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Abstract Objective Endometriosis causes a decrease in oocyte quality. However, this mecha-
nism is not fully understood. The present study aimed to analyze the effect of
endometriosis on cumulus cell adenosine triphosphate ATP level, the number of
mitochondria, and the oocyte maturity level.
Methods A true experimental study with a post-test only control group design on
experimental animals. Thirty-two mice were divided into control and endometriosis
groups. Cumulus oocyte complex (COC) was obtained from all groups. Adenosine
triphosphate level on cumulus cells was examined using the Elisa technique, the
number of mitochondria was evaluated with a confocal laser scanning microscope and
the oocyte maturity level was evaluated with an inverted microscope.
Results The ATP level of cumulus cells and the number of mitochondria in the
endometriosis group increased significantly (p<0.05; p<0.05) while the oocyte maturity
level was significantly lower (p<0.05). There was a significant relationship between ATP
level of cumulus cells and the number of mitochondrial oocyte (p< 0.01). There was no
significant relationship between cumulus cell ATP level and the number of mitochondrial
oocytes with oocyte maturity level (p>0.01; p>0.01). The ROC curve showed that the
number ofmitochondrial oocytes (AUC¼0.672) tended to bemore accurate than cumulus
cell ATP level (AUC¼0.656) in determining the oocyte maturity level.
Conclusion In endometriosis model mice, the ATP level of cumulus cells and the
number of mitochondrial oocytes increased while the oocyte maturity level decreased.
There was a correlation between the increase in ATP level of cumulus cells and an
increase in the number of mitochondrial oocytes.
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Introduction

Endometriosis is defined as the presence of endometrial-like
tissue outside the uterine cavity, which induces a chronic
inflammatory reaction.1 Approximately 30 to 50% of women
with endometriosis have infertility and 25 to 50% of infertile
women have endometriosis.2

Although numerous potential explanations have been
documented, the precise mechanism by which endometri-
osis results in infertility is not entirely understood. According
to studies, endometriosis-affected women who undergo in
vitro fertilization (IVF) had lower rates of fertilization and
oocyte division than endometriosis-free women.3 Oocyte
quality in endometriosis also decreases. It has been demon-
strated that GDF-9, a growth factor released by oocytes, is
decreased in the follicular fluid of infertile endometriosis
patients.4 This is caused by inflammatory factors in the
female pelvic area, where there is an increase in the concen-
tration of inflammatory cytokines such as TNF-αwhich leads
to impaired function or quality of oocytes indirectly through
cumulus cells.3 This is confirmed by a study by Nakahara
et al.,5which discovered that cumulus cells of endometrioma
patients experienced amuch higher rate of apoptosis than in
patients without endometrioma.

Apoptosis in cumulus cells is believed to interfere with its
function to support oocyte growth, which can eventually
result in impaired oocyte maturation. As a result, essential
nutrients like adenosine triphosphate (ATP) are primarily
produced by cumulus cells to be supplied to oocytes6 during
oocyte maturation.

The nucleus and cytoplasm of the oocyte mature during
the maturation process. The process of nuclear maturation
involves the resumption of meiosis I, the ejection of the first
polar body (Polar Body I), and the progression to the meta-
phase II (MII) stage.7 Organelles like mitochondria are more
numerous and are distributed differently in the cytoplasm.8

Mitochondrial oocyte is the mitochondria present in the
germ cell, oocyte, characterizing in oocytes by its rounder
appearance and fragmented network.9 Because mitochon-
dria are not replicated during the cleavage stage of the
embryo, the presence and quantity of mitochondria in
mature oocytes are crucial for ensuring the survival of
each blastomere that will obtain its mitochondria from the
oocyte.10 In both human and experimental animals, abnor-
mal mitochondrial quantity is associated with poor oocyte
quality.11–13

One of the most crucial organelles in determining the
quality of an oocyte is the mitochondria, which control the
potential of oocyte growth through a variety of routes includ-
ing ATP synthesis, Ca2þ regulation, and maintenance of intra-
cellular redox potential (IRP). The fact that mitochondrial
oocytes grow in quantity, display extraordinary mobility,
and cluster in a specific area, which is assumed to fulfill
high energy demands during oocyte maturation is evidence
for the crucial function that mitochondria play in oocyte and
embryo development.9 To divide, mitochondria require ATP
compounds, which are taken from the cytoplasm. Oocytes use
a large amount of their energy source (ATP) derived from

cumulus cells for their maturation process and also increase
the number of mitochondria during the maturation process
becausemitochondrial oocytes are in a “quiet”metabolic state
or low activity to reduce their oxidant production.14 The
quantity of mitochondrial oocytes is believed to be affected
by the decline in ATP supply from cumulus cells.

