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Abstract: Ovarian hormones play an important role in pain perception, and are responsible, at least in
part, for the pain threshold differences between the sexes. Modulation of pain and its perception are
mediated by neurochemical changes in several pathways, affecting both the central and peripheral
nervous systems. One of the most studied neurotransmitters related to pain disorders is serotonin.
Estrogen can modify serotonin synthesis and metabolism, promoting a general increase in its tonic
effects. Studies evaluating the relationship between serotonin and disorders such as irritable bowel
syndrome, fibromyalgia, migraine, and other types of headache suggest a clear impact of this
neurotransmitter, thereby increasing the interest in serotonin as a possible future therapeutic target.
This literature review describes the importance of substances such as serotonin and ovarian hormones
in pain perception and illustrates the relationship between those two, and their direct influence
on the presentation of the aforementioned pain-related conditions. Additionally, we review the
pathways and receptors implicated in each disorder. Finally, the objective was to stimulate future
pharmacological research to experimentally evaluate the potential of serotonin modulators and
ovarian hormones as therapeutic agents to regulate pain in specific subpopulations.

Keywords: serotonin; ovarian steroids; pain disorders; hormones; irritable bowel syndrome; migraine;
headache; fibromyalgia; chronic fatigue syndrome

1. Introduction

Pain is subjective by definition and the treatment of pain is complex since its perception is
influenced by neurobiological and psychological factors as well as by social-cultural differences and
the hormonal behavior of each individual [1]. It is crucial to understand the causes, pathophysiology,
and different targets of therapies of pain as pain is highly prevalent in the global population. Although
the exact prevalence of pain is unknown, the prevalence of chronic pain among adults in the United
States ranges from 11% to 40% with a wide subgroup variation [2,3]. Based on the analysis of the
morbidity and mortality weekly report of the Center for Disease and Prevention Control (CDC) in
2016, an estimated 20.4% of adults in the U.S suffered from chronic pain and among these, 8% had
high-impact chronic pain [2]. Chronic pain is also one of the principal reasons adults seek medical
care; is the cause of a high disability index, and is closely linked with the opioid abuse epidemic [2].
The impact of chronic pain affects not only the individual’s quality of life, but is also responsible
for the increase of disability-adjusted life years (DALY), a negative marker of overall health and life
expectancy in the society [4–7].
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Several neurotransmitters are implicated in the transmission and regulation of pain [8]. The role of
each neurochemical and its association with specific types of pain has been well studied and described.
Additionally, it is also known that important differences in pain sensitivity are due to variations of sex
hormones. Some studies have demonstrated the direct stimulation and effects of these hormones on
specific neurotransmitters, thus partially explaining the gender differences in the perception of pain
conditions and the therapeutic responses of interventional therapies [9–11].

Serotonin is a monoamine found in both the central nervous system (CNS) and in the periphery.
It is associated with several physiologic processes, and its dysregulations are in some measure involved
in the pathophysiology of numerous well-known painful conditions such as irritable bowel syndrome,
migraine headache, and primary non-migraine headache [8]. The objective of this literature review is
to describe the relationship between serotonin and pain experience and how ovarian hormones can
modify this relationship.

2. Serotonin Synthesis and Effects

Serotonin is synthesized from the dietary amino acid tryptophan by sequential hydroxylation
and decarboxylation, and is then stored in presynaptic vesicles in neurons [8]. When a neuron is
stimulated, the nerve terminals release serotonin, which initiates its effects by binding to a variety of
receptors [8,12]. Serotonergic cells are found in the cardiovascular system, red blood cells, and the
central and peripheral nervous system. In the central nervous system, they are mainly located on
the brainstem in the raphe nuclei and project to the majority of the brain including the midbrain,
prefrontal, parietal and occipital cortical regions, hippocampus, cingulate cortex, thalamus, cerebellum,
and spinal cord [13].

The 5-HT receptors are divided into seven subfamilies (5-HT1-7) and 15 receptor subtypes.
The role of each receptor and its association with pain conditions are not known with any certainty,
and experimental studies with both agonists and antagonists have shown inconsistent results, possibly
due to poor selectivity of the ligands as well as the diversity of the studied conditions [14–16].
Serotonin (5-HT) acts as an important neuromodulator with both nociceptive and antinociceptive
effects. The specific effect depends on the type of receptor, amount of substance, and anatomical
region where the action takes place. For example, the 5-HT1A receptor in the CNS of rat model studies
is associated with pain inhibition (antinociception) within the spine, while peripheral 5-HT can be
responsible for the increase in the inflammatory response, thus exerting a nociceptive effect [9,17].

The spinal cord pain pathways and their interactions with 5-HT receptors are important in pain
perception. Within the spinal cord, the descending pain modulatory pathways can exert both an
inhibition (descending inhibition) or a facilitation (descending facilitation) type of influence on spinal
cord nociceptive information processing, and this influence also depends on the type of receptor
where neurotransmitters are acting. Although the exact receptor types implicated in spinal cord pain
modulation are not completely understood, studies have shown the presence of at least four types of
receptors (5-HT1, 5-HT2, 5-HT3, and 5-HT7) and several subtypes that can have an influence on these
pain pathways [18,19].

For instance, Bardin L et al. demonstrated in their experimental study that receptor antagonists of
5-HT3 and 5-HT2c could produce a total inhibition of the 5-HT anti-nociceptive effects. Additionally,
there was no involvement of spinal 5-HT1A and 5-HT4 receptors in spine pain modulation [14].
A different study showed that activation of the 5-HT3 receptors in the spine can inhibit nociceptive
sensation, while its blockade potentiates the response by activation of the GABAergic interneuron
system [20]. In general, the majority of the studies showed that the serotonin response depends on
multiple factors such as the pharmacodynamics of the drug (serotonin receptor antagonist or agonist),
the participation of specific receptors, and the duration of the stimulus being able to exert both an
inhibitory or excitatory pain stimulus, or even maintain it if already provoked [8].

Serotonin has been implicated in several other neurophysiologic processes including the
development of nausea when acting in the area postrema, in a group of neurons sensitive to humoral
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factors dominating in the chemoreceptor trigger zone, found in the floor of the fourth ventricle.
Additionally, there are also roles in mood changes and cravings when acting in the hypothalamus;
muscle spasms if stimulating the upper cervical spine; and increased transmission to cortical centers
from the thalamus, which may be interpreted as pain [11,21].

3. Sex Hormone Influence on Serotonin

Sex hormones are steroid hormones synthesized in both the adrenal glands and gonads, which are
derived from cholesterol by modification of the side group of steroids [1,22]. These hormones induce
an effect on multiple organs including the central and peripheral nervous systems [10,23]. Additionally,
it is known that mainly ovarian hormones have an important effect on a variety of neurotransmitters
such as serotonin, the noradrenergic system, glutamate, gamma-aminobutyric acid (GABA), and the
opioid system [13,24–27].

Regarding the serotoninergic system, it is known that sex hormones can influence their synthesis,
reuptake, and degradation (Figure 1). Pecins-Thompson et al. treated oophorectomized and
hysterectomized monkeys with estrogen and estrogen/progesterone to compare the expression of
important synthesis and metabolism of serotonin enzymes with a control group. In the treatment
group, they found a nine-fold increase in tryptophan hydroxylase (TPH) mRNA, the rate-limiting
enzyme in the synthesis of serotonin [28]. Furthermore, short-term treatment (28 days) showed a
decrease in the amount of serotonin reuptake transporter (SERT). On the other hand, longer treatment
(five months) caused an increase in the amount of the transporter [29]. According to more recent
data, the influence of estrogen in the expression of the SERT depends on the duration of this hormone
exposure [13].
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Figure 1. Modulation of serotonin synthesis and metabolism by estrogens.

Monoamine oxidases (MAO) A and B are the main serotonin degradation enzymes. An experiment
suggested a reduction in the gene expression of MAO-A, the main degradation enzyme within the
dorsal raphe and some hypothalamic nuclei in estrogen treatment groups when compared with controls.
Furthermore, a reduction in the gene expression of MAO-B was also identified in the treatment groups,
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but only in the hypothalamic nuclei [13,24]. Some studies have also elucidated a modulation of the
serotonin receptors with the influence of estrogen [30,31].

The 5-HT1A receptors are mostly somatodendritic autoreceptors that regulate serotonin firing and
can also alter the synthesis and release of the neurotransmitter. A study evidenced a decrease in the
mRNA of the 5-HT1A receptor mainly in the dorsal raphe nuclei in monkeys treated with ovarian
hormones [30]. Additionally, a positron emission tomography (PET) scan study in postmenopausal
women showed an increase by 21% on the binding of altanserin (selective 5-HT2A ligand) to the
receptors when women were treated with transdermal estrogen and micronized progesterone [31].
Studies in humans and non-human primates showed that areas involved in pain modulation such as
the raphe nucleus, cingulate cortex, insula, prefrontal cortex, and amygdala possess a high density of
5-HT1A receptors [32–34]. Furthermore, experimental research has demonstrated that 5-HT1A receptor
mimics the non-selective antinociceptive effects of serotonin, while on the other hand, 5-HT1B receptors
mimic the selective effect [8,35,36]. Other 5-HT2, 5-HT3, and 5-HT7 receptors are thought to intervene
in the CNS modulation of pain. However, more studies are necessary to clarify their specific actions [8].

In general, studies support an increase in the serotonin tone in animal models when estrogen
levels are higher when compared with the controls. However, this can be influenced by the length
of the duration of estrogen exposure. In contrast, long-term therapy can also decrease serotonin
tone as described in one study [29]. Therefore, multiple factors have to be considered to create a
final hypothesis.

Although estrogen has multiple receptors, and the main effects are secondary to the stimulation
of intra-nuclear genomic activation, it is believed that its influence on the modulation of serotonin’s
action in pain is due to non-genomic or extracellular estrogen receptors (ER) [9]. This hypothesis is
supported by experiments that confirm the presence of non-genomic receptors due to a rapid (10 min)
effect in the change of pain perception. These receptors are localized outside the nucleus including the
cytoplasm and cell membrane as G-protein coupled receptors (GPCRs) [37].

Although the evidence is based on experiments in non-human species, estrogen receptors (genomic
and non-genomic) such as ERα, ERβ, GPR30 (a G-couple protein receptor), and serotonin receptors
(5-HT1-7) are found in several mammals including humans [37,38]. Additionally, the serotonin
metabolism system including its enzymes and transporters seems to be the same among different
species; thus, it can be assumed that these changes and associations between serotonin and ovarian
hormones can also occur inside the human body and in this way, the findings of these non-human
studies could be extrapolated to humans.

In pain, estrogen has an important role in the modulation of the central serotonergic system.
Some authors have hypothesized that the 5-HT2A receptor plays an important role, and that
administration of 5-HT2A receptor antagonists would decrease the estrogen induced pain relief
effect [39,40]. High concentrations of estrogen promote an increase in estrogen receptor (ER)β and
downregulation of ERα. In general, ERβ upregulates the effect of 5-HT2A activation, while ERα
increases the effect of 5-HT1A via nuclear factor kappa B (NFkB) [41]. Therefore, a high concentration of
estrogen increases the density of 5-HT2A receptors, which stimulates intracellular calcium (Ca) release
and protein kinase C (PKC) activation, with cell-dependent effects. One common effect of the PKC is
the negative feedback and uncoupling of the 5-HT1A auto-receptors, decreasing the amount and effect
of these receptors, and increasing the serotonin concentration through the inability of the system to
produce negative feedback [42,43]. This specific modification in the pathway promotes vasodilation
and has been associated with migraine and other headaches.

Some diseases and their relationship to alterations in neurotransmitters such as serotonin have been
widely described. Currently, the modulation of these substances is one of the targets of management for
these conditions and is a research topic of interest. Irritable bowel syndrome (IBS), migraine headaches,
and other types of non-migraine headaches are part of well-known serotonin-associated conditions.
In the next section, we describe the available evidence regarding these relationships.
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4. Irritable Bowel Syndrome (IBS)

Irritable bowel syndrome is a functional bowel disorder, and its diagnosis depends on the presence
of certain symptoms and the absence of organic or structural causes of these symptoms [44–46]. There is
an estimated prevalence in Europe and North America of 10–15% and a female predominance with
a ratio of 2:1 [47]. The pathophysiology is related to a wide range of factors such as motility and
sensory abnormalities, increased painful thresholds, and a psychological component of the disease.
Consequently, the treatment of this condition is a challenge, with no current universal standard
treatment [48].

Rome IV criteria: Diagnostic criteria to irritable bowel syndrome (IBS)
Recurrent abdominal pain, on average, at least one day per week in the last three months,

associated with two or more of the following criteria [44–46]:

(1) Related to defecation;
(2) Associated with a change in stool frequency;
(3) Associated with a change in stool form (appearance).

