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Abstract

Background: Natural polyphenols are plant secondary metabolites with a broad spectrum of biological activities. Extensive preclinical
studies have demonstrated the significant therapeutic efficacy of polyphenolic compounds in animal models of endometriosis (EMs).
Methods: A comprehensive literature search was conducted in PubMed, Embase, Web of Science, the Cochrane Library, China National
Knowledge Infrastructure (CNKI), Chongqing VIP Information Co., Ltd. (or VIP Database) (VIP) Database, and the Wanfang Database
from their inception to December 2024. After screening titles, abstracts, and full texts, 43 studies were included. The risk of bias in the
included studies was assessed with the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias tool
for animal studies. Meta-analysis of outcome measures was performed using STATA 17.0 software. Results: Polyphenolic compounds
reduced lesion size, histopathological scores, and adhesion scores in ectopic lesions in animal models of EMs. They also decreased pe-
ripheral levels of estradiol (E2), tumor necrosis factor-alpha (TNF-«), interleukin-8 (IL-8), interleukin-13 (IL-1p), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), and prostaglandin E2 (PGE2). Furthermore, they inhibited the expression of vascular en-
dothelial growth factor (VEGF), proliferating cell nuclear antigen (PCNA), B-cell lymphoma 2 (BCL-2), and hypoxia-inducible factor-1c
(HIF-1c). The underlying mechanisms include anti-inflammatory effects, immune regulation, anti-angiogenesis, antioxidant stress, and
alleviation of tissue hypoxia. Conclusions: The therapeutic effects of polyphenolic compounds in animal models of EMs involve multi-
ple mechanisms, including anti-inflammatory, immunomodulatory, anti-angiogenic, antioxidant stress, and hypoxia-alleviating effects.
These findings provide preclinical evidence that supports the potential use of polyphenolic compounds for the treatment of EMs. Reg-
istration: The study has been registered on https://www.crd.york.ac.uk/prospero/ (registration number: CRD42024570708; registration
link: https://www.crd.york.ac.uk/PROSPERO/view/CRD42024570708).
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to those of cancer, manifested as invasiveness to local and
distant tissues and resistance to apoptosis [9]. Research has
shown that most deep EMs lesions harbor somatic muta-
tions and known cancer-related mutations (CAMs), and in
very rare cases, they may progress into cancer [10]. A large
amount of epidemiological evidence indicates that women
with EMs have a higher risk of developing gynecological-
related cancers, autoimmune diseases, and cardiovascular
diseases. The mechanism may relate to common risk fac-
tors, treatments for EMs, and the potential impact of the
disease itself [11]. In addition, chronic pain and infertil-
ity caused by EMs not only seriously impair physical and
mental health, as well as quality of life, but also impose a
heavy economic burden on individuals, families, and soci-

1. Introduction

Endometriosis (EMs) is a hormone dependent disease
in which the endometrial stroma and glands grow, infiltrate,
and repeatedly bleed outside the uterus, leading to chronic
pain, masses, and infertility [1]. This condition is highly
prevalent among women of reproductive age. A meta-
analysis indicates that its overall prevalence may reach ap-
proximately 18% [2], which constitutes a significant chal-
lenge to women’s health and public health.

The pathogenesis of EMs is not fully understood.
Current leading theories include retrograde implantation
of menstrual blood [3], embryonic remnants, coelomic
metaplasia [4], and in situ endometrial determinism [5];
however, no single theory fully explains its pathogene-

sis. Based on existing research, the onset and progres-
sion of EMs are closely associated with factors such as
hormonal, immune, inflammatory, angiogenesis, oxida-
tive stress (OS), abnormal cell proliferation and apoptosis,
epithelial-mesenchymal transition, epigenetic alterations,
and microbial imbalance [6—8]. Although considered a be-
nign disease, EMs exhibit biological characteristics similar

ety [12,13].

Treatment options for EMs include pharmacological
therapy and surgical treatment. Pharmacological therapy is
typically used for long-term management to control the dis-
ease progression and prevent postoperative recurrence. Its
mechanism involves regulating the hypothalamic-pituitary-
ovarian (HPO) axis to inhibit ovulation and maintain a
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low estrogen state [14]. However, medication-associated
adverse effects, such as gastrointestinal reactions, mood
changes, menopausal symptoms, and effects on fertility, re-
duce patient compliance and limit long-term use. Surgery
can remove ovarian ectopic cysts, destroy superficial le-
sions, relieve pain, and improve pregnancy rates, but the
postoperative recurrence rates are high, and there is a po-
tential risk of surgical complications. The current treatment
plan has certain limitations, and the development of new
nonhormonal therapies has been slow. Therefore, there is
an urgent need to explore new therapies that are effective,
have low adverse effects, and are affordable.

Over the past few decades, natural products and their
derivatives have become an important source of new drug
development. Many drugs widely used in clinical practice
are derived from active plant ingredients, such as acetyl-
salicylic acid (aspirin), coumarin drugs (warfarin), quinine,
opioid drugs, digitalis, and atropine [15,16]. Compared
with chemically synthesized drugs, those derived from nat-
ural products exhibit unique structural novelty, biologi-
cal compatibility, and diverse pharmacological properties,
which are attributed to natural selection during their evo-
lutionary process [17]. Natural polyphenols are plant sec-
ondary metabolites that are widely present in plants, vegeta-
bles, fruits, grains, nuts, tea, red wine, and coffee. To date,
more than 8000 polyphenolic compounds have been identi-
fied from plants [18], which can be further classified based
on the number of benzene rings and the structural elements
that connect these rings. Based on the Phenol-Explorer
database (http://phenol-explorer.eu/compounds; accessed
July 2024), polyphenolic compounds can be broadly classi-
fied into five major categories, namely flavonoids, phenolic
acids, stilbenes, lignans, and other polyphenols. Polyphe-
nolic compounds exhibit a wide range of biological activi-
ties. Numerous in vivo and in vitro studies have shown that
they exert significant intervention effects on chronic dis-
eases and malignant tumors, including inhibition of lipid
peroxidation, reduction of fibrinogen expression, suppres-
sion of vascular cell proliferation, and reversal of tumor
suppressor gene methylation [19,20]. It is worth noting
that EMs are characterized by chronic inflammation and
share pathological features with malignant tumors, indicat-
ing that polyphenolic compounds have potential as alter-
native therapeutic strategies for this condition [21]. Cur-
rently, multiple studies have confirmed that polyphenolic
compounds have the potential to treat EMs through sev-
eral pathways, such as anti-inflammatory, antioxidant, anti-
angiogenic, and regulation of cell proliferation and apopto-
sis [22-24].

