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Transferrin and antioxidants partly
prevented mouse oocyte oxidative damage
induced by exposure of cumulus-oocyte
complexes to endometrioma fluid
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Abstract

Background: Exposure of oocytes to the endometrioma fluid has an adverse effect on embryonic quality. To
determine whether adding transferrin and antioxidants to culture medium could counteract detrimental effects on
mouse cumulus-oocyte complexes (COCs) induced by exposure to endometrioma fluid or not, we conducted an
in vitro cross-sectional study using human and mouse COCs.

Methods: Eighteen women who had their oocytes exposed to endometrioma fluid during oocyte retrieval were
enrolled. COCs from superovulated ICR female mice were collected. They were first exposed to human
endometrioma fluid and then treated by transferrin and/or antioxidants (cysteamine + cystine). Subsequently, COCs
function was assessed by molecular methods.

Results: This study observed that human COCs inadvertently exposed to endometrioma fluid in the in vitro
fertilization (IVF) group led to a lower good quality embryo rate compared to intracytoplasmic sperm injection (ICSI)
group. Exposure of mouse COCs to endometrioma fluid accelerated oocyte oxidative damage, evidenced by
significantly reduced CCs viability, defective mitochondrial function, decreased GSH content and increased ROS
level, associated with the significantly higher pro-portion of abnormal spindles and lower blastocyst formation
(p < 0.05, respectively). This damage could be recovered partly by treating COCs with transferrin and
antioxidants (cysteamine + cystine).

Conclusions: Transferrin and antioxidants could reduce the oxidative damage caused by COCs exposure to
endometrioma fluid. This finding provides a promising new possibility for intervention in the human oocyte
oxidative damage process induced by endometrioma fluid during oocyte pick-up.
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reproductive technology, Infertility
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Background
Endometriosis is defined as the presence of endometrial
resembling tissues or cells outside of the uterine cavity
[1]. Endometriomas are cystic masses arising from the
growth of ectopic endometrial tissues and glands within
the ovary [2]. It has been estimated that endometriosis is
found in 0.5–5% fertile women and 25–40% infertile
women [3], among whom between 17 and 44% of pa-
tients have endometrioma [4]. Severe endometriosis
(stage III/IV), usually associated with the presence of
endometrioma, is related to the unsatisfactory implant-
ation and clinical pregnancy rates of IVF therapy, while
the surgical intervention of endometrioma cannot alter
the pregnancy outcome of IVF/ICSI [5]. Therefore, con-
sidering the potentially detrimental effects of surgery,
IVF/ICSI is the first option for more and more infertile
patients with endometrioma [6]. Nevertheless, it seems
to be a common phenomenon that the cumulus-oocyte
complexes (COCs) are contaminated by endometrioma
fluid during oocyte retrieval.
Endometrioma fluid is formed by the menstrual flow

and the debris with excess iron (Fe) accumulation [7, 8].
Iron is essential for organisms’ biological processes,
serving for oxygen transport, energy metabolism, ATP
generation, and DNA synthesis and repair [9]. Iron over-
load causes significant cytotoxic effects on living cells.
Cellular labile iron pool (LIP), which is composed of
redox-active iron (Fe2+), can generate reactive oxygen
species (ROS) via iron-catalysed Haber-Weiss reaction
[10], therefore causing ROS related DNA, lipid and
protein damage [11]. Imbalance between ROS gener-
ation and detoxification results in oxidative stress [9].
Evidence has indicated higher levels of ROS and reduced
antioxidant enzymatic activity in follicular fluid of women
with endometriomas [12, 13]. A significant increased ROS
level in follicular fluid is correlated with poor oocyte and
embryo quality and lower fertilization rate [14]. Oxidative
stress has been proven to be associated with post-
ovulatory oocyte aging and apoptosis of early embryo [15].
Peritoneal fluid from endometriosis has pernicious im-
pacts on early embryo development [16, 17]. Patients in
the endometriosis group present significantly lower ma-
ture oocyte and fertilization rates [18]. Furthermore, re-
searchers have indicated that contamination of
endometriotic contents during oocyte retrieval leads to
a significantly lower fertilization rate and pregnancy rate
[19]. In vivo experiments also have suggested that endo-
metriotic fluid is detrimental to reproductive performance
and subsequent blastocyst development [20].
Recent studies have clearly shown that several chemi-

cals are capable of inhibiting oocyte oxidative damage
caused by oxidative stress. Transferrin, widely known as
a natural iron chelator, is synthesized predominantly by
hepatocytes and maintained in stable levels in serum

[21]. The main function of transferrin is binding and
transportation of iron in the circulation, thereby
preventing the participation of iron in redox reactions.
Transferrin has the ability to protect the host against the
ROS induced by excess free iron [22]. Adding transferrin
in the culture medium can prevent mouse 2-cell block
[8] and improve blastocyst percentages [23]. Glutathione
(GSH) plays a significant role in all aspects of iron
metabolism such as sensing and regulating iron levels,
iron transporting, and iron cofactor biosynthesis, which
is essential for cellular iron homeostasis [24]. GSH is
critical for the maintenance and regulation of the thiol-
redox status of the cell, thus protecting the cumulus cell,
oocyte, and embryo from oxidative damage, as well as
improving cytoplasmic maturation and oocyte compe-
tence [25]. GSH levels are positively associated with the
number of high-quality embryos. And GSH levels in
follicular fluid are significantly decreased in patients with
endometriosis [26]. Cysteine is essential for redox homeo-
stasis, being a vital precursor of GSH production [27].
Direct supplementation of cysteine into the medium is im-
practicable as cysteine is easily oxidized to cystine in the
culture medium, which is cytotoxic [28]. Because oocytes
are unable to take up cystine directly, cystine is taken up
by cumulus cells (CCs) firstly and is then converted into
cysteine. After that, cysteine is released to the medium
and utilized by the oocytes subsequently. Low molecular
weight compounds, such as cysteamine, are capable of en-
hancing cysteine uptake, therefore increasing GSH synthe-
sis and improving cellular protection mechanisms against
oxidative aggressions [29].
In this study, we recorded the IVF outcomes of human

COCs contaminated by ovarian endometrioma fluid during
oocyte retrieval. Subsequently, we explored the effects of
endometrioma fluid on mouse COCs, and whether such
effects could be counteracted by adding transferrin
and cysteamine/cystine to the culture medium or not.

