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Abstract. – OBJECTIVE: To investigate the 
influencing mechanism of mammalian target of 
rapamycin (mTOR) signal pathway mediated by 
mitofusin-2 (Mfn2) in the development of follicle. 

MATERIALS AND METHODS: We selected 
20 healthy Sprague Dawley (SD) female rats ag-
ing between 6 and 8 weeks were divided in-
to the control group and the polycystic ovarian 
syndrome (PCOS) model group. Rats in PCOS 
group received the lavage using 0.4 mL 1% car-
boxymethyl cellulose solution containing letro-
zole (1 mg/kg/d) consecutively for 20 to 25d. We 
compared the body weight and ovary weight of 
rats, and detected levels of sera E2, T, P, FSH 
and LH through RIA measurement. We also ob-
served the histological morphology of ovary 
through hematoxylin eosin (HE) staining, as well 
as the positive expression and location of rMfn2 
through immunohistochemistry staining. Final-
ly, we detected the expressions of mTOR, p-Akt, 
β-catenin, caspase-3, Bcl-2 and Bax in Mfn2 and 
mTOR signal pathways in the tissues through 
RT-PCR and Western blot assay. 

RESULTS: In the PCOS group, the body weight 
of rats was lower than that of the control group, 
but the ovary weight of rats was higher than that 
in the control group. The levels of T and LH in 
serum were elevated, the levels of E2, P and FSH 
were decreased (p < 0.05). In the model group, 
typical polycystic changes were observed in the 
rats under the microscope, but no corpus lute-
um was observed, and a significant decrease 
was identified in the layers of the granular cell 
of the follicle. Mfn2 was widely expressed in the 
granular cells of the ovary, follicular fluid, inner 
theca cells, corpus luteum, and ovarian stroma. 
However, the expression in the outer theca cells 
was relatively low. In the observation group, the 
positive expression rate of Mfn2 was significant-
ly lower (p < 0.05) than that in the control group. 
In the PCOS group, the mRNA and protein rela-

tive expression levels of mTOR, p-Akt, β-caten-
in, and Bcl-2 were significantly lower (p < 0.05) 
than those in the control group. Conversely, the 
levels of caspase-3 and Bax were significantly 
higher (p < 0.05) than those in the control group. 

CONCLUSIONS: Downregulated expression 
of Mfn2 may affect the regular development of 
follicle through the mediation of mTOR signal 
pathway.
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Introduction

Polycystic ovarian syndrome (PCOS) is the 
most common cause of infertility in women of 
reproductive age with an incidence rate of about 
5 to 10%1. High heterogeneity is manifested in 
clinical symptoms2: in the child-bearing period, 
PCOS is manifested by the chronic anovulation, 
hyperandrogenemia, polycystic changes in bilat-
eral ovaries and infertility, obesity and hirsutism. 
In the middle-aged and elderly, women are more 
susceptible to the complications of insulin re-
sistance, hyperlipidemia, diabetes mellitus and 
cardiovascular diseases. Therefore, these compli-
cations bring severe damages to the physical and 
mental health of patients. The pathogenesis of 
PCOS is affected by various factors, such as he-
redity, environment, and locally biological molec-
ular changes of the ovary3. Abnormal growth of 
ovary constitutes the pathophysiological founda-
tion of PCOS, which might be correlated with the 
apoptosis of granular cells4. Mitofusin-2 (Mfn2), 
a transmembrane GTPase that is embedded in the 
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mitochondrial outer membrane, can mediate the 
mitochondrial infusion and regulate the morphol-
ogy of mitochondrion5. Others investigations6 
have found that Mfn2 plays an important role in 
the occurrence of diabetes mellitus, insulin re-
sistance, and obesity as well as in the regulation 
of cell apoptosis. As a kind of serine/threonine 
kinase, mammalian target of rapamycin (mTOR) 
participates in the follicular growth and devel-
opment7. In the current research, we aimed at 
analyzing the effect of Mfn2 on the occurrence of 
PCOS and the correlation between Mfn2 and the 
regulation via mTOR signal pathway. 

