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ABSTRACT 

Özbay Önal, A. (2024). Investigation of the Effect of Hydrogen Sulfide on 

Steroidogenesis and Histomorphology in Dehydroepiandrosterone-Induced 

Polycystic Ovary Syndrome Rat Model with Histological and Biochemical 

Methods, Yeditepe University, Institute of Health Sciences, Department of 

Histology and Embryology, PhD thesis, İstanbul. 

Polycystic ovary syndrome is a disease that affects the reproductive, endocrine and 

metabolic systems. Hydrogen Sulfide is an endogenous gas that possesses intracellular 

signaling, angiogenesis, vasodilation, anti-inflammatory responses, antioxidant 

activities and anti-apoptotic processes. Our study is designed to investigate the effect of 

the H2S donor NaHS on anovulatory infertility, impaired follicular development and 

disrupted steroidogenesis mechanisms induced by DHEA. Thirty adult female rats were 

categorized into five groups: control, vehicle, PCOS, NaHS and PCOS+NaHS, 

respectively. The control group underwent no interventions. The vehicle group received 

a subcutaneous mixture of 0.01 ml 95% ethanol and 0.09 ml sesame oil. The PCOS 

model was created with subcutaneously administration of DHEA at a dose of 6 mg/100 

g body weight. NaHS was administered intraperitoneally with a dose of 200 μg/kg/day. 

DHEA resulted in elevated serum E2 and serum progesterone levels, disturbance in the 

estrus cycle, a decrease in primordial, primary, Graafian follicle and corpus luteum 

numbers and an increase in secondary, cystic and atretic follicle numbers. It also 

increased apoptosis in follicles in parallel with the increase in atretic follicle numbers. 

DHEA has led to an increase in the protein and mRNA expressions of StAR, 3β-HSD 

and CYP19A1, while causing a decrease in the protein and mRNA expressions of CBS 

and CTH. The localization of CBS and CTH proteins in granulosa cells and oocytes has 

been identified. NaHS has reversed the disrupted estrus cycle, follicular damage and 

apoptosis induced by DHEA. It has reduced the increased expressions of StAR, 3β-HSD 

and CYP19A1 at both protein and mRNA levels and increased the decreased 

expressions of CBS and CTH at both protein and mRNA levels. In our study, we 

believe that NaHS reinstates the hormonal balance, prevents ovarian damage and 

corrects disorders in steroidogenesis. 

Key words: Hydrogen Sulfide, steroidogenesis, PCOS, rat 

The study was supported by TUBITAK, Project No. 222S748. 
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ÖZET 

Özbay Önal, A. (2024). Dehidroepiandrosteron ile İndüklenen Polikistik Over 

Sendromu Sıçan Modelinde Hidrojen Sülfid’in Steroidogenez ve Histomorfoloji 

Üzerine Etkisinin Histolojik ve Biyokimyasal Yöntemler ile Araştırılması, Yeditepe 

Üniversitesi, Sağlık Bilimleri Enstitüsü, Histoloji ve Anabilim Dalı, Doktora Tezi, 

İstanbul. 

Polikistik over sendromu, üreme, endokrin, metabolik sistemleri etkileyen bir 

hastalıktır. Hidrojen Sülfid, hücre içi sinyal iletimi, anjiyogenez, vazodilatasyon, anti-

inflamatuar yanıtlar, anti-oksidan ve anti-apoptotik fonksiyonlara sahip endojen bir 

gazdır. Çalışmamız, DHEA tarafından tetiklenen anovulatuvar infertilite, bozulmuş 

foliküler gelişim ve bozulmuş steroidogenez mekanizmaları üzerinde H2S donörü 

NaHS’ün etkisini araştırmak için tasarlanmıştır. 30 adet yetişkin dişi sıçan; kontrol, 

çözgen, PCOS, NaHS ve PCOS+NaHS şeklinde 5 gruba ayrılmıştır. Kontrol grubuna 

herhangi bir işlem uygulanmamıştır. Çözgen grubuna 0.01 ml %95 etanol ve 0.09 ml 

susam yağı karışımı subkutan olarak verilmiştir. PCOS modeli, 6 mg/100 g vücut 

ağırlığı dozunda subkutan DHEA uygulamasıyla oluşturulmuştur. NaHS, 200 μg/kg/gün 

dozunda intraperitoneal olarak uygulanmıştır. DHEA, serum E2 ve progesteron 

seviyelerinde artışa, östrus siklusunda bozulmaya, primordiyal, primer, Graaf folikül ve 

korpus luteum sayısında azalmaya, sekonder, kistik ve atretik folikül sayısında artışa 

neden olmuştur. Aynı zamanda atretik folikül sayısındaki artışa paralel olarak 

folikülerde apoptozu artırmıştır. DHEA, StAR, 3β-HSD ve CYP19A1 protein ve mRNA 

ekspresyonlarında artışa, CBS ve CTH protein ve mRNA ekspresyonlarında azalmaya 

yol açmıştır. CBS ve CTH proteinlerinin granüloza hücreleri ve oositlerin 

sitoplazmalarında lokalize olduğu belirlenmiştir. NaHS, DHEA kaynaklı bozulan östrus 

siklusunu, foliküler hasarı ve apoptozu tersine çevirmiştir. Artan StAR, 3β-HSD ve 

CYP19A1 protein ve mRNA ekspresyonlarını düşürmüş ve azalan CBS ve CTH protein 

ve mRNA ekspresyonlarını artırmıştır. Çalışmamızda NaHS'ün over fonksiyonlarını 

düzenleyen hormonal dengeyi yeniden kurduğunu, over hasarını önlediğini ve 

steroidogenez bozukluğunu düzelttiğini düşünüyoruz. 

Anahtar kelimeler: Hidrojen Sülfid, steroidogenez, PCOS, sıçan 

Bu çalışma TÜBİTAK tarafından desteklenmiştir. Proje no: 222S748. 
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1. INTRODUCTION AND PURPOSE 

Polycystic Ovary Syndrome (PCOS) is an endocrine disorder, and in women 

with this condition, follicular growth halts at the early antral stage. Anovulation or a 

low ovulation rate is observed in PCOS, leading to an increase pregnancy loss in the 

early stages and contributing to fertility. In this condition, elevated androgen levels 

create a positive feedback effect on LH secretion and a negative feedback effect on FSH 

secretion. The increase in LH levels leads to hyperplasia in the stroma and theca cells. 

Androgen production in the ovary increases, sustaining chronic anovulation. Disruption 

occurs in folliculogenesis due to the adverse effects on various factors involved in 

follicle growth, influenced by androgens and other factors. Follicles experience arrest as 

dominant follicle development is impaired, resulting in ovulation disorders 1.  

Gasotransmitters are endogenously produced intracellular signaling molecules. 

Gasotransmitters directly bind to their targets within the cell and exert their effects 

through protein synthesis. Hydrogen sulfide (H2S), much like nitric oxide (NO) and 

carbon monoxide (CO), is another gasotransmitter 2. H2S is a colorless gas. H2S smells 

like rotten eggs. The active production of this gas molecule by mammalian cells 

suggests its physiological significance. H2S has a low molecular weight. It doesn’t 

require a specific carrier to pass through the cell membrane. H2S exhibits various effects 

in physiological and pathological conditions in the central nervous system, urinary, 

respiratory, cardiovascular, and digestive systems 3,4,5. 

We formulated the hypothesis of our study as follows: ‘’In experimentally 

induced PCOS, Sodium Hydrogen Sulfide (NaHS) has a safeguarding effect on 

anovulatory infertility, impaired follicular development, and disrupted 

steroidogenesis’’. In order to test this hypothesis in the thesis, the impact of this 

approach on the ovaries of rodent with experimentally induced PCOS using 

dehydroepiandrosterone (DHEA) were investigated histologically, 

immunohistochemically, and biochemically. The aim was to explore the potential 

impact of the H2S donor NaHS on the mechanisms of possible damage. 
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2. LITERATURE REVIEW 

2.1.  The Female Reproductive System 

The ovaries, fallopian tubes, uterus, cervix, vagina, and external genital organs 

are components of the female reproductive system. In the female reproductive system, 

oocytes are produced in the ovaries, and these produced oocytes are transported to the 

fallopian tubes. If they encounter sperm, the oocyte is fertilized in the fallopian tube. All 

these events occur under the responsibility of this system 6.  

2.1.1.  Embryology of the Ovaries 

Germ cells originating from the epiblast layer emigrate along the primitive 

streak. By the third week, they settle among the endoderm cells near the wall of the yolk 

sac allantois. By the fourth week they progress along the dorsal aspect of the mesentery 

of the hindgut. At the 5th week, primordial germ cells reach the primitive gonads, and 

then, by the 6th week, they invade the genital ridges. If these cells don’t reach the 

genital ridges the gonads can’t develop. As primordial germ cells reach the primitive 

gonads the epithelial cells on the genital ridges proliferate and embed themselves into 

the underlying mesenchyme forming primitive sex cords. In female embryos with XX 

sex chromosomes primitive sex cords in the form of irregular cell clusters develop. 

These cell clusters contain primitive germ cell groups and are predominantly situated in 

the medulla of the ovary. Subsequently cell clusters disappear making way for vascular 

stroma (ovarian medulla). The surface epithelium of the female gonad proliferates, and 

by the 7th week, secondary germ cords develop. Cortical cords are embedded into the 

underlying mesenchyme in close proximity to the surface. In the third month, secondary 

germ cords separate into cell clusters and undergo proliferation. They enclose each 

oogonium with a layer of epithelial cells. Oogonia and the adjacent epithelial cells 

constitute the primordial follicle 7. 

2.1.2.  The Ovaries Anatomy  

The ovaries are anatomically situated in the ovarian fossa on the lateral wall of 

the pelvis. The fossa ovarica lies amid the external iliac artery and the internal iliac 

artery. The ovaries are connected to the back surface of the broad ligament through the 

mesovarium which is a peritoneal fold. The suspensory ligament attaches the ovary to 

the pelvis. The blood vessels and nerves of the ovary are carried by the suspensory 
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Figure 1. The anatomy of the ovaries 8. 

ligament. The ovarian ligament connects the ovary to the uterus. The developing gonad 

is attached to the base of the pelvis through the ovarian ligament. This ligament is a 

remnant of the gubernaculum from the embryonic period (Figure 1) 8.  

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3. Histology of the Ovaries 

The exterior of the ovaries is lined with a single layer of cuboidal or simple 

squamous epithelium. This epithelium is referred to as the germinal epithelium. Just 

below the epithelium, the tunica albuginea is located. This structure is an irregular dense 

connective tissue. Histologically the ovaries can be distinguished into the cortex and 

medulla although the boundary between them is not well-defined. The medulla portion 

is situated at the center of the ovary. In the structure of the medulla, blood vessels, 

nerves, and lymph vessels are present within loose connective tissue. Surrounding the 

medulla, the cortex is located at the outer edge of the ovary. In the cortex, ovarian 

follicles at various maturation stages are found within a dense connective tissue stroma. 

Each follicle contains a single oocyte. Smooth muscle cells are dispersed in the stroma 

surrounding the follicle (Figure 2) 9,10.  
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Figure 2. The general structure of the ovary 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Among the functions of the ovaries are the generation of mature oocytes 

developmentally (gametogenesis) and the synthesis of steroid hormones such as 

estrogen and progesterone (steroidogenesis). The generation of female gametes is 

termed oogenesis, with developing gametes referred to as oocytes and fully developed 

gametes as ovum. The estrogens secreted by the ovaries are responsible for the 

development of genital organs, the maturation of secondary sexual characteristics 

during puberty, and also have an impact on breast tissues. They stimulate ductal and 

stromal growth, support mammary development by fostering the accumulation of 

adipose tissue. Progesterone, conversely, prepares the uterus for a potential pregnancy. 

It also readies the mammary glands for lactation by supporting lobular proliferation 9.  

2.1.4.  Oogenesis 

Oogenesis is a process in which oocyte formation takes place. This process relies 

on numerous interactions amid the developing oocyte, the granulosa cells surrounding 

the oocyte, and the cumulus cells. Oogenesis begins around the 12th week of fetal 

development. Upon reaching a female gonad, primordial germ cells transform into 

oogonia. Oogonia pass on successive mitotic cell divisions, and from 3rd month 
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onwards, the initial meiotic division begins in some oogonia. However, meiosis halts at 

the prophase stage without progressing, and oogonia transform into primary oocytes. As 

mitotic divisions continue, the amount of primary oocytes gets to seven million by the 

5th month. Simultaneously, cell death begins, leading to the atresia of numerous 

oogonia and primary oocytes. Primary oocytes awaiting in the prophase stage of meiosis 

I, along with surrounding flattened follicular cells, form the primordial follicle. Primary 

oocytes don’t complete their first meiotic divisions until puberty. They pause during the 

diplotene stage of prophase of the 1st meiotic division and remain quiescent in this state 

until the periovulatory phase. During this process, the maturation of the oocyte is 

suppressed by the oocyte maturation inhibitor (OMI) put out by the follicular cells. It is 

estimated that at birth, there are around 1 million primary oocytes in the ovaries, 

decreasing to 400.000 by the initiation of puberty. This number further decreases to 

40.000 at the beginning of puberty. Throughout the reproductive period, about 500 

oocytes mature and are expelled from the ovary through ovulation. The first meiotic 

division, which was paused in the diplotene stage during puberty, is completed 

immediately preceding ovulation. The primary oocyte, awaiting in the prophase stage, 

progresses towards the metaphase stage. During the completion of the first meiotic 

division, each resulting daughter cell has an equal number of chromosomes. However, 

cytoplasmic division doesn’t occur equally. As the cell, which takes up the majority of 

the cytoplasm, forms the secondary oocyte, the cell with less cytoplasm transforms into 

a polar body. The resulting secondary oocyte enters the second meiotic division and 

pauses in the metaphase stage immediately preceding ovulation. If fertilization take 

place, the secondary oocyte goes through the second meiotic division. This results in the 

creation of a maternal pronucleus with 23 chromosomes and a second polar body. 

However, the second polar body isn’t developmentally capable and undergoes apoptosis 
7.  

2.1.5.  Folliculogenesis 

The functional structures of female reproduction are the follicles in the ovary. 

Folliculogenesis supports not just oogenesis but also initiates the synthesis of hormones 

for female sexual characteristics and early pregnancy. The evolution phases of follicles 

are classified as primordial, primary (unilaminar and multilaminar), secondary, and 

Graafian follicle stages. 
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Figure 3. The Structure of the Primordial Follicle 9. Yellow dashed circle: primordial 

follicle. The scale bar represents 50 μm for x40 magnification. 

2.1.5.1. Primordial Follicle 

Folliculogenesis kicks off with the formation of primordial follicles. In 

primordial follicles, there are single-layered flat follicle cells surrounding the primary 

oocyte. The outer surface of the follicular cells surrounding the primary oocyte is 

delimited by the basal lamina. Primordial follicles situated in the cortex layer of the 

ovary are just beneath the tunica albuginea. The diameter of the primary oocyte within 

the primordial follicle is approximately 30 µm. It contains a structure called the 

Balbiani body in the cytoplasm, which is composed of mitochondria, lysosomes, 

endoplasmic reticulum, Golgi membranes and vesicles (Figure 3) 9. 

 

 

 

 

 

 

 

 

2.1.5.2. Primary Follicle 

The primary oocyte in the primordial follicle grows, and the follicular cells 

proliferate. When the follicular cells transition from a flat to a cuboidal form, this 

follicle is now referred to as a primary follicle. As the oocyte continues to develop, 

specific proteins are secreted from the oocyte. These proteins (ZP-1, ZP-2, and ZP-3) 

come together to form the structure of the zona pellucida, situated amid the oocyte and 

follicular cells. The function of ZP-3 as a sperm-binding receptor and initiator of the 

acrosome reaction makes it distinctive. Primary follicles are of 2 types. It is termed a 

unilaminar primary follicle when the primary oocyte is enveloped by a sole layer of 

cuboidal follicular cells. Cuboidal follicular cells in the cubic form undergo mitosis to 

become multilayered, forming the membrana granulosa (stratum granulosum) layer. The 

follicle surrounded by multilayered cuboidal cells is called a multilaminar primary 
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Figure 4. The Structure of Primary Follicles 9. Yellow dashed circle: unilaminar 

primary follicle, ZP: zona pellucida, GC: granulosa cells, TF: theca folliculi, *: oocyte. 

The scale bar represents 200 μm for x10 and 50 μm for x40 magnification. 

follicle. The multilayered follicular cells are now defined as granulosa cells. As the 

granulosa cells multiply, the stromal cells around the follicle give rise to the theca 

folliculi. Theca folliculi gives rise to the theca interna and theca externa layers. Theca 

interna is the inner layer facing the granulosa cells. This layer consists of cuboidal 

secretory cells and is highly vascularized. Having LH receptors enables its involvement 

in androgen synthesis. Besides secretory cells, fibroblasts and collagen fibrils are 

present. It possesses a well-developed vascular network, similar to endocrine organs. A 

basal lamina is found amidst the theca interna and granulosa layers. This establishes a 

boundary between the two layers. Thus, the avascular granulosa layer and the rich 

capillary bed of the theca interna are separated from each other. In the theca externa, 

bundles of collagen fibers, smooth muscle cells are found (Figure 4) 9.  
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Figure 5. The Structure of the Secondary Follicle 9. ZP: zona pellucida, GC: granulosa 

cells, TF: theca folliculi, *: oocyte, A: antrum. The scale bar represents 50 μm for x40 

magnification. 

2.1.5.3. Secondary Follicle 

When the stratum granulosum becomes a layer of 6-12 rows of cells, cavities 

start to form among the granulosa cells. These cavities fill with a fluid rich in 

hyaluronic acid, called follicular liquor, secreted by the granulosa cells. The merging of 

these cavities results in a single space known as the antrum. The follicle is termed as a 

secondary follicle or antral follicle. When the diameter of the oocyte reaches 125 µm, 

the growth of the oocyte is inhibited by the secretion of Oocyte Maturation Inhibitor 

(OMI) into the antral fluid by granulosa cells. OMI concentration are diminished in 

mature follicles but elevated in small-sized follicles (Figure 5) 9.  