Natural compounds are often considered low risk.
However, some components may pose potential toxicity
risks due to complex factors such as insufficient purity,
unknown adulteration, excessive dosage, and interactions
with other drugs [25,26]. Therefore, clarifying the biologi-
cal activity and safety of natural products through preclin-

ical evaluation, including in vitro and in vivo studies, is an
important prerequisite for their scientific development and
effective use. Animal studies are an important approach
to evaluate the efficacy and safety of natural products and
their metabolites. They can reveal pharmacokinetics and
pharmacological mechanisms by simulating the complex
internal environment of living organisms. However, results
from individual animal studies can be misleading to clini-
cal research due to various bias factors, leading to wasted
resources in subsequent clinical trials. Systematic evalua-
tion of animal studies is considered an effective method to
explore and strengthen their relevance to clinical research,
reduce the risk of misleading results, and avoid unneces-
sary clinical studies [27]. At present, various animal mod-
els of EMs have been established, including primates, rab-
bits, and rodents. Among them, primates are considered the
most suitable model due to their close physiological simi-
larity to humans, but their scarcity and high cost limit large-
scale applications. In contrast, rodents are the most widely
used animal models in EMs research due to their strong
reproductive capacity and ease of handling. At present,
three main approaches are used to establish rodent models
of EMs, namely spontaneous models based on kirsten rat
sarcoma viral oncogene homolog (KRAS) activation, ho-
mograft models, and xenograft models [28]. Among these,
homograft and xenograft methods are well established.

To date, several systematic reviews have summarized
the potential mechanisms of polyphenols in EMs interven-
tion [21,29]. However, meta-analyses based on evidence
from preclinical animal studies remain limited, and few
have quantitatively synthesized and evaluated the overall
efficacy of polyphenols across multiple pathological indi-
cators, such as lesion volume, inflammatory markers, an-
giogenesis, and hormone levels. Therefore, to integrate ex-
isting preclinical evidence and clarify its potential value,
this study addresses the following research question: Do
polyphenolic compounds exert significant ameliorative ef-
fects on key pathological indicators, such as lesion growth,
inflammatory response, and hormone levels, in animal
models of EMs? Based on the broad biological activities
of polyphenols, we hypothesize that their intervention will
positively impact these indicators. To test this hypothesis,
a systematic review and meta-analysis of relevant studies
will be conducted, aiming to provide a robust evidence base
for subsequent translational research on polyphenolic com-
pounds in the treatment of EMs.

2. Methods
2.1 Literature Retrieval

This systematic review was conducted in accordance
with the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) guidelines and was reg-
istered in the PROSPERO database (CRD42024570708).
Two investigators (Shanshan Lu and Peixuan Fan) indepen-
dently developed the search strategy using a combination of
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controlled vocabulary (MeSH terms) and free-text terms.
Boolean operators (AND/OR) were employed to construct
the search strings. Key search terms included “polyphe-
nols”, “flavonoids”, “lignans”, “stilbenes”, “resveratrol”,
“quercetin”, “curcumin”, “apigenin”, “baicalein”, “genis-
tein”, and “epigallocatechin gallate”. A comprehensive lit-
erature search was performed in the following databases
from their inception through December 2024: PubMed,
Embase, Web of Science, the Cochrane Library, China Na-
tional Knowledge Infrastructure (CNKI), the VIP Database,
and the Wanfang Database. The detailed search strategy
and specific terms are provided in Supplementary Mate-
rial 1. The search was limited to publications in Chinese
and English. The final search was conducted on December

28, 2024.

2.2 Inclusion and Exclusion Criteria for Literature

Inclusion Criteria: (1) The experimental subjects were
animal models of EMs, with no restrictions on species or
modeling methods. (2) The intervention in the experimen-
tal group was a single polyphenolic compound; the con-
trol group received saline, vehicle, or no intervention. (3)
Outcome measures reflected the impact of the polyphe-
nolic compound on disease progression in the EMs ani-
mal model. Outcome measures included one or more of
the following: lesion volume, histopathological score, ad-
hesion score, vascular endothelial growth factor (VEGF),
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-13
(IL-15), tumor necrosis factor-a. (TNF-a), and lesion mi-
crovessel density (MVD).

Exclusion Criteria: (1) Clinical trials, ex vivo studies,
case reports, conference abstracts, reviews, studies unre-
lated to the topic, and articles without full text. (2) Interven-
tions that involved nonpolyphenolic compounds or combi-
nations of polyphenolic compounds with other therapeutic
agents. (3) Studies that did not report the dosage or dura-
tion of polyphenolic compound administration. (4) Dupli-
cate publications. (5) Studies with outcome data formats
that precluded meta-analysis. (6) Publications in languages
other than Chinese or English.

2.3 Literature Screening and Data Extraction

Two researchers (Lingling Yuan and Yijun Hao) inde-
pendently performed the literature screening and data ex-
traction. Discrepancies were resolved through consultation
with the corresponding author, Yi Wen. The extracted data
included: the author, publication year, animal species, an-
imal weight or age (weeks), sample size of the experimen-
tal and model groups, modeling method used in the model
group, intervention in the model group, anesthetic agents,
intervention in the experimental group (type of polyphe-
nol, dosage, duration, administration route), and the type
of polyphenol. Outcome data included the mean, standard
deviation (SD) or standard error (SEM), median, interquar-
tile range, or maximum and minimum values. For data pre-
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sented as SEM, SD was calculated using the formula SD
= SEM x +/n. For data presented as median (25th, 75th
percentiles, maximum, and minimum values), conversion
was performed using the RevMan Calculator tool (Excel
spreadsheet; provided by Cochrane, London, UK) recom-
mended by the Cochrane Collaboration (details of this tool
are provided in Supplementary Material 2). If outcome
data were presented graphically, the first or corresponding
author of the publication was contacted to obtain the raw
data. If the raw data were unavailable, data were extracted
using the WebPlotDigitizer tool version 4.6 (Ankit Rohatgi,
Pacifica, CA, USA).

2.4 Quality Assessment of Included Literature

Two investigators (Wenjing Jiang and Xialin Zhang)
independently assessed the quality of the included stud-
ies. Any disagreements were resolved through consulta-
tion with the corresponding author (Yi Wen). The Sys-
tematic Review Centre for Laboratory Animal Experimen-
tation (SYRCLE) risk of bias tool for animal studies [30]
was used to evaluate bias. This tool covers bias across six
domains: selection bias, performance bias, detection bias,
attrition bias, reporting bias, and other biases, comprising a
total of 10 items. The results for each item were categorized
as “Yes”, “No”, or “Unclear”.

2.5 Data Analysis

A meta-analysis was performed using STATA 17.0
software (version 17.0; StataCorp LLC, College Station,
TX, USA), and the standardized mean difference (SMD)
was used as the effect size. Given the anticipated biologi-
cal and methodological heterogeneity among the included
studies, including factors such as animal strain, age, and ex-
perimental protocols, a random-effects model was applied
for data synthesis. Statistical heterogeneity among studies
was assessed using Cochrane’s Q test and quantified with
the /2 statistic. To investigate the sources of heterogene-
ity, the following approaches were employed. First, meta-
regression analysis was conducted with polyphenol type,
dosage, duration of intervention, route of administration,
and animal species as potential covariates (only for out-
comes with more than 10 studies). If a significant factor was
identified, subgroup analysis was further performed. Sec-
ond, to evaluate the influence of individual studies on the
overall pooled estimate, a leave-one-out sensitivity anal-
ysis was conducted by sequentially removing one study
and performing a meta-analysis on the remaining studies.
This approach assessed whether the original pooled esti-
mate changed significantly due to the influence of any sin-
gle study. Publication bias was evaluated with Egger’s test
for outcomes with a sufficient number of studies. If publi-
cation bias was present (p < 0.05), the trim-and-fill method
was applied to evaluate the stability of the pooled result.


https://www.imrpress.com

—)
.5 Records identified from:
© Databases: Pubmed, Records removed before
;q% Embase, Cochrane library, ——»| screening: Duplicate records
b= WOS, CNKI, Wan Fang, VIP removed (nh=413)
5 Database (n=1413)
Records excluded:
Review (n=286)
- Duplicate records (n=45)
i Unrelated literature (n=276)
s Records screened of titles and Conference Review/ Conference
g abstracts (n = 1000) Abstract, Case report, Note,
O N . )
;) Editorial, Trial registry record,
Letter. (n=97)
— In total (n =704)
S
Reports excluded:
2 Non endometriosis model (n
E Reports assessed for eligibility =26) .
= (n = 296) —» Human experiments (n =46)
o In vitro experiments (n=84)
Non polyphenolic compounds
Intervention (n =44)
Combination therapy (nh =18)
Unwanted outcome (n=26)
Unable to obtain data (n=9)
In total (h =253)
3
= Studies included in review
E (n=43)

Fig. 1. Flowchart of the literature screening process.

