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Mitochondria-targeted antioxidant therapy
for an animal model of PCOS-IR
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Abstract. Polycystic ovary syndrome (PCOS) is a common
endocrine disorder with unknown etiology and unsatisfac-
tory clinical treatment. Considering the ethical limitations of
studies involving humans, animal models that reflect features
of PCOS and insulin resistance (IR) are crucial resources
in investigating this syndrome. Our previous study showed
that mitochondrial dysfunction resulted from pathogenic
mutations of mitochondrial DNA (mtDNA), and that oxida-
tive stress had an active role in the phenotypic manifestation
of PCOS-IR. Therefore, it was hypothesized that limiting
oxidative stress and mitochondrial damage may be useful
and effective for the clinical treatment of PCOS-IR. For
this purpose, the present study examined the therapeutic
effects of the mitochondria-targeted antioxidant MitoQ,,
for PCOS-IR. Furthermore, the histopathology was used to
analysis the ovarian morphological changes. The endocrine
and reproductive related parameters were analyzed by ELISA
approach. A PCOS-IR model was successfully established by
subcutaneous injection of rats with testosterone propionate
and feeding a high-fat diet. The 30 female Sprague-Dawley
rats were then divided into three groups, comprising a control
(n=10), animal model (PCOS-IR, n=10) and MitoQ,, treatment
(n=10) group. It was found that MitoQ,, significantly improved
the IR condition and reversed the endocrine and reproductive
conditions of PCOS. In addition, the impaired mitochondrial
functions were improved following MitoQ,, administration.
Notably, western blot results suggested that this antioxidant
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reduced the expression levels of apoptosis-related proteins
cytochrome ¢ and B-cell lymphoma-2 (Bcl-2)-associated X
protein, whereas the anti-apoptotic protein Bcl-extra large was
increased following MitoQ,, treatment. Taken together, the
data indicated that the MitoQ,, may have a beneficial favorable
therapeutic effect on animals with PCOS-IR, most likely via
the protection of mitochondrial functions and regulation of
programmed cell death-related proteins.

Introduction

PCOS is a common endocrine and metabolic disease affecting
~10% of women of reproductive age (1). Clinically, PCOS may
manifest a variety of phenotypes, including chronic anovula-
tion, hyperandrogenism, insulin resistance (IR) and infertility.
Women with PCOS are also more prone to developing diabetes,
coronary heart disease and metabolic syndrome (2). Therefore,
the management of PCOS-IR remains a significant clinical
challenge in gynecology.

Oxidative stress (OS), resulting from an imbalance
between radicals and antioxidant defense, has been found
to be a main pathophysiological mechanism in various
human diseases (3). This occurs due to the overproduction
of specific molecules (4), including reactive oxygen species
(ROS), which are generated from nitric oxide (NO) and
malondialdehyde (MDA) and can damage all components of
the cell, including proteins, lipids and DNA (5). Increasing
evidence indicates that OS may be associated with IR and
obesity, and may also contribute to PCOS and its metabolic
associations (6,7).

Mitochondria produce the majority of the body's cellular
energy via oxidative phosphorylation, releasing ROS as a
toxic byproduct (8). The increased ROS production may
have negative consequences; for example, enhancing the OS
in tissues and organisms, disrupting the natural genetic code
and inducing the mitochondrial-mediated apoptosis (9). Our
previous studies indicated that mtDNA pathogenic mutations
led to mitochondrial dysfunctions and, together with OS,
contributed to the progression of PCOS-IR (10,11). Considering
the importance of mitochondria in energy production and ROS
generation, it was hypothesized that mitochondria-targeted
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antioxidants may offer potential as a novel, potential useful
drug to prevent the pathogenesis of PCOS-IR.

