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ABSTRACT 

Ersoy,S.N.(2023). Detection of Hippo Signaling Pathway in 7,12-

Dimethylbenza(a)nthracene (DMBA) Induced Mouse Ovary, Yeditepe University, 

Institute of Health Sciences, Department of Histology and Embryology, Master 

Thesis, İstanbul. 

7,12-dimethylbenz(a)anthracene (DMBA) has well known ovotoxicant and present 

carcinogenic effects on ovarian follicular development in rodents. The Hippo signaling 

pathway induces cell proliferation, differentiation, apoptosis and regulation of organ size 

in diverse species. The relationship between follicular development and the Hippo 

signaling pathway in DMBA-induced mouse ovaries has not been investigated in 

previous studies. Therefore, in this thesis study, we hypothesized that Hippo signaling 

pathway proteins may have a role in the ovotoxicity which is induced by DMBA 

treatment in the mouse ovary. We aimed to demonstrate the Hippo signaling pathway in 

DMBA-treated ovaries by immunohistochemistry and quantitative real-time PCR (qRT-

PCR). In this thesis study, 28 days old 18 BalbC female mice were used and designed 3 

groups (n=6): Control (No treatment), Vehicle group (Daily injection of sesame oil), 

Experimental group (The intraperitoneal injection of DMBA (1 mg/kg in sesame oil) for 

14 consecutive days). To demonstrate the morphological difference between DMBA and 

control group mouse ovary, sections were stained with Periodic-Acid Schiff (PAS) 

staining. AMH serum levels analyzed by ELISA and follicles were counted to evaluate 

follicle reserve. Immunohistochemistry was performed in the ovary to determine the 

localization of Hippo signaling pathway proteins MST1/2, LATS1/2, YAP1, TEAD4 and 

to show oxidative stress with NTY antibody. The levels of Hippo signaling proteins at 

the mRNA level were measured by qRT-PCR. According to the results, DMBA-treated 

ovaries showed decreased follicular reserve, increased oxidative stress and follicular 

atresia. In our study, we provide evidence for the first time of the relationship between 

follicular development and the Hippo signaling pathway in DMBA-treated mouse 

ovaries. We believe that our data will shed new light on the rapid depletion of follicular 

reserve and the signaling mechanism related to DMBA-induced ovotoxicity on mouse 

ovaries. Therefore, it is suggested that our results may contribute to the further 

investigation of ovotoxicity related problems and the development of new strategies. 

 

Key words: Hippo signal pathway, 7,12-DMBA, ovotoxicity, mouse. 
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ÖZET 

Ersoy,S.N.(2023). 7,12-dimetilbenz(a)antrasen (DMBA) ile İndüklenen Fare 

Ovaryumunda Hippo Sinyal Yolağının Belirlenmesi, Yeditepe Üniversitesi, Sağlık 

Bilimleri Enstitüsü, Histoloji ve Embriyoloji Anabilim Dalı , Yüksek Lisans Tezi, 

İstanbul. 

7,12-dimetilbenz(a)antrasen (DMBA), kemirgen ovaryumunda foliküler gelişim üzerinde 

iyi bilinen bir ovotoksik ve karsinojenik etkiye sahiptir. Hippo sinyal yolağı, çeşitli canlı 

türlerinde hücre proliferasyonunu, farklılaşmasını, apoptozunu ve organ boyutunun 

düzenlenmesini kontrol eder. DMBA uygulanmış fare ovaryumlarında foliküler gelişim 

ve Hippo sinyal yolağı arasındaki ilişki daha önceki çalışmalarda araştırılmamıştır. Bu 

nedenle, bu tez çalışmasında, Hippo sinyal yolağı proteinlerinin fare ovaryumunda 

DMBA uygulaması ile indüklenen ovotoksisitede bir rolü olabileceğini hipotez 

etmekteyiz. DMBA uygulanan ovaryumlarda Hippo sinyal yolağını immünohistokimya 

ve kantitatif gerçek zamanlı PCR (qRT-PCR) yöntemleri ile göstermeyi amaçlamaktayız. 

Bu tez çalışmasında 28 günlük 18 adet BalbC dişi fare kullanılarak 3 grup oluşturulmuştur 

(n=6): Kontrol grubu (Herhangi bir tedavinin yapılmadığı grup), Çözgen grubu (Sadece 

susam yağı verilen grup), Deney grubu (1 mg/kg DMBA'nın susam yağı içinde çözülerek 

14 gün boyunca intraperitoneal olarak verildiği grup). DMBA ile kontrol fare ovaryumları 

arasındaki morfolojik farklılıkları göstermek için kesitler Periyodik Asit-Schiff (PAS) 

boyası ile boyandı. Ovaryumdaki folikül rezervini belirlemek amacıyla ELISA yöntemi 

ile AMH serum seviyeleri ve folikül sayımı yapıldı. Hippo sinyal yolağı proteinleri olan 

MST1/2, LATS1/2, YAP1 ve TEAD4 lokalizasyonlarını belirlemek ve ayrıca ovaryumda 

oksidatif stresi göstermek amacıyla NTY antikoru ile immünohistokimya yapıldı. Hippo 

sinyal proteinlerinin mRNA seviyeleri qRT-PCR yöntemi ile belirlendi. Sonuçlara göre, 

DMBA ile indüklenen fare ovotoksisite modelinde azalmış foliküler rezerv, artmış 

oksidatif stres ve foliküler atrezi gösterildi. Çalışmamızda ilk kez DMBA uygulanan fare 

ovaryumlarında foliküler gelişim ile Hippo sinyal yolağı arasındaki ilişki gösterilmiştir. 

Verilerimizin, foliküler rezervin hızla tükenmesine ve fare ovaryumlarında DMBA ile 

indüklenen ovotoksisite ile ilgili sinyal mekanizmasına yeni bir ışık tutacağına 

inanıyoruz. Dolayısıyla, bu çalışma sonucunda elde edilen verilerin ovotoksisite ile ilgili 

problemlerin daha fazla araştırılmasına ve yeni stratejilerin geliştirilmesine katkıda 

bulunabileceği ileri sürülmektedir. 

 

Anahtar Kelimeler: Hippo sinyal yolağı, 7,12-DMBA, ovotoksisite, fare.
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1.INTRODUCTION AND PURPOSE 

 

In the female reproductive system, the ovary is responsible for the production of 

oocytes and the secretion of various steroid hormones (1) and the ovarian cortex is 

composed of follicles at different stages of development (2). In mammals, the oocyte 

reserve accumulated during prenatal life is continuously depleted throughout postnatal 

life (3). Induction of ovaries with an environmental toxic chemical agent can lead to 

ovotoxicity by depleting the primordial follicle reserve (4).  

 

7,12-dimethylbenz(a)anthracene (DMBA) is a polycyclic aromatic hydrocarbon 

and endocrine disruptor consisting of fused aromatic rings, induces many tumors and has 

been used as a cancer model in rodents (5,6). Exposure to DMBA in daily life comes from 

the combustion of organic matter such as charred food, cigarette smoke and fossil fuels 

(7). DMBA is associated with an acceleration of the onset of ovarian failure in female 

smokers, which supports its ovotoxicity(8). In addition to its carcinogenic effect, DMBA 

causes the loss of all ovarian follicle types, disrupting the folliculogenesis and causing a 

decrease in follicle population (3). For ovotoxicity to occur, DMBA requires bioactivated 

by microsomal epoxide hydrolase (mEH) and members of the cytochrome P450 oxidase 

family to DMBA-3,4-diol,1,2-epoxide, an ovotoxic metabolite (4,9). The bioactive 

metabolite has been reported to bind to both dAdo and dGuo residues in DNA, forming 

DMBA-DNA adducts and causing follicular atresia (10).  

 

The Hippo signaling pathway, as an evolutionarily conserved pathway contributes 

to the understanding of many molecular mechanisms, including cell proliferation, 

differentiation, apoptosis, organ size regulation and tumorigenesis (11–15). 

Dysregulation of the Hippo signaling pathway contributes to impaired follicular 

development due to reproductive disorders such as loss of follicular homeostasis and 

depletion of follicular reserve. The Hippo signaling pathway consists of Mammalian 

sterile 20-protein kinase 1 and 2 (MST1/2), large tumor suppressor homologues 1 and 2 

(LATS1/2), Yes-associated protein (YAP1), and its transcriptional cofactor Two 

homologs of Drosophila Yki (TAZ)(16). Furthermore, activation of YAP1, a major 

effector of the Hippo signaling pathway, plays an crucial role in cellular processes such 

as follicular development, follicle activation and ovarian steroidogenesis (17). When the 
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Hippo signaling pathway is active, YAP/TAZ is transcriptionally active and 

phosphorylates YAP/TAZ activity in the cytoplasm. Conversely, when the Hippo 

pathway is inactive, YAP/TAZ is transcriptionally active and localizes to the nucleus 

thereby regulating gene expression (18).  

 

The signaling pathway mechanism involved in the effects of DMBA on follicular 

development have not yet been fully elucidated. In this study, we have shown the 

expression of Hippo signaling pathway proteins may have a role in the ovotoxicity which 

is induced by DMBA treatment in the mouse ovary. Besides, by this study, we 

demonstrated the relationship between follicular development and the Hippo signaling 

pathway in DMBA-induced mouse ovaries for the first time. Thus, this study may 

contribute to the further investigation of DMBA-induced ovotoxicity related problems 

and the development of new strategies. 
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2. LITERATURE REVIEW 

 

2.1. The Female Reproductive System 

The existence of the female reproductive system is essential to the continuation of 

life and preservation of species. Female reproduction is regarded as one of the most 

important systems in the body due to its crucial functions. The female reproductive 

system comprises internal organs, including the ovaries, the oviducts, the uterus, and the 

vagina located in the pelvis, and external genital organs located in the anterior part of the 

perineum that functions together to facilitate sexual reproduction (19,20). This system is 

organized to perform a variety of functions such as the secretion of sex hormones, the 

formation of the oocytes, transport to the oviducts for fertilization, and as well as the 

development and growth of the fetus during pregnancy (21,22) (Figure 1).  

 

 

 

Figure 1. Structures of the female reproductive system (20). 
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2.2. The Ovaries 

 The ovary is an essential organ of the female reproductive system. Ovaries are the 

female gonads that undergo major structural changes during each reproductive cycle. 

Oocyte production and steroid hormone release are the two main functions of the ovary 

(19). 

Ovaries in the human pelvis are paired, flattened, ovoid structures, approximately 

the size of an almond-shaped located near the bilaterally lateral pelvic walls of the uterus 

on either side of the ovarian fossa. Each gonad size is around 2-3 cm long, 1.5-2 cm wide, 

and 1 cm thick (23) (Figure 1). Gonads are bound with the broad ligament extending on 

the lateral edges of the uterus by a peritoneal fold called the mesovarium. The fold of the 

peritoneum transmits the blood vessels in the hilum, where hilus cells, vessels and nerves 

enter and exit the organ to the ovaries (20,23) (Figure 2). 

 

 

 

Figure 2. Diagram of a cross-section of the ovary (23). 

 

2.2.1. Embryonic Development of The Ovary 

The mammalian embryonic gonads form as called bipotential or indifferent 

primordium that are morphologically indistinguishable from one another until the seventh 

week of the development (24). Gonads develop from three different sources; the 

mesothelium covering the posterior abdominal wall, the mesenchyme, and the primordial 

germ cells (25).  
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 The development of the genital or gonadal ridges, which are the somatic precursor 

structures of the ovaries. The gonads appear as a pair of longitudinal gonadal ridges with 

an increase in the epithelium and underlying mesenchyme during the 5th week of 

gestation in humans and embryonic day 10 in mice (E10) (26,27). Ovaries develop from 

the cortical region of the primitive gonads. Germ cells do not appear on the genital ridges 

until the 6th week of development (26). 

 The process of gametogenesis involves the formation and development of 

gametes, which are specialized reproductive cells. In the second week of development, 

gametes develop from primordial germ cells (PGCs) formed in the epiblast. These germ 

cells migrate to the yolk sac wall during gastrulation from the primitive streak at the end 

of the third week of development (25,26) (Figure 3). Afterward, PGCs migrate from the 

developing gonadal ridges to the hindgut and dorsal mesentery between E9.5 and E11.5 

in the mouse and between the 5th and 7th week of gestation in humans (25). 

