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INTRODUCTION

Roughly 1% of female under 40 experience premature 
ovarian failure (POF), also referred to as the depletion 
of oocytes in the ovaries before to menopause for a va-
riety of causes [1]. The causes of POF, which is highly 
heterogeneous, include iatrogenic (bilateral oophorec-
tomy, chemotherapy, and radiation) as well as autoim-
mune, inflammatory, metabolic, infectious, and stress-
related conditions [2].

Ovarian tissue is harmed by the excessive generation 
of reactive oxygen species brought on by severe mito-
chondrial depletion and disturbances in mitochondrial 

biogenesis, according to the molecular ovarian pro-
cesses of POF. Ovarian reserve and oocyte quality are 
reduced to varying degrees depending on the condi-
tions that lead to polycystic ovary syndrome, including 
chemotherapeutic drugs and stress [3,4]. Although 
some of the treatments are still experimental, it has 
been established that certain medicines and mitochon-
drial protective molecules are efficient inhibitors of 
chemotherapy-induced ovarian damage in POF [5-7]. 
A hydrogen sulfide (H2S) donor that targets mitochon-
dria, AP39 [(10-oxo-10-(4-(3-thioxo-3H-1,2-dithiol-5-
yl) phenoxy) decyl) triphenylphosphonium bromide], 
demonstrated protective benefits against oxidative 
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Objectives: Premature ovarian failure (POF) rat models are essential for elucidating the hormonal and ovarian molecular mechanisms 
of human POF diseases and developing new therapeutic agents. This study aimed to compare the applicability of chronic immobilization 
stress (CIS) as a POF model with that of cisplatin and to examine the impact of AP39, a mitochondrial protective agent, on ovarian 
function in rats treated with cisplatin and CIS. 
Methods: Sixty Sprague–Dawley female rats were divided equally into six groups (10 per group): Control, Cisplatin, AP39, Cisplatin + 
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stress and mitochondrial dysfunction in vitro [8].
Once thought to be a poisonous gas, H2S is actually a 

small molecule that conducts gases. It is either released 
from pharmacologic vehicles or made very little endog-
enously. The molecule participates in the pathogenesis 
of several disorders, including arteriosclerosis and heart 
attacks, and possesses intracellular messenger and neu-
romodulatory properties. H2S predominantly targets 
mitochondria, where it modifies the electron transport 
system in a dose-dependent fashion. Through irrevers-
ible oxidation by the enzyme sulfite-quinone oxidase, it 
functions as an electron donor at low concentrations in 
the electron transport chain (ETS). The electrons from 
the oxidation of H2S enter the ETS system through 
complex III, which increases oxidative phosphorylation 
and ATP synthesis [9-11]. H2S metabolism is increased 
to protect mitochondria from oxygen and glucose de-
privation. However, concentrations higher than 50 µM 
can inhibit ETS, leading to redox imbalance, inhibition 
of cell division, and a shift in metabolism towards re-
ductive carboxylation [12]. The therapeutic and protec-
tive effects of AP39 in rodent models of hypertension, 
diabetes, renal ischemia/reperfusion (I/R), myocardial 
I/R, and APP/PS1 Alzheimer’s disease are associated 
with its anti-inflammatory, anti-apoptotic, anti-oxidant, 
and anti-fibrotic mechanisms [8,13-16].

A range of therapeutic approaches, focusing on iat-
rogenic, environmental, and genetic factors, have 
been tried to prevent and cure the symptoms of POF. 
Furthermore, many characteristics have been used to 
construct animal models of POF in order to support 
therapeutic studies. Criteria for model construction 
and success have been applied specifically to bench-
marks such ovarian injury, ovarian follicle maturation, 
and hormone alterations. There are notable variations 
in dosage and model creation time even in the animal 
model of POF produced by cisplatin. These limita-
tions have led to the lack of a standard for POF animal 
models induced by various drugs or causes. Therefore, 
selecting appropriate animal models for researching 
treatment methods for POF remains a challenge for 
researchers [6]. Due to these reasons, there is still no 
standard for POF animal models induced by differ-
ent agents or factors. An animal model known as the 
chronic unpredictable mild stress (CUMS) POF is 
frequently used to assess ovarian dysfunction brought 
on by psychological stress [17]. In contrast to CUMS, 
immobilization or restraint stress is also a frequently 
employed experimental model for evaluating the physi-

ological reactions to stress and the anti-stress proper-
ties of pharmaceutical drugs in small rodents. It is 
considered more convenient and less painful [18]. It 
is thought to be less uncomfortable and more conve-
nient. Although a study has demonstrated the effects of 
chronic restraint stress on mice ovaries, chronic immo-
bilization stress (CIS) as a model for ovarian dysfunc-
tion or a point-of-failure stress paradigm has not yet 
undergone a thorough examination [19]. In rats treated 
with cisplatin or CIS as POF models, the correcting ef-
fects of an oxidant damage-alleviator of AP39 have not 
yet been examined.

