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A B S T R A C T

Endometriosis is the major cause of female infertility and has been linked to the action of estrogen and estrogen
receptor (ER). A new pool of ERβ locates within mitochondria, which regulates the endometriotic cell with-
standing external insults, but its effect remains controversial. We hypothesize that mitochondrial estrogen re-
ceptor ERβ (mtERβ) is a pivotal regulator in estradiol-mediated cell protection leading to the endometriotic
progression. We observed elevated levels of ERβ in the endometriotic tissues. A dramatic increase of ERβ in
mitochondria (mtERβ) was found in the ectopic endometriotic tissues, or the estradiol-primed primary en-
dometriotic cells. We analyzed the mtERβ-specific overexpressing clone (mtsERβ), which exhibited higher mi-
tochondrial bioenergetics and lower reactive oxygen species (ROS) generation. The mtsERβ-overexpressed en-
dometriotic cells displayed an enhanced migration phenotype, whereas significantly attenuated migration by
mitochondrial respiratory inhibitor (oligomycin) or ERβ deficiency by shERβ. Further investigations revealed
that ERβ directly modulated mitochondrial DNA (mtDNA) gene expression by interacting with mtDNA D-loop
and polymerase γ. The mtsERβ afforded a resistance to oxidative insult-induced apoptosis through the induction
of the ROS scavenger enzyme Mn-superoxide dismutase and anti-apoptotic protein Bcl-2. Collectively, the de-
monstration of mtERβ responses in restoration of mitochondrial bioenergetics and inhibition of mitochondria-
dependent apoptotic events provides insight into the pathogenesis of endometriosis, suggesting ERβ-selective
estrogen receptor modulator may serve as novel therapeutics of endometriosis in the future.

1. Introduction

Endometriosis, one of the most frequent diseases of gynecology,
represents an extensive threat to the physical, psychological and social
integrity of women with reproductive age. Endometriosis is character-
ized as a benign but chronic estrogen-related disorder that shares cer-
tain features with tumors, such as a propensity for invasion, unrest-
rained growth, and extensive spreading [1]. It has been investigated
that endometriosis is associated with two types of ovarian cancers, clear
cell carcinoma and endometrioid adenocarcinoma [2–5]. Hyperplasia
or metaplasia is frequently found in the precancerous stage. The

changes of cell phenotype in metaplasia are between epithelial and
mesenchymal states, defined as the epithelial–mesenchymal transition
(EMT) and mesenchymal–epithelial transition (MET), which are central
to the metastasis of many carcinomas and endometriosis [6–8]. The
proliferative, migratoratory, and invasive properties of endometriotic
cells that contribute to the development of endometriosis depend, in
part, on the excessive local production of estrogen from a positive-
feedback loop of estrogen production [1,6]. In clinical treatment, es-
trogen overproduction can be suppressed by gonadotropin-releasing
hormone agonist (GnRHa) therapy to reduce lesion sizes.

Evidence showed that elevated levels of estrogen receptor β (ERβ)
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in endometriotic tissues [8–10], but declined in carcinogenesis [11].
However, the levels of estrogen receptor α (ERα) were notable lower in
endometriotic tissues [12]. The mechanism responsible for estrogen-
induced survival of ectopic endometriotic cells has been linked to ERβ-
mediated signaling pathways [1,8,10,13]. An altered balance of ERβ
subcellular distribution may initiate physiological and pathological
process that leads to diseases [14]. Studies have shown that cytoplasmic
ERβ interacts with apoptotic machinery and inflammasome complexes
in the ectopic lesion to drive ectopic lesion survival [8]. Moreover, the
distributional differences in cytoplasmic and nuclear ERβ have been
observed in the clinical patients with endometriosis, endometrial
cancer, advanced ovarian cancer, and non-small-cell lung cancer
[14–16]. In addition to cytoplasmic and nuclear ERβ, it has been ob-
served that ERβ translocated into mitochondria of various mammalian
cells [15,17–19]. These observations prompted us to investigate whe-
ther the mitochondrial distribution of ERβ (mtERβ) might play a pivotal
role in modulating the survival and metaplasia of endometriotic tissues.

Endometriosis has been recognized as high energy-demanded pro-
cess for endometriotic cell movement and attachment to the ectopic
lesion [20]. The excessive mitochondrial respiration and abnormal
mitochondrial function leads to the enhanced generation of reactive
oxygen species (ROS) contributing to the pathogenesis of clinical dis-
eases and aging [21,22]. Similarly, the enhanced accumulation of mi-
tochondrial DNA (mtDNA) mutations and oxidative damages were
found in the endometriotic tissues [23,24]. In addition, estrogen at
physiological level enhances oxidative phosphorylation activity and
sustains mitochondrial energy-transducing capacity. Therefore, the
mtERβ might be associated with energy-related pathways within the
mitochondria. These mtERβ-mediated processes whether subsequently
affect the cell apoptosis and progressive transformation of estrogen-
related cancer remain unclear and need to be addressed.

This is the first demonstration to examine whether mtERβ is re-
sponsible for regulating mitochondrial bioenergetics, oxidative stress
response pathway, and anti-apoptosis which contributes to participate
in pathological development of endometriosis. We show an increase of
ERβ in endometriosis, and the augmented ERβ promotes endometriotic
cell migration. Establishment of a cell model for specific mitochondrial
localization of ERβ serves as an excellent model for observing the direct
effects of mtERβ with or without estrogen activation. This study char-
acterizes mtERβ improved the mitochondrial function, and enhance the
survival of endometriotic cells by preserving energetic usage and sa-
nitizing ROS insults leading to the pathogenesis of endometriosis.

2. Materials and methods

2.1. Clinical specimens

One hundred fifty clinical samples of defined adenomyosis (n= 44),
ovarian endometrioma (n=47), myoma (n= 37), and non-lesion
(n=22) were obtained from surgical patients undergoing laparotomic
hysterectomy at the Department of Gynecology and Obstetrics, Taipei
Medical University Hospital. This study was performed according to the
tenets of the Declaration of Helsinki for research involving human
subjects. All specimens were collected under the protocol immediately
after hysterectomy with approval of the Institutional Review Board of
Taipei Medical University Hospital.

2.2. Reagents

Unless otherwise specified, chemicals were purchased from Sigma-
Aldrich (Sigma, Tokyo, Japan), culture media and supplements were
obtained from Invitrogen (Carlsbad, CA, USA). MitoTracker Red, 4′,6-
diamidino-2-phenylindole (DAPI), 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetra-
ethylbenzimidazolo-carbocyanine iodide (JC-1), and MitoSOX™ Red
were obtained from Thermo Fisher Scientific (MA, USA). ER ligand,
17β-Estradiol (E2); ER antagonist, ICI 182780; and ERβ agonist,

diarylpropionitrile (DPN), were obtained from Tocris Bioscience
(Bristol, UK). The anti-ERβ, anti-β-actin, anti-mitochondrial transcrip-
tion factor A (TFAM) (Santa Cruz Biotechnology, St. Louis, MO, USA);
anti-COX-IV (Abnova, Pforzheim, Germany); anti-VDAC, anti-Bcl-2,
anti-cytochome c (BD Biosciences, NSW, Australia), anti-nuclear-de-
rived nuclear respiratory factor 1 (NRF-1), and anti-caspase 3 (Cell
Signaling Technology, Beverly, MA, USA) were purchased.