3. Results

3.1 Literature Screening Process and Characteristics of
Included Literature

The initial search yielded 1413 records. After du-
plicate removal, 1000 articles remained. Two reviewers
independently screened the titles, abstracts, and full texts
against predefined inclusion and exclusion criteria. Ulti-
mately, 43 studies published between 2007 and 2024 met
the criteria, comprising 36 English-language and 7 Chinese-
language publications. The detailed selection process is il-
lustrated in Fig. 1.

A total of 843 female animal models of EMs were in-
cluded from the 43 selected studies, with 421 animals as-
signed to the experimental groups and 422 to the model
groups. For animal selection, 16 studies used mice, includ-
ing strains such as Mus musculus (3 studies), NCr strain

(1 study), BALB/c (7 studies), NOD-SCID (3 studies),
and C57BL/6 (2 studies). 27 studies used rats, including
Sprague Dawley rats (17 studies) and Wistar rats (10 stud-
ies). The body weight of mice ranged from 18-30 g, and
their age ranged from 6—8 weeks. The body weight of rats
ranged from 200-250 g. Only 1 study did not report the
body weight or age of the animals.

With respect to modeling methods, two primary ap-
proaches were identified: autologous endometrial tissue
transplantation and heterologous endometrial tissue trans-
plantation (from human donors or donors of the same
species). Regarding anesthetic agents, 31 studies reported
at least one type of anesthetic. Among these, ketamine was
used in 14 studies, xylazine in 12, sodium pentobarbital in
9, chloral hydrate in 4, rompun in 2, isoflurane in 2, zoletil
in 1, and urethane in 1. 12 studies did not specify the type
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Fig. 2. Forest plot of the effects of polyphenolic compounds on endometriotic lesions. CI, confidence interval; SMD, standardized

mean difference.

of anesthetic used.

For interventions, the experimental groups received
polyphenol compounds, while the model groups received
normal saline, vehicle, or no intervention. The polyphenols
used were diverse and included resveratrol, curcumin, epi-
gallocatechin gallate, hesperidin, nobiletin, puerarin, wogo-
nin, quercetin, xanthohumol, scutellarin, genistein, fisetin,
apigenin, silymarin, isoliquiritigenin, and naringenin.

The outcome measures included ectopic lesion vol-
ume, histopathological score, adhesion score, estradiol
(E2), progesterone, monocyte chemoattractant protein-1
(MCP-1), hypoxia-inducible factor-1ac (HIF-1«r), TNF-a,
B-cell lymphoma 2 (BCL-2), MVD, IL-8, IL-15, IL-6,
prostaglandin E2 (PGE2), proliferating cell nuclear antigen
(PCNA), and VEGF. None of the included studies reported
significant adverse effects associated with polyphenol ad-
ministration. A detailed data extraction table for the in-
cluded studies is provided in Supplementary Material 3.
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3.2 Quality Assessment of Included Literature

The quality assessment of the included studies is de-
tailed in Supplementary Material 4. All studies employed
at least one method to control for bias. 33 studies reported
random allocation, whereas only 1 explicitly described the
method of random sequence generation and allocation con-
cealment. Animal housing randomization was mentioned
in 35 studies. 2 studies implemented investigator blinding.
1 study reported random selection of animals for outcome
assessment. 11 studies implemented blinding of outcome
assessors. In summary, all included studies had an unclear
risk of bias in one or more domains, and no study was rated
as low risk across all domains. This assessment suggests
that the results of this meta-analysis should be interpreted
with caution.

3.3 Effectiveness
3.3.1 Volume of Lesions
A total of 25 articles comprising 28 studies, reported

the effects of polyphenolic compounds on the growth of en-
dometriotic lesions. The results demonstrated that, com-
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Fig. 4. Forest plot of the effects of polyphenols on peritoneal
adhesion scores.

pared with the model group, polyphenolic compounds sig-
nificantly inhibited the growth of ectopic lesions in animal
models of EMs, with a statistically significant difference
(SMD =-3.06, 95% confidence interval [CI]: —3.83,-2.29;
heterogeneity: I? = 86.3%, p= 0.000) (Fig. 2).

3.3.2 Histopathological Score

6 studies, comprising 7 reports, investigated the ef-
fects of polyphenolic compounds on the histopathological
scores of lesion tissues. The results demonstrated that, com-
pared with the model group, polyphenolic compounds sig-
nificantly reduced the histopathological scores of ectopic
lesions in animal models of EMs, with a statistically sig-
nificant difference (SMD = —1.31, 95% CI: —-1.81, —0.81;
heterogeneity: 12 = 1.3%, p = 0.399) (Fig. 3).

3.3.3 Adhesion Score

6 studies, comprising 6 reports, examined the effects
of polyphenolic compounds on adhesion scores. The results
indicated that, compared with the model group, polypheno-
lic compounds significantly reduced the severity of intra-
abdominal adhesions, with a statistically significant differ-
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Overall (I-squared = 95.6%, p = 0.000) @ -7.24(-10.88, -3.60) 100.00
NOTE: Weights are from random effects analysis :
T T
249 0 249

Fig. 5. Forest plot of the effects of polyphenols on serum estra-
diol (E2) levels.
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NOTE: Weights are from random effects analysis

_— -11.80 (-15.38,-8.23) 3281

-0.26 (-9.53,9.02) 100.00

T T
154 0 154

Fig. 6. Forest plot of the effects of polyphenols on serum pro-
gesterone levels.

ence (SMD = -3.14, 95% CI: —4.71, —1.57; heterogeneity:
I2 = 82.0%, p = 0.000) (Fig. 4).

3.3.4 Serum Sex Hormone Levels

3.3.4.1 Serum Estrogen Levels. 6 studies reported the ef-
fects of polyphenolic compounds on serum E2 levels in an-
imal models of EMs. The results demonstrated that, com-
pared with the model group, polyphenolic compounds sig-
nificantly reduced serum E2 levels in EMs animal models,
with a statistically significant difference (SMD = —7.24,
95% CI: —10.88, —3.60; heterogeneity: 1> = 95.6%, p =
0.000) (Fig. 5).

3.3.4.2 Serum Progesterone Level. 3 studies reported the
effects of polyphenolic compounds on serum progesterone
levels in animal models of EMs. The results showed no
significant difference in serum progesterone levels between
the polyphenol-treated and the model group (Fig. 6).

