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Abstract

Purpose Calcitonin gene-related peptide (CGRP) is a neuropeptide widely distributed in the central and peripheral nervous
systems, which is known as a potent vasodilator. Postmenopausal women who experience hot flushes have high levels of
plasma CGRP, suggesting its involvement in menopausal vasomotor symptoms.

Methods In this review, we describe the biochemical aspects of CGRP and its effects associated with deficiencies of sexual
hormones on skin temperature, vasodilatation, and sweating as well as the possible peripheral and central mechanisms
involved in these events.

Results Several studies have shown that the effects of CGRP on increasing skin temperature and inducing vasodilatation are
potentiated by a deficiency of sex hormones, a common condition of postmenopausal women. Additionally, the medial
preoptic area of the hypothalamus, involved in thermoregulation, contains over 25-fold more CGRP-immunoreactive cells in
female rodents compared with male rodents, reinforcing the role of female sex hormones on the action of CGRP. Some
studies suggest that ovarian hormone deficiency decreases circulating endogenous CGRP, inducing an upregulation of
CGRP receptors. Consequently, the high CGRP receptor density, especially in blood vessels, amplifies the stimulatory
effects of this neuropeptide to raise skin temperature in postmenopausal women during hot flushes.

Conclusions The duration of the perception of each hot flush in a woman is brief, while local reddening after intradermal
administration of a-CGRP persists for 1 to 6 h. This contrast remains unclear.
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Abbreviations Introduction

AM adrenomedullin;

AMY amylin; Calcitonin gene-related peptide (CGRP) is a neuropeptide
CGRP calcitonin gene-related peptide; involved in several physiological functions, including
CLR calcitonin receptor-like receptor; nociception, inflammation, vasodilatation, and energy
CREB cAMP response element-binding; metabolism [1-4], with receptor sites both in the nervous
CTR Calcitonin receptor; system and other tissues [2]. CGRP is a potential mod-
GnRH gonadotropin-releasing hormone; ulator of menopausal vasomotor symptoms. Herein, we
MeSH medical subject heading; describe aspects of the biochemistry of CGRP and its
POA preoptic area; effects associated with deficiencies of sexual hormones on
PVN hypothalamic paraventricular nucleus; skin temperature, vasodilatation, and sweating as well as
RAMP receptor activity-modifying proteins; the possible mechanisms involved in these peripheral

events. Previously, the relation of higher levels of CGRP
with the development of hot flushes in postmenopausal
women has been reviewed, but little has been discussed
about the role of this neuropeptide in the pathophysiology
>4 Valéria Emestania Chaves of this event [5-7]. Thus, this review is focused on the

valeria.chaves @ gmail.com peripheral and central mechanisms by which CGRP seems

Laboratory of Physiology, Federal University of Sio Jodo del-Rei, ~ t0 act to induce hot flushes in postmenopausal women
Divinépolis, Minas Gerais, Brazil (Table 1, Fig. 1).
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Humans

Model
Rats

Increased acetylcholine-induced sweating

CGRP effects

Table 1 Summary of main biological effects of calcitonin gene-related peptide (CGRP) associated with menopausal symptoms

Excessive sweating/night sweating [63, 64]

Menopausal Symptoms
Hot flushes [63]
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Increase in skin temperature

In vitro

Change in the firing rate in slices of preoptic area and anterior

regions of the hypothalamus from rats
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Induced vasodilatation
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Norepinephrine- or prostaglandin -induced

contraction (in vitro)
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Fig. 1 Summary of the possible calcitonin gene-related peptide
(CGRP) effects on flushing. CGRP is increased at the onset of hot
flushes in postmenopausal women [71-73] and in men with flushes
who have been castrated due to prostate cancer [76]. The upward
arrow indicates stimulatory action. (1) Opposing effect induced by
CGRP deficiency and/or antagonism. (2) Potentiated effect due to
ovariectomy, orchiectomy, or chemical castration