In a single study evaluating the therapeutic effects of 
mitochondria-protective agents in rodent models of 
POF, administration of CoQ10, a mitochondrial-pro-
tective agent that transports electrons from complexes I 
and II to complex III, was shown to successfully reverse 
cyclophosphamide-induced ovarian damage [5]. The 
aim of this study was to evaluate the feasibility of long-
term CIS treatment as a POF model in female rats by 
comparing it with the traditional cisplatin rat model, 
to identify the morphological, hormonal and ovarian 
molecular components responsible for female repro-
ductive system defects in cisplatin and CIS rat ovarian 
dysfunction models and to reveal the potential protec-
tive effects of AP39, a mitochondrial-protective agent.

MATERIALS AND METHODS

Animals

The present study commenced after the approval of 
the Firat University Animal Experiments Ethics Com-
mittee on 05.05.2017 (No: 9/122). Sixty Sprague-Daw-
ley female rats (320–330 g) were procured from Firat 
University Experimental Research Center (FUDAM). 
Rats were housed under standard conditions, a con-
trolled environment with free access to food and water 
ad libitum.

Experimental design, premature ovarian failure 
model establishment, and AP39 therapy

Vaginal smear analysis was performed on rats daily 
for 10 days to screen the estrous cycle (once at 9:00 a.m. 
every day) before starting applications. Sixty female rats 
with normal estrus cycles (defined as 4–6 days) were 
included in the study. The scanned animals were ran-
domly divided into the following six groups of ten ani-
mals each: Control, Cisplatin, AP39, Cisplatin + AP39, 
CIS, and CIS + AP39. Although the apparatus used for 
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CIS application in rodents is standardized, there are 
significant differences between studies in terms of the 
daily application time (3–6 hours) and application du-
ration (1–10 weeks). It is generally accepted that a CIS 
application of 6 hours a day for approximately 4 weeks 
is sufficient for the emergence of depressive-like be-
haviors in rodents [20]. But in our study, the length of 
the CIS application varied gradually from one hour to 
three hours, therefore an experimental period of eight 
weeks was selected, which is a little longer than the rec-
ommended term. The experiments were completed in 
55 days in the CIS groups and 25 days in the cisplatin 
groups. CIS protocol was applied to the CIS groups for 
55 days. Cisplatin (Kocak Chemical Industry) treat-
ment groups received daily intraperitoneal injections of 
cisplatin (3 mg/kg/day) for 10 days [7]. Intraperitoneal 
injection of AP39 (Cayman Chemical Company) at a 
dose of 0.3 mg/kg/day in phosphate buffer saline solu-
tion was administered intraperitoneally on the 11–55th 
days in CIS + AP39 group or 11–25th days in the Cis-
platin + AP39 group [13]. The study protocol and the 
timelines of applications and therapies are outlined in 
Figure 1. The body heights and weights of the rats were 
recorded at the beginning and end of the experiments.

Forced swim test procedures

The experiment was carried out on two consecutive 
days 15 minutes on the 54th day and 5 minutes on the 

55th day of the study. During the total time, a video 
was recorded to calculate the parameters of the rats’ im-
mobility, swimming, and climbing.

Decapitation, blood, and tissue collection

According to the vaginal smear analysis after the 
applications, the animals with the estrus cycle were 
sacrificed at the proestrus stage (within 1–3 days after 
forced swim test [FST]) and those without the cycle 
were sacrificed on the 55th day by decapitation. Blood 
samples were collected into centrifuge tubes contain-
ing aprotinin and centrifuged at 3,000 g for 10 minutes 
and the supernatant serums were separated. Ovarian 
tissues were dissected, weighed, and then divided into 
two portions for histopathological and real-time poly-
merase chain reaction analysis. All samples were stored 
at –80°C until the day of the study.

RNA isolation and quantitative real-time polymerase 
chain reaction analysis

Total RNA isolation in ovarian tissue was conducted 
with the “Tri Reagent” protocol (Bioshop) with Turbo 
DNA-free (Ambion Inc.) DNase treatment. The RNA 
purity and concentration were measured with a Mae-
stroNano Spectrophotometer at 260 nm (MaestroGen). 
The cDNA amplification was carried out in a thermal 
cycler (Applied Biosystems) with an Applied Biosys-
tems High Capacity RNA-cDNA Kit (Applied Bio-
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Fig. 1. The schemes of experimental 
applications in the study groups. The 
animals were divided equally into six 
groups of Control, Cisplatin, AP39, 
Cisplatin + AP39, CIS, and CIS + 
AP39 (n  = 10). The experiments 
were completed in 55 days in the CIS 
POF model groups and 25 days in 
the cisplatin POF model groups. The 
rats were kept in the immobilization 
apparatus for 1 hour during the initial 
19 days, 2 hours during the next 18 
days, and 3 hours during the remaining 
18 days. AP39 was administered ip. 
on the 11–55th days or 11–25th days 
depending on the AP39 treatment 
groups. CIS: chronic immobilization 
stress, POF: premature ovarian failure.
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Table 1. Catalog numbers of primers used for quantitative real-time polymerase chain reaction and characteristics of genes related to 
folliculogenesis and mitochondria

Symbol Locus Feature Qiagen Cat no.

