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Endometriosis is a complex chronic disease characterized by a chronic
estrogen-dependent inflammatory process that mainly affects pelvic
tissues, including the ovaries, and affects a significant number of wom-
en worldwide. Controversy has been and continues to be the common
denominator in different aspects related to this disease, including its
etiopathogenesis.

It is evident that the pathogenesis of endometriosis is complex and en-
tails multiple factors and processes occurring simultaneously. There are
numerous interactions among the immune system, hormones, genes,
stem cells, and local cellular populations, all of which contribute to the
development of endometriosis and its subsequent progression.

The exact pathogenesis of endometriosis remains unknown. Since J.
Sampson proposed the theory of retrograde menstruation as the cause
of endometriosis in 19277, numerous theories have been studied, but
none has been able to explain all aspects of endometriosis.

THEORIES RELATED TO THE ETIOPATHOGENESIS OF ENDOMETRIOSIS

The exact origin and pathogenesis of endometriosis is unknown.
Among the most prominent theories are: the theory of coelomic meta-
plasia (epithelium covering the abdominal organs); abnormal Mullerian
embryonic remnant; lymphatic and vascular metastasis; implantation
of endometrial stem cells; and retrograde menstruation.

The journey of endometriotic cells to give rise to different types of endo-
metriosis is highly debated and remains uncertain; thus, new theories
have emerged along the way. Peng-Hui Wang et al.”¥ present an illustra-
tive summary of the different theories on the origin of endometriosis in
a graph with the acronym DIGIT (Fig. 2). These are: the direct implanta-
tion theory (D) with retrograde menstruation (an autotransplantation of
normal endometrial tissue to an ectopic location); the theory of indirect
implantation () as a theory of circulatory spread (theory of hematoge-
nous or lymphatic spread, in which endometrial tissue migrates to the
circulatory system and extravasates to ectopic sites to grow in a man-
ner similar to cancer); the theory based on genetics (G) as an extrauter-
ine origin (bone marrow as an example) or endometrial origin, stem
cells, and genetic-epigenetic interaction theory; and the theory of in situ
transformation (TI) as coelomic metaplasia and embryogenic theory
with induction of Millerian rest with persistence of residual embryonic
cells from the Wolffian or Mullerian ducts).

However, it should be emphasized that no single theory—or combination
of existing theories—fully accounts for the diverse clinical manifestations
of endometriosis®®. Moreover, the promotion of cellular survival, prolifera-
tion, lesion formation, and maintenance requires additional factors, such
as altered or impaired immune responses, angiogenic stimuli, complex
localized hormonal influences, and genetic and epigenetic determinants.
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It is most probable that different subtypes of
endometriosis arise through distinct pathogenic
mechanisms that may diverge or partially over-
lap. Likewise, the progression of initial endome-
trial implants remains insufficiently understood,
and it is plausible that microenvironmental fac-
tors influence whether the disease regresses or
advances.

RETROGRADE MENSTRUATION THEORY

The retrograde menstruation theory, known as
Sampson's theory, has been in place since 1925
when it was first described. It holds that as endo-
metrial tissue is shed during menstruation, en-
dometrial fragments containing viable endome-
trial glands and stroma not only exit through the
vagina but also ascend into the fallopian tubes,
causing the endometrial cells they contain to re-
gurgitate retrograde into the peritoneal cavity
through the permeable fallopian tubes, possibly
due to a pressure gradient caused by dyssyner-
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FIGURE 2. THEORIES ON THE ORIGIN OF ENDOMETRIOSIS (DIGIT: DIRECT
IMPLANTATION THEORY; INDIRECT IMPLANTATION THEORY; GENETIC-EPIGE-
NETIC INTERACTION; IN SITU TRANSFORMATION). TAKEN FROM PENG-HUI
WANG ET AL.?
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gic uterine contractions“®). Once they reach the
peritoneal cavity, they attach to the underlying
mesothelium and can implant, grow, and invade
the various pelvic structures.

After implantation, the development and growth
of the lesion are promoted by angiogenesis®,
which is made possible by the activation of peri-
toneal macrophages, which produce angiogenic
factors such as vascular endothelial growth fac-
tor (VEGF)™.

This hypothesis is supported by epidemiological
evidence showing an increased risk of endome-
triosis associated with greater exposure to men-
struation (heavier menstrual bleeding, shorter
cycle length, and greater number of menstrual
cycles), as well as a higher prevalence in wom-
en with Mullerian tract outflow obstruction®
and asymmetry in the anatomical location of
lesions. In fact, the anatomical characteristics
of the upper abdomen and the spread of endo-
metrial fragments generated by clockwise peri-
toneal flow may explain the higher prevalence of
lesions on the left side®.

This hypothesis is supported by epidemiological
evidence showing an increased risk of endome-
triosis associated with greater exposure to men-
struation (heavier menstrual bleeding, shorter
cycle length, and greater number of menstrual
cycles), as well as a higher prevalence in wom-
en with obstruction of the Mllerian tract out-
flow® and by the asymmetry in the anatomical
location of the lesions. In fact, the anatomical
characteristics of the upper abdomen and the
spread of endometrial fragments generated by
clockwise peritoneal flow may explain the higher
prevalence of lesions on the left side®.

The problem with the retrograde menstruation
theory is that it could explain ovarian and su-
perficial peritoneal endometriosis, but not deep
infiltrative endometriosis or lesions outside the
peritoneal cavity".