2.3. Cell culture and conditions

Human primary endometrial cells derived from clinical endometrial
samples were isolate and cultured in phenol red-free Dulbecco's
Modified Eagle's Medium/Nutrient F-12 Ham (DMEM/F12) medium
supplemented with 10% charcoal/dextran-treated fetal bovine serum
(FBS), 100 U/ml penicillin G sodium, and 100 μg/ml streptomycin
sulfate, in a cell incubator (5% CO2 at 37 °C). Cells were cultured in
phenol red-free DMEM/F12 medium without FBS for 24 h before re-
agent treatments or transfection.

2.4. PCR, real-time quantitative PCR (qPCR), and long range PCR

Real-time qPCR amplification was performed with Roche
LightCycler® System and LightCycler® FastStart DNA Masterplus SYBR
Green I (Roche Applied Science, Basel, Switzerland) according the
manufacturer's instructions. The primer sequences are listed below: ERβ
(ESR2)-qF, 5′-CTCTTTGAACCTGGACCAGTA-3’; ERβ (ESR2)-qR,
5′-TTCCCAGCAATGTCACTAACT-3’; E-Cadherin-qF, 5′-CCCGGGACAA
CGTTTATTAC-3’; E-Cadherin-qR, 5′-GCTGGCTCAAGTCAAAGTCC-3’;
N-Cadherin-qF, 5′-CACTGCTCAGGACCCAGAT-3’; N-Cadherin-qR, 5′-
TAAGCCGAGTGATGGTCC-3’; Vimentin-qF, 5′-GAGAACTTTGCCGTTG
AAGC-3’; Vimentin-qR, 5′-TCCAGCAGCTTCCTGTAGGT-3’; NRF-1-qF,
5′-TTGGAGAATGTGGTGCGTAAGT-3’; NRF-1-qR, 5′-GAGAGGCGGCA
GTTCTGAGT-3’; TFAM-qF, 5′-TTCCCTCCAACGCTGGGCAATT-3’;
TFAM-qR, 5′-GTGGTTTTCATCTGTCTTGGCAAG-3’; manganese super-
oxide dismutase (MnSOD, SOD2)-qF, 5′-GGTAGCACCAGCACTAGCAG-
3’; MnSOD (SOD2)-qR, 5′-CTGCAGTACTCTATACCACTACA-3’; β-actin-
qF, 5′-CCAACCGCGAGAAGATGA-3’; β-actin-qR, 5′-CCAGAGGCGTACA
GGGATAG-3’; L7901, 5′-TGAACCTACGAGTACACCGA-’3, and H16255,
5′-CTTTGGAGTTGCAGTTGATG-’3. Amplification efficiency for each
tested genes were normalized to β-actin.

2.5. Scratch assay

A scratch assay was used to measure migratory rates. Cells were
seeded with mitomycin C to inhibit proliferation and allow attaching,
spreading, and forming a confluent monolayer. A culture-insert was
used to generate a discrete area of the confluent monolayer to form a
cell-free zone into which cells at the edges of the wound can migrate.
Chemicals as 10 nM DPN or 1 μM oligomycin was added to the wells
and images of cell movement were captured at regular intervals within
a 48-h period for data analysis. The percentages of migratory area were
calculated in indicated cell treated with DPN, oligomycin and trans-
fected with ERβ-shRNA.

2.6. Determination of lipid peroxides by high-performance liquid
chromatography (HPLC)

The content of lipid peroxide was determined in the form of mal-
ondialdehyde (MDA) as thiobarbituric acid reactive substance (TBARS).
An aliquot of tissue lysates was mixed with 0.6 ml of 0.44M phosphoric
acid and 0.2 ml of a 42mM thiobarbituric acid solution then proceeded
at 95 °C for 1 h. The samples were then neutralized with 1 N NaOH in
methanol before the HPLC analysis using a C18 column (4.6× 250mm,
with a particle size of 5 μm, 200× 4.6mm, JT Baker, Phillipsburg, NJ)
on an HPLC system (Jasco, Easton, MD, USA) with a solvent system
composed of methanol and 50mM phosphate buffer (pH 6.8) (4:6, v/v)
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Fig. 1. High levels of ERβ mRNA with mesenchymal-like phenotypic changes were found in the endometriotic tissues. (A) The electrophoretograms and
quantification for the mRNA levels of E-cadherin, N-cadherin and vimentin in the non-lesion, myoma, adenomyosis, and ovarian endometrioma were performed by PCR
and real-time quantitative PCR (qPCR), respectively. The relative change of N-cadherin, E-cadherin and vimentin in different group was compared to the N-cadherin
expression level of non-lesion group. (B) The electrophoretograms and quantification for the mRNA levels of ERβ were shown. Enhanced expression of mesenchymal
markers (N-cadherin and vimentin) and ERβ were found in the endometriotic tissues. (C) Phase-contrast images of the cells established from myoma, adenomyosis, and
ovarian endometrioma were presented. The endometriotic cells were variably treated with 10 nM estradiol (E2) or E2 with ER antagonist, ICI 182780 (ICI). The
morphology changes from epithelial-like to a mesenchymal-like phenotype in the endometriotic cells were compared with control cells. (D) Endometriotic cell
migration was assessed by the scratch assay. The percentages of wound area were normalized with the area at 0 h, and vary with the treatments. ER antagonist, ICI
182780 (ICI), blocked the estradiol-induced endometriotic cell migration. ER ligand, 17β-Estradiol (E2); ER antagonist, ICI 182780; and ERβ agonist, diarylpro-
pionitrile (DPN). The values represent the mean ± standard deviation (S.D.) from three independent experiments performed in duplicate. *, p < 0.05; **,
p < 0.01; unpaired t-test.
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at a flow rate of 1ml/min. The eluent was monitored with a fluores-
cence detector with the excitation wavelength at 525 nm and emission
wavelength at 550 nm.

2.7. Detection of 8-hydroxy-2′-deoxyguanosine (8-OHdG)

An aliquot of 100 μg of DNA was digested by incubation with 1 μl of
DNase I (20 units/μl) and 11 μl of a 0.1M MgCl2 solution at 37 °C for
30min. After adjusting the pH to 5.0 by adding 1M sodium acetate and

(caption on next page)
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0.1M ZnSO4. The DNA was hydrolyzed with 1.6 units of nuclease P1 at
65 °C for 10min, and then hydrolyzed by incubation with 5 units al-
kaline phosphatase for 30min at 37 °C. Processed DNA samples were
separated on a C18 column on an HPLC system (Jasco) connected in
series with an electrochemical detector (Bioanalytical Systems, West
Lafayette, IN, USA) and a UV detector set at 254 nm. Elution was per-
formed at a flow rate of 0.8ml/min for 40min, with the mobile phase
consisting of 12.5mM citric acid, 25mM sodium acetate, and 10mM
acetic acid containing 6% methanol (pH 5.8). The amount of 8-OHdG in
the DNA sample is expressed as a percentile relative to the amount of
the total dG.