Variations in sex hormones have been implicated in changes in the presentation of the disease.
Studies have demonstrated an increase of symptoms in certain phases of the menstrual cycle,
mainly during the luteal phase and menses (Figure 2) [49]. The presence of estrogen receptors
along the gastrointestinal tract, and its influence in the release of pain mediating substances such as
serotonin, which plays an essential role in IBS pain perception, could explain this variation [50,51].
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Polymorphisms of serotonin receptors influence the disease behavior, mainly in the 5-HT3 receptor,
which has an important role in the visceral pro-nociceptive pathway. Alterations in the A and E
subunits of 5-HT3 are related to increased IBS/diarrhea risk. Furthermore, there is an increase in
the density of the receptors due to possible polymorphisms in the upregulation mechanisms [52–54].
Some studies have shown that spinal 5-HT3 receptor activation increases visceral pain transmission by
the release of substances such as substance P, calcitonin gene-related peptide, and neurokinin A from
primary afferent nerves [55].

Ovarian hormones have a clear influence on visceral sensitivity, not only through serotonergic
pathways, but also by mast cell regulation and modulation in the stress response [50]. Studies have
demonstrated that the presence of estradiol and progesterone receptors in mast cells and their binding
to estrogen triggers the degranulation, increasing the presence of the inflammatory substance and,
in the same way, the visceral sensitivity [40,56–58]. Additionally, estrogen effects cortisol’s receptors
along the enteric neurons during the stress response, causing an increase in visceral sensitivity [50].

Some experiments have demonstrated higher levels of serotonin synthesis and its receptor in the
brains of rats that present with visceral pain such as IBS. Moreover, there is a clear effect of estrogens in
several studies in the modulation of the levels of serotonin in the nervous system and indirectly on
the level of pain [9,17]. Additionally, despite the demonstrated improvement of pain in IBS with a
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serotonin antagonist drug, it is also known that the response to treatment is different and is influenced
by gender, with an enhanced response in women than in men, therefore supporting the theory of
serotonin modulation by estrogens [59].

Alosetron is a selective 5-HT3 receptor antagonist that is the only FDA (US Food and Drug
Administration)-approved drug for IBS. Studies have demonstrated more efficacy in women with
diarrhea-type predominance IBS [60,61]. These disparities could be explained by differences in drug
metabolism by CYP2C19 between the sexes, SERT gene polymorphisms, or limbic system activation
with higher limbic activity in women during pain production [62–64]. The exact mechanism of action
of alosetron is unknown; however, studies have demonstrated an inhibition of expression of c-Fos
genes, which are related to pain generation, and suggest that this drug can exert its effects at a spinal
level to block the visceral afferent nociceptive signaling [65].

Experiments demonstrate an enhanced 5HT receptor expression during the late luteal phase
when estrogen and progesterone levels are decreased, and this was also associated with an increase in
symptoms and visceral sensitivity [40]. These findings probably justify the epidemiological differences
in the prevalence of some pain conditions depending on hormonal profiles, as the increase of IBS with
menses or higher prevalence of pain in postmenopausal women, in which the hormone levels are
low [59,66,67].

The understanding of visceral pain pathways is important in recognizing the serotonin relation
and influence of it in pain modulation in IBS. Pain regulation pathways in visceral pain include
vagal and spinal afferents that project into the CNS, both facilitating and/or inhibiting the sensory
transmission to the spinal cord. The cell bodies of the vagal afferents are in the nodose ganglion,
while the cell bodies of the spinal afferents are found in the dorsal root ganglia [68].

Specifically, in visceral pain, there is an antinociceptive action of estrogen on the serotoninergic
system due to afferent-driven vagal inhibition of the pain. On the other hand, the pro-nociceptive
action occurs because of the enhancement of serotonin secretion in the intestinal mucosal mast cells
(IMMCs); cells in which estrogen receptors have been found and that have been associated with its
degranulation, increasing the visceral motor response and spinal or supraspinal processing of visceral
nociception, mainly in IBS [9]. Furthermore, as described previously, the interference of serotonin in
pain modulation depends on the receptors, route of administration, type of pain, and influence of other
substances on the release of this neurotransmitter [8].

Therefore, despite the complex relationship between estrogen and serotonin in pain modulation
in patients with IBS, it seems that the importance of the site of action of serotonin determines the effects
in pain modulation. The increase in serotonin levels in the periphery is responsible for the nociceptive
action through estrogen receptor activation in the intestinal mucosal mast cells, and also the activation
of spinal receptors such as 5-HT3. On the other hand, increases in serotonin levels in the vagal afferent
pathways are related to being antinociceptive. Finally, estrogen levels seem to be closely related to
the modulation of serotonin in IBS, with a direct relation in the periphery (an increase of serotonin
due to IMMC degranulation) and alteration of the receptors’ expression when there is an estrogen
withdrawal phase, causing more pain.

5. Migraine

Migraine is two to three times more common in women than in men, especially during childbearing
ages [11,69]. Two subclassifications of migraine—pure menstrual migraine without aura and
menstrually related migraine without aura—are included in the 2018 International Classification
of Headache, and are closely related to hormone alterations, especially estrogen withdrawal during
the menstrual cycle. The importance of this classification is the confirmed effectiveness of hormone
prophylaxis in these entities when compared with other types of migraines [70]. It is also recognized
that the incidence of migraine crises is the highest two days before to three days after the start of
menstruation [71–73].
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Vasodilation in the brain may be the cause of the headache [74]. The activation of the 5-HT1B

receptor induces vasodilation, normally balanced by the activation of the 5-HTA2 receptor, which leads
to vasoconstriction. Unlike the 5-HT1A receptor, 5-HT1B is not downregulated or uncoupled by
estrogen. Therefore, the estrogen-induced increase in serotonin results in vasodilation without the
capacity to appropriately compensate using the 5-HT2A receptor [40,75].

Additionally, it is believed that trigeminal neurons are hyper-sensitized during this disease,
increasing pro-nociceptive substance expression as calcitonin gene-related peptide (CGRP) and transient
vanilloid receptor 1 (TrpV1), a nonselective capsaicin-binding cation channel [76–78]. Hormone
fluctuations may change the expression level of those peptides, and newer studies have shown an
inverse correlation between estrogens and CGRP, which may explain the peri-menstrual sensitization of
the trigeminovascular system. Sex hormones can have an important role in modifying the c-Fos protein
pathway, regulating gene transcription, and causing an increase in the transmission of neurotransmitters
such as serotonin and norepinephrine [11]. These neurotransmitters are responsible for the development
of neurogenic inflammation and vasodilation through the sensory afferents between intracranial vessels
and the trigeminal system [79].

Serotonin plays an important role in migraine. An increase in its transmission in the central
nervous system in patients with migraine and the induction of headache with serotonin agonists in
experimental studies support this idea [11]. Some experiments have shown the effect on serotonin
synthesis in trigeminal ganglion neurons due to local increases in the rate-limiting enzymes such
as TPH, and demonstrate that this synthesis can be modulated by ovarian estrogens [80]. However,
the influence and effects of serotonin in the sensory system are complex, modulating the activity of a
variety of receptors including potassium channels, calcium channels, tetrodotoxin-resistant sodium
channels, TRPV1, and intracellular calcium, which in conjunction regulate the excitability of the sensory
neurons [80–85].

In women experiencing migraine, PET scan imaging has demonstrated an increase in the synthesis
of serotonin in all regions of the brain [13,86]. Furthermore, both serotonin and opioid systems
are thought to be essential parts of the inhibitory neurotransmitter systems for the trigeminal pain
pathways [87]. On the other hand, substances that increase peripheral serotonin can relieve headache
due to an auto-inhibitory effect in central serotonin production [11].

Ovarian hormones such as estrogen can influence the presence and intensity of the symptoms.
Currently, there is a bimodal theory in which either abrupt decreases in estrogen levels or a
chronically high plasma estrogen concentration modulates the trigeminal pain pathway [88]. However,
clinical observations have shown an improvement in headaches with the increase in estrogen or in the
absence of estrogen withdrawal (pregnancy, menopause), and a worsening of migraine with estrogen
withdrawal (menses, postpartum, and use of oral contraceptives) [11].

In patients with menstrual-related migraine, the activation of ER-α receptors also regulates other
modulatory pathways, increasing the activity of nitric oxide synthase in endothelial cells, especially
in the luteal phase (estrogen withdrawal) and the L-arginine pathway, and these were related to an
increase in migraine crisis [89].

Concerning the relationship between serotonin and sex hormones in this condition, a small clinical
study comprised of 10 women with and six without status migrainosus were followed during one
month of combined hormonal contraception therapy (21 days of hormones and seven days free of
hormones) associated with a serotonin agonist. During the placebo week, the women were divided
into either the transdermal estrogen or placebo group. In the placebo group, the results demonstrated
significant impairment in the neuroendocrine system, with a decrease in cortisol levels and alterations
of prolactin secretion worsening the migraine attacks. However, once the patients received both an
estrogen and serotonin agonist, a clinical improvement was seen [90].

In patients with conditions such as chronic migraine or menstrual status migrainosus, Cassidy et
al. found a reduction in 5-HT1A receptors during the early follicular phase, when the estrogen levels
are low [91]. Additionally, the use of a serotonergic agonist such as sumatriptan has proven to be
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effective in the treatment of acute migraine, probably explained by the hypothesis of the auto-inhibition
of central serotonin level production [90].

Finally, the influence of sex hormones in the serotonergic system and the pathophysiology of
migraine is complex, and currently, a bimodal theory exists. The effects of serotonin in migraine are
not only influenced by the level of the substance, but also by receptor subtypes, and by other pro- or
antinociceptive substances present in the environment such as CGRP, histamine, and bradykinin [80].
However, considering the latest factors such as menstrual cycle phase, the velocity of changes in
hormones levels, and the specific site of action (central or peripheral of serotonin), the behavior of
migraine attacks and the response to therapies could be expected.

6. Primary Non-Migraine Headache

Regarding other types of headache, less information is available about the influence of both
estrogen and serotonin. However, the existing studies show that estrogen probably upregulates
serotonin [11]. Silberstein et al. also demonstrated that estrogen withdrawal decreases peripheral
serotonin, and this leads to a reduction in the self-inhibitory effect of the 5-HT receptors, which in
theory results in an increase in serotonin levels, and has been associated with increases in the intensity
of pain [92,93].

Tension-type headache (TTH) is the most prevalent primary headache worldwide, with a lifetime
prevalence of 69% in men and 88% in women [94]. In surveys, no difference in children’s prevalence
was found; however, the female incidence started to increase after puberty when estrogen levels
increase [95,96].

Concerning the peripheral factors implicated in the physiopathology of TTH, activation of
nociceptors increases the tenderness of pericranial myofascial tissues to palpation, and has a direct
relationship to the intensity of the attacks [97,98]. This nociceptor sensitization could be induced by a
variety of substances including serotonin, which creates an inflammatory environment, and estrogen,
which acts as an important upregulator of serotonin synthesis [22].

In retrospective surveys, 38% to 46% of women reported an increase in their headache with
menses when estrogen withdrawal occurred [99,100]. There is a tightly described relationship between
menses and the increase of TTH episodes. Additionally, as opposed to migraine, it seems that there is
no improvement after menopause in TTH patients, but worsening is possible [22].

On the other hand, cluster headache (CH) is the only primary headache with a higher prevalence
in men [101]. When it does affect women, it is more common after menopause when the estrogen
levels are lower. This supports an estrogen protective effect hypothesis; however, the basis behind this
protective mechanism is still unclear [102,103].

The activation of a trigeminal autonomic reflex is responsible for the pain of cluster headaches,
and elevated levels of substances such as CGRP are found in the trigeminal ganglion cell bodies,
which innervate the blood vessels [104,105]. The hypothalamus and its connection with trigeminal
neurons can also be important regulators of this disease [106].

7. Fibromyalgia

Fibromyalgia is the most frequent cause of chronic widespread muscular pain, and is often
associated with somatic symptoms, fatigue, cognitive disturbances, and sleep problems [107,108].
The clinical diagnosis is based on the presence of generalized pain in at least four of five regions for at
least three months and a widespread pain index (WPI) ≥7 and symptom severity scale (SSS) score ≥5,
or WPI of 4-6 and SSS score ≥9 [109–111]. The global prevalence is approximately 2–3% and increases
with age. This prevalence is six-times more frequent among women, being their most common cause
of pain between 20 and 55 years [112–114].

The etiology and pathophysiology are still unclear. Although controversial, some studies
suggest that central sensitization, a disorder in pain regulation, could be the principal cause of this
disorder [115,116]. Experimental models suggest that attenuation in the function in descending
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pathways increases pain sensitivity and response of these patients [117–119]. Multiple neurobiological
alterations are also associated with this disorder including the hypothalamic-pituitary-adrenal
(HPA) axis, especially an exaggerated adrenocorticotropin hormone (ACTH) response to
corticotropin-releasing hormone (CRH) [120]. Additionally, serotonin and norepinephrine, two key
neuromodulators in the transmission of pain in the descending nociceptive modulatory pathways in
both the brain and spinal cord, have been associated with this condition [121]. Other diseases have
been related with fibromyalgia, and are thought to share a similar pathophysiologic mechanism such
as irritable bowel syndrome (IBS), and migraine [116].