Methods
Human ovarian stimulation, oocyte retrieval, and IVF
Thirteen women (mean age 31.5 years) in IVF cycles and
five women (mean age 30.9 years) in the ICSI cycles aged
from 27 to 35 years old were enrolled, who had their
ovarian endometrioma fluid accidentally aspirated dur-
ing oocyte retrieval from July 2017 to August 2018. They
had normal ovarian hyperstimulation with a long proto-
col or short protocol of GnRH agonist. Thirteen patients
of IVF group and four patients of ICSI group were
stimulated with long protocol, and one patient was
stimulated with short protocol of GnRH agonist. There
was no significant difference in fertility rate, high-quality
embryonic rate, and pregnancy rate between different
stimulation protocols (See Table S1 in supplementary
material). When at least two leading follicles reached a
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mean diameter of 18 mm, 250 μg of HCG (Ovidrel,
Serono) was given. COCs were retrieved 35–36 h later
by insertion of an oocyte collection needle attached to a
10-ml tube under the guidance of vaginal ultrasound.
This was a self-controlled study, and each patient had
oocytes with endometrioma fluid contamination or with-
out contamination. Endometrioma fluid contaminated
oocytes were placed in a separated culture dish during
oocyte retrieval process. Once the needle was contami-
nated, a new needle was replaced or the previous needle
was carefully washed before further use. And then, these
COCs were transferred to modified human tubal fluid
(mod-HTF) medium with 10% serum protein substitute
(SPS, SAGE, USA) and incubated at 37 °C in an atmos-
phere of 6% CO2 for 2–4 h before insemination.
Fertilization was evaluated 16 to 18 h post-insemination.
Zygotes with two pronuclei and two polar bodies were
recorded as fertilized. Embryos were graded 72 h post-
insemination [30]. Informed consent was obtained from
all individual participants included in the study. All proce-
dures performed in studies involving human participants
were in accordance with the ethical standards (Reproduct-
ive Medicine Ethics Committee of The Sixth Affiliated
Hospital of Sun Yat-sen University +2017ZSLYEC-013S).

Animals and reagents
All applicable international, national, and institutional
guidelines for the care and use of animals were followed.
The use and handling procedures of mice in our study
were approved by the Committee on the Use of Live An-
imals for Teaching and Research of Sun Yat-sen Univer-
sity and Institutional review board. Four-week-old ICR
female mice were housed in a temperature-controlled
and light-controlled room. Chemicals and reagents were
purchased from Sigma (St. Louis, MO) unless otherwise
stated. Endometrioma fluid was obtained from human at
the time of laparoscopy. The fluid was kept refrigerated
under − 80 °C and warmed to 37 °C before the experiment.

Mouse oocyte recovery
Four-week-old ICR female mice were superovulated with
equine chorionic gonadotropin (eCG; 5 IU i.p.), followed
by human chorionic gonadotropin (hCG; 5 IU i.p.) 48 h
later. Approximately 14 h after hCG injection, the mice
were sacrificed by cervical vertebrae dislocation. The
oviducts were removed and torn to release COCs, which
were subsequently divided into four groups.

Exposure of COCs to endometrioma fluid and different
treatments afterward
In the control group, COCs were transferred into M2
medium. After 15 min, they were washed six times in
mod-HTF before being transferred into mod-HTF for
culture for 6 hours. In the other three groups, COCs

were all first exposed to M2 medium with 10% (v/v)
endometrioma fluid for 15 min and then were also
washed six times in mod-HTF. The endometrioma fluid
was aspirated aseptically from a patient diagnosed as
endometrioma during laparoscopic operation without
blood contaminated. It was stored at − 80 °C. When the
experiment was performed, the endometrioma fluid was
thawed in a 37 °C-water bath. Different treatments were
done with culture medium for 6 hours of culture after-
ward. In the second group, COCs were kept in mod-HTF.
COCs in the third group were placed into mod-HTF with
the addition of bovine transferrin (1mg/ml). In the fourth
group, COCs were transferred into mod-HTF supple-
mented with Cysteamine (100 μM) and Cystine (200 μM),
according to the study of Zhou et al. [31].

Mouse oocytes IVF
IVF was performed as previously described [32]. Briefly,
epididymides from proven fertile male mice were punc-
tured, and the sperm squeezed into medium and allowed
to disperse in mod-HTF for 60 min. Motile sperm (0.5 ×
106) was added to mod-HTF. Fertilization was assessed
6 hours post-insemination. Fertilized oocytes were cul-
tured in mod-HTF at 37 °C in 5% CO2. The morphology
of embryos was evaluated under an inverted phase con-
trasted microscope (Nikon Diaphot, Japan).

Differential staining of mouse blastocyst
On the 5th day of embryo culture, blastocysts and hatch-
ing blastocysts were subjected to a differential staining
protocol for the identification of cells within the inner
cell mass (ICM) and trophectoderm (TE) layers [33].
Blastocysts were incubated in 0.5% pronase in morpho-
lino propane sulphonic acid (MOPS) for 2–3 min at
37 °C to remove zona pellucida. Before next each step,
blastocysts were washed in MOPS (no protein) unless
otherwise stated. Blastocysts were incubated in 10mM
trinitrobenzenesulphonic acid (TNBS) acid in MOPS
with 0.4% polyvinylpyrrolidone in the dark at 4 °C for 10
min. Then they were kept in MOPS containing 0.1 mg/
ml of anti-DNP (ICN ImmunoBiologicals) at 37 °C for
another 10 min. Subsequently, they were placed in
MOPS supplemented with a 10% complement (Guinea
pig serum; ICN) and 25 mg/ml PI at 37 °C in the dark.
After 5 min, blastocysts were transferred to ethanol con-
taining 25mg/ml Hochest and kept at 4 °C in the dark
overnight. The following morning blastocysts were
washed thoroughly in ethanol and mounted in glycerol
on siliconized slides. Blastocysts were analysed under
UV light, and the cell nuclei were counted.

Embryo transfer
Six to twelve-week-old Swiss female mice were mated
with vasectomized males, and six blastocyst stage embryos
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were surgically transferred to each uterine horn on Day
3.5 of pregnancy under anaesthesia with 2% Avertin
(0.015ml/g body weight) prior to embryo transfer [34].
Each recipient was randomly allocated to receive control
embryos in one uterine horn and treatment embryos in
the other. The ability of the embryo to establish a preg-
nancy was assessed on Day 15 of pregnancy, and the
number of the fetus was recorded, along with fetal and
placental measurements.

