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Endometriosis is a chronic and debilitating condition affecting ~10% of women.
Endometriosis is characterized by infertility and chronic pelvic pain, yet treatment options
remain limited. In many respects this is related to an underlying lack of knowledge of
the etiology and mechanisms contributing to endometriosis-induced pain. Whilst many
studies focus on retrograde menstruation, and the formation and development of lesions
in the pathogenesis of endometriosis, the mechanisms underlying the associated pain
remain poorly described. Here we review the recent clinical and experimental evidence of
the mechanisms contributing to chronic pain in endometriosis. This includes the roles of
inflammation, neurogenic inflammation, neuroangiogenesis, peripheral sensitization and
central sensitization. As endometriosis patients are also known to have co-morbidities
such as irritable bowel syndrome and overactive bladder syndrome, we highlight how
common nerve pathways innervating the colon, bladder and female reproductive tract
can contribute to co-morbidity via cross-organ sensitization.

Keywords: chronic pelvic pain, sensory afferents, uterus, vagina, inflammation, neuroangiogenesis, peripheral
sensitization, hyperalgesia

INTRODUCTION

Endometriosis is a chronic and debilitating condition characterized by chronic pelvic pain (CPP)
and infertility. Endometriosis has a large clinical burden, affecting approximately 1 in 10 women
globally (Simoens et al., 2007; Adamson et al., 2010; Nnoaham et al., 2011). As such, endometriosis
is associated with significant societal and economic burden that costs the US economy $22 billion
annually in lost productivity and direct healthcare costs (Simoens et al., 2007; Adamson et al., 2010;
Nnoaham etal., 2011). Despite this burden, the etiology and pathogenesis of endometriosis remains
poorly defined, whilst efficacious therapeutic interventions remain limited.

Endometriosis is diagnosed surgically by the presence of endometrial lesions outside of the
uterus. However, surgical intervention and diagnosis are usually preceded by bouts of chronic
abdominal pain and/or CPP, leading patients to present to their consulting physician. More than
60% of women diagnosed with endometriosis report CPP, with endometriosis patients 13 times
more likely to experience abdominal pain than healthy subjects (Ballard et al., 2008). Despite
this disease homogeneity, the mechanisms by which endometriosis induces a chronic pain state
remain poorly understood (Ballard et al., 2008). Surgical removal of endometrial lesions can be
successful in alleviating pain in endometriosis patients, supporting a role of these lesions in chronic
pain. However, disparity exists in the correlation between pain severity and lesion score (Porpora
et al., 1999). Moreover, chronic pain frequently returns in patients within 12 months of lesion
removal, even in the absence of lesion regeneration (Abbott et al., 2004; Shakiba et al., 2008).
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As such, there is a clear disconnect between the traditional
theory that endometriosis associated pain is solely dependent on
lesions, and the reality experienced by endometriosis patients
throughout the world. This disconnect is further highlighted
by the observation that endometriosis patients frequently suffer
from a number of clinical comorbidities. Endometriosis is
commonly co-diagnosed with bladder and colon disorders that
are characterized by sensory dysfunction, such as overactive
bladder syndrome (OAB), and irritable bowel syndrome (IBS)
(Surrey et al., 2018). These comorbidities are suggestive of a
more complex pathophysiology for endometriosis induced pain
that cannot be explained by endometrial lesions alone. Growing
evidence now indicates that a chronic remodeling of the nervous
system occurs in shared sensory neural pathways to induce a state
of protracted peripheral and central sensitization and chronic
pain in endometriosis patients.

In this review, we summarize the most recent clinical
and preclinical research to highlight advances in determining
the mechanisms underlying the development of endometriosis
associated CPP and chronic abdominal pain. In particular, we
highlight the mechanisms occurring in the periphery.

Pathogenesis
As an estrogen dependent disorder, endometriosis
predominantly effects women of reproductive years aged
15-50 (Giudice and Kao, 2004). Endometriosis is a chronic
inflammatory condition, characterized by the migration of
uterine endometrial cells into the pelvic cavity, where they form
lesions on multiple sites across multiple organs. Retrograde
menstruation is the generally accepted mechanism underlying
the pathogenesis of endometriosis (Sampson, 1927; Giudice
and Kao, 2004). This mechanism was originally proposed
in 1927, whereby endometrial fragments migrate from the
fallopian tubes into the peritoneal cavity during menstruation
(Figure 1). However, retrograde menstruation naturally
occurs in 90% of women, but only 10% of women develop
endometriosis (Halme et al., 1984b). More recent data show the
prevalence of retrograde menstruation is no different in women
with or without endometriosis, suggesting a more complex
etiology (Kruitwagen et al, 1991; O et al, 2017). Patients
with endometriosis typically have more frequent and higher
volumes of menstrual flow, shorter menstrual cycle intervals and
increased endometrial fragments in the peritoneal cavity (Liu and
Hitchcock, 1986; Tal et al., 2019). Once the endometrial debris
becomes ectopic, adhesion needs to occur in order to initiate
the development of lesions and the induction of endometriosis.
While the mechanisms underlying this process remain unclear,
it is considered that immune dysfunction and the subsequent
inability to effectively clear these fragments enables endometrial
lesions to form in the peritoneal cavity (Giudice and Kao, 2004).
Normal menstruation requires the initiation of an innate
immune response to provide cyclical breakdown and clearing
of endometrial cells from the uterus in a highly regulated
process (Critchley et al, 2001). Similarly, in women who
don’t develop endometriosis, ectopic endometrial debris is
cleared from the peritoneum by an innate immune response
characterized by increased local neutrophils, macrophages,

natural killer (NK) cells and dendritic cells (O et al., 2017; Symons
et al., 2018). Dysregulation in this innate immune response in
response to ectopic endometrial tissue has been implicated in
endometriosis pathophysiology. Numerous studies have shown
increased peritoneal macrophages in response to the infiltration
of circulating monocytes in the peritoneal cavity (Halme et al.,
1984a; Amaral et al., 2006; Banu et al., 2008), which facilitate
the growth of endometrium-like tissue (Oosterlynck et al., 1992;
Dmowski et al., 1998; Chuang et al., 2010). In women without
endometriosis, tight regulation and control of immune cells clears
the way for the next menstrual cycle. However, in women with
endometriosis the chronic inflammatory milieu has been linked
to the generation of pain (Laux-Biehlmann et al., 2015).

Although retrograde menstruation is the oldest and most
widely accepted mechanism, other theories have been proposed
in the pathogenesis of endometriosis. Amongst these, metaplasia
of specialized cells in the peritoneal tissue into endometrial like
cells (Coelomic metaplasia), hormonal imbalance, progesterone
resistance, immune dysfunction and inflammation, are all able to
facilitate lesion growth and a genetic component that provides
bias toward first degree relatives and twins (Sourial et al,
2014). Understanding the pathogenesis of endometriosis and
how each of these mechanisms may intertwine is an important
area for research. Elucidating risk factors and mechanisms will
enable a more widespread understanding of the development
of endometriosis and ultimately treatment and prevention of
ectopic lesion formation and growth.

Clinical Diagnosis

The most common symptoms of endometriosis include
dysmenorrhea, back pain and chronic lower abdominal pain or
CPP that is associated with bladder filling and defecation. As
these symptoms mimic those of other diseases or conditions,
the clinical diagnosis of endometriosis is complex (Hickey et al.,
2014). Despite multiple studies aimed at identifying biomarkers
in the blood or urine to facilitate non-invasive biological testing
and clinical diagnosis of endometriosis, no biomarkers have
been identified as of yet (Nisenblat et al., 2016; Chapron et al.,
2019). Clinical examination via palpation of the abdominal and
pelvic area, in conjunction with patient history are early stages
of the endometriosis diagnosis process, but are only stepping
stones to further investigation (Riazi et al., 2015). Non-surgical
clinical examination cannot definitively diagnose endometriosis
with ultrasound, the most common non-invasive investigation,
correctly identifying only ~10% of cases (Pugsley and Ballard,
2007). Recent advances in medical imaging suggests potential for
transvaginal ultrasound and MRI as diagnostic tools for some
types of endometriosis, however, the identification of superficial
peritoneal lesions is not yet possible as the size of the lesions
is below the threshold for detection (Guerriero et al., 2018;
Van den Bosch and Van Schoubroeck, 2018; Chapron et al,
2019). Accordingly, endometriosis can only be diagnosed and
classified via surgical laparoscopy or laparotomy to confirm the
presence of endometriotic lesions (Hickey et al., 2014). Due
to the surgically invasive nature of this diagnostic testing, as
well as the limited understanding of endometriosis pathology,
progression, and risk factors, there is often frequent misdiagnosis
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FIGURE 1 | Schematic overview of an enhanced immune response leading to chronic pelvic pain in endometriosis. Endometrial fragments in the peritoneum,
originating from the uterus during retrograde menstruation, lead to the production and build-up of iron, reactive oxygen species (ROS), prostaglandins (PGE,) and
acidosis in the peritoneal fluid (peritoneal inflammation). This immune response is also seen at lesions sites throughout the peritoneal cavity, where the increased
production of cytokines, chemokines, growth factors and neutrophils also contribute to an enhanced inflammatory environment present in the peritoneal cavity of
women with endometriosis (lesion inflammation). Of these inflammatory mediators, PGE», tumor necrosis factor a (TNFa), nerve growth factor (NGF), RANTES and
interleukins (IL) IL-8 and IL-1p are able to directly activate sensory nerve endings and activate a positive feedback loop, further increasing proinflammatory modulator
production (neurogenic inflammation). The enhanced stimulation and activation of peripheral nerve endings in the peritoneal cavity (peripheral sensitization) increases
the painful stimuli transmitted to the spinal cord, initiating and maintaining chronic pelvic pain (central sensitization).

and a consequential delay in determining the correct diagnosis.
Multiple studies investigating the time between the onset of pain
and the diagnosis of endometriosis report a significant delay,
with an average of 8 years in the United Kingdom and up to
12 years in many countries including the United States (Hadfield
et al., 1996; Arruda et al., 2003; Husby et al.,, 2003; Nnoaham
et al., 2011). Such delays in diagnosis are likely to aid in the
progressive chronicity of the disease.

Once surgically confirmed, the stage and extent of
endometriosis is categorized via a standardized worldwide
classification system into one of four grades, determined
by the severity of lesions/adhesions (Taf, 1979; Canis et al,
1997). Although this is the standard and accepted method for

classification, there is only a weak correlation between the graded
severity of morphological characteristics and the intensity and
character of pain symptoms (Vercellini et al., 2007; Hsu et al.,
2011). As diagnosis and classification of endometriosis evolves,
it has become clear that it is a chronic and systemic disease with
inadequate understanding, and diagnosed stage is not indicative
of patient suffering (Adamson, 2011; Johnson et al., 2017).
The location of ectopic lesions can vary dramatically between
patients and are found predominantly on the peritoneum, but
also adhered to organs, including ovaries, vagina, fallopian
tubes, bladder, colon and small intestine (Chapron et al., 2003;
Stegmann et al., 2008). Whilst pain is often experienced from the
reproductive organs, pain can also originate from those organs

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

in close proximity, such as the bowel and bladder. Accordingly,
patients with endometriosis exhibit significant comorbidity with
chronic abdominal pain and CPP disorders such as interstitial
cystitis/painful bladder syndrome (70-80% of endometriosis
patients) (Chung et al, 2005; Tirlapur et al., 2013) and IBS
(50-70% of endometriosis patients) (Jess et al., 2012; Schomacker
et al., 2018). Although lesions can be removed or ablated as an
initial treatment for endometriosis associated CPP, additional
treatments or further surgery are often required. Whilst surgery,
hormonal and non-hormonal pharmaceutical agents (discussed
in greater detail below) are used to try and resolve CPP (Table 1),
complete eradication of endometriosis-associated pain is
rarely possible.

MECHANISMS UNDERLYING
ENDOMETRIOSIS INDUCED PAIN

The majority of research into the mechanisms underlying pain
in endometriosis has focused on the endometrial lesions and
adhesions as the primary source of endometriosis-associated
pain. Although lesion specific pain is apparent, and undoubtably
essential for the induction of endometriosis induced pain, lesion
removal does not provide pain relief in all cases, with reports
suggesting 20-28% of patients do not have pain relief following
surgery (Sutton et al., 1994; Abbott et al., 2004). Furthermore,
only a marginal association exists between endometriosis stage
(defined by lesion morphology) and the severity of pelvic
symptoms (Vercellini et al., 2007), suggesting additional complex
mechanisms are involved. More recent understanding of the
mechanisms underlying the development of a chronic pain
state in endometriosis implicates cyclical bleeding from lesions
and subsequent inflammation at both lesion sites and in the
peritoneal cavity. These proinflammatory responses then result
in sensory nerve activation and altered activation of nociceptive
pathways (Table 2) (Morotti et al, 2017; Patel et al., 2018;
Zheng et al., 2019).