Mitochondrial related genes

   ATP5B (ATP synthase subunit beta, mitochondrial) 12q13.3 Encodes the β subunit of mitochondrial ATP synthase that catalyzes ATP 
synthesis

PPR53179A

   PPARGC1A (PPARG coactivator 1 alpha) 12q13.3 It is a transcriptional coactivator that regulates genes involved in energy 
metabolism

PPR46783A

   PPARGC1B (PPARG coactivator 1 beta) 5q32 It is a transcriptional coactivator that regulates genes involved in energy 
metabolism

PPR51585A

   PRKAA2 (Protein kinase AMP- activated catalytic 
      subunit alpha 2)

1p32.2 It is a catalytic subunit of AMPK that is activated in response to cellular 
metabolic stresses and regulates fatty acid and cholesterol biosynthesis

PPR51543A

   MNF2 (Mitofusin 2) 1p36.22 A mitochondrial membrane protein that participates in mitochondrial fusion 
and contributes to the maintenance and operation of the mitochondrial 
network

PPR46301A

   OPA1 (Mitochondrial dynamin like gtpase) 3q29 An inner mitochondrial membrane protein that helps regulate  
mitochondrial stability and energy output

PPR44137A

   HIF1 (Hypoxia inducible factor 1) 14q23.2 It is a transcriptional activator of many genes associated with adaptation to 
low oxygen pressure

PPR44480A

   CHRM1 (Cholinergic receptor muscarinic 1) 11q12.3 It is a member of the metabotropic G protein-coupled receptor (GPCR)  
family and its loss leads to a decrease in mitochondrial respiration (oxygen 
consumption)

PPR52433A

   TFAM (Transcription factor A, mitochondria 1) 10q21.1 A mitochondrial transcription factor involved in mitochondrial DNA  
replication and repair

PPR06806A

   NFE2L2 (Nuclear factor, erythroid 2 like 2) 2q31.2 A transcription factor that regulates genes containing antioxidant response 
elements

PPR46611A

   NRF1 (Nuclear respiratory factor 1) 7q32.2 It is a transcription factor that regulates nuclear genes required for  
respiration, heme biosynthesis and mitochondrial DNA transcription and 
replication

PPR45094A

Ovarian and folliculogenesis related genes

   DPPA3 (Developmental pluripotency associated 3) 12p13.31 It is a maternally-acting protein involved in the preimplantation stage and 
plays a role in transcriptional repression, cell division and maintenance of 
cell pluripotency

PPR52161A

   FIGLA (Folliculogenesis specific bhlh transcription 
      factor)

2p13.3 It is a transcription factor that regulates a large number of oocyte-specific 
genes. Mutations in this gene cause premature ovarian failure

PPR75855A

   DAZL (Deleted in azoospermia like) 3p24.3 The DAZ gene family encodes potential RNA-binding proteins expressed in 
prenatal and postnatal germ cells of male and female

PPR68946B

   ZP1 (Zona pellucida glycoprotein 1) 11q12.2 It is a structural component of the zona pellucida and mutations in the 
gene cause oocyte maturation defects and infertility

PPR45105A

   ZP2 (Zona pellucida glycoprotein 2) 16p12.3– 
p12.2

It is a structural component of the zona pellucida and functions in the 
secondary attachment and penetration of spermatozoa that react with 
the acrosome

PPR45106A

   POU5F1 (Pou class 5 homeobox 1) 6p21.33 A transcription factor that plays an important role in embryonic  
development and pluripotency

PPR59727A

   NPM2 (Nucleoplasmin 2) 8p21.3 Nucleoplasmin (NPM) chaperone families [NPM1, NPM2, NPM3] have 
diverse functions in cellular processes such as chromatin remodeling, 
genome stability, ribosome biogenesis, DNA duplication and transcrip-
tional regulation

PPR59674A

   H1FOO (H1 histone family member 
      O oocyte specific)

3q22.1 An oocyte-specific H1 histone involved in chromatin network remodeling PPR66654A

   DNMT1 (DNA methyltransferase 1) 19p13.2 It is an enzyme that binds methyl groups to cytosine nucleotides of  
genomic DNA and is involved in the repression of gene expression

PPR43733A

https://doi.org/10.6118/jmm.23015
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systems). Gene expression levels were measured with 
Applied Biosystems 7500 Real-Time PCR system. Am-
plification was conducted with SYBR green-based spe-
cific primers and Master Mix (Bio-rad, iTaq Universal 
SYBR Green Supermix). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the endogenous 
control gene (housekeeping). The 2–∆∆CT method was 
used to calculate the differences between gene expres-
sions. The primer catalog numbers and genes subjected 
to quantitative real-time polymerase chain reaction 
analysis are listed in Table 1.

Histological analysis

For histological examinations, ovarian tissues were 
embedded in paraffin blocks after being treated with 
10% formaldehyde. Block slices of paraffin that were 
5–6 mm thick were stained with hematoxylin and eosin 
(H&E). An experienced pathologist reviewed the prep-
arations using an Olympus BX-50 light microscope. In 
each rat ovary, the first, fifth, and tenth sections were 

used to count the follicles and corpus luteum.

