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Aim: This study aimed to assess the protective role of thymoquinone in different
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Material and method: 36 rats were randomized and divided into 6 groups, 6 rats in
each. Group I: received no treatment. Group II: received 0.5 mLsaline for 11 days.
a Group I11: Methotrexate was received in a single 20 mg/kg dose. Group 1V, V and
VI: received methotrexate as group Il and thymoquinone in doses of 2.5,5 and 10
mg/kg/day respectively for 11 days. Levels of MDA, SOD, TNFa and AMH were
measured. Histopathological and immunostaining examinations with caspase 3 were
.done

Results: Group III showed significantly elevated of MDA and TNFa levels and lower
levels of SOD and AMH in contrary to the control groups. Groups V and VI showed
obvious improvement in the biochemical results. Ovarian sections in group 11
showed degenerated follicles, disrupted granulosa cells degenerated corpora lutea and
intense caspase3 immunopositivity. The normal histology of the ovary was restored
.with negative immunostaining of caspase 3 in groups V and VI
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INTRODUCTION

Methotrexate (MTX),a folic acid antagonist, is used widely in treating many morbidities.
(Bajas et al., 2021). It is used for diverse types of cancers such as cancers of the lung, breast,
osteosarcoma, choriocarcinoma, non-Hodgkin's lymphoma, leukemia, tumors of head and
neck as well as tumors of the ovary. Being developed originally as an anti-cancer agent,
MTX is now considered the gold standard and the first choice of anti-rheumatic drugs in the
treatment of many autoimmune inflammatory disorders mainly rheumatoid arthritis,
vasculitis, juvenile idiopathic arthritis, and psoriasis as well as multiple sclerosis, systemic
lupus erythematosus, inflammatory bowel disorders, (Bedoui et al., 2019). It has distinct
methods of action when used in treating cancers. In cancer, MTX acts as a competitive
inhibitor of the formation of purine and pyrimidine of both DNA and RNA (Makhaylov et
al., 2019). Furthermore, its polyglutamate inhibits the neo-synthesizing of purine and
thymidylate synthase, thus decreasing DNA formation as a result, especially in rapidly
dividing cells (Singh et al., 2019).

MTX exerts its anti-inflammatory action via increasing endogenous adenosine release,
reducing cell proliferation, influencing the production of cytokines, increasing apoptosis of T
cells, and alteration of expression of cellular adhesion molecules (Cronstein & Aune, 2020).

Significant toxicity to multiple body systems, including the reproductive, blood, digestive
tract, liver, kidney, and central nervous system, has been reported with MTX (Hafez et al.,
2021; Gunyeli et al., 2021 and Zhao et al., 2023).

Oxidative stress (OS) participates in the tissue damage implied by MTX. Intracellularly,
MTX is retained in the cytosol as polyglutamate MTX which accumulates intracellularly
when used for along period, leading to folic acid reduction and inhibition of cytosolic
(NADP)-dependent dehydrogenases that lead to decreased (NADPH) which is used to
maintain glutathione, avital cytosolic antioxidant. Consequently, lowering of the antioxidant
enzymes inside the cells converting them to reactive oxygen species. (Madkour et al., 2022).

Besides, MTX induces lipid peroxidation as evidenced by a marked rise of malondialdehyde
(MDA). Lipid peroxidation is the principle cause of cell membrane damage. In addition,
MTX raises nitric oxide synthase (iNOS) activity leading to NO increased concentration
resulting in oxidative tissue injury. (ElI-Fatah and Alsemeh, 2019 and Zaki et al., 2021).

MTX affects the female reproductive tract centered on its antifolate effects exerted on all
rapidly dividing cells, thus it could produce ovarian dysfunction. High dose MTX damages
the ovarian follicles causing a reduction in their numbers (Hortu et al., 2020).

Aka et al., 2022 stated that the method of ovarian toxicity of MTX is oxidative stress which
is confirmed by the rise of MDA concentrations which reflects cell membrane lipid
peroxidation causing severe damage in the cell. Also, Madkour et al., 2022 reported that the
main proposed causes responsible for MTX toxicity are OS, inflammation, and apoptosis.