Intracellular GSH assay
Oocyte GSH content was measured according to Luciano
et al. [35]. COCs were denuded of cumulus cells. For each
sample preparation, 50 denuded oocytes were pooled to-
gether in one tube, followed by snap-freeze and stored at
− 80 °C for later analysis. Standards containing from 0 to
200 pmol of GSH were prepared simultaneously. A vol-
ume of 50 μl of each sample and standard was added in a
96-well microtiter plate. The reaction mixture was freshly
prepared with 0.15mM of DTNB, 0.2 mM of NADPH,
and 1.0 IU of GSH reductase/ml in 0.1M phosphate buffer
supplemented with 1mM of EDTA (pH 7.8). Immediately,
0.1 ml was pipetted in each well, and the plate was ana-
lysed at 405 nm in a microtiter plate reader (FlexStation 3,
Molecular Devices, CA, USA).

Intracellular ATP and ADP assay
To determine ADP/ATP levels within MII oocytes and
cumulus cells, COCs were denuded of cumulus cells.
For each sample preparation, ten oocytes or cumulus
cells from 50 COCs from each treatment group were
collected in 10 μl of ice-cold distilled water, followed by
being snap-frozen and stored at − 80 °C for later analysis.
Intracellular ADP/ATP ratios were determined by using
a method described by Vesce et al. [36]. Cells were first
lysed in low KCl before being assayed for ATP. Pyruvate
kinase (2 units/assay) was then added to the buffer. The
increase in chemiluminescence (Calbiochem) was recorded
in a microtiter plate reader (SpectraCount, Packard,
Meriden, CT, USA). Once the ATP signal was detected,
0.5mM phosphoenol pyruvate was added, and a further in-
crease in chemiluminescence due to the conversion of ADP
to ATP was determined.

Detection of mitochondrial membrane polarization
The practice was performed as we previously described [37].
A concentration of 2 μmol/L and 25min of JC-1(Molecular
Probes, Eugene, OR) staining were used for COCs. The
fluorescence was observed by using an LSM-510 confocal
laser-scanning microscope (Zeiss, Oberkochen, Germany).

Measurement of ROS in oocytes
The ROS contents of oocytes were measured by the
method reported by Nabenishi et al. [38]. Briefly, the

denuded oocytes were transferred to 50 μl droplets of
10 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCHF-
DA; Molecular Probe, USA) in PBS for 30min at 37 °C.
After being washed three times with PBS, they were placed
onto a glass slide and observed under LSM-510 confocal
laser scanning microscope using excitation and emission
wavelengths of 502 and 523 nm, respectively.

Assessment of CCs viability
COCs were denuded by 0.1% hyaluronidase medium and
mechanically pipetting. CCs were washed in the holding
medium and transferred into separate 30 μl droplet of
maturation medium. Subsequently, 30 μl of 0.4% trypan
blue solution was added. The viable CCs were counted
using a Neubauer counting chamber.

Microtubules and chromosomes staining
Staining and evaluation of spindles were performed by
techniques described elsewhere [39]. For microtubule stain-
ing, oocytes were fixed in 2% formaldehyde and 0.2% Triton
X-100 in PBS for 30min, then incubated in anti-tubulin
monoclonal antibody (1:300; Sigma-Aldrich, St. Louis, MO)
for 60min, followed by incubation in fluorescein isothio-
cyanate (FITC)–labeled antimouse antibody (1:50; Sigma-
Aldrich) for 30min. For chromosome staining, oocytes
were incubated in propidium iodide (PI, 10mg/mL; Sigma-
Aldrich) for 15min. Microtubule distribution and chromo-
some alignment were observed by confocal microscopy
(Leica Lasertechnik, Heidelberg, Germany).
Spindle morphology was classified as normal when a

barrel-shaped structure with slightly pointed poles formed
by organized microtubules was observed and when chro-
mosomes were arranged in a compact metaphase plate at
the equator of the spindle. Spindle structure was recorded
as abnormal when there was a reduction in the longitu-
dinal dimension of the spindle or when there was complete
absence or remnant of dispersing spindle and when chro-
mosomes were displaced from the plane of the metaphase
plate or were in condensed appearance.

Data analysis
Proportional data (embryo development and spindle
morphology) were arcsine transformed and analyzed
with ANOVA. A Duncan multiple-comparison test was
used to locate differences. The software used was the
Statistics Package for Social Science (SPSS, Inc.). Data
were expressed as the mean ± SD, and p < 0.05 was con-
sidered to be significant.

Results
Developmental competence of human COCs previously
exposed to endometrioma fluid
The outcomes of IVF and ICSI were shown in Table 1.
In the IVF group, exposure of COCs to endometrioma
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fluid did not show a significant decrease in fertilization rate
(p > 0.05) or cleavage rate (p > 0.05). However, it resulted in
a significantly lower good quality embryo rate (p < 0.05). In
the ICSI group, there was a slight but non-significant
decrease in the developmental competence of COCs that
were exposed to endometrioma fluid, compared to the con-
trol group (p > 0.05). All eighteen women underwent fresh
embryo transfer. As a rule, good quality embryos derived
from non-contaminated COCs had priority for transfer
over those from COCs exposed to endometrioma fluid in
the same patient. Nine exposed human embryos of IVF
group were transferred. Among them, five exposed human
embryos had 20% (1/5) implantation rate, and the other
four embryos were cultured for blastocyst embryo with
none formation. Twenty-one none- exposed human em-
bryos of IVF group were transferred with implantation rate
33.3% (4/12), and the other seventeen embryos were cul-
tured for blastocyst embryo with nine blastocyst embryos
formation. Seven patients got clinical pregnant, achieving
six physically healthy babies.