3.3.5 Inflammatory Related Factors

3.3.5.1 TNF-a Levels in Serum and Peritoneal Fluid. 6
studies reported the effects of polyphenolic compounds on
serum TNF-« levels and 4 studies reported the effects of
polyphenols on peritoneal fluid TNF-« levels. The results
showed that, compared with the model group, polypheno-
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Fig. 7. Forest plot of the effect of polyphenols on tumor necrosis factor-a (TNF-a) levels in serum (A) and peritoneal fluid (B).
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Fig. 8. Forest plot for polyphenols on interleukin-8 (IL-8) levels in serum (A) and peritoneal fluid (B).

lic compounds reduced TNF-« levels in both serum (SMD
=_1.88, 95% CI: -3.29, —0.46, heterogeneity: I? = 86.0%,
p = 0.000) and peritoneal fluid (SMD = —1.28, 95% CI: —
2.16, —0.41, heterogeneity: I?> = 40.6%, p = 0.168), with a
statistically significant differences (Fig. 7).

3.3.5.2 IL-8 Levels in Serum and Peritoneal Fluid. 2 stud-
ies reported the effects of polyphenolic compounds on IL-8
levels in serum and peritoneal fluid. Compared with the
model group, polyphenolic compounds reduced the levels
of IL-8 in both serum (SMD =-1.61, 95% CI: -2.42,-0.80,
heterogeneity: 1= 0.0%, p = 0.927) and peritoneal fluid
(SMD = —1.70, 95% CI: —2.72, —0.69, heterogeneity: I>=
0.0%, p = 0.423), with statistically significant differences
(Fig. 8).

3.3.5.3 IL-153 Levels in Serum and Peritoneal Fluid. 10
studies reported the effects of polyphenolic compounds on
IL-13 levels. The results showed that, compared with the
model group, polyphenolic compounds reduced the IL-173
levels in both serum (SMD =-5.61, 95% CI: -8.67, -2.55,
heterogeneity: I? = 88.1%, p = 0.000) and peritoneal fluid
(SMD = -2.26, 95% CI:-3.52, —1.01, heterogeneity: =
71.5%, p = 0.004), with statistically significant differences
(Fig. 9).
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3.3.5.4 IL-6 Levels in Serum and Peritoneal Fluid. 4 stud-
ies reported the effects of polyphenolic compounds on IL-6
levels in serum and peritoneal fluid. The results showed
that, compared with the model group, polyphenolic com-
pounds reduced the levels of IL-6 in both serum (SMD =
—4.61, 95% CI: —7.69, —1.53, heterogeneity: I°=92.3%, p
=0.000) and peritoneal fluid (SMD =-3.37, 95% CI: -5.22,
—1.51, heterogeneity: I°= 74.0%, p = 0.009), with statisti-
cally significant differences (Fig. 10).

3.3.5.5 MCP-1 Levels in Serum and Peritoneal Fluid. 3
studies reported the effects of polyphenolic compounds on
MCP-1 levels in serum and peritoneal fluid. The results
showed that, compared with the model group, polyphenolic
compounds reduced MCP-1 levels in both serum (SMD =
—1.24, 95% CI: —2.23, —0.26, heterogeneity: > = 45.5%,
p = 0.160) and peritoneal fluid (SMD = —-1.19, 95% CI: —
1.99, —0.39, heterogeneity: I = 19.8%, p = 0.287), with
statistically significant differences (Fig. 11).

3.3.6 Factors Related to Angiogenesis

3.3.6.1 Microvascular Density. 6 studies, comprising 8 re-
ports, investigated the effects of polyphenolic compounds
on MVD in lesions. The results demonstrated that, com-
pared with the model group, polyphenolic compounds sig-
nificantly reduced MVD in lesions, with a statistically sig-
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Fig. 9. Forest plot of the effect of polyphenols on interleukin-15 (IL-17) levels in serum (A) and peritoneal fluid (B).
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Fig. 10. Forest plot of the effect of polyphenols on interleukin-6 (IL-6) levels in serum (A) and peritoneal fluid (B).
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Fig. 11. Forest plot of the effect of polyphenols on monocyte chemoattractant protein-1 (MCP-1) levels in serum (A) and peritoneal

fluid (B).

nificant difference (SMD = -2.38, 95% CI: -3.39, —1.37,
heterogeneity: I? = 74.7%, p= 0.000) (Fig. 12).

3.3.6.2 Vascular Endothelial Growth Factor (VEGF).

Among the included studies, VEGF was assessed in several
forms, including serum VEGF levels (4 studies), peritoneal
fluid VEGF levels (5 studies), VEGF protein expression in
lesions (3 studies), and VEGF mRNA levels (4 studies).
The results showed that polyphenolic compounds signifi-
cantly reduced VEGF levels in serum (SMD =-1.68, 95%
CI: —2.92, —0.45, heterogeneity: I? = 68.8%, p = 0.022),

peritoneal fluid (SMD = -3.12, 95% CI: —4.81, —1.43, het-
erogeneity: 2 = 82.5%, p = 0.000), VEGF protein expres-
sion in lesions (SMD =-1.98, 95% CI: -2.97,-0.99, hetero-
geneity: 2 =22.5%, p = 0.275), and VEGF mRNA levels
(SMD = -3.03, 95% CI: =5.02, —1.05, heterogeneity: I*> =
82.3%, p = 0.001), with all differences being statistically
significant (Fig. 13).

3.3.7 Factors Related to Proliferation and Apoptosis

3.3.7.1 Proliferating Cell Nuclear Antigen (PCNA). 3 ar-
ticles, comprising 5 studies, reported the inhibitory effects
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Fig. 12. Forest plot of the effect of polyphenols on microvessel
density (MVD) in lesions.

of polyphenolic compounds on the proliferation of lesion
cells. The results demonstrated that, compared with the
model group, polyphenolic compounds significantly re-
duced the percentage of PCNA-positive cells in the lesions
(SMD = -2.34, 95% CI: -3.35, —1.33; heterogeneity: =
57.9%, p = 0.050) (Fig. 14).

3.3.7.2 B-cell Lymphoma 2 (BCL-2). 3 studies reported
the promoting effect of polyphenolic compounds on apop-
tosis of lesion cells. The results showed that, compared
with the model group, polyphenolic compounds reduced the
mRNA expression of BCL-2 in lesions (SMD =-1.95, 95%
CI: -2.81,-1.08, heterogeneity: I? = 0.0%, p = 0.579). The
difference was statistically significant (Fig. 15).

3.3.8 Others

3.3.8.1 Hypoxia-inducible Factor-1aw (HIF-1c). The com-
bined results from 2 studies indicated that, compared with
the model group, polyphenolic compounds significantly re-
duced the percentage of HIF-1a-positive cells in the lesion
areas (SMD =-3.21, 95% CI: —4.55, —1.87; heterogeneity:
I?=0.0%, p = 0.819) (Fig. 16).

3.3.8.2 Prostaglandin E2 (PGE2). The combined results
of 3 studies showed that, compared with the model
group, polyphenolic compounds reduced serum PGE2 lev-
els (SMD =-3.44, 95% CI: -5.47, —1.41, heterogeneity: P
=77.2%, p = 0.012). The difference was statistically sig-
nificant (Fig. 17).

