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Abstract: It is commonly accepted that females and males differ in their experience of pain. Gender differences have
been found in the prevalence and severity of pain in both clinical and animal studies. Sex-related hormones are found
to be involved in pain transmission and have critical effects on visceral pain sensitivity. Studies have pointed out the
idea that serum estrogen is closely related to visceral nociceptive sensitivity. This review aims to summarize the lit-
erature relating to the role of estrogen in modulating visceral pain with emphasis on deciphering the potential central

and peripheral mechanisms.
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1 Introduction

Visceral pain, commonly known as a prominent
symptom of many clinical diseases, is one of the most
frequent reasons for patients seeking medical inter-
vention (Malykhina, 2007). Being characterized as
diffuse and poorly localized, and often referring to a
superficial and remote location in the body, visceral
pain is different from somatic pain (Cervero and Laird,
1999). The fundamental neurobiological mechanism
underlying the pathophysiology of visceral pain is not
fully understood. A growing number of studies have
suggested that women tend to show lower thresholds
and less tolerance to some nociceptive functional
diseases, such as irritable bowel syndrome (IBS),
interstitial cystitis, and chronic pelvic pain (CPP)
(Riley et al., 1998; Aloisi and Bonifazi, 2006). Fur-
thermore, it has been reported that symptoms and pain
perception fluctuate with the menstrual cycle (Ji et al.,
2008). Given the existence of sex differences and the
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variation of symptoms across the estrous cycle, it is
highly possible that gonadal hormones are involved in
modulation of pain signal processing. Therefore,
attention has shifted to investigating the mechanisms
underlying the modulation of visceral pain by gonadal
hormones (Aloisi and Bonifazi, 2006; Traub et al.,
2014). Estrogen is a type of steroid hormone, like
progestins and androgens. Estradiol (E2), progester-
one, and testosterone are examples of such hormones
in circulation (Heitkemper and Jarrett, 2001; Sherman
and LeResche, 2006). Estrogens exert function on
body systems by binding to specific estrogen recep-
tors (ERs).

The ERs include classical ERs (ERa and ERp),
and extranuclear receptors (G protein-coupled ER
(GPER), membrane ER (mER)-Gaq, ERaA4, and
ER-X). It is envisaged that ERs engage in integrated
action, travelling dynamically among membrane,
cytoplasm, and nuclei, regulating both upstream
nongenomic cascades and the downstream genomic
responses (Marino et al., 2006). Early research found
that ERa and ERP acted as nuclear transcription
factors mediating protein synthesis and DNA tran-
scription. Apart from these “classical mechanisms,” it
was later discovered that ERa and ERp can also be
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trafficked to the plasma membrane and activate the
metabotropic glutamate receptors (mGluRs), initiat-
ing membrane-associated intracellular signaling
pathways (Micevych et al., 2007; Sinchak and Wag-
ner, 2012; Rudolph et al., 2016). The extranuclear
ERs are localized in the membrane, including plasma
and endoplasmic reticulum, and are involved in me-
diating activation of various protein-kinase cascades.
They can also be translocated into the nucleus to
modulate genomic mechanisms (Eyster, 2016; Li et al.,
2016). Given the abundant distribution of ERs in the
central nervous system and visceral organs, their
involvement in visceral pain regulation is anatomi-
cally possible. Indeed, Pfaffl et al. (2003) later
demonstrated that estrogens account for sex differ-
ences in the incidence rate and the pathomechanisms
of many kinds of visceral pain. For instance, the in-
cidence of IBS in females changes with the age-
related variation in estrogen levels, while the preva-
lence of IBS in males hardly changes with age (Garcia
Rodriguez et al., 2000). Estrogen is reported to mod-
ulate visceral pain by enhancing neuronal activities or
regulating neuronal plasticity processes at the level of
the peripheral nervous system, spinal cord, and su-
praspinal nervous system (Vanderhorst et al., 2002;
Shibuya et al., 2003; Ter Horst et al., 2009).

