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Abstract
Background: Endometriosis is an estrogen-dependent inflammatory reproductive disease. Therefore, systematic
estrogen depletion and anti-inflammatory drugs are the current treatment for endometriosis. However, current endometriosis treatments have low efficacy and cause adverse effects in endometriosis patients. Consequently, alternative
endometriosis treatments targeting endometriosis-specific factors are in demand. In this context, ERβ was selected as
a druggable target for endometriosis due to its critical role in progression. Therefore, selective targeting of ERβ without inhibiting ERα activity would be a new paradigm for endometriosis treatment to overcome the low efficacy and
adverse effects of hormonal endometriosis therapy.
Methods: Cell-based ERβ and ERα activity assay systems were employed to define a selective ERβ-inhibiting chemical product from a library of natural products. A surgically induced endometriosis mouse model was used to determine whether an ERβ inhibitory drug suppressed endometriosis progression. Mice with endometriosis were randomly
separated and then orally treated with vehicle or 25 mg/kg oleuropein (once a day for 21 days), an ERβ inhibitory
drug. The volume of endometriotic lesions or luciferase activity of endometriotic lesions was examined to define the
growth of ectopic lesions in mice with endometriosis. The metabolite and levels of metabolic enzymes of the liver
and kidney were determined in the serum of female mice treated with vehicle and oleuropein (25 mg/kg, once a day
for 21 days) to define the toxicity of oleuropein. The in vitro decidualization assay was conducted with normal human
endometrial stromal cells and endometriotic stromal cells to determine whether oleuropein overcomes decidualization in endometriosis patients. The pregnancy rate and pup numbers of C57BL/6 J female mice with endometriosis
treated with vehicle or oleuropein (n = 10/group) were determined after mating with male mice. The cytokine profile
in endometriotic lesions treated with vehicle and oleuropein (25 mg/kg) was determined with a Mouse Cytokine
Array Kit.
Results: Among natural products, oleuropein selectively inhibited ERβ but not ERα activity in vitro. Oleuropein
treatment inhibited the nuclear localization of ERβ in human endometrial cells upon estradiol treatment. Oleuropein
(25 mg/kg) treatment suppressed the growth of mouse (6.6-fold) and human (sixfold) ectopic lesions in mice with
endometriosis compared to the vehicle by inhibiting proliferation and activating apoptosis in endometriotic lesions.
Oleuropein treatment did not cause reproductive toxicity in female mice. Additionally, mice with endometriosis
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subjected to oleuropein treatment had a higher pregnancy rate (100%) than vehicle-treated mice (70%). Furthermore, oleuropein treatment partially recovered the decidualization impact of human endometriotic stromal cells
from endometriotic lesions compared to the vehicle. Oleuropein-treated mice with endometriosis exhibited significantly lower levels of cytokines directly regulated by ERβ in ectopic lesions than vehicle-treated mice, illustrating the
improvement in the hyperinflammatory state of mice with endometriosis.
Conclusions: Oleuropein is a promising and novel nutraceutical product for nonhormonal therapy of endometriosis
because it selectively inhibits ERβ, but not ERα, to suppress endometriosis progression and improve the fertility of
mice with endometriosis.
Keywords: Cytokine, Endometriosis, Estrogen receptor β, Oleuropein

Background
As an estrogen-dependent proinflammatory disease,
endometriosis comprises the growth of endometrial tissues at anatomic sites outside the uterine cavity, primarily the pelvic peritoneum and ovaries [13]. Up to 15% of
reproductive-aged women in the United States chronically suffer from symptoms of endometriosis, such as
infertility, dysmenorrhea, and pelvic pain [13, 36].
Due to the severe chronic morbidity associated with
this gynecological disorder, many past studies have
attempted to identify the distinguishing molecular features of endometriotic lesions to develop more effective prognostic, diagnostic, and treatment strategies in
the clinical management of this debilitating disease [13].
However, current clinical treatments are ineffective, and
most yield unacceptable side effects. For example, studies have shown that prostaglandin E2 (PGE2), cyclooxygenase-2 (COX-2), and various cytokines are highly
elevated in endometriotic tissue relative to their levels in
normal endometrium [13, 51, 62], supporting a heightened proinflammatory response as a major component
of this disease. Therefore, selective COX-2 inhibitors are
often used as the first line of conventional treatment for
this disorder [22, 52]. However, these inhibitors are generally ineffective and can exhibit severe off-target side
effects, including potential ulcers, bleeding, perforation
of the stomach and intestine, and increased risk for heart
attack, stroke, and related cardiovascular conditions.
Similarly, it is well established that increased concentrations of estradiol-17β (E2) in endometriotic tissues arise
from locally elevated aromatase levels and reduced activity of 17β-hydroxysteroid dehydrogenase-2 (HSD17B2)
[11, 14]. Therefore, along with the anti-inflammatory
treatments described above, current endometriosis treatments involve suppressing E2 levels through gonadotropin-releasing hormone agonists, oral contraceptives,
synthetic progestins, and aromatase inhibitors [6]. Unfortunately, these therapies may confer adverse effects on
other estrogen-targeted tissues, such as bone and brain
[57]. In severe cases of endometriosis, however, total hysterectomy with bilateral salpingo-oophorectomy is the

only option when inflammation is severe and estrogen
suppression therapies are ineffective.
Since endometriosis is an estrogen-dependent disease,
estrogen receptors (ERs) play essential roles in ectopic
lesion growth. For example, ectopic lesions are not
well developed in ERα- or ERβ-knockout mice [15, 30].
However, the mRNA ratio of ERβ to ERα is significantly
higher in ovarian endometriomas than in normal uterine
endometrium [24, 27, 35, 48, 61], suggesting that ERβ,
in conjunction with high estradiol levels, plays a critical
role in the development of endometriosis. Our previous study showed that ERβ interacts with the apoptosis
machinery to prevent intrinsic and extrinsic apoptosis
signaling in ectopic lesions, evading immune surveillance
and increasing lesion survival [30]. ERβ also stimulates
the inflammasome to enhance IL-1β-mediated proliferation and the adhesion of ectopic lesions. In addition,
ERβ modulates TNFα/nuclear factor κB (NF-κB) signaling, epithelial-mesenchymal transition, reactive oxygen
species (ROS) signaling, IL-6/Janus kinase (JAK)/signal
transducer activity, activator of transcription (STAT)3
signaling, and hypoxia signaling in ectopic lesions to
mediate endometriosis progression [30]. Since ERβ plays
a critical role in endometriosis progression, ERβ could be
considered a molecular therapeutic target for endometriosis treatment.
Natural products have been widely and globally used in
various preventive and therapeutic health care formats.
Unlike synthetic compounds, natural products are generated by enzymatic interactions. The biological activity of
natural products involves protein‒protein binding, making them more effective drug candidates. In addition,
natural products are a product of evolutionary pressure
that results in their novelty. Therefore, natural products
are more prone to bioactivity than synthetic compounds
[41]. For example, 48.6% of cancer drugs have natural origins or are derived from natural products [16]. Therefore,
natural products could also be employed to treat endometriosis as nonhormonal therapies.
Here, natural product screening revealed that oleuropein selectively inhibits ERβ activity and suppresses the
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progression of endometriosis in mice. Olive leaf extract
has protective effects against the reproductive toxicity
of lead acetate in rats [2]. In addition, olive leaf extracts
have various beneficial effects on human health, such as
antimicrobial, antiviral, antioxidant, anti-inflammatory,
antiaging-associated neurodegeneration, and anticancer
effects [9, 10, 17, 65]. Oleuropein is a major component
of olive leaves [up 19% (w/w)] [42]. Oleuropein is metabolized in vivo into elenolic acid and hydroxytyrosol by
β-glucosidase and esterase activity in humans and mice
[53]. Hydroxytyrosol is also one of the major phenolic
components in olive leaf extracts and has antiproliferative, antioxidant, and anti-inflammatory effects on various human cancers [18, 60, 63]. Therefore, we propose
that oleuropein represents a new nutraceutical product
for the naturopathy of endometriosis.

Material and methods
Mice

C57BL/6J, luciferase-expressing FVB [Tg(CAG-luc, GFP)
L2G85Chco], FVB, and SCID female mice were purchased from Jackson Laboratory and maintained in the
designated animal care facility at Baylor College of Medicine according to the Institutional Animal Care and Use
Committee (IACUC) guidelines for the care and use of
laboratory animals. An IACUC-approved protocol was
followed for all animal experiments in this study.
Material

Oleuropein was purchased from Santa Cruz Biotechnology (catalog number: CAS 32619-42-4), and 4-[2-phenyl5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]
phenol (PHTPP) was purchased from Tocris Bioscience
(catalog number: 2662).
Transfection and luciferase reporter gene assay

According to the manufacturer’s instructions, the transfection of cells with plasmids was performed using
Lipofectamine 2000 (ThermoFisher, catalog number:
116680300). HeLa cells were transfected with the indicated expression plasmids. The natural product library
was purchased from Selleckchem (catalog number:
L1440). After 24 h, phenol red-free Dulbecco’s minimum
essential medium (DMEM) containing 10% charcoalstripped fetal bovine serum (FBS) was added to the cells.
Estradiol (10−8 M) and estradiol (10−8 M) plus natural
product (10−8 M) were added to the cells 24 h after the
medium was changed and incubated for another 24 h.
The cells were harvested, and the luciferase activity was
determined and normalized against the total input protein levels.
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Generation of firefly luciferase‑labeled immortalized
human endometrial epithelial cells (IHEECs) and immortal‑
ized human endometrial stromal cells (IHESCs)