3.4 Meta Regression and Subgroup Analysis

To investigate the sources of substantial heterogene-
ity observed in some outcome measures, the following
analyses were conducted: Meta-regression and subgroup
analyses were performed for lesion volume, which in-
cluded a larger number of studies; for adhesion score and
serum E2 level, which included fewer studies (n < 10)
but showed high heterogeneity, only subgroup analyses
were performed. The predefined grouping factors included:
polyphenol type, dosage (low: <50 mg/kg; medium: 50—
100 mg/kg; high: >100 mg/kg), treatment duration (short:
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<14 days; medium: 15-21 days; long: >21 days), route
of administration (oral or gavage, intraperitoneal injec-
tion, subcutaneous injection, intramuscular injection), an-
imal species (rat, mouse), and publication language (Chi-
nese, English).

Meta-regression analysis for lesion volume revealed
that only publication language significantly influenced the
effect size (SMD) (5 =-9.43, 95% CI: —15.29, -3.58, p =
0.003) (Fig. 18), suggesting a significant difference in mean
effect sizes reported between Chinese and English publi-
cations. However, further subgroup analysis indicated that
this factor contributed only modestly to explaining the over-
all heterogeneity. After stratification by language, substan-
tial heterogeneity remained in both the Chinese literature
subgroup (/2 = 96.2%, p= 0.000) and the English literature
subgroup (I? = 73.7%, p = 0.000) (Fig. 19).

For adhesion score, subgroup analyses suggested that
polyphenol type and route of administration may be associ-
ated with differences in effect sizes (Figs. 20,21), whereas
other variables (e.g., dosage, treatment duration, animal
species) did not show clear associations.

For serum E2 levels, subgroup analyses did not iden-
tify polyphenol type, dosage, treatment duration, route of
administration, or animal species as significant sources of
heterogeneity.

3.5 Sensitivity Analysis

To investigate the influence of individual studies on
the pooled results, sensitivity analysis was performed for
outcomes with substantial heterogeneity, including lesion
volume, adhesion score, serum estrogen level, plasma TNF-
« level, plasma IL-15 level, plasma IL-6 level, lesion
VEGF mRNA expression, peritoneal fluid VEGF level, and
serum PGE2 level. The results indicated that, after the se-
quential exclusion of each individual study across all out-
come measures, the pooled estimates of the remaining stud-
ies remained statistically significant (95% CI did not in-
clude zero). These findings suggest that the pooled results
were not significantly altered by the number of included
studies, demonstrating the robustness of the synthesis. Sen-
sitivity analysis results are presented in Supplementary
Material 5.

3.6 Assessment of Publication Bias

For outcome measures with more than 5 studies (le-
sion volume, microvessel density, serum E2, adhesion
score, peritoneal fluid IL-13), Egger’s test was applied to
assess publication bias. The results indicated publication
bias in the analysis of lesion volume, microvessel density,
serum E2, and adhesion score (p < 0.01). The stability of
these results was assessed using the trim-and-fill method.
The findings did not change after the addition of imputed
studies (p < 0.01), supporting the robustness of the synthe-
sis. For details, please refer to Supplementary Material
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4. Discussion

4.1 Exploration of the Mechanisms of Polyphenolic
Compounds in the Treatment of EMs

4.1.1 Regulation of Sex Hormones and Their Receptors

Estrogen receptors (ERs) are members of the nuclear
receptor superfamily and are classified into two subtypes,
ERa and ER(, based on their encoding genes ESRI (es-
trogen receptor 1) and ESR2 (estrogen receptor 2) [31]. In
normal endometrium, ERa and ER 3 expression exhibit cell
type specificity and cyclic variations [32], ER« expression
is significantly higher than that of ERS [33]. In the ectopic
endometrium of EMs, ERa expression is significantly re-
duced, while the expression level of ER 5 exceeds that in the
normal endometrium, leading to a decrease in ERa/ERf ra-
tio [34]. High expression of ERS can increase local estro-
gen synthesis, promote endometrial cell proliferation and
invasion, inhibit cell apoptosis, and induce inflammatory
responses [35-37]. Phytoestrogens have a structure simi-
lar to 173-estradiol and can competitively bind to endoge-
nous hormone receptors, thereby exerting antagonistic ef-
fects on endogenous hormones. Numerous studies have
shown that polyphenolic compounds can exert phytoestro-
genic effects. For example, Tsuchiya M et al. [38] re-
ported that soy isoflavone intake reduces the risk of EMs
in women, and the mechanism may be related to the anti-
estrogenic activity of isoflavones. An in vitro study by
Zhang Y et al. [39] showed that curcumin inhibits endome-

A

Study %

trial cell proliferation by reducing the synthesis of E2. In
addition, curcumin not only inhibits ER expression in the
ectopic endometrium of EMs rats and reduces serum E2
levels, but also increases progesterone receptor (PR) ex-
pression and serum progesterone levels [40]. Our results
show that polyphenolic compounds reduce serum estrogen
levels in animal models of EMs, whereas their effect on
serum progesterone levels is not significant. The mecha-
nism by which polyphenols inhibit estrogen levels may in-
volve binding to anti-ERs and competition with E2, thereby
exerting antiestrogenic effects.

Our study observed considerable heterogeneity in the
effect sizes for estrogen across the included studies, which
may be attributed to the following factors. First, a pri-
mary source of variation stems from inconsistencies in de-
tection methodologies. The 6 studies employed enzyme-
linked immunosorbent assay (ELISA), radioimmunoassay,
and chemiluminescence immunoassay. Different methods
exhibit poor correlation when detecting low concentrations
of E2 [41], which directly affects the comparability of re-
sults. Second, polyphenolic compounds exert bidirectional
regulation of serum E2 levels, and the direction and mag-
nitude of their effects depend on the disease model and the
administered dose [42,43]. Furthermore, serum E2 levels
vary among individual animals of the same strain, and dif-
ferences in the timing of blood collection, such as sampling
at a specific stage of the estrous cycle or at a fixed time point
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Fig. 13. Forest plots of the effect of polyphenols on vascular endothelial growth factor (VEGF) levels. (A) Serum. (B) Peritoneal
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Fig. 14. Forest plot of the effects of polyphenols on the prolifer-
ation of lesional cells (percentage of proliferating cell nuclear
antigen [PCNA]-positive cells).
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Fig. 15. Forest plot of the effect of polyphenols on apoptosis
(B-cell lymphoma 2 [BCL-2] mRNA expression).
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Fig. 16. Forest plot of the effect of polyphenols on the percent-
age of hypoxia-inducible factor-1ac (HIF-1a)-positive cells in

the lesion area.

post-intervention, can also lead to discrepancies in the mea-
sured results.

