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Introduction: The pathogenesis of endometriosis, a common benign disease,

remains ill-defined, although it is clear that chronic inflammation plays a

crucial role through mitogen-activated protein kinase (MAPK) signaling path-

ways. All current medical therapies for endometriosis are antigonadotropic,

and therefore have a contraceptive effect. A concerted research effort is

hence warranted with the aim of delivering novel therapeutics that reduces

disease symptoms without blocking ovulation.

Areas covered: The authors review the complex pathogenic mechanisms of

chronic inflammation in endometriosis and their relationships with MAPK

pathways. The authors conducted a literature search of descriptive and func-

tional targeted validation of MAPK in the pathogenesis of endometriosis. The

effects of MAPK inhibitors, which constitute potential agents for future treat-

ments, are also described.

Expert opinion: Preliminary studies have highlighted a crucial role for MAPK

in driving endometriosis-related inflammation. MAPK inhibitors exhibit

potent activity in terms of controlling growth of endometriosis lesions both

in vitro and in animal models. As MAPK inhibitors are known to have a multi-

tude of undesirable side effects, their use in humans has to be approached

with great care. Indeed, use of these drugs would probably be limited to short

exposures prior to surgery in cases involving the most severe disease

phenotypes.

Keywords: endometriosis, infertility, inflammation, mitogen activated protein kinases,

non-hormonal treatments, pain

Expert Opin. Ther. Targets [Early Online]

1. Introduction to endometriosis and its clinical impact

Endometriosis is a common disease that represents a significant public health issue,
as it is a painful and infertility-causing condition that affects 10 -- 15% of women of
childbearing age [1,2]. Endometriosis is characterized by the growth of endometrial
tissue, comprised of functional glands and stroma, outside of the uterine cavity [2,3].
The implantation and proliferation of endometrial tissue commonly affects the peri-
toneum, the ovaries, and occasionally other pelvic organs such as the bowel, the ure-
thra, the bladder, as well as the lungs [4]. It is now generally accepted that there are
three different types of endometriosis: superficial peritoneal endometriosis, ovarian
endometrioma (OMA), and deeply infiltrating endometriosis (DIE) (Figure 1). DIE
is the most aggressive form of the disease, involving the muscularis propria regardless
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of the anatomical location [5]. Although the pathogenesis of

this enigmatic disease remains unclear, retrograde menstrua-

tion seems to be the most plausible mechanism for its devel-

opment [4,6]. Chronic inflammation is a key feature of the

disease, and this contributes to maintenance of endometriotic

lesions and its symptoms, which are pain and infertility [7-9].
Endometriosis constitutes a considerable socioeconomic

burden, as it occurs in all social and ethnic groups and affects

millions of women worldwide. Furthermore, endometriosis

may lead to repeated absenteeism from work, a requirement

for numerous medical treatments (hormonal and non-hor-

monal), repeated surgery, and long delays in diagnosis [10,11].

Simoens et al. conducted a prospective, multicentre,

questionnaire-based survey quantifying the burden of endo-

metriosis in terms of cost and quality of life [12]. The average

annual total cost per woman was estimated at e9,579. Costs
related to productivity loss were double the healthcare costs

(e6,298 versus e3,113 per woman, respectively). Healthcare

costs were mainly due to surgery (29%), monitoring tests

(19%), hospitalization (18%), and doctor consultations

(16%). These authors conclude that the economic burden

associated with endometriosis is hence similar to that of other

chronic diseases (e.g., diabetes, Crohn’s disease, rheumatoid

arthritis).
The medical treatments currently used are based on hor-

monal therapy that blocks the hypothalamus--pituitary--ovarian

axis. In addition to inducing endometrial atrophy, this also

exerts a contraceptive effect by suppressing functioning of

the ovaries. Furthermore, although all currently available

medical treatments suppress symptoms, they are not cura-

tive. Disease recurrence is therefore quite common follow-

ing discontinuation of the treatment. Surgical resection of

the lesions is hence the only curative treatment. However,

since surgery often needs to be extensive to be effective, it

is associated with significant morbidity [13]. Therefore, in

light of these considerations, there is an urgent need for

new therapeutics to treat endometriosis. These need to effec-

tively reduce painful symptoms without compromising

fertility by interfering with spontaneous ovulation and the
normal implantation capacity of the endometrium.

2. The role of inflammation in the
pathogenesis of endometriosis

Even though retrograde menstruation seems to be the most
probable mechanism for the development of this enigmatic
disease, its exact mechanism remains largely unknown. It is
thought that endometrial tissue spreads to the peritoneal
cavity through retrograde menstruation where it then
implants into the peritoneum [4,6]. The implantation of
ectopic endometrium is a multistep process involving adhe-
sion, invasion [14], angiogenesis [15-18], proliferation, and
steroidogenesis (Figure 2). All these different steps are marked
by pronounced inflammatory processes [9,19-21] that partici-
pate in maintenance of endometriotic lesions in the pelvic
cavity, and progression into more severe forms of endometri-
osis for which the main symptoms are pain and infertility [7,8].
Histologically, endometriosis is a heterogeneous lesion
involving development of endometrial gland and stroma, sur-
rounded by areas of pronounced inflammation induced by the
incorrect localization of endometrium [19-21]. Such chronic
inflammation results in an amplification loop and in a self-
supporting survival of endometriotic lesions [7,20]. Indeed,
endometriosis is characterized by an inflammatory process
with localized accumulation of immune cells and their effec-
tors that are associated with overproduction of prostaglandins,
metalloproteases, cytokines, and chemokines [14]. Further-
more, reactive oxygen species (ROS) and free radicals pro-
mote disease establishment and progression by their active
participation in the inflammatory process [22,23].

There is increasing evidence suggesting that endometriosis
is a chronic inflammatory disease. Peritoneal fluids of women
with endometriosis contain a large number of activated mac-
rophages and exhibit pronounced differences in their cyto-
kine/chemokine profiles [24]. Several studies have found a
high number of cytokines and chemokines for which the
expression is altered in the peritoneal fluid of patients with
endometriosis. Among these are MIF (Macrophage Migration
Inhibitory Factor), TNF-a, IL-1b, IL-6, IL-8, IL-19, IL-22,
IL-33, RANTES, and MCP-1 (monocyte chemotactic
protein-1) [25-31]. The last two are chemo-attractants, which
promote the recruitment of macrophages. Whether these
cytokine profiles are a cause or a consequence of endometri-
osis remains to be determined.

The physiopathology of endometriosis is characterized by
high levels of prostaglandins in the peritoneal microenviron-
ment. These play a role in the genesis of the disease as well
as in clinical features such as pain and/or infertility. The peri-
toneal macrophages of women with endometriosis express
relatively high levels of cyclooxygenase-2 (COX-2; also
known as PTGS2 -- prostaglandin endoperoxide synthetase
2), and release significantly higher levels of prostaglandins
than macrophages of women who are in good health [32].

Article highlights.

. Endometriosis is a chronic inflammatory disease.

. Inflammation plays a crucial role in endometriosis
through mitogen-activated protein kinase (MAPK)
signaling pathways.

. MAPK are heavily dysregulated in endometriotic tissues
and drive endometriosis-related inflammation.

. MAPK inhibitors exhibit potent activity in terms of
controlling the growth of endometriosis lesions both
in vitro and in animal models.

. MAPK inhibitors are known to have a multitude of
undesirable side effects; their use in humans has to be
approached with great care.

This box summarizes key points contained in the article.