For the noninvasive assay of ectopic lesion growth in
mice with endometriosis, the firefly luciferase gene was
cloned into the pSMPUW-Hygro construct (Cell Biolabs, catalog number: VPK-214). Lentivirus carrying
luciferase gene were generated 293 T cells by transfection with pSMPUW-Hygro containing luciferase gene
and the Lenti-X high-titer lentiviral packaging system
(ClonTech, catalog number: 631278). The recombinant
lentivirus titer was measured using Lenti-X™ GoStix™
Plus (ClonTech, catalog number: 631280). IHEECs and
IHESCs were transduced with lentiviral vectors carrying
the luciferase expression cassette with TransDux MAX™
(System Bioscience, catalog number: LV860A-1). Luciferase-labeled IHEECs and IHESCs were then selected
in the presence of 300 µg/ml hygromycin. The luciferase
gene expression in these recombinant cells was validated
using a luciferase activity assay kit (Promega, catalog
number: E1980). All these recombinant cells were maintained with DMEM/F12 supplemented with 10% FBS and
penicillin/streptomycin under drug selection.
Surgically induced endometriosis

Endometriosis in mice was surgically induced under
aseptic conditions and anesthesia [30]. A) Autotransplantation: C57BL/6 female mice (8 weeks old) were
subjected to ovariectomy. After one week, the ovariectomized mouse was implanted with a sterile, 60-day release
pellet containing 0.36 mg of 17-β estradiol (Innovative
Research of America). One day later, one uterine horn of
each mouse was isolated under anesthesia. In a Petri dish
containing warmed DMEM/F-12 supplemented with 100
U/ml penicillin and 100 µg/ml streptomycin, the uterine
horns were longitudinally cut with scissors. Next, using
a 2-mm dermal biopsy punch (Miltex), one endometrial
fragment was isolated and subsequently sutured to the
mesenteric membrane attached to the intestine in the
same mouse through a midline incision (7–0 braided
polypropylene suture; Ethicon). The abdominal incision
was closed continuously with a 5–0 braided polypropylene suture (Ethicon).
(B) Heterotransplantation with luciferase-labeled endometrial tissue: FVB female mice (8 weeks old) were ovariectomized. After one week, the ovariectomized mouse
was implanted with a sterile, 60-day release pellet containing 0.36 mg of 17-β estradiol. The uterus was isolated from luciferase-expressing FVB [Tg(CAG-luc, GFP)
L2G85Chco] female mice (8 weeks old) at the proestrus
stage because endometriosis-like lesions were found to
be 1.9 times more likely to establish in proestrus than in
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estrus [20]. One uterine horn was fragmented (~ 1mm3)
with scissors and resuspended in 0.5 ml of sterilized PBS.
The 0.5 ml of the luciferase-labeled endometrial fragment
was intraperitoneally injected into ovariectomized FVB
female mice implanted with an estrogen pellet. After
endometriosis induction, bioluminescence images of
the ectopic lesion were analyzed using an In Vivo Image
Analysis System (IVIS, Xenogen).
(C) Heterotransplantation with cultured human endometrial cells: Luciferase-labeled IHESCs and luciferase-labeled IHEECs were cultured in DMEM/F12
containing 10% FBS and penicillin (100 U/mL), streptomycin (100 mg/mL), amphotericin-B (2.5 mg/mL), and
300 µg/ml hygromycin in humidified 5% CO2 and 95%
air at 37 °C. The medium was changed every other day.
On the day of transplantation, the cells were trypsinized
with 0.1% trypsin-ethylenediaminetetraacetic acid. Luciferase-labeled IHESCs (2 × 106 cells) were mixed with
luciferase-labeled IHEECs (2 × 106 cells) with 100 µl of
DMEM/F12 and then mixed with 100 µl of Matrigel (BD
Biosciences) at a 1:1 ratio. The cell suspension mixture
with Matrigel (200 µl) was administered intraperitoneally
on the midventral line just caudal to the umbilicus of ovariectomized severe combined immunodeficiency (SCID)
female mice (8 weeks old) implanted with a sterile 60-day
release pellet containing 0.36 mg of 17-β estradiol. After
the induction of endometriosis, bioluminescence images
were analyzed twice a week using an In Vivo Image System (IVIS, Xenogen).
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(corn oil) for 21 days. Body weight was measured 3 times
per week for 21 days.
Liver panel assay

C57BL/6J female mice (8 weeks old) were intraperitoneally treated with oleuropein (25 mg/kg, n = 3) and
vehicle (corn oil, n = 3) once a day for 21 days. Afterward,
we collected whole blood and allowed the blood to clot at
room temperature for 20 min. Next, we removed the clot
by centrifuging at 1000–2000×g for 10 min in a refrigerated centrifuge and then collected the supernatant as
serum. In the liver panel assay, the levels of total protein
(TP), alanine aminotransferase (ATL), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total
bilirubin (TBIL), direct bilirubin (DBIL), and indirect
bilirubin (IBIL) and the albumin-globulin ratio (A/G) in
serum were determined by the Clinical Pathology Core of
the Center for Comparative Medicine at Baylor College
of Medicine.
Oleuropein treatment in mice

Oleuropein was dissolved in corn oil (100 mg/ml).
Female mice with endometriosis generated by heterotransplantation with luciferase-labeled endometrial tissue (21 days after induction) were randomly separated
into three groups (n = 4/group) and then orally treated
with corn oil, 25 mg/kg, and 200 mg/kg oleuropein once
a day for 31 days.
Reproductive toxicity analysis for oleuropein

Quantifying bioluminescence data

Mice were anesthetized with a 1.5% isoflurane/air mixture using an Inhalation Anesthesia System (VetEquip).
D-Luciferin (ThermoFisher, catalog number: L2916)
was intraperitoneally injected at 40 mg/kg mouse body
weight. Ten minutes after the D-luciferin injection, the
mice were imaged using an IVIS Imaging System (Xenogen) with continuous 1 to 2% isoflurane exposure. Imaging variables were maintained for comparative analysis.
Grayscale-reflected and pseudocolorized images reflecting bioluminescence were superimposed and analyzed
using Living Image software (Version 4.4, Xenogen). A
region of interest (ROI) was manually selected over the
relevant signal intensity regions. The area of the ROI
was kept constant across experiments, and the intensity
was recorded as total photon counts per second per c m2
within the ROI.
Weight measurement

C57BL/6 J female mice (8 weeks old) were randomly
divided into two groups (n = 5/group) and intraperitoneally treated with oleuropein (25 mg/kg) or vehicle

C57BL/6J female mice (8 weeks of age) were orally
treated daily with vehicle and oleuropein (25 mg/kg) for
21 days (n = 5/group). Afterward, each female mouse was
paired with a wild-type male of proven fertility (1:1). Fertility was assessed by monitoring the litter size and pregnancy rate.
Effects of oleuropein on the pregnancy rate of mice
with endometriosis

Endometriosis was induced in mice using the heterotransplantation method. Briefly, the uterus was isolated from donor C57BL/6J female mice (8 weeks old)
at the proestrus stage and then fragmented (~ 1mm3)
with scissors. Endometrial fragments from one uterine horn were resuspended in 0.5 ml of sterilized PBS
and injected into one wild-type recipient ovary-intact
C57BL/6J female mouse (8 weeks old). At 3 days after
the injection of endometrial fragments, female mice
with endometriosis were randomly separated into two
groups (n = 10/group) and then orally treated with corn
oil or 25 mg/kg oleuropein once a day for 21 days. At
the same time, each female mouse was paired with a
wild-type male of proven fertility (1:1). Fertility was
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assessed by monitoring the litter size and pregnancy
rate. Wild-type C57BL/6J female mice (8 weeks old)
without endometriosis (n = 5) were used as the control
group.
Immunohistochemistry

Immunostaining was performed with 10% neutral-buffered, formalin-fixed and paraffin-embedded sections of
mouse ectopic lesions. Antibodies against Ki-67 (Abcam,
catalog number: ab16667) and cleaved caspase 3 (Cell
Signaling, catalog number: 9661) were used. The specific antigens were visualized with a DAB substrate kit
(Vector, catalog number: SK-4100). The immunostaining
intensity was quantified using QuPath software [7].
Immunofluorescence analysis of subcelluar localiza‑
tion of ERβ in ERβ‑overexpressing immortalized human
endometrial epithelial cells (IHEECs: ERB) upon oleuropein
treatment

IHEECs: ERB cells were cultured in DMEM/F12 containing 10% fetal bovine serum (FBS). When the cell
confluence was 90%, the IHEEC:ERB cells were washed
with phosphate-buffered saline (PBS), and phenol-red
free DMEM/F12 containing 10% charcoal-stripped FBS
was added. Two days later, the IHEECs:ERB were cultured with phenol-red free DMEM/F12 containing 10%
charcoal-stripped FBS in the presence of vehicle, 10 nM
estradiol, 10 nM oleuropein, or 10 nM estradiol plus
10 nM oleuropein for 24 h. Afterward, the IHEECs:ERB
cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, blocked, and incubated
with primary antibodies against ERβ (Abcam, catalog
number: ab16813, 1:500) at 4 °C overnight. Subsequently,
the IHEECs:ERB cells were stained with appropriate goat
anti-mouse IgG Alexa 488 (Invitrogen, catalog number
A11001, 1:500). Nuclei was stained with Hoechst 33442
(Sigma, catalog number: B2261). Images were taken with
Zeiss Axiocam 202 mono using Zeiss 3.1 blue edition
software.
3‑(4,5‑Dimethylthia‑
zol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑(4‑sul‑
fophenyl)‑2H‑tetrazolium) (MTS) cell growth assay

