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Abstract

Endometriosis is the primary cause of infertility in women, with a prevalence rate ranging from 5% to 10%. Women with
endometriosis suffer from symptoms such as chronic pelvic pain, dysmenorrhea and dyspareunia, which significantly
reduce the quality of life. Endometriosis is a polygenic disease with a complex, multifactorial etiology. The mechanism
responsible for the initiation and development of this disease remains largely unknown. Prostaglandin E, (PGE,), a
versatile eicosanoid that exerts numerous physiological and pathological functions, has been implicated to play critical
roles in the development of endometriosis. A growing body of evidence demonstrates that PGE, regulates many
pathophysiological processes including cell proliferation, antiapoptosis, immune suppression and angiogenesis during the
development of endometriosis. This review focuses on recent advances in cellular and molecular mechanisms triggered by
PGE; that contribute to the pathological processes of endometriosis.
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Introduction

Endometriosis is one of the most common gynecological
diseases in women of reproductive age. It is defined as the
presence of endometria-like tissues outside of the uterine
cavity commonly located in the gravitationally dependent
area of the pelvis, including ovaries, peritoneum, bowel,
cul-de-sac, uterosacral ligments and fallopian tubes.”
Endometriosis is diagnosed in about 5-10% of women in
the general population and in 20% of women who under-
went laparoscopy for pelvic pain or infertility.> The
prevalence rate of laparoscopically biopsy-proven endome-
triosis in patients with chronic pelvic pain can be as high
as 28%.’

The most common symptoms for women who have endo-
metriosis are pelvic pain and infertility, which adversely
affect the quality of life. However, it is often difficult to
evaluate the extent of endometriosis by physical examina-
tion and clinical history review. Dysmenorrhea is associated
with cyclic recurrent micro-bleeding within various entities
of ectopic endometriotic implants and the consequent
inflammation.* In addition, endometriosis-related adhesions
and compression or infiltration of nerves in the subperito-
neal pelvic space by ectopic lesions also cause painful symp-
toms.” Infertility is another common outcome of women
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with endometriosis. The pregnancy rate in women with
endometriosis is about half of that of women with tubal
factor infertility.6 Furthermore, studies on assisted repro-
duction treatment have shown that women with endome-
triosis have higher rates of pregnancy loss, complication of
preterm delivery, pre-eclampsia and infants small for gesta-
tional age.” However, the mechanisms of these adverse
outcomes remain unknown.

Current medical therapies for endometriosis, including
the use of combined oral contraceptives, danazol, GnRH
analogues, progestins and non-steroidal anti-inflammatory
drugs (NSAIDs), primarily target suppressing the levels
of prostaglandins (PGs) and thus reduce endometriosis-
associated pain.® In the treatment for endometriosis-
associated infertility, either operative laparoscopy or assisted
reproductive techniques is recommended. If conserva-
tive treatment fails, laparoscopy is suggested. Laparoscopy
is considered as a convenient and gold standard pro-
cedure in the diagnosis and treatment of endometriosis.
However, the recurrence rate of surgical ablation is high.
The short-term (2 y) recurrence rate is 5.7% for early stages
of endometriosis and 14.4% for advanced stages’ while
the long-term (5y) recurrence rate can be as high as
50%."" No effective therapeutic regimen has been

Experimental Biology and Medicine 2010; 235: 668-677



developed thus far to cure or prevent the recurrence of
endometriosis.

Etiology

The etiology of endometriosis is still poorly defined. Many
hypotheses, including retrograde menstruation theory,
embryonic rest theory, coelomic metaplasia theory and
new composite theory, have been proposed to explain the
development of endometriosis.>'*~'> In addition, environ-
mental’®'” and genetic'®~?° factors have been proposed as
contributing to the etiology of endometriosis. Nevertheless,
no single theory can adequately explain the complex mecha-
nisms of endometriosis.

