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ABSTRACT

The effects of different stages of hyperthyroidism on female estrous cyclicity, mediators of
inflammation, proliferation, and apoptosis in rats’ ovaries were evaluated in this study. Mild, moderate, and
severe hyperthyroidism were induced in adult female rats by daily oral administration of L-thyroxin for 10, 20,
and 30 days, respectively. Serum levels of thyroid stimulating hormone (TSH), free triiodotyrosine (FT3),
progesterone and estradiol II were assayed. The ovarian levels of interleukin-6 (IL-6) and insulin-like growth
factor-1 (IGF-1) were also estimated. The localization and expression of both proliferating cell nuclear antigen
(PCNA) and BCI-2 were evaluated in ovaries by immunohistochemistry. Ovarian and uterine histological
alterations were examined microscopically. Mild hyperthyroidism did not change serum level of estradiol Il but
significantly decreased serum progesterone level, while moderate and severe hyperthyroidism significantly
decreased the serum level of the two hormones. Mild hyperthyroidism did not alter the ovarian and uterine
histological structure, ovarian IL-6 concentration, and expressions of PCNA and BCl-2, but it produced a slight
reduction in the ovarian IGF-1 concentration. Increasing the severity of hyperthyroidism produced ovarian
inflammation and apoptosis, which is evident from the measured parameters and the histological changes. In
conclusion, moderate and severe hyperthyroidism altered estrous cyclicity, inflammatory, proliferative, and
apoptotic markers in rats’ ovary.
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INTRODUCTION

Infertility is the inability to conceive after one year of regular intercourse in women < 35 years and
after six months in women > 35 years [1]. According to World Health Organization statistics, 37% of infertile
couples are due to female infertility, 8% due to male infertility, and 35% due to infertility in both couples.
Some reports revealed that ovulatory disorders (25%), endometriosis (15%), pelvic adhesions (11%), tubal
blockage (11%), other tubal abnormalities (11%), and hyperprolactinemia (7%) are the common causes for
female infertility. While other reports revealed that ovulatory disorders account for more than half of the
female infertility causes [2].

It is well known that thyroid hormones can affect the oocytes, sperm, and embryo during fertilization,
implantation and placentation. However, the association between hyperthyroidism and infertility is evidenced
and scarce and sometimes conflicting. Infertility may occur in hyperthyroid females, but euthyroidism can
restore these abnormalities [3]. Thyroid hormones are described to affect both reproduction and pregnancy
[4] via thyroid hormone receptors (TR) and TSH receptors (TSHR) , which are present in the endometrium as
well as ovarian granulosa and stromal cells during follicular development. Thyroid receptors are expressed
throughout the different phases of the menstrual cycle: TRal and TRB1 are expressed during the mid-luteal
phase and increase during the secretory phase [5]. Thyroid disturbances are the most common endocrine
disease in females at reproductive age [6]. Joshi et al. [7] reported that 5.8% of primary or secondary infertility
is associated with hyperthyroidism. Hyperthyroid animals and humans have many reproductive abnormalities
including menstrual disturbance, reduced fecundity, and elevated morbidity during pregnancy [8].

The mammalian ovary is a critical organ for reproduction by supporting the development of the
oocyte. The ovarian follicle is the functional unit of the ovary and is necessary for the development of a mature
oocyte and the production of steroid sex hormones [9], therefore, controlling the proliferation as well as
apoptosis of the ovarian follicles is a vital and complicated process in which many factors are implicated.

Many eukaryotic organs including ovaries can express proliferating cell nuclear antigen (PCNA); a 36
kDa protein [10]. Localization of PCNA in the ovary varies. Oktay et al. [11] reported that the granulosa cells or
oocytes of primordial follicles of rats did not express PCNA but its expression is elevated with the initiation of
follicle growth. Another study of Picut et al. [12] found that the expression of PCNA protein is a marker for
ovarian follicle counts. PCNA is important in many cellular processes including DNA replication & repair, sister-
chromatid cohesion, DNA damage avoidance, cell cycle control, and cell survival [13]. Furthermore, PCNA is a
key regulator of the growth of ovarian follicles [14].