 A female's gametes are responsible for supplying the genetic material to the 

embryo (24). Oogonia, also known as oocytes, start to undergo meiosis around E13.5 in 

mice and during the 10th week of gestation in humans. At the beginning of puberty, 

developing oocytes arrest in the diplotene phase of the first meiotic prophase before 

ovulation occurs (28).  Meanwhile, they rapidly multiply through mitosis, increasing the 

number of oogonia, and undergo a process where they are surrounded by a layer of 

flattened cells and enter the first stage of meiotic division. These cells are then referred 

to as primary oocytes. The process of reproduction for oogonia is through mitosis, 

resulting in a reserve of around 500,000 primordial follicles in each ovary (21,29). 

 

Figure 3. Illustrating an embryo at the end of the third week with primordial germ cells 

(PGCs) positioned with in the yolk sac wall (29). 
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2.2.1.1. Follicle Formation 

 During the reproductive life of the mammalian female, the primordial follicle 

pool, as known the ovarian reserve, corresponds to the entire germ cell population (30). 

It is essential for fertility that this supply of oocytes is established. The formation and 

migration of primordial germ cells during embryogenesis, the development of oogonial 

clusters (germ cell cysts) in the ovary, and the development of individual primordial 

follicles are crucial stages required for follicle formation (31). The extraembryonic 

mesoderm of the mouse ovary is where the PGCs develop 6.5-7.5 days post coitus (dpc) 

of embryonic development. Oogonial clusters (germ cell cysts) develop from mitosis by 

the migration of PGCs to the genital ridge at approximately 10-11dpc. At 13,5 dpc, germ 

cell cysts begin mitosis, and at 17,5 dpc, oocytes begin to arrest in the diplotene stage of 

meiotic division. The germ line cysts break apart after birth, and a single layer of 

squamous somatic pre-granulosa cells that will differentiate to form granulosa cells (GC) 

form primordial follicles, enclosing individual oocytes (32,33). As a result of cyst 

breakdown, there is a major loss of oocytes (30,31). 

 

 

Figure 4. The developmental process of primordial follicles from primordial germ cells 

in the mouse ovary  (31,34) (The figure adapted from the sources). 

 

2.2.2. Histology of The Ovary 

 The surface of the ovary is covered with a single layer of squamous or cuboidal 

epithelium called the germinal epithelium, a cellular layer, that is continuous with the 

mesothelium, which surrounds the mesovarium. This layer continues with the 
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mesothelium of the visceral peritoneum. Underneath the germinal epithelium, the tunica 

albuginea is a poorly vascularized, dense irregular tight connective tissue (19). 

 The ovary is divided into two parts: the cortex and the medulla. The ovarian cortex 

is the part located just below the tunica albuginea. It contains ovarian follicles at various 

stages of development embedded in a richly cellular connective tissue (19,20). The 

ovarian medulla called zona vasculosa, is a well-vascularized irregular loose connective 

tissue, that consists mostly of smooth muscle fibers, a little amount of elastic and collagen 

fibers, and interstitial cells, that continues with the mesovarium. Medulla is rich in blood 

vessels and extends to all parts of the cortex with smaller vessels (19).  

 The ovarian artery, which comes straight from the abdominal aorta, and the 

ovarian branch of the uterine arteries provide them with blood (35). Thus, the branches 

of the ovarian artery enter the ovary through the hilus, the same area where the venous 

blood exits (24). Also, the medulla has abundant lymphatic vessels and nerve fibers (19). 

Histologically, the ovarian cortex and medulla do not have a distinct border. Besides, the 

mesovarium is lined by the germinal epithelium of the ovary and the mesothelium of the 

peritoneum (23) (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Hematoxylin-eosin (H&E) staining of the histological section of the mouse 

ovary. The cortex (C) contains numerous growing follicles (GF) and corpus luteum (CL) 

at various stages of maturation. Medulla (M) contains lymphatic nerves and numerous 

blood vessels (36).  
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2.2.3. Ovarian Cycle 

 Ovarian follicles are the major units of the female reproductive system. Further, 

ovarian follicles consist of different types and numbers of cells that provide a proper 

environment for oocyte development. Various follicles are seen in different stages of 

development in the cortex. The process of follicle development known as folliculogenesis 

involves the selection of the primordial follicle from the pool of growing follicles and can 

result in ovulation or atresia. Endocrine hormones and intraovarian regulators are 

involved in this process. Follicle development is controlled by the  anterior pituitary and 

local factors (19). 

 The female reproductive system undergoes monthly ovarian and uterine cycles 

beginning at puberty and is properly controlled by the hypothalamic-pituitary-ovarian 

(HPO) axis (37). The ovarian cycle consists of three phases; the follicular phase 

(folliculogenesis), the ovulatory phase (ovulation), and the luteal phase (luteinization) 

(38). 

 

 

Figure 6. Hormonal regulation changes in ovarian and uterine cycles (39). 

Before puberty, all the follicles of the ovarian cortex are in the primordial follicle 

stage. Beginning at puberty, the release of follicle stimulating hormone (FSH) and 

luteinizing hormone (LH) from the anterior pituitary gland with gonadotropin releasing 
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hormone (GnRH) is synthesized from the hypothalamus (Figure 5). FSH modulates the 

maturation and proliferation for follicular development and LH provides for continued 

development of follicles to the preovulatory phase (25,29).  Thus, the ovarian cycle and 

uterine cycles occur simultaneously (23). Additionally, cell-cell interaction and apoptosis 

are the most important factors influencing follicular selection. The follicular dominant 

selection is influenced by the balance between cellular proliferation and apoptosis (40). 

The formation of primary follicles in the first half of the cycle is independent of 

gonadotropic hormones, but FSH is required for further development. Increased FSH 

release at the beginning of the follicular phase stimulates the growth of primary follicles 

and increases the number of FSH receptors in granulosa cells. With this effect, granulosa 

cells proliferate and aromatase enzyme is synthesized in these cells. High estrogen levels 

decrease FSH and increase LH. LH receptors are found in theca interna cells. In these 

cells androgens are synthesized and secreted from cholesterol and diffuse into granulosa 

cells. Aromatase converts androgens into estrogens. The estrogen passes into the theca 

interna, where it enters the general circulation via capillaries. Increased estrogens affect 

the pituitary via negative feedback and indirectly inhibit FSH secretion by suppressing 

GnRH synthesis. Estrogens increase LH secretion before ovulation and ovulation occurs.  

Under the influence of FSH and estrogens, LH receptors increase in granulosa and theca 

cells and the effect of LH is observed. This increases progesterone production and 

decreases estrogen production in the luteal phase. Progesterone prepares the endometrium 

for pregnancy, suppresses LH and prevents follicle development. Decreased FSH 

adversely affects follicles and although dormant follicles continue to develop, others 

undergo atresia (19,23) (Figure 7).  

 

Figure 7. The concentration of ovarian hormones and anterior pituitary hormones 

changes (39). 
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2.2.4. Follicular Growth and Development (Folliculogenesis) 

 The adult ovary is a functional organ that varies physiologically. Folliculogenesis 

is characterized by the morphological and functional stages of a follicle from primordial 

to ovulation. Follicles can develop or undergo atresia. Follicles in the growth phase can 

be divided into two morphologic categories depending on whether an antrum is present 

in the granulosa. Preantral follicles are primordial, primary, or secondary, whereas antral 

follicles are either tertiary or ovulatory (also called Graafian follicles). Unlike primordial 

follicles, which are non-growing, all other types depend on growth, differentiation and 

ovulation (Figure 8) (41) 

 

Figure 8. Schematic representation of folliculogenesis (42). 

 

Primordial follicles are located at the surface of the ovarian cortex and the follicle 

contains the primary oocyte arrested at the diplotene stage of meiosis I surrounded by a 

single layer of flattened and squamous pre-granulosa cells that are segregated from the 

basal membrane (43). Pre-granulosa cells will differentiate to form granulosa cells (GC). 

Primordial follicles receive nutrients and oxygen by passive diffusion from blood vessels 

(44).  

During folliculogenesis, bidirectional communication between the oocyte and its 

surrounding somatic cells plays an essential role in coordinating the development of both 

(45). Recent studies confirmed that; growth factor 9 (GDF 9), bone morphogenetic 

protein 6 (BMP 6), and bone morphogenetic protein 15 (BMP 15) promote activation of 

primordial follicles for development. Also, GDF 9 and BMP 15 are required in the control 

of oocyte maturation and granulosa cell activity (46). Additionally, previous studies 

revealed that the correlation of granulosa cell-derived kit ligand (KL) with oocyte and 

theca cell-derived c-kit is important for granulosa cell proliferation and primordial follicle 

activation (47). The stage of the primordial to primary follicle is gonadotropin stimulation 

is not effective in early follicle development. The primordial follicle transition into 

https://www.sciencedirect.com/topics/medicine-and-dentistry/antral-follicle
https://www.sciencedirect.com/topics/medicine-and-dentistry/antral-follicle
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primary follicles, granulosa cells from flat to cuboidal in shape. At this stage, the zona 

pellucida is formed around the primary oocyte and  this glycoprotein polymer capsule 

separates the oocyte from the granulosa cells (32) (Figure 9). 

 The primary follicle develops to form a multilayered secondary follicle. With the 

formation of the secondary follicle, stromal cells surrounded the basal lamina. These cells 

are called theca cells and differentiate into two layers, theca interna, and theca externa. 

With the development of the theca layers, many vessel structures also develop through 

angiogenesis. Additionally, theca interna cells synthesize androstenedione, a steroid 

hormone that is transported to the granulosa cell layer. Granulosa cells produce the 

aromatase enzyme, which converts androstenedione to estrogen with the effect of the 

hormone FSH. Estrogen returns to the stroma surrounding follicle, passes into the blood 

through the blood vessels and spread throughout the body (23).  

 

 

Figure 9. Hematoxylin-Eosin (H&E) staining of the histological section of the ovary (38). 

 

 During the proliferation of granulosa cells, at the end of secondary follicle 

development, a fluid filled cavity begins to form between the granulosa cell layer (32). 

This follicle is called a preantral follicle. The fluid accumulates and the granulosa cells 
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reorganize themselves around a larger cavity or gap called the antrum, now this follicle 

is called an antral follicle (23). The largest ovarian follicle is the Graafian follicle. As the 

antrum develops, the group of granulosa cells becomes rearranged and surrounded by the 

oocyte. This structure is called the cumulus oophorus (19). The single layer of granulosa 

cells surrounds the secondary oocyte, and it is called corona radiata. At this stage, two 

different types of granulosa cells are the mural granulosa cells and the cumulus granulosa 

cells. Additionally, Connexin 37 is the gap junction that has an important role in the 

connection of oocyte and cumulus cells (48). Connexin 43 is also expressed in the 

interaction between mural layers and cumulus layers (49). The theca interna layer 

surrounding the Graafian follicle is rich in blood vessels and releases steroids. The theca 

externa, which acts as a support, is in a relationship with the ovarian stroma (38). 

 Follicular atresia is a regular and widespread process that affects all stages of 

follicular development in the ovary, causing degeneration of follicles and oocytes. Atresia 

is highly prevalent in mammals and is estimated to be responsible for 99% of oocyte loss 

in humans, from fetal ovarian development to reproductive senescence. The glassy 

membrane is the term used to describe the folded material of the basement membrane in 

atretic follicles. Oocytes fragmented by apoptosis often have a folded zona pellucida 

surrounding them. Apoptosis is a mechanism of follicular atresia in oocyte and granulosa 

cells. Follicle cells stop mitosis and intercellular hydrolytic enzymes proliferate, cells 

undergo apoptosis and the follicle shrinks. Atretic follicles are eventually replaced by 

connective tissue. The exact mechanism of atresia is an unknown process as that why 

oocytes are eliminated so thoroughly during fetal and adult life (38,50). 

 At the end of the folliculogenesis, the increase in the amount of estradiol and FSH 

secreted by the granulosa cells of the dominant follicles continues and reaches its highest 

level. The Graafian follicle is rich in LH receptors. The resulting increase in FSH levels 

and estradiol trigger, LH expression from the pituitary gland and a peak in LH levels on 

days 14-16 of follicle development. After LH release, follicular fluid increases further 

and the diameter of the follicle increases. This triggers follicle rupture and enlargement 

of the cumulus cells as a result of high LH receptor levels in the mural granulosa cells. 