Inflammation

In the uterus, the natural breakdown and elimination of
endometrial tissue during menstruation is a highly regulated
response to falling levels of estrogen and progesterone, acting
to remove menstrual debris from the uterus, to make way for
another cycle of endometrial regeneration (Berbic and Fraser,
2013). Carried out by the innate immune system, this process
recruits a large number of immune cells, including neutrophils,
macrophages and natural killer cells (NKs) to facilitate menstrual
breakdown. The endometrial lining undergoes apoptosis and
necrosis and is then finally shed (Berbic and Fraser, 2013). The
programmed cell death during menstruation releases numerous
cellular products, including iron, reactive oxygen species (ROS),
prostaglandins and a family of damage-associated molecular
patterns (DAMPs) amongst others (Laux-Biehlmann et al., 2015).
When retrograde menstruation occurs endometrial fragments
adhere and form lesions within the peritoneum, where they
remain endometrial in nature, expressing estrogen receptors
and undergoing cyclical inflammatory and menstrual events

(Brosens, 1997; Burney and Lathi, 2009). Cyclical bleeding in
response to sex hormones, which naturally occurs in the uterus
during menstruation, can also be seen within the peritoneal
cavity at the site of endometrial lesions (Halme et al., 1984a).
In endometriosis, menstrual by-products also arise from extra-
uterine lesions and are released into the peritoneal cavity
where they initiate immune responses (Table 2 and Figure 1)
(Laux-Biehlmann et al., 2015). Not only does the attempted
breakdown of existing endometriotic lesions and residual
retrograde menstruation in the peritoneal cavity activate an
immune response, but the amplified inflammatory milieu leads
to a build-up of iron, ROS, prostaglandin E2 (PGE;) and acidosis
(Reeh and Steen, 1996). This immune response is evident at
lesion sites, with increased inflammatory cytokines/chemokines,
growth factors, neutrophils and prostaglandins found within
the peritoneal cavity of endometriosis patients (Donnez et al.,
1998; Barcz et al., 2000; Sacco et al, 2012; Kraliekova and
Vetvicka, 2015). Of these mediators, PGE,, tumor necrosis factor-
a (TNFa), nerve growth factor (NGF), Regulated on Activation
Normal T cell Expressed and Secreted (RANTES, also known
as C-C chemokine ligand 5: CCL5), and interleukin (IL) IL-
8 and IL-1P are all elevated within the peritoneal fluid of
endometriosis patients who reported CPP pain (Ryan et al,
1995; Barcz et al, 2000; Bedaiwy et al., 2002; Scholl et al,
2009). Crucially these mediators are all able to directly activate
sensory nerve endings, suggesting inflammatory mechanisms
may be important in endometriosis associated (Wu et al., 2017;
Liang et al., 2018). A recent study showed that cytokine analysis
of peritoneal fluids could differentiate women diagnosed and
stratified laparoscopically with ovarian endometrioma, peritoneal
endometriosis, or deep infiltrating endometriosis. This suggests
that certain cytokine signatures could be driving different
biological signaling events and immune responses in these
patients (Zhou et al., 2020).

In addition, ROS induce oxidative modification of proteins
and significantly higher levels of protein oxidative stress
markers are found within the peritoneal fluid of women
with endometriosis (Santulli et al., 2015). The targeting of
oxidized proteins with oral antioxidants, including vitamin E
and vitamin C, significantly reduces reported chronic pain
in women with endometriosis compared to placebo following
8 weeks of treatment (Santanam et al., 2013). This treatment
approach also decreased inflammatory markers within the
peritoneal fluid (Santanam et al., 2013). Oxidized proteins, and
the subsequent activation of nociceptors, has been suggested to
promote endometriosis associated pain although the underlying
mechanism remains unclear (Ray et al., 2015; Wright et al., 2017).

Overall, the resulting increase in extra-uterine debris,
heightened by further retrograde menstruation, induces an
enhanced inflammatory response within the peritoneum and
presents an opportunity for the interaction of these immune cells
with sensory nerves to induce CPP (Asante and Taylor, 2011).
Long term exposure to proinflammatory cytokines is proposed
to activate and sensitize sensory nerves present in endometriotic
lesions, initiating the transfer of pain to the central nervous
system (CNS) (Laux-Biehlmann et al., 2015). The activation of
sensory nerve fibers to generate and convey pain to the CNS is
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TABLE 1 | Current approaches for CPP in endometriosis.

Class Type

Mechanism

Side effects

Hormonal GnRH agonists Aromatase inhibitors

Contraceptive Pill

Non-hormonal NSAIDs Opioids

Lesion excision or ablation
Partial or complete Hysterectomy

Surgical

Modulation of hormone signaling and
prevention of menstruation

Targets inflammation

Target lesions or uterus as site of
endometriosis

Hypoestrogenic — decreased bone density,
mood changes and breast atrophy
Not viable with pregnancy

Often ineffective

Exhibit toxicity

Tolerance, dependence, constipation and
addiction

Invasive surgery with significant complication
rates

Early menopause

Not always viable with pregnancy
(hysterectomy)

TABLE 2 | Pain mechanisms in endometriosis.

Key players in pain

Site Mechanism
Inflammation Peritoneal fluid and Retrograde menstruation
endometrial lesions and cyclical bleeding at
lesion sites
Neurogenic Sensory nerves Build-up of pro-nociceptive
inflammation environment can act
directly on sensory nerve
fibers
Peripheral Sensitization ~ Peripheral sensory nerves Neuroplasticity of peripheral
Sensory nerves
Central Sensitization Central nervous system Long term changes in CNS

(CNS) signaling

Sensitized afferents from
one organ induce

Sensitized afferents across
multiple organs

Cross-organ
Sensitization

sensitization of the afferents

innervating another organ

Activation of an innate immune response increases inflammatory and
nociceptive cytokines/chemokines (TNFa interleukins IL-8 and IL-18) (Barcz
et al., 2000), ROS, growth factors (NGF and VEGF) (Donnez et al., 1998),
neutrophils and prostaglandins (PGEy) (Sacco et al., 2012; Kréliekova and
Vetvicka, 2015)

Degraded tissue by-products including ROS, PGE, and acidification can
activate sensory nerves (Reeh and Steen, 1996; Holzer, 2011).

Positive feedback loop maintains inflammation by releasing further
proinflammatory modulators including SP and CGRP (Tokushige et al., 2006b).

Persistent inflammation can cause structural and synaptic changes occur to
shift the neuronal function into a more sensitized state (Brierley and Linden,
2014).

The abundance of inflammatory molecules in the peritoneal fluid, including
glycodelin, ROS, TNFa, NGF, and PGE, may contribute to this (Chiu et al.,
2012).

Persistent nociceptive barrage leads to a long-lasting central sensitization of
sensory afferents, evoking long term changes in pain processing or ‘memory’
(Bajaj et al., 2003; Woolf, 2011).

Visceral afferents converge into similar areas of the spinal cord providing
opportunity for the sensitization of neighboring cells due to spatial location (Ge
etal., 2019)

a vital step in the pain processing pathway, and contributes to
other forms of chronic visceral pain (Berkley, 2005; Brierley and
Linden, 2014; de Groat et al., 2015; Grundy and Brierley, 2018).
Whilst this cyclical inflammation can exacerbate pain during
menstruation, non-cyclical pain is also experienced by many
women with endometriosis (Vercellini et al., 2007). This suggests
further mechanisms, independent of cyclical events, contribute to
CPP in endometriosis.

Neuroangiogenesis

Pain relies on the existence of sensory transduction pathways
linking peripheral stimuli to the spinal cord for processing
and the brain for perception (Figure 2). However, endometrial
fragments do not have an intrinsic sensory nerve supply
connected to these pathways. For endometrial lesions to induce
chronic pain, the development of new sensory nerves to convey
these signals needs to occur. A number of studies have now shown
that once endometrial fragments adhere to a peritoneal location

and become lesions, they undergo a process of neuroangiogenesis
(Asante and Taylor, 2011). This consists of the coordinated
establishment of a blood supply through the generation of new
blood vessels to support growth and survival (angiogenesis),
together with the synchronized innervation by nerve fibers
(neurogenesis) (Weinstein, 2005).

Neuroangiogenesis is regulated by estrogen and immune
cells, including macrophages, which are an important source of
vascular endothelial growth factor (VEGF) and nerve growth
factor (NGF), both of which are increased in endometriosis
(McAllister et al., 2009; Greaves et al., 2014). Macrophages
exacerbate local inflammation, facilitate growth of ectopic
endometrial lesions and are directly involved in angiogenesis,
releasing chemokines and cytokines that further drive the
growth of endometrial tissue (Hammond et al, 1993; Lin
et al, 2006; Bulun, 2009). In a surgically transplanted
endometriosis mouse model, macrophage secretion of the
angiogenic factors VEGE, TNFa and macrophage inflammatory
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which ultimately transmit signals to the brain. Accordingly, these different visceral organs share common nerve pathways to the DRG and spinal cord, allowing the
potential for cross-organ sensitization. TL, Thoracolumbar; LS, Lumbosacral; IMG, Inferior Mesenteric Ganglion; MPG, Major Pelvic Ganglion.
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proteins (MIP-la and MIP-2) into the peritoneal fluid in
early stages of endometriosis progression correlated with
a peak in active angiogenesis in lesions (Lin et al, 2006).
Heightened angiogenesis, driving both the establishment
and growth of endometrial lesions, is also evident in
patients. Studies have identified increased angiogenic factors,
including VEGF and TNFa, in the pelvic peritoneal fluid
of patients with endometriosis (Shifren et al., 1996). These
changes are further supported by a rich vascularization
correlating with more active peritoneal endometrial lesions
(Nisolle et al., 1993).

As angiogenic factors promote blood supply and support
lesion growth and establishment, neurotrophic factors are
essential for the development of both autonomic neurons
and sensory afferent neurons, of which the latter can

transmit nociceptive stimuli (Yan et al., 2017; Skaper, 2018).
An increased density of small, unmyelinated nerve fibers
(sensory afferents, sympathetic, and parasympathetic efferents)
have been found in endometrial lesions (Tokushige et al,
2006b) and the endometrium of women with endometriosis
(Tokushige et al.,, 2006a). The wvast majority of these
unmyelinated nerve fibers have been identified as C-fiber
sensory afferents, unmyelinated nerves that typically function
as nociceptors, implicating them strongly in the generation of
CPP in endometriosis (Wang et al., 2009a). Directly highlighting
their importance in CPP, early removal of lesions, before they
established nerve fiber innervation, reversed hypersensitivity
seen in an endometrial mouse model (McAllister et al.,
2012). Moreover, endometriosis-associated menstrual pain
was highest in women whose endometriotic lesions had
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increased nerve fiber innervation (Mechsner et al, 2009;
McKinnon et al., 2012).

An increase in neuroangiogenic markers has been linked
to a dense nerve supply in lesions and is closely related
to CPP symptoms in women suffering from endometriosis
(Kajitani et al., 2013; Morotti et al.,, 2014). Markers for both
adrenergic and cholinergic neurons (neuropeptide Y), as well as
unmyelinated C-fibers (substance P: SP, calcitonin gene-related
peptide: CGRP) are significantly higher in the endometrium
of patients with endometriosis (Kajitani et al., 2013). Increased
levels of neurotrophins and their receptors, including NGF
and its receptor tyrosine kinase A (TrkA), are also seen in
endometrial biopsies of women with endometriosis (Tokushige
etal,, 2008). NGF promotes new nerve sprouting and acts directly
on existing sensory nerve fibers to induce pain (Anaf et al,
2002; Chao, 2003). These effects are exacerbated by increased
levels of circulating estrogen in women with endometriosis, as
estrogen can enhance NGF activation of TrkA (Bjorling et al.,
2002). This is important as its downstream target is the well-
known nociceptive cation channel transient receptor potential
subfamily V member 1 (TRPV1), which has been found to be
upregulated in endometriomas and ectopic endometrial cells
(Wang, 2008; Bohonyi et al., 2017). An increase in the density of
nerve endings throughout lesions and an enhanced excitability of
nerves provides the basis for increased nociception at lesion sites.
The nerve injury-induced protein 1 (Ninjl), which promotes
neurite outgrowth, has also been found to be expressed in ovarian
and peritoneal endometriotic tissues (Miyashita et al., 2019).

Together with the establishment and growth of endometrial
lesions, neuroangiogenesis aids irritation and invasion of
existing nerves. Nerve density is increased in deep infiltrating
endometriotic nodules when compared to healthy vaginal tissue,
an observation also seen in peritoneal endometriotic lesions
relative to the normal peritoneum (Tokushige et al., 2006b;
Wang et al., 2009b; Anaf et al, 2011). The close proximity of
endometrial adhesions and lesions to pelvic nerves can cause
their encapsulation or compression, which contributes to CPP
associated with endometriosis (Tulandi et al., 2001). Hyperalgesia
due to dense nerve supply and encapsulation is supported
by multiple studies, which show the highest pain score from
endometriosis patients correlates with a higher density of nerves
and nerve encapsulations (Anaf et al., 2000; Mechsner et al., 2009;
McKinnon et al., 2012).

It has also been suggested that an imbalance between the
activation of anti-nociceptive and pro-nociceptive ion channels
on these lesion innervating neurons is a possible mechanism
for pain pathophysiology (Arnold et al., 2012). Such imbalances
also contribute to other visceral pain conditions (Sadeghi et al.,
2018). An imbalance resulting in increased nociceptive input,
with a decreased parasympathetic control at lesion sites could
lead to a heightened pain response. Changes in this autonomic
equilibrium occur in a number of chronic visceral pain disorders
including fibromyalgia, gastroesophageal reflux disease and IBS
(Aziz, 2013), with decreased parasympathetic and increased
sympathetic activity (Heitkemper et al,, 1998), favoring the
transmission of painful stimuli. Sensory nerves had a significantly
higher density in areas close to endometriotic lesions compared

to sympathetic nerve fibers (Arnold et al., 2012). Interestingly,
it has been shown that traditional hormone therapies that
alleviate pain in endometriosis, including progestogens and
oral contraceptives, significantly reduced nerve fiber density
in ectopic endometrium (Tokushige et al, 2008). Although
a novel finding, pain severity was not assessed, and further
studies are needed to determine if the nerve fiber reduction
in endometrial lesions in response to hormone therapy would
show a clinical effect on lesion specific pain. Along these
lines, estrogen receptor expression in endometrial samples has
been shown to predict symptom severity and pain recurrence
in endometriosis. In particular a higher expression of ER-a
increased the prospect of moderate to severe dysmenorrhea
and deep dyspareunia. Correspondingly, progestin therapy
reduced ER-a expression, whereas androgen receptor, aromatase
expression and progesterone receptor abundance were unaltered
(Pluchino et al., 2020).

Neurogenic Inflammation

Adding to the already pro-nociceptive environment induced by
endometrial lesions in the peritoneal cavity, build-up of degraded
tissue by-products, including ROS, PGE, and acidification can
directly act on or sensitize sensory nerve fibers through receptors
on nociceptive afferent nerves located within lesions (Table 2 and
Figure 1) (Reeh and Steen, 1996; Ma and Quirion, 2008; Holzer,
2011). Compounding this nociceptive barrage, sensitized sensory
nerve fibers maintain inflammation by a positive feedback loop
called ‘neurogenic inflammation.” Excitation of these nerve fibers
results in their terminals releasing further pro-inflammatory
modulators. This includes neuropeptides such as SP and CGRP,
both of which are found close to endometrial lesions in
women with endometriosis associated pain (Tokushige et al.,
2006a). Moreover, activation of sensory afferent nerves initiates
the recruitment of mast cells and subsequent release of pro-
inflammatory cytokines, including TNFa, NGE, PGE; and a
variety of interleukins, such as IL-1p, which contributes to a
chronic state of neurogenic inflammation (van der Kleij et al,,
2009; Chiu et al., 2012). This inflammation encourages further
stimulation of locally circulating mast cells and macrophages
that are found in elevated levels and in close proximity to
nerve fibers in women with endometriosis (Bacci et al., 2009).
A number of other chronic pain conditions, such as asthma,
arthritis, interstitial cystitis, IBS, Inflammatory Bowel Disease
(IBD; including Ulcerative Colitis and Crohn’s Disease), show a
chronic neurogenic inflammatory state that induces chronic pain
(Bordman and Jackson, 2006; van der Kleij et al., 2009; Brierley
and Linden, 2014; Straub and Schradin, 2016).