Hormone analyses

Estradiol, LH, FSH, SHBG, GnRH, ACTH, AMH, and 
Cortisol levels in the serum were measured using Elisa 
kits (Fine Biotech Co. Ltd.) according to the manu-
facturer’s instructions. The optical density values were 
detected with a MultiskanTM FC Microplate Photometer 
(Thermo Fisher ScientificTM).

Total antioxidant level and total oxidant level tests

Serum total antioxidant level (TAL), total oxidant 
level (TOL), and oxidative stress index (OSI) values 
were measured using Rel Assay brand commercial kit 
(Rel Assay Kit Diagnostics). Results are expressed as 
mmol Trolox equiv./lt. Serum TAL and TOL levels were 
calculated µmol H2O2 equiv./L. OSI, which is expressed 
as the ratio of TOL levels to TAL levels, was calculated. 
The results were expressed as “arbitrary units” (AU).
OSI (AU) = TOL, µmol H2O2 equiv./L/TAL, mmol Tro-

Table 1. Continued

Symbol Locus Feature Qiagen Cat no.

   DNMT3A (DNA methyltransferase 3 alpha) 2p23.3 It encodes a DNA methyl transferase thought to function in de novo 
methylation. The protein is localized to the cytoplasm and nucleus and its 
expression is developmentally regulated

PPR50580A

   DNMT3B (DNA methyltransferase 3 beta) 20q11.21 It is a DNA methyl transferase that functions in de novo methylation PPR59417B

   KAT2A (Lysine acetyltransferase 2A) 17q21.2 It is a histone acetyltransferase (HAT) that functions as a transcriptional 
activator

PPR50679A

   HDAC3 (Histone deacetylase 3) 5q31.3 It has histone deacetylase activity and represses transcription PPR46455B

   SIRT7 (Sirtuin 7) 17q25.3 Class III is a member of the histone deacetylase (HDAC) family PPR47517A

   MBD2 (Methyl-cpg binding domain protein 2) 18q21.2 It functions as a demethylase in the methylation process PPR43331B

   KMT2A (Lysine methyltransferase 2A) 11q23.3 It is a transcriptional coactivator involved in regulating gene expression PPR51308A

   SMARCA1 (SWI/SNF related, matrix associated, 
      actin dependent regülatör of chromatin, 
      subfamily a, member 1)

Xq25–q26.1 It is a member of the SWI/SNF protein family and is an ATPase that contrib-
utes to the chromatin remodeling complex

PPR49160A

   ESR1 (Estrogen receptor 1) 6q25.1–
q25.2

The receptor is a ligand-activated transcription factor consisting of several 
regions important for hormone binding, DNA binding and transcription 
activation

PPR44939B

   GTF2H1 (General transcription factor II H subunit 1) 11p15.1 It is a transcription factor subunit that in many cases regulates  
transactivation

PPR47902A

   MAP2K1 (Mitogen- activated protein kinase 
      kinase 1)

15q22.31 It is a member of the protein kinase family and is involved in many cellular 
processes such as proliferation, differentiation, transcription regulation 
and development

PPR43465A

   NCOA1 (Nuclear receptor coactivator 1) 2p23.3 It is a transcriptional coactivator for steroid and nuclear hormone receptors PPM04655A

   TBP (TATA-box binding protein) 6q27 A transcription factor that binds to the TATA sequence, which controls the 
initiation and rate of transcription

PPR47412A

   MED15 (Mediator complex subunit 15) 22q11.21 A transcriptional coactivator involved in RNA polymerase II transcription PPR43587A

   POLR2C (RNA polymerase II subunit C) 16q21 It is the third largest subunit of RNA polymerase II PPR62584A
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lox equiv./L X10.

Statistical analyses

Statistical analyses were conducted with IBM SPSS 
22.0 software licensed to Fırat University (193.255. 
124.131) in the study. The data obtained are presented 
as mean ± standard deviation. Statistical differences 
were calculated with one-way ANOVA tests for inde-
pendent groups. P < 0.05 was considered statistically 
significant when interpreting the results.

RESULTS

Analysis of height, total weight, and ovary weight

The final weight and height of the Cisplatin (P < 0.001 
and P < 0.001) and Cisplatin + AP39 (P = 0.009 and P 
= 0.032, respectively) groups were significantly lower 
than those of the control groups due to Cisplatin. The 
CIS group’s final height was substantially greater than 
that of the Cisplatin (P = 0.003) and Cisplatin + AP39 
groups (P = 0.047) groups. It also decreased the end 
weight in comparison to AP39 groups in the Cisplatin 
(P = 0.001) and Cisplatin + AP39 (P = 0.048) groups. 
The Cisplatin group’s final weight was significantly low-
er than that of the CIS group (P = 0.012). Compared 
to the control and AP39 groups, the ovary weight was 
significantly lower in the Cisplatin (P < 0.001 and P < 
0.001, respectively) and Cisplatin + AP39 (P = 0.002 

and P < 0.001, respectively) groups. In comparison to 
the cisplatin and Cisplatin + AP39 groups, there were 
statistically significant increases in ovary weight in the 
CIS (P = 0.001 and P = 0.01) and CIS + AP39 (P = 0.001 
and P = 0.010) groups (Fig. 2).

