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Abstract

Hormonal disturbances, multiple ovarian cysts, and oligo-anovulation are the key features of the polycystic ovarian
syndrome (PCOS). Consistently, without a directly hormone-regulated animal model, we developed three phenotypes of
PCOS in rats to simulate the reproductive-metabolic disturbances of human PCOS. Twenty-four female Sprague-Dawley
rats underwent vaginal smears for two sequential cycles to exclude any PCOS-like rats. Rats were divided into the following
groups: healthy control, PCOS induced by a high-fat, high-sugar (HFHS) diet, PCOS induced by HFHS diet +monosodium
glutamate (MSG), and PCOS induced by continuous light exposure (L/L). At the end of the study, an abdominal ultrasound
revealed multiple ovarian cysts, and a vaginal smear documented the arrest of the estrous cycle. Serum samples showed
hyperinsulinemia and hyperandrogenism in all PCOS-induced groups, but with superiority of the L/L group in developing
higher insulin levels, insulin resistance, and anti-Miillerian hormone (AMH). Although the frequency of isolated uterine
contractions increased in all modeling groups compared to the control, the contraction amplitude was higher in HFHS than in
L/L and HFHS-MSG groups. The three animal models manifested the key features of PCOS and symptoms of metabolic
syndrome. Disturbed circadian rhythm and HFHS diet are more in line with the increased risk of PCOS.

Keywords: PCOS, Circadian rhythm, HFHS, AMH, Testosterone.
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The 3 animal models manifested the key features of PCOS, such as hyperandrogenism,
multiple dilated ovarian cysts, the indiscriminative estrous cycle that was arresited in the
diestrus phase and symptoms of metabolic syndrome.
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1. Introduction

Polycystic ovarian syndrome (PCOS) is the most
prevalent metabolic and hormonal dysfunction among
reproductive-aged females (Goodarzi et al., 2011) and one
of the main contributors to infertility in this age group
(Kutcher et al., 2009). 1t is associated with polycystic
ovarian morphology, rarity or lacking ovulation,
hyperandrogenism, dyslipidemia, and insulin resistance.
The collection of these abnormalities has long-term
sequelae like fatty liver, cardiovascular diseases, diabetes,
and cancer (Anagnostis et al., 2018).

Although the pathophysiology and etiology of PCOS
have not been thoroughly demonstrated, multiple factors
can influence women's hormones and metabolic processes
during intrauterine and prepuberty life (Anagnostis et al.,
2018).

Obesity-induced by diet may contribute to the
pathophysiology of PCOS as it causes irregular cycles,
hormonal imbalances, and  ovarian signaling
impairments (Volk et al., 2017). Moreover, the available
evidence promotes the importance of substituting diet for
pharmacological therapy to alleviate PCOS symptoms and
reduce weight and metabolic abnormalities (Toscani et
al.,2011).

Almost all food additives function as either palatability
enhancers or preservatives. One of these salts is
monosodium glutamate (MSG) (Moore, 2003). MSG is a
hydrated sodium salt of naturally occurring L-glutamic
acid, sold commercially, consisting of glutamate, sodium,
contaminants, and water. The harmless endogenously
produced glutamate also can be found in natural food,
while synthetic glutamate is toxic and found in industrial
foods (Chakraborty, 2019). MSG diminishes the functions
of the ovary by boosting the production of estradiol,
follicle-stimulating hormone (FSH), and luteinizing
hormone (LH), which results in enhancing follicular
development and oxidative defense (Mondal et al., 2018).

The circadian rhythm allows metabolism to adapt and
predict the day's light-dark cycle, ensuring the best
physiological functioning. Accordingly, the disruption in
this thythm may lead to several diseases, such as metabolic
syndrome and obesity (Moustafa, 2020). On the other
hand, PCOS women experience multiple sleep and related
psychological problems that decrease sleep quality (Kang
et al., 2015). The cyclic light-dark circadian rhythm
controls LH surges on which ovulation depends
(McCORMACK, 1973). Therefore, any change in these
light-dark photoperiods can disturb the normality of the
cycle and decrease ovulation, which is a PCOS essential
character (Weber and Adler, 1979).

Based on the previous reports on the impact of diet and
circadian rhythm disturbances on PCO development, this
study aimed to evaluate and compare the impact of diet
changes versus circadian rhythm disturbances on ovarian
and uterine functions in female rats and correlate the
resulting changes to the known picture of PCOS.

2. Materials and Methods
"The Institutional Review Board of The Hashemite

University" approved (15/2020) the experimental steps,
animal handling, sampling, and euthanasia. The handling

of animals followed the "Care and Use of Laboratory
Animals guide" (NIH publication no. 85-23, revised 2011).