Peripheral Sensitization

Neuroplasticity of peripheral sensory nerves, such that structural,
synaptic or intrinsic changes occur to shift neuronal function
into a more sensitized state, is an established process in the
development of chronic visceral pain (Brierley and Linden,
2014; Grundy et al, 2019). Under normal circumstances,
peripheral sensitization causes the threshold for neuronal
activation to drop, inducing pain from a stimulus that does not
normally provoke pain (allodynia) or heightens existing pain
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(hyperalgesia). This mechanism provides protection from further
damage following the development of inflammation from an
existing injury (Iyengar et al., 2017). However, if inflammation
persists, or a maladaptation to the original sensitizing stimuli
occurs, nociceptors can become chronically hypersensitive even
after inflammation resolves and histology appears normal.
This peripheral hypersensitivity of nociceptive fibers at lesion
sites may play a role in allodynia and hyperalgesia seen in
endometriosis patients (Figure 1) (Morotti et al., 2017).

As described above, there is an abundance of inflammatory
molecules, including glycodelin, ROS, TNFa, NGF and PGE,
in the peritoneal fluid of women with endometriosis, which
may contribute to the induction of a more pro-nociceptive
state (Table 2) (Chiu et al, 2012; St-Jacques and Ma, 2014).
Increased levels of TNFa and glycodelin correlate with central
hyperexcitability in response to repeated electrical stimulation
and altered pain response to nociceptive withdrawal reflex, as well
as higher levels of menstrual pain experienced by endometriosis
patients (Scholl et al., 2009; Neziri et al., 2014). Patients with the
highest pain scores also had the highest levels of TNFa, which
was independent of lesion score (Overton et al., 1996). Further
supporting a role in chronic pain conditions, TNFa activates
nerve fibers innervating the colon, and has been shown to be
elevated in samples from IBS patients, which correlates with
patient clinical pain scores (Hughes et al., 2013).

The nociceptive ion channel TRPV1 has been implicated in
other chronic pain conditions such as rheumatoid arthritis, osteo
arthritis and IBS (Wang, 2008; Basbaum et al., 2009; Sadeghi
et al, 2018), acting as a molecular sensor to potentiate and
integrate responses to pain inducing stimuli, such as acidosis,
oxidative stress or inflammatory mediators (Tominaga and Julius,
2000; Wang, 2008). Supporting an involvement of TRPV1 in
endometriosis associated pain, elevated expression of TRPV1
has been found in dorsal root ganglion (DRG) of rats with
endometriosis (Lian et al., 2017) as well as locally on infiltrating
adhesions in endometriosis patients, the increase correlating with
pain intensity (Rocha et al., 2011; Bohonyi et al., 2017). This is not
surprising, as a number of the processes responsible for TRPV1
upregulation and sensitization are found in endometriosis
patients, including enhanced ROS concentrations and increased
levels of neurotrophins such as NGF. Together these mechanisms
have the ability to activate TRPV1 as well as increase its
expression, further driving sensitization of peripheral nociceptors
(Wang, 2008; Ma et al., 2009; Kajihara et al., 2011). It has been
proposed that chronic sensitization of peripheral sensory nerve
fibers in turn induces sensitization of the CNS in endometriosis
(Berkley et al., 2005; Arnold et al., 2012). Recent studies also
show exposure to chronic stress early in life can increase the
likelihood of CPP later in life, whilst bouts of acute stress can
trigger or worsen symptoms (Pierce et al., 2014, 2015; Pierce and
Christianson, 2015; Fuentes and Christianson, 2018).

Central Sensitization

Chronic hyperexcitability of peripheral afferents has also been
shown to induce long-term changes in CNS signaling, as
well as increased sprouting of central terminals within the
spinal cord dorsal horn in other painful visceral disorders,

including IBS and interstitial cystitis (Harrington et al., 2012;
Grundy et al., 2018, 2019). These conditions contribute to the
sensitization of neurons in the CNS that produces long lasting
hyperexcitability in the absence of noxious stimuli (Anaf et al,,
2006; Schulke et al., 2009). The persistent nociceptive barrage
from inflammatory endometriotic lesions is thought to lead to a
long lasting central sensitization of sensory afferents (Figure 1)
(Bajaj et al., 2003). This phenomenon has been seen in patients
with chronic pain related to osteoarthritis, whiplash (Koelbaek
Johansen et al., 1999) and fibromyalgia (Harris et al., 2009)
and is often considered the cause for ‘unexplained’ chronic pain
(Nijs et al., 2011).

Central sensitization can evoke long-term changes in pain
processing, similar to the generation of ‘memory.’ Neonatal
irritation of hollow organs or maternal separation are able to
drive long-term visceral/somatic hypersensitivity and central
sensitization (Pierce et al., 2014, 2015; Fuentes and Christianson,
2018). Central sensitization is also often initiated and maintained
by peripheral sensitization, resulting in pain persisting long after
the peripheral insult or pathology or has resolved (Table 2)
(Woolf, 2011). This may be particularly relevant in endometriosis
as many women experience persistent pain despite treatment or
removal of endometrial lesions (Shakiba et al., 2008; Li et al.,
2018). Furthermore, women with dysmenorrhea (menstrual
pain) have increased CNS activation to noxious stimuli compared
to women who don’t experience menstrual pain, a phenomenon
seen at various stages of the menstrual cycle (Vincent et al,
2011). Accordingly, central sensitization of pain pathways could
help to explain why chronic pain persists in some patients
following lesion removal or why diagnosed lesion scores don’t
correlate with pain intensity (Li et al., 2018). With this in
mind, the location of the lesions, and their proximity to major
peripheral nerves may provide an important but overlooked
contribution to the development of chronic pain in patients
diagnosed with endometriosis.

Neuroimaging has been used to identify chronic changes in the
brains of women with CPP, both with and without endometriosis.
A decreased volume of gray matter has been identified in areas
of the brain related to pain processing, including the thalamus
and insula, a brain region consistently activated during acute and
chronic pain states (As-Sanie et al., 2016). These changes were
seen in women with endometriosis that experience CPP but not
in asymptomatic women, further supporting a role for CNS pain
processing in CPP. Furthermore, proton magnetic resonance
spectroscopy determined that women with endometriosis had
increased levels of excitatory neurotransmitters in their anterior
insula compared with healthy women (As-Sanie et al., 2016).
Using an animal model of endometriosis, changes in gene
expression in similar pain processing areas of the brain, including
the amygdala, insula and hippocampus were also observed
(Li et al.,, 2018).

Not only does central sensitization alter the pain response
from the area of insult, it can also alter pain from seemingly
unrelated areas. Animal models of endometriosis experience
allodynia and hyperalgesia to different noxious stimuli including
heat and vaginal distension (Nagabukuro and Berkley, 2007;
McAllister et al.,, 2009; Li et al., 2018). Similarly, a cohort of
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endometriosis patients experienced enhanced muscular pain
following saline injection into the hand when compared to
healthy participants (Bajaj et al., 2003). In these scenarios,
both hyperalgesia and allodynia are apparent once a stimulus
is applied, allowing the changes in sensitization to become
apparent. Although increased pain responses have been
demonstrated in both animal and human studies, the CNS
pathway changes, together with the molecular mechanisms
underlying central sensitization in endometriosis, are more
difficult to determine.

Although changes in central pain processing have been
reported in endometriosis, whether they exacerbate CPP
following changes initiated by endometriosis, or whether these
women are already sensitized and have a heightened response to
endometrial disease, is unclear. As the delay between onset of
pain and diagnosis and treatment of endometriosis is typically
between eight to 12 years, there is ample opportunity for
these lesions to induce the chronic changes needed to induce
central sensitization. Although it is currently unknown if earlier
diagnosis and removal of lesions could reverse or avoid these
changes in patients, the removal of lesions in the early stages
of progression in animal models reversed the pain experienced
(McAllister et al.,, 2009, 2012), whilst removing them at later
stages had no effect (McAllister et al., 2012).

Cross-Organ Sensitization

Women with endometriosis have a high comorbidity rate with
other chronic pain syndromes associated with peripheral and
central changes in pain processing, including, fibromyalgia,
migraine headaches, IBS and painful bladder syndrome (Chung
et al, 2002). The phenomenon of cross-organ sensitization,
described as the spreading of noxious inputs from a diseased
visceral organ to a normal organ in close proximity, has been
studied in other pathological conditions where comorbidities
are common, including IBS, IBD, interstitial cystitis and other
CPP disorders (Wesselmann, 2001; Winnard et al., 2004, 2006;
Pezzone et al., 2005; Grundy and Brierley, 2018).

Experimental evidence of functional cross-organ sensitization
in the pelvis has been observed in many combinations,
including bladder/colon (Qin et al., 2005; Grundy et al., 2018),
vagina/colon, bladder/uterus (Ge et al., 2019) and uterus/colon
(Lamb et al., 2006; Winnard et al, 2006). For example,
uterine inflammation produced signs of inflammation in the
colon and the bladder (Winnard et al., 2004), whilst bladder
inflammation has been found to alter uterine contractility
(Dmitrieva et al., 2001). These alterations have been displayed
in preclinical endometriosis models where abnormal endometrial
tissue growth induced vaginal hyperalgesia in a rat, which was
exacerbated by estradiol (Berkley et al., 2007; Nagabukuro and
Berkley, 2007). It has also been demonstrated that endometriosis
increased pain behaviors of rats with kidney stones, another
comorbidity of women with endometriosis (Giamberardino et al.,
2002), and reduced the micturition threshold of rats, indicating
increased urinary urgency and frequency, a clinical symptom of
bladder disorders (Chung et al., 2002; Berkley, 2005).

Cross-organ sensitization is thought to occur when sensitized
afferents from one organ induce sensitization of the afferents

innervating another organ (Table 2 and Figure 2). Visceral
afferents converge into similar areas of the spinal cord providing
opportunity for the sensitization of neighboring cells due to
spatial location (Grundy et al., 2018; Ge et al., 2019). The
precise mechanisms responsible for cross-organ sensitization
are unclear, however, overlap of peripheral afferent pathways
within the DRG and spinal cord are crucial (Aredo et al.,, 2017;
Grundy and Brierley, 2018; Grundy et al., 2019). Following
neuroangiogenesis, which includes the presence of CGRP,
TRPVI1, and TRPAI expressing nerve fibers (Fattori et al,
2020), the sensory nerves innervating endometriotic lesions may
converge into the same spinal pathways from the afferents they
originally sprouted from in the periphery. As such, they will
share the same cell bodies in the DRG and the same central
terminals within the spinal cord (Costa et al, 2004). As the
location of ectopic lesions appears to be random, this could help
to explain why the experience of pain is heterogenous within an
endometriosis population.

With retrograde menstruation the primary theory for
development of endometriosis, pelvic lesions are often found
around the reproductive tract, with extra-pelvic lesions found
in close proximity, located frequently upon the gastrointestinal
tract and urinary system (Matalliotakis et al., 2017). Pain from
these more distant lesions often mimics the pain from pelvic
lesions and the extent of disease continues to be independent
from symptom severity, regardless of lesion location. Conscious
pain mapping of women with endometriosis confirmed half of
participants localized their pain to lesion sites, but many women
described generalized pain in the pelvis and bowel, indicating
a widespread visceral hypersensitivity and pain independent of
lesion location (Howard et al., 2000; Hsu et al., 2011). Palpation
of various lesion types during laparoscopy of women with
endometriosis also saw pain extend into normal looking tissue
(Demco, 1998), whilst referred pain was reported in half of
women under conscious sedation during laparoscopy for CPP
(Demco, 2000). Lesion specific pain on visceral organs may
be explained by neuroangiogenesis in lesions converging with
existing neuronal pathways in the adhered organ, promoting
cross-organ sensitization due to shared nerve pathways.

Cross-organ sensitization may also occur through shared
innervation pathways of anatomically distinct organs. Recent
studies have shown that a single peripheral neuronal cell body
located within the DRG is able to generate multiple axons
that innervate a number of abdominal organs simultaneously
(Christianson et al., 2007; Chaban, 2008; Jobling et al., 2010).
Often referred to as ‘dichotomizing afferents, these nerve
fibers converge from multiple visceral organs to a single cell
body within the DRG and therefore terminate onto the same
second order spinal neurons. Whilst the evolution of these
dichotomizing afferents is embedded within the physiological
coordination of sexual, defecatory and urinary function,
sensitization of these pathways in pathological conditions can
allow cross-organ sensitization to occur. Retrograde tracing has
revealed these neurons co-innervate a number of pelvic organs
including the colon/bladder (Christianson et al., 2007; Grundy
et al., 2018), colon/vagina (Ge et al., 2019), and colon/uterus
(Chaban, 2008; Broad et al., 2009).
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The chronic generalized hypersensitivity across visceral
organs may in part be a result of cross-organ sensitization. The
female reproductive tract is innervated by splanchnic, pelvic
and pudendal nerve pathways, presenting an opportunity for
cross talk through shared neuronal pathways of other organs
in close proximity, such as the bladder and bowel. Whilst
nerve development within lesions has been of interest, further
understanding the path that new nerves take and the changes they
facilitate is a necessary step in interpreting pain progression in
endometriosis patients.

CURRENT TREATMENTS

Eighty percent of endometriosis patients suffer from CPP,
with subfertility affecting 60% of these women. Although both
symptoms are prevalent, their treatment is often independent,
with reproductive plans complicating optimal treatment
regimens. With up to 87% of women presenting with CPP found
to have endometriosis (Falcone and Flyckt, 2018), the treatment
of CPP is an effective strategy to improve the quality of life
in these patients, independent of subfertility. Overall, current
therapeutic options provide pain relief for more than 6 months
in only 40-70% of patients (Howard, 2000; Guo, 2009). As
such, a greater understanding of the mechanisms underlying
endometriosis induced pain is necessary to achieve greater
clinical outcomes in the future.