Effects of endometrioma fluid, transferrin, cysteamine
and cystine on mitochondrial metabolism and oxidative
stress of mouse oocytes
A total of 397 mice were used, of which 290 were four-
week-old female mice, 80 were female adult mice, and 27
were male adult mice. The description below the table
indicates the number of COCs in each group in each ex-
periment and the number of experiment repeats. Exposure
to endometrioma fluid (group 2) versus control (group 1)
significantly decreased the mitochondrial membrane
polarization (p < 0.05) (Fig. 1). Such exposure also induced
a drastic decrease in the ATP level (p < 0.05), resulting in
a significant augmentation in ADP/ATP ratio (p < 0.05)
(Table 2). When compared with group 2 in which no
treatment was applied on those contaminated COCs, cul-
ture with transferrin (group 3) led to a statistical increase
in ATP level and a significant reduction in ADP/ATP ratio
(p < 0.05) along with higher mitochondrial membrane
polarization (p < 0.05). However, treatment with cyste-
amine and cysteine (group 4) did not statistically alter

Table 1 Outcome of human COCs previously exposed to endometrioma fluid

IVF ICSI

Endometrioma fluid + – + –

Retrieved oocyte (n) 42 63 17 23

MII oocyte (n) – – 16 21

Fertilization rate (%) 27 (64.3) a 46 (73.0) a 12 (75.0) a 16 (76.2) a

Cleavage rate (%) 22 (81.5) a 41 (89.1) a 11 (91.7) a 15 (93.8) a

Good quality embryos rate (%) 11 (26.2) a 29 (46.0) b 7 (41.2) b 11 (47.8) b

Within each row, data with different superscripts are different at p < 0.05

Fig. 1 Effects of endometrioma fluid on mitochondrial polarization of mouse oocytes. COCs were denuded and stained for mitochondrial
function. a, d Green fluorescence indicates low polarized mitochondria (δΨm≤ − 100mV). b, e Red fluorescence indicates high polarized
mitochondria (δΨm≥ − 140mV)
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mitochondrial membrane polarization and ATP level of
oocytes (Table 2).
Compared with control COCs (group 1), COCs ex-

posed to endometrioma fluid (group 2) showed a 63%
elevation in ROS level (p < 0.05) and a 33.3% reduction
in GSH content (p < 0.05) (Table 3). The incorporation
of transferrin (group 3) or cysteamine and cysteine
(group 4) in culture medium both lowered the level of
ROS in oocytes from contaminated COCs (p < 0.05).
Transferrin (group 3) did not significantly have an im-
pact on GSH content in oocytes, while a significant aug-
mentation of GSH content in oocytes was observed
when treatment with cysteamine and cysteine (group 4)
(p < 0.05) (Table 3).

Effects of endometrioma fluid, transferrin, cysteamine
and cystine on mouse oocytes spindles
Exposure to endometrioma fluid had a detrimental effect
on oocyte spindles with a higher proportion of abnormal
microtubules and chromosomes (Table 3, Fig. 2) (p < 0.05).
And the abnormal spindle formation was reversed either by
transferrin (group 3) or cysteamine and cystine (group 4)
(Table 3) (p < 0.05).

Effects of endometrioma fluid, transferrin, cysteamine
and cystine on mouse CCs viability
Exposure to endometrioma fluid (group 2) led to a
statistically decrease in CCs viability (p < 0.05), with a
significant increase in ADP/ATP ratio (p < 0.05) when
compared with the control group (Table 4). The intro-
duction of either transferrin (group 3) or cysteamine and

cysteine (group 4) in mod-HTF, resulted in the elevation
of CCs viability and reduction of ADP/ATP ratio, com-
pared with group 2 (p < 0.05) (Table 4).

Effects of endometrioma fluid, transferrin, cysteamine
and cystine on the outcome of mouse IVF and embryo
transfer
Exposure of COCs to endometrioma fluid (group 2)
significantly reduced blastocyst formation (p < 0.05) and
total cell number of blastocysts (p < 0.05) on day 5
(Table 5). Supplementation of transferrin in mod-HTF
(group 3) statistically enhanced blastocyst formation on
day 5 (p < 0.05) and elevated total cell number of blasto-
cysts (p < 0.05) (Table 5). Cysteamine and cysteine (group
4) also assisted in the production of blastocysts with more
total cell numbers from COCs exposed to endometrioma
fluid (p < 0.05) (Table 5).
Although exposure to endometrioma fluid did not exert

an unfavourable influence on implantation rates, fetal
survival rates, or placental weight (p > 0.05), it significantly
reduced fetal weight (p < 0.05) (Table 6). Treatment with
transferrin (group 3) boosted the fetal weight when com-
pared with group 2 in which no treatment was applied to
contaminated COCs (p < 0.05) (Table 6).

Discussion
The impacts of endometrioma fluid on human oocytes
quality were contradictory in previous studies. For in-
stance, Khamsi et al. [40] have indicated that endome-
trioma fluid contamination does not have adverse effects
on the fertilization rate (60% vs. 56% in 60 contaminated

Table 2 Effects of endometrioma fluid, transferrin, cysteamine and cystine on mitochondrial metabolism of mouse oocytes

Groups ATP content
(pmol/oocyte)

ADP content
(pmol/oocyte)

ADP/ATP Mitochondrial
membrane
polarization

1:Control 0.47 ± 0.18 a 0.13 ± 0.05 a 0.28 ± 0.11 a 0.78 ± 0.36 a

2: Exposure to endometrioma fluid 0.33 ± 0.19 c 0.18 ± 0.09 a 0.57 ± 0.21c 0.55 ± 0.32 c

3: Exposure to endometrioma fluid +Transferrin 0.42 ± 0.15 a,b 0.15 ± 0.05 a 0.35 ± 0.15 b 0.81 ± 0.47 a

4: Exposure to endometrioma fluid + Cysteamine
and Cystine

0.37 ± 0.22 b,c 0.14 ± 0.03 a 0.38 ± 0.19 b 0.61 ± 0.43 c

Within each column, data with different superscripts are different at p < 0.05. Each treatment was repeated four times with 5 oocytes for each time for detection
of mitochondrial membrane polarization. To determine ADP/ATP levels within oocytes, 10 oocytes from each treatment were collected for each
sample preparation

Table 3 Effects of endometrioma fluid, transferrin, cysteamine and cystine on GSH, ROS level and spindle morphology of mouse
oocytes

Groups GSH (pmol/oocyte) ROS (Relative ratio) Abnormal Spindles (%)

1:Control 3.43 ± 1.17 a 1.00 ± 0.33 a 17.2 ± 3.5 a

2: Exposure to endometrioma fluid 2.29 ± 1.01b 1.63 ± 0.57 c 29.6 ± 5.4 c

3: Exposure to endometrioma fluid +Transferrin 2.38 ± 0.95 b 1.21 ± 0.53 b 23.8 ± 5.7 b