The aim of the present study was to analyze the effect of
endometriosis on cumulus cell ATP level, the number of
mitochondria and the oocyte maturity level. The present
study used oocytes in mice as endometriosis model since
studying the effect of endometriosis on oocytes in humans
has ethical constraints.

Methods

The present study had received ethical clearance from the
Animal Care and Use Committee Faculty of Veterinary Medi-
cine Universitas Airlangga, Surabaya, Indonesia (number 2.
KE.134.12.2021). All procedures done in the present study
were conducted in accordance to theUnitedKingdomAnimal
Act 1986. All surgeries were conducted under anesthesia and
all efforts were made to minimize the suffering.

The present study had a true experimental design con-
ducted in the laboratory on mice (Mus musculus). All experi-
mental animals were randomly selected so that they had the
same opportunity to receive treatment and had a control
group. The sample size was determined using the Lemeshow
formula (with a significance level of α¼0.05). Considering
the average count of the control and treatment groups and
the possibility of dropping out, the sample size was 16 mice
per group.

The mice were obtained from a mouse breeder center for
research purposes from the Integrated Research and Testing
Laboratory (Laboratorium Penelitian dan PengujianTerpadu,
LPPT), Gadjah Mada University, Yogyakarta, Indonesia. Mice
used in the study were healthy mice aged�12 weeks old,
never pregnant, with a weight ranging from 20 to 30 g.
Healthy mice are mice that based on clinical examination
havebright eyes, no dirt, the fur is clean, not dull and not easy
to fall off, no wound, and not aggressive.

In the present study, the experimental animal studies
were prepared first. The mice were acclimatized for 1 week
in a clean cage, with enough air, light, and homogeneous food
and drink. Then, the mice were randomly divided into 2
groups, the control group (P0) and the endometriosis group
(P1). To determine the sample size, the Lemeshow formula
was used, with the result that each group consisted of 16
mice.15

The making of endometriosis model mice was in accor-
dancewith what was done in the study by Hendarto.16 In the
present study, the presence of endometriosis was confirmed
by the formation of endometriotic lesions and visually visible
hypervascularization of the peritoneal tissue at surgery.
Another visible sign was the attachment of the uterus and
digestive tract or other organs. The mice were given an
injection of cyclosporin A with the aim of suppressing their
immune status, which was done intramuscularly on the
thighs of the mice. The drug preparation available in
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Indonesiawas Sandiimun produced byNovartis in 1 ampoule
containing 50mg/mL. The required dosewas 10mg/kg. In the
present study, the weight of the mice ranged from 20 to 30 g,
so the dose of cyclosporin A given must be adjusted. After
calculating the dosage of the preparation, each mouse
received a conversion dose of 1.8mg/mouse so that the
dose after dilution with water for injection was 0.2mL of
Sandiimun for each mouse. Endometriosis is induced by
injecting endometrial tissue intraperitoneally and then by
injecting estrogen to stimulate its growth. Endometrial
tissue was taken from benign tumor uterine material, which
was stored in phosphate buffered saline (PBS). Washing was
performed 2�with a centrifugal device with a rotation of
2,500 rpm. The supernatant was discarded and then PBS,
penicillin 200 IU/ml and streptomycin 200 µg/ml were
added. Then the wet endometrial tissue was taken with a
3ml syringe. The dose given to mice was 0.1ml. In addition,
54 IU estrogen injections (equivalent to 5.4 ug) were also
given on days 1 and 5. In the control group, themice received
distilled water injections.

After 2weeks, all groups ofmicewere given an injection of
5 IU Pregnant Mare Serum Gonadotropin (PMSG) hormone
and 48hours later they were injectedwith Human Chorionic
Gonadotropin (hCG) and mixed with vasectomized male
mice for ovulation induction. Seventeen hours after the
mice mated, vaginal plug examination was performed.
Female mice with positive vaginal plugs were terminated.
Then, preparations for removing the fallopian tube organs
were performed. The cumulus oocyte complex (COC) was
collected by tearing the fertilization sac of the fallopian tube,
which was done by observing the fallopian tube under a
microscope. The COC was collected and the separation was
performed using 0.1% hyaluronidase.