Human endometrial cells were inoculated into 96-well
plates (1 × 104 cells/well). The next day, each cell line was
treated with serially diluted oleuropein or PHTPP. After
3 days, 10 μL of MTS reagent (Promega catalog number:
G1111) was added to each well, and the MTS-treated
plates were incubated for 2 h. Then, the optical density
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of the color in each well was measured at 450 nm using a
microtiter plate reader.
Determination of the proliferation of ERβ‑knockdown
endometriotic HESCs upon oleuropein treatment

Endometriotic HESCs from endometriosis patients
[49] were plated into 96-well plates. When the cells
were 70% confluent, they were treated in triplicate with
Lipofectamine 2000 (Invitrogen Corporation) and 1 nM
(final concentration) of mixed ERβ siRNA (SR301462A
rGrGrCrArArCrUrArCrUrUrCrArArGrGrUrUrUrCrGrArGAG, SR301462B rCrUrArCrArArUrCrArGrUrGrUrArCrArArUrCrGrArUAA,
SR301462C
rGrCrArArUrGrUrCrArCrUrArArCrUrUrGrGrArArGrGrGrUGG, Origene). As the control, HESCs were
treated with 1 nM scramble (sc) siRNA (Invitrogen,
catalog number: AM4611). After 72 h, the HESCs were
treated with different oleuropein doses for 3 days. Then,
the MTS assay was performed to measure the proliferation activity of HESCs treated with ERβ siRNA versus
sc siRNA.
Human phospho kinase array

Endometriotic HESCs were treated with vehicle or 10
or 100 nM oleuropein for 24 h. Then, the levels of phospho kinases in these cells were determined with the
Human Phosphorylation Pathway Profiling Array C55
kit (RayBiothech, catalog number: AAH-PPP-1-8).
In vitro decidualization

We previously generated primary human endometrial stromal cell lines and human endometriotic stromal cell lines from ovarian endometrioma [49]. These
human endometrial stromal cells were cultured in
six-well plates (1 × 105 cells per well in triplicate) with
DMEM/F-12 media containing 10% FBS, 100 units/ml
penicillin, and 0.1 mg/ml streptomycin. At 90% confluence, the human endometrial cells were cultured with
1 × Opti-MEM I reduced-serum medium containing
2% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. After 24 h, the human endometrial cells were
treated with 1 × Opti-MEM I reduced-serum media
with 2% FBS plus decidualization hormone cocktail
[EPC; estradiol (100 nM), medroxyprogesterone acetate (MPA: 10 µM, Sigma–Aldrich) and cAMP (50 µM,
Sigma–Aldrich)]. The day that the decidualization
medium was added to the human endometrial cells was
designated Day 0. For these studies, the decidualization
medium was renewed every other day. Cells were harvested on the 3rd day after adding the decidualization
hormone cocktail. Total RNA was isolated to assess
the transcript levels of the decidualization markers
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prolactin (PRL) and insulin-like growth factor binding
protein-1 (IGFBP-1) [12].
Cytokine/chemokine analysis of mice with ectopic lesions

Endometriosis was induced in C57BL/6J female mice
(8 weeks old) with the autotransplantation method.
On the 21st day after endometriosis induction, the
mice were randomly separated into two groups (n = 4/
group). The mice in Group 1 were orally treated with
corn oil, and the mice in Group 2 were orally treated
with 25 mg/kg oleuropein once a day for 31 days. Afterward, ectopic lesions were isolated, and the cytokine
and chemokine levels in the ectopic lesions were determined using a Proteomic Profiler Mouse Cytokine
Array Kit (R&D System, ARY0066). The cytokine levels
were quantified with ImageJ software [56].
Western blot analysis

Primary antibodies against the following proteins were
used: FLAG (Sigma, catalog number: F7425), ERβ
(Abcam, catalog number: ab288), and tubulin (Santa
Cruz Biotechnology, catalog number: sc-8035). In addition, membranes containing proteins were incubated
with secondary HRP-tagged antibodies (Abcam, catalog
number:ab6721), and the signals were visualized using
SuperSignal™ West Pico Plus Chemiluminescent substrate (ThermoFisher, catalog number:34580).
FLAG‑ERβ chromatin immune‑precipitation sequencing
(ChIP‑Seq)

Tissue was submersed in PBS + 1% formaldehyde, cut
into small pieces, and incubated at room temperature
for 15 min. The addition of 0.125 M glycine stopped fixation. The tissue pieces were then treated with a Tissue
Tearer, spun down and washed 2 × in PBS. Chromatin
was isolated by the addition of lysis buffer, followed by
disruption with a Dounce homogenizer. The lysates were
sonicated, and the DNA sheared to an average length
of 300–500 bp. For each ChIP reaction, 50 µg of precleared chromatin was mixed with Flag M2 agarose and
incubated for three hours. The immune complexes were
washed, eluted from the beads with SDS buffer, and subjected to RNase and proteinase K treatment. Crosslinks
were reversed by incubation overnight at 65 °C, and ChIP
DNA was purified by phenol‒chloroform extraction and
ethanol precipitation. Illumina sequencing libraries were
prepared from the ChIP and input DNA by the standard consecutive enzymatic steps of end polishing, dA
addition, and adaptor ligation. After a final PCR amplification step, the resulting DNA libraries were quantified and sequenced on a NextSeq 500. Standard Illumina
software base-calling and quality-control filtering were
applied. Sequences (75 nt reads, single-end) were aligned
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to the mouse genome (mm10) using the BWA algorithm
(v0.7.12, default parameters). Alignments were extended
in silico at their 3’-end to a length of 200 bp, which was
the average genomic fragment length in the size-selected
library, and assigned to 32-nt bins along the genome. The
resulting histograms (genomic “signal maps”) were stored
as bigWIG files. Peak locations were determined using
the MACS algorithm (v2.1.0) with a cutoff of p = 1E−7.
Signal maps and peak locations were used as input data
to the Active Motifs proprietary analysis program, which
creates Excel tables containing detailed information on
sample comparison, peak metrics, peak locations, and
gene annotations. The FLAG-ERβ ChIP sequencing was
performed by Active Motif (Active Motif, CA). The GEO
accession number for the ER β-cistrome is GSE114047.
Statistical analysis

An independent two-tailed Student’s t test was used
to assess the statistical significance with GraphPad
Prism version 8.0. P < 0.05 was considered statistically
significant.

Results
Oleuropein selectively inhibited ERβ activity but not ERα
activity

Since ERβ has an essential role in endometriosis progression, ERβ-specific inhibition might effectively suppress
endometriosis progression without the adverse effects
of ERα inhibition in women. To screen ERβ-specific
drugs, we employed a natural product library because
most natural products are safer and cause fewer side
effects than synthetic drugs [1]. To determine ERβ activity, HeLa cells were transfected with an ERβ expression
plasmid and ERE-luciferase reporter plasmid. The ERβ
activity was determined by luciferase activity upon estradiol (10 nM) treatment with 10 nM of natural products
versus estradiol (10 nM) alone. The comparative analysis
of luciferase activity between estrogen and estrogen plus
natural products revealed that oleuropein-treated cells
had significantly less ERβ activity than vehicle-treated
cells (Fig. 1a, b). However, the cells treated with a higher
concentration of oleuropein did not have substantially
lower ERβ activity than the vehicle-treated cells (Fig. 1b).
In addition to ERβ, we determined whether oleuropein
inhibits ERα activity with a transfection assay using an
ERα expression plasmid and assessment of ERE-luciferase activity in HeLa cells. In contrast with ERβ, oleuropein (10 nM)-treated cells did not exhibit significantly
lower ERα activity than the vehicle-treated cells (Fig. 1c).
In addition, a high concentration of oleuropein (180 µM)
did not impact ERα activity (Fig. 1c). Therefore, oleuropein selectively inhibited ERβ but not ERα activity.
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How does oleuropein inhibit ERβ activity? To address
this question, the subcellular location of ERβ in immortalized human endometrial epithelial cells overexpressing
ERβ (IHEECs:ERΒ) [30] was determined upon treatment with vehicle, estradiol (10 nM), oleuropein (10 nM)
or estradiol plus oleuropein for 24 h. In the absence of
estradiol, the immunofluorescence results reveal that
most ERβ was located in the cytoplasm (Fig. 1d). Estradiol treatment induced the nuclear localization of ERβ
(Fig. 1e), but oleuropein did not enhance the nuclear
localization of ERβ in human endometrial epithelial cells
(Fig. 1f ). Moreover, oleuropein effectively suppressed the
ERβ nuclear localization induced by estradiol in human
endometrial epithelial cells (Fig. 1g).
To screen the natural products that reduce ERβ protein levels, we generated a luciferase-ERβ fusion protein
expression vector based on a previous study because
the luciferase activity of the luciferase-ERβ fusion protein represented the levels of ERβ protein in vivo [45].
The ERβ protein stability assay revealed that oleuropein
treatment did not affect the luciferase activity (Fig. 1h).
Therefore, oleuropein did not alter ERβ protein levels.
To validate this observation, human endometrial stromal
cells from endometriosis patients, named human endometriotic stromal cells, were treated with different doses
of oleuropein because these cells have a higher level of
ERβ than endometrial stromal cells from women without endometriosis [30]. Oleuropein-treated and vehicle-treated human endometriotic stromal cells did not
exhibit different ERβ protein levels (Fig. 1i). Collectively,
the results indicate that oleuropein inhibited ERβ activity
without ERβ protein degradation.
To determine why high doses of oleuropein did not
inhibit ERβ activity, we determined the phospho-kinase
levels in endometriotic human endometrial stromal
cells upon treatment with different doses of oleuropein
because oleuropein activates intracellular kinase activity,
and activated kinase signaling also impacts ERβ activity
[32, 66]. The 10 nM oleuropein activated several kinases
involved in MAPK pathways compared to the vehicle in

