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a b s t r a c t

Endometriosis is a common chronic gynecological disease with endometrial cell implantation outside the
uterus. Angiogenesis is a major pathophysiology in endometriosis. Our previous studies have demon-
strated that the prodrug of epigallocatechin gallate (ProEGCG) exhibits superior anti-endometriotic and
anti-angiogenic effects compared to epigallocatechin gallate (EGCG). However, their direct binding targets
and underlying mechanisms for the differential effects remain unknown. In this study, we demonstrated
that oral ProEGCG can be effective in preventing and treating endometriosis. Additionally, 1D and 2D
Proteome Integral Solubility Alteration assay-based chemical proteomics identified metadherin (MTDH)
and PX domain containing serine/threonine kinase-like (PXK) as novel binding targets of EGCG and
ProEGCG, respectively. Computational simulation and BioLayer interferometry were used to confirm
their binding affinity. Our results showed that MTDH-EGCG inhibited protein kinase B (Akt)-mediated
angiogenesis, while PXK-ProEGCG inhibited epidermal growth factor (EGF)-mediated angiogenesis via
the EGF/hypoxia-inducible factor (HIF-1a)/vascular endothelial growth factor (VEGF) pathway. In vitro
and in vivo knockdown assays and microvascular network imaging further confirmed the involvement of
these signaling pathways. Moreover, our study demonstrated that ProEGCG has superior therapeutic
effects than EGCG by targeting distinct signal transduction pathways and may act as a novel anti-
angiogenic therapy for endometriosis.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Endometriosis is a common gynecological disease characterized
by the ectopic implantation of functional endometrial cells and tis-
sues outside of the uterus, primarily in the ovaries or peritoneal
cavity. Endometriosis affects approximately 10% of women of
reproductive age [1]. More than 80% of women with endometriosis
suffer from pelvic pain, dyspareunia, and dysmenorrhea [2];
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meanwhile, 20%e30% of these patients will also experience infer-
tility [3,4]. In addition to being a major medical burden, it generates
great distress in patients, negatively impacting their quality of life
and working productivity. Currently, the most widely plausible
theory is Sampson's theory of retrograde menstruation, stating that
viable endometrial cells reflux through the fallopian tubes during
menstruation for implantation, growth, and infiltration in the peri-
toneal cavity [5]. Similarly, these endometrial cells can also circulate
to ectopic sites via vascular dissemination [6]. Hence, angiogenesis is
identified as one of the major pathophysiological and signal trans-
duction pathways for the promotion of nutrients and oxygen supply
to provoke the progression of endometriotic lesions [7].

Current treatments for endometriosis include surgical and med-
ical therapies. However, both methods have limitations. In surgical
therapy, it can harm other organs and cause postoperative recur-
rence [8]. Oral contraceptives and gonadotropin-releasing hormone
(GnRH) can inevitably lead to hypoestrogenism [9,10]. Additionally,
the use of medical therapies increass the risk of infertility, bone loss
associated with long-term usage, and recurrence after discontinua-
tion [11]. Given these limitations, an antiangiogenic approach has
been proposed as a potential therapeutic regimen to treat endome-
triosis [12]. Anti-angiogenic inhibitor includes SU6668, sunitinib,
sorafenib and pazopanib, which are multityrosine kinase inhibitors
under preclinical studies [7]. These inhibitors induced regression of
endometrial grafts by blocking vascular endothelial growth factor
receptor (VEGFR), fibroblast growth factor receptors 1, or platelet-
derived growth factor receptor b [13]. However, tyrosine kinase in-
hibitors have been associated with a significant risk of treatment
toxicities [13]. Hence, there remains the need to find an ideal ther-
apeutic agent for targeting angiogenic pathways with minimal side
effects for the prevention and treatment of endometriosis.

In recent years, epigallocatechin gallate (EGCG), a polyphenol
catechin from green tea, has been shown to have multiple targets,
potentially bringing synergistic actions and superior efficacy to
resolve the complex pathophysiology of endometriosis [7]. Previ-
ously, we demonstrated the efficacies of green tea EGCG and pro-
drug of epigallocatechin gallate (ProEGCG) in endometriosis in vivo
[14e16]. ProEGCG showed greater bioavailability and efficacy than
EGCG in inhibiting lesion development in endometriosis. This
compound was found to have more potent anti-angiogenesis ac-
tivities with no observable adverse effects on reproductive tissues.
However, the direct binding targets and mediated signaling path-
ways that led to the superior efficacy of ProEGCG in inhibiting
endometriosis growth and vascularization remain to be elucidated.
In preclinical research, target identification is an essential step for
optimizing pharmacological properties to maximize drug speci-
ficity and efficacy. The aim of this study was to demonstrate the
efficacy of ProEGCG as an oral formulation for the prevention and
treatment of endometriosis. We employed a chemical proteomics
approach, the proteome integral solubility alteration (PISA) assay,
to deconvolute the potential targets of ProEGCG. Moreover, this
study can help to elucidate the effects of EGCG and ProEGCG on the
binding targets and their signaling pathways during the growth
and angiogenic development of endometriosis using in vitro and in
vivo models. Our study provides an in-depth mechanism to eval-
uate the differentiated targets and mechanisms for the superior
therapeutic effects of ProEGCG over EGCG as a novel antiangiogenic
agent in inhibiting endometriosis.

2. Materials and methods

2.1. Chemicals

EGCG (purity �95%) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). ProEGCG (purity �99.8%, determined by liquid
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chromatography with tandem mass spectrometry (LC-MS/MS))
was a kind gift from The Polytechnic University of Hong Kong
(Hong Kong, China) and prepared according to a previous report
[17]. PTK787, an inhibitor of VEGFR2/kinase insert domain con-
taining eeceptor (KDR), was purchased from MedChemExpress
(Princeton, NJ, USA).

