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Evodiamine suppresses
endometriosis development
iInduced by early EBV exposure
through inhibition of ERp
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Xiaohan Liu?, Ligin Zeng*, Paul Yao™ and Dongfang Xiang™*

'Department of Gynecology, The Second Affiliated Hospital of Guangzhou University of Chinese
Medicine, Guangzhou, China, 2The Second Clinical College of Guangzhou University of Chinese
Medicine, Guangzhou, China, *University of California at Riverside, Riverside, CA, United States,
“Department of Gynecology, Sun Yat-Sen University Affiliated No. 8 Hospital, Shenzhen, China

Introduction: Endometriosis (EMS) is characterized as a prevalent gynecological
inflammatory disorder marked by the existence of endometrial tissues situated
beyond the uterus. This condition leads to persistent pelvic pain and may
contribute to infertility. In this investigation, we explored the potential
mechanism underlying the development of endometriosis (EMS) triggered by
transient exposure to either latent membrane protein 1 (LMP1) or Epstein-Barr
virus (EBV) in a mouse model. Additionally, we examined the potential inhibitory
effect of evodiamine (EDM) on EMS.

Methods: Immortalized human endometrial stromal cells (HESC) or epithelial
cells (HEEC) were transiently exposed to either EBV or LMP1. The presence of
evodiamine (EDM) was assessed for its impact on estrogen receptor p (ERP)
expression, as well as on cell metabolism parameters such as redox balance,
mitochondrial function, inflammation, and proliferation. Additionally, a mixture of
LMP1-treated HESC and HEEC was administered intraperitoneally to generate an
EMS mouse model. Different dosages of EDM were employed for treatment to
evaluate its potential suppressive effect on EMS development.

Results: Transient exposure to either EBV or LMP1 triggers persistent ERpP
expression through epigenetic modifications, subsequently modulating related
cell metabolism for EMS development. Furthermore, 4.0 uM of EDM can
efficiently reverse this effect in in vitro cell culture studies. Additionally,
20 mg/kg body weight of EDM treatment can partly suppress EMS
development in the in vivo EMS mouse model.

Conclusion: Transient EBV/LMP1 exposure triggers permanent ERp expression,
favoring later EMS development, EDM inhibits EMS development through ERB
suppression. This presents a novel mechanism for the development of

Abbreviations: ChlIP, chromatin immunoprecipitation; EBV, Epstein-Barr virus; EDM, evodiamine; COX2,
cyclooxygenase 2; EMS, Endometriosis; ERB, estrogen receptor B; GSH, glutathione; HEEC, human
endometrial epithelial cells; HESC, human endometrial stromal cells; IHC, immunohistochemistry; IL6,
interleukin-6; IL1B, interleukin-1B; LMP1, latent membrane protein 1; NRF1, nuclear respiratory factor-1;
8-ox0-dG, 8-Hydroxy-2'-deoxyguanosine; PBMC, peripheral blood mononuclear cells; PGCIp,
peroxisome proliferator-activated receptor gamma coactivator 1-f; PGE2, Prostaglandin E2; MMP1,
matrix metalloproteinase-1; TNFa, Tumor Necrosis Factor- a; ROS, reactive oxygen species.
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endometriosis (EMS) in adulthood stemming from early Epstein-Barr virus (EBV)
exposure during childhood. Moreover, evodiamine (EDM) stands out as a
prospective candidate for treating EMS.
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endometriosis, Epstein-Barr virus, estrogen receptor P, evodiamine, latent membrane

protein 1

Introduction

Endometriosis (EMS) is defined as a prevalent inflammatory
condition affecting the female reproductive system identified by the
existence of lesions resembling endometrial tissues situated beyond
the uterus. This condition results in chronic pelvic pain, infertility,
and adversely impacts the overall quality of life for affected women
(Zondervan et al., 2018). Currently, the treatment for EMS relies on
surgical removal and hormone suppression (Bulun et al.,, 2019),
which (GnRH)
antagonists and progestins. However, hormone suppression often

includes  Gonadotropin-releasing hormone
entails numerous side effects (Zeng et al., 2024). Endometriosis
(EMS) exhibits estrogen dependence, featuring a substantial
upregulation of estrogen receptor f (ERP). ERP and the genes it
regulates (Xiang et al., 2020), play a pivotal role in EMS
pathogenesis, influencing redox balance (Liu et al., 2014; Kong
et al, 2016; Zhan et al., 2016), apoptosis, inflammation (Han
et al, 2015; Simmen and Kelley, 2016; Han et al, 2019).
However, the specific mechanism leading to the upregulation of
ERP in EMS remains largely unknown.

Many factors may contribute to EMS development, including
retrograde menstruation, modulation of metabolic pathways and the
endocrine system, epithelial-mesenchymal transition, as well as altered
immunity, inflammation, and redox balance (Wang et al., 2020; Xiao
et al,, 2020; Bulun, 2022). Some studies suggest a potential link between
EMS and virus infection, with Moslehi et al. (2023) recently reporting a
possible correlation between human papillomavirus infection and
endometriosis. However, the overall association of viruses with EMS
is still regarded as relatively low (Vestergaard et al., 2010). Epstein-Barr
virus (EBV), a y-herpes virus, is linked to various human tumors, in
part, due to its role in the transformation of B-cell lymphocytes and the
presence of latent membrane protein 1 (LMP1) (Chou et al, 2011;
Wang et al,, 2017). Approximately ~95% of the population is infected by
EBV in their lives, while most of them experience latent infection with
no obvious symptoms (Hu et al., 2016; Wang et al., 2019). Recently, our
research has revealed that EBV contributes to tumorigenesis by
upregulating peroxisome proliferator-activated receptor gamma
coactivator 1-B (PGC1p) through the action of LMP1 (Feng et al,
2021). Furthermore, transient EBV infection initiates persistent
expression of PGCI1P during later stages of tumor development
(Chen et al,, 2023). We assume that EBV or LMP1 early exposure
may trigger persistent ERP upregulation and contribute to later
endometriosis development.

Evodiamine (EDM), a natural alkaloid ingredient with a
quinazolinocarboline skeleton structure, can be extracted from the
fruit of Evodiae rutaecarpa (Xu et al,, 2022; Zhang et al, 2023). It
possesses various biological benefits, including anti-angiogenesis (Shyu
et al,, 2006; Yu et al,, 2023), anti-tumor growth (Wang et al., 2013; Shi
et al, 2016), promotion of apoptosis (Li et al., 2022), modulation of
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mitochondrial function (Liu et al,, 2013), oxidative stress (Yang et al,
2008), and anti-inflammatory effects (Yang et al., 2021). In this study, we
hypothesize that EDM may have potential effects on EMS development
due to its modulation activities on inflammation, proliferation,
apoptosis, and redox balance (Wang et al., 2013; Xu et al,, 2022).

In our earlier research, we identified an association between
endometriosis and ERP upregulation, leading to the initiation of
endometriosis development (Xiang et al., 2020). Nonetheless, the
underlying mechanism responsible for the upregulation of ERp in
endometriosis remains elusive. In this investigation, our aim is to
examine the possible mechanism behind the sustained expression of
ER triggered by exposure to EBV or LMP1. Additionally, we aim to
assess the inhibitory effect of evodiamine (EDM) on ERp expression
and its subsequent impact on suppressing endometriosis. Human
endometrial stromal cells (HESC) or epithelial cells (HEEC) were
immortalized and exposed to either EBV or LMP1 adenovirus
transiently. Following the removal of EBV or LMPI1, we
monitored the expression of ERP and its subsequent molecular
properties related to proliferation, mitochondrial function, redox
balance and pro-inflammatory cytokine release in an in vitro cell
culture study. Also, we assessed the potential inhibitory impact of
EDM on the expression of ERPB. Additionally, a mixture of EBV/
LMP1 exposure-mediated HESC and HEEC cells was administered
intraperitoneally to generate an endometriosis mouse model (Banu
etal., 2008; Arosh et al., 2015; Arosh et al., 2022), and the inhibitory
effect of EDM on endometriosis development was evaluated.