On the other hand, several studies have shown
that menstrual reflux during menstruation is
physiological in women with patent fallopian
tubes, and most of them (76-90%) experience
retrograde menstruation without developing
endometriosis'. Cases of endometriosis in
women with retrograde menstruation who de-
velop the disease could be explained by studies
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evaluating risk factors for endometriosis such
as: short menstrual cycle, longer menstrual flow,
and obstruction of uterine flow. These factors
increase the amount of menstrual reflux and
cells that are regurgitated retrograde.

In researching this theory, the baboon model has
been used, performing serial diagnostic laparos-
copies to assess the amount and composition of
menstrual blood in the peritoneal cavity at dif-
ferent stages of the menstrual cycle. The results
show a correlation between retrograde menstru-
ation and the development of endometriosis, but
researchers admit that this is most likely not the
only pathogenic cause of the disease™.

Understanding how regurgitated cells lead to
endometriosis requires understanding gene
expression and regulation, and how these func-
tions depend on the presence of cells in ectopic
sites. However, the interactions between endo-
metrial cells and the peritoneal surface remain
controversial. One study suggested that endo-
metrial epithelial and stromal cells can pene-
trate intact mesothelium, but at the same time
suggested that the adhesion of menstrual frag-
ments only occurs when the underlying meso-
thelial extracellular matrix is exposed by a previ-
ous local injury",

In particular, eutopic endometrium is considered
to be the origin of most endometriotic lesions!™.
A large number of specific studies have evaluat-
ed the differences in gene expression and epi-
genetic modifications between eutopic and ec-
topic endometrium involving specific genes or
their regulation by microRNA.

The process of implantation of menstrual endo-
metrial cells in the peritoneum involves adhe-
sion, proliferation, and invasion, with different
genes related to this process being recognized.
Thus, it is frequently reported that genes in-
volved in adhesion, such as ITGB2 and ITGB7,
encode integrin B2 and integrin 37, respective-
ly, while genes involved in proliferation, such as
PDGFRA, encode the platelet-derived growth
factor receptor a, and the PRKCB gene encodes
protein kinase C-B. Among the genes involved in
invasion are those that encode matrix metallo-
proteinases and relaxin.

There are also other genes involved in other
processes such as immune recognition (with

DEFB4A encoding defensin-B4A), the inflamma-
tory response (with TNF and IL1B encoding IL-
1B), steroid biosynthesis, biosynthesis response,
and angiogenesis (with VEGF encoding vascular
endothelial growth factor) and the ANGPT1 and
ANGPT2 genes (encoding angiopoietin 1 and
2, respectively), all of which are aberrantly ex-
pressed in ectopic endometrium®. Although
many of these differences represent changes
in the ectopic endometrium as a result of its
extrauterine location, which would be relevant
for understanding the biological characteristics
and markers of endometriosis, it is still unclear
to what extent the aberrant expression of these
genes contributes to its development(®.

Sampson's theory is a widely accepted mecha-
nism, but it does not explain why endometrio-
sis develops in some women but not in others.
Most women experience retrograde menstrua-
tion, but endometriosis occurs in only 5 to 10%
of them. One of two mechanisms could explain
why refluxed endometrium successfully im-
plants in the peritoneum: molecular defects,
immunological abnormalities, or both. In en-
dometriosis, the eutopic endometrium exhibits
multiple subtle but biologically important mo-
lecular abnormalities that promote increased
production of estrogens, cytokines, prostaglan-
dins, and metalloproteinases.

When eutopic endometrium, a tissue biologically
distinct from peritoneum, attaches to mesothe-
lial cells, the magnitude of molecular abnormal-
ities increases dramatically, improving implant
survival®, A possible second mechanism of im-
plant survival involves a failure of the immune
system to eliminate implants from the peritone-
al surface™. Both mechanisms may contribute
to the development of endometriosis.

Itis important to note that there are clear molec-
ular differences between endometrial implants
and the endometrium, such as the overproduc-
tion of estrogen, prostaglandins, and cytokines
in endometriotic tissue®?.

Subtle forms of these abnormalities also occur
in the endometrium of a woman with endome-
triosis compared to the endometrium of a wom-
an without the disease (Fig. 3). Furthermore, the
gene expression profile of the endometrium
of women with endometriosis compared to the
endometrium of women free of the disease has
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revealed candidate genes related to implantation
failure, infertility, and progesterone resistance®?.

In patients with endometriosis, inflammato-
ry and immune responses, angiogenesis, and
apoptosis are altered to benefit the survival and
replacement of endometriotic tissue?®. These
pathological processes depend in part on estro-
gen or progesterone, as excessive estrogen and
prostaglandin formation and the development
of progesterone resistance have become clin-
ically useful points of study, since therapeutic
action targeting aromatase in the estrogen bio-
synthetic pathway, cyclooxygenase-2 (COX-2) in
the prostaglandin pathway, or the progesterone
receptor reduces pelvic pain, laparoscopically
visible endometriosis, or both®@4.

COELOMIC METAPLASIA THEORY

In 1924, Dr. Robert Meyer first suggested that
endometriosis could originate from coelom-
ic metaplasia®. This theory, which predates
Sampson's theory, first proposed the hypothe-
sis that endometriosis could originate from mul-
tipotent mesenchymal stem cells derived from
coelomic metaplasia. This suggests that the cells
lining the abdominal cavity (coelomic cells) can
transform into endometrial cells, creating foci of
endometriosis outside the uterus.