Adenosine triphosphate level on the cumulus cells
obtained was then examined using the Elisa technique
according to the instructions of the manufacturer. Measure-
ment of ATP level was performed using Mouse Adenosine
Triphosphate ELISA Kit, (Cat. No. E0665Mo, Bioassay Tech-
nology Laboratory) and it was performed with absorbance
readings at a wavelength of 450nm. The oocytes obtained
were then examined for the number of mitochondria using
the mito-tracker green (MTG) FM 50μg from Invitrogen
(then measured with a confocal laser scanning microscope
(CLSM). The data obtainedwere then processed using special
software Olympus Fluoview Ver.4.2a in a computer. The
oocyte maturity level was evaluated using an inverted
microscope with 200x magnification. The sign of oocyte
maturity was determined when it reached the Metaphase
II stage with polar body I removed.

All statistical analyzes were performed using IBM SPSS
Statistics for Windows version 26 (IBM Corp., Armonk, NY,
USA). Data distribution was assessed by the Kolmogorov-
Smirnovnormality test. To determine the differencebetween
the endometriosis group and the control group, a continuous
dataset that was not normally distributed used the two-
tailed Mann-Whitney U test and data that were normally
distributed used the t-test. Correlation analysis of each
variable used the Spearman or Pearson test, depending on

the distribution of the data. A p-value<0.05 was considered
statistically significant. Receiver operating characteristic
(ROC) curve analysis was performed to determine the sensi-
tivity, specificity, and limit value of cumulus cell ATP levels or
the number of oocyte mitochondria to oocyte maturation
level (►Fig. 1).

Results

All 16mice from the P0 group and 16mice from the P1 group
were found to have ovulation. All COC were collected, and
oocytes were separated from cumulus cells that surrounded
them (►Table 1) (►Fig. 2).

The ATP level of all mice cumulus cells obtained was
measured. The results of the t-test on ATP level of the two
groups showed a significant difference (p<0.05) with ATP
level of the control group significantly lower than that of the
treatment group (endometriosis) with the mean in the
control group of 25.84 ng/ml and in the endometriosis group
of 30.15 ng/ml (►Table 1). We counted the number of
mitochondria from oocytes taken from cumulus cells using
CSLM. The Mann-Whitney test results on the number of
mitochondria in the two groups revealed a significant differ-
ence (p<0.05), with the number of mitochondria in the
control group significantly lower than that in the treatment
group (endometriosis), with the means of the two groups
being 208,875 and 406,503.25, respectively (►Table 1). We
also assessed the oocyte maturity using an inverted micro-
scope. According to the results of the t-test on the maturity
level of the two groups, the oocyte maturity level in the
control group was significantly higher (p<0.05) than that in
the treatment group (endometriosis), with the mean in the
control group being 36.27% and that in the endometriosis
group being 19.91% (►Table 1). Then, using correlation test,
we examined the relationship between these variables. We
first examined the relationship between the ATP level in
cumulus cells and the number of mitochondrial oocytes. The
Spearman correlation test results revealed a significant
relationship (p<0.01) between the ATP level in cumulus
cells and the number of mitochondrial oocytes, in which the
ATP level in cumulus cells had 46% influence on the number
of mitochondrial oocytes (►Table 2).

Second, we examined the correlation between the
number of mitochondrial oocytes and the level of oocyte
maturity. According to the results of the Spearman correla-
tion test (p>0.01), there was no significant correlation
between the number of mitochondrial oocytes and the level
of oocyte maturity (►Table 2). The correlation between the
ATP level in cumulus cells and the oocyte maturity was then
examined. The findings of the Pearson correlation test
revealed that there was no significant correlation between
the number of mitochondrial oocytes and ATP levels in the
cumulus cells (p>0.01) (►Table 2). Finally, we also per-
formed further analyses to assess the diagnostic value of
cumulus cell ATP level or mitochondrial number or oocyte
maturity level. The results of the ROC curve revealed no
significant correlation between ATP level in cumulus cells or
the number of mitochondrial oocytes on the level of oocyte
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Fig. 1 Research flow.