Natural compounds have recently gained interest as conceivable medicinal compounds for
ameliorating the toxic effects of different anti-cancer drugs. One of these herbs, Nigella
sativa is an annual herbaceous plant that has Thymoquinone (TQ) as its major bioactive
component. TQ exposes a wide scope of biological and therapeutic potentials including
antioxidant, , antidiabetic, antibacterial, antitussive, antihypertensive, anticancer,
antiapoptotic, and anti-inflammatory effects (Farooq et al., 2021).

Due to its powerful antioxidant activity against several ROS, including OH radicals,
superoxide anion, and singlet oxygen, TQ can ameliorate the damaging effects resulting from
elevated ROS in different diseases (Tabassum et al., 2021).
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Former studies documented the beneficial effects of TQ in mitigating some male and female
reproductive systems disorders (Yaghutian Nezhad et al., 2021). TQ exhibited a protective
effect by hindering ROS from destroying germ cells in the rat gonads maintaining the
integrity of germ cells and thus increasing the concentration of gametes (Alabdullah et al.,
2020)

Furthermore, TQ improved the hormonal and histomorphological parameters, increased
normal folliculogenesis, and markedly decreased cyst formation in the ovaries by provoking
the antioxidant system and limiting cellular apoptosis. (AL-ghamdi et al., 2023 and Patel et
al., 2023).

TQ was able to reduce tissue damage and alleviate ischemia/reperfusion injury on ovaries at
various developmental stages by exhibiting its protective and therapeutic action through
antioxidant and anti-inflammatory effects via increasing catalase and glutathione peroxidase
activity and decreasing MDA and interleukin-6 (IL-6) concentrations (Colluoglu et al.,
2022).

While MTX-induced ovarian toxicity presents a major challenge for women of reproductive
age receiving treatment, researching natural therapies like TQ may help to mitigate these
toxic effects and enhance patient outcomes.

2. Materials and methods
2. 1. Chemicals

MTX from Hikma Specialized Pharmaceuticals, (Badr City, Cairo, Egypt), TQ was obtained
from Acro’s Organics, (Belgium, China),. Caspase 3 rabbit polyclonal antibodies were
persuaded out of Thermo Fisher Scientific Inc. /Lab Vision (Fremont, CA, USA).

2. 2. Experimental animals

The study was established following the ethical policies and procedures of Animal Ethical
Committee of the Faculty of Medicine, Port Said University. ERN; MED (1/11/2022) s.no
(60) ANAB00-001. Thirty-six adult female Albino rats 150-250 grams were supplied by the
Animal House of the Faculty of Science, Port Said University, Egypt. Rats were
accommodated in wire-fencing enclosures at ambient temperature, where laboratory food and
tap water were freely available. Rats were given 2 weeks to become accustomed before the
experiment began.

2. 3. Experimental design
Rats were arranged into 6 groups evenly in this manner:
Group (1) (Negative control): Rats did not receive any treatment throughout the experiment.

Group (1) (Positive control): Each rat received 0.3 mL of 0.9% saline through intraperitoneal
injection (IP) for 11 days.

Group (1) (MTX group): Each rat was injected with a single dose of IP MTX (20 mg/kg
body weight) (Gunyeli Saygin, and Ozmen 2021).

Group (IV) (MTX + TQ1): Rats took MTX as in group (I11) and was injected with TQ in 2.5
mg /kg/ day dose IP for 11 days (Mehri et al. 2014).

Group (V) (MTX + TQ2 group): Each rat received MTX as in group (I11) and was injected
with TQ in 5 mg/kg/day dose IP for 11 days (Mehri et al. 2014).

Group (V1) (MTX + TQ3 group): Each rat received MTX as in group (I11) and was injected
with TQ in 10 mg /kg/day dose IP for 11 days (Mehri et al. 2014).
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2.4. Sample collection:

Rats received phenobarbital 40 mg/kg body weight through IP injection twelve hours after
the end of the experiment. (Laferriere & Pang, 2020). Rats were slaughtered, ovaries were
dissected, and blood sampling was obtained through cardiac aspiration and centrifuged at
4000 rpm for twenty minutes to measure level of superoxide dismutase, Malondialdehyde,
tumor necrosis factor-alpha, and anti-Mullerian hormone (AMH). Samples were frozen at -
20°C till assayed.

