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Abstract
Purpose  Although cancer predominantly affects people at older ages, a substantial number of patients, like breast cancer 
patients, are diagnosed before they have completed their families or even before giving birth. Furthermore, cytotoxic chemo-
therapy may be required in addition to treat cancer survivors. The present study was conducted to investigate the protective 
effect of oxytocin (OT) on methotrexate (MTX)-induced ovarian toxicity in rats.
Methods  Eighteen adult female Sprague–Dawley rats were used in the study. All rats were divided randomly into three 
groups. The control group (n = 6) received no treatment. The remaining 12 rats received a single dose of 20 mg/kg of MTX. 
Half of the rats (n = 6) were treated with 1 mg/kg/day of saline, and the other half (n = 6) were treated with 160 µg/kg/day 
of OT for 21 days. Then, blood samples were collected for biochemical analysis, and an ovariectomy was performed for 
histopathological examination.
Results  Plasma malondialdehyde (MDA) and transforming growth factor-β (TGF-β) levels were significantly lower in the 
MTX + OT group compared to the MTX + saline group (p = 0.000036 for MDA; p = 0.0044 for TGF-β). AMH levels were 
also significantly higher in the MTX + OT group than in the MTX + saline group (p = 0.000036). The ovarian fibrosis percent 
was also notably lower in the MTX + OT group than in the MTX + saline group (p = 0.000036).
Conclusion  On the basis of these findings, OT is a promising agent for ameliorating harmful effects of MTX on rat ovaries 
in an experimental model.
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Introduction

The importance of breast cancer-related morbidity in women 
of reproductive age has increased in the last decade. A pro-
longed life span, delayed childbearing to older ages for 

different reasons, not giving birth, a lack of breastfeeding, 
and obesity are the main risk factors for breast cancer among 
women [1]. With improved education and advanced screen-
ing methods, breast cancer is now diagnosed at a younger 
age. However, receiving chemotherapy is another challeng-
ing condition in young women in view of chemotherapy-
induced ovarian damage. Because of undifferentiated and 
hormone-insensitive tumor cells, most young women with 
breast cancer undergo systemic cytotoxic chemotherapy [2]. 
Many chemotherapeutic agents that are most effective in the 
treatment of rapidly dividing neoplastic cells have perma-
nent effects on ovarian functions, leading to amenorrhea, 
infertility, and even menopause. These effects are greater 
with alkylating agents and less with antimetobolites such as 
methotrexate (MTX) [3]. Increased serum follicle stimulat-
ing hormone (FSH) and decreased serum estradiol emerge 
after starting amenorrhea and ovarian failure. Many chemo-
therapeutic regimens are closely related the occurrence of 
premature ovarian insufficiency (POI) in women older than 
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30 years of age [4]. Numerous antineoplastic agents are used 
to cope with the malignant diseases; malignant tissues or 
cancerous cells usually consist of rapidly dividing aberrant 
cells and are more vulnerable to chemotherapeutic drugs. 
Antineoplastic drugs are given in a specific intervals to allow 
for recovery of healthy cells and eliminate cancerous cells. 
One significant challenge is the potential for damage of nor-
mal cells that divide rapidly, such as those in the oral cavity 
and gastrointestinal tract, cells of the gonads, bone marrow, 
hair follicles, and lymphatic tissues [5–7]. Chemotherapeutic 
drugs may affect also these normal cells in the body.

MTX is a folic acid antagonist type of antineoplastic 
drug grouped in antimetabolites. MTX inhibits the dihy-
drofolate reductase enzyme, thereby decreasing the synthesis 
of thymidylate, purines, pyrimidines, and nucleic acids that 
are essential for cell survival. Thus, deoxyribonucleic acid 
(DNA) synthesis is inhibited [8]. MTX has many properties 
like antiproliferative, anti-inflammatory, and immunosup-
pressive effects. Therefore, there are several different clinical 
uses of MTX in the field of medicine, such as ectopic preg-
nancy, gestational trophoblastic diseases, some autoimmun-
rheumatologic ailments, and psoriasis [9].