2.1. A-Experimental design and study groups:

This research followed a randomized controlled animal
experimental design including twenty-four female
Sprague-Dawley rats whose weight ranged from 150 to
180 g (70 days old). All were subjected to vaginal smears,
which were examined by light microscopy for two
successive cycles (around 8—10 days), and any PCOS-like
rats that showed long estrous cycles (more than 5 days)
have been excluded (Hu et al., 2018). The animals were
kept in stainless steel cages as three rats per cage to
prevent isolation-induced stress, exposed to a 25 °C
environmental temperature under a 12:12 h light: dark
cycle except for group IV, which was exposed to a 12:12 h
light: light cycle (continuous illumination). Rats were
categorized into four groups:

Group I- healthy control had free access to water, a
regular chow diet (7% simple sugars, 3% fat, 50%
polysaccharide, 15% protein), and energy of 3.5
kcal/g (Samuelsson et al., 2008).

Group II-PCOS induced by a high-fat, high-sugar
(HFHS) diet had free access to water, a 32% sucrose
solution, and high-fat chow (5.24 kcal/g, 60% of calories
derived from fat) for 14 weeks (Volk et al., 2017,
Nurullahoglu-Atalik et al., 2020).

Group III-PCOS induced by HFHS diet
+monosodium glutamate (MSG) had a similar diet to the
previous group in addition to MSG daily 0.8 gm/kg
BW/day orally by gavage (Mondal et al., 2018) for 14
weeks.

Group IV-PCOS induced by prolonged light
exposure were kept in the light experiment box where
they were subjected to a continuously illuminated
environment (L/L, lights for 24 hours/day) for 14 weeks.
The dimensions of the light experiment box were 120 cm
in length, 45 cm in width, and 180 cm in height.
Furthermore, it is vertically divided into four equal and
separated compartments (length, width, and height of 120
cm, 45 cm, and 45 cm per compartment). Each
compartment has its ventilation and fluorescent lamp
(color temperature: 6500 k, illumination: 600 lux) (Kang et
al., 2015).

At week fourteen of the study, an ultrasound was
performed to assess ovarian size. Then cervical dislocation
was used to euthanize rats. Abdomens were dissected, and
blood samples were obtained from the aorta for
measurement of serum LH; FSH; Anti-Miillerian Hormone
(AMH); Testosterone (T), glucose, insulin, triglycerides
(TG); Total Cholesterol (TC); High-density lipoprotein
(HDL); Low-density lipoprotein (LDL).

Ovaries were dissected and weighed, then prepared for
histopathological examination. The uterus has been
separated from all surrounding fat and connective tissue
and dissected into two parts; the first recording isolated
contractions by Powerlab, and the second was fixed for
histopathological examination.

2.2. B-Estrus cycle monitoring:
Vaginal lavage was done daily during weeks 8 to 14 of
the study, identifying stages of the estrous cycle through

cytological examination. The vaginal cells were flushed
with a small amount of distilled water or saline through a
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pipette. Then few drops of cell suspension were spread on
a glass slide for microscopic examination, allowed to air
dry, and subsequently stained with crystal violet
stain (McLean et al., 2012).

2.3. C-Abdominal Ultrasound:

Prior to the imaging study, anesthetizing of the rats was
done by administration of combined ketamine (100 mg/kg)
and xylazine (10 mg/kg) intraperitoneally (Wellington et
al., 2013). The fur was removed from the costal margin to
the caudal abdomen; next, the anesthetized rat was placed
supine on a warmed table to keep the rat safe and
comfortable. We used Edan DUS 60 ultrasound diagnostic
system with a linear transducer (8.5 MHz) (CA, USA).
Female rat ovaries are in fat pads at the end of the uterine
horn, lateral to the kidneys bilaterally. (Wang et al., 2017).
Ovaries were first measured in the largest sagittal plane as
the longest possible diameter (D1) and the second-longest
possible ovarian diameter (D2) at a right angle to the first
measurement. Finally, the mean ovarian diameter (MOD)
was calculated using a two-dimensional formula to
evaluate ovarian size (Vladimir et al., 2004):

MOD = [{MOD ietov. = (D1 + D2)/2} + {MOD rightor. = (D1 +
D2)/2}])/2.

2.4. D-Isolated Uterine contractions:

The right uterine horn was excised and sliced into
longitudinal strips of 5 mm length to record uterine
contractility. Each strip was placed vertically in an organ
bath containing about 10ml of Krebs—Heinseleit (KH)
buffer composed of (mM): NaCl 115.0; KCl 4.6;
CaCl2.2H20 2.5; KH2PO4 1.2; MgSO4.7H20 2.5;
NaHCO3 25 and glucose 11.0 at 37 °C, ventilated with
95% 02/ 5% CO2 throughout the experimental period and
solution was replaced every 15 minutes (Darios et al.,
2012).

The uterine contractions' changes in isometric force,
including amplitude, frequency, and rhythmicity, were
recorded using an isometric transducer (Lab Chart
software, AD instruments, power lab, New South Wales,
Australia). One gm of resting tension was applied first, and
the strips were allowed to equilibrate for 60
minutes (Sajadi et al., 2018). Then, recording a 10 min
continuous curve was done.