As briefly mentioned above, traditional treatments focus
on lesions as the cause of CPP associated with endometriosis
(Table 2). Modulation of hormonal signaling via gonadotropin-
releasing hormone (GnRH) agonists, aromatase inhibitors and
oral contraceptive pills is known to suppress pain symptoms via
estrogen inhibition and prevention of menstruation. However
their incompatibility with fertility make them a short term
treatment option for many women, with conclusion of treatment
seeing the return of menstruation and symptoms (Kitawaki et al.,
2002; Guo, 2009; Slopien and Meczekalski, 2016). By reducing
the availability of estrogen, the estrogen dependent disease
is significantly diminished, and cyclical bleeding is abolished.
Although initially effective, pain relief was noted in only 40—
70% of patients after 6 months (Howard, 2000). Together with
the hypoestrogenic side effects including loss of bone mineral
density and secondary osteoporosis, mood changes and breast
atrophy (Kim et al, 2011), the use of GnRH is approved for
only 6 months. Furthermore, contraceptive pills are not viable
with pregnancy, making them a short-term solution for many
women, especially those with reproductive plans. Aromatase
inhibitors inhibit extra-ovarian estrogen production, making
them particularly relevant for post-menopausal women or in
combination with GnRH agonists, however, their reduction in
pain is again offset by adverse side effects, including osteoporosis
and bone fractures (Slopien and Meczekalski, 2016).

Non-hormonal pain reducing agents such as non-steroidal
anti-inflammatory drugs (NSAIDs) and strong analgesics
(opioids) reduce inflammation and mask pain (Brown
et al, 2017). NSAIDs are used to target inflammation,
although a review of their effectiveness in managing pain

caused by endometriosis is inconclusive (Brown etal, 2017).
Unfortunately, it has also been noted that NSAIDs are often
ineffective and exhibit toxicity (Allen et al., 2005). Opioids
therapy is also used to treat chronic pain associated with
endometriosis and surgical intervention (Lamvu et al., 2019).
Whilst opioids provide pain management, their effectiveness in
the treatment of endometriosis is not reliably understood. Misuse
and abuse is a growing problem amongst many chronic pain
conditions, together with tolerance and addiction making opioids
an undesirable treatment option (Kanouse and Compton, 2015).
Unfortunately, whilst these medications represent a relatively
non-invasive treatment plan, they either lack efficacy, or result in
tolerance, dependence and addiction.

As the most invasive option, but often required due to the
debilitating nature of chronic pain (Kanouse and Compton,
2015) and treatment of endometriosis associated subfertility,
surgical treatment of endometriosis is based on the principal
of removing all endometriotic lesions to alleviate symptoms.
Whilst endometrial lesions within the peritoneum can be excised
or ablated, they often grow back due to continuing retrograde
menstruation and disease progression, and further surgery is
needed in many cases (Cheong et al., 2008). Between 20-28%
of patients are non-responsive to surgery (Sutton et al., 1994;
Abbott et al., 2004), whilst reoccurrence is as high as 40-50% at
5 years post-surgery (Shakiba et al., 2008). The surgical removal of
lesions can sometimes prove challenging depending on the stage
and grade of endometriosis, which further complicates outcomes.
Surgical removal of deep infiltrating endometrial lesions reduces
endometrial CPP, but is associated with significant complication
rates, requiring complex surgery to remove lesions, with resection
of the bowel, damage to the bladder wall and stenting of the
ureter often required (Wee-Stekly et al., 2015). The lowest rates
of further surgery in pain management is following complete
hysterectomy, with over 90% of patients remaining follow-up
surgery free for up to 7 years, although the removal of the
ovaries as well as the uterus is not as effective in younger
women (Shakiba et al., 2008). In addition, associated health risks
due to early menopause and incompatibility with pregnancy
make hysterectomy a non-viable treatment for many women of
reproductive age (Shakiba et al., 2008).

Even with a combination of therapies, complete eradication
of endometrial associated pain is rarely possible. While the
current therapies aim to suppress pain and delay reoccurrence,
the disease often manifests itself once treatments have stopped or
lesions have reformed. While the complete eradication of lesions
is not likely, further understanding of chronic pain associated
with endometriosis and identification of possible targets for pain
management may help improve the quality of life for those
suffering with endometriosis.

Future Therapies? Insights From Animal
Models of Endometriosis

Endometriosis is currently considered an inflammatory disease,
with non-surgical treatment targeted at the prevention of
menstruation and hormonal therapy to limit disease progression
and inflammation. It is increasingly evident that this disease has
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a multifaceted nature with 40% of women experiencing non-
cyclical pelvic pain, thus limiting endometriosis treatment to
anti-inflammatory or hormonal control of menstruation seems to
miss the mark. Currently the delay in diagnosis allows complex
disease progression, increasing the opportunity for long term
changes in pain processing to occur. Although progress has
been made in the diagnosis and classification of endometriosis,
assistance in early diagnosis is still of importance. Recent research
priorities for endometriosis include an emphasis on biomarkers
and imaging for non-invasive diagnostic techniques (Rogers
et al., 2017). Despite multiple studies aimed at identifying a
reliable biomarker as a clinical diagnostic tool, a systematic
review of the last 25 years concluded that no single biomarker
was confirmed to be clinically useful (May et al., 2010).
Strikingly, it has also been noted that very little progress
has been made in understanding chronic pain associated with
endometriosis, and subsequent advancement in treatment is
lacking (Rogers et al., 2017).

Modulating pain at an ion channel level and the targeting
of specific pain receptors at lesion sites or organs involved in
cross-organ sensitization may provide a novel and non-hormonal
approach for endometriosis patients suffering from CPP (Castro
etal., 2020). Indeed, limiting neuroangiogenesis to prevent lesion
innervation and growth, together with direct modulation of key
targets on peripheral nerves, is an important direction for future
CPP management in endometriosis. Supported by evidence from
a mouse model of endometriosis, lesion removal at early time
points reduces CPP (McAllister et al., 2009, 2012; McKinnon
et al., 2012). But in many cases this approach is not possible,
whether it be delayed diagnosis, incomplete lesion removal, or
deep infiltrating lesions, it is clear complete lesion removal at an
early time point is a difficult venture.

Animal models of endometriosis have demonstrated
novel mechanisms for reducing CPP. This includes the use
of estrogen EP, receptor antagonists to reduce primary
hyperalgesia by 80% and secondary hyperalgesia by 40%
in a mouse model of endometriosis (Greaves et al., 2014).
Furthermore, bradykinin receptor 2 antagonists can block
bradykinin induced endothelin-1 production, which is important
as endothelin-1 causes neuronal sensitization (Yoshino
et al, 2018). Other studies have demonstrated a key role
for GPR30, a G protein-coupled receptor for estrogen, in
endometriosis associated pain, whereby intra-lesion GPR30
agonists produce persistent mechanical hyperalgesia, whilst
GPR30 antagonists inhibit mechanical hyperalgesia (Alvarez
et al., 2014). Conversely, activation of cannabinoid receptor
type 1 (CBjR), which are expressed by the sensory and
sympathetic neurons innervating endometrial lesions, decreases
endometriosis-associated hyperalgesia (Dmitrieva et al.,, 2010).
Moreover, antagonists of CBjR increase endometriosis-
associated hyperalgesia, suggesting an endogenous cannabinoid
tone (Dmitrieva et al, 2010). More recent studies show
that A9-tetrahydrocannabinol (THC) alleviates mechanical
hypersensitivity and pain in a mouse model of surgically
induced endometriosis. THC also restored cognitive function
and inhibited the development of endometrial cysts (Escudero-
Lara et al, 2020). These studies suggest CB;R plays a

crucial role in the growth of lesions and endometriosis
associated pain.

Recent studies have also suggested the potential of
repurposing treatments for other conditions. This includes
repurposing dichloroacetate, a pyruvate dehydrogenase kinase
(PDK) inhibitor/PDH activator used for treating cancer.
This is because dichloroacetate normalizes human peritoneal
mesothelial cells metabolism, reduces lactate concentrations
and endometrial stromal cell proliferation in a co-culture cell
model. In a mouse model of endometriosis oral administration of
dichloroacetate reduces lactate concentrations within peritoneal
fluid and endometrial lesion size (Horne et al., 2019).

Animal models of other chronic pain conditions, such as
IBS, have been used to successfully demonstrate the modulation
of pain by targeting the periphery. For example chronic
treatment with a guanylate cyclase-C (GC-C) agonist reversed
the neuroplastic changes that cause both colonic hypersensitivity
and cross-organ sensitization of the bladder in a mouse model of
IBS (Grundy et al., 2018). More recently, the same agonist, whose
direct target GC-C is expressed within the gastrointestinal tract,
has been used to reduce vaginal hyperalgesia and allodynia in a rat
model of endometriosis (Ge et al., 2019). This gives rise to the idea
that targeting pain in one area may in fact reduce pain from other
organs and that chronic changes due to an area of insult in one
organ may in fact modulate pain experienced in another. Using
animal models of endometriosis provides an important medium
to explore the use of existing drugs for the treatment of pain
associated with endometriosis and should continue to be utilized.

This review provides evidence for an overall heterogeneity
in endometriosis, rather than a ‘one size fits all’ approach. This
strongly suggests a personalized treatment approach based on
etiology and symptomatology. Shifting the paradigm of lesion
specific and cyclical inflammatory pain will continue to open up
further areas to expand treatment opportunities. Utilizing animal
models of endometriosis that closely recapitulate the human
disease will provide an insightful opportunity to further study
disease progression and chronic pain. With the development of
animal models of endometriosis already providing quality insight
into disease progression and current treatment mechanisms,
the next step is to dig a little deeper, and elucidate disease
specific changes and their targets at the lesion, DRG, spinal cord
and brain levels.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

JM is supported by a Ph.D. scholarship provided by The Hospital
Research Foundation (THRF), Adelaide, Australia. JC is funded
by a National Health and Medical Research Council (NHMRC)
of Australia Ideas Grant (APP1181448). SB is a NHMRC R.D.
Wright Biomedical Research Fellow (APP1126378) and is funded
by NHMRC Australia Project Grants (#1139366 and #1140297).

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

REFERENCES

Abbott, J., Hawe, J., Hunter, D., Holmes, M., Finn, P., and Garry, R. (2004).
Laparoscopic excision of endometriosis: a randomized, placebo-controlled trial.
Fertil. Steril. 82, 878-884. doi: 10.1016/j.fertnstert.2004.03.046

Adamson, G., Kennedy, S., and Hummelshoj, L. (2010). Creating solutions in
endometriosis: global collaboration through the World Endometriosis Research
Foundation. J. Endometr. 2, 3-6. doi: 10.1177/228402651000200102

Adamson, G. D. (2011). Endometriosis classification: an update. Curr. Opin. Obstet.
Gynecol. 23, 213-220. doi: 10.1097/gco.0b013e328348a3ba

Allen, C., Hopewell, S., and Prentice, A. (2005). Non-steroidal anti-inflammatory
drugs for pain in women with endometriosis. Cochrane Database Syst. Rev.
1:CD004753.

Alvarez, P., Bogen, O., and Levine, J. D. (2014). Role of nociceptor estrogen
receptor GPR30 in a rat model of endometriosis pain. Pain 155, 2680-2686.
doi: 10.1016/.pain.2014.09.035

Amaral, V. F,, Ferriani, R. A., Sa, M. F., Nogueira, A. A, Rosa, E,, Silva, J. C,,
et al. (2006). Positive correlation between serum and peritoneal fluid CA-125
levels in women with pelvic endometriosis. Sao Paulo Med. ]. 124, 223-227.
doi: 10.1590/51516-31802006000400010

Anaf, V., Chapron, C., El Nakadi, I., De Moor, V., Simonart, T., and Noel, J. C.
(2006). Pain, mast cells, and nerves in peritoneal, ovarian, and deep infiltrating
endometriosis. Fertil. Steril. 86, 1336-1343. doi: 10.1016/j.fertnstert.2006.
03.057

Anaf, V., El Nakadi, I., De Moor, V., Chapron, C., Pistofidis, G., and Noel, J. C.
(2011). Increased nerve density in deep infiltrating endometriotic nodules.
Gynecol. Obstet. Invest. 71, 112-117. doi: 10.1159/000320750

Anaf, V., Simon, P., El Nakadi, I, Fayt, I, Buxant, F., Simonart, T., et al.
(2000). Relationship between endometriotic foci and nerves in rectovaginal
endometriotic nodules. Hum. Reprod. 15, 1744-1750. doi: 10.1093/humrep/15.
8.1744

Anaf, V., Simon, P., El Nakadji, I, Fayt, I, Simonart, T., Buxant, F., et al. (2002).
Hyperalgesia, nerve infiltration and nerve growth factor expression in deep
adenomyotic nodules, peritoneal and ovarian endometriosis. Hum. Reprod. 17,
1895-1900. doi: 10.1093/humrep/17.7.1895

Aredo, J. V., Heyrana, K. J., Karp, B. I, Shah, J. P., and Stratton, P. (2017). Relating
chronic pelvic pain and endometriosis to signs of sensitization and myofascial
pain and dysfunction. Semin. Reprod. Med. 35, 88-97.

