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A B S T R A C T

Most studies have considered the negative influence of obesity on fertility in both genders. In the present study,
we assessed mitochondrial activity expressed as the mitochondrial potential index (MPI) in cumulus cells from
obese women and women with a normal body mass index (BMI) during assisted reproductive therapy. The
results revealed a significant reduction of MPI with increased body mass. The lower MPI levels in cumulus cells
from obese women may reflect mitochondrial dysfunction caused by oxidative stress, which can affect the
cumulus-oocyte complex and have an impact on oocyte development.

1. Introduction

Obesity is considered as one of the worldwide pandemic diseases
and has important consequences for fertility. Maternal obesity fre-
quently results in negative outcomes both for mother and child [1–4]
thereby questioning how metabolic alterations affect oocyte and
embryo development in overweight and obese patients. Fluctuations
of free fatty acid levels in blood circulation and follicular fluid caused
by triglyceride and lipid hydrolysis play an essential role as proin-
flammatory triggers and may contribute to the negative consequences
of obesity on fertility [5,22,23]. Recent findings suggest that cumulus
cells act as a barrier, protecting oocytes from lipotoxic effects [6,7].

Mitochondria are key players in the regulation of cell energy
metabolism and intracellular signaling, controlling cellular prolifera-
tion, differentiation and death, ultimately maintaining the homeostasis
of the cell population [8]. Emerging evidence demonstrates the pivotal
role of mitochondria in successful oocyte development and competence
[9–14]. Maternal mitochondria are the only source of the energy to
support embryo development before they reach their own period of
mitochondrial biogenesis corresponding to human embryonic genome
activation (day 2–3 of embryonic development) [15,16]. Mitochondrial
transmembrane potential is essential for production of aerobic energy
and a driving force of other synthetic processes in mitochondria [17]. It

has been shown that low mitochondrial transmembrane potential in
oocytes leads to abnormal embryos formation in mice [11,18].

The relationship between mitochondrial dysfunction and infertility
has been demonstrated in mice with obesity and/or diabetes [19,20]. It
was also shown that periconceptional obesity in mice is associated with
the alteration of mitochondrial function in murine oocytes and zygotes
[21]. Complex interactions between cumulus cells and oocytes influ-
ence oocytes development and competence through the processes of
steroidogenesis, cellular signaling and metabolism [24]. Pyruvate
production and free fatty acid oxidation in cumulus cells are the main
sources of substrates for ATP production in the mitochondria of
developing oocytes [25]. Cumulus cell mitochondrial membrane po-
tential and ATP production positively correlate with the number of
mature oocytes retrieved after ovarian stimulation during the in vitro
fertilization (IVF) [26].

In this study we aim to assess mitochondrial activity in cumulus
cells and its correlation with oocyte quality, the probability of
fertilization and adequate early embryogenesis in obese and normal
weight women that undergo ovarian stimulation using IVF protocols. A
sufficient number of cumulus cells which are available during IVF/ICSI
can be useful to improve the prediction of oocyte quality.
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2. Materials and methods

2.1. Patients

IVF cycles were performed in the Federal State Budget Institution
“Research Center for Obstetrics, Gynecology and Perinatology”,
Ministry of Healthcare of the Russian Federation between January
2014 and April 2015 in accordance with the Ethics committee agree-
ment, act No. 6 (May 16, 2013). Written informed consent was obtained
from all women prior study.

Study participants were between the ages of 18 and 37 years, and
each had a normal ovarian reserve and intact uterus. Ovarian reserve
was assessed in accordance with the criteria of the European Society of
Human Reproduction and Embryology. Primary diagnosis was tubal
factor, ovulation disorders or male subfertile sperm. Exclusion criteria
were previous ovarian surgery, signs of polycystic ovarian syndrome
during clinical or ultrasound examinations, or other medical conditions
that might have contraindications for pregnancy.