Materials and methods

For additional details on the Materials and methods, please refer
to Supplementary Data S1.

Reagents and materials

Human endometrial epithelial cells (HEEC, #ABC-H0045X)
and endometrial stromal cells (HESC, #ABI-TM257D) were
immortalized by SV40 large T antigen, purchased from AcceGen
(Beijing, China), and cultured in medium using the ABC-TM045X
Human Endometrial Epithelial Cells Medium Kit and ABI-TM257D
Human Endometrial Stromal Cell Line (HESC) Medium Kit,
respectively (from AcceGen). Evodiamine (EDM), >99% purity,
with a molecular formula of C19H17N30O and a molecular
weight of 303.36, was obtained from Wuhan Ability Chemical
Technology, China, and dissolved in dimethyl sulfoxide (DMSO,
Sigma China) with 0.1% as the final working solution (Yu et al,
2023). ERP antagonist PHTPP (#2662) was obtained from Tocris
Bioscience, and dissolved in DMSO (0.1% as the final).
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FIGURE 1

Transient exposure of EBV/LMP1 results in persistent ERp upregulation. (A,B) Immortalized human HESC cells were treated by either control (CTL),

EBV virus or LMP1 adenovirus for 3 days, then switched to control (CTL) for another 3 days, and the mRNA levels were determined for ERp (A) and ERa (B).
n=4.*p <0.05, vs. day O treatment. (C—G) Immortalized human HESC cells were treated by either control (CTL), EBV virus or LMP1 adenovirus for 3 days
(passage 0), then switched to CTL for continuous culturing until passage 6 for biological assays. (C) EBV viral genomes, n = 4, *p < 0.05, vs. CTL in
Passage 0. (D,E) mRNA levels for LMP1 (D) and ERB (E), n = 4. (F) Representative western blots for (G). (G) Protein quantitation at passage 6.n = 5, *p < 0.05,
vs. CTL group. Data were expressed as mean + SD, one-way ANOVA was used for statistical analysis. Abbreviations EBV, Epstein-Barr virus; ERa, estrogen
receptor a; ERp, estrogen receptor p; LMP1, latent membrane protein 1; WB, Western blotting.

Methods

The quantification of mRNA levels was conducted through real-
time qPCR, utilizing primers specified in Supplementary Table S1, while
protein levels were assessed through Western blotting and
immunostaining. Cell viability was determined using MTT assay
(Yao et al, 2009). Histone methylation was analyzed by chromatin
immunoprecipitation (ChIP) using primers from Supplementary Table
S1 (Zhang et al., 2017; Zou et al., 2017). Reactive oxygen species (ROS)
was assessed by measuring CM-H2DCFDA-mediated fluorescence
emission using a microplate reader at 485/530 nm (Zhang et al,
2017; Zou et al,, 2017). The GSH/GSSG ratio was assessed through
GSH/GSSG-Glo™ Assay Kit. The measurement of 3-nitrotyrosine (3-
NT) formation was conducted using a 3-Nitrotyrosine ELISA Kit and
YH2AX formation was determined by Western blotting (Zhang et al,,
2017). Mitochondrial function was assessed by quantifying
mitochondrial DNA copies using qPCR, ATP levels (Yao et al,
2005; Zou et al, 2017; Zhang et al, 2018), and mitochondrial
membrane potential (MMP, Aym) by measuring TMRE-based
fluorescence at 548/573 nm (Kong et al, 2016; Zhang et al., 2017;
Zhang et al., 2018). Apoptosis was determined through TUNEL assay
through In Situ Cell Death Detection Kit™ (Yao et al., 2005). EBV
replication was determined by qPCR, quantifying EBV BMRF1 and
normalizing by -actin with primers from Supplementary Table S1
(Rose et al., 2002; Verma et al.,, 2016). Cytokines (IL1p, IL6, TNFa, and
PGE2) were measured using the Human/Mouse Quantikine ELISA Kit
from R&D Systems (Kobayashi et al, 2016). Cell proliferation was
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determined through the incorporation of [*H]-thymidine for DNA
synthesis and the formation of colonies in soft agar (Zhang et al., 2017).
In order to evaluate the potential effects of EDM treatment and
EBV/LMPI exposure, the cells were separated into the following
5 groups for in vitro study. Group 1: cells were treated by empty
adenovirus (EMP) together with control (CTL) solvent with 0.1%
DMSO for 48 h (EMP/CTL); Group 2: cells were treated by EBV
virus together with control (CTL) solvent with 0.1% DMSO for 48 h
(EBV/CTL); Group 3: cells were treated by LMPI1 adenovirus
together with control (CTL) solvent with 0.1% DMSO for 48 h
(LMP1/CTL); Group 4: cells were treated by EBV virus together with
4.0 uM of EDM dissolved in DMSO with 0.1% as the final working
solution (EBV/EDM); Group 5: «cells were treated by
LMP1 adenovirus together with 4.0 pM of EDM dissolved in
DMSO with 0.1% as the final working solution (LMP1/EDM).

DNA methylation analysis

The evaluation of DNA methylation on the ERp promoter was
accomplished through methylation-specific PCR (MSP), coupled
with bisulfite modification through the EpiJET Bisulfite Conversion
Kit. Methylated and unmethylated primers were utilized for
amplification, as follows: Methylated primer: forward 5'- gga tta
tag gcg tga gttattacgt -3/, reverse 5'- att taa aca caa aaa ttt aat cac gaa
-3'; Unmethylated primer: forward 5'- gga tta tag gtg tga gtt att atg t
-3/, reverse 5'- att taa aca caa aaa ttt aat cac aaa -3’. The product sizes

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426660

Wang et al. 10.3389/fphar.2024.1426660
40
150
¥
2 =
z 30 =:' g
3 5 E
2 Z ~ 2 ig
5 3 : +
o
memp/cTL £ ~ % 58
= 8. =
mEBV/CTL £ 10 3 b § 2£
=2 g2
BLMPL/CTL B 5 —+ERa  -=-ERp g
=)
BEBV/EDM 0.0 E . a
OLMP1/EDM 0o 4.0 80 120 160 20 00 40 80 120 180 200 ©
Exposwre of EDMlevels in 48 hours (iM) Exposure of EDM lexels in 48 hours (M) H3K9Ime2 H3K9Ime3 H3K27me2 H3K27me3
150 250
= o £ 00
&z e s Western Blots
=2 T -
e 25 E % 150 ERr— o ———
2 E 2 w2
13 3£ £ Zu0o ERp— T ——
%5 <2 SE B-actin— ——— ———
ES nz: < rz 50
< E £2
H £ ] A& N
28 g S
= g o NS
S )

ERa

ERa ERB ERB

FIGURE 2

EDM suppresses ERB expression through epigenetic modification on the ERp promoter. (A,B) Immortalized human HESC cells were exposed to
different concentrations of evodiamine (EDM), which including 0.0, 0.5, 1.0, 2.0, 4.0, 8.0, 12.0, 16.0 and 20.0 pM, after incubation of 48 h, cells were
harvested for the analysis of cell viability (A) and mRNA levels (B). n = 5, *p < 0.05, vs. 0.0 uM EDM. (C-G) Immortalized human HESC cells at passage
6 were pre-treated with empty (EMP), EBV or LMP1 adenovirus, then exposed to either control (CTL) or 4.0 uM of EDM for 48 h, then the cells were
harvested for subsequent biological assays. (C) DNA methylation, n = 4. (D) ChlIP analysis on the ERB promoter, n = 4. (E) mRNA levels, n = 4. (F) Protein
quantitation, n = 5. (G) Representative western blots for (F). *p < 0.05, vs. EMP/CTL group; fip < 0.05, vs. EBV/CTL treatment. Data were expressed as
mean + SD, one-way ANOVA was used for statistical analysis. Abbreviations ChlIP, chromatin immunoprecipitation; EBV, Epstein-Barr virus; EDM,

evodiamine; ERa, estrogen receptor «; ERB, estrogen receptor f; LMP1, latent membrane protein 1.

were 210 bp (methylated) with Tm: 68.2°C and 210 bp
(unmethylated) with Tm: 67.6°C. The ultimate methylation
measurement was standardized based on the unmethylated input
PCR (Eads et al., 2000; Ogino et al., 2006).