2.5. Biochemical analysis
2.5.1. Measurement of serum Malondialdehyde (MDA) level:

MDA assessment depended on spectrophotometric readings of the formed pink compound at
a wavelength of 532 nm and 95°C by MDA and thiobarbituric acid. (Kei, 1978) using Kits
purchased from Bio Diagnostic, (Giza, Egypt). Levels were represented as nmol/m.

2.5.2. Measurement of serum superoxide dismutase (SOD) level:

The potential of SOD enzyme for preventing the reduction of nitro blue tetrazolium dye was
the principle of the Colorimetric way that was used to measure SOD, as stated by Nishikimi
et al. in 1972. An absorbance change over 5 minutes at 560 nm was linked to an inhibition
rate which is directly related to SOD activity. The SOD level is represented as U/mg
hemoglobin, where U is the SOD quantity needed for impeding 50% reduction of nitro blue
tetrazolium dye. Kits supplied by Bio Diagnostic, (Giza, Egypt).

2.5.3. Measurement of serum tumor necrosis factor-alpha (TNF-a) level:

Detection of TNF-a was done via ELISA Kkits based on the instructions of the manufacturer
(Bio Legend, San Diego, California, United States). ON a 96-well plate, Armenian hamster
monoclonal rat TNF-a-specific antibody was coated on, To produce an antibody-antigen-
antibody reaction, ananti-rat TNF-a detection antibody, biotinylated goat polyclonal
antibody, was added. Avidin-horseradish peroxidase was compined generating a blue
color. Then, the color changed to yellow by adding a stop solution, and levels were read at
450 nm (Mammadov et al., 2019).

2.5.4. Measurement of serum AMH levels:

Using Chemiluminescent Immunoassay (CLIA) kits supplied by Mindray Bio-Medical
Electronics Co. (China), which is a two-site sandwich assay where samples, Ra and Rb were
added., AMH could be bound to the reagents to form a sandwich complex. Then, anti-AMH
antibody alkaline phosphatase catalyzed substrate solution. The final response was analyzed
automatically. The results were shown in the unit of ng/mL (Wang et al., 2022).

2. 6. Histopathological analysis:

ovarian tissues were subjected to a graded alcohol solution after being infused in a 10% NBF,
cleaned in xylene, embedded in paraffin wax ,and then under a light microscope provided
with a digital camera (BX53F, Olympus, Tokyo, Japan), 5 um H&E-dyed cuts were
evaluated.

2. 7. Immunohistochemical examinations:

Using the streptavidin-biotin method, the ovarian sections were immuno-stained with rabbit
polyclonal anti-caspase-3 antibody by the streptavidin-biotin technique. After a 60-minute
incubation period with a primary antibody, a streptavidin—alkaline phosphatase conjugate and
Histostain SP kit (LAB-SA system, Zymed Laboratories Inc, San Francisco, CA 94080,
USA) were combined. using DAB as a chromogen, the antigens were assessed.
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2. 8. Statistical analysis

The results were evaluated through SPSS 20 (Statistical Program for Social Science, version
20) and were interpreted as means + SD. Bonferroni post-hoc test following one-way
ANOVA test was applied to analyze group differences. Statistically significant results were
set at p <0.05.

3. Results
3. 1. Biochemical results

Levels of MDA, an oxidative stress indicator, were significantly higher in group Il contrary
to the control groups. Meanwhile, treatment with TQ markedly decreased MDA levels in
groups V & VI compared to group I11. However, MDA levels in group IV were significantly
higher than in the control groups, but still significantly reduced opposite to group Ill. (Table
1).

The presence of the inflammation process in our study was evident by significant elevation of
TNF-a levels in group Il in contrary to control groups. TQ in 5 &10 mg/kg doses could
mitigate the inflammatory process and significantly dampen the level of TNF-a in serum.
Giving TQ in 2.5 mg/kg dose caused no significant alteration in TNF-a levels in serum in
contrast to the MTX group. (Table 1).

MTX caused a prominent decrease in levels of SOD and AMH in group Il when compared
with control groups. Yet, SOD and AMH levels increased in groups V&VI versus group I11.
However, the increase in SOD and AMH levels of group IV was insignificant contrary to
group 1. (Table 1).