This theory supports the hypothesis that mul-
tipotent mesenchymal stem cells derived from
bone marrow or from a niche within the en-
dometrium itself undergo a process of cellular
reprogramming, as a result of which these mul-
tipotent cells can differentiate into a niche of
ectopic endometrial cells®. It is believed that
they can differentiate into ectopic sites through
endocrine disruptors and hormonal or immu-
nological factors in the stromal epithelium, with
endocrine disruptors playing an important role
in this transformation®.

This theory may also explain the origin of endo-
metriosis when it occurs in sites external and
distant from the pelvic cavity, including abdomi-
nal lymph nodes, lungs, brain, and kidneys. This
theory includes cases of Mullerian agenesis in
which the Mllerian ducts do not develop®”.

This is the most appropriate explanation for cas-
es of patients with Rokitansky-Kuster-Hauser
syndrome who lack functional endometrial tis-
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sue due to the congenital absence of the uter-
us and upper vagina?®®, where endometriosis
cannot be explained by Sampson's implantation
theory due to the absence of eutopic endome-
trium.

The most common form of endometriosis that
could be explained by this theory is ovarian en-
dometrioma. The mesothelium, which derives
from the coelomic epithelium lining the ovary,
has great metaplastic potential and can invagi-
nate into the ovarian cortex. These mesothelial
inclusions could transform into endometriosis
by metaplasia®.

THEORY OF MULLERIAN EMBRYONIC REMNANT
ANOMALIES

During fetal life, Mullerian ducts are primordi-
al embryological structures from which the re-
productive system (uterus, fallopian tubes, and
the upper two-thirds of the vagina) is formed.
These ducts consist of superficial epithelium
and mesenchyme, capable of differentiating
into endometrial epithelium and stroma®©. This
theory posits that, during organogenesis, Mlle-
rian duct cells undergo a process of disordered
differentiation or proliferation®", causing them
to spread to sites outside the expected area of
Mdllerian duct development®?. In this way, the
residual cells that arise from the embryological
migration of the Mullerian duct retain the abil-
ity to develop into endometriotic lesions under
the influence of estrogen, beginning at puberty
or perhaps in response to estrogen®©?. General-
ly, these cells are located in the posterior pelvic
floor and remain inactive until puberty, when
the process of endometriotic lesion formation
begins with estrogen stimulation.

Recently, in support of this theory, Signorile et
al. published their findings from autopsies of fe-
male fetuses, where they found the presence of
ectopic endometrium in the posterior structures
of the pelvic floor: Douglas pouch, rectovaginal
septum, rectal tube, and posterior wall of the
uterus®¥. These locations are quite common in
diagnosed cases of endometriosis.

The embryonic remnant theory is a type of
metaplasia theory, which states that the remains
of embryonic cells from the Mullerian duct can
differentiate into endometriotic lesions. In the
coelomic metaplasia theory, the transformation
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FiGURE 3. NORMAL ENDOMETRIUM AND ENDOMETRIOSIS

IN THE NORMAL ENDOMETRIUM (PANEL A), COX-2 AcTiviTY AND PGE2 PRODUCTION ARE LOW. ESTROGEN IS NOT PRODUCED DUE TO THE ABSENCE OF
AROMATASE. DURING THE LUTEAL PHASE, THE ENZYME 17B-HYDROXYSTEROID DEHYDROGENASE 2 (HSD17B2) CATALYZES THE CONVERSION OF ESTRADIOL TO
ESTRONE, WHICH IS LESS ESTROGENIC. IN THE ENDOMETRIUM OF WOMEN WITH ENDOMETRIOSIS (PANEL B), THERE IS A SUBTLE INCREASE IN COX-2 ACTIVITY
AND DETECTABLE AROMATASE ACTIVITY. IN ECTOPIC ENDOMETRIOTIC TISSUE (PANEL C), THERE ARE HIGH LEVELS OF COX-2 AND AROMATASE. INCREASED PGE,
IN ENDOMETRIOTIC IMPLANTS MAY CAUSE CHRONIC PELVIC PAIN. ESTRADIOL LEVELS SHOULD BE HIGH, AS AROMATASE PRODUCES EXCESS ESTRADIOL AND IT IS NOT
METABOLIZED DUE TO DEFICIENT HSD17B2 acTiviTy. TAKEN FROM BuLum ET AL.@D,
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occurs only in the mesothelium, but there is no
such restriction in the embryonic remnant the-
ory®n,

THEORY OF LYMPHATIC AND VASCULAR METASTA-
SIS

In 1927, Sampson suggested an additional
pathogenic mechanism to the theory of retro-
grade menstruation: the theory of metastatic
endometriosis. This theory proposes that en-
dometrial cells and tissue fragments can spread
through the lymphatic vessels that drain the
uterus during menstruation and be transport-
ed from the uterine cavity through the blood
or lymphatic vessels to colonize distant ectopic
sites, such as the lung, diaphragm, abdominal
wall, or brain. This hypothesis better describes
the rare incidence of extrapelvic endometriosis
inwomen and is supported by evidence of endo-
metrial cell emboli in the lymph nodes®>.