2.5. E-Biochemical measurements & calculations:

Blood samples were left for two hours at room
temperature to clot, centrifuged for 10 minutes (4°C) at
1000xg; then serum samples were collected and kept at -
20°C till further assessment of the following parameters as
per manufacturer's guidelines (MyBioSource, San Diego,
CA, USA). Rat ELISA Kits were used for the
measurement of serum LH (Catalog No: MBS764675),

FSH (Catalog No: MBS2502190), AMH (Catalog No:
MBS701712), and  Testosterone (Catalog  No:
MBS282195). Quantitative insulin and fasting serum
glucose were measured using Rat Insulin ELISA Kit
(Catalog No: MBS045315), and Rat glucose ELISA Kit
(Catalog  No:  MBS7233226)  purchased  from
MyBioSource, San Diego, CA, USA.

The following formula was used to calculate the
homeostasis model assessment-estimated insulin resistance
(HOMA-IR) index; (HOMA-IR): HOMA-IR = Fasting
insulin (WU/mL) x fasting glucose (mmol/L)/22.

Rat Total Cholesterol ELISA Kit (Catalog No:
MBS722885), Rat Triglyceride ELISA Kit (Catalog No:
MBS726298), and Rat HDL ELISA Kit (Catalog No:
MBS704516) purchased from MyBioSource, San Diego,
CA, USA was used for Serum total cholesterol (TC),
triglycerides (TG) and HDL levels, respectively. Low-
density lipoprotein cholesterol (LDLc) levels were
estimated using the Friedewald formula: LDL = TC —
TG/5 — HDL (Friedewald et al., 1972).

2.6. F-Histological study:

At the end of the experiment, uterine and ovarian
tissues were retrieved, fixed in 10% formol saline,
processed into paraffin blocks, and seven um serial
sections were cut and put on glass slides. Haematoxylin
and Eosin were used to stain the sections. (Kiernan, 2001).

2.7. G-Statistical analysis:

Data were analyzed by "SPSS 21" (IBM SPSS
Statistics 21; IBM Corporation, New York, USA) and
expressed as mean + standard deviation (Mean + SD).
Normality of distribution was evaluated by Shapiro-Wilk's
test. Quantitative variables between the groups were
compared using analysis of variance (ANOVA) with the
Bonferroni post hoc test. Results were statistically
significant at p < 0.05 (Chan, 2003).

3. Results

3.1. A-Changes in body weight in all studied groups:

There is no significant difference among the rats of the
four studied groups at the beginning of the study, as shown
in Table 1. However, by the end of the work, there was a
significant increase (P-value <0.05) in body weight in
groups fed on HFHS and HFHS+MSG compared to the
control group, while the difference between the L/L group
and the control group remained insignificant. The %
change in body weight was significantly greater in groups
fed on HFHS and HFHS +MSG (26.4% and 28.184%,
respectively) compared to the control group and L/L group
(12.7% and 13.22%, respectively).
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Table 1. Bodyweight and ovarian weight in the studied groups:
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CONTROL HFHS HFHS+MSG L/L
BWI1(gm) 146+8.170 146.330+10.230 150.830+14.280 157.500+ 8.800
BW2(gm) 164.600+15.380 185+8.366* 193.340+10.320* 178.330+7.500
% Change of Bodyweight 12.700% 26.400% 28.184% 13.220%
Absolute Ovarian weight (mg) 5348 125+20° 160+£322° 140+7°
Relative Ovarian Weight 32.3%5.2 67.56+2.4° 82.9+22.2 2 78.549.3 ¢

(Ovarian Weight / 100 gm of
final body weight) (mg%)

HFHS: High Fat High Sugar; MSG: Monosodium Glutamate; L/L: Light/Light cycle, BW1: Body Weight at the start of the work, BW2:

Body Wight at the end of the work.

*: Significant compared to control group, * significant compared to HFHS group, © significant compared to HFHS+MSG group at P-

value<0.05.

3.2. B- Comparison of ovarian weight and diameter in
all groups:

Table 1 shows a significant increase (P-value <0.05)
of absolute and relative ovarian weightin HFHS,
HFHS+MSG, and L/L groups in comparison with the
control group, noting that this ovarian weight is

Mean Ovarian Diameter (mm)

significantly higher (P-value <0.05) in HFHS+MSG fed
group compared to the group fed on HFHS only. As shown
in (figure 1), the abdominal Ultrasound revealed a
significant expansion (P-value <0.05) in the mean ovarian
diameter in HFHS, HFHS+MSG, L/L groups compared to
the control group.

CONTROL

HFHS+«MSG
HFHS L

a: Significant compared to the control group at P-valua=0.05.

Figure 1. Mean Ovarian Diameter in the studied groups in abdominal Ultrasound. Abdominal Ultrasound: the longest possible diameter
(D1) and the second-longest possible ovarian diameter (D2) to be at a right angle to the first measurement.

The mean ovarian diameter (MOD) = [{MOD ieftov. = (D1 + D2)/2} + {MOD right ov. = (D1 + D2)/2}]/2.
[A: Control group; B: PCO group induced by HFHS; C: PCO group induced by HFHS+MSG; D: PCO group induced by L/L]

3.3. C-Functional assessment of isolated uterine
Contractions:

-As shown in (table 2) and (figure 2): there is a
significant rise (P-value <0.05) in the frequency of isolated
uterine contractions in HFHS, HFHS+MSG, L/L rats in
comparison with the control rats, with its value
significantly exceeding (P-value <0.05) those in the
HFHS+MSG and L/L groups compared to the HFHS
group and also significantly higher (P-value <0.05) in the
L/L group compared to HFHS+MSG group.