In vivo mouse experiments

The NOD scid gamma (NSG) mouse was procured from Jackson
Lab. The mouse protocol was approved by the Institutional Animal
Care and Use Committee from Guangzhou University of Chinese
Medicine following the NIH guidelines. At 4 weeks of age, sterile 60-
day release pellets containing 0.72 mg of 17p-estradiol were
implanted subcutaneously in all NSG female mice through a
approximately 3-mm cut made on the dorsal side of the neck.
Following 2 days of E2 pellet administration, the mixed human
endometrial cells were used for transplantation.

Cell transplantation and EDM treatment
Immortalized HESC) and HEEC cells were subjected to
infection with either empty control or LMP1 adenovirus for a
duration of 48 h. Then, the adenovirus was removed and
cultured continuously to pick up the single colony until passage
6. On the day of transplantation, LMP1 adenovirus or empty control
(EMP)-treated immortalized HESC and HEEC cells were
trypsinized, and 2 x 10° cells for both HESC and HEEC cells
were mixed, pelleted, and washed. The cells were then suspended
and mixed with Matrigel at a 1:1 ratio to achieve a final 150 pL
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volume, maintaining the mixture on ice until transplantation. The
blended suspensions were injected intraperitoneally using a 1 mL
insulin syringe with a 20-gauge needle. The injection was
administered along the midventral line, just caudal to the
umbilicus, with care taken to avoid injury to the peritoneal layer
or organs. Immediately post-transplantation, mice were kept in a
sternal posture to facilitate cell attachment to the peritoneum (Banu
et al, 2009). After 24 h of cell transplantation, the mice were
randomly allocated into four groups and subjected to treatment
with either EDM or a corresponding vehicle. Group 1: cells were
pretreated by empty adenovirus (EMP) for cell transplantation, then
mice received vehicle control (EMP/CTL). Group 2: cells were
pretreated by LMP1 adenovirus for cell transplantation, then
mice received vehicle control (LMP1/CTL). Group 3: cells were
pretreated by LMP1 adenovirus for cell transplantation, then mice
received 10 mg/kg body weight of EDM (EDM10) given as gavage
every 2 days for 4 weeks (LMP1/EDM10). Group 4: cells were
pretreated by LMP1 adenovirus for cell transplantation, then mice
received 20 mg/kg body weight of EDM given as gavage every 2 days
for 4 weeks (LMP1/EDM?20) (Yu et al., 2023).

Assessment and characterization of
endometriosis lesions

Following 4 weeks of cell transplantation, NSG mice recipients
were humanely euthanized through CO, asphyxiation, and whole
blood was obtained via heart puncture. Peripheral blood
mononuclear cells (PBMC) and serum were then isolated. The

abdominal cavity was opened, and endometriosis lesions were
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EDM modulates EBV exposure-mediated oxidative stress in HESC cells. Immortalized human HESC cells at passage 6 were pre-treated with empty
(EMP), EBV or LMP1 adenovirus, then exposed to either control (CTL) or 4.0 uM of EDM for 48 h, then the cells were harvested for subsequent biological
assays. (A) ROS formation. (B) 3-nitrotyrosine formation. (C) yH2AX quantitation. (D) Representative western blots for (C). (E) Quantitation of 8-oxo-dG
formation. (F) Representative pictures for (E). n = 5, *p < 0.05, vs. EMP/CTL treatment; 9ip < 0.05, vs. EBV/CTL treatment. Data were expressed as
mean + SD, one-way ANOVA was used for statistical analysis. Abbreviations EBV, Epstein-Barr virus; EDM, evodiamine; ERa, estrogen receptor a; ERB,
estrogen receptor ; LMP1, latent membrane protein 1; 8-oxo-dG, 8-Hydroxy-2'-deoxyguanosine; ROS, reactive oxygen species; WB, Western blotting.

visually examined for gross presence. The number of lesions was
quantified using a dissection microscope, and the dimensions of
each lesion were measured using a caliper. Lesions were categorized
as single (comprising one visible nodule) or multiple (consisting of
two or more visible nodules) (Banu et al., 2009; Arosh et al., 2015). A
portion of the lesions was utilized for assessing the GSH/GSSG ratio,
proinflammatory cytokine secretion, and gene expression (Gou
et al, 2019). Simultaneously, the peritoneum was promptly fixed
in 4% paraformaldehyde, and the entire peritoneum was sectioned
for subsequent immunohistochemistry (IHC) staining (Banu
et al., 2009).

Statistical analysis
The data was expressed as mean * SD (standard deviation), and

each experiment was carried out in at least quadruplicate. The data
was analyzed for normal distribution using the Shapiro-Wilk test.

Frontiers in Pharmacology

Statistical significance among different groups was determined using
one-way analysis of variance (ANOVA) followed by the Tukey-
Kramer test, with a significance level set at p < 0.05. All analyses were
conducted using SPSS 22 software (Ramezani et al., 2022).

Results

Transient exposure to EBV/LMP1 results in
persistent ERp upregulation

We assessed the potential impact of infection with either EBV
or LMPI1
Immortalized HESC cells were exposed to treatment with
either control (CTL), EBV virus, or LMP1 adenovirus for a
period of 3 days. Following that, the cells were transitioned to
CTL for an extra 3 days, and mRNA levels were then determined.

adenovirus on estrogen receptor expression.

We found that ERp mRNA increased continuously following the
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EDM modulates EBV exposure-mediated mitochondrial function in HESC cells. Immortalized human HESC cells at passage 6 were pre-treated with
empty (EMP), EBV or LMP1 adenovirus, then exposed to either control (CTL) or 4.0 uM of EDM for 48 h, then the cells were harvested for subsequent
biological assays. (A) Mitochondrial DNA copies. (B) Intracellular ATP levels. (C) Mitochondrial membrane potential (AWYm). (D) Caspase-3 activity. (E)
Apoptosis rate. (F) Representative pictures for (E). n = 5. *p < 0.05, vs. EMP/CTL treatment; 9ip < 0.05, vs. EBV/CTL treatment. Data were expressed as
mean + SD, one-way ANOVA was used for statistical analysis. Abbreviations ATP, Adenosine triphosphate; EBV, Epstein-Barr virus; EDM, evodiamine;
LMP1, latent membrane protein 1; ROS, reactive oxygen species; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

infection of either EBV or LMP1, and the expression remained
high after the removal of EBV/LMP1 (see Figure 1A). On the
other hand, ERa mRNA showed no changes following virus
infection (see Figure 1B). After the transient infection of EBV/
LMP1 for 3 days (passage 0), the cells were cultured continuously
until passage 6 following the removal of EBV/LMP1 for analysis.
We found that EBV DNA copies were around 2.8 copies/cell after
immediate EBV infection, while they completely disappeared at
passage 6 (see Figure 1C). Additionally, LMP1 mRNA
continuously decreased following the increase in cell passage
and became completely undetectable at passage 6 (see Figure 1D).
Conversely, ERp mRNA levels demonstrated an increase
following EBV/LMP1 infection compared to the CTL group,
and this elevation persisted until passage 6 (see Figure 1E).
Protein levels were also assessed at passage 6, revealing
undetectable levels of LMP1. ERa exhibited no significant
differences among the treatments, while ERP protein levels
remained elevated following transient exposure to EBV/
LMP1 at passage 6 when compared to the CTL group (see
Figures 1F, G; Supplementary Figure S1A). In conclusion, we
found that transient exposure to EBV/LMPI results in persistent
ERp upregulation even in the absence of EBV/LMPI.
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Evodiamine (EDM) inhibits the expression of
ERp by inducing epigenetic modifications