2.2. Endometriosis animal model

All animal works were approved by the Animal Experimentation
Ethics Committee and performed in accordance with institutional
guidelines. All procedures were performed in compliance with
relevant laws and institutional guidelines and the appropriate
institutional committee approved them. It was conducted in
compliance with the local animal ordinance. Eight-week-old
C57BL/6 female mice provided by the Laboratory Animal Service
Center were housed in a pathogen-free animal house. Anesthesia
(100 mg/kg ketamine, 10 mg/kg xylazine in 0.9% saline water) was
intraperitoneally injected before surgery. Ovariectomy was per-
formed 7 days before transplantation. 100 mg/kg estradiol-17b (E2;
Sigma-Aldrich, St. Louis, MO, USA) was injected via intramuscular
at the time of ovariectomy and every 5 days to synchronize the E2
cycle. Endometriotic tissues of the uterine fragments obtained from
sacrificed donormice were cut into 2mm fragments using a dermal
biopsy punch (Miltex, Princeton, NJ, USA). The endometriosis
model was established on Day 0 by subcutaneous transplantation
of 3 endometrial tissues into the subcutaneous pockets on the
abdominal wall of each recipient mouse, as previously described
[18]. The subcutaneous model favored longitudinal quantification
of the lesion's growth and extended accessibility of microvascular
network imaging. Monitoring lesion growth and vessel formation
can be thoroughly and efficiently observed using a subcutaneous
mouse model. For the prevention experiments, the mice were
randomly assigned to one of the following treatments on the day of
transplantation: dimethyl sulfoxide (DMSO) in phosphate-buffered
saline (PBS) vehicle as a negative control; PTK787 and GnRH
agonist (Sigma-Aldrich, St. Louis, MO, USA) as positive controls; and
EGCG (50 mg/kg) or ProEGCG (25 mg/kg or 50 mg/kg). The mice
were administered with drugs or controls orally for 4 weeks until
termination for sample collection. For treatment experiments, the
mice were treated with water for 2 weeks and randomly assigned
and administered EGCG, ProEGCG, and controls for 4 weeks until
termination. For recurrence experiments, the mice were treated on
the day of transplantation for 8 weeks, followed by saline water for
another 4 weeks. To study the direct binding target in the current
study, we employed intraperitoneal injections in vivo to compen-
sate for low bioavailability by oral administration. The mice were
randomly assigned and administered EGCG (50 mg/kg), ProEGCG
(50 mg/kg) or controls. The Animal Experimentation Ethics Com-
mittee approved all animal experiments (Approval number: 13-
037-MIS). At the end of treatments, lesion area (mm2) was
measured with a digital caliper and calculated under the following
formula: length (mm) � width (mm) � p/4. Lesion weight (g) was
measured on an electronic balance (Sartorius, Goettingen,
Germany).

2.3. Human cell lines

The human endometrial stromal cell line, SHT290, was pur-
chased from Kerafest (Boston, MA, USA). Human endometriotic cell
line, HS293 (C). T, was purchased from ATCC (Manassas, VA, USA).
The cell culture medium was Dulbecco's modified Eagle medium
(DMEM)/nutrient mixture F-12 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with 5% fetal bovine serum (FBS) (Thermo
Fisher Scientific Inc.), and 1% anti-anti (Gibco, Waltham, MA, USA).
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Cells were passaged every 2e3 days at 80% confluency with Try-
pLE™ Express Enzyme (Gibco). Cells were grown at 37 �C in an
incubator with an atmosphere of >95% humidity and 5% CO2.

2.4. Cell viability assay

Cell viability assays were performed using Cell Titer-Blue®

(Promega, Madison, WI, USA). Cells were placed in 96-well assay
plates at a density of 3000 cells per well and incubated at 37 �Cwith
EGCG and ProEGCG in a range of 0e300 mM for 48 h. Cells treated
with vehicle or DMSO were used as negative controls, while re-
agents with no cells were used as blank controls. Twenty microli-
ters per well of Cell Titer-Blue® reagent was added to the cells after
48 h of incubation. The plate was incubated at 37 �C again for 4 h,
which was then quantified with fluorescence measurement at 560/
590 nm.

2.5. PISA analysis

For 1D PISA assays, SHT290 and HS293 cells were used. HS293
(C). T was cultured and grown to 80% confluence. EGCG and Pro-
EGCG at 4 � IC50 concentrations, as well as DMSO, were added to
each flask of the cells and incubated for 2 h. Each treatment was
performed in triplicate. Cells were harvested in PBS with protease
inhibitors (Roche, Basel, Switzerland). The cell solution was split
into 15 equal portions in polymerase chain reaction (PCR) tubes.
Each portion was thermally treated at a fixed temperature from 43
to 57 �C for 3 min in a SimplyAmp thermal cycler (Applied Bio-
systems, Waltham, MA, USA). The thermally treated cells were then
left at room temperature for 6 min, and lysates were obtained by
freeze-thaw cycles 4 times and vortexed briefly after that. All
temperature-treated protein precipitates of lysates from the same
cell lines were combined. Unfolded proteins were obtained by
discarding the pellet after ultracentrifugation sedimentation using
an Optima XPN-80 ultracentrifuge (Beckman Coulter, CA, USA). To
combine and analyze results from two different cell lines, com-
bined lysates from both cell lines were included and analyzed un-
der the same LC-MS/MS run, along with the treatment and control
groups. Cells were lysed using lysis buffer (pH 8.5) composed of 1%
sodium dodecyl sulfate, 8 M urea, and 50 mM Tris. The lysates were
subjected to thermal treatment as mentioned above.

For 2D PISA analysis, SHT290 and HS293 cells were used. HS293
(C). T was cultured and grown to 80% confluence and lysed by the
freeze and thaw method. Cell lysates resuspended in PBS and
protease inhibition buffer was treated with different concentra-
tions of EGCG and ProEGCG for 25 min. This was followed by
thermal treatments as described above. For the highest drug con-
centration or control groups, all thermally treated protein pre-
cipitates of lysates from the corresponding groups and the same
cells were combined, as in the 1D PISA assay. For the remaining
tubes from intermediate concentrations, all temperature-treated
protein precipitates of lysates of the same cells were combined in
one pool. Unfolded proteins were obtained by ultracentrifugation
sedimentation as described above. A combined lysate from both
cell lines as described was also included.

All samples, including the combined lysates, were processed for
proteomics as described previously [19]. In brief, each treatment
group underwent protein reduction, alkylation, and digestion. For
the combined lysate group, 25 mg of lysate samples from each cell
line were combined for further processing as in the other groups.
For other groups, 25 mg of each sample was transferred to a new
tube for tandem mass tag (TMT) labeling. All labeled samples were
desalted and cleaned using C18 (Sep-Pak, C18, Vac 1 cm3, 50 mg;
Waters, Milford, MA, USA) and underwent high pH reversed-phase
fractionation. Twenty-four fractions were collected for LC-MS/MS
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analysis. For chemical proteomics, each of the fractions was
analyzed by nano high-performance liquid chromatography elec-
trospray ionization MS/MS in a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific Inc.) under higher-energy collision
dissociation. MS/MS spectrawere operated in positive ion and data-
dependentmode, andMaxQuant v 1.6.2 was used to extract the raw
data as well as to identify and quantify the protein. The Andromeda
engine was used to match the MS/MS spectra against the complete
proteome reference database in Homo sapiens downloaded from
UniProt (UP000005640). The datasets of either cell line extracted
from MaxQuant were analyzed together or separately for different
data analysis purposes. Only proteins with at least two unique
peptides were included. The total ion abundance of TMT10 re-
porters was calculated to normalize the quantification value of
every protein, which was then normalized by that of combined
lysates, as well as the average abundance of the control groups. The
differences between the treated and control groups were finalized.

2.6. Protein-protein interaction (PPI) analysis

String version 11 (https://string-db.org) was used for protein
network analysis. Medium confidence with a threshold of 0.4 was
used to define the protein-protein network. Default enrichment
was performed to show a network around the input. Enrichment
analysis with the whole genome as a background dataset was used
to identify the enriched terms and pathways.

