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SUMMARY

Folliculogenesis is controlled by numerous
inside and outside ovarian factors such as
endocrine, paracrine, and autocrine signals.
Among these factors, insulin is an important
molecule that regulates processes in the female
reproductive system. So, the purpose of this study
was to determine the impact of insulin treatment
on ovary tissue during the ovarian cycle. For this
probe, 18 adult female NMRI mice were randomly
divided into two groups: control and insulin (100
pL with a 72-hour interval by intraperitoneal
injection for 30 days). Blood samples for hormonal
evaluation were obtained from the heart, and
the serum levels of FSH, LH, progesterone, and
estradiol were measured. Then, right and left
ovaries were extracted for real-time PCR and
stereology, respectively. According to our results,
insulin administration increased mRNA levels of

INS-R, Ki67, while reduced Caspase-3, IGF-1, and
FOXO-1. Insulin administration augmented the
concentrations of female reproductive hormones.
Histological analyses showed that the total volume
of ovary in mice receiving insulin was significantly
reduced. Likewise, a significant decrease in the
number of antral follicles, Graafian follicles, and
the number of corpora lutea were seen following
the use of insulin. In contrast, the results showed
a significant growth in the number of primordial
and primary follicles in the insulin group
compared with the control group. Briefly, insulin
administration is able to increase the expression
of genes related to insulin receptor and cell
proliferation, as well as the amount of female
reproductive hormones, but simultaneously, has
a dual effect on the histological parameters of the
ovary.
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INTRODUCTION

An oocyte is a female germ cell which is required
in female reproduction. The oocyte develops during
the process of oogenesis (folliculogenesis) in the
ovarian follicle, a specialized unit of the ovarian
cortex (Virant-Klun et al., 2015). It is commonly
accepted that human ovaries consist of a fixed
number of primordial follicles which are formed
before birth, decrease with age and are depleted
in menopause (Bendsen et al.,, 2006; Forabosco
and Sforza, 2007). In general, oogenesis, as well as
folliculogenesis, are regulated by a large number
of intra-ovarian factors and extra-ovarian factors.
On the other hand, follicular development as well
as oocyte maturation are regulated by the highly
complex coaction of endocrine, paracrine, and
autocrine signals. Different organs, such as the
hypothalamus, the anterior pituitary gland, the
gonadsandalsothe hypothalamic-pituitary-gonadal
axis have a pivotal role in the follicular development
as well as oocyte maturation (Nagahama and
Yamashita, 2008; Edson et al., 2009). Among the
effective factors in female reproductive system,
insulin is one of the most effective molecules that
regulate ovarian development and oogenesis (Saltiel
and Kahn, 2001).

Itwasreported thatinsulin-signalingis essential
for ovulation, differentiation of granulosa cell, and
female fertility (Sekulovski et al., 2020). And it is
also accepted that in humans, hypoinsulinemia or
hyperinsulinemia is in connection with ovarian
function (Chang et al., 2005). Based on previous
studies, the insulin receptor is a member of the
ligand-activated receptor as well as tyrosine
kinase family of transmembrane-signaling
proteins which basically have a substantial role in
the regulation of cell differentiation, cell growth
and metabolism (Lee and Pilch, 1994).

Insulin receptor is expressed both in the thecal
granulosa compartment as well as the oocyte
surface, and it is right to point that, signaling
pathways which are dependent on Insulin
receptor promote oocyte maturation and follicular
development (Das et al., 2016).

It has been reported that insulin is a key
regulator of female reproduction, and insulin-
sensitizing drugs are actually the only choice to
reverse reproductive dysfunctions associated
with metabolic disorders, such as insulin
resistance, diabetes, and obesity (Das and Arur,
2017). On the other hand, polycystic ovary
syndrome is one of the most prevalent systemic
reproductive endocrine diseases as well. Recent
studies have demonstrated that the main etiology
and primary endocrine disorder of PCOS are
hyperandrogenemia as well as insulin resistance
(Wang et al., 2019). Based on other studies, insulin
and insulin-like growth factors play a pivotal role
in modification of the FSH-dependent cellular
differentiation related to human granulosa cells
(Garzo and Dorrington, 1984), and both insulin
and somatotrophin can also lead to increase
the level of IGF-I production by ovarian follicles.
So that even insulin is significantly effective in
reducing atresia and increasing progesterone
during follicular culture (Cox et al., 1997). It has
been reported that insulin, IGF-I and IGF-II are
survival factors for early stage of human follicular
development (Louhio et al., 2000).