Prior to ovarian stimulation, following a standard GnRH antagonist
protocol, the body mass index (BMI) was calculated from the weight
and height recorded for each woman. BMI was defined as body mass in
kilograms divided by height in metres squared. According to World
Health Organization guidelines [27], all women in the present study
were divided into two groups according to their BMI: five normal
weight (NW) women with a BMI between 18.5 and 25.0 kg/m2 and
eight obese women (OB) with BMIs of 30.0 kg/m2 and higher.

2.2. Stimulation protocol

All the patients underwent controlled multifollicular ovarian stimu-
lation for assisted reproductive therapy with gonadotropins and GnRH
antagonist (Cetrorelix, EMD Serono, USA). The gonadotropin injections
were initiated on days 2–5 of the cycle, and Cetrorelix was injected
when the follicles reach 12–14 mm in diameter. Ultrasound monitoring
was performed during ovarian stimulation. The initial gonadotropin
dose was determined in accordance with the ovarian reserve of each
woman (based on antral follicles number, follicular stimulating hor-
mone and anti-Mullerian hormone levels) and previous treatment
experience. Human chorionic gonadotropin (hCG ̶ Pregnyl®, Organon,
Netherlands) was administered as the ovulation trigger when at least
three follicles reached 18 mm in diameter. Transvaginal puncture was
performed 36 h after hCG injection under ultrasound control.

The zygotes and blastocytes were cultured in cleavage medium
(COOK Medical, Australia) until day 3 after fertilization, and in the
blastocyst medium until day 5 after fertilization (COOK Medical,
Australia), respectively. The embryos development was evaluated at
the day 5 blastocyst stage. Day 5 embryos were graded by expansion of
blastocyst cavity, number of cells and density of inner cell mass and
number of trophectoderm cells using the Istanbul embryo grading
criteria [28]. Embryo transfer (ET) was performed under ultrasound
guidance on day 5 after fertilization. A serum β-hCG pregnancy test was
carried out on the 14th day after ET.

2.3. Cumulus cells

The study comprised of 82 samples of cumulus cells derived from 13
randomly selected patients. Cumulus cells were mechanically separated
from the cumulus oocyte complex within 2 h after oocyte aspiration and
were cultured on Petri dishes adapted to Microscopy (Ibidi, Germany)
in culture medium DMEM/F12 (PanEco, Russia) supplemented with
penicillin/streptomycin (Life Technologies, USA) and 10% fetal bovine
serum in a CO2 incubator (+37 °C, 5% CO2, 95% humidity). Cells
remained to attach and analysed before day 5 after transvaginal
puncture when ET was performed. Living adherent cells were stained
with fluorescent dye MitoTracker Green FM (20 nM, Life Technologies,
USA) to localize mitochondria regardless of mitochondrial membrane

potential, Tetramethylrhodamine (TMRM, 20 nM, Life Technologies,
USA) to identify active mitochondria, Hoechst 33,342 (5 μg/mL, Life
Technologies, USA) to visualise the cell nuclei. Images were acquired
immediately after staining using a Zeiss fluorescent microscope (Carl
Zeiss, Germany) with 63× oil objective lens; 8–10 view fields were
randomly selected. The acquired images were processed and analysed
using the ImageJ (NIH) open source software. For each image, the ratio
of green and red fluorescence intensity per single cell was calculated
and considered as the mitochondrial potential index (MPI).
Approximately 100 ± 10 cumulus cells were analysed for each
retrieved oocyte.

2.4. Glutathione and adipokines measurement

Fasting venous blood samples were collected in potassium-EDTA
tubes (Sarstedt, Germany). Blood sampling was performed between
9 a.m. and 12 p.m. immediately before transvaginal puncture; there-
fore, in each individual case the precise time of blood sampling was
dependent on the time of the procedure. Two aliquots of whole blood
were collected and stored at −80 °C for glutathione measurement
(GSH). The remaining blood was centrifuged at 2880g for 10 min at
+4 °C (Eppendorf 5810R, Germany), and plasma was collected and
stored at −80 °C until subsequent analysis was performed.

