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ABSTRACT

The transient receptor potential ankyrin 1 (TRPA1), a member of the TRP superfamily of channels,
has a major role in different types of pain. TRPA1 is primarily localized to a subpopulation of
primary sensory neurons of the trigeminal, vagal, and dorsal root ganglia. This subset of nocicep-
tors produces and releases the neuropeptide substance P (SP) and calcitonin gene-related peptide
(CGRP), which mediate neurogenic inflammation. TRPA1 is characterized by unique sensitivity for
an unprecedented number of reactive byproducts of oxidative, nitrative, and carbonylic stress and
to be activated by several chemically heterogenous, exogenous, and endogenous compounds.
Recent preclinical evidence has revealed that expression of TRPA1 is not limited to neurons, but
its functional role has been reported in central and peripheral glial cells. In particular, Schwann
cell TRPA1 was recently implicated in sustaining mechanical and thermal (cold) hypersensitivity in
mouse models of macrophage-dependent and macrophage-independent inflammatory, neuro-
pathic, cancer, and migraine pain. Some analgesics and herbal medicines/natural products widely
used for the acute treatment of pain and headache have shown some inhibitory action at TRPA1.
A series of high affinity and selective TRPA1 antagonists have been developed and are currently
being tested in phase | and phase Il clinical trials for different diseases with a prominent pain
component.

Abbreviations: 4-HNE, 4-hydroxynonenal; ADH-2, alcohol dehydrogenase-2; AITC, allyl iso-
thiocyanate; ANKTD, ankyrin-like protein with transmembrane domains protein 1; B2 receptor,
bradykinin 2 receptor; CIPN, chemotherapeutic-induced peripheral neuropathy; CGRP, calcito-
nin gene related peptide; CRISPR, clustered regularly interspaced short palindromic repeats;
CNS, central nervous system; COOH, carboxylic terminal; CpG, C-phosphate-G; DRG, dorsal root
ganglia; EP, prostaglandins; GPCR, G-protein-coupled receptors; GTN, glyceryl trinitrate; MAPK,
mitogen-activated protein kinase; M-CSF, macrophage-colony stimulating factor; NAPQI, N-
Acetyl parabenzoquinone-imine; NGF, nerve growth factor; NH2, amino terminal; NKA, neuro-
kinin A; NO, nitric oxide; NRS, numerical rating scale; PAR2, protease-activated receptor 2;
PMA, periorbital mechanical allodynia; PLC, phospholipase C; PKC, protein kinase C; pSNL,
partial sciatic nerve ligation; RCS, reactive carbonyl species; ROS, reactive oxygen species; RNS,
nitrogen oxygen species; SP, substance P; TG, trigeminal ganglion; THC, A9-tetrahydrocanna-
binol; TrkA, neurotrophic receptor tyrosine kinase A; TRP, transient receptor potential; TRPC,
TRP canonical; TRPM, TRP melastatin; TRPP, TRP polycystin; TRPM, TRP mucolipin; TRPA, TRP
ankyrin; TRPV, TRP vanilloid; VG, vagal ganglion;
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Introduction

The transient receptor potential (TRP) channel
superfamily encompasses a group of more than
56 heterogeneous ion channels with a role in
thermo- and osmo-sensation, sight, taste, smell,
hearing, touch, and pain [1]. Genetic studies have
demonstrated the involvement of TRP channels in
several biological processes, and TRP mutations
(channelopathies) have been associated with

a variety of human disorders (e.g. polycystic kid-
ney disease, skeletal dysplasia, familial episodic
pain syndrome, and other disorders) [2]. In mam-
mals, the TRP superfamily comprises six subfami-
lies and 28 members of nonselective cation
permeable channels. They exhibit different cal-
cium/sodium permeability ratios [3,4] and share
a similar architecture, with minor differences: six
transmembrane domains (S1-S6) assembling as
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homo- or hetero-tetramers with a cation-pore loop
between S5 and S6. The amino (NH,) and car-
boxylic acid (COOH) termini are both localized in
the cytosol [5]. The NH, terminus domain con-
tains several ankyrin repeats. TRP subfamilies are
distinguished in TRP canonical (TRPC), TRP mel-
astatin (TRPM), TRP polycystin (TRPP), TRP
mucolipin (TRPML), TRP vanilloid (TRPV), and
TRP ankyrin (TRPA) channels [5]. Most subfami-
lies include several members (e.g. TRPM and
TRPV1 subfamilies), while the TRPA subfamily
consists of only one member, the TRPA1 [6].
TRPs are activated or modulated by several endo-
genous and exogenous physicochemical stimuli,
including intracellular mediators [7].