Females are born with a fixed number of primordial follicles; the source of all oocytes needed for
future ovulations [15]. Throughout growth, the pool of primordial follicles is gradually depleted due to death
or their natural conversion into growing follicles. Most of the ovarian follicles undergo atresia, which is
characterized by apoptosis of the granulosa cells and oocyte degeneration [16], with only a few oocytes
surviving to be ovulated [17]. Over time, the ovarian reserve declined until females become infertile. Apoptosis
is a key marker for determining the number of primordial follicles established and maintained within the ovary
[18]. Aitken et al. [19] highlighted the role of intrinsic or B cell lymphoma-2 (BCl-2)-regulated intrinsic
apoptotic pathway in the ovary. In the ovary, BCl-2 has many functions including the regulation of germ cell
loss during ovarian development and the determination of primordial follicles numbers maintained in the adult
ovary [20].

Insulin-like growth factor-1 (IGF-1) is a regulator of follicle function in the ovary. In granulosa cells,
IGF-1 stimulates hormone secretion and follicular growth and stops programmed cell death of the mature
follicles [21]. Several reports have shown that numerous cytokines are involved in regulating ovarian function
[22], one of them is interleukin-6 (IL-6) is a pleiotropic cytokine known to activate acute phase proteins and
maintain chronic inflammatory states in infertility [23]. This cytokine is elevated in patients with the acute
pelvic inflammatory disease, idiopathic infertility, and patients with endometriosis [24].

Up till now, there are no investigations about the effects of different stages of hyperthyroidism on the
female reproductive organs; ovary and uterus. So, the present study was undertaken to fulfill the effects of
mild, moderate, and severe hyperthyroidism on a) The level of female sex hormones. b) Ovarian proliferating
and apoptotic markers. c) The histological abnormalities in both ovary and uterus.
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MATERIALS AND METHODS
Animals

This study included 40 adult female Wistar rats (2 months old) bred in the breeding unit of the
Egyptian Stock Holding Company for Biological Products of Vaccines, Sera and Drugs (VACSERA), Helwan,
Egypt, weighing 180 +10g, and with regular 4-day cycles. The rats were left for adaptation in the laboratory for
one week before beginning the experimental work. Throughout the experimental period, rats were fed a
standard pellet diet (20% casein, 15% corn oil, 55% corn starch, 5% salt mixture and 5% vitaminized starch,
Egyptian Company of Oils and Soap, Kafr-Elzayat, Egypt) and ad libitum. The temperature in the animal house
was kept at 23+2°C with a relative humidity of 55+ 5% under 12:12h light-dark cycle. The experimental
protocol was approved by Research Ethics Committee (REC) for Animal Subject Research at National
Hepatology & Tropical Medicine Institute (NHTMRI), 2017 (Serial No: 5-2017).

Induction of Hyperthyroidism

Hyperthyroidism was induced in adult female Wister rats by oral administration of L-thyroxin (Glaxos-
Mithkline, Egypt) at a dose of 50 mg /100ml drinking water [25].

Study Design

The experiment was started in female rats from day 21 of weaning and were divided equally into four
groups: Group | (Normal Control), orally injected with sterile saline; Group Il (Mild Hyperthyroidism), orally
injected with L-thyroxin daily for 10 consecutive days; Group Il (Moderate Hyperthyroidism), orally injected
with L-thyroxin daily for 20 consecutive days; Group IV (Severe Hyperthyroidism), orally injected with L-
thyroxin daily for 30 consecutive days.