P. Santulli et al.
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In terms of lesions, TNF-a promotes production of prosta-
glandin F2a (PGF2a) and E2 (PGE2) by endometrial
cells [33]. Activation of PTGS2 by IL-1b increases the produc-
tion of PGE2, which activates the steroidogenic transcription
factor SF1 (also known as NR5A1) and the aromatase
(CYP19) [34]. Activation of steroidogenesis results in an
increase in the synthesis of estradiol which, in turn, stimulates
the synthesis of PGE2. There is therefore a self-supporting
endometriotic lesion loop which is the result of a tight depen-
dence between local hyperestrogeny and inflammation [35].

This substantial inflammatory process occurs not only in
the peritoneal microenvironment at ectopic lesion sites,
but also in the eutopic endometrium of women with
endometriosis.

Since progesterone has anti-inflammatory properties,
inflammation in eutopic and ectopic tissues of patients with
endometriosis could be a direct consequence of a lack of
progesterone activity in endometriotic tissues. Progesterone
resistance appears to be the principal mechanism that under-
lies this lack of activity.

2.1 Prostaglandins and inflammation
Prostaglandins are the main mediators of inflammation, and
endometrium is one of the tissues in humans with the highest
level of these inflammatory agents. In terms of physiology, the
menstrual cycle is characterized by immune cell dynamics in
the endometrium that are close to what is encountered with
inflammatory responses [36]. Migration of leucocytes toward
the endometrium occurs in response to cytokines and chemo-
kines, while this is also enhanced by the action of PTGS2 and
prostaglandins [37]. Prostaglandins increase the permeability of
local blood vessels and induce exudation of plasma proteins
and leucocytes across the endothelium and the basal mem-
brane. Steroid hormones participate in different inflammatory
stages of the menstrual cycle, thereby altering the activity of
the immune system by what may be referred to as the
endocrine-immunological pathway. An imbalance of the
endocrine system leads to dysregulation of the local immuno-
logical equilibrium with an ensuing abnormal inflammatory

response. Under- or over-activation of mediators of inflam-
mation affects endometrial homeostasis. This then alters
menstruation and promotes the occurrence of endometrial
pathologies such as endometriosis [38,39].

Regulation of the biosynthesis of prostaglandins, and
particularly PGE2, occurs by cyclooxygenase (COX, also
known as PTGS: prostaglandin endoperoxide synthetase),
which catalyzes the conversion of arachidonic acid into
PGH2. PGH2 is then converted into PGE2 and PGF2,
respectively, by PGE synthetase and PGF synthetase [40].

There are two forms of COX, namely PTGS1 which is
expressed in a constitutive manner, and PTGS2 which is
inducible and produced under specific circumstances. Under
normal physiological conditions, PTGS2 is undetectable in
most tissues, but in the case of inflammation, its generation
can be rapidly stimulated by cytokines, endotoxins,
pro-inflammatory agents, tumor promoters, as well as specific
hormones [41,42]. PGE2 exerts its biological activity by binding
to G-protein-coupled membrane receptors. Four different
PGE2 receptors (PTGER1-4) have been identified and in
human tissues these are coded by different genes [43].

Peritoneal fluids of patients afflicted by endometriosis have
very high levels of prostaglandins produced locally not only by
macrophages but also by ectopic endometriotic tissue [32,44-46].
In a previous study, we showed that prostaglandin pathways
are dysregulated in eutopic and ectopic endometrium
of women suffering from endometriosis. PTGS2 gene
expression was significantly increased in both eutopic and
ectopic endometrium compared to healthy tissue, whereas
PTGS1 expression was significantly decreased in ectopic
endometrium only [8]. This result was confirmed at both
transcription and protein translation levels. PTGER2,
PTGER3, and PTGER4 expression increased gradually
from normal tissue to eutopic and ectopic endometrium in
patients with endometriosis, whereas the very low level of
PTGER1 expression remained unchanged by the disease
process. Most interestingly, this study reported for the first
time that hormonal therapy enhances PTGS2 expression at
both transcription and protein translation levels. These results

SUP OMA DIE 

Figure 1. Pictorial summary of endometriosis phenotypes. During menstrual flow, endometrial debris exits the uterus

through the fallopian tubes and attaches itself to the peritoneal surface, leading to the establishment of three different

phenotypes of endometriosis: superficial peritoneal endometriosis (SUP), ovarian endometrioma (OMA), and deeply

infiltrating endometriosis (DIE). Arrows indicate the areas of ectopic endometriotic lesions.
DIE: Deeply infiltrating endometriosis; OMA: Ovarian endometrioma; SUP: Superficial peritoneal endometriosis.

Kinases and endometriosis
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show, however, that the use of hormonal treatment may

increase PTGS2 expression, thus potentiating endometriosis-

related inflammation, despite an overall benefit of the treat-

ment. These results underscore the need for further research

in the field of non-hormonal treatment for the management

of endometriotic women [8].
Furthermore, PTGS2 is overexpressed in peritoneal macro-

phages from endometriotic women, while PTGS1 is only

overexpressed in severe forms of endometriosis [32]. The

expression of PTGS2 in peritoneal macrophages is linked,

on the one hand, with the concentration of PGE2 in the peri-

toneal fluid and, on the other hand, with the severity of the

endometriosis [32]. By contrast, peripheral monocytes, which

are macrophage precursors, express low levels of PTGS2,
independently of their origin, hence suggesting that overex-
pression of PTGS2 in peritoneal macrophages is controlled
by local factors present in the peritoneal fluid. This shows
that there is a double inflammatory system with specific pro-
tagonists, one of which is local and the other systemic. Differ-
ent pro-inflammatory cytokines, such as IL-1b, TNF-a, and
PGE2, have been shown to induce expression of PTGS2 in
peritoneal macrophages from women without endometriosis,
suggesting that they represent local factors that lie at the
origin of the observed PTGS2 overexpression in women
with endometriosis [32]. On the other hand, other studies
have found that there is overexpression of PTGS2 in ectopic
endometriotic lesions [44-46]. This is reflected by an increase
in PGE2 production in stromal cells from ectopic endometri-
otic lesions [44]. It has been shown that numerous factors, such
as IL-1b, VEGF, 17b-estradiol, as well as PGE2, can stimu-
late expression of PTGS2 in endometrial stromal
cells [44,47,48].

All together, these results show that in patients afflicted by
endometriosis there is an intense overexpression of PTGS2,
both by the peritoneal macrophages as well as by the macro-
phages of eutopic and ectopic endometriotic tissue [8,32,44-46].
This is due to the existence of a positive feedback loop
between PTGS2--PGE2--estrogens in endometriotic ectopic
stromal cells [49,50] and PTGS2--PGE2--pro-inflammatory
cytokines (such as IL-1b and TNF-a) in peritoneal macro-
phages [32]. As a result, the PGE2 concentration in peritoneal
fluid is constantly high in patients with endometriosis, and
this leads to a self-propagation of the endometrial inflamma-
tion that causes the lesions to become progressively worse.

2.2 Inflammation and stimulation of steroidogenesis
It has been shown that endometriotic stromal cells exhibit an
abnormal level of estrogen production [34,51,52]. Ectopic endo-
metriotic cells express the full complement of enzymes and
proteins used for the de novo synthesis of estrogens: StAR,
P450scc, type 2 3b-hydroxysteroid dehydrogenase, 17a-
hydroxylase, 20 lyase (P450c17), P450 aromatase, and type 1
17b-hydroxysteroid dehydrogenase (type 1 17b-HSD) [34,52].
Ectopic endometriotic lesions therefore have all the compo-
nents required to initiate steroidogenesis. The de novo biosyn-
thesis of estrogens is controlled at two different stages by StAR
and aromatase. StAR transports cholesterol across the mem-
brane and all the way inside the mitochondria, where the first
enzymatic reaction takes place [53]. Aromatase catalyzes the
conversion of androstenedione to estrone, which is then
converted into estradiol by type 1 17b-HSD. Several investiga-
tions have shown that StAR and aromatase are regulated and
stimulated at the same time by PGE2 in endometriotic stromal
cells [52,54-56]. The expression of StAR by PGE2 is mediated by
binding to the PTGER2 receptor, which then activates adenyl
cyclase and protein kinase A. The regulation of aromatase
expression by PGE2 in ectopic endometriotic stromal
cells is also mediated by PTGER2 and PTGER4 receptor

Invasion

Proliferation

Steroidogenesis

Angiogenesis

Adhesion

MAPK pathway

Chronic Inflammation

Interleukins

PTGS2

Oxidative stress

Figure 2. Diagram of ectopic implantation in endometriosis.