Methodology

The references for the main theme of this narrative review
were searched in Pubmed/Medline, Scopus, and Web of
Science databases (up to 4 August 2018) using the fol-
lowing Medical Subject Heading (MeSH) terms: (“calcito-
nin gene-related peptide” OR “CGRP”) AND (“hot flashes”
OR “hot flushes” OR “menopause vasomotor symptoms”
OR “menopause” OR “postmenopausal women”). Studies
that assessed the role of CGRP in menopausal vasomotor
symptoms in humans and animals were included in this
review. Two reviewers conducted independent searches and
included all relevant articles published in English, Spanish,
French, Italian, or Portuguese, with no restrictions of pub-
lication date. Additionally, all references were screened to
identify potential eligible studies that would enrich the
review. Whenever necessary, a new search was conducted,
mainly in Pubmed/Medline, to find articles investigating
biochemical, pharmacological, and/or physiological aspects
of CGRP and/or its antagonists, as well as sexual hormone
effects on synthesis, release, or functions of CGRP.

Biochemical and pharmacological aspects of
CGRP and its receptors

Described for the first time in 1982, CGRP is a 37-amino
acid neuropeptide that belongs to the calcitonin peptides
family which also includes amylin (AMY), adrenomedullin
(AM), adrenomedullin 2 (AM2, also known as intermedin),
and calcitonin [8]. In humans, CGRP is encountered as two
isoforms known as a- and p-CGRP which differ in only
three amino acids [9]. Both isoforms are encoded by
chromosome 11, but in distinct gene regions [10]. a-CGRP
is produced by tissue-specific alternative splicing of the
primary transcript of the CALCA gene located in the ql4-
pter region [11], while p-CGRP is encoded by a distinct
CALCB gene located in the q12-pter portion [10]. CGRP is
one of the most broadly distributed peptides in nervous
tissues, being expressed in motor areas, somatic afferents,
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cerebellum, basal ganglia, thalamus, hypothalamus, and
neurons in the ventral horn of the spinal cord [12]. Addi-
tionally, CGRP immunoreactivity is found in peripheral
organs, such as heart, thyroid, lung, gastrointestinal tract,
and blood vessels, extending from the adventitia to the
medial muscle layers [2]. Plasma CGRP is considered a
result of an “overspill” from perivascular sensory neurons,
and the major effects of CGRP are exerted locally in the
vessel wall close to its release site [2].

CGRP receptors are common class B G protein-coupled
receptors that interact with receptor activity-modifying
proteins (RAMPs) to allow its adequate function and
pharmacology [13]. Calcitonin receptor (CTR) or calcitonin
receptor-like receptor (CLR, previously known as CRLR) is
associated with one of three RAMPs (RAMPI, 2, and 3) to
form several heterocomplexes that show differential affinity
to each peptide of the calcitonin family [14]. The CLR/
RAMPI complex has high affinity to CGRP and is called
the CGRP receptor [15]. CTR/RAMP1, CTR/RAMP2, and
CTR/RAMP3 complexes are, respectively, AMY;, AMY,,
and AMY; receptors [15]. It has been demonstrated that
CGRP binds to the AMY, receptor with close to equal
activity at CGRP receptors (CLR/RAMP1) [15]. CLR/
RAMP2 and CLR/RAMP3 are AM receptors (AM; and
AM,) and have weak affinity for CGRP [15]. The CGRP
receptor (CLR/RAMP1) is highly sensitive to its antagonist
CGRPg_37 [16]; however, this compound also inhibits AM
and AMY responses, in lower degrees [15]. More recently,
monoclonal antibodies neutralizing CGRP or blocking its
receptors and small molecule CGRP antagonists were
developed. In 2018, the U.S. Food and Drug Administration
approved Erenumab (AIMOVIG™, erenumab-aooe), which
is the first antagonist of CGRP licensed for clinical use [17].
This subcutaneous formulation, developed by Amgen and
Novartis, is a fully human monoclonal to antibody CGRP
receptor for the prevention of migraine in adults [18].
Currently, a double-blind, placebo-controlled trial (phase I)
is being conducted with Erenumab to evaluate the preven-
tion of hot flushes in menopausal women aged 45-65 years,
thus highlighting the therapeutic potential of CGRP antag-
onism in vasomotor symptoms associated with mild-age
women [19]. In addition, oral formulations containing
CGRP receptor antagonist have been developed and eval-
vated in clinical trials for different migraine types. From
2004, when olcegepant, the first oral antagonist of CGRP
receptor, was efficiently tested against acute treatment of
migraine, five other agents (i.e., telcagepant, MK-3207,
BI44370, ubrogepant, and rimegepant) have been tested
[20]. These compounds, known as gepants, produce sig-
nificantly better results when compared with placebo in the
treatment of several types of headache in clinical and pre-
clinical studies, including migraine associated with the
female sexual cycle. To evaluate the safety, tolerability, and