2 Peripheral modulation of visceral pain
processing by estrogen

The dorsal root ganglion (DRQG) is a crucial site
of the convergence of afferents innervating visceral
organs. Alteration of signal transduction in DRG
neurons results in an enhanced or weakened percep-
tion of visceral pain sensation. Many studies have
reported that estrogen modulates sensory inputs at the
primary afferent level (Papka and Storey-Workley,
2002; Rowan et al., 2014; Chaban, 2015). ERs are
widely spread throughout the body, including primary
afferent neurons, the central nervous system, and
some visceral organs, such as the gastrointestinal tract
and reproductive organs. Thus, they provide an ana-
tomical basis for potential target sites of estrogen
action on the transmission and projection of visceral
sensory neurons (Campbell-Thompson et al., 2001;
Pfaffl et al., 2003). IBS usually causes diarrhea and
recurrent abdominal pain, and is a common visceral

pain disease (Bokic et al., 2015). Activated by 17--
estradiol, which is a commonly used potent endoge-
nous estrogen, ERs have been found to modulate
colonic motility and exert anti-inflammatory and
analgesic effects in an IBS-induced visceral pain
model in mice (Zielinska et al., 2017). Both ERa and
ERp participate in conducting nociceptive infor-
mation at a peripheral level, especially in small-
diameter DRG neurons. It has been reported that
activation of GPERs could trigger the production of
neuron-derived nitric oxide (NO), which is strongly
implicated in regulating gastrointestinal motility by
acting as an inhibitory neurotransmitter (Lefebvre,
1995). The expression of NO in the gut is greatly
upregulated in patients with inflammatory intestinal
disorders, such as IBS, inflammatory bowel disease
(IBD), and celiac disease. The GPER agonist G-1
stimulates NO production in cultured myenteric
neurons, via a process dependent on increased ex-
pression of neuronal nitric oxide synthase (nNOS).
Furthermore, immunofluorescence labeling has shown
that GPER is co-expressed with nNOS in the myen-
teric plexus (Reinders et al., 2005; Li et al., 2016).
These findings indicate that estrogens influence gas-
trointestinal motility and mediate abdominal pain
potentially by regulating NO levels in the enteric
nervous system (Reinders et al., 2005).

Estrogen alters signal transduction and cellular
activity by regulating the response of neurons to no-
ciceptive receptors and ion channels (Chaban, 2012;
Pan et al., 2016). The transient receptor potential ion
channel (TRPV) and purinergic receptors (P2X2R
and P2X3R) are known to participate in visceral no-
ciceptive integration (Basbaum, 2009). Sensitization
of visceral nociceptors is one of the neuronal mecha-
nisms accounting for primary hyperalgesia (Cervero
and Laird, 1999). For example, in a visceral pain
model induced by bladder distension, exogenous
application of capsaicin increased intracellular Ca®"
and evoked NO release. This process required the
activation of TRPV1 receptors (TRPV1Rs), which
were highly expressed in the mucosa and muscle of
the bladder (Birder et al., 2002). The action potentials
in DRG neurons initiated by painful stimuli can be
mediated by TRPV1 and P2X3. The P2X3 activator,
adenosine 5-triphosphate (ATP), is known as one of
the most common bioactive compounds in the body.
In the transduction of noxious stimuli, ATP released
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by tissue damage activates purinergic P2X receptors
on visceral nociceptive C-fibers (Dunn et al., 2001).
Estrogen inhibits the response of DRG neurons to
ATP (an activator of P2X3R) and capsaicin (a
TRPVIR agonist). This process may be mediated by
interaction of the membrane-associated ERa and the
mGluR in DRG neurons (Chaban, 2012). Another
mechanism proposed for estrogen’s role in encoding
nociception is that it inhibits the L or N type
high-voltage activated calcium channels expressed on
primary afferents (Meleine and Matricon, 2014). It is
a clinical phenomenon that females tend to be less
sensitive than males to p-opioid receptor (MOR)
agonist analgesia of visceral pain (Cepeda and Carr,
2003). The underlying pharmacological mechanism
of this phenomenon is not fully understood. The dif-
ference in levels of serum estrogen has been impli-
cated as one of the factors accounting for this sex
difference in the analgesic potency of the MOR ago-
nist. Peripheral administration of morphine, which is
a widely used MOR agonist, to treat noxious colo-
rectal distention (CRD) has higher analgesic potency
in ovariectomized (OVX) rats than in rats treated with
estradiol, indicating that estradiol inhibits the phar-
macological effect of MOR agonists (Aubrun et al.,
2005; Ji et al., 2007). Studies have established the
connections between estrogen and the modulation of
the analgesic potency of p-opioid agonists (Sandner-
Kiesling and Eisenach, 2002; Aubrun et al., 2005; Ji
et al., 2006). However, the underlying mechanisms
accounting for the different analgesic potency of the
p-opioid agonist in the presence or absence of estro-
gen are not fully understood. One of the mechanisms
proposed is that estrogen treatment decreases the
expression and inhibits the activity of MORs (Ji et al.,
2006). Note that the p-opioid agonist can cause an
increased expression of ERs in the ovary, indicating
that the interaction between estrogen and MORs is
bi-directional (Vodo et al., 2013).