 

 

 

 

 

 

 

 

 

2.1.5.4. Graafian (Mature) Follicle 

As the diameter of the secondary follicle increases, expansion is observed in the 

antrum as well. The granulosa cells around the oocyte are cumulus oophorus, forming a 

mound towards the antrum. The cumulus oophorus cells encircling the oocyte, which 

are expelled with the oocyte during ovulation, are called the corona radiata. Due to the 

large size of the follicle, there is swelling on the surface of the ovary. When the follicle 

attains its full size, cut down in mitotic events of the granulosa cells is observed. While 

the size of the antrum increases, on the other hand stratum granulosum layer becomes 
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Figure 6. The Structure of the Graafian (Mature) Follicle 9. *: antrum, CO: cumulus 

oophorus, CR: corona radiata, TF: theca folliculi. The scale bar represents 50 μm for 

x40 magnification. 

thinner. In preparation for ovulation, the connections among the oocyte, cumulus cells, 

the granulosa cells loosen. At this stage, the cytoplasm of teka interna cells is filled with 

lipid droplets. Theca interna cells are stimulated by LH to release androgens. Granulosa 

cells demonstrate an effect in transforming androgens into estrogens in response to 

FSH. Following a sudden increase in LH, the LH receptors on granulosa cells decrease, 

leading to a cessation of estrogen production by granulosa cells. 12-24 hours after the 

LH peak, the primary oocyte undergoes the 1st meiosis. The secondary oocyte and the 

first polar body come about. Granulosa cells become luteinized. Progesterone 

production commences (Figure 6) 9.  

 

 

 

 

 

 

 

 

 

2.1.5.5. Atretic Follicle 

During each menstrual cycle, only one follicle matures, while the other follicles 

undergo atresia. During atresia, mitotic division stops. Granulosa cells separate from the 

basal lamina, and the oocyte degenerates. Granulosa cells generate hydrolytic enzymes.  

Neutrophils and macrophages migrate to the granulosa cells. The theca interna cells 

undergo hypertrophy, filling the resulting follicular space with connective tissue. The 

thickness of the basal membrane increases, forming a hyalinized band called the glassy 

membrane. The fragmented zona pellucida is phagocytized by macrophages 11. 
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2.1.6. Ovulation 

The secondary oocyte, which has completed the first meiotic division, is thrown 

out of the follicle together with the cumulus cells around it, which defines ovulation. 

During the process of expulsion of the secondary oocyte, the follicular fluid pressure 

and volume enhance, the follicular wall is broken down by plasminogen, 

glycosaminoglycans accumulate amid the oocyte-cumulus complex and the stratum 

granulosum, and prostaglandins induce contraction of smooth muscle cells in the theca 

externa layer. Various hormonal and enzymatic factors play a role in all these events. In 

the moments leading up to ovulation a protrusion called the follicular stigma forms on 

the surface of the follicle and this protrusion ruptures. The oocyte expelled from the 

ruptured follicle, along with the surrounding cumulus cells, is captured through the 

fimbriae in the uterine tube. Cells formed as a result of the completion of the first 

meiotic division contain an equal amount of chromatin. One of the resulting sister cells 

becomes a secondary oocyte by receiving more cytoplasm. The other receives less 

cytoplasm and becomes the first polar body. Later, the secondary oocyte enters the 2nd 

meiotic division. The secondary oocyte undergoes the 2nd meiotic division before 

leaving the follicle. However, it pauses at the metaphase stage. Ovulation occurs at this 

stage. The secondary oocyte must be fertilized by a sperm to finalize the second meiotic 

division. Consequently, through fertilization, an ovum with a maternal pronucleus 

containing 23 chromosomes is formed 9.  

2.1.7. Luteinization and Corpus Luteum 

After the secondary oocyte is expelled from the follicle, the remaining follicular 

wall composed of granulosa and theca cells crumbles, forming the structure of the 

corpus luteum. Initially, bleeding occurs from the blood vessels in the theca interna 

layer into the follicular lumen. As a result of this event, a structure called corpus 

hemorrhagicum is formed. The former follicular cavity is invaded by connective tissue 

cells from the stroma. Granulosa and theca cells enter the process of luteinization. These 

cells increase in size and develop lipid droplets in their cytoplasm. They exhibit the 

characteristic of steroid-producing cells. Ultrastructurally, these cells have dense 

agranular endoplasmic reticulum (aER) and tubular cristae mitochondria. Cells are 

named granulosa lutein and theca lutein cells. The corpus luteum contains numerous 

vascular structures. It releases estrogen and progesterone. These hormones induce the 

growth of the endometrium, preparing it for pregnancy by stimulating glandular 
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Figure 7. HPO Axis in Women 13. 

activity. If pregnancy doesn’t occur, a menstrual corpus luteum forms.  If human 

chorionic gonadotropin (hCG) isn’t secreted, the corpus luteum structure degenerates. 

Consequently, the secretion of estrogen and progesterone decreases. The cells, filled 

with lipid, gradually shrink and undergo autolysis. With the accumulation of hyaline 

material, it is replaced by the corpus albicans. Corpus albicans disappears after a few 

months 9.  

2.1.8. The Female Reproductive Physiology 

2.1.8.1. Hypothalamic-Pituitary-Gonadal Axis 

Women with regular ovulatory cycles have a well-functioning hypothalamic-

pituitary-ovary axis. Kisspeptin and its receptor (KiSS1R) stimulate gonadotropin-

releasing hormone (GnRH) neurons through hypothalamic pathways, triggering the 

secretion of gonadotropins. When released pulsatively from GnRH terminals in the 

median eminence, GnRH passes into the hypophyseal portal system. GnRH triggers the 

anterior pituitary gland to release follicle-stimulating hormone (FSH) and luteinizing 

hormone (LH). Following that, these hormones go into the systemic circulation. FSH 

and LH not only promote the growth of follicles, ovulation, and the formation of the 

corpus luteum but are also responsible for steroidogenesis. Sex steroids such as estrogen 

and progesterone organize the endometrium for possible embryo implantation. They 

also regulate the release of FSH, LH, and GnRH through negative feedback (Figure 7) 
12,13.  
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Figure 8. Menstrual Cycle in Women 15. 

 The menstrual cycle is associated with cyclic changes in folliculogenesis, 

corpus luteum formation, and the release of steroids and proteins (inhibin) produced by 

the ovaries. The follicular phase is influenced by FSH and LH. FSH activates granulosa 

and theca cells. Androgens produced by the theca cells regulate FSH receptor 

expression. FSH influences follicular development by inducing the formation of 

aromatase and LH receptors in granulosa cells. One of the growing follicles becomes 

the dominant follicle, leading to enhance in estrogen. The effects of steroids on basal 

LH secretion occur through the arcuate nucleus via kisspeptin neurons. High levels of 

estradiol secreted from granulosa cells before ovulation inhibit FSH release from 

gonadotropins while causing raise in GnRH release in neurons at the preoptic area. This 

results in an increase in pulsatile release from the pituitary and the ovulatory fluctuation 

of LH. The sudden rise in LH induces ovulation. In the luteal phase, estrogen and 

predominantly progesterone are produced from the corpus luteum. Progesterone plays a 

role in preparing the endometrium for possible pregnancy. In the case of pregnancy, the 

corpus luteum continues to release estrogen and progesterone. If pregnancy doesn’t 

occur, hormone levels decrease, and the corpus luteum degenerates. When menstrual 

bleeding occurs, the functional layer of the endometrium is removed from the 

environment (Figure 8) 14,15. 
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2.1.8.2. The Mechanism of Steroidogenesis Occurring in the Ovary 

Steroidogenesis involves transforming cholesterol (low-density lipoprotein, 

LDL) into steroid hormones in the gonadal tissues, cortex of adrenal gland, and fatty 

tissue. Granulosa cells are the primary areas of estrogen synthesis 16. In the initial step 

of steroidogenesis, cholesterol translocates to the inner mitochondrial membrane with 

the assistance of the steroidogenic acute regulatory protein (StAR). Luteinizing 

hormone (LH) binds to its G protein-coupled receptor located on the theca cells. 

Adenosine triphosphate (ATP) catalyzes the generation of cyclic adenosine 

monophosphate (cAMP). This process results in the expression of StAR. The generated 

cAMP stimulates protein kinase A (PKA) by catalyzing the phosphorylation of the 

cAMP reply element binding protein (CREB), which is responsive to cAMP. PKA 

activates the transcription of StAR and other factors linked to steroid hormone 

secreation. Cholesterol is converted to pregnenolone through the action of the P450scc 

enzyme located in the inner mitochondrial membrane or the cholesterol side-chain 

cleavage enzyme. Pregnenolone is converted to androstenedione via DHEA with the 

help of CYP17A1 (steroid 17-α-hydroxylase/17,20-lyase) and 3β-HSD (3β-

hydroxysteroid dehydrogenase) enzymes. Androstenedione can undergo transformation 

into other androgens (testosterone and dihydrotestosterone) or spread to granulosa cells 

via the basal lamina. The CYP19A1 (aromatase) enzyme found in granulosa cells 

converts androstenedione into estrone. Estrone is converted into estradiol through the 

action of the 17β-HSD (17β-hydroxysteroid dehydrogenase) enzyme. FSH regulates the 

expression of CYP19A1 and 17β-HSD in granulosa cells (Figure 9) 17. Estrogens are 

predominantly produced in the ovaries. However, lower amounts of production also 

occur in other tissues such as the liver, pancreas, adrenal glands, adipose tissue, breast, 

and placenta 18. 
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Figure 9. Ovarian Steroidogenesis Mechanism 17.    

 

 

 

2.1.9. The Estrous Cycle in Female Rats 

The estrous cycle in female rats typically lasts for an average of 4-5 days. The 

cycle length can be influenced by factors such as changes in light-dark cycles, age, 

temperature, nutrition, noise, and stress. The estrous cycle in rodent includes of the 

phases of proestrus, estrus, metestrus, and diestrus. The most commonly used method 

for determining the cycle is vaginal cytological examination. The ease and accuracy of 

this method make it a preferred choice for determining the estrous stage and assessing 

its effects on reproductive function. Through vaginal cytological examination, the cycle 

is determined by morphologically analyzing cells in the vaginal region. Three cell types 

are indicative of the estrous cycle: leukocytes, nucleated epithelial cells, and cornified 

epithelial cells (Figure 10) 19. 
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Figure 10. Phase of the Estrous Cycle and Cell Types. L: Leukocytes, N: Nucleated 

epithelial cells, C: Cornified epithelial cells 19. 

 

 

 

 

 

 

 

 

 

 

 

2.1.9.1. Proestrus  

This stage lasts approximately 12 hours. It corresponds to the proliferative stage 

of the menstrual cycle in humans. FSH and LH concentration increase throughout this 

stage, reaching their maximum levels towards the estrus phase. While estrogen levels 

are initially low at the beginning of proestrus, they reach their highest levels towards the 

end of this stage. Towards the end of proestrus, an increase in progesterone levels is 

observed. The high levels of LH trigger ovulation in the transition from proestrus to the 

estrus stage. During this stage, nucleus-containing epithelial cells (parabasal and 

intermediate) are the dominant cell types. A small amount of cornified cells may be 

observed, but neutrophils are not encountered (Figure 11-A) 19.  

2.1.9.2. Estrus 

This stage lasts for 24-48 hours. It corresponds to the late proliferative stage of 

the menstrual cycle in humans. Ovulation has just occurred before the estrus stage. A 

decrease in estrogen levels is observed. In vaginal smear samples taken during the 

estrus stage, partial cornified cells and fully cornified cells are visible. Towards the end 

of estrus, nucleus-containing epithelial cells may also be encountered. Neutrophils are 

not observed (Figure 11-B) 19.  
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Figure 11. Vaginal smear images of the proestrus (A), estrus (B), metestrus (C) and 

diestrus (D) stage. Giemsa stain. The scale bar represents 200 μm for x10 

magnification. 

 

Figure 12. Hormonal Changes in the Estrous Cycle of Female Rats 20.Figure 13. 

Vaginal smear of the proestrus (A), estrus (B), metestrus (C) and diestrus (D) phase. 

Giemsa stain. The scale bar represents 200 μm for x10 magnification. 

 

2.1.9.3. Metestrus 

This stage lasts for 6-8 hours. It corresponds to the beginning of the secretory 

stage of the menstrual cycle in humans. Estrogen and progesterone levels are low. The 

dominant cell types during this stage are intermediate cells, partial cornified cells, and 

numerous neutrophils (Figure 11-C) 19.  

2.1.9.4. Diestrus 

It is the longest phase of the estrous cycle. This phase lasts for 42-72 hours. It 

corresponds to the end of secretory stage of the menstrual cycle in humans. At the onset 

of diestrus, estrogen levels are low, but they begin to increase towards the end of this 

stage. The dominant cell type during this stage is neutrophils, often observed clustered 

around parabasal cells (Figure 11-D) 19.  
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Figure 12. Hormonal Changes in the Estrous Cycle of Female Rats 20. 

The reproductive cycle in rats is similar to the menstrual cycle in humans, is 

influenced by the neuroendocrine system. In the proestrus phase, there is an raise in 

FSH, LH, and prolactin concentration. The rise in FSH induces the growth of ovarian 

follicles, leading to an increase in estrogen levels. Over time, estrogen reaches its 

maximum level. The increase in estrogen triggers an LH surge. The transition from 

proestrus to estrus is marked by a peak in LH release, triggering ovulation. 

Simultaneously, the corpus luteum forms. Towards the end of the estrus phase, estrogen 

levels decrease. Progesterone is the dominant hormone during the metestrus and 

diestrus stages. If pregnancy doesn’t take place, the degeneration of the corpus luteum 

structure results in a decrease in progesterone levels (Figure 12). In summary, the 

proestrus stage involves follicular development, ovulation occurs during the estrus 

stage, the creation of the corpus luteum structure is observed in the metestrus stage, and 

diestrus is defined as a resting period 20.  
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2.2. Polycystic Ovary Syndrome  

PCOS; reproductive, endocrine, and metabolic dysfunction encompassing 

condition, is defined. It is the predominant reason for anovulatory infertility. PCOS-

related infertility has a wide range of endocrine and metabolic abnormalities that result 

in hyperandrogenic 21, polycystic ovaries 22, ovulatory dysfunction 23 and chronic 

anovulation (manifested as oligomenorrhea or amenorrhea). 

PCOS was first described by Chereau in 1884 as "changes in ovarian 

morphology" 24. In 1935, it was recognized as a syndrome associated with anovulation 

in women by Irving F. Stein and Michael Leventhal 25. By 2003, "Rotterdam Consensus 

Criteria" were established by The European Society of Human Reproduction and 

Embryology (ESHRE) and The American Society for Reproductive Medicine (ASRM) 
26. To diagnose PCOS according to the Rotterdam criteria, one must have a minimum of 

two of the criteria, including oligoovulation/anovulation, biochemical 

hyperandrogenism, polycystic ovary morphology on ultrasound. 

Understanding the pathophysiology of PCOS is challenging. It requires 

understanding the nature of dysfunction within the ovaries and comprehending other 

factors, such as hypothalamic-pituitary and adrenal factors, that affect the ovaries. 

Anovulation in PCOS is accompanied with various metabolic disorders like 

hyperandrogenism, obesity, insulin resistance, hypertension, hyperhomocystinemia 27. 

Insulin resistance plays a significant role within the pathogenesis of PCOS. Insulin 

synergistically behaves with LH to induce androgen synthesis in the ovaries. The 

increase in free testosterone levels suppresses sex hormone-binding globulin (SHBG) 

found in the liver 28. Another characteristic increase pulsatility of GnRH, leading to 

elevated LH levels due to FSH deficiency 29. The combination of high androgen levels 

and ovulatory dysfunction creates an ongoing cycle of endocrine dysfunction (Figure 

13). 
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Figure 13. The pathophysiology of PCOS involves disruptions in the pulsatile release 

of GnRH. There is an excessive release of LH through the pituitary gland, causing 

ovarian dysfunction and hyperandrogenism. The dysregulated LH secretion is 

associated with impaired inhibition of GnRH release by progesterone. Follicles in 

PCOS exhibit increased resistance to FSH. This resistance may be linked to elevated 

intra-ovarian AMH levels. Insulin resistance disrupts gonadotropin secretion. SHBG 

secretion decreases, leading to the development of PCOM (polycystic ovarian 

morphology) 21. 

 

Figure 23. Ovarian follicular maturation arrest in PCOS 21.Figure 24. The 

pathophysiology of PCOS involves disruptions in the pulsatile release of GnRH from 

the hypothalamus. There is an excessive secretion of LH from the pituitary gland, 

leading to ovarian dysfunction and hyperandrogenism. The dysregulated LH secretion 

is associated with impaired inhibition of GnRH release by progesterone. Follicles in 

PCOS exhibit increased resistance to FSH. This resistance may be linked to elevated 

intra-ovarian AMH levels. Insulin resistance disrupts gonadotropin secretion. SHBG 

secretion decreases, leading to the development of PCOM (polycystic ovarian 

morphology) 21. 

 

Figure 14. Ovarian follicular maturation arrest in PCOS 21.Figure 13. The 

pathophysiology of PCOS involves disruptions in the pulsatile release of GnRH. There 

is an excessive release of LH through the pituitary gland, causing ovarian dysfunction 

and hyperandrogenism. The dysregulated LH secretion is associated with impaired 

 

 

 

 

 

 

 

 

 

2.2.1. Polycystic Ovary Morphology (PCOM) 

PCOM, expanded ovaries characterized by augmented central stroma and 

abundant small (2-9 mm) antral follicles scattered throughout the periphery. It is 

observed that follicle growth stops, and degenerative changes occur. Antrum 

enlargement occurs due to the gathering of follicular fluid in the antrum. On the other 

hand, following apoptosis of the granulosa cells, the emergence of cystic follicles 

occurs 30. Compared to normal ovaries, the numbers of growing pre-antral and antral 

follicles in PCOS are three times greater. Compared to normal ovaries, it has been 

observed that the number of primordial follicles is reduced in PCOS 31. Delayed 

follicular development is observed in PCOS. In PCOS, the expression of GDF-9 
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(Growth differentiation factor-9) in follicles reduced during the transition from the 

primary follicle to the secondary follicle and from the secondary follicle to the Graafian 

follicle stage. GDF-9 is a member of the TGF-β family that is specific to oocytes. It is 

believed that there are defects in follicular development in the early stages of 

folliculogenesis 32. Anti-Müllerian hormone (AMH) contributes to the elevation of 

antral follicle numbers in PCOS 33,34. AMH is primarily secreted from the granulosa 

cells of developing follicles. It has adverse effects on the commencement and 

advancement of follicular growth 33. When compared to normal ovaries, reduced 

expression of AMH is observed the primary follicles in PCOS 35. This decrease in AMH 

leads to an increase in the number of follicles progressing to the pre-antral stage in 

PCOS. The concentrations of AMH in the serum and follicular fluid of women with 

PCOS are elevated 36. In PCOS, low AMH levels in growing follicles allow for the 

advancement of follicular development. As it reaches the antral follicle stage, the 

increased number of follicles due to follicular growth results in higher AMH generation 

per granulosa cell. The elevated AMH in PCOS leads to defects in dominant follicle 

selection 37.  