Serotonergic dysfunction is one major hypothesis of fibromyalgia, which is supported by the
efficacy of drugs that alter serotonin metabolism [114,122]. Some reports in patients with fibromyalgia
mention a low serotonin level; however, this reduction could be associated with several factors
including altered hypothalamic pituitary adrenal axis (HPA) and sympathetic hyperactivity [123].
The low serotonin (5-HT) synthesis level could be associated with a reduction in the levels of melatonin,
which partially explain these patient’s disturbed sleep patterns.

Some studies have considered that estrogen deficiency could be not only a promoting factor of this
condition, but also the reason why it is more prevalent in women [112]. During experimental evaluations,
the symptoms are usually more prominent in certain sex-related events such as premenstrual periods,
pregnancy, and menopause. Although this association is also controversial and a clear susceptibility
given by a hormonal profile has not been demonstrated in experiments, the absence of ovarian
hormones is at least associated with increased nociceptive sensation [124].

It is known that gonadal steroids such as estrogen affect the glucocorticoid negative feedback
loop, and also impair the shut-off of ACTH and corticosterone secretion when a person is exposed
to a stressful situation, leading to enhanced activity of the HPA axis. For instance, the reduction of
estrogen stimulation during menopause is related to a relative hypofunction of the HPA axis [125].
A prospective study evaluated pain sensation in patients with fibromyalgia vs. controls; groups
were divided into patients with early menopause (less than 49 years) or late age-onset menopause
(older than 49). Patients with early-onset menopause showed a higher index of pain and non-pain
sensitivity than women with late-onset menopause. The author concluded that a shorter exposure
time to estrogens could influence the pain hypersensitivity of patients with fibromyalgia [112].

There is no standard treatment for patients with fibromyalgia, a combination of several
pharmacologic and non-pharmacologic treatments is recommended [126–129]. Antidepressants like
amitriptyline, selective serotonin, and norepinephrine reuptake inhibitors (SNRI) such as duloxetine
and milnacipran, and the anticonvulsant pregabalin are approved by the FDA for this condition,
and randomized clinical trials have proven their efficacy in the reduction of symptoms and also
the improvement in life quality [108,128–132]. A systematic review and meta-analysis comparing
duloxetine vs. the placebo for the reduction of pain in fibromyalgia evaluated 2249 patients and
demonstrated that duloxetine was significantly more likely than the placebo to reduce pain by
at least 50% at 12 weeks, and at 28 weeks [133]. Additionally, long-term benefits were shown
in multiple experiments including a multicenter, randomized, double-blind, placebo-control trial
that contained 520 patients, where duloxetine reduced the pain severity significantly at three and
six-months [134]. Additionally, duloxetine was shown to be safer and more effective during an average
duration of one year of follow-up [135]. This evidence supports the essential role of serotonin in
fibromyalgia pathophysiology.

Non-pharmacologic management includes exercise, cognitive behavioral therapy, patient education,
and acupuncture. The mechanism of action of acupuncture is unknown; however, it is thought that
stimulation of acupoints can alter the concentration of some pain mediators including endorphin,
substance P, encephalin, and serotonin in the brain and local tissues [136,137]. The effect of acupuncture
has been evaluated in controlled clinical trials. Sprott et al. evaluated the pain level assessed with
VAS scores and the changes in the serum levels of serotonin and substance P after six acupuncture
treatments. Their study demonstrated not only a significant improvement in pain scores, but also a
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decrease in platelet serotonin levels, and an increase in the serum serotonin and substance P [137]. In a
different study, patients who underwent acupuncture treatment also demonstrated a reduction in pain
and a significant increase in serotonin levels.

Although the previous experiments support the role of serotonin with pain modulation in
fibromyalgia, the exact association remains unknown and controversial due to literature supporting the
opposite idea [136]. There is an association of estrogen with the disease, which in part could explain
the predominance among women. Additionally, serotonin seems to play a role in the pathophysiology
of fibromyalgia. However, no association between the three of them has been widely explored in
the literature.

8. Chronic Fatigue Syndrome

Additionally known as myalgic encephalomyelitis, chronic fatigue syndrome (CFS) is a condition
characterized by medically unexplained severe and prolonged fatigue with an impact on the quality
of life [138–142]. Although the etiology is the subject of some controversy and seems to involve
multiple neuronal, endocrine, and immune alterations, specific causes still remain unclear [143].
Recently, the role of several humoral systems has been studied including the glutaminergic and
serotonergic pathways. However, neurotransmitter abnormalities seem to only partially cause
the syndrome since other metabolic abnormalities including glycogen, carnitine, and fatty acid
disturbances have been shown to impact the disease [143]. Similarly, oxidative stress, infections,
autoantibodies, and functional/structural abnormalities are thought to play a role in the pathogenesis
of CFS (i.e., superoxide dismutase abnormalities, immune deregulation, DNA methylation patterns,
mitochondrial dysfunction, among others) [144–148].

Although some authors have also explored the association between sex hormones and CFS, to the
best of our knowledge, no study has been performed to assess the relationship between 5-HT and
sex hormones in the pathogenesis of CFS.

Studies in animal models suggest an interaction between the immune system and the serotonergic
pathway. Upon artificially-induced immune system activation, microglia, an essential immune cell
present in the CNS, releases the pro-inflammatory cytokine IL-1β [149,150]. Astrocytes, another
CNS cell responsible for regulating the amount of neurotransmitters available for neuronal activity,
highly expressed concentrations of IL-1β receptors, and its activation have been proven to increase
the expression of the serotonin transporter 5-HTT in specific glial cells [149]. It is hypothesized
that increased uptake of serotonin by astrocytes leads to increased deactivation of serotonin by
monoamine oxidase A, the enzyme responsible for deamination and scavenge of 5-HT for further
re-utilization [151,152]. As a consequence, the interaction between microglia-astrocytes is responsible
for a lower availability of serotonin to act on 5-HT receptors, that being especially important for the
5-HT1A receptor [153].

Potential therapeutic targets related to serotonin include antidepressants including imipramine
(non-selective 5-HT reuptake inhibitor), a medication that has been shown to abolish the
inflammatory-induced decrease in extracellular levels of serotonin, and which could potentially
impact the pathology [150]. Additionally, specific agonists for the 5-HT1A receptors or inhibitors of
5-HTT may be promising medications for the treatment of CFS [143].

The role of hormones in the pathophysiology of CFS has also been explored. A study comparing
blood levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), estradiol, progesterone,
and cortisol in premenopausal females diagnosed with CFS and paired healthy controls found no
significant difference between CFS and fatigue-free patients for LH, FSH, estrogens, and progesterone,
although CFS-diagnosed patients were shown to have significantly lower levels of cortisol [154].

Veldman et al. [155] described a case of CFS in a patient with dysmenorrhea membranacea. This is
an uncommon condition characterized by a spontaneous sloughing of a large piece of endometrium
retaining the shape of the uterine cavity. This disease has been associated with high levels of
progesterone, and in this specific case, the patient was exposed to contraceptive hormone therapy that
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included progestin and estrogen. Although the authors can merely suspect an association between
CFS and hormone levels in this case, it is certainly interesting to note the resolution of the fatigue after
discontinuation of the hormone therapy as well as the presence of inflammation on laboratory findings
during the contraceptive treatment, which also resolved soon after the hormone was withdrawn [155].

In summary, the association between sex-hormones and CFS as well as the integration of both
with the serotonergic pathway, remains unclear. Further research needs to be conducted to determine
the potential of hormone-related therapeutic targets for the treatment of CFS.

9. Serotonin Modulating Analgesics

The role of serotonin in pain is supported by the fact that there is a high rate of comorbidity with
other serotonergic dysfunctions such as mood disorders. Furthermore, medications with effects on
serotonin were used off-label for pain due to the empirically observed improvement after initiation.

The serotonergic pathway is a therapeutic target for several chronic pain-related conditions like
fibromyalgia and neuropathic pain [156]. For chronic pain management, tricyclic antidepressants are
the most commonly used antidepressants. However, the efficacy of selective serotonin (SSRI) and
serotonin-noradrenaline reuptake inhibitors (SNRI) to decrease pain and reduce the need for opioid
therapy has been studied [156–158].

Duloxetine, a medication of the SNRI family, has been shown in controlled randomized trials
to decrease pain in diabetic and non-diabetic peripheral neuropathy, osteoarthritis, fibromyalgia,
in postoperative analgesia, pain in the orofacial region, and exceptionally for acute pain [157,159].
With almost no effect upon cholinergic and histaminergic receptors, duloxetine and other SNRIs are
primarily indicated for depressive and anxiety disorders, despite the increase in available evidence
supporting their use as an analgesic.

The pain-related condition where SNRIs have the most evidence is for neuropathic pain. It is
thought that a nociceptive stimulus originating in the periphery is transported by primary sensory
neurons through the dorsal horn of the spinal cord and then to the brain through an ascending
pathway. There is also an antinociceptive system with descending fibers originating in the brainstem.
These neurons release serotonin and noradrenaline as their neurotransmitters and it is thought that
dysregulation in this descending tract may impede the pain-relief activity [158]. A recent meta-analysis
of seven studies showed the superiority of duloxetine over placebo to decrease pain by at least 30% in
patients with fibromyalgia [156].

Despite the wide use of SNRIs for neuropathic and chronic musculoskeletal pain, there is scant
evidence that supports their use for other conditions mentioned in this paper. Some recent studies have
suggested an important role of these drugs in the prevention of migraine. However, no literature has
supported its use as a headache abortive therapy yet [160]. Newer evidence in favor of antidepressants
as pain relieving agents is increasing. However, more data about effectiveness and tolerability need to
be collected.

10. Discussion

Serotonin is an important neurotransmitter involved in multiple physiologic processes such as
mood, sleep, and pain [8]. There is increasing evidence with experimental models and brain imaging
supporting anti-nociceptive effects mediated by the 5-HT1A and 5-HT1B receptor [30,31]. However,
the exact role of other serotonin receptors in pain modulation still remains unclear.

On the other hand, the interaction of the estrogen–serotonergic pathway seems to be mediated
by the activation of genomic and non-genomic estrogen receptors, as cytoplasmic and membrane
receptors. The 5-HT2A receptor has shown to importantly decrease pain when estrogen levels are high,
and its blockage by a 5-HT2A antagonist tends to decrease the estrogen-induced pain release [39,40].
Estrogen receptors α and β respond differently to estrogen concentrations, with high hormone levels
inducing an increased in the expression of ERβ compared with ERα [41]. This cycle promotes an
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increased tone in 5-HT2A and uncoupling of the 5-HT1A with subsequent abolition of the negative
feedback system [42].

Sex-hormones and serotonin have a wide variety of receptors distributed throughout the peripheral
and central nervous system, each receptor located in specific cells and with different mechanisms
of action [12,33,37]. As a consequence, there is a wide range of physiologic effects and potential
pathophysiologic changes capable of causing, promoting, or precipitating pain-related conditions.
The specific effects of the serotonin–estrogen interaction for every clinical condition is summarized
in Table 1.

Table 1. Serotonin and estrogen modulation of pain conditions.

Condition What We know

Irritable Bowel Syndrome

- Increase of symptoms during luteal phase and menses
- Increase levels of serotonin synthesis and its receptors
- 5 HT3 receptor polymorphisms cause increased IBS/diarrhea risk
- 5-HT3 receptor activation induces release of substance P, CGRP, and neurokinin
- The interference of serotonin in pain modulation depends on the receptors, route of
administration, and type of pain:
√

Antinociceptive action of estrogen on the serotoninergic system due to afferent-driven vagal
inhibition of pain
√

The increase in serotonin levels in the periphery caused by the activation of estrogen receptors
in IMMCs and spinal receptors is pro-nociceptive
- During the estrogen withdrawal phase, there is an increase in pain perception in patients with IBS
- Serotonin antagonist (Alosetron) has a demonstrated efficacy in IBS patients, with predominance
in women

Migraine

- More common in women during childbearing ages
- Estrogen causes activation of 5-HT1B without the compensation of the 5-HT2A receptor; this
causes vasodilation and thus headache
- Estrogen causes release of nociceptive substances including calcitonin gene-related peptide
CGRP and TrpV1
- Estrogen can modify the c-Fos protein, which regulates the transcription of serotonin and
norepinephrine
- Estrogen increases the synthesis of serotonin by modulation of the rate-limiting enzyme TPH
- Bimodal theory: an abrupt decrease in estrogen levels or a chronically high plasma estrogen
concentration modulates the trigeminal pain pathway
- Serotonin agonists such as Sumatriptan are effective for acute migraine

Primary Non-Migraine Headache

- Increase of headache female incidence after puberty
- Estrogen upregulates serotonin
- Estrogen withdrawal is associated with an increase in the intensity of pain
- Activation of nociceptors induced by serotonin
- Activation of trigeminal autonomic reflex is responsible for pain in cluster headaches

Fibromyalgia

- The prevalence is six-times more frequent among women
- Serotonin and norepinephrine modulate the transmission of pain in the descending nociceptive
modulatory pathways in the brain and spinal cord
- Low serotonin synthesis level in patients with fibromyalgia
- Estrogen deficiency as a promoter of the disease
- Shorter exposure time to estrogens influences the pain hypersensitivity
- Duloxetine and milnacipran, selective SNRIs, are FDA approved drugs for fibromyalgia

Chronic Fatigue Syndrome

- Role of glutaminergic and serotonergic pathways in the pathophysiology
- Activation of IL-1β receptors in the disease, increases the expression of serotonin transporter
(5-HTT) in glial cells
- Reuptake increase of serotonin by astrocytes, increase the deactivation of serotonin by
monoamine oxidase A in fibromyalgia patients
- Imipramine (non-selective 5-HT reuptake inhibitor) has been used in this condition
- Resolution of fatigue and decrease of inflammatory mediators in experiments in patients with
CFS, after the discontinuation of hormone therapy

Abbreviations: IBS, Irritable bowel syndrome; IMMCs, Intestinal mucosal mast cells; CGRP, calcitonin gene-related
peptide; TrpV1, transient vanilloid receptor 1; TPH, tryptophan hydroxylase; SNRI, serotonin and norepinephrine
reuptake inhibitors; FDA, Food and Drug Administration; IL-1β, interleukin 1 beta; CFS, Chronic fatigue syndrome.