2.8. Mitochondrial fractionation

Mitochondria were isolated from the human primary endometrial
cells and the human endometriotic tissues by using centrifuge method.
In brief, cells were suspended in 1ml isolation buffer (3 mM HEPES-
KOH (pH 7.2), 0.5 mM EGTA, 0.5mM EDTA, 250mM sucrose) plus
protease inhibitor cocktail. Cells were homogenized using a glass-on-
Teflon homogenizer on ice. Cell suspension were centrifuged twice at
800×g for 10min at 4 °C to remove cellular debris and nucleus, and the
supernatant was centrifuged at 10000×g for 15min at 4 °C to pellet
mitochondria. The pellets were crude mitochondrial fraction, and the
supernatant was defined as cytosolic fraction.

2.9. Western blotting

For western blotting, cells were collected and proteins were ex-
tracted by homogenization in lysis buffer (50mM Tris-HCl (pH 7.4),
15 mM NaCl, 1% PMSF, and 0.1% NP-40), and protease inhibitor
cocktail. Fifty micrograms of protein were loaded in SDS-poly-
acrylamide gels and transferred to PDVF membranes (Millipore, Merck
KGaA, Darmstadt, Germany). The membranes were saturated by 5%
nonfat milk in TBST, and blotted for molecules of interest with primary
antibodies overnight. Bound primary antibodies were detected using
appropriate horseradish peroxidase conjugated secondary antibodies
followed by detection with ECL™ (GE Healthcare Bioscience). Mean
densitometry data from independent experiments were quantified by
image analysis software (ImageJ, NIH, USA) and normalized to internal
loading control.

2.10. Plasmid transfection

Cells were transfected with pDsRed2-Mito (Clontech Laboratories,
Palo Alto, CA, USA), pMito-ERβ, (tERβ) (Plasmid 11352, Addgene,
Cambridge, MA, USA), shRNAs targeting ERβ (Academia Sinica, Taipei,
Taiwan) or with pcDNA3.1 (scramble shRNA) using Lipofectamine™
2000 (Invitrogen) following the manufacturer's protocol. The oligo se-
quence of ERβ-shRNA is CCTTAATTCTCCTTCCTCCTA. The pMito-ERβ
was created by inserting ERβ gene (source sequence: BC024181) into
pDsRed2-Mito by digestion with BamHI (NEB #R3136, New England
Biolabs GmbH, Frankfurt am Main, Germany).

2.11. Immunofluorescence imaging

To identify mitochondrial ERβ localization, triple staining of Dy488-
conjugated ERβ, MitoTracker Red (mitochondria-specific probe), and
DAPI (nuclear marker) were performed. In brief, cells were fixed in 4%
paraformaldehyde, permeabilized by 0.1% Triton X-100, saturated with
BSA for 1 h and processed for immunostaining with primary antibodies,
anti-ERβ. Cells were incubated with optimized Dy488-conjugated sec-
ondary antibodies (1:500, Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) followed by primary antibodies overnight. After
washing, cells were incubated with MitoTracker Red for 10min, and
mounted with Fluoromount-G™ (Thermo Fisher Scientific) and ex-
amined with confocal fluorescence microscope (TCS SP5; Leica
Microsystems CMS GmbH, Mannheim, Germany). Confocal fluorescent
images were captured using the Leica SP5 confocal microscope fitted
with an Apochromat 63×1.4 NA immersion objective with three lasers
(argon, 488 nm; helium/neon, 543 nm; diode, 405 nm).

2.12. Cellular ROS levels and mitochondrial membrane potential
measurement

JC-1 (Thermo Fisher Scientific), can be used as an indicator of mi-
tochondrial potential with emission at 529 nm for JC-1 monomer
(green) to 590 nm for JC-1 aggregate (red)) was used to determine
mitochondrial membrane potential (Δψm). MitoSOX™ Red (Ex/
Em=510/580 nm, Thermo Fisher Scientific) is a highly selective
fluorescent probe dye for mitochondrial superoxide (O2

−) detection.
Intracellular hydrogen peroxides were stained with CM-H2DCFDA
(DCFDA, Thermo Fisher Scientific) and measured using a 490–500 nm
wavelength for excitation and 525 nm for emission. Flow cytometric
analysis was performed on 10,000 viable cells with FACScan instrument
(BD Biosciences FACScan system).

2.13. Cellular ATP content

Absolute ATP contents of treated cells were assayed using the
ATPlite™ Luminescence Assay (PerkinElmer). The absolute value of ATP
was calculated from a standard curve generated for each individual
experiment using serial ATP standards (0 nM–10mM) and normalized
by cell numbers of each individual sample. ATP content was expressed
as pmole ATP per 104 cells or nmole ATP per mg protein.

2.14. Analysis of mitochondrial oxygen consumption

To investigate the impact of E2 and DPN treatment on cellular
metabolic flux activity, intact cellular respiration was detected by
Seahorse XF-24 Metabolic Flux assay (Seahorse Bioscience, Agilent,
Santa Clara, CA, USA). Oxygen consumption rates of human primary
endometriotic cells or mtsERβ overexpressing clones were performed
according to the manufacturer's instruction. Briefly, cells were seeded
into XF24 cell culture microplates (Seahorse Bioscience) at
40,000 cells/well and incubated at 37 °C and 5% CO2. Before mea-
surements were made, growth medium was replaced with assay

Fig. 2. Endometriotic lesions show increased accumulation of oxidative damages and mitochondrial DNA deletions. (A) The quantitative analysis of mal-
ondialdehyde (MDA) and (B) 8-hydroxy-2′-deoxyguanosine (8-OHdG) were carried out by HPLC-fluorometric detection and HPLC-electrochemical detection to
represent oxidative damages on lipid and DNA, respectively. Increased levels of oxidative damages were found in the endometriotic tissues, and a reduction in the
ovarian endometriotic tissues from the patients who received GnRH agonist therapy (GnRHa (+)) prior to surgical extraction. (C) Agarose gel electrophoretogram for
the multiple mitochondrial DNA (mtDNA) deletions in various human tissues by the long range PCR was shown. Using primer-pair L7901-H16255, three major types
of PCR products were generated. The 8355 bp fragment was produced from the wild-type mtDNA, the 3378 bp fragment was from 4977 bp deleted mtDNA, and the
2599 bp fragment was from the 5756 bp deleted mtDNA. (D) A scheme illustrating the occurrence of 5756 bp deletion. DNA sequence in light strand of mtDNA
showing the junction site of the 5′-end of the fusion transcript of the 5756 bp deleted mtDNA in human ovarian endometrioma. It revealed a three nucleotide direct
repeat (5′-CTT-3′) located at the junction site at nucleotide position (np) 8062–8064 or np 13819–13821 (5′ to 3′) on the light strand DNA. (E) Comparison of the
levels of lipid peroxide and (F) 8-OHdG in the endometriotic tissues with or without mtDNA deletion was performed. “Deletion (+)” indicated the endometriotic
tissues harboring 4977 bp deleted mtDNA or 5756 bp deleted mtDNA. The values represent the mean ± S.D. from three independent experiments performed in
duplicate. *, p < 0.05; **, p < 0.01. ***, p < 0.001 by unpaired t-test.