Table 1 Differences between the endometriosis group and the control group

Group Mean SD or mean rank p-value

ATP Level of mice cumulus cell in each group P0
P1

25.84
30.15

1.97�

1.76�
0.000

The number of mitochondria in each group. P0
P1

208,875
406,503

10.19��

22.81��
0.000

Oocyte maturity level P0
P1

36.27
19.91

0.18�

0.16�
0.006

Abbreviations: ATP, adenosine triphosphate; SD, standard deviation.
�� Mean rank.
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maturity. However, the number of mitochondrial oocytes
(AUC¼0.672) was more accurate in predicting the oocyte
maturity level than the ATP level of cumulus cells (AUC
¼0.656) (►Fig. 2).

►Fig. 3 shows the ROC curve of cumulus cell ATP level and
the number of mitochondrial oocytes on the oocytematurity
level. The sensitivity and specificity of the cumulus cell ATP
level and the number of mitochondrial oocytes were plotted
using ROC analysis between the endometriosis group and
the control group. The area under the curve (AUC) and the p-
value are shown. The cumulus cell ATP level or the number of
mitochondria were not proven to significantly differentiate
the oocyte maturation level of the endometriosis group and
that of the control group (p¼0.132 and 0.097).

Discussion

The results showed that ATP level in the endometriosis group
significantly increased compared with that in the control
group (p<0.05). This result is different from the study by
Hsu et al., where the ATP levels of cumulus cellswere lower in
the endometriosis group.17 This might be because this study
was conducted in animal models where exposure to endo-
metriosis was given in a shorter time, in contrast with

women with endometriosis, who may take longer without
knowing for sure when the exposure to endometriosis
started. Another possibility is that the apoptosis that oc-
curred in cumulus cells was incomplete or still at an early
stage when the viability of cumulus cells was still>50%.18

Apoptosis is a form of cell death that requires energy. This
is supported by a study by Zamareva et al.18 Apoptotic
stimuli, like TNF-α, cause cytoplasmic ATP levels to rise
significantly. Excess cytoplasmic ATP triggers apoptotic exe-
cution events including caspase activation and DNA frag-
mentation. Therefore, an elevated level of cytoplasmic ATP is
a prerequisite for apoptotic cell death. According to a study
by Zamaraeva et al.,18 while cell viability remained at 50%,
ATP signaling in the population of cells that underwent
apoptosis returned to levels similar to those of the control
group. Subsequently, cytoplasmic ATP signaling gradually
decreased, which was accompanied by an increase in the
number of dead cells.15 The fact that cumulus cells naturally
proliferate throughout the process of folliculogenesis under
the influence of FSH, estradiol,19 and growth factors gener-
ated by oocytes supports this explanation even more (GDF9,

Fig. 2 (A) Mice cumulus-oocyte complex (microscope magnification 40x). (B) Mitochondria on examination with CLSM (marked in green) (C)
Mature oocytes on examination with an inverted microscope (200x magnification).

Table 2 The effect of ATP level in cumulus cell on the number
of mitochondrial oocytes, the effect of the number of
mitochondrial oocytes on oocyte maturity level, and the effect
of cumulus cell ATP level on the oocyte maturity level

r p-value

Effect of cumulus cell ATP levels
on the number of oocyte
mitochondria

46% 0.008

Effect of the number of oocyte
mitochondria on the level
of oocyte maturity.

� 0.102

Effect of cumulus cell ATP levels
on oocyte maturity level.

� 0.381

Abbreviations: ATP, adenosine triphosphate.

Fig. 3 ROC curve of cumulus cell ATP level and the number of
mitochondrial oocytes on the oocyte maturity level.
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BMP15).20 In a study by Hendarto et al.,4 it was discovered
that patients with endometriosis had lower levels of GDF-9
in their follicular fluid. This suggests that cumulus cell
proliferation may be declining, which confirms the finding
of the study that the apoptotic process increased ATP levels.

The findings of our study also showed that there were
significantly more mitochondrial oocytes in the endometri-
osis group than in the control group (p<0.05). This could be
as a result of an increase in ATP supply from cumulus cells,
which during the oogenesis process stimulates an increase in
the number of mitochondria in the oocyte.