As mentioned previously, the research output on this topic is increasing, and some authors have
published clinical trials comparing serotonergic and estrogen medications with other therapeutic
options. Although more research still needs to be conducted, there are promising results about the
efficacy of SSRIs and SNRIs for the treatment of several painful conditions including, but not limited
to IBS, fibromyalgia, neuropathic pain, and migraine [161–163]. However, although estrogens seem
to also have a role in the modulation of acute pain due to the location of receptors in the membrane
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and cytoplasm, there is scant literature exploring the efficacy of hormonal treatment to decrease pain
intensity in acute conditions.

On the other hand, basic science studies elucidated the potential key role of the receptors 5-HT1A

and 5-HT1B for pain modulation as well as the relevance of the 5-HT2A in the interaction of both
biological pathways, estrogens and serotonin, and their antinociceptive effects. However, little is
still known about the pain-modulating effects of different serotonin receptors and their importance
as therapeutic targets for the treatment of pain [14,18]. Similarly, the wide variety of mechanisms
of actions and cell tropism of estrogens makes a complete understanding of the complete pathway
difficult [42].

11. Conclusions

The association of serotonin with pain disorders and its modulation by estrogens has been well
studied for certain conditions including irritable bowel syndrome and migraine, where a clear effect
of those substances has been elucidated. However, for other pain conditions, it is not completely
understood and further investigation is needed.

Evidence suggests an important role of endogenous sex hormones in the pathophysiology of
IBS, migraine, fibromyalgia, and CFS, which could explain at least in part the increased prevalence
in women. Additionally, the neurotransmitter serotonin is strongly associated with diseases such as
fibromyalgia and IBS. In general, studies have demonstrated that estrogen withdrawal is associated
with an increase in serotonin tone and thus painful conditions. This relationship between ovarian
steroids and serotonin raises the question not only about the potential therapy options, but also about
the treatment response differences between genders.

Finally, although the current evidence leads us to believe in a significant influence of estrogen
in the modulation of serotonin in pain, this assumption arises from animal experiments, and human
studies are needed to confirm this association.

12. Limitations

Unfortunately, evidence for several clinical conditions is still controversial, and there is almost no
information about the relationship of serotonin and ovarian hormones for illnesses such as fibromyalgia,
where sex-hormones have been proven to increase pain. There are still contradictory results for several
conditions such as visceral pain, headache, fibromyalgia, and chronic fatigue. Few basic sciences studies
have been performed in humans, and the role of serotonin must be overlapped from animal models
when available. There is an increasing amount of clinical trials comparing the efficacy to decrease pain
between different SSRIs and SNRIs and other interventions or placebo; although several authors have
studied these medications for fibromyalgia [132], IBS [164], and migraine [163], no controlled trials
have been performed for the other conditions discussed in this manuscript.

Funding: No funding sources were provided.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Maurer, A.J.; Lissounov, A.; Knezevic, I.; Candido, K.D.; Knezevic, N.N. Pain and sex hormones: A review of
current understanding. Pain Manag. 2016, 6, 285–296. [CrossRef] [PubMed]

2. Dahlhamer, J.; Lucas, J.; Zelaya, C.; Nahin, R.; Mackey, S.; DeBar, L.; Kerns, R.; Von Korff, M.; Porter, L.;
Helmick, C. Prevalence of Chronic Pain and High-Impact Chronic Pain Among Adults—United States, 2016.
In Center for Disease Control and Prevention: Morbidity and Mortality Weekly Report (MMWR); Centers for
Disease Control and Prevention: Atlanta, GA, USA, 2018; pp. 1001–1006.

3. Committe, I.P.R.C. National Pain Strategy: A Comprehensive Population Health-Level Strategy for Pain;
US Department of Health and Human Services, Natoinal Institutes of Health: Washington, DC, USA, 2016.

http://dx.doi.org/10.2217/pmt-2015-0002
http://www.ncbi.nlm.nih.gov/pubmed/26983893


Int. J. Mol. Sci. 2019, 20, 5729 14 of 21

4. Ruan, X.; Kaye, A.D. A Call for Saving Interdisciplinary Pain Management. J. Orthop. Sports Phys. Ther. 2016,
46, 1021–1023. [CrossRef] [PubMed]

5. Rice, A.S.; Smith, B.H.; Blyth, F.M. Pain and the global burden of disease. Pain 2016, 157, 791–796. [CrossRef]
[PubMed]

6. Smith, B.H.; Elliott, A.M.; Chambers, W.A.; Smith, W.C.; Hannaford, P.C.; Penny, K. The impact of chronic
pain in the community. Fam. Pract. 2001, 18, 292–299. [CrossRef] [PubMed]

7. Gureje, O.; Von Korff, M.; Simon, G.E.; Gater, R. Persistent pain and well-being: A World Health Organization
Study in Primary Care. JAMA 1998, 280, 147–151. [CrossRef] [PubMed]

8. Cortes-Altamirano, J.L.; Olmos-Hernandez, A.; Jaime, H.B.; Carrillo-Mora, P.; Bandala, C.; Reyes-Long, S.;
Alfaro-Rodríguez, A. Review: 5-HT1, 5-HT2, 5-HT3 and 5-HT7 Receptors and their Role in the Modulation of
Pain Response in the Central Nervous System. Curr. Neuropharmacol. 2018, 16, 210–221. [CrossRef] [PubMed]

9. Yan, X.J.; Feng, C.C.; Liu, Q.; Zhang, L.Y.; Dong, X.; Liu, Z.L.; Cao, Z.J.; Mo, J.Z.; Li, Y.; Fang, J.Y.; et al.
Vagal afferents mediate antinociception of estrogen in a rat model of visceral pain: The involvement of
intestinal mucosal mast cells and 5-hydroxytryptamine 3 signaling. J. Pain 2014, 15, 204–217. [CrossRef]

10. Craft, R.M. Modulation of pain by estrogens. Pain 2007, 132 (Suppl. 1), S3–S12. [CrossRef]
11. Marcus, D.A. Interrelationships of neurochemicals, estrogen, and recurring headache. Pain 1995, 62, 129–139.

[CrossRef]
12. Hedlund, P.B.; Sutcliffe, J.G. Functional, molecular and pharmacological advances in 5-HT7 receptor research.

Trends Pharmacol. Sci. 2004, 25, 481–486. [CrossRef]
13. Martin, V.T.; Behbehani, M. Ovarian hormones and migraine headache: Understanding mechanisms and

pathogenesis—Part I. Headache 2006, 46, 3–23. [CrossRef] [PubMed]
14. Bardin, L.; Lavarenne, J.; Eschalier, A. Serotonin receptor subtypes involved in the spinal antinociceptive

effect of 5-HT in rats. Pain 2000, 86, 11–18. [CrossRef]
15. Obata, H.; Saito, S.; Sasaki, M.; Ishizaki, K.; Goto, F. Antiallodynic effect of intrathecally administered 5-HT(2)

agonists in rats with nerve ligation. Pain 2001, 90, 173–179. [CrossRef]
16. Sasaki, M.; Obata, H.; Kawahara, K.; Saito, S.; Goto, F. Peripheral 5-HT2A receptor antagonism attenuates

primary thermal hyperalgesia and secondary mechanical allodynia after thermal injury in rats. Pain 2006,
122, 130–136. [CrossRef] [PubMed]

17. Fillingim, R.B.; King, C.D.; Ribeiro-Dasilva, M.C.; Rahim-Williams, B.; Riley, J.L., III. Sex, gender, and pain:
A review of recent clinical and experimental findings. J. Pain 2009, 10, 447–485. [CrossRef]

18. Hoyer, D.; Clarke, D.E.; Fozard, J.R.; Hartig, P.R.; Martin, G.R.; Mylecharane, E.J.; Saxena, P.R.; Humphrey, P.P.
International Union of Pharmacology classification of receptors for 5-hydroxytryptamine (Serotonin).
Pharmacol. Rev. 1994, 46, 157–203.

19. Gustafson, E.L.; Durkin, M.M.; Bard, J.A.; Zgombick, J.; Branchek, T.A. A receptor autoradiographic and
in situ hybridization analysis of the distribution of the 5-ht7 receptor in rat brain. Br. J. Pharmacol. 1996,
117, 657–666. [CrossRef]

20. Kukushkin, M.L.; Igon’kina, S.I. Role of 5-HT3 receptors in the mechanisms of central pain syndrome.
Bull. Exp. Biol. Med. 2003, 135, 552–555. [CrossRef]

21. Carpenter, D.O. Neural mechanisms of emesis. Can. J. Physiol. Pharmacol. 1990, 68, 230–236. [CrossRef]
22. Lieba-Samal, D.; Wober, C. Sex hormones and primary headaches other than migraine. Curr. Pain Headache Rep.

2011, 15, 407–414. [CrossRef]
23. Amandusson, A.; Blomqvist, A. Estrogenic influences in pain processing. Front. Neuroendocr. 2013,

34, 329–349. [CrossRef] [PubMed]
24. Bethea, C.L.; Lu, N.Z.; Gundlah, C.; Streicher, J.M. Diverse actions of ovarian steroids in the serotonin neural

system. Front. Neuroendocr. 2002, 23, 41–100. [CrossRef] [PubMed]
25. Herbison, A.E.; Simonian, S.X.; Thanky, N.R.; Bicknell, R.J. Oestrogen modulation of noradrenaline

neurotransmission. In Neuronal and Cognitive Effects of Oestrogens: Novartis Foundation Symposium;
John Wiley & Sons: Hoboken, NJ, USA, 2000; Volume 230, pp. 74–85, Discussion 85–93.

26. Malyala, A.; Kelly, M.J.; Ronnekleiv, O.K. Estrogen modulation of hypothalamic neurons: Activation of
multiple signaling pathways and gene expression changes. Steroids 2005, 70, 397–406. [CrossRef] [PubMed]

27. Cyr, M.; Ghribi, O.; Thibault, C.; Morissette, M.; Landry, M.; Di Paolo, T. Ovarian steroids and selective
estrogen receptor modulators activity on rat brain NMDA and AMPA receptors. Brain Res. Rev. 2001,
37, 153–161. [CrossRef]

http://dx.doi.org/10.2519/jospt.2016.0611
http://www.ncbi.nlm.nih.gov/pubmed/27903161
http://dx.doi.org/10.1097/j.pain.0000000000000454
http://www.ncbi.nlm.nih.gov/pubmed/26670465
http://dx.doi.org/10.1093/fampra/18.3.292
http://www.ncbi.nlm.nih.gov/pubmed/11356737
http://dx.doi.org/10.1001/jama.280.2.147
http://www.ncbi.nlm.nih.gov/pubmed/9669787
http://dx.doi.org/10.2174/1570159X15666170911121027
http://www.ncbi.nlm.nih.gov/pubmed/28901281
http://dx.doi.org/10.1016/j.jpain.2013.10.012
http://dx.doi.org/10.1016/j.pain.2007.09.028
http://dx.doi.org/10.1016/0304-3959(95)00052-T
http://dx.doi.org/10.1016/j.tips.2004.07.002
http://dx.doi.org/10.1111/j.1526-4610.2006.00309.x
http://www.ncbi.nlm.nih.gov/pubmed/16412147
http://dx.doi.org/10.1016/S0304-3959(99)00307-3
http://dx.doi.org/10.1016/S0304-3959(00)00401-2
http://dx.doi.org/10.1016/j.pain.2006.01.021
http://www.ncbi.nlm.nih.gov/pubmed/16527395
http://dx.doi.org/10.1016/j.jpain.2008.12.001
http://dx.doi.org/10.1111/j.1476-5381.1996.tb15241.x
http://dx.doi.org/10.1023/A:1025421117114
http://dx.doi.org/10.1139/y90-036
http://dx.doi.org/10.1007/s11916-011-0211-5
http://dx.doi.org/10.1016/j.yfrne.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23817054
http://dx.doi.org/10.1006/frne.2001.0225
http://www.ncbi.nlm.nih.gov/pubmed/11906203
http://dx.doi.org/10.1016/j.steroids.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15862823
http://dx.doi.org/10.1016/S0165-0173(01)00115-1