TRP channels are expressed in cellular mem-
branes, except for the nuclear envelope and mito-
chondria, of almost every excitable and non-
excitable cell type. Some TRP channels are
expressed in discrete subpopulations of primary
sensory neurons, detecting noxious physical (ther-
mal and mechanical) and chemical stimuli [8].
These channels have been collectively labeled as
thermo-TRP (namely TRPV1, TRPV2, TRPV3,
TRPV4, TRPMS, and TRPA1), as they can be
activated by a large range of temperatures, from
noxious cold to noxious heat [9]. Thermo-TRPs
constitute one of the largest groups of nociceptive
ion channels involved in sensory transmission and
have been proposed to contribute to transmission
and modulation of pain signals in mammals
[8,10,11]. Herein, we summarize data on the
TRPA1 channel in models of neuropathic, cancer,
and migraine pain, highlighting its role in neurons
and glial cells.

The TRPA1 channel

TRPA1 was primarily identified in cultured lung
fibroblast (first labeled as ankyrin-like protein with
transmembrane domain protein 1, ANKTD) [12]
and subsequently recognized as a TRP member
due to structure homologies [13]. The TRPALl
gene (trpal) is expressed on chromosome 8ql3
(27 exons, 55,701 base pairs) and is present in
many animal species, both vertebrates and inverte-
brates [14]. TRPA1 is non-selectively permeable to
sodium and potassium, although with higher per-
meability to calcium [15]. Structurally, it shows
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a peculiar elongated ankyrin repeat region within
the N-terminus (~16 ankyrin repeats), which con-
nects transmembrane proteins to the cytoskeleton
and is involved in protein interactions and channel
trafficking [16] (Figure 1).

TRPAL is co-expressed and localized with other
TRP channels (i.e. TRPV1 and TRPV4) [13] in
a subset of primary sensory neurons of the trigem-
inal (TG), vagal (VG), and dorsal root ganglia
(DRG), particularly in thinly myelinated Ad fibers
and unmyelinated C fibers [17]. TRPA1 has also
been detected in the central nervous system (CNS)
(e.g. cortex, caudate nucleus, amygdala, and
hypothalamus) where its role is still unknown
[18]. Although TRPAl1 is found in non-
peptidergic neurons as it co-localized with the
purinergic P2X3 receptor, isolectin B4, or the
Na; g channel [19,20], it is worth noting that at
least a quarter of neurons expressing TRPA1 are
peptidergic A§- and C-fiber nociceptors, which
release the proinflammatory neuropeptides, sub-
stance P (SP), neurokinin A (NKA), and calcitonin
gene-related peptide (CGRP), from their periph-
eral and central endings [19]. The peripheral
release of neuropeptides elicits neurogenic inflam-
mation, which consists mainly of plasma protein
extravasation in post-capillary venules (mediated
by SP) and dilation of arterioles (mediated by
CGRP) [21-23]. Preclinical and recent clinical evi-
dence support the critical role of CGRP, but not
SP, in neurogenic inflammation in humans and
migraine-related pain [24].

TRPA1 and temperature

From the initial proposal of TRPA1 as a sensor of
cold temperature [13], the channel role in the
physiological sensing of temperature changes has
been subject to debate, and experiments assessing
cold thermo-sensation in non-human cell cultures
remain uncertain [25]. Studies using purified
human TRPA1 (hTRPA1) inserted into lipid-
bilayers showed its intrinsic bidirectional
(U-shaped) thermosensor activity that is modified
by the redox state and ligands, with different
TRPA1 channel conformations involved in cold
and heat sensation [26,27]. Therefore, in mam-
mals, TRPA1 may contribute to sensing warmth
and uncomfortable heat in addition to noxious
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Figure 1. (a) Targeting of the TRPA1 ion channel by a series of endogenous and exogenous agonists with relevance in pain. The
TRPA1 activation signals acute nociception and allodynia to the brain and elicits CGRP and SP release from peripheral fibers to
produce neurogenic inflammation. Partial agonists and desensitizing agents of the channel are reported in italics. Commonly used
stimulants of TRPA1 are in bold. (b) Schematic representation of TRPA1 ion channel structure and as determined by single particle
electron cryo-microscopy. Structure is based on atomic coordinates in the Protein Data Bank (https://www.rcsb.org). Image created
with Biorender.com. AITC, allyl isothiocyanate; ANK, ankyrin; CGRP; calcitonin gene related peptide; Cys, cysteine; Lys, lysine; NO, nitric
oxide; RCS, reactive carbonyl species; ROS, reactive oxygen species; SP, substance P; TRPA1, Transient receptor potential ankyrin.

cold. Accordingly, a series of findings indicate that ~ thermal sensation, including heat (in cooperation
TRPAI can be heat-sensitive in some mammalian  with TRPV1 and TRPM3) [28]. However, hTRPA1

somatosensory neurons (in a triad with TRPV1  overexpressed in HEK293 (human embryonic kid-
and TRPM3) and that TRPA1l is implicated in  ney) cells failed to respond to cold stimulus (5°C)
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thus suggesting a possible not intrinsic activation
[29]. Considering that cooling can increase cal-
cium ion influx and that hTRPA1 can be directly
activated by calcium ions, an indirect activation by
background calcium influx could also be hypothe-
sized [25,30].