Immortalized human HESC cells were exposed to different
concentrations of evodiamine (EDM) for 48 h for biological analysis,
and we found that cell viability did not show a significant difference until
the EDM concentration reached 16.0 uM (see Figure 2A). Additionally,
the ERB mRNA level started to decrease significantly when EDM
concentration reached 4.0 uM, while ERa mRNA showed no
difference among all the treatments (see Figure 2B). The cells were
treated with 4.0 pM EDM in all the following in vitro cell culture
experiments. The immortalized human HESC cells were pre-treated with
empty (EMP), EBV, or LMP1 adenovirus, then further exposed to either
control (CTL) or 4.0 pM of EDM for 48 h at passage 6 for subsequent
biological assays. We observed a significant reduction in DNA
methylation on the ERB promoter following pre-treatment with either
EBV or LMP1 in comparison to the EMP/CTL group, and the effect was
completely reversed by EDM treatment (see Figure 2C). Examining
histone methylation on the ERB promoter showed that EBV/LMP1 pre-
treatment led to a notable decrease in histone modifications of
H3K9me2 and H3K27me3 in comparison to the EMP/CTL group,
the effect was reversed by EDM treatment

entirely on
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LMP1/EDM

EDM suppresses EBV exposure-mediated cell proliferation in HESC cells. Immortalized human HESC cells at passage 6 were pre-treated with empty
(EMP), EBV or LMP1 adenovirus, then exposed to either control (CTL) or 4.0 uM of EDM for 48 h, then the cells were harvested for subsequent biological
assays. (A) Thymidine incorporation (CPM). (B) Colony formation. (C) Ratio of Ki67 positive cells. (D) Representative pictures for (C). n = 5. *p < 0.05, vs
EMP/CTL treatment; 9o < 0.05, vs. EBV/CTL treatment. Data were expressed as mean + SD, one-way ANOVA was used for statistical analysis.
Abbreviations EBV, Epstein-Barr virus; EDM, evodiamine; LMP1, latent membrane protein 1.

H3K9me2 modification, but had no impact on H3K27me3 modification.
Moreover, no significant differences were observed in H3K9me3 and
H3K27me2 among these treatments (see Figure 2D). Furthermore,
mRNA levels in these cells were determined, indicating that EBV/
LMPI pre-treatment significantly increased ERpB expression compared
to the EMP/CTL group. EDM treatment partially reversed this effect,
while ERa expression showed no significant difference among the groups
(see Figure 2E). Protein level evaluation mirrored the mRNA expression
pattern (see Figures 2F, G; Supplementary Figure S1B). Furthermore, we
evaluated the potential effect of EBV/LMP exposure on the ERJ
activation, found that ERp specific blockade PHTPP had no effect on
EBV/LMP1 exposure-mediated ERB upregulation (see Supplementary
Figure S2A), while it completely diminished EBV/LMP1 exposure-

mediated cell proliferation (see Supplementary Figure S2B).
Additionally, we explored the potential impact of EBV/
LMP1 pretreatment and EDM in HEEC cells. The results

demonstrated that transient exposure to EBV/LMPI1 significantly
upregulated ERP expression, and EDM treatment completely reversed
this effect. ERa showed no significant difference among these groups (see
Supplementary Figure S3A). Also, transient EBV/LMP1 exposure
significantly reduced DNA methylation (see Supplementary Figure
S3B), H3K9me2, and H3K27me3 (see Supplementary Figure S3C) on
the ERP promoter, and again, EDM treatment completely reversed
this effect.

EDM modulates EBV exposure-mediated
oxidative stress in HESC cells

Immortalized human HESC cells underwent pre-treatment with
EMP, EBV, or LMPI, followed by treatment with either CTL or
4.0 uM of EDM for 48 h at passage 6 for the measurement of
oxidative stress. The findings indicated that pre-treatment with
either EBV or LMP1 significantly augmented ROS formation (see
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Figure 3A) and 3-nitrotyrosine (see Figure 3B) in comparison to the
EMP/CTL group. Interestingly, EDM treatment further intensified
this effect. Conversely, pre-treatments with EBV/LMP1 had no
notable impact on yH2AX formation (see Figures 3C, Dj
Supplementary Figure S1C) and 8-oxo-dG generation (see
Figures 3E, F) in comparison to the EMP/CTL group. However,
EDM treatment significantly increased the formation of both
yH2AX and 8-0x0-dG. In conclusion, EDM treatment modulates
EBV exposure-mediated redox balance in HESC cells.

EDM ameliorates EBV exposure-mediated
pro-inflammation in HESC cells

We examined the impact of EDM treatment and transient exposure
to EBV/LMP1 on the release of pro-inflammatory cytokines in HESC
cells. It was noted that pre-treatment with either EBV or
LMP1 significantly elevated mRNA levels of these pro-inflammatory
cytokines. EDM treatment partially restored the expression of IL1{ and
PGE2 but completely restored the expression of IL6 and TNFa (see
Supplementary Figure S4A). We also assessed the cellular secretion of
these cytokines, including IL1P (see Supplementary Figure S4B), IL6
(see Supplementary Figure S4C), TNFa (see Supplementary Figure
§4D), and PGE2 (see Supplementary Figure S4E), and the secretion
pattern mirrored that of the mRNA levels.

EDM modulates mitochondrial function in
HESC cells influenced by transient exposure
to EBV

We investigated the impact of EDM treatment and transient EBV/
LMP1 exposure on mitochondrial function. Results revealed that pre-
treatment with either EBV or LMP1 significantly enhanced
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EDM modulates redox balance and proinflammatory cytokine release in peripheral blood in LMP1-mediated endometriosis mouse model. The
mixture of immortalized human HESC and HEEC cells were pre-treated with either empty control (EMP) or LMP1 adenovirus, then cells were administered
intraperitoneally, and the experimental mice were then treated by control (CTL), 10 mg/kg of EDM (EDM10) or 20 mg/kg of EDM (EDM20), then the serum
and PBMC were isolated for biological assays. (A—C) PBMC cells were isolated for analysis. (A) ROS formation; (B) Quantitation of 8-oxo-dG
formation; (C) Representative pictures for (B). (D—H) The serum was isolated for analysis. (D) GSH/GSSG ratio in serum; (E) IL1p level (B); (F) IL6 level; (G)
TNFa level; (H) PGE2 level. n =7.*p < 0.05, vs. EMP/CTL group; 9ip < 0.05, vs. LMP1/CTL group; #p < 0.05, vs. LMP1/EDM10 group. Data were expressed as
mean + SD, one-way ANOVA was used for statistical analysis. Abbreviations EBV, Epstein-Barr virus; EDM, evodiamine; ERp, estrogen receptor ; GSH,
glutathione; IL6, interleukin-6; IL1p, interleukin-1p; LMP1, latent membrane protein 1; 8-oxo-dG, 8-Hydroxy-2'-deoxyguanosine; PBMC, peripheral
blood mononuclear cells; PGE2, Prostaglandin E2; TNFa, Tumor Necrosis Factor- a; ROS, reactive oxygen species

mitochondrial replication (see Figure 4A), intracellular ATP levels (see
Figure 4B), and mitochondrial membrane potential (see Figure 4C;
Supplementary Figure S5) compared to the EMP/CTL group. EDM
treatment either partially or completely reversed this effect.
Additionally, EBV/LMP1 pre-treatment had minimal impact on
caspase-3 activity (see Figure 4D) and apoptosis rate (see Figures 4E,
F), while EDM treatment significantly elevated these levels compared to
the EMP/CTL group.