Oxytocin (OT) is a cyclic nonapeptide synthesized in cell 
bodies in the paraventricular nuclei of the hypothalamus and 
transported through the axons of these cells to the posterior 
pituitary. It plays a dual role as a neuromodulator/neuro-
transmitter and a hormone. OT is an effective stimulant of 
uterine contraction and is used primarily to induce or rein-
force labor in obstetrics [10]. Additionally, OT has a crucial 
role for milk ejection from breasts during lactation and is 
also produced by different peripheral tissues, such as skin, 
placenta, ovary, testis, thymus, pancreas, adipocytes, kidney, 
heart, and blood vessels. Besides, OT receptors have also 
been shown in the aforementioned organs in the literature. In 
addition to its classic functions, OT plays anti-inflammatory, 
anti-apoptotic, anti-stress, and antioxidant roles in many 
metabolic pathways [11, 12].

Though several studies demonstrate the protective effect 
of OT in many pathophysiological processes, there are 
limited data describing the impact of OT on ovaries from 
MTX-induced cytotoxicity. Thus, the purpose of the cur-
rent study was to investigate the protective effect of OT on 
an MTX-induced gonadotoxicity model in a rat ovary using 
biochemical and histopathological parameters.

Materials and methods

Animals

In this study, 18 female Sprague–Dawley albino mature rats, 
weighing 200–220 g, were used. Animals were fed ad libitum 
and housed in pairs in steel cages with a temperature-controlled 

environment (22 ± 2 °C) and 12-h light, 12-h dark cycles. 
The experimental procedures performed in this study were 
approved by the Committee for Animal Research of Ege 
University, Izmir, Turkey. All experiments were carried out 
according to the Guide for the Care and Use of Laboratory 
Animals, as confirmed by the National Institutes of Health 
(US).

Experimental protocol

Eighteen rats were divided randomly into three groups. Group 
1 (naive, n = 6) served as a control group and received no treat-
ment. The remaining 12 rats received a single dose of 20 mg/
kg of MTX intraperitoneally (ip) (methotrexate; Kocak Farma, 
Istanbul, Turkey) for induction of ovarian injury as described 
previously [13]. Group 2 (n = 6, MTX + saline) was treated 
with 1 mg/kg/day of saline (0.9% NaCl) intraperitoneally (ip) 
for 21 days. Group 3 (n = 6, MTX + OT) was treated with 
160 µg/kg/day of OT (ip) (Pituisan; Ege Vet, Alfasan Interna-
tional BV, Holland) for 21 days [14]. At the end of the experi-
ment, both ovaries were obtained from all animals and fixed 
in 10% formalin with subsequent storage at 4 °C for paraffin 
sectioning. Blood samples were collected via cardiac punc-
ture for biochemical measurements. Samples were stored at 
− 30 °C prior to the hormone assay. All rats were euthanized 
at the end of the experiment.

Histopathological examination

Ovarian tissues were formalin-preserved and embedded in 
paraffin. The ovaries were sectioned at a thickness of 4 μm 
with a microtome. The sections were then stained with 
hematoxylin and eosin, and mounted onto glass slides. All 
sections were photographed with an Olympus C-5050 digital 
camera mounted on an Olympus BX51 microscope. Histo-
pathological examination of the ovaries was performed by 
a computerized image analysis system (Image-Pro Express 
1.4.5, Media Cybernetics, Inc., Rockville, MD, USA) on ten 
microscopic fields per section at a magnification of 20 ×, 
performed by an observer who was blinded to the study 
groups. Primary follicles consist of an oocyte surrounded 
by a single layer of cuboidal granulosa cells. Secondary 
follicles include multiple layers of cuboidal granulosa cells 
and an invisible antrum. Tertiary follicles are character-
ized by a stratum granulosum along with fluid-filled antral 
space. Stromal fibrosis in ovarian tissue was calculated as 
a percentage.