4: Exposure to endometrioma fluid + Cysteamine and Cystine 3.15 ± 1.36 a 1.15 ± 0.48 a,b 19.4 ± 4.5 a,b

Within each column, data with different superscripts are different at p < 0.05. Each treatment was repeated four times with 5 oocytes for each time for detection
of ROS. To determine GSH content within oocytes, each treatment was repeated four times with 5 samples for each time, and 50 oocytes in one sample
preparation. To determine the spindle morphology, each treatment was repeated four times with 30 oocytes for each time
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oocytes and 50 non-contaminated oocytes from 14 pa-
tients). Consistently, in mouse model, the fertilization,
cleavage and blastocyst formation rates after exposure to
endometriotic fluid are not significantly different [20, 41].
Nevertheless, Suwajanakorn et al. [19] have reported a sig-
nificant decrease in fertilization rates (67% vs. 78% in 85
contaminated oocytes and 301 non-contaminated oocytes
in 38 patients). Exposure to endometriotic peritoneal fluid
results in the attenuation of oocyte and embryo develop-
ment [42]. In our present study, we did not find significant
alteration of fertilization rate after exposure to endome-
trioma fluid (75% vs. 76% in 16 contaminated oocytes and
21 non-contaminated oocytes from 5 ICSI patients; 64%
vs. 75% in 42 contaminated oocytes and 53 non-
contaminated oocytes from 13 IVF patients). On the other
hand, a good quality embryo rate was significantly im-
paired by the contamination of endometriotic contents in
the IVF group, but not in the ICSI group. Previous re-
search has elucidated that the attachment of cumulus cells
to the oocyte during IVF is vital to promote fertilization
and embryonic development [43]. Therefore, the different

outcomes between the IVF group and the ICSI group
might be attributed to the exposure of cumulus cells to
endometrioma fluid. In addition, since the cumulus cells
were almost immediately removed after oocyte pick up, it
is possible that the presence of CCs “traps” the endome-
trioma fluid in contact with the oocyte causing the detri-
mental effects. Therefore, ICSI may be used to avoid the
detrimental effects such as poor embryo quality caused by
the contamination of endometrioma fluid.
A randomized trial of adequate size is required to

further explain the above phenomenon; Therefore, we
further constructed a mouse model study, indicating that
exposure of COCs to endometrioma fluid accelerated
oocyte oxidative damage, evidenced by reduced CCs via-
bility, defective mitochondrial function, decreased GSH
content and high ROS level. A variety of factors play
essential roles in oocyte oxidative damage including
environmental conditions, oocyte interactions with CCs
and various chemical components [44]. In particular,
oxidative stress is crucial in oocyte oxidative damage by
inducing mitochondrial dysfunction and impairing other

Fig. 2 Effects of endometrioma fluid on spindle and chromosome of mouse oocytes. COCs were denuded and stained for mitochondrial
function. a, d Green fluorescence indicates spindle. b, e Red fluorescence indicates chromosome. a, b Normal chromosomes and spindles shows
barrel-shaped structure with slightly pointed poles formed by organized microtubules with chromosomes arranged on a compact plate at the
equator. d, e Abnormal chromosomes and spindles shows a reduction in the longitudinal dimension of the spindle and chromosomes displaced
by the plane of the metaphase plate, which is shown by the arrow

Table 4 Effects of endometrioma fluid, transferrin, cysteamine and cystine on mouse cumulus cells (CCs) viability

Groups ADP/ATP CCs viability (%)

1:Control 0.34 ± 0.14 a 82.7 ± 3.8 a

2: Exposure to endometrioma fluid 0.72 ± 0.39 c 51.8 ± 9.4 c

3: Exposure to endometrioma fluid +Transferrin 0.49 ± 0.18 b 80.3 ± 7.7 a

4: Exposure to endometrioma fluid + Cysteamine and Cystine 0.46 ± 0.25 b 70.4 ± 8.2 b

Within each column, data with different superscripts are different at p < 0.05. Each treatment was repeated three times with 5 samples for each time. To
determine ATP/ADP content within cumulus cells, cumulus cells denuded from 50 COCs from each treatment group were collected for each sample preparation
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intracellular components of the oocytes including DNA,
proteins, lipids and so on [45]. CCs that surround the
oocyte can protect oocytes against the damaging effects
of ROS [46]. ROS such as superoxide, H2O2, and HOCl
are produced continuously in mitochondria because of
the “leakage” of high-energy electrons along the electron
transport chain [47]. Mitochondrion is particularly
susceptible to oxidative damage, and its regulation of
apoptosis is central to cell survival [48]. For example,
oxidative stress selectively inhibits mitochondrial respiratory-
chain enzymes, thereby decreasing ATP synthesis [49, 50].
ROS oxidizes mitochondrial pores further contributing to
cytochrome c release upon GSH depletion [48].
Although a previous meta-analysis has suggested that

antioxidants are not correlated with an increased live birth
rate or clinical pregnancy rate [51], several antioxidants
can prevent chromosome and spindle misalignments and
aneuploidy in mouse oocytes and embryos [52]. Recent
studies have clearly shown that a number of chemicals
possess the capacity to prevent oocyte oxidative damage.
Hence, managing oocyte oxidative damage by supplying
such chemicals to the culture medium may be particularly
critical to improving modern ART technologies [45]. Iron
in endometrioma fluid is likely one of the key factors at-
tributing to oocyte oxidative damage. Iron overload dis-
plays significant toxicity to the living cell because irons act
as progenitors of ROS and molecules that lead to oxidative
stress [53]. Oxidative stress is mediated by ROS and re-
sults in an imbalance of the intracellular redox potential
[54]. Our study elucidated that treating COCs with trans-
ferrin could in part restore CCs viability, mitochondrial
function, and anti-oxidative stress ability.
In reproduction, GSH is defined as an index of ooplasma

maturation, and it participates in sperm decondensation

and male pronucleus formation [25, 54, 55]. The incorpor-
ation of cystine or cysteamine into the cells is the major
limiting step in the synthesis of GSH, which performs a
major role in protecting cells from ROS and electrophiles.
The present study demonstrated that treating those COCs
previously exposed to endometrioma fluid with cysteamine
and cystine reduced oxidative stress by increasing GSH
level and decreasing ROS level. Meanwhile, cysteamine and
cystine supplementation was able to protect the CCs
against endometrioma fluid induced mitochondrial dys-
function and subsequent cell death.
A series of morphological and cellular changes occurring