3. 2. Hematoxylin & Eosin results

Upon light microscopic examination, the control group's ovarian sections displayed the
characteristic histological structure, where the germinal epithelium was made up of one layer
of cuboidal or flat cells covering the surface and the underlying tunica albuginea. The ovary
is formed of an outer cortex and inner medulla. The cortex exhibited different types of
follicles, within a stroma densely packed with cells. The inner medulla showed Lymph and
blood vessels in loose connective tissue. Primordial follicles were typically found just below
the tunica albuginea. Each one was made up of a layer of flat epithelial cells surrounding a
primary ovum. Unilaminar primary follicles had an oocyte with a surrounding cuboidal layer
of cells, and multilaminar primary follicles had an ovum circled with multiple lamiae of
follicular cells. Additionally, secondary follicles were present. Each secondary follicle
consisted of multiple laminae of granulosa cells and several fluidic cavities. Tertiary follicles
had a solitary antrum and their oocytes ringed with corona radiata and zona pellucida. Then
theca folliculi cells encircled the follicle. Corpora lutea were filled with moderate
eosinophilic cells with foamy cytoplasm.Figures (1-4)

The ovarian sections of Group 3 exhibited detachment of the germinal epithelium. There was
a marked reduction in primordial follicles, limited normal ovarian follicles, and a prevalence
of atretic follicles. The cells displayed fragmented and karyopyknotic nuclei. The cytoplasm
appeared profoundly acidophilic, Additionally, disrupted zona pellucida surrounded some
degenerated oocytes. Certain sections revealed tertiary follicles with nearly absent oocytes.
Furthermore, vacuolated and profoundly eosinophilic were identified in degenerated corpora
lutea. Prominent hyperemia with dilated, blood vessels was also observed. Figures (5&6)

The light microscopic examination of group IV displayed no correction in the ovarian tissue
constitution.In this group, the germinal epithelium was in some sections detached from the
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underlying tissue. Most of the follicles were atretic and with lost or degenerated oocytes.
Dilated and congested blood vessels were detected. Figures (7&38).

The ovarian sections of groups V&VI revealed a nearly normal configuration of the ovaries
as indicated by a decreased count of damaged follicles and a raised count of secondary and
primary follicles. Several corpora lutea were also observed where the luteal cells displayed
vesicular nuclei in moderately eosinophilic cytoplasm. However, dilated blood vessels were
still detected. Figures (9-12).

3. 3. Immunohistochemical results

Evaluation of control groups sections displayed negative cytoplasmic and nuclear reactions in
follicular, luteal, and vascular endothelial cells (Figures 13&14). Meanwhile, many follicular
and luteal cells in group (I11) showed intensely positive reactions. (Figure 15). In group (1V),
the caspase-3 reaction was greatly positive (Figure 16). A dramatic decrease in caspase-3
activity in sections of groups V&VI was detected indicating normal follicular development
as presented in (Figures 17&18).

Table 1: Mean values (x SD) of serum MDA, TNF-a, SOD, and AMH levels in the
studied groups.

roups
Pa -ve control +ve control MTX MTX+TQ1 MTX+TQ2 MTX+TQ3
meter 2.5 mg\kg 5mg\kg 10mg\kg
MDA | 4.63£.58 6.16+.97 30.53+£3.95 21.1+3.14 10.46+3.05 11.18+3.31
(nmol/ *acd *abd *bc *bc
ml)
TNF-o | 36.4+4.8 45.7£6.6 115.9+£ 4.2 103.31£6.1 73.2+£15.06 77.3£11.4
(Pg/ml *ad *ad *abc *abc
)
SOD 159.03£5.8 147.43+£10.8 55.1+ 10.29 77.20+6.69 114.58+17.46 110.91+£15.26
(U/ml) *ad *ad *abc *abc
AMH | 0.035£0.004 | 0.035+0.008 | 0.011+0.001 | 0.015+0.005 0.028+0.0028 0.0267+0.002
(ng/ml) *ad *ad *bc *bc

(*) P value <0.05

(a) Significant P value when contrasted to control groups.

(b) Significant P value when contrasted to group IlI.

(c) Significant P value in contrast to group IV.