Retrograde menstruation seems the most probable mechan-

ism for the development of endometriosis. The implantation

of ectopic endometrium is a multistep process involving

adhesion, invasion, angiogenesis, proliferation and steroi-

dogenesis. All of these different steps are marked by

pronounced inflammatory processes that participate in the

maintenance of endometriotic lesions in the pelvic cavity,

and in the progression into more severe forms of endome-

triosis and its symptoms: pain and infertility. Chronic

inflammation acts through the mitogen-activated protein

kinases (MAPK) pathway.
MAPK: Mitogen-activated protein kinases.

P. Santulli et al.
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signaling pathways [57,58]. The overexpression of steroidogene-
sis factor 1 (SF-1, also known as NR5A1) in ectopic endo-
metriotic cells [59] contributes to the acquired sensitivity of
these cells to PGE2 [57,60]. Other steroidogenesis enzymes
such as P450scc, type 2 3b-hydroxysteroid dehydrogenase
(type 2 3b-HSD), and P450c17 are also stimulated by
PGE2 in ectopic endometrial stromal cells, thereby participat-
ing in the steroidogenesis induced by inflammation [34]. The
estrogen synthesized in this manner can then act through
autocrine or paracrine pathways to affect stromal and epithelial
cells present in endometriotic lesions, thereby inducing
proliferative and anti-apoptotic signals.

2.3 Inflammation and induction of cell proliferation
The proliferation of endometriotic cells is known to be
estrogen dependent [34]. Estrogen-induced proliferation
can occur through stimulation by a number of growth
factors [61-64]. Indeed, a slew of growth factors such as Fibro-
blast Growth Factor (FGF), Hepatocyte Growth Factor
(HGF), Insulin-Like Growth Factor (ILGF), Epithelial
Growth Factor (EGF), Stromal Derived Growth Factor
(SDGF), Vascular Endothelial Growth Factor (VEGF),
and Fibroblast Growth Factor 9 (FGF-9) have been shown
to play a role in the proliferation of endometrial cells [61-68].
The signals that promote cell proliferation are mediated by
various intracellular signaling cascades. The MAPK pathway
is profoundly perturbed in endometriotic tissues, and it
plays a key role in the proliferative process [69,70]. Thus, the
excessive production of estrogens resulting from stimulation
by PGE2 produces proliferative and anti-apoptotic signals
in ectopic endometriotic cells through MAPK signaling
pathways.

2.4 Inflammation and suppression of phagocytosis
A dysfunctional immune system, due to a change in the ability
of immune cells to phagocytose, seems to be another crucial
factor in the development of endometriosis [71]. During the
course of the development of endometriosis, macrophages
are the most common immune cells recruited by inflamma-
tion in the peritoneal cavity, and they engage in phagocytosis
of endometrial return flow debris in particular [72,73]. Several
studies have documented that women with endometriosis
display increased peritoneal fluid volume and peritoneal
macrophage numbers [74-77]. It would appear that with endo-
metriosis, macrophages fail to phagocytose retrograde tissues,
thereby allowing implantation and proliferation of endo-
metriotic lesions. Two distinct mechanisms intervene in the
phagocytic function of macrophages: (i) the first mechanism
is the secretion and activation of matrix metalloproteases
(MMPs), so as to protect the extracellular matrix from foreign
debris [78]; and (ii) the second mechanism of phagocytosis
involves expression of scavenger receptors on macrophages,
which allow degradation of cellular debris [79,80]. Recent stud-
ies have shown that both MMP-9 and the scavenger receptor
CD36 are underexpressed in peritoneal macrophages derived

from endometriotic patients [81,82]. These findings established
that peritoneal macrophages derived from endometriotic
patients exhibit phenotypic and functional changes that can
lead to a reduced phagocytic capacity [71,83]. Several mecha-
nisms could explain this change in the phagocytic capacity
of the macrophages: (i) there is reduced MMP-9 enzymatic
activity in macrophages of endometriotic patients compared
to patients without endometriosis [81]; (ii) peritoneal macro-
phages from endometriotic patients exhibit decreased expres-
sion of scavenger receptors, of which SR-BIII (more
commonly called CD36) is associated with a decreased phago-
cytic capacity [82]. These inhibitory effects are controlled by
PGE2 through PTGER2/PTGER4 receptor-dependent
signaling pathways [81]. Thus, macrophages play a central
role not only in phagocytosis but also in the inflammatory
process. The origins of macrophage-driven peritoneal inflam-
mation in endometriosis have been variably attributed to
different process: (i) autoantibody deposition [84]; (ii) secre-
tory products derived from ectopic endometrial implants [85];
(iii) iron accumulation [86]; (iv) altered scavenger receptor
ligation [74]; (v) Escherichia coli bacterial endotoxin [87]; and
(vi) and altered sensitivity to ovarian steroids of endometriosis
tissues. A plausible theory is that in endometriosis, a wide
range of signals collectively contribute to a switch toward a
specific macrophage activation phenotype.

2.5 Prostaglandins and induction of angiogenesis
Vascular blood flow is necessary for the survival of retrograde
endometrial tissue and the development of endometri-
osis [88,89]. The process of neo-vascularization is indispensable
for the development and persistence of endometriotic lesions
by supplying nutrients, growth factors and oxygen. The high
level of angiogenesis during endometriosis has properties in
common with the high rate of angiogenesis that occurs in
tumors. Indeed, numerous overexpressed factors in endothe-
lial cells of the eutopic and ectopic endometrium of patients
with endometriosis, such as VEGF, VEGF receptor 2, integ-
rins, urokinase plasminogen activator, IL-8, MMP-2, and
MMP-9, as well as fibronectin are also overexpressed in tumor
endothelial cells [88,89]. In several tumor models, estrogens, as
well as PTGS2, have been shown to play a crucial role in
angiogenesis. Indeed, they both stimulate expression of
VEGF and they induce proliferation of endothelial cells [90-92].
Two recent studies have tested the effects of a selective
PTGS2 inhibitor on the growth of endometriotic lesions
and on the development of vascular networks using animal
xenograft models.

Using a murine xenograft model, Ozawa et al. have shown
that the selective PTGS2 inhibitor NS398 not only
decreased the size of implants but that it also decreased the
in situ expression of VEGF [93]. Laschke et al. have found a
significant decrease in VEGF expression, microvessel
density, and cell proliferation in autologous endometrial
grafts in hamsters treated with NS398 [94]. These data sug-
gest that the PGE2 derived by PTGS2 appears to play a

Kinases and endometriosis
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key role in the establishment of vascular support during the

development of endometriosis, either indirectly or directly
through estrogens. These cellular and molecular mechanisms

of neo-angiogenesis of endometriotic implants represent
important targets for the development of future non-
hormonal therapeutics.

2.6 Oxidative stress and inflammation
Oxidative stress participates in the inflammatory potential by
direct and indirect mechanisms involving MAPKs [95-97].

Oxidative stress occurs when there is an imbalance between
the production of reactive oxygen species (ROS) and antioxi-

dant defense mechanisms [98]. Once formed, ROS are capable
of reacting with other molecules to disrupt many cellular
components and processes. Cellular targets of ROS are lipids,

proteins, nucleotides, and carbohydrates [99-101]. Cell damage
repair involves enzymatic and non-enzymatic antioxidants.