Biochemical assays of anti‑Müllerian hormone 
(AMH) and transforming growth factor‑β (TGF‑β)

Blood was centrifuged at 3000 rpm for 10 min at room tem-
perature and stored at − 20 °C until the analysis for AMH 
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and TGF-β. AMH and TGF-β levels were measured using 
commercially available enzyme-linked immunosorbent 
assay (ELISA) kits (Biosciences, Seattle, WA, USA). Sam-
ples from each rat were determined in duplicate according to 
the manufacturer’s guide. While AMH levels were expressed 
as ng/mL, TGF-β levels were expressed as pg/mL.

Determination of lipid peroxidation

Lipid peroxidation was determined in plasma samples 
through measuring malondialdehyde (MDA) levels as thio-
barbituric acid reactive substances (TBARS), which are the 
end product of lipid peroxidation [15]. Trichloroacetic acid 
and TBARS reagent were added to the tissue samples, then 
mixed and incubated at 100 °C for 60 min. The samples 
were centrifuged at 3000 rpm for 20 min, and the absorb-
ance of the supernatant was read at 535 nm after cooling on 
ice. MDA levels of tissue were calculated from the stand-
ard calibration curve using 1,1,3,3-tetraethoxypropane and 
expressed as nmol/gr protein.

Statistical analysis

Data analysis was performed using GraphPad Prism 8.3.0 
a software (GraphPad Software, La Jolla, CA, USA). The 
groups of parametric variables (biochemical data) were com-
pared by student’s t test and analysis of variance (ANOVA). 
The groups of nonparametric variables (histopathology) 
were compared by the Mann–Whitney U test. Results are 
presented as the mean ± standard error of mean (SEM). A 
value of p < 0.05 was accepted as statistically significant. 
p < 0.001 was accepted as statistically highly significant.

Results

Biochemical analyses

Plasma levels of MDA in the MTX + saline groups were sig-
nificantly higher than in the control group (235.1 ± 28.5 nM 
vs. 51.3 ± 2.6  nM, respectively; p = 0.0084). Addition-
ally, plasma levels of MDA were lower in the MTX + OT 
group than in the MTX + saline groups at a highly sig-
nificant level (62.5 ± 5.1 nM vs. 235.1 ± 28.5 nM, respec-
tively; p = 0.000036). Lipid peroxidation was significantly 
enhanced in the OT-added groups compared to the saline 
groups.

AMH levels in the MTX + saline groups were signifi-
cantly lower than in the control group (0.6 ± 0.04 ng/mL vs. 
2.53 ± 0.21 ng/mL, respectively; p = 0.0084). Administration 
of OT prevented the decrease of AMH levels compared to 
the saline groups (1.92 ± 0.35 ng/mL vs. 0.6 ± 0.04 ng/mL, 
respectively; p = 0.000036).

Plasma TGF-β levels were significantly higher in 
the MTX + saline groups than in the control group 
(36.8 ± 6.3  pg/mL vs. 7.4 ± 1.1  pg/mL, respectively; 
p = 0.00069). However, OT treatment significantly reduced 
TGF-β levels compared to the saline groups (36.8 ± 6.3 pg/
mL vs. 10.4 ± 0.7 pg/mL, respectively; p = 0.0044).

Plasma levels of MDA, AMH, and TGF-β in the study 
groups are listed in Table 1. Additionally, fibrosis percent-
ages of ovary and plasma levels of MDA, AMH, and TGF-β 
are presented in Fig. 1.

Histopathological evaluation of ovaries

Histological examination of ovaries in the control group, the 
primary and developing follicles, corpus luteum, and ovarian 
stromal areas were found to be normal (Fig. 2a). Signifi-
cant ovarian morphological alterations in view of stromal 
fibrosis were observed in the MTX + saline groups compared 
to the control group (Fig. 2b) (23.5 ± 4.8% vs. 1.2 ± 0.1%, 
respectively; p = 0.0084). When comparing stromal fibrosis 
in ovarian stroma between the MTX + OT and MTX + saline 
groups, a highly significant reduction was observed in the 
MTX + OT group (Fig. 2c, d) ( 6.8 ± 1.5% vs. 23.5 ± 4.8%, 
respectively; p = 0.000036).