Among the theories proposed to explain the pathogenesis
of endometriosis, Sampson’s transplantation and implan-
tation hypothesis is by far the most widely accepted.'?
This hypothesis proposes that endometrial tissue fragments
are spread by retrograde menstruation through the fallopian
tubes into the peritoneal cavity. The pattern of endometriosis
supports the theory of retrograde menstruation." However,
this theory seems to over-simplify the disease process. For
example, the retrograded endometrial tissues must evolve
a way to avoid being eliminated by the body’s defense
system and to survive and/or proliferate in the hostile
microenvironment of the peritoneal cavity. How retro-
graded endometrial tissues develop such sophisticated
systems remains an open question. Nevertheless, recent
progress in investigating the molecular mechanisms of
pathological processes of endometriosis implicated that
prostaglandin E, (PGE,) may play critical roles in the pro-
survival and immune-privilege effects. It has been known
for a long time that the concentration of PGE; in the perito-
neal fluid of women with endometriosis is much greater
than that in the peritoneal fluid of women without endome-
triosis.*"** Therefore, it would not be surprising if PGE,
indeed plays such functional roles in the etiology of endo-
metriosis. The following sections summarize recent
advances in the cellular and molecular mechanisms trig-
gered by PGE, that are implicated to contribute to the
pathogenesis of endometriosis. For other aspects of endome-
triosis, readers should refer to some recently published
reviews. '3~

Sources of PGE»

PGs are unstable eicosanoids with a very short half-life.*
It is generally believed that PGs in the peritoneal fluid are
produced locally from peritoneal macrophages and ectopic
endometriotic tissues.*”' > The rate-limiting step in the
biosynthesis of PGs, including PGE,, is regulated by
cyclooxygenase (COX), which catalyzes the conversion of
arachidonic acid to PGH,. PGH, is further converted to
PGE, and PGF,, by PGE synthase and PGF synthase,
respectively. Two isoforms of COX exist: the constitutively
expressed COX-1 and the inducible COX-2. COX-2 is nor-
mally undetectable in most tissues under physiological con-
ditions but is rapidly induced by cytokines, endotoxins,
proinflammatory agents, tumor promoters and certain
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hormones.>**> COX-2 is over-expressed in peritoneal macro-
phages derived from women with endometriosis while
COX-1 is only over-expressed in severe stage endometrio-
sis.”? The expression of COX (especially COX-2) in perito-
neal macrophage is highly associated with both PGE,
concentrations in the peritoneal fluid and the severity of
endometriosis.’?> In contrast, peripheral blood-derived
monocytic cells (precursor of macrophages) express simi-
larly low levels of COX-2 irrespective of their origins,
suggesting that the over-expression of COX-2 in peritoneal
macrophages is controlled by local factors present in the
peritoneal fluid. Several proinflammatory cytokines, such
as interleukin-18 (IL-1B), tumor necrosis factor-alpha
(TNF-&) and PGE,, have been found to induce COX-2
expression in peritoneal macrophages derived from
endometriosis-free women, suggesting that they are the
local factors that cause COX-2 over-expression in women
with endometriosis.**

Besides peritoneal macrophages, an elevated expression
of COX-2 in ectopic endometriotic lesions has been detected
by several groups.”~*® The over-expression of COX-2 in
ectopic tissues is mirrored by an increased production of
PGE, in primary cultured stromal cells derived from
ectopic endometriotic lesions. This phenomenon was indis-
putably observed in unpaired normal and endometriotic
samples as well as in paired eutopic and ectopic samples
collected from the same individual.*> Many factors includ-
ing IL-1B8, vascular endothelial growth factor (VEGF),
17 B-estradiol and even PGE, have been shown to stimulate
COX-2 expression in endometrial stromal cells.>****” More
intriguingly, the cox-2 gene in ectopic endometriotic
stromal cells is much more sensitive to stimuli compared
with its eutopic counterpart.’®> Considering the homogen-
eity of the genetic background of paired eutopic and
ectopic endometrial stromal cells, distinct responses of the
COX-2 promoter to IL-18 imply that epigenetic regulation
of gene expression and/or post-translational modification
of chromatin leading to distinct promoter activity of a
gene could be the underlying mechanism.

The half-lives of COX-2 mRNA and protein are very short
and the transcription of the cox-2 gene is tightly controlled.
However, continuous over-expression of COX-2 has been
observed in both peritoneal macrophages and ectopic endo-
metriotic stromal cells derived from patients with endometrio-
sis.*' =3 This is due to the existence of positive feedback loops
between COX-2-PGE;-estrogen in ectopic endometriotic
stromal cells® and COX-2-PGE,-pro-inflammatory cyto-
kines such as IL-18 and TNF-a in peritoneal macrophages.*
As a result, the concentration of PGE, in the peritoneal fluid
is constantly elevated in patients with endometriosis, which
leads to more severe pathological processes. Figure 1 summa-
rizes the sources and levels of PGE, in normal women and in
those with endometriosis.