Page 7 of 20

human endometrial stromal cells (Fig. 1j). Compared to
10 nM oleuropein, 100 nM oleuropein significantly activated mitogen-activated protein kinase kinase (MEK) in
human endometrial stromal cells (Fig. 1k). Compared to
the MAPK pathway, oleuropein did not activate the JAK/
STAT, NF-κB and TGFβ signaling pathways in human
endometrial stromal cells upon treatment with 10 and
100 nM oleuropein compared to the vehicle (Additional
file 1). In contrast with MAPK kinase, therefore, different doses of oleuropein did not activate kinases involved
in AKT, JAK/STST, NF-κB, and TGFβ signaling pathways. MEK is involved in estrogen receptor activation [5].
Therefore, activation of MEK signaling in human endometrial stromal cells by high doses of oleuropein partly
explains why a high dose of oleuropein (100 nM) may not
effectively suppress ERβ activity compared to a low dose
of oleuropein (10 nM).
Oleuropein selectively suppressed the growth of human
endometrial cells exhibiting high levels of ERβ

We generated primary human endometrial stromal
cell lines from women without endometriosis (Normal
HESCs) and primary human endometriotic stromal cell
lines from ovarian endometrioma (Ectopic HESCs) [49].
Western blotting analysis revealed that human endometriotic stromal cells had a higher level of ERβ than human
normal endometrial stromal cells (Fig. 2a, b).
Next, we examined whether oleuropein selectively suppresses the growth of human endometriotic stromal cells
over human normal endometrial cells. The IC50 value of
oleuropein for MCF-7 cells was 200 to 400 µg/mL [26].
Based on this result, human endometrial stromal cells
were treated with different concentrations of oleuropein. Oleuropein (200 µg/ml) effectively suppressed the
viability of human endometriotic stromal cells to 32.7%
of the amount observed in the vehicle-treated group
(Fig. 2c). However, oleuropein (200 µg/ml) decreased the
viability of normal human endometrial stromal cells to
only 5.4% of the amount observed in the vehicle-treated
group (Fig. 2c). Therefore, oleuropein selectively and

(See figure on next page.)
Fig. 1 Inhibition of ERβ activity by oleuropein a Natural product screening for ERβ-selective inhibitors. HeLa cells were transiently transfected
with ERβ expression vector and ERE-luciferase reporter. The ratio of luciferase activity upon E2 (10 nM) administration plus natural product
(10 nM) or E2 (10 nM) alone was determined. Oleuropein (10 nM) significantly inhibited ERβ activity compared with the vehicle (arrowhead). b,
c Dose-dependent effect of oleuropein on ERβ and ERα activity. HeLa cells were transiently transfected with ERβ (b) or ERα (c) expression vector
plus ERE-luciferase reporter. The luciferase activity was determined upon treatment with E2 (10 nM) plus various concentrations of oleuropein.
d-g Immunofluorescence staining of ERβ in IHEECS:ERB cells upon treatment with the vehicle (d), 10 nM E2 (e), 10 nM oleuropein (f), and 10 nM
E2 plus 10 nM oleuropein (g) for 24 h. h Screening of natural products for ERβ protein degradation. HeLa cells were transiently transfected with
an expression plasmid for the luciferase-ERβ fusion protein, and the ratio of luciferase activity after treatment with natural products (10 nM) or the
vehicle was determined at 24 h posttreatment. The arrowhead indicates oleuropein. i Effect of oleuropein on ERβ protein stability. Primary human
endometriotic stromal cells were treated with different doses of oleuropein, and ERβ protein levels were determined by Western blot analysis
at 24 h after treatment. The tubulin level determined the protein loading amount el. j Expression profile of phospho kinases involved in MAPK
pathways in ectopic HESCs treated with vehicle or 10 and 100 nM OLE for 24 h. k Quantification of the ratio of phospho-MEK to the loading control
in Panel j. OLE, oleuropein. *, p < 0.05; **, P < 0.01; ***, p < 0.001; NS, nonspecific. Scale bar is 200 μm
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significantly suppresses the growth of human endometriotic stromal cells over normal human endometrial stromal cells due to a high level of ERβ. Our previous study
revealed that PHTPP, a selective ERβ antagonist, suppressed endometriosis progression in mice [30]. Treatment with 20 µM (8.6 µg/ml) PHTPP reduced 50% of the
variability in breast cancer cells [34]. Based on this IC50
value, human endometrial stromal cells were treated with
different doses of PHTPP. However, PHTPP (10 µg/ml)
reduced the viability of human endometriotic stromal
cells and normal human endometrial stromal cells by
14.8% and 7.4%, the amounts observed in oleuropeintreated cells, respectively (Fig. 2d). Therefore, oleuropein
has a better inhibition efficiency of human endometriotic
stromal cell growth than PHTPP.
To define the effect of oleuropein on the proliferation of
human endometrial epithelial cells, we employed immortalized human endometrial epithelial cells overexpressing ERβ (IHEECs:ERΒ) and their parental IHEECs as the
control [30]. Exogenous FLAG-tagged ERβ was expressed
in IHEECs:ERΒ, unlike IHEECs (Fig. 2e). The oleuropein
treatment inhibited 12.0% of the viability of parental
IHEECs, but 32.6% of the viability of IHEECs:ERΒ was
inhibited by oleuropein (Fig. 2f ). Therefore, the elevation
of ERβ in human endometrial cells increased the sensitivity of the growth inhibitory effect of oleuropein.
Next, we determined whether ERβ has a key role in oleuropein-mediated growth suppression of ectopic HESCs.
ERβ protein levels were downregulated by ERβ siRNA in
ectopic HESCs. The 1 nM ERβ siRNA effectively downregulated ERβ protein levels in HECS compared to
Non-Target (NT) siRNA (si Control) (Fig. 2g). Then, we
determined the growth suppressive effect of oleuropein
on ectopic HESCs treated with 1 nM ERβ siRNA. Compared to NT siRNA, ERβ siRNA significantly prevented
the oleuropein-mediated growth suppression of HESCs
(Fig. 2h). Therefore, ERβ is the critical factor required for
the growth suppression of ectopic HESCs by oleuropein.
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Oleuropein effectively suppressed the growth of mouse
and human ectopic lesions in mice

Endometriosis was induced by heterotransplantation
of endometrial fragments into the peritoneal cavity in
ovariectomized FVB female mice bearing an estrogen
pellet. The tumor volumes of mice treated with extracts
of olive leaves (300 and 1000 mg/kg body weight)
and oleuropein (25 mg/kg body weight) were notably
reduced in weeks 25 to 30 [38]. Based on this observation, mice with endometriosis were orally treated with
oleuropein (25 and 200 mg/kg) and vehicle (control)
once a day for 31 days after the establishment of ectopic
lesions in mice (21 days after endometriosis induction)
(Fig. 3a). The 25 mg/kg oleuropein treatment led to significantly lower luciferase activity (6.6-fold, p = 0.02) of
ectopic lesions than vehicle treatment (Fig. 3b). However, 200 mg/kg oleuropein did not lead to significantly
lower luciferase activity of ectopic lesions than the
vehicle (Fig. 3b). To further validate the effects of oleuropein on endometriosis, endometriosis was induced
in C57BL/6J mice by autotransplanting the endometrial
fragment into the mesentery membrane of the intestine by suturing. Then, oleuropein was administered as
described in Panel a. Ectopic lesions were isolated from
the mice with endometriosis after the final drug treatment. Consistent with the luciferase activity, 25 mg/
kg oleuropein treatment (8.5 m
 m3) led to significantly
smaller ectopic lesions than vehicle treatment (19.0
mm3) (Fig. 3c).
In addition to mouse ectopic lesions, we determined
the effect of oleuropein on the suppression of the progression of human ectopic lesions. To induce human
ectopic lesions in mice, a mixture of luciferase-labeled
immortalized human endometrial stromal cells and
luciferase-labeled immortalized human endometrial
epithelial cells was injected into ovariectomized SCID
female mice bearing an estrogen pellet using a method
for heterotransplantation with cultured human endometrial cells [30]. After establishing human ectopic
lesions (2 weeks after endometrial cell injection), SCID
female mice with human ectopic lesions were treated
with oleuropein (25 mg/kg, daily, 21 days) or the vehicle as a control. The luciferase activity image analysis

(See figure on next page.)
Fig. 2 Selective inhibition of human endometrial cell growth with a high level of ERβ. a Elevated levels of ERβ in human endometriotic stromal
cells (Ectopic HESCs) from ectopic lesions of endometriosis patients compared to normal human endometrial stromal cells (Normal HESCs)
determined by Western blot. Tubulin levels were determined to normalize the protein loading amount. b Quantification of the ERβ levels in Panel
a. c The growth inhibition of ectopic HESCs, but not normal HESCs, by oleuropein, showing the effects of the dose of oleuropein on the viability
of ectopic HESCs and normal HESCs. d The growth inhibition of ectopic HESCs and normal HESCs by PHTPP, showing the effects of PHTPP on the
viability of ectopic HESCs and normal HESCs. e ERβ overexpression in immortalized human endometrial epithelial cells (IHEECs). FLAG tagged ERβ
expression levels were determined in ERβ-overexpressing IHEECS (IHEECs: ERB) and parental IHEECs by Western blot analysis. f The growth inhibition
of IHEECs:ERB and IHEECs by oleuropein, showing the cell viability of IHEECs:ERB and IHEECs with various doses of oleuropein. g Reduction in
ERβ protein levels in ectopic HECS treated with 1 and 10 nM ERβ siRNA compared to Non-Target (NT) siRNA control determined by Western blot
analysis. h ERβ siRNA suppressed the oleuropein-mediated growth inhibition of ectopic HESCs compared to NT siRNA. *, p < 0.05; **, P < 0.01; ***,
p < 0.001

Park et al. Journal of Biomedical Science

Fig. 2 (See legend on previous page.)