MitoQ,, is one of these mitochondria-targeted anti-
oxidants, which directly binds to human mitochondria. At
the molecular level, it consists of a triphenylphosphonium
cation (TPP*)? attached to a ubiquinone moiety (Fig. 1) (12).
Previous studies have suggested that MitoQ,, can accelerate
the absorbance of CoQ,, into mitochondria in a mouse model
of Alzheimer's disease, and this antioxidant is considered to
combat ROS generation in mitochondria (13,14). In vitro and
in vivo experiments have indicated that MitoQ,, has anti-
oxidant effects (13-15). In addition, MitoQ,, had been found
to be a novel therapeutic intervention in human autoimmune
disease (15) and cardiovascular disease (16,17). However,
whether MitoQ,, has a therapeutic effect on PCOS-IR remains
to be elucidated.

In the present study, a rat model manifesting the features of
PCOS-IR was first generated; this was followed by investiga-
tion of the effects of MitoQ,,on the rats and further discussion
of the possible molecular mechanism.

Materials and methods

Animals. A total of 30 female Sprague-Dawley rats (SPF
grade, 3 weeks old, 230-250 g) [SCXK (Hu) 2013-0016]
were provided by the Experimental Animal Center, Zhejiang
Chinese Medical University (Hangzhou, China). The rats
were housed with four to six animals per cage under standard
laboratory conditions (25°C clean environment with 50%
humidity, 12-h light/dark cycle), all animals had free access to
regular food and tap water. All experiments were performed in
strict accordance with the Animal Care and Use Committee of
Zhejiang Chinese Medical University.

Generation of the PCOS-IR rat model. The 30 rats were
divided into three groups for the following stage of treatment,
which were as follows: i) Control group (n=10): Mice received
a normal rodent diet and injection with olive oil at a volume
equal to injections in the experimental groups; ii) PCOS-IR
model group (n=10): 100 ug of testosterone propionate
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
subcutaneously injected into animals, which was dissolved in
0.05 ml commercial corn oil. The rats were also fed a high-fat
diet, consisting of 54.2% standard diet, 16.8% lard, 15%
sucrose, 9% casein, 1% minerals, 1% vitamins and 3% malt
dextrin. Following 8 consecutive weeks of treatment, the mice
were sacrificed and the vaginal cytology was analyzed using
the methylene blue staining method by LEICA DM1000 light
microscope (Leica Microsystems GmbH, Wetzlar, Germany);
iii) MitoQ,, treatment group (n=10): Following establishment
of the PCOS-IR animal model, 10 PCOS-IR rats were given
clean drinking water which contained 500 gmol/l MitoQ,,
(Sigma-Aldrich; Merck KGaA) for 8 consecutive weeks. The
solutions for MitoQ,, were reformulated fresh every 3 days,
and were stored at 4°C in a dark room.

Detection of endocrine-related parameters. The orbital venous
blood of each animal in the control, PCOS-IR and MitoQ,,
treatment groups were collected following overnight fasting.
The serum levels of fasting plasma glucose (FPG) and fasting
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Figure 1. Structure and accumulation of MitoQ,,. (A) Chemical structure
of MitoQ,,. (B) MitoQ,, accumulates (5-10 fold) within the cell driven by
the plasma membrane potential, and accumulates (100-500 fold) within the
mitochondria, driven by the mitochondrial membrane potential.

insulin (FINS) were then analyzed. In addition, the levels of
hormones in the rats, including testosterone (T), lactate dehy-
drogenase (LH), follicle-stimulating hormone (FSH), FPG
and FINS, were determined using ELISA kits (Elabscience,
Wuhan, China), according to the protocols provided by the
manufacturer. A total of three samples were selected from
each group for analysis. The HOMA-IR was determined as
follows: HOMA-IR = FPG (mmol/l) x FINS (mU/1)/22.5;
IR was considered present if the value of HOMA-IR was
>2.8 (18).

Histopathology. All rats were bilaterally ovariectomized
following treatment. The animals were anesthetized with
isoflurane, and the ovaries were removed through dorsolateral
incisions. The ovaries were subsequently underwent 10%
formalin-fixed and paraffin-embedded, incubated overnight at
4°C, stained with hematoxylin for 5 min and eosin for 3 min
under room temperature (25°C); two pathologists evaluated
the morphological changes between different groups using
the LEICA DM1000 light microscope (Leica Microsystems
GmbH).