(d) Significant P value in contrast to groupsV &VI.
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Figure 1 photomicrograph of adult female albino rat ovarian section group (I) demonstrates
normal tunica Albuginea (blue arrow), covered by a single germinal epithelium layer
(GE). Primordial follicles (yellow arrows), a secondary follicle (SF) with zona pellucida
(black arrow) encircling an oocyte (O), as well as a few atretic follicles (AT) are detected.
(H&E X 100)
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Figure 2: photomicrograph of adult female albino rat ovarian section group (I) demonstrates
a multilaminar primary follicle (MPF) with an intact oocyte (O) surrounded by an acidophilic
glycoprotein layer, zona pellucida, (arrow). (H&E X 200
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Figure 3: photomicrograph of adult female albino rat ovarian section group (II)
demonstrates part of ovarian cortex covered by germinal epithelium (GE)and containing
multilaminar primary follicle (MPF) with intact oocyte(O), a primordial follicle (arrow) and
part of corpus luteum (CL) is also detected. (H&E X 100)

Figure 4 photomicrograph of adult female albino rat ovarian section of group (I1) showing
the cortex covered with germinal Epithelium (GE), containing a secondary follicle with a
small antrum (A), acidophilic zona pellucida (arrow) circling an intact oocyte (O).
Unilaminar primordial follicle (curved arrow), and atretic follicle (AT) are detected. (H&E X
200)
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Figure 5: photomicrograph of adult female albino rat ovarian section group (I11) showing
tunica albuginea (arrowhead) beneath the germinal epithelium (GE) covering part of the
cortex. The cortex shows degenerated tertiary follicle (TF) and atretic follicle (AT) with
disturbed granulosa cells (G).A degenerated corpus luteum (CL) with cells that have deeply
acidophilic cytoplasm and deeply stained nuclei (yellow arrows) as well as degenerated
unilaminar primary follicle (UPF) are seen. A primordial follicle is also detected (black
arrow). Evident dilated congested cortical blood vessels (BV) are seen. (H&E 100)

Figure 6: photomicrograph of adult female albino rat ovarian section rat group (II)
demonstrates a degenerated preovulatory follicle with degenerated ova (O) and disrupted
zona pellucida (straight arrow), disturbed corona radiata (CR), and cumulus oophorous (CO).
Note the presence of apoptotic granulosa cells (G) with pycnotic nuclei (bent arrow) and
fragmented nuclei (circles). (H&E 200)
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Figure 7 photomicrograph of adult female albino rat ovarian section of group (I1V)
demonstrates detachment of germinal epithelium (black arrow). The cortex contains follicles
at various stages of growth. A Primordial follicle (yellow arrow), a multilaminar primary
follicle (MPF), and an atretic follicle (AT) are seen. A portion of corpus luteum (CL) and a
deteriorated Graafian follicle (GF) with disturbed corona radiata (CR) and deeply stained
granulosa cells (G) are detected. Blood vessels (BV) are dilated and congested. (H&E 100)

Figure 8: photomicrograph of adult female albino rat ovarian section group (IV) showing
degenerated Graafian (GF) follicle with degenerated oocyte (O) and discontinuous corona
radiata (arrow). Note the shedding granulosa cells (circle) into the antrum (A). A layer of
Theca folliculi (ThF) surrounds the follicle. Blood vessels appeared markedly dilated and
congested.(BV). (H&E 200)
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Figure 9: photomicrograph of adult female albino rat ovarian section group (V)
demonstrates normal germinal epithelium (GE) covering part of the cortex where primordial
follicles (arrows) are detected superficially. A secondary follicle (SF) and an atretic follicle
(AT) are also seen. Cortical blood vessels (BV) appear dilated and congested. (H&E 100)

Figure 10: Photomicrograph of adult female albino rat ovarian section group (V)
demonstrates a secondary follicle (SF) with anintact oocyte (O), a surrounding zona
pellucida (arrow), and an antrum (A). Evident dilated congested blood vessels (BV) are

detected. (H&E 200)
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Figure 11: photomicrograph of adult female albino rat ovarian section group (VI)
demonstrates normal tunica albuginea (arrowhead) underlying a layer of germinal epithelium
(GE). The cortex shows almost normal follicles in various forms of growth and development.
Primordial follicle (thick arrow), primary follicle (PF), and secondary follicle (SF) are seen.
Multiple Corpora lutea (CL) are also detected. (H&E 100)
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Figure 12: photomicrograph of adult female albino rat ovarian section group (V1) showing a
Graafian follicle (GF) with a single antrum (A). It is formed of zona pellucida(arrow)
surrounding an oocyte(O), cumulus oophorous (CO), and corona radiate (CR). Theca folliculi
(ThF) surround the follicle. Dilated congested blood vessel (BV) is detected. (H&E X 200)
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activity in granulosa cells (circle) and theca cells