Int. J. Mol. Sci. 2019, 20, 5729 15 of 21

28. Pecins-Thompson, M.; Brown, N.A.; Kohama, S.G.; Bethea, C.L. Ovarian steroid regulation of tryptophan
hydroxylase mRNA expression in rhesus macaques. J. Neurosci. 1996, 16, 7021–7029. [CrossRef]

29. Smith, L.J.; Henderson, J.A.; Abell, C.W.; Bethea, C.L. Effects of ovarian steroids and raloxifene on proteins
that synthesize, transport, and degrade serotonin in the raphe region of macaques. Neuropsychopharmacology
2004, 29, 2035–2045. [CrossRef]

30. Pecins-Thompson, M.; Bethea, C.L. Ovarian steroid regulation of serotonin-1A autoreceptor messenger RNA
expression in the dorsal raphe of rhesus macaques. Neuroscience 1999, 89, 267–277. [CrossRef]

31. Moses, E.L.; Drevets, W.C.; Smith, G.; Mathis, C.A.; Kalro, B.N.; Butters, M.A.; Leondires, M.P.; Greer, P.J.;
Lopresti, B.; Loucks, T.L.; et al. Effects of estradiol and progesterone administration on human serotonin 2A
receptor binding: A PET study. Biol. Psychiatry 2000, 48, 854–860. [CrossRef]

32. Hirvonen, J.; Kajander, J.; Allonen, T.; Oikonen, V.; Någren, K.; Hietala, J. Measurement of serotonin 5-HT1A
receptor binding using positron emission tomography and [carbonyl-(11)C]WAY-100635-considerations on
the validity of cerebellum as a reference region. J. Cereb. Blood Flow Metab. 2007, 27, 185–195. [CrossRef]

33. Martikainen, I.K.; Hirvonen, J.; Kajander, J.; Hagelberg, N.; Mansikka, H.; Någren, K.; Hietala, J.; Pertovaara, A.
Correlation of human cold pressor pain responses with 5-HT(1A) receptor binding in the brain. Brain Res.
2007, 1172, 21–31. [CrossRef]

34. Parsey, R.V.; Slifstein, M.; Hwang, D.R.; Abi-Dargham, A.; Simpson, N.; Mawlawi, O.; Guo, N.N.;
Van Heertum, R.; Mann, J.J.; Laruelle, M. Validation and reproducibility of measurement of 5-HT1A
receptor parameters with [carbonyl-11C]WAY-100635 in humans: Comparison of arterial and reference
tisssue input functions. J. Cereb. Blood Flow Metab. 2000, 20, 1111–1133. [CrossRef] [PubMed]

35. El-Yassir, N.; Fleetwood-Walker, S.M.; Mitchell, R. Heterogeneous effects of serotonin in the dorsal horn of
rat: The involvement of 5-HT1 receptor subtypes. Brain Res. 1988, 456, 147–158. [CrossRef]

36. Zemlan, F.P.; Kow, L.M.; Pfaff, D.W. Spinal serotonin (5-HT) receptor subtypes and nociception. J. Pharmacol.
Exp. Ther. 1983, 226, 477–485. [PubMed]

37. Boonyaratanakornkit, V.; Edwards, D.P. Receptor mechanisms mediating non-genomic actions of sex steroids.
Semin. Reprod. Med. 2007, 25, 139–153. [CrossRef]

38. Glatzle, J.; Sternini, C.; Robin, C.; Zittel, T.T.; Wong, H.; Reeve, J.R., Jr.; Raybould, H.E. Expression of 5-HT3
receptors in the rat gastrointestinal tract. Gastroenterology 2002, 123, 217–226. [CrossRef]

39. Meseguer, A.; Puche, C.; Cabero, A. Sex steroid biosynthesis in white adipose tissue. Horm. Metab. Res. 2002,
34, 731–736. [CrossRef]

40. Rybaczyk, L.A.; Bashaw, M.J.; Pathak, D.R.; Moody, S.M.; Gilders, R.M.; Holzschu, D.L. An overlooked
connection: Serotonergic mediation of estrogen-related physiology and pathology. BMC Womens Health 2005,
5, 12. [CrossRef]

41. Wissink, S.; van der Burg, B.; Katzenellenbogen, B.S.; van der Saag, P.T. Synergistic activation of the
serotonin-1A receptor by nuclear factor-kappa B and estrogen. Mol. Endocrinol. 2001, 15, 543–552.

42. Riad, M.; Watkins, K.C.; Doucet, E.; Hamon, M.; Descarries, L. Agonist-induced internalization of serotonin-1a
receptors in the dorsal raphe nucleus (autoreceptors) but not hippocampus (heteroreceptors). J. Neurosci.
2001, 21, 8378–8386. [CrossRef]

43. Zhang, Y.; D’Souza, D.; Raap, D.K.; Garcia, F.; Battaglia, G.; Muma, N.A.; Van de Kar, L.D. Characterization
of the functional heterologous desensitization of hypothalamic 5-HT(1A) receptors after 5-HT(2A) receptor
activation. J. Neurosci. 2001, 21, 7919–7927. [CrossRef]

44. Longstreth, G.F.; Thompson, W.G.; Chey, W.D.; Houghton, L.A.; Mearin, F.; Spiller, R.C. Functional bowel
disorders. Gastroenterology 2006, 130, 1480–1491. [CrossRef]

45. Mearin, F.; Lacy, B.E.; Chang, L.; Chey, W.D.; Lembo, A.J.; Simren, M.; Spiller, R. Bowel Disorders.
Gastroenterology 2016. [CrossRef]

46. Moayyedi, P.; Mearin, F.; Azpiroz, F.; Andresen, V.; Barbara, G.; Corsetti, M.; Emmanuel, A.; Hungin, A.P.S.;
Layer, P.; Stanghellini, V.; et al. Irritable bowel syndrome diagnosis and management: A simplified algorithm
for clinical practice. United Eur. Gastroenterol. J. 2017, 5, 773–788. [CrossRef] [PubMed]

47. Payne, S. Sex, gender, and irritable bowel syndrome: Making the connections. Gend. Med. 2004, 1, 18–28.
[CrossRef]

48. Drossman, D.A.; Thompson, W.G. The irritable bowel syndrome: Review and a graduated multicomponent
treatment approach. Ann. Intern. Med. 1992, 116, 1009–1016. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.16-21-07021.1996
http://dx.doi.org/10.1038/sj.npp.1300510
http://dx.doi.org/10.1016/S0306-4522(98)00326-1
http://dx.doi.org/10.1016/S0006-3223(00)00967-7
http://dx.doi.org/10.1038/sj.jcbfm.9600326
http://dx.doi.org/10.1016/j.brainres.2007.07.036
http://dx.doi.org/10.1097/00004647-200007000-00011
http://www.ncbi.nlm.nih.gov/pubmed/10908045
http://dx.doi.org/10.1016/0006-8993(88)90356-3
http://www.ncbi.nlm.nih.gov/pubmed/6308209
http://dx.doi.org/10.1055/s-2007-973427
http://dx.doi.org/10.1053/gast.2002.34245
http://dx.doi.org/10.1055/s-2002-38249
http://dx.doi.org/10.1186/1472-6874-5-12
http://dx.doi.org/10.1523/JNEUROSCI.21-21-08378.2001
http://dx.doi.org/10.1523/JNEUROSCI.21-20-07919.2001
http://dx.doi.org/10.1053/j.gastro.2005.11.061
http://dx.doi.org/10.1053/j.gastro.2016.02.031
http://dx.doi.org/10.1177/2050640617731968
http://www.ncbi.nlm.nih.gov/pubmed/29026591
http://dx.doi.org/10.1016/S1550-8579(04)80007-X
http://dx.doi.org/10.7326/0003-4819-116-12-1009


Int. J. Mol. Sci. 2019, 20, 5729 16 of 21

49. Kane, S.V.; Sable, K.; Hanauer, S.B. The menstrual cycle and its effect on inflammatory bowel disease and
irritable bowel syndrome: A prevalence study. Am. J. Gastroenterol. 1998, 93, 1867–1872. [CrossRef]

50. Bharadwaj, S.; Barber, M.D.; Graff, L.A.; Shen, B. Symptomatology of irritable bowel syndrome and
inflammatory bowel disease during the menstrual cycle. Gastroenterol. Rep. 2015, 3, 185–193. [CrossRef]

51. Wald, A.; Van Thiel, D.H.; Hoechstetter, L.; Gavaler, J.S.; Egler, K.M.; Verm, R.; Scott, L.; Lester, R.
Gastrointestinal transit: The effect of the menstrual cycle. Gastroenterology 1981, 80, 1497–1500. [CrossRef]

52. Cheung, C.K.; Wu, J.C. Genetic polymorphism in pathogenesis of irritable bowel syndrome. World J. Gastroenterol.
2014, 20, 17693–17698. [CrossRef]

53. Gu, Q.Y.; Zhang, J.; Feng, Y.C.; Dai, G.R.; Du, W.P. Association of genetic polymorphisms in HTR3A and
HTR3E with diarrhea predominant irritable bowel syndrome. Int. J. Clin. Exp. Med. 2015, 8, 4581–4585.

54. Kapeller, J.; Houghton, L.A.; Mönnikes, H.; Walstab, J.; Möller, D.; Bönisch, H.; Burwinkel, B.; Autschbach, F.;
Funke, B.; Lasitschka, F.; et al. First evidence for an association of a functional variant in the microRNA-510
target site of the serotonin receptor-type 3E gene with diarrhea predominant irritable bowel syndrome.
Hum. Mol. Genet. 2008, 17, 2967–2977. [CrossRef] [PubMed]

55. Saria, A.; Javorsky, F.; Humpel, C.; Gamse, R. 5-HT3 receptor antagonists inhibit sensory neuropeptide
release from the rat spinal cord. Neuroreport 1990, 1, 104–106. [CrossRef] [PubMed]

56. Zierau, O.; Zenclussen, A.C.; Jensen, F. Role of female sex hormones, estradiol and progesterone, in mast cell
behavior. Front. Immunol. 2012, 3, 169. [CrossRef] [PubMed]

57. Cremon, C.; Gargano, L.; Morselli-Labate, A.M.; Santini, D.; Cogliandro, R.F.; De Giorgio, R.; Stanghellini, V.;
Corinaldesi, R.; Barbara, G. Mucosal immune activation in irritable bowel syndrome: Gender-dependence
and association with digestive symptoms. Am. J. Gastroenterol. 2009, 104, 392–400. [CrossRef]

58. Li, T.J.; Yu, B.P.; Dong, W.G.; Luo, H.S.; Xu, L.; Li, M.Q. Ovarian hormone modulates
5-hydroxytryptamine 3 receptors mRNA expression in rat colon with restraint stress-induced bowel
dysfunction. World J. Gastroenterol. 2004, 10, 2723–2726. [CrossRef]

59. Adeyemo, M.A.; Spiegel, B.M.; Chang, L. Meta-analysis: Do irritable bowel syndrome symptoms vary
between men and women? Aliment. Pharmacol. Ther. 2010, 32, 738–755. [CrossRef]

60. Rahimi, R.; Nikfar, S.; Abdollahi, M. Efficacy and tolerability of alosetron for the treatment of irritable bowel
syndrome in women and men: A meta-analysis of eight randomized, placebo-controlled, 12-week trials.
Clin. Ther. 2008, 30, 884–901. [CrossRef]

61. Cremonini, F.; Nicandro, J.P.; Atkinson, V.; Shringarpure, R.; Chuang, E.; Lembo, A. Randomised clinical
trial: Alosetron improves quality of life and reduces restriction of daily activities in women with severe
diarrhoea-predominant IBS. Aliment. Pharmacol. Ther. 2012, 36, 437–448. [CrossRef]

62. Berman, S.; Munakata, J.; Naliboff, B.D.; Chang, L.; Mandelkern, M.; Silverman, D.; Kovalik, E.; Mayer, E.A.
Gender differences in regional brain response to visceral pressure in IBS patients. Eur. J. Pain 2000, 4, 157–172.
[CrossRef]

63. Koch, K.M.; Corrigan, B.W.; Manzo, J.; James, C.D.; Scott, R.J.; Stead, A.G.; Kersey, K.E. Alosetron repeat dose
pharmacokinetics, effects on enzyme activities, and influence of demographic factors. Aliment. Pharmacol.
Ther. 2004, 20, 223–230. [CrossRef]

64. Naliboff, B.D.; Berman, S.; Chang, L.; Derbyshire, S.W.; Suyenobu, B.; Vogt, B.A.; Mandelkern, M.; Mayer, E.A.
Sex-related differences in IBS patients: Central processing of visceral stimuli. Gastroenterology 2003,
124, 1738–1747. [CrossRef]