High PGE
e High estropen i G000 251rEdIo
oy

Currently, there are some reports of endometrio-
sisin lymph nodes, confirmed by histopathological
examination showing the presence of endometrial
glandular and stromal cells in the lymph node®®.

It has been discovered that there is a deregulation
of the expression of lymphangiogenic growth fac-
tors and their receptors in the eutopic endome-
trium of women diagnosed with endometriosis.
The main promoters of lymphangiogenesis in the
endometrium are VEGF-C and VEGF-D, which are
positively regulated by proinflammatory cyto-
kines such as interleukin 1 B (IL-1 B), tumor ne-
crosis factor a (TNFa), IL-7, and CD74¢7. In addi-
tion, the density of lymphatic microvessels in the
eutopic endometrium of patients also increases.
Therefore, these changes together could facilitate
the entry of endometrial tissue into the lymphatic
circulation®®. However, it is still unclear how this
dysregulation actually affects the development
of endometriosis.
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THEORY OF ENDOMETRIAL STEM CELL IMPLANTA-
TION

Stem cells are multipotent cells with high replica-
tive potential that have an unlimited capacity to
renew themselves and produce more differenti-
ated daughter cells®.

In recent years, numerous studies have focused
on the impact of stem cells on endometriosis.
These studies show that there are diverse pop-
ulations of somatic stem cells in the endome-
trium, including epithelial, mesenchymal, and
mixed populations“?. The main functions of
these cells are tissue remodeling, regeneration,
and homeostasis.

This theory has gained considerable importance
in recent years. It has two main variants based
on tissue derived from stem cells, which are be-
lieved to originate from the uterine endometri-
um or bone marrow®“". Regardless of the origin
of the stem cells, hormones and other factors in
the tissue microenvironment contribute to the
adhesion, invasion, inflammation, angiogene-
sis, and evasion of immune surveillance neces-
sary for the establishment of endometrial im-
plants®2.

The basis of this theory lies in the dissemination
of these cells through different mechanisms,
such as retrograde menstruation, lymphatic
and vascular dissemination, direct migration,
or a combination of all of these, to the implan-
tation site. At this site, influenced by various
factors that are not yet fully understood, these
multipotent cells begin their proliferation pro-
cess, often dependent on hormonal cycles, es-
pecially estrogen“). Therefore, the difference
in this theory lies in the fact that it not only fits
the model of retrograde menstruation but also
explains the pathogenesis of deep infiltrating
endometriosis and extra-abdominal endome-
triosis4,

The migration of endometrial stem cells remains
hypothetical. The first mechanism would be
that endometrial stem cells are found in men-
strual blood and can reach the peritoneal cav-
ity through the fallopian tubes®®. The second
mechanism is abnormal cell migration during
the organogenesis of the female reproductive
tract. The last mechanism is the ability of en-
dometrial stem cells to passively enter the an-
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giolymphatic space during menstruation and
circulate through the bloodstream®?.

This theory is important because it may explain
the pathogenesis of the three subtypes of endo-
metriosis and their ectopic location outside the
abdominal cavity. After the migration phase, the
stem cells adhere and begin to form endome-
trial lesions. The potential of stem cells to form
lesions was demonstrated by Cervell6 et al. by
implanting endometrial cells under the renal
capsule in immunocompromised mice, resulting
in endometriosist®.

THEORY OF BONE MARROW-DERIVED STEM CELLS

This variant of the stem cell theory is based
on another source of stem cells: bone marrow.
These cells can be incorporated into the endo-
metrium to regenerate tissue®“?,

The theory is based on the following: bone mar-
row stem cells, which circulate through the blood
vessels, settle in soft tissue instead of heading
to the endometrium, while a small number of
cells are recruited to the eutopic endometrium.
Recent studies suggest that the CXCL12/CXCR4
axis is involved in the recruitment of bone mar-
row-derived stem cells, so a malfunction of this
axis may cause the incorrect placement of stem
cells®“),

The advantage of the bone marrow-derived
stem cell theory is its ability to explain extrapel-
vic endometriosis without the concept of “be-
nign metastasis.”

GENETIC AND EPIGENETIC CHANGES

Endometriosis is a multifactorial disease, where
the interaction of genetic and epigenetic factors
plays a crucial role in its development.

The first studies related to genetics in patients
diagnosed with confirmed endometriosis ap-
peared in the 1980s“”. Over the years, various
studies have demonstrated the relationship
between heredity and endometriosis through
family aggregation studies, which refer to the
presence of specific characteristics found in a
given family that cannot be attributed to coinci-
dental events. When a mother has endometrio-
sis, the probability of her daughters developing
the disease is 8%, and when a sister has it, the
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probability is 6%. In the control population, the
risk of daughters developing the disease is less
than or equal to 1% in both situations“®. In ad-
dition, a positive family history of endometriosis
is associated with a higher probability of severe
manifestations of the disease®.

A series of cumulative genetic-epigenetic events
may occur prior to the establishment of endo-
metriosis, as cell division and/or replication
errors, which have a low incidence but always
occur, but always occur, may be increased by cel-
lular genomic instability, a genetic background
vulnerable to the development of endometrio-
sis, and altered epigenetic processes involving
changes in gene expression arising from chang-
es in chromosomes but not involving alternation
in the DNA sequence mediated by DNA methyl-
ation (cytosine residues) and histone modifica-
tion (methylation or acetylation of specific his-
tones in chromatin), significantly influenced by
a disruptive interaction between many factors,
such as age, sex, diet, gut microbiome, environ-
mental, microenvironmental, immunological,
hormonal factors, and oxidative stress, as well
as toxins.