The theca layer and tunica albuginea of the Graafian follicle is ruptured by proteolytic 

enzymes in the stigma. The secondary oocyte is expelled into the peritoneal cavity 

together with the zona pellucida, corona radiata, and some follicular fluid. The secondary 

oocyte completes the prophase stage of the first meiotic division and is arrested at 

metaphase in the second meiotic division. From this stage onwards, the oocyte is called 
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the ovum and this process is called ovulation.  After ovulation, the ovum is taken into the 

fallopian tubes and if it is not fertilized within approximately 24 hours, it degenerates and 

undergoes a process of redifferentiation in the ovary and becomes the corpus luteum 

(20,23,24). 

 Following ovulation, the ovary enters the luteal phase then the corpus luteum is 

formed by reorganization and vascularization of the granulosa cells and theca interna of 

the ovulated follicle. At this stage, LH secretion leads to the transformation into granulosa 

lutein cells and theca lutein cells. The function of the corpus luteum is the production and 

secretion of estrogen and progesterone in response to the release of FSH and LH. 

Progesterone and estrogen are responsible for the maintenance of the endometrium for a 

possible pregnancy until approximately the 10th week of gestation. In the absence of 

fertilization, the corpus luteum begins to regress about two weeks after ovulation, and the 

corpus albicans forms (20,21,23). 

 

2.3. Overview of Endocrine Disruptors  

 Endocrine-disrupting compounds (EDs) can have harmful effects on the endocrine 

systems of both humans and animals (51). Endocrine hormones are affected by exogenous 

agents that interfere with their synthesis, secretion, transport, and metabolism (52). EDs 

substances may adversely affect female reproduction, which is a process that is regulated 

by hormones (51). EDs affect the hypothalamus-pituitary-ovary function and have a 

damaging effect on other organs, especially oocytes, and ovaries (53). EDs have benzene 

rings similar to those in the reproductive organs and can easily act and affect reproductive 

hormones. Exposure to EDs is particularly risky in the early stages of prenatal or postnatal 

life and exposure during development frequently has permanent effects (51). EDs can be 

produced naturally (phytoestrogens, contraceptive pills) or synthetically (bisphenol A 

(BPA), polycyclic aromatic hydrocarbons (PAHs)) (54). 

 

2.3.1. General Properties of Polycyclic Aromatic Hydrocarbons (PAHs) 

 Polycyclic aromatic hydrocarbons (PAHs), which are endocrine disruptors, are a 

diverse class of organic compounds with two or more benzene rings that are hydrophobic 

and widespread pollutants (55–57). PAHs are formed as a result of incomplete 

combustion or organic compounds of natural or human origin. However, it can occur 

naturally as a result of volcanic eruptions or forest burns or it can be caused by industrial 

sources, such as motor vehicle emissions, cigarettes, and tobacco. They are also found in 
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water, air, soil, and food. Because of these hazards, the amounts found in the environment, 

food, and beverages have become crucial for human health. In daily life, tobacco smoke, 

smoke from burning wood, cereals, bread, vegetables, fruit, meat, processed products, 

contaminated cow's milk, or breast milk are available. Products grown in contaminated 

soil, air, and water also contain PAHs. Cooking meat or other food on the grill or at high 

temperatures so that it burns increases the amount of PAHs in food (51,53,55,57,58). Over 

100 PAH compounds are present in nature. However, the United States Environmental 

Protection Agency (US-EPA) has identified 16 of them as priority pollutants (Table 1) 

(59). 

 

 

Table 1. The 16 PAH compounds recognized as priority pollutants are shown (59). 

 

The hydrophobic structure of PAHs reduces their solubility in water. Considering 

the molecular structure, it is possible to define PAHs as light or heavy PAHs. If the PAH 

compound has less than four benzene rings "light polyaromatic hydrocarbon compound" 

for such PAHs and "heavy polyaromatic hydrocarbon compound" for PAHs containing 

more than four benzene rings. Thus, an increase in the molecular weight of a PAH 

compound means a decrease in its water solubility. And this shows that the toxic, 

mutagenic, and carcinogenic effects of that compound also increase (60,61). 

 PAHs enter the body primarily through absorption through respiratory, digestive, 

skin, and other mucosal barriers. Thus, exposure to PAHs has been found to cause cancer 

and other diseases, including endocrine and reproductive disorders. Several studies have 

shown the toxic effects of PAHs on endocrine and developmental functions, including a 

Acenaphthene (Ane) Chrysene (Chr) 

Acenaphthylene (Anp) Dibenz(a,h)anthracene (DahA) 

Anthracene (An) Fluoranthene (Flu) 

Benz(a)anthracene (BaA) Fluorene (Flr) 

Benzo(a)pyrene (BaP) Indeno (1,2,3-cd)pyrene (IcdP) 

Benzo(b)fluoranthene (BbF) Naphthalene (Np) 

Benzo(g,h,i)perylene (BghiPy) Perylene (Phe) 

Benzo(k)fluoranthene (BkF) Pyrene (Py) 
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decrease in the weight of reproductive organs, damage to embryonic development and 

ovarian follicles, and defects in the testis and spermatogenesis (51,62). 

 

2.3.1.1. Overview of 7,12-Dimethylbenz(a)anthracene (DMBA) 

7,12-dimethylbenz(a) anthracene (DMBA), an environmental polycyclic aromatic 

hydrocarbon, is a potent carcinogenic compound that initiates, promotes, and progresses 

tumors (63). DMBA is found in nature as a product of semi-completed combustion 

reactions of complex hydrocarbons. This toxic and carcinogenic substance comes from 

the combustion of organic matter such as charred food, fossil fuels, and cigarette smoke 

(64). As an indirect-acting carcinogen, it requires DMBA to be metabolized by the 

cytochrome p450 enzyme system to convert to diol epoxide and other reactive oxygen 

species known to cause increased intracellular oxidation (64). Substances such as DMBA 

disrupt the structure of DNA and cause lipid peroxidation, leading to the formation of 

radicals such as hydroxyl and superoxide anion (65).  

 A metabolic activation by members of the cytochrome P450 (CYP450) 

superfamily, such as CYP1A1 and CYP1B1, is required for DMBA to exert its 

carcinogenic effects (63). The formation of the highly reactive metabolite DMBA-3,4-

diol-1,2-epoxide, which has an epoxide moiety capable of reacting with nucleophiles 

present in the cellular environment such as proteins and DNA, is thought to be what gives 

DMBA its carcinogenic and ovotoxic effects. Bioactivation of DMBA to 3,4-epoxide by 

CYP 450 isoform 1B1 (CYP1B1) and subsequent hydrolysis of the intermediate 3,4-diol 

by microsomal epoxide hydrolase (mEH) to produce the highly carcinogenic and 

ovotoxic DMBA-3,4-diol-1,2-epoxide are the first steps in the metabolic conversion of 

DMBA to this compound (Figure 10) (66).  
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Figure 10. The figure shows the metabolic pathway of DMBA. 

 

2.3.1.2. Role of 7,12-Dimethylbenz(a)anthracene (DMBA) in Ovotoxicity 

In recent decades, epidemiology studies have demonstrated declining fertility 

among women. It has been proven that exposure to a significant number of xenobiotics 

may be responsible for the decline in fertility. These include environmental polycyclic 

aromatic hydrocarbons, pharmaceuticals, industrial compounds, xenoestrogenic and 

chemotherapeutic chemicals that target the follicle population in the ovary (67,68). 

Ovotoxic chemicals affect the function of the ovary in a variety of ways. The carcinogen 

has been extensively studied for its ability to induce mammary, skin, and ovarian tumors, 

especially in rodents (69–72). This compound has also been shown to cause ovotoxicity 

in mammals (73).  

Ovotoxicants have different effects on reproduction depending on the particular 

stage of development at which they target the follicle. According to the number of 

follicles, the chemical is targeting as well as the length of exposure to the chemical across 

a lifetime, different outcomes of follicle loss might occur. Growing follicles can be 

damaged and causing ovarian steroidogenesis and ovulation to be disrupted. Additionally, 

chemicals that specifically damage growing follicles may only temporarily disrupt 

reproduction since these follicles can be replaced by recruitment from the pool of 

primordial follicles. However, if the number of primordial follicles is chemically reduced, 

irreversible damage occurs as women are born with a restricted reserve of follicles. Loss 
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of primordial follicles can be the cause of premature ovarian failure or early menopause 

in women (67).  

Studies have shown that exposure to cigarette smoke causes earlier menopause in 

women who smoke compared to non-smokers (74). Moreover, maternal exposure to 

PAHs before pregnancy or during lactation, even if smoking is stopped during pregnancy, 

leads to decreased ovarian reserve, reduced fertility, and early menopause in female 

offspring (75). 

An important ovotoxic agent DMBA, dose, and time-dependently disrupted 

follicle development in experimental rodent models and caused the destruction of all 

follicle types and induces ovarian tumor formation (76–78). In DMBA-induced 

experiments, follicle destruction starts with oocyte loss followed by somatic cell 

apoptosis. Through the increase in expression of the pro-apoptotic BAX and the 

activation of the caspase 3 in granulosa and theca cells of pre-ovulatory follicles, DMBA 

triggers apoptosis in these cells (79). Thus, a decrease in ovarian volume occurs with the 

loss of all follicle types and corpus luteum in rats and mice (66,80–82).  

             As reported by Mattison et al., mice treated with DMBA for 6 days lost 99.4% of 

their primordial follicles, compared with DBA/2N mice who lost 94.4% (83). Another 

study showed a significant decrease in primordial follicles and developing follicles in 

mice after 45 days of DMBA treatment compared to the control group and a decrease in 

the body weight of mice in the treatment group (84).  

Borman et al. conducted an ovotoxic index and showed that in mice and rats, low-

dose DMBA exposure (0.35 mg/kg to 7.0 mg/kg intraperitoneal (i.p.) per day for 15 days) 

caused more follicle loss than a single high dose (80 mg/kg i.p.). With this study, low-

dose DMBA exposure is of particular importance in terms of the consequences of chronic 

low-dose exposures to environmental chemicals in humans (85).  

In another study to further investigate the mechanisms by which dose-dependent 

DMBA exposure causes follicular depletion, rat ovaries were examined using a neonatal 

ovarian culture system. Two concentrations of DMBA were investigated at which follicle 

depletion was observed (75 nM) and not observed (12.5 nM). As a result, no concentration 

affected the number of primordial or unilaminar primary follicles. However, showed that 

a single dose exposure to DMBA depleted multilaminar primary follicles at 

concentrations of 12.5 and 75 nM, while secondary follicles were destroyed only at 12.5 

nM (86).  
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According to a study, mice treated with DMBA (80 mg/kg) also showed signs of 

necrosis in primordial follicles (87). In combination with physical stress, DMBA can 

damage DNA in non-ovarian tissues (peripheral lymphocytes, liver, and skin cells) in rats 

(88). All these studies add to the scientific evidence showing that DMBA can adversely 

affect the function of the ovaries. 

 

2.4. The Hippo Signaling Pathway 

The Hippo signaling pathway, also referred to as Salvador/Warts/Hippo signaling 

pathway was first discovered in Drosophila melanogaster to identify genes involved in 

growth control and was later found to be highly conserved in mammals through evolution 

and has been studied for the past 20 years (89). The presence of a kinase cascade, 

transcription coactivators, and DNA binding members in the core of the Hippo signaling 

pathway, recent studies have shown that the Hippo pathway is a complex signaling 

network with at least 30 components (90). Hippo signaling is involved in regulating cell 

proliferation, differentiation, apoptosis, and cell fate determination to either control organ 

growth and size, and also early embryonic development, and regeneration (91). Recent 

studies have recognized more diverse functions of this pathway, including development, 

tissue homeostasis, stem cell regeneration, immunity, and tumorigenesis. It has also been 

found to play a role in the regulation of follicle activation, growth and follicle 

development. The result of a defect in the Hippo signaling pathway leads to tumor 

formation or organ degeneration (92–97) (Figure 11).  
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Figure 11. Functions of Hippo signaling pathway in cells. The Hippo signaling pathway 

controls cell proliferation, differentiation, death, and growth (98) (The figure adapted 

from the source). 

