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Abnormal expression of fission and fusion
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Abstract

Mitochondria play a pivotal role in physiological and metabolic function of the cell. Mitochondrial dynamics orches-
trate mitochondrial function and morphology, involving fission and fusion as well as ultrastructural remodeling.
Mounting evidence unravels the close link between mitochondria and endometriosis. However, how mitochondrial
architecture changes through fission and fusion in eutopic and ectopic tissues of women with ovarian endometriosis
remains unknown. We detected the expression of fission and fusion genes and the morphology of mitochondria in
eutopic and ectopic endometrium in ovarian endometriosis. The results showed that the expression of DRPT and
LCLAT1 was upregulated in eutopic endometrial stromal cells (ESCs), and the expression of DRP1, OPAT, MENT, MFN2,
and LCLATT was significantly downregulated in ectopic ESCs, and reduced number of mitochondria, wider cristae
width and narrower cristae junction width was observed, but there was no difference in cell survival rate. The altered
mitochondrial dynamics and morphology might, respectively, provide an advantage for migration and adhesion in
eutopic ESCs and be the adaptive response in ectopic endometrial cells to survive under hypoxic and oxidative stress
environment.
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Introduction

Endometriosis is a chronic benign disease defined as the
presence of endometrial tissue outside the uterine cavity,
which causes pelvic pain and infertility, imposing both
physical and psychological impacts on women of repro-
ductive age [1, 2]. The etiopathogenesis of endometrio-
sis has not yet been clearly elucidated. The most widely
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accepted concept is Sampson’s hypothesis of retrograde
menstruation [3, 4], which postulates that regurgitated
endometrial debris during menstruation adheres to the
peritoneum and the ovary and forms lesions. Recent
studies have shaped the idea that altered functionality
of mitochondria might contribute to the occurrence and
development of endometriosis [5-7].

Mitochondria are classically considered as ‘power-
houses of the cell’ due to their efficient capacity for ATP
generation. Mitochondrial dynamics is essential for
maintaining adequate energy balance through continu-
ous fission and fusion [8]. The main dynamin-related
GTPases involved in the process of mitochondrial fission
and fusion in mammals are dynamic-related protein 1
(DRPI), mitofusinl and 2 (MFNI and MFN?2), and optic
atrophy 1 (OPA1I). DRPI composes the core component
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of the mitochondrial fission process while MFN1/2 and
OPA1 are, respectively, responsible for outer and inner
mitochondrial membrane fusion. Imbalanced mitochon-
drial dynamics leads to numerous diseases especially
neurodegenerative diseases and cancer [9-11]. It has
been shown that excessive mitochondrial fission impedes
endometrial stromal cell (ESCs) migration and induced
ESCs apoptosis [6]. However, little is known about how
the mitochondrial fission and fusion change in endo-
metrium of women with endometriosis. Lysocardiolipin
acyltransferase 1 (LCLATI) is an acyltransferase tightly
linked with mitochondrial dysfunction [12, 13] by cata-
lyzing remodeling of cardiolipin. Ablation or inhibition of
LCLATI mitigates mitochondrial fragmentation induced
by hypoxia and oxidative stress [14]. LCLAT1 has been
studied in numbers of human diseases including obesity,
cardiovascular diseases, and Parkinson’s diseases [12, 13,
15, 16], but whether LCLAT1 plays a role in endometrio-
sis remains unknown.

The structure of the mitochondria is in the order of
the outer mitochondrial membrane (OMM), intermem-
brane space, inner mitochondrial membrane (IMM),
and matrix from the outside to the inside. The IMM pro-
trudes into the matrix to form cristae where respiratory
complexes localize. Cristae shape affects the formation
and assembly of respiratory chain super-complexes (SCs)
independently of mitochondrial DNA (mtDNA) copy
number and mtDNA translation [17], thereby affecting
respiratory function. A series of studies have revealed
abnormal cristae morphology in plenty of diseases such
as pancreatic cancer [18], neurodegenerative diseases
[19, 20], and ovarian cancer [21].

Here we studied the expression of genes related to
mitochondrial fission and fusion, mitochondrial ultra-
structure, and cell survivability in eutopic and ectopic
ESCs of women with endometriosis, aiming to explore
the changes of mitochondrial dynamics in endometriosis.

Materials and methods

Human participants and tissue acquisition

Ethical approval was obtained from the Ethics Commit-
tee of Women’s Hospital, School of Medicine, Zhejiang
University. One hundred and twenty-nine women who
had regular menstrual cycles and undergone surgical
treatment in Women’s Hospital from July 2019 to Febru-
ary 2021 were enrolled in this study and signed written
informed consent before being recruited. There were 58
cases of ectopic endometrial tissues (EC) from patients
(mean age: 32.93+0.86 years old) with stage III-IV
endometriosis (according to revised AFS classification)
and 31 cases (mean age: 33.55+0.94 years old) of their
homologous eutopic endometrium (EU). The controlled
endometrial tissues (CE) were obtained from 71 women
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(mean age: 34.48+1.10 years old) with other benign
gynecological diseases including hydrosalpinx, mediasti-
nal uterus, etc. All the patients were in the proliferative
phase of the menstrual cycle.