EDM suppresses EBV exposure-mediated
cell proliferation in HESC cells

We examined the impact of EDM treatment and transient
exposure to EBV/LMP1 on cell proliferation. Results indicated
that pre-treatment with either EBV or LMP1 significantly
elevated thymidine 5A),
formation (see Figure 5B), and the ratio of Ki67-positive cells
(see Figures 5C, D) in HESC cells compared to the EMP/CTL

incorporation (see Figure colony
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group. EDM treatment either partially or completely reversed
this effect.

EDM modulates redox balance and
proinflammatory cytokine release in
peripheral blood in LMP1-mediated
endometriosis mouse model

A mixture of LMPIl-pretreated HESC and HEEC cells was
intraperitoneally administered as an endometriosis model and treated
with either 10 mg/kg of EDM (EDM10) or 20 mg/kg of EDM (EDM20).
PBMC and serum were isolated for biological assays. Initial assessment
of redox balance in PBMC showed that LMPI pre-treatment had
minimal effect on ROS formation (see Figure 6A) and 8-oxo-dG
formation (see Figures 6B, C) in PBMC, whereas EDM treatments
significantly intensified these effects compared to the EMP/CTL
group. Subsequent evaluation in the serum demonstrated that
LMP1 pre-treatment had marginal impact, whereas EDM treatments
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EDM suppresses ERB and cell growth in LMP1-mediated endometriosis mouse model. The mixture of immortalized human HESC and HEEC cells
were pre-treated with either empty control (EMP) or LMP1 adenovirus, then cells were administered intraperitoneally, and the experimental mice were
then treated by control (CTL), 10 mg/kg of EDM (EDM10) or 20 mg/kg of EDM (EDM20), then the endometriosis tissues were isolated for biological assays
(A) mRNA levels by gPCR, n = 4. (B) Representative western blots. (C) Quantitation of protein levels for (B), n = 5. (D) Representative pictures for ERp
staining. (E) Quantitation of Ki67, n = 7. (F) Representative pictures for (E). (G) Number of lesions, n = 7. (H) Lesion diameter, n = 7. *p < 0.05, vs. EMP/CTL
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NRF1, nuclear respiratory factor-1; MMP1, matrix metalloproteinase-1; WB, Western blotting.

significantly reduced the GSH/GSSG ratio compared to the EMP/CTL
group; notably, EDM20 treatment exhibited a stronger effect than the
EDM10 group (see Figure 6D). Moreover, LMP1 pre-treatment
significantly increased proinflammatory cytokine release, including
IL1P (see Figure 6E), IL6 (see Figure 6F), TNFa (see Figure 6G), and
PGE2 (see Figure 6H), compared to the EMP/CTL
group. EDM10 treatment partially, and EDM20 treatment almost
completely (except for IL1p), reversed this effect.

EDM suppresses ERP expression and cell
growth in LMP1-mediated endometriosis
mouse model

A LMPl-pretreated mixture of HESC and HEEC cells was
administered intraperitoneally as an endometriosis model and treated
with either 10 mg/kg of EDM (EDM10) or 20 mg/kg of EDM (EDM20).
Endometriosis tissues were isolated for biological assays. Gene expression
analysis revealed that pretreatment with LMP1 markedly increased the
mRNA levels of ERP and the genes it regulates, such as COX2, MMP1,
and NRFI. EDM20 treatment partially reversed this effect, with
EDM20 exhibiting a pronounced impact than the
EDMIO group (see Figure 7A). Protein levels for these genes
mirrored the expression pattern observed at the mRNA level (see

more
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Figures 7B, C; Supplementary Figure S1D). Immunohistochemistry
(IHC) staining for ERP expression demonstrated a similar pattern to
that observed at the mRNA level (see Figure 7D). Furthermore,
Ki67 expression assessed by IHC in these tissues revealed that
LMPI pretreatment significantly increased Ki67 staining compared to
the EMP/CTL group. EDMI10 treatment partially reversed this effect,
while the EDM20 group exhibited a more substantial impact than the
EDMI0 group (see Figures 7E, F). Finally, assessment of endometriosis
growth demonstrated that LMP1 pretreatment significantly increased the
number of lesions (including both single and multiple lesions) (see
Figure 7G) and the diameter of lesions (see Figure 7H) compared to
the EMP/CTL group. EDMI0 treatment partly reversed this effect, with
the EDM20 group displaying a more pronounced impact than EDM
treatment. In conclusion, EDM treatment inhibits LMP1 pretreatment-
mediated endometriosis development in the mouse model.

Evodiamine inhibits early EBV/

LMP1 exposure-mediated later
endometriosis development through ER
suppression

We developed a schematic model illustrating the potential
impact of evodiamine on early exposure-mediated endometriosis
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Evodiamine suppresses early EBV/LMP1 exposure-mediated later endometriosis development. Abbreviations EBV, Epstein-Barr virus; EDM,

evodiamine; ERP, estrogen receptor B; LMP1, latent membrane protein 1.

induced by EBV/LMPI1. Early exposure to either EBV or
LMP1 induces epigenetic modifications on the ERB promoter,
including DNA methylation and histone methylation, and
subsequently results in persistent ERP upregulation even in
the absence of EBV/LMPI. Increased ERP expression triggers
oxidative stress, mitochondrial modulation, and
proinflammatory cytokine release, which then eventually
endometriosis
Conversely, evodiamine has the ability to impede the
epigenetic alterations induced by EBV/LMP1 on the ERP
promoter, suppressing the development of

EBV/LMP1

triggers cell growth and development.

consequently
endometriosis  initiated by pretreatment

(see Figure 8).

Discussion

In this investigation, we discovered that brief exposure to either
EBV or LMPI leads to enduring ERP expression via epigenetic
modifications in HESC or HEEC cells even after the removal of EBV
or LMP1. EDM treatment reverses the epigenetic changes induced
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by EBV/LMPI, subsequently affecting ERP expression and the
development of endometriosis, evidenced in both in vitro and in
vivo studies involving mice.

Involvement of EBV in the development
of EMS

We demonstrate that temporary infection with either EBV or
LMP1 induces epigenetic alterations on the ERP promoter,
leading to sustained upregulation of ERP in both HESC and
HEEC cells even in the absence of EBV or LMPI1. This
subsequently contributes to EMS development. LMP1, as an
EBV-encoded oncogene (Chou et al., 2011), plays a critical
regulatory role in EBV-mediated tumor metabolism (Wang
et al, 2017). However, our study shows the potential
contribution of early infection with EBV or LMP1 during
childhood to later EMS development through epigenetic
modifications and ERp activation. This is a novel mechanism
for the etiology of EMS, even though active EBV may not be
readily detectable in the majority of EMS patients.
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Role of ERP in EMS development

We demonstrated that ERB expression undergoes persistent
upregulation in the development of endometriosis mediated by
transient exposure to EBV/LMP1. This upregulation extends to
its target genes, including COX2 (Su et al, 2009), MMP1
(Hudelist et al, 2005) and NRF1 (Klinge, 2020). These genes
subsequently influence cell metabolism, encompassing cell
proliferation, inflammation, mitochondrial function, and redox
balance, ultimately promoting the development of endometriosis.
Our discoveries indicate that the expression of ERp may have a
crucial role (Bulun et al,, 2012), it is important to note that other
factors may also contribute to this process, as suppressing ERp only
partially inhibits, but does not completely halt, endometriosis
development. This presents a potential therapeutic strategy for

treating endometriosis through targeted ERP suppression.