3 immuno-

photomicrograph of adult female albino rat ovarian section group (I)

a negative caspase-3 immuno-activity in follicular cells (black arrows), stromal cells
(triangle), germinal epithelium (GE) and endothelial cells (red arrow). (Caspase-3

Figure 14 photomicrograph of adult female albino rat ovarian section group (I1) demonstrates
immunostaining X 200).

(ThF) (Caspase-3 immunostaining X 200).

demonstrates a negative caspase

Figure 13:
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Wienifieadon: 203

Figure 15: photomicrograph of adult female albino rat ovarian section group (IlI)
demonstrates intense positive caspase-3 immuno-expression in follicular cells (arrows) as
well as luteal cells of the corpus luteum (circle). (Caspase-3 immunostaining X 200).

Figure 16 photomicrograph of adult female albino rat ovarian section the group (IV)
demonstrates positive caspase-3 immuno-expression in granulosa cells (arrows) as well as
luteal cells (circles). (Caspase-3 immunostaining X 200)
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Figure 17: photomicrograph of adult female albino rat ovarian section group (V)
demonstrates a negative caspase-3 immuno-activity in follicular cells (arrow). (Caspase-3
immunostaining X 200)

Veemificadion: 20 %

Figure 18: photomicrograph of adult female albino rat ovarian section group
(VI)demonstrates negative caspase-3 immuno-expression in follicular granulosa cells (G),
corpus luteum cells (CL), and vascular endothelial cells(arrow). (Caspase-3 immunostaining
X 200)

4. Discussion

Chemotherapy-induced toxicity targets different systems including the reproductive system.
(Wang et al., 2020). While being frequently utilized as anti-cancer drug, MTX also causes
multiple toxic effects on distinct systems of the body. Ali et al., 2014 and Madkour et al.,
2022 stated that the underlying mechanisms involved in MTX toxicity are thought to be
inflammation, apoptosis, and oxidative stress.

Thymoquinone, a natural biologically active drug extracted from N. sativa, has been
approved to possess potent antioxidant activity as it serves as a scavenging agent of singlet
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oxygen, superoxide and hydroxyl radicals. TQ’s strong antioxidant effects are linked to the
redox features of the quinine part of its structure, as well as its unhampered crossing of
morphological barriers, thus freely accessing sub-cellular partitions and mitigating the
reactive oxygen species (ROS). (Taysi et al., 2022). Therefore, TQ is an optimal subject to
be investigated for its benefits in alleviating MTX's toxic effects on the ovaries.

Thus, this work aimed to study MTX's toxic impacts on the ovaries. Moreover, to evaluate
the efficacy of different doses of TQ in ameliorating ovarian toxicity caused by MTX in
female rats.

This work revealed remarkable changes in the biochemical parameters in MTX group
compared to other groups.

the MTX group had a highly significant level of serum MDA, a product of lipid peroxidation.
In accordance with this result, Soliman et al., 2020 reported a marked increase in serum
MDA levels following oral administration of MTX in rats and explained liver and kidney
damage caused by MTX by oxidative stress and lipid peroxidation. A similar finding was
also reported by Alabdaly et al., 2021.

Xiong et al., 2019 and Eltamany et al., 2022 explained that the toxicity of MTX is related to
profound oxidative stress mediated by ROS generation, and antioxidant defense system
dysregulation.

The current study revealed a major reduction of serum SOD levels in methotrexate group
versus the control groups. Sahindokuyucu-Kocasari et al., 2021 also reported a significant
lower serum SOD level after intraperitoneal injection of MTX in rats and emphasized that
MTX reduced the efficiency of the antioxidant systems causing liver and kidney toxicity.