Blood Sampling and Collection of Body Organs

At the end of the experimental period, all rats were euthanized by intravenous injection with
thiopental and subjected to a complete necropsy. Hematocrit capillaries were used to collect blood samples
from the retroorbital system of each rat. Blood was incubated at 37°C for 30 min, then tubes were centrifuged
at 2000 x g for 10 min and sera were collected, aliquoted, and stored at -20°C until analyses. Ovaries and
uterus were excised, rinsed thoroughly in isotonic sterile saline containing heparin, and blotted dry with a filter
paper. One ovary was kept in 10% formalin for histological and immunohistochemical examinations. The other
ovary was kept intact in ice-cold sterile saline at -80°C until analyses. The uterus was kept in 10% formalin for
histological examination.

Histological Examination

Ovarian and uterine specimens of the different groups were stained by hematoxylin and eosin [26]
and examined under the electric light microscope (Olympus, Japan).

Immunohistochemistry

Ovaries were fixed in 10% formaldehyde for 3 days followed by paraffin embedding, attachment of 5
mm paraffin sections to microscope slides, and heating at 60°C for 2 hours. After performing a de-
paraffinization step, sections were re-hydrated via a series of graded ethanol/water solutions and then boiled
in 10 mM citric acid (pH 6.0) at 100°C for 10 minutes followed by incubation in 3% hydrogen peroxide for 10
minutes. The tissues were blocked by 3% bovine serum albumin prepared in tween buffered saline (TBS) and
incubated with a rabbit anti-rat PCNA monoclonal antibody (DAKO Japan Co, Tokyo, Japan; 1:200), or a rabbit
anti-rat BCI-2 monoclonal antibody (DAKO Japan Co, Tokyo, Japan; 1:2000) overnight at 4°C. After rinsing
thoroughly with TBS, the sections were incubated with a biotinylated and streptomycin labeled goat anti-
rabbit immunoglobulin (Nichirei, Tokyo, Japan) for 15 minutes at room temperature. The expressions of PCNA
and BCI-2 antigens in the ovarian sections were detected by the reaction of peroxidase with 3, 39-
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diaminobenzidine tetrahydrochloride (Sigma, USA), counterstained with hematoxylin and analyzed using
Olympus microscope and images were captured by a digital camera (Cannon 620).

Hormonal Profile

The concentration of serum-free triiodotyrosine (FT3) was measured using ELISA research kits
provided from Diagnostic systems Laboratories (Taxes, USA). Thyroid stimulating hormone (TSH),
progesterone, and estradiol Il were assayed in serum using ELISA research kits provided by Biocheck, Inc (USA).

Preparation of Ovarian Homogenate

Ten percent of ovarian tissue homogenate was prepared by homogenization in ice-cold phosphate
buffered saline (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, and 1.8 mM KH2P0O4), pH 7.4. The whole
homogenates were centrifuged at 18000x g for 20 minutes at 4°C (Cooler Microfuge Laborzentrifugen, Sigma,
Germany) to obtain the cytosolic fraction. The cytosolic fractions were then collected, aliquoted, and stored at
-80°C until analyses.

Ovarian Total Protein Measurement

The total protein concentration was determined in ovarian tissue according to the method of
Bradford et al. [27].

Ovarian IGF-1 and IL-6 Measurements

The concentrations of both IGF-1 and IL-6 were assayed in the cytosolic fraction of ovarian
homogenate using ELISA research kits provided from R&D Systems (USA) and Cusabio Technology LLC (China),
respectively.

Statistical Analysis

Independent sample t-test was used to analyze statistically the individual data in the experimental
groups using Statistical analysis was performed using the Statistical Package for Social Science version 20 for
Windows (SPSS software package, Chicago, USA). P value was considered significant at p < 0.05.

RESULTS

Figure 1 illustrated a gradual increase in the body weight of the normal control rats attaining a weight
gain of 4.82% at the end of the experimental period. On the other hand, induction of hyperthyroidism in rats
by daily oral administration of L-thyroxin for 10, 20, and 30 days caused significant and gradual reductions in
the rat body weights amounting to 4.34% (p<0.001), 13.69% (p<0.0001), and 17.86% (p<0.0001), respectively.