2.7. In silico molecular analysis

Molecular docking was employed to predict the noncovalent
binding of metadherin (MTDH) to EGCG and PX domain con-
taining serine/threonine kinase-like (PXK) to ProEGCG. The pdb
structure of MTDH was downloaded from the Protein Data Bank
(https://www.rcsb.org), while that of PXK was obtained by per-
forming homology modeling (https://swissmodel.expasy.org).
Autodock Tools, version 4.2, and AutoDock Vina version 1.1.2
were used to stimulate the affinity energy of complexes as pre-
viously described [18]. Ligplot (https://www.ebi.ac.uk/thornton-
srv/software/LIGPLOT/) was used to render the 2D interaction
scheme of ligand-protein complexes and identify residues
involved in intermolecular interactions as previously described
[18]. AutoDock was used to render the 3D interaction scheme of
ligand-protein complexes.

2.8. Octet Biorad96e analysis

Recombinant MTDH and PXK (Abcam, Waltham, MA, USA) pro-
teins were immobilized to Octet® Super Streptavidin (SSA) Bio-
sensors (Sartorius) using Octet RED96e (Fort�eBio, Fremont, CA, USA).
For binding kinetics assays, serial dilutions of six concentrations (10,
60, 120, 180, 240, and 300 mM) of EGCG and ProEGCG dissolved in
PBS and DMSO were added to a black polypropylene 96-well
microplate (Greiner Bio-One, Frickenhausen, Germany) with PBS
filling the rest of the wells. An assay cycle consisted of baseline in-
cubation in PBS followed by association in compound solution fol-
lowed by dissociation in PBS, and it was repeated for every
concentration andwith both an RBD-loaded and a blank probe. Data
were analyzed using Octet Data Analysis HT v.10.

2.9. Human samples

Ectopic and eutopic endometriotic tissue sections were ob-
tained from endometrial biopsies by laparotomic or laparoscopic
surgery. Recruited patients were diagnosed with ovarian or peri-
toneal endometriosis. Control patients were infertile women

https://string-db.org
https://www.rcsb.org
https://swissmodel.expasy.org
https://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/
https://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/


Fig. 1. The efficacy of epigallocatechin gallate (EGCG) and prodrug of epigallocatechin gallate (ProEGCG) as a therapeutic or preventive medicine. (A) Schematic diagram of the
prevention, treatment, and recurrence endometriosis mice models to investigate the efficacy of EGCG and ProEGCG. (B) Representative images to show the endometriotic lesions
after different treatments in prevention and treatment models. (C) Bar chart to show the lesions size changes after EGCG (50 mg/kg) or ProEGCG (25 mg/kg or 50 mg/kg) treatment
in prevention and treatment model. Data showed mean ± standard error of mean (SEM). ****P < 0.0001, compared to control; yyyP<0.001, compared to EGCG groups in either
prevention or treatment model. (D) Lesions size after 8 weeks under different treatments in treatment model. Data showed mean ± SEM (n ¼ 3). ***P < 0.001, compared to control;
yyP < 0.01, yyyP < 0.001, compared to EGCG 50mg/kg PO group. (E) Histology images to show lesions development, angiogenesis, and apoptosis under different treatments for 8 weeks
in treatment model. These are assessed by keratin, CD31 and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-nick end labelling (TUNEL) markers. (F)
Longitudinal measurement of the lesions sizes percentage changes were recorded every week under different treatments. During weeks 8e12, the mice were administered with
saline water to observe the recurrence of lesions. Data showed mean ± SEM (n ¼ 3). ***P < 0.001, ****P < 0.0001, compared to control. PO: oral administration; IM: intramuscular
injection; GnRH: gonadotropin-releasing hormone.
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without endometriosis. All procedures were performed in
compliance with relevant laws and institutional guidelines and the
appropriate institutional committee approved them. It is approved
by the Hospital Authority of Hong Kong and The Chinese University
of Hong Kong (Approval number: 2013.202). All patients provided
informed written consent for tissue collection for research
purposes.
2.10. Immunohistochemistry (IHC) analysis

Lesion tissues from humans andmice were fixed in 10% buffered
formalin for 24 h, embedded in paraffin blocks and cut into slices of
4 mm thickness. Sections were deparaffinized and incubated with
3% hydrogen peroxide in the dark to block endogenous peroxidase
activity. The sections were then incubated in boiled 10 mM sodium
citrate buffer, pH 6, for antigen retrieval and boiled in a conven-
tional microwave for 2 min 2 times. The sections were cooled,
followed by blocking with 5% goat serum in 1% bovine serum al-
bumin (BSA)/PBS and goat F(ab) anti-mouse IgG H&L (ab6668,
Abcam) to reduce nonspecific signal and nonspecific binding of the
mouse serum to mouse tissue. The tissues were then incubated
with primary antibodies overnight, followed by secondary anti-
bodies for 1 h and developed in 3,3-diaminobenzidine for 3e5 min.
After mounting, a Leica DM6000B microscope (Leica, Witzler,
Germany) was used for image capture. For semiquantitative anal-
ysis, protein expression was quantified by H-score using Qupath
v0.3.1 (https://qupath.github.io), as calculated by summing up the
percentage of different intensity level-stained cells: strongly
stained cells (3þ), moderately stained cells (2þ), weakly stained
cells (1þ) and unstained cells (0) of a fixed field. H-score ¼ [1 � (%
1þ)þ2 � (%2þ)þ3 � (%3þ)]. Each field was selected randomly and
repeated to capture five fields. The final cell count was reported as
the average of the five fields.
2.11. RNA extraction

Lesions were collected in RNAlater solution at 4 �C and
incubated for 24 h, followed by removal of the supernatant, and
the tissues were stored at �80 �C for long-term storage. Total
RNA was extracted by the RNeasy mini kit (Qiagen, Hilden, Ger-
many) and assessed with Nanodrop ND-2000 spectrophotome-
ters (Thermo Fisher Scientific Inc.). For all RNAs, the 260/280
ratio was ~2.
2.12. Microarray analysis

Whole genome expression microarray analysis of mice (n ¼ 3
per treatment group) was performed and analyzed according to
previous procedures using GeneSpring GX 11.0 software (Agilent
Technologies, Santa Clara, California, USA) Cluster 3.0 (http://
bonsai.hgc.jp/~mdehoon/software/cluster/software.html) and Java
Treeview (http://jtreeview.sourceforge.net) [14e16,18].
Fig. 2. The differential binding targets of epigallocatechin gallate (EGCG) and prodrug of ep
solubility alteration (PISA) proteomics approach to differentiate protein targets of EGCG and
results from 1D PISA. (Right) Venn diagram and bar chart to show numbers of intersecting pr
Only proteins with P < 0.05 and DSm >0.05 or < �0.05 were included. (C) (Upper panel) 1D
cell lines (right). Correlation plot for EGCG vs ProEGCG treatment in either cell. Proteins wit
connected proteins that bind to both EGCG and ProEGCG in SHT290 endometrial stromal
proteins that bind to EGCG (left) or ProEGCG (right) in both cells. Pathway enrichment was in
by edges. The nodes represented the proteins and colors denoted the selected biological pr
functional enrichment. (D) (Upper panel) 1D PISA analysis on EGCG (left) and ProEGCG (
HS832(C). T. endometriotic cells vs SHT290 endometrial stromal cells. Proteins with P < 0.0
(Lower panel) String network connected proteins that bind to EGCG (left) or ProEGCG (rig
DSm: difference in abundance.
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2.13. PCR analysis