Stimulation of steroidogenic capacity

Endometriosis is a highly estrogen-dependent disease. How
do endometriotic cells survive during the period of menstrua-
tion when ovarian estrogen is not available? This question was
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Figure 1 Sources and concentrations of PGE, in the peritoneal fluid of

women with or without endometriosis. In normal women, the basal level of
COX-2 is undetectable in endometrial stromal cells. Even with the stimulation
of proinflammatory cytokines (such as IL-1p), the COX-2 level is low due to a
lack of transcription. Similarly, COX-2 is not expressed in peritoneal macro-
phages while COX-1 is expressed at a low level. Therefore, the concentration
of PGE; in peritoneal fluid is low. In contrast, COX-2 is over-expressed in both
stromal cells and peritoneal macrophages of women with endometriosis. In
addition, the COX-1 level is elevated in peritoneal macrophages. In the pres-
ence of inflammatory cytokines (e.g. IL-1B8), COX-2 is dramatically induced
due to increases in gene transcription and mRNA stability. As a result, the
concentration of PGE; in the peritoneal fluid of women with endometriosis
is very high. PGE,, prostaglandin E,; COX-2, cyclooxygenase-2; IL-1p,
interleukin-13

answered by the discovery that endometriotic stromal cells are
capable of producing estrogen aberrantly.’~** Tt has been
shown that concentrations of progesterone and 178-estradiol
are greater in the peritoneal fluid, but not in the peripheral
blood of women with endometriosis.***> The expression of
all proteins/enzymes required for de novo synthesis of estro-
gen, i.e., steroidogenic acute regulatory protein (StAR), P450
side-chain cleavage enzyme (P450scc), 3B-hydroxysteroid
dehydrogenase (38-HSD) type 2, 17a-hydroxylase 17,20
lyase (P450c17), P450 aromatase and 178-hydroxysteroid
dehydrogenase (17B-HSD) type 1, has been detected in
ectopic but not in eutopic endometrial stroma.****> Although
the existence of aromatase in endometriotic tissues has been
recently questioned,** articles from several independent
groups reported the detection of aromatase activity in endo-
metriotic stromal cells.*~*

De novo biosynthesis of estrogen is controlled at two com-
mitted steps by StAR and aromatase, respectively. StAR
transports cholesterol across the mitochondrial membrane
to the inner mitochondrial leaflet, where the first enzymatic
reaction occurs.*® Aromatase catalyzes the conversion of
androstenedione to estrone, which is further converted to
estradiol by 17B-HSD type 1. Laboratory evidence shows
that both StAR and aromatase are upregulated by PGE; in
primary cultured endometriotic stromal cells.*"*>#%°°
PGE; binds to G protein-coupled plasma membrane recep-
tors. Four distinct PGE, receptors (EP1-4), encoded by
different genes, have been identified in human tissues.>!
In human endometrial and endometriotic stroma,
expressions of EP2, EP3 and EP4 have been confirmed
while the mRNA of EP1 is undetectable.*’ PGE,-induced
StAR expression is mediated via binding to the EP2 recep-
tor, which then activates adenylyl cyclase and the protein
kinase A (PKA) signaling pathway via Gs activation.
Interestingly, the induction of StAR by PGE, is restricted
to ectopic endometriotic stromal cells; it does not occur for
eutopic endometrial stromal cells or epithelial cells.*> In

ectopic endometriotic stromal cells, treatment with PGE,
or EP2 receptor agonist activates the PKA signaling
pathway leading to the phosphorylation of the cAMP
response element binding protein (CREB) in the nucleus
(Figure 2). Because there is no consensus cAMP response
element (CRE) in human StAR promoter,”> CREB binds to
the CCAAT /enhancer binding protein (C/EBP) response
element instead of its cognate responsive element, CRE.*
Upon phosphorylation by PKA, phosphorylated CREB
recruits CREB binding protein (CBP), which then causes
histone acetylation.*” The acetylation of histone by CBP
results in its dissociation from DNA, which provides space
for C/EBP binding. The binding affinity of C/EBPp to its
cognate binding site is greater than that of CREB.”® Thus,
C/EBPB replaces CREB in the StAR promoter and initiates
the formation of transcription complex (Figure 2). The
timing of increased C/EBPB binding to the StAR promoter
(at 30 and 60 min after PGE, treatment) nicely correlates
with nascent StAR RNA synthesis and reflects the increased
transcription activity of StAR promoter.*’