Induction of hyperthyroidism in groups I, lll and IV caused significant reductions in serum TSH level
(39.58, 96.52, and 98.6%, respectively, at p<0.001) together with significant elevations in serum FT3 level
(23.94, 47.9, and 62%, respectively, at p<0.001), compared to the normal control rats (Table 1). Mild,
moderate, and severe stages of hyperthyroidism caused significant reductions in serum progesterone level
(20.17%, 41.18 and 53%, respectively, p<0.001), compared to the normal control group. Mild hyperthyroidism
did not show any significant alteration in the level of serum estradiol Il, however serum estradiol Il level was
significantly reduced in moderate and severe hyperthyroidism (9.38 and 14%, respectively, p<0.001),
compared to the normal control rats (Table 1).

Table (2) showed that mild hyperthyroidism did not cause any significant disturbance in the
concentration of ovarian IL-6 with a slightly significant reduction in the ovarian IGF-1 concentration (23.89% at
p<0.05), compared to the normal control group. On the other hand, moderate and severe hyperthyroidism
significantly elevated the concentration of ovarian IL-6 (42.3 and 100.8%, respectively, p<0.001) with
significant reductions in the ovarian IGF-1 concentration (51.67 and 81%, respectively, p<0.001), compared to
the normal control group.
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Examination of H&E- stained sections of control rat’s ovary revealed that the ovarian parenchyma was
formed of cortex and medulla. In the ovarian cortex, the follicles were seen which were formed of a primary
oocyte surrounded by clear zona pellucida and few follicular cells called corona radiata. The whole follicle was
surrounded by theca interna, a secretory layer and theca externa, a fibrous layer (Figure 2.A). The corpus
luteum was formed of both granulosa and theca lutein cells which were polyhedral cells containing large
spherical nuclei and a large amount of vacuolated cytoplasm. The luteal cells were separated by spindle-
shaped fibroblasts and blood capillaries. The stroma of the ovary was formed of connective tissue showing
collagen fibers and blood vessels (Figure 2.A and Table 3).

Induction of mild hyperthyroidism for 10 days did not show any histological alterations in the ovaries
of rats (Figure 2.B). However, the ovary of the moderate hyperthyroid group showed the beginning of
degeneration in the ovarian follicles as well as the presence of many apoptotic bodies in the ovarian stroma
(Figure 2.C). More deleterious effects were reported in severe hyperthyroid rats in the form of collapsed
follicles and the presence of dilated and congested blood vessels in ovarian stroma (Figures 2.D). Most of the
ovarian follicles in severe hyperthyroid rats were degenerated. The degeneration appeared in different forms;
some follicles showed lysis of the oocyte and appearance of acidophilic material filling the cavity of the
follicular antrum. The surrounding granulosa cells showed pyknosis of their nuclei and degeneration of their
cytoplasm.

Uterine sections from the normal control group showed normal histology with regular columnar
epithelial cells lining the uterine lumen and glands and normal blood vascularity. Fibrosis, necrosis, apoptosis
or any other adaptive cellular changes were not observed in the control uterine tissue sections (Figure 3.A and
B and Table 4). On the other hand, induction of mild hyperthyroidism in female rats caused vacuolations in the
lumen epithelial cell and uterine glands (Figure 3.C). More histological abnormalities were seen in moderate
hyperthyroid females in which congestion in uterine blood vessels and degeneration of the endometrial
epithelial cells (Figure 3.D) were observed. Severe hyperthyroidism increased the thickness of endometrium
lumen epithelium with the presence numerous apoptotic bodies. Moreover, many endometrium epithelial
cells became apoptotic (Figure 3.E).