efficacy of telcagepant (i.e., MK-0974) in the prevention of
menstrual cycle-related migraine, a 6-month phase II/III,
randomized, double-blind, placebo-controlled clinical trial
was developed [19]. However, although telcagepant and
other CGRP receptor antagonists, such as MK-3207 and
BI44370, are effective and usually well tolerated, clinical
studies show that these drugs induce adverse events;
thus, the development of these formulations as an acute or
prophylactic treatment for migraine has been discontinued
[21-23].

CGRP receptor binding sites are found in many of the
sites where immunoreactive axons terminate [24]. However,
the distribution pattern of CGRP receptors does not strictly
follow the label of axons immunoreactive to CGRP in the
nervous tissue [24]. For example, the main sensory systems
reveal a variety of CGRP receptor binding site patterns,
only a few of which can be related to sites of CGRP-
immunoreactive axon terminals [24]. There is moderate
labeling of '*I-CGRP in the visual and auditory area of
rats, becoming more intense in the gustatory area [25].
Additionally, in the thalamus and hypothalamus, only low
densities of CGRP receptors have been reported [12].
CGRP receptors are also found in several limbic system
areas, such as the amygdala, cingulate cortex, and ventral
striatum [24]. Although CGRP action has been interpreted
in terms other than conventional synaptic effects [24], we
must emphasize that the use of '*’I-CGRP allows non-
specific labeling due to cross-reactivity of CGRP with
AMY, and AM receptors [15] and that abluminal admin-
istration of CGRP induces vasodilation, but not luminal
[26], suggesting that CGRP do not cross the blood—brain
barrier. In addition, AM activates all three CLR/RAMP
complexes, including the CGRP receptor [27].

Several peripheral tissues [28—34] also show labeling for
CGRP receptors, inducing several biological functions [35-
44]. Among these functions, this neuropeptide induces
vasodilation [2, 45-47] and sweating [48, 49] as well as
modulation of autonomic tonus [50], events present in
menopausal vasomotor symptoms (Table 1, Fig. 1).

Menopause and hot flushes

Menopause is characterized by loss of ovarian follicle
development, clinically defined as a year of amenorrhea
that is not related to any surgical or drug treatment [51-
53]. Natural menopause arrives mainly in women around
their mid-50s [54], but premature menopause might
involve younger women, being an important biomarker
for chronic disease and mortality [55, 56]. In fact, earlier
menopause is associated with an increased risk of cardi-
ovascular disease [57], obesity [58], and osteoporosis
[59], but it is also an important protector factor for breast,
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endometrial, and ovarian cancers [60]. There are 470
million women older than the average age for natural
menopause, and it is estimated that 1.2 billion women will
be menopausal or postmenopausal worldwide by the year
2030 [51, 61]. Although some of these women may be
asymptomatic, more than 85% show postmenopausal-
associated disorders [52].

In the menopausal transition, serum levels of estradiol
and progesterone decrease and follicle-stimulating hormone
levels increase, resulting in physiological changes and
clinical symptoms [62]. The most prevalent symptoms
among peri- and postmenopausal women are hot flushes and
night sweats, known as vasomotor menopausal symptoms
[63]. Hot flushes are typically described as sudden sensa-
tions of warmth and flush, beginning in the upper thorax
and neck, rising into the face, and extending down the arms
[64]. The occurrence of typical hot flush episodes during
sleep is termed night sweats [64]. Some authors suggest that
these night events lead to complaints such as irritability,
anxiety, nervousness, depression, fatigue, forgetfulness, and
inability to concentrate [64]. Contrary to this viewpoint,
others suggest direct effects of hormonal level changes and
brain function decay in postmenopausal individuals, both in
animal and human models [65, 66]. Despite being exten-
sively researched, the pathophysiology of hot flushes is still
poorly understood [67, 68]. The first systematic investiga-
tion on body temperature changes during menopausal hot
flushes describes that internal temperatures decrease after
each flush [69]. In the skin area where sweating occurs, the
temperature decreases during and increases after the flush
[69]. Finger and toe temperatures always show a sharp
increase at the onset of a flush, followed by a slower
decrease [69]. Only the cheeks show additional temperature
increases [69]. Additionally, the heart frequency increases
at the onset of the flush, but decreases immediately there-
after [69].