The regulation of aromatase expression by PGE, in
ectopic endometriotic stromal cells is also mediated via EP2/
EP4 receptor-coupled signaling pathways.”>>* Similar to
what is seen in StAR regulation, the expression of aromatase
in response to PGE, stimulation occurs only in ectopic endo-
metriotic stromal cells. Aberrant expression of steroidogenic
factor-1 (SF-1) in ectopic endometriotic stromal cells contrib-
utes to the transition of this cell from PGEs-insensitive to
PGE,-sensitive status.”® In ectopic endometriotic stromal
cells, SF-1 competes against the inhibiting factor chicken oval-
bumin upstream promoter transcription factor (COUP-TF) for
the same DNA binding site of the aromatase promoter Il upon
PGE, treatment.”® In contrast, in the eutopic endometrium,
only COUP-TF binds to the aromatase promoter due to the
lack of SF-1 expression. Besides COUP-TF, the other SF-1 cor-
epressor, Wilms’ tumor-1, has been reported to bind to aroma-
tase promoter in eutopic endometrial but not in ectopic
endometriotic stromal cells.*> This redundant mechanism
is likely a safe-guarding system that silences the aromatase
promoter in normal endometrial stromal cells.

Besides StAR and aromatase, a recent study reported that
mRNA encodings for other steroidogenic enzymes, includ-
ing P450scc, 3B-HSD type 2 and P450c17, are also upregu-
lated by PGE, in ectopic endometriotic stromal cells.*®
Taken together, these data indicate that PGE, alone, via
activation of the EP2/EP4 receptor, is sufficient to induce
de novo synthesis of estrogen from cholesterol, an unique
feature only observed in ectopic endometriotic stromal
cells. The synthesized estrogen can act via autocrine/para-
crine pathways to affect stromal and epithelial cells of endo-
metriotic lesions. By doing so, the ectopic endometriotic
tissue can avoid apoptosis and/or maintain proliferation
even during menstruation and the early follicular phase
when the ovarian estrogen supply is not possible or limited.

Induction of cell proliferation

It is well known that the proliferation of endometriotic cells
is estrogen-dependent; however, estrogen per se is not a
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Figure 2 Biphasic activation of fibroblast growth factor (FGF)-9 by prostaglandin E, (PGE,). Right panel: PGE, binds to the EP3 receptor and activates its down-
stream signaling cascade, including phospholipase C (PLC), protein kinase C5 (PKC?), Raf, MEK and ERK, to phosphorylate the transcription factor Elk-1.
Phosphorylated Elk-1 binds to FGF-9 promoter and induces the transcription. This pathway is used to synthesize FGF-9 in an acute phase (within 12 h). A
delayed phase of producing FGF-9 is shown in the left panel. PGE,, via binding to the EP2 receptor, activates Gs protein, which causes the activation of adenylyl
cyclase to increase cAMP production. Protein kinase A (PKA) is activated by cAMP binding and translocates to the nucleus to phosphorylate the DNA-bound
cAMP response element binding protein (CREB). Phosphorylated CREB recruits CREB binding protein (CBP), which contains histone acetyltransferase (HAT)
activity. The CREB-CBP complex induces histone acetylation (Ac) to create a space for C/EBP binding. The C/EBP bound promoter recruits the basic transcrip-
tion factors and initiates the transcription of StAR mRNA. This pathway usually induces FGF-9 synthesis after 24 h of PGE; treatment. (A color version of this figure

is available in the online journal)

mitogen. The mitogenic effect of estrogen is usually
mediated by the upregulation of peptide growth
factors.””>® Several such peptide growth factors, such as
fibroblast growth factor (FGF), hepatocyte growth factor,
insulin-like growth factor, epithelial growth factor, stromal-
derived growth factor and vascular endothelial cell growth
factor, have been reported to contribute to the proliferation
of endometrial cells.”®~>° However, attempts to characterize
the expression patterns of these growth factors in associ-
ation with the severity of endometriosis have not found
strong correlations.®*~** Nevertheless, the lack of positive
correlation does not exclude the importance of these
peptide growth factors in the development of
endometriosis.