Excessive production or impaired elimination of ROS leads
to increased oxidative stress, and this has been associated
with several diseases. A wide range of chronic inflammatory

diseases have been linked with increased oxidative
stress [98,100,102-105]. Several lines of evidence support a role

of oxidants in the development of endometriosis, as endo-
metriotic cells exhibit higher levels of endogenous oxidative
stress, with an increase in ROS production and alterations

in ROS detoxification pathways [69,106]. Additionally, estrogen
and estrogen metabolites have been reported to act as

pro-oxidants to generate ROS [107]. Estrogen-induced ROS
play important roles in cell transformation, cell proliferation,
migration, and invasion by increasing genomic instability and

by signal transduction that affects redox-sensitive transcrip-
tion factors [108]. Thus, estrogen-mediated inflammation

may act through oxidative stress-specific mechanisms.
A recent study found significantly increased concentrations
of protein oxidative stress markers such as AOPP (Advanced

Oxidation Protein Products) and nitrates/nitrites in the
peritoneal fluid of patients with endometriosis, compared to

control women who did not have endometriosis [109]. This
report also suggests that nitric oxide (NO) plays a role in
the pathogenesis of endometriosis, especially in the most

aggressive form that has intestinal involvement. Increased
NO activity may contribute to the increased peritoneal mac-

rophage activation phenotype, with an altered phagocytic
ability in women who have endometriosis [110,111]. By stimu-
lating macrophages in vitro from women with endometriosis,

Osborn et al. found a strong correlation between the number
of peritoneal macrophages and the total amount of peritoneal

fluid NO [110]. Wu et al. observed that peritoneal macro-
phages from endometriosis patients produce more NO
in vitro after LPS (Lipopolysaccharide) treatment [112]. There-

fore, these prior reports are clearly in support of the existence
of an association between NO and macrophage activity in

endometriosis.

3. The MAPK pathway

3.1 Introduction
Mitogen-Activated Protein Kinases (MAPK) are a family of
enzymes that add a phosphate group to other proteins which
activates them and triggers a cascade of downstream signal-
ing reactions. MAPK signaling cascades mediate the intracel-
lular transmission of extracellular signals. MAPK signaling
cascades are activated by plethora of activators such as
growth factors, hormones, and chemokines that signal
through their cognate tyrosine kinase receptors (RTKs)
[113,114]. The common starting point of several signaling
pathways including the MAPK pathway is Ras [115]. Ras is
a small G protein of a single subunit which is located on
the cytoplasmic side of the plasma membrane. Ras proteins
convert extracellular stimuli into intracellular signaling cas-
cades. Upon the binding of ligands to RTKs, extracellular
stimuli activate the Grb2/SOS complex. This complex acti-
vates the Ras protein by exchanging its GDP (guanosine
diphosphate) to GTP (guanosine triphosphate). Once acti-
vated, Ras undergoes a conformational change and in turn
activates the MAPK pathway [115]. MAPK pathways are
comprised of four main MAPK signaling cascades: extracel-
lular signal-related kinase (ERK) considered as the classical
pathway, Jun N-terminal kinase (JNK), p38MAPK, and big
MAPK (BMK). These families share a basic organization
composed of two serine/threonine kinase domains and one
double-specificity threonine/tyrosine kinase domain [116].
Generically, these kinases are designated from upstream to
downstream (i.e., closer to the nuclear targets), as MAPK
kinase--kinase (MAPKKK), MAPK kinase (MAPKK), and
MAPK (Figure 3) [117]. The canonical MAPK/ERK pathway
is composed of three types of MAPKKK: A-RAF, B-RAF,
and RAF-1 or C-RAF kinases. One level below are the
MAPKKs, which are composed of MEK1 and MEK2.
Finally, further downstream are ERK1 and ERK2, which
are the final effectors of the MAPK pathway [118]. Phosphor-
ylated ERK (or pERK) then acts on several cytosolic or
nuclear substrates to bring about cellular responses. The
ability of activated MAPKs to translocate into the nucleus
and trigger transcription completes the signaling pathway
from the receptor to the nucleus, thereby mediating
the induction of cellular processes such as proliferation,
differentiation, inflammation, migration, stress responses,
and apoptosis.

3.2 MAPK and inflammation
Inflammatory responses involve a spectrum of genes, media-
tors, cytokines, and growth factors comprising: IL-1b, IL-6,
TNF-a, chemokines, matrix metalloproteases, and toxic mol-
ecules such as reactive oxygen species (ROS). We have noted
that the MAPK pathway can be activated by oxidative stress
in a ligand-independent manner. In addition to ligand-
independent stimulation, this pathway can also be activated
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during inflammation by binding of pro-inflammatory
cytokines to their tyrosine kinase receptor. Typically,
macrophage-secreted IL-1b and TNF-a activate MAPK path-
ways (mainly p38 and JNK, but also ERK1/2), which in
turn stimulate the production of inflammatory cytokines
(e.g., IL-1b, IL-6, IL-8) and the activation of PTGS2 by tran-
scriptional and post-transcriptional processes, or by NF-kB.
This ultimately results in the recruitment of immune cells
and amplification of the inflammatory response by a positive
inflammatory feedback loop [119,120].

Further, MAPK signaling cascades participate in cell
survival mechanisms by providing signals that feed into cell
cycle progression [121-123] and by affecting transcription
factors that regulate apoptosis. The latter can activate Bcl-2,
thereby generating an anti-apoptotic signal [124-128]. Lastly,
MAPK pathways can result in caspase 9 phosphorylation,
which results in its inactivation and thus prevention of
apoptosis [129].

The MAPK pathway is frequently dysregulated in human
cancer as a result of genetic alterations in its components or
by upstream activation of cell surface receptors. Indeed, it
has been shown that RAF mutations are involved in 20%
of human cancers: 27 -- 70% of melanomas, 36 -- 53%
of thyroid cancers, 5 -- 22% of colorectal cancers, and 30%
of ovarian cancers [130-133]. It has also been shown that in
transformed cells RAF can induce expression of specific
growth factors that have binding sites for phosphorylated
MAPK pathway substrates on the promoter regions of their
cognate genes. This is the case for Vascular Endothelial
Growth factor (VEGF), heparin-binding Epidermal Growth
factor (hbEGF), and Granulocyte Macrophage-Colony Stim-
ulating Factor (GM-CSF) [134-139]. Thus, aberrant expression
of RAF in cells results in an autocrine and paracrine loop
that is responsible for the continuous stimulation of cell
proliferation, thereby participating in inflammation, angio-
genesis, and cell transformation [140].

3.3 MAPK and oxidative stress
Reactive oxygen species (ROS) are known to activate the ERK
pathway in several cell types [141-144]. ROS can act directly on
growth factor receptors such as EGF-R (the receptor for
epithelial growth factor) and PDGF-R (the receptor for plate-
let derived growth factor) by activating the intracellular tyro-
sine kinase domain of the receptor. This therefore results in
RAS activation without a need for binding of a ligand to the
extracellular domain of the receptor [145]. It has also been
shown that ROS can activate RAS without acting on growth
factor receptors [146]. ROS also inhibit specific protein phos-
phatases, and in doing so they inactivate the ERK path-
way [147]. It has been shown that both the
MEK1/2 inhibitors U0126 and PD98059 can block ROS-
dependent activation of the ERK pathway [148,149]. In turn,
activated ERK can contribute to the perturbation of the cellu-
lar oxidative balance by promoting the synthesis of the induc-
ible nitric oxide synthetase enzyme (iNOS) [118].