A possible explanation for this could be that normally, ROS elimination is managed by a
radical scavenging system, including glutathione reductase (GR), glutathione peroxidase,
superoxide dismutase, glutathione and catalase, and The superoxide dismutase (SOD)
regulates hydrogen peroxide and molecular oxygen generation from superoxide radical, then
hydrogen peroxide converted into water and molecular oxygen by catalase, leading to a
decrease in oxidative stress, thus protection of cells from damage. Slight changes in
physiological concentrations of the enzymes may affect the resistance of DNA cellular
proteins, lipids, and oxidative damage (Roghani et al., 2020 and Elsawy et al., 2021).

our study demonstrates that MTX caused a significant enhancement in serum inflammatory
TNF-a. This was investigated by Elsawy et al., 2021 who declared that the generation of
ROS induced by MTX leads to the upregulation of NF-Kb expression which is important for
proinflammatory agents exemption like TNF-a, IL-6, nitric oxide synthase enzymes, which in
turn aggravates the inflammatory response. Additionally, the proinflammatory agents
facilitate immunological and inflammatory cell aggregation, such as neutrophils and
macrophages, thus triggering ROS generation, exacerbating cellular damage and oxidative
stress.

Studies of Hortu et al., 2020 and Madkour et al., 2022 annonced that AMH levels were
intensely reduced in MTX-treated animals compared to control group and this agrees with
our results which showed the same findings.
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Madkour et al., 2022 stated that MTX ovarian toxicity leads to follicular, atresia, follicular
apoptosis, and subsequently, a decrease in AMH level. Cetin et al., 2022 explained that
MTX may impair the blood flow and proliferation of the cells thus reducing ovarian reserve.

In our study, TQ (5&10 mg\kg) administration raised SOD levels and reduced the increased
MDA levels significantly, suggesting its antioxidant properties.

Al-Attar, 2022 revealed similar results and stated that TQ treatment markedly alleviated the
hematological and biochemical effects in mice exposed to Thioacetamide, and the possible
mechanism related to its anti-oxidant actions that were evaluated by the significant
upregulation of SOD level.

Yaghutian Nezhad et al., 2021 presented similar results and explained TQ’s excellent
antioxidant properties as it serves as a hydrogen atoms or electrons donor to reactive oxgen
species that transforms into harmless compounds, and suppresses the lipid oxidation process.

Alzohairy et al., 2021declared that TQ reduced elevated TNF-a levels in rat exposed to lung
toxicity and this result is in accordance with our study which demonstrates that treatment
with TQ (5&10mg\kg) significantly decreased the TNF-a serum levels.

Abdel-Daim et al., 2020 explained that TQ’s ability to reduce the parameters of
inflammation in acrylamide-treated rats may be due to oxidative stress counteracting or
directly decreasing their expression levels.

The present study revealed that TQ treatment could counteract MTX-induced decrease in
AMH levels. This is in harmony with Sukatendel et al., 2021 results who demonstrated that
Nigella sativa TQ-rich extract could alleviate Cisplatin ovarian toxicity

This could be explained by the fact that for increasing the viability of ovarian reserves, its
crucial to decrease levels of free radicals in the ovaries. Thymoquinone has a potent
antioxidant activity which is reflected in the capacity to counteract superoxide anions and
enhance the genes responsible for antioxidants generation such as SOD, Glutathione
peroxidase and Catalase. (Sukatendel et al., 2021).

In the current study, TQ (2.5mg\kg) failed to make significant changes in the biochemical
parameters compared to other groups of the study. This contrasts with Fadishei et al., 2020
who showed that TQ (2mg\kg) significantly reduced serum level of TNF-o and interleukin-1
in rats treated by bisphenol A.

Histopathologic findings in the MTX group in this study revealed an intense loss in
primordial follicles and a higher rise in atretic follicles with apoptotic cells. Furthermore, the
zona pellucida around some degenerated oocytes was disrupted. Along with vascular
congestion, which implies ovarian inflammation, there was mononuclear cell aggregation.
There was vacuolation in follicular granulosa cells. Moreover, vacuolated, and profoundly
eosinophilic cytoplasm with condensed nuclei were observed in degenerated corpora lutea.