To assess the gene expression level changes of PXK, MTDH, and
downstream proteins after treatments, RNA was extracted for
reverse transcription and quantitative real-time reverse transcrip-
tion polymerase chain reaction assay (qRT-PCR). TB Green Premix
Ex Taq (Tli RNaseH Plus) (Takara, Shiga, Japan) was used to amplify
the gene expression and quantified by a LightCycler 480 quantita-
tive PCR system (Roche). Human alpha-tubulin or mouse Gapdh
genes were used as housekeeping genes to normalize the gene
expression of the studied proteins. PCR primers for all examined
genes are listed in Tables S1 and Table S2.

2.14. Cell transfection assay

Small interfering RNA (siRNA) transfection was performed with
si-PXK (Human) and si-MTDH (Human) (Horizon, Cambridge,
United Kingdom) and negative control siRNA. One day before
transfection, cells were equally placed in 6-well plates at a con-
fluency of 40%e50% and incubated at 37 �C overnight. The medium
was changed to an antibiotic-free medium. On the day of trans-
fection, Opti-MEM I reduced serummedium (Gibco) was incubated
with Lipofectamine 2000 transfection reagent (Invitrogen, Wal-
tham, MA, USA) and siRNA at room temperature for 20 min. The
final concentrations of siRNAs were 20 nM or 50 nM. The mixture
was then added to the cells and incubated for 24 h.

2.15. Knockdown mouse models

siRNA local administration through microneedle was employed
as previously described [20]. Topical injection of siRNA was effec-
tively delivered into the lesions and inhibited lesion progression.
An endometriosis model was established by subcutaneous trans-
plantation of two lesions as described above. Micewere rested for 2
weeks after transplantation and before siRNA treatments to allow
lesion growth. The mice were then randomly assigned to one of the
following treatments for one week: Pxk-siRNA, Mtdh-siRNA, and
siRNA negative control groups (Abbexa, Cambridge, UK).

2.16. Cellvizio analysis

Microvascular network imaging of the lesions was monitored by
a Cellvizio 488 systemwith a ProFlex Microprobe S100 (Mauna Kea
Technologies, Paris, France). Then, 75 mg/kg fluorescein isothiocy-
anate (FITC)-labeled dextran (Sigma-Aldrich, St. Louis, MO, USA)
was injected via the intraorbital vein. After a few minutes of in-
jection, the appearance of microvessels in the lesions was assessed
and visualized by fiber confocal fluorescence. The optical mini probe
was operated in manual mode. Angiotools version 0.5 (https://
angiotool.software.informer.com/0.5/) was used to quantitatively
assess the vessel percentage area and density. The systemwas set to
only detect vessels with diameters of 10 mm,15 mm, and 20 mm, and
foreground and background small particles were removed.
igallocatechin gallate (ProEGCG) on a proteome wide scale. (A) 1D proteome integral
ProEGCG in living cells (n ¼ 3). (B) (Left) Principal components analysis (PCA) plot of

otein targets of EGCG or ProEGCG in SHT290 (N) or HS832(C). T. (D) cells line in 1D PISA.
PISA analysis on SHT290 endometrial stromal cells (left) and HS832(C). T endometriotic
h P < 0.05 across the two parameters were shown only. (Lower panel) String network
cells (left) or HS832(C). T endometriotic cell lines (right). String network connected
creased by adding 5 extra nodes. Predicted associations between proteins were shown

ocesses the proteins were responsible for. These analyses were done by gene ontology
right) protein targets across two cell lines. Correlation plot of EGCG or ProEGCG on
5 across the two parameters were shown only. R2 denoted the correlation coefficient.
ht) in both cells. LC-MS/MS: liquid chromatography with tandem mass spectrometry;
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2.17. Enzyme-linked immunosorbent assay (ELISA) analysis

The mouse 17b-estradiol (ab108667, Abcam) and progesterone
(ab285257, Abcam) ELISA kits were purchased. Human VEGFA
ELISA kit (ab119566, Abcam) and Human HIF-1 alpha ELISA kit
(ab171577, Abcam) were used to test the vascular endothelial
growth factor A (VEGFA) and hypoxia-inducible factor (HIF) 1a
protein levels of medium and lysates extracted from HS293 (C). T
cells. Standards and samples were added to antibody-coated test
wells, followed by an antibody cocktail, according to the manu-
facturer's guidance. The wavelengths of the different ELISA kits
were as follows: 17b-estradiol ELISA kit ab108667: 450 nm; pro-
gesterone ELISA kit ab285257: 405 nm; Human VEGFA ELISA kit
ab119566: 450 nm; Human HIF-1 alpha ELISA kit ab171577: 450
nm. Absorbance measurements were recorded.
2.18. Statistical analysis

For the chemical proteomics analysis, the F test followed by two-
tailed Student's t-test was used to obtain the P value. Volcano and
correlation plots were prepared using Prism. Multivariate variable
pattern recognition of the whole set of proteomes was performed
using SIMCA® version 15.0.2 with the default setting for regression
analysis of discrete variables. For other in vitro and in vivo assays,
one-way analysis of variance (ANOVA) was used for comparisons of
more than two groups. Tukey's post hoc test was used for multiple
comparisons. For comparison between just two groups, an un-
paired Student's t-test was used. All statistical analyses were per-
formed by Prism. P �0.05 was considered statistically significant.
Standard derivationwas used as a representation of the error range.
3. Results