3.4 MAPK and pain
Pain remains the principal symptom of endometriosis.
Although the relationship between lesion and pain remains
unclear, increasing evidence points toward a close interaction
between peripheral nerves, the specific inflammatory environ-
ment, and the central nervous system in pain generation and
processing [150]. Previous studies have identified nerve fibers
in close proximity to endometriotic lesions with perineural
and interneural invasion especially in the most severe forms
with DIE [151-153]. In addition to nerve fibers, neurotrophic
(Nerve Growth Factor -- NGF), angiogenic, and immune-
inflammatory factors participate in the mechanisms of
chronic peripheral nerve sensitization by chronic activation
of fibers’ endings [154]. NGF and inflammatory mediators
derived from endometriotic and immune cells sensitize
(lower the threshold) or excite the terminals of sensory nerve
fibers’ ending through their specific receptors [154]. The
hormonal environment contributes to these mechanisms.
Indeed, previous studies support a potential role of estrogens
in both maintaining and promoting endometriosis-associated
pain. Estrogens positively stimulate MAPK, which are
activated when NGF binds to tyrosine kinase receptors,
promoting the NGF nociceptive pathway [155]. Hence, the
MAPK pathways play a role in the development of pain and
hypersensitivity to pain [156]. Furthermore, chronic activation
(phosphorylation) of MAPKs under different persistent pain
conditions results in the induction and maintenance of pain
hypersensitivity via non-transcriptional and transcriptional
regulation [157]. Indeed, in cases involving pain that was local-
ized to pelvic organs, the chronic nociceptive activity, via
multiple neurotransmitter receptors, led to constitutive activa-
tion of MAPK in neurons of the spinal cord dorsal horn. The
phosphorylation of ERK was proportional to the duration
and the intensity of the pain stimulus. In this context of
chronic nociception, the inflammatory process modulates
pain intensity. In the case of an inflammatory response, the
intensity of the pain stimulus required to activate ERK
decreases. This results in the pain becoming chronic [158].
Once activated, ERK contributes to the induction and
maintenance of a central and peripheral sensitization that
also activates glial cells [150,159]. The MAPK pathway therefore
participates in the allodynia, the chronic inflammatory
pain, and the neuropathic pain of patients afflicted by
endometriosis [157].

3.5 Interplay between AKT/mTOR and MAPK

pathways
The ERK cascade can interact with other signaling pathways
through phosphorylation/dephosphorylation processes medi-
ated by kinases and phosphatases which can in turn modify
both the cinetic and the localization of the ERK activity [160].
We can briefly mention the Rac1/CDC42-Pak1 cascade
involved in cell adhesion process and the cyclin-dependant
kinases (CDKs) cascade involved in cell-cycle regulation [161].

Kinases and endometriosis
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An interaction also exists between the MAPK and the
PI3K/Akt pathways. The PI3kinase/Akt pathway can be acti-
vated by two mechanisms. Upon binding of a ligand to a con-
taining receptor which possesses a tyrosine-kinase domain
(growth factor), the phosphorylated tyrosine residue serves
as a binding site for the catalytic subunit of PI3K which is
in turn activated. PI3K can also be activated by Ras. In its
activated state, PI3K converts the phosphatidylinositol
4,5-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) which in turn recruits and activates
Akt. Akt possesses a number of substrates including Bad,
Bim, procaspase-9, and also Foxo3, b-catenin through
mTOR as well as NF-kB and p53. Akt is mainly responsible
for the inhibition of apoptosis and similarly to a feedback
loop, it interacts directly with Raf and indirectly with
Ras [129,162,163]. The PI3K/Akt pathway is inhibited by
PTEN phosphatases and SH2-domain-containing inositol-
5-phosphatase (SIHP). A wide range of studies have suggested
a role for the Akt/mTOR pathway in the pathogenesis of
endometriosis [164,165]. The inhibition of the pathway has
been shown to allow the control of the progression of endo-
metriosis both in cellular models in vitro as well as in murin
models in vivo [69,166].

4. Targeting MAP kinases in endometriosis

MAPKs have been reported to play important roles in many
cellular responses, such as apoptosis, proliferation, angiogene-
sis, and inflammation. An association of MAPK activity with

the pathogenesis of endometriosis was first reported by
Yoshino et al. [167]. Since then, many studies have demon-
strated that MAPK is directly involved in the regulation of
the pathogenesis of endometriosis (Figure 3). MAPK pathways
seem to play a pivotal role as intracellular and extracellular sig-
nal transducers in endometriotic cells. Interestingly, the
MAPK pathway is activated in both ectopic and eutopic
endometrial cells of patients with endometriosis, as evidenced
by a significantly higher pERK/ERK ratio [70,106]. These
results support the hypothesis that eutopic endometrium is
abnormal prior to the cell migration and implantation of
ectopic endometriotic tissue. Additionally, enhanced prolifer-
ation and survival of eutopic endometrial cells from patients
with endometriosis, compared with healthy women, have
been correlated with abnormal levels of MAPK signal path-
way activation [167]. Lastly, inhibition of the ERK pathway
can significantly decrease the proliferation of endometriotic
cells in vitro [70]. The MAP kinase signaling pathway has
long been viewed as an attractive pathway for anticancer ther-
apies, based on its central role in regulating the growth and
survival of cells from a broad spectrum of human tumors [168].
The following reports show that MAP kinase should be con-
sidered to be a crucial pathway for the development of novel
targeted therapies to treat endometriosis (Table 1).

Yoshino et al. evaluated the role of MAPKs as intracellular
signal transducers in response to IL-1b-mediated inflamma-
tion of endometriotic stromal cells isolated from human
endometriomas [167]. IL-1b is in fact a central player in the
development of endometriosis, as it is a strong inducer of

ERK 
P38 
JNK 

MEK 

U0126 

PD98059 

SB203580 

SP600125 

SORAFENIB 

SB202190 

VEMURAFENIB
(PLX4032)  

1. Inflammation 

2. Proliferation 

3. Apoptosis 

4. Adhesion/migration 

6. Fibrosis 

5. Neo-angiogenesis 
MAPKsMAPKs

MAPKKK 

MAPKK 

RafRaf

Ras 

Figure 3. Diagram of mitogen-activated protein kinase (MAPK) pathways and targeted selective MAPK pathway inhibitors of

relevance to endometriosis. After membrane receptor activation, adaptor proteins recruit RAS proteins to activate steps that

conclude with ERK activation. In their active form, RAS proteins bind to and recruit RAF to the plasma membrane. RAF then

phosphorylates and activates MAPK kinases/extracellular-signal-regulated kinases (MEK), which in turn phosphorylate and

activate extracellular signal-related kinase (ERK). Activation of ERK regulates both cytosolic proteins and transcription factors

involved in cell cycle progression, proliferation, inflammation, migration, neo-angiogenesis, and fibrosis.
MAPK: Mitogen-activated protein kinases; MAPKK: MAPK kinase; MAPKKK: MAPK kinase-kinase.
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Table 1. MAPK inhibitors of relevance to endometriosis.

Paper Model Inhibitor Target Effect Outcome

Yoshino O, et al.
2004 [167]

Human primary endometriotic stromal cell
culture (III-IV stage endometriosis)

SB202190
PD98059
SP600125

p38-MAPK
pathway
MEK 1/2
JNK

IL-1b; TNF-a
(IL-6; IL-8;
PTGS2)

Anti-inflammatory

Yamauchi N, et al.
2004 [170]

Human primary endometriotic stromal cell
culture (OMA)

U0126 MEK 1/2 IL-6
TNF-a

Anti-inflammatory

Velarde MC, et al.
2009 [179]

Human primary endometrial stromal fibroblasts
culture.