2.2.2.  The Importance of Granulosa Cells in PCOS 

Follicular degeneration is observed in PCOS. Despite this follicular 

degeneration, granulosa cells continue to function. The basic mechanism here is the 

increase in the sensitivity of granulosa cells to FSH due to the increase in insulin levels. 

When granulosa cells obtained from both normal ovaries and PCOS ovulatory, PCOS 

anovulatory ovaries are treated with insulin, an increase in estradiol and progesterone 

synthesis is observed in three types of granulosa cells. Additionally, the effect of insulin 

leads to early luteinization of granulosa cells, follicular disruption, and high androgen 

production 38. Another noteworthy aspect is that androgens and estrogens also heighten 

the responsiveness of granulosa cells to FSH in PCOS. This results in a synergistic 

effect, including increased FSH receptor binding between estradiol and FSH, LH 

receptor stimulation, increased aromatase activity, and progestin production 39.  

2.2.3.  The Importance of Theca Cells in PCOS 

Compared to the theca cells of a normal ovary, there are differences in the 

histological appearance of theca cells in PCOS. The theca cells are thicker and extend 

beyond the width of the granulosa layer. LH has an inductive effect on theca cells. 
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Elevated levels of LH play a role in hyperandrogenism in PCOS. Steroidogenic defects 

in the theca cells lead to ovarian hyperandrogenism 30. 

In in vitro studies, it has been demonstrated that the theca cells of women with 

PCOS synthesize high levels of androgens both initially and after treatment with LH, 

compared to normal ovaries. Additionally, it is known that compared to ovulatory 

hyperandrogenic, anovulatory hyperandrogenic women with PCOS have higher 

concentration of 17-OH progesterone. The levels of androstenedione and 17-OH 

progesterone in women with PCOS are observed to be comparable to those in normal 

men 40. After hCG administration to women with PCOS, the elevation in 17-OH 

progesterone levels is reported to be due to the excessive expression of 3β-HSD 41. At 

this point, it can be said that dysfunction in ovarian steroidogenesis is effective in the 

pathogenesis of PCOS. Another important factor is insulin, which shows a synergistic 

effect alongside LH. When insulin secretion is suppressed in women with PCOS, a 

decrease occurs in serum LH and androgen levels 42. It is believed that insulin, in 

conjunction with LH, exacerbates dysfunction in steroidogenesis in PCOS. Incubation 

of teka cells taken from normal women with insulin results in increased androgen 

synthesis. Similar results are observed when LH is added to insulin 42. In animal studies, 

insulin and hCG treatment have been shown to increase androgen biosynthesis. 

Thinning of the granulosa layers, an increase in teka layers and stromal interstitial 

tissue, along with the development of numerous large cystic structures are observed. 

Additionally, there is high expression of P450scc and CYP17A1 in the theca cells and 

stromal cells. Therefore, a connection between hyperandrogenism and hyperinsulinemia 

can be suggested 43. 

2.2.4. The Importance of Intra-ovarian Cytokines, Paracrine Modulators, Growth 

Factors in PCOS 

Intraovarian factors derived from granulosa cells; It has various functions such 

as follicle choice, FSH response. Any dysfunction that may occur in the normal 

functioning process leads to abnormalities in the steroidogenic activity of the theca 

cells. It is known that inhibin from intraovarian factors induces androgen synthesis. 

Women with PCOS have elevated serum inhibin-B levels, and plasma inhibin and 

androstenedione levels show correlation. While inhibin triggers androgen synthesis, 

androgens, reciprocally, trigger inhibin synthesis, establishing a detrimental cycle 

leading to follicle arrest 44.  
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AMH plays a role in polycystic ovary morphology. Women with PCOS exhibit 

elevated expression of type II AMH receptors in granulosa cells. Additionally, these 

receptors are expressed in the theca cells as well. Consequently, AMH exerts a 

paracrine influence on androgen synthesis. The interconnection among FSH, AMH, and 

estradiol is closely associated with the heightened levels of androgens. FSH induces 

AMH expression in small follicles without aromatase expression. In normally 

developing follicles, the concentration of estradiol reaches a certain threshold. An 

increase in estradiol levels suppresses AMH expression and renders it ineffective 

against FSH stimulation. Polycystic follicles, despite having high AMH levels, lack 

estradiol production induced by FSH 45.  

During the folliculogenesis process in the ovary, various bone morphogenetic 

proteins (BMP) are expressed. In PCOS, the presence of GDF-9 and BMP-15 is 

diminished, resulting in aberrant follicular development 46. BMPs play a role in FSH 

response and steroidogenesis stimulated by FSH. Another significant factor is insulin-

like growth factors. Insulin suppresses the synthesis of insulin-like growth factor-

binding protein-1 (IGFBP-1) in the liver. When IGFBP-1 is suppressed, insulin-like 

growth factor-1 (IGF-1) and insulin-like growth factor-2 (IGF-2) increase.IGF-1 and 

IGF-2 affect androgen synthesis. IGF-2 is an active paracrine factor in the theca cells. 

IGF-2 enhances LH-induced androgen synthesis. Additionally, inhibin B influences teka 

cells to produce more androgens, along with IGF-1 and IGF-2 47.  

Some intrafollicular cytokines and growth factors play a role in the abnormal 

follicular development that occurs in PCOS (Figure 14). Fibroblast growth factor blocks 

antral follicle growth by inhibiting aromatase activity in granulosa cells. In PCOS, the 

concentration of epidermal growth factor is elevated, resulting in the suppression of 

estrogen synthesis 48. Additionally, the expression of vascular endothelial growth factor 

(VEGF) is high. The increase in VEGF is thought to be insulin-related 49. Additionally, 

there is an increase in VEGF expression in the dense hypertrophic stroma of polycystic 

ovaries. Therefore, stromal blood flow increases, and theca interna grows abnormally 50.  
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Figure 14. Ovarian follicular maturation arrest in PCOS 21. 

 

 

 

 

 

 

2.2.5.  HPO Axis in PCOS 

In women with PCOS, 40-60% have elevated LH concentration 51. While the 

precise mechanism driving this elevation in LH levels is not entirely comprehended, it 

is thought to be influenced by hyperinsulinemia. Several hypotheses have been 

proposed at this point. It is thought that insulin affects the activity of GnRH neurons and 

influences the anterior pituitary to respond more to GnRH 52. Another hypothesis 

suggests that progesterone regulates GnRH pulse frequency. In cases where ovulation 

doesn’t occur, the decrease in progesterone levels is thought to interrupt the negative 

feedback on GnRH release 53. However, it is observed that the high levels of LH seen in 

prepubertal girls with uninitiated cyclic ovarian function and elevated androgen levels 

aren’t a direct result of the signaling eliminated by progesterone 54. A third hypothesis 

suggests that in women with PCOS and hypogonadotropic hypogonadism, serum LH 

concentration are high after GnRH-induced ovulation. This increase in LH levels 

occurred before the increase in estradiol (Figure 15). Therefore, the excessive secretion 

of LH isn’t due to a disorder in hypothalamic pulse regulation. The fundamental 

problem here is the disruption in the ovarian-pituitary feedback mechanism 55.   
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Figure 15. HPO Axis in PCOS. Abnormal secretion of GnRH from the hypothalamus 

cause to excessive LH secretion from adenohypophysis. As LH increases, FSH secretion 

decreases. Androgen levels rise. AMH levels increase. Numerous cystic follicles and 

anovulation develop. 
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2.2.6.  PCOS Animal Models 

One of the most serious problems of PCOS is hyperandrogenism. Therefore, 

high levels of androgens are applied in PCOS animal models to induce PCOS 

characteristics observed in humans. The most commonly used ones are Testosterone, 

Dihydrotestosterone and DHEA56,57.  

2.2.6.1. Testosterone 

Frequently utilized in rats, but its application in neonatal mice is also considered. 

Administering dose of 100 μg testosterone propionate or testosterone to female mice for 

the first 3 days of the neonatal period is reported to result in anovulation, the formation 

of cystic-like structures and the development of polycystic ovaries 58. 

2.2.6.2. Dihydrotestosterone 

Dihydrotestosterone is an androgen that can’t be aromatized, meaning it can’t 

convert to estradiol like testosterone. Dihydrotestosterone exhibits a higher affinity for 

the androgen receptor compared to testosterone. Exposure to prenatal 

dihydrotestosterone in mice and rats leads to disruptions in the estrous cycle, 
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diminishment of corpus luteum, a raise in secondary follicle count and results in a 

thinner granulosa layer accompanied by a thicker theca layer. Furthermore, it induces an 

elevation in insulin resistance, coupled with increased levels of LH, testosterone and 

GnRH. Conversely, administration of dihydrotestosterone during the prepubertal period 

results in anestrus, absence of corpus luteum, an increase in cystic follicles and the 

development of atretic follicles. Additionally, it provokes an elevation in leptin levels 

and a reduction in adiponectin levels 56. 

2.2.6.3. DHEA 

DHEA, an androgen derived from the adrenal glands, exhibits elevated levels in 

women suffering from PCOS 59. In this regard, dehydroepiandrosterone (DHEA) is the 

first choice for inducing PCOS in different rodent models. When administered to 

prepubertal rats at a dose of 6 mg/100 g body weight dissolved in 0.2 ml sesame oil, 

these rats manifest acyclicity and anovulation 60,61. In rats treated with DHEA, 

numerous cystic follicles are developing. Degeneration occurs in the granulosa cell 

layer, and increases in ovarian weight take place 60,62. Application of DHEA at a dosage 

of 6 mg/100 g body weight for 20 days in 25-day-old mice resulted in infertility, along 

with the emergence of abundant atretic and cystic follicles in the rodent ovaries 63,64. 

2.3. Hydrogen Sulfide  

Since the 1980s, H2S has been active in mammalian tissues. However, during 

those years, it was considered a metabolic waste without physiological activity. H2S 

was initially identified as a neuromodulator in brain tissue. The researchers who first 

described this are Abe and Kimura. These researchers have demonstrated that H2S 

plays crucial roles in brain functions, regulating synaptic activities modulated by steroid 

hormones and neurotransmitters 65. This finding has become the focus of many research 

groups, and the biological activity of H2S has been investigated in various tissues. 

Therefore, looking at the studies of the last two decades, the active involvement of H2S 

in regulating various physiological functions has made it highly significant. 

2.3.1.  Biosynthesis of Hydrogen Sulfide 

Gasotransmitters are endogenously produced signaling molecules. In 

mammalian tissues, H2S is produced through enzymatic (trans-sulfuration pathway) or 

non-enzymatic pathways (Figure 16). In the non-enzymatic pathway, elemental sulfur, 

formed as a result of glucose oxidation is reduced to H2S along with metabolites such as 
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Figure 16. Pathways involved in hydrogen sulfide synthesis. 

NADH, NADPH, and GSH. Three enzymes produce H2S through enzymatic pathways 

in various cells and tissues: 3-mercaptopyruvate sulfurtransferase (3-MST), 

cystathionine gamma-lyase (CSE, also known as CTH and CGL), cystathionine beta-

synthase (CBS). CBS and CSE reside in the cytosol, whereas 3-MST is present in both 

the mitochondria and cytosol. There are two main substrates in the endogenous 

generetion of H2S: homocysteine and L-cysteine. The enzymes responsible for H2S 

production, CSE, and CBS, primarily synthesize it from L-cysteine, with small amounts 

from homocysteine. Additionally, the catabolism of cysteine through cysteine 

aminotransferase (CAT) and the 3-MST pathway results in H2S production. H2S is 

released from persulfide-modified 3-MST under the influence of thioredoxin (Trx) or 

reductive factors. Additionally, the enzyme methanethiol oxidase (MTO) produces H2S 

from methanethiol. Finally, it has been demonstrated that cysteinyl-tRNA synthetase 2 

(CARS2), which participates in a new pathway, produces H2S by integrating into 

proteins and forming cysteine persulfide (cysteine-SSH). H2S is generated from 

persulfides through Trx or other mechanisms. Intestinal microbiota plays a role in 

endogenously producing H2S by utilizing non-enzymatic H2S-releasing molecules 

present in food 66,67.  
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2.3.2. Catabolism of Hydrogen Sulfide 

The liver is primarily where H2S undergoes degradation. After synthesis, it 

undergoes metabolism through various pathways such as oxidation in the mitochondria, 

cytoplasmic methylation and binding with hemoglobin. In the oxidative breakdown, 

thiosulfate (S2O3-2) is initially formed. Subsequently, thiosulfate is enzymatically 

converted by thiosulfate sulfurtransferase (TST) to sulfite (SO3-2) and sulfite is further 

oxidized to sulfate (SO4-2) through the action of sulfite oxidase enzyme. H2S activates a 

non-enzymatic pathway associated with mitochondrial respiratory electron transport 

during its oxidation to thiosulfate. The final product of H2S metabolism is sulfate. The 

end products of cysteine catabolism are sulfate (comprising 77-92% of eliminated sulfur 

in urine), ester sulfate (7-9%), and taurine (2-6%). In a second pathway of H2S 

catabolism, it undergoes methylation via thiol S-methyl transferase enzyme, resulting in 

methanethiol and demethylsulfide. Finally, H2S binds to methemoglobin, forming 

sulfhemoglobin 5,68. 

2.3.3.  H2S Donors 

In physiological conditions, one-third of H2S is found in its unmetabolized form. 

Two-thirds of it, however, dissociates into H+ (hydrogen ion) and HS- (hydrogen sulfide 

ion) forms. Solid H2S donors have been produced to facilitate the experimental usability 

of gaseous H2S. In this respect, the use of synthetic donors and sulfide salts takes 

precedence. NaHS and sodium sulfide (Na2S) are the most frequently used sulfide salts 

in biological studies and are also referred to as donors. These donors used to assess the 

effect of exogenous H2S are in solid form. Under physiological conditions, NaHS 

breaks down into Na+ and HS- forms. The dissociated HS- reacts with ambient H+, 

resulting in the formation of H2S. Therefore, NaHS is considered a good H2S donor. 

Synthetic donors are divided into two groups: diallyl trisulfide (DATS), which releases 

rapidly, and GYY4137, which releases slowly. Slow-releasing donors are water-soluble. 

Due to their therapeutic potential, synthetic donors are more preferred in phase studies. 

GYY4137 from synthetic donors is liberated with H2S by hydrolysis. Compared to 

sulfide salts, the release of synthetic donors takes longer. For example, GYY4137 is 

released in phosphate buffer at physiological pH in 10 minutes, while NaHS releases in 

10 seconds. In terms of concentration, NaHS has a 40-fold higher concentration than the 

synthetic donor GYY4137 67. 
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2.3.4.  Physiological Action of H2S 

In recent years, many aspects of H2S have been revealed in studies. For instance, 

some of its functions include intracellular signal transduction, angiogenesis, 

vasodilation, anti-inflammatory, antioxidant, and anti-apoptotic activities. CSE is 

predominantly expressed in the heart and peripheral vascular tissues. On the other hand, 

CBS is present at higher levels in the central and peripheral nervous systems 65,3. In 

many tissues, CBS and CSE enzymes work in coordination to produce H2S, while in 

some tissues, only one of the two enzymes is necessary 2. CBS mRNA expression has 

been detected in various regions of the rat brain.  These regions include the cerebellum, 

brainstem, cerebral cortex, and hippocampus 65,69. H2S stimulates long-term potentiation 

in the hippocampus, facilitates pain perception, influences neuronal hyperpolarization 

(especially in the CA1 region of the hippocampus and the dorsal raphe nucleus), 

activates enteric neurons, and induces relaxation of smooth muscles. All these effects 

have been clearly demonstrated in scientific studies conducted in both humans and 

animals 2,69,70. There are many interactions between H2S and intracellular signaling 

pathways. H2S is a direct activator of adenylate cyclase, ATP-sensitive potassium 

channels, the mitogen-activated protein kinase system, and nuclear erythroid-related 

factor-2 (NF-E2).  H2S controls neuronal activity, induces relaxation of smooth muscles 

in blood vessels, promotes cell proliferation, and regulates the balance of 

oxidant/antioxidant through these pathways 71,72,73,74.  

The quantity of CSE and CBS in the tissue is variable. Studies have shown that 

H2S induces relaxation in arterial blood vessels 65,75,76 small bronchial walls 77,78, human 

corpus cavernosum 79, rat vas deferens 5 and the smooth muscles of the gastrointestinal 

and urogenital tracts 80. H2S stimulates the proliferation of spermatogonial germ cells. It 

relaxes the smooth muscles in the vas deferens and contributes to erectile function 
81,79,82. CSE has been detected in the testicular tissues of rats, particularly in immature 

spermatogonia and Sertoli cells. CBS, on the other hand, has been identified in Leydig 

cells, Sertoli cells, and germ cells 4. H2S regulates testosterone secretion by affecting 

LH release 83. H2S donor NaHS showed protective effects against oxidative stress and 

inflammation in cisplatin-induced testicular damage 84. Additionally, CBS expression 

has been found to be low in sperm samples obtained from human asthenozoospermic 

patients. While H2S inhibitors inhibit sperm motility, H2S donors support spermatozoa 

production and activity 85. 
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2.3.5.  H2S in the Female Reproductive System 

The presence of CBS and CSE has been reported in the female reproductive 

organs of humans, rats, and mice 86,81. The presence of CBS and CSE enzymes has been 

demonstrated in the uterine tissues, placenta, and fetal membrane structures of pregnant 

rats, while in non-pregnant rats, they were shown only in uterine tissues. In human 

tissues, CSE and CBS expression have been shown in the myometrium, amnion, 

chorion, and placenta 86. CBS mRNA expression was detected in the uterus of pregnant 

and non-pregnant mice 87. There is CBS enzyme activity in the decidual and placental 

tissues of rats 88. In this context, the existence of CBS and CSE enzymes in female 

reproductive organs implies that H2S might have significant functions in the 

reproductive system. H2S ensures uterine quiescence during pregnancy. CBS and CSE 

raise during pregnancy, increasing local H2S production in the myometrium and 

placenta. The elavated synthesis of H2S during pregnancy prevents uterine contractions  
86. However, when H2S is administered to rats, the birthing process is extended. 89. In 

vitro studies have shown that H2S donors block spontaneous uterine contractions 90. 