3.1. ProEGCG as an effective preventive and treatment regimen for
endometriosis

Prevention and treatment endometriosis mouse models were
established (Figs. 1A and B), in which EGCG (50 mg/kg) and Pro-
EGCG (25 mg/kg and 50 mg/kg) were administered to mice orally.
ProEGCG possessed stronger inhibitory effects on lesion growth
than EGCG in both models (Fig. 1C). ProEGCG treatment (25 mg/kg)
was shown to be the best regimen, which inhibited 80% of the
endometriotic lesion size compared to controls (Fig. 1D). ProEGCG
demonstrated the greatest potency to inhibit lesion growth, in-
crease apoptosis in lesions, downregulate angiogenic marker CD31
(Fig. 1E), and prevent lesion recurrence, as seen in PTK787 and
GnRH (Fig. 1F). ProEGCG did not affect body weight or dysregulated
endogenous female hormones, including estrogen and progester-
one levels (Fig. S1).
Fig. 3. The novel and direct binding targets of epigallocatechin gallate (EGCG) and prodrug of
(PISA) proteomics approach to differentiate protein targets of EGCG and ProEGCG in cell lys
protein targets of EGCG or ProEGCG under maximum concentration in SHT290 or HS832(C
included. (B) Overall plot to show EGCG (left) and ProEGCG (right) under maximum concen
(lysates) vs DSm (in cells)) to correlate 1D and 2D PISA. Proteins with P < 0.05 and DSm >
absolute value of DSm in cells from 1D PISA vs absolute value of (Int DSm/Max DSm) in ce
centration treatment in cells and on lysates, as well as intermediate concentration treatmen
containing serine/threonine kinase-like (PXK). (D) Venn diagram to show protein targets of
datasets. Only proteins with P < 0.05 and DSm > 0.05 or < �0.05 and dependent to conce
interaction analysis of structures of protein-ligands binding sites of MTDH-EGCG and PXK-
binding studies and binding kinetics were measured with the Octet RED96 instrument (Fo
bilized on super streptavidin (SSA) biosensor tips and incubated over a range of concentration
different binding schemes corresponding to a 1:1 binding isotherm. Fitted equilibrium b
spectrometry; DSm: difference in abundance; KD: dissociation constant.
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3.2. MTDH and PXK as the binding targets of EGCG and ProEGCG,
respectively

A 1D PISA assay was used to study cellular target engagement
and identify protein targets of EGCG and ProEGCG in SHT290 and
HS832 (C) cells in the cell lines regardless of whether the drugs
were metabolized (Figs. 2A and S2eS4). The principal components
analysis (PCA) plot showed distinct clusters of EGCG or ProEGCG
treatment on either endometrial or endometriotic cells (Fig. 2B).
EGCG (N¼ 127, D¼ 67) had a similar number of targets as ProEGCG
(N ¼ 40, D ¼ 191) (Fig. 2B). Fig. 2C shows differential targets of
drugs in the same cells. EGCG and ProEGCGwere significantly more
correlated in endometriotic cells (R2 ¼ 0.5036, P � 0.05) than in
endometrial cells (R2 ¼ 0.2992, P � 0.05). Fig. 2D shows differential
targets of drugs in different cells. Both EGCG (R2 ¼ 0.4693, P� 0.05)
and ProEGCG (R2 ¼ 0.4116, P � 0.05) had correlated drug targets on
endometriotic cells against endometrial cells. DSm denotes the
difference in abundance between the drug-treated and control
groups. The most prominent and significant binding proteins (DSm
value of >0.5 or < �0.5) were connected by the String PPI network
to further explain the mutual or differential involvement of EGCG
and ProEGCG in the same or different cells.

2D PISA analysis was used to study the direct ligand-target
engagement and confirm the protein targets of EGCG and Pro-
EGCG in their original form on cell lysates, depending on the
treatment concentration (Figs. 3A and S5eS7). Lysate treatment
of ProEGCG (N ¼ 34, D ¼ 21) resulted in fewer targets than that of
EGCG (N ¼ 2262, D ¼ 1552), owing to the bulky chemical
structure of ProEGCG. Protein targets of drugs at maximum
concentrations in cells or on cell lysate treatments were corre-
lated (Figs. 3B and S8). EGCG treatment had little correlation in
both endometrial (R2 ¼ 0.01457) and endometriotic cells
(R2 ¼ 0.01076), while ProEGCG treatment had more correlation in
both endometrial cells (R2 ¼ 0.1895) and endometriotic cells
(R2 ¼ 0.5808). Corresponding scatter plots of absolute DSm (1D
PISA assay) against Int DSm/Max DSm (2D PISA) were con-
structed and showed that the most putative targets were con-
centration dependent (Figs. 3C and S9). These included RHOB,
INHBA, GOLPH3, and COL3A1 as targets of EGCG, and RBM25 and
SNRPC as targets of ProEGCG in endometrial stromal cells;
MTDH, NDUFS4, SQSTM1, FAM168A, and NDUFV3 as targets of
EGCG; and PXK and GSDMD as targets of ProEGCG in endo-
metriotic cells (Fig. 3D). Among all, MTDH and PXK were the
most significant and strongest binding targets of EGCG and
ProEGCG, respectively, in both endometriotic cells and lysates.
MTDH resulted in DSm values of 0.77 (�log10(P value): 4.33) and
0.92 (�log10(P value): 4.33) by binding to EGCG from 1D and 2D
PISA, respectively, while PXK resulted in DSm values of 6.92
(�log10(P value): 2.18) and 8.57 (�log10(P value): 1.81) by
binding to ProEGCG from 1D and 2D PISA, respectively.
epigallocatechin gallate (ProEGCG). (A) (Left) 2D proteome integral solubility alteration
ates (n ¼ 3). (Right) Venn diagram and bar chart to show the numbers of intersecting
). T cells line in 2D PISA. Only proteins with P < 0.05 and DSm >0.05 or < �0.05 were
tration treatments in HS832(C). T. endometriotic stromal cells. Correlation plots (DSm
0.5 or < �0.5 in both across the two parameters were shown only. (C) Scatter plots of
ll lysates from 2D PISA, Proteins with P < 0.05 across all parameters (maximum con-
t on lysates) were shown only. Red dotes denoted metadherin (MTDH) or PX domain
EGCG or ProEGCG in SHT290 and HS832(C). T cells line incorporating 1D and 2D PISA
ntration of drugs were included (Int DSm/Max DSm � 1). (E) (Left) Ligplot shows the
ProEGCG in a 2D interaction scheme are shown. (Right) Biolayer interferometry (BLI)
rteBio, Pall Corporation, Portland, NY, USA). Biotinylated MTDH and PXK were immo-
s (10, 60, 120, 180, 240, 300, and 1000 mM) of EGCG or ProEGCG. Data was fit globally to
inding constants are shown. LC-MS/MS: liquid Chromatography with tandem mass
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3.3. Direct binding of MTDH-EGCG and PXK-ProEGCG complexes

The 2D and 3D interaction schemes of the MTDH- and PXK-
ligand complexes showed the amino acids involved in the bind-
ing pockets (Figs. 3E, S10, and S11, and Table S3). Five hydrogen
bonds (Ala 60, Arg 83, Arg 174, Arg 174, and Arg 209) and 9 hy-
drophobic interactions were formed between MTDH and EGCG
(affinity energy of �7.9 kcal/mol). Two hydrogen bonds (Lys 235
and Lys 239) and 8 hydrophobic interactions were formed between
PXK and ProEGCG (affinity energy of �6.8 kcal/mol).

The association and dissociation constants of the 2 targets to
drug binding were evaluated using biolayer interferometry (BLI)
with an Octet RED96e system for confirmation. The equilibrium
constants (KD) of MTDH-EGCG and PXK-ProEGCGwere 270 nM and
1.7 mM, respectively (Fig. 3E). KD values of MTDH-ProEGCG and
EGCG-PXK were 517 mM and 2.42 mM, respectively (Table S3 and
Fig. S12). Both computation stimulation of affinity energy and BLI
analysis of kinetic affinity confirmed the strongest complex of
MTDH-EGCG and PXK-ProEGCG, while EGCG-PXK and ProEGCG-
MTDH were weaker.