U0126 MEK 1/2 Cyclin D1
IGFBP1

Antiproliferative
No effect on
decidualization

Carli C, et al. 2009
[174]

Human primary endometrial stromal cell culture PD98059
SB203580

MEK 1/2
p38-MAPK
pathway

PTGS2; PGE2 Anti-inflammatory

Veillat V, et al.
2010 [175]

Human primary endometriotic stromal cell
culture (SUP, OMA, DIE)

PD98059
SB203580

MEK 1/2
p38-MAPK
pathway

VEGF, IL-8,
MCP-1

Anti-inflammatory
Antiangiogenic

Zhou WD, et al.
2010 [177]

BALB/c mouse model SB203580 p38-MAPK
pathway

IL-1b, TNF-a
Implant size
MMP-2, MMP-9

Anti-inflammatory
Decreased implant
size
Inhibition adhe-
sion/migration

Ngô C, et al. 2010
[70]

Human primary endometrial stromal cell culture
(OMA, DIE).
Xenograft nude mouse model

PD98059
U0126

MEK 1/2 Proliferation
Implant size

Anti-inflammatory
Antiproliferative

Yotova IY, et al.
2011 [180]

Human primary eutopic endometrial stromal cell
culture

U0126 MEK 1/2 Proliferation Antiproliferative

Cheng W, et al.
2012 [182]

Human primary endometrial stromal cell culture
(OMA)

U0126 MEK 1/2 Cyclin D1

PTGS2
Cyp19

Anti-inflammatory
Antiproliferative
Antiestrogenic

Lee D-H, et al.
2012 [173]

Monocyte primary cell culture PD98059
SB203580
SP600125

MEK 1/2
p38-MAPK
pathway
JNK

MCP1 Anti-inflammatory

Guo Y, et al. 2013
[172]

Human primary endometrial stromal cell culture
(OMA)

U0126
SB203508
SP600125

MEK 1/2
p38-MAPK
pathway
JNK

IL-8/CXCR1
CCL2

Anti-inflammatory

Oh HK, et al. 2013
[183]

Immortalized human endometriotic epithelial
and stromal cells lines

PD98059 MEK 1/2 Proliferation Antiproliferative

Eaton JL, et al.
2013 [184]

Human primary endometrial stromal cell culture
(OMA)

U0126 MEK 1/2 Proliferation
Apoptosis
(caspase 3)

Antiproliferative
Proapoptotic

Kim K-Y, et al.
2013 [171]

Human primary endometrial stromal cell culture
(OMA)

PD98059
SP600125

MEK 1/2
JNK

Proliferation Antiproliferative

Huang F, et al.
2013 [169]

Human primary endometrial stromal cell culture PD98058
SB203580

MEK 1/2
p38-MAPK
pathway

PTGS2 Anti-inflammatory

Chang KK, et al.
2013 [176]

Human primary endometrial stromal cell culture.
HUVEC cell line

U0126 ERK 1/2 VEGF
IL-8
IL-6

Anti-inflammatory
Antiangiogenic

Li MQ, et al. 2013
[178]

Human primary endometrial stromal cell culture
(SUP, OMA)

U0126 ERK 1/2 Proliferation
Invasion

Antiproliferative
Inhibition adhe-
sion/migration

Mori T, et al. in
press [181]

Human primary endometriotic stromal cell
culture (OMA)

U0126 ERK 1/2 Proliferation Antiproliferative

Leconte M, et al.
[186]

Human primary endometrial stromal cell culture
(DIE).
Xenograft nude mouse model

SORAFENIB RAF VEGF-R2
RAF-1; B-RAF
PDGFR-b

Antiproliferative
Antiangiogenic

Santulli P, et al.
[185]

Human primary endometrial stromal and
epithelial cell culture (OMA, DIE).
Xenograft nude mouse model

PLX4032 RAF Implant volume Anti-inflammatory
Antiproliferative
Proapoptotic

OMA: Ovarian endometrioma; DIE: Deeply infiltrating endometriosis
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inflammatory cytokines (IL-6, IL-8) and PTGS2 expression
in endometriotic cells. Additionally, inflammatory changes
triggered by IL-1b have been shown to stimulate the phos-
phorylation of ERK, p38, and JNK, while PD98059,
SB202190, and SP600125 (inhibitors of MEK, p38, and
JNK, respectively) can suppress the downstream inflamma-
tory effects of IL-1b [167]. Furthermore, SB202190 and
SP600125 have been shown to suppress IL-1b-induced
secretion of IL-6 and IL-8, while PD98059 suppressed
IL-1b-induced secretion of IL-8. Both SB202190
and PD98059 suppressed IL-1b-induced expression of
PTGS2 in endometriotic cells. Thus, MAPK inhibitors
display clear anti-inflammatory properties in endometriotic
cells [167]. By contrast, SB203580 (an inhibitor of
p38 MAPK) blocked the induction of PTGS2 by IL-1b in
both ectopic and eutopic stromal cells, while PD98059 (an
inhibitor of MEK1/2) was found to have a synergistic effect
with IL-1b in eutopic endometrium, or no effect in ectopic
endometrium, on PTGS2 expression, which further suggests
that IL-1b regulates PTGS2 expression through activation of
the p38 MAP kinase pathway in human endometriosis stro-
mal cells, and not via the MEK signaling pathway [169]. These
authors hence argue that p38 MAPK inhibitors, such as
SB203580, should be evaluated for use as new treatments
for endometriosis [169]. Similarly, it was found that TNF-a
significantly increases IL-6 and IL-8 protein levels in endo-
metriotic stromal cells from endometriomas [170]. While
TNF-a was first identified as a cytokine secreted by
endotoxin-activated macrophages that were capable of induc-
ing tumor necrosis, it is now also accepted that TNF-a acts as
a mediator of pluripotency and angiogenesis capable of pro-
moting the production of other cytokines. TNF-a also indu-
ces degradation of the inhibitor kappaB (I kappaB) and
activates MAPK through ERK1/2 phosphorylation. The
NF-kB inhibitor TPCK and the MEK-targeting MAPK
inhibitor U0126 have been shown to block TNF-a-induced
IL-6 expression [170]. These findings are clear indications of
a fundamental role for NF-kB as a mediator of TNF-a-
induced inflammation that activates a broad range of cyto-
kines in the peritoneal cavity of endometriosis patients.
Moreover, TNF-a exerts a MAPK-dependent proliferative

effect on endometriotic stromal cells [171]. Kim et al. indeed
showed that TNF-a enhances the proliferative rate of endo-
metriotic stromal cells, and that the MEK inhibitor
PD98059 or the JNK inhibitor SP600125 can counteract
these proliferative signals [171].
IL-22 belongs to the large IL-10 family of cytokines and it

plays a role in the pathogenesis of endometriosis [30].
IL-22 increases the proliferation of stromal cells in vitro
[172]. U1026 (a MEK inhibitor) has been shown to inhibit
the proliferation of endometrial stromal cells (ESCs) [172]. In
striking contrast, p38 MAPK and JNK signaling pathways
did not influence ESCs proliferation nor did they affect the
regulation of ESCs growth by IL-22 [172]. MAPKs drive the
inflammatory response in different immune cell subsets,