Oocytes in the germinal vesicle (GV) stage during follicular
development interact closely with granulosa cells via trans-
zonal projections (TZPs). It is well known that the oocyte lacks
the enzymes for glycolysis, cholesterol biosynthesis, and
receptors for specific amino acids, thus the metabolism of
granulosa cells is modulated to meet the needs of the oocyte
(through oocyte-derived factors, the GDF9, BMP15, and
FGF8B). Adenosine triphosphate, pyruvate, amino acids, and
cholesterol must therefore be captured or produced by gran-
ulosa cells and supplied to oocytes.6,21 An essential molecule
for mitochondrial division, DYNAMO1, known as the mito-
chondrial division machine (MD), is also involved in the
process of increasing the number of mitochondrial oocytes
at this stage. During mitochondrial division, DYNAMO1 uses
cytoplasmicATPasanenergy sourceformembranecleavage.22

Therefore, the oocyte receives a larger energy supply along
with an increase in ATP level in cumulus cells. This could
activate the mitochondrial cleavage machinery to promote
mitochondrial replication inside the oocyte.

Furthermore, cells with a high demand for energy, like
neuron and muscle cells, tend to have greater numbers of
mitochondria.23 Since mature oocytes show a remarkable
increase in the number of mitochondria, this suggests that
the oocyte maturation process requires a large amount of
energy. The consequence is that higher free radicals will be
formed as a side effect of oxidative phosphorylation, which
can trigger oxidative stress and be harmful to these cells.24

However, it seems that the oocyte develops a protective
mechanism by using most of its energy source (ATP) derived
from cumulus cells for its maturation process so that the
mitochondria of the oocyte are in a “quiet”metabolic state or
low activity to reduce their oxidant production.1 However, it
is known that oxidative stress occurs in endometriosis,
which is considered to be the cause of a decrease in oocyte
quality, but the mechanism is not widely understood.25 As a
consequence, oocytes are thought to require greater energy
needed to repair themselves than for thematuration process.
However, further studies are needed to confirm this.

The findings of the present study were different from
those of Sanchez et al., who claimed that the number of
mitochondrial oocytes in the endometriosis groupwas lower
than that in the groupwith infertility caused by factors other
than the endometrium.26 It should be emphasized that a
decrease in the amount of mtDNA molecules – which are a
component of the mitochondria and can contain several
mtDNA molecules – confirmed the findings of this paper.
In contrast to this study, themeasurementsweremadebased

on the binding of MTG with certain compounds in the
mitochondrial matrix that supported the alkylation of thiol
groups available in this subcellular compartment.

Anotherpossible explanation for the aforementioneddiffer-
ences was the presence of polymorphisms in mitochondria.
Polymorphisms often occur inmitochondria andmitochondri-
al polymorphisms influence the pathophysiology of various
diseases by influencing mitochondrial matrix pH and intracel-
lular calcium dynamics.26,27 Free thiols are six times more
reactive in themitochondria than in the cytosol because thepH
in themitochondrialmatrix is higher than in the cytosol (7.8–8
versus 7.2).28 Changed pH in the matrix has the potential to
affect the results of the study. However, further studies are
required to confirm this polymorphism.

We used a correlation test to see whether there was a
relationship between an increase in the ATP level of cumulus
cells and an increase in the number of mitochondrial oocytes.
The results revealed a significant correlation (p<0.01) be-
tween the two variables. As a result, it is possible to infer that
the ATP level in cumulus cells affects howmanymitochondrial
oocytes are present. The number of mitochondrial oocytes
increases along with the ATP concentration of the cumulus
cells. The higher the ATP content of the cumulus cells, the
higher thenumberofmitochondrial oocytes. This supports the
notion that mitochondria utilize the ATP present in the cyto-
plasm around them as a source of energy for reproduction.22

The oocyte maturity level in the endometriosis groupwas
significantly lower than that in the control group (p<0.05).
This was highly contradictory when compared with the
results of the aforementioned study that found an increase
in the number ofmitochondrial oocytes.With the abundance
of mitochondria in the endometrial oocyte, the oocyte
should have sufficient and independent resources to contin-
ue its maturation once its relationship with cumulus cells is
damaged following the luteinizing hormone (LH) surge. This
may be because there was a quantitative, instead of qualita-
tive, increase in the number of mitochondria. This was
supported by the correlation test we conducted between
the number of mitochondrial oocytes and the maturity level
of oocytes with the result that there was no significant
relationship between the number of mitochondrial oocytes
and the oocyte maturity level (p>0.01).