While the amplitude of isolated uterine contractions
increased significantly in HFHS and L/L groups compared
to the control group, its value is significantly lower in the
L/L group than in the HFHS group (the highest amplitude
recorded). On the other hand, the HFHS+MSG group
revealed a significant reduction (P-value <0.05) in the
contraction amplitude compared with the other three
groups. Moreover, figure 2 demonstrated irregular
contractions in the HFHS+MSG group compared to the
regular contractions recorded in the other three groups.
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Table 2. Functional assessment of isolated uterine Contractions in the studied groups:

CONTROL

HFHS

HFHS+MSG L/L

Frequency of uterine contractions 11.670+1.370

(contraction/10 minutes)

The amplitude of uterine contractions 0.490+.030

(gm tension)

12.330+1.370*

1.23+.044*

17+.8902° 14.330+.510%P¢

0.160+.030*" 0.780+.020°"¢

HFHS: High Fat High Sugar; MSG: Monosodium Glutamate; L/L: Light/Light Cycle

*: Significant compared to the control group, ™ significant compared to HFHS group, © significant compared to HFHS+MSG group at P-

value<0.05.
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Figure 2. Isolated Uterine Contractions in the studied groups. Increased frequency of isolated uterine contractions in HFHS, HFHS+MSG,
L/L groups compared to the control group. The amplitude of isolated uterine contractions increased in HFHS, and L/L groups compared to
the control group, noting that its value is lower in the L/L group than in the HFHS group. The HFHS+MSG group showed a decreased
contraction amplitude compared to the other three groups with an irregular pattern of contractions.

3.4. D-Biochemical results:

Table 3 shows a significant rise (P-value <0.05) in
serum levels of LH and Testosterone in HFHS,
HFHS+MSG, and L/L groups in comparison with the
control group, noting that LH levels are significantly higher
(P-value <0.05) in the HFHS+MSG group in comparison
with the HFHS group. On the contrary, the serum level of
FSH decreased significantly (P-value <0.05) in HFHS,
HFHS+MSG, and L/L groups in comparison with the
control group. These findings led to a significant elevation
(P-value <0.05) in LH/FSH ratio in HFHS, HFHS+MSG,
and L/L groups in comparison with the control group, also
noting that this ratio is significantly higher (P-value <0.05)
in the HFHS+MSG and L/L groups in comparison with the
HFHS group.

AMH was significantly increased (P-value <0.05) in
HFHS and L/L groups compared to the control group this
increase was not significant in HFHS+MSG compared to
control, HFHS, L/L groups.

Serum glucose levels and HOMA-IR were significantly
increased (P-value <0.05) in HFHS, HFHS+MSG, and L/L
groups compared to the control group. Serum glucose or
HOMA-IR showed no significant difference among the
three model groups (HFHS, HFHS+MSG, L/L groups). In
comparison, serum insulin level was significantly increased
(P-value <0.05) only in the L/L group in comparison with
the control and the other two model groups (HFHS,
HFHS+MSG), among which there is no significant
difference in this serum insulin.

There is a significant elevation (P-value <0.05) in serum
TG and TC in HFHS, HFHS+MSG, and L/L groups
compared to the control group. TC only shows a significant
rise (P-value <0.05) in the HFHS+MSG and L/L groups
compared to the HFHS group.

Serum LDL in HFHS+MSG and L/L groups show a
significant elevation (P-value <0.05) in comparison with
the control and HFHS groups, while there is no significant
difference in serum HDL among the studied groups.
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Table 3. Biochemical Measurements and calculations in the studied groups:

CONTROL HFHS HFHS+MSG L/L
Serum LH 13.530+ .740 17.250+.520* 19.540+1.480°° 18.150+.450*
Serum FSH (MIU/ml) 9.830+.620 6.010+.450* 5.630+.440° 5.100+.610°°
LH: FSH 1.380+.140 2.890+.300° 3.480+.370°° 3.590+.470°
Serum Testosterone (ng/ml) 6.400£1.120 8.780+1? 8.400+.840* 8.930+.710*
AMH (ng/ml) 10.980+1.020 12.270+.770* 11.230+.810 12.350+.3100
Serum Glucose (mmol/ml) 5.150+.680 6.850+.500* 7.590+.450* 6.890+.700*
Serum Insulin (UIU/ml) 7.850+.350 8.320+.360 8.580+.500 9.580+.830°20¢
HOMA-IR 1.820+.250 2.560+.120* 2.900+.300* 2.960+.540*
Serum TG (mg/dl) 77+5.800 98.170+5.500* 99+2.960* 103.500+4.700*
Serum TC (mg/dl) 146+5.650 166.660+9.400* 178.830+£7.270°° 182.300+3.380°°
Serum HDL (mg/dl) 59+5.290 59.500+5.010 58.300+6.500 55.170+2.780
Serum LDL (mg/dl) 73.160+11.920 87.340+11.130 103.600+6.950° 106.660+3.900*®