Measurement of the levels of OS-associated biomarkers. To
examine the expression levels of OS-related biomarkers, the
contents of MDA, total antioxidant capacity (T-AOC), and
the activity of superoxide dismutase (SOD) and glutathione
(GSH) in tissues were analyzed using the kits provided by
Nanjing Jiancheng Bioengineering Institute (Nanjing, China)
according to the manufacturer's protocol.
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Figure 2. Features of the PCOS-IR rat model. MitoQ,, improved the morphology of ovarian follicles and increases the granulosa cells of the PCOS-IR rat
model. Magnification, x200. PCOS-IR, polycystic ovary syndrome and insulin resistance.
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Figure 3. Serum levels of T, LH, FSH and LH/FSH in rats in the Control,
PCOS-IR and MitoQ,, treatment groups. “"P<0.05, compared with the
control; “P<0.05, compared with the PCOS-IR group. PCOS-IR, polycystic
ovary syndrome and insulin resistance; T, testosterone; LH, lactate dehydro-
genase; FSH, follicle-stimulating hormone.

ATP analysis. The ATP concentrations in the ovarian tissues
were analyzed using the ATP assay kit, according to the
manufacturer's protocols. The absorbance was then measured
at 636 nm (Nanjing Jiancheng Bioengineering Institute).

Isolation of mitochondria. The isolation of mitochondria
was performed at 4°C by different centrifugation (700 x g for
10 min; 3,000 x g for 15 min) steps using a mitochondria isola-
tion kit (Baosai Biosciences, Inc., Beijing, China). The final
pellet of mitochondria was resuspended in buffer, stored on
ice, stored for 4°C and used for experiments within 4 h (19).
The BCA assay was used to determine the final protein
concentration.

Analysis of mitochondrial membrane potential (MMP)
and ROS. MMP was determined using the JC-1 kit (cat.
no. T4069, Sigma-Aldrich; Merck KGaA), according to our
previous study (11). In brief, 50 ug of the purified rat mito-
chondria protein was mixed with 5 yg/ml JC-1 staining for
10 min at 37°C; subsequently, a microscope reader (Tecan
Group, Inc., Ltd., Mannendorf, Switzerland) was used to
record the green and red fluorescence of JC-1 at 530 and
590 nm, respectively (20). Qualification of the ROS levels
were assessed using 20 uM of ROS-sensitive dye 2',7'-dichlo-
rodihydrofluorescein diacetate (H,DCFDA), which cleaves
to become DCF (cat. no. D6883; Sigma-Aldrich; Merck
KGaA) (21).

Western blot analysis. For western blot analysis, the total
proteins from the fresh rat ovarian tissues were extracted based
on the protocol originally proposed by Dignam et al (22) with
modifications. The 50 ug protein samples were boiled for
5 min in Laemmli buffer and then separated by 12% SDS
polyacrylamide gel at 180 V. Subsequently, the separated
proteins were transferred onto a polyvinylidene difluoride
membrane at 400 mA for 2 h (EMD Millipore, Billerica, MA,
USA). Following incubation of the PVDF membrane with
blocking solution, the protein bands were mixed with special
anti-Bax (cat. no. 34260; 1:500; Signalway Antibody LLC,
College Park, MD, USA), anti-Bcl-xL (cat. no. 21061; 1:500;
Signalway Antibody LLC), anti-Cyto C (cat. no. ab33484;
1:500; Abcam) and anti-Bcl-2 (cat. no. ab59348; 1:500; Abcam)
antibodies overnight at 4°C. The blots were then washed and
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature, the second
antibodies were as follows: Anti-rabbit IgG, HRP-linked
antibody (cat. no. 7074; 1;500; Signalway Antibody LLC) and
anti-mouse IgG, HRP-linked antibody (cat. no. 7076; 1:500;
Signalway Antibody LLC). The immune complexes were
visualized using an enhanced chemiluminescence kit and
analyzed with the ImageJ® LAS 4000 mini program (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All values are expressed as the
mean + standard deviation. The statistical analyses were
performed using SPSS 19.0 software (IBM SPSS, Armonk,
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Figure 4. Serum concentrations of FPG, FIN and the HOMA-IR in the Control, PCOS-IR and MitoQ,, treatment groups. ““P<0.05, compared with the control;
“P<0.05, compared with the PCOS-IR group. PCOS-IR, polycystic ovary syndrome and insulin resistance; FPG, fasting plasma glucose; FIN, fasting insulin;