Discussion

Cancer is a major public health problem all over the world. 
In recent decades, developed screening methods, increased 
awareness of cancer among women, and advanced radiodi-
agnostic techniques have enabled clinicians to detect cancer 
at an early age and an early stage. Thus, a substantial number 
of cancer survivors are diagnosed at a younger age and then 
subject to cytotoxic chemotherapy alone or in addition to 

Table 1   Quantitative comparison of plasma MDA, AMH, TGF-β, 
and ovarian fibrosis percent

Values are expressed as mean ± SEM
OT oxytocin, MTX methotrexate, MDA malondialdehyde, AMH anti-
Müllerian hormone, TGF transforming growth factor
*p = 0.0084, MTX + saline group compared with control group
**p = 0.00069, MTX + saline group compared with control group
## p = 0.000036, MTX + OT group compared with MTX + saline group
# p = 0.0044, MTX + OT group compared with MTX + saline group

Control MTX + saline MTX + OT

Plasma MDA (nM) 51.3 ± 2.6 235.1 ± 28.5* 62.5 ± 5.1##

AMH (ng/mL) 2.53 ± 0.21 0.6 ± 0.04* 1.92 ± 0.35##

Ovarian fibrosis percent 
(%)

1.2 ± 0.1 23.5 ± 4.8* 6.8 ± 1.5##

Plasma TGF-β (pg/mL) 7.4 ± 1.1 36.8 ± 6.3** 10.4 ± 0.7#
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surgery [16]. The growing number of young cancer survivors 
are not only those with breast cancer; there are also gyneco-
logic cancer survivors such as those with endometrial cancer 
(stage I A and grade 2) who wish to preserve their fertility 
during cancer treatment protocols [17]. There are some dev-
astating challenges at this point, such as loss of ovarian fol-
licular activity, toxicity to oocytes, fertility decline, POI, and 
menopause. Because of the finite number of oocytes, they 
are extremely sensitive to cytotoxic drugs. As a result, one of 
the main goals of physicians is the protection of the ovarian 
reserve and prevention of infertility in young women under-
going chemotherapy. The main goal of the current study 
is to clarify the underlying mechanisms of MTX-related 

ovarian toxicity and to investigate the likely ameliorative 
and protective role of OT on cytotoxic and fibrotic effects 
of MTX on the ovaries. In the present study, according to 
our results, MTX, a chemotherapeutic agent, impaired the 
ovarian follicular activity, as declining plasma AMH level 
and increasing plasma TGF-β via fibrosis. Moreover, MTX 
also increased the plasma MDA levels, a lipid peroxidation 
marker, compared to the control group. The protective and 
ameliorative effect of OT on ovaries in the MTX-induced 
gonadotoxicity model was clearly demonstrated in our study 
by reducing plasma TGF-β and MDA levels. Also, ovarian 
stromal fibrosis was significantly decreased in the MTX–OT 
group compared to the saline group. In addition, plasma 

Fig. 1   a–d Bar graphics represent the alterations of fibrosis percent of 
ovary, plasma MDA, AMH, and TGF-β levels in all groups. Results 
were presented as mean ± SEM. *p = 0.0084, MTX + saline group 
compared with control group. **p  = 0.00069, MTX + saline group 

compared with control group. ##p = 0.000036, MTX + OT group com-
pared with MTX + saline group. #p = 0.0044, MTX + OT group com-
pared with MTX + saline group
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AMH levels were markedly higher in the MTX–OT group 
than in the saline group.

MTX—an inhibitor of dihydrofolate reductase commonly 
used in acute leukaemias; lymphomas; a number of solid 
tumors, including breast cancer, head and neck cancer, and 
bladder cancer; and some other malignant diseases—acts 
through nucleotide depletion, which composes DNA. With 
its other mechanisms of action, MTX is used in rheumato-
logical diseases, such as rheumotoid arthritis, ankylosing 
spondilitis, and psoriasis. In gynecology, it is frequently 
used to decay and devitalize syncytiotrophoblasts for the 
management of clinically stable patients with non-ruptured 
ectopic pregnancy [18, 19]. Like other cytotoxic chemother-
apeutics, MTX is not selective for cancerous cells; therefore, 
it has deleterious effects on ovarian follicles, gastrointesti-
nal mucosa, bone marrow, and hair follicles, which have a 
high cellular proliferative index. Furthermore, because of its 
limited therapeutic index, MTX toxicity has been reported 
in various organs [20]. Armagan et al. showed that a single 
dose of MTX in rats caused extension of oxidative stress 