HFHS: High Fat High Sugar; MSG: Monosodium Glutamate; L/L: Light/Light cycle; LH: Luteinizing Hormone; FSH: Follicle-
stimulating hormone; AMH: Anti-Miillerian Hormone; HOMA-IR: Homeostatic Model Assessment for Insulin Resistance; HOMA-B:
Homeostasis model assessment of B-cell function; TG: Triglycerides; TC: Total Cholesterol; HDL: High-density lipoprotein; LDL: Low-
density lipoprotein; S100P: S100 calcium-binding protein P; ADAMTS19: A Disintegrin-Like And Metalloprotease With Thrombospondin
Type 1 Motif 19; FLCs: Free Light Chains.*: Significant compared to control group, ™ significant compared to HFHS group, ¢ significant
compared to HFHS+MSG group at P-value<0.05.

3.5. E-Histopathological results:

3.5.1. -H&E staining of ovarian and uterine sections:

In Figure 3, ovarian sections in the control group
showed typical structures of primordial follicles, follicles at
different stages, and corpus luteum. However, the PCO

follicles with desquamated cells in the lumen and multiple
dilated cysts lined with flattened cells and multiple atretic
follicles. In addition, the PCO group induced by
HFHS+MSG revealed multiple dilated cysts lined with
flattened cells and degenerated follicles. Moreover, the
PCO group induced by L/L showed multiple dilated cysts.

group induced by HFHS exhibited multiple degenerated

1 : i o s S % % : e

Figure 3: A photomicrograph of sections in the ovary (H&E x100).A: Control group showing typical ovarian structure, including primordial
follicles (yellow arrows), follicles at different stages (black arrows), and corpus luteum (red arrow).B: PCO group induced by HFHS
exhibiting multiple degenerated follicles (black asterisk) with desquamated cells in the lumen (kinked arrow) and multiple dilated cysts
(blue asterisk) lined with flattened cells (blue kinked arrow) and multiple atretic follicles (arrowhead).C: PCO group induced by
HFHS+MSG revealing multiple dilated cysts (blue asterisk) lined with flattened cells (blue kinked arrow) and degenerated follicle
(arrowhead).D: PCO group induced by L/L showing multiple dilated cysts (asterisk).

In (Figure 4), the uterine morphology of control rats
revealed a typical uterine structure lined with simple
columnar epithelium with underlying connective stroma

containing uterine glands. In comparison, the PCO group
induced by HFHS revealed a uterus lined with stratified
columnar epithelium with underlying connective stroma
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rich in eosinophils and contains dilated uterine glands.
PCO group induced by HFHS+MSG showed
hypertrophied elongated columnar epithelium with
underlying connective stroma rich in eosinophils, dilated
congested blood vessels, and contains hypertrophied
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uterine glands. PCO group induced by L/L exhibited
stratified columnar epithelium with underlying connective
stroma rich in eosinophils and dilated congested blood
vessels.
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Figure 4. A photomicrograph of uterine sections (H&E x200).A: Control group showing typical uterine structure lined with simple
columnar epithelium (black arrow) with underlying connective stroma (asterisk) containing uterine glands (kinked arrow).B: PCO group
induced by HFHS showing uterus lined with stratified columnar epithelium (black arrow) with underlying connective stroma (asterisk) rich
in eosinophils (red arrows) and contains dilated uterine glands (kinked arrow).C: PCO group induced by HFHS+MSG exhibiting uterine
tissue lined with hypertrophied elongated columnar epithelium (black arrow) with underlying connective stroma (asterisk) rich in
eosinophils (red arrows), dilated congested blood vessels (blue asterisk), and contains hypertrophied uterine glands (kinked arrow).D: PCO
group induced by L/L revealing uterus lined with stratified columnar epithelium (black arrow) with underlying connective stroma (asterisk)
rich in eosinophils (red arrows) and dilated congested blood vessels (blue asterisk).

Estrus cycle phases in studied groups evaluated by
vaginal smear as shown in (figure 5); the vaginal smear of
the control group revealed a regular estrus cycle formed of
four phases: proestrus, estrus, metestrus, and diestrus. The
proestrus phase is characterized by clusters of small,
rounded, nucleated cells with central rounded nuclei. The
Estrus phase exhibited clusters of cornified non-nucleated
squamous epithelial cells. Many cornified epithelial cells

with a few darkly stained leucocytes were observed during
the metestrus phase. However, the darkly stained
leucocytes predominated with few cornified epithelial cells
in the diestrus phase, and rarely nucleated cells could be
seen. In the PCO groups (induced by HFHS, HFHS+MSG,
and L/L), the estrus cycle was delayed, and most rats
remained in the diestrus phase.
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Figure 5. A photomicrograph of vaginal smear showing the different stages of the estrus cycle.

A) Proestrus phase exhibits small, rounded, nucleated cells with central rounded nuclei (black arrow).

B) Estrus phase showing clusters of cornified non-nucleated squamous epithelial cells (red arrow).