Additionally, studies in mice and rats have shown that H2S functions as a vasodilator 

and is involved in regulating blood pressure 91,76. However, besides its vasodilatory 

impact, H2S can also cause vasoconstriction depending on concentration. In this 

context, low levels of H2S cause vasoconstriction, while higher levels of H2S contribute 

to vasodilation 77.  

Studies have demonstrated the necessity of the CBS enzyme for female 

reproductive function, showing that CBS-/- mice exhibit infertility characteristics 87, 92. 

These mouse exhibit changes in the estrous cycle, and it is reported that the fetuses 

don’t develop normally, and the born pups can’t survive 87. In another study, it was 

shown that CBS-/- mice have decreasing numbers of growing follicles and irregular, 

shorter estrous cycles, while CSE-/- mice exhibit fertile characteristics. It is also known 

that fertility is diminished in CBS+/- mice in comparison to wild-type mice 93.  

Even though H2S has been acknowledged as a signaling mediator, research on its 

role in oocyte physiology is limited. In a conducted study, it was shown that enzymes 

releasing H2S, including 3-MST, CSE, and CBS exhibit mRNA and expression of 

protein in pig oocytes. The study revealed that CSE mRNA expression remains constant 

in germinal vesicle (GV) intact oocytes and Metaphase-I (MI) oocytes, while CBS 

mRNA expression is limited in MI-phase oocytes and increases in Metaphase-II (MII)-
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phase oocytes. Additionally, 3-MST mRNA expression occurs shortly before the 

resumption of meiotic division. The study also demonstrated that the addition of 

inhibitors of these three enzymes to the culture medium suppresses meiotic maturation, 

while the use of the exogenous H2S donor NaHS accelerates meiotic maturation 94. In 

another study, it was documented that there is CBS mRNA expression in mouse 

cumulus cells and oocytes, highlighting the involvement of H2S in oocyte maturation 
95,96. When CBS expression is reduced in mouse granulosa cells, the meiotic maturation 

of oocytes is suppressed 97. 

The Fallopian tube is of vital importance for the transport of gametes and 

embryos. Because it provides a suitable microenvironment for the oocyte and embryo in 

the early stages of fertilization and embryonic development. The CBS and CSE 

enzymes are dispersed throughout the human fallopian tube epithelium. The H2S signal 

assists in the spontaneous contraction of the human oviduct and the transport of 

oviductal embryos. Moreover, abnormal H2S signaling is reported to disrupt the 

oviductal transport of embryos and impair preimplantation embryo development. The 

application of the H2S donor NaHS is reported to restore these effects 98. 

In in vitro and in vivo studies conducted in mouse and humans, the H2S-

producing system is observed to play a role in ovulation. It is reported that the increase 

in LH before ovulation enhances the expression of enzymes catalyzing H2S production, 

and the H2S donor NaHS induces an elavation in the mRNA expression of AREG, 

EREG, and plasminogen activators, which play a significant role in ovulation. 

Additionally, it is observed that CSE inhibitors block ovulation, and ovulation 

suppressed by a CSE inhibitor is reversed by the H2S donor NaHS (Figure 17) 99. 

Therefore, it can be said that H2S also plays an essential part in the follicle rupture 

process in the ovary after the LH peak. While the precise mechanism of H2S action 

hasn’t been fully elucidated, it is believed that its primary impact occurs at the level of 

MMP and plasminogen activators. It is thought that LH-induced H2S may increase 

EREG and AREG expression strengthen the preovulatory cascade, but primarily affect 

the activities of PLAT, MMP9, MMP2, and to ensure follicle wall breakdown. 
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Figure 17. The mechanism of action of H2S during the ovulation process 99. 

 

 

 

 

 

 

 

 

Studies conducted to date indicate that PCOS adversely affects women's 

reproductive potential 100,101,102,103,104. Understanding the mechanisms beneath the 

adverse effects of PCOS on the ovaries is particularly important. However, there is no 

study in the literature examining the role of the H2S-producing system against possible 

infertility associated with PCOS. Therefore, considering the positive effects of H2S-

generation system on the female reproductive system, the question arises, "Can NaHS 

alleviate impaired steroidogenesis, follicular arrest, and anovulation occurring in 

PCOS?" 

Based on the information obtained from the literature, the hypothesis of this 

study is; in the rat PCOS model triggered through DHEA, changes leading to infertility 

in female rats (anovulation/oligoovulation, follicular arrest, impaired steroidogenesis) 

may occur, and the exogenous H2S donor NaHS may have a fertility-enhancing effect 

by alleviating anovulatory infertility, impaired follicular development, and impaired 

steroidogenesis associated with PCOS. 

In line with our hypothesis, we aimed to explore the efficacy of the H2S donor 

NaHS against possible damage mechanisms by examining the effects of DHEA on the 

ovaries of female Wistar Albino rats in terms of histological, immunohistochemical, 

molecular and biochemical aspects. 
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3. MATERIAL and METHODS 

3.1. Animals Procurement 

In order to carry out the thesis study, ethical approval was obtained from the 

Yeditepe University Animal Experiments Local Ethics Committee (Decision No: 

2022/04-2 dated 28.04.2022). We adhered to ethical principles in our study. 30 adult 

female Wistar Albino rats were asured from the Animal Experiments Center. The rats 

were kept in an environment with a temperature of 21-23°C and a 12-hour light-dark 

cycle. The animals were fed ad libitum. 

3.2. Readiness of Solutions 

In our study, DHEA (Santa Cruz, catalog number: sc-202573) was used. DHEA 

was administered to rats in the PCOS and PCOS+NaHS groups for 20 days. 0.01 ml of 

95% ethanol, dissolved in accordance with a dose of 6 mg/100 g body weight per rat, 

mixed with 0.09 ml of sesame oil based on the body weight of each rat. 

In our study, NaHS (Sigma-Aldrich, USA, catalog number: 161527-5G) was used. 

NaHS and PCOS+NaHS groups were administered for 20 days. NaHS, dissolved in 

physiological saline at a dose of 200 μg/kg/day according to the body weight of each rat 

3.3. Creating Experimental Groups and Establishing the PCOS Model 

In our study, experimental groups were formed with 5 groups, each consisting of 

6 animals. All rats were subjected to injections during the estrus phase. Rats in the 

control group received no injections. To create the PCOS model, rats in the PCOS 

group were subcutaneously injected with DHEA at a dose of 6 mg/100 g body weight 

for 20 days 105. Rats in the Vehicle group were subcutaneously injected with a mixture 

of 0.01 ml 95% ethanol and 0.09 ml sesame oil. Rats in the NaHS group were 

intraperitoneally injected with a dose of 200 μg/kg/day NaHS 84. Rats in the 

PCOS+NaHS group were initially subcutaneously injected with DHEA at a dose of 6 

mg/100 g body weight, followed by an intraperitoneal injection of 200 μg/kg/day NaHS 

2 hours later. The experimental groups are summarized in Figure 18. 
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Figure 18. Experimental groups. 

 

Figure 19. Flowchart of the experiment.Figure 18. Experimental groups. 

 

Figure 19. Flowchart of the experiment. 

 

Figure 20. E2 Standard Concentration Curve. A) Before the experiment. B) After the 

experiment.Figure 19. Flowchart of the experiment.Figure 18. Experimental groups. 
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Before the experiment started, blood samples were taken from all rats. 

Additionally, vaginal smears were obtained daily from all rats throughout the 

experiment. At the end of 20 days, the evaluation of the vaginal smear findings was 

planned to ensure a certain standardization for experiment termination during the estrus 

phase. However, due to disruptions in the estrous cycle observed in the PCOS group, 

the sacrifice of all rats couldn’t be performed on the same day. The experiment was 

completed in 22 days. Upon completion of the experiment, all rats were subjected to 

carbon dioxide inhalation, and intracardiac blood samples were collected before 

decapitation. The abdominal regions of the rats were opened, and bilateral 

oophorectomy was performed. The right ovaries were placed in 10% neutral buffered 

formalin for histopathological analysis. Three of the left ovaries were stored at -80°C 

for Reverse Transcription Polymerase Chain Reaction (RT-PCR) analysis. Additionally, 

three pieces of left ovarian tissue were placed in 10% neutral buffered formalin for 

immunohistochemical staining (Figure 19). 
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Figure 19. Flowchart of the experiment. 

 

Figure 20. E2 Standard Concentration Curve. A) Before the experiment. B) After the 

experiment.Figure 19. Flowchart of the experiment. 
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3.4. Biochemical Analyses 

3.4.1. Assessment of Estrogen and Progesterone Levels in Serum 

Blood samples taken before and after the experiment were centrifuged at 3000 

rpm for 10 minutes to obtain serum samples. The obtained serum specimens were then 

moved to eppendorf tubes and stored at -80°C until analyses were conducted. 

ELISA kits were employed for the analysis of E2 (China, BT Lab, catalog no: 

EA0011Ra) and Progesterone (China, BT Lab, catalog no: EA0063Ra) levels in serum 

samples. Once the ELISA kit reached room temperature, standards, samples, diluent and 

wash solution were prepared. Specific standards and samples were pre-determined for 

each well and recorded. In standard wells, 50 μL of the standard was added while in 

sample wells, 50 μL of the serum sample was added. Each well received 50 μL of 

biotinylated antigen and was incubated at 37°C for 60 minutes. The wells were washed 

five times with 300 μL wash buffer. Subsequently, 50 μL of avidin-HRP was added to 

each well, and the plate was incubated at 37°C for another 60 minutes. After washing 

the wells 50 μL of substrate solution was added and the plate was incubated in the dark 

at 37°C for 10 minutes. Following this, 50 μL of stop solution was added to each well. 

The absorbance of the wells was read at 450 nm using a spectrophotometer. Blank wells 

received only substrate and stop solutions. 
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3.5. Histological Preparation 

3.5.1.  Preparation and Evaluation of Vaginal Smear Samples 

A cotton swab moistened with saline was used to collect a smear sample from 

the vagina, which was then spread on a glass slide. The obtained smear samples were 

air-dried, fixed and stained with Giemsa stain for 20 minutes. Vaginal epithelial cells 

were identified according to criteria specified in the literature 19. Each finding was 

recorded daily. At the end of the experiment, in order to compare the durations of estrus 

phases, the percentage of days in each phase was calculated 20. The calculated indices 

are as follows:  

§ Proestrus index= Number of proestrus days/Total duration of the 

experiment*100 

§ Estrus index= Number of estrus days/Total duration of the experiment*100 

§ Metestrus index= Number of metestrus days/Total duration of the 

experiment*100 

§ Diestrus index= Number of diestrus days/Total duration of the experiment*100 

3.5.2.  Preparation of Ovarian Tissue Samples 

The right and left ovarian tissues were fixed in 10% neutral buffered formalin 

for 48 hours. After fixation, the tissues were washed and dehydrated in a series of 70%, 

90%, 96% and 100% ethanol, followed by clearing with xylene. After being held in hot 

paraffin, the tissues were embedded into paraffin blocks using a paraffin embedding 

device (Leica EG, 1160). Serial sections of 5 μm thickness were obtained from paraffin-

embedded right ovarian tissue blocks using a microtome (Leica, RM 2245). Sections of 

the left ovarian tissues, also 5 μm thick, were mounted on poly-L-lysine-coated slides 

(Poly-Lysine, Thermo Fisher Scientific, 165014). 

3.5.3.  Hematoxylin&Eosin Staining Protocol 

Sections obtained for morphological analysis and follicle counting were stained 

with hematoxylin and eosin (H&E). All sections were deparaffinized by incubating in a 

60°C oven for 40 minutes. Subsequently, they were immersed in xylene for 2x20 

minutes to completely remove paraffin. After deparaffinization, the sections were 

passed through alcohol series (100%, 96%, 90%, 80% and 70%). Following a wash with 

distilled water, the sections were stained for 2 minutes with hematoxylin (Gill’s 

hematoxylin No.3, Bio-Optica, 05-06015/L). After staining with hematoxylin, the 
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sections were rinsed in running tap water and then stained for 1 minute with eosin 

(Eosin Y Alcoholic Solution, Bio-Optica, 05-10003/L). After a 2-minute wash with 

distilled water, the sections were dehydrated in increasing alcohol series. Following a 

40-minute incubation in xylene, the sections were coverslipped using a xylene-based 

mounting medium (Bio Mount HM, Bio-Optica, 05-BMHM500). All stained sections 

were examined using a light microscope (Leica, CTR 6000). 

3.5.4.  Periodic Acid-Schiff (PAS) Staining Protocol 

Following deparaffinization and hydration of tissue sections, ovarian tissue 

sections were stained with the Periodic Acid-Schiff Kit (Periodic Acid-Schiff, Bio 

Optica, 04-130802). The sections were soaked in periodic acid solution for 10 minutes 

and then washed with distilled water. Subsequently, they were soaked in Schiff Reagent 

solution for 20 minutes and washed with distilled water. Sections, after being soaked in 

potassium metabisulfite solution for 2 minutes, were then kept in fixative solution for an 

additional 2 minutes without washing. After washing with distilled water, they were 

soaked in Mayer’s hematoxylin for 3 minutes and rinsed in running tap water. 

Following dehydration in increasing alcohol series, the sections were coverslipped using 

a xylene-based mounting medium. Preparations were examined under a light 

microscope to evaluate the integrity of the zona pellucida. 

3.5.5.  Histopathological Assessment 

Histopathological evaluation using light microscopy was performed on sections 

stained with H&E to determine tissue damage and its severity (follicular cell 

degeneration, vascular congestion/hemorrhage, and inflammation). Scoring was done on 

a scale of 0-3 based on the severity of the damage. The scoring system was defined as 

follows: 0; no pathological findings, 1: mild, 2: moderate, 3: severe. 

3.5.6.  Follicle Counting in Hematoxylin&Eosin Stained Tissue Sections 

Follicles in the entire right ovarian tissue were classified and counted in H&E 

stained preparations. To prevent the counting of the same follicle multiple times, only 

follicles where the oocyte nucleus was clearly visible were counted. The structure of 

primordial, primary, secondary, Graafian, cystic follicles, atretic follicles, and corpus 

luteum was counted. A primordial follicle was characterized by a single layer of flat 

granulosa cells surrounding the primary oocyte. A primary follicle was defined as 

having one or more layers of cuboidal granulosa cells surrounding the primary oocyte 
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(without the formation of an antrum). A secondary follicle showed the amass of 

follicular fluid among the cells of the granulosa layer and distinct layers of the theca 

interna and theca externa could be distinguished. A Graafian follicle was identified as 

having a single antral cavity containing follicular fluid, with the primary oocyte 

eccentrically located within the antrum. It exhibited a well-defined corona radiata and 

cumulus oophorus cells surrounding the primary oocyte. Atretic follicles were identified 

as follicles containing degenerate oocytes with a pycnotic nucleus and granulosa cells. 

A cystic follicle was identified as an enlarged follicle with a thin granulosa layer 

containing spaces filled with follicular fluid 106.  

3.5.7.  TUNEL Assay 

The determination of apoptotic cells was carried out using the MyBiosource 

TUNEL Assay kit (MyBiosource, catalog no: MBS2557027). Sections affixed to poly-

L-lysine-coated slides underwent deparaffinization by incubating at 60°C in an oven for 

1 hour, followed by two 5-minute treatments in xylene for deparaffinization. They were 

then subjected to 2-minute incubations in alcohol series of 100%, 96%, 90%, 80% and 

70% and washed three times for 5 minutes each with PBS. Subsequently, the sections 

were treated with Proteinase K for 30 minutes at room temperature. After three 5-

minute washes with PBS, they were incubated in a blocking solution (3% hydrogen 

peroxide) for 10 minutes at room temperature. Another wash with PBS was performed. 

The sections were then incubated with Tdt enzyme at 37°C for 1 hour in an oven. 

Following a wash with PBS, the sections were treated with DAB for 1 minute and 

washed again with PBS. Counterstaining was carried out with Gill's hematoxylin. After 

washing with tap water, the sections were passed through alcohol series of 70%, 80%, 

90%, and 100% and finally kept in xylene. The sections were sealed with coverslips 

using a xylene-based mounting medium. The apoptotic index was determined as the 

ratio of TUNEL-positive (+) cells to the total cell count in all follicle types 107. 

3.5.8.  Immunohistochemical Staining Protocol 

A process of immunohistochemical staining was conducted on sections taken 

from slices affixed to slides coated with poly-L-lysine, with a thickness of 5 μm. This 

process aimed to identify the localization of StAR, 3β-HSD, CYP19A1, CTH and CBS 

proteins. 
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After incubating the sections in an oven at 60°C for 1 hour, they were 

deparaffinized by soaking them twice for 15 minutes each in xylene. Following this, the 

sections were subjected to a series of alcohol (100%, 96%, 90%, 80%, and 70%) for 3 

minutes each and then washed with Phosphate Buffer Saline (PBS, pH=7.4). A citrate 

buffer was prepared by dissolving Sodium Citrate Tribasic Dihydrate (Sigma Aldrich, 

6132-04-3) in distilled water. For antigen retrieval, the sections were microwaved at 

300 watts for 1 minute in the prepared Citrate buffer (10 mM, pH 6.0). After cooling at 

room temperature and washing with PBS, the sections were treated with a 3% hydrogen 

peroxide solution in methanol for 10 minutes to block endogenous enzymes. Following 

the PBS wash, the sections were subjected to a blocking step (2.5% Normal Horse 

Serum, Vector Laboratories, 30022) for 30 minutes. Subsequently, the sections were 

immersed overnight at +4°C in a refrigerator with a mixture of primary antibodies 

prepared in PBS: StAR Polyclonal Antibody (Invitrogen, catalog no. PA5-106859) at a 

1:100 dilution, 3β-HSD Polyclonal Antibody (Invitrogen, catalog no. PA5-27791) at a 

1:500 dilution, CYP19A1 Polyclonal Antibody (Invitrogen, catalog no. PA5-86466) at a 

1:200 dilution, CTH Polyclonal Antibody (Invitrogen, catalog no. PA5-29725) at a 

1:100 dilution, and CBS Polyclonal Antibody (Invitrogen, catalog no. PA5-94923) at a 

1:200 dilution. The next day, after two 5-minute washes with PBS, the sections were 

treated with biotinylated pan-specific secondary antibody (Vector Laboratories, 30144) 

for 30 minutes. Following another PBS wash, the sections were incubated for 30 

minutes in streptavidin/peroxidase complex (Vector Laboratories, 30143), then treated 

for 1 minute with a mixture of 1:20 DAB and DAB substrate after a PBS wash. After 

rinsing with distilled water, a 2-minute counterstain was applied using hematoxylin 

(Gill's hematoxylin No.3, Bio-Optica, 05-06015/L), followed by washing under running 

tap water. The sections were dehydrated through alcohol series of 70%, 80%, 90% and 

100%, followed by xylene and eventually sealed with a xylene-based mounting medium 

using a coverslip. 