Materials and Methods

Materials
This study was approved by the Animal Ethics 

Committee of Hebei Medical University Animal 
Center (Hebei, China). We selected 20 healthy 
SD female rats aging between 6 and 8 weeks 
with an average of the weight of 200 g [Sangon 
Biotech Co., Ltd, Shanghai, Chiana]. One week 
before the experiment, rats were regularly fed and 
adapted to the environment. Preparation of PCOS 
model: rats received the lavage using 0.4 mL 
1% carboxymethyl cellulose solution containing 
letrozole (1 mg/kg/d) consecutively for 20-25 d. 
For rats in the control group, lavage was carried 
out using 0.4 mL 1% CMC solution.

Methods
Rats were divided into control (n = 10) and 

PCOS model (n = 10) groups. We compared body 
weight and ovary weight of rats. Sera levels of 
estrogen (E2), testosterone (T), progestogen (P), 
follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) were detected using RIA. His-
tological morphology of ovary through HE stain-
ing was analyzed, and the positive expression and 
location of rMfn2 were immunohistochemically 
stained. Finally, the expressions of mTOR, p-Akt, 
β-catenin, caspase-3, Bcl-2 and Bax in Mfn2 and 
mTOR signal pathways in the tissues were detect-
ed by RT-PCR and Western blot assay.

Sample Collection
Rats were starved for 12 h after the last time 

of lavage, and their weights were recorded. In-
traperitoneal anesthesia was performed using 
1% chloral hydrate (1 ml/100 mg) for rats. Then, 
the heart blood was rapidly extracted followed 
by the centrifugation at 1000 g for 15 min at 

27°C. The supernatant was split into Eppendorf 
(EP) tubes (100 μL per tube) and preserved at 
-80°C for later use. Bilateral ovaries were im-
mediately excised, in which the ovary on one 
side was placed in the 4% paraformaldehyde for 
fixation, and the ovary on the other side was rap-
idly packaged by the foil paper and placed into 
the enzyme-deactivated freezing tubes. Freez-
ing tubes were later marked and preserved in the 
liquid nitrogen tank for 12 h, and then stored at 
-80°C refrigerator until used.

Detection Via RIA
Detection kit was purchased from the Beyo-

time Biotech Co., Ltd, (Jiangsu, China) and all 
procedures were performed strictly in accordance 
with the instructions.

HE Staining
Regular methods were applied in the prepara-

tion of tissue slides with a thickness of 4 μm, and 
HE staining was carried out using the 3 samples 
that were taken from each group for observation.

Immunohistochemistry Staining
Major procedures: slides were heated in the 

oven at 60°C for 40 min; after that, dewax-
ing, hydration, microwave thermal-remediation 
and washing 3 times (5 min/time) using phos-
phate-buffered saline (PBS), were sequentially 
carried out. Thereafter, 3% H2O2 were added 
to deactivate the endogenous enzymes, and the 
slides were placed for 10 min at 37°C, followed 
by washing 3 times (5 min/time) using PBS. Goat 
serum was added on the slide for blocking at 
37°C for 30 min in the drier. The rabbit anti-rat 
rMfn2 monoclonal antibody (primary antibody, 
1:2000, Sigma-Aldrich, St. Louis, MO, USA) was 
added to the slide for incubation at 4°C refriger-
ator overnight. The slide was then taken out and 
heated at 37°C for 1 h, and washed 3 times using 
PBS (5 min/time). Biotin-labeled goat anti-rabbit 
IgG (1:500, Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd., Beijing, China) was 
added for incubation at 37°C for 30 min, and then 
the slide was washed 3 times using PBS (5 min/
time). Thereafter, Streptavidin Biotin-peroxidase 
Complex (SABC) (1:200, R&D, Minneapolis, 
MN, USA) was added for incubation for 30 min 
at 37°C. The slide was washed 3 times using PBS 
(5 min/time). Coloration using diaminobenzidine 
(DAB), redyeing using hematoxylin, dehydration, 
clearing, mounting with neutral gums, and photo-
graphing, were sequentially carried out.
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Interpretations of results: cells with yellow 
or dark brown cytoplasm or nuclear were taken 
as positive, and the product of the percentage of 
the positive cell and staining degree was served 
as the final standard for positive staining. The 
upward, downward, leftward, rightward and cen-
tral visions were selected for calculation of per-
centage positive cell, in which 0 points were for 
percentage ≤ 5%, 1 point for percentage between 
6% and 25%, 2 points for percentage between 26 
and 50%, 3 points for percentage between 51% 
and 75%, 4 points for percentage > 75%; 0 points 
were for no positive staining, 1 point for weak 
staining, 2 points for moderate staining, and 3 
points for strong staining; product of these two 
indexes between 0 and 3 points was taken as neg-
ative result, and product between 4 and 12 points 
as positive result. For one sample, 3 duplicates 
were prepared for staining.