Patients with hypertension, neoplastic, autoimmune
diseases, malignant tumors, or other severe medical dis-
eases were excluded. No hormone or similar drugs were
used for 6 months before surgery. Differences pertaining
to comparison among age and weight were not statisti-
cally significant.

Isolation and identification of endometrial stromal cells
After rinsing with phosphate-buffered saline (PBS) and
minced into 1x1x1 mm? pieces, the specimens were
digested with collagenase I (2 mg/ml, BioFroxx, Ger-
many) for 60-90 min at 37 °C, 160 rpm. Then the mixture
was filtered through 100 um and 40 pm cell strainers suc-
cessively, followed by resuspending the cell in DMEM/
F12 medium containing 10% fetal bovine serum (BI,
Israel) and incubating at 37 °C, 5% CO,. Antibody against
vimentin (1:100, 5741, CST, USA) was used to identify
the purity of primary stromal cells for its widely express-
ing in mesenchymally derived cells. The purity of isolated
primary cells (>95%) was identified by immunofluores-
cence using vimentin.

Immunohistochemistry

Immunohistochemistry was performed according to the
following procedures. Briefly, deparaffinized and dehy-
drated sections of endometrium were heated in a micro-
wave oven for antigen retrieval and then rinsed in PBS.
Sections were placed in 3% H,O, for 10 min to inhibit the
endogenous peroxidase activity, and then were blocked
with 5% bovine serum albumin (BSA; Sigma, USA) for
30 min at 37 °C. Primary antibodies for DRPI (1:200,
ab56788, Abcam, USA), OPAI (1:100, 612606, BD bio-
science, USA), MFNI (1:500, ab57602, Abcam, USA),
MFN2 (1:200, ab56889, Abcam, USA), LCLATI (1:400,
ab153987, Abcam, USA) were applied at 4 °C overnight.
Then each section was incubated with species-matched
secondary antibodies (DAKO, Denmark) for 2 h at
37 °C. The sections were stained with diaminobenzidine
(DAKO, Denmark) and counterstained with hematoxylin.
Five visual fields were randomly selected in each section.
The integrated optical density (IOD) and area were ana-
lyzed by Image Pro Plus 6 (https://www.mediacy.com/).

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was extracted with RNA extraction kit (esun-
bio, China) and reverse transcription was performed
using reverse transcription kit (Takara, Japan). qPCR
was performed using 7900HT Sequence Detection Sys-
tem (Applied Biosystems, CA) with PCR amplification
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kit (Takara, Japan). The sequence of primers used was
listed as follows: 5'-TCAGTGGTGGACCTGAC-3’ (for-
ward) and 5-TGCTGTAGCCAAATTCGTT-3' (reverse)
for GAPDH, 5-CTGCCTCAAATCGTCGTAGTG-3'
(forward)) and 5-GAGGTCTCCGGGTGACAATTC-
3’ (reverse) for DRPI, 5'-TGTGAGGTCTGCCAGTCT
TTA-3' (forward)) and 5-TGTCCTTAATTGGGGTCG
TTG-3' (reverse) for OPAI, 5-TGGCTAAGAAGGCGA
TTACTGC-3' (forward)) and 5-TCTCCGAGATAG
CACCTCACC-3' (reverse) for MFN1, 5'-CTCTCGATG
CAACTCTATCGTC-3' (forward)) and 5-TCCTGTACG
TGTCTTCAAGGAA-3' (reverse) for MFN2, 5-CAC
CCTACCTGTGGCATTATTG-3’ (forward)) and 5'-CCA
TTCTTGTCCGATGGTTCAT-3' (reverse) for LCLAT]I.

Experiments were carried out in triplicate wells. The
relative expression levels of target genes were analyzed
using the comparative 2722 method.

Western blot analysis

Protein was extracted using RIPA (Beyotime, China)
buffer supplemented with PMSF (Beyotime, China).
Protein concentration was determined by BCA assay
(Beyotime, China), and added into 5 X loading buffer and
followed by boiling for 10 min. Equal amounts of proteins
were separated on the 12% SDS-PAGE gel, electrotrans-
ferred onto PVDF membrane (Millipore, Billerica, MA,
USA), and blocked with 5% skimmed milk or 5% BSA for
1 h at room temperature. Then the membrane was incu-
bated with the corresponding primary antibody at 4 °C
overnight and incubated with the secondary antibody for
1 h at room temperature. Detection was performed with
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the enhanced chemiluminescence (ECL) detection rea-
gent. Relative protein level was standardized to GAPDH.
The antibodies included DRPI (1:1000, ab56788, Abcam,
USA), OPA1 (1:1000, 612606, BD bioscience, USA),
MFN1 (1:1000, ab57602, Abcam, USA), MFN2 (1:1000,
ab56889, Abcam, USA), LCLATI (1:1000, ab153987,
Abcam, USA), and GAPDH (1:5000, RK-200-301-A33,
Lianke Biotech, China).