The intensity and distribution of StAR, 3β-HSD, CYP19A1, CTH, and CBS 

expression were assessed using the semi-quantitative H-Score (Histo Score/H-Score) 

method. This method involves calculating the H-Score by multiplying the percentages 

of positively stained cells with their respective weighted staining intensities. The 

formula for the H-Score is expressed as: HSCORE= ∑i Pi (i + 1). In this equation Pi 

represents the percentage of cells stained at each intensity level (%0-100) and i 
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corresponds to the staining intensity, with i= 1 denoting weak, i= 2 indicating moderate 

and i=3 representing strong staining 108,109.  

3.6. Molecular Analyses 

3.6.1.  Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)  

3.6.2.  RNA Extraction, cDNA Creation and Analysis of Gene Expression 

The qRT-PCR method was employed to detect the mRNA expression levels of 

StAR, 3β-HSD, CYP19A1, CTH and CBS in the ovarian tissues of the experimental 

groups. Ovarian tissues were preserved at -80°C until RNA isolation was conducted. 

Ovarian samples were initially on ice and homogenized using a Bullet Blender 

X24 (NextAdvance) in 500 µL TRIzol at Speed 10 for 5 minutes. RNA was extracted 

following the protocols provided by the DirectZol™ RNA MiniPrep Plus kit (Zymo 

Research, R2072). The homogenates obtained were centrifuged at 10,000 G for 2 

minutes. Post-centrifugation, the upper phase containing RNA was transferred to clean 

1.5 mL tubes. Subsequently, 500 µL of 100% ethanol was added, thoroughly mixed and 

the solution was transferred to tubes containing RNA isolation columns. After 

centrifugation at 10,000 G for 30 seconds, the solution remaining in the Eppendorf 

tubes was discarded and the RNA-containing columns were washed with 400 µL RNA 

Wash buffer and centrifuged at 10,000 G for 30 seconds. The columns were then 

transferred to newly autoclaved tubes. 

A solution of 5 µL DNase + 75 µL DNA digestion buffer was prepared and a 

total of 80 µL of the solution was transferred to the columns, followed by a 15-minute 

incubation at room temperature. After incubation, the columns were washed with 400 

µL RNA Prep buffer. Following centrifugation at 10,000 G for 30 seconds, the columns 

were washed with 700 µL RNA Wash buffer and centrifuged at 10,000 G for 30 

seconds. After an additional wash with 400 µL RNA Wash buffer, the columns were 

centrifuged at 10,000 G for 1 minute. The purity and concentration of the obtained RNA 

samples were determined using the NanoDrop® ND-100 spectrophotometer. The 

samples were stored at -20°C until analysis.  

The obtained RNA was quantified and cDNA was synthesized according to the 

instructions of the iScript™ cDNA Synthesis Kit (Bio-Rad, 1708891) using an equal 

amount of RNA (200 ng). Primer sequences for the genes Cth, Cbs, CYP19A1, 3β-

HSD, StAR and β-Actin were formulated using the online tool Primer3web version 
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4.1.0 (https://primer3.ut.ee/) and specific primer sequences for each gene are detailed in 

Table 2. Subsequently, gene sequences were amplified by qRT-PCR using Insta Q96® 

Plus (HiMedia) and SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, 

1725270). Comparative gene expression analysis relative to the control group was 

performed using the 2-ΔΔCT method. Thermal cycling conditions are provided in Table 3. 

The specificity of each primer and the presence of primer dimers were investigated 

through the melt curve step performed at the end of PCR cycles. 

Table 1. Primers for Cth, Cbs, CYP19A1, 3β-HSD, StAR and β-Actin used in qRT-PCR. 

 
Primer ID Sequence (5´-3´) 

Cth_F AAAGCACTGTTTGACCTTCG 

Cth_R GCCTCCATACACTTCATCCA 

Cbs_F CTCACATCTCCCTCCTTTCC 

Cbs_R AGGCACTCATTCCAGGAAAA 

CYP19A1_F GTGTTGAGGGTAAGTGGGAA 

CYP19A1_R GGAGCACGAACTGAGAGTAA 

3β-HSD_F TTGGTGCAGGAGAAAGAACT 

3β-HSD_R TAACATTGTCACCTTGGCCT 

StAR_F AACATGAAAGGACTGAGGCA 

StAR_R AGTGTTGCTTCCAGTTGAGA 

β-Actin_F TCTTCCAGCCTTCCTTCCTG 

β-Actin_R CACACAGAGTACTTGCGCTC 

F: Forward, R: Reverse 

Table 2. qRT-PCR Protocol for Cth, Cbs, CYP19A1, 3β-HSD and StAR. 

Step Temperature Duration Number of Cycles 

Initial Denaturation 95 ºC 30 sec 1 

Denaturation 95 ºC 15 sec 

45 Annealing  52 ºC 20 sec 

Extension 60 ºC 20 sec 
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3.7. Statistical Analysis 

The statistical analyses were conducted using GraphPad Prism version 10.0.2 

software. The data are expressed as mean ± standard deviation. The normal distribution 

of the data was assessed using the Shapiro-Wilk normality test. For data conforming to 

normal distribution, a one-way analysis of variance (ANOVA) followed by Tukey's 

multiple comparison test was performed. For data not conforming to normal 

distribution, the Kruskal-Wallis test followed by Dunn's multiple comparison test was 

used for evaluation. p <0.05 values were considered statistically significant. 
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Figure 20. E2 Standard Concentration Curve. A) Before the experiment. B) After the 

experiment. 

4. RESULTS 

4.1. Biochemical Findings 

To confirm the establishment of the PCOS experimental model in rats, serum 

specimens were obtained both pre and post experiment and ELISA analysis was 

performed to determine the serum E2 and P values. 

4.1.1.  Serum E2 Level 

Standard concentration measurements were made in serum samples before and 

after the experiment to obtain a standard curve graph (Figure 20). When comparing 

serum E2 levels in all groups before and after the experiment, a notable increase in 

serum E2 levels experienced of the PCOS group after DHEA treatment (Figure 21). 
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Figure 21. Comparison of serum E2 levels between groups before and after the 

experiment. ****: p<0.0001. 

Figure 22. Progesterone Standard Concentration Curve. A) Before the experiment. 

B) After the experiment. 

 

 

 

 

 

 

 

 

 

4.1.2. Serum P Level 

Standard concentration measurements were performed on pre-experiment and 

post-experiment serum samples to obtain a standard curve (Figure 22). When 

comparing serum P levels before and after the experiment in all groups, a notable 

increase in serum P levels experienced of the PCOS group after DHEA treatment 

(Figure 23). 
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Figure 23. Comparison of serum P levels between groups before and after the 

experiment. ****: p<0.0001. 

 

 

 

 

 

 

 

 

 

4.2. Histological Findings 

4.2.1.  Vaginal Smear Observations 

As oligoovulation/anovulation is a prominent feature of PCOS, vaginal smear 

samples from all groups of rats were analyzed for monitoring the estrous cycle. Through 

daily analysis of vaginal smears over a period of 20 days, it was saw that rats in the 

control, solvent and NaHS groups exhibited all stages of the estrous cycle. Furthermore, 

they displayed a more consistent estrous cycle along with normal cycle lengths. In 

contrast, rats in the PCOS group exhibited noteworthy irregularities in their estrous 

cycles upon examination of vaginal smear samples. Following consecutive cycle 

monitoring, it was noted that rats in this group were consistently blocked in the diestrus 

stage, failing to display proestrus, estrus, and metestrus stages. When examining vaginal 

smear samples from the PCOS+NaHS group, it was observed that, unlike the PCOS 

group, they exhibited a more consistent estrous cycle. Additionally, animals in this 

group were found to display all phases of the estrous cycle similar to the control, 

vehicle, NaHS groups (Figure 24).  
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Figure 24. Estrous cycle changes in representative rats from 5 groups. 1=proestrus-

nucleated epithelial cells, 2=estrous stage-cornified cells, 3=metestrus stage-nucleated, 

cornified and leucocytes, 4=diestrous stage-leucocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the conclusion of the experiment, the percentage of days in each estrous cycle 

stage was calculated for all groups and estrous cycle durations were compared. 

Regarding the proestrus index, no significant differences were found among the control, 

vehicle, NaHS and PCOS+NaHS groups. However, a remarkable distinction was 

identified among the PCOS group with the other four groups, indicating a lower 

proestrus index in the PCOS group (p <0.0001). 

When comparing the estrus index among groups, no statistical differences were 

observed among the control, vehicle, NaHS and PCOS+NaHS groups. In contrast, a 

significant decrease in the estrus index was noted in the PCOS group as compared with 

the other groups (p <0.0001). 

For the metestrus index, no differences were found when evaluating the control, 

vehicle, NaHS, PCOS+NaHS groups. However, in the PCOS group, the metestrus index 

was found to be lower than in the other groups (p <0.0001). 
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Figure 25. Proestrus, estrus, metestrus and diestrus indices of the experimental groups 

****: p<0.0001. 

Comparing the diestrus index among groups, a significant increase was observed 

in the PCOS group (p <0.0001), while no differences were determined among the 

control, vehicle, NaHS and PCOS+NaHS groups. 

In summary, considering all results, the PCOS group exhibited a decrease in the 

proestrus, estrus, and metestrus indices and a notable enhance in the diestrus index as 

compared with the control, vehicle, NaHS, PCOS+NaHS groups (Figure 25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

47 

Figure 26. Ovarian sections from the control group stained with H&E. Yellow arrow: 

secondary follicle, *: medullary region, C: cortex region, CO: cumulus oophorus, CR: 

corona radiata, green arrow: Graafian follicle, A: antrum, four-pointed star: oocyte, GC: 

granulosa cells, TF: theca folliculi, ZP: zona pellucida, red arrow: germinal epithelium, 

white arrow: primary follicle. The scale bar represents 400 μm, x4, 200 μm, x10, and 50 

μm, x40. 

 

 

Figure 31. Ovarian sections from the vehicle group stained with H&E. C: cortex region, 

4.2.2.  Histopathological Findings 

Ovarian tissue sections stained with H&E were examined under a light 

microscope for each group. In the ovarian tissue sections of the control group and 

vehicle group, the ovary surface was surrounded by a single layer of flat or single-

layered cubic epithelium (germinal epithelium). Beneath the germinal epithelium, the 

tunica albuginea was observed. Numerous ovarian follicles at different stages of 

development were observed in the cortex layer and these follicles appeared normal. 

There was no degeneration observed in granulosa cells, and the theca cells were seen as 

uniformly arranged cells around the follicles. Many corpus luteum structures were 

present. The theca layer, blood vessels in the medulla and the ovarian stroma appeared 

normal (Figure 26, Figure 27).  
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Figure 27. Ovarian sections from the vehicle group stained with H&E. C: cortex region, 

*: medullary region, yellow arrow: secondary follicle, white arrow: primary follicle, 

black arrow: atretic follicle, A: antrum, GC: granulosa cell, ZP: zona pellucida, four- 

pointed star: oocyte, TF: theca folliculi. The scale bar represents 400 μm, x4, 200 μm, 

x10, and 50 μm, x40. 

 

 

Figure 49. Ovarian sections from the PCOS group stained with H&E. *: medullary 

region, CF: cystic follicle, yellow arrowhead: follicles leading to degenerated atresia, 

black arrow: vascular congestion, black arrowhead: hyalinization in vessels, yellow 

arrow: inflammatory cells, red arrow: granulosa cells spilling into the antrum of cystic 

follicles, white arrow: dilation in vessels of the theca layer, TF: thickened theca layer. 

The scale bar represents 400 μm, x4, 200 μm, x10, and 50 μm, x40.Figure 50. Ovarian 

sections from the vehicle group stained with H&E. C: cortex region, *: medullary 

region, yellow arrow: secondary follicle, white arrow: primary follicle, black arrow: 

atretic follicle, A: antrum, GC: granulosa cell, ZP: zona pellucida, four- pointed star: 

oocyte, TF: theca folliculi. The scale bar represents 400 μm, x4, 200 μm, x10, and 50 

μm, x40. 

 

 

 

In the ovarian tissue sections from the PCOS group, numerous cystic follicular 

structures filled with fluid were observed at different stages of development, along with 

ovarian follicles. The zona pellucida structures exhibited a loose and occasionally 

dilated appearance, losing their normal features. Many granulosa cells were observed to 

have apoptotic nuclei, suggesting the apoptotic condition of these cells. Some follicles 

that failed to complete development became atretic follicles, while others turned into 

cystic follicles filled with fluid, mostly losing their oocytes. Some cystic follicles 

showed the presence of degenerative oocytes. Additionally, granulosa cells were 

observed in the lumen of some cystic follicles. The ovarian stroma exhibited a 

hyperplastic and edematous structure. However, dilation and hypervascularization in the 

theca layer and medullary vessels have been identified. The occasional presence or 
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Figure 28. Ovarian sections from the PCOS group stained with H&E. *: medullary 

region, CF: cystic follicle, yellow arrowhead: follicles leading to degenerated atresia, 

black arrow: vascular congestion, black arrowhead: hyalinization in vessels, yellow 

arrow: inflammatory cells, red arrow: granulosa cells spilling into the antrum of cystic 

follicles, white arrow: dilation in vessels of the theca layer, TF: thickened theca layer. 

The scale bar represents 400 μm, x4, 200 μm, x10, and 50 μm, x40. 

 

 

Figure 67. Ovarian sections from the NaHS group stained with H&E. C: cortex region, 

*: medullary region, yellow arrow: secondary follicle, black arrow: atretic follicle, four-

pointed star: oocyte, GC: granulosa cells, ZP: zona pellucida, A: antrum, TF: theca 

folliculi. The scale bar represents 400 μm, x4, 200 μm, x10, and 50 μm, x40.Figure 68. 

Ovarian sections from the PCOS group stained with H&E. *: medullary region, CF: 

cystic follicle, yellow arrowhead: follicles leading to degenerated atresia, black arrow: 

vascular congestion, black arrowhead: hyalinization in vessels, yellow arrow: 

inflammatory cells, red arrow: granulosa cells spilling into the antrum of cystic follicles, 

white arrow: dilation in vessels of the theca layer, TF: thickened theca layer. The scale 

absence of corpus luteum structures in this group indicates disrupted ovulation. Animals 

in this group were observed to have anovulatory/oligoovulatory cycles (Figure 28). 
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Figure 29. Ovarian sections from the NaHS group stained with H&E. C: cortex region, 

*: medullary region, yellow arrow: secondary follicle, black arrow: atretic follicle, four-

pointed star: oocyte, GC: granulosa cells, ZP: zona pellucida, A: antrum, TF: theca 

folliculi. The scale bar represents 400 μm, x4, 200 μm, x10, and 50 μm, x40. 

 

 

Figure 85. Ovarian sections from the PCOS+NaHS group stained with H&E. C: cortex 

region, *: medullary region, CL: corpus luteum, black arrow: atretic follicle, CF: cystic 

follicle, yellow arrow: secondary follicle, green arrow: Graafian follicle, white arrow: 

primordial follicle, A: antrum, four-pointed star: oocyte, ZP: zona pellucida, TF: theca 

folliculi, CR: corona radiata, CO: cumulus oophorus. The scale bar represents 400 μm, 

x4, 200 μm, x10, and 50 μm, x40.Figure 86. Ovarian sections from the NaHS group 

stained with H&E. C: cortex region, *: medullary region, yellow arrow: secondary 

When ovarian tissue sections from the NaHS group were histologically 

examined, morphologically similar findings to the control and vehicle groups were 

observed. Numerous follicular structures with normal morphology at different stages of 

development were observed in the ovarian tissue. A significant presence of corpus 

luteum structures was noted. This indicates that there were no irregularities in ovulation 

in the NaHS group. The medulla was characterized by vascularized connective tissue 

(Figure 29). 
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Figure 30. Ovarian sections from the PCOS+NaHS group stained with H&E. C: cortex 

region, *: medullary region, CL: corpus luteum, black arrow: atretic follicle, CF: cystic 

follicle, yellow arrow: secondary follicle, green arrow: Graafian follicle, white arrow: 

primordial follicle, A: antrum, four-pointed star: oocyte, ZP: zona pellucida, TF: theca 

folliculi, CR: corona radiata, CO: cumulus oophorus. The scale bar represents 400 μm, 

x4, 200 μm, x10, and 50 μm, x40. 

 

 

Figure 101. Histopathological score graph for the groups. ****: p<0.0001, ***: 

When the ovarian tissue sections of the PCOS+NaHS group were histologically 

examined, cystic follicle structures were observed sporadically in the cortex. However, 

compared to the PCOS group, it was determined that there were fewer cystic follicle 

structures in this group. The granulosa cell layer in the follicle structures exhibited 

morphological features close to those in the control, vehicle, and NaHS groups. In the 

ovarian tissue of this group, the follicles were observed to begin forming antrum, the 

corona radiata took shape and the zona pellucida structure assumed its normal 

appearance. The theca layer appeared normal. Additionally, it was observed that there 

were fewer atretic follicle structures in this group compared to the PCOS group. 