 

2.4.1. The Hippo Signaling Pathways in Mammals 

The Hippo signaling pathway is highly evolutionarily conserved and therefore, 

most components of the Hippo signaling pathway found in Drosophila have mammalian 

homologs. The core of this pathway is a protein kinase cascade and phosphorylation of 

serine/threonine is controlled by a variety of kinases. Hippo (Hpo), Salvador (Sav), Warts 

(Wts), Mats, Yorkie (Yki), and Scalloped (Sd) mammalian orthologs respectively; 

Mammalian sterile 20-like 1/2 (MST1/2, also called STK4/3), SAV1, Large tumor 

suppressor homolog 1/2 (LATS1/2), MOB kinase activator 1A/B (MOB1a/b), 

transcriptional coactivator with Yes-associated protein (YAP)/PDZ binding motif (TAZ, 
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also called WWTR1) and TEA domain transcription factor (TEAD) components (99) 

(Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Comparison of Hippo signaling pathway core components between 

Drosophila and mammals (100) (The figure adapted from the source). 

 

Essentially, the Hippo pathway is composed of two primary components: the core 

serine/threonine protein kinase cascade is modulated by a variety of upstream signals, and 

the transcriptional module drives downstream gene expression (101). As the core 

component of the Hippo pathway, MST1/2, SAV1, LATS1/2, YAP, and TAZ play an 

important role (102).  

After receiving the upstream activation signals, the downstream Mst1/2 kinase 

phosphorylates Lats1/2 kinases and MOB1 cofactor via SAV1, leading to the activation 

of these proteins. When the Hippo signal pathway is activated, Lats1/2 kinases promote 

the cytoplasmic localization and degradation of YAP/TAZ transcription co-activators, 

phosphorylating and inactivating them. However, when the Hippo pathway is inactivated, 

dephosphorylated YAP/TAZ translocates into the nucleus, accumulates, and forms 

complexes, and binds to transcription factors such as TEAD1-4, which is responsible for 

promoting cell proliferation, migration, and survival genes (92,102,103).  
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The activation of MST1/2 can be triggered by TAO kinases (TAOK 1/2/3), which 

phosphorylate the activation loop of the MST dimer (MST1 (Thr183), MST2 (Thr180)) 

(104,105). Activation loop phosphorylation is increased by MST1/2 dimerization. 

Therefore, possible that MST1/2 activation can be initiated through dimerization without 

needing the involvement of upstream kinases (106,107). NF2/Merlin, another important 

component in this activation, directly associates with LATS 1/2 and facilitates LATS 1/2 

phosphorylation by the MST 1/2-SAV1 complex. As a result, LATS 1/2 is activated by 

autophosphorylation to phosphorylate and inactivate YAP and TAZ (108). Additionally, 

MAP4Ks (Mitogen-activated protein kinase kinase kinase kinase) can also cause 

LATS1/2 activation by directly phosphorylating LATS1/2 on their hydrophobic motifs 

(90,109) (Figure 13).  

 

 

Figure 13. Schematic representation of the Hippo signaling pathway components in 

mammals (110). 

 

YAP and TAZ are transcriptional coactivators in the signaling pathway and 

interact with various transcription factors such as TEAD 1-4, RUNX1/2, SMAD, and p73 

only when translocated to the nucleus as they do not have DNA binding domains (111–

113). TEAD1-4 can also bind to VGLL4 (Vestigial Like Family Member 4) in the nucleus 

and therefore functions as a transcriptional repressor. In the nucleus, YAP/TAZ binds 

TEAD and displaces VGLL4, but the interaction between YAP/TAZ and TEAD1-4 
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dissociates VGLL4 from TEAD1-4, thereby activating TEAD-mediated gene 

transcription to support normal tissue growth and inhibit ectopic apoptosis (114) (Figure 

13). 

Studies have shown that the expression of TEAD target genes such as cell 

proliferation and tissue growth is up-regulated in mouse models generated by deletion of 

any of the components such as Merlin, MST1/2, LATS1/2, SAV1, YAP, 

MOB1A/MOB1B. Thus, it provides information about the important roles of each of 

these components in the Hippo signaling pathway (115–118) (Figure 13).  

The Hippo signaling pathway and its effector’s control cell physiology by 

affecting many biological functions in cells. In addition to mechanisms such as 

differentiation, proliferation, and apoptosis in cells, it has many roles in the control of 

organ development and size, regeneration and differentiation in stem cells, cell polarity, 

cell adhesion, extracellular matrix (ECM) contact and energy stress. Especially the 

relationship between tumour formation in various organs and cancer and the Hippo 

signaling pathway has been intensively studied in recent years (110,119–121) (Figure 14). 

 

 

 

 

 

 

 

 

 

Figure 14. Schematic representation of the major known biological activities regulated 

by the Hippo signaling pathway (119). 

 

2.4.2. The Hippo Signaling Pathway in Ovary 

 

The Hippo signalling pathway is thought to be essential in regulating the function 

and activation of follicles in the ovary, which have biological roles in many tissues and 

organs. In light of the significance of these functions, disruption of the Hippo pathway 



     23 

 

plays a role in the loss of follicular development, polycystic ovary syndrome (PCOS), 

premature ovarian failure (POF), and ovarian cancer (122) (Figure 15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Emerging roles of Hippo signaling in the ovary (122). 

 

Studies have shown that Hippo signaling has important roles in germline 

differentiation, follicular development, and oogenesis in Drosophila (123,124). However, 

the mechanisms between ovarian and Hippo signaling in mammalian ovaries are not fully 

understood so far. Several studies have shown the expression of components of the Hippo 

signaling pathway at the mRNA level in oocytes, granulosa, and theca cells, some atretic 

follicles, and corpus luteum at all stages of follicular development and their localiation 

by immunostaining (125–129). In the literature, there are limited studies on the role of 

the Hippo pathway component MST1/2 and the adaptor protein SAV1 in the ovary. In a 

study in mice, ovarian expression of MST1 decreased with age, and YAP1 levels 

increased before 5 months of age. This increase occurred at the same time as YAP1 levels 

and follicle number decreased (130). The results of in vitro experiments show that SAV1 

alone is unable to phosphorylate the downstream protein kinase LATS1, while the 

expression of SAV1 in combination with MST1/2 leads to a stimulation of LATS1 

phosphorylation (131). Another study analyzed LATS1 as a forkhead box L2 (FOXL2) 

interacting protein in granulosa cells of small/medium follicles in mouse ovaries and 

showed that LATS1 can directly phosphorylate FOXL2 (132). In a study using a knockout 
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mouse model, it was shown that deletion of the LATS1/2 gene in mice disrupted the 

morphology of granulosa cells and increased YAP1 expression (133). YAP1, a 

downstream effector of the Hippo signaling pathway, has been examined in most studies. 

Deletion of YAP1 from granulosa cells disrupted the development of ovarian follicles, 

and reduced ovary size, resulting in increased follicular atresia and subfertility in 

transgenic mice (134). Lentiviral knockdown of YAP1 increased primordial follicles and 

decreased primary follicles in mouse ovaries cultured in vitro, whereas YAP1 

overexpression activated follicles (135).  

These observations revealed the potential importance of Hippo signaling in 

ovarian function, but the role of this signaling pathway in follicular development is still 

poorly understood.  

The relationship between follicular development and the Hippo signaling pathway 

in DMBA-induced mouse ovaries has not been investigated in previous studies. 

Therefore, in the thesis study, we hypothesized that Hippo signaling pathway proteins 

may have a role in the ovotoxicity which is induced by DMBA treatment in the mouse 

ovary. We aim to demonstrate the Hippo signaling pathway in DMBA-treated ovaries by 

immunohistochemistry and quantitative real-time PCR (qRT-PCR).  
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3. MATERIALS AND METHODS 

 

3.1. Animal Groups and Experimental Design  

 

All experimental procedures were conducted in the Laboratory of Yeditepe 

University Faculty of Medicine, Department of Histology and Embryology and Yeditepe 

University Experimental Research Center (YUDETAM).  

 A total of 28 day old 18 adult female Balb/C mice were obtained from 

YUDETAM with the approval of the Yeditepe Ethical Committee. Mice were housed in 

YUDETAM with 12/12-h light/dark cycles, at 26 °C, with free access to food and water. 

 These mice were randomly assigned to one of three groups and designed 3 groups 

(n=6): Control group (No treatment), Experimental group (The injection of DMBA 

(Sigma-Aldrich, D3254) (1 mg/kg in sesame oil) intraperitoneal for 2 weeks consecutive 

days according to the manufacturer’s instructions), Vehicle group (Daily injection of 

sesame oil) (Figure 16). Mice were dissected after 1 week from the last treatment day. 

Right ovaries from each experimental group were used for morphological analysis 

(Periodic Acid-Schiff (PAS) staining and immunohistochemistry staining) and left 

ovaries were used for qRT-PCR (n=3). In addition, serum samples were taken from all 

groups of mice at the end of the experiment and ELISA test was performed.  

 

Figure 16. Schematic representation of animal groups and experimental design. 
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3.2. Tissue Processing 

Animals were dissected by cervical dislocations after 3 weeks of experimental 

protocol. Right ovaries from mice were fixed by neutral formalin solution (Formalin, 

Buffered, 10% (Phosphate Buffer/Certified), Fisher Scientific, SF100-4) for 12h. After 

the fixation process, the ovaries were washed 3 times for 10 minutes. Afterward, ovaries 

were dehydrated in increasing alcohol series (70%, 80%, 90%, and 100%). Then, the 

ovaries were incubated in xylene. Afterward, ovaries were embedded in paraffin by using 

a paraffin embedding station (Leica, EG 1160). After then, ovaries were cut into 5 μm 

histological sections with the aid of using a microtome (Leica, RM 2245 and serial 

sections were mounted on poly-L-Lysine glass slides.  

 

3.3. Morphological Analysis with Periodic Acid - Schiff (PAS) Staining 

 For PAS stain sections incubate for 40 min at 60°C to remove paraffin and for 2 

times for 20 min left in xylene for complete removal of paraffin. Then sections rehydrate 

by decreasing the alcohol series for 10 min for each (100%, 96%, 90%, 80%, and 70%). 

After rehydration, the sections stain with Periodic Acid Schiff Kit (Periodic Acid Schiff, 

Bio Optica, 04-130802). After washing the sections with water, they pass through 

increasing alcohol series and clear with xylene. Finally, the sections were covered with a 

coverslip using a xylene-based mounting medium (Bio Mount HM, Bio-Optica, 05-

BMHM500). The examination was done under the light microscope (Leica, DM 500), 

and images of slides were taken under a microscope (Leica, CTR 6000) with the LASV4.1 

computer program. 

 

3.4. Determination of Serum Anti-Müllerian Hormone (AMH) Concentrations by 

ELISA 

When the experimental groups were formed and the experiment was completed, 

blood samples were taken from the animals to determine the levels of Anti Müllerian 

Hormone (AMH) before dissection. The blood samples were centrifuged at 4000 rpm for 

15 minutes and stored at -80C for ELISA test.  

Serum samples taken at -80C were brought to room temperature, then centrifuged 

for 20-30 seconds. Standards were prepared as recommended in the kit (Sunred Bio,  

Mouse AMH Elisa Kit). The 5 standards specified in the kit, positive control and 9 serum 

samples of our study were added to the wells to determine AMH levels according to the 

previously planned order. 50 µL Streptavidin-HRP was added to the standard wells and 



     27 

 

10 µL AMH antibody and 40 µL HRP enzyme conjugate were added to the samples and 

incubated at 37C for 1 hour. Two blank wells were set aside for blanks. At the end of 

the incubation, the liquid in all wells was removed. The washing solution at 30X 

concentration was diluted 30-fold to 1X concentration. All wells were washed 5 times 

with 350 µl of 1X wash solution. 50 µl of chromogen A followed by 50 µl of chromogen 

B solution was added to each well, shaken gently and incubated at 37C for 10 minutes 

in the dark. This time different shades of blue color formation was observed in the wells. 

Then 50 µl of stop solution was added to each well. Shaking gently ensured homogeneous 

distribution of the solution in the wells and a color change from blue to yellow was 

observed. Immediately afterwards, the absorbance values were recorded by reading the 

samples on an ELISA reader using the Gen5 program at 450 nm within 15 minutes. 

Statistical analyses were performed in GraphPad Prism Version 8.0 (GraphPad Software, 

USA). 

 

3.5. Follicle Counting 

During development of the mouse ovary, the follicles are arranged according to 

the number of granulosa layers surrounding the oocyte. The primary oocyte is surrounded 

by a single layer of flat follicular cells which is called the primordial follicle (136). A 

follicle that has one layer of cuboidal shape follicular cells is called a primary follicle. 