The connection between the female reproductive
system and the beneficial effects of insulin has
been reported in previous studies, but more
detailed understanding of insulin’s action in
regulation of oogenesis and folliculogenesis may
be utilizable in opening the door to important
medical applications. Thus, the aim of this study
is evaluation of the effects of exogenous insulin on
follicular development and some genes’ expression
related to this issue in adult female mice.

MATERIALS AND METHODS

Animals

For this study, 18 adult female NMRI mice
weighing 25-30 g were attained from the Pasteur
Institute, Tehran, Iran. All animals were cared
under animal house standard conditions,
including limitless access to water and food,
12-12-hour light/dark cycle, and normal room
temperature (22+2°C). Then, the mice were
randomly divided into two main control and
insulin groups.



Treatments and sampling

Insulin (Sigma, St. Louis, MO, USA) was prepared
by diluting in water. Each animal in experimental
group received 100 pL of insulin with a 72-hour
interval by intraperitoneal (IP) injection for 30
days. Control mice also were treated with similar
amounts of water.

Hormonal measurement

Following deep anesthesia, blood samples
for hormonal evaluation were gained from the
heart of animals. Then, the blood samples were
centrifuged at 6000 g at 4°C for 5 min before
keeping them at -80°C until ready to be used.
Subsequently, specific ELISA kit (EIA: Enzyme
Immunoassay) formicewasappliedtomeasurethe
blood serum levels of FSH, LH, progesterone, and
estradiol using, according to the manufacturer’s
instructions. Results of FSH and LH were reported
as Iu/mL, while progesterone as ng/mL and
estradiol as pg/mL.

Total RNA extraction and real-time PCR

At the end of the treatment period, right
ovaries were extracted for real-time PCR. For
this purpose, whole RNA samples were extracted
from ovary tissue, by means of the High Pure
RNA Isolation kit, based on the manufacturer’s
instructions (Roche, Basel, Switzerland) and
treated with DNase I (Roche, Basel, Switzerland)
to eliminate genomic DNA contamination. Next,
cDNA was synthesized in a total volume of 20 ul
using a kit (Fermentas, Lithuania) at 42 °C for 60
min. Then, applied real-time PCR (TagMan) was
used based on QuantiTect SYBR Green kit (Takara
Bio Inc, Japan) aimed at quantification of mRNA
expression levels of INS-R, Ki67, Caspase-3, IGF-
1, and FOXO-1 among two groups. All reverse and
forward primer pairs were designed according
to Primer 3 Plus software in exon-exon junction
way to discriminate cDNA and genomic DNA.
Beforehand, PCR primers were checked by
Primer-Blast tool (Ebrahimi et al., 2019).

Stereological evaluation

Mice were profoundly anesthetized and

sacrificed by IP injection of sodium pentobarbital.

Subsequently, transcardial perfusion was made
using chilled normal saline and fresh fixative
solution, containing 4% paraformaldehyde (PFA)
in 0.1 M phosphate-buffered saline (PBS). Finally,
the left ovary samples of animals were extracted,
placed in 10% formalin solution,
into 5um slices, and prepared for histological
hematoxylin and eosin (HandE) staining and
stereological analysis. The following factors were
estimated in ovarian tissue: volume of ovary and
the total number of primordial, primary, antral,
Graafian follicles, and finally, the total number
of corpora lutea. The total volume of the ovary
was estimated using the Cavalieri method and
following formula:

sectioned

V_total= ). Px ]% x t

In this formula, Xp is the total number of points
superimposed on the microscopic photos, and
(a/p) is the area associated with each point, and ¢
is the thickness of the microscopic sections.

Besides, the total number of ovarian cells
and corpora lutea was measured via the optical
dissector technique and also succeeding
principles: The numerical density (N) was
considered as:

20 t
NV: X
YSPxhxa BA
f

In this formula, XQ is the number of the cell
nuclei, 2P is the total number of the unprejudiced
calculating frame in all fields of ovarian tissue, &
is the height of the dissector, ratio a to f (a/f) is the
frame area, tis the actual slice thickness measured
in every field of tissue using the microcator, and
BA is the block advance of the microtome which
was fixed for 10 ym.