A recent study has revealed that FGF-9 is an important
peptide growth factor in the development and persistence
of endometriosis.®® FGF-9 is an estromedin that is indispen-
sable for endometrial stromal cell proliferation.®® The
expression of FGF-9 can be inhibited by the administration
of estrogen receptor antagonist, IC1182,870.65 1CI182,870-
blocked endometriotic stromal cell proliferation can be
rescued by the addition of FGF-9 but not FGF-7 or
FGF-10.> The mitogenic effect of FGF-9 is mediated
through binding to its high-affinity receptor, especially
FGFR2Illc. The binding of FGF-9 to FGFR2Illc activates
two parallel but additive signaling pathways, the
Ras-Raf-MEK-ERK and PLC-calcium-mTOR pathways, to
induce cell proliferation.”” Thus, the aberrant production
of estrogen due to stimulation by PGE, results in increased

levels of FGF-9 and its high-affinity receptor expression in
ectopic endometriotic stromal cells. FGF-9 then acts in an
autocrine manner to stimulate stromal cell proliferation.

The induction of FGF-9 expression by PGE, can also be
mediated in an estrogen-independent manner.®® Again,
this phenomenon only occurs in ectopic endometriotic
stromal cells but not in eutopic endometrial stromal cells.
The induction of FGF-9 by PGE, is mediated via the EP3
receptor-activated PKC$ signaling pathway. The activation
of PKCé by PGE, leads to the phosphorylation of ERK,
which then phosphorylates Elk-1, a member of the
ETS-domain containing transcription factor.”” The binding
of Elk-1 to the binding sites in the human FGF-9 promoter
region (between —886 and —1346) directly increases
FGF-9 transcription.

The finding that the EP3 receptor mediates the action of
PGE, in stimulating FGF-9 expression is interesting
because PGE, induces estrogen biosynthesis via the EP2
receptor coupled PKA signaling pathway.*"*° Since estro-
gen also induces the expression of FGF-9,°° these data
reveal that PGE, simultaneously activates two distinct path-
ways via binding to different receptor isoforms to exert the
same function (Figure 2). The effect mediated by EP3 recep-
tor signaling pathways represents the acute action of PGE,
while the upregulation of FGF-9 via the EP2 receptor-
dependent estrogen action represents a delayed response to
PGE,. Considering that FGF-9 is an important survival and
mitogenic factor, the induction of FGF-9 by PGE, at different
points in time may have different functions. However, the
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underlying mechanism behind PGE, inducing FGF-9
expression via two different signaling pathways remains an
open question and further investigation is needed to deter-
mine the significance of actions mediated by different EP
receptors in the induction of FGF-9 gene expression.

Suppression of phagocytosis

As has been described above, although retrograde men-
struation is the crucial constituent in the development of
endometriosis, factors allowing the implantation and propa-
gation of endometriotic lesions are largely unclear.
Although aberrant production of steroids by ectopic
endometriotic lesions is an important factor leading to the
survival and proliferation of endometriotic tissues,*>7°
alteration/dysfunction of the immune system that results
in decreased phagocytic ability of immune cells may be
another critical factor in the development of endometrio-
sis.”"”? During endometriosis development, immune cells
are recruited to the peritoneal cavity due to inflammation.
Among these immune cells, macrophages are the dominant
cell type in the peritoneal cavity; they are involved in pha-
gocytosis, especially in cleaning retrograded endometrial
debris.”>”* In the homogenous animal model, it has been
reported that the number of peritoneal macrophages
increases within four hours after injections of endometrial
epithelial and stromal cells into the peritoneal cavity of
mice.”>”® Ideally, peritoneal macrophages recruited to the
peritoneal cavity would remove retrograded red blood
cells and endometrial debris.”*”” However, in the endo-
metriosis cases, macrophages may fail to phagocytose the
retrograded tissues and thus allow the implantation and
proliferation of endometriotic lesions.

The phagocytic function of macrophages is mediated via
at least two lines of mechanisms (Figure 3). The first line of
mechanism is the secretion and activation of matrix metallo-
proteinases (MMPs) to break down the extracellular matrix
of foreign entities.”® The second line of phagocytic activity
involves the expression of scavenger receptors on the macro-
phages to enhance the uptake and degradation of cell
debris.””® Recent studies reveal that both MMP-9 and the
scavenger receptor, CD36, are downregulated in peritoneal
macrophages isolated from patients with endometriosis.*"*
These discoveries provide evidence that explains why per-
itoneal macrophages isolated from patients with endome-
triosis have phenotypic and functional alterations leading
to poor phagocytic capacity.””*%

