis-
related pathways (Bax, Bcl-2, and Caspase-3), while other 
mechanisms involved in ovarian ischemia–reperfusion 
injury, including inflammatory signaling, mitochondrial 
dysfunction, autophagy, angiogenesis, and fibrosis, 
were not examined. Third,  the study was conducted 
exclusively in a rat model; therefore, species-specific 
physiological differences may limit direct extrapolation 
of these findings to humans. Finally, no pharmacokinetic 
or systemic toxicity assessment of prolonged eugenol 
administration was performed, and longer-term follow-
up after reperfusion was not included. Future studies 
incorporating reproductive performance assessments, 
hormonal evaluation, mechanistic analyses, long-term 
follow-up, and clinical translational models are warranted 
to further validate the therapeutic potential of eugenol in 
ovarian ischemia–reperfusion injury.

Conclusions
It seems that eugenol attenuates TD-induced ovarian 
damage, considered one of the causes of infertility in 
females. Our study showed that eugenol, as an antioxidant, 
reduced elevated ROS levels, enhanced antioxidant 
enzyme activity, diminished the expression of Bax and 

Figure 5. Detection of Apoptotic Cells in Ovarian Tissue Across the Experimental Groups. (A) Sham group; (B) ovarian torsion/detorsion group; (C) 3 hours of 
ovarian torsion treated with 30 mg/kg eugenol; (D) 3 hours of ovarian torsion treated with 60 mg/kg eugenol; (E) healthy rats receiving 30 mg/kg eugenol; (F) 
healthy rats receiving 60 mg/kg eugenol. Group abbreviations: Sham, sham-operated group; TD, ovarian torsion/detorsion group; TDO30, rats subjected to 3 hours 
of ovarian torsion treated with 30 mg/kg eugenol; TDO60, rats subjected to 3 hours of ovarian torsion treated with 60 mg/kg eugenol; CO30, healthy rats receiving 
30 mg/kg eugenol; CO60, healthy rats receiving 60 mg/kg eugenol. The asterisk (*) indicates a significant difference compared with the sham group, whereas the 
symbol (†) indicates a significant difference compared with the T/D group (P < 0.05).
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caspase-3, and reduced the rate of programmed cell death 
in the ovarian tissue of rats with ovarian torsion. 
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