Sex hormones influence on CGRP levels

Plasma CGRP levels are higher in healthy women than in
men [70] and increase during the onset of a hot flush in
postmenopausal women [71-73] (Fig. 1). Among women
who experience hot flushes, postmenopausal women have
significantly higher CGRP levels than premenopausal
women [74]. In addition, 24 h urinary excretion of CGRP is
higher in women with vasomotor symptoms compared to
non-flushing women [75]. Increased plasma CGRP is also
documented in men with flushes who have been castrated
due to prostate cancer [76] (Fig. 1). These findings suggest
that sexual hormones regulate CGRP levels and that this
neuropeptide may be involved in hot flushes. However,
plasma and 24 h urinary CGRP levels are not affected by
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the menstrual cycle phases [74, 75], although body tem-
perature is higher in the luteal phase compared to the fol-
licular phase. There is also no difference in CGRP levels
among pre- and postmenopausal women who were not
having hot flushes [74] and among healthy aging men
during flushes [77].

The evidence for sex hormones influence on CGRP
levels is more extensively shown in rodents. Plasma CGRP
is lower in middle-aged female and ovariectomized rats,
when compared to young controls or sham-operated rats
[78, 79]. In addition, in experiments of hormone replace-
ment therapy, where ovariectomized rats receive estradiol or
progesterone treatments, plasma CGRP levels increase [70,
78, 80-82]. Chronic perfusion of sex steroid hormones to
ovariectomized rats also increase CGRP-immunoreactive
cells [78]. Furthermore, CGRP messenger RNA (mRNA)
synthesis increases in sensory neurons of ovariectomized
rats treated with estrogen in a dose-related manner, an effect
blocked by an estrogen receptor antagonist [83]. High-dose
estrogen treatment or estrogen supplement after ovar-
iectomy induces a large increase of CGRP immunor-
eactivity and CGRP-immunoreactive cell to LH cell ratio in
the anterior pituitary [84]. In this gland, CGRP immunor-
eactivity is localized mainly in gonadotrophs, and a-CGRP
and p-CGRP mRNAs are detected in CGRP-
immunoreactive cells [84].

Additionally, in vitro studies also show that sex hor-
mones modulate CGRP release and mRNA expression. The
release of CGRP is increased in the murine medullary
thyroid carcinoma C-cell line when treated with estradiol
alone [85]. Moreover, it was also demonstrated that 17 f-
estradiol induces CGRP release from F11 cells, a somatic
cell hybrid of a rat embryonic dorsal root ganglion and
mouse neuroblastoma cell line N18TG2 [86]. Conversely,
ovariectomized rats present with a marked increase (600%)
in CGRP mRNA expression in trigeminal ganglia tissue
compared to control rats [87]. This induced mRNA level is
lowered down to 150% following the administration of
estrogen to ovariectomized rats [87].

Ovariectomy decreases the expression of phosphorylated
cAMP response element-binding (CREB) protein in hip-
pocampus of rats, while the replacement with 17p-estradiol
throughout the post-ovariectomy period prevents this effect
[88]. The treatment with 17 p-estradiol 15 days after ovar-
iectomy for 7 days or 21 days also reverts the effect of
ovariectomy [88]. It was previously demonstrated that
intracerebroventricular administration of estradiol increases
phosphorylated CREB in rat hippocampal CA1 region [89].
Similar results are found in human prostate and breast
cancer cells and in rat dorsal root ganglion [90-92]. These
findings suggest that CREB can be involved in the estradiol
effects on CGRP mRNA expression, because the binding of
CREB to the cAMP response element is necessary and
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sufficient for the activation of the CGRP promoter by
cAMP [93].