When two or more granulosa cells surround the oocyte, it is called a secondary follicle. 

Then, the antral cavities fuse to form a large antrum cavity, this follicle is called an antral 

follicle. In the Graafian follicle, the oocyte is eccentrically positioned and surrounded 

cumulus cells (137). The number of atretic follicles was determined when only 

degenerated oocytes and pyknotic granulosa cells were seen (138). The structure of the 

corpus luteum, which is composed of large granulosa luteal cells and small theca luteal 

cells, has been determined (139). 

Serial 5 μm sections taken from the right ovaries were stained with hematoxylin 

and eosin (H&E) staining and follicle counting was done under the light microscope 

(Leica, DM 500). Follicle counting was performed from serial sections through the center 

of the ovaries in each group. To avoid double counting, only follicles containing an oocyte 

with a visible nucleus were counted. 
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3.6. Immunohistochemistry Staining 

3.6.1. Immunohistochemistry Staining For MST1/2, LATS1/2, YAP1 and TEAD4 

Antibodies 

 5 μm histological sections cut by microtome and mounted on poly-L-Lysine glass 

slides (Poly Lysine, Thermo Fisher Scientific, 165014) were deparaffinized in the 

incubator (60°C) for 1 hour. To be able to remove paraffin from the sections, they were 

cleared with xylene 2 times for 20 min. Sections were rehydrated with decreasing alcohol 

series (100%, 90%, 80%, and 70%) to remove xylene. Sections were washed by distilled 

water for 5 min then by PBS (Phosphate Buffer Saline, pH:7.2-7.4) for 5 min. For antigen 

retrieval, sections were heated in a microwave (around 600 Watts) in Citrate buffer 

(10mM, pH 6.0) prepared by dissolving sodium citrate tribasic dihydrate (Sodium Citrate 

Tribasic Dihydrate, Sigma Aldrich, 6132-04-3) in distilled water, followed by about 5 

min low watt (300 Watt). After the sections were heated in a microwave, they were left 

at room temperature to cool down at the room temperature for 20 min. Then a circle was 

drawn around the tissues on the slides with a hydrophobic barrier pen and the slides were 

washed with PBS 3 times for 5 min. For blocking endogenous peroxidase enzymes, 

sections were incubated with 3% hydrogen peroxide (prepared in methanol) for 10 min. 

Sections were washed with distilled water 2 times for 5 min. 1.5% Normal Horse Serum 

(Vector Laboratories, 3002) was used for blocking and the section was incubated with 

Normal Horse Serum 10 minutes at room temperature. After removal of blocking 

solution, sections were not washed, and they were incubated with the primary antibodies 

MST1/2 Polyclonal Antibody in 1:100 (MST1/2 Polyclonal Antibody, İnvitrogen, PA5-

36100), LATS1/2 Polyclonal Antibody in 1:200 (LATS1/2 Polyclonal Antibody, Bioss, 

bs4081R), YAP1 Polyclonal Antibody in 1:200 (YAP1 Polyclonal Antibody, Cell 

Signaling, 14074), TEAD4 Polyclonal Antibody in 1:200 (TEAD4 Polyclonal Antibody, 

İnvitrogen, PA5-21977) which were prepared in PBS solution at 4C for overnight (Table 

2). After the incubation with primary antibodies, sections were washed with PBS 3 times 

5 min and then incubated with biotinylated pan-specific secondary antibody (Vector 

Laboratories, 30144) 10 minutes at room temperature (Table 3). Sections were washed 

with PBS 3 times for 5 min and then incubated with streptavidin/peroxidase complex 

(Vector Laboratories, 30143) for 5 minutes and incubated at room temperature. After 

slides were washed with PPS for 3 times for 5 min, slides were incubated with the mix of 
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DAB and DAB substrate 1:20 (UltraVision Detection System Large Volume DAB 

Substrate System (RTU), Thermo Fisher Scientific HD16378). Sections were washed 

with PBS 3 times for 5 minutes. Counterstaining was performed with hematoxylin (Gill’s 

hematoxylin No.3, Bio-Optica, 05-06015/L), and counterstaining slides were washed 

with tap water. Sections were dehydrated by increasing alcohol series (70%, 80%, 90%, 

and 100%). Then they were cleared with xylene 2 times for 20 min. The sections were 

covered with a coverslip using a xylene-based mounting medium (Bio Mount HM, Bio- 

Optica, 05-BMHM500) and examination was performed by using a light microscope 

(Leica CTR 6000).  

Table 2. List of primary antibodies for immunohistochemistry staining. 

Primary Antibody Isotype Catalog Number Dilution 

MST1/2 Rabbit Polyclonal Invitrogen, PA5-36100 1:100 

LATS1/2 Rabbit Polyclonal Bioss, bs4081R 1:200 

YAP1 Rabbit Polyclonal Cell Signaling, #14074 1:200 

TEAD4 Rabbit Polyclonal Invitrogen, PA5-21977 1:200 

 

Table 3. List of secondary antibody for immunohistochemistry staining. 

Secondary Antibody Catalog Number 

Prediluted, Biotinylated Universal Pan-

Specific (Anti-mouse/rabbit/goat IgG) 

Secondary Antibody 

VECTASTAIN Universal Quick HRP 

Kit, Peroxidase, R.T.U. – (PK-7800) 

 

 

3.6.2. Immunohistochemistry Staining For Nitrotyrosine Antibody 

Nitrotyrosine (NTY) antibody was used to detect oxidative stress in ovarian tissue. 

5 μm histological sections cut by microtome and mounted on poly-L-Lysine glass slides 

(Poly Lysine, Thermo Fisher Scientific, 165014) were deparaffinized in the incubator 

(60°C) for 1 hour. To be able to remove paraffin from the sections, they were cleared with 

xylene 2 times for 20 min. Sections were rehydrated by decreasing alcohol series (100%, 

90%, 80%, and 70%) to remove xylene. Sections were washed with distilled water for 5 

min then by PBS (Phosphate Buffer Saline, pH:7.2-7.4) for 5 min. For antigen retrieval, 
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sections were heated in a microwave (around 600 Watts) in Citrate buffer (10mM, pH 

6.0) prepared by dissolving sodium citrate tribasic dihydrate (Sodium Citrate Tribasic 

Dihydrate, Sigma Aldrich, 6132-04-3) in distilled water, followed by about 5 min low 

watt (300 Watt). After the sections were heated in a microwave, they were left in room 

temperature to cool down at te room temperature 20 min. Then a circle was drawn around 

the tissues on the slides with a hydrophobic barrier pen and slides were washed with PBS 

3 times 5 min. For blocking endogenous peroxidase enzymes, sections were incubated 

with 3% hydrogen peroxide (prepared in methanol) for 10 min. Sections were washed 

with distilled water for 2 times for 5 min, then with Tween-20 PBS for 2 times for 5 min. 

5% Normal Goat Serum (prepared in 0.1 % Triton-X-PBS) was used for blocking and the 

sections were incubated with Normal Goat Serum for 1h at room temperature. After 

removal of the blocking solution, sections were not washed, and they were incubated with 

the primary antibodies Nitrotyrosine Polyclonal Antibody in 1:50 (Nitrotyrosine 

Polyclonal Antibody, Thermo Fisher Scientific, A-21285) which were prepared in 

blocking solution at +4°C for overnight. After the incubation with primary antibodies, 

sections were washed with PBS-T (1000μl Tween in 1L PBS) for 3 times for 5 min and 

then incubated with biotinylated secondary antibody in 1:250 dilution (Goat Anti-Rabbit 

IgG H&L (Alexa Fluor 488) (ab150077)) for 1,5h at room temperature. Sections were 

washed with PBS-T for 3 times for 5 min and then incubated with streptavidin for 1,5h at 

room incubated at room temperature. After slides were washed with PPS-T 3 times for 5 

min, slides were incubated with the mix of DAB, and DAB substrate 1:20 (UltraVision 

Detection System Large Volume DAB Substrate System (RTU), Thermo Fisher 

Scientific HD16378). Sections were washed with PBS-T for 3 times for 5 minutes. 

Counterstaining was performed with hematoxylin (Gill’s hematoxylin No.3, Bio-Optica, 

05-06015/L), and counterstaining slides were washed with tap water. Sections were 

dehydrated by increasing alcohol series (70%, 80%, 90%, and 100%). Then they were 

cleared with xylene for 2 times for 20 min. The sections were covered with a coverslip 

using a xylene-based mounting medium (Bio Mount HM, Bio-Optica, 05-BMHM500) 

and examination was performed by using a light microscope.  
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Table 4. List of antibodies for NTY immunohistochemistry staining. 

Antibodies Isotype Catalog Number Dilution 

Nitrotyrosine (NTY) 

(Primary antibody) 

Rabbit 

Polyclonal 

Thermo Fisher 

Scientific, A-21285 

1:50 

Goat Anti-Rabbit IgG H&L 

(Alexa Fluor 488) 

(Secondary antibody) 

Rabbit 

Polyclonal  

Abcam, (ab150077) 1:250 

 

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

 

Hippo signaling proteins MST1, MST2, LATS1, LATS2, YAP1 and TEAD4 

mRNA levels were determined by quantitative RT-PCR. 

 

3.7.1. RNA Isolation 

qRT-PCR method was applied to show the mRNA levels of Hippo signaling 

pathway proteins MST1, MST2, LATS1, LATS2, YAP1, and TEAD4. Total RNA was 

extracted from each group by using the Total RNA Purification Kit-Column Kit (Jena 

Bioscience, #PP210S).  

For the qRT-PCR method, ovarian tissues were cut into small pieces with a scalpel 

and homogenized with a homogenizer. Then, they were taken into sterile 1.5 ml tubes, 

and 300 μL of lysis buffer was added to the ovary.  

Columns were washed with 100 μL of activation buffer for 30 seconds and 

centrifuged at 10,000xG. Add 300 μL of isopropanol to the eppendorf containing the 

sample supernatant and vortex. After the activation buffer settled to the bottom of the 

colon of eppendorf is emptied (eppendorf under the colon), the samples to which 

isopropanol is added was transferred to the colon of eppendorf and 30 seconds. It was 

centrifuged at 10,000 g. Eppendorf remaining under the colon was emptied, sample RNAs 

were remain in the colon at this stage. Colons containing RNA was washed with 700 μL 

of primary buffer washing solution, 30 second. It was centrifuged at 10,000xG. The 

eppendorf located under the colon was emptied. 700 μl of secondary buffer washing 

solution was added on the colon and wait for 30 seconds. It was centrifuged at 10,000 g. 

The tube under the colon was emptied. The colon portion was transferred to a new 

autoclaved tube. 40 μl of elution buffer was transferred to the center of the colon and 
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placed for 3 minutes. was incubated at room temperature for 2 minutes. It was centrifuged 

at 10,000 g. RNAs were collected in the lower ependorf and the upper colon was 

discarded. Sample RNAs were stored at -20°C.  

3.7.2. cDNA Synthesis 

RNA measurement was made optionally from the separated RNAs, and a 

determined/calculated amount of RNA-template, 0.5 μLOligo-DT, and water mixture 

were prepared. 5-10 min at 70°C. were subjected to the heating process (denaturation 

process). The first stage used in preparation and DNA amplification volumes are 

indicated in Table 5. 

 

Table 5. cDNA synthesis reaction contents. 

 

 

10 μL of the mix solution obtained as a result of this process was mixed with 10 

μL of sample RNA. It was inserted into the PCR device by entering the appropriate 

program information (45 minutes at 50°C, 10 minutes at 42°C). After the cDNA synthesis 

process is completed, the samples were stored at -20°C.  

 

3.7.3. qRT-PCR 

The qRT-PCR reaction was prepared according to the manufacturer’s instructions. 

qRT-PCRs carried out on a CFX96 TouchTM Real-Time PCR Detection System (Bio-

Rad Laboratories). The reaction volumes are given in Table 6. The qRT-PCR reaction 

Content Volume (μl) 

SCRIPT RT Buffer 4 

dNTP Mix 1 

DTT Stock Solution 1 

RNase inhibitor 1 

SCRIPT Reverse Transcriptase 0.5 

RNase-free Water 2.5 

Total 10 μl mix 
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protocol was performed as follows. An initial denaturation of 30 seconds at 95C 

continued as a single cycle, followed by 45 cycles of 95°C/15 sec, 53°C/20 sec and 

60°C/20 sec for MST1, MST2, LATS1, LATS2, YAP1 and TEAD4 genes. All expression 

data were normalized by dividing the amount of target gene by the amount of β-actin. 