Transmission electron microscopy (TEM)

The ultrastructure of endometrial tissues was observed
with transmission electron microscopy (FEI Tecnai T10,
USA, Center of Cryo-Electron Microscopy, Zhejiang
University). The samples were cut into 1x1x1 mm?
cubes and fixed in 2.5% glutaraldehyde at 4 °C overnight.
Then the samples were postfixed with 1% osmic acid at
ambient temperature for 1 h and stained with uranyl
acetate for 0.5 h. After dehydration with gradient etha-
nol and 100% acetone, samples were permeabilized for
2 h each with a 1:1 and 3:1 embedding agent/acetone at
room temperature and then placed in pure embedding
agent, polymerized, and sectioned with a microtome
(Leica EM UC?7, Vienna, Austria). Images were collected
by a Tecnai 10 (FEI, 120 kV accelerating voltage) elec-
tron microscope. We observed the number and length of
mitochondria, and the width of cristae junction and cris-
tae in three groups by Image J software (https://imagej.
nih.gov/ij/).

10 um

Fig. 1 Culture and identification of ESCs in vitro. a ESCs were isolated from endometrial tissues and the morphology of the cultured ESCs was
observed under a microscope (scale bars, 100 um). b Identification of ESCs by immunofluorescent staining. ESCs were labeled with vimentin (red),

and nuclear were labeled with Hoechst 33342 (blue)
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Fig. 2 The mRNA expression of genes related to mitochondrial dynamics. Analysis of mRNA expression of DRP1, OPAT, MFNT, MFN2, and LCLATT
(a—e) in CE, EU, and EC by gqRT-PCR (*P<0.05; **P < 0.01; ***P<0.001; ****P<0.0001)

Determination of mitochondrial mass

The mitochondrial mass was evaluated using the fluo-
rescent dye 10-N-nonyl-acridine orange (NAO; A1372,
Invitrogen, USA). Cells were stained with NAO (3 mM)
for 30 min at 37 °C, washed with PBS, and then centri-
fuged at 1000 rpm for 5 min. Mitochondrial mass was
further detected and analyzed using BD FACSVerse (BD
Biosciences).

Immunofluorescence

MitoTracker Green dye (Thermo Scientific, USA) was
used for mitochondrial morphology analysis and further
mitochondrial network analysis. Cells cultured on confo-
cal dishes (Corning, USA) were stained with MitoTracker
Green (100 nM) and Hoechst dye (Hoechst, 33342) for
30 min at 37 °C, and then observed under Fluorescence
Confocal Microscopy. Mitochondrial network morphol-
ogy was analyzed using MiNA plugin of Fiji software
(https://imagej.net/Fiji) [22].

Mitochondrial membrane potential (MMP)

The mitochondrial membrane potential was determined
with the JC-1 mitochondrial membrane potential stain-
ing kit (Beyotime, China) using flow cytometry according
to the manufacturer’s instructions. Briefly, the cells were
sequentially washed with PBS, trypsinized, and incubated
with 500 pL of JC-1 for 30 min at 37 °C. The precipitated
cells were washed with PBS and analyzed by BD FACS-
Verse (BD Biosciences).

Statistical analysis

Experiments were performed in triplicate and at least
three independent experiments. Results were calculated
and expressed as mean+SEM. One-way ANOVA was
performed for statistical analysis using GraphPad Prism
version 8 (GraphPad Software, CA, USA, https://www.
graphpad.com). A value of P<0.05 was considered statis-
tically significant.
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Fig. 3 The protein expression of proteins related to mitochondrial dynamics. Analysis of protein expression of DRP1, OPAT, MFNT, MFN2, and LCLATT
(A-E) in CE, EU, and EC by western blotting (*P<0.05; **P<0.01; ***P<0.001)

Results

Culture and identification of primary endometrial stromal
cells (ESCs)

The primary ESCs were isolated from endometrial tis-
sues and ectopic endometrial cysts. The morphology
of the ESCs was observed using a microscope. The cells
grew adherent and exhibited a spindle or polygonal
shape. Identification of the ESCs by immunofluorescence
microscopy using vimentin and Hoechst 33342 showed
that the purity of the stromal cells was >95% (Fig. 1).