To investigate the localization of PCNA protein, a marker of cell proliferation in the ovary,
immunohistochemical analysis was performed in the ovaries. Results showed that the PCNA was mainly
localized in granulosa cells as well as oocyte of the ovarian follicle. The intensity of PCNA immunoreactivity in
the control group was moderate (++) in the granulosa cells and weak or negative in the theca interna cells
(Figure 4.A).

In mild and moderate hyperthyroid rats (Gr. l1&IIl), PCNA was localized in granulosa cells, oocyte, and
theca cells of the ovarian follicle with moderate immunoreactivity (++) (Figures 4B&C, respectively). The
intensity of PCNA immunostaining increased to be severe (+++) in the granulosa cells and oocyte of the ovarian
follicle of the hyperthyroid rats (Gr. IV) with moderate immunostaining reactivity in the theca cells (Figure 4.D).

Immunohistochemical analysis was performed on the ovaries to investigate the localization of the
anti-apoptotic BCI-2 protein. Results showed that the immunostaining reactivity of BCI-2 in normal control
group is moderate (++) in the granulosa cells of the ovarian follicle (Figure 5.A). The immunostaining of BCI-2
localization and intensity in the ovary of mild hyperthyroid rats (Gr. Il) were similar to that of the normal
control rats (Figure 5.B). The ovary of moderate hyperthyroid rats (Gr. lll) had moderate immunoreactivity for
BCI-2 in the granulosa cells and the theca cells of the ovarian follicle as well as corpus lutea (Figure 5.C). On the
other hand, the ovary of severe hyperthyroid rats (Gr. IV) showed weak immunostaining intensity of BClI-2 in
the granulosa cells of the ovarian follicle and corpus lutea with weak to negative immunostaining reactivity in
the theca cells (Figure 5.D).
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Figure 1: The percentage of the body weight gain of rats in the different stages of hyperthyroidism (10, 20, and 30 days),
compared with the normal control group. For each group, each value represents the difference between the mean body
weights of rats at a certain 10 days point compared to the mean body weight of the preceding 10 days point. The mean
difference is significant at p < 0.05 using unpaired T-Test.