(2022) 29:100

Page 10 of 20

Park et al. Journal of Biomedical Science

(2022) 29:100

Page 11 of 20

Fig. 3 Suppression of the growth of mouse and human ectopic lesions in mice with endometriosis by oleuropein. a Oleuropein treatment plan.
After ectopic lesions were established in different mouse models (21 days), the mice were randomly separated and then orally treated with vehicle
or oleuropein (25 mg/kg or 200 mg/kg, once a day, 31 days). b Inhibition of mouse ectopic lesion progression in mice with endometriosis using
heterotransplantation with luciferase-labeled endometrial tissues. Oleuropein treatment (25 mg/kg) significantly reduced the luciferase activity
of ectopic lesions in mice with endometriosis. However, 200 mg/kg oleuropein did not suppress luciferase activity compared to the vehicle. c
Reduction in the volume of ectopic lesions by oleuropein. Endometriosis was induced in mice with the autotransplantation method. Ectopic lesions
were isolated from mice with endometriosis after 31 days of oleuropein or vehicle treatment. The volume of ectopic lesions was determined using
the modified ellipsoid Formula 1/2(Length × Width2) [23]. d Inhibition of the progression of human ectopic lesions by oleuropein. Human ectopic
lesions were generated in SCID female mice by heterotransplantation with the cultured human endometrial cell method. After establishing the
human ectopic lesion (21 days after endometriosis induction), SCID mice with endometriosis were treated with oleuropein (25 mg/kg, once a day,
21 days) or vehicle. Oleuropein treatment significantly reduced the luciferase activity of human ectopic lesions. OLE, oleuropein. *, P < 0.05

revealed that oleuropein treatment led to significantly
less luciferase activity of human ectopic lesions (6-fold,
p = 0.012) than the vehicle treatment (Fig. 3d). Therefore, oleuropein also effectively suppressed the growth
of human ectopic lesions in SCID mice.
Oleuropein treatment suppressed proliferation and acti‑
vated apoptosis in ectopic lesions

ERβ increases proliferation and prevents apoptosis in
endometriotic lesions to enhance the progression of
endometriosis [30]. Since oleuropein specifically inhibits ERβ activity, we determined whether oleuropein suppressed ERβ-mediated proliferation and anti-apoptosis

in endometriotic lesions. Immunohistochemistry with
Ki-67 revealed that oleuropein treatment led to significantly lower levels of KI-67 in epithelial but not stromal cells of ectopic lesions than the vehicle treatment
(Fig. 4a). Therefore, oleuropein effectively inhibited the
proliferation of ectopic lesions by suppressing endometriosis progression. Immunohistochemistry with cleaved
caspase 3 antibody revealed that oleuropein treatment
led to higher levels of the cleaved form of caspase 3 in
both epithelial and stromal cells of ectopic lesions than
the vehicle treatment (Fig. 4b). Thus, oleuropein reactivated apoptosis in ectopic lesions by inhibiting ERβ and
suppressing endometriosis progression.
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Fig. 4 Proliferation and apoptosis signaling in ectopic lesions with oleuropein treatment. a Inhibition of proliferation in ectopic lesions by
oleuropein. Oleuropein reduced the expression of KI-67 in epithelial, but not stromal, cells in mouse ectopic lesions. b Activation of apoptosis in
ectopic lesions by oleuropein. Oleuropein increased the expression of the cleaved form of caspase 3 in both epithelial and stromal cells in mouse
ectopic lesions. **, P < 0.01; NS nonspecific. Scale bar is 50 μm

Oleuropein did not induce liver cytotoxicity or impact
fecundity in female mice

To determine whether oleuropein caused toxicity in
mice during the endometriosis treatment, C57BL/6J
female mice (8 weeks old) were orally treated with
25 mg/kg oleuropein or corn oil (vehicle control) once a
day for 21 days. The oleuropein treatment did not affect
body weight (Fig. 5a). We also determined the liver toxicity of oleuropein using a liver panel assay with blood
from mice treated with oleuropein versus the vehicle.
Oleuropein treatment led to slightly higher levels of
TBILC (1.4-fold, p = 0.02) and IBIL (1.3-fold, p = 0.03)
in blood than the vehicle treatment (Fig. 5c, j). However, the levels of other enzymes and metabolites in the
liver were not higher with oleuropein treatment than
with vehicle treatment (Fig. 5b, d–i). Therefore, 25 mg/
kg oleuropein does not induce liver toxicity in mice.
ERβ has a role in ovarian function, and ERβ KO mice
are partly infertile [40]. Therefore, oleuropein-mediated
ERβ targeting therapy might be associated with a potential risk for adverse effects on the fertility of women
with endometriosis. To examine whether oleuropein
treatment (25 mg/kg) impacts fertility, we examined the
fertility of female mice treated with oleuropein versus

the vehicle. Oleuropein treatment did not lead to a significantly smaller litter size than the vehicle treatment
(Fig. 5k). Furthermore, oleuropein (25 mg/kg) did not
cause observable reproductive toxicity in female mice.
Oleuropein could be employed for endometriosis treatment without causing liver or reproductive toxicity.
Oleuropein improved the pregnancy rate of female mice
with endometriosis by improving decidualization

Current theories for endometriosis-associated infertility are anatomical distortion, endometrial dysfunction,
ovulatory dysfunction, and niche inflammation-associated peritoneal or implantation defects [44]. In addition,
endometriosis reduced the pregnancy rate in female mice
[8]. Our study also reveals that endometriosis led to a
lower pregnancy rate (70%) in female mice than in mice
without endometriosis (Fig. 6a). In addition, the fertility assay revealed that oleuropein treatment improved
the pregnancy rate (100%) of mice with endometriosis
(Fig. 6a). However, endometriosis did not affect the litter
size of the mice, and oleuropein treatment did not affect
the litter size of mice with endometriosis (Fig. 6b).
Endometriosis-associated infertility is partly involved
in endometrial dysfunction, such as decidualization
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Fig. 5 Nontoxicity of oleuropein in mice. a No growth retardation of mice was evident with oleuropein (25 mg/kg, once a day) treatment. The
body weight of female mice was determined during vehicle versus oleuropein treatment. b–j, Liver panel assay of the blood of female mice treated
with oleuropein (25 mg/kg, once a day for 21 days) versus the vehicle. Levels of albumin (ALB, b), total protein (TP, b), total bilirubin (TBIL, c), direct
bilirubin (DBIL, c), aspartate aminotransferase (AST, d), lactate dehydrogenase (LDH, e), alkaline phosphatase (ALP, f), alanine aminotransferase (ATL,
g), globulin (GLOB, h), albumin-globulin ratio (A/G, i), and indirect bilirubin (IBIL, j) in the blood of C57BL/6J female mice treated with the vehicle
(Veh) or oleuropein (OLE). k Litter size of C57BL/6J female mice treated with the vehicle or oleuropein (25 mg/kg). *, p < 0.05; NS nonspecific

(See figure on next page.)
Fig. 6 Effect of oleuropein on the pregnancy rate of mice with endometriosis and decidualization of human endometriotic stromal cells. a The
pregnancy rate of mice with endometriosis treated with vehicle or oleuropein (25 mg/kg). Wild-type mice without endometriosis were employed as
the endometriosis control (No endometriosis). b The litter size of mice with endometriosis treated with vehicle or oleuropein and the endometriosis
control. c, d The expression levels of PRL (c) and IGFBP1 (d) in normal human endometrial stromal cells (Normal) and endometriotic stromal cells
from ectopic lesions of endometriosis patients (Endo) on the 3rd day after decidualization cocktail (EPC) treatment. e, f The expression levels of PRL
(e) and IGFBP1 (f) in normal human endometrial stromal cells (Normal) on the 3 rd day after decidualization cocktail treatment in the presence of
different doses of oleuropein. g, h The expression levels of PRL (g) and IGFBP1 (h) in human endometriotic stromal cells (Endo) on the 3rd day after
decidualization cocktail treatment in the presence of different doses of oleuropein. *, p < 0.05; **, P < 0.01; ***, p < 0.001; NS nonspecific
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defects, and endometrium-specific ERβ-overexpressing
mice are infertile due to decidualization defects [30, 39].
Therefore, we determined whether oleuropein treatment can overcome the decidualization defects of human
endometriotic stromal cells. Levels of IGF-binding protein-1 (IGFBP-1) and prolactin (PRL), decidual cell
markers [28], were much higher in normal human endometrial stromal cells upon treatment with decidualization hormonal cocktail (EPC) than in cells treated with
the vehicle (Fig. 6c, d). However, decidualization hormonal cocktail treatment did not induce increased levels of
PRL and IGFBP1 in human endometriotic stromal cells
compared to normal human endometrial stromal cells
(Fig. 6c, d). Therefore, human endometriotic stromal cells
have a defect in decidualization progression.
Next, we determined whether oleuropein treatment
can rescue the decidualization defect of human endometriotic stromal cells. Treatment with 100 µg/ml oleuropein led to lower levels of PRL (3.9-fold) and IGFBP1
(22.7-fold) in normal human endometrial stromal cells
upon decidualization cocktail treatment than those with
the vehicle (Fig. 6e, f ). However, 25 μg/ml oleuropein
slightly reduced the expression levels of PRL (1.6-fold)
but did not significantly reduce IGFBP1 expression in
normal human endometrial stromal cells (Fig. 6e, f ). In
contrast with normal human endometrial stromal cells,
100 μg/ml oleuropein led to higher PRL (6.9-fold) and
IGFBP1 (23-fold) levels in human endometriotic stromal cells upon decidualization cocktail treatment than
those with the vehicle (Fig. 6g, h). Oleuropein (25 µg/ml)
showed a marginal effect on the decidualization of normal human endometrial stromal cells. However, 25 µg/ml
oleuropein treatment led to significantly higher expression levels of PRL (12.0-fold) and IGFBP1 (310-fold) in
human endometriotic stromal cells upon decidualization
cocktail treatment than those with the vehicle (Fig. 6g,
h). Therefore, oleuropein can partly rescue the decidualization defect and improve the pregnancy rate of female
mice with endometriosis.
Oleuropein reduced dysregulated cytokine levels in endo‑
metriotic lesions