65. Kozlowski, C.M.; Green, A.; Grundy, D.; Boissonade, F.M.; Bountra, C. The 5-HT(3) receptor antagonist
alosetron inhibits the colorectal distention induced depressor response and spinal c-fos expression in the
anaesthetised rat. Gut 2000, 46, 474–480. [CrossRef] [PubMed]

66. Whitehead, W.E.; Cheskin, L.J.; Heller, B.R.; Robinson, J.C.; Crowell, M.D.; Benjamin, C.; Schuster, M.M.
Evidence for exacerbation of irritable bowel syndrome during menses. Gastroenterology 1990, 98, 1485–1489.
[CrossRef]

67. Houghton, L.A.; Lea, R.; Jackson, N.; Whorwell, P.J. The menstrual cycle affects rectal sensitivity in patients
with irritable bowel syndrome but not healthy volunteers. Gut 2002, 50, 471–474. [CrossRef] [PubMed]

68. Grundy, D. Neuroanatomy of visceral nociception: Vagal and splanchnic afferent. Gut 2002, 51 (Suppl. 1),
i2–i5. [CrossRef] [PubMed]

69. Stewart, W.F.; Shechter, A.; Rasmussen, B.K. Migraine prevalence. A review of population-based studies.
Neurology 1994, 44 (Suppl. 4), S17–S23.

http://dx.doi.org/10.1111/j.1572-0241.1998.540_i.x
http://dx.doi.org/10.1093/gastro/gov010
http://dx.doi.org/10.1016/0016-5085(81)90263-8
http://dx.doi.org/10.3748/wjg.v20.i47.17693
http://dx.doi.org/10.1093/hmg/ddn195
http://www.ncbi.nlm.nih.gov/pubmed/18614545
http://dx.doi.org/10.1097/00001756-199010000-00005
http://www.ncbi.nlm.nih.gov/pubmed/1717037
http://dx.doi.org/10.3389/fimmu.2012.00169
http://www.ncbi.nlm.nih.gov/pubmed/22723800
http://dx.doi.org/10.1038/ajg.2008.94
http://dx.doi.org/10.3748/wjg.v10.i18.2723
http://dx.doi.org/10.1111/j.1365-2036.2010.04409.x
http://dx.doi.org/10.1016/j.clinthera.2008.05.002
http://dx.doi.org/10.1111/j.1365-2036.2012.05208.x
http://dx.doi.org/10.1053/eujp.2000.0167
http://dx.doi.org/10.1111/j.1365-2036.2004.02031.x
http://dx.doi.org/10.1016/S0016-5085(03)00400-1
http://dx.doi.org/10.1136/gut.46.4.474
http://www.ncbi.nlm.nih.gov/pubmed/10716675
http://dx.doi.org/10.1016/0016-5085(90)91079-L
http://dx.doi.org/10.1136/gut.50.4.471
http://www.ncbi.nlm.nih.gov/pubmed/11889064
http://dx.doi.org/10.1136/gut.51.suppl_1.i2
http://www.ncbi.nlm.nih.gov/pubmed/12077054


Int. J. Mol. Sci. 2019, 20, 5729 17 of 21

70. Headache Classification Committee of the International Headache Society (IHS). The International
Classification of Headache Disorders, 3rd edition (beta version). Cephalalgia 2013, 33, 629–808. [CrossRef]

71. Johannes, C.B.; Linet, M.S.; Stewart, W.F.; Celentano, D.D.; Lipton, R.B.; Szklo, M. Relationship of headache
to phase of the menstrual cycle among young women: A daily diary study. Neurology 1995, 45, 1076–1082.
[CrossRef]

72. MacGregor, E.A.; Chia, H.; Vohrah, R.C.; Wilkinson, M. Migraine and menstruation: A pilot study. Cephalalgia
1990, 10, 305–310. [CrossRef]

73. Stewart, W.F.; Lipton, R.B.; Chee, E.; Sawyer, J.; Silberstein, S.D. Menstrual cycle and headache in a population
sample of migraineurs. Neurology 2000, 55, 1517–1523. [CrossRef]

74. Eidelman, B.H.; Mendelow, A.D.; McCalden, T.A.; Bloom, D.S. Potentiation of the cerebrovascular response
to intra-arterial 5-hydroxytryptamine. Am. J. Physiol. 1978, 234, H300–H304. [CrossRef] [PubMed]

75. Kugaya, A.; Epperson, C.N.; Zoghbi, S.; van Dyck, C.H.; Hou, Y.; Fujita, M.; Staley, J.K.; Garg, P.K.;
Seibyl, J.P.; Innis, R.B. Increase in prefrontal cortex serotonin 2A receptors following estrogen treatment in
postmenopausal women. Am. J. Psychiatry 2003, 160, 1522–1524. [CrossRef] [PubMed]

76. Gupta, S.; McCarson, K.E.; Welch, K.M.; Berman, N.E. Mechanisms of pain modulation by sex hormones in
migraine. Headache 2011, 51, 905–922. [CrossRef] [PubMed]

77. Nahin, R.L.; Byers, M.R. Adjuvant-induced inflammation of rat paw is associated with altered calcitonin
gene-related peptide immunoreactivity within cell bodies and peripheral endings of primary afferent neurons.
J. Comp. Neurol. 1994, 349, 475–485. [CrossRef] [PubMed]

78. Luo, H.; Cheng, J.; Han, J.S.; Wan, Y. Change of vanilloid receptor 1 expression in dorsal root ganglion
and spinal dorsal horn during inflammatory nociception induced by complete Freund’s adjuvant in rats.
Neuroreport 2004, 15, 655–658. [CrossRef] [PubMed]

79. Dostrovsky, J.O.; Davis, K.D.; Kawakita, K. Central mechanisms of vascular headaches. Can. J. Physiol. Pharmacol.
1991, 69, 652–658. [CrossRef] [PubMed]

80. Asghari, R.; Lung, M.S.; Pilowsky, P.M.; Connor, M. Sex differences in the expression of serotonin-synthesizing
enzymes in mouse trigeminal ganglia. Neuroscience 2011, 199, 429–437. [CrossRef]

81. Todorovic, S.; Anderson, E.G. Serotonin preferentially hyperpolarizes capsaicin-sensitive C type sensory
neurons by activating 5-HT1A receptors. Brain Res. 1992, 585, 212–218. [CrossRef]

82. Cardenas, C.G.; Del Mar, L.P.; Cooper, B.Y.; Scroggs, R.S. 5HT4 receptors couple positively to
tetrodotoxin-insensitive sodium channels in a subpopulation of capsaicin-sensitive rat sensory neurons.
J. Neurosci. 1997, 17, 7181–7189. [CrossRef]

83. Del Mar, L.P.; Cardenas, C.G.; Scroggs, R.S. Serotonin inhibits high-threshold Ca2+ channel currents in
capsaicin-sensitive acutely isolated adult rat DRG neurons. J. Neurophysiol. 1994, 72, 2551–2554. [CrossRef]

84. Loyd, D.R.; Weiss, G.; Henry, M.A.; Hargreaves, K.M. Serotonin increases the functional activity of
capsaicin-sensitive rat trigeminal nociceptors via peripheral serotonin receptors. Pain 2011, 152, 2267–2276.
[CrossRef] [PubMed]

85. Ohta, T.; Ikemi, Y.; Murakami, M.; Imagawa, T.; Otsuguro, K.; Ito, S. Potentiation of transient receptor
potential V1 functions by the activation of metabotropic 5-HT receptors in rat primary sensory neurons.
J. Physiol. 2006, 576 Pt 3, 809–822. [CrossRef]

86. Chugani, D.C.; Niimura, K.; Chaturvedi, S.; Muzik, O.; Fakhouri, M.; Lee, M.L.; Chugani, H.T. Increased
brain serotonin synthesis in migraine. Neurology 1999, 53, 1473–1479. [CrossRef] [PubMed]

87. Martin, V.T.; Behbehani, M. Ovarian hormones and migraine headache: Understanding mechanisms and
pathogenesis—Part 2. Headache 2006, 46, 365–386. [CrossRef] [PubMed]

88. Puri, V.; Puri, S.; Svojanovsky, S.R.; Mathur, S.; Macgregor, R.R.; Klein, R.M.; Welch, K.M.; Berman, N.E. Effects
of oestrogen on trigeminal ganglia in culture: Implications for hormonal effects on migraine. Cephalalgia
2006, 26, 33–42. [CrossRef] [PubMed]

89. Sarchielli, P.; Tognoloni, M.; Russo, S.; Vulcano, M.R.; Feleppa, M.; Malà, M.; Sartori, M.; Gallai, V. Variations
in the platelet arginine/nitric oxide pathway during the ovarian cycle in females affected by menstrual
migraine. Cephalalgia 1996, 16, 468–475. [CrossRef] [PubMed]

90. Brandes, J.L. The influence of estrogen on migraine: A systematic review. JAMA 2006, 295, 1824–1830.
[CrossRef]

91. Cassidy, E.M.; Tomkins, E.; Dinan, T.; Hardiman, O.; O’Keane, V. Central 5-HT receptor hypersensitivity in
migraine without aura. Cephalalgia 2003, 23, 29–34. [CrossRef]

http://dx.doi.org/10.1177/0333102413485658
http://dx.doi.org/10.1212/WNL.45.6.1076
http://dx.doi.org/10.1046/j.1468-2982.1990.1006305.x
http://dx.doi.org/10.1212/WNL.55.10.1517
http://dx.doi.org/10.1152/ajpheart.1978.234.3.H300
http://www.ncbi.nlm.nih.gov/pubmed/204200
http://dx.doi.org/10.1176/appi.ajp.160.8.1522
http://www.ncbi.nlm.nih.gov/pubmed/12900319
http://dx.doi.org/10.1111/j.1526-4610.2011.01908.x
http://www.ncbi.nlm.nih.gov/pubmed/21631476
http://dx.doi.org/10.1002/cne.903490311
http://www.ncbi.nlm.nih.gov/pubmed/7852637
http://dx.doi.org/10.1097/00001756-200403220-00016
http://www.ncbi.nlm.nih.gov/pubmed/15094470
http://dx.doi.org/10.1139/y91-097
http://www.ncbi.nlm.nih.gov/pubmed/1863916
http://dx.doi.org/10.1016/j.neuroscience.2011.10.036
http://dx.doi.org/10.1016/0006-8993(92)91209-W
http://dx.doi.org/10.1523/JNEUROSCI.17-19-07181.1997
http://dx.doi.org/10.1152/jn.1994.72.5.2551
http://dx.doi.org/10.1016/j.pain.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21737202
http://dx.doi.org/10.1113/jphysiol.2006.112250
http://dx.doi.org/10.1212/WNL.53.7.1473
http://www.ncbi.nlm.nih.gov/pubmed/10534254
http://dx.doi.org/10.1111/j.1526-4610.2006.00370.x
http://www.ncbi.nlm.nih.gov/pubmed/16618254
http://dx.doi.org/10.1111/j.1468-2982.2005.00987.x
http://www.ncbi.nlm.nih.gov/pubmed/16396664
http://dx.doi.org/10.1046/j.1468-2982.1996.1607468.x
http://www.ncbi.nlm.nih.gov/pubmed/8933990
http://dx.doi.org/10.1001/jama.295.15.1824
http://dx.doi.org/10.1046/j.1468-2982.2003.00441.x


Int. J. Mol. Sci. 2019, 20, 5729 18 of 21

92. Aloisi, A.M.; Bonifazi, M. Sex hormones, central nervous system and pain. Horm. Behav. 2006, 50, 1–7.
[CrossRef]

93. Silberstein, S.D. Hormone-related headache. Med. Clin. N. Am. 2001, 85, 1017–1035. [CrossRef]
94. Rasmussen, B.K.; Jensen, R.; Schroll, M.; Olesen, J. Epidemiology of headache in a general

population—A prevalence study. J. Clin. Epidemiol. 1991, 44, 1147–1157. [CrossRef]
95. Barea, L.M.; Tannhauser, M.; Rotta, N.T. An epidemiologic study of headache among children and adolescents

of southern Brazil. Cephalalgia 1996, 16, 545–549, discussion 523. [CrossRef] [PubMed]
96. Laurell, K.; Larsson, B.; Eeg-Olofsson, O. Prevalence of headache in Swedish schoolchildren, with a focus on

tension-type headache. Cephalalgia 2004, 24, 380–388. [CrossRef] [PubMed]
97. Langemark, M.; Olesen, J. Pericranial tenderness in tension headache. A blind, controlled study. Cephalalgia

1987, 7, 249–255. [CrossRef]
98. Jensen, R.; Rasmussen, B.K.; Pedersen, B.; Olesen, J. Muscle tenderness and pressure pain thresholds in

headache. A population study. Pain 1993, 52, 193–199. [CrossRef]
99. Spierings, E.L.; Ranke, A.H.; Honkoop, P.C. Precipitating and aggravating factors of migraine versus

tension-type headache. Headache 2001, 41, 554–558. [CrossRef]
100. Zivadinov, R.; Willheim, K.; Sepic-Grahovac, D.; Jurjevic, A.; Bucuk, M.; Brnabic-Razmilic, O.; Relja, G.;