such as monocytes and macrophages. Lee et al. showed that
monocytes derived from primary cell cultures could be
stimulated by peritoneal fluids derived from endometriotic
patients, and this was accompanied by induction of phosphor-
ylation of extracellular stress-regulated kinase (ERK)1/2,
p38 MAPK, and c-Jun N-terminal kinase (JNK) [173]. More-
over, the ability of LPS-treated monocytes to produce mono-
cyte chemotactic protein-1 (MCP-1) was down-regulated by
PD98059 (a MEK inhibitor) and SP600125 (a JNK inhibi-
tor), but not by SB203580 (a p38-MAPK pathway inhibitor)
[173]. Accordingly, it is possible that MAPK mediates a direct
effect on MCP-1 production in peritoneal fluids obtained
from women afflicted by endometriosis. Previous studies
examined the effects of Macrophage Migration Inhibitory
Factor (MIF) on the phosphorylation of ERK-1/2 and
p38 MAPKs [174,175]. MIF induced the phosphorylation of
ERK1/2 MAPK and p38 MAPK in endometriotic stromal
cells [174,175]. Specific inhibition of p38 (SB203580) and
ERK MAPK activity (e.g., by PD98059) markedly inhibited
basal and MIF-induced secretion of PGE and MIF-induced
PTGS2 expression in these cells [174]. Additionally,
PD98059 and SB203580 significantly inhibited VEGF and
IL-8 at both the mRNA and protein expression levels, thereby
highlighting not only their anti-inflammatory but also their
antiangiogenic properties [175]. The antiangiogenic response
to MAPK inhibition may be related to downstream effects
of this cascade. Huang et al. demonstrated antiangiogenic
properties, as evidenced by decreased VEGF expression in
ectopic stromal cells, after p38 MAPKs inhibition [169]. This
effect may be related to decreased PTGS2 expression upon
exposure to SB203580, which in turn may lead to a reduced
induction of VEGF expression in ectopic stromal cells [169].
Additionally, using a human umbilical vein endothelial cell
line (HUVECs), Chang et al. showed that supernates of
endometriotic primary stromal cell cultures could stimulate
angiogenesis by HUVECs through IL-8 and VEGF secretion
and a consequent increase in tubal vessel formation [176].
U0126 (a MEK inhibitor) could block these angiogenic
effects with a significant concomitant decrease in VEGF and
IL-8 expression, as well as reduced tube formation by the
HUVECs [176].

Zhou et al. showed that treatment with SB203580 (a spe-
cific p38 MAPK inhibitor) readily decreased the weight of
experimentally induced endometriotic lesions in a BALB/c
mouse model [177]. The mRNA levels of IL-1b, TNF-a,
MMP-2, and MMP-9 in cells from the peritoneal cavity,
and the concentrations of IL-1b, TNF-a, MMP-2, and
MMP-9 proteins in the peritoneal fluids were increased in
mice with induced endometriosis, whereas this increase was
suppressed by SB203580 treatment through decreased phos-
phorylation of p38 MAPK after drug treatment [177].
MMP-2 and MMP9 are involved in the degradation of the
extracellular matrix and they exert a major role on cell
behaviors such as adhesion-migration, angiogenesis, and
host defense. These findings suggest that inhibition of
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p38 MAPK activity might reduce endometriosis-related
inflammation by acting on both interleukins and matrix
metalloproteases, thereby slowing progression of the dis-
ease [177]. The role of MAPK in adhesion-invasion was inves-
tigated further by Li et al., who showed that the ability of
human primary endometriotic stromal cell cultures to
adhere to Collagen IV and Fibronectin is dependent on
MAPK [178]. They found that U0126 affected adhesion and
invasion of endometriotic stromal cells in vitro in a MEK-
dependent manner [178].

In addition to anti-inflammatory and anti-adhesion effects,
MAPK inhibitors have also been shown to control cellular
proliferation in endometriosis. Previous studies using differ-
ent cellular models have clearly shown that the MEK inhibitor
U0126 could exert a strong anti-proliferative effect in vitro.
The inhibitory effect of U0126 has been shown with human
primary endometrial stromal fibroblast cultures [179], human
primary endometriotic stromal cell cultures [180-182], and
with both epithelial and stromal primary cell cultures [70].
Ngo et al. confirmed these anti-proliferative effects in vivo,
using a xenograft mouse model of endometriosis [70].
Oh et al. focused on the role of leptin in the growth of endo-
metriotic lesions [183]. Leptin acts as a potential growth stim-
ulator in several types of normal and neoplastic cells. Leptin
induced the activation of Janus Kinases 2 (JAK2), signal trans-
ducers and activators of transcription 3 (STAT3), and extra-
cellular signal-regulated kinase (ERK) in immortalized
human endometriotic epithelial and stromal cells lines [183].
Moreover, pretreatment with MEK inhibitor (PD98059) sig-
nificantly inhibited leptin-induced cell growth [183]. Using
endometriotic stromal cells, Eaton et al. demonstrated that
MEK1/2 promotes proliferation and survival of endometri-
otic cells and tissue [184]. Additionally, these authors specu-
lated regarding the possibility of a MAPK-dependent
expression and localization of progesterone receptor (PR) in
endometriotic tissues [184]. U1026 treatment could, in fact,
decrease cellular proliferation, increase apoptosis by enhanced
cleavage of caspase-3, and could also increase the expression of
PR protein in endometriotic stromal cells [184]. These authors
favor the possibility of a MAPK-dependent link between low
PR protein expression and a proliferative profile in endome-
triosis that is related to a progesterone-resistant phenotype.

Using an in vitro model of human primary endometrial
stromal cell cultures derived from ovarian endometriomas,
Cheng et al. showed that pretreatment with U0126 abolished
ERK phosphorylation, as well as expression of cyclin D1,
cyp19, and PTGS2 at both the mRNA and protein levels [182].
This suggests that stromal cell inflammation, steroidogenesis,
and the subsequent proliferation are MEK dependent [182].

Previous studies of MAPK kinase by our research team
focused on two different inhibitors of MAPK: Vemurafenib
and Sorafenib. We have shown that treatment with Vemura-
fenib, which is a potent kinase inhibitor specific for BRAF,
decreases MAP kinase ERK1/2 activity in both epithelial
and stromal cells of endometriotic lesions, with a consequent

decrease in proliferation. This suggests that the BRAF path-
way is functional in endometriotic lesions [185]. Using a xeno-
graft mouse model of endometriosis, we confirmed
that Vemurafenib regulates endometriosis activity in vivo,
possibly by targeting proliferation and endometriosis-related
inflammation [185].

More recently, we have evaluated the action of Sorafenib in
the pathogenesis of endometriosis [186]. Sorafenib is an orally
available multi-kinase inhibitor that targets two different
pathways in the pathogenesis of endometriosis. These two
pathways are the RAF kinase and VEGFR-mediated signaling
pathways. We have demonstrated that Sorafenib exerts cyto-
static effects in endometriosis stromal cells by decreasing
MAP kinase ERK1/2 activity. Additionally, treatment with
Sorafenib decreased VEGFR-2 auto-phosphorylation, as
evidenced by a decrease in the pVEGFR-2/VEGFR-2 ratio
in endometriosis stromal cells. Using a xenograft mouse
model of endometriosis, we confirmed that Sorafenib signifi-
cantly decreases the size of the xenograft. The aforementioned
observations therefore indicate that this drug regulates endo-
metriosis activity in vivo, possibly by targeting proliferation
and endometriosis-related angiogenesis [186]. Altogether, these
findings suggest that novel non-hormonal treatments of endo-
metriosis could be effective in controlling the development of
endometriosis, thus opening new avenues for endometriosis
drug discovery through the development of specific targeted
medical treatments.

Finally, we can speculate about the possibility that MAPK
inhibitors, by controlling the development of endometriotic
lesions, could control pain intensity in women with endome-
triosis. Indeed, by targeting inflammation, angiogenesis, and
proliferation, MAPK inhibitors could interrupt the inflamma-
tion pathway with subsequent antineuroangiogeneic effects
leading to pain relief [187]. In addition, sensory nerve fiber
receptors activate different secondary messenger systems
including the MAPK pathway, which can act on voltage-gated
ion channels, responsible for the generation of action poten-
tials of the nociceptive stimuli [154]. Thus, MAPK inhibitors
could influence the activity of nociceptor ion channel through
decreased MAPK activity. As such, the clinical relevance of
these drugs in daily practice still needs to be clarified, espe-
cially in a patient population of reproductive age.