Change in the estrous cycle phases

Based on the diestrus and proestrus phases, there 
were no significant differences between the groups (P > 
0.05). Significant decreases were observed in the AP39 
(P < 0.001), Cisplatin (P = 0.002), Cisplatin + AP39 (P 
< 0.001), CIS (P < 0.001), and CIS + AP39 (P = 0.001) 
groups in the estrus compared to the control group. In 
the Cisplatin group, the metestrus phase was longer 
than in the control group (P < 0.001), and in the Cis-
platin + AP39 group, the metestrus phase duration was 
normalized by AP39 administration (P = 0.355, control 
vs. Cisplatin + AP39) (Fig. 3).

Analysis of the forced swim test data

Immobility was found to be significantly higher in the 
Cisplatin and CIS groups when compared to the con-
trol group (P < 0.001), and in the CIS + AP39 groups, 
the application of AP39 normalized this increase (P > 
0.05). The results showed that there was no discernible 
difference in the groups’ climbing and swimming be-
haviors (P > 0.05) (Fig. 4).

https://doi.org/10.6118/jmm.23015

Fig. 2. Body weight, height and ovary weight changes in the control and 
premature ovarian failure groups. Data presented as mean ± standard 
deviation. aStatistically significant difference from the control group. 
bStatistically significant difference from the AP39 group. cStatistically 
significant difference from the Cisplatin group. dStatistically significant 
difference from the Cisplatin + AP39 group. CIS: chronic immobilization 
stress.
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Hormonal evaluation

In all research groups, there was no discernible change 
in serum ACTH levels (P > 0.05). Serum cortisol levels 
did not differ (P > 0.05) from the control group; FSH 
(P = 0.013), LH (P = 0.003), E2 (P = 0.047), SHBG (P < 
0.001), and AMH (P = 0.001) levels were higher in the 
cisplatin group than in the control group. LH levels in 
the Cisplatin + AP39 group returned to normal after 
AP39 administration (P = 0.74, compared to Cisplatin 
+ AP39 and control). GnRH, LH, and E2 levels did not 
alter in the CIS group relative to the control group 
(P > 0.05); FSH (P = 0.013) and cortisol (P = 0.035) in-
creased, while SHBG (P = 0.011) and AMH (P = 0.001) 
decreased. Cortisol levels in the CIS + AP39 group 
were normalized after AP39 administration (P = 0.65 
when comparing CIS + AP39 to control) (Fig. 5).

Analysis of quantitative real-time polymerase 
chain reaction data

When comparing the control group’s gene expressions 
to those related to mitochondrial biogenesis, AP39 
administration resulted in significantly higher levels of 
MFN2, ATP5B, TFAM, CHRM1, OPA1, and NFE2L2 
gene expressions and significantly lower levels of 
PPARGC1A and PRKAA2 gene expressions (P < 0.05). 
Compared to the control group, there was a significant 
decrease in the gene expressions of PPARGC1A and 
PRKAA2, and a significant increase in the expres-
sions of MFN2, ATP5B, TFAM, HIF1A, and OPA1, 
NFE2L2, following cisplatin treatment (P < 0.05). Only 

PPARGC1A, ATP5B, and MFN2 expression were 
normalized by AP39 administration in the Cisplatin + 
AP39 group (P < 0.05). Compared to the control group, 
the CIS protocol resulted in a significant decrease in 
PPARGC1A, PRKAA2, and PPARGC1B gene expres-
sions and a significant increase in MFN2, CHRM1, 
HIF1A, OPA1, and NFE2L2 gene expressions (P < 0.05). 
Only MFN2 and PPARGC1A expression were normal-
ized by AP39 administration in the CIS + AP39 group 
(P < 0.05). All treatment groups showed a significant 
increase in oogenesis-related gene expressions (P < 
0.05) compared to the control group for DAZL, ZP1, 
ZP2, NPM2, H1FOO, DNMT1, DNMT3B, KAT2A, 
HDAC3, SIRT7, MBD2, KMT2A, SMARCA1, ESR, 
MAP2K1, NCOA1, MED15, and POLR2C, and a 
significant decrease in DPPA-3 and GTF2H1 gene ex-
pressions. In the cisplatin + AP39 group, AP39 admin-
istration did not normalize the expression of any gene. 
The only genes whose expressions were considerably 
lower than those of the Cisplatin group (P < 0.05) were 
DAZL, NPM2, and NCOA1. Conversely, it markedly 
elevated the expressions of HDAC3, SIRT7, MBD2, 
ZP2, H1FOO, DNMT3B, KAT2A, ESR1, MAP2K1, and 
GTF2H1 (P < 0.05). It’s interesting to note that while 
Ap39 treatment considerably decreased the expressions 
of DAZL, ZP1, ZP2, H1FOO, HDAC3, SIRT7, MBD2, 
ESR1, and MAP2K1 in CIS+AP39 group relative to the 
CIS group (P < 0.05), it did not normalize them (Table 2).
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Analysis of serum total antioxidant level and total 
oxidant level levels

The TAL levels of the groups were found to be similar 
(P > 0.05). The intracellular TOL level were all sig-

nificantly higher in Cisplatin and CIS group than the 
control group (P = 0.000 and P = 0.003, respectively). 
Normalized TOL levels were observed in the AP39-
treated groups (P = 0.095 and P = 0.624, respectively, 
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for control versus CIS + cisplatin and CIS + AP39) (Fig. 
6).