Plasma concentrations of adipokines (leptin and adiponektin) were
measured using special kits for the multiplex analyzer Luminex 200
(Luminex Corporation, USA). The measurement procedure was carried
out in accordance with the manufacturer's instructions.

Glutathione was measured in whole blood samples by spectrometry.
A GSH recycling method was implemented as described by Giustarini
et al. [29]. The method is based on glutathione disulfide (GSSG)
conversion to GSH by glutathione reductase (Roche, USA) in the
presence of NADPH. GSH reacts with DTNB ((5,5′-dithiobis-(2-nitro-
benzoic acid), Thermo Scientific™, USA) with chromophore formation,
which can be detected at 412 nm. This method estimates the sample
concentration of both forms of glutathione – total glutathione concen-
tration (tGSH = GSH + GSSG). For each analysed sample, the total
glutathione concentration was normalized to the haemoglobin level and
expressed as μmol/1 mg of haemoglobin.

2.5. Statistical analysis

Statistical analysis was performed using SPSS Statistics 20.0 and
Statistica 7.0. An independent t-test was used to compare the means
between two unrelated groups (normal weight and obese women or
mature and immature oocytes) on the same continuous dependent
variable. ANOVA was used to compare three unrelated groups (embryo
quality groups). For comparing three distribution-free samples (embryo
quality group and MPI in each cumulus cells sample), a nonparametric
Kruskal-Wallis test and Mann-Whitney U test were used for two groups.
The dependent variables were evaluated using the correlation coeffi-
cient. Correlation analysis was performed using Pearson's parametric
test for normal data distribution. To investigate whether distributions of
categorical variables differ from one another between two or more
groups, we used a chi-square (χ2) test by construction of contingency
tables.

3. Results

The average age was 29.8 ± 3.0 years old in the normal weight
(NW) group and 33.9 ± 3.6 years in the obese (OB) group (t-test,
t= −2.1, P = 0.06). The mean BMI in the normal weight group was
22.5 ± 1.7 kg/m2 and 33.0 ± 3.7 in the obese women group
(P < 0.001).

After ovarian stimulation, 35 oocytes were retrieved in the NW
group and 52 oocytes in the OB group. There was no significant
difference in the number of retrieved immature and mature oocytes
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between the two studied groups (P = 0.537). From the oocytes which
were selected for fertilization and following incubation for 5 days
before ET, 25 embryos were obtained in the NW women and 34 in
the OB group (Table 1). It should be mentioned that the number of good
quality embryos obtained was significantly higher in the NW than in OB
group (P = 0.013, Table 1.).

82 samples of cumulus cells were available for MPI analysis (32
samples from NW and 50 from OB women, several oocytes for each
woman). Cumulus cells for mature oocytes only (minimum 3 and
maximum 11 oocytes per patient) have been collected and analysed.
The quality and number of oocytes retrieved after hormonal stimulation
varies from patient to patient, and within the patient. MPI levels in
cumulus cells were determined based on fluorescent images analysis. A
representative image of double-stained mitochondria in cumulus cells is
shown in Fig. 1. We did not observe significant difference of MPI among
cumulus cells from oocytes in different maturation states (P= 0.511)
as well as for blastocyst embryos of different quality (P = 0.542).
Taking into account the tendency towards an elder average age in the
OB group, correlation analysis was used to eliminate the influence of
this aspect on MPI. No significant correlation was revealed between age
and MPI in cumulus cells within the studied groups (ρ= −0.142,
P = 0.214).

The MPI values were significantly higher in cumulus cells obtained
from NW women in comparison with those from OB women (mean
value 0.87 ± 0.16 AU and 0.78 ± 0.15 AU correspondingly,
P = 0.017, Fig. 2). Our study shown a significant negative correlation
between BMI value and mitochondrial transmembrane potential index
in cumulus cells (r =−0.30, P = 0.005; Fig. 3).

