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Abstract

Background: Polycystic ovarian syndrome (PCOS) is a reproductive disorder associated with several endocrine and
metabolic alterations. The mechanism underlying this syndrome is controversial. On the other hand, drugs used for
the treatment are associated with several side effects and poor in controlling PCOS phenotype. 1-Carnitine (LC) has
been reported to have a significant regulatory function on the redox and metabolic status of female reproductive sys-
tem. Nevertheless, its regulatory pathways to regulate PCOS are still under investigation. Therefore, this study aimed
to evaluate the effects of LC on the steroidogenic pathways, oxidative stress markers and metabolic profile in letrozole
(LTZ)-induced PCOS rat model.

Methods: For this aim, animals were divided into four groups (n =6). Control group, untreated letrozole-induced
PCOS group (1 mg/kg bwt) for 21 days, PCOS group treated with L-Carnitine (100 mg/kg bwt) for 14 days and PCOS
group treated with clomiphene citrate (2 mg/kg bwt) for 14 days. Finally, body and ovarian weight, metabolic
state(glucose and lipid profile), hormonal assays (testosterone, 17 3 estradiol, LH and FSH levels), intraovarian relative
gene expression (CYP17A1, StAR, CYPT1AT and CYP19AT genes), ovarian redox state (malondialdehyde (MDA), reduced
glutathione content (GSH) and catalase enzyme activity (CAT)) as well as serum total antioxidant capacity (TAC) were
detected. Also, histomorphometric ovarian evaluation (number and diameter of cystic follicles, granulosa cell thick-
ness and theca cell thickness) as well as immune expression of caspase-3 of granulosa cells of cystic follicles were
determined.

Results: LC significantly improved ovarian redox state (GSH, MDA and CAT), steroidogenic pathways gene expression
(CYP17A1, StAR, CYP11AT and CYP19AT genes), hormonal profile (Follicle stimulating hormone (FSH) and luteinizing
hormone (LH), testosterone and estradiol), metabolic state (Glucose and lipid profile) histomorphometric alterations
and decreased caspase 3 immune reaction of granulosa cells.

Conclusion: -Carnitine supplementation can ameliorate the PCOS phenotype through its energetic, antioxidant and
antiapoptotic functions as well as steroidogenesis regulatory role. This protocol could be modified to produce the
best therapeutic benefits, and it could be regarded as a prospective therapeutic intervention for PCOS.

*Correspondence: nev.hassan@cu.edu.eg

! Department of Physiology, Faculty of Veterinary Medicine, Cairo University,
Giza, Egypt
Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43088-022-00329-6&domain=pdf
http://orcid.org/0000-0003-1110-4289

Elmosalamy et al. Beni-Suef Univ J Basic Appl Sci (2022) 11:146

Page 2 of 15

Keywords: Poly-cystic ovary, .-Carnitine, Steroidogenesis, Metabolic state, Redox state, Rats

1 Background

Women during reproductive age are subjected to con-
tinuous hormonal changes during their reproductive life
and 4 to 21% of them develop polycystic ovarian syn-
drome (PCOS) [1]. PCOS is a reproductive disorder asso-
ciated with several endocrine and metabolic alterations
[1]. PCOS’s clinical characteristics are ovulatory dys-
function with polycystic ovarian features, amenorrhea,
hirsutism and infertility [2]. In addition, it is complex
disorder that is characterized by several complications,
such as hyperinsulinemia, obesity, cardiovascular dis-
eases as well as ovarian, endometrial and breast tumors
[3, 4] Also, imbalance in the main steroidogenic enzymes
and hormones are the main features of PCOS, that result
in disturbances in estrogen and androgen production
leading to excess androgen secretion [5—-7]. Despite the
fact that genetic disorders are thought to predispose to
PCOS, the genetic makeup which could be correlated to
PCOS phenotypes is elusive owing to the trait’s complex-
ity [8].

On the other hand, antioxidants and free radicals are
key regulators of the ovarian normal physiology [9]. Pre-
vious studies have reported the ROS/antioxidants inter-
play that greatly influences the reproductive activities
in female mammalian animals [9, 10]. It has been pre-
viously reported that oxidative stress (OS) biomarkers
such as malondialdehyde (MDA), catalase (CAT), and
glutathione content are abnormal in patients with PCOS
[11].

However, the exact etiological mechanism underly-
ing this syndrome is still controversial and unclear. Till
now, there is no cure for PCOS, and in the absence of
mechanistic understanding, the medical management is
poor [7]. Several therapeutic approaches, including met-
formin and clomiphene citrate, have been used to treat
PCOS, although they are frequently linked with substan-
tial adverse effects [12—17]. These provoke the need for
more researches and studies that reveal PCOS’s possible
mechanistic pathways, and biomarkers as well as search-
ing for alternative therapeutic approaches to improve the
PCOS together and decrease its side effects that impair
quality of life. L-Carnitine (LC) is a cofactor that can be
obtained from diet or it was endogenously synthesized.
It is crucial for fatty acid metabolism through aiding the
long-chain free fatty acids to be transported into mito-
chondria which then undergoes beta-oxidation [18].

LC was previously reported to have a significant regula-
tory function on the redox status and metabolism of the
female reproduction[19]. Nevertheless, its mechanistic
pathways to regulate PCOS are still under investigation.
Therefore, the current study aimed to assess the impact
of L-Carnitine on the steroidogenic pathways, oxidative
stress biomarkers and metabolic profile of LTZ-induced
PCOS rat model, giving new molecular, biochemical and
histological insights into the possible mechanistic path-
way of PCOS and the impact of L-Carnitine as therapeu-
tic potential.