Immunohistochemical data analysis

Examination using light microscopy revealed that the 
ovarian tissues in the control group had a normal ap-
pearance. In the control group, all phases of follicular 
development were noted. A similar histopathological 
appearance was observed to POF ovary appearance in 
cisplatin and CIS groups. Comparing the AP39, Cis-
platin, and CIS groups to the control group, significant 
increases in stromal cellularity (black asterisk) and de-
generation in follicular epithelial cells (red arrow) were 

noted. Neither the CIS nor the Cisplatin groups showed 
any appreciable histological alterations. In contrast to 
the cisplatin and CIS groups, the AP39 treatment group 
showed a minimal reduction in histopathological al-
terations (Fig. 7).

The evaluation of primordial follicle numbers in the 
experimental groups revealed a significant decrease in 
all groups compared to the control group (P = 0.000). 
While the cisplatin group showed a significant decrease 
(P = 0.024) compared to the Ap39 group, this signifi-
cance was not observed in the other groups (P > 0.05). 
The study found a significant increase in the number of 
primordial follicles in the CIS groups compared to the 
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Fig. 6. Serum TAL and TOL levels in study groups. aStatistically significant difference from the control group. bStatistically significant difference from 
the AP39 group. cStatistically significant difference from the Cisplatin group. TAL: total antioxidant level, TOL: total oxidant level.

A B C

D E F

Fig. 7. Histology of the ovaries from control and premature ovarian failure groups. All sections were stained with hematoxylin and eosin (H&E, ×20). 
★: increased stromal cellularity, →: degeneration of follicular epithelial cells. (A) Control, (B) Cisplatin, (C) CIS, (D) AP39, (E) Cisplatin + AP39, (F) CIS 
+ AP39. CIS: chronic immobilization stress.
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cisplatin group (P = 0.005 and P = 0.048). Additionally, 
a significant decrease in the number of developing folli-
cles was observed in all groups compared to the control 
(P = 0.000). However, the CIS + AP39 group showed 
a significant increase in the number of developing fol-
licles compared to the cisplatin group. The study found 
a significant increase in the number of atretic follicles 
in both the cisplatin and cisplatin + AP39 groups com-
pared to the control group (P = 0.00 and P = 0.019, re-
spectively). However, there was no statistically signifi-
cant difference in the number of corpus luteum among 
the experimental groups (P = 0.98). Effect of AP39 on 
follicular development in cisplatin and CIS-induced 
ovarian injury was represented in Table 3.

DISCUSSION

Today, gonadotoxicity from long-term chemotherapy 
or stress exposure has become important cause of POF 
[21,22]. Psychological stress can impair female repro-
ductive and endocrine functions through the hypo-
thalamic-pituitary-adrenal (HPA) and hypothalamus-
pituitary-ovarian (HPO) axis, leading to decreased 
ovarian reserve [23]. In rodent models of POF, which 
is characterized by low levels of gonadal hormones 
such as estrogens and AMH, and high levels of go-
nadotropins such as FSH and LH, the assessment index 
can be established by combining simple estrous cycle 
monitoring with analysis of serum hormones, includ-
ing E2, AMH, and FSH, and histological follicle counts 
[24]. In the present study, cisplatin and CIS-treated 
rats revealed that the estrus cycle, HPO axis hormonal 
network, mitochondrial biogenesis, and egg quality-
related gene expressions related to the process of 
folliculogenesis were impaired, application of CIS 
also disrupted HPA axis and long-term AP39 (0.3 

mg/kg/day) administaration, as a mitochondrial pro-
tective supplement, had limited healing properties in 
both models.

An ideal animal model; has pathogenic pathways and 
processes similar to those observed in humans, patho-
logical changes in the model are reversible with drugs, 
and results must be reproducible. As expected, our 
55-day CIS regimen in rats produced anxiety and de-
pression-like behaviors in the FST, which is consistent 
with other research assessing the utility of CIS as a POF 
model [20,25]. Current CIS model has both advantages 
and disadvantages. On the positive side, the modeling 
method is consistent with the primary pathogenic fac-
tors of human POF, including increased FSH and de-
creased AMH, prolonged estrous cycle characterized by 
a decrease in the estrus count and the decrease of fol-
licle counts. Additionally, the CIS modeling method is 
simple and feasible. Compared to CUMS, CIS reduces 
the workload of the staff as it is easy to implement. On 
the negative side, the CIS model does not meet the cri-
teria for use as a POF model due to decreased E2 and 
increased LH, but it does exhibit all other POF charac-
teristics, such as prolonged estrous cycle and decreased 
number of primordial and developing follicles. There-
fore, it is suitable for use as a model of ovarian dysfunc-
tion, but not POF.