Due to insufficient data, we did not pool results on
the effects of polyphenolic compounds on estrogen and pro-
gesterone receptors. However, existing studies suggest that
polyphenols have the potential to regulate ERs, and addi-
tional data is needed for comprehensive analysis in the fu-
ture.
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Fig. 17. Forest plot of the effects of polyphenols on serum
prostaglandin E2 (PGE2) levels.
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Zhang, X. et al. (2009)
Subtotal (I-squared = 73.7%, p = 0.000)

3.49(539,-159) 176
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3.18(4.71,-165) 271
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472(7.08,-236) 114
140 (-220,-059) 985
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154 (-276,-031) 424
0.70 (-1.60, 0.21) 7.76
-0.62 (-1.52, 0.28) 785
-1.93 (-3.49,-0.37) 262
1.94(315,072) 431
-5.51(-8.48, -2.54) 072
-2.32(-4.01,-0.64) 225
293(464,-122) 247
139 (-2.38,-040) 653
-25.09 (-36.14, -14.03) 0.05
-0.78 (-1.70, 0.13) 763
158(-1.84,-132)  92.90

t
S o*+_+0+..u»+,¢*+-+-

Chinese
Yi Fang et al. (2013) —_— -23.55 (-31.77,-15.34) 0.09
Yun-Fei Qu et al. (2012) -1.01(2.07, 0.04) 570
Xiao-Ying Hu et al. (2023) —_— -19.27 (25.03,-1352) 0.19

Qin-Shu Zhang et al. (2015) ———&——
Hai-Yu Cai et al. (2024)
Subtotal (I-squared = 96.2%, p = 0.000)

25,81 (-34.53,-17.09) 0.08
712(-961,-464)  1.03
2.98(-393,-204) 710

Heterogeneity between groups: p = 0.005

Overall (I-squared = 86.3%, p = 0.000) -1.68 (-1.93, -1.43) 100.00

T
-36.1

o -

36.1

Fig. 19. Subgroup analysis of lesion volume by publication lan-
guage (English and Chinese).

4.1.2 Anti-Inflammatory and Immune Regulation

A defined population of immune cells resides in nor-
mal endometrial tissue. These cells are located in the ep-
ithelial compartment of the functional layer and in lym-
phoid aggregates of the basal layer, supporting maternal-
fetal immune tolerance, clearing apoptotic endometrial
cells, promoting endometrial regeneration, promoting an-
giogenesis, and wound healing [44]. EMs is considered
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Study %
D SMD (95% CI) Weight

Curcumin
Ding, J. et al. (2022) -3.92 (-6.54,-1.31) 1362
Ding, J. et al. (2024) -3.60 (-6.07, -1.14) 1423
Hai-Yu Cai et al. (2024) -2.56 (-3.77,-1.35) 19.39
Li-Hua Cao et al. (2021)

Subtotal (l-squared = 5.4%, p = 0.366) <>

-4.23 (-5.75, -2.71) 18.18
-3.35 (-4.22, -2.47) 65.42

Resveratrol
Wang, C. et al. (2021)

: —t -0.57 (-1.47,032) 2045
Subtotal (I-squared =.%, p =) H <>

-0.57 (-147,032) 2045
Flavokawain A :
B

Wei, Z. et al. (2024) -5.06 (-7.55, -2.57) 14.13

Subtotal (I-squared =%, p =) -5.06 (-7.55, -2.57) 14.13

Overall (I-squared = 82.0%, p = 0.000) -3.14 (4.71,-1.57) 100.00

NOTE: Weights are from random effects analysis
T T
-7.55 0 755

Fig. 20. Subgroup analysis of adhesion scores by type of

polyphenol.

Study %
D SMD (95% Cl) Weight
1 |

Ding, J. et al. (2022) —_— -3.92 (-6.54, -1.31) 13.62
Ding, J. et al. (2024) —_—— -3.60 (-6.07, -1.14) 14.23
Wei, Z. et al. (2024) —— -5.06 (-7.55, -2.57) 14.13
Hai-Yu Cai et al. (2024) -2.56 (-3.77, -1.35) 19.39

Li-Hua Cao et al. (2021)

Subtotal (-squared = 17.4%,p=0304) <>

-4.23 (-6.75, -2.71) 18.18

-3.59 (-4.50, -2.68) 79.55

2

-0.57 (-1.47, 0.32) 2045

<>> 0.57 (-1.47,0.32) 2045

Wang, C. et al. (2021) \ —

Subtotal (I-squared =.%, p =.)

NOTE: Weights are from random effects analysis |
T T
755 0 7.55

Overall (l-squared = 82.0%, p = 0.000) -3.14 (-4.71,-1.57) 100.00

Fig. 21. Subgroup analysis of adhesion scores by route of ad-

ministration.

a chronic inflammatory disease. During the formation of
ectopic lesions, a large number of immune cells are re-
cruited to the lesion sites and secrete various proinflam-
matory cytokines, forming a local inflammatory microen-
vironment that further exacerbates EMs progression [45].
For example, early studies have shown that the number of
macrophages significantly increases in the peritoneal fluid
and ectopic lesions of patients with EMs [46], and these
cells secrete various inflammatory factors, such as IL-1/,
IL-6, IL-8, TNF-o, TGF-8 and IL-10 [47—49], promot-
ing persistent inflammation and fibrosis. Under high es-
trogen levels, mast cells are recruited and undergo differ-
entiation [50]. These cells secrete cytokines such as nerve
growth factor, TNF-«, IL-13, IL-6, and PGE2 [51-55],
which promote peripheral sensitization of nerve cells and
lead to chronic pain [56,57]. Neutrophils are activated and
recruited by the chemokine IL-8 and neutrophil-activating
peptide 78, secreting cytokines such as IL-17A, VEGF, and
interferon gamma-inducible protein-10 [58,59], which pro-
mote angiogenesis in ectopic lesions. Other immune cells,
such as natural killer cells, dendritic cells, T lymphocytes,
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and B lymphocytes, also contribute to the immune microen-
vironment of EMs and support lesion implantation and de-
velopment.

Early epidemiological studies have shown that con-
sumption of foods rich in polyphenols reduces the risk
of chronic inflammatory diseases in the population [60],
but the anti-inflammatory mechanisms of dietary polyphe-
nols remain unclear. As research has progressed, evi-
dence indicates that the anti-inflammatory mechanism of
polyphenolic compounds may involve regulation of im-
mune cell numbers, inhibition of inflammatory factors, reg-
ulation of gene expression, and activation of relevant sig-
naling pathways [61-64]. Many in vitro and in vivo stud-
ies have shown that polyphenolic compounds exhibit excel-
lent anti-inflammatory and immunomodulatory effects in
the treatment of EMs. For example, in vitro experiments by
Kolahdouz-Mohammadi R et al. [65] showed that resver-
atrol significantly reduces the gene and protein expression
of MCP-1, IL-6, and IL-8 in both eutopic and ectopic en-
dometrial stromal cells from EMs. In the study by Arangia
A et al. [66], the natural polyphenol fisetin inhibits the re-
cruitment and activation of mast cells in EMs lesions, sup-
presses activation of the inflammation-related NLRP3/NF-
kB pathway, and reduces levels of the proinflammatory cy-
tokines IL-13 and TNF-a.. Park W et al. [67] found that
baicalein can exert anti-inflammatory effects by regulating
T cell populations in EMs mouse models and reducing the
expression of inflammation-related genes CXCR2, CCL2,
ILIB,IL13,1L21,IL18R]1, and IL2IR.