These results agree with earlier studies of Hussein, 2023, and Zhao et al., 2023 who
reported disruption of normal ovarian epithelium, stromal fibrosis, an obvious decreasion of
primary and secondary follicles, cystic follicles, and polymorphs infiltrate as well as marked
congestion in the stroma in the MTX-induced ovarian toxicity.
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This outcome is anticipated in methotrexate-treated ovaries since the drug tends to cause cell
apoptosis or hinder the cell cycle by increasing the generation of harmful reactive species as
demonstrated by (AlBasher et al., 2018).

Here in, TQ administration dramatically diminished the severity of histopathological changes
caused by MTX. However, TQ (5 and 10 mg/kg) reduced atretic follicle count and elevated
corpora lutea, primary follicles, antral follicles, and Graafian follicles quantity in treated
animals.

our results are similar to Alaee et al. (2022) who studied TQ effect on letrozole- ovarian
toxicity. Treating rats with doses of 5 & 10 mg/kg could decrease atretic follicles count,
improve multilaminar and antral follicle count, and restore normal ovulation in female rats.
Additionally, Al-Ghamdi et al. (2023) reported that TQ could restore the degenerative
changes in the ovaries of female rats treated with acrylamide.

In our study, immunohistochemical staining with caspase 3 showed increased expression in
ovarian sections treated with MTX. Baskovi¢ & Jezek, 2022 and Zhao et al., 2023 also
reported increased caspase 3 expression in MTX-induced ovarian injury.

In addition, apoptosis had a key role in MTX toxicity. Zhao et al., 2023 explained that
cytochrome c release into the cytosol stimulates caspase 3, a significant apoptotic marker.
The caspase cascade stimulation causes the disintegration of the nucleus and cellular
degeneration.

This study revealed that treatment with TQ (5&10 mg\kg) notably attenuated ovarian caspase
3 activity,in coincide with Zakzook et al., 2020 who declared a marked reduction in
expression of caspase3 in testicular tissues of dimethoate-exposed rats following treatment
with TQ 10mg/kg by oral gavage and explained that the following mechanisms could be
responsible for TQ’s anti-apoptotic effects: antioxidant action, immunomodulatory effect,
and genoprotective potential by enhancing the genes responsible for the recognition and
repair of damaged DNA.

However, our results revealed that TQ (2.5mg/kg) failed to decrease caspase-3 immuno-
expression in the ovarian sections. Firdaus et al., 2018 also demonstrated that TQ
(2.5mg/kg) failed to decrease caspase-3 level however TQ (5mg/kg) was able to decrease it
implying the beneficial dose-dependent anti-apoptotic effect of TQ.

It is worth noting that TQ has dose-dependent protective effects because the beneficial effects
of the doses (5 and 10 mg/ kg) in minimizing MTX implications on indicators of oxidative
stress and reconstruction of ovarian tissue were more remarkable compared to (2.5 mg/kg)
dose.

Mehri et al., 2014 searched TQ (2.5, 5 &10mg/kg) effect in acrylamide- neurotoxicity in
rats. (2.5 mg/kg)of TQ caused an insignificant decrease in MDA level in contrast to TQ (5
&10 mg\kg) which enhanced MDA level, body weight, and gait scores compared to
acrylamide-treated rats.

Furthermore, Yaghutian Nezhad et al., 2021 assumed that TQ’s protective properties on the
reproductive organs are linked to administration dosage. For instance, 7.5 mg/kg TQ was
more capable than 15 mg/kg to lower bleomycin implications on biomarkers of male fertility.
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Conclusion

We concluded that Thymoquinone could reverse methotrexate's toxic effects on ovarian
function and structure. This work revealed that MTX exerted toxic impacts on the ovaries of
female rats as evidenced by the raised MDA and TNF-a levels, decreased SOD activity and
AMH levels, and increased caspase-3 immuno-expression as well as histopathological
changes in the ovarian tissue. Meanwhile, thymoquinone treatment markedly counteracted
these effects. TQ’s beneficial properties are linked to antioxidant, anti-apoptotic and anti-
inflammatory ability. Thus, thymoquinone could be counted for counteracting MTX
toxicities. Additional research is needed to elucidate the precise methods of action mediating
the beneficial effects of TQ in ovarian damage caused by MTX. More research should be
done to observe the impact of higher doses and longer duration of thymoquinone on ovarian
tissue.
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