Expression of molecules related to mitochondrial dynamics
in ESCs

We first examined the differences in mRNA and protein
expression levels of these genes in stromal cells. RT-qPCR
showed that mRNA levels of DRP1, OPA1, MFNI1, MFN2,

and LCLATI in ectopic ESCs were lower than those in
controlled ESCs (P<0.001, P<0.05, P<0.05 P<0.05,
P<0.001, respectively) and eutopic ESCs (£<0.0001,
P<0.0001, P<0.001, P<0.0001, P<0.0001, respectively;
Fig. 2). The mRNA expression levels of DRP1, OPAI,
MFN2, LCLATI in eutopic ESCs were increased com-
pared with controlled ESCs (P<0.05, P<0.01, P<0.01,
P<0.05, respectively; Fig. 2). Similar to mRNA levels,
the protein expression levels of DRP1, OPAI, MFNI,
MFN2, and LCLATI in ectopic ESCs were lower than
those in controlled ESCs (P<0.05) and eutopic ESCs
(P<0.001, P<0.05, P<0.001, P<0.001, P<0.0001, respec-
tively; Fig. 3). The protein expression levels of DRPI and
LCLATI in eutopic ESCs were increased compared with
controlled ESCs (P<0.01; Fig. 3). These results implicated
decreased mitochondrial fission and fusion in ectopic
ESCs.
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Fig. 4 Representative images and analysis of immunohistochemical staining. Representative images and analysis of immunohistochemical staining
of DRP1, OPAT, MFN1, MFN2, and LCLATT in controlled, eutopic, and ectopic endometrial tissues (magnification, x400; scale bar, 200 um)

Expression of molecules related to mitochondrial dynamic
in endometrial tissues

We further validated the expression of DRPI, OPAI,
MEFNI, MFN2, and LCLATI in controlled, eutopic,
and ectopic endometrial tissues. The proteins are dis-
tributed in the cytoplasm of the surface epithelial and
stromal cells. The expression levels of DRPI, OPAI,
MFNI1, MFN2, and LCLAT1 were significantly lower in
ectopic endometrial tissues than in controlled endome-
trium (P<0.001, P<0.0001, P<0.01, P<0.05, P<0.01,
respectively), the expression of DRPI and LCLATI was
lower in ectopic endometrial than in eutopic endome-
trium (P<0.0001; Fig. 4). In eutopic endometrium, the

expression of DRPI and LCLATI1 were higher than in
controlled (P<0.01, P<0.0001, respectively) and OPAI
was lower than in controlled endometrium (P<0.05)
(Fig. 4).

Mitochondrial ultrastructure of ESCs under transmission
electron microscopy and mitochondrial mass analysis
using FACS

We used transmission electron microscopy (TEM) to
explore mitochondrial ultrastructure in ESCs. The results
showed that the number of mitochondria in ectopic ESCs
declined compared with controlled (P<0.01) and eutopic
ESCs (P<0.001; Fig. 5C). Meanwhile, NAO staining was
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Fig.5 Transmission electron microscopy images of mitochondria in CE, EU, and EC. a Representative images of cells in CE, EU, and EC tissues
(magnification, x6800; scale bar, 5 um). b Representative images of mitochondria in CE, EU, and EC tissue (23,000x; scale bar, 2 um) and their locally
magnified images. Red arrows: mitochondrial cristae width; blue arrows: width of mitochondria cristae junction. c-f Quantification of mitochondrial
number per 30 um? (c), mitochondrial length (d), cristae width (e), and cristae junction width (f) between the three groups (n=21-42 cells per
group and 65-92 mitochondria per group and 45-69 cristae per group. *P < 0.05; **P<0.01; ***P<0.001; ****P<0.0001)
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Fig. 6 Analysis of mitochondrial mass between CE, EU, and EC using flow cytometry. The fluorescent signal was quantified by flow cytometry and is

displayed as histograms (a—d) and a bar graph (e) (*P<0.05; **P<0.01)

used to measure mitochondrial mass. The results indi-
cated that mitochondrial mass was reduced in ectopic
ESCs compared with controlled (P<0.01) and eutopic
ESCs (P<0.05; Fig. 6). The mitochondrial cristae width in
ectopic ESCs was wider than in controlled ESCs (P<0.01)
and eutopic ESCs (P<0.0001; Fig. 5E) and the width of
mitochondrial cristae junction in ectopic ESCs was nar-
rower than in controlled ESCs (P<0.05; Fig. 5F). There
were no significant differences in mitochondrial length
between the three groups (Fig. 5D).

Mitochondrial network of ESCs

Immunofluorescence experiments were performed in
three groups. Mitochondria form a network with strong
connectivity with each other, facilitating the mixing of
membranes and biological materials including proteins,
lipids, and other small molecules, to equilibrate the integ-
rity of their morphology and heredity [23]. In ectopic
ESCs, more individual mitochondria were observed
compared with controlled ESCs (P<0.01; Fig. 7C) while
the number of networked mitochondria had practi-
cally no differences. The mean branch length in eutopic

and ectopic ESCs was shorter than in controlled ESCs
(P<0.01, P<0.0001, respectively; Fig. 7F). The immuno-
fluorescence reflected an increased number of individual
mitochondria with concurrent decreased mean branch
length, which indicated that fragmentation of mitochon-
dria occurred, inducing an imbalance in mitochondrial
dynamics.

Mitochondrial membrane potential (MMP)

We analyzed the MMP as an effective parameter of cell
survivability [24]. There were no significant differences in
cell survivability among CE, EU, and EC groups (P> 0.05;
Fig. 8).