T.-L. Liao et al. Free Radical Biology and Medicine 134 (2019) 359–373

363



medium (phenol red-free and serum-free DMEM/F12 medium without
sodium bicarbonate). Oxygen consumption rates (OCR) values are
normalized to mg/protein. Baseline measurements were recorded be-
fore differential additions of 1, 5, 10 μM ICI 182780, or 1 μM oligo-
mycin.

2.15. Mitochondrial DNA immunoprecipitation (MTDIP)

To detect possible interactions between mtDNA and ERβ, hormone-
deprived cells were obtained from the mitochondrial fractionation.
MTDIP procedures were performed according to Achanta group [25].
Mitochondria were isolated and cross-linked, then subjected to

(caption on next page)
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immunoprecipitation (IP) with anti-ERβ antibody (H-150, Santa Cruz
Biotechnology). Precipitated DNA was extracted from im-
munoprecipitation by Qiagen PCR purification kit. Primers, L258-H640
or L15997-H640 for MTDIP-PCR validation of mitochondrial D-loop
region for ERβ prospective binding site were the following: L258,
5′-CAGCCACTTTCCACACAGAC-3′, L15997, 5′-CACCATTAGCACCCAA
AGCT-3′ and H640, 5′-GGGGTGATGTGAGCCCGTCT-3’. The clinical
tissue results were calculated as follows: values obtained from ERβ-
precipitated mtDNA were divided by values obtained from mtDNA
input, and the ratio normalized with myoma average levels.

2.16. Immunoprecipitation

For immunoprecipitation, cells were lysed in buffer A containing
50mM Tris·HCl pH 7.6, 150mM NaCl, 0.5% NP-40, 1% sodium deox-
ycholate and protease inhibitor cocktail. Cell lysates were pre-cleared
with protein G magnetic beads (GE Healthcare Bioscience, Malmö,
Sweden) for 30min. The supernatants were incubated with primary
antibody overnight at 4 °C. Then protein G magnetic beads were added
and the mixture was further incubated for 2 h at 4 °C. The beads with
bound proteins were washed for 6 times with lysis buffer and then
boiled in 2X SDS sample buffer, then the resultant samples were de-
tected by Western blotting.

2.17. Annexin V/propidium iodide (PI) assay

Apoptotic cells were identified by staining with Annexin V-FITC
conjugate using the TACS™ AnnexinV-FITC apoptosis detection kit (R&
D Systems, Minneapolis, MN). Aliquot of 1× 105 cells were collected,
washed, and incubated with 100 μl of binding buffer containing 1 μl of
Annexin V-FITC and 10 μg/ml PI for 15min, after which, 400 μl binding
buffer was added. Minimum of 2× 104 cells were analyzed by flow
cytometry as described above. Cells that stained neither with PI nor
with Annexin V were considered viable cells.

2.18. Statistical analysis

Data represent mean ± standard deviation (S.D.) of at least three
independent experiments. Statistical significance was assessed by two-
tailed unpaired Student's-t test. Asterisk(s) indicate significance, *,
p ≤ 0.05; **, p ≤ 0.01; ***, p≤ 0.001. The significance was calculated
by inter-group and intra-group comparison.

3. Results

3.1. ERβ level is increased in the endometriotic tissues

We determined the mRNA levels of epithelial (E-cadherin) and me-
senchymal (N-cadherin and vimentin) marker genes in the endometriotic
tissues for observing the metaplasia properties. The relative change of
N-cadherin, E-cadherin and vimentin in different group was compared to
the N-cadherin expression level of non-lesion group. Comparing with

non-lesion, a significant decrease of E-cadherin and a significant in-
crease of N-cadherin and vimentin mRNA was detected in the tissues of
adenomyosis and ovarian endometrioma (p < 0.05) (Fig. 1A). We
measured the mRNA levels of ERβ in the endometriotic lesions among
patients with endometriosis. Comparing with myoma, a 7.6-fold and
9.3-fold increase of ERβ mRNA was detected in the tissues of adeno-
myosis and ovarian endometrioma (p < 0.05) (Fig. 1B). Further to
investigate whether ligand-mediated ERβ stimulate endometriotic cell
migration, we isolated the primary cells from the dissociated en-
dometriotic tissues and variously treated with E2, DPN (the highly se-
lective agonist of ERβ), or ICI 182780 (ER antagonist). More me-
senchymal-like morphology and higher migration capacity was
observed in the estradiol-primed endometriotic cells (Fig. 1C and D).
We further found that the ICI 182780, which interferes with ligand
binding to ERα and ERβ, mitigated the estradiol-induced mesenchymal-
like morphological changes and endometriotic cell migration (Fig. 1C
and D).

3.2. Endometriotic lesions show increased accumulation of oxidative
damages and mitochondrial DNA deletions

To examine whether the oxidative damages accumulated in en-
dometriotic lesions, we analyzed the formation of lipid peroxides and 8-
OHdG. MDA is a byproduct of lipid oxidation by ROS, and this aldehyde
reacts readily with protein or DNA forming MDA-protein or MDA-DNA
adducts which are considered highly toxic. Lipid peroxidation in en-
dometriotic tissues was assessed by quantifying MDA. The highest le-
vels of lipid peroxidation were found in the ovarian endometrioma
tissues (Fig. 2A). The oxidative damage to genomic DNA of en-
dometriotic tissues were investigated by measuring 8-OHdG, one of the
base modifications by ROS (Fig. 2B). A statistical significantly higher
levels of MDA and 8-OHdG were found in the patients with en-
dometriosis, whereas reduction of oxidative damages on the lipid and
DNA whom received the GnRHa therapy for 3 months (Fig. 2A and B). It
implies that oxidative damages are contributing to the progression of
endometriosis.

ROS overproduction is believed to be the important cause of mtDNA
mutations. We further measured the occurrence of mtDNA deletions in
the endometriotic tissues by long range PCR. Using primer-pair L7901-
H16255, three major types of PCR products were obtained. The 8355 bp
fragment was produced from the wild-type mtDNA, the 3378 bp frag-
ment was from 4977 bp deleted mtDNA, and the 2599 bp fragment was
from the 5756 bp deleted mtDNA (Fig. 2C). DNA sequencing revealed a
three nucleotide direct repeat (5′-CTT-3′) located at the junction site at
np 8062–8064 (5′ to 3′) or np 13819–13821 (5′ to 3′) on the light strand
DNA of the 5756 bp deleted mtDNA (Fig. 2D). Moreover, the higher
levels of MDA and 8-OHdG were found in the endometriotic tissues
harbored mtDNA 4977 bp deletion or the 5756 bp deletion (Fig. 2E and
F).