Comparative analyses of TRPV1 and TRPAl
among various species (including humans)
revealed changes underlying different sensory per-
ceptions. Whereas TRPV1-dependent sensitivity to
capsaicin shows remarkable variations across
a wide variety of vertebrate species, responses to
heat appear to be conserved [31,32]. On the other
hand, TRPA1 maintains a general and homoge-
nous chemical sensitivity to electrophilic com-
pounds but its sensitivity to thermal stimuli
shows a puzzling scenario [31,32]. Further insights
on the TRPA1 role for mechanical pain and ther-
mal sensitivity have been reported by epigenetic
studies, exploring changes in DNA methylation in
the TRPA1 promoter. A genome-wide methylation
analysis on monozygotic twins found that methy-
lation of a C-phosphate-G (CpG) dinucleotide in
the promoter of TRPA1 may have an impact on
gene expression and skin thermal sensitivity, with
methylation inversely associated with the thresh-
old for heat-induced pain [33]. However, the study
did not report any measure of TRPA1 expression
in nociceptors [33]. Interestingly, the same hyper-
methylated CpG site was found in healthy adults
with a low threshold for pressure pain, suggesting
a correlation between TRPA1 methylation status
and mechanical pain sensitivity [34]. Using multi-
ple linear regression, females showed a marginally
and not significant, higher methylation status of
the promoter combined with higher pressure pain
sensitivities compared with males [34].

Importantly, the expression of TRPAI is not
limited to neurons, as it is also found in extra-
neuronal tissues, including human keratinocytes
and melanocytes [35], rat vascular endothelial
cells, astrocytes, hair cells of the inner ear, epithe-
lial cells in the lung, small intestine, pancreas,
bladder, and skin fibroblasts [36]. In the context
of the present discussion, the identification of
TRPA1 in non-neuronal cells of the central and
peripheral nervous system, and specifically in glial
cells of the Schwann cell/oligodendrocyte lineage
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[37,38], has been instrumental for understanding
the role of TRPA1 in the regulation of neuroin-
flammation and chronic pain.

TRPA1 agonists and antagonists

Numerous compounds with different chemical
structures have been shown to activate TRPAI
via non-covalent or covalent binding to thiol moi-
eties of specific cysteine residues. The chemical
reactivity of these agonists, which are strong elec-
trophiles, results in covalent binding that modifies
the channel conformation in an activated state.
These molecules include exogenous environmental
irritants [39], laboratory chemicals, and some
components of cigarette smoke (e.g. acrolein, cro-
tonaldehyde, and formaldehyde) [40,41], general
anesthetics (e.g. lidocaine and propofol) [42], as
well as pungent plant ingredients (e.g. mustard oil,
allicin, and isothiocyanates), often found in ali-
mentary sources [43-45]. Endogenous products
that target the channel by a covalent binding are
commonly found at sites of tissue injury or inflam-
mation, and include byproducts of oxidative,
nitrative stress [reactive oxygen (ROS), nitrogen
(RNS), and carbonyl (RCS) species, including
hydrogen peroxide, peroxy-nitrite, acrolein,
4-hydroxynonenal (4-HNE), and others] [46-48]
(Figure 1). It is important to underline that
TRPA1 is targeted by changes in redox status
and is exquisitely sensitive to modifications of
cysteine residues, such as electrophilic reaction,
oxidation, and S-nitrosylation of sulthydryl groups
[48]. TRPA1-deficient mice lack specific somato-
sensory or behavioral responses to acrolein, for-
malin, or 4-HNE [49]. Agonists that do not bind
TRPA1 covalently include a chemically heteroge-
neous series of compounds of herbal origin [allyl
isothiocyanate (AITC), A9-tetrahydrocannabinol
(THC), carvacrol, thymol] [50,51] and several
drugs, such as non-steroidal anti-inflammatory
drugs (i.e. ibuprofen and diclofenac) [39], clotri-
mazole, and nifedipine [52] (see Table 1).

In addition to a direct activating mechanism,
TRPA1 can be stimulated or sensitized through
intracellular G protein-coupled signaling path-
ways. Stimulation of G-protein-coupled receptors
(GPCRs), including bradykinin 2 (B2) [53],
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Table 1. Exogenous and endogenous compounds identified as
TRPAT1 agonists.