Arnold, J., Barcena De Arellano, M. L., Ruster, C., Vercellino, G. F., Chiantera,
V., Schneider, A., et al. (2012). Imbalance between sympathetic and sensory
innervation in peritoneal endometriosis. Brain Behav. Immun. 26, 132-141.
doi: 10.1016/j.bbi.2011.08.004

Arruda, M. S,, Petta, C. A., Abrao, M. S., and Benetti-Pinto, C. L. (2003). Time
elapsed from onset of symptoms to diagnosis of endometriosis in a cohort study
of Brazilian women. Hum. Reprod. 18, 756-759. doi: 10.1093/humrep/deg136

Asante, A., and Taylor, R. N. (2011). Endometriosis: the role of neuroangiogenesis.
Annu. Rev. Physiol. 73,163-182. doi: 10.1146/annurev- physiol-012110-142158

As-Sanie, S., Kim, J., Schmidt-Wilcke, T., Sundgren, P. C., Clauw, D. J., Napadow,
V., et al. (2016). Functional connectivity is associated with altered brain
chemistry in women with endometriosis-associated chronic pelvic pain. J. Pain
17, 1-13. doi: 10.1016/j.jpain.2015.09.008

Aziz, Q. (2013). Complementary alternative medicine and autonomic nervous
system and functional bowel disorders. Auton. Neurosci. 177, 42-43. doi: 10.
1016/j.autneu.2013.05.081

Bacci, M., Capobianco, A., Monno, A., Cottone, L., Di Puppo, F., Camisa, B., et al.
(2009). Macrophages are alternatively activated in patients with endometriosis
and required for growth and vascularization of lesions in a mouse model of
disease. Am. J. Pathol. 175, 547-556. doi: 10.2353/ajpath.2009.081011

Bajaj, P., Bajaj, P., Madsen, H., and Arendt-Nielsen, L. (2003). Endometriosis is
associated with central sensitization: a psychophysical controlled study. J. Pain
4,372-380. doi: 10.1016/s1526-5900(03)00720-x

Ballard, K. D., Seaman, H. E., De Vries, C. S., and Wright, J. T. (2008). Can
symptomatology help in the diagnosis of endometriosis? Findings from a
national case-control study-Part 1. BJOG 115, 1382-1391. doi: 10.1111/j.1471-
0528.2008.01878.x

Banu, S. K., Lee, J., Speights, V. O. Jr., Starzinski-Powitz, A., and Arosh, J. A.
(2008). Cyclooxygenase-2 regulates survival, migration, and invasion of human

endometriotic cells through multiple mechanisms. Endocrinology 149, 1180-
1189. doi: 10.1210/en.2007-1168

Barcz, E., Kaminski, P., and Marianowski, L. (2000). Role of cytokines in
pathogenesis of endometriosis. Med. Sci. Monit. 6, 1042-1046.

Basbaum, A. I, Bautista, D. M., Scherrer, G., and Julius, D. (2009). Cellular and
molecular mechanisms of pain. Cell 139, 267-284.

Bedaiwy, M. A., Falcone, T., Sharma, R. K., Goldberg, J. M., Attaran, M., Nelson,
D. R, et al. (2002). Prediction of endometriosis with serum and peritoneal
fluid markers: a prospective controlled trial. Hum. Reprod. 17, 426-431. doi:
10.1093/humrep/17.2.426

Berbic, M., and Fraser, I. S. (2013). Immunology of normal and abnormal
menstruation. Womens Health 9, 387-395. doi: 10.2217/whe.13.32

Berkley, K. J. (2005). A life of pelvic pain. Physiol. Behav. 86, 272-280.

Berkley, K. J., Mcallister, S. L., Accius, B. E, and Winnard, K. P. (2007).
Endometriosis-induced vaginal hyperalgesia in the rat: effect of estropause,
ovariectomy, and estradiol replacement. Pain 132(Suppl. 1), S150-S159.

Berkley, K. J., Rapkin, A. J., and Papka, R. E. (2005). The pains of endometriosis.
Science 308, 1587-1589. doi: 10.1126/science.1111445

Bjorling, D. E., Beckman, M., Clayton, M. K., and Wang, Z. Y. (2002). Modulation
of nerve growth factor in peripheral organs by estrogen and progesterone.
Neuroscience 110, 155-167. doi: 10.1016/s0306-4522(01)00568-1

Bohonyi, N., Pohoczky, K., Szalontai, B., Perkecz, A., Kovacs, K., Kajtar, B.,
et al. (2017). Local upregulation of transient receptor potential ankyrin 1 and
transient receptor potential vanilloid 1 ion channels in rectosigmoid deep
infiltrating endometriosis. Mol. Pain 13:1744806917705564.

Bordman, R., and Jackson, B. (2006). Below the belt: approach to chronic pelvic
pain. Can. Fam. Phys. 52, 1556-1562.

Brierley, S. M., and Linden, D. R. (2014). Neuroplasticity and dysfunction after
gastrointestinal inflammation. Nat. Rev. Gastroenterol. Hepatol. 11, 611-627.
doi: 10.1038/nrgastro.2014.103

Broad, L. M., Mogg, A. ], Beattie, R. E., Ogden, A. M., Blanco, M. J., and Bleakman,
D. (2009). TRP channels as emerging targets for pain therapeutics. Expert Opin.
Ther. Targets 13, 69-81. doi: 10.1517/14728220802616620

Brosens, I. A. (1997). Endometriosis—A disease because it is characterized by
bleeding. Am. J. Obstet. Gynecol. 176, 263-267. doi: 10.1016/s0002-9378(97)
70482-4

Brown, J., Crawford, T. J., Allen, C., Hopewell, S., and Prentice, A. (2017).
Nonsteroidal anti-inflammatory drugs for pain in women with endometriosis.
Cochrane Database Syst. Rev. 1:CD004753.

Bulun, S. E. (2009). Endometriosis. N. Engl. J. Med. 360, 268-279.

Burney, R. O., and Lathi, R. B. (2009). Menstrual bleeding from an endometriotic
lesion. Fertil.  Steril. 91, 1926-1927. doi:  10.1016/j.fertnstert.2008.
08.125

Canis, M., Donnez, J. G., Guzick, D. S., Halme, J. K., Rock, J. A., Schenken, R. S.,
etal. (1997). Revised American Society for Reproductive Medicine classification
of endometriosis: 1996. Fertil. Steril. 67, 817-821. doi: 10.1016/s0015-0282(97)
81391-x

Castro, J., Maddern, J., Erickson, A., Caldwell, A., Grundy, L., Harrington, A. M.,
et al. (2020). Pharmacological modulation of voltage-gated sodium (NaV)
channels alters nociception arising from the female reproductive tract. Pain.
doi: 10.1097/j.pain.0000000000002036 [Epub ahead of print].

Chaban, V. V. (2008). Visceral sensory neurons that innervate both uterus and
colon express nociceptive TRPv1 and P2X3 receptors in rats. Ethn. Dis. 18:S2-
20-4.

Chao, M. V. (2003). Neurotrophins and their receptors: a convergence point
for many signalling pathways. Nat. Rev. Neurosci. 4, 299-309. doi: 10.1038/
nrnl078

Chapron, C., Fauconnier, A., Vieira, M., Barakat, H., Dousset, B., Pansini, V., et al.
(2003). Anatomical distribution of deeply infiltrating endometriosis: surgical
implications and proposition for a classification. Hum. Reprod. 18, 157-161.
doi: 10.1093/humrep/deg009

Chapron, C., Marcellin, L., Borghese, B., and Santulli, P. (2019). Rethinking
mechanisms, diagnosis and management of endometriosis. Nat. Rev.
Endocrinol. 15, 666-682. doi: 10.1038/s41574-019-0245-2

Cheong, Y., Tay, P., Luk, F., Gan, H. C,, Li, T. C., and Cooke, I. (2008). Laparoscopic
surgery for endometriosis: How often do we need to re-operate? J. Obstet.
Gynaecol. 28, 82-85. doi: 10.1080/01443610701811761

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://doi.org/10.1016/j.fertnstert.2004.03.046
https://doi.org/10.1177/228402651000200102
https://doi.org/10.1097/gco.0b013e328348a3ba
https://doi.org/10.1016/j.pain.2014.09.035
https://doi.org/10.1590/s1516-31802006000400010
https://doi.org/10.1016/j.fertnstert.2006.03.057
https://doi.org/10.1016/j.fertnstert.2006.03.057
https://doi.org/10.1159/000320750
https://doi.org/10.1093/humrep/15.8.1744
https://doi.org/10.1093/humrep/15.8.1744
https://doi.org/10.1093/humrep/17.7.1895
https://doi.org/10.1016/j.bbi.2011.08.004
https://doi.org/10.1093/humrep/deg136
https://doi.org/10.1146/annurev-physiol-012110-142158
https://doi.org/10.1016/j.jpain.2015.09.008
https://doi.org/10.1016/j.autneu.2013.05.081
https://doi.org/10.1016/j.autneu.2013.05.081
https://doi.org/10.2353/ajpath.2009.081011
https://doi.org/10.1016/s1526-5900(03)00720-x
https://doi.org/10.1111/j.1471-0528.2008.01878.x
https://doi.org/10.1111/j.1471-0528.2008.01878.x
https://doi.org/10.1210/en.2007-1168
https://doi.org/10.1093/humrep/17.2.426
https://doi.org/10.1093/humrep/17.2.426
https://doi.org/10.2217/whe.13.32
https://doi.org/10.1126/science.1111445
https://doi.org/10.1016/s0306-4522(01)00568-1
https://doi.org/10.1038/nrgastro.2014.103
https://doi.org/10.1517/14728220802616620
https://doi.org/10.1016/s0002-9378(97)70482-4
https://doi.org/10.1016/s0002-9378(97)70482-4
https://doi.org/10.1016/j.fertnstert.2008.08.125
https://doi.org/10.1016/j.fertnstert.2008.08.125
https://doi.org/10.1016/s0015-0282(97)81391-x
https://doi.org/10.1016/s0015-0282(97)81391-x
https://doi.org/10.1097/j.pain.0000000000002036
https://doi.org/10.1038/nrn1078
https://doi.org/10.1038/nrn1078
https://doi.org/10.1093/humrep/deg009
https://doi.org/10.1038/s41574-019-0245-z
https://doi.org/10.1080/01443610701811761
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

Chiu, I. M., Von Hehn, C. A., and Woolf, C. J. (2012). Neurogenic inflammation
and the peripheral nervous system in host defense and immunopathology. Nat.
Neurosci. 15,1063-1067. doi: 10.1038/nn.3144

Christianson, J. A., Liang, R., Ustinova, E. E., Davis, B. M., Fraser, M. O., and
Pezzone, M. A. (2007). Convergence of bladder and colon sensory innervation
occurs at the primary afferent level. Pain 128, 235-243. doi: 10.1016/j.pain.
2006.09.023

Chuang, P. C, Lin, Y. J., Wu, M. H., Wing, L. Y., Shoji, Y., and Tsai, S. J. (2010).
Inhibition of CD36-dependent phagocytosis by prostaglandin E2 contributes to
the development of endometriosis. Am. J. Pathol. 176, 850-860. doi: 10.2353/
ajpath.2010.090551

Chung, M. K., Chung, R. P,, and Gordon, D. (2005). Interstitial cystitis and
endometriosis in patients with chronic pelvic pain: the "Evil Twins" syndrome.
JSLS 9, 25-29.

Chung, M. K., Chung, R. R,, Gordon, D., and Jennings, C. (2002). The evil twins
of chronic pelvic pain syndrome: endometriosis and interstitial cystitis. JSLS 6,
311-314.

Costa, M., Brookes, S. H., and Zagorodnyuk, V. (2004). How many kinds of visceral
afferents? Gut 53(Suppl. 2), iil-ii4.

Critchley, H. O., Kelly, R. W., Brenner, R. M., and Baird, D. T. (2001). The
endocrinology of menstruation-a role for the immune system. Clin. Endocrinol.
55,701-710. doi: 10.1046/j.1365-2265.2001.01432.x

de Groat, W. C., Griffiths, D., and Yoshiimura, N. (2015). Neural control of the
lower urinary tract. Compr. Physiol. 327-396.

Demco, L. (1998). Mapping the source and character of pain due to endometriosis
by patient-assisted laparoscopy. J. Am. Assoc. Gynecol. Laparosc. 5, 241-245.
doi: 10.1016/s1074-3804(98)80026- 1

Demco, L. A. (2000). Pain referral patterns in the pelvis. J. Am. Assoc. Gynecol.
Laparosc. 7, 181-183. doi: 10.1016/s1074-3804(00)80037-7

Dmitrieva, N., Johnson, O. L., and Berkley, K. J. (2001). Bladder inflammation and
hypogastric neurectomy influence uterine motility in the rat. Neurosci. Lett. 313,
49-52. doi: 10.1016/s0304-3940(01)02247-9

Dmitrieva, N., Nagabukuro, H., Resuehr, D., Zhang, G., Mcallister, S. L., Mcginty,
K. A, et al. (2010). Endocannabinoid involvement in endometriosis. Pain 151,
703-710. doi: 10.1016/j.pain.2010.08.037

Dmowski, W. P., Gebel, H., and Braun, D. P. (1998). Decreased apoptosis
and sensitivity to macrophage mediated cytolysis of endometrial cells in
endometriosis. Hum. Reprod. 4, 696-701. doi: 10.1093/humupd/4.5.696

Donnez, J., Smoes, P., Gillerot, S., Casanas-Roux, F., and Nisolle, M. (1998).
Vascular endothelial growth factor (VEGF) in endometriosis. Hum. Reprod. 13,
1686-1690.

Escudero-Lara, A., Argerich, J., Cabanero, D., and Maldonado, R. (2020). Disease-
modifying effects of natural Delta9-tetrahydrocannabinol in endometriosis-
associated pain. eLife 9:e50356.

Falcone, T., and Flyckt, R. (2018). Clinical management of endometriosis. Obstet.
Gynecol. 131, 557-571. doi: 10.1097/a0g.0000000000002469

Fattori, V., Franklin, N. S., Gonzalez-Cano, R., Peterse, D., Ghalali, A., Madrian, E.,
et al. (2020). Nonsurgical mouse model of endometriosis-associated pain that
responds to clinically active drugs. Pain 161, 1321-1331. doi: 10.1097/j.pain.
0000000000001832

Fuentes, I. M., and Christianson, J. A. (2018). The influence of early life experience
on visceral pain. Front. Syst. Neurosci. 12:2. doi: 10.3389/fnsys.2018.00002

Ge, P., Ren, ., Harrington, A. M., Grundy, L., Castro, J., Brierley, S. M., et al. (2019).
Linaclotide treatment reduces endometriosis-associated vaginal hyperalgesia
and mechanical allodynia through viscerovisceral cross-talk. Pain 160, 2566
2579. doi: 10.1097/j.pain.0000000000001657

Giamberardino, M. A., Berkley, K. J., Affaitati, G., Lerza, R., Centurione, L.,
Lapenna, D., et al. (2002). Influence of endometriosis on pain behaviors and
muscle hyperalgesia induced by a ureteral calculosis in female rats. Pain 95,
247-257. doi: 10.1016/s0304-3959(01)00405-5

Giudice, L. C., and Kao, L. C. (2004). Endometriosis. Lancet 364, 1789-1799.