Recent studies on restraint stress and CUMS rodent 
models of POF have reported decreases in serum lev-
els of AMH, E2, and GnRH, as well as increases in 
progesterone, FSH, and LH levels. These changes were 
accompanied by prolongation of the estrous cycle and 
decrease in follicle numbers [17,21,26,27]. The main 
cause of our current CIS protocol’s failure to meet one 
of the POF model’s essential hormonal requirements—
E2 reduction and LH rise—is the incomplete under-
standing of how various CIS protocols affect the HPA 

Table 3. Effect of AP39 on follicular development in cisplatin and CIS-induced ovarian injury

Folliculogenesis  
stage

Group

Control AP39 Cisplatin Cisplatin + AP39 CIS CIS + AP39

Primordial follicle 6.57 ± 0.78 4.14 ± 0.69a 2.42 ± 0.97a 3.14 ± 0.69a 4.42 ± 0.97a 4.00 ± 0.81a

Developing follicle 13.57 ± 1.72 8.57 ± 1.13a 5.71 ± 1.49ab 7.71 ± 2.05ab 9.17 ± 1.16a 8.00 ± 1.73a

Atretic follicle 0.42 ± 0.53 1.21 ± 0.75 2.14 ± 3.77a 1.57 ± 0.53a 1.28 ± 0.48 1.28 ± 0.48

Corpus luteum 10.42 ± 0.97 10.71 ± 1.11 10.73 ± 1.13 10.45 ± 1.15 10.57 ± 1.27 10.42 ± 0.97

Data presented as mean ± standard deviation.
CIS: chronic immobilization stress.
aStatistically significant difference from the control group.
bStatistically significant difference from the AP39 group.
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and HPO axis in rats. Specifically, administration of 
CIS for 3 hours a day for 28 days led to a decrease in 
FSH and LH secretion [28], while administration for 6 
hours a day for 15 days resulted in an increase in FSH, 
prolactin, and cortisol, and a decrease in LH, estrogen, 
and progesterone [29]. Additionally, short-term ap-
plication of CIS for 45 minutes a day for 7 days was 
found to decrease LH and FSH levels [30]. Our study 
utilized a longer CIS procedure, lasting only 1–3 hours 
per day, for a total of 55 days with increasing durations. 
Although our CIS POF model showed an increase in 
FSH and a decrease in SHBG and AMH, similar to 
the restraint stress and CUMS POF stress models, we 
did not observe a decrease in E2 or an increase in LH 
when evaluated in terms of the HPO axis. To use CIS as 
a POF model, standardized protocols are necessary to 
observe hormonal axis changes.

Consistent with previous cisplatin POF model stud-
ies, intraperitoneal cisplatin injections (3 mg/kg/day) 
for at least 10 days caused a decrease in ovarian reserve 
by reducing the number of primordial and developing 
follicles with a decrease in E2 and an increase in FSH 
and prolonged estrous cycle characterized by a decrease 
in the estrus count [17,19,31]. Cisplatin also signifi-
cantly prolonged FST immobilization times and caused 
significant reductions in height, weight, and ovarian 
weight, which are in line with previous research [32,33]. 
AP39 administration not normalized these deteria-
tions. Although cisplatin has been shown to cause 
more serious disruptions in the estrous cycle than CIS, 
we have detected a prolonged estrous cycle in all treat-
ment groups. In several studies conducted with rodent 
cisplatin-induced POF models, increased FSH, LH, and 
ACTH hormone levels and diminished E2, SHBG, and 
AMH hormone levels were reported [5,22,34-36]. The 
present study revealed that the cisplatin POF model 
had not changed in GnRH, ACTH, and cortisol levels, 
the increased FSH and LH, and the diminished E2, 
SHBG, and AMH levels. The AP39 normalized only 
LH levels in the Cisplatin-treated animals. Supporting 
our hormonal findings, we observe significant increases 
histopathologically in stromal cellularity, degeneration 
in follicular epithelial cells and reduction of ovarian 
reserve in AP39, cisplatin. Administration of AP39 re-
sulted in a little improvement in follicle reserve, estrus 
cycle deteriorations, and histopathological abnormali-
ties.

It has been reported that in animal models, cisplatin 
and stress significantly increase malondialdehyde levels 