Exogenous Agonists Endogenous Agonists

Natural compounds ROS

Cinnamaldehyde, allicin, dyallil Superoxide, hypochlorite,
disulfide, allyl/benzyl- hydrogen peroxide
isothiocyanate, thymol. carvacrol,
delta-9-tetrahydrocannabinol

Environmental irritants RNS

Acrolein, acetaldehyde, Nitric oxide, proxynitrite
crotonaldehyde, formaldehyde,
toluene diisocyanate, nicotine,
tear gases, heavy metals

Drugs and metabolites

Phospholipid’s
metabolites

Nitrooleic acid, 4-HNE, 4-HHE,
4-ONE, malondialdehyde

Anaestetic gases (propofol,
isoflurane, desflurane,
sevuflurane), lidocaine, diclofenac,
indomethacin, ketoprofen,
clotrimazole, dihydropyridines,
glibenclamide, apomorphine,
niflumic, flufenamic,

Prostaglandins and
isoprostanes
15-deoxy-delta-PGJ2, PGA2,
PGA1, 8-isoprostane-PGA2
Other

Hydrogen sulfide

protease-activated receptor 2 (PAR2) [54], MAS-
related (MrgprA3 and MrgprCl1) [55], prosta-
glandins (EP) [56,57], and bile acid (TGR5) [58]
receptor, can activate/sensitize the TRPA1 chan-
nel. The TGR5 receptor enhances TRPA1 activity
directly through protein kinase C (PKC) activa-
tion, whereas EP, B2, and PAR2 receptors target
TRPA1 by phospholipase C (PLC)-dependent
increase  in  cytoplasmic  calcium  levels
[53,54,56,57]. Increased intracellular calcium ions
can directly activate/potentiate the channel, prob-
ably through calcium-binding with an EF-hand
domain, frequently observed in calcium-
interacting proteins [59,60]. TRPA1 can also be
activated/sensitized via stimulation of TRPVI or
of other calcium permeable channels [47].
Activation of other GPCRs (e.g. MrgprA3 or
MrgprCl1) promotes the release of the G beta-
gamma complex (GPy), which acts as the cytoplas-
mic activator of TRPA1l [55] (Figure 2).
Furthermore, increased levels of nerve growth fac-
tor (NGF) activate the neurotrophic receptor tyr-
osine kinase A (TrkA) that enhances
phosphorylated p38 mitogen-activated protein
kinase (MAPK), regulating TRPA1 expression.

Finally, a variety of TRPA1 antagonists or par-
tial agonists have been identified so far, including
natural compounds contained in camphor, basil,
wormwood, rosemary, lemon eucalyptus, and sage
[51,61], and drugs, such as gadolinium, amiloride,
gentamicin, and ruthenium red [62]. Some of
these compounds have been shown to attenuate
chemical, thermal (cold), and mechanical hyper-
sensitivity in rodent models of inflammatory, can-
cer, and neuropathic pain [63].

The role of TRPA1 in pain
Nociceptive and neuropathic pain

Nociceptive pain, which can be subcategorized in
somatic and visceral pain [64], results from tissue
injury and inflammation. Prostaglandins (PGs)
exert a major role in inflammatory pain, but oxi-
dative stress may also contribute [65]. The under-
lying mechanisms of neuropathic pain, caused by
damage or disease affecting the somatosensory
nervous system [64,66], implicate the participation
of central and peripheral glial cells and oxidative
stress [67-69]. Response to tissue and nerve injury
may evolve into a chronic pain status, with pro-
longed allodynia and hyperalgesia, typically repre-
sented by hypersensitivity to mechanical and
thermal stimuli [64]. In addition to the central
mechanisms, hypersensitivity is driven by over-
activity of peripheral nociceptors via sensitization
of their nerve terminals [70].

TRPA1 has been identified as a major compo-
nent in mediating prolonged hypersensitivity to
thermal, chemical, and mechanical stimuli in mod-
els of nociceptive and neuropathic pain. The first
evidence of the involvement of TRPA1 in inflam-
matory nociception was reported in a study that
showed a reduction in nociceptive response
induced by formalin in rat and mouse paws fol-
lowing pharmacological antagonism or gene dele-
tion of the channel [71]. Furthermore, acute
inhibition of TRPA1 reduced cold and mechanical
hypersensitivity related to persistent inflammation
in animal models induced by carrageenan and
complete Freund’s adjuvant [72-74]. TRPA1 has
also been shown to contribute to peripheral and
central neuropathic pain. In a rodent model of
diabetic neuropathy elicited by streptozotocin,
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Figure 2. Intracellular modulation of TRPA1. G protein-coupled receptors (GPCRs) including bradykinin receptor 2 (B2), prostaglan-
dins receptors (EP), MAS-related GPCRs (MrgprC11 and MrgprA3), protease-activated receptor 2 (PAR2), and bile acid receptor 5
(TGR5), through their second messenger signaling cascades regulate TRPA1 function. TRPAT can also be activated or sensitized by
mechanisms that increase cytoplasmic calcium levels (e.g. TRPV1 or other calcium permeable channels activation). Image created with
Biorender.com. AC, adenyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; GPCR,
G protein—coupled receptor; PIP2, phosphatidyl inositol-4,5-bisphosphate; PLC, phospholipase C; PKA, protein kinase A; PKC, Protein
kinase C; TRPA1, Transient receptor potential ankyrin; TRPV1, transient receptor potential vanilloid.