Greaves, E., Collins, F., Esnal-Zufiaurre, A., Giakoumelou, S., Horne, A. W., and
Saunders, P. T. (2014). Estrogen receptor (ER) agonists differentially regulate
neuroangiogenesis in peritoneal endometriosis via the repellent factor SLIT3.
Endocrinology 155, 4015-4026. doi: 10.1210/en.2014-1086

Grundy, L., and Brierley, S. M. (2018). Cross-organ sensitization between the colon
and bladder: to pee or not to pee? Am. J. Physiol. Gastrointest. Liver Physiol. 314,
G301-G308.

Grundy, L., Erickson, A., and Brierley, S. M. (2019). Visceral Pain. Annu. Rev.
Physiol. 81, 261-284.

Grundy, L., Harrington, A. M., Castro, J., Garcia-Caraballo, S., Deiteren, A.,
Maddern, J., et al. (2018). Chronic linaclotide treatment reduces colitis-
induced neuroplasticity and reverses persistent bladder dysfunction. JCI Insight
3:e121841.

Guerriero, S., Saba, L., Pascual, M. A., Ajossa, S., Rodriguez, I, Mais, V.,
et al. (2018). Transvaginal ultrasound vs magnetic resonance imaging for
diagnosing deep infiltrating endometriosis: systematic review and meta-
analysis. Ultrasound Obstet. Gynecol. 51, 586-595. doi: 10.1002/u0g.18961

Guo, S. W. (2009). Recurrence of endometriosis and its control. Hum. Reprod. 15,
441-461. doi: 10.1093/humupd/dmp007

Hadfield, R., Mardon, H., Barlow, D., and Kennedy, S. (1996). Delay in the
diagnosis of endometriosis: a survey of women from the USA and the UK. Hum.
Reprod. 11, 878-880. doi: 10.1093/oxfordjournals.humrep.a019270

Halme, J., Becker, S., and Wing, R. (1984a). Accentuated cyclic activation of
peritoneal macrophages in patients with endometriosis. Am. J. Obstet. Gynecol.
148, 85-90. doi: 10.1016/50002-9378(84)80037-x

Halme, J., Hammond, M. G., Hulka, J. F., Raj, S. G., and Talbert, L. M. (1984b).
Retrograde menstruation in healthy women and in patients with endometriosis.
Obstet. Gynecol. 64, 151-154.

Hammond, M. G., Oh, S. T., Anners, J., Surrey, E. S., and Halme, J. (1993). The
effect of growth factors on the proliferation of human endometrial stromal cells
in culture. Am. J. Obstet. Gynecol. 168, 1131-1136. doi: 10.1016/0002-9378(93)
90356-n

Harrington, A. M., Brierley, S. M., Isaacs, N., Hughes, P. A., Castro, J., and
Blackshaw, L. A. (2012). Sprouting of colonic afferent central terminals and
increased spinal mitogen-activated protein kinase expression in a mouse model
of chronic visceral hypersensitivity. J. Comp. Neurol. 520, 2241-2255. doi:
10.1002/cne.23042

Harrington, A. M., Caraballo, S. G., Maddern, J. E., Grundy, L., Castro, J., and
Brierley, S. M. (2019). Colonic afferent input and dorsal horn neuron activation
differs between the thoracolumbar and lumbosacral spinal cord. Am. J. Physiol.
Gastrointest. Liver Physiol. 317, G285-G303.

Harris, R. E., Sundgren, P. C,, Craig, A. D., Kirshenbaum, E., Sen, A., Napadow,
V., et al. (2009). Elevated insular glutamate in fibromyalgia is associated with
experimental pain. Arthritis Rheum. 60, 3146-3152. doi: 10.1002/art.24849

Heitkemper, M., Burr, R. L., Jarrett, M., Hertig, V., Lustyk, M. K., and Bond,
E. F. (1998). Evidence for autonomic nervous system imbalance in women with
irritable bowel syndrome. Dig. Dis. Sci. 43, 2093-2098.

Hickey, M., Ballard, K., and Farquhar, C. (2014). Endometriosis. BM] 348:g1752.

Holzer, P. (2011). Acid sensing by visceral afferent neurones. Acta Physiol. 201,
63-75. doi: 10.1111/j.1748-1716.2010.02143.x

Horne, A. W., Ahmad, S. F., Carter, R., Simitsidellis, I., Greaves, E., Hogg, C.,
et al. (2019). Repurposing dichloroacetate for the treatment of women with
endometriosis. Proc. Natl. Acad. Sci. U.S.A. 116, 25389-25391. doi: 10.1073/
pnas.1916144116

Howard, F. M. (2000). An evidence-based medicine approach to the treatment of
endometriosis-associated chronic pelvic pain: placebo-controlled studies. J. Am.
Assoc. Gynecol. Laparosc. 7, 477-488. doi: 10.1016/s1074-3804(05)60360-x

Howard, F. M., El-Minawi, A. M., and Sanchez, R. A. (2000). Conscious pain
mapping by laparoscopy in women with chronic pelvic pain. Obstet. Gynecol.
96, 934-939. doi: 10.1016/50029-7844(00)01056- 5

Hsu, A. L., Sinaii, N., Segars, J., Nieman, L. K., and Stratton, P. (2011). Relating
pelvic pain location to surgical findings of endometriosis. Obstet. Gynecol. 118,
223-230. doi: 10.1097/a0g.0b013e318223fed0

Hughes, P. A., Harrington, A. M., Castro, J., Liebregts, T., Adam, B., Grasby,
D. ], etal. (2013). Sensory neuro-immune interactions differ between irritable
bowel syndrome subtypes. Gut 62, 1456-1465. doi: 10.1136/gutjnl-2011-3
01856

Husby, G. K., Haugen, R. S., and Moen, M. H. (2003). Diagnostic delay in women
with pain and endometriosis. Acta Obstet. Gynecol. Scand. 82, 649-653. doi:
10.1034/j.1600-0412.2003.00168.x

Iyengar, S., Ossipov, M. H., and Johnson, K. W. (2017). The role of calcitonin gene-
related peptide in peripheral and central pain mechanisms including migraine.
Pain 158, 543-559. doi: 10.1097/j.pain.0000000000000831

Jess, T., Frisch, M., Jorgensen, K. T., Pedersen, B. V., and Nielsen, N. M. (2012).
Increased risk of inflammatory bowel disease in women with endometriosis: a

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://doi.org/10.1038/nn.3144
https://doi.org/10.1016/j.pain.2006.09.023
https://doi.org/10.1016/j.pain.2006.09.023
https://doi.org/10.2353/ajpath.2010.090551
https://doi.org/10.2353/ajpath.2010.090551
https://doi.org/10.1046/j.1365-2265.2001.01432.x
https://doi.org/10.1016/s1074-3804(98)80026-1
https://doi.org/10.1016/s1074-3804(00)80037-7
https://doi.org/10.1016/s0304-3940(01)02247-9
https://doi.org/10.1016/j.pain.2010.08.037
https://doi.org/10.1093/humupd/4.5.696
https://doi.org/10.1097/aog.0000000000002469
https://doi.org/10.1097/j.pain.0000000000001832
https://doi.org/10.1097/j.pain.0000000000001832
https://doi.org/10.3389/fnsys.2018.00002
https://doi.org/10.1097/j.pain.0000000000001657
https://doi.org/10.1016/s0304-3959(01)00405-5
https://doi.org/10.1210/en.2014-1086
https://doi.org/10.1002/uog.18961
https://doi.org/10.1093/humupd/dmp007
https://doi.org/10.1093/oxfordjournals.humrep.a019270
https://doi.org/10.1016/s0002-9378(84)80037-x
https://doi.org/10.1016/0002-9378(93)90356-n
https://doi.org/10.1016/0002-9378(93)90356-n
https://doi.org/10.1002/cne.23042
https://doi.org/10.1002/cne.23042
https://doi.org/10.1002/art.24849
https://doi.org/10.1111/j.1748-1716.2010.02143.x
https://doi.org/10.1073/pnas.1916144116
https://doi.org/10.1073/pnas.1916144116
https://doi.org/10.1016/s1074-3804(05)60360-x
https://doi.org/10.1016/s0029-7844(00)01056-5
https://doi.org/10.1097/aog.0b013e318223fed0
https://doi.org/10.1136/gutjnl-2011-301856
https://doi.org/10.1136/gutjnl-2011-301856
https://doi.org/10.1034/j.1600-0412.2003.00168.x
https://doi.org/10.1034/j.1600-0412.2003.00168.x
https://doi.org/10.1097/j.pain.0000000000000831
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

nationwide Danish cohort study. Gut 61, 1279-1283. doi: 10.1136/gutjnl-2011-
301095

Jobling, P., Graham, B. A., Brichta, A. M., and Callister, R. J. (2010). Cervix
stimulation evokes predominantly subthreshold synaptic responses in mouse
thoracolumbar and lumbosacral superficial dorsal horn neurons. J. Sex. Med. 7,
2068-2076. doi: 10.1111/j.1743-6109.2010.01768.x

Johnson, N. P., Hummelshoj, L., Adamson, G. D., Keckstein, J., Taylor, H. S., Abrao,
M.S., etal. (2017). World Endometriosis Society consensus on the classification
of endometriosis. Hum. Reprod. 32, 315-324. doi: 10.1093/humrep/dew293

Kajihara, H., Yamada, Y., Kanayama, S., Furukawa, N., Noguchi, T., Haruta, S.,
et al. (2011). New insights into the pathophysiology of endometriosis: from
chronic inflammation to danger signal. Gynecol. Endocrinol. 27, 73-79. doi:
10.3109/09513590.2010.507292

Kajitani, T., Maruyama, T., Asada, H., Uchida, H., Oda, H., Uchida, S., et al. (2013).
Possible involvement of nerve growth factor in dysmenorrhea and dyspareunia
associated with endometriosis. Endocr. J. 60, 1155-1164. doi: 10.1507/endocr;.
€j13-0027

Kanouse, A. B., and Compton, P. (2015). The epidemic of prescription opioid
abuse, the subsequent rising prevalence of heroin use, and the federal response.
J. Pain Palliat. Care Pharmacother. 29, 102-114. doi: 10.3109/15360288.2015.
1037521

Kim, N. Y., Ryoo, U,, Lee, D. Y., Kim, M. J., Yoon, B. K., and Choi, D. (2011).
The efficacy and tolerability of short-term low-dose estrogen-only add-back
therapy during post-operative GnRH agonist treatment for endometriosis. Eur.
J. Obstet. Gynecol. Reprod. Biol. 154, 85-89. doi: 10.1016/j.ejogrb.2010.08.008

Kitawaki, J., Kado, N., Ishihara, H., Koshiba, H., Kitaoka, Y., and Honjo, H. (2002).
Endometriosis: the pathophysiology as an estrogen-dependent disease. J. Steroid
Biochem. Mol. Biol. 83, 149-155. doi: 10.1016/s0960-0760(02)00260- 1

Koelbaek Johansen, M., Graven-Nielsen, T., Schou Olesen, A., and Arendt-Nielsen,
L. (1999). Generalised muscular hyperalgesia in chronic whiplash syndrome.
Pain 83, 229-234. doi: 10.1016/s0304-3959(99)00106-2

Kraliekovd, M., and Vetvicka, V. (2015). Immunological aspects of endometriosis:
areview. Ann. Transl. Med. 3:153.

Kruitwagen, R. F., Poels, L. G., Willemsen, W. N., De Ronde, L. J., Jap, P. H., and
Rolland, R. (1991). Endometrial epithelial cells in peritoneal fluid during the
early follicular phase. Fertil. Steril. 55, 297-303. doi: 10.1016/s0015-0282(16)
54119-3

Lamb, K., Zhong, F., Gebhart, G. F., and Bielefeldt, K. (2006). Experimental colitis
in mice and sensitization of converging visceral and somatic afferent pathways.
Am. ]. Physiol. Gastrointest. Liver Physiol. 290, G451-G457.

Lamvu, G., Soliman, A. M., Manthena, S. R., Gordon, K., Knight, J., and
Taylor, H. S. (2019). Patterns of prescription opioid use in women with
endometriosis: evaluating prolonged use, daily dose, and concomitant use
with benzodiazepines. Obstet. Gynecol. 133, 1120-1130. doi: 10.1097/aog.
0000000000003267

Laux-Biehlmann, A., D’hooghe, T., and Zollner, T. M. (2015). Menstruation pulls
the trigger for inflammation and pain in endometriosis. Trends Pharmacol. Sci.
36, 270-276. doi: 10.1016/j.tips.2015.03.004

Li, T., Mamillapalli, R,, Ding, S., Chang, H., Liu, Z. W., Gao, X. B, et al. (2018).
Endometriosis alters brain electrophysiology, gene expression and increases
pain sensitization, anxiety, and depression in female mice. Biol. Reprod. 99,
349-359. doi: 10.1093/biolre/ioy035

Lian, Y. L., Cheng, M. J., Zhang, X. X., and Wang, L. (2017). Elevated expression of
transient receptor potential vanilloid type 1 in dorsal root ganglia of rats with
endometriosis. Mol. Med. Rep. 16, 1920-1926. doi: 10.3892/mmr.2017.6783

Liang, Y., Xie, H., Wu, J,, Liu, D., and Yao, S. (2018). Villainous role of estrogen
in macrophage-nerve interaction in endometriosis. Reprod. Biol. Endocrinol.
16:122.

Lin, Y. J.,, Lai, M. D., Lei, H. Y., and Wing, L. Y. (2006). Neutrophils and
macrophages promote angiogenesis in the early stage of endometriosis in a
mouse model. Endocrinology 147, 1278-1286. doi: 10.1210/en.2005-0790

Liu, D. T., and Hitchcock, A. (1986). Endometriosis: its association with retrograde
menstruation, dysmenorrhoea and tubal pathology. Br. J. Obstet. Gynaecol. 93,
859-862. doi: 10.1111/j.1471-0528.1986.tb07995.x

Ma, F., Zhang, L., and Westlund, K. N. (2009). Reactive oxygen species mediate
TNFRI increase after TRPV1 activation in mouse DRG neurons. Mol. Pain
5:31.