during the oocyte oxidative damage process and
fertilization of aged oocytes affect not only pre- and post-
implantation embryo development but also the later life of
the offspring. Functional changes associated with oocyte
oxidative damage include decreased fertilization rates,
polyspermy, digyny, parthenogenesis, chromosomal anom-
alies, apoptosis, structural alteration and abnormal and/or
retarded development of embryos/fetuses [44]. Although
we did not observe the detrimental effects of endome-
trioma fluid on cleavage rate, implantation rate, fetal sur-
vival, and placental weight, blastocyst formation, the total
cell number of the blastocysts and fetal weight were signifi-
cantly lower in those oocytes that were previously exposed
to endometrioma fluid. An adverse effect of iron in the
development of the mouse embryo in vitro has been found
from the 1-cell stage to the blastocyst in a dose-dependent
way, with the embryo development being blocked at an
early cleavage stage and many of them dying subsequently
[8]. In our study, exposure of COCs to endometrioma fluid
caused damage to the microtubules and chromosomes,
which might be another probably attributing factor for
compromised embryo and fetal development. The

Table 5 Effects of endometrioma fluid, transferrin, cysteamine and cystine on outcome of mouse IVF

Groups Cleavage (%) Blastocyst on
day 5 (%)

Total cell number
of blastocysts

ICM/total cells
of blastocyst (%)

1:Control 82.0 ± 7.2 a 67.4 ± 4.3 a 56.3 ± 5.5 a 0.41 ± 0.04 a

2: Exposure to endometrioma fluid 78.8 ± 9.3 a 40.7 ± 6.9 c 46.9 ± 6.1 b 0.38 ± 0.05 a

3: Exposure to endometrioma fluid +Transferrin 76.7 ± 5.7 a 54.3 ± 5.2 b 57.1 ± 6.7 a 0.42 ± 0.05 a

4: Exposure to endometrioma fluid + Cysteamine and Cystine 81.1 ± 7.6 a 49.2 ± 6.6 b,c 53.8 ± 4.7 a 0.39 ± 0.05 a

Within each column, data with different superscripts are different at p < 0.05. For total cell number counts, each treatment was repeated five times with 10
blastocysts for each time

Table 6 Effects of endometrioma fluid, transferrin, cysteamine and cystine on mouse embryo transfer

Groups Implantation (%) Fetal development
/implantation (%)

Fetal weight (g) Placental weight (g)

1:Control 72.4 ± 7.8 a,b 44.6 ± 10.5 a 0.82 ± 0.06 a 0.12 ± 0.01 a

2: Exposure to endometrioma fluid 69.2 ± 6.5 a,b 41.7 ± 8.1 a 0.73 ± 0.05 b 0.11 ± 0.01 a

3: Exposure to endometrioma fluid +Transferrin 73.3 ± 9.2 a,b 46.4 ± 7.3 a 0.84 ± 0.06 a 0.11 ± 0.01 a

4: Exposure to endometrioma fluid + Cysteamine and Cystine 67.0 ± 7.2 b 42.9 ± 8.8 a 0.79 ± 0.07 a,b 0.12 ± 0.01 a

Within each column, data with different superscripts are different at p < 0.05. Each treatment was repeated three times with 5 Swiss female mice. Six blastocyst
stage embryos were surgically transferred to each uterine horn
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meiotic spindle plays a critical role in maintaining
chromosomal organization. Disorganization of the meiotic
spindle can result in chromosomal dispersion, failure of
normal fertilization, and abnormal development [56].
This study observed that human COCs inadvertently

exposed to endometrioma fluid in the IVF group led to a
lower good quality embryo rate. It was supported by
further mouse study that exposure of COCs to endome-
trioma fluid accelerated oocyte oxidative damage via
COCs metabolism and anti-oxidative stress ability, with
impaired embryonic and fetal developmental compe-
tence. This damage could be recovered partly by treating
COCs with transferrin and antioxidants (cysteamine +
cystine), which provides a promising new possibility for
intervention in the human oocyte oxidative damage
process induced by endometrioma fluid during oocyte
pick-up. However, the limitation of this study was that the
ideal controls (exposure of oocytes to human follicular
fluid of healthy patients) should have been performed.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13048-020-00738-0.

Additional file 1: Table S1. The fertility outcomes of ICSI patients with
long protocol and antagonist protocol.

Abbreviations
COCs: Cumulus-oocyte complexes; IVF: In vitro fertilization;
ICSI: Intracytoplasmic sperm injection; LIP: Labile iron pool; ROS: Reactive
oxygen species; GSH: Glutathione; CCs: Cumulus cells; mod-HTF: Modified
human tubal fluid; SPS: Serum protein substitute; eCG: Equine chorionic
gonadotropin; hCG: Human chorionic gonadotropin; ICM: Inner cell mass;
TE: Trophectoderm; MOPS: Morpholino propane sulphonic acid;
TNBS: Trinitrobenzenesulphonic acid

Acknowledgments
Not applicable.

Authors’ contributions
HTZ designed the study. ZR, JNH, CCZ performed the experiments, analysed
the data and drafted the manuscript. HTZ contributed to the interpretation
of the results and critical revision of the manuscript for important intellectual
content and approved the final version of the manuscript. HTZ and XYL
obtained funding. LJ and MCL collect the human oocytes, human
endometrioma fluid and mice COCs. The author(s) read and approved the
final manuscript.

Funding
This work was supported by the [National Key Research Development
Program of China #1] under Grant [number 2017YFC1001603]; [National
Natural Science Foundation of China #2] under Grant [number 81000248];
[Guangdong Natural Science Foundation #3] under Grant [number
2015A030313131]; and [Guangdong Science and Technology Planning
Project #4] under Grant [number 2014A020213002].

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Informed consent was obtained from all individual participants included in
the study. All procedures performed in studies involving human participants

were in accordance with the ethical standards (Reproductive Medicine Ethics
Committee of The Sixth Affiliated Hospital of Sun Yat-sen University
+2017ZSLYEC-013S).

Consent for publication
Not applicable.

Competing interests
The authors report no conflicting interest.

Received: 18 February 2020 Accepted: 11 November 2020

References
1. Sampson JA. Metastatic or embolic endometriosis, due to the menstrual

dissemination of endometrial tissue into the venous circulation. Am J
Pathol. 1927;3(2):93–110.