a TRPA1 antagonist reduced both mechanical allo-
dynia and hypersensitivity [75,76]. The oxidative
stress and glucose metabolism byproducts, 4-HNE
[46] and methylglyoxal [77], which are usually
increased in diabetes, stimulate TRPA1, thus sus-
taining hyperalgesia.

A common and debilitating adverse event of
anticancer agents includes the chemotherapeutic-
induced peripheral neuropathy (CIPN), character-
ized by spontaneous pain, paresthesia, and long-
lasting mechanical and cold hypersensitivity [78].
CIPN has been replicated in mouse models using
thalidomide (and its derivatives) [79], oxaliplatin,
paclitaxel, or bortezomib [80-83], producing pro-
longed mechanical and cold hypersensitivity. Both
sensory abnormalities can be transiently reverted
by TRPAI antagonists (only in part for paclitaxel)
or ROS scavenger. The anticancer and toxic effects

of chemotherapeutics are associated with their
ability to generate an oxidative burst [84].
Notably, CIPN can be permanently prevented in
TRPA1-deleted mice or when TRPA1 antagonists
are continuously given when chemotherapeutics
are administered and the ensuing oxidative insult
is produced [81]. TRPA1 can also be directly gated
by other chemotherapeutic agents (e.g. dacarba-
zine, exemestane, letrozole, and anastrozole), lead-
ing to painfully more transient mechanical
hypersensitivity [85,86].

Mechanical hypersensitivity that follows nerve
damage induced by moderate mechanical trauma
(partial sciatic nerve ligation, pSNL) in mice is
substantially mediated by TRPA1 [37,87].
Mechanical allodynia attenuates after systemic
and/or intrathecal injection of TRPA1 antagonists
in a spinal nerve ligation model [88]. Further
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evidence has been supported by pharmacological
antagonism and genetic deletion of the channel.
Both interventions markedly reduced the mechan-
ical allodynia evoked by the constriction of the
infraorbital nerve (a model of type-II trigeminal
neuralgia) in mice [89]. However, subsequent
papers showed that the relationship between
TRPA1 and chronic pain is more complex as addi-
tional cellular and molecular pathways are impli-
cated. The identification of TRPA1 in glial cells of
the Schwann cell/oligodendrocyte lineage [37,38]
has moved the initial cellular site of the TRPAI
signaling pathway from neurons to glial cells. In
a mouse model of brain damage by ischemia,
a major role has been proposed for TRPAI
expressed by oligodendrocytes, which promotes
a myelinated cell damage by uncontrolled calcium
overload [38]. pSNL in mice elicits neuroinflam-
mation in the nerve trunk and sustained mechan-
ical allodynia. In this model, we reported that
Schwann cells express a functional TRPA1 that is
targeted by oxidative burst generated by invading
hematogenous macrophages (typical of the
Wallerian degeneration). Activated Schwann cell
TRPALI, via a calcium-dependent NADPH oxidase
1 (NOXI1) stimulation, promotes a bidirectional
amplification of oxidative stress. On the one
hand, Schwann cell TRPA1 releases ROS that, in
a feed-forward manner, maintains the influx of
macrophages inside the injured nerve trunk. On
the other hand, ROS target the neuronal TRPA1 to
signal a sustained allodynia [37].

In a model of alcohol-evoked peripheral poly-
neuropathy [90], Schwann cell alcohol dehydro-
genase-2 (ADH-2) converts oral ethanol into
acetaldehyde, which targets Schwann cell TRPA1
to generate ROS and 4-HNE, which, in turn, acti-
vate TRPA1 in nociceptors [90]. In this case, the
Schwann cell-TRPA1 pathway is activated inde-
pendently from macrophages. In mouse models
of neuropathic pain, the prominent role of
TRPA1 has been extensively reported, but in rats
the ability of TRPA1 deletion to attenuate
mechanical hypersensitivity has not been repli-
cated in models of peripheral severe nerve damage
(chronic constriction injury) or CIPN where
TRPA1 was deleted by Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)
technology [91].