Role of EDM in EMS treatment

Our in vitro cell culture study in HESC and HEEC cells revealed
that treatment with 4 uM of EDM efficiently eliminates epigenetic
the induced by EBV/
LMP1 exposure, consequently reversing ERP expression and

modifications on ERB promoter
related molecular metabolism changes. Furthermore, our in vivo
study demonstrated that administering 20 mg/kg body weight of
EDM effectively suppresses EBV/LMP1-mediated endometriosis
development in a mouse model, indicating an intriguing
therapeutic potential for EDM in clinical

endometriosis (Shyu et al., 2006; Shi et al., 2016).

treatment for

Conclusion

Transient exposure to EBV or LMPI1 triggers epigenetic
modifications, resulting in permanent ER( upregulation and
subsequent EMS development. EDM treatment can suppress
EMS development through ERP suppression. This study unveils a
novel mechanism for the development of endometriosis later in
adulthood, stemming from early latent exposure to EBV during
childhood. Furthermore, EDM emerges as an encouraging option
for the clinical management of endometriosis.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was approved by the Institutional Animal Care
and Use Committee of The Second Affiliated Hospital of Guangzhou
University of Chinese Medicine. The study was conducted in accordance
with the local legislation and institutional requirements.

Frontiers in Pharmacology

11

10.3389/fphar.2024.1426660

Author contributions

JW: Investigation, Methodology, Validation, Writing-review
and editing. YL: Investigation, Methodology, Writing-review and
XiL: Validation,
Writing-review and editing. HP: Formal Analysis, Investigation,

editing. Investigation, ~ Methodology,
Methodology, Writing-review and editing. YW: Formal Analysis,
Investigation, Methodology, Writing-review and editing. MX:
Methodology, Validation,

editing. XuL: Funding acquisition, Investigation, Supervision,

Investigation, Writing-review and
Writing-review and editing. HY: Investigation, Methodology,
Writing-review and editing. XaL: Investigation, Methodology,
Writing-review and editing. LZ: Investigation, Methodology,
Writing-review and editing. PY: Conceptualization, Investigation,
Methodology, Supervision, Validation, Writing-original draft,
Writing-review and editing. DX: Conceptualization, Funding
acquisition, Validation,

Investigation, Supervision,

Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
received financial support from Science and Technology Project in
Guangzhou (#2023A03]J0241), Science and Technology Project in
Liwan District of Guangzhou (#20230716) and Science and
Technology Research Project of Chinese Medicine in Guangdong
Provincial Hospital of Chinese Medicine (#YN2023MS19), Special
Fund for Traditional Chinese Medicine from Administration of
Traditional Chinese Medicine of Guangdong Province [#(2023)108]
and Special Fund for Traditional Chinese Medicine from
Guangdong Hospital of Chinese Medicine [#(2018)134].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1426660/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1426660/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1426660/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426660

Wang et al.

References

Arosh, J. A, Lee, J., Balasubbramanian, D., Stanley, J. A., Long, C. R,, Meagher, M. W.,
etal. (2015). Molecular and preclinical basis to inhibit PGE2 receptors EP2 and EP4 as a
novel nonsteroidal therapy for endometriosis. Proc. Natl. Acad. Sci. U. S. A. 112 (31),
9716-9721. doi:10.1073/pnas.1507931112

Arosh, J. A., Lee, J., and Banu, S. K. (2022). Effects of dual inhibition of AKT and
ERK1/2 pathways on endometrial pro-inflammatory, hormonal, and epigenetic
microenvironment in endometriosis. Mol. Cell Endocrinol. 539, 111446. doi:10.1016/
j-mce.2021.111446

Banu, S. K, Lee, ], Starzinski-Powitz, A., and Arosh, J. A. (2008). Gene expression profiles
and functional characterization of human immortalized endometriotic epithelial and stromal
cells. Fertil. Steril. 90 (4), 972-987. doi:10.1016/j.fertnstert.2007.07.1358

Banu, S. K., Starzinski-Powitz, A., Speights, V. O., Burghardt, R. C., and Arosh, J. A.
(2009). Induction of peritoneal endometriosis in nude mice with use of human
immortalized endometriosis epithelial and stromal cells: a potential experimental
tool to study molecular pathogenesis of endometriosis in humans. Fertil. Steril. 91
(5 Suppl. 1), 2199-2209. doi:10.1016/j.fertnstert.2008.06.050

Bulun, S. E. (2022). Endometriosis caused by retrograde menstruation: now
demonstrated by DNA evidence. Fertil. Steril. 118 (3), 535-536. do0i:10.1016/j.
fertnstert.2022.07.012

Bulun, S. E., Monsavais, D., Pavone, M. E,, Dyson, M., Xue, Q., Attar, E., et al. (2012).
Role of estrogen receptor-{ in endometriosis. Semin. Reprod. Med. 30 (1), 39-45. doi:10.
1055/5-0031-1299596

Bulun, S. E., Yilmaz, B. D, Sison, C., Miyazaki, K., Bernardi, L., Liu, S., et al. (2019).
Endometriosis. Endocr. Rev. 40 (4), 1048-1079. doi:10.1210/er.2018-00242

Chen, S., Zhang, P., Feng, J., Li, R, Chen, J., Zheng, W. V., et al. (2023).
LMP1 mediates tumorigenesis through persistent epigenetic modifications and
PGCI1p upregulation. Oncol. Rep. 49 (3), 53. d0i:10.3892/0r.2023.8490

Chou, Y. C, Lin, S. ], Lu, J,, Yeh, T. H,, Chen, C. L., Weng, P. L, et al. (2011). Requirement
for LMPI-induced RON receptor tyrosine kinase in Epstein-Barr virus-mediated B-cell
proliferation. Blood 118 (5), 1340-1349. doi:10.1182/blood-2011-02-335448

Eads, C. A., Danenberg, K. D., Kawakami, K., Saltz, L. B., Blake, C., Shibata, D., et al.
(2000). MethyLight: a high-throughput assay to measure DNA methylation. Nucleic
Acids Res. 28 (8), E32. doi:10.1093/nar/28.8.e32

Feng, J., Chen, Q., Zhang, P., Huang, X,, Xie, W., Zhang, H., et al. (2021). Latent
membrane protein 1 promotes tumorigenesis through upregulation of PGC1p signaling
pathway. Stem Cell Rev. Rep. 17 (4), 1486-1499. doi:10.1007/s12015-020-10112-8

Gou, Y., Li, X,, Li, P., Zhang, H., Xu, T., Wang, H,, et al. (2019). Estrogen receptor
upregulates CCL2 via NF-kB signaling in endometriotic stromal cells and recruits
macrophages to promote the pathogenesis of endometriosis. Hum. Reprod. 34 (4),
646-658. doi:10.1093/humrep/dez019

Han, S. ], Jung, S. Y., Wu, S. P, Hawkins, S. M., Park, M. J,, Kyo, S., et al. (2015).
Estrogen receptor p modulates apoptosis complexes and the inflammasome to drive the
pathogenesis of endometriosis. Cell 163 (4), 960-974. doi:10.1016/j.cell.2015.10.034

Han, S. ], Lee, J. E., Cho, Y. J., Park, M. ], and O’Malley, B. W. (2019). Genomic
function of estrogen receptor { in endometriosis. Endocrinology 160 (11), 2495-2516.
doi:10.1210/en.2019-00442

Hu, H., Luo, M. L., Desmedt, C., Nabavi, S., Yadegarynia, S., Hong, A., et al. (2016).
Epstein-barr virus infection of mammary epithelial cells promotes malignant
transformation. EBioMedicine 9, 148-160. doi:10.1016/j.ebiom.2016.05.025

Hudelist, G., Keckstein, J., Czerwenka, K., Lass, H., Walter, 1., Auer, M., et al. (2005).
Estrogen receptor beta and matrix metalloproteinase 1 are coexpressed in uterine
endometrium and endometriotic lesions of patients with endometriosis. Fertil. Steril. 84
(Suppl. 2), 1249-1256. doi:10.1016/j.fertnstert.2005.06.014

Klinge, C. M. (2020). Estrogenic control of mitochondrial function. Redox Biol. 31,
101435. doi:10.1016/j.redox.2020.101435