Peripheral effects of CGRP
Skin temperature

Mice lacking «CGRP (CGRP ") at 49 days of age have a
lower surface temperature compared with CGRP™* mice
[94] (Fig. 1). In addition, peripheral a-CGRP (10 pg kg_l
intravenous (i.v.)) administration increases the skin tem-
perature in rats (by as much as 20%) at 40 to 50 min after
injection [79], a dose-dependent effect [95] (Fig. 1). The
same dose also induces skin temperature increases in
anesthetized female rats, reaching maximal values at 20 to
60 min after injection [96]. After increasing, the temperature
gradually declines, in particular the temperature of the ear
that falls below the basal level [96]. Interestingly, skin
temperature elevation induced by CGRP is significantly
higher in ovariectomized rats than in sham-operated rats
[79, 82, 95, 97] (Fig. 1). The CGRP-induced increase in
skin temperature in rats is inhibited by pretreatment with its
antagonist CGRPg 37 (100-1000 ug kg~ intraperitoneal) in
a dose-dependent manner [79, 96] (Fig. 1). Treatment with a
gonadotropin-releasing hormone (GnRH) analog, a chemi-
cal form of castration, increases CGRP-induced elevation of
skin temperature [98] (Fig. 1). Subcutaneously (s.c.) injec-
ted 17 p-estradiol (0.01 mgkg™") blocks the CGRP effect
on skin temperature in ovariectomized rats [82, 95] and in
GnRH analog-treated rats [98]. Similar results are found in
male rats: the CGRP-induced elevation of skin temperature
is significantly greater in the castrated rats, both by bilateral
orchiectomy or by single injection of a GnRH analog, than
in sham-treated rats [99] (Fig. 1). This potentiation is
inhibited by treatment with ovarian hormones as well as by
testosterone replacement [99]. Conversely, intracer-
ebroventricular injection of CGRP (10 ugkg ') does not
change the tail skin temperature [96], suggesting that those
effects are due to the peripheral, not central, action of this
neuropeptide.

Vasodilation

The fibers that innervate blood vessels in mammalian skin
release CGRP, substance P, and several other peptides
[100]. Primary afferent neurons are responsible for this
peptidergic innervation, thus the retrograde labeling of
dorsal root ganglion cells, as well as the CGRP and sub-
stance P levels in skin, is considerably reduced after sensory
chemical denervation by capsaicin [100]. Among the sev-
eral biological roles in the microvascular system of the skin,
CGRP stands out for its potent vasodilatory action [2, 45,

101]. Pioneer works have shown that intradermal injection
of CGRP (10~'? mol) induces vasodilatation and increases
blood flow (Fig. 1) in rabbits and humans [45, 102], where a
persistent and intense hyperemia response is induced, last-
ing for 1 to 6h, depending on the administered dose
(15 fmol to 15 pmol range) [45]. CGRP (10~'2 mol) relaxes
the norepinephrine-induced arteriolar contraction [45], as
well as the prostaglandin F2oa-induced contraction of
mesenteric vascular beds isolated from rats (Fig. 1) in a
dose-dependent (107"-10"mol) manner [79, 97].
CGRP;_3; (400 nmol kg™, i.v.) inhibits the increased blood
flow induced by intradermal CGRP (10pmol) in rat
abdominal skin [103] (Fig. 1), induced by saphenous nerve
stimulation in rat hind paw [103] and induced by trigeminal
ganglion stimulation in rat facial skin [104]. More recently,
it was demonstrated that telcagepant and MK-3207, as well
as erenumab, inhibit the capsaicin-induced dermal blood
flow in healthy and/or migraine human subjects or rhesus
monkeys [105-108] (Fig. 1). This capsaicin-induced vaso-
dilation in the human forearm skin is largely mediated by
CGRP, but not by vasodilating prostaglandins, nitric oxide,
or substance P [109].