Zorzon, M. Migraine and tension-type headache in Croatia: A population-based survey of precipitating
factors. Cephalalgia 2003, 23, 336–343. [CrossRef]

101. Torelli, P.; Beghi, E.; Manzoni, G.C. Cluster headache prevalence in the Italian general population. Neurology
2005, 64, 469–474. [CrossRef]

102. Ekbom, K.; Waldenlind, E. Cluster headache in women: Evidence of hypofertility(?) Headaches in relation
to menstruation and pregnancy. Cephalalgia 1981, 1, 167–174. [CrossRef]

103. Peatfield, R.C.; Petty, R.G.; Rose, F.C. Cluster headache in women. Cephalalgia 1982, 2, 171–172. [CrossRef]
104. Fanciullacci, M.; Alessandri, M.; Figini, M.; Geppetti, P.; Michelacci, S. Increase in plasma calcitonin

gene-related peptide from the extracerebral circulation during nitroglycerin-induced cluster headache attack.
Pain 1995, 60, 119–123. [CrossRef]

105. Goadsby, P.J.; Edvinsson, L. Human in vivo evidence for trigeminovascular activation in cluster headache.
Neuropeptide changes and effects of acute attacks therapies. Brain 1994, 117 Pt 3, 427–434. [CrossRef]

106. Malick, A.; Strassman, R.M.; Burstein, R. Trigeminohypothalamic and reticulohypothalamic tract neurons in
the upper cervical spinal cord and caudal medulla of the rat. J. Neurophysiol. 2000, 84, 2078–2112. [CrossRef]
[PubMed]

107. Goldenberg, D.L. Fibromyalgia syndrome: An emerging but controversial condition. JAMA 1987,
257, 2782–2787. [CrossRef] [PubMed]

108. Clauw, D.J. Fibromyalgia: A clinical review. JAMA 2014, 311, 1547–1555. [CrossRef] [PubMed]
109. Wolfe, F.; Smythe, H.A.; Yunus, M.B.; Bennett, R.M.; Bombardier, C.; Goldenberg, D.L.; Tugwell, P.;

Campbell, S.M.; Abeles, M.; Clark, P.; et al. The American College of Rheumatology 1990 Criteria for
the Classification of Fibromyalgia. Report of the Multicenter Criteria Committee. Arthritis Rheum. 1990,
33, 160–172. [CrossRef]

110. Wolfe, F.; Clauw, D.J.; Fitzcharles, M.A.; Goldenberg, D.L.; Katz, R.S.; Mease, P.; Russell, A.S.; Russell, I.J.;
Winfield, J.B.; Yunus, M.B. The American College of Rheumatology preliminary diagnostic criteria for
fibromyalgia and measurement of symptom severity. Arthritis Care Res. 2010, 62, 600–610. [CrossRef]

111. Wolfe, F.; Clauw, D.J.; Fitzcharles, M.A.; Goldenberg, D.L.; Häuser, W.; Katz, R.L.; Mease, P.J.; Russell, A.S.;
Russell, I.J.; Walitt, B. 2016 Revisions to the 2010/2011 fibromyalgia diagnostic criteria. Semin. Arthritis Rheum.
2016, 46, 319–329. [CrossRef]

112. Martinez-Jauand, M.; Sitges, C.; Femenia, J.; Cifre, I.; González, S.; Chialvo, D.; Montoya, P. Age-of-onset of
menopause is associated with enhanced painful and non-painful sensitivity in fibromyalgia. Clin. Rheumatol.
2013, 32, 975–981. [CrossRef]

113. Vincent, A.; Lahr, B.D.; Wolfe, F.; Clauw, D.J.; Whipple, M.O.; Oh, T.H.; Barton, D.L.; St Sauver, J. Prevalence of
fibromyalgia: A population-based study in Olmsted County, Minnesota, utilizing the Rochester Epidemiology
Project. Arthritis Care Res. 2013, 65, 786–792. [CrossRef]

114. Wolfe, F.; Brähler, E.; Hinz, A.; Häuser, W. Fibromyalgia prevalence, somatic symptom reporting, and
the dimensionality of polysymptomatic distress: Results from a survey of the general population.
Arthritis Care Res. 2013, 65, 777–785. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.yhbeh.2005.12.002
http://dx.doi.org/10.1016/S0025-7125(05)70357-6
http://dx.doi.org/10.1016/0895-4356(91)90147-2
http://dx.doi.org/10.1046/j.1468-2982.1996.1608545.x
http://www.ncbi.nlm.nih.gov/pubmed/8980856
http://dx.doi.org/10.1111/j.1468-2982.2004.00681.x
http://www.ncbi.nlm.nih.gov/pubmed/15096227
http://dx.doi.org/10.1046/j.1468-2982.1987.0704249.x
http://dx.doi.org/10.1016/0304-3959(93)90131-8
http://dx.doi.org/10.1046/j.1526-4610.2001.041006554.x
http://dx.doi.org/10.1046/j.1468-2982.2003.00544.x
http://dx.doi.org/10.1212/01.WNL.0000150901.47293.BC
http://dx.doi.org/10.1046/j.1468-2982.1981.0103167.x
http://dx.doi.org/10.1046/j.1468-2982.1982.0203171.x
http://dx.doi.org/10.1016/0304-3959(94)00097-X
http://dx.doi.org/10.1093/brain/117.3.427
http://dx.doi.org/10.1152/jn.2000.84.4.2078
http://www.ncbi.nlm.nih.gov/pubmed/11024099
http://dx.doi.org/10.1001/jama.1987.03390200122026
http://www.ncbi.nlm.nih.gov/pubmed/3553636
http://dx.doi.org/10.1001/jama.2014.3266
http://www.ncbi.nlm.nih.gov/pubmed/24737367
http://dx.doi.org/10.1002/art.1780330203
http://dx.doi.org/10.1002/acr.20140
http://dx.doi.org/10.1016/j.semarthrit.2016.08.012
http://dx.doi.org/10.1007/s10067-013-2212-8
http://dx.doi.org/10.1002/acr.21896
http://dx.doi.org/10.1002/acr.21931
http://www.ncbi.nlm.nih.gov/pubmed/23424058


Int. J. Mol. Sci. 2019, 20, 5729 19 of 21

115. Pomares, F.B.; Funck, T.; Feier, N.A.; Roy, S.; Daigle-Martel, A.; Ceko, M.; Narayanan, S.; Araujo, D.; Thiel, A.;
Stikov, N.; et al. Histological Underpinnings of Grey Matter Changes in Fibromyalgia Investigated Using
Multimodal Brain Imaging. J. Neurosci. 2017, 37, 1090–1101. [CrossRef] [PubMed]

116. Mease, P.J. Further strategies for treating fibromyalgia: The role of serotonin and norepinephrine reuptake
inhibitors. Am. J. Med. 2009, 122, S44–S55. [CrossRef] [PubMed]

117. Staud, R.; Rodriguez, M.E. Mechanisms of disease: Pain in fibromyalgia syndrome. Nat. Clin. Pract. Rheumatol.
2006, 2, 90–98. [CrossRef] [PubMed]

118. Houvenagel, E.; Forzy, G.; Leloire, O.; Gallois, P.; Hary, S.; Hautecoeur, P.; Convain, L.; Henniaux, M.;
Vincent, G.; Dhondt, J.L. Cerebrospinal fluid monoamines in primary fibromyalgia. Rev. Rhum. Mal. Osteoartic.
1990, 57, 21–23. [PubMed]

119. Russell, I.J.; Vaeroy, H.; Javors, M.; Nyberg, F. Cerebrospinal fluid biogenic amine metabolites in
fibromyalgia/fibrositis syndrome and rheumatoid arthritis. Arthritis Rheum. 1992, 35, 550–556. [CrossRef]

120. Buskila, D.; Press, J. Neuroendocrine mechanisms in fibromyalgia-chronic fatigue. Best Pract. Res.
Clin. Rheumatol. 2001, 15, 747–758. [CrossRef]

121. Kranzler, J.D.; Gendreau, J.F.; Rao, S.G. The psychopharmacology of fibromyalgia: A drug development
perspective. Psychopharmacol. Bull. 2002, 36, 165–213.

122. Chinn, S.; Caldwell, W.; Gritsenko, K. Fibromyalgia Pathogenesis and Treatment Options Update. Curr. Pain
Headache Rep. 2016, 20, 25. [CrossRef]

123. Cassisi, G.; Sarzi-Puttini, P.; Casale, R.; Cazzola, M.; Boccassini, L.; Atzeni, F.; Stisi, S. Pain in fibromyalgia
and related conditions. Reumatismo 2014, 66, 72–86. [CrossRef]

124. Hernandez-Leon, A.; De la Luz-Cuellar, Y.E.; Granados-Soto, V.; González-Trujano, M.E.; Fernández-Guasti, A.
Sex differences and estradiol involvement in hyperalgesia and allodynia in an experimental model of
fibromyalgia. Horm. Behav. 2018, 97, 39–46. [CrossRef] [PubMed]

125. Crofford, L.J.; Engleberg, N.C.; Demitrack, M.A. Neurohormonal perturbations in fibromyalgia.
Baillieres Clin. Rheumatol. 1996, 10, 365–378. [CrossRef]

126. Arnold, L.M.; Clauw, D.J.; Dunegan, L.J.; Turk, D.C.; FibroCollaborative. A framework for fibromyalgia
management for primary care providers. Mayo Clin. Proc. 2012, 87, 488–496. [CrossRef] [PubMed]

127. Robinson, R.L.; Kroenke, K.; Mease, P.; Williams, D.A.; Chen, Y.; D’Souza, D.; Wohlreich, M.; McCarberg, B.
Burden of illness and treatment patterns for patients with fibromyalgia. Pain Med. 2012, 13, 1366–1376.
[CrossRef] [PubMed]

128. Mease, P.J.; Clauw, D.J.; Gendreau, R.M.; Rao, S.G.; Kranzler, J.; Chen, W.; Palmer, R.H. The efficacy and
safety of milnacipran for treatment of fibromyalgia. a randomized, double-blind, placebo-controlled trial.
J. Rheumatol. 2009, 36, 398–409. [CrossRef] [PubMed]

129. Almenar-Perez, E.; Sánchez-Fito, T.; Ovejero, T.; Nathanson, L.; Oltra, E. Impact of Polypharmacy on
Candidate Biomarker miRNomes for the Diagnosis of Fibromyalgia and Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome: Striking Back on Treatments. Pharmaceutics 2019, 11, 126. [CrossRef]

130. Arnold, L.M.; Lu, Y.; Crofford, L.J.; Wohlreich, M.; Detke, M.J.; Iyengar, S.; Goldstein, D.J. A double-blind,
multicenter trial comparing duloxetine with placebo in the treatment of fibromyalgia patients with or without
major depressive disorder. Arthritis Rheum. 2004, 50, 2974–2984. [CrossRef]

131. Branco, J.C.; Zachrisson, O.; Perrot, S.; Mainguy, Y.; Multinational Coordinator Study Group. A European
multicenter randomized double-blind placebo-controlled monotherapy clinical trial of milnacipran in
treatment of fibromyalgia. J. Rheumatol. 2010, 37, 851–859. [CrossRef]

132. Arnold, L.M.; Gendreau, R.M.; Palmer, R.H.; Gendreau, J.F.; Wang, Y. Efficacy and safety of milnacipran
100 mg/day in patients with fibromyalgia: Results of a randomized, double-blind, placebo-controlled trial.
Arthritis Rheum. 2010, 62, 2745–2756. [CrossRef]

133. Lunn, M.P.; Hughes, R.A.; Wiffen, P.J. Duloxetine for treating painful neuropathy, chronic pain or fibromyalgia.
Cochrane Database Syst. Rev. 2014, 1, CD007115. [CrossRef]

134. Russell, I.J.; Mease, P.J.; Smith, T.R.; Kajdasz, D.K.; Wohlreich, M.M.; Detke, M.J.; Walker, D.J.; Chappell, A.S.;
Arnold, L.M. Efficacy and safety of duloxetine for treatment of fibromyalgia in patients with or without major
depressive disorder: Results from a 6-month, randomized, double-blind, placebo-controlled, fixed-dose trial.
Pain 2008, 136, 432–444. [CrossRef] [PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.2619-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27986927
http://dx.doi.org/10.1016/j.amjmed.2009.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19962496
http://dx.doi.org/10.1038/ncprheum0091
http://www.ncbi.nlm.nih.gov/pubmed/16932662
http://www.ncbi.nlm.nih.gov/pubmed/1690912
http://dx.doi.org/10.1002/art.1780350509
http://dx.doi.org/10.1053/berh.2001.0191
http://dx.doi.org/10.1007/s11916-016-0556-x
http://dx.doi.org/10.4081/reumatismo.2014.767
http://dx.doi.org/10.1016/j.yhbeh.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29080671
http://dx.doi.org/10.1016/S0950-3579(96)80022-7
http://dx.doi.org/10.1016/j.mayocp.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22560527
http://dx.doi.org/10.1111/j.1526-4637.2012.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/22958298
http://dx.doi.org/10.3899/jrheum.080734
http://www.ncbi.nlm.nih.gov/pubmed/19132781
http://dx.doi.org/10.3390/pharmaceutics11030126
http://dx.doi.org/10.1002/art.20485
http://dx.doi.org/10.3899/jrheum.090884
http://dx.doi.org/10.1002/art.27559
http://dx.doi.org/10.1002/14651858.CD007115.pub3
http://dx.doi.org/10.1016/j.pain.2008.02.024
http://www.ncbi.nlm.nih.gov/pubmed/18395345