Discussion

Mitochondria are the primary energy hub for cellular
activities, such as cell proliferation, growth, and differen-
tiation. The morphology of mitochondria is dynamically
modulated by fission and fusion process to adapt the cell
to the energy metabolic status. Homeostasis of functional
mitochondria requires a dynamic balance of biogenesis,
fission, fusion, and degradation.
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Fig. 7 Immunofluorescence images of mitochondria in CE, EU, and EC. a Immunofluorescence images. b The processed images using MiNA
plugin of Fiji software. ¢—f Quantitative results of individuals (c), networks (d), individuals/networks (e), and mean branch length (f) of mitochondria
(n=50-70 cells per group. Scale bar, 10 um. *P<0.05; **P <0.01; ***P < 0.001; ****P<0.0001)

Existing studies have revealed disrupted mitochon-
drial morphology in obstetrical and gynecological dis-
eases. In ovarian cancer, upregulation in mitochondrial
fission, increased number and length of mitochondria
were observed [21, 25]. In granulosa cells of patients
with diminished ovarian reserve, oxidative stress injury
caused increased mitochondrial volume and abnor-
mal cristae [26]. Placental mitochondrial fusion was
increased in gestational diabetes mellitus to reflect the
increased need to compensate for mitochondrial damage
due to placental cell stress [27]. Here, we demonstrated a
decline in mRNA and protein expression levels of DRPI,

OPA1, MFN1, and MFN?2 in ectopic ESCs and tissue and
a decrease in mitochondrial number in endometriosis.
This might alter the morphology and the rate at which
the mitochondria change their shape by reducing the
turnover of mitochondrial fission and fusion and thereby
exerting a negative effect on the mitochondrial quality
control mechanism [28].

It is easy to understand that ectopic ESCs grow in a
hypoxic environment, which leads to restrained oxida-
tive phosphorylation, enhanced glycolytic poise, and
reduced mitochondrial biogenesis [29]. In the absence of
oxygen as the electron acceptor, ROS accumulates due to
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Fig. 8 Mitochondrial membrane potential. Mitochondrial membrane potential of CE (a), EU (b), and EC (c) and statistic graph (d)

the inefficient electron transfer. In addition, free hemo-
globin and inflammatory cells in the retrograde flow of
blood contribute to the rise in ROS [30, 31]. Increased
oxidative stress and ROS accumulation have been found
in serum, peritoneal fluid, and ectopic endometrial cysts
in patients with endometriosis [5, 32], which can reduce
the expression of MFN1, MFN2, and OPA1 [33], compat-
ible with our result. In our study, DRP1 also declined in
ectopic ESCs, which is opposite to some other research.
In hypoxic cells, upregulated expression of DRPI was
typically observed [34], inducing fragmented mitochon-
dria and cell apoptosis. Knockdown or inhibition of
DRPI decreases ROS production and oxidative stress,
and hinders release of cytochrome ¢, an intermediate
in apoptosis, by inhibiting DRPI1-mediated mitochon-
drial fragmentation [35, 36]. The different results may be
related to the reduction in LCLAT1 because its knock-
down could reduce the high expression of DRPI trig-
gered by the oxidative stress to mitigate the excessive
fission, as well as rescue the low expression of MFN1/2
to some extent [14, 33], protecting ESCs from oxidative

stress and apoptosis. This might be an adaptive response
of cells to oxidative stress and high ROS levels, and the
underlying mechanism requires further study.

The expression of many genes relating to adhesion,
migration, and angiogenesis was altered in eutopic endo-
metrial tissues in patients with versus without endo-
metriosis [37-39]. With downregulated expression of
pro-apoptotic genes and upregulated expression of anti-
apoptotic genes [40], eutopic ESCs might have improved
survivability when under hypoxia. Besides, chronic
inflammation induced by ectopic cysts contributes to
epigenetic alternations in eutopic endometrium [41, 42].
We detected elevated DRP1, OPAI, MFN2, and LCLAT]I
in eutopic ESCs in patients with endometriosis than in
controlled group. For DRPI and LCLATI, the protein
levels and immunohistochemical analysis were basically
consistent with the mRNA levels. As a signature phos-
pholipid of mitochondria, cardiolipin (CL) is sensitive to
oxidative stress due to its multiple polyunsaturated fatty
acids. Overexpression of LCLATI leads to CL remod-
eling, responsible for higher susceptibility to oxidative
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stress [43] and therefore higher proinflammatory and
adhesiveness under oxidative stress. It is confirmed that
the adhesion and migration abilities of eutopic ESCs were
increased when exposed to hypoxia compared to con-
trolled ESCs [44]. DRP1-dependent mitochondrial fission
has been widely considered as a regulator of cancer cell
migration and invasion [45] and LCLAT1 positively reg-
ulates DRPI expression. Therefore, when eutopic ESCs
retrograde into the hypoxic peritoneal cavity, they are
more prone to colonize and develop into ectopic lesion.
For OPAI and MFN2, the protein levels had the same
trend with the mRNA expression though they did not dif-
fer significantly, how mitochondrial fusion acts in ectopic
ESCs remains to be investigated.