Kobayashi, E. H., Suzuki, T., Funayama, R., Nagashima, T., Hayashi, M., Sekine, H.,
et al. (2016). Nrf2 suppresses macrophage inflammatory response by blocking
proinflammatory cytokine transcription. Nat. Commun. 7, 11624. doi:10.1038/
ncomms11624

Kong, D., Zhan, Y., Liu, Z., Ding, T., Li, M., Yu, H,, et al. (2016). SIRT1-mediated ER}
suppression in the endothelium contributes to vascular aging. Aging Cell 15,1092-1102.
doi:10.1111/acel.12515

Li, Y., Wang, Y., Wang, X,, Jin, L, Yang, L., Zhu, J, et al. (2022). Evodiamine
suppresses the progression of non-small cell lung carcinoma via endoplasmic reticulum
stress-mediated apoptosis pathway in vivo and in vitro. Int. ]. Immunopathol.
Pharmacol. 36, 3946320221086079. doi:10.1177/03946320221086079

Liu, A. J., Wang, S. H,, Chen, K. C,, Kuei, H. P, Shih, Y. L., Hou, S. Y., et al. (2013).
Evodiamine, a plant alkaloid, induces calcium/JNK-mediated autophagy and calcium/
mitochondria-mediated apoptosis in human glioblastoma cells. Chem. Biol. Interact.
205 (1), 20-28. doi:10.1016/j.cbi.2013.06.004

Liu, Z., Gou, Y., Zhang, H., Zuo, H., Zhang, H.,, Liu, Z., et al. (2014). Estradiol
improves cardiovascular function through up-regulation of SOD2 on vascular wall.
Redox Biol. 3 (0), 88-99. d0i:10.1016/j.redox.2014.11.001

Frontiers in Pharmacology

12

10.3389/fphar.2024.1426660

Moslehi, Z., Derakhshan, R., Chaichian, S., Mehdizadeh Kashi, A., Sabet, B., and Rokhgireh,
S. (2023). Correlation of high-risk human papilloma virus with deep endometriosis: a cross-
sectional study. Biomed. Res. Int. 2023, 6793898. doi:10.1155/2023/6793898

Ogino, S., Kawasaki, T., Brahmandam, M., Cantor, M., Kirkner, G. J., Spiegelman, D.,
et al. (2006). Precision and performance characteristics of bisulfite conversion and real-
time PCR (MethyLight) for quantitative DNA methylation analysis. J. Mol. Diagn 8 (2),
209-217. doi:10.2353/jmoldx.2006.050135

Ramezani, G., Norouzi, A., Arabshahi, S. K. S., Sohrabi, Z., Zazoli, A. Z., Saravani, S.,
et al. (2022). Study of medical students’ learning approaches and their association with
academic performance and problem-solving styles. J. Educ. Health Promot 11, 252.
doi:10.4103/jehp.jehp_900_21

Rose, C., Green, M., Webber, S., Kingsley, L., Day, R., Watkins, S., et al. (2002).
Detection of Epstein-Barr virus genomes in peripheral blood B cells from solid-organ
transplant recipients by fluorescence in situ hybridization. J. Clin. Microbiol. 40 (7),
2533-2544. doi:10.1128/jcm.40.7.2533-2544.2002

Shi, L., Yang, F,, Luo, F,, Liu, Y., Zhang, F., Zou, M., et al. (2016). Evodiamine exerts anti-
tumor effects against hepatocellular carcinoma through inhibiting (-catenin-mediated
angiogenesis. Tumour Biol. 37 (9), 12791-12803. doi:10.1007/s13277-016-5251-3

Shyu, K. G, Lin, S, Lee, C. C,, Chen, E, Lin, L. C, Wang, B. W, et al. (2006).
Evodiamine inhibits in vitro angiogenesis: implication for antitumorgenicity. Life Sci. 78
(19), 2234-2243. doi:10.1016/j.1f5.2005.09.027

Simmen, R. C,, and Kelley, A. S. (2016). Reversal of fortune: estrogen receptor-f in
endometriosis. J. Mol. Endocrinol. 57 (2), F23-F27. doi:10.1530/JME-16-0080

Su, E. ], Lin, Z. H,, Zeine, R, Yin, P., Reierstad, S., Innes, J. E., et al. (2009). Estrogen
receptor-beta mediates cyclooxygenase-2 expression and vascular prostanoid levels in
human placental villous endothelial cells. Am. J. Obstet. Gynecol. 200 (4), 427 el-e8.
doi:10.1016/j.ajog.2009.01.025

Verma, D., Thompson, J., and Swaminathan, S. (2016). Spironolactone blocks
Epstein-Barr virus production by inhibiting EBV SM protein function. Proc. Natl.
Acad. Sci. U. S. A. 113 (13), 3609-3614. doi:10.1073/pnas.1523686113

Vestergaard, A. L., Knudsen, U. B., Munk, T., Rosbach, H., Bialasiewicz, S., Sloots, T.
P, et al. (2010). Low prevalence of DNA viruses in the human endometrium and
endometriosis. Arch. Virol. 155 (5), 695-703. doi:10.1007/s00705-010-0643-y

Wang, D., Luo, Y., Wang, G., and Yang, Q. (2020). CircATRNLI promotes epithelial-
mesenchymal transition in endometriosis by upregulating Yes-associated protein
1 in vitro. Cell Death Dis. 11 (7), 594. d0i:10.1038/s41419-020-02784-4

Wang, K. L., Hsia, S. M., Yeh, J. Y., Cheng, S. C., Wang, P. S., and Wang, S. W. (2013).
Anti-proliferative effects of evodiamine on human breast cancer cells. PLoS One 8 (6),
€67297. doi:10.1371/journal.pone.0067297

Wang, L. W., Jiang, S., and Gewurz, B. E. (2017). Epstein-barr virus LMP1-mediated
oncogenicity. J. Virol. 91 (21), €01718-16. doi:10.1128/JV1.01718-16

Wang, L. W,, Shen, H., Nobre, L., Ersing, L, Paulo, J. A,, Trudeau, S., et al. (2019).
Epstein-barr-virus-induced one-carbon metabolism drives B cell transformation. Cell
Metab. 30 (3), 539-555. doi:10.1016/j.cmet.2019.06.003

Xiang, D., Zhao, M., Cai, X., Wang, Y., Zhang, L., Yao, H., et al. (2020). Betulinic acid
inhibits endometriosis through suppression of estrogen receptor B signaling pathway.
Front. Endocrinol. (Lausanne) 11, 604648. doi:10.3389/fendo.2020.604648

Xiao, F., Liu, X, and Guo, S. W. (2020). Platelets and regulatory T cells may induce a
type 2 immunity that is conducive to the progression and fibrogenesis of endometriosis.
Front. Immunol. 11, 610963. do0i:10.3389/fimmu.2020.610963

Xu, M., Wang, W., Lu, W, Ling, X,, Rui, Q., and Ni, H. (2022). Evodiamine prevents
traumatic brain injury through inhibiting oxidative stress via PGK1/NRF2 pathway.
Biomed. Pharmacother. 153, 113435. doi:10.1016/j.biopha.2022.113435

Yang, J., Wu, L. ], Tashiro, S., Onodera, S., and Ikejima, T. (2008). Nitric oxide
activated by p38 and NF-kappaB facilitates apoptosis and cell cycle arrest under
oxidative stress in evodiamine-treated human melanoma A375-S2 cells. Free Radic.
Res. 42 (1), 1-11. doi:10.1080/10715760701762407

Yang,J. Y., Kim, J. B, Lee, P., and Kim, S. H. (2021). Evodiamine inhibits Helicobacter
pylori growth and Helicobacter pylori-induced inflammation. Int. J. Mol. Sci. 22 (7),
3385. doi:10.3390/ijms22073385