Fig. 3. ERβ ligand and metabolic stress recruit ERβ into mitochondria. (A) Representative western blots of ERβ in the whole tissue extracts and mitochondrial
extracts of the endometriotic tissues were shown. Greater ERβ levels were detected in the mitochondria of the human endometriotic tissues. Cytochrome c oxidase
subunit IV (COX IV) was used as the mitochondrial marker, and β-actin, as the cellular and cytosolic marker. (B) Quantitative representations of ERβ distribution in
whole tissue and mitochondrial extracts relative to the respective controls were shown. (C) Western blot analysis of ERβ in the following cellular fractions of human
endometriotic cells: whole cell extracts, cytosolic extracts and mitochondrial extracts were performed. E2 and DPN markedly enhanced mitochondrial accumulation
of ERβ. (D) Western blots of ERβ in the mitochondrial extracts were presented. Higher levels of mtERβ found upon oligomycin treatment without ligand activation.
ICI 182780 (ICI) blocked the recruitment of ERβ to mitochondria. (E) Immunofluorescent images of for ERβ (Dy488 conjugated anti-ERβ, green) with mitochondria
(MitoTracker Red, red) were visualized in the endometriotic cells treated with or without DPN (ERβ agonist). Scale bar, 25 μm. (F) The mitochondrial oxygen
consumption was assessed using Seahorse XF24 Metabolic Flux Analyzer. Data was represented by time courses of the oxygen consumption rate (OCR) under ER
antagonist (ICI 182780) or oligomycin treatment. (G) Adenosine triphosphate (ATP) content was measured by ATPlite Luminescence Assay System ICI 182780
inhibited oxygen consumption and ATP synthesis in a dose-dependent manner. The values represent the mean ± S.D. from three independent experiments per-
formed in duplicate. *, p < 0.05; **, p < 0.01 by unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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3.3. ERβ ligand and metabolic stress recruit ERβ into mitochondria to
increase mitochondrial bioenergetics

To test whether ERβ accumulated in a new subcellular pool, mi-
tochondria, we isolated the mitochondrial fraction from the human
ectopic endometriotic tissues. Through western blotting, we showed the

enhanced levels of mitochondrial ERβ (mtERβ) in different types of
endometriotic tissues (adenomyosis and ovarian endometrioma) com-
pared with uterine myoma or non-lesion controls (Fig. 3A). The levels
of mtERβ in the endometriotic tissues were significantly higher than the
comparative controls (Fig. 3B). To investigate whether ligand-mediated
ERβ activation required for mitochondrial translocation of ERβ, human

(caption on next page)
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primary endometriotic cells were variously treated with E2 and DPN. A
greater than two-fold increase of mtERβ was found in with 10 nM E2 or
10 nM DPN treatment compared with untreated control, with marked
changes in total ERβ of whole cell extract (Fig. 3C).

We further found that endogenous ERβ was recruited to the mi-
tochondria upon oligomycin treatment without ligand activation
(Fig. 3D). However, the oligomycin-intensified mitochondrial translo-
cation of ERβ was additionally enhanced by co-treatment with DPN.
This finding suggests that the ERβ translocation into mitochondria was
responded to ATP dissipation. In contrast, ICI182780, which interferes
with ligand binding to ERβ, attenuated ERβ mitochondrial transloca-
tion, and this effect was not reversed by the later addition of DPN. Thus,
the mitochondrial translocation of ERβ was enhanced via ERβ-ligand
interaction or mitochondrial stress. Observation of primary en-
dometrium cells stained with MitoTracker Red for mitochondria and
immunostained with Dy488 conjugated anti-ERβ, we revealed a major
fraction of ERβ with ERβ agonist (DPN) treatment in the mitochondria
(Fig. 3E). Thus, both ER ligand and ERβ agonist can facilitate the
translocation of ERβ into mitochondria.

To further evaluate the bioenergetic alterations subsequent to ER
antagonist treatment, we used the Seahorse XF-24 Analyzer to assess
mitochondrial oxygen consumption rate (OCR). As shown in Fig. 3F,
comparing ICI 182780 with oligomycin in the primary endometriotic
cells, the demonstrated dose-response reduction in OCR with ICI
182780 suggested that the ER antagonist might be a potential respira-
tion inhibitor. Additionally, a dose-depend decline of ATP content with
ICI 182780 treatment were represented (Fig. 3G). The induced mi-
tochondrial translocation of ERβ by mitochondrial metabolic stress
renders ERβ in response to the mitochondrial bioenergetics.

3.4. MtERβ involves in the maintenance of mitochondrial function

To investigate whether the effects of mtERβ on mitochondria via
ligand-dependent or independent activation, we established a cell
model for the direct trafficking of ERβ to the mitochondria.
Endometriotic cells were established overexpressing ERβ with a mi-
tochondrial targeting sequence (mts) based on pDsRed2-Mito vector
(mtsERβ). Similarly, cells cloned with pRST-ERβ overexpressed total
ERβ (tERβ) (Fig. 4A). The immunoblotting results showed that ERβ was
localized to the mitochondria in mtsERβ and tERβ clones. Significantly,
mtsERβ clones presented predominant mitochondrial localization of
ERβ without exogenous ligand activation (Fig. 4A).

To understand how mtERβ affects mitochondrial function, we
monitored Δψm and ATP content in the mtERβ overexpressing and
knockdown clones. The knockdown efficiency of ERβ with short hairpin
RNA (shRNA) by western blotting was shown in Fig. 4B. ERβ-specific
shRNA constructs efficiently knocked down ERβ expression in mtsERβ
and tERβ clones. Among the three clones without exogenous ligands,
mtsERβ and tERβ clones had significantly higher Δψm (Fig. 4C). E2 and
DPN significantly enhanced Δψm in all clones; in contrast, ER antago-
nists and knockdown of ERβ significantly reduced Δψm. Additionally,
we quantified the alteration of ATP content with treatment in E2, DPN,
ICI 182780 and ERβ knockdowns. E2 and DPN treatments significantly

increased ATP generation, and these were dependent upon ERβ, as
demonstrated by ICI 182780 and ERβ knockdown (Fig. 4D). To further
evaluate the bioenergetic alterations subsequent to mtERβ transloca-
tion, we used the Seahorse XF-24 Analyzer to monitor cellular re-
spiration profiles of ERβ-overexpressing clones. Strikingly, an increase
in basal respiration, reserved respiratory capacity and proton produc-
tion rate, and a decrease in proton leak were observed in mtsERβ clones
(Fig. 4E and Supplementary Fig. 1). The knockdown of ERβ sig-
nificantly attenuated Δψm, ATP generation, and mitochondrial re-
spiration without exogenous ligands, thereby recapitulating the ligand-
independent ERβ effect on mitochondrial functions.