Embryo transfer was performed for all the participants (5 normal
weight women and 8 obese women) on day 5 after fertilization. In NW
group 9 embryos were transferred and 4 gestational sacs were detected on ultrasound 3 weeks after ET (implantation rate is 44.4%). In OB

group 14 embryos were transferred and 3 gestational sacs were
detected on ultrasound (implantation rate is 21.4%). Unfortunately,
we had no possibility to link each embryo used for ET with correspond-
ing cumulus cells to correlate MPI with pregnancy outcome because of
two embryos transfer routinely used in our department and small
number of the participants. The best quality embryos for ET were
chosen only by morphological criteria.

The serum concentrations of leptin, adiponectin and level of none-
nzymatic antioxidant tGSH were measured. The data are summarized in
Table 2. Since blood samples were available only from four patients in
the NW group we were not able to compare two groups. However, our
data allowed analysing whether there was any association between

Table 1
Embryo quality on day 5 after fertilization.

Embryo quality Number of embryos

NW group OB group

Degenerated 8 18
Good 14⁎ 6⁎

Fair 3 4
Poor 0 6

Embryo number 25 34

⁎ P < 0.05.

Fig. 1. Representative fluorescent image of patient cumulus cells. Cells were stained to
localize mitochondria regardless of mitochondrial membrane potential (MitoTracker,
green), active mitochondria (TMRM, red) and nuclei (Hoechst, blue). Scale bar = 10 μm.

Fig. 2. Mitochondrial potential index (MPI) in cumulus cells retrieved from women with
normal body weight (NW, n = 32) and obese women (OB, n = 50). Cumulus cells for
mature oocytes only have been collected and analysed. Cells were double-stained to
localize all the mitochondria regardless of membrane potential and active mitochondria.
The MPI was calculated based on fluorescence signal ratio. Boxes represent the 75th
percentile, median (0.85 AU in NW, 0.79 AU in OB), 25th percentile, and whiskers
represent maximum and minimum values; * P < 0.05.

Fig. 3. Regression of mitochondrial potential index (MPI) in cumulus cells with body
mass index (BMI). Cumulus cells for mature oocytes only have been collected and
analysed. Cells were double-stained to localize all the mitochondria regardless of
membrane potential and active mitochondria. The MPI was calculated based on
fluorescence signal ratio, n = 82. The MPI value in cumulus cells was negatively
correlated with the BMI (r = −0.30, P = 0.005); 95% prediction bands are shown in
the red dotted line.

Table 2
Serum levels of adipokines and glutathione.

NW
(n = 4)

OB
(n = 8)

Leptin, ng/mL 6.3 ± 2.1 26.0 ± 2.7
Adiponectin, μg/mL 16.7 ± 3.9 8.8 ± 2.4
tGSH, μmol/L 835 ± 59 594 ± 122
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mitochondrial potential index in cumulus cells and adipokines serum
levels on the day of oocyte retrieval for all participants. Correlation
analysis revealed a negative association between cumulus cell MPI and
leptin serum levels (r = −0.36, P = 0.001; Fig. 4A). Also, positive
correlations between mitochondrial index and adiponectin serum levels
have been observed (Pearson test, r = 0.27, P= 0.014; Fig. 4B). A
positive correlation was also observed between MPI and glutathione
(Pearson test, r = 0.29, P = 0.008; Fig. 5).

4. Discussion

It is widely accepted that bi-directional communication exists
between the cumulus cells and human oocyte. The developing oocyte
is surrounded by cumulus cells that are connected to the oocyte by gap
junctions, and this complex is indispensable for competent oocyte
development. Cumulus cells provide growing oocytes with nutrients
for ATP synthesis and the oocytes control metabolism of cumulus cells
in accordance with its changing energy demands [30,31]. Therefore,
highly metabolically active mitochondria in cumulus cells are an
essential part of this process, and any mitochondrial dysfunction may
have significant consequences for oocyte growth, fertility competence
and chromosomal segregation [26]. Numerous studies have reported
that obesity has a negative impact on folliculo-, oo- and early
embryogenesis, endometrial receptivity and pregnancy rate [32,33].
Given the exclusively maternal origin of mitochondria, a deleterious

influence of maternal BMI on mitochondria in the cumulus-oocyte
complex may strongly affect embryonic metabolism [21]. We hypothe-
sized that mitochondrial reticulum dysfunction in obesity could affect
the spindle cleavage and chromosome segregation, resulting in higher
aneuploidy rate and impairment of embryo developmental potential.