MMPs are a large family of zinc proteases, including 22
human homologs, that can be divided into four major sub-
groups: interstitial collagenases, gelatinases, stromelysins
and membrane-type MMPs.** It was found that peritoneal
macrophages derived from patients with endometriosis
have reduced MMP-9 enzyme activity compared with that
from normal women.®! The decreased activity of MMP-9
secreted by macrophages from women with endometriosis
is due to a decrease in MMP-9 mRNA and protein
expression. The expression of MMP-9 is suppressed by the
peritoneal fluid derived from women with endometriosis
but not by the peritoneal fluid derived from endometriosis-

free women.®! Through systemic screening, the factor that
effectively decreased MMP-9 expression in the peritoneal
fluid derived from women with endometriosis was ident-
ified to be PGE,®' PGE,, via the EP2 J/EP4 receptor-
dependent PKA signaling pathway, effectively inhibits
MMP-9 promoter activity to suppress its expression.
MMP-9 can degrade the type IV collagen-containing base-
ment membrane that separates the epithelial and stromal
compar’cments.85 In addition, MMP-9 can activate several
cytokines such as latent transforming growth factor-8 and
pro-TNF-a to their active forms.®**® Thus, the reduced
expression of MMP-9 in peritoneal macrophages not only
decreases macrophage scavenger activity but also attenuates
the immune system’s defensive mechanism.

Scavenger receptors are a family of structurally diverse
receptors with broad ligand specificity that includes low-
density lipoprotein, phosphatidylserine, polyanion and
apoptotic cells.*” “®" The known scavenger receptors that
participate in the phagocytosis of apoptotic cells by macro-
phages include class A scavenger receptors (SR-Al, SR-AII
and SR-AIIN® and class B scavenger receptors (SR-BI,
SR-BII and SR-BIII).”>*" The reduced expression of one of
these scavenger receptors may result in the loss of phagocy-
tic ability. In peritoneal macrophages derived from endome-
triosis patients, the expression of SR-BIII (better known as
CD36) is reduced, which results in the loss of proper phagocy-
tic ability. Normal macrophages (with high CD36 levels and
great phagocytic ability) can be converted to endometriotic-
like macrophages by simply inhibiting CD36 expression or
blocking the function of CD36. In contrast, the ectopic
expression of CD36 is sufficient to restore the phagocytic
ability of endometriotic macrophages. An in-depth investi-
gation demonstrated that the expression of CD36 in macro-
phage is inhibited by PGE,.”> Again, the inhibitory effect is
mediated via the EP2/EP4 receptor-dependent signaling
pathway. These data demonstrate that CD36 is necessary
and sufficient for the phagocytic capacity of peritoneal macro-
phages and that the reduced expression of CD36 plays an
important role in the pathogenesis of endometriosis.

The direct evidence that PGE, inhibits the phagocytosis of
peritoneal macrophages and thus contributes to the devel-
opment of endometriosis was demonstrated using an auto-
logous transplanted mouse model. Mice that received
intraperitoneal injections of small pieces of endometrial
tissues from the donor mice developed endometriotic
lesion-like cysts.”” In the transplanted mice, the concen-
tration of PGE, in the peritoneal fluid was greater than
that in the sham control mice. The injection of PGE, into
the peritonea of recipients increased the number and size
of cysts, while treatment with COX inhibitors inhibited the
development of cysts. Consistent with these results, perito-
neal macrophages isolated from PGE,-treated mice express
less CD36 protein and have reduced phagocytic ability,
while those from COX inhibitor-treated mice have increased
CD36 expression and phagocytic ability.”?

As described above, macrophages secrete MMP-9 to destroy
the basement membrane between stromal and epithelial cells,
which breaks down the endometriotic tissues into small
pieces. The expression of CD36 on the cell membrane of
macrophages facilitates the engulfing of these small pieces of
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Figure 3 Prostaglandin E, suppresses the phagocytic ability of macrophages. Discharged endometrial tissues are retrogradely transported to the peritoneal
cavity and cause sterile chronic inflammation. Immune cells, especially macrophages, are recruited to the peritoneum in response to inflammation. Under
most circumstances, macrophages will secrete matrix metalloproteinase (MMP)-9 to destroy the extracellular matrix to disperse endometrial tissues into
small pieces. In addition, the scavenger receptor CD36 is highly expressed in the plasma membrane of macrophages to facilitate phagocytosis of these small
fragments of endometrial debris. However, in the presence of a high concentration of PGE,, the expression of MMP-9 and CD36 is suppressed. This significantly
inhibits the phagocytic ability of macrophage. As a result, the endometrial tissues become implanted and proliferate in the peritoneal cavity, causing endome-

triosis. (A color version of this figure is available in the online journal)

endometriotic debris. The downregulation of both MMP-9 and
CD36 by PGE, impairs the first and second lines of phagocytic
ability, thus allowing the retrograded endometrial tissues to
survive in the peritoneal cavity (Figure 3).