3 Spinal mechanisms in estrogen modula-
tion of visceral pain

The spinal cord is well established as a primary
central station where neurons respond to noxious
visceral stimulation. Estrogen takes part in modulat-
ing the descending inhibition system or altering the
inhibitory processing in spinal dorsal horn neurons

(Vanderhorst et al., 2002). Estrogen may control
synaptic transmission by modulating the activity of
some ion channels in the spinal cord. N-methyl-D-
aspartate (NMDA) receptor, a type of ionotropic
glutamate receptor, is quite important in regulating
synaptic plasticity and memory function in nerve cells
(Moriyoshi et al., 1991). NMDA receptors (NMDARS)
in the spinal cord are known to contribute to hyper-
algesia and neuron hyperexcitability (central sensiti-
zation) at the spinal level in response to visceral or
somatic nociceptive stimuli (Zhou et al., 2011).
Functional NMDAR is a heterotetramer with two
GluN1 subunits and two GIuN2/3 subunits (GluN2A-D
or GIuN3A). NMDAR activity can be regulated by
many factors including ischemia, inflammation, aging,
and sex hormones (Hardingham and Bading, 2010).
There is strong evidence that estrogens regulate the
activity of spinal NMDARs, which serve as an im-
portant mechanism for modulating visceromotor re-
sponse (Liu et al., 2007). ERo and NMDARSs are
co-expressed in the superficial dorsal horn, the deeper
laminae, and lamina X of the spinal cord, providing
an anatomical basis for NMDAR’s role in estrogen
modulation of pain processing at the level of the
dorsal horn (Chaban et al., 2003). In a visceral pain
model caused by colonic inflammation in OVX rats,
intrathecal treatment of 2-amino-5-phosphonopentanoic
acid (APV, an NMDAR antagonist) attenuated the
visceromotor response to CRD. Estrogen replacement
decreased the potency of APV in inhibiting CRD-
induced visceromotor response. Estrogen treatment
significantly increased the phosphorylation of spinal
GluN1, which was shown to contribute to estrogen-
mediated facilitation of nociceptive processing (Tang
et al., 2008). Meanwhile, studies have shown that the
activity of the GluN2B subunit can also be modulated
by estrogen. Ji et al. (2015) found that estrogen en-
hanced the activity of GluN2B containing NMDAR in
the spinal cord, which underlies the potential mecha-
nism of estrogen-facilitation of colonic inflammation-
induced visceral hyperalgesia. There are many po-
tential mechanisms accounting for the effect of es-
trogen on NMDARs in the spinal cord. Estrogen
modulates neuronal activity via phosphorylation of
NMDAR subunits NR1 and NR2. The phosphoryla-
tion process can be triggered by estrogen-mediated
activation of protein kinase C (PKC) and PKA
(Romeo et al., 2005). Ji et al. (2015) showed that
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estrogen enhanced the CRD-induced activation of
extracellular signal-regulated protein kinase (ERK)
in spinal dorsal horn neurons. ERK belongs to the
mitogen-activated protein kinase (MAPK) family,
which plays a key role in the processing of noxious
stimuli. ERK phosphorylation is involved in the ER
a-mediated enhancement of visceral sensitivity at the
spinal level (Ji et al., 2011). The process of ERK
phosphorylation can be very complicated. On the one
hand, NMDAR activation can trigger the phosphor-
ylation of ERK. As elaborated above, estrogen in-
creases the activation of spinal NMDARs following
noxious visceral stimulation. One pathway of ERK
activation involves NMDAR activation—Ca”" influx—
PKA activation—ERK phosphorylation. On the other
hand, phosphorylated ERK (p-ERK) can be an up-
stream stimulator of NMDARs. PKA-ERK activation
could evoke activation of NMDAR subunits in the
spinal cord (Thomas and Huganir, 2004). Another
possible mechanism for estrogen’s effect on NMDAR
is that estrogen directly activates the protein tyrosine
kinase Src, which then phosphorylates and increases
the activity of NMDARs (Nilsen et al., 2002).