Furthermore, in this group, there were more corpus luteum structures as compared with 

the PCOS group. It is evident that there is no irregularity in ovulation in the 

PCOS+NaHS group (Figure 30). 
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The comparison of histopathological scorings for the ovarian tissue in different 

groups is presented in Figure 31. 

In the control, vehicle and NaHS groups, follicular degeneration was observed in 

very small areas, with no statistically remarkable distinction among the groups. In the 

PCOS group, remarkable enhance in follicular cell degeneration as compared with other 

groups was determined (p<0.0001). In the PCOS+NaHS group, it was identified that 

follicular cell degeneration was less than that in the PCOS group. There was no 

statistical significance in terms of follicular degeneration among the PCOS+NaHS 

group with the Control, Vehicle, NaHS groups. 

When tissue sections were evaluated for vascular congestion, it was observed 

that there were very few hemorrhagic areas in the control, vehicle and NaHS groups. In 

the PCOS group, an enhance in vascular congestion was determined (p<0.0001). 

Statistically remarkable distinction were identified in terms of having fewer 

hemorrhagic areas in the PCOS+NaHS group as compared with the PCOS group 

(p<0.0005). There was no statistically remarkable distinction among the PCOS+NaHS 

group with the Control, Vehicle, NaHS groups. 

In the ovarian tissue sections of the control, vehicle and NaHS groups, no signs 

of inflammation were observed. However, in the PCOS group, the inflammation rate 

was determined to be significantly higher than in the other groups (p<0.0001). Although 

signs of inflammation were found in the PCOS+NaHS group, no statistically 

remarkable distinction was detected when compared to the control, vehicle and NaHS 

groups. Compared to the PCOS group, remarkable diminish in inflammation determined 

in the PCOS+NaHS group (p<0.0001). 
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Figure 31. Histopathological score graph for the groups. ****: p<0.0001, ***: 

p<0.0005. 

 

 

 

 

 

 

 

 

4.2.3. Periodic Acid-Schiff Staining Results 

PAS staining was performed on ovarian tissue from all experimental groups to 

assess the integrity of the zona pellucida. In the control group, developing follicles 

showed positive PAS reaction in the zona pellucida surrounding the oocytes. In the 

vehicle and NaHS groups, a PAS-positive reaction similar to the control group was 

observed. In ovarian tissue sections from the PCOS group subjected to PAS staining, 

weak staining with PAS indicating zona pellucida degeneration was present. In the 

PCOS+NaHS group, PAS-positive reactions similar to the control group were observed. 

The PAS staining results for the PCOS+NaHS group indicated less zona pellucida 

degeneration compared to the PCOS group (Figure 32).  
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Figure 32. PAS staining for each group. Black arrows: zona pellucida, CF: Cystic 

Follicle. *: medullary region, TF: theca layer, black arrowhead: hyalinization in vessels, 

white arrow: dilation in vessels of the theca layer, A: antrum, GC: granulosa cell, four- 

pointed star: oocyte, yellow arrow: secondary follicle, CL: corpus luteum, yellow 

arrowhead: degenerated oocyte. The scale bar represents 200 μm for x10 and 50 μm for 

x40 magnification. Black arrow: zona pellucida. 

4.2.4.  Follicle Counting Results 

Upon statistical evaluation of follicle numbers across all groups, significant 

differences among the groups were identified through one-way ANOVA analysis for 

primordial, primary, secondary, Graafian, cystic, atretic follicle counts and corpus 

luteum numbers. The variations in counts of primordial, primary, secondary and 

Graafian follicles for each group are illustrated in Figure 33. 

No statistically remarkable distinction was identified in the number of 

primordial follicles when comparing within the control, vehicle, NaHS and 

PCOS+NaHS groups. However, a notable decrease in the quantity of primordial 

follicles was noted in the PCOS group. This reduction was statistically remarkable in 

the PCOS group as compared with the control, vehicle, NaHS and PCOS+NaHS groups 

(p <0.0001). 

When comparing the number of primary follicles between groups, no remarkable 

distinction was found within the control, vehicle, NaHS and PCOS+NaHS groups. 

Conversely, the PCOS group displayed a statistically remarkable diminish in the 

number of primary follicles compared to all other groups (p <0.0003). 

Statistical significance wasn’t identified in the number of secondary follicles 

among the control, vehicle, NaHS and PCOS+NaHS groups. However, a significant 

enhance in the number of secondary follicles was identified in the PCOS group 

compared to the control, vehicle, NaHS and PCOS+NaHS groups (p <0.0001). 

When evaluating the counts of Graaf follicles, a significant diminish in the 

number of Graaf follicles in the PCOS group was determined as compared with the 

counts in the control, vehicle, NaHS and PCOS+NaHS groups (p <0.0001). There was 

no remarkable distinction difference in the counts of Graaf follicles when comparing 

within the control, vehicle, NaHS and PCOS+NaHS groups. 
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Figure 33. Comparison of follicle numbers among groups. A Primordial follicle count. 

****: p<0.0001; compared to the PCOS group. B Primary follicle count. ***: p≤0.006; 

when compared between the Control and PCOS groups, **: p=0.0019; when compared 

between the PCOS and PCOS+NaHS groups. C Secondary follicle count. ****: 

p<0.0001; compared to PCOS; when compared to the Control, Vehicle and NaHS 

groups, ***: p≤0.0001; when compared between the PCOS and PCOS+NaHS groups. 

D Graafian follicle count. ****: p<0.0001; when compared to PCOS with the Control, 

Vehicle and NaHS groups, **: p≤ 0.0025; when compared between the PCOS and 

PCOS+NaHS groups.  
 

 
Figure 109. Comparison of the numbers of cystic, atretic follicles, and corpus luteum 

across groups. E Cystic follicle ****: p<0.0001; when compared to the PCOS group 

with the Control, Vehicle, NaHS and PCOS+NaHS groups, ***: p≤0.0001; when 
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Figure 34. Comparison of the numbers of cystic, atretic follicles, and corpus luteum 

across groups. E Cystic follicle ****: p<0.0001; when compared to the PCOS group 

with the Control, Vehicle, NaHS and PCOS+NaHS groups, ***: p≤0.0001; when 

compared to the Control, Vehicle and NaHS groups with the PCOS+NaHS group. 

 

 

Figure 125. Apoptotic follicles in ovarian tissues of the groups shown by TUNEL 

assay. Black arrows indicates TUNEL (+) cells. The scale bar represents 400 μm, x4, 

The changes in the numbers of cystic, atretic follicles and corpus luteum in each 

group are presented in Figure 34.  

When comparing the cystic follicle numbers between groups; there is no 

statistical significance in the control, vehicle and NaHS groups (p<0.0001). In contrast, 

the PCOS group showed a significant increase in cystic follicle numbers compared to 

other groups (p<0.0001). The PCOS+NaHS group exhibited a significantly lower 

number of cystic follicles compared to the PCOS group (p<0.0001). There was a 

significant difference in the cystic follicle numbers of the PCOS+NaHS group 

compared to the control, vehicle and NaHS groups (p≤0.0001). 

In the PCOS group, there was a significant increase in the number of atretic 

follicles (p<0.0001). Conversely, in the PCOS+NaHS group, the count of atretic 

follicles was found to be lower compared to the PCOS group (p<0.0001). No significant 

difference was observed in the atretic follicle numbers of the PCOS+NaHS group when 

compared to the control, vehicle and NaHS groups. 

When comparing the numbers of corpus luteum across groups, a statistically 

significant decrease was identified in the PCOS group (p<0.0001). However, no 

significant difference was found in the numbers of corpus luteum between the control, 

vehicle and PCOS+NaHS groups. 
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4.3. TUNEL Findings 

Apoptotic cells in ovarian follicles of control and experimental groups were 

marked using TUNEL assay, and the apoptotic index was calculated. In this context, it 

was determined that the apoptotic index in follicles of the PCOS group significantly 

increased compared to the control, vehicle, NaHS and PCOS+NaHS groups (p<0.0001). 

However, no statistical significance was observed in the apoptotic index between the 

control, vehicle and NaHS groups. In the PCOS+NaHS group, the apoptotic index 

significantly decreased compared to the PCOS group (p<0.0001). Nevertheless, despite 

the decrease in the apoptotic index in the PCOS+NaHS group compared to the PCOS 

group, it was found to be higher than the apoptotic index values in the control, vehicle 

and NaHS groups. This difference was statistically significant between the 

PCOS+NaHS group and the control, vehicle and NaHS groups in terms of apoptotic 

index values (p<0.0001) (Figure 35, Figure 36). 
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Figure 35. Apoptotic follicles in ovarian tissues of the groups shown by TUNEL assay. 

Black arrows indicates TUNEL (+) cells. The scale bar represents 400 μm, x4, 200 μm, 

x10, and 50 μm, x40. 
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Figure 36. Apoptotic index graph of the groups. ****: p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Immunohistochemical Results 

4.4.1.  Immunohistochemical Localization of Steroidogenic Proteins 

In the regulation of reproductive functions in the ovaries, steroidogenesis 

pathways play a crucial role in the generation of estrogen and progesterone hormones. 

This process occurs through the collaboration of the theca and granulosa cells. In our 

study, we applied immunohistochemical staining procedures to determine the 

localization of StAR, 3β-HSD and CYP19A1 proteins involved in the steroidogenesis 

pathway. Immunoreactivity of StAR, 3β-HSD and CYP19A1 in granulosa and theca 

cells of all follicles was semiquantitatively evaluated using the H-Score method, 

considering staining intensity and extent. Results obtained from each group were 

statistically compared. No immunoreaction was observed in negative control samples. 

StAR is a protein that facilitates the transport of cholesterol from the outer 

mitochondrial membrane to the inner mitochondrial membrane 110. To assess StAR 

localization, we observed ovarian follicles at different maturation stages and corpora 

lutea in sections stained with StAR antibody through immunohistochemical staining in 
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the ovaries. When evaluating StAR immunoreactivity in ovarian tissue samples from all 

groups, positive immunoreactivity was observed in the cytoplasm of the theca interna 

cells, interstitial cells, and granulosa lutein cells in the corpora lutea of the control, 

vehicle, NaHS and PCOS+NaHS groups. Additionally, occasional weak 

immunoreactivity was observed in the cytoplasm of granulosa cells of some 

preovulatory follicles. In tissue samples from the PCOS group, it was determined that 

the immunoreactivity in the cytoplasm of the theca interna cells, granulosa cells and 

stromal cells, as well as in the granulosa lutein cells in the corpora lutea, was stronger 

compared to other groups (Figure 37). However, the expression in the theca interna 

layer of cystic follicles was found to be weaker. 

We evaluated the intensity and prevalence of immunohistochemical StAR 

staining in the ovarian tissues of all groups using the H-Score method. In this context, it 

was determined that StAR immunoreactivity significantly increased in the PCOS group 

(p<0.0001). No remarkable distinction were found in StAR expression among the 

control and treatment groups (Figure 38). 
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Figure 37. StAR localization in ovarian tissues of the groups demonstrated by 

immunohistochemical staining. Black dashed circle: primordial follicles, CF: cystic 

follicle, CL: corpus luteum, black arrow: indicates StAR immunoreactivity. There is no 

staining pattern in the negative control in the additional image. The scale bar represents 

200 μm at x10 and 50 μm at x40 magnifications. 

 

 

Figure 133. H-Score Graph of StAR in Ovarian Tissues of the Groups. ****: 

p<0.0001.Figure 134. StAR localization in ovarian tissues of the groups demonstrated 

 

 



 
 

63 

Co
ntr
ol

PC
OS

Ve
hic
le
Na
HS

PC
OS
+N
aH
S

0

50

100

150

200

StAR

H
-S
co
re

✱✱✱✱ ✱✱✱✱

✱✱✱✱

✱✱✱✱

Figure 38. H-Score Graph of StAR in Ovarian Tissues of the Groups. ****: p<0.0001. 

 

  

 

 

 

 

 

 

 

 

 

Another protein involved in the steroidogenesis pathway is 3β-HSD, which 

facilitates the conversion of pregnenolone to androstenedione via DHEA 18. To evaluate 

the localization of 3β-HSD, we observed ovarian follicles at different maturation stages 

and the corpus luteum in sections stained with 3β-HSD antibody through 

immunohistochemical staining. Teka interna cells, interstitial cells, and granulosa lutein 

cell cytoplasm of tissue samples from the control, vehicle, NaHS and PCOS+NaHS 

groups exhibited a positive staining pattern for the 3β-HSD protein. In the PCOS group, 

stronger 3β-HSD expression was detected in the cytoplasm of teka interna cells and 

interstitial cells. Additionally, cytoplasmic 3β-HSD expression was identified in 

granulosa cells in this group. While more intense immunoreactivity was observed in the 

granulosa cells of cystic follicles, weaker immunoreactivity was detected in teka interna 

cells. Strong expression was detected in the cytoplasm of granulosa lutein cells in the 

corpus luteum occasionally encountered. In the control, vehicle, NaHS and 

PCOS+NaHS groups, immunoreactivity for 3β-HSD wasn’t observed in the granulosa 

cells of follicles at all stages (Figure 39). 
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We assessed the staining intensity and prevalence of 3β-HSD in ovarian tissues 

of all groups using the H-Score method. In this context, it was determined that 3β-HSD 

immunoreactivity significantly increased in the PCOS group (p<0.0001). No 

significance was detected in 3β-HSD expression between the control and treatment 

groups (Figure 40). 
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Figure 39. Localization of 3β-HSD in ovarian tissues of the groups is shown by 

immunohistochemical staining. Black dashed circle: primordial follicle, white arrow: 

primary follicle, CF: cystic follicle, CL: corpus luteum, black arrow: indicates 3β-HSD 

immunoreactivity. There is no staining pattern in the negative control shown in the 

additional image. The scale bar represents 400 μm for x4, 200 μm for x10, and 50 μm 

for x40 magnifications. 

 

 

Figure 141. H-Score Graph of 3β-HSD in Ovarian Tissues of the Groups. ****: 

p<0.0001.Figure 142. Localization of 3β-HSD in ovarian tissues of the groups is shown 

by immunohistochemical staining. Black dashed circle: primordial follicle, white arrow: 
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Figure 40. H-Score Graph of 3β-HSD in Ovarian Tissues of the Groups. ****: 

p<0.0001. 

 
Figure 41. Localization of CYP19A1 in ovarian tissues of the groups is shown by immunohistochemical staining. CF: 

cystic follicle, star: theca layer, CL: corpus luteum, black arrow: indicates CYP19A1 immunoreactivity. There is no 

staining pattern in the negative control image. The scale bar represents 400 μm x4, 200 μm x10 and 50 μm 

x40.Figure 40. H-Score Graph of 3β-HSD in Ovarian Tissues of the Groups. ****: 

p<0.0001. 

 
Figure 41. Localization of CYP19A1 in ovarian tissues of the groups is shown by immunohistochemical staining. CF: 

cystic follicle, star: theca layer, CL: corpus luteum, black arrow: indicates CYP19A1 immunoreactivity. There is no 

staining pattern in the negative control image. The scale bar represents 400 μm x4, 200 μm x10 and 50 μm 

x40.Figure 40. H-Score Graph of 3β-HSD in Ovarian Tissues of the Groups. ****: 

p<0.0001. 

 
Figure 41. Localization of CYP19A1 in ovarian tissues of the groups is shown by immunohistochemical staining. CF: 

cystic follicle, star: theca layer, CL: corpus luteum, black arrow: indicates CYP19A1 immunoreactivity. There is no 

staining pattern in the negative control image. The scale bar represents 400 μm x4, 200 μm x10 and 50 μm 

x40.Figure 40. H-Score Graph of 3β-HSD in Ovarian Tissues of the Groups. ****: 

p<0.0001. 
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CYP19A1, also known as aromatase, is an essential protein involved in estrogen 

biosynthesis. This protein facilitates the conversion of testosterone and androstenedione 

to estradiol and estrone in granulosa cells 18. To assess the localization of CYP19A1, we 

observed ovarian follicles at different maturation stages and corpus luteum sections 

stained with CYP19A1 antibody through immunohistochemical staining in the ovaries. 

Positive immunoreactivity was detected in the cytoplasm of granulosa cells of primary, 

secondary and Graaf follicles in tissue samples from the control, vehicle, NaHS and 

PCOS+NaHS groups. Additionally, expression for CYP19A1 was observed in 

granulosa lutein cells in the corpus luteum. In the PCOS group, strong expression was 

detected in the cytoplasm of granulosa cells of primary, secondary, Graafian and cystic 

follicles. There was no immunoreactivity for CYP19A1 in the follicular cells of 

primordial follicles (Figure 41). 

We evaluated the intensity and prevalence of immunohistochemical staining for 

CYP19A1 in ovarian tissues of all groups using the H-Score method. In this context, it 

was determined that CYP19A1 immunoreactivity significantly increased in the PCOS 
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Figure 41. Localization of CYP19A1 in ovarian tissues of the groups is shown by 

immunohistochemical staining. CF: cystic follicle, star: theca layer, CL: corpus luteum, 

black arrow: indicates CYP19A1 immunoreactivity. There is no staining pattern in the 

negative control image. The scale bar represents 400 μm x4, 200 μm x10 and 50 μm 

x40. 

group (p<0.0001). No remarkable distinction was detected in CYP19A1 expression 

between the control and treatment groups (Figure 42). 
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Figure 42. H-Score Graph of CYP19A1 in ovarian tissue of the groups. ****: 

p<0.0001. 

  

 

 

 

 

 

 

 

 

 

 

4.4.2. Immunohistochemical Localization of H2S-Producing Proteins 

CBS and CTH are important enzymes involved in H2S synthesis in various 

tissues. To assess CBS localization, we observed sections stained with CBS antibody by 

immunohistochemistry in ovarian follicles at different maturation stages and corpus 

luteum. Tissue samples from the control, vehicle, NaHS and PCOS+NaHS groups 

exhibited positive staining for CBS protein in the cytoplasm of granulosa cells of 

primordial, primary, secondary and Graafian follicles. Additionally, we observed strong 

immunoreactivity for CBS protein in primary and secondary oocytes. We determined 

CBS expression in the cytoplasm of theca cells, interstitial cells, luteal cells in the 

corpus luteum and smooth muscle cells. In the PCOS group, we found weaker 

immunoreactivity in the cytoplasm of follicular cells, theca cells and interstitial cells. In 

this group, we couldn’t detect immunoreactivity for CBS protein in oocytes (Figure 43). 