In the present study, MPI was analysed as an indicator of mitochon-
drial activity in cumulus cells retrieved from obese women and those
with normal BMIs who were undergoing assisted reproductive therapy.
Our results revealed a significant reduction of MPI with increase of
body mass allowing to assume, that a lower MPI value in cumulus cells
from obese women may be an indication of mitochondrial dysfunction
caused by oxidative stress.

Excessive lipid intake with the accumulation of triglyceride droplets
and intracellular free fatty acids in non-adipose tissues lead to
endoplasmic reticulum stress and mitochondrial dysfunction called
lipotoxicity. Possible mechanisms of tissue damage in this case include
an increase of free fatty acid β-oxidation and oxidative stress, direct free
fatty acid toxicity, alteration of cell membrane composition by phos-
pholipid and triglyceride peroxidation, mitochondrial permeabilisation
resulting in the activation of apoptosis cascades [34]. Furthermore, it is
known that in addition to participating in β-oxidation, free fatty acids
directly uncouple mitochondrial respiration reducing their membrane
potential and ATP synthesis level [35]. Loss of membrane potential is
reported as mitochondrial damage manifestation, which is related to
oxidative phosphorylation uncoupling and increased oxygen radical
generation, release of cytochrome C, activation of caspases and initia-
tion of DNA fragmentation [35]. Thus, the decrease in mitochondrial
membrane potential value in cumulus cells obtained from the obese
women in this study may reflect a response to permanent cellular stress
caused by lipotoxicity and a reflection of impaired mitochondrial
activity.

Data about characterization of mitochondrial function assessed by
determining the membrane potential are not numerous. Reduced
mitochondrial membrane potential was reported in both immature
and mature oocytes obtained from mice exposed to a high-fat diet and
in cumulus cells from diabetic mice [36,37]. It was also shown that
mitochondrial potential resistance to stress positively correlates with
the number of total and mature oocytes retrieved in an IVF programme
after ovarian stimulation [26]. In vitro model experiments with cow and
mice oocytes demonstrated that cumulus cells actively protect oocytes
from lipotoxicity by the accumulation of free fatty acids in lipid
droplets [7]. Also, significant deterioration of the cumulus cell layer
and increased apoptosis was observed in the cumulus-oocyte complex
exposed to increased levels of free fatty acids [7,38].

We also analysed the association between MPI in cumulus cells and
adipokine serum levels on the day of oocyte retrieval. Leptin and
adiponectin were selected adipokines in this study due to their
important impact on fertility at various levels including the ovary,

Fig. 4. Regression of mitochondrial potential index (MPI) in cumulus cells with serum levels of (A) leptin and (B) adiponectin. Cumulus cells for mature oocytes only have been collected
and analysed. Cells were double-stained to localize all the mitochondria regardless of membrane potential and active mitochondria. The MPI was calculated based on fluorescence signal
ratio, n = 82. The MPI in cumulus cells negatively correlated with leptin levels (r =−0.36, P= 0.001) and positively correlated with adiponectin levels (r = 0.27, P = 0.014); 95%
prediction bands are shown in the red dotted line.