Our published study revealed that ERβ is critical in
merging estrogen and inflammatory signaling for endometriosis progression because ERβ directly enhances
endometriosis-associated cytokines in ectopic lesions
[30, 31]. Therefore, we determined whether oleuropein
impacts the cytokine profile in ectopic lesions to suppress endometriosis progression. The expression of several cytokines was detected in ectopic lesions treated
with vehicle (Fig. 7a). The results show that oleuropein treatment led to significantly lower levels of most
cytokines (Csf3, Sicam1, Il1rn, Csf1, Ccl2, Cxcr3, Timp-1,
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and Ccl12), but not Ccl5, in ectopic lesions than with
the vehicle (Fig. 7a, b). Previous studies revealed that
the cytokines downregulated by oleuropein are essential in endometriosis progression [3, 37]. Additionally, our endometriotic lesion-specific ERβ-Chromatin
ImmunoPrecipitation (ChIP) sequence analysis revealed
that Csf1, Timp-1, Icam1, Ccl2, and Cxcl2 are ERβ target genes in ectopic lesions (Fig. 7c) [31]. Endometriotic
lesions secrete chemokines into the peritoneal cavity, further stimulating the inflammatory response and release
of cytokines to enhance endometriosis progression [43].
Therefore, oleuropein suppresses ERβ target cytokine
expression in ectopic lesions to change the endometriosis immune microenvironment, suppressing endometriosis progression and relieving endometriosis-associated
infertility.

Discussion
We provide evidence that oleuropein is a novel natural product that selectively inhibits ERβ activity without impacting ERα activity. In this context, oleuropein
effectively suppressed the growth of mouse and human
ectopic lesions in mice with endometriosis without
reproductive toxicity (Fig. 8). Additionally, oleuropein
improved the pregnancy rate of mice with endometriosis because it repaired the decidualization defect of the
endometrium and reduced the hyperinflammatory state
in mice with endometriosis (Fig. 8).
Synthetic selective estrogen receptor modulators
(SERMs) have been employed to treat various estrogenrelated diseases, including endometriosis [4, 50]. However, the efficacy of SERMs is insufficient to prevent
estrogen-related disease progression. Moreover, the
clinical usage of SERM medications can have several side
effects, such as abnormal vaginal bleeding and pelvic
pain [4]. However, the median lethal dose (LD50) value of
oleuropein in rats is estimated to be more than 1000 mg/
kg. [54]. Olive leaf extract has protective effects against
the reproductive toxicity of lead acetate in rats [2]. Thus,
oleuropein might be a safer substance than SERMs to
treat endometriosis patients without causing reproductive toxicity. Bioavailability studies in humans show that
the absorption of olive oil phenols (oleuropein, tyrosol,
and hydroxytyrosol) is probably greater than 55–66 mol%
and that at least 5% is excreted in urine [64]. The maximal peak of oleuropein and its metabolites in serum and
urine is detected in less than 2 h [19]. Therefore, oleuropein can safely and rapidly suppress endometriosis
progression.
Our prior study showed that PHTPP, an ERβ-selective
antagonist, effectively suppressed endometriosis progression, but PHTPP also partly suppressed uterine ERα
activity [30]. Consequently, chronic PHTPP treatment
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Fig. 7 Cytokine profile in ectopic lesions treated with oleuropein or the vehicle. a Cytokine levels in ectopic lesions treated with the vehicle and
oleuropein (25 mg/kg). b Quantification of the cytokine levels in Panel a. c ERβ binding site on cytokine genes in ectopic lesions of mice with
endometriosis. *, p < 0.05; **, P < 0.01; ***, p < 0.001; NS nonspecific

could cause adverse effects in estrogen-targeted tissues.
In this context, oleuropein treatment has an advantage for endometriosis treatment over PHTPP because

a previous study also revealed that oleuropein is not
involved in ERα-mediated regulation of gene expression[58], and the median lethal dose (LD50) value of
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Fig. 8 Mechanisms of the oleuropein-mediated suppression of
endometriosis. ERβ enhances proliferation, prevents apoptosis,
and increases cytokine signaling in ectopic lesions to improve
endometriosis [30]. However, oleuropein treatment effectively
suppresses ERβ-induced endometriosis-driving cellular pathways in
ectopic lesions to suppress endometriosis progression. Furthermore,
ERβ overexpression impairs the decidualization processes of the
endometrium of mice with endometriosis [30]. Therefore, oleuropein
treatment suppresses ERβ function in the endometrium to improve
the fertility of mice with endometriosis by rescuing the defect of
decidualization of the endometrium

oleuropein in rats is estimated to be more than 1000 mg/
kg [54]. Oleuropein is a nontoxic natural product with no
adverse effects generated by inhibiting ERα activity. The
metabolism of PHTPP is not clearly described. However,
oleuropein is metabolized in vivo into elenolic acid and
hydroxytyrosol [53]. Hydroxytyrosol is also one of the
major phenolic components in olive leaf extracts and
has antiproliferative, antioxidant, and anti-inflammatory
effects on various human cancers [18, 60, 63]. The combination of hydroxytyrosol and oleuropein effectively
suppressed the migration and invasion of ER-positive
breast cancer cell lines compared to their monotherapy
[46]. Compared to PHTPP, oleuropein has better suppressive activity of endometriotic tissue progression via
the combination of oleuropein and its metabolites, such
as hydroxytyrosol.
Letrozole, an aromatase inhibitor, has been employed
to effectively treat endometriosis and relieve endometriosis-associated pain in combination with gestagens,
oral contraceptives, or gonadotropin-releasing hormone
(GnRH) agonists [25, 47]. Additionally, the combination of a GnRH agonist and letrozole has been used to
treat infertility caused by endometriosis [59]. However,
long-term use of aromatase inhibitors increases the risk
of osteoporosis and bone fractures [55]. Unlike letrozole, oleuropein has critical effects on the formation
and maintenance of bone and can be used as an effective
remedy to treat osteoporosis symptoms [29]. Therefore,
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oleuropein may have a better beneficial effect in endometriosis patients than letrozole.
Olive leaf extract has protective effects against the
reproductive toxicity of lead acetate in rats [2]. In addition, olive leaf extracts have various beneficial effects
on human health, such as antimicrobial, antiviral, antioxidant, anti-inflammatory, antiaging-associated neurodegeneration, and anticancer effects [9, 10, 17, 65].
Furthermore, oleuropein is a major component of olive
leaves [up 19% (w/w)] [42]. Therefore, olive leaf oleuropein and oleuropein-rich food could be employed as
nutraceutical therapies to treat endometriosis progression for improved efficacy and reduced adverse effects
compared with the current hormonal treatments for
endometriosis.
Oleuropein suppressed ERβ activity induced by estradiol through the inhibition of nuclear translocation of
ERβ. In addition to preventing the nuclear localization of
ERβ, oleuropein suppressed the TNFα-induced phosphorylation of Akt and p44/p42 MAP kinase and attenuated
TNF-α-stimulated M-CSF and IL-6 release [33]. In addition, Akt enhances ERβ activity in breast cancers [21].
The functional connection between oleuropein, kinase
signaling, and ERβ will be further investigated to define
the molecular mechanism of oleuropein-mediated suppression of endometriosis.
Oleuropein is metabolized in vivo into oleanolic acid
and hydroxytyrosol by β-glucosidase and esterase activity
in humans and mice [53]. Hydroxytyrosol is also one of
the major phenolic components in olive leaf extracts and
has antiproliferative, antioxidant, and anti-inflammatory
effects on various human cancers [18, 60, 63]. Furthermore, the combination of hydroxytyrosol and oleuropein
led to effectively less migration and invasion of ERpositive breast cancer cell lines than monotherapy [46].
Therefore, in this context, the efficacy of the combination
of oleuropein and hydroxytyrosol could be investigated
to define whether the combination has a better beneficial
effect than oleuropein monotherapy.
The main strength of this study is that it provides a
novel strategy to target ERβ therapeutically with oleuropein as a nonhormonal therapy for endometriosis.
The weaknesses of this study are that oleuropein is not
an unknown material, and the molecular mechanism of
oleuropein-mediated ERβ inhibition was not defined
completely.