Statistical analysis

The results were analyzed by Kruskal Wallis
test, using the SPSS software version 19.00 (IBM
Corp., Armonk, NY, USA). P<0.05 was considered
as significant differences.
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RESULTS

Insulin administration increased mRNA levels
of INS-R, Ki67, while reduced Caspase-3, IGF-1,
and FOXO-1 during ovarian cycle

According to real time-PCR data, insulin
treatment significantly improved the expression
of mRNA levels of insulin receptor (INS-R), as
well as proliferation marker (Ki67) in ovarian
tissue compared to the control group (in both
cases, P<0.05, Fig. 1). On the other hand, insulin
administration significantly decreased the
expression of mRNA levels Caspase-3 as a typical
marker of apoptosis as well as IGF-1 and FOXO-1
in ovarian tissue compared to the control group

(in the case of all three genes, P<0.05, Fig. 1).

Table 1. Primers design.

Genes Primer sequences

INSR F: GAGAGTGGTGGAGTTGAGTTGG
R: TGTGGAGGATGGAGGAGGAG

Ki 67 F: AGGAAAGTAGATAGGAAGGAAG
R: AGGGAGTGGTGATAGAAAGAG

FOX01 F: AACTGAGGAGCAGTCCAAAGATG
R: AACTGAGGAGCAGTCCAAAGATG

IGF1 F= GGAAGCTATGGAGTGGGAAAAG
R= CCGAGAGGTGGAGTGATTTGA

Caspase3 F= AGTGGGACTGATGAGGAGATGG
R= AGTGGAGTACAGGGAGAAGGA

B-actin F= TCAGAGCAAGAGAGGCATCC

R= GGTCATCTTCTCACGGTTGG

Insulin administration augmented the concen-
trations of reproductive hormones during ova-
rian cycle

Based on hormonal analysis, insulin treatment
significantly improved the concentration of
FSH (P<0.05, Fig. 2A), LH (P<0.05, Fig. 2A), and
estradiol (P<0.01, Fig. 2B). However, this increase
was not significant for progesterone (Fig. 2B).

Insulin administration altered histological
parameters during ovarian cycle

At the end of the experiment, histological
analyses showed that the total volume of ovarian
tissue in mice receiving insulin was significantly
reduced compared to mice in the control group
(P<0.05, Fig. 3B).

Likewise, the results obtained from the cell
count indicated a significant decrease in the
total number of ovarian antral follicles (P<0.001,
Fig. 2A), Graafian follicles (P<0.01, Fig. 2B), and
the total number of corpora lutea (P<0.001, Fig.
2B) following the use of insulin compared with
the control group. On the contrary, the results
revealed a significant rise in the total number
of both ovarian primordial and primary follicles
in insulin-treated mice compared to the control
group (P<0.001 and P<0.05, respectively) (Fig.
2A).

DISCUSSION

In the present study, the data showed the level
of mRNA expression in genes related to insulin
receptor and Ki67 significantly increased, and
the level of mRNA expression in genes related
to executioner caspase-3, IGF-1 and FOXO-1
significantly decreased. On the other hand, the
data of this study showed that, the Serum level
of FSH, LH and Estradiol as well as the number
of primordial and primary follicles significantly
increased. It is right to point that, the insulin
receptor is a tyrosine kinase receptor that upon
binding insulin, catalyzes the phosphorylation
of several intracellular substrates, including the
insulin receptor substrate proteins (IRSs), GAB-1,
Shc, APS, p60DOK, SIRPS, and c-Cbl. Each of these
substrates interacts with a series of signalling
proteins which lead to initiation of different
signalling pathways (Saltiel and Pessin, 2002;
Shaw et al., 2011). Following phosphorylation,
the binding of the regulatory subunit of insulin
receptortoIRSsformsanactiveheterodimerwhich
phosphorylates membrane phosphatidylinositol
residues in the 3" position of PIP3 to form PDK1/2
and thereafter activates Akt/PKB (Dupont and
Scaramuzzi, 2016). On the Oder hand, mTORC2
is activated by insulin and controls cell survival,
metabolism, and cytoskeletal organization (Yoon
etal., 2017). These pathways can lead to reduction
of apoptosis and insulin may have reduced gene
expression of executioner caspases-3 in these
pathways.