Detection via RT-PCR
Regular TRIzol reagent was used to extract the 

total RNA of cell, and the concentration and pu-
rity were detected using UV spectrophotometer. 
cDNA was synthesized using the reverse tran-
scription kit, and the primer sequence was syn-
thesized according to the sequences provided by 
Gene Bank by Sangon (Shanghai, China): mTOR: 
(F) 5’-GCTTCTTCCGTTCTATCTCCTT-3’, (R) 
5’-ACCATTCTTGTGCCTCCATT-3’, 594bp; 
p-Akt:(F) 5’-ATGAGCGACGTGGCTATTGT-
GAAG-3’, (R) 5’-GAGGCCGTCAGCCA-
CAGTCTGGATG-3’, 329bp; β-catenin: (F) 5’- 
GCAGCAACAGTCTFACCT-3’, (R) 5’-ACAG-
GACTTGGGAGGTAT-3’, 426bp; caspase-3: 
(F) 5’-TACCAGTGGAGGCCGACTTC-3’, (R) 
5’-GCACAAAGCGACTGGATGAAC-3’, 103bp; 
Bcl-2: (F) 5’- CTACGAGTGGGATACTG-
GAGATGA-3’, (R) 5’-ACAGCCAGGAGAAAT 
CAAACAGA-3’, 557 bp; Bax: (F) 5’-TTGTTA-
CAGGGTTTCATCCAGG-3’, (R) 5’-CAAAG-
TAGAAGAGGGCAACCAC-3’, 274bp; GAPDH 
(F): 5’- CGCGAGAAGATGACCCAGAT-3’, (R): 
5’-GCACTGTGTTGGCGTACAGG-3’, 265bp. 
Reaction system was set as follows: 2 μL cD-
NA + 3 μL upstream and downstream primers, 
respectively + 0.5 μL Taq polymerase + 1 μL 
dNTPs + 3 μL MgCl2 + 5 μL 10 × Buffer + 2.5 
μL ddH2O2. Reaction condition was set as fol-
lows: 95°C for 5 min, 95°C for 30 s, 58°C for 30 
s, 72°C for 60 s, for a total of 30 cycles followed 
by 72°C for 10 min. PCR product was identified 
using 2% agarose gel electrophoresis, UV images 
were developed using gel imaging analytic sys-

tem, digital photographs were taken for analysis 
of grey value, and the results were expressed by 
the 2-DDCt method.

Western Blot Assay
Total protein was extracted from the cells 

and then, preliminary quantification was car-
ried out via Coomassie brilliant blue (CBB). 
Before protein assay, β-actin antibody was used 
to perform dosage-standardization detection for 
the proteins in each sample. 30 μg total protein 
were prepared for isolation via 8% sodium do-
decyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) and the isolated strips were 
electrically transferred onto the polyvinylidene 
difluoride (PVDF) membrane. After that, rabbit 
anti-rat mTOR, p-Akt, β-catenin, caspase-3, Bcl-
2 and Bax monoclonal antibodies (1:2000, Sig-
ma-Aldrich, St. Louis, MO, USA) were added 
to the membrane for incubation overnight. The 
goat anti-rabbit polyclonal antibody (secondary 
antibody, 1:500, Sigma-Aldrich, St. Louis, MO, 
USA) was added to the membrane for incubation 
at room temperature for 4 h, followed by wash-
ing using Tris-buffered saline and Tween-20 
(TBST-20) and coloration using enhanced che-
miluminescence (ECL). Results were scanned 
and preserved, semi-quantitative analysis was 
carried out using Lab Works 4.5 gel imaging 
software (Invitrogen, Carlsbad, CA, USA) and 
results were presented as integral optical density 
(IOD).

Statistical Analysis
SPSS 20.0 software (Armonk, NY, USA) was 

used for statistical analysis. Measurement data 
were presented as mean ± standard deviation 
(SD), and independent sample t-test was per-
formed for intergroup comparison. Count data 
were presented by case or percentage, and x2-test 
was performed for intergroup comparison. p < 
0.05 suggested that the difference had a statistical 
significance. 