C) Metestrus phase reveals a large number of cornified epithelial cells (red arrows) with few darkly stained leucocytes (green arrow).

D) Diestrus phase showing darkly stained leucocytes (green arrow) with few cornified epithelial cells (red arrow). NB, one nucleated cell

(black arrow) can be seen.

4. Discussion

Many studies have demonstrated that genetic
anomalies, lifestyle, hormonal imbalance before birth, and
other environmental causes may give rise to PCOS (Wen
et al., 2020). The current study compared the functional,
biochemical, and morphological changes in response to
dietary changes and circadian rhythm disturbance via
continuous light exposure and loss of the normal light-dark
cycles.

In the present study, the estrus cycle was delayed in the
model groups (induced by HFHS, HFHS+MSG, and L/L),
and most rats remained in the diestrus phase. Roberts et al.
(2017) showed reproductive abnormalities in HFHS
animals. The distribution of estrous cycles varied in a
fraction of the time terms spent in proestrus, estrus, and
diestrus (Volk et al., 2017).

Previous studies demonstrated that HFHS-fed animals
had disrupted estrous cyclicity, with a shorter period in
proestrus and longer in estrus than in the controls. A more
significant fraction of time recognized in estrus is
accompanied by ovulation failure and infertility (Brawer et
al., 1986). Another study showed that in MSG treated
group, the vaginal mucosa was lined with vacuolated or
pyknotic cells with infiltration of leukocytes, and this
demonstrates the estrus cycle disturbance in PCO groups
induced by MSG (El-Beltagy and Elghaweet, 2016).

Prolonged light exposure can also disturb the estrus
cycle in female rats and explain one of the PCO induction
theories in females. Kang et al. (2015) reported an
indiscriminative estrous cycle in two-thirds of female rats

4 weeks after continuous light exposure and in all L/L rats
following 16 weeks of continuous exposure to light,
confirmed by daily vaginal smears.

Several studies showed that high-fat, high-sucrose diet
rats revealed hyperphagia, rapidly developing obesity, and
impaired glucose tolerance (la Fleur et al., 2011; Apolzan
and Harris, 2012). That was in accordance with changes in
body weight in HFHS and HFHS+MSG compared to the
control group.

One environmental factor contributing to PCOS is
circadian rhythm disruption (Farhud and Aryan, 2018).
Some studies have demonstrated that females subjected to
night-light shifts showed irregularity in their menstrual
cycles, dysmenorrhea, insulin resistance, and glucose
metabolism dysregulation, all of which are recognized risk
factors for PCOS (Lim et al., 2018). The continuous light
exposure was evidenced to produce PCOS changes and
high androgen secretion in rodents (Kang et al., 2017, Chu
et al., 2020), which is concomitant with our results.

Besides increased body weight, the present work
showed that absolute and relative ovarian weights
remarkably increased in rats fed on HFHS and
HFHS+MSG compared to the control rats. This is
concomitant with Akin tayo et al.'s study (2021), where
ovarian weights significantly increased in PCOS animals
with or without a fructose-enriched diet. Our results also
agree with Hilal et al. (2020), who showed an increase in
ovarian weight in mice fed with a HF diet, suggesting that
this was due to the rise in their body weights.

Moreover, absolute and relative ovarian weights of rats
exposed to L/L environment increased significantly
without a significant rise in body weight. This partially
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follows Kang et al.'s (2015) study, which revealed ovarian
and uterine enlargement associated with weight loss in
female rats exposed to continuous light. A significant rise
in mean values of ovarian diameter calculated by the
abdominal Ultrasound in all PCOS phenotypes was
documented compared to the control group. In agreement
with our results, enlarged ovaries are also observed in
Kang et al's study (2015); the authors reported this
observation in the L/L group of PCOS in rats induced by a
continuous light environment. Another study observed no
remarkable rise in the total ovarian volume. However,
there was a significant elevation in ratios of volume of the
cortex to the medulla volume in the ovaries of HFD mice,
suggesting a rise in the number and diameters of cortical
follicles (Hilal et al., 2020).

We also noted a significant rise in the frequency and
amplitude of the regularity of uterine contractions in
HFHS and L/L groups compared to the control. The
significant frequency increase was accompanied by a
remarkable reduction of amplitude and irregularity of
contraction in the HFHS+MSG group compared with the
control. Aktas et al. (2019) showed that uterine contractile
responses in PCOS showed a significant rise compared to
the control group and explained increased myometrium
thickness. Another research has demonstrated uterine
contractions' irregularities with variant mechanical
responses of isolated uteri in PCOS rats (Sajadi et al.,
2018).

Other researchers have demonstrated a remarkable
increase in myometrium thickness and myometrium area
in hyperandrogenised rats (Bracho et al., 2019). Moreover,
Sajadi et al. (2018) reported more irregularity in uterine
contractions of PCOS rats than in control rats following
administration of carbachol and oxytocin.