Cristae morphology determines the assembly and
steady-state maintenance of respiratory chain super-
complexes and, consequently, mitochondrial respira-
tory efficiency [46]. A reduction in cristae width is
linked to enhanced respiratory function [47], whereas
a decrease in cristae junction width reduces the release
of apoptotic molecules [48]. In our study, we found
wider cristae width and narrower cristae junction
width, which may help alleviating oxidative injury and
promoting the survival and proliferation of ectopic
ESCs. Although we observed genes related to mito-
chondrial dynamics changed, mitochondrial appear-
ance and structure did not seem to be affected in
eutopic ESCs compared to controlled ESCs.

The mitochondrial membrane potential produced by
proton pumps plays crucial roles in respiratory rate,
ATP synthesis, and ROS production. The loss of MMP
is regarded as an early indicator of apoptosis [49] and a
hallmark of mitochondrial dysfunction [50]. We found
increased granular or short rod-shaped mitochon-
dria and decreased mean branch length of networked
mitochondria in ectopic ESCs, suggesting that a small
quantity of mitochondria might be in pathological con-
ditions. But according to the MMP, there seems exhib-
ited no significant differences in cell survivability. We
speculated that though mitochondrial structure altered,
it did not affect cell viability.

Conclusion

Altered expression of genes allied to mitochondrial fis-
sion and fusion in eutopic ESCs in endometriosis may
provide a significant advantage for colonization site
formation. After ectopic foci formed, the decreased
expression of genes related to mitochondrial dynamics
and altered mitochondrial morphology might improve
the adaptability of ectopic ESCs to the oxidative stress
environment.

Page 11 of 12

Author contributions

Y.CS. performed experiments and wrote the manuscript. C.P. performed the
data analyses and helped write the manuscript. X.B.N. and J.Y. contributed to
sample collection. PY.C, WTY, D.Y.J, and M.JX. contributed to data analysis.
W.RJ. designed experiments and revised the manuscript. All authors contrib-
uted to the article and approved the submitted version.

Funding
This work was supported by Zhejiang Provincial Key Research & Development
Project Grants (2021C03095).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of Women'’s Hospital,
School of Medicine, Zhejiang University. All patients participated in the study
signed an informed consent form.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interests.

Received: 14 November 2022 Accepted: 21 June 2023
Published online: 01 July 2023

References

1. Giudice LC, Kao LC. Endometriosis. Lancet. 2004;364(9447):1789-99.

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

3. 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.

4. Burney RO, Giudice LC. Pathogenesis and pathophysiology of endome-
triosis. Fertil Steril. 2012;98(3):511-9.

5. Chen(, Zhou Y, Hu C,WangY,Yan Z, Li Z, et al. Mitochondria and oxida-
tive stress in ovarian endometriosis. Free Radic Biol Med. 2019;136:22-34.

6.  WangH, Zhao X, Ni C, Dai Y, Guo Y. Zearalenone regulates endometrial
stromal cell apoptosis and migration via the promotion of mitochon-
drial fission by activation of the JNK/DRPT pathway. Mol Med Rep.
2018;17(6):7797-806.

7. ChosS, Lee YM, ChoiYS, Yang HI, Jeon YE, Lee KE, et al. Mitochondria DNA
polymorphisms are associated with susceptibility to endometriosis. DNA
Cell Biol. 2012;31(3):317-22.

8. Nasrallah CM, Horvath TL. Mitochondrial dynamics in the central regula-
tion of metabolism. Nat Rev Endocrinol. 2014;10(11):650-8.

9. Chan DC. Mitochondrial dynamics and its involvement in disease. Annu
Rev Pathol. 2020;15:235-59.

10. Srinivasan S, Guha M, Kashina A, Avadhani NG. Mitochondrial dysfunction
and mitochondrial dynamics—the cancer connection. Biochim Biophys
Acta Bioenerg. 2017;1858(8):602-14.

11. Bertholet AM, Delerue T, Millet AM, Moulis MF, David C, Daloyau M, et al.
Mitochondrial fusion/fission dynamics in neurodegeneration and neu-
ronal plasticity. Neurobiol Dis. 2016;90:3-19.

12. LiJ,Romestaing C,Han X, LiY, Hao X, Wu Y, et al. Cardiolipin remodeling
by ALCAT1 links oxidative stress and mitochondrial dysfunction to obe-
sity. Cell Metab. 2010;12(2):154-65.



Ye et al. European Journal of Medical Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

(2023) 28:209

Song C, Zhang J, Qi S, Liu Z, Zhang X, Zheng Y, et al. Cardiolipin remod-
eling by ALCAT1 links mitochondrial dysfunction to Parkinson’s diseases.
Aging Cell. 2019;18(3): 12941,

Jia D, Zhang J, Nie J, Andersen JP, Rendon S, Zheng Y, et al. Cardiolipin
remodeling by ALCATT links hypoxia to coronary artery disease by pro-
moting mitochondrial dysfunction. Mol Ther. 2021;29(12):3498-511.
Wang L, Liu X, Nie J, Zhang J, Kimball SR, Zhang H, et al. ALCAT1 controls
mitochondrial etiology of fatty liver diseases, linking defective mitophagy
to steatosis. Hepatology. 2015;61(2):486-96.