HOMA-IR.

NY, USA). The results were analyzed with one-way analysis
of variance followed by Tukey's post hoc test for multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Reproductive and metabolic features of the PCOS-IR rat
model. Following 8 consecutive weeks under treatment with
testosterone propionate, together with a high fat diet, the
PCOS-IR mouse model was successfully established. As
presented in Fig. 2, the PCOS-IR animals exhibited vaginal
keratosis and abnormal estrous cycle. In addition, on measuring
endocrine parameters, it was noted that all animals exhibited
IR as the HOMA-IR was >2.8.

Recovery of endocrine status following MitoQ,, treatment.
As presented in Figs. 3 and 4, the rats exposed to testosterone
propionate had significantly increased T, LH, LH/FSH, FIN
and HOMA-IR levels, compared with those in the control
group (all P<0.01). Following MitoQ,, treatment, the levels
of these parameters were decreased significantly, compared
with those in the controls (all P<0.01). However, no statistically
significant differences were observed in the levels of FPG or
FSH prior to and following MitoQ,, treatment.

MitoQ,, decreases OS. To determine whether MitoQ,,reversed
the OS of PCOS-IR rats, the expression levels of MDA, T-AOC,
SOD and GSH were analyzed in the rat tissues. As presented

in Fig. 5, the levels of T-AOC, SOD and GSH, which reflected
the antioxidant capacity in rats, were enhanced in the MitoQ,,
treatment group, compared with those in the PCOS-IR rat
model (all P<0.01). Consistent with this finding, the level of
MDA, an OS-related biomarker, was significantly decreased
following MitoQ,, administration (P<0.01).

MitoQ,, protects against mitochondrial damage. To deter-
mine whether the administration of MitoQ,, improved the
mitochondrial function, the levels of ATP, MMP and ROS
were analyzed in the Control, PCOS-IR and MitoQ,,treatment
groups. As shown in Fig. 6, it was found that the antioxidant
significantly protected against mitochondrial damage (all
P<0.05).

Detection of the expression of Cyto C, Bcl-xL, Bcl-2 and Bax.
The present study further evaluated the expression levels of
the apoptotic and anti-apoptotic proteins, Cyto C, Bel-xL,
Bcl-2 and Bax, in the different groups to examine whether the
MitoQ,,had a therapeutic effect. As presented in Figs. 7 and 8§,
it was found that, compared with the control group, the
PCOS-IR rats exhibited higher levels of Cyto C and Bax and
a higher ratio of Bax to Bcl-2, whereas the level of Bel-xL was
decreased. However, following MitoQ,, treatment, the levels
of Cyto C, Bax and the ratio of Bax to Bcl-2 were decreased
and the level of Bcl-xL was increased, compared with levels
in the PCOS-IR group. However, no statistically significant
difference was observed in the level of Bcl-2 between these
groups.
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Figure 5. Analysis of oxidative stress-associated biomarkers in the Control, PCOS-IR and MitoQ,, treatment groups. “/P<0.05, compared with the control,
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capacity; SOD, superoxide dismutase; GSH, glutathione.