The primer sequences used in the reactions are given in Table 7.  

Table 6. qRT-PCR reaction contents. 

 

 

 

 

 

 

The reaction mixture was prepared by adding the reactants specified in the Table 6. 

 

Table 7. Primer sequences used in qRT-PCR. 

MST1 F: 5’-GAACACAGACCTGTGGATTG-3’ 

R: 5’-CGCCTTGATATCTCGGTGTA-3’ 

 

(Pengi et al., 

2013) (140) 

MST2 F: 5’-TCTCCTCAATACAGAAGGAC-3’ 

R: 5’-AGAAGTAATGCCAAGGGACC-3’ 

 

(Pengi et al., 

2013) (140) 

LATS1 F: 5’-GAATGAGCCCGTGAAAGCAACACA-3’ 

R: 5’-TTCAGACTTCAGACGCTCCATGCT-3’ 

 

(Sun et al., 2019) 

(141) 

LATS2 F: 5’-TGAAGAGGGCCAAGATGGACAAGT-3’ 

R:5’-AGAGCGTGAGTGTCCAGCTTACAA-3’ 

 

(Sun et al., 2019) 

(141) 

YAP1 F: 5’-ATCCCTGATGATGTACCACTGCCA-3’ 

R: 5’-CAGGAACGTTCAGTTGCGAAAGCA-3’ 

 

(Sun et al., 2019) 

(141) 

TEAD4 F: 5’-AGGCCGGCACCATTACCTC-3’ 

R: 5’-TGGATCTCCCGGGCTTTTC-3’ 

 

(Huapeng et al., 

2019) (142) 

-ACTIN F: 5'-ACCAACTGGGACGACATGGAGAA-3' 

R: 5'-TACGACCAGAGGCATACAGGGAC-3' 

(Li et al., 2013) 

(143) 

 

 

Maxima SYBR Green qPCR Master Mix (2x) 10 μl  

PCR Grade Water 7.8 μl 

Forward Primer 0.6 μl 

Reverse Primer 0.6 μl 

Template DNA 1 μl 
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3.8. Statistical Analysis  

 

ImageJ and FIJI software was used to perform intensity analysis for 

immunohistochemistry staining.  

One way ANOVA and Tukey's multiple comparison test were used for statistical 

analysis by GraphPad Prism Version 8.0 (GraphPad Software, USA). The p-value which 

was lower than 0.05 was called significant.  
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4. RESULTS 

 

4.1. Morphological Evaluation of Experimental Groups by Periodic Acid-Schiff 

(PAS) Staining 

 

Morphological evaluation with Periodic Acid-Schiff (PAS) staining was 

performed to control, vehicle and DMBA ovarian tissues. There is no significant 

difference between the sizes of ovaries from control, vehicle and DMBA groups. We 

observed normal fibrous structure of the ovarian stroma in all groups. In the ovarian tissue 

of the control and vehicle groups, follicles at different stages of follicular development 

and corpus luteum were identified in the cortex of the ovary. When we morphologically 

evaluated the oocytes in the developing follicles, we determined that their nucleus, 

cytoplasm and zona pellucida were normal appearance. We determined that the granulosa 

cells were organized around the oocyte in relation to the oocyte. We also observed atretic 

follicles in the ovaries from control and vehicle groups that did not complete development 

as a requirement of the normal follicular process. When we evaluated the ovarian tissues 

obtained from the vehicle group, we observed the same morphological results as the 

control group. We observed more corpus luteum structure in the vehicle group compared 

to the other groups. We evaluated the ovarian tissues of DMBA-treated mice, which we 

aimed to establish a mouse model of ovotoxicity, we found follicles at different stages of 

follicular development in the ovarian cortex. When we examined the developing follicles, 

we observed deterioration in the cytoplasm, nucleus and zona pellucida of the oocytes in 

the follicle compared to the control group. We did not observe an increase in atretic 

follicles in the 2 week DMBA-treated group compared to the control and vehicle groups, 

but we detected atretic follicles at each stage of follicular development. We showed that 

ovulation occurred in the ovaries of the DMBA-treated group due to the presence of the 

corpus luteum. Although we observed follicles at all stages of development in the ovaries 

of the DMBA-treated group, we also evaluated that the structure of the follicles was 

disrupted. Follicles usually did not have a spherical appearance and there were disruptions 
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in tissue integrity between granulosa cells. The granulosa cells were not in close cellular 

contact with each other and were not always organized around the oocyte. 

 

Figure 17. Morphological evaluation of control, vehicle and DMBA groups by Periodic 

Acid-Schiff (PAS) staining. The structure of cortex and medulla of the ovaries from 

control (A), vehicle (B), and DMBA (C) groups are shown (Scale bar: 400 µm). 

 

 

Figure 18. Morphological evaluation of control group by PAS staining. In the control 

group primordial (A), primary (B), secondary (C), antral (D), corpus luteum (E), and 

atretic (F) follicle structures are shown (Scale bar: 50 µm and 100 µm). Insert figure in A 
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is higher magnification of primordial follicle, insert figure in B is higher magnification 

of primary follicle and insert figure in F is higher magnification of atretic follicle. 

 

 

Figure 19. Morphological evaluation of vehicle group by PAS staining. In the vehicle 

group primordial (A), primary (B), secondary (C), antral (D), corpus luteum (E) and 

atretic (F) follicle structures are shown (Scale bar: 50 µm and 100 µm). Insert figure in A 

is higher magnification of primordial follicle, insert figure in B is higher magnification 

of primary follicle, and insert figure in F is higher magnification of atretic follicle. 
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Figure 20. Morphological evaluation of DMBA group by PAS staining. In the DMBA 

group primordial (A), primary (B), secondary (C), antral (D), corpus luteum (E) and 

atretic (F) follicle structures are shown (Scale bar: 50 µm and 100 µm). Insert figure in A 

is higher magnification of primordial follicle, insert figure in B is higher magnification 

of primary follicle, and insert figure in F is higher magnification of atretic follicle. 

 

 

 

4.2. ELISA Results 

 

Serum AMH level was determined by ELISA method to evaluate the size of 

primordial follicle reserve in all experimental groups. When the concentration 

measurements of the standards were made, the following standard curve graph was 

obtained (Figure 21). When we compared the standards with the experimental groups, the 

AMH concentration in the experimental groups is shown in Figure 22.  

The AMH levels in the serum obtained from the DMBA-treated group, the 

experimental group in which ovotoxicity occurred with DMBA administration for 2 

weeks, were compared with the control and vehicle groups, we did not detect statistically 

difference for AMH levels between all experimental groups. These results showed that 2  
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weeks DMBA administration is not present stimulative effect on primordial follicles 

activation in ovarian reserve (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Standard concentration curve for AMH. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Comparison of serum AMH levels between control, vehicle and DMBA-

treated groups. 
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4.3. Follicle Counting 

 

When the 2 week DMBA-treatment group was compared with the control and 

vehicle groups, we determined that the number of primordial, primary follicles and corpus 

luteum signifcantly decreased (*p<0.1, **p<0.01, ***p<0.001, ****p<0.0001). 

Moreover, we determined that the number of secondary (*p<0.1) and atretic follicles 

(**p<0.01) increased in the DMBA-treated group compared with the control and vehicle 

groups. Follicle numbers are given in Figure 23.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Comparison of the number of primordial, primary, secondary, antral, 

Graafian, atretic follicles and corpus luteum with control, vehicle and DMBA-treated 

groups (****p<0,0001, ***p<0,001, **p<0,01, *p<0,1). 

 

 

4.4. Localization of Hippo Signaling Pathway Proteins by Immunohistochemistry 

 

We performed immunohistochemistry staining on paraffin sections to evaluate 

Hippo signaling pathway proteins in mice control, vehicle and DMBA-treated ovarian 

tissues to show localization of Hippo signaling pathway proteins MST1/2, LATS1/2, 

YAP1, TEAD4.  



     41 

 

MST1 and MST2 are essential components of the Hippo signaling pathway that 

regulates apoptosis and proliferation to maintain organ size and tissue homeostasis in 

mammals (144). To evaluate MST1 and MST2 localization in ovaries, we observed 

primordial, primary, secondary, antral and atretic follicles and corpus luteum in sections 

stained with immunohistochemical staining with MST1/2 antibody.  

We determined that MST1/2 localization was stronger in the cytoplasm of 

granulosa cells in primordial follicle in the DMBA-treated group compared to the control 

and vehicle groups. MST1/2 expression was weak in oocytes in primordial follicle from 

all groups (Figure 24A, 24A’, 24A’’). We found that MST1/2 localization was higher in 

cells cytoplasm of granulosa cells in primary follicle in the DMBA-treated group. 

MST1/2 showed weak expression in primary follicle oocytes in all groups (Figure 24B, 

24B’, 24B’’). When MST1/2 expression in granulosa cells of secondary follicles was 

analyzed, expression was stronger in the cytoplasm of granulosa cells in DMBA-treated 

group compared to control and vehicle groups (Figure 24C, 24C’, 24C’’). In addition, the 

granulosa cell integrity of the secondary follicles in the DMBA-treated group was 

disrupted and the intercellular space increased (Figure 24C’’). We detected weak MST1/2 

expression in secondary follicle oocytes in all groups (Figure 24C, 24C’, 24C’’).  
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Figure 24. MST1/2 protein localization to primordial, primary and secondary follicles in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent primordial follicles in control (A), vehicle (A') and DMBA (A'') 

groups, primary follicles in control (B), vehicle (B'') and DMBA (B'') groups and 

secondary follicles in control (C), vehicle (C’) and DMBA (C’’) groups. The brown 

stained areas indicate MST1/2 and blue stained areas indicate the nucleus. The nucleus 

staining was performed with Hematoxylin. In the additional images shown in the control, 

vehicle and DMBA group, there is no staining pattern in the negative control (Inserts) 

(Scale bar: 50 µm). 

MST1/2 expression was highest in antral groups to follicles at other 

developmental stages. MST1/2 expression was higher in granulosa cells of DMBA-

treated group compared to vehicle and control groups (Figure 25D’’). In all groups, very 

weak MST1/2 expression was observed in antral follicle oocytes (Figure 25D, 25D’, 

25D’’). MST1/2 localization was observed in luteal cells of the corpus luteum in all 
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groups (Figure 25E, 25E’, 25E’’). Also, MST1/2 localization was observed in granulosa 

cells of atretic follicles in all groups (Figure 25F, 25F’,25F’’).  

 

 

Figure 25. MST1/2 protein localization to antral, atretic follicles and corpus luteum in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent antral follicles in control (D), vehicle (D') and DMBA (D'') 

groups, corpus luteum in control (E), vehicle (E'') and DMBA (E'') groups and atretic 

follicles in control (F), vehicle (F’) and DMBA (F’’) groups. The brown stained areas 

indicate MST1/2 and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 

DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 100 

µm and 50 µm). 

 

We analyzed MST1/2 intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. In DMBA group, MST1/2 intensity was higher in 

granulosa cells compared to vehicle and control group, the difference was statistically 
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significant (p<0.1) (Figure 26A). MST1/2 intensity in oocytes was increased in DMBA 

group compared to control and vehicle groups, but not significantly (Figure 26B). 

MST1/2 intensity in total ovary was significantly increased in DMBA group compared to 

control and vehicle groups (p < 0.0001). There is no significant difference in MST1/2 

intensity between control and vehicle groups (Figure 26C).  

 

 

Figure 26. Results of the MST1/2 intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. One-way ANOVA and Tukey's multiple comparison 

test were applied. A. Representative granulosa cell intensity (%). B. Representative 

oocyte intensity (%). C. Representative total ovary intensity (%) (*p<0.1), 

(****p<0.0001). 

LATS1/2 is an important Hippo kinase involved in the regulation of cellular 

processes such as cell proliferation and cell death (145). To evaluate LATS1/2 

localization in ovaries, we observed primordial, primary, secondary, antral and atretic 

follicles and corpus luteum in sections stained with immunohistochemical staining with 

LATS1/2 antibody. LATS1/2 expression was weak in cytoplasm of granulosa cells in 

primordial, primary, secondary, antral, atretic follicle stages and corpus luteum in control, 

vehicle and DMBA groups. We observed slightly localization of LATS1/2 in ovarian 

tissues from all experimental group (Figure 27 and figure 28). 
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Figure 27. LATS1/2 protein localization to primordial, primary and secondary follicles 

in control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. 