In addition to understand whether the enhanced energy production
contribute to promoting endometriotic cell migration, we examined the
cell migratory ability of the differential ERβ clones by scratch assay.
Representative images of cell migration were shown for vector-only,
mtsERβ and tERβ clones in Fig. 4F. The mtsERβ and tERβ clone ex-
hibited higher migration ability in ligand-independent and ligand-de-
pend manner. The migration area was measured after 48-h treatment
with 10 nM DPN or 1 μM oligomycin, or transfected with scramble or
ERβ-shRNA. A specific inhibitor of ATP synthase, oligomycin, sig-
nificantly inhibited the migration of the three clones. The specific
knockdown of ERβ by ERβ-shRNA modestly reduced the migration area
in the tERβ clone compared to oligomycin (Fig. 4G). The inhibition of
ATP production prohibited endometriotic cell migration implicated the
relations among mitochondria, ERβ, and endometriosis.

3.5. MtERβ integrates mtDNA replication and transcription to induce
mitochondrial biogenesis

To address whether ERβ-mediated induction of mtDNA-encoded
mitochondrial respiratory complex (MRC) proteins without ligand ac-
tivation, we found a remarkable increase in mitochondria-encoded
MRC Complex IV proteins in the mtsERβ clones. Knockdown of ERβ
significantly diminished the synthesis of mtDNA-encoded complex IV in
mtsERβ clones compared with scramble shRNA controls (Fig. 5A). The
mtsERβ clones also exhibited a higher amount of mitochondrial tran-
scribed mt-CO1 (Complex IV subunit 1) and mt-ATP6 (Complex V sub-
unit 6), which is indicative of an increase in mitochondrial transcription
(Fig. 5B). Therefore, mtERβ was directly responsible for the synthesis of
mtDNA-encoded MRC complex IV, independent of ligand activation.

To further understand whether ERβ regulates mtDNA gene expres-
sion via upregulation of NRF-1, which regulates TFAM, we observed the
increased NRF-1 and TFAM transcripts and protein levels in mtsERβ and
tERβ clones, whereas the ERβ knockdown decreased NRF-1 and TFAM
transcripts and protein levels (Fig. 5C). In mitochondria, mtDNA D-loop
region has partial sequence similarity with estrogen response element
(ERE), suggesting the possibility of direct binding by mtERβ to mtDNA
to regulate mitochondrial gene expression. We showed an increased
interaction between mtERβ and mtDNA D-loop region at nucleotide
position (n.p.) 15997 and n.p. 640 in the mtsERβ clone and the en-
dometriotic tissues using mitochondrial DNA immunoprecipitation
(MTDIP) assay (Fig. 5D and E). The lack of mtDNA PCR fragments in
nonspecific IgG samples demonstrated the high specificity of

Fig. 4. Overexpression of mitochondrial-targeting ERβ enhanced mitochondrial bioenergetics and contributed to endometriotic cell migration. (A) The
electrophoretograms and western blots of ERβ in control vector (vector), mitochondrial specific ERβ-overexpressing (mtsERβ) and total ERβ-overexpressing (tERβ)
cells were presented. The mtsERβ clone displayed the specific mitochondrial localization of ERβ. COX IV was used as the mitochondrial marker, and β-actin, as the
cellular and cytosolic marker. (B) The knockdown efficiency of ERβ with short hairpin RNA (shRNA) by western blotting was demonstrated. (C) The effect of ICI
182780 and ERβ-shRNA on the mitochondrial membrane potential of the vector, mtsERβ and tERβ clones were stained with JC-1 and assessed using flow cytometry.
(D) The effect of ICI 182780 and ERβ-shRNA on the ATP generation was measured by ATPlite Luminescence Assay System. ICI 182780 and ERβ-shRNA dissipated
mitochondrial membrane potential and ATP synthesis. (E) The oxygen consumption rate (OCR) of the ERβ-overexpressing or ERβ-deficient clones were assessed by
the sequential addition of 1 μM oligomycin, 1 μM CCCP, and 3 μM rotenone using Seahorse XF24 Metabolic Flux Analyzer. (F) Representative images of cell migration
by scratch assay were shown for vector, mtsERβ and tERβ clones. The mtsERβ and tERβ clone exhibited higher migration ability. (G) The percentages of wound area
were normalized with the area at 0 h, and vary with the treatments. Oligomycin and ERβ-shRNA inhibited the cell migration of the three clones. The values represent
the mean ± S.D. of at least three independent experiments performed in duplicate. *, p < 0.05; **, p < 0.01; ***, p < 0.005 vs. control group or intergroup
vector cell.
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immunoprecipitation by ERβ. The mtsERβ clone exhibited a greater
ERβ-mtDNA interaction compared to the tERβ clone (Fig. 5D and E).
Adenomyosis and ovarian endometrioma without GnRHa therapy ex-
hibited greater ERβ-mtDNA interaction than in myoma, as quantified
by real-time qPCR. GnRHa therapy reduced this interaction (Fig. 5E).

Concurrently, we found a notable increase in mtDNA content (copy

number) for both mtsERβ and tERβ clones by real-time qPCR (Fig. 5F).
Knocking down ERβ in these clones significantly mitigated the mtDNA
levels of both clones, indicating that ERβ involves in mtDNA replica-
tion. Consistently, the mtDNA content was elevated in the ovarian en-
dometrioma samples and declined in patients who received GnRHa
therapy for 3 months (Fig. 5G). GnRHa therapy suppressed estrogen

(caption on next page)
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production, implying that mtDNA replication could be regulated by
estrogen level. To further understand the regulation of mtERβ on
mtDNA replication, we investigated the interactions between mtERβ
and polymerase γ (POLG). POLG is essential and specific for mtDNA
replication. We found that both mtsERβ and tERβ clones exhibited re-
latively higher mtERβ-POLG co-immunoprecipitation compared with
vector clone (Fig. 5H). Thus, we propose that the increased interactions
between ERβ-POLG and ERβ-mtDNA lead to upregulation of mtDNA
gene replication.

3.6. MtsERβ enhance the survival of endometriotic cells by sanitizing ROS
insults

It is known that elevated mitochondrial respiration and higher
proton production concurrently exacerbates mitochondrial ROS gen-
eration. The mitochondrial superoxide (O2

·-) and intracellular hydrogen
peroxide in vector-only, mtsERβ and tERβ clones with and without DPN
were determined. The mtsERβ and tERβ clones exhibited lower super-
oxide production in mitochondria (Fig. 6A). DPN treatment further
attenuated ROS generation in the three clones (Fig. 6B). We further
examined whether the lower ROS levels in the mtsERβ clone might be
partly due to the induction of ROS scavenger enzymes. MnSOD, a mi-
tochondrial-matrix-localized redox enzyme, is the major ROS scavenger
within mitochondria. ERβ-induced MnSOD elevation was further con-
firmed by ERβ knockdown which markedly diminished the MnSOD
transcript level in mtsERβ and tERβ clones (Fig. 6C and D). Thus, ERβ
regulates MnSOD expression and the scavenging of superoxide by
MnSOD may alleviate ROS stress, thereby enhancing the resistance to
ROS-induced cell death.