in the testes [21]. Our study clearly showed that plasma 
MDA levels were decreased at a high statistically significant 
level in the OT group. The fibrosis effect of MTX has been 
reported in the literature in different organs, such as the liver, 
lung, and skin [22, 23]. The exact mechanisms underlying 
the fibrotic effect of MTX on several organs remain unclear. 
It is speculated that the damage of MTX may associated 
with oxidative stress through accumulating cell membrane 
oxidation markers, activation of proinflammatory cytokines, 
and triggering plasma TGF-β [24]. The current study dem-
onstrated that OT attenuated the ovarian fibrosis induced by 
MTX in the rat ovaries. Additionally, OT improved ovarian 
fibrosis by reducing the TGF-β levels.

AMH, also called Mullerian inhibiting substance (MIS), 
is a member of the TGF-β family of glycoprotein differ-
entiation factors that include inhibin and activin. AMH is 
secreted by the ovarian granulosa cells of the preantral and 
small growing follicles and substantially acts on a number 
of female reproductive functions. The levels of AMH are 
recognized as a more reliable marker of ovarian reserve 

Fig. 2   Histopathological examination of ovaries. a Control group of 
ovaries with normal morphology (hematoxylin and eosin, × 10 mag-
nification); b MTX + saline group with stromal fibrosis of the ovary 
(denoted with asterisk) (hematoxylin and eosin, × 10X magnifica-
tion); c MTX + OT group demonstrating significant decrease of stro-
mal fibrosis of the ovarian tissue (denoted with asterisk) (hematoxylin 

and eosin, × 10 magnification); d MTX + OT group, reduction of stro-
mal fibrosis appears to be better in higher magnification (hematoxylin 
and eosin, × 40 magnification). Scale bars indicate 225 µm for a–c; 
scale bar indicates 125 µm for d. pf primary follicle, sf secondary fol-
licle, tf tertiary follicle, cl corpus luteum, v vasculary
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status compared to other tests, such as FSH, inhibin B, and 
estradiol. AMH is not a variable hormone during the ovar-
ian–menstrual cycle like other gonadotropins. Its plasma 
level is strongly linked with the size of the follicle pool in 
the ovary [25]. Therefore, AMH is currently a gold stand-
ard marker for ovarian reserve. AMH is also a promising 
marker for women who received chemotherapy. Hence, it 
was used in our study on MTX-induced ovarian toxicity in 
an experimental model. Recently, Erbas et al. reported that 
serum AMH levels were lower in the cisplatin-applied group 
than in the saline-applied group in a cisplatin-induced ovar-
ian damage model in rats [14]. In another study, Karapinar 
et al. observed that the mean level of AMH was significantly 
lower in the MTX group than in the control group in experi-
mentally induced ovarian injury by MTX [26]. In agree-
ment with the literature, we observed that plasma AMH 
levels were significantly lower in the MTX–saline groups 
compared to the control groups. Moreover, with OT added 
to MTX-subjected rats, the plasma levels of AMH did not 
decrease as in the saline groups. Thus, OT prevented fol-
licle loss in ovary and plasma AMH depletion from MTX 
toxicity. Besides, we observed a marked increase of AMH 
levels in the OT-treated group compared to the saline-treated 
group. This protective mechanism can be attribute to OT’s 
numerous features established in several other clinical and 
experimental studies [27].