The yellow circles represent primordial follicles in control (A), vehicle (A') and DMBA 

(A'') groups, primary follicles in control (B), vehicle (B'') and DMBA (B'') groups and 

secondary follicles in control (C), vehicle (C’) and DMBA (C’’) groups. The brown 

stained areas indicate LATS1/2 and blue stained areas indicate the nucleus. The nucleus 

staining was performed with Hematoxylin. In the additional images shown in the control, 

vehicle and DMBA group, there is no staining pattern in the negative control (Inserts) 

(Scale bar: 50 µm).  
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Figure 28. LATS1/2 protein localization to antral, atretic follicles and corpus luteum in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent antral follicles in control (D), vehicle (D') and DMBA (D'') 

groups, corpus luteum in control (E), vehicle (E'') and DMBA (E'') groups and atretic 

follicles in control (F), vehicle (F’) and DMBA (F’’) groups. The brown stained areas 

indicate LATS1/2 and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 

DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 100 

µm and 50 µm). 

 

YAP1 is phosphorylated by activation of upstream Hippo pathway kinases. YAP1 

has been shown to be a protooncogene that plays important roles in organ development 

and tumorigenesis by regulating cell proliferation (146). To evaluate YAP1 localization 
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in ovaries, we observed primordial, primary, secondary, antral and atretic follicles and 

corpus luteum in sections stained with immunohistochemical staining with YAP1 

antibody. YAP1 localization was observed at all stages of follicular development in all 

groups. YAP1 showed weak expresson in granulosa cells cytoplasm of primordial and 

primary follicles in control, vehicle and DMBA groups. YAP1 expression was not 

observed in primordial and primary follicle oocytes in all experimental groups (Figure 

29A, 29A’, 29A’’ and Figure 29B, 29B’, 29B’’). YAP1 expression was highest in 

secondary and antral follicles in control, vehicle and DMBA groups. Furthermore, YAP1 

expression was strongly expressed in the granulosa cell cytoplasm and nucleus of 

secondary and antral follicles in DMBA-treated groups compared to control and vehicle 

groups (Figure 29C, 29C’, 29C’’ and figure 30D, 30D’, 30D’’). YAP1 localization was 

also observed in oocytes of follicles that developed with follicular development in all 

groups (Figure 29C, 29C’, 29C’’ and figure 30D, 30D’, 30D’’). YAP1 localization was 

detected in luteal cells of the corpus luteum in all groups (Figure 30E, 30E’, 30E’’). Also, 

YAP1 localization was observed in granulosa cells of atretic follicles in all groups (Figure 

30F, 30F’, 30F’’).  
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Figure 29. YAP1 protein localization to primordial, primary and secondary follicles in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent primordial follicles in control (A), vehicle (A') and DMBA (A'') 

groups, primary follicles in control (B), vehicle (B'') and DMBA (B'') groups and 

secondary follicles in control (C), vehicle (C’) and DMBA (C’’) groups. The brown 

stained areas indicate YAP1 and blue stained areas indicate the nucleus. The nucleus 

staining was performed with Hematoxylin. In the additional images shown in the control, 
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vehicle and DMBA group, there is no staining pattern in the negative control (Inserts) 

(Scale bar: 50 µm). 

 

 

Figure 30. YAP1 protein localization to antral, atretic follicles and corpus luteum in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent antral follicles in control (D), vehicle (D') and DMBA (D'') 

groups, corpus luteum in control (E), vehicle (E'') and DMBA (E'') groups and atretic 

follicles in control (F), vehicle (F’) and DMBA (F’’) groups. The brown stained areas 

indicate YAP1 and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 

DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 100 

µm and 50 µm). 
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We analyzed YAP1 intensity in granulosa cells, oocytes and total ovary from 

control, vehicle and DMBA groups. YAP1 intensity in granulosa cells were significantly 

increased in DMBA group compared to control and vehicle groups (p < 0.001). There is 

no significant difference in YAP1 intensity between control and vehicle groups (Figure 

31A). YAP1 expression in oocytes was increased in DMBA group compared to control 

and vehicle groups, but not significantly (Figure 31B). YAP1 intensity in total ovary was 

significantly increased in DMBA group compared to control (p < 0.01) and vehicle groups 

(p < 0.1). There is no significant difference in YAP1 intensity between control and vehicle 

groups (Figure 31C). 

 

 

Figure 31. Results of the YAP1 intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. One-way ANOVA and Tukey's multiple comparison 

test were applied. A. Representative granulosa cell intensity (%). B. Representative 

oocyte intensity (%). C. Representative total ovary intensity (%) (***p<0.001, **p<0.01, 

*p<0.1).  

 

TEAD4 is a downstream effector of the Hippo pathway and plays an important 

roles in cell survival, proliferation and tumorogenesis (147). To evaluate TEAD4 

localization in ovaries, we observed primordial, primary, secondary, antral and atretic 

follicles and corpus luteum in sections stained with immunohistochemical staining with 

TEAD4 antibody. TEAD4 localization was strongly expressed in granulosa cell 

cytoplasm of primordial and primary follicles in control, vehicle and DMBA-treated 

groups. TEAD4 expression was not observed in primordial follicle oocytes but TEAD4 

expression observed in primary follicles oocytes in all groups (Figure 32A, 32A’, 32A’’ 

and Figure 32B, 32B’, 32B’’). TEAD4 expression was highest in secondary and antral 

follicles in control, vehicle and DMBA groups. When TEAD4 expression in cytoplasm 
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and nucleus of granulosa cells of secondary and antral follicles was analyzed, expression 

was stronger in DMBA group to control and vehicle groups. Also, TEAD4 was localized 

in oocytes of secondary and antral follicles in all groups (Figure 32C, 32C’, 32C’’ and 

Figure 33D, 33D’, 33D’’). TEAD4 localization was observed in luteal cells of the corpus 

luteum in all groups (Figure 33E, 33E’, 33E’’). Also, TEAD4 localization was observed 

in granulosa cells of atretic follicles in all experimental groups (Figure 33F, 33F’,33F’’). 

  

 

Figure 32. TEAD4 protein localization to primordial, primary and secondary follicles in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent primordial follicles in control (A), vehicle (A') and DMBA (A'') 

groups, primary follicles in control (B), vehicle (B'') and DMBA (B'') groups and 

secondary follicles in control (C), vehicle (C’) and DMBA (C’’) groups. The brown 

stained areas indicate TEAD4 and blue stained areas indicate the nucleus. The nucleus 

staining was performed with Hematoxylin. In the additional images shown in the control, 
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vehicle and DMBA group, there is no staining pattern in the negative control (Inserts) 

(Scale bar: 50 µm). 

 

 

Figure 33. TEAD4 protein localization to antral, atretic follicles and corpus luteum in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent antral follicles in control (D), vehicle (D') and DMBA (D'') 

groups, corpus luteum in control (E), vehicle (E'') and DMBA (E'') groups and atretic 

follicles in control (F), vehicle (F’) and DMBA (F’’) groups. The brown stained areas 

indicate TEAD4 and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 

DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 100 

µm and 50 µm). 

 

We analyzed TEAD4 intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. In DMBA group, TEAD4 intensity was higher in 
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granulosa cells compared to vehicle and control group, the difference was statistically 

significant (p<0.01) (Figure 34A). TEAD4 intensity in oocytes was increased in DMBA 

group compared to control and vehicle groups, but not significantly (Figure 34B). TEAD4 

intensity in total ovary was significantly increased in DMBA group compared to control 

and vehicle groups (p < 0.01). There is no significant difference in TEAD4 intensity 

between control and vehicle groups (Figure 34C).  

 

 

Figure 34. Results of the TEAD4 intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. One-way ANOVA and Tukey's multiple comparison 

test were applied. A. Representative granulosa cell intensity (%). B. Representative 

oocyte intensity (%). C. Representative total ovary intensity (%)  (**p<0.01). 

 

4.5. Localization of Nitrotyrosine (NTY) by Immunohistochemistry 

 

We performed immunohistochemistry staining on paraffin sections to detection of 

oxidative stress protein in mice control, vehicle and DMBA groups. Nitrotyrosine (NTY) 

was used to detect oxidative stress in primordial, primary, secondary, antral, atretic 

follicles and corpus luteum, while counterstaining was performed with Hematoxylin and 

images were evaluated using light microscopy.  

NTY was strongly expressed cytoplasm of granulosa cells in primordial follicles 

from control, vehicle and DMBA groups. NTY expression was not observed in primordial 

follicle oocytes in all groups (Figure 35A, 35A’, 35A’’). NTY expression was strongly 

expressed from DMBA-treated group in primary follicle cytoplasm of granulosa cells and 

oocytes in primary follicle compared to vehicle and control groups (Figure 35B, 35B’, 

35B’’).  
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NTY expression was highest in secondary and antral follicles in control, vehicle 

and DMBA groups. When NTY expression cytoplasm of granulosa cells and oocytes in 

secondary follicles was analyzed, expression was stronger in DMBA group to control and 

vehicle groups. Also, NTY was localized in oocytes of secondary follicles in all groups 

(Figure 35C, 35C’, 35C’’). We observed strong expression in cytoplasm of granulosa 

cells and oocytes of antral follicles in all groups, however we found the strongest 

expression in the DMBA group (Figure 36D, 36D’, 36D’’). 

NTY localization was observed in luteal cells of the corpus luteum in control and 

vehicle groups (Figure 36E, 36E’, 36E’). Also, NTY localization was observed in 

granulosa cells of atretic follicles in all groups (Figure 36F, 36F’,35F’’).  

 

 

Figure 35. NTY protein localization to primordial, primary and secondary follicles in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent primordial follicles in control (A), vehicle (A') and DMBA (A'') 

groups, primary follicles in control (B), vehicle (B'') and DMBA (B'') groups, secondary 
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follicles in control (C), vehicle (C’) and DMBA (C’’) groups. The brown stained areas 

indicate NTY and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 

DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 50 

µm). 

 

 

Figure 36. NTY protein localization to antral, atretic follicles and corpus luteum in 

control, vehicle and DMBA groups demonstrated by immunohistochemistry staining. The 

yellow circles represent antral follicles in control (D), vehicle (D') and DMBA (D'') 

groups, corpus luteum in control (E), vehicle (E'') and DMBA (E'') groups and atretic 

follicles in control (F), vehicle (F’) and DMBA (F’’) groups. The brown stained areas 

indicate NTY and blue stained areas indicate the nucleus. The nucleus staining was 

performed with Hematoxylin. In the additional images shown in the control, vehicle and 
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DMBA group, there is no staining pattern in the negative control (Inserts) (Scale bar: 100 

µm and 50 µm). 

 

We analyzed NTY intensity in granulosa cells, oocytes and total ovary for control, 

vehicle and DMBA groups. In DMBA group, NTY intensity was increased in granulosa 

cells compared to vehicle and control group, the difference was statistically significant 

(p<0.1) (Figure 37A). NTY intensity in oocytes was increased in DMBA group compared 

to control and vehicle groups, the difference was statistically significant (p<0.1) (Figure 

37B). NTY intensity in total ovary in oocytes was increased in DMBA group compared 

to control and vehicle groups, the difference was statistically significant (p<0.1) (Figure 

37C). 

 

Figure 37. Results of the NTY intensity in granulosa cells, oocytes and total ovary for 

control, vehicle and DMBA groups. One-way ANOVA and Tukey's multiple comparison 

test were applied. A. Representative granulosa cell intensity (%). B. Representative 

oocyte intensity (%). C. Representative total ovary intensity (%). (*p<0.1). 

 

4.5. qRT-PCR Results 

 

The mRNAs obtained from ovaries were translated into cDNA and amplified by 

RT-PCR. Expression of Hippo signaling pathway genes was determined in ovaries from 

control, vehicle and DMBA-treated groups. 

MST1, MST2, LATS1, LATS2, YAP1 and TEAD4 expressions in ovarian tissues 

obtained from the experimental groups are shown. In general, when we evaluated the 

effect of DMBA treatment on MST1, MST2, LATS1, LATS2, YAP1 and TEAD4 
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expressions in mouse ovary, no significant difference was detected at mRNA level 

between the experimental groups (Figure 38).  

 

 

Figure 38. Results of the qRT-PCR experiment. A. MST1, B. MST2, C. LATS1, D. 