Epigenetic regulation, involving DNA methyla-
tion, chromatin remodelling, and non-coding RNAs,
is also involved in estrogen’s modulation of visceral
sensitivity in the spinal cord. With histones being
basic structures of chomatin, histone acetylation and
hyperacetylation are well-known for regulating tran-
scriptional activities (Nilsen et al., 2002). Cao et al.
(2015) found that 17-B-estradiol treatment increased
the magnitude of visceromotor response to CRD in
OVX rats. However, the estrogen-facilitated visce-
romotor response was attenuated by spinal applica-
tion of the histone deacetylase inhibitor suberoylani-
lide hydroxamic acid (SAHA), indicating a critical
role of histone hyperacetylation in estrogen modula-
tion of visceral pain at the spinal level. They further
demonstrated that histone deacetylase inhibition in-
creased the binding of acetylated histone 3 and ERa to
the promoter of the mGluR2 gene, which could cause
an upregulation of mGluR2 mRNA and protein.
Furthermore, spinal administration of the mGluR2
antagonist LY341495 inhibited the antinociceptive
effect of SAHA (Cao et al., 2015). Thus, the evidence
above indicates that ERs interact with mGluR2 to
modulate visceral pain via epigenetic mechanisms in
the spinal cord.

4 Supraspinal mechanisms in estrogen
modulation of visceral pain

It is increasingly evident that estrogen exerts
multiple downstream actions in the neurons of the
central nervous system by activating many kinase
pathways. Estrogen binding sites are widely distrib-
uted in many brain structures which are also involved
in the processing of pain signals (Heitkemper and
Jarrett, 2001). Numerous studies indicate that estro-
gen modulation of visceral pain is mediated in certain
areas of the central nervous system, including the
amygdala, prefrontal regions, cingulate, and insula
(Chaloner and Greenwood-van Meerveld, 2013;
Labus et al., 2013; Gao et al., 2017). In OVX rats
receiving implantation of estrogen in the amygdala,
the visceromotor response to colorectal distension
increased (Myers et al., 2011). The presence of nu-
clear ERs in the astrocytes of the central nervous
system has been well demonstrated. In a high estro-
gen state, the expression of excitatory amino acid
transporters decreased in the astrocytes of the mid-
brain (Garcia-Ovejero et al., 2002; Pawlak et al.,
2005). ERs have been shown to interact with the
glutamate transportation system, leading to the de-
velopment of neuron plasticity in chronic pain. The
excitatory amino acid transporter (EAAT) was found
to be involved in the maintenance of glutamatergic
synapses and plays a vital role in various visceral pain
states (Bradesi et al., 2011). An estrogen-related re-
duction of EAAT uptake in the brain was linked to a
decreased threshold for colorectal distension. In a
magnetic resonance imaging (MRI) study conducted
by Hubbard et al. (2016), estrogen was found to alter
visceral nociceptive processing in the brain and
modulate viscerosensitivity following acute stress.
Functional MRI in rats showed that noxious visceral
stimulation enhanced the activation of some brain
regions in an estrogen-stress dependent manner.
These regions included the insula, anterior cingulate,
amygdala, parabrachial nuclei, and cerebellum. The
potential mechanism of estrogen’s significant role in
modulating visceral sensitivity in different brain areas
is very complicated. It has been reported that estrogen
increases synapse density and NMDAR-binding ac-
tivity in the hippocampus (Daniel and Dohanich,
2001; Chen et al., 2014). Estrogen enhances neuron
excitability in the hypothalamus by increasing NMDAR
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phosphorylation and expression (Romeo et al., 2005).
Estrogen was also reported to decrease the binding of
NMDARs and AMPA (o-amino-3-hydroxy-5-methy-
4-isoxazolepropionic acid) receptors in the frontal
cortex and the nucleus accumbens (Magnusson and
Martin, 2002). Furthermore, it has been speculated
that opioid receptors may be implicated in the central
action of estrogen in modulating visceral pain.