Figure 2: Photomicrographs of ovarian sections stained with hematoxylin and eosin (H&E, 200x). (A): Normal control. (B):
Mild hyperthyroid rats. (C): Moderate hyperthyroid rats. (D): Severe hyperthyroid rats. Normal control rats as well as mild
hyperthyroid rats showed normal blood vesssels (BV), corpus luteum (CL), ovarian stroma (S), and mature follicle consisting
of theca cells (TCs), granulose cells (GC), antrum (A), and encentrically oocyte. The oocyte was surrounded by corona
radiata (CR) and zona pellucida (ZP). Moderate hyperthyroid rats denoted a decrease in the number of corpora lutea and
follicles with moderate degenerated oocytes (DO). In addition, many apoptotic bodies could be seen in the ovarian cortex.
In severe hyperthyroidism, a collapsed follicle (arrow head) as well as dilated and congested blood vessels was seen. In
addition, a collapsed follicle (arrow head) and multiple bleeding sites, dilated and congested blood vessels were observed.
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Figure 3: Photomicrographs of uterine sections stained with hematoxylin and eosin (H&E, 200x). (A)& (B): Normal control.
(C): Mild hyperthyroid rats. (D)&(E): Moderate hyperthyroid rats. (F): Severe hyperthyroid rats. Normal control showed
showing uterine endometrium (E), and lumen (L). The lumen of normal control uterus was characterized by the presence of
normal epithelial cells (LE). Endometrium consisted of columnar epithelial cells (EE), normal oval nucleus and the presence
of uterine glands (UG). Mild hyperthyroid rats showed had vacuolations (V) in the lumen epithelial cell and uterine glands.
Moderate hyperthyroid rats showed congested blood vessels (BV) and degenerated endometrial epithelial cells (arrow).
Severe hyperthyroid rats revealed the presence of endometrium with thickened lumen epithelium and numerous
apoptotic bodies (AB). Moreover, many endometrium epithelial cells became apoptotic (AB).
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Figure 4: Photomicrographs of immunostaining for the expression of ovarian PCNA protein stained with hematoxylin and
eosin (H&E, 200x). (A): Normal control. (B): Mild hyperthyroid rats. (C): Moderate hyperthyroid rats. (D): Severe
hyperthyroid rats. Signals appear reddish-brown using DAB as substrate. In normal rats, PCNA antigen was localized mainly
in the granulose cells as well as oocyte of the ovarian follicle (arrow) with moderate immunoreactivity. In addition, PCNA
immunostatining reactivity was weak to negative in the theca cells. Mild hyperthyroid rats showed moderate
immunoreactivity of PCNA antigen in the granulose cells, oocyte, and theca cells of the ovarian follicle (arrow). Moderate
hyperthyroid rats denoted moderate immunostaining intensity in the granulose cells, oocyte, and theca cells of the ovarian
follicle (arrow). Severe hyperthyroid rats showed severe immunostatining reactivity of PCNA antigen in in the granulose
cells as well as oocyte of the ovarian follicle (arrow). In addition, PCNA immunostatining reactivity was moderate in the
theca cells.
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Figure 5: Photomicrographs of immunostaining for the expression of ovarian BCl-2 protein stained with hematoxylin and
eosin (H&E, 100x). (A): Normal control. (B):Mild hyperthyroid rats. (C): Moderate hyperthyroid rats. (D): Severe
hyperthyroid rats. Signals appear reddish-brown using DAB as substrate. Normal rats showed localization of BCI-2 antigen
in the granulose cells of the ovarian follicle (arrow) with moderate immunostaining intensity. Furthermore, BCI-2
immunostatining reactivity was weak in the theca cells and corpus lutea. Mild hyperthyroidism denoted localization of BCI-
2 antigen in the granulose cells of the ovarian follicle (arrow) with severe intensity. In addition, BCI-2 immunostatining
reactivity was weak in the theca cells and corpus lutea. Moderate hyperthyroid rats revealed localization of BCl-2 antigen
in the granulose cells of the ovarian follicle (arrow) with moderate intensity. In addition, BCI-2 immunostatining reactivity
was moderate in the theca cells and corpus lutea. Severe hyperthyroid rats showed localization of BCI-2 antigen in the
granulose cells of the ovarian follicle and corpus lutea (arrow) with weak intensity. Moreover, BCI-2 immunostatining
reactivity was weak to negative in the theca cells.
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Table 1: Statistical significance of serum TSH, FT3, progesterone and estradiol Il in all the studied groups

Groups

TSH FT3 Progesterone Estradiol Il
(wIU/ml) (ng/ml) (WU /ml) (kIU/ ml)
Normal Control
Mean +SD 2.88+0.15 1.42+.15 11.9+0.5 32+0.4
Mild Hyperthyroidism
Mean +SD 1.7410.24 1.76+.13 9.5+0.7 30+2.49
P< 0.001 0.001 0.001 NS
Moderate Hyperthyroidism
Mean +SD 0.1+0.07 2.1+0.11 7+0.52 29+0.92
P< 0.001 0.001 0.001 0.001
Severe Hyperthyroidism
Mean +SD 0.038+0.02 2.3+0.76 5.6+0.6 27.5£0.4
P< 0.001 0.001 0.001 0.001

Table 2: Statistical significance
concentrations

of ovarian interleukin-6 and insulin like growth factor-1

Groups

IL-6
(pg/mg protein)

IGF-1
(pg/mg protein)

Normal Control
MeanSD

2.6+0.3 18+3.1
Mild Hyperthyroidism
MeantSD 2.7+£0.17 13.7£1.5
P< NS 0.05
Moderate Hyperthyroidism
MeantSD 3.740.2 8.7+1.2
P< 0.001 0.001
Severe Hyperthyroidism
Mean+SD 5.210.6 3.4+1.0
P< 0.001 0.001
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Table 3: The severity of ovarian histological alterations all the studied groups

Groups Degeneration Number of Corpus Lutea and
Follicles
NC Absent +++
Mild Hyperthyroidism + ++
Moderate Hyperthyroidism ++ +
Severe Hyperthyroidism St +

+++ indicates Severe, ++ indicates moderate, and + indicates mild.