In addition to realize the mitochondrial roles in energy generation
and oxidative stress response signaling, mitochondria are the focal
points of key events in cell apoptosis. Therefore, we addressed whether
mtERβ protected cells from ROS-induced cell death. The proportion of
non-apoptotic cells (PI negative and AV negative) for the three clones
treated with 10 nM, 100 nM and 200 nMH2O2 were determined by
Annexin V-PI assay (Fig. 7A and B). Vector-only clone showed higher
proportion of cell apoptosis, augmented cytochrome c release from
mitochondria to cytosol, and increased caspase-3 activation compared
to mtsERβ and tERβ clones after exposure to 100 nMH2O2 (Fig. 7B, C,
and D). As expected, the mtsERβ and tERβ clones were more resistant to
ROS-induced apoptosis compared to vector-only clone. Moreover,
under resting conditions, mtsERβ and tERβ clones exhibited higher
levels of anti-apoptotic protein Bcl-2 (Fig. 7D). These results suggest
that ERβ increases intracellular Bcl-2, thereby rescuing cells from oxi-
dative stress-induced mitochondrial apoptosis signaling pathway.

4. Discussion

Endometriosis is regarded as a premenopausal disease. High levels

of ERβ in endometriosis are considered to play an aggravated role in the
pathogenesis of endometriosis. Natural and iatrogenic menopause re-
solves the disease progression due to the lower levels of estrogen. In
addition, the weaker ERβ expression than ERα expression has been
documented in the atrophic and inactive post-menopausal en-
dometrium [26]. However, the recurrence of endometriosis in the post-
menopausal women with hyperestrogenemia was noted [27].

In line with our observations, the elevated ERβ level exhibited in the
mitochondrial localization of endometriotic tissues. The ERβ antago-
nist, ERβ shRNA, and oligomycin-induced dissipation of ATP inhibited
endometriotic cell migration implicated the relations among mi-
tochondria, ERβ, and endometriosis. Our findings provide the first
evidence that ERβ accumulates in the mitochondria of clinical en-
dometriotic tissues, through ligand activation (estradiol or DPN) or
through specific mitochondrial respiratory inhibitor (oligomycin). This
study characterizes that mtERβ improves the mitochondrial bioener-
getics, and induces direct interaction among mtERβ, mtDNA, and POLG
leading to reinforcing mitochondrial gene expression. The specific
overexpression of mtsERβ and tERβ strengthen anti-apoptotic potential
by reducing ROS through induction of MnSOD and Bcl-2 expression.
Thus, mtERβ is proposed to have cell-protective effects by maintaining
mitochondrial function and sanitizing the oxidative damages to facil-
itate ectopic endometriotic cell survival.

Endometriosis is believed to increase the risk of developing ovarian
cancer [3,28] and endometrial cancer [2]. The ovarian endometrioma
was associated with a 2.6 fold increased risk for ovarian cancer [28].
These investigations support the hypothesis that ERβ may function as a
tumor suppressor in carcinogenesis. However, there are increased evi-
dences showed that the extraordinarily higher level of ERβ and sig-
nificantly lower level of ERα in the endometriotic stromal cells
[29–32]. Overexpressed ERβ in endometriosis has been depicted to
represent the broad effects on endometriotic cells, such as facilitating
cell cycle progression and proliferation, inducing cyclooxygenase 2
expression and prostaglandin biosynthesis, and failure to induce pro-
gesterone receptor expression response to estradiol stimulation [12,30].

The high level of ERβ in various diseases are responsible for a wide
variety of vital cellular processes including in cellular metabolism and
mitochondrial bioenergetics affecting cellular proliferation and apop-
totic potential [19]. Both nuclear and cytoplasmic distributions of ERβ
have been identified to promote ectopic lesion survival. The nuclear-
localized ERβ exhibits the transcriptional activation of the serum and
glucocorticoid-regulated kinase to inhibit cell apoptosis [33], and cy-
toplasmic ERβ blocks TNF-α-induced cell apoptosis [34]. Our data
show that ERβ translocation into mitochondria is beneficial for es-
trogen-dependent growth of endometriotic cells that may be involved in
the development of endometriosis. The ectopic endometriotic deposits
adopt proliferative and apoptosis-resistant phenotypes that have sur-
vival advantages at ectopic sites and gives rise to further endometriotic
deposits to maintain the disease progression. The ectopic endometriotic

Fig. 5. MtERβ integrates mtDNA replication and transcription to induce mitochondrial biogenesis. (A) Antibody cocktail (MS604) against mitochondrial
complexes was used to examine the expression profiles of mitochondrial respiratory complexes. Five distinct bands were represented as Complex I subunit NDUFB8
(∼20 kD), Complex II subunit FeS (30 kD), Complex III subunit Core 2 (∼47 kD), Complex IV subunit I (∼39 kD), and ATP synthase subunit alpha (53 kD) in the
immunoblot. The mitochondria-encoded respiratory complex IV proteins was increased in the mtsERβ clones, and decreased by ERβ-shRNA. (B) The levels of
mitochondria-encoded gene transcripts, mt-CO1 and mt-ATP6 transcripts, were determined by real-time qPCR. (C) The transcript levels and protein levels of mtDNA
transcription factors, nuclear-derived nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM), were analyzed by real-time qPCR and
western blot, respectively. (D) The electrophoretograms represented that mtERβ binds to the mtDNA D-loop region, as assayed by mtDNA immunoprecipitation
(MTDIP)-PCR assay using primer pairs L258-H640 and L15997-H640. The interaction between mtERβ and the mtDNA D-loop region was determined in the mi-
tochondrial extracts of vector, mtsERβ and tERβ clones. The following fractions were tested for mtDNA: ERβ-IP, immunoprecipitation with anti-ERβ antibody; Bead-
IP, immunoprecipitation with bead-conjugated IgG; and mtDNA, total mtDNA before immunoprecipitation, which served as an input control. (E) The interaction
between mtERβ and mtDNA of the endometriotic tissues was performed using MTDIP-PCR assay. Ovarian endometriotic tissues were categorized into patients who
received (+) or did not receive (−) GnRH agonist (GnRHa) therapy prior to surgical extraction. (F) The mtDNA copy number was determined by real-time qPCR in
the vector, mtsERβ and tERβ clones. (G) The mtDNA copy number was measured in the human endometriotic tissues. (H) The mitochondrial fractions were
immunoprecipitated with anti-ERβ antibody or anti-polymerase γ (POLG) antibody and then western blotted against both POLG and ERβ; the results indicate the
specific presence of ERβ interacting with POLG within mitochondria. All of the values are expressed as the means ± S.D. from three independent experiments
performed in duplicate. *, p < 0.05; **, p < 0.01; ***, p < 0.005; unpaired t-test.
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Fig. 6. MtERβ reduced ROS generation and enhanced MnSOD expression. The fluoroprobes, (A) MitoSOX Red and (B) H2DCFDA, were introduced for the
selective detection of mitochondrial superoxide and cellular hydrogen peroxide, respectively. Histograms and mean fluorescent intensity (MFI) of MitoSOX Red and
H2DCFDA were analyzed in the vector, mtsERβ and tERβ clones. MtsERβ and tERβ clones. (C) Representative electrophoretograms of MnSOD and ERβ transcripts
were shown. A time-dependent increase in MnSOD transcript levels in ERβ agonist (DPN) treatment was detected by real-time qPCR. (D) The level of MnSOD
transcripts was enhanced in mtsERβ and tERβ clones, but diminished by ERβ-shRNA, as assessed by real-time qPCR. The values represent the mean ± S.D. from
three independent experiments performed in duplicate. *, p < 0.05; **, p < 0.01 by unpaired t-test. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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deposits induce inflammatory responses and local estrogen over-
production. It also points to the possibility that the ectopic niche may
further promote ERβ translocation into the mitochondria to govern
mitochondrial integrity, inhibit cell apoptosis, and contribute to the
development and progression of endometriosis.