The prominent role of TRPAI in different
rodent models of pain seems to have
a counterpart in humans, as a familial episodic
pain syndrome has been associated with a gain-of-
function mutation of TRPAI1 [92]. Selective
TRPAI antagonists have been tested in preclinical
studies but few clinical trials have been conducted
with TRPA1 antagonists in pain diseases, as dis-
cussed below.

Cancer pain

Cancer-related pain is defined as pain caused by
the primary cancer itself, metastases, or its treat-
ment (chronic post-cancer treatment pain) [66].
Cancer pain is frequently experienced by patients
as it affects more than half of the patients under-
going anticancer therapy or presenting advanced
disease [93]. Despite the dramatic impact of pain
in cancer, the exact mechanism underlying these
probably unrelated conditions (cancer, metastasis,
and their therapy) is poorly understood and, con-
sequently, patients are undertreated. The first
indirect evidence relating TRPA1, and cancer
pain was shown by inoculating human squamous
cell carcinoma cells in the mouth cavity and in the
right-hind paws of mice [94]. Treatment with anti-
NGF, which reduced tactile allodynia and oral
pain (increasing chewing time), simultaneously
decreased the expression of TRPA1 and TRPV1
in trigeminal ganglia [94]. More direct evidence of
oxidative stress and the TRPA1 role in mechanical
and cold allodynia was obtained in a mouse model
of metastatic cancer pain evoked by injection of
melanoma cells in the hind paw [95]. NOX and
hydrogen peroxide levels were increased in the
hind paw skin 2 weeks after inoculation. Genetic
deletion or pharmacological antagonism of TRPA1
or the use of antioxidants (a-lipoic acid) attenu-
ated mechanical and cold allodynia [95]. It is
worth noting that ROS released from infiltrating
macrophages may target TRPA1-expressing mela-
noma cells to amplify the oxidative stress signal
that affects tumor cell survival and proliferation
[96]. These findings have been replicated using
breast tumor cells in a model of bone metastasis
pain. NOX and hydrogen peroxide levels were
increased in the sciatic nerve and hind paw skin
samples, and these mice developed a mechanical



and cold allodynia reversed by TRPA1 antagonist
or a-lipoic acid [97]. TRPA1 antagonists reduced
mechanical and heat hypersensitivity in mice
administered with dacarbazine in combination
with melanoma cells inoculated into the hind
paw [86] or mechanical and cold allodynia with
breast carcinoma cell line inoculated into the tibia
[98]. Thus, TRPA1 seems to contribute to pain
developed during cancer and may represent
a potential target for cancer pain treatment.

The cellular and molecular mechanisms respon-
sible for TRPA1 involvement in cancer pain have
been investigated in more detail in murine models
where melanoma or lung carcinoma cells were
injected into the hind paw [99]. For the first
time, the key role of macrophages in these models
of cancer pain was identified. However, unlike the
PSNL model, allodynia and neuroinflammation
were sustained by expansion of endoneurial resi-
dent macrophages and not invasion of hemato-
genic macrophages. Targeted deletion of TRPAI
in Schwann cells revealed that cancer-dependent
macrophage expansion was promoted by Schwann
cell TRPAI1, which targeted by oxidative stress
(from cancer cells or expanded macrophages),
releases the macrophage chemo-attractant macro-
phage-colony stimulating factor (M-CSF). Thus,
a feed-forward mechanism implicating M-CSF,
resident macrophages, oxidative stress, and
Schwann cell TRPAI, operating throughout the
entire nerve trunk, sustains neuroinflammation
and signals cancer-evoked pain [99].

Migraine

The underlying pathway responsible for migraine
pain and how a large variety of heterogeneous
stimuli trigger headache pain remains poorly
known. However, the successful development of
drugs that antagonize the CGRP pathway in
acute (gepants) and prophylactic (anti-CGRP
monoclonal antibodies, anti-CGRP mAbs) treat-
ments has underlined the crucial role of CGRP in
the headache phase of migraine attacks [100-102].

TRPA1+ ve terminals of both C- and Ad-fibers
frequently co-localized with CGRP have been
documented in the superficial lamina of the tri-
geminal nucleus caudalis and perivascular tissue of
cranial vessels [103]. Therefore, neuronal
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activation may lead to neuropeptide release from
the central and peripheral terminals of trigeminal
nociceptors. Neurogenic inflammation may occur
in cranial tissues innervated by the trigeminal
nerve, including in the dura mater [21]. Migraine-
provoking substances in humans (i.e. CGRP, pitui-
tary adenylate cyclase-activating polypeptide, pros-
taglandin E,, prostacyclin, and histamine) are also
able to initiate periorbital mechanical allodynia
(PMA) in mice by acting on peripheral terminals
of trigeminal afferents [43]. As cutaneous allody-
nia is frequently reported by patients with
migraine attacks [104], PMA has been proposed
as a possible migraine model in mice and
rats [105].