3.4. MTDH and PXK are highly expressed in endometriosis

PXK and MTDH protein expression in ectopic and eutopic stro-
mal cells from women with endometriosis was investigated (Fig.
4A). Both MTDH and PXK were significantly overexpressed in
ectopic tissues of ovarian and peritoneal endometriosis, as well as
eutopic tissues of endometriosis, compared to that from control
women without endometriosis (Fig. 4B).

3.5. Signaling pathways of EGCG and ProEGCG in vitro

Gene ontology functional enrichment analyses of MTDH and
PXKwere examined. MTDH and its associated proteins are involved
in the regulation of angiogenesis, particularly in the VEGF and PI3K-
Akt signaling pathways (Fig. 4C). Protein kinase B (Akt1) and Myc
proto-oncogene protein (MYC) are two proximal downstream tar-
gets of MTDH. PXK and its associated proteins were also involved in
the angiogenic VEGF, PI3K-Akt and HIF-1a signaling pathways. B
lymphocyte kinas (BLK) and epidermal growth factor(EGF) are two
proximal downstream targets of PXK. The regulatory effects of
EGCG and ProEGCG on PXK and MTDH, as well as their associated
downstream genes in endometriotic cells, were confirmed by qRT-
PCR (Fig. 4D). PXK and MTDH knockdown cell models confirmed
the regulatory effects (Fig. 4E). MTDH and PXK expression was
effectively downregulated after si-MTDH and si-PXK transfection,
respectively.

For the MTDH signaling network, the gene expression of Mtdh
was significantly downregulated by high concentrations of EGCG.
Gene expression of MYC and Akt1 was significantly downregulated
by EGCG or si-MTDH transfection in a concentration-dependent
manner. On the other hand, ProEGCG significantly downregulated
the gene expression of MTDH, MYC and Akt1 in a concentration-
Fig. 4. Binding targets of epigallocatechin gallate (EGCG) and prodrug of epigallocatechin g
tissues and flow chart of in vitro validation. (B) (Left) Representative images of immunohisto
PX domain containing serine/threonine kinase-like (PXK) in different subtypes of endom
endometrial stromal cells. Data showed mean ± standard error of mean (SEM). (C) Enriche
were included. The nodes represented the proteins and colors denoted the selected function
labeled with crown icons on top of the nodes. (D) Fold change of binding and downstream t
after different treatments. Gene levels were normalized relative to housekeeping genes and
targets of EGCG or ProEGCG gene expression levels after transfection with MTDH (left) o
mean ± SEM (n ¼ 4). One-way analysis of variance (ANOVA) with Tukey post-hoc test was us
compared to control; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.001, compared to the sam
endometriosis; VEGF: vascular endothelial growth factor; PI3K: phosphoinositide 3-kinase;
epidermal growth factor; MYC: myc proto-oncogene protein.
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dependent manner and delivered greater efficacy than EGCG (Fig.
S13A). However, MYC and Akt1 were not downregulated by si-
PXK transfection (Fig. S13B).

For the PXK signaling network, the gene expression of PXK was
significantly downregulated by high concentrations of ProEGCG.
Gene expression of BLK was also downregulated by ProEGCG or Si-
PXK transfection. However, the inhibitory effect was reduced at
higher concentrations of ProEGCG, and that of si-PXK did not reach
statistical significance. Gene expression of EGF was significantly
downregulated by ProEGCG at low concentrations or si-PXK trans-
fection. On the other hand, EGCG significantly downregulated the
gene expression of BLK and EGF but had no effect on Pxk. Its inhib-
itory effect on BLK was reduced at higher concentrations, while its
effect on EGF was significantly weaker than that of ProEGCG. si-
MTDH transfection only significantly downregulated EGF gene
expression, but it had no effect on PXK or BLK expression levels.

3.6. Signaling pathways of EGCG and ProEGCG in vivo

Downstream signaling pathways of MTDH and PXK in the
endometriosis mouse model after treatment with EGCG and Pro-
EGCG were determined by whole transcriptome microarray
(Fig. 5A and Table S4). ForMTDH signaling (Figs. 5A and B, and Table
S4), Total mRNA and protein expressions of Mtdh and Akt in the
lesion stromal cells were significantly downregulated by either
EGCG or ProEGCG. The inhibitory effect of ProEGCG on Akt1 was
stronger and more significant than that of EGCG. For PXK signaling,
mRNA and protein expression of Pxk and Egf were downregulated
by ProEGCG. EGCG also downregulated the protein expression of
Egf, but the inhibitory capacity of ProEGCG on Egf was more
prominent.

To confirm the downstream effects, both Mtdh and Pxk
knockdown mouse models were established (Figs. 5C and Table
S5). si-Pxk was more effective than si-Mtdh in reducing the
lesion size. Mtdh and Akt1 mRNA and protein expression levels
were downregulated by si-Mtdh. Pxk and Egf mRNA and protein
expression levels were downregulated by si-Pxk (Fig. 5D and
Table S2). These results confirmed the downregulating effects
and interactions between Mtdh and Akt1, as well as between Pxk
and Egf in vivo.

3.7. Antiangiogenic mechanism of MTDH-EGCG and PXK-ProEGCG

In the endometriotic cell line in vitro (Figs. 6A and B), the mRNA
expression and protein levels of VEGF were significantly down-
regulated by ProEGCG in a concentration-dependent manner. EGCG
only significantly downregulated VEGF protein levels. In the siRNA
transfection models, the mRNA expression level of VEGF was also
downregulated when either MTDH or PXK was knocked down, but
its protein level was only downregulated when PXK was knocked
down.

The mRNA expression and protein levels of HIF-1a were
significantly downregulated by either EGCG or ProEGCG in a
allate (ProEGCG) in vitro. (A) Schematic diagram to show the endometriosis subtypes
chemistry (IHC) staining to determine protein expressions of metadherin (MTDH) and
etriosis tissues. (Right) IHC scoring system (H-Score) values in normal or diseased
d protein‒protein interaction (PPI) network of MTDH and PXK functional annotations
s of the proteins. The edges represented the association between proteins. MTDH was
argets of EGCG (left) or ProEGCG (right) gene expression levels in HS832 (C). T. cell line
control. Data show mean ± SEM (n ¼ 3). (E) Fold change of binding and downstream

r PXK (right) siRNA at different concentrations in HS832 (C). T. cell lines. Data show
ed for the multiple groups' comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
e treatment at the lowest concentration. AT: Alpha tubulin (housekeeping gene). EMS:
Akt: protein kinase B; HIF: hypoxia-inducible factor; BLK:tyrosine-protein kinase; EGF:
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concentration-dependent manner, while ProEGCG exerted a
significantly greater inhibitory effect. HIF-1a gene or protein levels
were both downregulated when either MTDH or PXK was knocked
down. The inhibitory effects of si-PXK transfection on HIF-1a
expression levels were greater than those of si-MTDH transfection.