The identification of genetic variants that influ-
ence the likelihood of developing endometriosis
may be a crucial factor in the pathogenesis of
the disease®?. In view of this, Genome-Wide As-
sociation Studies (GWAS) have identified various
genetic variations (Single Nucleotide Polymor-
phisms (SNPs)) in patients with endometriosis.
The genes identified include:

+ VETZ: Involved in cell growth, migration, and
adhesion.

+ CDKN2B-AS1: Controls specific tumor sup-
pressors; its inactivation has been correlated
with the development of endometriosis and
endometrial cancer.

+ WNT-4: Essential in the development of the
female reproductive system and the forma-
tion of the Mdillerian duct.

+ GREB1: Involved in estrogen regulation.

+ ID4: Found in co-suppressor genes related to
human ovarian tumors.

Some of these loci are strongly associated with
advanced cases of endometriosis (stages Ill and
IV according to ASRM), suggesting a correlation
between SNPs and the development of moder-
ate to severe disease®",

Somatic Mutations: The relationship between
endometriosis and the risk of ovarian cancer has
prompted the analysis of somatic mutations. Ex-
ome sequencing has found that 79% of lesions
(ovarian endometriomas and/or deep infiltrating
endometriosis - DIE) have mutations, and 26% of
these are found in the ARID1A, PIK3CA, KRAS, and
PPP2R1A genes. Itis important to note that PIK3CA
and KRAS are genes that are frequently mutated
in ovarian cancer. These findings may partially
explain the aggressive nature of DPE lesions com-
pared to superficial lesions and suggest a critical
role for these mutations in the implantation and
establishment of endometriotic lesions®2.

EPIGENETIC CHANGES

Epigenetic modifications are reversible chang-
es in a cell's DNA or histones that regulate gene
expression without altering the DNA sequence.
They are influenced by a complex interaction
between age, sex, diet, gut microbiome, envi-
ronmental, microenvironmental, immunologi-
cal, and hormonal factors, oxidative stress, and
toxins. Two of the most characterized epigenetic
modifications are DNA methylation (cytosine res-
idues) and histone modification (methylation or
acetylation of specific histones in chromatin)©".

Numerous pieces of evidence show that endo-
metriosis is an epigenetic disease, as follows:

Hypermethylation of the HOXA10 gene:

The HOXA10 gene promoter is hypermethylated
in the endometrium of women with endometrio-
sis compared to healthy women without the dis-
ease. This gene is expressed in the eutopic endo-
metrium and increases dramatically during the
secretory phase of the menstrual cycle, which
corresponds to the time of implantation and in-
creased circulating progesterone.

Hypermethylation is generally associated with

gene silencing, causing changes in transcrip-
tion and reduced expression. The reduction of
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HOXA10 in women with endometriosis is related
to defects in uterine receptivity, which could ex-
plain the low fertility rate of these women®2., In
addition, hypermethylation of the HOXA10 gene
results in reduced expression of E-cadherin, an
intercellular adhesion molecule, which promotes
the breakdown of intercellular junctions and the
process of cell invasion“”.

Hypermethylation of the progesterone recep-
tor-B (PR-B) promoter:

This leads to a reduction in PR-B expression, a
scenario that contributes to progesterone resis-
tance, a key feature of endometriosis®.

Hypomethylation of specific genes:

On the other hand, some genes may be hypometh-
ylated, resulting in increased expression. The main
genes or promoter regions where hypomethyla-
tion occurs are the estrogen receptor-3 (ER-B), ste-
roidogenic factor-1 (SF-1), and aromatase. SF-1 is a
transcription factor that activates several genes for
estrogen biosynthesis, which in turn is not detect-
ed in eutopic endometrial stromal cells because
the SF-1 promoter is generally hypermethylated
in endometrial cells. Hypomethylation of the SF-1
promoter at ectopic sites explains its overexpres-
sion and the consequent increase in estrogen. The
same is true for the aromatase gene and the ER-3
promoter, where overexpression in ectopic endo-
metrial cells also leads to an increase in estrogen
and its receptor, respectively®>.

Hypermethylation of the progesterone recep-
tor-B (PR-B) promoter:

This leads to a reduction in PR-B expression, a
scenario that contributes to progesterone resis-
tance, a key feature of endometriosis®.

Hypomethylation of specific genes:

On the other hand, some genes may be hypometh-
ylated, resulting in increased expression. The main
genes or promoter regions where hypomethyla-
tion occurs are the estrogen receptor-3 (ER-B), ste-
roidogenic factor-1 (SF-1), and aromatase. SF-1 is a
transcription factor that activates several genes for
estrogen biosynthesis, which in turn is not detect-
ed in eutopic endometrial stromal cells because
the SF-1 promoter is generally hypermethylated
in endometrial cells. Hypomethylation of the SF-1

8 Rev Peru Ginecol Obstet. 2025;71(3)

promoter at ectopic sites explains its overexpres-
sion and the consequent increase in estrogen. The
same is true for the aromatase gene and the ER-3
promoter, where overexpression in ectopic endo-
metrial cells also leads to an increase in estrogen
and its receptor, respectively®®.