Liu X, Ye B, Miller S, Yuan H, Zhang H, Tian L, et al. Ablation of ALCAT1
mitigates hypertrophic cardiomyopathy through effects on oxidative
stress and mitophagy. Mol Cell Biol. 2012;32(21):4493-504.

Cogliati S, Enriquez JA, Scorrano L. Mitochondrial cristae: where beauty
meets functionality. Trends Biochem Sci. 2016;41(3):261-73.

Hollinshead KER, Parker SJ, Eapen VV, Encarnacion-Rosado J, Sohn A,
OncuT, et al. Respiratory supercomplexes promote mitochondrial
efficiency and growth in severely hypoxic pancreatic cancer. Cell Rep.
2020;33(1): 108231.

Boi L, Pisanu A, Palmas MF, Fusco G, Carboni E, Casu MA, et al. Mod-

eling Parkinson’s disease neuropathology and symptoms by intranigral
inoculation of preformed human alpha-synuclein oligomers. Int J Mol Sci.
2020;21(22):8535.

Kook SY, Jeong H, Kang MJ, Park R, Shin HJ, Han SH, et al. Crucial role of
calbindin-D28k in the pathogenesis of Alzheimer’s disease mouse model.
Cell Death Differ. 2014,21(10):1575-87.

Signorile A, De Rasmo D, Cormio A, Musicco C, Rossi R, Fortarezza F, et al.
Human ovarian cancer tissue exhibits increase of mitochondrial biogen-
esis and cristae remodeling. Cancers (Basel). 2019;11(9):1350.

Valente AJ, Maddalena LA, Robb EL, Moradi F, Stuart JA. A simple Image)
macro tool for analyzing mitochondrial network morphology in mam-
malian cell culture. Acta Histochem. 2017;119(3):315-26.

Wai T, Langer T. Mitochondrial dynamics and metabolic regulation. Trends
Endocrinol Metab. 2016;27(2):105-17.

Kannan K, Holcombe RF, Jain SK, Alvarez-Hernandez X, Chervenak R,
Wolf RE, et al. Evidence for the induction of apoptosis by endosulfan in a
human T-cell leukemic line. Mol Cell Biochem. 2000;205(1-2):53-66.

Hu J, Meng Y, Zhang Z,Yan Q, Jiang X, Lv Z, et al. MARCH5 RNA promotes
autophagy, migration, and invasion of ovarian cancer cells. Autophagy.
2017;13(2):333-44.

Jiang Z, Shi C, Han H, Wang Y, Liang R, Chen X, et al. Mitochondria-related
changes and metabolic dysfunction in low prognosis patients under the
POSEIDON classification. Hum Reprod. 2021;36(11):2904-15.

Abbade J, Klemetti MM, Farrell A, Ermini L, Gillmore T, Sallais J, et al.
Increased placental mitochondrial fusion in gestational diabetes mellitus:
an adaptive mechanism to optimize feto-placental metabolic homeosta-
sis? BMJ Open Diabetes Res Care. 2020;8(1):e000923.

Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and mitochondrial
quality control. Redox Biol. 2015;4:6-13.

Kung-Chun Chiu D, Pui-Wah Tse A, Law CT, Ming-Jing Xul, Lee D, Chen

M, et al. Hypoxia regulates the mitochondrial activity of hepatocel-

lular carcinoma cells through HIF/HEY1/PINKT pathway. Cell Death Dis.
2019;10(12):934.

Zimmet JM, Hare JM. Nitroso-redox interactions in the cardiovascular
system. Circulation. 2006;114(14):1531-44.

ChoilY, Lee JC, Ju C,Hwang S, Cho GS, Lee HW, et al. A3 adenosine recep-
tor agonist reduces brain ischemic injury and inhibits inflammatory cell
migration in rats. Am J Pathol. 2011;179(4):2042-52.

Carvalho LF, Samadder AN, Agarwal A, Fernandes LF, Abrao MS. Oxidative
stress biomarkers in patients with endometriosis: systematic review. Arch
Gynecol Obstet. 2012;286(4):1033-40.

LiJ, Liu X, Wang H, Zhang W, Chan DG, ShiY. Lysocardiolipin acyltrans-
ferase 1 (ALCAT1) controls mitochondrial DNA fidelity and biogenesis
through modulation of MFN2 expression. Proc Natl Acad Sci U S A.
2012;109(18):6975-80.

Wu W, Lin C, Wu K, Jiang L, Wang X, Li W, et al. FUNDC1 regulates mito-
chondrial dynamics at the ER-mitochondrial contact site under hypoxic
conditions. EMBO J. 2016;35(13):1368-84.