2 Methods

2.1 Experimental design

Animal procedures and experimental protocols were
approved under the consent of the Institutional Animal
Care and Use Committee (IACUC), Cairo University,
Egypt (CUIIF921) and in line with the guidelines for
Guide for the Care and Use of Laboratory Animals: Eighth
Edition [20].

In the current experiment, 24 adult female Sprague—
Dawley rats (8—12 weeks old) of average bodyweight
200-250 g. with 45 days estrus cycle were chosen and
randomly allocated into four groups (n=6). Animals
were kept in the Physiology Department animal house,
Faculty of Veterinary Medicine, Cairo University, Egypt.
Rats were acclimatized to a 12-h light—dark cycle at
2242 °C and 55-65% humidity. All of animals had unre-
stricted access to feed and water.

All animals were divided into 2 groups. The first group
(control group, n=16) received orally a vehicle carboxym-
ethylcellulose (CMC) (1 ml) once daily for 21 successive
days. The second group is used to induce PCOS (PCOS
group) (n=18) received letrozole (1 mg/kg bwt/day) dis-
solved in a vehicle carboxymethyl cellulose (CMC) (1 ml)
orally to induce PCOS daily for 21 successive days [21].
The estrus staging of the animals was done daily using
vaginal smear technique as previously mentioned [11].
After PCOS induction, blood samples were taken from
all animals for testosterone evaluation. Female rats show-
ing significantly higher testosterone than control rats as
well as prolonged diestrus phase in their estrous cycle
were chosen to simulate the PCOS phenotype. After
PCOS induction, animals were assigned to the treatment
schedule for 14 days according to previous studies [22,
23] as follows:
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Normal control (animals without
PCOS) received normal saline (1 ml)
for 14 days

Letrozole-induced PCOS animal
model using oral letrozole (1 mg/
kg bwt)

PCOS female rats treated orally with
-Carnitine (100 mg/kg bwt) for

14 days dissolved in normal saline
(1 ml) [24]

PCOS female rats treated with Clo-
miphene citrate (2 mg/kg bwt) for
14 days orally dissolved in normal
saline (1 ml) as a standard drug for
ovulation induction [11]

(1) Control group (n=6):

(2) PCOS group (n=6):

(3) PCOS + L-Carnitine (n=6):

(4) PCOS + Clomiphene
citrate(n =6):

Body weight was evaluated weekly. Finally, animals
were euthanized on the 35th day of the experiment.

L-Carnitine was obtained form from MEPACO, Egypt.
Letrozole (Femara® non-steroidal aromatase inhibitor),
2.5 mg tablets, was purchased from Novartis Pharma AG,
Basel, Switzerland. Clomiphene citrate (Clomid ®) was
purchased from Sanofi, Aventis Pharma, France. Carboxy
methyl cellulose was purchased from Merck, India.

2.2 Sampling procedures

Animals fasted for 10 h and then blood samples were col-
lected from all animals at the 5th week. Special serum
separating tubes (IVAC ™) were used to collect blood,
then left to stand for 15 min and eventually centrifuged
at 4000 rpm for 15 min. Collected serum samples were
kept at — 20 °C for further metabolic analysis and hor-
mones evaluation. Before dissection, phosphate-buffered
(PH 7.4) saline (PBS) was used to wash ovaries, then they
were weighed and dissected into two sets. The one set
was kept at — 80 °C to determine intraovarian redox sta-
tus and RT-PCR analysis, and the second set was fixed in
10% neutral buffered formalin (10% NBF) for histomor-
phometry and immunohistochemistry analysis.

2.3 Serum metabolic profile

Fasting blood glucose (FBG), and lipid profile (Total
cholesterol (TC), Triglycerides (TG), High density lipo-
protein cholesterol (HDL-C) were evaluated using com-
mercial kits purchased from spectrum according to
constructions of manufacturer. Estimation of very low-
density lipoprotein (VLDL-C), Low-density lipoprotein
cholesterol (LDL-C) concentrations, coronary risk indi-
ces, atherogenic index and triglycerides-glucose index
were calculated as following:

VLDL-C (mg/dl) =triglycerides/5 [25]
LDL-C (mg/dl) =total
(HDL-C + VLDL-C) [25]

cholesterol —
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The coronary risk indices (TC/HDL-C and TG/
HDL-C ratios) were calculated [26].
Triglyceride-glucose index (TyG index)=Ln [TG
(mg/dl) x FPG (mg/dl)/2] [27]

2.4 Oxidative stress/antioxidant evaluation

Weight of the Ovarian tissues were determined. Homog-
enization of ovarian tissues was done using cold phos-
phate buffer (pH 7.4) and then tissue samples went
for centrifugation at 6000 rpm for 20 min at 4 °C. The
supernatant was used to evaluate the intraovarian redox
state though the following assays: CAT (catalase assay)
[28], Reduced glutathione (GSH) [29], Malondialdehyde
(MDA) [30] were assessed as well as measuring serum
total antioxidant capacity (TAC) was determined [31].
All measures were done using special highly standardized
kits purchased from Bio-diagnostic company, Egypt.

2.5 Hormonal assays

Evaluating Serum testosterone serum levels using ELISA
kit (Diagnostic Biochem Canada). Follicle stimulating
hormone (FSH) and luteinizing hormone (LH) were eval-
uated by ELISA method along with the instructions of
the manufacturer using rat specific ELISA kits (SunLong
Biotech Co., LTD). LH/FSH ratio was evaluated. Serum
17B Estradiol was measured using ELISA kit (Diagnostic
Biochem Canada).