In fact, the main limitations of MAPK inhibitors are
specific adverse side effects and reproductive adverse effects
such as the inhibition of ovulation and teratogenicity. How-
ever, side effects are dose dependent and in most of the cases
are not side effects. In addition, the embryotoxic and terato-
genic effects depend on the specificity of each drug.

A recent animal study has demonstrated that transient inhi-
bition of LH/hCG-stimulated MAPK activity abrogates
ovulation in mice probably through specific inhibitory effects
on PTGS2 expression [188].

Sorafenib and Vemurafenib are MAPK inhibitors currently
used in humans which have been evaluated to control
endometriosis progression using in vitro and in vivo animal
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models. The most common Sorafenib-related side effects
reported in previous studies are skin toxicities (hand--foot
skin reaction, rashes, and alopecia), gastrointestinal toxicities
(diarrhea, nausea, stomatitis, and abdominal pain), constitu-
tional adverse reactions (anorexia, weight loss, fatigue), hyper-
tension, and infections [189]. In addition, weight loss is a
frequent side effect of Sorafenib treatment, probably associ-
ated with anorexia and reduced food intake [189]. Finally, Sor-
afenib has been shown to display embryotoxicity and
teratogenicity in animal studies. In marked contrast, previous
animals studies have failed to show any embryotoxic and ter-
atogenic effects of Vemurafenib [190]. In addition,
Maleka et al. reported a safe administration of Vemurafenib
in pregnant women with metastatic melanoma [191]. In the
light of the aforementioned observations, these treatments
should be used in combination with contraceptive drugs in
order to avoid the theoretical risk of embryotoxicity and tera-
togenicity. Furthermore, as a precautionary measure, women
who wish to conceive should be advised to respect a 6-month
wash-out period after any MAPK inhibitor treatment.

5. Conclusion

The development of the endometriotic lesions is a multistep
process involving cell adhesion, invasion, and proliferation,
as well as angiogenesis and steroidogenesis. Pronounced
inflammation is a hallmark of all of these different steps that
participate in the maintenance of endometriotic lesions in
the pelvic cavity, and the progression into more severe forms
of endometriosis and its pain and infertility symptoms. More-
over, while hormonal dysregulation plays a key role in the
control of endometriotic cell proliferation, it is now clear
that non-hormonal pathways contribute to the endometriotic
cell phenotype. Results from a multitude of studies have led to
the deciphering of the molecular pathways involved in endo-
metriotic cell proliferation. It is now generally accepted that
the hormonal environment associated with inflammatory pro-
cesses triggers activation of MAPK signaling cascades. MAPKs
were originally seen as attractive targets for anticancer thera-
pies due to their central role in regulating growth and survival
of cells from a broad spectrum of human tumors. In light of
these more recent findings regarding MAPK involvement in
mechanisms related to endometriosis, the MAPK signaling
pathway can hence also be considered to be a novel and cru-
cial pathway for the development of new targeted endometri-
osis therapies.

6. Expert opinion

Endometriosis is an enigmatic disease. It is now clear that
endometriosis is caused not only by the presence of endo-
metriotic cells through retrograde menstruation in the pelvic
cavity, but also by specific features of endometriotic cells
that allow their survival and that promote their proliferation.
Hormonal and inflammation-mediated mechanisms are

involved in the maintenance of endometriotic lesions and in
the activation of specific pathways. The experimental studies
discussed here confirm the notion that the development of
endometriosis is both an endocrine and an inflammatory
disease. As such, the crucial inflammatory nature of endome-
triosis seems to contribute not only to survival and propaga-
tion of ectopic endometrial tissues, but also to disease
symptoms. The main symptoms are infertility and pelvic
pain, and these are a common occurrence with this disease.
This review illustrates how MAPK pathways are involved in
regulating the pathogenesis of endometriosis by playing
pivotal roles as intracellular and extracellular signal trans-
ducers in endometriotic cells. MAPK pathways have been
studied extensively in various types of cancers and are indeed
frequently altered in cancer. Moreover, new therapeutic strat-
egies that aim to block MAPK pathways have succeeded in
inhibiting tumor growth and are currently being used as anti-
cancer chemotherapeutic drugs. Developing a greater insight
into the cellular and molecular mechanisms by which
hormonal and inflammatory processes feed into MAPK path-
ways in endometriosis is a fundamental step to designing
better and more effective future medical treatment strategies
for this disease.

Endometriosis constitutes a considerable societal burden as
it affects millions of women worldwide and it is associated
with extensive economic costs and reduced quality of
life [10-12]. Endometriosis is hence a significant health prob-
lem. However, there are still only few treatment options for
women with endometriosis, and these are limited to either
hormonal treatments and/or surgery. The majority of women
do not tolerate these medical treatments and their associated
contraceptive effects well, while surgical treatment is associ-
ated with a high rate of recurrences and considerable life-
threatening surgical complications, especially in cases
involving deep infiltrating endometriosis, which is the most
aggressive form of this disease. In light of the above, there is
currently an urgent need for new medications to treat endo-
metriosis. These new medications need to relieve pain symp-
toms without affecting fertility through contraceptive effects
due to interference with spontaneous ovulations and the
implantation capacity of the endometrium. MAPK inhibitors
can be considered as novel and specific therapeutic targets to
control progression of this disease. The efficacy of MAPK
inhibitors such as Vemurafenib or Sorafenib in severe endo-
metriosis warrants evaluation by clinical and imaging
assessments. The main limitations of MAPK inhibitors as
treatments for endometriosis are the teratogenicity and spe-
cific adverse side effects. Endometriosis is a chronic disease
that requires a long-term therapy combining clinical efficacy
and low incidence of adverse effects. However, in refractory
patients suffering from severe endometriosis with multifocal
and extensive deep infiltrating endometriosis that in general
ultimately requires extensive surgery, concern regarding
temporary side effects should be balanced with the severity
of the disease and the surgical risks. Therefore, given the
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theoretical risk of embryotoxicity and teratogenicity and as a
precautionary measure, these treatments should be used in
combination with contraceptive drugs and women who wish
to conceive should be advised to respect a 6-month wash-
out period after any MAPK inhibitor treatment.

In the case of surgery, patients with severe and multifocal
disease could be treated with MAPK inhibitors during the
“waiting period” before surgery, which is often as long as
8 -- 12 weeks. In this specific case, based on the severity of
the disease and the even more limited options for treatment,
some of the treatment’s side effects might be tolerable. If the
reduction of the ectopic implant size in humans is as impres-
sive as in the animal models studied, and if the size reduction
is accompanied by decreased inflammation and subsequent
decrease of painful symptoms scores, we can imagine that
the relay with a contraceptive drug may stabilize the disease
into a pauci-symptomatic form.

In addition, we can speculate about the possibility that
MAPK inhibitor could decrease the size of ectopic implants
in humans and thus be responsible for a significant efficacy
on patients’ relief from painful symptoms and subsequent
postponement of surgery or even render surgery unecessary.

Such experimental approaches should, however, be evalu-
ated in a double-blind randomized manner versus placebo
or standard medical hormonal treatments. Additionally, spe-
cific follow-ups should evaluate the clinical impact of painful
symptoms by using a pain-scoring system, and changes in

implant size by using MRI imaging during the treatment
period. Lastly, a detailed analysis of ectopic implants should
be performed after surgery, as this may show differences in
key molecular and cellular mechanistic markers, such as apo-
ptosis, proliferation, inflammation, and angiogenesis.

One can hence envision that targeting of MAPK pathways
may soon provide the medical community with highly-
promising drugs to address unresolved issues relating to the
treatment of severe endometriosis.
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