As previous studies have shown, FSH can
enhance cell proliferation via mTOR and/or
ERK and inhibit apoptosis via Aktl and FOX03a
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Fig. 1.- The effect of insulin administration on the expression of genes involved in the mechanism of insulin function, proliferation
and apoptosis during ovarian cycle of NMRI mice Insulin injection significantly increased mRNA levels of INS-R (*P<005), Ki67
(*P<005), while significantly reduced caspase-3 (*P<005), IGF-1 (*P<005), and FOXO-1 (*P<005) in treated mice compared with the

control mice.

(Dupont and Scaramuzzi, 2016). In this regard,
in present study, the data showed that the serum
level of FSH has increased in response to insulin
so that it can be said, by increasing FSH, insulin
has been able to increase proliferation and
expression of Ki67 and also reduce apoptosis.
Based on previous studies, it is reported that, the
expression and activity of FOXO1 are modulated
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by LH and FSH via PI3K/Akt pathway (Liu et al.,
2009). Therefore, it can be said that, increased
level of LH and FSH have led to modulation of
FOXO1 gene expression, after insulin injection.

On the other hand, insulin signalling via AKt1
and FOXO01 canincrease thelevel of LH-stimulated
steroidogenesis. Therefore, elevated level of LH
can lead to increase steroidogenesis. There are
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Fig. 2.- The effect of insulin administration on hormonal alterations during ovarian cycle of NMRI mice Insulin injection significantly

progesterone.
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Fig. 3.- The effect of insulin administration on histological changes during ovarian cycle of NMRI mice Histological analyses showed
that the total volume of ovarian tissue in group receiving insulin was significantly reduced compared to the control group (*P<005)
Similarly, a significant decrease in the total number of ovarian antral follicles (***P<0001), Graafian follicles (**P<001), and the
total number of corpus luteum (**P<0001) were observed following insulin usage compared with the control group In contrast, a
significant rise in the total number of ovarian primordial and primary follicles in insulin-treated mice compared to the control mice

(***P<0001 and *P<005, respectively).

many studies in which beneficial effects of Insulin
on ovarian function were reported and they
confirm the data of present study. For example
it was reported that, the increase in the level of
growth hormone may be involved in follicular
development to enter the ovulatory phase, and
the insulin system may support the maturation of
preovulatory follicles (Shimizu et al., 2008). And
it was also demonstrated that insulin, insulin-
like growth factor I, and gonadotropins have
significant role in granulosa cell proliferation,
progesterone production, estradiol production,
and insulin-like growth factor I production in vitro

(Spicer et al., 1993), and following the increase in
insulin-like growth factor I, this hormone is able
to control tissue homeostasis, cell proliferation
and apoptosis (Kooijman et al., 2006).

It was reported that insulin signalling can lead
to increasing proliferation and hyperplasia of the
ovariansurfaceepithelium,whichhasapproximately
4-6 celllayerswith a high rate of proliferation, as well
as decrease in follicular integrity via upregulation
of the PI3-kinase pathway (King et al., 2013).
Furthermore, the data of the present study showed
that the number of primordial and primary follicles
in the insulin group are increased in comparison

Fig. 4.- Photomicrograph of the ovaries stained with HandE (4x, 10x and 40x) in study groups.



with the control group, and there is no evidence
of an increase in the number of Graffian follicle or
in antral follicle while, based on the data of gene
expression, it is predicted that in the gonadotropin-
dependent stages of follicular development, insulin
may play a significant role. Thus, it is suggested
that, in future studies, the period of insulin injection
should be longer for more accurate outcomes. In
conclusion, based on the data of this study, it can be
said that insulin improves the function of ovarian
tissue during the ovarian cycle. Overall, it can be
concluded that insulin administration is able to rise
the expression of genes related to insulin receptor
and cell proliferation, as well as the amount of
female reproductive hormones, but at the same
time has a dual effect on histological parameters of
the ovary, including the volume of ovary as well as
growing follicles.
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