2.6 RT-PCR analysis
2.6.1 Quantitative real-time RT-PCR analysis for CYP17A1,
CYP11A1, StAR and CYP19A1 genes
The relative expression of the ovarian mRNA levels of
CYP17A1, CYP11AI, StAR and CYPI9A1 genes were
determined by real-time RT-PCR, guided with GAPDH
gene as a reference [32]. About, 100 mg of ovarian tis-
sue was used to extract total RNA by total RNA Extrac-
tion Kit (Vivantis, Malaysia). Purified total RNA (1 ug)
was reverse transcribed using M-MuLV Reverse Tran-
scriptase (NEB#MO0253). Real-time RT-PCR for each
gene was performed using the primers shown in Table 1
by a fluorescence based real-time detection method
with a fluorescent SYBR Green dye (Thermo Scientific,
Cat. No. K0221). The real-time PCR conditioning were
performed as follows: 95 °C for 5 min (initial denatura-
tion) and then 40 cycles at 95 °C for 15 s, 60 °C for 30 s,
and 72 °C for 30 s in each experiment. Each experiment
involved all samples in triplicate, a No Template Control
(NTC) and a “Melting Curve” analysis included for all
samples. The relative transcription levels was calculated
using The comparative 2784CT method [33].
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Table 1 Primers sequences used for gRT-PCR analysis
Gene symbol Accession number Primer sequence Product
size (bp)
Cytochrome P450 17 A1 (CYP17A1) NM_012753.3 F:-5'- ACT GAG GGT ATC GTG GAT GC -3/ 187
R-5'- CCGTCA GGC TGG AGATAG AC -3/
Cytochrome P450 11 A1 (CYP11AT1) NM_017286.3 F- 5- GCT GGAAGG TGT AGC TCA GG -3/ 224
R- 5/- CACTGG TGT GGA ACATCT GG -3/
Steroidogenic Acute Regulatory (StAR) protein NM_031558.3 F:-5- GCCTGA GCA AAG CGGTGT C-37 180
R-5- CTG GCG AACTCT ATC TGG GTCTGT -3’
Aromatase (CYP19AT1) NM_017085.3 F- 5-CTGCTGATCATGGGCCTCCT-3’ 340
R:- 5- CTCCACAGGCTCGGGTTGTT-3
Glyceraldehyde3-phosphate dehydrogenase(GAPDH) NM_017008.4 F:- 5-ACCACAGTCCATGCCATCAC-3! 452

R:- 5/-TCCACCACCCTGTTGCTGTA-3’

2.7 Histopathological examination

2.7.1 Histopathological and histomorphometric analysis
Dissection of Right and left ovaries were done and then
fixation in 10% neutral buffered formalin (10%NBF),
embedded in paraffin wax, cut into sections with 3—5 pm
thickness, and staining with hematoxylin and eosin
(H&E) for the histological evaluation according to Ban-
croft, and Gamble [34]. For histomorphometric studies,
the number, diameter and thickness of granulosa and
theca cells of the ovarian cysts were measured. Stained
sections were visualized using Leica Quin 500 analyzer
computer system (Leica Microsystems, Switzerland) in
the Faculty of Veterinary Medicine, Cairo University.
Calibration of the image analyzer was done automatically
to convert the measurement units (pixels) formed by the
image analyzer program into actual micrometer units.
The images of each section were captured for each sam-
ple with a final magnification of 400 x.

2.7.2 Immunohistochemistry for activated caspase 3

Caspase 3 (active form) was used to evaluate apoptotic
progression in granulosa cells. The Avidin—biotin—per-
oxidase technique [35] was used for activated caspase
3 determination which is an apoptotic marker. Brown
cytoplasmic or nuclear staining is considered a positive
reaction. After deparaffinization and rehydration of the
ovarian sections, antigen recovery was accomplished via
boiling of the sections in citrate buffer using a microwave.
Endogenous peroxidase blockage was done by H,O,.
Then non-specific background was blocked with 10%
serum-tris buffer for 20 min at room temperature, after
that these sections were then incubated with the pri-
mary antibody; anti-caspase-3 rabbit polyclonal antibody
(Catalogue No.: RB-1197 from Thermo Fisher Scientific)
diluted 1/100 at room temperature for 120 min. The
slides were subsequently incubated with a biotinylated
polyvalent secondary antibody and then incubated with

an avidin—biotin—peroxidase complex solution (LSAB2
Kit; Dako). Visualization of the reaction was done via
addition of 3,3’-diaminobenzidine tetrachloride to these
sections. Sections counterstaining was done using Hema-
toxylin stain. Negative control slides were considered
using slides stained with 2" antibody IgG only, whereas
palatine tonsils sections were used as positive controls.

2.8 Statistical analysis

Statistical analysis was done using SPSS (SPSS Inc.: Chi-
cago, IL, USA, 2017) [36], including the calculations of
Means £ standard error (SE) using one-way analysis of
variance (ANOVA) accompanied with Tukey as a post-
hoc test. Significance was set at P<0.05 level.

3 Results

3.1 Estimation of physiological parameters

Data illustrated in Fig. 1 showed no significant difference
in the final body weight of animals of different groups.
While relative ovarian weight showed significant eleva-
tion in the PCOS group when compared to the control
one at 2<0.05. Otherwise LC and CLO intake for 2 weeks
led to significant reduction in the relative ovarian weight
in comparison to PCOS group at P<0.05.