We evaluated the immunohistochemical CBS staining intensity and prevalence 

in ovarian tissues of all groups using the H-Score method. In this context, a remarkable 

diminish in CBS immunoreactivity was determined in the PCOS group (p<0.0001). No 
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Figure 43. Immunohistochemical localization of CBS in ovarian tissues of the groups is 

shown by staining. CF: cystic follicle, four-pointed star: oocyte, black dashed circle: 

primordial follicle, white arrow: primary follicle, star: theca layer, CL: corpus luteum, 

black arrow and black arrowhead: indicate CBS immunoreactivity. There is no staining 

pattern in the negative control image. The scale bar represents 200 μm, x10, and 50 μm, 

x40. 

 

Figure 44. H-Score Graph of CBS in Ovarian Tissue of the Groups. ****: 

p<0.0001.Figure 43. Immunohistochemical localization of CBS in ovarian tissues of the 

significance in CBS expression was detected among the control and treatment groups 

(Figure 44). 
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Figure 44. H-Score Graph of CBS in Ovarian Tissue of the Groups. ****: p<0.0001. 

 
Figure 45. Immunohistochemical localization of CTH in ovarian tissues of the groups is shown. CF: cystic follicle, 

dashed black circle: primordial follicle, white arrow: primary follicle, star: theca layer, CL: corpus luteum, black 

arrow: indicates CBS immunoreactivity. The staining pattern is absent in the negative control image. The scale bar 

represents 200 μm, x10, and 50 μm, x40.Figure 44. H-Score Graph of CBS in Ovarian Tissue of 

the Groups. ****: p<0.0001. 

 
Figure 45. Immunohistochemical localization of CTH in ovarian tissues of the groups is shown. CF: cystic follicle, 

dashed black circle: primordial follicle, white arrow: primary follicle, star: theca layer, CL: corpus luteum, black 

arrow: indicates CBS immunoreactivity. The staining pattern is absent in the negative control image. The scale bar 

represents 200 μm, x10, and 50 μm, x40.Figure 44. H-Score Graph of CBS in Ovarian Tissue of 

the Groups. ****: p<0.0001. 

 
Figure 45. Immunohistochemical localization of CTH in ovarian tissues of the groups is shown. CF: cystic follicle, 

dashed black circle: primordial follicle, white arrow: primary follicle, star: theca layer, CL: corpus luteum, black 

arrow: indicates CBS immunoreactivity. The staining pattern is absent in the negative control image. The scale bar 

represents 200 μm, x10, and 50 μm, x40.Figure 44. H-Score Graph of CBS in Ovarian Tissue of 

the Groups. ****: p<0.0001. 

  

 

 

 

 

 

 

 

 

 

 

 

To evaluate CTH localization, we observed ovarian follicles at different 

maturation stages and corpus luteum sections stained with CTH antibody through 

immunohistochemical staining in ovaries. Tissue samples from control, vehicle, NaHS 

and PCOS+NaHS groups exhibited positive staining patterns for CTH protein in the 

cytoplasm of primordial, primary, secondary and Graafian follicles' granulosa cells. The 

CTH expression in granulosa cells was stronger than that of CBS. Additionally, we 

identified CTH expression in the cytoplasm of primary and secondary oocytes. 

However, the expression in oocytes wasn’t as strong as CBS. We also observed CTH 

expression in the cytoplasm of theca cells, interstitial cells, luteal cells in the corpus 

luteum and smooth muscle cells. In the PCOS group, we found weaker 

immunoreactivity in the cytoplasm of follicular cells, theca cells and interstitial cells. 

We couldn’t detect immunoreactivity for CTH protein in oocytes in this group (Figure 

45). 

We evaluated the intensity and prevalence of immunohistochemical CTH 

staining in ovarian tissues of all groups using the H-Score method. In this context, a 

significant decrease in CTH immunoreactivity was determined in the PCOS group 
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Figure 45. Immunohistochemical localization of CTH in ovarian tissues of the groups is 

shown. CF: cystic follicle, dashed black circle: primordial follicle, white arrow: primary 

follicle, star: theca layer, CL: corpus luteum, black arrow: indicates CBS 

immunoreactivity. The staining pattern is absent in the negative control image. The scale 

bar represents 200 μm, x10, and 50 μm, x40. 

(p<0.0001). No remarkable distinction in CTH expression were detected among the 

control and treatment groups (Figure 46). 

 

 

 

       



 
 

72 

Co
ntr
ol

PC
OS

Ve
hic
le
Na
HS

PC
OS
+N
aH
S

0

50

100

150

200

CTH

H
-S
co
re

✱✱✱✱ ✱✱✱✱

✱✱✱✱

✱✱✱✱

Figure 46. H-Score Graph of CTH in ovarian tissue of the groups. ****: p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

4.5. Molecular Findings 

4.5.1.  qRT-PCR Results of Steroidogenic Genes 

mRNA obtained from ovarian tissues was converted to cDNA and amplified 

using the RT-PCR method. The expression of steroidogenic genes (StAR, 3β-HSD, 

CYP19A1) was determined in control and experimental groups. The mRNA expressions 

of StAR, 3β-HSD and CYP19A1 for each group are presented in Figure 47. 

When comparing StAR mRNA expression between the control, vehicle, NaHS, 

and PCOS+NaHS groups, no remarkable distinction was found. However, in the PCOS 

group, a remarkable enhance in StAR mRNA expression was observed and this increase 

was statistically significant compared to the control, vehicle, NaHS and PCOS+NaHS 

groups (p<0.0006). 

In the comparison of 3β-HSD mRNA expression among groups, no statistical 

significance was found in the control, vehicle, NaHS, and PCOS+NaHS groups. 

However, in the PCOS group, a significant increase in 3β-HSD mRNA expression was 
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Figure 47. Relative mRNA expressions of StAR, 3β-HSD, and CYP19A1 for the 

groups. A StAR, **: p<0.0091, when compared between the control group and the 

PCOS group, ***: p<0.0004, when compared between the PCOS group and the vehicle 

group, **: p<0.0024, when compared between the PCOS group and the NaHS group, 

**: p<0.0012, when compared between the PCOS group and the PCOS+NaHS group. B 

3β-HSD, **: p<0.0041, when compared between the control group and the PCOS 

group, ***: p<0.0006, when compared between the PCOS group and the vehicle group, 

***: p<0.0007, when compared between the PCOS group and the NaHS group, **: 

p<0.0034, when compared between the PCOS group and the PCOS+NaHS group. C 

CYP19A1, ***: p<0.002, when compared between the PCOS group and the control, 

vehicle, and NaHS groups, ***: p<0.0003, when compared between the PCOS group 

and the PCOS+NaHS group. 

 

Figure 149. Relative mRNA expressions of CBS and CTH for each group. A. CBS, *: 

p<0.0212, when compared between the control and PCOS groups, *: p<0.0158, when 

compared between the PCOS group and the vehicle group, **: p<0.0100, when 

compared between the PCOS group and the NaHS group, *: p<0.0420, when compared 

between the PCOS group and the PCOS+NaHS group.Figure 150. Relative mRNA 

expressions of StAR, 3β-HSD, and CYP19A1 for the groups. A StAR, **: p<0.0091, 

when compared between the control group and the PCOS group, ***: p<0.0004, when 

determined as compared with the control, vehicle, NaHS, and PCOS+NaHS groups 

(p<0.0005). 

When the CYP19A1 mRNA expression of the groups was compared in the 

control, vehicle, NaHS and PCOS+NaHS groups, no remarkable distinction was 

detected among the groups. However, an increase in CYP19A1 mRNA expression in 

the PCOS group was statistically significant as compared with the other four groups 

(p<0.0001). 
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Figure 48. Relative mRNA expressions of CBS and CTH for each group. A. CBS, *: 

p<0.0212, when compared between the control and PCOS groups, *: p<0.0158, when 

compared between the PCOS group and the vehicle group, **: p<0.0100, when 

compared between the PCOS group and the NaHS group, *: p<0.0420, when compared 

between the PCOS group and the PCOS+NaHS group. B. CTH, **: p<0.0046, when 

compared between the control and PCOS groups, **: p<0.0026, when compared 

between the PCOS group and the vehicle group, **: p<0.0090, when compared between 

the PCOS group and the NaHS group, *: p<0.0188 when compared between the PCOS 

group and the PCOS+NaHS group. 

4.5.2. qRT-PCR Results of H2S-Producing Genes 

CBS and CTH are enzymes involved in H2S synthesis. The mRNA expressions 

of these enzymes in ovarian tissue were determined using the qRT-PCR method. The 

CBS and CTH mRNA expressions for each group are presented in Figure 48. 

When comparing CBS mRNA expressions between the control, vehicle, NaHS 

and PCOS+NaHS groups, no statistically remarkable distinction were observed. In the 

PCOS group, CBS mRNA expression was significantly decreased as compared with the 

control, vehicle, NaHS, and PCOS+NaHS groups (p<0.0083). 

It was determined that CTH mRNA expression was lower in the PCOS group. 

This decrease was found to be statistically significant compared to the control, vehicle, 

NaHS and PCOS+NaHS groups (p<0.0024). No remarkable differences were found in 

mRNA expressions as compared with the control, vehicle, NaHS and PCOS+NaHS 

groups. 
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5. DISCUSSION and CONCLUSION 

While there is no perfect animal model that closely resembles PCOS in humans, 

researchers have utilized rodent PCOS models induced by androgens in studies to 

explore the cellular and molecular foundations of PCOS, aiming to replicate numerous 

phenotypic characteristics of human PCOS 111 ,112 ,113. DHEA is an androgen produced 

in the adrenal glands, and its levels are elevated in women suffering from PCOS. Many 

studies in the literature indicate that rodent PCOS models induced by DHEA effectively 

mimic various phenotypic features of human PCOS 114,64,115,116,117. Therefore, the use of 

DHEA is preferred in rodent models to induce PCOS. DHEA possesses a mild 

androgenic effect, and its conversion to testosterone is necessary for executing indirect 

biological effects in the peripheral tissues of rats. Consequently, in our study, we opted 

to use DHEA to establish a PCOS model, to avoid the direct effects of androgens. 

Previous studies have revealed numerous adverse effects of PCOS on 

reproductive potential 100,118,102,103,104.  However, there has been no investigation into the 

impact of the endogenous gas H2S production system on the negative effects of PCOS 

on ovaries. In our study, we examined the impacts of NaHS, on anovulatory infertility, 

impaired follicular development and disrupted steroidogenesis mechanisms in a rat 

PCOS model induced by DHEA. Our investigation encompassed histological, 

immunohistochemical, biochemical and molecular aspects. 

It is thought that one of the underlying mechanisms for the cessation of 

folliculogenesis in PCOS is due to hormonal imbalance. As a result of disruptions in the 

HPO axis in PCOS, an increase in GnRH pulsatility occurs in the hypothalamus 29. This 

increase in GnRH leads to increased LH secretion from the adenohypophysis. The early 

acquisition of LH receptors by growing follicles results in increased ovarian androgen 

production 29. Studies suggest that dysfunction in the theca cells is among the 

mechanisms contributing to hyperandrogenism in PCOS 119,120. Abnormal elevation of 

LH in PCOS leads to theca hyperplasia, causing an increase in ovarian androgen 

production 121,122. Furthermore, various studies indicate a rise in cytochrome P450 17-

alpha-hydroxylase and StAR activities in the theca cells of women with PCOS 123,124,125. 

These findings reflect steroidogenesis dysfunction in PCOS, suggesting an excessive 

response to gonadotropin stimulation. Additionally, it is reported that isolated theca 
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cells obtained women with PCOS produce more testosterone, 17-alpha-

hydroxyprogesterone and progesterone compared to normal theca cells 126. Moreover, it 

is suggested that elevated E2 and progesterone levels in women with PCOS involve 

impaired negative feedback on LH secretion 127. Evaluation of steroid production in 

granulosa cells after LH stimulation in PCOS reveals that progesterone production in 4 

mm follicles is higher than that in 9-10 mm follicles in normal ovaries 127. Additionally, 

many studies report that hyperinsulinemia is another cause of hyperandrogenism 

observed in PCOS. Insulin, exhibiting a synergistic effect with LH, induces the 

steroidogenic response in the ovary 128,129,130. When granulosa cells of ovulatory and 

anovulatory PCOS ovaries are incubated with insulin, an increase in E2 and 

progesterone production is observed 131. The mRNA expression of LH receptors in 

granulosa cells of women suffering from PCOS is elevated than in granulosa cells of 

normal follicles 132. This finding supports the idea that granulosa cells in PCOS ovaries 

acquire LH receptors early in folliculogenesis, leading to early luteinization 133. Kyei et 

al. reported significantly elevated serum E2 and progesterone levels in pre-pubertal mice 

following subcutaneous DHEA injection 134. Consistent with this finding, many studies 

on DHEA-induced PCOS animal models have also reported higher levels of serum E2, 

progesterone, testosterone, LH and prolactin compared to the control 

group135,136,137,117,138,139,140. In our study, we evaluated serum concentration of E2, 

progesterone in pre-experimental and post-experimental samples to demonstrate 

ovulatory dysfunction. Our assessment revealed no significant difference in pre-

experimental and post-experimental serum E2 and progesterone levels in the control, 

vehicle, NaHS and PCOS+NaHS groups, while we found that the post-experimental 

serum E2 and progesterone levels of the PCOS group rats were higher. This finding is 

evidence that the PCOS experimental model in rats was successfully established, 

parallel to the characteristics of PCOS in humans. However, there is no study in the 

literature evaluating the effect of H2S on the HPO axis. For the first time in this study, 

the corrective effect of NaHS treatment on the impaired HPO axis due to DHEA has 

been demonstrated. NaHS may exert this effect by mitigating damage at the level of 

hyperinsulinemia, impaired steroidogenesis mechanism, or hormonal synthesis pathway 

or receptor. Further studies can provide a complete understanding of its mechanism. 

Oligo/anovulation holds a significant place in PCOS. Therefore, the primary 

reason for women with PCOS to seek assistance from assisted reproductive technology 

(ART) centers is this irregularity. Experimental studies involving the injection of 
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DHEA to trigger PCOS in rats have reported the manifestation of disrupted estrous 

cycles 136,115,116,141,142. In our study, we monitored the estrous cycle by taking vaginal 

smear samples from rats to detect oligo/anovulation, one of the symptoms of PCOS. 

When we analyzed vaginal smears daily for 20 days, we observed that animals in the 

control, vehicle, NaHS and PCOS+NaHS groups exhibited all stages of the estrous 

cycle and had more regular estrous cycles. However, examination of vaginal smears 

from the PCOS group revealed that rats in this group were blocked in the diestrus stage 

and exhibited prolonged estrous cycles. This led us to consider that this condition might 

be related to disturbances in LH and FSH secretion from the adenohypophysis and E2 

release in the ovaries. Additionally, the absence of corpus luteum in ovarian sections of 

animals in the PCOS group or the occasional presence of few corpus luteum structures 

indicates a lack of ovulation in these animals. Our findings support our vaginal smear 

results and once again confirm the successful establishment of the experimental PCOS 

model. 

In in vivo and in vitro investigations carried out in mice and humans, the H2S 

producing system is reported to play a role in ovulation. The pre-ovulatory increase in 

LH stimulates the expression of enzymes catalyzing H2S production and the H2S donor 

NaHS induces a raise in the mRNA expression of AREG, EREG, PLAT. Additionally, 

it is observed that inhibitors of CSE (also known as CTH) block ovulation and the 

ovulation suppressed by a CSE inhibitor is reversed by NaHS. Furthermore, H2S 

induced by LH fluctuations acts on MMP-2, MMP-9 and PLAT activities, ensuring 

follicle rupture 99. 

Parallel to the regulatory effect of H2S on ovulation, our study revealed that the 

cycles of animals in the PCOS+NaHS group were more regular and they exhibited all 

phases of the estrous cycle. Additionally, the existence of numerous corpus luteum 

structures in ovarian sections of animals in this group indicates that ovulation occurred. 

Our results demonstrate that NaHS improves the functional disorder of the estrous cycle 

and the pattern of oligo/anovulation in PCOS rats. 

The ovaries of women with PCOS harbor numerous small (2-9 mm) antral 

follicles and due to the increase in central stroma, these follicles exhibit a peripheral 

distribution 30. Histologically, growing pre-antral follicles in PCOS resemble follicles in 

a normal ovary. The initiation of early antral follicle formation may seem normal. 

However, when the follicle reaches the mid-antral stage, it fails to develop normally. 

Follicular growth halts and begins to show degenerative changes. There is a continuous 
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build-up of follicular fluid and expansion of the antrum. The granulosa layer undergoes 

apoptosis and gradually becomes atretic. Ultimately, thin-walled cystic follicular 

structures emerge. The mechanism responsible for the inability of follicle development 

in PCOS to progress beyond the mid-antral stage during this process isn’t fully 

understood. However, it is thought that one of the mechanisms at this point involves 

premature granulosa cell differentiation and insufficient FSH release 30. Similar to 

PCOS in humans, an abnormal follicular development is also observed in the mouse 

PCOS model induced by DHEA 102. Studies conducted in mice and rats have reported 

an increase in fat and stroma in the ovaries, along with an increase in numerous fluid-

filled cystic follicles 104,143,144. However, severe morphological degenerations in the 

zona pellucida and granulosa cells are reported, along with oligo/anovulation in 

animals, the presence of degenerate oocytes, increased follicle atresia and inflammation 
107. It is observed that high levels of androgens can lead to oocyte degeneration due to 

the presence of androgen receptors on oocytes 145. 

In our study, when evaluating the effect of DHEA on the ovary 

histopathologically, we observed significant signs of degeneration in the zona pellucida 

and oocytes and an increase in follicular degeneration, inflammation, vascular 

congestion and hyalinization in the vascular structures. These parameters were 

supported by semi-quantitative scoring and are consistent with previous studies. As a 

result of NaHS treatment, it was determined that the findings induced by DHEA 

significantly regressed and approached the histological features of the control groups. 

This study is important as the first to demonstrate the therapeutic effect of NaHS against 

DHEA-induced histopathological findings in the ovary. 