As also seen in its skin temperature effect, the CGRP-
induced relaxation of mesenteric vascular beds isolated
from rats is significantly greater in tissue extracted from
ovariectomized rats than in those from sham-operated rats
[79, 97] (Fig. 1) and is blocked by 17 p-estradiol (0.01 mg
kg ! s.c.) [82]. Similarly, periarterial nerve stimulation or
CGRP induce greater vasorelaxation in isolated tail arteries
of ovariectomized rats when compared to those of sham-
operated rats [110] (Fig. 1). Previously, it was demonstrated
that human CGRPg_37 also inhibits relaxation in these ves-
sels [111] (Fig. 1). Moreover, the maximal number of 1251
CGRP binding sites in isolated mesenteric arteries is
approximately 3.5 times higher in ovariectomized rats than
in sham-operated rats [79]. This is accompanied by a
decrease in plasma CGRP levels after ovariectomy [79].
These findings suggest that the decrease in circulating
endogenous CGRP after ovarian hormone deficiency may
induce upregulation of CGRP receptors, consequently
amplifying the stimulatory effects of CGRP to raise skin
temperature [79].

CGRP '~ mice present an increase in peripheral vascular
resistance (Fig. 1), accompanied by an increase in arterial
pressure and heart rate [112, 113]. Conversely, while in
humans, peripheral CGRP (25.3 nmol i.v.) administration
decreases arterial pressure, an increase in the heart rate and
severe facial flushing are observed [38]. In addition to the
face, systemic intravenous infusion of CGRP
(104-520 pmol min~') also induces a dose-dependent flush
in the neck, upper trunk, and upper arms [114]. These
effects are accompanied by an increase in plasma nor-
epinephrine and epinephrine levels [38]. Intradermal
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administration of 0.016 pg human a-CGRP induces vaso-
dilatation after 1 min (Fig. 1), manifesting as local red-
dening; this effect persists for 5 to 6 h [45]. Infusion of
CGRP (11-216 pmol min~') into the brachial artery in men
induces a dose-dependent increase in the forearm blood
flow and cutaneous blood flow, persisting for up to 90 min
after the end of infusion [114] (Fig. 1). It has been sug-
gested that CGRP increases regional blood flow to the brain
and skin at the expense of the gastrointestinal tract [115].
Finally, CGRP also increases the acetylcholine-induced
skin blood flow in humans [49] (Fig. 1).

Sweating

In humans, CGRP (10’7—IO’9 M) increases acetylcholine-
induced sweating (Fig. 1) and decreases nicotine-induced
sweating, while CGRP alone is insufficient to induce
sweating [40, 48, 49]. CGRP-like immunoreactivity is
present at the terminals of the cholinergic nerve around
human sweat glands, which corroborates the hypothesis that
CGRP increases cholinergic-induced transpiration, as a
consequence of the vasodilation caused by CGRP [48, 116].
Thus, the influence of CGRP on acetylcholine function
may, at least in part, explain the sweating that accompanies
hot flushes.

Central effects of CGRP

The primary center for neural control of thermoregulation in
mammals is the preoptic area (POA) of the anterior hypo-
thalamus [117] which integrates central and peripheral
signals in order to activate reflex autonomic and somatic
responses for core temperature adjustments [118]. It has
been suggested that postmenopausal women with hot flu-
shes present with a reduced thermoneutral zone, triggering
autonomic responses for reducing body temperature after
small elevations in core temperature [119].

The medial POA of female rodents contains over 25-fold
more CGRP-immunoreactive cells compared with the
medial POA of males [120]. Gonadectomy of male rats
increases the number of CGRP-immunoreactive cells in the
medial POA, an effect decreased by administration of tes-
tosterone [120, 121]. Ovariectomy 1 month earlier, with or
without subsequent 17 B-estradiol treatment, has no effect
on the number or distribution of CGRP-immunoreactive
cells in the medial POA [120]. However, testosterone
treatment in female rats decreases CGRP cell numbers in
this area [121]. These findings suggest a central role for
CGRP in regulating body temperature and show that tes-
tosterone regulates CGRP in the medial POA.