Discussion

In the present study, the therapeutic effects of mitochon-
dria-targeted antioxidant MitoQ,, on an animal model of
PCOS-IR were investigated. Accumulating evidence has
demonstrated that the elevated production of ROS has an active
role in the progression and pathogenesis of PCOS (23,24).
Natural antioxidants, including vitamin C and vitamin E,
cannot scavenge sufficient ROS as they cannot direct bind
to mitochondria, highlighting the importance of developing
novel targeted therapies. MitoQ,, can solve this problem; this
antioxidant is composed of ubiquinone moieties attached to
a TPP moiety by a 10-carbon alkyl chain. Lipophilic cations
can readily move through phospholipid bilayers, therefore,
MitoQ,, can be taken up by mitochondria and be effective in
combating ROS (25,26). Once within the mitochondria, almost
all of the accumulated MitoQ,, resides in the matrix surface
of the inner-membrane and prevents OS and mitochondrial
dysfunction (27).

In the present study, to examine the therapeutic effects of
MitoQ,,, an animal model of PCOS-IR was generated via the
subcutaneous injection of testosterone propionate, together
with a high-fat diet. In general, this animal model exhibits
the clinical and biochemical characterizations of women
with PCOS, including abnormal estrous cycles, markedly
increased total body weight, polycystic ovaries and variable
levels of T, LH, FSH, FIN and FPG in the serum of rats. Of
the 20 rats injected, 100% exhibited the IR features. Following

treatment with MitoQ,,, the morphological characteristic of
polycystic ovaries and the plasma concentrations of FIN in
the PCOS group were improved. These data suggested that
MitoQ,, exerted a therapeutic effect against the development
of PCOS-IR.

MDA, T-AOC, SOD and GSH are regarded as common
markers to evaluate OS levels. Of these, MDA is the product
of lipid oxidation, whereas T-AOC indicates the ability of all
antioxidants in different foods to clean harmful free radicals
in blood and cells (28). SOD is an enzyme which can cata-
lyze superoxide radicals into ordinary molecular oxygen or
hydrogen peroxide, and GSH is another important antioxidant
that can protect cells against ROS. As presented in Fig. 5,
compared with those in the control group, the rats in the
PCOS-IR group had higher MDA levels and lower T-AOC,
SOD and GSH levels, suggesting increased OS in PCOS-IR.
However, the animals treated with MitoQ,, exhibited decreased
OS (all P<0.05).

Increasing evidence suggests that the overproduction of
ROS may activate stress signals to the mitochondria and be
important in a number of biological processes; this suggests
that mitochondrial dysfunction, together with the impaired
antioxidant system, may be involved in the pathophysiological
mechanism and progression of PCOS-IR (29,30). There
are two general pathways of apoptosis based on different
apoptotic stimuli, termed the death receptor pathway and the
mitochondrial-mediated pathway. In particular, increased
ROS production destroys mitochondrial function, which may
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Figure 6. Analysis of mitochondrial function in the Control, PCOS-IR and MitoQ,, treatment groups. #P<0.05, compared with the controls; “"P<0.05, compared
with the PCOS-IR group. PCOS-IR, polycystic ovary syndrome and insulin resistance; MMP, mitochondrial membrane potential; ROS, reactive oxygen species.

subsequently lead to the loss of MMP and release of Cyto
C (31,32). Therefore, the present study measured the ROS
levels, the level of MMP and the expression of apoptosis-related
proteins to confirm whether MitoQ),, induced apoptosis via the
mitochondrial pathway. The data revealed that the PCOS-IR
rats treated with MitoQ,, exhibited recovery of mitochon-
drial functions, including increased ATP and MMP levels;
by contrast, the ROS level was significantly decreased. This
supported the hypothesis that MitoQ,, can reduce the cellular
OS resulting from the mitochondrial dysfunction responsible
for PCOS-IR.