Our results show that polyphenolic compounds sig-
nificantly reduce the levels of TNF-«, IL-8, IL-1 3,
IL-6, and MCP-1 in the serum and peritoneal fluid of
EMs animal models, thereby inhibiting the inflamma-
tory response associated with EMs. Its anti-inflammatory
mechanisms involve the following aspects: (1) Polyphe-
nols regulate signaling pathways, such as inhibition of
inflammation-related signaling pathways phosphoinositide
3-kinase (PI3K)/protein kinase b (Akt), nod-like receptor
protein 3 (NLRP3)/nuclear factor kappaB (NF-xB), and
Janus kinase 2 (JAK2)/signal transducer and activator of
transcription 3 (STAT3) [66]. Polyphenols also inhibit HIF
pathway-induced increases in IL-6 expression, thereby al-
leviating local inflammation [68]. (2) Polyphenols regu-
late immune cell populations, for example by inhibiting
the recruitment and activation of immune cells such as
macrophages and degranulated mast cells, which reduces
the production of inflammatory cytokines [69]. Consistent
with our preclinical findings, clinical studies have also con-
firmed aberrant expression of these inflammatory factors
in patients with EMs. For instance, Demir M et al. [70]
demonstrated that the levels of TNF-« in the endometrial
perfusion fluid of patients with endometrioma were signif-
icantly higher than those in the healthy control group. This
clinical observation further validates the importance of in-
flammatory factors such as TNF-« as therapeutic targets, as
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indicated by our animal model. Our findings regarding the
inhibition of these factors by polyphenols provide a strong
preclinical basis for their future development as potential
agents to modulate the endometrial immune microenviron-
ment and treat EMs.

4.1.3 Inhibition of EMs Cell Proliferation and Promotion
of Apoptosis

Apoptosis is a form of programmed cell death regu-
lated by genes, aimed at clearing excess or abnormal cells
and playing an important role in maintaining homeosta-
sis. In the late secretory phase of the normal endometrium,
the expression of apoptosis-related proteins increases [6],
whereas in women with EMs, decreased expression of
proapoptotic factors and increased expression of antiapop-
totic factors are observed during menstruation EMs [71],
which promotes the survival and proliferation of cells in ec-
topic lesions. Previous studies have reported that polyphe-
nolic compounds exert cytotoxic effects by inhibiting the
cell cycle, promoting autophagy, and directly inducing tu-
mor cell apoptosis [72—74].

Our research indicates that polyphenolic compounds
significantly inhibit the proliferation of ectopic lesion cells
in EMs rats, promote cell apoptosis, and reduce the vol-
ume of ectopic lesions. The underlying mechanisms may
involve the following aspects: (1) Inhibition of EMs cell
proliferation by suppression of the transcriptional activation
of PI3K/Akt and NF-xB signaling pathways [75,76]. (2)
Inhibition of B-cell lymphoma 6b (BCL-6b) protein pro-
duction by downregulation of glial cell line-derived neu-
rotrophic factor and its receptor GFR«/1; inhibition of BCL-
2 protein expression by enhancing extracellular regulated
kinase 1/2 (ERK1/2) expression; reduction of angiogene-
sis and promotion of cell apoptosis [77]. (3) Direct in-
duction of degeneration and necrosis in endometrial ep-
ithelial cells; inhibition of BCL-2 expression and promo-
tion of Bax and caspase-3 protein expression [78]. (4) In-
hibition of cell proliferation through activation of the in-
hibitory factor Keapl and suppression of the nuclear fac-
tor erythroid-2-related factor 2 [Nrf2]/quinine oxidoreduc-
tase 1 [NQOI1]/heme oxygenase-1 [HO-1] pathway trans-
mission; mediation of cell apoptosis through activation
of caspase-3, induction of reactive oxygen species (ROS)
production, and reduction of mitochondrial membrane po-
tential [79]. (5) Downregulation of intercellular adhesion
molecule-1 and BCL-2 expression to inhibit cell adhesion
and implantation and promote cell apoptosis; enhancement
of NK cell activity to identify and eliminate ectopic en-
dometrial cells [80].

4.1.4 Anti-OS

OS refers to a state in which the balance between ox-
idative and antioxidant systems is disrupted due to the ex-
cessive production of ROS, leading to cellular stress and
damage [81]. It is closely related to chronic inflammatory
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diseases. In addition to chronic inflammatory stimuli, lipid
accumulation and obesity are also risk factors for exces-
sive intracellular ROS production and imbalance of redox
homeostasis [82]. As early as 1987, Zeller M et al. [83]
found that ROS levels in the peritoneal fluid of women with
EMs was significantly increased, and suggested that these
ROS were released by macrophages after chronic stimula-
tion. However, this study did not explain the imbalance be-
tween oxidation and antioxidant systems in EMs [84]. Sub-
sequently, increasing evidence has shown that OS markers
in the serum, peritoneal fluid, and follicular fluid of patients
with EMs are significantly elevated compared with those
of normal individuals, suggesting that OS may be involved
in the development of EMs. For example, in a study of
differences in follicular fluid composition among different
populations, Collodel G et al. [85] reported higher levels
of propylene glycol (malondialdehyde [MDA]) in the fol-
licular fluid of women with EMs. The study by Nasiri N
et al. [86] showed that, compared with the control group,
the levels of the OS marker lipid peroxide in the serum and
follicular fluid of women with EMs were significantly in-
creased, while the levels of total antioxidant capacity were
decreased. Research has shown that an antioxidant diet can
effectively reduce OS markers (lipid hydroperoxides [LHP]
and malondialdehyde MDA) in the peripheral blood and
peritoneal fluid of women with EMs, and enhance the ac-
tivity of antioxidant enzymes (superoxide dismutase [SOD]
and glutathione peroxidase [GPx]) [87]. Polyphenolic com-
pounds are antioxidants that have been widely studied in
the treatment of various chronic diseases, including EMs,
inflammatory bowel disease, neurodegenerative disorders,
and malignant tumors [88—90].

Due to limited data on OS markers in the included
studies, we did not statistically analyze OS indicators such
as SOD, MDA, GSH, and CAT. Based on the available ev-
idence, we infer that the antioxidant effects of polypheno-
lic compounds on EMs may be achieved by inhibiting the
synthesis of proteases involved in OS (such as cyclooxy-
genase [COX] and inducible nitric oxide synthase [iINOS])
[78], reducing peripheral lipid levels [91], and alleviating
cell apoptosis and inflammatory response in EMs lesions
[92,93].