Meningeal vasodilation has also been caused by
intranasal administration of TRPA1l agonists,
whereas a selective antagonist of the TRPA1 recep-
tor and a topical CGRP antagonist (CGRPg ;)
prevented the increases in blood flow [21].
Systemic administration of a headache provoking
substance, glyceryl trinitrate (GTN) elicits in
migraineurs an early, mild-to-moderate headache,
followed by delayed, more severe migraine-like
attacks [105]. In rodents, GTN causes an immedi-
ate and transient vasodilation and a delayed and
sustained mechanical allodynia in the cutaneous
periorbital area [106,107]. A TRPA1 antagonist
reduced pain biomarkers elicited by GTN and
mechanical allodynia produced by the constriction
of the infraorbital nerve in rats [108]. The under-
lying mechanism of the TRPA1l implication in
GTN-evoked periorbital mechanical allodynia was
recently better clarified. The following series of
events was proposed. Nitric oxide (NO), a known
TRPA1 agonist [109], generated from GTN by
aldehyde dehydrogenase-2 is required to initiate
the allodynia, but is not sufficient for its mainte-
nance [105]. In fact, NO-mediated stimulation of
TRPA1 in the soma of trigeminal nociceptors
increases intracellular calcium, which activates
NOX1 and NOX2 to release ROS. ROS promotes
a feed-forward ROS/TRPA1-dependent pathway
that sustains allodynia. From the stimulated neu-
ron soma, an antidromic action potential propa-
gates to the terminal nerve fibers from which
CGREP is released, thus contributing to PMA [105].

Umbellulone, the major constituent of the
Umbellularia californica (California bay laurel), is
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known to provoke migraine and cluster headache
in susceptible individuals [110]. This irritant mole-
cule has been identified as a TRPA1 agonist
in vitro and can cause nociceptive behavior, vaso-
dilation in the nasal mucosa, and release of CGRP
from meningeal tissue in rats. All in vivo responses
evoked by umbellulone were abolished in mice
with TRPA1 deletion [110]. The hypothesis that
migraine provoking agents, such as chlorine, cigar-
ette smoke, formaldehyde, and others, may act in
humans by stimulating TRPAL1 is strengthened by
these findings.

A recent study [111] showed results that explain
the cellular and molecular mechanisms by which
CGRP released from trigeminal fibers causes
migraine pain by an unexpected pathway that
involves TRPA1. CGRP released by subcutaneous
injection of capsaicin in mouse periorbital area
targets the CGRP receptor (CLR/RAMP1) on
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surrounding Schwann cells to elicit intracellular
events associated with the internalization of the
agonist-receptor complex in endosomes. In this
manner, CGRP causes a cAMP-dependent forma-
tion of NO that gating TRPA1 on Schwann cell
releases ROS. On the one hand, ROS by continu-
ous Schwann cell TRPA1 targeting amplifies neu-
roinflammation and, on the other hand, targeting
neuronal TRPA1 signal mechanical allodynia [111]
(Figure 3).

Some analgesics and herbal medicines/natural
products widely used for the acute treatment of
headache attacks seem to act via TRPAl. The
highly reactive metabolite of acetaminophen
N-Acetyl-parabenzoquinone-imine (NAPQI),
responsible for hepato- and nephron-toxic effects
of the drug, target TRPA1, promoting a mild neu-
rogenic inflammatory response [112]. CYP450
monooxygenase activity may produce NAPQI
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Figure 3. The mechanism of CGRP released from peptidergic trigeminal fibers to elicit mechanical allodynia. CGRP targets the CGRP
receptor complex in adjacent Schwann cells (possibly of the Remak subtype) that, following internalization in endosomes, promotes
a series of intracellular events that eventually targets Schwann cell TRPA1 to initiate a feed-forward pathway that amplifies the
oxidative stress signal. On one hand, ROS by continuous Schwann cell TRPA1 targeting amplify and prolong neuroinflammation and
on the other hand by targeting the neuronal TRPA1 sustain mechanical allodynia. Image created with Biorender.com. AC, adenyl
cyclase; cAMP, cyclic adenosine monophosphate; CLR, calcitonin receptor-like receptor; CGRP; calcitonin gene related peptide; eNOS,
endothelial nitric-oxide synthase; NO, nitric oxide; NOX1, NAD(p)H oxidase 1; PKA, protein kinase A; RCP, receptor component protein;
ROS, reactive oxygen species;RAMP1, receptor activity modifying protein 1; TRPA1, transient receptor potential ankyrin 1.