Studies reporting that chronic inflammation contributes to PCOS and a pro-

inflammatory genotype is associated with PCOS 146,147,148,149. An increase in NF-κB 

(Nuclear Factor kappa B) activation triggers inflammation in PCOS by leading to a 

significant elevation in the serum level of the pro-inflammatory cytokine IL-1β 

(Interleukin-1-β) 148. However, various studies suggest the anti-inflammatory effects of 

H2S. It is reported that H2S reduces serum concentrations of pro-inflammatory 

cytokines such as IL-1β and TNF-α (tumor necrosis factor-alpha) and increases the 

concentration of the anti-inflammatory cytokine IL-10 150,151. NaHS has been observed 

to prevent the formation of inflammatory cytokines in testicular damage induced by 

cisplatin 84. Additionally, NaHS is known to exhibit protective effects against 

cardiotoxicity by reducing the formation of IL-1β and other pro-inflammatory cytokines 
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152. Considering the anti-inflammatory effects of H2S, we believe that NaHS may have 

demonstrated anti-inflammatory effects in PCOS ovaries. 

In our study, when evaluating all groups in terms of follicle numbers, we 

discovered that the PCOS group was lower numbers of primordial and primary follicles 

as compared with the control and treatment groups. The decrease the number of primary 

follicles may be attributed to some of these follicles transitioning into secondary 

follicles, while others may undergo atresia. Our observation of a rise the numbers of 

secondary and atretic follicles supports this hypothesis. We identified a decrease in the 

number of Graafian follicles and corpus luteum in the PCOS group, attributed to the rise 

the number of secondary follicles. The halt in folliculogenesis at the secondary follicle 

stage in PCOS, where secondary follicles fail to transform into Graafian follicles and 

consequently ovulation doesn’t occur, leads to a decrease in corpus luteum numbers. 

The decrease in the count of Graafian follicles, coupled with the majority of these 

follicles progressing to atresia and forming cystic follicles, also supports our findings. 

Furthermore, our vaginal smear results align with the decrease in corpus luteum 

numbers. In addition to these follicles, an increase in the count of atretic and cystic 

follicles is observed in the PCOS group as compared with the control and treatment 

groups. Our results align with studies that have reported a decrease in primordial, 

primary, and Graafian follicle numbers, along with an increase in secondary, atretic, and 

cystic follicle numbers in the mouse and rat PCOS model 104,153,144. The atretic follicles 

observed in sections stained with H&E are further supported by our TUNEL assay 

findings. 

It has been reported in the literature that CBS-/- mice, which are deficient in H2S-

producing enzymes, are infertile 87,92. In CBS-/- females, a decrease in follicle numbers, 

shortened and irregular estrous cycles, as well as shorter estrus and menopausal periods 

have been documented 87. Another study indicates that CBS-/- mice have reduced 

numbers of growing follicles and irregular, shorter estrous cycles, while CSE-/- mice 

exhibit fertile characteristics. Fertility is revealed to be decreased in CBS+/- mice as 

compared with wild-type mice 93. 

Consistent with the literature, we didn’t observe a statistically important 

difference among the PCOS+NaHS group and the control groups or the NaHS group in 

terms of follicle numbers and corpus luteum numbers. From this perspective, NaHS 

appears to regulate folliculogenesis and facilitate ovulation. Therefore, it can be 

concluded that NaHS treatment is effective in the follicular growth process. NaHS may 
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achieve this effect by inhibiting the transition from primordial follicles to primary 

follicles. However, the uncertainty remains regarding which signaling pathways mediate 

this effect in the ovary. Therefore, further studies evaluating the impact of H2S on 

various signaling pathways involved in follicular development are needed. 

The PI3K-Akt-mTOR signaling pathway has regulatory influences on the 

dormancy and activation of primordial follicles. Excessive activation of the PI3K-Akt 

signaling pathway leads to the formation of immature follicles and numerous small 

antral follicles 154. The inability of ovarian follicles to transform into dominant follicles 

and the generation of numerous cystic follicles are significant features of PCOS. Several 

studies have reported the effectiveness of the PI3K-Akt-mTOR signaling pathway in the 

generation of cystic follicles 155,156,157,158,159. Restuccia and colleagues demonstrated the 

formation of cystic follicles as a result of the inhibition of Akt2 159. On the other hand, 

the effective role of the mTOR signaling pathway in granulosa and theca cell 

proliferation and hormonal dysfunction in the mouse ovaries has also been reported 160. 

There are various studies in the literature regarding H2S and the 

PI3K/AKT/mTOR signaling pathway. It has been documented that H2S concentration 

decrease in liver cells treated with oleic acid, and exogenous NaHS treatment provides 

protection against oxidative stress by diminishing the phosphorylation of AKT, PI3K, 

and mTOR 161. Additionally, exogenous H2S (NaHS) suppresses cell proliferation and 

migration in a melanoma cell line by inhibiting the PI3K/AKT/mTOR pathways 162. 

NaHS has also markedly suppressed the expression of p-PI3K, p-Akt and mTOR 

proteins in the hepatocellular carcinoma cell line, similar to Rapamycin. Furthermore, 

the biological function of H2S in hepatocellular carcinoma cells increases with the 

addition of Rapamycin 163. In a traumatic brain injury mouse model, NaHS has been 

shown to activate the PI3K/AKT/mTOR signaling pathway, inhibit autophagy, protect 

blood-brain barrier integrity and neurons from apoptosis, induce remyelination and 

axonal repair and preserve mitochondrial function 164. However, the H2S donor 

GYY4137 reverses the suppression of PI3K/Akt/mTOR signaling pathways caused by 

lipopolysaccharide-induced acute lung injury 165. In another study, it was stated that 

NaHS could inhibit excessive autophagy, improve doxorubicin-induced myocardial 

fibrosis by suppressing excessive endoplasmic reticulum stress and activate the 

PI3K/AKT/mTOR pathway 166. Therefore, it is observed that H2S plays a dual role in 

the PI3K/AKT/mTOR pathway. H2S can regulate a series of signaling pathways within 

the cell. However, this regulation may vary depending on the cell type, environmental 
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conditions, H2S concentration and many other factors. In PCOS, the PI3K/AKT/mTOR 

pathway is an active signaling pathway in the formation of cystic follicles. In this 

context, our study suggests that the regulatory effect of H2S on folliculogenesis may 

occur through the PI3K/AKT/mTOR pathway. However, our study didn’t investigate 

the signaling pathways that contribute to regulating folliculogenesis. 

Apoptosis is crucial for maintaining tissue homeostasis in multicellular 

organisms. Several pathophysiological changes observed in PCOS are closely linked to 

apoptosis occurring in ovarian granulosa cells 167,168. Androgens exhibit a dual effect on 

follicular development, not only influencing it positively but also promoting follicular 

atresia when present at abnormally high levels 169. However, the underlying 

pathophysiological mechanisms at play remain largely unknown. Shen et al. reported an 

elevated incidence of follicular atresia and a high apoptotic index in the rat PCOS 

model triggered through DHEA, indicating a potential correlation with PCOS 170. 

Additionally, in PCOS, it is suggested that granulosa cells undergo apoptosis due to the 

stalling of follicular growth and ensuing degenerative changes, progressively becoming 

more atretic. These atretic follicles display an increased TUNEL-positive staining 171,172. 

There is no study in the literature that demonstrates the relationship between 

follicular atresia and H2S. However, there are studies indicating the anti-apoptotic 

effects of H2S in various tissues. In embryonic fibroblasts and endothelial cells lacking 

CSE, accelerated cellular aging has been observed as compared with wild-type mice. It 

has been reported upon that supplementation with H2S reverses the aging induced by 

CSE deficiency 173,174. Inhibition of H2S biosynthesis in various cell types leads to the 

initiation of apoptotic responses 175,176. Numerous researches have shown that H2S 

demonstrates a conservation effect against various apoptotic stimuli 177,178,179,180. In 

doxorubicin-induced myocardial fibrosis, H2S significantly reduces the expression 

levels of caspase-2, caspase-3, caspase-9, Bax and Keap1, while significantly increasing 

the expression levels of Bcl-2 and Nrf-2 181. 

In our study, upon evaluating apoptosis in ovarian tissues using the TUNEL 

assay, we observed a higher apoptotic index in the PCOS group as compared with the 

other groups. This observation aligns with the rised number of atretic follicles detected 

in PCOS. However, when comparing the PCOS+NaHS group with the other groups 

regarding the number of atretic follicles, we didn’t find a significant difference. 

Nevertheless, a significant distinction in terms of the apoptotic index emerged when 

comparing the PCOS+NaHS group with the control, vehicle, NaHS and PCOS groups. 
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We attribute the inconsistency between these findings to the fact that, in PCOS, the 

histological features of pre-antral and early antral follicle formation resemble those of 

normal follicles. However, as it progresses to the mid-antral stage, degenerative changes 

become evident. Despite this, the lower apoptotic index ratio in the PCOS+NaHS group 

as compared with the PCOS group suggests that NaHS exerts anti-apoptotic effects in 

ovarian tissue. Our findings harmonize with studies demonstrating the anti-apoptotic 

influences of H2S. 

In women suffering from PCOS, elevated androgen levels and insulin resistance 

cause disturbances in the steroidogenesis pathway. This condition leads to ovarian 

dysfunction and abnormal follicular development 182,183. CYP19A1, 3β-HSD and StAR 

are crucial steroidogenic enzymes involved in the arrangement of the steroidogenesis 

pathway 184. StAR transports cholesterol from the outer membrane to the inner 

membrane of mitochondria, converting it into pregnenolone 185,186. Pregnenolone serves 

as a substrate for progesterone synthesis through the mediation of 3β-HSD 187,188. 

CYP19A1 is the key enzyme in granulosa cells that converts androgens to estradiol 189. 

Any disruption in the regulation of steroidogenic enzymes and steroid hormone 

secretion in granulosa cells can lead to endocrine disorders and consequently, impaired 

follicular development 190. Various researches have explored the effects of androgen 

administration on the activity of steroidogenic enzymes. Continuous intake of 

exogenous DHEA leads to increased expression of 3β-HSD and StAR, enhanced 

conversion of DHEA to androstenedione and subsequently elevated levels of 

dihydrotestosterone and testosterone, resulting in the appearance of hyperandrogenism 
191. DHEA exposure induces high levels of estradiol and progesterone in mouse serum, 

leading to increased steroidogenic activity 192,193. The elevated steroidogenic activity in 

PCOS results in the formation of follicular cysts, hindering the development of 

dominant follicles 194. Mice exposed to DHEA show increased expression of CYP11A1, 

CYP19A1, 3β-HSD and StAR enzymes in granulosa cells of polycystic ovaries 195. The 

addition of testosterone and androstenedione to the culture medium induces increased 

gene expression of 3β-HSD and CYP19A1 in human granulosa cells 196. Abnormal 

steroid secretion is observed in the cystic ovary of cows 197. The key enzyme involved 

in progesterone production, 3β-HSD, is found at high levels in estrogen-active cysts 198. 

Wu et al. reported an increase in the gene and protein expression of CYP19A1, 3β-HSD 

and StAR in PCOS ovaries after subcutaneous DHEA treatment for 21 days 199. In 

another study, a significantly high increase in mRNA and protein expression of 3β-
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HSD, CYP19A1, CYP11A1, and StAR was observed in a DHEA-induced PCOS mouse 

model 134. 

In this study, we examined steroidogenic enzymes (StAR, 3β-HSD and 

CYP19A1) both immunohistochemically and at the gene level. Following DHEA 

administration, we observed higher immunoreactivity of StAR, 3β-HSD and CYP19A1 

in the PCOS group as compared with other groups. Consistent with our findings, we 

also identified an increase in mRNA expression of CYP19A1, 3β-HSD and StAR in the 

PCOS group. Our outcomes support the elevation of serum E2 and progesterone 

observed in the PCOS group. In light of these data, we can say that DHEA alters the 

expression of steroidogenic enzymes involved in steroid hormone synthesis, leading to 

follicular atresia and the formation of cystic follicles. 

There is no study in the literature that investigates the effect of H2S on 

steroidogenesis and estrogen synthesis pathways in the ovary. In contrast to the data in 

the PCOS group in our investigation, we observed a decrease in both StAR, 3β-HSD 

and CYP19A1 immunoreactivity and CYP19A1, 3β-HSD and StAR mRNA expression 

in the PCOS+NaHS group; there was no notable distinction compared to the control, 

vehicle and NaHS groups. In this research, it is first reported occurrence that the 

impaired steroidogenesis pathway, induced by DHEA is restored by the exogenous 

application of the H2S donor NaHS. 

In PCOS, hyperinsulinemia and insulin resistance are as influential as 

hyperandrogenism in the disruption of the steroidogenesis pathway. Studies suggest that 

H2S plays a role in regulating insulin secretion. When rat insulinoma cells are incubated 

with the CSE inhibitor PAG, an increase in insulin release is reported 200. However, 

exogenous H2S application has been found to reduce glucose-induced insulin secretion 

in rat insulinoma cells 200 and isolated mouse pancreatic islets 201. Additionally, H2S 

donors, such as NaHS and ACS67, are observed to decrease L-type Ca+2 currents 

through channels in mouse pancreatic β-cells. In CSE-/- mice, insulin secretion from 

pancreatic islets was higher compared to wild-type mice, and NaHS was found to dose-

dependently inhibit glucose-induced insulin secretion 202 . Considering the regulatory 

effect of H2S on insulin secretion, we speculate that NaHS may have a regulatory effect 

on hyperinsulinemia and insulin resistance in PCOS ovaries. NaHS may restore the 

impaired steroidogenesis mechanism by reducing insulin levels. However, it's important 

to note that this is only a hypothesis, and hyperinsulinemia and insulin resistance 

weren’t examined in this study. CBS, CSE (also known as CTH) and 3-MST are the 
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three main enzymes that produce H2S. CBS and CSE reside in the cytosol, whereas 3-

MST is present in both the mitochondria and cytosol 75,4. In many tissues, CBS and CSE 

enzymes work in coordination to produce H2S, but in some tissues, only one of the 

enzymes is necessary. CSE and CBS expression has been noted in the female 

reproductive systems of mice, rats and humans. In the uterus, placenta and fetal 

membranes of pregnant rats, both CSE and CBS enzymes are expressed, while in the 

non-pregnant rat uterus, only CBS and CSE enzymes are expressed 86,92. In human 

tissues, both CBS and CSE expression have been illustrated in the myometrium, 

amnion, placenta and chorion 92. In mice, CBS mRNA expression has been revealed in 

pregnant, non-pregnant uteri 87. CBS enzyme activity is present in rat decidua and 

placental tissues 88. The distribution of CBS and CSE were reported throughout the 

human fallopian tube 98. CBS, CSE and 3-MST mRNA and protein expression have 

been demonstrated in pig oocytes. Inhibitors of these three enzymes suppress meiotic 

maturation when incubated with oocytes. However, incubating these oocytes with the 

H2S donor NaHS accelerates meiotic maturation 94. A decrease in CBS expression in rat 

granulosa cells has been associated with the inhibition of meiotic maturation in oocytes 
203. Liang et al. have shown that CBS is expressed in follicles at all stages in mouse 

ovaries 95. The expression of CBS and CSE enzymes in the female reproductive system 

suggests that H2S may have some functional roles in the reproductive system. 

According to our research, we investigated the expression of CBS and CTH 

(also known as CSE) in rat ovaries. We assessed CBS and CTH enzymes in the ovaries 

of all groups both immunohistochemically and at the gene level. We found that CBS 

and CTH were situated in the cytoplasm of granulosa and theca cells of follicles at all 

stages, as well as in the cytoplasm of interstitial cells and luteal cells of the corpus 

luteum. This study reports, for the first time, the localization of CBS and CTH in the 

cytoplasm of oocytes. Additionally, In this study, we presented, for the first time, that 

CTH is localized in the cytoplasm of granulosa and theca cells of ovarian follicles, as 

well as in the cytoplasm of interstitial cells and luteal cells of the corpus luteum. We 

observed that CBS immunoreactivity was stronger in the cytoplasm of oocytes 

compared to CTH. 

Li et al. reported remarkable decline in CBS mRNA expression in the liver 

tissues of rats with PCOS induced by the administration of DHEA along with a high-fat 

diet 204. In a PCOS mouse model induced by letrozole, Bries et al. also demonstrated 

lower CBS mRNA expression 205. Consistent with these studies, in our investigation 



 
 

85 

evaluating the expressions of CBS and CTH across groups, we found decreased 

immunoreactivity and mRNA expression of both enzymes in the PCOS group. 

Additionally, the PCOS+NaHS group, exogenous NaHS administration observed to 

increase the immunoreactivity and mRNA expression of CBS and CTH, promoting H2S 

production. The application of DHEA inhibited H2S production in the ovaries. 

However, the signaling pathways involved in this inhibition were not assessed in this 

study. Exogenous NaHS has restored H2S production in the PCOS ovaries. Further 

studies on this topic are crucial for addressing the lack of information in the literature. 

As a result, in the rats with PCOS induced by the administration of DHEA, the 

increase in serum E2 and progesterone levels has contributed to hyperandrogenism, 

leading to disruption in the steroidogenesis pathway. The impaired steroidogenesis has 

resulted in increased expressions of StAR, 3β-HSD and CYP19A1 proteins. Disruption 

of the steroidogenesis pathway due to hyperandrogenism has led to insufficiency in the 

selection of dominant follicles, resulting in oligo/anovulation due to the consequent 

disruption of the HPG Axis. 

In this study, it demonstrated that exogenous NaHS treatment in PCOS ovaries 

can increase the expression of H2S-producing enzymes, thereby reducing the mRNA 

expression levels of the elevated StAR, 3β-HSD and CYP19A1 genes. Activation of the 

H2S pathway has led to a decrease in estradiol and progesterone secretion in PCOS 

ovaries due to the inhibited production of increased StAR, 3β-HSD and CYP19A1 

proteins. Our study has shown that the decrease in CYP19A1 protein and mRNA 

expression in PCOS ovaries in response to NaHS could result in a reduction in estradiol 

production. NaHS has restored impaired steroidogenesis, HPO axis, folliculogenesis 

and oligo/anovulation in PCOS ovaries. We attribute the protective effect of NaHS 

against DHEA-induced damage to its regulatory effects on endocrine system regulation, 

cytoprotective and anti-apoptotic properties. Further elucidating the mechanisms of H2S 

effects could be important for identifying new Disease targets and devising all-

encompassing treatment strategies for female reproductive disorders. 
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