MtERβ is presumed to proceed the estrogen-induced signaling
pathway within mitochondria to affect mitochondrial DNA transcrip-
tion [15,19], and was demonstrated to interact with mitochondrial
respiratory complex V and to enhance mitochondrial respiratory com-
plex IV activity [35,36], suggesting a relationship between mtERβ and
ATP generation. To understand the effect of mitochondrial targeted
ERβ, we engineered a cell model for the direct trafficking of ERβ to the
mitochondria. In our observation, mtsERβ clone shows higher ATP
production and mitochondrial membrane potential. ERβ antagonist (ICI
182780) and ERβ-shRNA collapses Δψm and dissipates ATP synthesis
and mitochondrial oxygen consumption. These findings suggest a pi-
votal role for mtERβ as a mitochondrial metabolic regulator. The direct
regulation by mtERβ of mtDNA transcription may occur through a di-
rect interaction with mtDNA D-loop region. In addition to this direct
interaction, the mtERβ-induced mitochondrial retrograde signaling
pathway is assumed to induce NRF-1 and TFAM expression, which binds
to mtDNA D-loop region to further activate mtDNA expression.

Furthermore, increased mtDNA copy number in endometriotic tissues
might be due to synergistic compensation in response to mitochondrial
energy deficits or the accumulation of mtDNA mutations. Previously,
the increased pathogenic mtDNA mutations were discovered in the
patients with endometriosis or type I endometrial carcinoma (EC)
[23,37]. The occurrence of mtDNA mutations was positively correlated
with mtDNA copy number in the EC tumor tissues. The synergistic
compensation theory has been proposed in the development of en-
dometrial adenocarcinoma cells [37].

Our work shows that oligomycin induces ERβ translocation into the
mitochondria without prior activation by an exogenous ligand in
mtsERβ clone. Additionally, mtsERβ clone exhibits a higher respiratory
capacity and higher expression level of genes affecting ATP synthesis
than parental cells to alleviate oligomycin-mediated mitochondrial
dysfunction. Furthermore, the inhibition of ATP production by oligo-
mycin or ERβ shRNA prohibited endometriotic cell migration. Recent
study demonstrated that the anterior localization of mitochondria in
moving epithelial cancer cells is account for highly migratory pheno-
type [38]. The ATP generation, ROS production, and mitochondrial
calcium signaling is further proposed to be the important regulators for
cell migration [39]. Given the importance of mtERβ in regulating mi-
tochondrial bioenergetics responding to energy demand, mtERβ might

Fig. 7. MtERβ enhance the survival of endometriotic cells by sanitizing ROS insults. (A) Effect of hydrogen peroxide on the vector, mtsERβ and tERβ clones
were measured with Annexin V-FITC (green signal) and DAPI (blue signal) staining. The scatter plots of AV-FITC and PI were shown. (B) Percentage of non-apoptotic
cells (AV-FITC−/PI−) was obtained using flow cytometry. A dose-dependent reduction of AV-FITC/PI (−/−) in the control vector clones was found that exposure
to 0, 10, 100, or 200 nMH2O2. The substantial cell death induced by H2O2 was significantly reduced in the ERβ-overexpressing cells. The values represent the
mean ± S.D. of at least three independent experiments performed in duplicate. **, p < 0.01; ***, p < 0.005. (C) Representative western blots showing the protein
level of cytochrome c in the mitochondrial extracts and cytosolic extracts of the three indicated clones with or without 100 nMH2O2 treatment. (D) Western blot
analysis of caspase-3 and Bcl-2 in the indicated clones that exposure to 0, 10, or 100 nMH2O2 was performed. The cytochrome c releasing from mitochondria to
cytosol and proteolytic activation of caspase 3 induced by H2O2 was significantly reduced in the ERβ-overexpressing cells.
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contribute to potentiate endometriotic cell migration and disease pro-
gression.

Oxidative stress is clearly related to the progression of en-
dometriosis and is considered to destruct the peritoneal mesothelium
leading to adhesions for ectopic endometrial cells [40]. Best known for
the leakage of electrons from electron transfer chain, mitochondria is
the major site of ROS generation. The present results showed that the
significantly higher levels of MDA and 8-OHdG were detected in en-
dometriotic lesions than in controlled non-lesion endometrium. Ad-
ditionally, the occurrence of mtDNA mutations was positively asso-
ciated with the levels of MDA and 8-OHdG. Previous studies have
reported that E2 or ERβ-selective agonist drives the upregulation of
MnSOD activity and MnSOD gene expression [41–43]. To test whether
ERβ modulate the ROS scavenging system, we fond that ERβ-selective
agonist, mtsERβ clone, or tERβ clone induces MnSOD gene expression.
It is conceivable that the enhanced MnSOD expression of mtsERβ clone
decrease ROS levels and increase the survival of endometriotic cells
against ROS insult. Additionally, ERβ has been found to exhibit non-
genomic action for anti-apoptosis. Several studies represent the mole-
cular details of ERβ-mediated anti-apoptosis, including interacting with
apoptosis signal-regulating kinase 1 to disrupt tumor necrosis factor α
(TNFα)-induced apoptosome formation in ectopic lesions [8,34].
Moreover, ERβ interacts with Bad, within mitochondria, to inhibit Bad-
Bcl-XL complex formation to promote ectopic cell survival [44]. Here,
we found that mtsERβ overexpression afforded an increase of Bcl-2
protein levels. Combined with our results, these findings imply that
mtERβ either maintains or protects mitochondrial function to reduce
the susceptibility of cells to oxidative stress or metabolic stress.

In conclusion, our results show for the first time that mtERβ may
play an adaptive role in the context of the development of en-
dometriosis along with intensified mitochondrial function. MtERβ is
responsible for the specific molecular and histological findings of en-
dometriosis. With our increasing understanding of mtERβ in restoration
of mitochondrial bioenergetics, a more comprehensive model of mi-
tochondrial genetics and biogenesis should soon emerge; this model, in
turn, will contribute to the development of new approaches to maintain
healthy mitochondria. The ERβ-selective estrogen receptor modulator
may serve as novel therapeutics strategies of endometriosis in the fu-
ture.
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