Results

Comparison of Body Weight and 
Ovarian Weight of Rats

In the PCOS group, body weight of rats was 
significantly lower (p < 0.05) than that in the con-
trol group, while the ovarian weight was signifi-
cantly higher (p < 0.05) than that in the control 
group (Table I).
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Comparison of Levels of E2, T,
P, FSH, and LH in Serum

In the PCOS group, the levels of T and LH in 
serum were elevated, the levels of E2, P and FSH 
were decreased significantly (p < 0.05) (Table II).

Comparison of Histological 
Morphology of Ovary

In the PCOS group, typical polycystic changes 
were observed under the microscope in the rats, 
and more small follicles and large follicles in 
cystic dilation were seen; no corpus luteum was 
observed, and a significant decrease was identi-
fied in the inner layers of the granular cell of the 
follicle. In the control group, we observed multi-
ple newly developed corpus luteum and follicles 
in different growth stages, such as antral follicle 
and preovulatory follicle, and the multi-layered 
inner granular cells in the antral follicle under 
the microscope. 

Comparison of the Positive 
Expression and Location of Mfn2

Mfn2 was widely expressed in the granular 
cells of ovary, follicular fluid, inner theca cells, 

corpus luteum and ovarian stroma in the rats, but 
the expression in the outer theca cells was rela-
tively low. In the observation group, we found a 
total of 18 cells with positive expression of Mfn2 
(60.0%), while there were 26 cells with positive 
expression of Mfn2 (86.7%) in the control group; 
the difference had a statistical significance (χ2 = 
5.455, p = 0.020).

Comparison of the Detection 
Results via RT-PCR

In the PCOS group, the mRNA relative ex-
pression levels of mTOR, p-Akt, β-catenin, and 
Bcl-2 were significantly lower than those in the 
control group, but the levels of caspase-3 and Bax 
were significantly higher than those in the control 
group (p < 0.05) (Table III).

Comparison of the Detection 
Results Via Western Blot Assay

In the PCOS group, the protein relative ex-
pression levels of mTOR, p-Akt, β-catenin, and 
Bcl-2 were significantly lower than those of the 
control group, but the levels of caspase-3 and Bax 
were significantly higher than those in the control 
group (p < 0.05) (Table IV).

Table I. Comparison of body weight and ovarian weight of rats.

 Group Body weight (g) Ovarian weight (mg) Body weight/ovarian weight

Control group 212.5 ± 10.8 123.4 ± 11.7 0.58 ± 0.07
Model group 268.7 ± 16.7 68.5 ± 9.2 0.24 ± 0.03
t 5.234 6.412 5.532
p 0.000 0.000 0.000

Table II. Comparison of levels of E2, T, P, FSH and LH in serum.

 Group E2 (pg/ml) T (ng/ml) P (ng/ml) FSH (MIU/ml) LH (MIU/ml)

Control group 20.9 ± 2.6 2.1 ± 0.5 22.5 ± 3.2 4.5 ± 0.6 4.3 ± 0.6
Model group 13.5 ± 2.3 5.2 ± 0.9 4.8 ± 0.7 4.0 ± 0.7 5.7 ± 0.9
t 5.528 6.638 15.632 4.852 4.968
p 0.000 0.000  0.000 0.006 0.003

Table III. Comparison of the detection results via RT-PCR.

 Group mTOR p-Akt β-catenin Caspase-3 bcl-2 bax

Control group 1.6325 ± 0.3256 1.1235 ± 0.3152 1.5243 ± 0.3347 0.6428 ± 0.2153 1.7235 ± 0.3649 1.0053 ± 0.2549
Model group 1.3026 ± 0.2514 0.8654 ± 0.2258 1.1235 ± 0.2659 0.9654 ± 0.2538 1.3026 ± 0.3125 1.2546 ± 0.2635
t 5.321 5.123 5.254 4.865 4.962 4.752
p 0.000 0.002 0.000 0.010 0.007 0.013