OT is an essential drug of physicians practicing in obstet-
rics. It is also used in different areas in experimental and 
clinical medicine. OT is a peptide hormone and has anti-
oxidant and anti-inflammatory properties. OT prevents lipid 
peroxidation on the cell membrane by scavenging the free 
oxygen radicals. Moreover, effects of OT upon reducing neu-
trophil accumulation and plasma TNF-α have been shown 
in the literature [28]. In a randomized, placebo-controlled 
clinical study, Clodi et al. reported that OT decreases the 
levels of proinflammatory cytokines, such as TNF-α, IL-6, 
monocyte chemoattractant protein 1 (MCP-1), and vascular 
endothelial growth factor (VEGF), in lipopolysaccharide-
induced inflammatory response and endotoxemia [29]. Our 
study showed that OT has cytoprotective effects against 
MTX-induced ovarian injury and toxicity by decreasing 
plasma MDA and TGF-β levels at a highly significant level. 
Furthermore, OT significantly reduced fibrosis of the ovary 
compared to the MTX + saline groups. In addition, OT also 
improved the deleterious effects of a single dose of MTX 
on ovarian follicles. Thus, we observed plasma AMH levels 
at a significantly higher level in the OT group compared to 
the saline group.

Currently, several fertility preservation strategies have 
been implemented in young women with cancers. These 
include germ cell and embryo cryopreservation, ovarian tis-
sue cryopreservation, and ovarian transposition [30]. How-
ever, each type of technique should include counselling with 

the patient or couples individually prior to starting adequate 
treatment for the sake of fertility and protection of ovar-
ian function. Non-interventional, non-invasive methods 
such as gonadotropin-releasing hormone analogues (GnRH 
agonists) during cytotoxic chemotherapy have been utilized 
to protect women’s fertility [31]. However, the benefits of 
GnRH agonists in the context of protecting the ovary from 
cytotoxic drugs remain uncertain. A lack of high-power, 
high-numbered randomized controlled studies is an obsta-
cle to clear decisions and directions for the use of GnRH 
agonists in this population. In another study, Gerber et al. 
reported uncertainty of resumption of ovarian functions 
during chemotherapy by GnRH agonists [32]. Del Mastro 
et al. demonstrated the temporary ovarian suppression and 
reduced occurrence of cytotoxic chemotherapy-induced 
early menopause during chemotherapy in young women with 
early-stage breast cancer [33]. Despite its beneficial effects 
on the ovary, GnRH agonists should not replace oocyte or 
embryo cryopreservation as the established modalities for 
fertility preservation [34]. To address this lack of clarity 
with regards to whether medical therapy can protect ovaries 
from cytotoxic effects of chemotherapeutics, we designed 
the current model to explore the role of OT.

To our knowledge, this is the first study that experimen-
tally investigated the protective, alleviative, and antifibrotic 
effect of OT on MTX-induced ovarian cytotoxicity. Our 
results might open new directions for the protection of the 
ovary from chemotherapy-induced damage. In addition, 
there are many different areas of usage including gestational 
trophoblastic disease, rheumatologic diseases, and ectopic 
pregnancy of MTX in medicine. According to our results, 
OT can be implemented in clinical practice to alleviate the 
adverse, toxic, and fibrotic effects of MTX on the ovary and 
for the purpose of protection from ovarian insufficiency. 
Additional large-scale clinical studies will help support these 
results. Moreover, with the aid of new developments and 
new investigations, the mechanisms underlying the impacts 
of cytotoxic drugs on the ovary will be better understood.

On the other hand, there are some limitations that need to 
be considered in our study. A main limitation was the lack 
of evaluation of apoptotic markers and specific markers of 
oxidative stress and antioxidant enzymes in this experimen-
tal model. The number of rats included in the subgroups was 
small; therefore, a larger sample is necessary to increase 
the power of our study. Furthermore, we did not apply dif-
ferent and repeated dosage protocols of MTX and OT; so, 
large-scale experimental and clinical studies are required to 
determine the exact dosage and long-term effects of MTX 
and OT on the ovaries.

In conclusion, our findings suggest that OT can alleviate 
the deleterious, fibrotic, and cytotoxic effects of MTX on rat 
ovaries. These beneficial effects of OT might be related to 
its antioxidant capacities. Besides its antioxidant effects, OT 
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ameliorates oxidative stress injuries on ovarian follicles and 
supresses plasma TGF-β levels. As a consequence, harmful 
effects of MTX for women desiring further fertility may be 
reduced by OT.
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