Table 4: The severity of uterine histological alterations in all the studied groups

Groups Degeneration Apoptosis
NC Absent Absent
Mild Hyperthyroidism Absent Absent
Moderate Hyperthyroidism ++ ++
Severe Hyperthyroidism F+ Tt

+++ indicates Severe, ++ indicates moderate, and + indicates mild.
DISCUSSION

Many reports discussed the association between infertility and hyperthyroidism in both humans and
animal models [28, 29]. However, no studies had been investigated regarding the effects of different stages of
hyperthyroidism on female reproductive organs; ovary and uterus. So, the present study was undertaken to
evaluate the effects of different durations of hyperthyroidism (mild, moderate, and severe) on the ovarian and
uterine histological abnormalities as well as ovarian proliferating, apoptotic, and inflammatory markers.

The present study revealed that daily oral administration of L-thyroxin either for 10, 20, and 30 days
significantly elevated serum FT3 with a feedback reduction of serum TSH levels. Different stages of
hyperthyroidism caused significant reductions in the body weight of rats. These results agreed with the
previous report of Kong et al. [30] who reported that disturbances in the levels of serum thyroid hormones
change the body weights, as body growth and organ development are regulated by thyroid hormones.

It is known that estradiol Il and progesterone levels possess important roles in both uterine
development and the menstrual cycle [30]. Moreover, in this study, we found that serum estradiol levels
exhibited slight significant reductions in moderate and severe hyperthyroid rats with no change in the mild
hyperthyroid rats, while serum progesterone levels were significantly reduced in all stages of hyperthyroidism.
Zarifkar [31] reported that induction of hyperthyroidism by daily oral administration of levothyroxine
(100ug/100g b.w) for 10 days significantly lowered serum estradiol and progesterone levels. These results can
be explained by the previous reports of Tamura et al. [32] ,who stated that thyroid hormones suppress FSH-
induced aromatase activity in granulosa cells and therefore inhibit ovulation.

Based on the fact that estradiol and progesterone have central roles in the cellular proliferation and
differentiation of uterus in preparation for embryo implantation [33, 34], therefore, hyperthyroidism at
different statuses might cause disturbances in the menstrual cycle and reduction of the uterine development
by altering the levels of female sex hormones. Vasudevan et al. [35] reported that estrogen-mediated
reproductive manner is inhibited by T3. Wei et al. [36] reported that hyperthyroidism alters estrous cyclicity
and antioxidative status in the rat ovary through nitric oxide synthase (NOS) signaling pathway through raising
ovarian nitric oxide, total NO synthase, inducible NOS and constitutive NOS activities. In addition,
hyperthyroidism altered the oxidant/antioxidant status via elevating ovarian malondialdehyde contents as well
as the activities of ovarian total superoxide dismutase, glutathione peroxidase, and catalase.
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The histological examination of both ovary and uterus are in agreement with previous studies, Khair
[37] reported that Eltroxin-induced hyperthyroid animals for 3 consecutive months result in degenerative
changes in the ovarian follicles in the form of lysis of the primary oocytes of the growing follicles and
degeneration of the granulosa cells. Wei et al. [36] revealed a decrease in the numbers of secondary and antral
ovarian follicles with fewer corpora lutea in hyperthyroid rats. These histological abnormalities could be
explained by the previous studies of Kong et al. [30] and Ldpez et al. [38] who evidenced the presence of
thyroid hormone nuclear receptor a/B (TRa/B) in the ovarian granulosa cells and different cell types in uterus,
respectively, and therefore involved in the regulation of folliculogenesis and steroidogenesis.