A possible explanation related to the aforementioned
results is the emergence of free radicals as a side effect of
ATP formation in cumulus cells. Free radicals (ROS) are a side
effect of oxidative phosphorylation in themitochondrial cells
that are actively producing ATP.29 Endometriosis can trigger
destructive apoptosis and increased ROS through mitochon-
drial dysfunction of cumulus cells.30 Mitochondrial ROS can
damage DNA by producing various DNA damages such as
oxidized bases and DNA chain severance.30,31 Thus, in addi-
tion to ATP, ROS formed in cumulus cells also increased and
consequently was distributed into oocytes through TZPs and
caused damage to mtDNA. Therefore, when the mitochon-
drial oocyte is active, it cannot function properly to support
the final maturation process of meiosis II and also the early
development of the embryo, which requires energy. From
this, oocytemitochondrial dysfunction that initially does not
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appear to predispose to early oogenesis (before the LH surge)
may eventually impair oocyte maturation, leading to infer-
tility.32–34 However, further studies are required to confirm
this.

Another possible explanation is that therewas an increase
in free radicals in endometriosis due to iron overload that
exceeds the storage capacity of macrophages.35 According to
Carlberg et al.,3 the peritoneal fluid of womenwith endome-
triosis contains inflammatory substances that can diffuse
into the ovarian follicles. These free radicals will diffuse into
the follicles, which contain the oocytes, exposing the mtDNA
and causing damage.

An interesting concept was presented by Chiaratti et al.,
who stated that mitochondrial oocytes are in a “quiet” meta-
bolic state or lowactivity.9 Thus,whydooocytes store somany
mitochondria if they are not required for oogenesis? The
function of these organelles during the late maturation and
early embryogenesis periods can, at least in part, provide an
explanation for this. During early oogenesis, mitochondrial
oocytes are relatively unnecessary because their cooperation
with granulosa cells is sufficient to support the needs of the
oocyte. As is widely known, the process of oxidative phos-
phorylation in mitochondria has a side consequence of free
radical generation, and this incidence demonstrates the sig-
nificance of protecting mitochondria from oxidative damage
that results in mutations in mitochondrial DNA (mtDNA).36

Given that mitochondria are inherited exclusively by the
mother, oocytes with mtDNA mutations can cause disease in
their offspring. Thus, to compensate for the expansion of
mutations, oocytes have developed special mechanisms to
protect the mtDNA molecule from damage.2

Additionally, the correlation between cumulus cell ATP
level and oocyte maturity level was also examined in the
present study, and no significant correlation was found. This
confirmed the theory that granulosa cells promote oocyte
maturation prior to the LH surge. After the LH surge, the
oocyte continues to mature on its own, using its own
organelles. This was also confirmed in the present study,
although there was no significant correlation between ATP
level of cumulus cells or the number of mitochondrial
oocytes with oocyte maturity level, the results of ROC curve
for cumulus cell ATP levels or the number of mitochondrial
oocytes on oocyte maturity level indicated that the number
of mitochondrial oocytes (AUC¼0.672) tends to be more
accurate than cumulus cell ATP level (AUC¼0.656) in deter-
mining the oocyte maturity level.

However, the limitation of the present study is the use a
mouse model of endometriosis that was treated for 2 weeks.
Endometriosis is a disease that induces a chronic inflamma-
tory reaction. This research might be more suitable if the
inflammatory conditions that occur are made longer.

Conclusion

There was an increase in cumulus cell ATP level and in the
number of mitochondrial oocytes in endometriosis model
mice and a decrease in oocyte maturity level in endometri-
osis model mice. The increase in ATP level of cumulus cells

corresponded to an increase in the number of mitochondrial
oocytes. There was no significant relationship between
cumulus cell ATP level and the number of mitochondria on
the oocyte maturity level in metaphase II (PbI) although the
number ofmitochondrial oocytes tended to bemore accurate
in determining oocyte maturity level than ATP level of
cumulus cells.
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