Histone Acetylation:

Another relevant epigenetic modification is the
methylation or acetylation of specific histones in
chromatin. Enzymes called histone deacetylases
are responsible for the modulation and acetyla-
tion of these enzymes.

In endometriosis, HDAC1 and HDAC2 activity is
increased. This leads to hypoacetylation of cyc-
lins, which induces cell cycle and proliferation®®,

DNA METHYLTRANSFERASE ENzYMES (DN-
MTs):

These enzymes are responsible for DNA meth-
ylation. Normally, the expression of DNMTs in
the endometrium is regulated by estrogen and
progesterone and varies according to the phase
of the cycle. In patients with endometriosis, hy-
permethylation of local cell DNA occurs due to
increased expression of the DNA methyltrans-
ferases DNMT1, DNMT3A, and DNMT3B, which
are crucial for endometrial decidualization®”.

* MicroRNAs (miRNAs): These are short
non-coding RNA molecules that regulate
post-transcriptional mRNA translation by re-
pressing and degrading mRNA. In endome-
triosis, an abnormal spectrum of microRNAs
is observed that influence the expression of
relevant target mMRNAs®®. A wide spectrum of
microRNAs is involved in different stages of
endometriosis. These include:

- miRNA-135a/b: Regulates HOXA1O0, is over-
expressed in endometriosis, and causes
resistance to progesterone.

- miR-199: Is downregulated, which prevents
the suppression of COX-2 and leads to the
synthesis of proinflammatory prostaglan-
dins such as IL-8.

- miRNA-96b: Downregulated, resulting in
increased proliferation of endometrial le-
sions.
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- miR-126: Overexpressed, increases VEGF
and FGF signaling in endothelial cells, pro-
moting neoangiogenesis and the develop-
ment of mature vasculature.

- miRNA-223: Has been found to be de-
creased in eutopic and ectopic endometrial
stromal cells. Its upregulation could sup-
press the proliferation, invasion, and mi-
gration of these cells, and even reverse the
epithelial-mesenchymal transition, making
it a potential therapeutic target®

- miRNA-21: Promotes the growth, prolifer-
ation, and angiogenesis of ectopic stromal
cells.

+ Other miRNAs such as miR-26b-5p and miR-
215-5p (downregulated) and miR-6795-3p
(overexpressed) have been correlated with
disease severity and are involved in signaling
pathways such as MAPK and PI3K-Akt, which
regulate inflammation, cell growth, differenti-
ation, proliferation, and angiogenesis, and are
also potential therapeutic targets.

GENETIC-EPIGENETIC, HORMONAL, AND IMMUNO-
LOGICAL INTERACTIONS

Genetic and epigenetic factors do not act in iso-
lation. Endometriosis is the result of dysregulat-
ed interactions involving genetics, epigenetics,
immunoregulation, hormones, and environ-
mental factors. For example, progesterone re-
sistance, a key feature of endometriosis, is influ-
enced by hypermethylation of the progesterone
receptor. The elevated estrogen environment, in
turn, can induce the translocation of NF-kB (Nu-
clear Factor kappa B) to the nucleus and activate
peritoneal macrophages, leading to an increase
in proinflammatory cytokines. Deregulation of
interactions between genetic and epigenetic
factors is fundamental to the onset of endome-
triosis, especially after a series of cumulative in-
cidents that exceed the cell's capacity to adapt.

HORMONAL IMBALANCE

Progesterone and estrogen signaling in a healthy
endometrium is highly coordinated and depends
on the phase of the menstrual cycle, which is
important for maintaining a normal menstru-
al cycle, embryo implantation, and pregnancy
development. Estrogen induces epithelial pro-

liferation during the proliferative phase, while
progesterone inhibits the action of estrogen
and initiates the secretory phase, when stromal
cells begin decidualization (60). Dysregulation of
these two hormones (progesterone resistance
and estrogen dominance) leads to the develop-
ment of endometriosis (Fig. 4).

EsTROGENS

Endometriosis is often considered an estro-
gen-dependent disease

The reason for this assertion is that endometri-
osis mainly affects women of reproductive age,
but it can also occur in postmenopausal women
if they have high estrogen levels or undergo es-
trogen replacement therapy®".

The main functions of estrogen in a healthy
endometrium include: stimulation of epithelial
proliferation and induction of leukemia inhibito-
ry factor (LIF), a cytokine of the IL-6 family, which
is important for successful embryo implantation
and decidualization of the endometrium.

In endometriosis, studies report high levels of
estradiol in menstrual bleeding and abnormal
expression of enzymes involved in estrogen
metabolism, which can lead to higher estrogen
concentrations and inactivation of estrogen syn-
thesis.

There are two types of estrogen receptors in the
endometrium, ERa and ER[, encoded by differ-
ent B genes: ESR1 and ESR2, respectively®’. Nor-
mally, they work together, but in patients with
endometriosis, receptor expression is altered:
the ERa:ER ratio is significantly reduced due to
high levels of ERB. The main problem caused by
abnormal ERa expression is increased synthesis
of inflammatory cytokines, prostaglandins, and
tumor-promoting and angiogenic factors%29,
On the other hand, ER[3 overexpression inhibits
TNFa-induced apoptosis and also promotes in-
flammation®?. The synthesized prostaglandins
induce inflammation and prevent cell apoptosis;
tumor-promoting and angiogenic factors favor
the progression of endometrial lesions, and the
inhibition of apoptosis promotes cell prolifera-
tion and lesion growth®. In addition, estrogen
can stimulate the growth of peripheral nerve
fibers by positively regulating nerve growth fac-
tors (NGF) that cause nociceptive pain®3.