The present study revealed that increasing the severity of hyperthyroidism increased inflammation
and reduced proliferation of the ovaries by altering the concentrations of ovarian IL-6 and IGF-1. This results
are in accordance with previous studies ,where Mysliwiec et al. [39] suggested that IL-6 elevation plays a
crucial role in thyrotoxicosis-related disturbances of bone turnover in mice. Also Slowik et al. [40] reported a
significant elevation in serum IL-6 concentration in patients with Grave’s hyperthyroidism. A recent study of
Juri et al. [41] reported clear differences in the levels of different cytokines including IL-6 in the tears of healthy
subjects and patients with Graves’ hyperthyroid patients.

Peritoneal fluid macrophages express IL-6 and soluble IL-6 receptors in which IL-6 exerts its effects in
pelvic inflammatory states [42]. Banerje et al. [43] demonstrated a direct relation between elevating IL-6
concentration and the deterioration in the morphology of the microtubule and chromosomal alignment in
metaphase-Il mouse oocytes.

The maintenance of the integrity of the mature oocyte spindle is important for cell division and
embryo formation [44]. Indeed, abnormal spindle dynamics mediated by IL-6 elevation results in aneuploidy,
impaired fertilization, early loss of pregnancy [45], low reproductive outcome under certain pathological
conditions such as in patients with endometriosis and pelvic inflammation [46], alteration in fallopian tube
thus affecting ovum pick up and implantation [41] or inhibition of estradiol Il and progesterone secretion from
ovarian granulose cells [22].

IGF-1 is an intra-ovarian growth factor that is involved in regulating follicular cells proliferation [47],
stimulating granulosa cell proliferation, producing progesterone [48], and stimulating estradiol-17b (E2)
production in the granulosa cells [49]. Rochel et al. [50] reported a significant reduction in plasma IGF-1
concentration in hyperthyroid cats. Thus, induction of disturbances in ovarian IL-6 and IGF-1 due to
hyperthyroidism could be attributed the disturbances in the levels of progesterone and estradiol Il as well as
the histological alterations in both ovary and uterus.

Cell proliferation is important for normal reproductive processes [51], including ovarian development,
follicle progression from the primordial stage to the primary, secondary and tertiary or Graafian stages and
ovulation [52]. Follicular proliferation and apoptosis are regulated by many hormones, including thyroid
hormones [53]. However, less than 1% of the ovarian follicles reach the ovulation stage in mammals because
of degeneration and atresia of more than 99% of ovarian follicles [54]. Apoptosis is regulated by the expression
of numerous genes including BCIl-2 gene family. BCI-2 is anti-apoptotic protein [55] since it can inhibit
Bax-induced apoptosis by forming heterodimers with it [56]. The immunohistochemical results denoted the
incidence of apoptosis in the ovarian granulose cells, corpus lutea, and theca cells of hyperthyroid rats
(moderate and severe).

PCNA is an auxiliary protein of DNA polymerases &, so it is a proliferative marker [57]. Results
revealed increasing the immunoreactivity of PCNA protein in the ovarian granulosa cells by increasing the
severity of hyperthyroidism. However, expression of PCNA cannot be attributed to oocytes proliferation
because the oocyte is arrested meiotically [58]. PCNA is involved in DNA repair [57] suggesting that PCNA may
be expressed by nonproliferating cells. Although no new DNA synthesis occurs in the growing oocyte,
activation of DNA polymerases is possibly happened to repair genetic material damage in the oocytes selected
to grow [13]. Xu et al. [59] found that PCNA is present in oocytes of the primordial follicles suggesting PCNA
role in earlier stages of folliculogenesis. The increased PCNA expression in oocytes during the initiation of
primordial follicle formation and the death of the two-thirds of oocytes during primordial follicle assembly [60]
suggest a role of PCNA in the regulation of oocyte fate, i.e., death or survival to form primordial follicles.
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