3.2 Serum metabolic profile

Data illustrated in Table 2 showed significant eleva-
tion in levels of blood glucose level in the PCOS group
compared to the control group at P<0.05 while LC as
well as CLO treated groups showed that blood glucose
level was significantly reduced when compared to the
PCOS group at (P<0.05). Also, lipid profile in PCOS
group showed significant alterations as serum total
cholesterol (TC), triglycerides (TG), LDL-C and VLDL-
C were significantly elevated, while HDL-C showed
significant decrease (P<0.05) in contrast to the control
group. Moreover, LC and CLO treated groups showed
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Fig. 1 Effect of .-Carnitine (LC) and Clomiphene citrate (CLO) on Ovarian weight (A) and Final body weight (B) in different groups. Values presented
as mean = SE (n=6). Means denoted with different superscript letters are statistically significant at < 0.05. C Control group, PCOS letrozole-induced
polycystic ovarian syndrome, PCOS + LC letrozole induced polycystic ovarian syndrome treated with t-Carnitine, PCOS + CLO letrozole induced
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Table 2 Effect of (-Carnitine and Clomiphene citrate on serum metabolites of different groups in letrozole-induced PCOS rat model

Parameters C PCOS PCOS +LC PCOS+CLO
Glucose (mg/dl) 922043.1° 190.38 4 5.90° 12825+£6.01¢ 136+5.80¢

TC (mg/dl) 92234248 181.9243.62° 12817 +£2.27° 152.50+3.90¢
TG (mg/d) 59.97 4+1.52° 92.1242.12° 74204224 74.67 £ 2.00°
HDL-C (mg/dl) 4757 +£234° 2567 +1.66° 34504 1.36° 28.541.60°
LDL-C (mg/dl) 326742512 137.8343.11° 7883+ 1.72° 109.1 +4.70¢
VLDL-C (mg/dl) 11.9940.30° 18.42+£042° 14.84+£045° 14.93+£0.38°
CRI 1.9640.10° 7.234£045° 3.77+0.10° 544+0.36°
TC/HDL-C

CRI 1.2840.10° 3.67+£0.24° 21740.11¢ 264+0.10¢
TG/HDL-C

TyG index 7.92+0.05° 9.08+0.04° 843+007° 8.53+0.06°

TCTotal Cholesterol, TG Triglycerides, HDL-C High Density Lipoprotein Cholesterol, LDL-C Low Density Lipoprotein Cholesterol, VLDL-C Very Low-Density Lipoprotein
Cholesterol, TyG index Triglyceride Glucose Index, CRI Coronary risk index, C Control group, PCOS letrozole induced polycystic ovarian syndrome, PCOS + LC letrozole
induced polycystic ovarian syndrome treated with -Carnitine, PCOS + CLO letrozole induced polycystic ovarian syndrome treated with Clomiphene Citrate

Values presented as mean + SE (n =6). Means denoted with different superscript letter in the same row are statistically significant at P<0.05

significant mitigating effect of the lipid profile com-
pared with the PCOS group at P<0.05.Coronary risk
indices (CRI) and triglycerides glucose index (TyG)
were significantly deteriorated in the PCOS group when
compared with the control group at P<0.05. CRI and
TyG were significantly improved in LC and CLO treated
groups comparable with PCOS group at P<0.05. Upon
comparing LC and CLO in their lipid modulatory role,
LC treatment showed significant improvement at the

levels of TC, HDL-C, LDL-C, TC/HDL-C, and TG/
HDL-C when compared to CLO PCOS treated group.

3.3 Oxidative stress/antioxidant assessment

Data illustrated in Fig. 2 showed the antioxidant assess-
ment of LC and CLO in letrozole-induced PCOS rat
model. Serum total antioxidant capacity (TAC) (Fig. 2A)
and ovarian reduced glutathione (GSH) (Fig. 2C) con-
tent as well as catalase (CAT) activity (Fig. 2D) were
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Fig. 2 Effect of .-Carnitine and Clomiphene citrate on Levels of MDA, GSH and CAT in ovarian tissues and serum TAC in letrozole-induced PCOS
rat model. Values presented as mean + SE (n=6). Means denoted with different superscript letters are statistically significant at P<0.05. ATAC:
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significantly diminished in PCOS group, while malon-
dialdehyde (MDA) (Fig. 2B) was elevated significantly in
comparison with control group at P<0.05. LC and CLO
PCOS treated groups showed significant improvement
when compared with PCOS group at P<0.05. Regard-
ing CAT activity, CLO PCOS treated group did not show
significant improvement in the ovarian CAT activity in
comparison with PCOS untreated group.

3.4 Hormonal assays

LC effect and CLO effect on the different hormonal
assays in letrozole-induced PCOS animal model was
demonstrated in Table 3. LC significantly modulated
serum testosterone levels when compared to the PCOS
animal model at P<0.05 and there is no statistical sig-
nificance between LC treated group and CLO treated

group at P<0.05. Regarding serum 17§ estradiol level,
PCOS induction using letrozole led to significant
estradiol reduction in the PCOS untreated group. On
the other hand, both LC and CLO interventions sig-
nificantly restored serum estradiol in comparison with
PCOS untreated group.

At the gonadotrophic hormonal levels (FSH and
LH), letrozole administration significantly elevated
serum LH levels when compared to the control group
and upon treatment with LC and CLO, LH levels were
significantly diminished at P<0.05 when compared to
PCOS group. In addition, LC and CLO treated group
showed significantly elevated FSH levels when com-
pared with PCOS group at P<0.05. Furthermore, LH/
FSH ratio showed significant elevation in PCOS group
when compared to the control one at 2 <0.05.
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Table 3 Effect of (-Carnitine and Clomiphene citrate on hormonal assays of different groups in letrozole-induced PCOS rat model

Parameters C PCOS PCOS+LC PCOS+CLO
FSH (ng/dl) 11.92+0.27° 7.9240.58° 12.33+0.33° 12.004+0.29°
LH (ng/dl) 5.6540.44° 11.6640.38° 84040.35¢ 9.7640.28°
LH/FSH 0.48+0.04° 1.52.40.13° 0.684+0.04%¢ 0.82+0.04°
Testosterone (ng/ml) 0.32£0.05° 2.1040.10° 1.234+0.11°¢ 1.28+£0.03¢
17 B estradiol (pg/ml) 26.17+£1.14° 12.0840.74° 22834145 19.9241.00°