Rev Peru Ginecol Obstet. 2025;71(3) 9
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[PROGESTERONE

Progesterone receptor (PGR) expression is in-
duced by the action of estrogens through their
ERa receptor. PGR has two isoforms: PR-A and
PR-B, whose expression increases during the
proliferative phase and decreases after ovula-
tion®., Expressed PGR inhibits ERa expression,
establishing a feedback system.

In endometriosis, due to the low ERa:ERP ratio
and high estrogen levels, resistance to proges-
terone develops: PR-B is undetectable and PR-A
levels are significantly lower than in the endo-
metrium of healthy women. Resistance to pro-
gesterone manifests as a lower response of en-
dometrial stromal cells to progesterone®.

IMMUNE DYSREGULATION

Inflammation, caused by immune dysregulation,
is one of the main mechanisms involved in endo-
metriosis. This dysregulation is one of the main
pro-inflammatory pathways that block the func-
tions of cells involved in diseases where cell pro-
liferation and infiltration occur. The immune cells
involved in pro-inflammatory pathways block the
functions of apoptotic mechanisms and poten-
tially the formation and development of harmful
cells that attach to sites distant from endometrial
lesions®>. The immune cells involved in the for-
mation and further development of endometrial
lesions are: macrophages, neutrophils, NK cells,
dendritic cells, and T cells (Fig. 5).

MACROPHAGES

Macrophages detect and phagocytose patho-
gens and foreign cells, act as antigen-presenting
cells to activate T cells, and participate in the
tissue regeneration of healthy endometrium®”,
Normally, macrophages represent approximate-
ly 10% of the total immune cell population in the
proliferative phase of the endometrium. Their
number varies according to the phase of the
menstrual cycle, regulated by estradiol and pro-
gesterone. During menstruation, their number
increases significantly to phagocytose and thus
eliminate apoptotic cells and cell debris during
endometrial desquamation.

In endometriosis, the number of macrophages
increases in the eutopic endometrium and peri-
toneal fluid in all phases of the menstrual cy-
cle and without cyclical changes®®. Conversely,
phagocytic function decreases due to lower ex-
pression of CD3, CD36, and annexin A2, This
causes incomplete endometrial shedding and
the presence and survival of shed tissue in the
peritoneal cavity®®. Peritoneal macrophages re-
lease proinflammatory cytokines TNFaq, IL-6, IL-
8, and IL-13, which recruit neutrophils, causing
inflammation and promoting the development
of endometrial lesions”. Macrophages also
produce VEGF, which promotes angiogenesis in
endometriosis. On the other hand, some stud-
ies have found a predominance of the M2 mac-
rophage subtype in endometriotic lesions and
the peritoneal cavity”". In addition, this subtype

FIGURE 4. EFFECTS OF PROGESTERONE AND ESTROGEN DYSREGULATION ON THE ENDOMETRIUM. TAKEN FROM MARQUARDT, R.M. ET AL.(5?),
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promotes the growth of nerve fibers, so the pre-
dominance of this macrophage subtype could
be related to the intense pain experienced by
women with endometriosis©67,

NEUTROPHILS

Neutrophils participate in endometrial repair
and the regulation of cyclic vascular prolifera-
tion in healthy endometrium. Neutrophil counts
in peritoneal fluid are increased in women with
endometriosis. This could be attributed to the
local increase in the concentration of chemo-
attractants secreted by epithelial cells, such as
IL-8, epithelial neutrophil activating peptide 8
(ENA-78), and human neutrophil peptides 1-3
(HNP1-3), which attract neutrophils to the peri-
toneal cavity".

One study found that depletion of neutrophils
with anti-Gr-1 antibodies in the early stage of en-
dometriosis significantly reduced the number of
endometrial lesions”?. In contrast, this antibody
had no effect in advanced disease, suggesting
that neutrophils are not involved in the progres-
sion of endometriosis, but only in its induction.

However, neutrophils express cytokines, for ex-
ample, VEGF, IL-8, and C-X-C chemokine motif
ligand 10 (CXCL10), which cause disease progres-
sion2,

NI cELLs

The function of natural killer (NK) cells in the im-
mune system is to produce cytokines that con-
trol tumor immunity and microbial infections.
In the case of endometriosis, their cytotoxic
function is suppressed by IL-6, IL-15, and trans-
forming growth factor 3 (TGF(B)®®. Therefore,
endometrial cells that enter the peritoneal cav-
ity tend to remain there. However, the number
of NK cells does not differ between women with
and without endometriosis.

T LYMPHOCYTES

One of the important factors that maintains the
development of endometriosis is the imbalance
between type 1 Tlymphocytes (Th1)and type 2T
lymphocytes (Th2). These two types of lympho-
cytes have different functions in the immune
system: Th1 lymphocytes produce cytokines

FIGURE 5. IMMUNOCOMPETENT CELLS IN ENDOMETRIOSIS. CHANGES IN IMMUNOCOMPETENT CELLS IN ENDOMETRIOSIS. TAKEN FROM ABRAMIUK, M. ET AL. THE
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and promote cellular response, while Th2 lym-
phocytes influence B lymphocyte differentiation
and suppress cellular and humoral response(.
In endometriosis, Th2 lymphocytes represent
the main population of T lymphocytes, so po-
tentially harmful cells go unnoticed. In addition,
the immune response of CD4+ Th1 lymphocytes
in the peritoneal fluid is suppressed due to in-
creased expression of IL-10 and IL-12.