Kobashigawa S, Suzuki K, Yamashita S. lonizing radiation acceler-

ates DRPT1-dependent mitochondrial fission, which involves delayed
mitochondrial reactive oxygen species production in normal human
fibroblast-like cells. Biochem Biophys Res Commun. 201 1;414(4):795-800.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 12

Peng L, Men X, Zhang W, Wang H, Xu S, Xu M, et al. Dynamin-related pro-
tein 1is implicated in endoplasmic reticulum stress-induced pancreatic
beta-cell apoptosis. Int J Mol Med. 2011,;28(2):161-9.

Sha G,Wu D, Zhang L, Chen X, Lei M, Sun H, et al. Differentially expressed
genes in human endometrial endothelial cells derived from eutopic
endometrium of patients with endometriosis compared with those from
patients without endometriosis. Hum Reprod. 2007,22(12):3159-69.
Houshdaran S, Nezhat CR, Vo KC, Zelenko Z, Irwin JC, Giudice LC. Aberrant
endometrial DNA methylome and associated gene expression in women
with endometriosis. Biol Reprod. 2016;95(5):93.

Meola J, Rosa e Silva JC, Dentillo DB, da Silva WA, Jr, Veiga-Castelli

LC, Bernardes LA, et al. Differentially expressed genes in eutopic and
ectopic endometrium of women with endometriosis. Fertil Steril.
2010,93(6):1750-73.

Braun DP, Ding J, Shaheen F, Willey JC, Rana N, Dmowski WP, Quantitative
expression of apoptosis-regulating genes in endometrium from women
with and without endometriosis. Fertil Steril. 2007;87(2):263-8.
Adamczyk M, Wender-Ozegowska E, Kedzia M. Epigenetic factors in
eutopic endometrium in women with endometriosis and infertility. Int J
Mol Sci. 2022;23(7):3804.

Ahn SH, Singh V, Tayade C. Biomarkers in endometriosis: challenges and
opportunities. Fertil Steril. 2017;107(3):523-32.

Janikiewicz J, Hanzelka K, Dziewulska A, Kozinski K, Dobrzyn P, Bernas T,
et al. Inhibition of SCD1 impairs palmitate-derived autophagy at the step
of autophagosome-lysosome fusion in pancreatic beta-cells. J Lipid Res.
2015;56(10):1901-11.

Lin X, Dai Y, Xu W, Shi L, Jin X, Li C, et al. Hypoxia promotes ectopic adhe-
sion ability of endometrial stromal cells via TGF-betal/Smad signaling in
endometriosis. Endocrinology. 2018;159(4):1630-41.

Rodrigues T, Ferraz LS. Therapeutic potential of targeting mitochondrial
dynamics in cancer. Biochem Pharmacol. 2020;182: 114282.

An J, ShiJ, He Q, Lui K, Liu Y, Huang Y, et al. CHCM1/CHCHDS, novel
mitochondrial protein linked to regulation of mitofilin and mitochondrial
cristae morphology. J Biol Chem. 2012;287(10):7411-26.

Pernas L, Scorrano L. Mito-morphosis: mitochondrial fusion, fission,

and cristae remodeling as key mediators of cellular function. Annu Rev
Physiol. 2016;78:505-31.

Frezza C, Cipolat S, Martins de Brito O, Micaroni M, Beznoussenko GV,
Rudka T, et al. OPAT controls apoptotic cristae remodeling independently
from mitochondrial fusion. Cell. 2006;126(1):177-89.

Emanuele S, D’Anneo A, Bellavia G, Vassallo B, Lauricella M, De Blasio A,
et al. Sodium butyrate induces apoptosis in human hepatoma cells by

a mitochondria/caspase pathway, associated with degradation of beta-
catenin, pRb and Bcl-XL. Eur J Cancer. 2004;40(9):1441-52.

Shan A, Li M, Li X, LiY, Yan M, Xian P, et al. BDE-47 decreases proges-
terone levels in BeWo cells by interfering with mitochondrial func-

tions and genes related to cholesterol transport. Chem Res Toxicol.
2019;32(4):621-8.

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

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abnormal expression of fission and fusion genes and the morphology of mitochondria in eutopic and ectopic endometrium
	Abstract 
	Introduction
	Materials and methods
	Human participants and tissue acquisition
	Isolation and identification of endometrial stromal cells
	Immunohistochemistry
	Reverse transcription and quantitative PCR (RT-qPCR)
	Western blot analysis
	Transmission electron microscopy (TEM)
	Determination of mitochondrial mass
	Immunofluorescence
	Mitochondrial membrane potential (MMP)
	Statistical analysis


	Results
	Culture and identification of primary endometrial stromal cells (ESCs)
	Expression of molecules related to mitochondrial dynamics in ESCs
	Expression of molecules related to mitochondrial dynamic in endometrial tissues
	Mitochondrial ultrastructure of ESCs under transmission electron microscopy and mitochondrial mass analysis using FACS
	Mitochondrial network of ESCs
	Mitochondrial membrane potential (MMP)

	Discussion
	Conclusion
	References