LH Luteinizing hormone, FSH Follicle stimulating hormone, C Control group, PCOS letrozole induced polycystic ovarian syndrome, PCOS + LC letrozole induced
polycystic ovarian syndrome treated with L-Carnitine, PCOS + CLO letrozole induced polycystic ovarian syndrome treated with Clomiphene Citrate

Values presented as mean =+ SE (n =6). Means denoted with different superscript letters are statistically significant at P<0.05

3.5 RT.PCR

Data presented in Fig. 3 showed that the PCOS group
exhibited significantly elevated expression of the ovarian
CYP17A1 gene by 2 folds compared to the normal group.
Moreover, the ovaries of the PCOS group exhibited a sig-
nificant decrease in the gene expression of CYP11AI by
0.43 fold when compared to the control group. On the
same line, there was a significant decline in StAR and
CYP19A1 genes expression levels by 0.06 and 0.34 fold
respectively in the ovaries of the PCOS group when com-
pared to the control one.

Following the treatment of the PCOS group with LC,
our results showed that the ovarian expression level of
CYP17A1 gene was significantly decreased to 0.95-fold
among LC treated group compared to the untreated
PCOS ones. Moreover, treatment with LC was able to
significantly increase the gene expression of CYP11AI
in the ovaries of the treated group to 0.95-fold compared
to the untreated PCOS group. As for StAR gene, LC
induced a significant increase in the ovarian mRNA rela-
tive expression to be 0.3-fold instead of 0.056-fold in the
untreated PCOS group. On the same line, the treatment
of the PCOS group with LC revealed that mRNA relative
expression of CYPI9A1 gene was significantly increased
to 0.70 compared to the untreated PCOS ones.

On the same line, the treatment of the PCOS group
with CLO revealed that CYP17AI gene ovarian expres-
sion was significantly decreased to 0.90 compared to the
untreated PCOS ones. On the other hand, the ovarian
expression level of CYP11A1I was significantly increased
to 0.77 fold among LC treated group compared to
untreated PCOS ones. Meanwhile, CLO could not sta-
tistically increase the ovarian SZAR mRNA expression
compared to the untreated PCOS group. CLO could not
statistically increase the ovarian StAR, and CYPI9AIm-
RNA expression compared to the untreated PCOS group.

3.6 Histological and histomorphometric evaluation

Histological observation of the ovary of the control group
showed normal ovarian follicles at different stages of
development and corpus luteum (Fig. 4A). The ovarian

follicles obtained in the control group were 3.33 +1.53 in
number, with an average 244.42+38.97 um in diameter.
Granulosa cells of the ovarian follicles of the control group
appeared with an average 70.42429.72 pm thickness,
while the thickness of the theca layer of the same group
was recorded with an average 21.93+5.65 pm (Table 4).
On the other hand, PCOS group showed numerous ovar-
ian cysts that were recorded as 17.67 +1.45 in number.
These ovarian cysts appeared thin walled with an average
diameter 453.25 £ 80.61 um. Moreover, granulosa cells of
the ovarian cysts in PCOS group appeared degraded with
an average thickness 35.22 +4.83 pum, while the thickness
of theca cells in the same group was observed with an
average 16.02+0.63 um (Table 4). Degenerated oocyte
and pale acidophilic homogenous substance filling the
lumen of the ovarian cysts were also noticed (Fig. 4B).
Interestingly, the LC treated group revealed a decrease in
the number of the ovarian cysts (7.00+1.00 in number),
when compared with the PCOS group. The ovarian cysts
in PCOS+LC treated group appeared smaller in size
with an average diameter 239.90+44.10 pm. The thick-
ness of the granulosa layer measured 36.30+6.15 pm,
while that of the theca cells was 13.41 £0.77 um (Table 5,
Fig. 4C). CLO exposed group showed slight decrease
in the number of the ovarian cysts (8.00+1.00). Some
of these ovarian cysts appeared thin walled as those in
the PCOS group, while others appeared with thickened
granulosa layer. The recorded diameter of the ovarian
cysts in CLO exposed group was 438.55+168.24 pm.
Moreover, the thickness of the granulosa cell layer
was 31.36 £1.04 pm, while that of the theca layer was
14.83+0.24 pm (Table 4, Fig. 4D).

3.7 Immunohistochemistry for activated caspase 3

Immunohistochemical analysis of the ovary of the control
group showed low expression of caspase 3 (Fig. 5A), while
PCOS group exhibited strong positive immune reactivity to
caspase 3 (Fig. 5B). Moreover, mild expression of caspase 3
was observed in the PCOS group treated with LC (Fig. 5C),
while PCOS group showed moderate positive immune



Elmosalamy et al. Beni-Suef Univ J Basic Appl Sci (2022) 11:146 Page 8 of 15
A B
Cypl7A1 Cypl1A1
2‘5 1.5
b
2.0
a c
1.0 d
1.5
a
a a
1.0 b
0.5
0.5
0.0 0.0
C PCOS PCOS+LC PCOS+CLO C PCOS PCOS+LC PCOS+CLO
StAR c CYP19A1 D
1.5
1.2000
a
1.0000 —
a
c
1.0 0.8000
0.6000 d
b,d
0.5 C 0.4000
. b
0.2000
b
0.0 o -_ 0.0000
C PCOS PCOS+LC PCOS+CLO C PCOS PCOS+LC PCOS+CLO
Fig. 3 Effect of .-Carnitine and Clomiphene citrate on mRNA relative gene expression of Cyp17al, Cyp11al and STAR genes in ovarian tissue
of different groups in letrozole-induced PCOS rat models. A CYP17A: Cytochrome P450 17 A1, B CYP11A1: Cytochrome P450 11 A1, C StAR:
Steroidogenic Acute Regulatory protein, D CYP19A1: Aromatase in different groups. Values presented as mean 4 SE (n =6). Means denoted with
different superscript letter are statistically significant at P<0.05. C: Control group, PCOS: letrozole induced polycystic ovarian syndrome, PCOS + LC:
letrozole induced polycystic ovarian syndrome treated with -Carnitine, PCOS 4 CLO: letrozole induced polycystic ovarian syndrome treated with
Clomiphene Citrate