Bcl-2 and Bcl-xL are anti-apoptotic members of the Bcl-2
family, which function as a ‘life/death switch’ that integrates
diverse inter- and intracellular cues to determine whether
or not the stress apoptotic pathway is activated (33,34). In
response to apoptotic stimuli, the balance and interactions
of anti-apoptotic and pro-apoptotic Bcl proteins influence
the activation of downstream pro-apoptotic proteins Bcl-2
homologous antagonist/killer (Bak) and Bax (35). Of note, Bak
and Bax are two nuclear-encoded proteins present in higher
eukaryotes that are able to pierce the mitochondrial outer
membrane to mediate cell death by apoptosis (36). Once the
mitochondrial-mediated cell death pathway is activated, the
conformations of Bax and Bak are altered, MMP is decreased
and pro-apoptotic proteins are released from the intermem-
brane space into the cytosol (37,38). Following release into the
cytoplasm, Cyt C stimulates apoptosome formation followed
by the activation of caspase-9. Therefore, the release of Cyt
C is an early event in the pathway of mitochondrial-mediated

Control PCOS-IR

Bel-xL

MitOQm

Bcl-2

GAPDH

Figure 7. Relative expression of Cyt C, Bcl-xL, Bcl-2 and Bax in the ovaries
of the Control, PCOS-IR and MitoQ,, treatment groups. PCOS-IR, polycystic
ovary syndrome and insulin resistance; Cyt C, cytochrome c; Bcl-2, B-cell
lymphoma 2; Bcl-xL, Bel-extra large; Bax, Bel-2-associated X protein.

apoptosis. As presented in Figs. 7 and 8, the present study found
that MitoQ,, significantly increased the expression of Bcl-xL,
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Figure 8. Qualification of the expression levels of Cyt C, Bel-xL, Bel-2 and Bax in the ovaries of the Control, PCOS-IR and MitoQ,, treatment groups.””P<0.05,
compared with the control; “P<0.05, compared with the PCOS-IR group. PCOS-IR, polycystic ovary syndrome and insulin resistance; Cyt C, cytochrome c;
Bcl-2, B-cell lymphoma 2; Bel-xL, Bel-extra large; Bax, Bel-2-associated X protein.

whereas the levels of total Cyt C and Bax decreased following
MitoQ,, treatment. However, no difference was observed in
the expression level of Bcl-2 prior to and following MitoQ,,
administration, suggesting that MitoQ,, may not affect the
downregulation of Bcl-2. A range of stimuli induce apoptosis
by releasing Cyt C from the mitochondria into the cytoplasm,
where it activates caspases; the mechanisms by which these
stimuli cause Cyt C release from mitochondria remain to be
fully elucidated, however, some or all may involve increased
mitochondrial OS (39). MitoQ,, can assist in elucidating the
role of oxidative damage in apoptosis, subsequently preventing
apoptotic cell death.

Although the detection of Cyt C was not based on the total
protein, it was noted that detecting total Cyt C protein has been
reported in several studies; for example, Eleftheriadis et al (40)
demonstrated that serum Cyt C levels may be a biomarker for
mitochondrial and cellular damage. In addition, Li et al (41)
measured Cyt C levels via an optical microfiber, and a study
by Radhakrishnan et al (42) used an ELISA approach to deter-
mine plasma Cyt C levels. Overall, although the qualification
of total Cyt C levels cannot reflect programmed cell death, it is
only the way for reflecting the early event of apoptosis.

Based on the above observations, the present study hypoth-
esized that the possible molecular mechanism underlying
MitoQ),, in the treatment of PCOS-IR rats may be as follows:
Administration of MitoQ,, may bind to mitochondria and
scavenge ROS, indicating its antioxidant effects. Subsequently,
decreased ROS levels protect the pancreatic cells from death,
most likely from mitochondrial-mediated apoptosis in the
form of increasing the expression levels of Bcl-xL, decreasing
the expression levels of Cyt C and Bax, and recovering mito-
chondrial functions, with improved ATP and MMP levels. As a
result, the decreased OS may prevent the pancreatic cells from
death or apoptosis. Finally, the endocrine and reproductive

conditions of PCOS-IR recovered following MitoQ,, treat-
ment. Therefore, this antioxidant may be a potential agent for
patients with PCOS-IR in the future.
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