To investigate the anti-angiogenesis effects in vivo, we per-
formed microvascular network imaging (Fig. 6C). The EGCG and
ProEGCG treatment groups, as well as the si-Pxk and si-Mtdh
knockdown models, showed reduced vessel percentage area and
total number of vessel junctions in the endometriotic lesions.
Whole lesion cell total mRNA expression of Vegfa and Hif-1a (Fig.
6D) was downregulated by EGCG or ProEGCG. Only si-Pxk, but
not si-Mtdh, downregulated Hif-1a mRNA expression levels. The
protein expression levels of Vegfa in lesion stromal cells were
significantly downregulated in all treatment groups, and those of
Hif-1a were only significantly downregulated in the ProEGCG and
Si-Pxk groups. These results suggested that both EGCG and Pro-
EGCG regulated Vegfa and Hif-1a, but Pxk mediated the anti-
angiogenesis effects more strongly than Mtdh.

4. Discussion

EGCG is a polyphenolic compound and a well-known antioxi-
dant. It has multiple targets with multiple effects on various
signaling pathways, which may potentially regulate the complex
pathophysiology of endometriosis [7]. EGCG exerts antiangiogenic
effects via the VEGFC/VEGFR2 pathways, antioxidant effects via a
reactive oxygen species scavenging mechanism, and anti-
proliferative effects via a reduction in E2 production, thus inhibiting
the development of endometriotic lesions [7]. However, the hy-
droxyl groups on EGCG account for drug instability and result in
low bioavailability in the body [21,22]. In contrast, ProEGCG can
enhance this chemical stability by replacing the hydroxyl groups
with acetyl groups [17]. This enables ProEGCG to demonstrate
greater efficacy in inhibiting lesion development and suppressing
angiogenic activities in endometriosis [14]. Our current study
revealed that ProEGCG was more effective than EGCG as a pre-
ventive and treatment regimen for endometriosis, which can favor
its clinical application. Recently, we used an in silico reverse
screening approach and identified nicotinamide-nucleotide ade-
nylyl transferases as binding targets of ProEGCG, which hypothet-
ically played a role in increasing the antioxidant capacity of
ProEGCG [18]. In addition, our current study identified the novel
and distinct binding target profiles of EGCG and ProEGCG that
contribute to the antiangiogenic mechanism for the prevention and
treatment of endometriosis.

Compared to thermal proteome profiling, PISA exhibited more
selectivity and specificity in drug target identification. The integral
solubility approach of PISA enabled robust quantification of the
total soluble proteome after a gradient of applied temperatures in a
multiplex experiment, which would correspond to the integral of
melting curves across these temperatures, simplifying and
strengthening the quantitative data analysis. In contrast with the
Fig. 5. Binding targets of epigallocatechin gallate (EGCG) and prodrug of epigallocatechin ga
adherin (MTDH) and PXK, and downstream gene expression in endometriosis mice model a
targets and downstream in gene expression levels in endometriosis mice model after d
housekeeping gene. Data show mean ± standard error of mean (SEM) (n ¼ 8). (B) Represent
of targets and downstream proteins of EGCG in endometriotic lesions in different groups. IH
Schematic diagram of knockdown mice model establishment. Representative images of the
knockdown mice model. Data show mean ± SEM (n ¼ 12). Fold change of targets and downs
were normalized relative to control and Gapdh as housekeeping gene. Data show mean ± SE
protein expressions of targets and downstream proteins of EGCG in endometriotic lesions in
¼ 4). One-way analysis of variance (ANOVA) was used for the multiple group's comparisons
0.0001, compared to control. VEGF: vascular endothelial growth factor; Akt: protein kinase
growth factor; siRNA: small interfering RNA.
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curve fitting approach by thermal proteome profiling, this would
result in fewer statistical errors [19]. Our study adopted both 1D
and 2D PISA, molecular docking studies and biolayer interferom-
etry to confirm that MTDH bound to EGCG and PXK bound to
ProEGCG. In addition, our study highlighted the intersecting pro-
tein targets to understand the mutual and differential therapeutic
mechanisms and downstream signaling pathways of EGCG and
ProEGCG in endometriosis. The establishment of knockdown
models, followed by expression and functional studies, confirmed
that the EGCG-MTDH-mediated Akt and ProEGCG-PXK-mediated
EGF pathways are the targets and regulated pathways of EGCG
and ProEGCG in endometriosis.

MTDH is known as Astrocyte Elevated Gene-1 and Lyric [23].
Although MTDH was found to increase metastasis risk in female
reproductive cancers via the PI3K/Akt and nuclear factor kappa-
light-chain-enhancer of activated B cells signaling pathways
[24e27] and estrogen regulation [28], it has not been associated
with endometriosis. MTDH promoted mitogen-activated protein
kinase (MAPK) and VEGF-related pathways, stimulated
epithelialemesenchymal transition, cell invasiveness and angio-
genesis via extracellular signal-regulated kinase 1/2 and Wnt
signaling pathways, and regulated Ras, Akt and c-Myc [29] in can-
cers [30e34]. In endometrial cancer cells, MTDH activated the PI3K/
Akt/mTOR pathway via PIP3 upregulation [35]. From our functional
enrichment study, we demonstrated that MTDH regulated MYC and
Akt-related pathways in endometriosis. These pathways have also
been reported to induce VEGF and angiogenesis in endometriosis
[36e38]. It has been shown that MTDH activates A1 and the PI3K/
Akt pathway to further induce the activation of MTDH [39], VEGF
and angiogenesis [32,40]. Likewise, a downregulated Akt1 level can
inhibit VEGF expression and vessel formation [32,33,39]. Our in vitro
and in vivo results concurrently showed that EGCG downregulated
MTDH and Akt1 gene and protein expression levels (Table S6a).
When MTDH was knocked down in vitro and in vivo, Akt1 expres-
sion was also downregulated (Table S6b). Similarly, EGCG regulated
Akt1 via specific binding to MTDH (Fig. S14). Although ProEGCG
downregulatedMTDH,MYC and Akt1 to a greater extent than EGCG,
these genes were not downregulated in the PXK knockdownmodel.
Based on this observation, ProEGCG may regulate these genes via
other pathways.