reaction to caspase-3 when treated with CLO (Fig. 5D).
The recorded mean area % was 5.12+0.88 for the control
group, 27.53 £ 3.92 for PCOS group, 12.85+3.01 for PCOS
group treated with LC and 15.47+0.50 for PCOS group
treated by CLO (Table 5).

4 Discussion

Polycystic ovary syndrome (PCOS) is a multifaceted
reproductive disorder linked to several metabolic and
hormonal changes. [37]. The symptoms of this disorder

include irregular ovulation and hyperandrogenism. [11].
PCOS has been linked to several sorts of dyslipidemia,
including low HDL-C levels, high triglycerides, total
cholesterol, and LDL-C levels. [38]. Several studies have
shown the onset of earlier cardiovascular risk profile
abnormalities associated with PCOS phenotype together
with development of abnormal glucose and lipid metabo-
lism, obesity, insulin resistance and other hall marks of
metabolic syndrome [39—41]. In parallel with our results,
we reported significant elevation of blood glucose, total



Elmosalamy et al. Beni-Suef Univ J Basic Appl Sci (2022) 11:146

Page 9 of 15

ovarian syndrome treated with Clomiphene Citrate

Fig.4 A photomicrograph of H&E-stained sections (100 x) of the ovary of female albino rat showing: A control ovary with normal ovarian follicles
and corpus luteum in different stages of development. B PCOS group with numerous ovarian cysts. The cysts appeared thin walled with degraded
granulosa cells, degenerated oocyte and pale acidophilic residues. C PCOS + LC group with ovarian cysts. The cysts appeared smaller in size. Notice
the increase in the granulosa cell layer. D PCOS 4+ CLO group nearly the same as LTZ group. C: Control group, PCOS: letrozole induced polycystic
ovarian syndrome, PCOS + LC: letrozole induced polycystic ovarian syndrome treated with (-Carnitine, PCOS + CLO: letrozole induced polycystic

Table 4 Ovarian histomorphometric analysis of PCOS treated with (-Carnitine or Clomiphene citrate

Parameters C PCOS PCOS+LC PCOS +CLO
Number of ovarian cysts 333+1.53° 17.67+1.45° 7.00+1.00% 8004 1.00¢
Diameter of ovarian cysts 24442 +38.97° 45325480617 239.9+£44.1%¢ 43855+168.24%
Granulosa cell layer thickness 7042+2972° 35.22+483° 36346.15% 3136+ 1.049¢
Theca layer thickness 21.934565° 16.0240.63° 13414077 14,83 4£0.249¢

abcd Means with different superscripts within the same row differ significantly at P<0.05. No cysts observed in the control group, so all data related to normal ovarian

follicles

Table 5 Mean area% for caspase 3 immunostaining

Parameters C PCOS PCOS +LC PCOS +CLO

Caspase3 5124088 2753+£392° 12.8543.01° 154740509

abcd Means with different superscripts within the same row differ significantly
at P<0.05

cholesterol, LDL-C, triglycerides and worsening of coro-
nary risk indices in PCOS group. LTZ alters lipid profile
in PCOS animal models [42]. Such metabolic alterations

were associated with worsening of triglycerides-glucose
index (TyG), a good indicator of insulin resistance (IR).
[43] and a good predictor of diabetes type 2 and coro-
nary heart diseases [44]. We used TyG index as surrogate
marker for IR in letrozole-induced PCOS animal model.
Recent studies have recognized TyG as a practical sur-
rogate of IR [45—47]. In addition, TyG, TG/HDL-C, and
TC/HDL-C indices were found to be substantially asso-
ciated with IR in PCOS reproductive disorder [48]. This
dysregulated glucose metabolism and insulin resistance
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treated with Clomiphene Citrate

Fig.5 A photomicrograph of caspase 3-stained sections (400 x) of the ovary of female albino rat showing: A control ovary with low expression
of caspase 3. B PCOS group showing intense positive immune reaction to caspase 3. C PCOS + LC group with mild expression of caspase 3. D

PCOS + CLO showing moderate positive immune reaction to caspase 3. C: Control group, PCOS: letrozole induced polycystic ovarian syndrome,
PCOS + LC: letrozole induced polycystic ovarian syndrome treated with t-Carnitine, PCOS 4- CLO: letrozole induced polycystic ovarian syndrome

are suggested to be due to dysfunction of pancreatic 3
cells, reduction in hepatic clearance of insulin associated
with PCOS phenotype [49, 50]. LC is used to increase
energy consumption, regulate the lipid profile and play
a pivotal role in the glucose metabolism as well as redox
state regulation [51].