It is known that preovulation surge needs estradiol's
positive feedback that induces kisspeptin expression.
Hypothalamus' kisspeptin neurons that project directly to
the gonadotropin-releasing hormone may be the feedback
mediators. However, it was reported that a fat diet
decreased the kisspeptin expression, and decreased
sensitivity between the feedback and kisspeptin is also
correlated with reduced LH (Zhou et al, 2014).
Additionally, HFHS rats show higher estradiol
concentrations at proestrus, which may correlate with LH
levels' alternation.

Further, saturated fatty acids reduce adenylate cyclase
activity, stimulating LH (Cano et al., 2008). This could
explain the result of a previous work done by Volk et al.
(2017) that showed reduced LH levels at a diestrus among
high-fat diet-fed rats compared with those fed a control
diet which disagrees with our study. Another study
revealed that LH levels have slightly decreased, but there
was no significant difference between the two diet patterns
(standard and HFHS) (Cano et al, 2008). This
disagreement could be explained by the differences in the
calories and fats fed to the mice

Moreover, our study revealed a significant increase in
anti-Miillerian hormone (AMH) and LH levels in HFHS
rats compared to control rats, which is not compatible with
the other studies that reported no statistical difference
between both diet types (Volk et al., 2017; Roberts et al.,
2020). These disagreements could be due to the different
sampling times.

The release of the early predictor for ovarian reserve,
AMH (Visser et al., 2006), begins after the development
from the primordial to the primary follicle. The low FSH
reduces this initial recruitment. On the other hand, FSH
stimulates the differentiation of antral follicles to reach
ovulation requested for cyclic recruitment. Further, AMH
may decrease the granulosa cells' receptors of FSH.
Accordingly, the absence of AMH increases the number of
recruited follicles for growth, which results in depletion of
the pool of primordial follicles over time(Roberts et al.,
2020).

Continuous light exposure could induce AMH
elevation. The identical change in AMH level revealed that
in the absence of steroid hormone administration,
continuous light environment principally participated in
AMH increase, and circadian rhythm disturbance might be
critical in the pathology of ovulation abnormality in PCOS
(Chu et al., 2020). This is also in line with our results.
Among PCOS women, there was a positive association
between the number of antral follicles and AMH level in
serum; thus, elevated serum levels of AMH are used as a
diagnostic way in PCOS. These findings indicate the role
of AMH in the pathogenesis of PCOS. However, our study
reported an insignificant difference between the
HFHS+MSG and control groups regarding AMH levels,
which is compatible with a previous study conducted by
Gaspar et al. (2016). Based on what we mentioned, any
factor that can induce AMH elevation may be considered
pathogenic and participate in PCOS development. Our
result revealed that the L/L cycle group has a higher AMH
level than the control group, which agrees with a previous
study (Chu et al., 2020).

The result reported by Volk et al. (2017) revealed that
T level was higher in the high-fat diet group in comparison
with the control group, which is concomitant with our
finding. The suggested explanation is that the increased T
level is related to elevated LH within the estrus cycle's
negative feedback phase. Moreover, insulin signaling
abnormality may alternate the basal releasing of hormones.

On the other hand, previous studies reported no
statistical difference between the two diet types regarding
the free serum T levels (Cano et al., 2008; Roberts et al.,
2017). However, one of these studies demonstrated a linear
correlation between the T levels and the number of cysts in
the ovary of individual rats in the HFHS group (Roberts et
al., 2017).

Our results showed that rats fed on MSG manifested
elevated LH and androgen levels. These findings agree
with the results of Mondal et al. (2018). Their suggested
explanation is that MSG can initiate a positive feedback
mechanism on the anterior pituitary by increasing LHRH,
which augments LH secretion. Creanga et al. (2008)
reported that around one-five of serum T level is released
by hyperinsulinemia, increasing LH secretion. Previous
studies reported that LH and T levels were significantly
increased in light-exposed rats (Zhang et al., 2021). The
suggested explanation is that prolonged light exposure
may decrease melatonin, which functions directly on the
hypothalamus cells and reduces the secretion of the
gonadal releasing hormone, leading to increased LH and T
levels. These findings align with our study results that
showed a significant increase in LH and T levels.

In many ways, obesity participates in PCOS
development through insulin resistance and producing
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Testosterone from androstenedione in the circulation while
decreasing gonadotropin secretion (Arner, 2005). Visceral
fat significantly contributes to developing PCOS insulin
resistance (Rosen and Spiegelman, 2014). Testosterone
and a high-calorie diet probably promote visceral fat
accumulation and insulin resistance in women by
suppressing  lipolysis and enhancing lipogenesis
(Rosenfield and Ehrmann, 2016). Dunaif et al., 1992 found
that most hyperandrogenic women had androgenic ovarian
dysfunction that had nothing to do with elevated serum LH
or polycystic ovarian morphology.

Hyperinsulinemia enhances LH stimulation of
androgen production from ovaries through up-regulating
LH-binding sites and promoting androgen secretion in
response to LH at the cytochrome P450Ci7 (Rosenfield
and Ehrmann, 2016). Thus, all management ways that
decrease serum insulin remarkably improve ovulation and
hyperandrogenaemia in PCOS (Turkmen et al., 2016).
Both significant increases in serum testosterone in the
three PCOS groups and significant hyperinsulinism
(especially in the L/L group) were demonstrated by our
results, which may explain this increase in the mean
ovarian diameter.