Q.-Y. Luo, P. Huo, L.-L. Wang, X.-H. Wu

2216

Discussion

The Mfn2 gene in rat is 95% homologous iden-
tity to that of human, and the research showed 
that deletion of Mfn1/Mfn2 in mouse can lead 
to the second-trimester mortality of fetus8. Mfn2 
can inhibit the occurrence of cell apoptosis, and 
Mfn2 in dominant active form can suppress the 
release of cytochrome c mediated by Bax pro-
tein, and alleviate the cell injuries mediated by 
radicals9. The loss of Mfn2 function can cause 
the dysfunction and damage to the structure of 
mitochondrion, thus provoking the cell apop-
tosis. Jiang et al10 have found that mutations in 
the expression of Mfn2 in the oocyte and preim-
plantation embryos can result in the maturation 
of oocyte and the developmental disorder of 
follicles. After the gene expression of Mfn2 is 
silenced, the blastocyst formation of mouse is 
slowed down, and the quantity of blastocyst is 
also decreased11. In our investigation, we found 
that the body weight of rat was reduced, the 
ovarian weight was increased, and the levels of T 
and LH in serum were elevated, while the levels 
of E2, P, and FSH were decreased. These were 
coincident with the clinical symptoms of PCOS. 
Further observation under the microscope re-
vealed the typical polycystic changes, more small 
follicles and large follicles in cystic dilation, but 
no existence of corpus luteum, and the significant 
decreases in the layers of granular cells inside 
the follicles, which were also coincident with the 
micro-variations manifested in PCOS. Mfn2 was 
widely expressed in the granular cells of ovary, 
follicular fluid, inner theca cells, corpus luteum 
and ovarian stroma, but the expression in the 
outer theca cells was relatively low. Also, the pos-
itive expression rates of Mfn2 in rats with PCOS 
was remarkably reduced, suggesting that Mfn2 
might participate in the regular development and 
maturation of follicles.

Moreover, we also showed that the mRNA 
and protein relative expression levels of mTOR, 
p-Akt, β-catenin, and Bcl-2 in the ovarian tis-

sues of rats with PCOS were decreased, but the 
levels of caspase-3 and Bax were significantly 
elevated, and the differences had statistical sig-
nificance, suggesting that the downregulation of 
the expression of Mfn2 might affect the regular 
development of follicle through mediating the 
mTOR signal pathway. Makker et al12 revealed 
that Ras, a proto-oncogene, can be useful as a 
molecular switch to regulate the signal transmis-
sion of hormone (like luteinizing hormone) and 
can induce the activation of mitogen-activat-
ed protein kinase (MAPK). Consequently, au-
to-cascade amplification of signal and activation 
are triggered, resulting in the phosphorylation 
of PI3K/Akt, which can further adjust the ac-
tivity of mTOR downstream factors, including 
eukaryotic initiation factor 4E-binding protein 
1 (4E-BP1) and p70 ribosomal S6 protein kinase 
(p70s6K); thus, fulfilling the follicular prolifer-
ation and development. mTOR, as the key-link 
in the signal pathway, plays an important role 
in perception of nutrition signals, regulating the 
follicular growth and development and coordi-
nating the metabolism of amino acid13. β-caten-
in, an important downstream effector of mTOR 
signal pathway, can regulate the follicular matu-
ration and the secretion of hormone14. Caspase-3 
and Bcl-2/Bax are the major regulatory mole-
cules for apoptosis, and their levels can affect 
the degree of apoptosis15,16.

Conclusions

Mfn2 can be utilized as a new target in the 
treatment of PCOS, and mTOR signal pathway 
can regulate the development, maturation, and 
apoptosis of ovary. However, further investiga-
tions are expected to verify the role of decrease in 
the expression of Mfn2 in the mTOR signal path-
way. In a future research, we will investigate the 
relation between Mfn2 and expression of mTOR 
signal pathway through silencing the expression 
and overexpression of Mfn2.

Table IV. Comparison of the detection results via Western blot assay.

 Group mTOR p-Akt β-catenin Caspase-3 bcl-2 bax

Control group 1.43 ± 0.36 1.16 ± 0.33 1.49 ± 0.37 0.58 ± 0.23 1.64 ± 0.37 1.08 ± 0.26
Model group 1.21 ± 0.28 0.75 ± 0.25 1.13 ± 0.28 0.86 ± 0.27 1.32 ± 0.35 1.32 ± 0.28
t 4.526 6.123 3.958 4.235 4.451 4.687
p 0.013 0.000 0.026 0.021 0.016 0.010
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