Ma, W., and Quirion, R. (2008). Does COX2-dependent PGE2 play a role in
neuropathic pain? Neurosci. Lett. 437, 165-169. doi: 10.1016/j.neulet.2008.
02.072

Matalliotakis, M., Goulielmos, G. N., Kalogiannidis, 1., Koumantakis, G.,
Matalliotakis, I., and Arici, A. (2017). Extra pelvic endometriosis: retrospective
analysis on 200 cases in two different countries. Eur. J. Obstet. Gynecol. Reprod.
Biol. 217, 34-37. doi: 10.1016/j.ejogrb.2017.08.019

May, K. E., Conduit-Hulbert, S. A., Villar, ., Kirtley, S., Kennedy, S. H., and Becker,
C. M. (2010). Peripheral biomarkers of endometriosis: a systematic review.
Hum. Reprod. 16, 651-674. doi: 10.1093/humupd/dmq009

McAllister, S. L., Dmitrieva, N., and Berkley, K. J. (2012). Sprouted innervation
into uterine transplants contributes to the development of hyperalgesia in a
rat model of endometriosis. PLoS One 7:¢31758. doi: 10.1371/journal.pone.
0031758

McAllister, S. L., Mcginty, K. A., Resuehr, D., and Berkley, K. J. (2009).
Endometriosis-induced vaginal hyperalgesia in the rat: role of the ectopic
growths and their innervation. Pain 147, 255-264. doi: 10.1016/j.pain.2009.
09.022

McKinnon, B., Bersinger, N. A., Wotzkow, C., and Mueller, M. D. (2012).
Endometriosis-associated nerve fibers, peritoneal fluid cytokine concentrations,
and pain in endometriotic lesions from different locations. Fertil. Steril. 97,
373-380. doi: 10.1016/j.fertnstert.2011.11.011

Mechsner, S., Kaiser, A., Kopf, A., Gericke, C., Ebert, A., and Bartley, J. (2009).
A pilot study to evaluate the clinical relevance of endometriosis-associated
nerve fibers in peritoneal endometriotic lesions. Fertil. Steril. 92, 1856-1861.
doi: 10.1016/j.fertnstert.2008.09.006

Miyashita, M., Koga, K., Takeuchi, A., Makabe, T., Taguchi, A., Urata, Y., et al.
(2019). Expression of Nerve Injury-Induced Proteinl (Ninj1) in Endometriosis.
Reprod. Sci. 26,1105-1110. doi: 10.1177/1933719118806395

Morotti, M., Vincent, K., and Becker, C. M. (2017). Mechanisms of pain in
endometriosis. Eur. J. Obstet. Gynecol. Reprod. Biol. 209, 8-13.

Morotti, M., Vincent, K., Brawn, J., Zondervan, K. T., and Becker, C. M. (2014).
Peripheral changes in endometriosis-associated pain. Hum. Reprod. 20, 717-
736. doi: 10.1093/humupd/dmu021

Nagabukuro, H., and Berkley, K. J. (2007). Influence of endometriosis on
visceromotor and cardiovascular responses induced by vaginal distention in the
rat. Pain 132(Suppl. 1), S96-S103.

Neziri, A. Y., Bersinger, N. A., Andersen, O. K., Arendt-Nielsen, L., Mueller, M. D.,
and Curatolo, M. (2014). Correlation between altered central pain processing
and concentration of peritoneal fluid inflammatory cytokines in endometriosis
patients with chronic pelvic pain. Reg. Anesth. Pain Med. 39, 181-184. doi:
10.1097/aap.0000000000000068

Nijs, J., Paul Van Wilgen, C., Van Oosterwijck, J., Van Ittersum, M., and Meeus,
M. (2011). How to explain central sensitization to patients with "unexplained’
chronic musculoskeletal pain: practice guidelines. Man. Ther. 16, 413-418.
doi: 10.1016/j.math.2011.04.005

Nisenblat, V., Prentice, L., Bossuyt, P. M., Farquhar, C., Hull, M. L., and
Johnson, N. (2016). Combination of the non-invasive tests for the diagnosis of
endometriosis. Cochrane Database Syst. Rev. 7:CD012281.

Nisolle, M., Casanas-Roux, F., Anaf, V., Mine, J. M., and Donnez, J. (1993).
Morphometric study of the stromal vascularization in peritoneal endometriosis.
Fertil. Steril. 59, 681-684. doi: 10.1016/s0015-0282(16)55823-3

Nnoaham, K. E., Hummelshoj, L., Webster, P., D’hooghe, T., De Cicco Nardone, F.,
De Cicco Nardone, C,, et al. (2011). Impact of endometriosis on quality of life
and work productivity: a multicenter study across ten countries. Fertil. Steril.
96:€368.

O, D. F,, Roskams, T., Van Den Eynde, K., Vanhie, A., Peterse, D. P., Meuleman,
C., et al. (2017). The presence of endometrial cells in peritoneal fluid of
women with and without endometriosis. Reprod. Sci. 24, 242-251. doi: 10.1177/
1933719116653677

Oosterlynck, D. J., Meuleman, C., Waer, M., Vandeputte, M., and Koninckx, P. R.
(1992). The natural killer activity of peritoneal fluid lymphocytes is decreased
in women with endometriosis. Fertil. Steril. 58, 290-295. doi: 10.1016/s0015-
0282(16)55224-8

Overton, C., Fernandez-Shaw, S., Hicks, B., Barlow, D., and Starkey, P. (1996).
Peritoneal fluid cytokines and the relationship with endometriosis and pain.
Hum. Reprod. 11, 380-386. doi: 10.1093/humrep/11.2.380

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://doi.org/10.1136/gutjnl-2011-301095
https://doi.org/10.1136/gutjnl-2011-301095
https://doi.org/10.1111/j.1743-6109.2010.01768.x
https://doi.org/10.1093/humrep/dew293
https://doi.org/10.3109/09513590.2010.507292
https://doi.org/10.3109/09513590.2010.507292
https://doi.org/10.1507/endocrj.ej13-0027
https://doi.org/10.1507/endocrj.ej13-0027
https://doi.org/10.3109/15360288.2015.1037521
https://doi.org/10.3109/15360288.2015.1037521
https://doi.org/10.1016/j.ejogrb.2010.08.008
https://doi.org/10.1016/s0960-0760(02)00260-1
https://doi.org/10.1016/s0304-3959(99)00106-2
https://doi.org/10.1016/s0015-0282(16)54119-3
https://doi.org/10.1016/s0015-0282(16)54119-3
https://doi.org/10.1097/aog.0000000000003267
https://doi.org/10.1097/aog.0000000000003267
https://doi.org/10.1016/j.tips.2015.03.004
https://doi.org/10.1093/biolre/ioy035
https://doi.org/10.3892/mmr.2017.6783
https://doi.org/10.1210/en.2005-0790
https://doi.org/10.1111/j.1471-0528.1986.tb07995.x
https://doi.org/10.1016/j.neulet.2008.02.072
https://doi.org/10.1016/j.neulet.2008.02.072
https://doi.org/10.1016/j.ejogrb.2017.08.019
https://doi.org/10.1093/humupd/dmq009
https://doi.org/10.1371/journal.pone.0031758
https://doi.org/10.1371/journal.pone.0031758
https://doi.org/10.1016/j.pain.2009.09.022
https://doi.org/10.1016/j.pain.2009.09.022
https://doi.org/10.1016/j.fertnstert.2011.11.011
https://doi.org/10.1016/j.fertnstert.2008.09.006
https://doi.org/10.1177/1933719118806395
https://doi.org/10.1093/humupd/dmu021
https://doi.org/10.1097/aap.0000000000000068
https://doi.org/10.1097/aap.0000000000000068
https://doi.org/10.1016/j.math.2011.04.005
https://doi.org/10.1016/s0015-0282(16)55823-3
https://doi.org/10.1177/1933719116653677
https://doi.org/10.1177/1933719116653677
https://doi.org/10.1016/s0015-0282(16)55224-8
https://doi.org/10.1016/s0015-0282(16)55224-8
https://doi.org/10.1093/humrep/11.2.380
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

Patel, B. G., Lenk, E. E., Lebovic, D. I, Shu, Y., Yu, J,, and Taylor, R. N.
(2018). Pathogenesis of endometriosis: interaction between Endocrine and
inflammatory pathways. Best Pract. Res. Clin. Obstet. Gynaecol. 50, 50-60. doi:
10.1016/j.bpobgyn.2018.01.006

Pezzone, M. A,, Liang, R., and Fraser, M. O. (2005). A model of neural cross-talk
and irritation in the pelvis: implications for the overlap of chronic pelvic pain
disorders. Gastroenterology 128, 1953-1964. doi: 10.1053/j.gastro.2005.03.008

Pierce, A. N., and Christianson, J. A. (2015). Stress and chronic pelvic pain. Prog.
Mol. Biol. Transl. Sci. 131, 509-535.

Pierce, A. N., Ryals, J. M., Wang, R,, and Christianson, J. A. (2014). Vaginal
hypersensitivity and hypothalamic-pituitary-adrenal axis dysfunction as a result
of neonatal maternal separation in female mice. Neuroscience 263, 216-230.
doi: 10.1016/j.neuroscience.2014.01.022

Pierce, A. N., Zhang, Z., Fuentes, I. M., Wang, R, Ryals, J. M., and Christianson,
J. A. (2015). Neonatal vaginal irritation results in long-term visceral and somatic
hypersensitivity and increased hypothalamic-pituitary-adrenal axis output in
female mice. Pain 156, 2021-2031. doi: 10.1097/j.pain.0000000000000264

Pluchino, N., Mamillapalli, R., Wenger, J. M., Ramyead, L., Drakopoulos, P, Tille,
J. C., etal. (2020). Estrogen receptor-alpha immunoreactivity predicts symptom
severity and pain recurrence in deep endometriosis. Fertil. Steril. 113:e1221.

Porpora, M. G., Koninckx, P. R., Piazze, J., Natili, M., Colagrande, S., and Cosmi,
E. V. (1999). Correlation between endometriosis and pelvic pain. J. Am. Assoc.
Gynecol. Laparosc. 6, 429-434.

Pugsley, Z., and Ballard, K. (2007). Management of endometriosis in general
practice: the pathway to diagnosis. Br. J. Gen. Pract. 57, 470-476.

Qin, C., Malykhina, A. P., Akbarali, H. I, and Foreman, R. D. (2005). Cross-organ
sensitization of lumbosacral spinal neurons receiving urinary bladder input
in rats with inflamed colon. Gastroenterology 129, 1967-1978. doi: 10.1053/j.
gastro.2005.09.013

Ray, K., Fahrmann, J., Mitchell, B., Paul, D., King, H., Crain, C., et al. (2015).
Oxidation-sensitive nociception involved in endometriosis-associated pain.
Pain 156, 528-539. doi: 10.1097/01.j.pain.0000460321.72396.88

Reeh, P. W., and Steen, K. H. (1996). Tissue acidosis in nociception and pain. Prog.
Brain Res. 113, 143-151. doi: 10.1016/s0079-6123(08)61085-7

Riazi, H., Tehranian, N., Ziaei, S., Mohammadi, E., Hajizadeh, E., and Montazeri,
A. (2015). Clinical diagnosis of pelvic endometriosis: a scoping review. BMC
Womens Health 15:39. doi: 10.1186/s12905-015-0196-z

Rocha, M. G., Silva, J. C., Ribeiro Da Silva, A., Candido Dos Reis, F. J.,
Nogueira, A. A., and Poli-Neto, O. B. (2011). TRPV1 expression on peritoneal
endometriosis foci is associated with chronic pelvic pain. Reprod. Sci. 18,
511-515. doi: 10.1177/1933719110391279

Rogers, P. A., Adamson, G. D., Al-Jefout, M., Becker, C. M., D’hooghe, T. M.,
Dunselman, G. A,, et al. (2017). Research priorities for endometriosis. Reprod.
Sci. 24, 202-226.

Ryan, I. P, Tseng, J. F., Schriock, E. D., Khorram, O., Landers, D. V., and Taylor,
R. N. (1995). Interleukin-8 concentrations are elevated in peritoneal fluid of
women with endometriosis. Fertil. Steril. 63, 929-932. doi: 10.1016/s0015-
0282(16)57506-2

Sacco, K., Portelli, M., Pollacco, J., Schembri-Wismayer, P., and Calleja-Agius, J.
(2012). The role of prostaglandin E2 in endometriosis. Gynecol. Endocrinol. 28,
134-138.

Sadeghi, M., Erickson, A., Castro, J., Deiteren, A., Harrington, A. M., Grundy, L.,
et al. (2018). Contribution of membrane receptor signalling to chronic visceral
pain. Int. J. Biochem. Cell Biol. 98, 10-23. doi: 10.1016/j.biocel.2018.02.017

Sampson, J. A. (1927). Peritoneal endometriosis due to the menstrual
dissemination of endometrial tissue into the peritoneal cavity. Am. J. Obstet.
Gynecol. 14, 422-469. doi: 10.1016/s0002-9378(15)30003-x

Santanam, N., Kavtaradze, N., Murphy, A., Dominguez, C., and Parthasarathy, S.
(2013). Antioxidant supplementation reduces endometriosis-related pelvic pain
in humans. Transl. Res. 161, 189-195. doi: 10.1016/j.trs1.2012.05.001

Santulli, P., Chouzenoux, S., Fiorese, M., Marcellin, L., Lemarechal, H., Millischer,
A. E., et al. (2015). Protein oxidative stress markers in peritoneal fluids of
women with deep infiltrating endometriosis are increased. Hum. Reprod. 30,
49-60. doi: 10.1093/humrep/deu290

Scholl, B., Bersinger, N. A., Kuhn, A., and Mueller, M. D. (2009). Correlation
between symptoms of pain and peritoneal fluid inflammatory cytokine
concentrations in endometriosis. Gynecol. Endocrinol. 25, 701-706. doi: 10.
3109/09513590903159680

Schomacker, M. L., Hansen, K. E., Ramlau-Hansen, C. H., and Forman, A. (2018).
Is endometriosis associated with irritable bowel syndrome? A cross-sectional
study. Eur. J. Obstet. Gynecol. Reprod. Biol. 231, 65-69. doi: 10.1016/j.ejogrb.
2018.10.023

Schulke, L., Berbic, M., Manconi, F., Tokushige, N., Markham, R., and Fraser, L. S.
(2009). Dendritic cell populations in the eutopic and ectopic endometrium
of women with endometriosis. Hum. Reprod. 24, 1695-1703. doi: 10.1093/
humrep/dep071

Shakiba, K., Bena, J. F., Mcgill, K. M., Minger, J., and Falcone, T. (2008). Surgical
treatment of endometriosis: a 7-year follow-up on the requirement for further
surgery. Obstet. Gynecol. 111, 1285-1292. doi: 10.1097/a0g.0b013e3181758ec6

Shifren, J. L., Tseng, J. F., Zaloudek, C. J., Ryan, L. P., Meng, Y. G., Ferrara, N,
etal. (1996). Ovarian steroid regulation of vascular endothelial growth factor in
the human endometrium: implications for angiogenesis during the menstrual
cycle and in the pathogenesis of endometriosis. J. Clin. Endocrinol. Metab. 81,
3112-3118. doi: 10.1210/jc.81.8.3112

Simoens, S., Hummelshoj, L., and D’hooghe, T. (2007). Endometriosis: cost
estimates and methodological perspective. Hum. Reprod. 13, 395-404. doi:
10.1093/humupd/dmm010

Skaper, S. D. (2018). Neurotrophic factors: an overview. Methods Mol. Biol. 1727,
1-17. doi: 10.1007/978-1-4939-7571-6_1

Slopien, R., and Meczekalski, B. (2016). Aromatase inhibitors in the treatment of
endometriosis. Prz. Menopauzalny 15, 43-47. doi: 10.5114/pm.2016.58773

Sourial, S., Tempest, N., and Hapangama, D. K. (2014). Theories on the
pathogenesis of endometriosis. Int. J. Reprod. Med. 2014:179515.