Fig. 5. Regression of mitochondrial potential index (MPI) in cumulus cells with serum
levels of glutathione (tGSH). Cumulus cells for mature oocytes only have been collected
and analysed. Cells were double-stained to localize all mitochondria regardless of
membrane potential and active mitochondria. The MPI was calculated based on
fluorescence signal ratio, n = 82. 95% prediction bands are shown in the red dotted
line. The MPI showed a positive correlation with glutathione levels (r = 0.29,
P = 0.008).
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endometrium and processes of fetus implantation in obese individuals.
We observed a negative correlation between cumulus cell MPI and
serum levels of leptin and a positive correlation between MPI and
adiponectin concentration. It is known that obese individuals have
elevated levels of circulating leptin, which is directly proportional to
their BMI. Glucose and lipid metabolism are highly regulated by leptin.
Chronic elevation of leptin stimulates fatty acid oxidation (FAO) and
triglyceride hydrolysis thereby reducing total fatty acid uptake [39]. At
the same time, an increase of FAO may cause uncoupling of the
mitochondrial respiratory chain and oxidative phosphorylation, free
radical generation and calcium homeostasis disorders resulting in cell
damage and functional incompetence. Adiponectin stimulates mito-
chondrial biogenesis and reduces lipid content in human and animal
adipocytes. The overexpression of adiponectin increases mitochondrial
density and mitochondrial DNA content enhancing mitochondrial ATP
synthesis [40]. Unlike other adipokines, the concentration of plasma
adiponectin decreases in abdominal obesity. Jansson et al. reported that
obese women have lower adiponectin levels throughout pregnancy
compared with those of lean controls [41]. It was shown in human and
mice that during pregnancy maternal adiponectin is a powerful
regulator of nutrient (glucose, fatty acids and amino acids) transport
in the placenta and fetal growth [42]. One of the mechanisms of
adiponectin protective action is the upregulation of uncoupling protein
2 in the mitochondria, which restores cellular redox homeostasis by
promoting mitochondrial respiration, attenuates fatty acid accumula-
tion in mitochondria and reactive oxygen species production [43]. To
characterize the antioxidant capacity, we measured blood levels of GSH
because it is one of the most abundant non-enzymatic antioxidants, and
the elevation of GSH content may provide protection from pathological
conditions associated with elevated oxidative damage. Moreover, it was
shown that perturbations in the system of GSH and GSH-dependent
enzymes are involved in obesity and are associated with the develop-
ment of obesity comorbidities [44]. Also, GSH has been shown to be
important in successful recovery and developmental potential in mouse
oocytes after cryopreservation and vitrification. Supplementation with
GSH donor significantly improves oocyte culture conditions and
decreases the risk of chromosome segregation errors, alterations in
mRNA expression patterns, levels of reactive oxygen species (ROS) and
increases redox capacity of oocyte mitochondria [45]. The activity of
antioxidant enzymes is very high in follicular fluid including GSH-
dependent enzymes. In addition, GSH is synthesized by cumulus cells
and can be transferred to the oocyte if needed to ensure the effective
scavenging of ROS and to protect the oocyte during its resumed
metabolic and meiotic activity [46,45]. Based on published data, we
assume that the positive correlations between MPI and the levels of
GSH and adiponectin observed in this study may reflect a positive
impact of these regulators due to close regulatory interactions in the
cumulus-oocyte complex during follicle maturation.

5. Conclusion

Results of our study support a concept that obesity leads to
mitochondrial dysfunction. In cumulus cells, mitochondrial dysfunction
can reflect or even significantly affect the oocyte energy supply and
contribute to the reduced oocyte quality and pregnancy rates for
women with obesity. A better understanding of the energetic relation-
ships in cumulus-oocyte complex can provide a new approach for better
quality oocyte selection and assist the optimization of IVF implementa-
tion.

6. Limitations of the study

Our study data should be interpreted with caution because of some
limitations. First, small number of patients consent to participate in the
present study. The quality and number of oocytes retrieved after
hormonal stimulation varies from patient to patient, and within the

patient. Second, cumulus cell cultivation can influence MPI. Our
experimental design required attachment of cells to the culture dish
to allow further analysis by microscopy of alive, non-fixed cells. But
nevertheless cumulus cells retrieved from women with normal body
weight and from obese women were processed in the same way so the
results may be compared. Third, trend in elder age within the obese
group even if no significant correlation was revealed between age and
MPI in cumulus cells within the studied groups.
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