as an end product of lipid peroxidation, in addition to 
its ability to inhibit the activity of antioxidant enzymes 
in ovarian tissue [36,37]. Although TOL analyses were 
not performed directly on the ovarian tissue, it was 
shown that cisplatin and CIS applications significantly 
increased serum TOL levels, and the application of 
AP39, an antioxidant compound, normalized this in-
crease. The present study suggests that one of the main 
biochemical mechanisms underlying this healing effect 
of AP39 in both models may be to normalize by oxida-
tive stress levels. However, prolonged usage of large 
dosages of AP39 is believed to be one of the primary 
causes of the partial healing qualities. The administra-
tion of 0.3 mg/kg/day AP39 alone in healthy rats also 
disrupted mitochondrial biogenesis and oogenesis with 
a possible dose dependent-toxic effect. The dose of 
AP39 administered in our study was determined ac-
cording to the study of Ahmad et al. [13] in which the 
curative effects of a short-term administration of AP39 
(0.1, 0.2, and 0.3 mg/kg) at a dose of 0.3 mg/kg for 6 
hours during reperfusion in a rat acute kidney injury 
model were shown [13]. Regarding the curative effects 
of AP39, there are two studies similar to our study but 
using lower doses for a longer period of time. Adminis-
tration of 100 nM/kg/day of AP39 to APP/PS1 mice for 
6 weeks was shown to significantly ameliorate spatial 
memory deficits in the Morris water maze, reduce Aβ 
accumulation in their brains, and inhibit brain atrophy [8]. 
Daily administration of AP39 (0.05 or 0.1 mg/kg/day) for 
7 weeks improved activity scores of non-alcoholic fatty 
liver disease by reducing lipid accumulation, oxidative 
stress, and mitochondrial dysfunction in a rat high-fat 
diet model [38]. In the current study, it is thought that 
one of the mechanisms underlying AP39’s disruption 
of mitochondrial biogenesis and oogenesis in healthy 
rats and its limited curative properties may be due to 
the toxic effects of AP39 due to long-term use at a high 
dose of 0.3 mg/kg. However, in a recent study to sup-
port our data, it was shown that exposure of neurons 
to 100  nM AP39 significantly increased basal oxygen 
consumption rate, mitochondrial activity, and energy 
production, while 250  nM dose caused a decrease in 
these parameters. These data demonstrate that AP39 
has biphasic effects on cellular bioenergetics and acts 
as an additional bioenergetic stimulant at low concen-
trations. However, it has been determined that it has 
toxic effects on the contrary at high doses [8]. In our 
study, we also found that high doses of AP39 resulted 
in significant fold changes in oogenesis gene expression 
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levels, indicating toxic effects. To further understand 
the molecular mechanisms behind these adverse ef-
fects, it is necessary to determine the LC50 and LD50 
doses of the molecule for long-term use. Although the 
mechanism of toxicity of H2S is still not fully known, it 
is known that possible mechanisms include mitochon-
drial dysfunction, inflammation and increased apop-
tosis due to overload of mitochondria with H2S [39]. 
Therefore, lower doses would be appropriate for long-
term use of AP39, and, in this sense, the mechanisms 
underlying the toxic effects of AP39 at high doses will 
be elucidated.

Several studies demonstrated that mitochondrial, oo-
cyte quality, and folliculogenesis dysfunction is associ-
ated with diseases characterized by ovarian tissue dam-
age or atresia, in human POF or rat models and knock-
out mice [3,7,40,41]. In the present study, in ovary 
tissues of AP39, CIS, and cisplatin treatments generally 
detected similar upregulated mitochondrial biogenesis 
and oogenesis-related gene expression patterns, AP39 
application provided significant improvement in gene 
expressions related to oocyte quality in cisplatin and 
CIS model animals, it could not achieve normalization 
similar to the control, it normalized the expressions of 
mitochondria related Mfn2 and Ppargc1β in both mod-
els. AP39 is known to increase oxidative phosphoryla-
tion and ATP synthesis in mitochondria. However, the 
signaling pathway it uses to enhance mitochondrial 
activity and its effect on mitochondrial gene expression 
remain unknown [9,11,42]. PGC-1α, which is encoded 
by PPARGC1A, activates NRF1/2 and subsequently 
TFAM and serves as the primary regulator of tissue 
adaptation to increased energy demands by control-
ling mitochondrial biogenesis. Meanwhile, PGC-1β, 
encoded by PPARGC1B, helps maintain basal mito-
chondrial function [42]. In the current study, PGC1-α 
expression decreased in all treatment groups. However, 
PPAR-β and downstream targets NRF-1 and TFAM 
remained unchanged, except for borderline changes in 
a few groups. This suggests that the PPAR-β/NRF-1/
TFAM pathway continues to work actively due to oxi-
dative stress all treatment groups and AP39 appears to 
act through PPARβ. This data supports the reduction 
of TWEAK-mediated PPARα, a pro-inflammatory cy-
tokine, in oxidative tissue damage states, such as renal 
kidney injury [42]. The limited therapeutic properties 
of AP39 at the dose we used may be due to its inability 
to normalize cisplatin- and CIS-induced PPARα ex-
pression, while it restores PPARβ and Mfn2 expression 

[43].
In conclusion, Unlike the cisplatin rats, the CIS in-

duced ovarian dysfunction model displays a better 
estrus cycle, hormonal profile, and unchanged weight. 
AP39 administration partially ameliorates cisplatin and 
CIS-induced impairment in vivo. Serum E2, LH, FSH, 
and AMH should be used in conjunction with histo-
logical findings, molecular profile, and estrous cycle to 
fully reveal rodent reproductive functions. Crucially, 
this novel model of CIS-induced ovarian dysfunction 
may be utilized to investigate novel compounds’ thera-
peutic efficacy, deteriorations linked to oogenesis, and 
modulation of ovarian gene expression in response to 
stress in vivo.
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