Conclusions
The present study identified that oleuropein selectively
inhibited ERβ-mediated endometriosis driving cellular pathways (such as proliferation, anti-apoptosis, and
inflammation) to suppress endometriosis progression
without reproductive toxicity. Additionally, oleuropein
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improves the fertility of female mice with endometriosis
by partly recuring the impaired decidualization. Therefore, oleuropein is a new nutraceutical product for use in
nonhormonal therapy for endometriosis.
Abbreviations
ER.: Estrogen receptor; A/G: Albumin-globulin ratio; ALP: Alkaline phosphatase;
AST: Aspartate aminotransferase; ATL: Alanine aminotransferase; Ccl12: C-C
motif chemokine ligand 12; Ccl2: C-C motif chemokine ligand 2; Ccl5: C-C
motif chemokine ligand 5; ChIP: Chromatin immunoprecipitation; COX-2:
Cyclooxygenase-2; Csf1: Colony stimulating factor 1; Csf3: Colony stimulating factor 3; Cxcr3: C-X-C motif chemokine receptor 3; DBIL: Direct bilirubin;
DMEM: Dulbecco’s minimum essential medium; E2: Estradiol-17β; GnRH:
Gonadotropin-releasing hormone; HSD17B2: 17β-Hydroxysteroid dehydrogenase-2; IBIL: Indirect bilirubin; IGFBP-1: Insulin-like growth factor binding protein-1; IHEECs: Immortalized human endometrial epithelial cells; IHEECs:ERΒ:
Immortalized human endometrial epithelial cells overexpressing ERβ; IHESCs:
Immortalized human endometrial stromal cells; Il1rn: Interleukin 1 receptor
antagonist; IL-6: Interleukin 6; IVIS: In vivo image system; M-CSF: Macrophage
colony-stimulating factor; OLE: Oleuropein; PGE2: Prostaglandin E2; PRL:
Prolactin; SCID: Severe combined immunodeficiency; Sicam1: Soluble intercellular adhesion molecule-1; TBIL: Total bilirubin; Timp-1: TIMP Metallopeptidase
Inhibitor 1; TP: Total protein.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12929-022-00883-2.
Additional file 1. Fig. S1. a-d Expression profile of phospho kinases
involved in AKT (a), JAK/STAT (b), NF-κB (c), and TGFβ (d) pathways in
ectopic HESCs treated with vehicle or 10 and 100 nM OLE for 24 h.
Acknowledgements
Not applicable.
Author contributions
YP, YJC, NS, and MJP conducted major experiments and data analysis. YP and
SJH contributed to the design and the writing of the manuscript. XG, WEG,
and BWO provided reagents and critical comments. All authors read and
approved the final manuscript.
Funding
Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD), R01HD098059 (SJH).
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All animal experiments were approved by the Institutional Animal Care and
Use Committee in Baylor College of Medicine. Experimental protocols and
animal care were provided according to the guideline for the care and use of
animals established by Baylor College of Medicine.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Page 18 of 20

Author details
1
Department of Molecular and Cellular Biology, Baylor College of Medicine,
Houston, TX 77030, USA. 2 Department of Obstetrics and Gynecology, Baylor
College of Medicine, Houston, TX, USA. 3 Center for Reproductive Medicine,
Baylor College of Medicine, Houston, TX, USA. 4 Present Address: Samsung Jeil
Woman’s Clinic, Busan, Republic of Korea.
Received: 1 July 2022 Accepted: 16 November 2022

References
1. Abdel-Rahman A, Anyangwe N, Carlacci L, Casper S, Danam RP, Enongene
E, Erives G, Fabricant D, Gudi R, Hilmas CJ, Hines F, Howard P, Levy D, Lin
Y, Moore RJ, Pfeiler E, Thurmond TS, Turujman S, Walker NJ. The safety
and regulation of natural products used as foods and food ingredients.
Toxicol Sci. 2011;123(2):333–48.
2. Ahmed HA, Ali HA, Mutar TF. Protective effects of olive leaf extract against
reproductive toxicity of the lead acetate in rats. Environ Sci Pollut Res Int.
2021;28(44):63102–10.
3. Ahn SH, Monsanto SP, Miller C, Singh SS, Thomas R, Tayade C. Pathophysiology and immune dysfunction in endometriosis. Biomed Res Int.
2015;2015: 795976.
4. An KC. Selective estrogen receptor modulators. Asian Spine J.
2016;10(4):787–91.
5. Atanaskova N, Keshamouni VG, Krueger JS, Schwartz JA, Miller F, Reddy
KB. MAP kinase/estrogen receptor cross-talk enhances estrogenmediated signaling and tumor growth but does not confer tamoxifen
resistance. Oncogene. 2002;21(25):4000–8.
6. Attar E, Bulun SE. Aromatase inhibitors: the next generation of therapeutics for endometriosis? Fertil Steril. 2006;85(5):1307–18.
7. Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt DG,
Dunne PD, McQuaid S, Gray RT, Murray LJ, Coleman HG, James JA, SaltoTellez M, Hamilton PW. QuPath: open source software for digital pathology image analysis. Sci Rep. 2017;7(1):16878.
8. Bilotas MA, Olivares CN, Ricci AG, Baston JI, Bengochea TS, Meresman GF,
Barañao RI. Interplay between endometriosis and pregnancy in a mouse
model. PLoS ONE. 2015;10(4):e0124900–e0124900.
9. Borjan D, Leitgeb M, Knez Ž, Hrnčič MK. Microbiological and antioxidant
activity of phenolic compounds in olive leaf extract. Molecules (Basel,
Switzerland). 2020;25(24):5946.
10. Boss A, Bishop KS, Marlow G, Barnett MP, Ferguson LR. Evidence to
support the anti-cancer effect of olive leaf extract and future directions.
Nutrients. 2016;8(8):513.
11. Brosens I, Derwig I, Brosens J, Fusi L, Benagiano G, Pijnenborg R. The enigmatic uterine junctional zone: the missing link between reproductive disorders and major obstetrical disorders? Hum Reprod. 2010;25(3):569–74.
12. Brosens JJ, Hayashi N, White JO. Progesterone receptor regulates decidual
prolactin expression in differentiating human endometrial stromal cells.
Endocrinology. 1999;140(10):4809–20.
13. Bulun SE. Endometriosis. N Engl J Med. 2009;360(3):268–79.
14. Bulun SE, Cheng YH, Pavone ME, Yin P, Imir G, Utsunomiya H, Thung S,
Xue Q, Marsh EE, Tokunaga H, Ishikawa H, Kurita T, Su EJ. 17Beta-hydroxysteroid dehydrogenase-2 deficiency and progesterone resistance in
endometriosis. Semin Reprod Med. 2010;28(1):44–50.
15. Burns KA, Rodriguez KF, Hewitt SC, Janardhan KS, Young SL, Korach KS.
Role of estrogen receptor signaling required for endometriosis-like lesion
establishment in a mouse model. Endocrinology. 2012;153(8):3960–71.
16. Buxani N, Mehta D, Gupta M, Mehta B. Natural products: source of potential drugs. Afr JBasic Appl Sci. 2014;6(6):171–86.
17. Casamenti F, Stefani M. Olive polyphenols: new promising agents to
combat aging-associated neurodegeneration. Expert Rev Neurother.
2017;17(4):345–58.
18. Cruz-Lozano M, González-González A, Marchal JA, Muñoz-Muela E,
Molina MP, Cara FE, Brown AM, García-Rivas G, Hernández-Brenes C, Lorente JA, Sanchez-Rovira P, Chang JC, Granados-Principal S. Hydroxytyrosol
inhibits cancer stem cells and the metastatic capacity of triple-negative
breast cancer cell lines by the simultaneous targeting of epithelial-tomesenchymal transition, Wnt/β-catenin and TGFβ signaling pathways.
Eur J Nutr. 2019;58(8):3207–19.