Animals in all groups had significantly higher blood
glucose levels and showed insulin resistance, as concluded
by their high HOMA-IR scores compared to controls. Our
results support what was previously reported by Roberts et
al., 2017 who demonstrated that animals in the HFHS
group had more glucose levels than controls and exhibited
insulin resistance.

Our current study also revealed that a continuous light
environment caused a significant rise in fasting insulin and
glucose levels with elevated HOMA-IR scores. Albreiki et
al., (2017) demonstrated that bright light at night was
accompanied by a marked increase in plasma glucose and
insulin, suggesting glucose intolerance and insulin
insensitivity, concomitant with our results. This finding
supports what was previously reported by Skinner et al.
(2019), who also reported that the increased blood glucose
levels induced by the disrupted light cycle exceeded that of
the HFD. They suggested that circadian misalignment
negatively affects neuroendocrine regulation of body
weight and central regulation of glucose homeostasis.

Assessment of lipid profile in the current work revealed
higher TG and total cholesterol in all experimental groups
compared to controls. Serum LDL significantly increased
in HFHS+MSG and L/L groups compared to the control.
These results could be related to the apparent insulin
resistance and the development of dyslipidemia in these
groups. Insulin resistance could also alter systemic lipid
metabolism and the development of dyslipidemia
(Ormazabal et al., 2018).

Surprisingly, no significant difference was found in
HDL levels in the studied groups. This contradicts the
work done by Collison et al. (2009), who demonstrated
that MSG significantly elevated serum HDL-C, and
several studies have reported that circadian misalignment
is accompanied by low HDL-cholesterol levels (Ferraz-
Bannitz et al., 2021).

Histologically, our study revealed degenerative follicles
with desquamated cells in the lumen and dilated cysts
lined with flattened cells, more atretic follicles, and a
reduction in the number of CL, indicating ovulatory
interruption in the HFHS group (Volk et al., 2017). This

also agrees with Roberts et al. (2017), who observed the
presence of substantial numbers of follicular cysts in
HFHS ovaries and a considerable elevation of cystic
counts compared to controls. In addition, Ko et al., 2017
found that changes in ovarian histology indicate that
female reproductive function may be changed due to high
sugar intake.

Following Eweka et al.'s (2011) study, the extracted
ovarian specimens from MSG-treated animals showed
hypertrophy of the theca folliculi cells, complete
distortion, and destruction of the basement membrane
between the theca folliculi from the zona granulosa.
Degenerative changes with pyknotic nuclei and vacuolated
cytoplasm were demonstrated in the oocyte and granulosa
cells (Ali et al., 2014). Moreover, the higher dose of MSG
led to degenerative and atrophic changes in the ovaries
with either apoptotic or necrotic cell death (Eweka and
Om'Iniabohs, 2007). Our histopathological results in the
MSG group also agreed with those of Bojanic¢ et al., 2009
who reported cystic degenerative effects in the ovary with
many atretic follicles and no corpora lutea. In the L/L
group, increased number of cystic dilated follicles,
thickening of the tunica albuginea in many phases, atretic
follicles, fewer granular cell layers, and absent layers of
oocytes agreed with Kang et al.'s findings (2015).

Compared to control, the PCO group induced by HFHS
revealed a uterus lined with stratified columnar epithelium
with underlying connective stroma containing dilated
uterine glands. O'Connor et al., 1996 demonstrated that
hyperplasia was principally demonstrated in the luminal
and glandular epithelium of endometrium and
myometrium of the HFD group, which agrees with our
results. Kayode et al. (2021) recommended that a high-fat
diet may induce some bioactive agents that induce
endometrial hyperplasia and protect the uterus against
elevated levels of hormones, lipids, and oxidative stress.

Currently, the HFHS+MSG group showed uterine
hypertrophied changes. The increase in estrogen levels in
the MSG-fed animals may indicate an increase in
aromatase enzyme activity that turns Testosterone into
estradiol, resulting in elevated estradiol synthesis and the
related endometrial changes (Ebbeling et al., 2018, El-
Beltagy and Elghaweet, 2016).

In conclusion, to study PCOS with laboratory animals,
we have conducted three phenotypes of animal models
depending on either diet regimens or altered circadian
rhythm. Herein, the continuous light exposure simulates
the human sleep disorder, and the intake of HFHS diet
simulates the western dietary pattern. The three animal
models manifested the key features of PCOS, such as
hyperandrogenism, multiple dilated ovarian cysts, the
indiscriminative estrous cycle that was arrested in the
diestrus phase, and symptoms of metabolic syndrome.
Disturbed circadian rhythm and HFHS diet are more
consistent with an increased risk of PCOS.

Further research is required to investigate the effect of
combined intake of HFHS and the external impacts of
continuous light environment on the trait of PCOS and
evaluate the potential molecular processes underlying the
developed phonotype. More cellular investigations are
needed with other techniques like immunohistochemistry
and ultrastructural description using an electron
microscope; these investigations formed the limitations for
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the current study that we will try to elucidate in the
following parts of our project.
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