Besides decreased MMP-9 and CD36 expression, perito-
neal macrophages in women with endometriosis express
greater amounts of estrogen receptor alpha and beta,”
suggesting that estrogen may modulate the phagocytic
ability of macrophage. Furthermore, it has been shown
that peritoneal macrophages derived from women with
endometriosis may undergo alternative activation, which
is necessary for ectopic lesions to vascularize and grow.”*
Concurring with this notion, depleting peritoneal macro-
phages in a rat model attenuates the adhesion of endome-
triotic lesions.” All these findings suggest that peritoneal
macrophages in women with endometriosis may have
impaired phagocytic ability but have enhanced growth-
promoting capability owing to the change in the microenvir-
onment of peritoneal fluid. Further studies should focus
on delineating local factors that cause the transition of
peritoneal macrophages from ‘suppressive’ to ‘permissive’
phenotype during the development of endometriosis.

Induction of angiogenesis

The establishment of an effective blood supply is a perqui-
site for the survival of retrograded endometrial tissue and

the development of endometriosis.”””*® Newly formed
vessels play an indispensable role in the development and
persistence of endometriosis by providing nutrients,
growth factors and oxygen to endometriotic lesions.
However, surprisingly little information is available on the
mechanisms underlying the revascularization of endome-
triotic lesions given that many angiogenic factors associated
with endometriosis have been identified. It appears that
angiogenic processes in endometriosis share common
markers with tumor angiogenesis as many factors over-
expressed in endothelial cells from eutopic and ectopic
endometrium of endometriosis patients, such as VEGEF,
VEGEF receptor-2, endoglin, integrin, urokinase-type plasmi-
nogen activator, IL-8, MMP-2 and -9, and fibronectin, are
also found in activated endothelial cells in tumors.”
Estrogen and COX-2 have been shown to play critical
roles in angiogenesis in various tumor models. Both can
stimulate VEGF expression and induce endothelial cell pro-
liferation.”” %" The deletion of the cox-2 gene in mice results
in reduced vascular network formation and tumor growth
due to a lack of VEGF expression.'”™ Two recent studies
tested the effects of the selective COX-2 inhibitor on the
growth of endometriotic lesions and the development of
microvascular networks using xenografted animal models.
Ozawa et al.'" demonstrated that a selective COX-2 inhibi-
tor, NS398, decreased the size of implants in an experimen-
tal endometriosis model that implants human ovarian
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endometrioma into the peritonea of SCID mice. Laschke
et al'® reported that the expression of proliferating
cell nuclear antigen and VEGF is significantly reduced in
endometrial grafts of NS398-treated golden hamsters.
The microvessel density of newly developed microvascular
networks within the endometrial grafts is also decreased
in NS398-treated animals. These data suggest that
COX-2-derived PGE, likely plays a key role in establishing
an effective blood supply system either directly or indirectly
via estrogen during the development of endometriosis.
More studies on the cellular and molecular mechanisms of
neoangiogenesis in endometriotic implants are needed for
developing effective therapeutic strategies of endometriosis.

PGE, as a molecular target for
endometriosis therapy

Accumulated evidence suggests that PGE, might be the
master of endometriosis (Figure 4). According to
Sampson’s hypothesis, retrograded endometrial tissues
accompanied by proinflammatory cytokines cause chronic
inflammation in the pelvic cavity, which recruits macro-
phages and other immune cells. Infiltrated macrophages
respond to the stimuli present in the peritoneal fluid and
become hyperactive with the purpose to clean up the retro-
graded tissues. Considering that retrograde menstruation
occurs in more than 90% of women and the prevalence
rate of endometriosis is about 10%, it can be concluded
that most macrophages have done their job. However, due
to some as-yet unknown mechanism, macrophages fail to
clean up all the retrograded tissues, which then implant
themselves somewhere in the abdomen and initiate the
process of endometriosis.