Despite the pivotal physiological regulatory role of
free radicals within the ovary, excessive production of
ROS may lead to an elevated cumulative risk of ovar-
ian pathology that would be aggravated under altered
intraovarian redox state [52]. Growing evidence
reported that oxidative stress was implicated in the
pathophysiology of PCOS [53]. Previous studies docu-
mented significant alteration in the oxidative stress

biomarkers such as total antioxidant capacity (TAC),
MDA, glutathione content and antioxidant enzymes
[49, 50]. In parallel to those findings, we reported a
significant deterioration of serum TAC, and ovarian
reduced glutathione (GSH) content as well as catalase
(CAT) activity in letrozole-induced PCOS groups, in
addition to significant elevation of malondialdehyde
(MDA) in the ovary of PCOS induced animals. There is
a close relation and crosstalk between oxidative stress
and altered steroidogenesis pathways in the ovaries,
thus contributing to disturbed follicular development,
hyperandrogenemia and, ultimately, infertility [54].
This altered ovarian redox state can be attributed to the
elevation of biomolecules oxidation and activation of
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redox-sensitive transcription factors in PCOS [53, 55]
Hyperandrogenism can be caused by low-grade inflam-
mation in the ovarian tissues, and hyperandrogenism
causes OS through IR. Antioxidant defense systems
scavenge excess ROS to overcome cell damage induced
by excessive ROS production [56]. Antioxidants main-
tain a tight balance between beneficial oxidant produc-
tion (acts in cell signaling) and destructive OS [56]. The
present study showed significant improvement of OS
markers upon LC supplementation, as LC has a free
radical scavenging property and interferes with ROS
formation as well as ferrous ions chelation [57]. The
carbonyl group in the LC molecule can stabilize free
radicals generated on the a-carbon with conjugation.
As a result, it protects against the adverse effects of
reactive oxygen and nitrogen species [57-59].

In this study, LC significantly increased FSH lev-
els and decreased LH and LH/FSH levels in the serum
when compared to levels in rats with letrozole-induced
PCOS. In addition, LC administration dramatically
reduced serum testosterone levels in rats with PCOS.
Increased testosterone was found to be a crucial factor
to PCOS pathogenesis in a prior study, and its reduction
was demonstrated to be beneficial in PCOS disorders.
[60]. Furthermore, raised androgen and LH serum lev-
els, as well as decreased FSH and an increased LH:FSH
ratio, can be used as biomarker for PCOS identification
[61]. To uncover the underlying molecular mechanism
of LC steroidogenic regulatory role, we assessed ovarian
expression of genes regulating steroidogenesis. Our can-
didate genes involved in steroidogenesis are CYP17A1,
CYP11A1 StAR and CYPI9AI genes. CYP17A1 encodes
the rate-liming enzyme of androgen biosynthesis
(17-a-hydroxylase/17-20 lyase (P450 17a)), through its
hydroxylase activity, it catalyzes the hydroxylation of
pregnenolone together with progesterone to 17-hydroxy-
pregnenolone and 17-hydroxyprogesterone, respectively
as well as its lyase activity is responsible for their conver-
sion to androstenedione and dehydroepiandrosterone
(DHEA), respectively [62]. CYPI11A1 gene encodes the
cytochrome P450 side chain cleavage enzyme (P450scc)
that is responsible for the cholesterol side-chain cleavage
with subsequent formation of pregnenolone; the first step
in steroid hormone synthesis [63]. StAR gene encodes the
rate-limiting step in the de novo synthesis of all steroidal
hormones by cholesterol transport via the steroidogenic
acute regulatory (StAR) protein from outer to the inner
mitochondrial membrane [64]. Aromatase (CypI9AI) is
a steroidogenic enzyme that catalyzes the conversion of
testosterone to estradiol and estrone independently. The
Cypl9A1 gene encodes aromatase [65]. Surprisingly, the
Cyp19A1 encoding gene has been identified as a substan-
tial risk factor for PCOS [66].
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The current study revealed that letrozole induced
PCOS led to elevation of serum testosterone and reduc-
tion of intraovarian mRNA expression of steroidogenesis
genes StAR, CYP11AI, and CYP19A1, with the excep-
tion of Cypl17A1, which was significantly up-regulated
in rats receiving letrozole when compared to the control
group. Down regulation of mRNA expression of StAR
and CYPI1IA1 in letrozole induced PCOS model could
be a direct consequence of androgen dependent nega-
tive feedback inhibition on the steroidogenesis pathway
suggesting that androgens can regulate steroidogenesis
at the rate-limiting step of cholesterol transport to the
inner mitochondrial membrane [62]. Furthermore, estro-
gen has been shown to upregulate mRNA expression of
StAR gene [67], suggesting that the estrogen deprivation
induced by letrozole could be linked to the reduction in
StAR mRNA expression. Thus, these results suggested
that negative feedback control exploited by steroid hor-
mones on steroidogenic enzymes can provoke auto/
paracrine mechanisms through which steroid hormones
may be auto-regulated by the ovarian tissue [62].On the
other side, CYP11A1 mRNA expression has shown down
regulation was previously reported in letrozole-induced
PCOS rat model [61, 62, 68]. The CYP11A1 gene has been
shown to be a biomarker for pre-ovulatory follicles such
as antral follicles, and its transcriptional and/or transla-
tional expression is controlled by FSH production [68].
We speculated that letrozole induced FSH reduction led
to down regulation of CYP11AI gene expression together
with the presence of several cystic preovulatory follicles.
In addition, our findings showed a significant decline in
Cyp19A1 mRNA expression in PCOS ovarian tissues.
These findings were consistent with previous studies [66,
69]. CypI9A1 expression may be inhibited on a regular
basis in PCOS ovaries due to transcriptional regulation,
such as Cyp19A1 promoter hypermethylation, which may
play a role in PCOS pathophysiology [66].