Park et al. Journal of Biomedical Science

(2022) 29:100

19. de Bock M, Thorstensen EB, Derraik JG, Henderson HV, Hofman PL,
Cutfield WS. Human absorption and metabolism of oleuropein and
hydroxytyrosol ingested as olive (Olea europaea L.) leaf extract. Mol Nutr
Food Res. 2013;57(11):2079–85.
20. Dodds KN, Beckett EAH, Evans SF, Hutchinson MR. Lesion development is
modulated by the natural estrous cycle and mouse strain in a minimally
invasive model of endometriosis. Biol Reprod. 2017;97(6):810–21.
21. Duong BN, Elliott S, Frigo DE, Melnik LI, Vanhoy L, Tomchuck S, Lebeau
HP, David O, Beckman BS, Alam J, Bratton MR, McLachlan JA, Burow ME.
AKT regulation of estrogen receptor beta transcriptional activity in breast
cancer. Can Res. 2006;66(17):8373–81.
22. Ebert AD, Bartley J, David M. Aromatase inhibitors and cyclooxygenase-2
(COX-2) inhibitors in endometriosis: new questions–old answers? Eur J
Obstet Gynecol Reprod Biol. 2005;122(2):144–50.
23. Euhus DM, Hudd C, LaRegina MC, Johnson FE. Tumor measurement in
the nude mouse. J Surg Oncol. 1986;31(4):229–34.
24. Fazleabas AT, Brudney A, Chai D, Langoi D, Bulun SE. Steroid receptor
and aromatase expression in baboon endometriotic lesions. Fertil Steril.
2003;80(Supplement 2(0)):820–7.
25. Ferrero S, Gillott DJ, Venturini PL, Remorgida V. Use of aromatase inhibitors to treat endometriosis-related pain symptoms: a systematic review.
Reprod Biol Endocrinol RB&E. 2011;9:89.
26. Fu S, Arráez-Roman D, Segura-Carretero A, Menéndez JA, MenéndezGutiérrez MP, Micol V, Fernández-Gutiérrez A. Qualitative screening of
phenolic compounds in olive leaf extracts by hyphenated liquid chromatography and preliminary evaluation of cytotoxic activity against human
breast cancer cells. Anal Bioanal Chem. 2010;397(2):643–54.
27. Fujimoto J, Hirose R, Sakaguchi H, Tamaya T. Expression of oestrogen
receptor-α and -β in ovarian endometriomata. Mol Hum Reprod.
1999;5(8):742–7.
28. Gellersen B, Brosens J. Cyclic AMP and progesterone receptor crosstalk in human endometrium: a decidualizing affair. J Endocrinol.
2003;178(3):357–72.
29. Hagiwara K, Goto T, Araki M, Miyazaki H, Hagiwara H. Olive polyphenol
hydroxytyrosol prevents bone loss. Eur J Pharmacol. 2011;662(1):78–84.
30. Han SJ, Jung SY, Wu SP, Hawkins SM, Park MJ, Kyo S, Qin J, Lydon JP, Tsai
SY, Tsai MJ, DeMayo FJ, O’Malley BW. Estrogen receptor beta modulates
apoptosis complexes and the inflammasome to drive the pathogenesis
of endometriosis. Cell. 2015;163(4):960–74.
31. Han SJ, Lee JE, Cho YJ, Park MJ, O’Malley BW. Genomic function of estrogen receptor β in endometriosis. Endocrinology. 2019;160(11):2495–516.
32. Hartz AM, Madole EK, Miller DS, Bauer B. Estrogen receptor beta signaling through phosphatase and tensin homolog/phosphoinositide
3-kinase/Akt/glycogen synthase kinase 3 down-regulates bloodbrain barrier breast cancer resistance protein. J Pharmacol Exp Ther.
2010;334(2):467–76.
33. Hioki T, Tokuda H, Kuroyanagi G, Kim W, Tachi J, Matsushima-Nishiwaki R,
Iida H, Kozawa O. Olive polyphenols attenuate TNF-α-stimulated M-CSF
and IL-6 synthesis in osteoblasts: suppression of Akt and p44/p42 MAP
kinase signaling pathways. Biomed Pharmacother. 2021;141: 111816.
34. Hsu I, Chuang K-L, Slavin S, Da J, Lim W-X, Pang S-T, O’Brien JH, Yeh S. Suppression of ERβ signaling via ERβ knockout or antagonist protects against
bladder cancer development. Carcinogenesis. 2014;35(3):651–61.
35. Juhasz-Boss I, Fischer C, Lattrich C, Skrzypczak M, Malik E, Ortmann O,
Treeck O. Endometrial expression of estrogen receptor beta and its
splice variants in patients with and without endometriosis. Arch Gynecol
Obstet. 2011;284(4):885–91.
36. Karaman K, Pala EE, Bayol U, Akman O, Olmez M, Unluoglu S, Ozturk S.
Endometriosis of the terminal ileum: a diagnostic dilemma. Case Rep
Pathol. 2012;2012: 742035.
37. Khan S, Khan SA, Luo X, Fattah FJ, Saltarski J, Gloria-McCutchen Y, Lu
R, Xie Y, Li Q, Wakeland E, Gerber DE. Immune dysregulation in cancer
patients developing immune-related adverse events. Br J Cancer.
2019;120(1):63–8.
38. Kimura Y, Sumiyoshi M. Olive leaf extract and its main component oleuropein prevent chronic ultraviolet B radiation-induced skin damage and
carcinogenesis in hairless mice. J Nutr. 2009;139(11):2079–86.
39. Klemmt PAB, Carver JG, Kennedy SH, Koninckx PR, Mardon HJ. Stromal
cells from endometriotic lesions and endometrium from women with
endometriosis have reduced decidualization capacity. Fertil Steril.
2006;85:564–72.

Page 19 of 20

40. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, Sar M,
Korach KS, Gustafsson JA, Smithies O. Generation and reproductive phenotypes of mice lacking estrogen receptor beta. Proc Natl Acad Sci USA.
1998;95(26):15677–82.
41. Lahlou M. Screening of natural products for drug discovery. Expert Opin
Drug Discov. 2007;2(5):697–705.
42. Le Tutour B, Guedon D. Antioxidative activities of Olea europaea leaves
and related phenolic compounds. Phytochemistry. 1992;31(4):1173–8.
43. Lebovic DI, Mueller MD, Taylor RN. Immunobiology of endometriosis.
Fertil Steril. 2001;75(1):1–10.
44. Lin Y-H, Chen Y-H, Chang H-Y, Au H-K, Tzeng C-R, Huang Y-H. Chronic
niche inflammation in endometriosis-associated infertility: current understanding and future therapeutic strategies. Int J Mol Sci. 2018;19(8):2385.
45. Lonard DM, Tsai SY, O’Malley BW. Selective estrogen receptor modulators
4-hydroxytamoxifen and raloxifene impact the stability and function of
SRC-1 and SRC-3 coactivator proteins. Mol Cell Biol. 2004;24(1):14–24.
46. Lu H-Y, Zhu J-S, Xie J, Zhang Z, Zhu J, Jiang S, Shen W-J, Wu B, Ding T,
Wang S-L. Hydroxytyrosol and oleuropein inhibit migration and invasion
via induction of autophagy in ER-positive breast cancer cell lines (MCF7
and T47D). Nutr Cancer. 2021;73(2):350–60.
47. Madny EH. Efficacy of letrozole in treatment of endometriosis-related
pain. Middle East Fertil Soc J. 2014;19(1):64–8.
48. Matsuzaki S, Uehara S, Murakami T, Fujiwara J, Funato T, Okamura K.
Quantitative analysis of estrogen receptor alpha and beta messenger
ribonucleic acid levels in normal endometrium and ovarian endometriotic cysts using a real-time reverse transcription-polymerase chain
reaction assay. Fertil Steril. 2000;74(4):753–9.
49. Mohankumar K, Li X, Sung N, Cho YJ, Han SJ, Safe S. Bis-indole-derived
nuclear receptor 4A1 (NR4A1, Nur77) ligands as inhibitors of endometriosis. Endocrinology. 2020;161(4):bqaa027.
50. Naqvi H, Sakr S, Presti T, Krikun G, Komm B, Taylor HS. Treatment with
bazedoxifene and conjugated estrogens results in regression of endometriosis in a murine model. Biol Reprod. 2014;90(6):121.
51. Noble LS, Takayama K, Zeitoun KM, Putman JM, Johns DA, Hinshelwood
MM, Agarwal VR, Zhao Y, Carr BR, Bulun SE. Prostaglandin E2 stimulates
aromatase expression in endometriosis-derived stromal cells. J Clin
Endocrinol Metab. 1997;82(2):600–6.
52. Ozawa Y, Murakami T, Tamura M, Terada Y, Yaegashi N, Okamura K. A selective cyclooxygenase-2 inhibitor suppresses the growth of endometriosis
xenografts via antiangiogenic activity in severe combined immunodeficiency mice. Fertil Steril. 2006;86(4 Suppl):1146–51.
53. Ozdemir Y, Guven E, Ozturk A. Understanding the characteristics of
oleuropein for table olive processing. J Food Process Technol. 2014;5:1–5.
54. Patricia L. A reflection on legal liabilities of public accountant: phenomenological study in the framework of masculine and feminine values. Int J
Adv Res. 2011;5(5):840–8.
55. Polyzos NP, Fatemi HM, Zavos A, Grimbizis G, Kyrou D, Velasco J-G,
Devroey P, Tarlatzis B, Papanikolaou EG. Aromatase inhibitors in postmenopausal endometriosis. Reprod Biol Endocrinol RB&E. 2011;9:90–90.
56. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012;9(7):671–5.
57. Shepherd JE. Effects of estrogen on congnition mood, and degenerative
brain diseases. J Am Pharm Assoc (Wash). 2001;41(2):221–8.
58. Sirianni R, Chimento A, De Luca A, Casaburi I, Rizza P, Onofrio A, Iacopetta
D, Puoci F, Andò S, Maggiolini M, Pezzi V. Oleuropein and hydroxytyrosol
inhibit MCF-7 breast cancer cell proliferation interfering with ERK1/2
activation. Mol Nutr Food Res. 2010;54(6):833–40.
59. Steiner N, Shrem G, Tannus S, Dahan SY, Balayla J, Volodarsky-Perel A, Tan
SL, Dahan MH. Effect of GnRH agonist and letrozole treatment in women
with recurrent implantation failure. Fertil Steril. 2019;112(1):98–104.
60. Talhaoui N, Taamalli A, Gómez-Caravaca AM, Fernández-Gutiérrez A,
Segura-Carretero A. Phenolic compounds in olive leaves: analytical determination, biotic and abiotic influence, and health benefits. Food Res Int.
2015;77:92–108.
61. Trukhacheva E, Lin Z, Reierstad S, Cheng Y-H, Milad M, Bulun SE. Estrogen
receptor (ER) β regulates erα expression in stromal cells derived from
ovarian endometriosis. J Clin Endocrinol Metab. 2009;94(2):615–22.
62. Tseng JF, Ryan IP, Milam TD, Murai JT, Schriock ED, Landers DV, Taylor RN.
Interleukin-6 secretion in vitro is up-regulated in ectopic and eutopic
endometrial stromal cells from women with endometriosis. J Clin Endocrinol Metab. 1996;81(3):1118–22.

Park et al. Journal of Biomedical Science

(2022) 29:100

Page 20 of 20

63. Tutino V, Caruso MG, Messa C, Perri E, Notarnicola M. Antiproliferative, antioxidant and anti-inflammatory effects of hydroxytyrosol on
human hepatoma HepG2 and Hep3B cell lines. Anticancer Res.
2012;32(12):5371–7.
64. Vissers MN, Zock PL, Katan MB. Bioavailability and antioxidant effects of
olive oil phenols in humans: a review. Eur J Clin Nutr. 2004;58(6):955–65.
65. Vogel P, Kasper Machado I, Garavaglia J, Zani VT, De Souza D, Morelo Dal
Bosco S. Polyphenols benefits of olive leaf (Olea europaea L) to human
health. Nutr Hosp. 2014;31(3):1427–33.
66. Yan CM, Chai EQ, Cai HY, Miao GY, Ma W. Oleuropein induces apoptosis via activation of caspases and suppression of phosphatidylinositol
3-kinase/protein kinase B pathway in HepG2 human hepatoma cell line.
Mol Med Rep. 2015;11(6):4617–24.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published 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
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