CGRP (10 uM) changes the firing rate in slices of POA
and anterior regions of the hypothalamus from rats [122].
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Either an increase in the firing rates of temperature-
insensitive neurons or a decrease in the firing rates of
warm-sensitive neurons induce a shift in the thermo-
regulatory set point to a higher temperature [122]. Con-
versely, CGRP administration (1.6 pmol; 0.2 pl) into the
POA did not increase the colonic and interscapular brown
adipose tissue temperature in urethane-anesthetized rats
[123]. However, a-CGRP (0.05 and 0.25 nmol) adminis-
tration into the hypothalamic paraventricular nucleus
(PVN) increases the plasma level of norepinephrine
(Fig. 1), but not that of epinephrine, in a dose-dependent
manner in male Wistar rats [50], suggesting CGRP reg-
ulation of sympathetic outflow that does not rely on
adrenal activity. Indeed, this effect is not affected by
bilateral adrenalectomy [50]. A similar increase in the
plasma level of norepinephrine, as well as a significant
increase in arterial blood pressure, is observed after o-
CGRP (0.05 nmol) administration into the POA, anterior
hypothalamus, dorsomedial hypothalamus, and ven-
tromedial hypothalamus [50] (Fig. 1). However, the most
prominent increase was caused by its microinjection into
the PVN [50]. However, CGRP™~ mice present an
increase in sympathetic nervous activity [112]. Increased
central norepinephrine may be involved in human hot
flushes, as they are triggered by increased brain nora-
drenergic release in symptomatic menopausal women who
received yohimbine, an a2-adrenergic antagonist [124]. In
contrast, it has also been suggested by others that a
reduction in norepinephrine reuptake, using the serotonin-
norepinephrine reuptake inhibitor desvenlafaxine, ame-
liorates hot flushes and other menopausal symptoms,
instead of triggering them [125].

In response to increased body temperature in humans,
the reflex mechanism involved in the heat dissipation is
activated [117]. Sympathetic cholinergic nerves, which are
also activated during increases in core temperature, are
involved in sweating, although not always with the same
time course as active vasodilation in the skin [117]. There
is limited available detail on the central nervous system
pathways regulating human sweating, as animal models are
usually furry mammals that do not depend on sweat for
heat control [126], but it is known that both hypothalamic
thermoregulatory sympathetic pathways and the limbic
system (via modulatory fibers) can participate in the sti-
mulation of sweat glands [127]. CGRP receptors and
estrogen receptors are present in the same brain areas, such
as the hypothalamus, amygdala, cingulate cortex, and
ventral striatum [24, 65, 128, 129]. Interestingly, studies
using magnetic resonance images, comparing symptomatic
and asymptomatic amenorrheic women, show that hot
flushes are associated not with POA but with medullar as
well as insular, cingulate, and frontal cortices activation
[130, 131].
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Concluding remarks

The elevation of skin temperature induced by CGRP during
hot flushes may be mediated by the increased blood flow
following the vasodilatory action of this peptide in the skin
[79]. Thus, we believe that the use of monoclonal antibodies
blocking CGRP receptors and/or small molecule CGRP
antagonists can prevent the menopausal vasomotor symp-
toms, considering that these antagonists inhibit the
capsaicin-induced dermal blood flow [105-108]. However,
although decreases in circulating endogenous CGRP after
ovarian hormone deficiency may induce upregulation of
CGRP receptors [79], there is no difference in CGRP levels
among pre- and postmenopausal women who were not
having hot flushes [74]. In addition, CGRP levels are
increased among women who experience hot flushes [74].
Thus, new experiments are needed to firmly establish this
hypothesis. Several studies show that CGRP increases
during the onset of a hot flush [71-73]; however, the
duration of the perception of each hot flush is brief [64],
while local reddening after intradermal o-CGRP adminis-
tration persists for 1 to 6 h [45]. Peripheral CGRP admin-
istration induces severe facial flushing accompanied by a
decrease in the arterial pressure and an increase the heart
rate [38], suggesting a reflex activation of the sympathetic
nervous system. Central CGRP administration induces
sympathetic activation independently of the adrenal
medulla, accompanied by an increase in arterial pressure
[50]. At the onset of the flush, the heart rate increases and
immediately thereafter decreases [69], but without changes
in the blood pressure [64]. Recently, a meta-analysis
showed that women with hot flushes, compared to those
without, tend to have significantly higher levels of blood
pressure, albeit non-significant [132]. In addition, the pre-
sence of CGRP in limbic system areas [24, 133—-136] sug-
gests its participation in the expression of behaviors
associated with symptoms of postmenopausal women pre-
senting hot flushes, such as anxiety, sleep disturbs,
depression, and irritability. Thus, there is evidence that
CGRP may be a key component in the pathophysiology of
hot flushes (Table 1, Fig. 1), but these are complex phe-
nomena that remain to be completely understood, mainly in
humans.
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