Stegmann, B. J., Sinaii, N., Liu, S., Segars, J., Merino, M., Nieman, L. K., et al. (2008).
Using location, color, size, and depth to characterize and identify endometriosis
lesions in a cohort of 133 women. Fertil. Steril. 89, 1632-1636. doi: 10.1016/j.
fertnstert.2007.05.042

St-Jacques, B., and Ma, W. (2014). Peripheral prostaglandin E2 prolongs the
sensitization of nociceptive dorsal root ganglion neurons possibly by facilitating
the synthesis and anterograde axonal trafficking of EP4 receptors. Exp. Neurol.
261, 354-366. doi: 10.1016/j.expneurol.2014.05.028

Straub, R. H., and Schradin, C. (2016). Chronic inflammatory systemic diseases:
an evolutionary trade-off between acutely beneficial but chronically harmful
programs. Evol. Med. Public Health 2016, 37-51.

Surrey, E. S., Soliman, A. M., Johnson, S. J., Davis, M., Castelli-Haley, J., and
Snabes, M. C. (2018). Risk of developing comorbidities among women with
endometriosis: a retrospective matched cohort study. J. Womens Health 27,
1114-1123. doi: 10.1089/jwh.2017.6432

Sutton, C. J., Ewen, S. P., Whitelaw, N., and Haines, P. (1994). Prospective,
randomized, double-blind, controlled trial of laser laparoscopy in the treatment
of pelvic pain associated with minimal, mild, and moderate endometriosis.
Fertil. Steril. 62, 696-700. doi: 10.1016/s0015-0282(16)56990-8

Symons, L. K., Miller, J. E., Kay, V. R., Marks, R. M., Liblik, K., Koti, M., et al.
(2018). The Immunopathophysiology of Endometriosis. Trends Mol. Med. 24,
748-762. doi: 10.1016/j.molmed.2018.07.004

Taf, S. (1979). Classification of endometriosis. The American Fertility Society.
Fertil. Steril. 32, 633-634. doi: 10.1016/s0015-0282(16)44409-2

Tal, A., Tal, R, Pluchino, N., and Taylor, H. S. (2019). Endometrial cells
contribute to preexisting endometriosis lesions in a mouse model of retrograde
menstruationdagger. Biol. Reprod. 100, 1453-1460. doi: 10.1093/biolre/i0z039

Tirlapur, S. A., Kuhrt, K, Chaliha, C, Ball, E., Meads, C., and Khan, K. S.
(2013). The ‘evil twin syndrome’ in chronic pelvic pain: a systematic review of
prevalence studies of bladder pain syndrome and endometriosis. Int. J. Surg. 11,
233-237. doi: 10.1016/j.ijsu.2013.02.003

Tokushige, N., Markham, R., Russell, P., and Fraser, I. S. (2006a). High density of
small nerve fibres in the functional layer of the endometrium in women with
endometriosis. Hum. Reprod. 21, 782-787. doi: 10.1093/humrep/dei368

Tokushige, N., Markham, R., Russell, P., and Fraser, L. S. (2006b). Nerve fibres in
peritoneal endometriosis. Hum. Reprod. 21, 3001-3007. doi: 10.1093/humrep/
del260

Tokushige, N., Markham, R., Russell, P., and Fraser, I. S. (2008). Effects of
hormonal treatment on nerve fibers in endometrium and myometrium in
women with endometriosis. Fertil. Steril. 90, 1589-1598. doi: 10.1016/j.
fertnstert.2007.08.074

Tominaga, M., and Julius, D. (2000). Capsaicin receptor in the pain pathway. Jpn.
J. Pharmacol. 83, 20-24. doi: 10.1254/jjp.83.20

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2020 | Volume 14 | Article 590823


https://doi.org/10.1016/j.bpobgyn.2018.01.006
https://doi.org/10.1016/j.bpobgyn.2018.01.006
https://doi.org/10.1053/j.gastro.2005.03.008
https://doi.org/10.1016/j.neuroscience.2014.01.022
https://doi.org/10.1097/j.pain.0000000000000264
https://doi.org/10.1053/j.gastro.2005.09.013
https://doi.org/10.1053/j.gastro.2005.09.013
https://doi.org/10.1097/01.j.pain.0000460321.72396.88
https://doi.org/10.1016/s0079-6123(08)61085-7
https://doi.org/10.1186/s12905-015-0196-z
https://doi.org/10.1177/1933719110391279
https://doi.org/10.1016/s0015-0282(16)57506-2
https://doi.org/10.1016/s0015-0282(16)57506-2
https://doi.org/10.1016/j.biocel.2018.02.017
https://doi.org/10.1016/s0002-9378(15)30003-x
https://doi.org/10.1016/j.trsl.2012.05.001
https://doi.org/10.1093/humrep/deu290
https://doi.org/10.3109/09513590903159680
https://doi.org/10.3109/09513590903159680
https://doi.org/10.1016/j.ejogrb.2018.10.023
https://doi.org/10.1016/j.ejogrb.2018.10.023
https://doi.org/10.1093/humrep/dep071
https://doi.org/10.1093/humrep/dep071
https://doi.org/10.1097/aog.0b013e3181758ec6
https://doi.org/10.1210/jc.81.8.3112
https://doi.org/10.1093/humupd/dmm010
https://doi.org/10.1093/humupd/dmm010
https://doi.org/10.1007/978-1-4939-7571-6_1
https://doi.org/10.5114/pm.2016.58773
https://doi.org/10.1016/j.fertnstert.2007.05.042
https://doi.org/10.1016/j.fertnstert.2007.05.042
https://doi.org/10.1016/j.expneurol.2014.05.028
https://doi.org/10.1089/jwh.2017.6432
https://doi.org/10.1016/s0015-0282(16)56990-8
https://doi.org/10.1016/j.molmed.2018.07.004
https://doi.org/10.1016/s0015-0282(16)44409-2
https://doi.org/10.1093/biolre/ioz039
https://doi.org/10.1016/j.ijsu.2013.02.003
https://doi.org/10.1093/humrep/dei368
https://doi.org/10.1093/humrep/del260
https://doi.org/10.1093/humrep/del260
https://doi.org/10.1016/j.fertnstert.2007.08.074
https://doi.org/10.1016/j.fertnstert.2007.08.074
https://doi.org/10.1254/jjp.83.20
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maddern et al.

Pain in Endometriosis

Tulandi, T., Felemban, A., and Chen, M. F. (2001). Nerve fibers and histopathology
of endometriosis-harboring peritoneum. J. Am. Assoc. Gynecol. Laparosc. 8,
95-98. doi: 10.1016/s1074-3804(05)60556-7

Van den Bosch, T., and Van Schoubroeck, D. (2018). Ultrasound diagnosis of
endometriosis and adenomyosis: state of the art. Best Pract. Res. Clin. Obstet.
Gynaecol. 51, 16-24. doi: 10.1016/j.bpobgyn.2018.01.013

van der Kleij, H. P. M., Forsythe, P., and Bienenstock, J. (2009). “Autonomic
Neuroimmunology,” in Encyclopedia of Neuroscience, ed. L. R. Squire (Oxford:
Academic Press), 1003-1008. doi: 10.1016/b978-008045046-9.00642-2

Vercellini, P., Fedele, L., Aimi, G., Pietropaolo, G., Consonni, D., and Crosignani,
P. G. (2007). Association between endometriosis stage, lesion type, patient
characteristics and severity of pelvic pain symptoms: a multivariate analysis of
over 1000 patients. Hum. Reprod. 22, 266-271. doi: 10.1093/humrep/del339

Vincent, K., Warnaby, C., Stagg, C. J., Moore, J., Kennedy, S., and Tracey, I. (2011).
Dysmenorrhoea is associated with central changes in otherwise healthy women.
Pain 152, 1966-1975. doi: 10.1016/j.pain.2011.03.029

Wang, G., Tokushige, N., Markham, R., and Fraser, L. S. (2009a). Rich innervation
of deep infiltrating endometriosis. Hum. Reprod. 24, 827-834. doi: 10.1093/
humrep/den464

Wang, G., Tokushige, N., Russell, P., Dubinovsky, S., Markham, R., and Fraser, L. S.
(2009b). Hyperinnervation in intestinal deep infiltrating endometriosis.
J. Minim. Invasive Gynecol. 16, 713-719.  doi: 10.1016/j.jmig.2009.
07.012

Wang, Y. (2008). The functional regulation of TRPV1 and its role in pain
sensitization. Neurochem. Res. 33,2008-2012. doi: 10.1007/s11064-008-9750-5

Wee-Stekly, W.-W., Kew, C. C. Y., and Chern, B. S. M. (2015). Endometriosis: a
review of the diagnosis and pain management. Gynecol. Minim. Invasive Ther.
4,106-109. doi: 10.1016/j.gmit.2015.06.005

Weinstein, B. M. (2005). Vessels and nerves: marching to the same tune. Cell 120,
299-302. doi: 10.1016/j.cell.2005.01.010

Wesselmann, U. (2001). Neurogenic inflammation and chronic pelvic pain. World
J. Urol. 19, 180-185. doi: 10.1007/s003450100201

Winnard, K., Morrison, T., Dmitrieva, N., Stephan, F., and Berkley, K. (2004).
Program no. 742.1.2004. Cross-System Viscerovisceral Interactions: Influence of
Acute Inflammation of Uterus and Colon on the Bladder via the Hypogastric
Nerve. Washington, DC: Society for Neuroscience.

Winnard, K. P., Dmitrieva, N., and Berkley, K. J. (2006). Cross-organ interactions
between reproductive, gastrointestinal, and urinary tracts: modulation by
estrous stage and involvement of the hypogastric nerve. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 291, R1592-R1601.

Woolf, C. J. (2011). Central sensitization: implications for the diagnosis and
treatment of pain. Pain 152, S2-S15.

Wright, K. R., Mitchell, B., and Santanam, N. (2017). Redox regulation of
microRNAs in endometriosis-associated pain. Redox Biol. 12, 956-966. doi:
10.1016/j.redox.2017.04.037

Wu, J., Xie, H., Yao, S., and Liang, Y. (2017). Macrophage and nerve interaction in
endometriosis. J. Neuroinflammation 14:53.

Yan, D., Liu, X., and Guo, S. W. (2017). Nerve fibers and endometriotic lesions:
partners in crime in inflicting pains in women with endometriosis. Eur. J.
Obstet. Gynecol. Reprod. Biol. 209, 14-24. doi: 10.1016/j.ejogrb.2016.06.017

Yoshino, O., Yamada-Nomoto, K., Kobayashi, M., Andoh, T., Hongo, M., Ono,
Y., et al. (2018). Bradykinin system is involved in endometriosis-related pain
through endothelin-1 production. Eur. J. Pain 22, 501-510. doi: 10.1002/ejp.
1133

Zheng, P., Zhang, W., Leng, J., and Lang, J. (2019). Research on central sensitization
of endometriosis-associated pain: a systematic review of the literature. J. Pain
Res. 12, 1447-1456. doi: 10.2147/jpr.s197667

Zhou, J., Chern, B. S. M., Barton-Smith, P., Phoon, J. W. L., Tan, T. Y., Viardot-
Foucault, V., et al. (2020). Peritoneal fluid cytokines reveal new insights
of endometriosis subphenotypes. Int. J. Mol. Sci. 21:3515. doi: 10.3390/
ijms21103515

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Maddern, Grundy, Castro and Brierley. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 16

October 2020 | Volume 14 | Article 590823


https://doi.org/10.1016/s1074-3804(05)60556-7
https://doi.org/10.1016/j.bpobgyn.2018.01.013
https://doi.org/10.1016/b978-008045046-9.00642-2
https://doi.org/10.1093/humrep/del339
https://doi.org/10.1016/j.pain.2011.03.029
https://doi.org/10.1093/humrep/den464
https://doi.org/10.1093/humrep/den464
https://doi.org/10.1016/j.jmig.2009.07.012
https://doi.org/10.1016/j.jmig.2009.07.012
https://doi.org/10.1007/s11064-008-9750-5
https://doi.org/10.1016/j.gmit.2015.06.005
https://doi.org/10.1016/j.cell.2005.01.010
https://doi.org/10.1007/s003450100201
https://doi.org/10.1016/j.redox.2017.04.037
https://doi.org/10.1016/j.redox.2017.04.037
https://doi.org/10.1016/j.ejogrb.2016.06.017
https://doi.org/10.1002/ejp.1133
https://doi.org/10.1002/ejp.1133
https://doi.org/10.2147/jpr.s197667
https://doi.org/10.3390/ijms21103515
https://doi.org/10.3390/ijms21103515
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Pain in Endometriosis
	Introduction
	Pathogenesis
	Clinical Diagnosis

	Mechanisms Underlying Endometriosis Induced Pain
	Inflammation
	Neuroangiogenesis
	Neurogenic Inflammation
	Peripheral Sensitization
	Central Sensitization
	Cross-Organ Sensitization

	Current Treatments
	Future Therapies? Insights From Animal Models of Endometriosis

	Author Contributions
	Funding
	References