On the other hand, the peripheral concentration
of cytotoxic T lymphocytes (CD8+) and activated T
lymphocytes (HLA-DR) in healthy women increases
during the luteal phase compared to the follicular
phase of the menstrual cycle, but similar fluctua-
tions in cytotoxic and activated T lymphocytes are
not observed in patients with endometriosis”.

Recently, the association between regulatory T
lymphocytes (Treg cells) and endometriosis has
been described. The main function of regulato-
ry T cells is to modulate the immune system. In
patients with endometriosis, an increase in the
number of Tregs is observed in the peritone-
al fluid and a decrease in the peripheral blood.
These changes can lead to the development of
autoimmune reactions and suppress the local
cellular immune response.

DenpriTic CELLS

Dendritic cells also play an important role in the
immune system. They are responsible for pre-
senting antigens to T lymphocytes and therefore
participate in the immune response in mucosal
surfaces. There are two types of cells, plasmacyt-
oid and myeloid. Plasmacytoid cells participate in
virus recognition and produce interferons, while
myeloid cells participate in T-cell activation and
are the most relevant cells for endometriosis. In
healthy individuals, the number of dendritic cells
increases to eliminate endometrial debris during
menstruation. In women with endometriosis, the
density of myeloid dendritic cells in the endometri-
um is significantly reduced. In the peritoneal cavity,
the number of dendritic cells increases, which can
promote neuroangiogenesis, causing and increas-
ing the sensation of pain.

CoNcLusION
The etiology of endometriosis is a complex puzzle,
and no single theory can explain all of its diverse clin-

ical presentations and pathological characteristics.

12 Rev Peru Ginecol Obstet. 2025;71(3)

Hypotheses have varied over time. The first hy-
pothesis, in the 19th century, was that endometri-
osis lesions were metaplastic changes, where one
differentiated cell was transformed into another
differentiated cell. Subsequently, metaplasia of
embryological remnants was described for spe-
cific types of endometriosis. Today, metaplasia is
understood as epigenetic changes that transform
a differentiated cell, a stem cell, or a bone marrow
cellinto another differentiated cell. Depending on
the type of epigenetic changes, metaplasia can be
reversible or irreversible.

In 1925, Sampson described the hypothesis of
retrograde menstruation and implantation. This
theory became popular because endometrial
cells are viable with the potential for implan-
tation on the peritoneal and ovarian surfaces.
However, when it was discovered that retrograde
menstruation occurred in almost all women, but
that not all women developed the disease, it be-
came difficult to support this hypothesis.

Sampson's theory is incompatible with the bi-
ological variability and clonal aspect of endo-
metriosis lesions. Each lesion, whether typical,
ovarian cystic, or deep, is a clonal tumor that
originates from a single cell, and if a woman
has 10 different lesions, these are 10 different
clones. This explains why the lesions are differ-
ent, heterogeneous, with some having no aro-
matase activity and others having strong aro-
matase activity or resistance to progestogens.

Since the implantation theory cannot explain
many other observations of endometriosis,
the “genetic-epigenetic” (GE) theory (76) has
emerged, which posits that the onset of a new
endometriosis clone is triggered by a set of GE
incidents. Women are born with specific GE
characteristics, which explains the hereditary
aspect, susceptibility to developing endometrio-
sis, and many associated factors, such as infertil-
ity and endometrial and plasma changes.

During life, additional GE incidents may occur
during cell division, especially in the endometri-
um, which is the fastest-growing tissue. Endo-
metriosis only begins when the cumulative set
of inherited and acquired GE incidents exceeds
a threshold. This explains why each lesion has a
different set of GE incidents and why lesions or
clones are heterogeneous. Therefore, endometri-
osis is not a single disease, but a mixture of sever-
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al diseases with typical, cystic, and deep endome-
triosis as the main forms of clinical presentation.

Therefore, growing evidence about genetic and
epigenetic factors provides a deeper under-
standing of the mechanisms underlying the initi-
ation and progression of the disease.

The identification of associated single nucleo-
tide polymorphisms (SNPs), somatic mutations
in endometriotic lesions, and complex networks
of DNA methylation, histone acetylation, and
miRNA dysregulation reveal that endometrio-
sis is not simply a disease of ectopic implants,
but a condition rooted in molecular alterations
thatimpact cell proliferation, immune response,
hormonal sensitivity, and invasive capacity. This
knowledge is crucial as it opens new avenues for
the development of new diagnostic and thera-
peutic strategies, targeting the molecular roots
of the disease.

Endometriosis, viewed from the perspective of
genetics and epigenetics, is comparable to a com-
plex computer program: it is not just an error
in a line of code (a single gene), but an intricate
network of adjustments in the configuration (epi-
genetics) with multiple failures, which combined,
fundamentally alter the functioning of the sys-
tem, leading to the manifestations of the disease.
Understanding these “programming errors” is
the key to better understanding the disease,
“reprogramming” the pathology, and rethinking
treatments to restore patients' health.
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