2. Chapron C, Marcellin L, Borghese B, et al. Rethinking mechanisms, diagnosis
and management of endometriosis. Nat Rev Endocrinol. 2019;15(11):666–82.

3. Ozkan S, Murk W, Arici A. Endometriosis and infertility: epidemiology and
evidence-based treatments. Ann N Y Acad Sci. 2008;1127:92–100.

4. Redwine DB. Ovarian endometriosis: a marker for more extensive pelvic and
intestinal disease. Fertil Steril. 1999;72(2):310–5.

5. Hamdan M, Dunselman G, Li TC, et al. The impact of endometrioma on IVF/
ICSI outcomes: a systematic review and meta-analysis. Hum Reprod Update.
2015;21(6):809–25.

6. Dunselman GA, Vermeulen N, Becker C, et al. ESHRE guideline: management
of women with endometriosis. Hum Reprod. 2014;29(3):400–12.

7. Gazvani R, Templeton A. Peritoneal environment, cytokines and
angiogenesis in the pathophysiology of endometriosis. Reproduction. 2002;
123(2):217–26.

8. Nasr-Esfahani M, Johnson MH, Aitken RJ. The effect of iron and iron
chelators on the in-vitro block to development of the mouse
preimplantation embryo: BAT6 a new medium for improved culture of
mouse embryos in vitro. Hum Reprod. 1990;5(8):997–1003.

9. Nakamura T, Naguro I, Ichijo H. Iron homeostasis and iron-regulated ROS in
cell death, senescence and human diseases. Biochim Biophys Acta Gen
Subj. 2019;1863(9):1398–409.

10. Liochev SI. The mechanism of "Fenton-like" reactions and their importance
for biological systems. A biologist's view. Met Ions Biol Syst. 1999;36:1–39.

11. Jomova K, Valko M. Advances in metal-induced oxidative stress and human
disease. Toxicology. 2011;283(2–3):65–87.

12. Giacomini E, Sanchez AM, Sarais V, et al. Characteristics of follicular fluid
in ovaries with endometriomas. Eur J Obstet Gynecol Reprod Biol. 2017;
209:34–8.

13. Singh AK, Chattopadhyay R, Chakravarty B, et al. Markers of oxidative stress
in follicular fluid of women with endometriosis and tubal infertility
undergoing IVF. Reprod Toxicol. 2013;42:116–24.

14. Jana SK, Babu KN, Chattopadhyay R, et al. Upper control limit of reactive
oxygen species in follicular fluid beyond which viable embryo formation is
not favorable. Reprod Toxicol. 2010;29(4):447–51.

15. Miao Y, Zhou C, Cui Z, et al. Postovulatory aging causes the
deterioration of porcine oocytes via induction of oxidative stress. FASEB
J. 2018;32(3):1328–37.

16. Noordin L, San GT, Singh HJ, et al. Pyruvate reduces in vitro the
embryotoxic effect of peritoneal fluid from infertile women with
endometriosis. Eur J Obstet Gynecol Reprod Biol. 2008;136(1):67–73.

17. Shu J, Xing L, Ding G, et al. The effect of peritoneal fluid from patients with
endometriosis on mitochondrial function and development of early mouse
embryos. PLoS One. 2013;8(12):e82334.

18. Liu F, He L, Liu Y, et al. The expression and role of oxidative stress markers
in the serum and follicular fluid of patients with endometriosis. Clin Exp
Obstet Gynecol. 2013;40(3):372–6.

19. Suwajanakorn S, Pruksananonda K, Sereepapong W, et al. Effects of
contaminated endometriotic contents on quality of oocytes. J Med Assoc
Thail. 2001;84(Suppl 1):S371–6.

20. Piromlertamorn W, Saeng-anan U, Vutyavanich T. Effects of ovarian
endometriotic fluid exposure on fertilization rate of mouse oocytes and
subsequent embryo development. Reprod Biol Endocrinol. 2013;11:4.

21. Gomme PT, McCann KB, Bertolini J. Transferrin: structure, function and
potential therapeutic actions. Drug Discov Today. 2005;10(4):267–73.

Ren et al. Journal of Ovarian Research          (2020) 13:139 Page 9 of 10

https://doi.org/10.1186/s13048-020-00738-0
https://doi.org/10.1186/s13048-020-00738-0


22. Boshuizen M, van der Ploeg K, von Bonsdorff L, et al. Therapeutic use of
transferrin to modulate anemia and conditions of iron toxicity. Blood Rev.
2017;31(6):400–5.

23. Wydooghe E, Heras S, Dewulf J, et al. Replacing serum in culture medium
with albumin and insulin, transferrin and selenium is the key to successful
bovine embryo development in individual culture. Reprod Fertil Dev. 2014;
26(5):717–24.

24. Berndt C, Lillig CH. Glutathione, Glutaredoxins, and Iron. Antioxid Redox
Signal. 2017;27(15):1235–51.

25. Combelles CM, Hennet ML. Media composition: antioxidants/chelators and
cellular function. Methods Mol Biol. 2012;912:129–59.

26. Choi YS, Cho S, Seo SK, et al. Alteration in the intrafollicular thiol-redox system
in infertile women with endometriosis. Reproduction. 2015;149(2):155–62.

27. Paul BD, Sbodio JI, Snyder SH. Cysteine metabolism in neuronal redox
homeostasis. Trends Pharmacol Sci. 2018;39(5):513–24.

28. Nakagawa Y, Suzuki T, Nakajima K, et al. Effects of N-acetyl-L-cysteine on
target sites of hydroxylated fullerene-induced cytotoxicity in isolated rat
hepatocytes. Arch Toxicol. 2014;88(1):115–26.

29. Meier T, Issels RD. Promotion of cyst(e)ine uptake. Methods Enzymol. 1995;
252:103–12.

30. Fang C, Tang M, Li T, et al. Visualization of meiotic spindle and subsequent
embryonic development in in vitro and in vivo matured human oocytes. J
Assist Reprod Genet. 2007;24(11):547–51.

31. Zhou P, Wu YG, Wei DL, et al. Mouse cumulus-denuded oocytes restore
developmental capacity completely when matured with optimal
supplementation of cysteamine, cystine, and cumulus cells. Biol Reprod.
2010;82(4):759–68.