LATS2, E. YAP1 and F. TEAD4 mRNA expression levels. 
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5. DISCUSSION AND CONCLUSION 

 

The contamination of the environment with organic pollutants has long lasting 

negative effects on the female reproductive system, especially by exposing the ovaries to 

toxic substances (148,149). Females are born with a limited reserve of nonrenewable 

primordial follicles and ovotoxic substances that rapidly deplete the ovarian reserve will 

reduce their reproductive lifespan (150). Experiments in rodents have shown the effects 

of toxic substances on follicles at all stages of development in the ovary (151,152). 

7,12-DMBA, a polycyclic aromatic hydrocarbon, is an environmental carcinogen 

that acts on numerous tissues, including ovarian tissue, through the combustion of organic 

substances (148,153). DMBA is a carcinogenic and ovotoxic agent that disrupts follicle 

development and causes follicle depletion (149,154). Exposure to DMBA affects the 

reproductive system adversely and increases the risk of early menopause and infertility 

in women (155). 

The Hippo signaling pathway, as an evolutionarily conserved pathway contributes 

to the understanding of many molecular mechanisms, including cell proliferation, 

differentiation, apoptosis, organ size regulation and tumorigenesis (11–15). 

Dysregulation of the Hippo signaling pathway contributes to impaired follicular 

development due to reproductive disorders such as loss of follicular homeostasis and 

depletion of follicular reserve. Furthermore, activation of YAP1, a major effector of the 

Hippo signaling pathway, plays an crucial role in cellular processes such as follicular 

development, follicle activation and ovarian steroidogenesis (17). 

We evaluated the histomorphological evaluation of control, vehicle and DMBA 

ovary groups by Periodic Acid-Schiff (PAS) staining. Sobinoff et al. showed that 

follicular atresia was caused by DMBA in their study (156). In our study, we observed 

that the number of atretic follicles was increased in the DMBA-induced treatment group 

compared to the control and vehicle groups in histological sections. Based on these 

results, our study and Sobinoff et al. showed parallel results. 

The presence of DMBA causes follicles to decrease at various stages of 

development (157). Studies have shown that DMBA induces primordial follicle 

activation and atresia of developing follicles and consequently causes rapid depletion of 

follicles (157,158). In the study by Sobinoff et al., neonatal mice were exposed to 1mg/kg 

intraperitoneal DMBA for 1 week, there was a significant loss of primordial follicles and 

an increase in the number of secondary follicles in DMBA-treated ovaries compared to 
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control groups (158). In line with the literature, in our study, we administered 1mg/kg 

intraperitoneal DMBA to the experimental group mice for 2 weeks to create a DMBA-

treatment model in the ovaries. We also found a significant decrease in primordial 

follicles and increase in secondary follicles in DMBA-treated ovaries. This outcome 

subsequently established a viable model for examining the loss of follicles prior to 

ovulation. Beside this, we also demonstrated that DMBA-treated group showed increased 

number of atretic follicle and decreased number of corpus luteum.  

Oxidative stress and DNA damage are intricately linked in scientific research. 

Oxidative stress refers to an imbalance in cellular redox homeostasis, leading to excessive 

production of reactive oxygen species (ROS) (159). DNA damage in ovarian tissues is 

caused either directly or indirectly by DMBA. Although the DNA damage caused by 

DMBA has been extensively studied in numerous cell types (160,161). The ovarian 

response to oxidative stress is also critical for follicular development. In vitro studies have 

demonstrated that ROS increase before DMBA-induced follicle loss, suggesting 

oxidative stress may be induced by DMBA exposure (0.1-100mM) (162). Ganesan et al. 

observed that γH2AX protein localization within the nucleus and granulosa cells of 

primary and secondary follicles increased significantly following both DMBA exposures 

(163). However, there was minimal staining observed in the oocyte nucleus of ovaries 

treated as controls. Based on the provided data, it can be inferred that DNA damage is 

taking place in DMBA-exposed ovaries. In our study, we performed 

immunohistochemistry analysis to show the localization of NTY protein, which is a 

marker of oxidative stress. In total ovary, oocyte and granulosa cells, NTY intensity was 

significantly higher in the DMBA-treated group than in the control and vehicle groups. 

When our results are evaluated together, exposure to DMBA increases NTY-induced 

oxidative stress in the ovary. According to Ganesan et al. there is an indirect relationship 

between our results and their study. In our study, for the first time in the literature, the 

expression pattern of oxidative stress caused by DMBA in the ovary, oocyte, and 

granulosa cells of the follicles was demonstrated immunohistochemically, and the degree 

of expression was demonstrated by immunohistochemical intensity measurement. Our 

findings suggest that DMBA induces ROS production in the ovary and that oxidative 

stress contributes to DMBA-induced follicle degeneration. We demonstrated that NTY 

signals were more stronger in the developing follicles from DMBA-treated group 

compared to control and vehicle groups. 
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We performed immunohistochemistry staining to determine the localization of 

Hippo signaling pathway components in the ovaries of control, vehicle and DMBA 

groups. MST1/2, which are components of the Hippo signaling pathway, play a crucial 

role in regulating cell proliferation in various processes within the tissues (164). We 

demonstrated for the first time the immunohistochemical localization of MST1/2 induced 

by DMBA in the ovary. Based on the obtained intensity results, we detected that MST1/2 

expression in the cytoplasm of granulosa cells of primordial, primary, secondary, and 

antral follicles was higher in the DMBA-treated group compared to the control and 

vehicle groups, and this elevation was statistically significant. In contrast, the expression 

of MST1/2 in the oocytes of primordial, primary, secondary, and antral follicles was 

found to be low in the control, vehicle, and DMBA groups, and the difference in this low 

expression was not statistically significant. However, the overall expression of MST1/2 

in the entire ovary was significantly higher in the DMBA group compared to the control 

and vehicle groups. When considering these results collectively, it can be concluded that 

MST1/2 expression in the follicular granulosa cells, excluding oocytes, and consequently 

in the total ovary, is elevated in the DMBA group. 

Clark et al. demonstrated the expression levels of genes in the Hippo pathway in a 

mouse model induced by Perfluorooctanoic acid (PFOA). According to their findings, the 

mRNA expression levels of MST1 and MST2 showed no significant difference in the 

experimental group receiving ovotoxic 50 µl doses compared to the control group (165). 

In our study, we assessed the mRNA expression levels of MST1 and MST2 in the DMBA-

induced mouse model using q-PCR analysis. Consistent with these results, we also did 

not observe a significant increase in the expression levels of MST1 and MST2 in the total 

ovary following administration of the ovotoxic dose of 1 mg/kg DMBA for 2 weeks 

treatment. 

LATS1/2 are members of the Hippo signaling pathway, which plays a crucial role 

in regulating tissue growth, organ size, and tumorigenesis (166). Like MST1/2, the 

localization of LATS1/2 has not been demonstrated in ovarian tissues. In our study, we 

reported that LATS1/2 expression was weakly expressed at all stages of follicular 

development in control, vehicle and DMBA groups. Tsoi et al. showed cytoplasmic 

localization of Lats1 and Last2 in granulosa cells  from primordial, primary and secondary 

follicles in ovarian tissue (167). In our study, we reported that LATS1/2 was weakly 

expressed at all stages of follicular development in control, vehicle and DMBA groups. 
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Besides, we found that the gene expression levels of Lats1 and Last2 were not different 

significantly between the groups. These results are in line with Tsoi et al.  

YAP/TAZ-TEAD represents a new type of transcriptional regulator that controls 

the expression of genes responsible for producing steroidogenic enzymes in granulosa 

cells of rats (168). YAP/TAZ act as transcriptional co-factors in the nucleus, working 

alongside TEAD 1-4, to regulate the expression of target genes (169). Mizutani et al. 

showed that increased mRNA expression of YAP/TAZ and decreased mRNA expression 

of TEAD in granulosa cells (168). The expression and activation of YAP is crucial for 

the proper progression of ovarian follicular development and allows granulosa cells to 

reach the late stage and undergo final differentiation in response to LH surge (170). FSH 

acts rapidly and transiently on granulosa cells to promote proliferation via cyclin D2, 

followed by the translocation of YAP/TAZ into the cytoplasm, which in turn induces 

follicular differentiation, including steroid hormone production (170). Verteporfin 

functions as a small molecule inhibitor of the YAP-TEAD interaction, directly preventing 

the binding of YAP1 and TEAD (171). Sun et al. showed that verteporfin on oocyte-

induced cell proliferation, 200 nM highly ovotoxic dose caused a decrease in cell number 

compared to untreated cells. 200 nM Verteporfin completely blocked the ability of 

oocytes to stimulate cell proliferation. In line with the activation of YAP1 induced by 

oocytes, YAP1 was found in both the nucleus and cytoplasm of granulosa cells when 

cultured alone. However, in the co-culture group, YAP1 predominantly localized to the 

nucleus (172). In our study, weak YAP expression was observed in the granulosa cell 

cytoplasm of primordial and primary follicles, YAP expression was increased in both 

granulosa cell cytoplasm and granulosa cell nucles of secondary and antral follicles at late 

stages of development. When we measured positive granulosa cell intensity, it was 

significantly higher in the DMBA group compared to the control and vehicle groups. In 

addition, YAP1 expression in total ovarium was significantly higher in DMBA group 

compared to control and vehicle groups. When the results were evaluated together, YAP1 

expression was expressed in the granulosa cell cytoplasm and nucleus of secondary and 

antral follicles and oocytes at late stages of development. Sun et al. showed that parallel 

results with our results and we reported that verteporfin, like DMBA, significantly 

increased YAP1 expression in the experimental group compared to control and vehicle 

groups and decreased cell proliferation. These findings are one of the results of 

histomorphological that granulosa cell proliferation and cell integrity were impaired in 

DMBA group. 



     62 

 

YAP1 localizes to the nucleus in the outer cells, which coactivates TEAD4 and the 

transcription of trophectoderm-specific genes, whereas YAP1 localizes to the cytoplasm 

in the inner cells (18). TEAD4, a transcription factor of the Hippo signaling pathway, has 

been shown to play a role in ovarian cancer in studies, but there are no studies in the 

mouse ovary. Xia et. al found that TEAD4 gives immunolabeling in human ovarian 

cancer tissues an immune positive reaction in correlation with YAP (173). In our study, 

we showed that TEAD4 expression was observed in granulosa cell cytoplasm of 

primordial and primary follicles however TEAD4 expression was observed in granulosa 

cell cytoplasm and nucleus of secondary and antral follicles. This result suggests that 

YAP1 and TEAD4 colocalized as a result of translocalization of YAP1 to the nucleus in 

the late stages of follicular development and may be the reason for the localization of 

TEAD4 in granulosa cell cytoplasm and nucleus.  

 

 

Figure 39. The association of DMBA-induced mouse ovotoxicity model with the Hippo 

signaling pathway has been demonstrated. In conclusion, we demonstrated that DMBA-

induced increase in YAP1 and TEAD4 expression may play a role in the mechanisms 

underlying the rapid depletion of follicles through the Hippo signaling pathway by 

causing an increase in the number of atretic follicles and a decrease in the number of 

corpus luteum. 

 

In this thesis, we provide the first evidence of the relationship between follicular 

development and the Hippo signaling pathway in DMBA-treated mouse ovaries. YAP1 



     63 

 

and TEAD4 expressions are increased due to translocation of YAP1, a transcriptional 

regulator of the Hippo signaling pathway, and we evaluated the mechanisms underlying 

the rapid depletion of follicles in the 2-week DMBA treatment group.  

As a result, we demonstrated that oxidative stress increased in granulosa cells and 

oocytes of follicles, granulosa cell integrity was impaired in secondary and antral 

follicles, primordial and primary follicle number decreased, follicular development was 

not completed successfully and follicular atresia increased accordingly, and ovulation 

was not achieved with a decrease in corpus luteum number (Figure 39). 

The signaling pathway mechanisms involved in the effects of DMBA on follicular 

development have not yet been fully elucidated. In this study, we demonstrated that the 

expression of Hippo signaling pathway proteins may play a role in DMBA treatment-

induced ovotoxicity in mouse ovary. Furthermore, this study revealed for the first time 

the relationship between DMBA-induced follicular development and Hippo signaling 

pathway in mouse ovaries. This study may contribute to further investigation of problems 

related to DMBA-induced ovotoxicity and the development of new strategies. 
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