There are two positive feedback loops that keep the con-
centrations of PGE, persistently elevated in peritoneal
fluid of women with endometriosis - the PGE,-COX-2-
PGE, pathway in peritoneal macrophages and the PGE,-
estrogen-COX-2-PGE, pathway in ectopic endometriotic
lesions. An elevated concentration of PGE; in the peritoneal
fluid governs numerous pathophysiological processes that
contribute to the development and persistence of endome-
triosis. First, PGE, induces an aberrant expression of steroi-
dogenic proteins such as StAR and aromatase, leading to an
abnormal biosynthesis of estradiol, a critical survival factor
for endometrium. The autonomous production of estradiol
by ectopic tissues induces several known peptide growth
factors such as VEGF and FGF that serve as autocrine (for
endometriotic cells) and paracrine (for endothelial cells)
factors to stimulate cell proliferation and angiogenesis.
Second, PGE, exerts direct action on endometriotic and
endothelial cell proliferation via the induction of FGF and
VEGF. Third, PGE, inhibits the expression of MMPs (such
as MMP-9) and CD36 by macrophages. The decreased
MMP-9 activity and CD36 expression results in an attenu-
ated scavenger function of macrophages, which in the
long run benefits the survival and growth of endometriotic
lesions.

Considering that PGE, can perform various functions to
regulate the development of endometriosis, further

Macrophage 1'_';.":1 & Stromal cells
PGE: % P
A.A. FGTF'Q Proliferation
COX-2 E:
MMP-9 i
romatase
CD36 PGE: Stan
Phagocytosis ub Cholesterol
VEGF
FGF-2

&%ca Blood vessel
ﬂ' Angiogenesis

Figure 4 A composite model of PGE, actions in the development of endo-
metriosis. Proinflammatory cytokines, such as IL-18, TNF-a and PGE,,
induce the over-expression of COX-2 in macrophages and endometriotic
stromal cells, leading to an elevated concentration of PGE; in the peritoneal
fluid. In one end, the high level of PGE, acts on macrophage to suppress its
phagocytic ability by the downregulation of MMP-9 and CD36. In the other
end, the high level of PGE; stimulates the steroidogenic capacity of endome-
triotic stromal cells by the upregulation of StAR and aromatase, which enables
aberrant biosynthesis of estrogen. Estrogen further stimulates the production
of critical mitogens such as FGF-9 to induce endometriotic cell proliferation.
PGE; can also induce FGF-9 expression by EP3-dependent transcriptional
upregulation. These actions ensure the survival and proliferation of endome-
triotic cells. The third important function of PGE; is to induce the expression
of angiogenic factors such as VEGF and FGF-2 to induce endothelial cell pro-
liferation and migration, a process known as angiogenesis. The newly formed
blood vessels provide nutrients and oxygen to support the continuous growth
of endometriotic cells. Furthermore, the two positive feedback loops present
in this microsystem keep the PGE, concentration consistently high in the per-
itoneal fluid. The first loop is formed by PGE,-estrogen-COX-2-PGE; in
endometriotic stromal cells while the second one consists of PGE,-
proinflammatory cytokines—-COX-2-PGE, in the macrophages. As a result, a
self-supporting survival system is established to support the growth and per-
sistence of endometriosis. PGE,, prostaglandin Ey; IL-13, interleukin-13;
TNF-a, tumor necrosis factor-alpha; COX-2, cyclooxygenase-2; MMP, matrix
metalloproteinase; VEGF, vascular endothelial growth factor; FGF, fibroblast
growth factor (A color version of this figure is available in the online journal)

investigations should focus on how to minimize or eradicate
the effects triggered by PGE,. Inhibiting the production of
PGE, by ectopic endometriotic stromal cells and by perito-
neal macrophages might be an option. However, given the
short half-life of COX inhibitors and the unfavorable side-
effects caused by the long-term use of NSAIDs, suppressing
PGE, production to cure endometriosis may not be an ideal
choice. An alternative approach is to block the downstream
signaling pathways to terminate PGE, action. For example,
it has been recently shown that blocking EP2/EP4 may
prevent PGE, from transactivating the EGF receptor and
inducing apoptosis in SV40-immortalized endometriotic
stromal and epithelial cells.'® A similar approach may be
applicable to blocking the EP3 receptor on endometriotic
stromal cells to inhibit the production of FGF-9 or to
target EP2 on macrophages to prevent the suppression of
phagocytic ability by PGE,. The blockage of downstream
signaling may also disrupt the positive feedback loops of
COX-2 over-expression, thus reducing the concentration of
PGE; in the peritoneal fluid. Therefore, developing effective
small molecules such as those used against protein
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kinases'® and/or histone acetyltransferase

106 ¢4 terminate

PGE,-mediated signaling is the most promising therapeutic
strategy for treating endometriosis.
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