Int. J. Mol. Sci. 2019, 20, 5729 20 of 21

135. Murakami, M.; Osada, K.; Ichibayashi, H.; Mizuno, H.; Ochiai, T.; Ishida, M.; Alev, L.; Nishioka, K.
An open-label, long-term, phase III extension trial of duloxetine in Japanese patients with fibromyalgia.
Mod. Rheumatol. 2017, 27, 688–695. [CrossRef] [PubMed]

136. Zhao, Z.Q. Neural mechanism underlying acupuncture analgesia. Prog. Neurobiol. 2008, 85, 355–375.
[CrossRef]

137. Sprott, H.; Franke, S.; Kluge, H.; Hein, G. Pain treatment of fibromyalgia by acupuncture. Rheumatol. Int.
1998, 18, 35–36. [CrossRef] [PubMed]

138. Geraghty, K.J.; Blease, C. Myalgic encephalomyelitis/chronic fatigue syndrome and the biopsychosocial
model: A review of patient harm and distress in the medical encounter. Disabil. Rehabil. 2018. [CrossRef]
[PubMed]

139. Roberts, D. Chronic fatigue syndrome and quality of life. Patient Relat. Outcome Meas. 2018, 9, 253–262.
[CrossRef]

140. Straus, S.E.; Hickie, I.; Komaroff, A.; Fukuda, K.; Sharpe, M.C.; Dobbins, J.G. The chronic fatigue syndrome:
A comprehensive approach to its definition and study. International Chronic Fatigue Syndrome Study Group.
Ann. Intern. Med. 1994, 121, 953–959.

141. Carruthers, B.M.; Van De Sande, M.I.; De Meirleir, K.L.; Klimas, N.G.; Broderick, G.; Mitchell, T.; Staines, D.;
Powles, A.C.P.; Speight, N.; Vallings, R.; et al. Myalgic encephalomyelitis: International Consensus Criteria.
J. Intern. Med. 2011, 270, 327–338. [CrossRef]

142. Carruthers, B.M.; Jain, A.K.; De Meirleir, K.L.; Peterson, D.L.; Klimas, N.G.; Lerner, A.M.; Bested, A.C.;
Flor-Henry, P.; Joshi, P.; Powles, A.C.P.; et al. Myalgia Encephalomyelitis/Chronic Fatigue Syndrome.
J. Chronic Fatigue Syndr. 2002, 11, 7–115. [CrossRef]

143. Noda, M.; Ifuku, M.; Hossain, M.S.; Katafuchi, T. Glial Activation and Expression of the Serotonin Transporter
in Chronic Fatigue Syndrome. Front. Psychiatry 2018, 9, 589. [CrossRef]

144. Ishii, A.; Tanaka, M.; Watanabe, Y. The neural mechanisms of re-experiencing physical fatigue sensation:
A magnetoencephalography study. Exp. Brain Res. 2016, 234, 2433–2446. [CrossRef] [PubMed]

145. Fukuda, S.; Nojima, J.; Motoki, Y.; Yamaguti, K.; Nakatomi, Y.; Okawa, N.; Fujiwara, K.; Watanabe, Y.;
Kuratsune, H. A potential biomarker for fatigue: Oxidative stress and anti-oxidative activity. Biol. Psychol.
2016, 118, 88–93. [CrossRef] [PubMed]

146. Yamano, E.; Sugimoto, M.; Hirayama, A.; Kume, S.; Yamato, M.; Jin, G.; Tajima, S.; Goda, N.; Iwai, K.;
Fukuda, S.; et al. Index markers of chronic fatigue syndrome with dysfunction of TCA and urea cycles.
Sci Rep. 2016, 6, 34990. [CrossRef] [PubMed]

147. Wang, X.; Qu, Y.; Zhang, Y.; Li, S.; Sun, Y.; Chen, Z.; Teng, L.; Wang, D. Antifatigue Potential Activity of
Sarcodon imbricatus in Acute Excise-Treated and Chronic Fatigue Syndrome in Mice via Regulation of
Nrf2-Mediated Oxidative Stress. Oxidative Med. Cell. Longev. 2018, 2018, 9140896. [CrossRef] [PubMed]

148. Almenar-Pérez, E.; Ovejero, T.; Sánchez-Fito, T.; Espejo, J.A.; Nathanson, L.; Oltra, E. Epigenetic Components
of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome Uncover Potential Transposable Element Activation.
Clin. Ther. 2019, 41, 675–698. [CrossRef] [PubMed]

149. Yamato, M.; Tamura, Y.; Eguchi, A.; Kume, S.; Miyashige, Y.; Nakano, M.; Watanabe, Y.; Kataoka, Y. Brain
interleukin-1beta and the intrinsic receptor antagonist control peripheral Toll-like receptor 3-mediated
suppression of spontaneous activity in rats. PLoS ONE 2014, 9, e90950. [CrossRef] [PubMed]

150. Ifuku, M.; Hossain, S.M.; Noda, M.; Katafuchi, T. Induction of interleukin-1beta by activated microglia is a
prerequisite for immunologically induced fatigue. Eur. J. Neurosci. 2014, 40, 3253–3263. [CrossRef]

151. Bal, N.; Figueras, G.; Vilaró, M.T.; Suñol, C.; Artigas, F. Antidepressant drugs inhibit a glial
5-hydroxytryptamine transporter in rat brain. Eur. J. Neurosci. 1997, 9, 1728–1738. [CrossRef]

152. Hirst, W.D.; Price, G.W.; Rattray, M.; Wilkin, G.P. Serotonin transporters in adult rat brain astrocytes revealed
by [3H]5-HT uptake into glial plasmalemmal vesicles. Neurochem. Int. 1998, 33, 11–22. [CrossRef]

153. Katafuchi, T.; Kondo, T.; Take, S.; Yoshimura, M. Enhanced expression of brain interferon-alpha and serotonin
transporter in immunologically induced fatigue in rats. Eur. J. Neurosci. 2005, 22, 2817–2826. [CrossRef]

154. Cevik, R.; Gur, A.; Acar, S.; Nas, K.; Sarac, A.J. Hypothalamic-pituitary-gonadal axis hormones and cortisol
in both menstrual phases of women with chronic fatigue syndrome and effect of depressive mood on these
hormones. BMC Musculoskelet. Disord. 2004, 5, 47. [CrossRef] [PubMed]

155. Veldman, J.; van Houdenhove, B.; Verguts, J. Chronic fatigue syndrome: A hormonal origin? A rare case of
dysmenorrhea membranacea. Arch. Gynecol. Obstet. 2009, 279, 717–720. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/14397595.2016.1245237
http://www.ncbi.nlm.nih.gov/pubmed/27796152
http://dx.doi.org/10.1016/j.pneurobio.2008.05.004
http://dx.doi.org/10.1007/s002960050051
http://www.ncbi.nlm.nih.gov/pubmed/9672997
http://dx.doi.org/10.1080/09638288.2018.1481149
http://www.ncbi.nlm.nih.gov/pubmed/29929450
http://dx.doi.org/10.2147/PROM.S155642
http://dx.doi.org/10.1111/j.1365-2796.2011.02428.x
http://dx.doi.org/10.1300/J092v11n01_02
http://dx.doi.org/10.3389/fpsyt.2018.00589
http://dx.doi.org/10.1007/s00221-016-4648-y
http://www.ncbi.nlm.nih.gov/pubmed/27093868
http://dx.doi.org/10.1016/j.biopsycho.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27224647
http://dx.doi.org/10.1038/srep34990
http://www.ncbi.nlm.nih.gov/pubmed/27725700
http://dx.doi.org/10.1155/2018/9140896
http://www.ncbi.nlm.nih.gov/pubmed/30050662
http://dx.doi.org/10.1016/j.clinthera.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30910331
http://dx.doi.org/10.1371/journal.pone.0090950
http://www.ncbi.nlm.nih.gov/pubmed/24621600
http://dx.doi.org/10.1111/ejn.12668
http://dx.doi.org/10.1111/j.1460-9568.1997.tb01530.x
http://dx.doi.org/10.1016/S0197-0186(05)80003-8
http://dx.doi.org/10.1111/j.1460-9568.2005.04478.x
http://dx.doi.org/10.1186/1471-2474-5-47
http://www.ncbi.nlm.nih.gov/pubmed/15588275
http://dx.doi.org/10.1007/s00404-008-0795-0
http://www.ncbi.nlm.nih.gov/pubmed/18787800


Int. J. Mol. Sci. 2019, 20, 5729 21 of 21

156. Lian, Y.-N.; Wang, Y.; Zhang, Y.; Yang, C.-X. Duloxetine for pain in fibromyalgia in adults: A systematic
review and a meta-analysis. Int. J. Neurosci. 2019. [CrossRef] [PubMed]

157. Zorrilla-Vaca, A.; Stone, A.; Caballero-Lozada, A.F.; Paredes, S.; Grant, M.C. Perioperative duloxetine for
acute postoperative analgesia: A meta-analysis of randomized trials. Reg. Anesth. Pain Med. 2019, 44, 959–965.
[CrossRef] [PubMed]

158. Mika, J.; Zychowska, M.; Makuch, W.; Rojewska, E.; Przewlocka, B. Neuronal and immunological basis
of action of antidepressants in chronic pain—Clinical and experimental studies. Pharmacol. Rep. 2013,
65, 1611–1621. [CrossRef]

159. Miyauchi, T.; Tokura, T.; Kimura, H.; Ito, M.; Umemura, E.; Sato, B.A.; Nagashima, W.;
Tonoike, T.; Yamamoto, Y.; Saito, K.; et al. Effect of antidepressant treatment on plasma levels of
neuroinflammation-associated molecules in patients with somatic symptom disorder with predominant pain
around the orofacial region. Hum. Psychopharmacol. 2019, 34, e2698. [CrossRef] [PubMed]

160. Burch, R. Antidepressants for Preventive Treatment of Migraine. Curr. Treat. Option. Neurol. 2019, 21, 18.
[CrossRef]

161. Macian, N.; Pereira, B.; Shinjo, C.; DuBray, C.; Pickering, G. Fibromyalgia, milnacipran and experimental pain
modulation: Study protocol for a double blind randomized controlled trial. Trials 2015, 16, 134. [CrossRef]

162. Yasuda, H.; Hotta, N.; Kasuga, M.; Kashiwagi, A.; Kawamori, R.; Yamada, T.; Baba, Y.; Alev, L.; Nakajo, K.
Efficacy and safety of 40 mg or 60 mg duloxetine in Japanese adults with diabetic neuropathic pain: Results
from a randomized, 52-week, open-label study. J. Diabetes Investig. 2016, 7, 100–108. [CrossRef]

163. Engel, E.R.; Kudrow, D.; Rapoport, A.M. A prospective, open-label study of milnacipran in the prevention of
headache in patients with episodic or chronic migraine. Neurol. Sci. 2014, 35, 429–435. [CrossRef]

164. Vahedi, H.; Merat, S.; Rashidioon, A.; Ghoddoosi, A.; Malekzadeh, R. The effect of fluoxetine in patients with
pain and constipation-predominant irritable bowel syndrome: A double-blind randomized-controlled study.
Aliment. Pharmacol. Ther. 2005, 22, 381–385. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/00207454.2019.1664510
http://www.ncbi.nlm.nih.gov/pubmed/31487217
http://dx.doi.org/10.1136/rapm-2019-100687
http://www.ncbi.nlm.nih.gov/pubmed/31375539
http://dx.doi.org/10.1016/S1734-1140(13)71522-6
http://dx.doi.org/10.1002/hup.2698
http://www.ncbi.nlm.nih.gov/pubmed/31125145
http://dx.doi.org/10.1007/s11940-019-0557-2
http://dx.doi.org/10.1186/s13063-015-0659-4
http://dx.doi.org/10.1111/jdi.12361
http://dx.doi.org/10.1007/s10072-013-1536-0
http://dx.doi.org/10.1111/j.1365-2036.2005.02566.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Serotonin Synthesis and Effects 
	Sex Hormone Influence on Serotonin 
	Irritable Bowel Syndrome (IBS) 
	Migraine 
	Primary Non-Migraine Headache 
	Fibromyalgia 
	Chronic Fatigue Syndrome 
	Serotonin Modulating Analgesics 
	Discussion 
	Conclusions 
	Limitations 
	References