Yao, D, Li, H,, Gou, Y., Zhang, H., Vlessidis, A. G., Zhou, H,, et al. (2009). Betulinic acid-

mediated inhibitory effect on hepatitis B virus by suppression of manganese superoxide
dismutase expression. Febs J. 276 (9), 2599-2614. doi:10.1111/j.1742-4658.2009.06988 x

Yao, D,, Shi, W., Gou, Y., Zhou, X,, Yee Aw, T., Zhou, Y., et al. (2005). Fatty acid-
mediated intracellular iron translocation: a synergistic mechanism of oxidative injury.
Free Radic. Biol. Med. 39 (10), 1385-1398. doi:10.1016/j.freeradbiomed.2005.07.015

Yu, Y., Huang, X, Liang, C,, and Zhang, P. (2023). Evodiamine impairs HIFI1A histone
lactylation to inhibit Sema3A-mediated angiogenesis and PD-L1 by inducing ferroptosis in
prostate cancer. Eur. J. Pharmacol. 957, 176007. doi:10.1016/j.ejphar.2023.176007

Zeng, L., Zhang, X,, Shen, Q,, He, L., Liu, X,, Zeng, X, et al. (2024). Exposure to progestin 17-
OHPC induces gastrointestinal dysfunction through claudin 1 suppression in female mice with
increased anxiety-like behaviors. Neuroendocrinology 114, 623-638. doi:10.1159/000538692

frontiersin.org


https://doi.org/10.1073/pnas.1507931112
https://doi.org/10.1016/j.mce.2021.111446
https://doi.org/10.1016/j.mce.2021.111446
https://doi.org/10.1016/j.fertnstert.2007.07.1358
https://doi.org/10.1016/j.fertnstert.2008.06.050
https://doi.org/10.1016/j.fertnstert.2022.07.012
https://doi.org/10.1016/j.fertnstert.2022.07.012
https://doi.org/10.1055/s-0031-1299596
https://doi.org/10.1055/s-0031-1299596
https://doi.org/10.1210/er.2018-00242
https://doi.org/10.3892/or.2023.8490
https://doi.org/10.1182/blood-2011-02-335448
https://doi.org/10.1093/nar/28.8.e32
https://doi.org/10.1007/s12015-020-10112-8
https://doi.org/10.1093/humrep/dez019
https://doi.org/10.1016/j.cell.2015.10.034
https://doi.org/10.1210/en.2019-00442
https://doi.org/10.1016/j.ebiom.2016.05.025
https://doi.org/10.1016/j.fertnstert.2005.06.014
https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.1038/ncomms11624
https://doi.org/10.1038/ncomms11624
https://doi.org/10.1111/acel.12515
https://doi.org/10.1177/03946320221086079
https://doi.org/10.1016/j.cbi.2013.06.004
https://doi.org/10.1016/j.redox.2014.11.001
https://doi.org/10.1155/2023/6793898
https://doi.org/10.2353/jmoldx.2006.050135
https://doi.org/10.4103/jehp.jehp_900_21
https://doi.org/10.1128/jcm.40.7.2533-2544.2002
https://doi.org/10.1007/s13277-016-5251-3
https://doi.org/10.1016/j.lfs.2005.09.027
https://doi.org/10.1530/JME-16-0080
https://doi.org/10.1016/j.ajog.2009.01.025
https://doi.org/10.1073/pnas.1523686113
https://doi.org/10.1007/s00705-010-0643-y
https://doi.org/10.1038/s41419-020-02784-4
https://doi.org/10.1371/journal.pone.0067297
https://doi.org/10.1128/JVI.01718-16
https://doi.org/10.1016/j.cmet.2019.06.003
https://doi.org/10.3389/fendo.2020.604648
https://doi.org/10.3389/fimmu.2020.610963
https://doi.org/10.1016/j.biopha.2022.113435
https://doi.org/10.1080/10715760701762407
https://doi.org/10.3390/ijms22073385
https://doi.org/10.1111/j.1742-4658.2009.06988.x
https://doi.org/10.1016/j.freeradbiomed.2005.07.015
https://doi.org/10.1016/j.ejphar.2023.176007
https://doi.org/10.1159/000538692
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426660

Wang et al.

Zhan, Y., Liu, Z,, Li, M., Ding, T., Zhang, L., Lu, Q,, et al. (2016). ERp expression in the
endothelium ameliorates ischemia/reperfusion-mediated oxidative burst and vascular
injury. Free Radic. Biol. Med. 96, 223-233. doi:10.1016/j.freeradbiomed.2016.04.029

Zhang, H., Li, L., Chen, Q., Li, M., Feng, J., Sun, Y., et al. (2018). PGC1p regulates
multiple myeloma tumor growth through LDHA-mediated glycolytic metabolism. Mol.
Oncol. 12 (9), 1579-1595. doi:10.1002/1878-0261.12363

Zhang, H., Li, L., Li, M., Huang, X., Xie, W., Xiang, W., et al. (2017). Combination of
betulinic acid and chidamide inhibits acute myeloid leukemia by suppression of the

HIFla pathway and generation of reactive oxygen species. Oncotarget 8 (55),
94743-94758. doi:10.18632/oncotarget.21889

Frontiers in Pharmacology

13

10.3389/fphar.2024.1426660

Zhang, L., Li, L., Chen, X,, Yuan, S., Xu, T., Zhao, W, et al. (2023). Evodiamine
inhibits ESCC by inducing M-phase cell-cycle arrest via CUL4A/p53/p21 axis and
activating noxa-dependent intrinsic and DR4-dependent extrinsic apoptosis.
Phytomedicine 108, 154493. doi:10.1016/j.phymed.2022.154493

Zondervan, K. T., Becker, C. M., Koga, K., Missmer, S. A., Taylor, R. N., and
Vigano, P. (2018). Endometriosis. Nat. Rev. Dis. Prim. 4 (1), 9. doi:10.1038/s41572-
018-0008-5

Zou, Y., Lu, Q. Zheng, D., Chu, Z, Liu, Z., Chen, H.,, et al. (2017). Prenatal
levonorgestrel exposure induces autism-like behavior in offspring through ERpP
suppression in the amygdala. Mol. Autism 8, 46. doi:10.1186/s13229-017-0159-3

frontiersin.org


https://doi.org/10.1016/j.freeradbiomed.2016.04.029
https://doi.org/10.1002/1878-0261.12363
https://doi.org/10.18632/oncotarget.21889
https://doi.org/10.1016/j.phymed.2022.154493
https://doi.org/10.1038/s41572-018-0008-5
https://doi.org/10.1038/s41572-018-0008-5
https://doi.org/10.1186/s13229-017-0159-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426660

	Evodiamine suppresses endometriosis development induced by early EBV exposure through inhibition of ERβ
	Introduction
	Materials and methods
	Reagents and materials
	Methods
	DNA methylation analysis
	In vivo mouse experiments
	Cell transplantation and EDM treatment
	Assessment and characterization of endometriosis lesions

	Statistical analysis

	Results
	Transient exposure to EBV/LMP1 results in persistent ERβ upregulation
	Evodiamine (EDM) inhibits the expression of ERβ by inducing epigenetic modifications
	EDM modulates EBV exposure-mediated oxidative stress in HESC cells
	EDM ameliorates EBV exposure-mediated pro-inflammation in HESC cells
	EDM modulates mitochondrial function in HESC cells influenced by transient exposure to EBV
	EDM suppresses EBV exposure-mediated cell proliferation in HESC cells
	EDM modulates redox balance and proinflammatory cytokine release in peripheral blood in LMP1-mediated endometriosis mouse model
	EDM suppresses ERβ expression and cell growth in LMP1-mediated endometriosis mouse model
	Evodiamine inhibits early EBV/LMP1 exposure-mediated later endometriosis development through ERβ suppression

	Discussion
	Involvement of EBV in the development of EMS
	Role of ERβ in EMS development
	Role of EDM in EMS treatment

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