The analgesic potency of the p-opioid agonist in
treating visceral pain is mediated by estrogen at the
supraspinal level. The MORs exist in many brain
areas, such as the cerebral cortex, hippocampus, stri-
atum, and locus coeruleus (Kalyuzhny et al., 1996). In
OVX rats combined with short-term estrogen treat-
ment, the number of opioid binding sites in the brain
decreased, resulting in a reduction of the analgesic
effect of MOR agonists (Ratka and Simpkins, 1991).
The potential mechanisms accounting for the estrogen-
mediated reduction in analgesia potency of the
p-opioid agonist are still not fully understood. Given
that the MOR belongs to the G-protein-coupled re-
ceptor (GPCR) family, it has been proposed that a
rapid increase of estrogen may inhibit the analgesic
function of the p-opioid agonist by altering the link-
age of G proteins to the respective effector system
(Qiu et al., 2003; Ji et al., 2006).

5 Discussion

In recent years, a growing body of evidence has
pointed to the involvement of different gonadal
hormones in the modulation of pain signal processing.
In this review, we have examined the evidence of the
important role of serum estrogen in regulating vis-
ceromotor response. Estrogen plays an important part
in modulating visceral noxious stimulation-evoked
nociceptive sensitization at the level of peripheral,
spinal, and supraspinal sites.

The effects of gonadal hormones on visceral
pain can be contradictory. For example, estrogens are
generally thought to be pronociceptive in visceral
pain, while some studies have revealed that estradiol
can be antinociceptive. In some studies, OVX rats
displayed long lasting visceral hyperalgesia, which
could be relieved by exogenous administration of
estrogen. Spinal ERP activation can have antino-

ciceptive effects by attenuating the visceromotor
response in a CRD model of visceral pain (Gaumond
et al., 2002, 2005; Cao et al., 2012). The conflicting
results may be due to the different species, techniques,
protocols, pain models, and various estrogen con-
centrations applied in different experiments. Fur-
thermore, different methods of estrogen administra-
tion, acute or chronic, intravenous or subcutaneous,
can have different effects on visceral hyperalgesia. It
is also reasonable to speculate that the opposite ef-
fects of estrogen on visceral pain may be mediated by
the different types of ERs and different estrogen-
evoked pathways involved in the peripheral and cen-
tral nervous systems.

Being diffuse and poorly localized, visceral pain
is more difficult to treat than other kinds of pain.
Currently, visceral pain is generally treated with
pharmacotherapy. A better understanding of estrogen-
mediated differences in visceral pain may be helpful
in unveiling some of the key mechanisms contrib-
uting to the development of visceral pain, and may
provide new targets for the development of therapeu-
tic strategies. From a public health perspective, tar-
geting ERs or the downstream pathways may be a
potential approach to relieve visceral pain. Further-
more, by taking into account the varying estrogen
levels across the menstrual cycle or during the dif-
ferent stages of pregnancy, the promise of personal-
ized and precise treatment of visceral pain could be
closer to reality.

6 Future directions

This review has highlighted the importance and
complexity of estrogen modulation of visceral pain at
the primary and central levels. The evidence pre-
sented may increase our knowledge of the gender-
based biomedical difference in visceromotor response
and help to achieve a deeper understanding of the
multiple mechanisms underlying estrogen modulation
of visceral pain. Determination of these mechanisms
is still in progress. In response to call for new and
more efficient therapies targeting visceral pain, there
is an urgent need for more powerful studies focusing
on these mechanisms. A growing number of papers
have pointed out the importance of the immune system
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contributing to sexual differentiation of visceral pain.
Taking into consideration the changes in levels of
other sex hormones in relation to the gender differ-
ence, the roles of progestin and androgen in regulat-
ing pain processing remain to be further investigated.
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