4.1.5 Improving Hypoxic Microenvironment and
Antiangiogenesis

Menstrual reflux is a common physiological phe-
nomenon in women during the menstrual period [94].
When viable endometrial tissue fragments reflux back into
the pelvic cavity through the fallopian tubes, most cells die
due to a lack of oxygen and nutrient supply. However, due
to some unclear epigenetic regulation mechanisms, some
endometrial cells exhibit strong survival and invasion abil-
ities under hypoxic conditions [95]. Hypoxia is widely in-
volved in various biological processes involved in the de-
velopment of EMs, with the most common being the pro-
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Fig. 22. Mechanisms of polyphenolic compounds in the treatment of endometriosis (EMs). Polyphenolic compounds exert ther-
apeutic effects on EMs by inhibiting estrogen production, resisting oxidative stress (OS), regulating cell proliferation and apoptosis,
anti-inflammatory effects, improving hypoxia, and anti-angiogenesis. Anti-OS: Polyphenols inhibit OS levels by downregulating the
transcriptional activation of the nuclear factor kappaB (NF-xB) signaling pathway, thereby suppressing the release of proinflammatory
factors and the inflammatory response. Regulating cell proliferation and apoptosis: Polyphenols inhibit cell proliferation by activating
the inhibitory factor Keapl and suppressing the nuclear factor erythroid-2-related factor 2 (Nrf2)/quinine oxi doreductase 1 (NQO1)/heme
oxygenase-1 (HO-1) pathway; polyphenols inhibit the production of B-cell lymphoma 6b (BCL-6b) protein by downregulating the ex-
pression of glial cell line-derived neurotrophic factor (GDNF) factor, thereby inducing reactive oxygen species (ROS) production and
mitochondrial damage to mediate cell apoptosis. Anti-estrogenic effect: Polyphenols inhibit the binding of E2 to its receptor estrogen re-
ceptor 3 (ERp), thereby exerting inhibitory effects on cell proliferation, adhesion, and invasion. Anti-inflammatory effect: Polyphenols
improve the inflammatory response by downregulating the transcriptional activation of inflammation related pathways phosphoinosi-
tide 3-kinase (PI3K)/protein kinase b (Akt), nod-like receptor protein 3 (NLRP3)/NF-xB, and Janus kinase 2 (JAK?2)/signal transducer
and activator of transcription 3 (STAT3) signaling pathways, and reducing levels of inflammatory factors. Antiangiogenic effect: In
macrophages, polyphenols can inhibit the transcriptional activation of the HIF signaling pathway and the expression of VEGF, platelet-
derived growth factor (PDGF), and FGF proteins regulated by this pathway, thereby inhibiting angiogenesis; in endometrial stromal cells,
polyphenols can upregulate the expression of the inhibitory factor dual specific phosphatase 2 (DUSP2), downregulate the transcriptional
activation of the ERK/p38/COX2 signaling pathway, and reduce the levels of PGE2 and VEGF, thereby exerting an inhibitory effect on

neovascularization.

motion of angiogenesis [96]. Hypoxia induces upregula- sions through a dual mechanism. On the one hand, polyphe-
tion of local HIF-1« expression, inducing angiogenesis in ~ nols can improve local hypoxia. On the other hand, they
EMs lesions by increasing microRNA-20a levels, inhibit- can inhibit angiogenesis and reduce the microvascular den-
ing negative regulatory factor dual specific phosphatase 2 sity of lesions. These effects may involve inhibition of
(DUSP2) expression, and activating downstream ERK sig- transcriptional activation of the HIF signaling pathway and
naling pathways [97,98]. downregulation of VEGF expression. For example, Ding

J et al. [68] demonstrated, through network pharmacology
and animal experiments, that curcumin inhibits the activa-
tion of the HIF signaling pathway. Similarly, Amellia’s et
al. [99] and Sutrisno S et al. [100] found that genistein

Numerous studies have confirmed abnormal expres-
sion of HIF-1a and VEGF in EMs lesions, which promotes
disease progression. Our results indicate that polyphenolic
compounds can improve the microenvironment of EMs le-
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significantly inhibits VEGF production in EMs lesions by
downregulating HIF-1a expression. In addition, polyphe-
nolic compounds can also exert antiangiogenic effects by
inhibiting the VEGF gene transcription and protein expres-
sion in peripheral blood and peritoneal fluid [101,102]. The
overall mechanism diagram of polyphenolic compounds in
EMs is shown in Fig. 22.

4.2 Limitations and Prospects

Our research indicates that polyphenolic compounds
have the potential to treat EMs through multiple mecha-
nisms of action and may represent a clinically valuable al-
ternative treatment method. Notably, some polyphenolic
compounds, such as resveratrol, have been applied in clini-
cal trials of EMs and have shown preliminary efficacy [103,
104]. However, the development of new drugs from natu-
ral products is a lengthy and costly process, and is mainly
limited by their physicochemical properties and pharma-
cokinetic profiles, including low bioavailability, poor wa-
ter solubility, and potential adverse reactions [105]. In re-
cent years, advances in nanotechnology have greatly pro-
moted innovation of drug delivery systems. Currently, new
nano drug delivery systems (NDDS) loaded with natural
products have been developed, including nanoliposomes,
nanocapsules, and polymer micelles. Compared with tradi-
tional drug delivery methods, NDDS offer advantages such
as enhanced drug activity, good biocompatibility, precise
targeting, and improved bioavailability [106]. In clinical
applications of polyphenolic compounds, NDDS can sig-
nificantly improve the bioavailability of polyphenols, re-
duce their degradation, preserve their antioxidant activity,
enhance therapeutic efficacy, and reduce adverse drug re-
actions. Moreover, nanoparticles can undergo biodegra-
dation without significant toxicity [107], and these advan-
tages may help overcome the limitations of polyphenolic
compounds in clinical applications. At present, research on
NDDS based on natural products mainly focuses on single
compounds, and studies on systems that incorporate multi-
ple natural products into NDDS remain limited. In the fu-
ture, greater attention should focus on NDDS based on com-
bination therapies, achieving synergistic effects through ra-
tional multi-component design, thereby improving thera-
peutic outcomes [108].

This systematic review has several limitations. First,
during the exploration of heterogeneity, we found that pub-
lication language was significantly associated with effect
sizes. This association may reflect systematic differences
in publication preferences, experimental methods, or study
quality across regions, thus indicating a need for caution re-
garding potential publication bias. However, this factor did
not explain most of the observed heterogeneity. The high
heterogeneity in lesion volume and serum estrogen levels
may stem from other underlying biological or methodolog-
ical factors, as discussed earlier. However, due to the lim-
ited number of included studies and the diversity of poten-
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tial variables, the current analysis was unable to fully eluci-
date these influences. Second, exclusion of studies in lan-
guages other than Chinese and English may have introduced
language bias. Third, the absence of randomization, in-
vestigator blinding, and outcome assessor blinding in some
studies may have introduced bias into the results. Fourth,
data for certain outcomes were extracted through tool-based
conversion, which may have resulted in minor discrepan-
cies from the original data, potentially affecting the preci-
sion of the synthesis. Finally, due to the limited number
of studies for some outcome measures, their statistical sig-
nificance could be assessed only through descriptive analy-
sis. Although subgroup and sensitivity analyses were con-
ducted, the high heterogeneity observed for some outcomes
could not be fully explained. Future research should com-
prehensively consider the interactive effects of various fac-
tors, such as polyphenol type, administration route, dosage,
treatment duration, and animal models. Therefore, some
results of this study should be interpreted with caution.

5. Conclusions

Our systematic review and meta-analysis indicate
that polyphenolic compounds demonstrate therapeutic po-
tential for endometrioma in preclinical animal models.
These effects involve multiple pathways, including re-
duced lesion volume, improved histopathology, decreased
levels of key inflammatory factors, and modulation of
angiogenesis-related protein expression. The underlying
mechanisms may include anti-inflammatory, antioxidant,
and anti-angiogenic effects.

However, all the above conclusions derive solely from
animal experiments. This study has several important limi-
tations: the included original studies exhibited considerable
methodological heterogeneity, and reports of bias control
measures such as randomization and blinding were incom-
plete. Consequently, the current strength of evidence re-
mains primarily at the preclinical stage.

In summary, this study provides a robust synthesis
of preclinical evidence and a mechanistic overview of the
use of polyphenolic compounds in treating endometrioma,
which clarifies the scientific rationale for their translational
potential. These findings offer direction in the design of
future rigorous clinical studies. However, direct extrapo-
lation of these results to humans and their application in
clinical practice remains premature. Future research should
prioritize high-quality clinical trials to verify the beneficial
effects observed in these animal models.
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