The current study showed a significant increase in
testosterone and LH levels, as well as an increase in
Cypl7A1 mRNA expression, in the letrozole-induced
PCOS group. Previously, it was demonstrated that gran-
ulosa cell-derived estrogens regulates theca cell steroi-
dogenesis via a short estrogen derived granulosa cells
negative-feedback loop within the follicles of rodents
[70]. Furthermore, it has been speculated that the letro-
zole-induced rise in androgen levels could be due to the
release of the negative-feedback loop of estrogens on
theca cell steroidogenesis as well as the direct blockage
of androgen aromatization [62]. Letrozole-induced estro-
gen reduction stimulates theca cell androgen production
via a paracrine mechanism by nullification of estrogen
negative feedback on Cyp17A1 expression [62]. In addi-
tion, it has been recently reported that ROS attenuates
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steroidogenesis pathway in mouse ovarian granulosa cells
[71]. As the suppressed antioxidant mechanisms within
ovarian compartments are responsible for follicular
regression and steroidogenic transcriptional machinery
alterations [72].

Our study showed that LC was successfully able
to restore the expression levels of both CYPI17Al,
CYPI11A1, StAR and Cypl9A1 genes to their normal. To
the best of our knowledge, no previous studies investi-
gated the impact of LC supplementation on the expres-
sion levels of the investigated genes in letrozole-induced
PCOS rats model have been published. It has been previ-
ously reported that LC was able to induce FSH and LH
in streptozotocin diabetic rats through its antioxidant
mechanism on the basophilic cells of the pituitary gland
[73]. Also, LC was able to offset endocrine disruption in
carbendazim treated male rats through its antioxidant
and anti-inflammatory signaling pathways regulation
[74]. Accumulating evidences have stated that the low-
grade inflammation progression and oxidative stress (OS)
production in response to hyperandrogenism might be
a major contributor to PCOS phenotype induction in
letrozole-induced models [37, 75]. The current study’s
findings imply that OS is a major contributor to PCOS
formation in this model via intra-ovarian estrogen dep-
rivation via letrozole aromatase enzyme suppression
[62], as estrogen plays an important role in antioxidant
defense mechanisms via intracellular signaling pathways
[76]. As a result, we hypothesized that the regulatory role
of LC steroidogenesis through its antioxidant processes
could lead to modification of the hypothalamic-pitui-
tary—gonadal (HPG) axis, which regulates gonadotropin
production as well as boosting estrogen synthesis [60].

Consequently, LC administration significantly modu-
lates gonadotrophic hormones secretion that enhances
follicular maturation together with estrogen produc-
tion [77]. Therefore, LC supplementation upregulates
intraovarian CYP11A1, StAR and CYPI19A1 mRNA gene
expression. Thereby, it can regulate intraovarian estro-
gen negative feedback impact on ovarian steroidogen-
esis pathway and inhibit elevated androgen production
as well as CYPI7A1 gene expression. This anti-polycystic
syndrome action of LC could be attributed to its ability to
regulate steroidogenesis pathways, as well as its favorable
intraovarian redox state modulation.

Our results were confirmed by histological and histo-
morphometry evaluation of the ovarian tissues. LC sup-
plementation showed significant improvement in the
ovarian architecture (Number of ovarian cysts, Diam-
eter of ovarian cysts, Granulosa cell layer thickness and
Theca layer thickness) in comparison with PCOS animal
model. Shen et al. [78] considered the presence of folli-
cular cysts with a reduction of the granulosa cell layer an
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indicator of the successful induction of PCOS phenotype.
This comes in the same line with the findings of the cur-
rent study that revealed many ovarian cysts in the LTZ
exposed group with a reduction of the granulosa cell
layer and theca cell layer. The LC anti-polycystic effect
was supported by Kalhori et al. [79] as they reported the
ability of LC supplementation to improve follicular devel-
opment and endocrine dysfunction in mice after induc-
tion of PCOS.

Apoptosis in the ovarian tissues is critical in PCOS
[80]. PCOS is related to an inflammatory response and
cell apoptosis [81, 82]. A study by Salehi et al. [83] as well
as Shen et al. [78] reported that Caspase 3,the apoptotic
executer, was highly expressed in PCOS, and its over-
expression may result in apoptosis overexpression [83].
In this study, caspase-3 immune expression was higher
in LTZ-induced PCOS rats compared to control rats,
whereas LC downregulated caspase 3 expression and thus
inhibited ovarian cell apoptosis. Similarly to our findings,
data reported by previous studies documented the antia-
poptotic action of LC [84]. LC, as a free radical scaven-
ger, inhibits follicular atresia by oxidative stress reduction
and mitochondrial dysfunction regulation [79]. Apopto-
sis in granulosa cells reduce androgen to estrogen aroma-
tization, resulting in hyperandrogenemia; thus, inhibition
of granulosa cell apoptosis prevents hyperandrogenemia
[85]. Our findings newly support that L-Carnitine was
able to regulate expression of genes involved in steroido-
genic pathway. Besides its antioxidant antiapoptotic, and
metabolic regulatory role. Our reported data can advo-
cate the use of L-Carnitine as an adjunctive therapy in the
management of hormonal imbalance in PCOS syndrome
and other female infertility problems associated with
hormonal dysregulation. However, further investigation
is required to evaluate its long-term use and its impact
when synchronized with other fertility enhancing drugs.

5 Conclusion

L-Carnitine (LC) supplementation ameliorates the
expression levels of the three studied genes (CYPI17A1,
StAR, CYP11A1 and CYP19A1 genes and improves oxi-
dative stress markers in the ovarian microenvironment as
well as it modulates metabolic state in PCOS rat model.
LC regulates folliculogenesis and reduces the expression
of caspase 3 in the granulosa cells. It can be concluded
that LC supplementation is able to ameliorate the PCOS
phenotype and alleviate the associated ovarian dysfunc-
tion, not only by its known biological energetic, anti-
oxidant and antiapoptotic functions but also through
modulations of genes involved in steroidogenesis. In con-
clusion, our reported data can advocate the use of LC as
an adjunctive therapy in the management of hormonal
imbalance in PCOS syndrome.
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