With PXK being highly conserved and ubiquitously expressed in
humans, this is dependent on PI3K expression. When PI3K was
inhibited, the endosomal localization of PXK was reported to be
abolished [41]. As PXK is a multifunctional protein, it is responsible
for endocytosis and cell migration via actin cytoskeletal reorgani-
zation [41]. It was also found to accelerate ligand-induced EGFR
endocytosis [41]. However, PXK has not been studied for its role in
endometriosis. This is the first study to demonstrate that ProEGCG
bound to PXK and downregulated PXK and EGF-related pathways
to inhibit the development and angiogenesis of endometriosis (Fig.
S15). The decreased PXK level was shown to downregulate EGF
expression. Although EGCG also regulated EGF expression, the ef-
fect was much less prominent. EGF binding to EGFR and enhanced
llate (ProEGCG) in vivo. (A) Heatmaps of downstream genes expression profiles, met-
fter treatments of EGCG or ProEGCG respectively in microarray analysis. Fold change of
ifferent treatments. Gene levels were normalized relative to control and Gapdh as
ative images of immunohistochemistry (IHC) staining to determine protein expressions
C scoring system (H-Score) values in stromal cells. Data show mean ± SEM (n ¼ 4). (C)
lesions after different treatments. Lesions size after treatments in endometriosis gene
tream in gene expression levels in endometriosis knock down mice model. Gene levels
M (n ¼ 3). (D) Representative images of Immunohistochemistry staining to determine
different groups. H-Score values in stromal cells was shown. Data show mean ± SEM (n
, unpaired t-test for two groups comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
B; MYC: Myc proto-oncogene protein; BLK: tyrosine-protein kinase; EGF: epidermal



Fig. 6. Anti-angiogenic effects in vitro and in vivo. (A) Fold change of expressionwas normalized relative to housekeeping genes and control. Data show angiogenesis related genes in vitro
after different treatments. Gene levels were normalized relative to housekeeping gene and control. Data show mean ± standard error of mean (SEM) (n ¼ 3e4). (B) Enzyme-linked
immunosorbent assay (ELISA) shows the hypoxia-inducible factor (HIF)-1a and vascular endothelial growth factor A (VEGFA) protein expression level changes after treatments. Data shows
mean± SEM(n¼ 3e4). (C) Representative images ofmicrovessel network invivo afterdifferent treatments in endometriosismicemodel.A total numberof vessel junctions and lengthwere
measuredbyAngiotools.Dataare representedbyhistogramsandshowmean±SEM(n¼5). (D) (Left) Foldchangeofexpressionofangiogenesis relatedgenes invivoafterdifferent treatments
in endometriosismodel. Gene levelsmean± SEM (n¼ 3/8e9). (Middle) Representative images of the lesions afterdifferent treatments to showprotein expressions of Vegfa andHif-1a after
different treatments. Red arrows denoted positive stained stromal cells. (Right) immunohistochemistry (IHC) scoring system (H-Score) values in stromal cells of lesions. Data show
mean± SEM(n¼ 6). One-wayanalysis of variance (ANOVA)with Tukeypost-hoc testwasused for allmultiple group's comparison. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, compared
to control; ##P < 0.01, compared to the same treatment at lower concentration; yP < 0.05, yyyyP < 0.0001, compared to different treatments at the same concentration. PXK: PX domain
containing serine/threonine kinase like; MTDH: metadherin.
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receptor tyrosine kinase signaling pathways, including MAPK/ERK
or PI3K/Akt/mTOR, play crucial roles in proliferation, migration,
differentiation, and angiogenesis during the development of
endometriosis [42,43]. Similarly, EGF levels in peritoneal fluid and
endometriotic tissue of women with endometriosis have been re-
ported to be increased and can cause dysregulated angiogenesis
[44,45]. EGF also induces migration and invasion in endometriosis,
as well as Akt phosphorylation, thus activating the PI3K/Akt
signaling pathway [46].

Angiogenesis has been shown to regulate the development of
endometriotic lesions [47,48] via HIF-1a activation to promote the
VEGF signaling pathway [49]. EGF activation enhanced the activity
of EGFR and the secretion of VEGF [50], as well as increased HIF-1a
expression and its transcriptional activity via the PI3K/Akt pathway
[51] or HIF-1a pathway [52]. The upregulation was found to be
dose-dependent in activating angiogenesis [53]. ProEGCG treat-
ment and the downregulated PXK level were shown to inhibit the
growth of endometriotic lesions, angiogenic factors (VEGFA and
HIF-1a) and microvascular network development more predomi-
nantly than EGCG or the downregulation of MTDH levels in vitro
and in vivo (Table S6). Taken together, the exclusive and greater
capacities of ProEGCG than EGCG could be explained as follows: 1)
The binding of ProEGCG to PXK participated in the EGF/EGFR
signaling pathways and inhibited EGF, HIF-1a, and VEGF expression
levels via the HIF-1a pathway; 2) The binding of EGCG to MTDH
participated in the PI3K/Akt pathway and inhibitedMTDH and Akt1
expression. However, there was no significant HIF-1a expression
level change when MTDH was inhibited. Similar to other literature
findings [54,55], we reported that EGCG regulated VEGF and HIF-
1a, but our study concluded that this was not by binding to MTDH
in endometriosis.

This is the first study to demonstrate the superior efficacy of
ProEGCG as a treatment and preventive regimen in endometriosis.
The PISA-based proteomics approach demonstrated its ability to
deconvolute the drug targets of EGCG and ProEGCG under different
stability and solubility modifying factors (i.e., 6 treatment con-
centrations and 15 temperatures), thereby revealing the
antiangiogenic-related mechanism of drug actions. This study had
some limitations. First, we only selected 1 target each from EGCG
and ProEGCG to carry out the in-depth functional studies. There
might be other potential targets to be studied further. Second, PISA
was carried out only in in vitro endometriotic cells. However, we
had in vivo endometriosis models to validate the results and target
expression, which helped to serve as an extrapolation of preclinical
data into clinical reality. However, the subcutaneous endometriosis
mouse model might not truly represent the lesion microenviron-
ment. On the other hand, there were no currently available iden-
tified inhibitors that can bind to PXK or MTDH and could be used as
positive drugs to compare the binding affinity with EGCG or Pro-
EGCG. In addition, human samples are needed to further validate
the mechanistic results and demonstrate the antiangiogenic effects
of ProEGCG prior to clinical translation, as drug affinity might not
necessarily be correlated with biological effect changes. Likewise,
protein stability upon point mutations should also be measured to
further support the findings. Third, we did not investigate the effect
of drugs on downstream targets in knockout models. However, as
EGCG and ProEGCG had other target candidates in endometriotic
cells, as shown in PISA, they were shown to potentially regulate
downstream targets via multiple pathways. Fourth, the binding of
EGCG and ProEGCG to protein targets in different types of cells
might trigger different chemical signals [56,57]. Finally, EGCG and
ProEGCG might have different mechanistic actions when they
interact with different cell types. Therefore, the crosstalk of the
induced therapeutic effects of EGCG and ProEGCG in the microen-
vironment of endometriosis should be studied.
113
5. Conclusion

Our study was the first to identify distinct protein targets and
mediated signaling pathways of EGCG and ProEGCG in treating
endometriosis. The results suggested that EGCG bound to MTDH
and inhibited Akt-mediated angiogenesis signal transduction,
while ProEGCG bound to PXK and inhibited EGF-mediated angio-
genesis effects. These findings help to reveal the novel binding
targets and signal mechanism of EGCG and ProEGCG on the
differentiated therapeutic efficacies to inhibit endometriosis pro-
gression and potentially justify the greater anti-endometriosis and
anti-angiogenesis capacities of ProEGCG than EGCG.
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