32. Chandrakanthan V, Li A, Chami O, et al. Effects of in vitro fertilization and
embryo culture on TRP53 and Bax expression in B6 mouse embryos. Reprod
Biol Endocrinol. 2006;4:61.

33. Dunning KR, Cashman K, Russell DL, et al. Beta-oxidation is essential for
mouse oocyte developmental competence and early embryo development.
Biol Reprod. 2010;83(6):909–18.

34. Yeo CX, Gilchrist RB, Thompson JG, et al. Exogenous growth differentiation
factor 9 in oocyte maturation media enhances subsequent embryo
development and fetal viability in mice. Hum Reprod. 2008;23(1):67–73.

35. Luciano AM, Goudet G, Perazzoli F, et al. Glutathione content and
glutathione peroxidase expression in in vivo and in vitro matured equine
oocytes. Mol Reprod Dev. 2006;73(5):658–66.

36. Vesce S, Jekabsons MB, Johnson-Cadwell LI, et al. Acute glutathione
depletion restricts mitochondrial ATP export in cerebellar granule neurons. J
Biol Chem. 2005;280(46):38720–8.

37. Zeng HT, Yeung WS, Cheung MP, et al. In vitro-matured rat oocytes have low
mitochondrial deoxyribonucleic acid and adenosine triphosphate contents
and have abnormal mitochondrial redistribution. Fertil Steril. 2009;91(3):900–7.

38. Nabenishi H, Ohta H, Nishimoto T, et al. The effects of cysteine addition
during in vitro maturation on the developmental competence, ROS, GSH
and apoptosis level of bovine oocytes exposed to heat stress. Zygote. 2012;
20(3):249–59.

39. Zeng HT, Richani D, Sutton-McDowall ML, et al. Prematuration with cyclic
adenosine monophosphate modulators alters cumulus cell and oocyte
metabolism and enhances developmental competence of in vitro-matured
mouse oocytes. Biol Reprod. 2014;91(2):47.

40. Khamsi F, Yavas Y, Lacanna IC, et al. Exposure of human oocytes to
endometrioma fluid does not alter fertilization or early embryo
development. J Assist Reprod Genet. 2001;18(2):106–9.

41. Kim H, Jeong M, Kim SK, et al. Embryonic development after exposure of
mouse oocyte to various amount of ovarian endometriotic fluid. Obstet
Gynecol Sci. 2016;59(4):307–10.

42. Ding GL, Chen XJ, Luo Q, et al. Attenuated oocyte fertilization and embryo
development associated with altered growth factor/signal transduction
induced by endometriotic peritoneal fluid. Fertil Steril. 2010;93(8):2538–44.

43. Wongsrikeao P, Kaneshige Y, Ooki R, et al. Effect of the removal of cumulus
cells on the nuclear maturation, fertilization and development of porcine
oocytes. Reprod Domest Anim. 2005;40(2):166–70.

44. Miao YL, Kikuchi K, Sun QY, et al. Oocyte aging: cellular and molecular
changes, developmental potential and reversal possibility. Hum Reprod
Update. 2009;15(5):573–85.

45. Igarashi H, Takahashi T, Nagase S. Oocyte aging underlies female
reproductive aging: biological mechanisms and therapeutic strategies.
Reprod Med Biol. 2015;14(4):159–69.

46. Shaeib F, Khan SN, Ali I, et al. The defensive role of cumulus cells against
reactive oxygen species insult in metaphase II mouse oocytes. Reprod Sci.
2016;23(4):498–507.

47. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev. 2014;94(3):909–50.

48. Elias Z, Poirot O, Schneider O, et al. Cytotoxic and transforming effects of
some iron-containing minerals in Syrian hamster embryo cells. Cancer
Detect Prev. 1995;19(5):405–14.

49. Drahota Z, Kriváková P, Cervinková Z, et al. Tert-butyl hydroperoxide
selectively inhibits mitochondrial respiratory-chain enzymes in isolated rat
hepatocytes. Physiol Res. 2005;54(1):67–72.

50. Dröse S, Brandt U, Wittig I. Mitochondrial respiratory chain complexes as
sources and targets of thiol-based redox-regulation. Biochim Biophys Acta.
2014;1844(8):1344–54.

51. Showell MG, Brown J, Clarke J, et al. Antioxidants for female subfertility.
Cochrane Database Syst Rev. 2013;8:CD007807.

52. Máté G, Bernstein LR, Török AL. Endometriosis Is a Cause of Infertility. Does
Reactive Oxygen Damage to Gametes and Embryos Play a Key Role in the
Pathogenesis of Infertility Caused by Endometriosis. Front Endocrinol
(Lausanne). 2018;9:725.

53. Bresgen N, Eckl PM. Oxidative stress and the homeodynamics of iron
metabolism. Biomolecules. 2015;5(2):808–47.

54. Schieber M, Chandel NS. ROS function in redox signaling and oxidative
stress. Curr Biol. 2014;24(10):R453–62.

55. Adeoye O, Olawumi J, Opeyemi A, et al. Review on the role of glutathione
on oxidative stress and infertility. JBRA Assist Reprod. 2018;22(1):61–6.

56. Schatten H, Sun QY. Centrosome and microtubule functions and
dysfunctions in meiosis: implications for age-related infertility and
developmental disorders. Reprod Fertil Dev. 2015;27(6):934–43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ren et al. Journal of Ovarian Research          (2020) 13:139 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Human ovarian stimulation, oocyte retrieval, and IVF
	Animals and reagents
	Mouse oocyte recovery
	Exposure of COCs to endometrioma fluid and different treatments afterward
	Mouse oocytes IVF
	Differential staining of mouse blastocyst
	Embryo transfer
	Intracellular GSH assay
	Intracellular ATP and ADP assay
	Detection of mitochondrial membrane polarization
	Measurement of ROS in oocytes
	Assessment of CCs viability
	Microtubules and chromosomes staining
	Data analysis

	Results
	Developmental competence of human COCs previously exposed to endometrioma fluid
	Effects of endometrioma fluid, transferrin, cysteamine and cystine on mitochondrial metabolism and oxidative stress of mouse oocytes
	Effects of endometrioma fluid, transferrin, cysteamine and cystine on mouse oocytes spindles
	Effects of endometrioma fluid, transferrin, cysteamine and cystine on mouse CCs viability
	Effects of endometrioma fluid, transferrin, cysteamine and cystine on the outcome of mouse IVF and embryo transfer

	Discussion
	Supplementary Information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