and parabenzoquinone (p-BQ) in the spinal cord,
thus locally activating TRPA1 and causing
a prolonged desensitization of voltage-gated cal-
cium and sodium currents in primary sensory
neurons. The effect of spinal and systemic admin-
istration of acetaminophen was absent in TRPA1
deleted mice, suggesting that NAPQI and p-BQ
produce a TRPA1-mediated spinal antinociception
in [113]. Pyrazolone derivatives (including dipyr-
one, antipyrine, aminopyrine, and propyphena-
zone) have been used for decades for the acute
relief of migraine attacks, although the specific
mechanism of their antimigraine and analgesic
action remains unknown [114]. Dipyrone and pro-
pyphenazone have been found to selectively antag-
onize TRPA1 in vitro and in vivo and to attenuate
nociception and allodynia in animal models of
neuropathic and inflammatory pain, indepen-
dently from prostaglandin production and via
a TRPA1-mediated mechanism [115].

Regarding herbal products, Tanacetum parthe-
nium (feverfew) and Petasites hybridus Gaertn
(butterbur) have been used for centuries to treat
migraine and other pain conditions. Some pre-
parations containing parthenolide (a feverfew con-
stituent) and Dbutterbur (in particular, its
components, petasin and isopetasin) are or have
been used for migraine prophylaxis [116]. In
rodents, parthenolide and isopetasin behave as
TRPA1 partial agonists [61,117] with an initial
activation followed by prolonged concentration-
and dose-dependent specific TRPA1 desensitiza-
tion and nonspecific desensitization of peptidergic
nociceptors, which express the channel [61]. In
this manner, nociceptor nerve fibers became unre-
sponsive to any stimulus, and unable to release
CGRP from their terminals, including those pre-
sent in the trigeminovascular system. Finally,
a compound contained in plants largely used in
traditional medicine, ligustilide, has been identi-
fied as a TRPA1 partial agonist, with a certain
degree of inhibitory activity on mustard oil acti-
vated currents in the dural [118].

Animal models of migraine pain do not com-
pletely and satisfactorily recapitulate the human
disease. However, recent evidence that small-
molecule receptor antagonists and monoclonal
antibodies against CGRP or its receptor are bene-
ficial for the acute treatment and the prophylaxis
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of migraine [119] indicate this peptide neurotrans-
mitter, released from terminals of trigeminal neu-
rons, as a major mediator of migraine pain.
Therefore, the administration of CGRP or agents
that release CGRP from trigeminal nerve terminals
in a typical anatomical area of migraine pain (that
is, periorbital area) could be a suitable mouse
migraine model [37,89,111].

Clinical status of TRPA1 antagonists

In the last decade, several selective and potent
TRPA1 antagonists have been developed [120],
and five of them have been tested in clinical trials
for the treatment of pain or asthma [121,122].
A few phase II clinical studies have been pre-
viously conducted, and recently new phase II has
been started. However, at present, no TRPAIl
antagonist has been analyzed in phase III trials.
In particular, two TRPA1 antagonists (ODM-108
by Orion Pharma and GDC-0334 by Genentech/
Roche) have been tested in phase I trials for poten-
tial use in neuropathic pain (NCT02432664) and
asthma (NCTO03381144), respectively, but the
development was discontinued due to complex
pharmacodynamic features for ODM-108 and for
the termination of molecule development for
GDC-0034 due to toxicity in preclinical species
[123]. Glenmark pharmaceutical reported in
a 2014 press release positive results of the TRPA1
antagonist ISC 17536 (formerly known as
GRC17536) in a proof-of-concept phase Ila trial
enrolling patient with chronic painful diabetic per-
ipheral neuropathy. The successive publication
reported that the study did not meet the primary
end point (change from baseline to end of treat-
ment in the mean 24-h average pain intensity
score) [124,125]. However, in a subpopulation of
patients with preserved small nerve fiber function,
defined by quantitative sensory testing, statistically
significant and clinically meaningful improvement
in pain were observed [124,125]. There was no
evidence of CNS or other drug related adverse
events [124,125]. However, its pharmacokinetic/
bioavailability is challenging, being a lipophilic,
large, and poorly soluble molecule. Recently, the
phase IIb trial to assess dose-range effect of
GRC17536 has started recruitment across multiple
centers in India [CTRI/2021/08/035410]. The
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primary outcome measure is the mean 24-h aver-
age pain intensity change from baseline. No results
have been reported yet.

The compound CB-189625, TRPA1 antagonist,
was tested in an open-label, dose-escalation, phase
I clinical trial for acute surgical pain by
a partnership of Cubist Pharmaceuticals and
Hydra Biosciences. However, the study was dis-
continued due to pharmacokinetic issues (i.e. low
solubility) [4]. Hydra Biosciences owns another
TRPA1 antagonist, the HX-100 compound, tested
for painful diabetic neuropathy and allergic
asthma. A phase I trial was completed in 2016
but no results have been reported so far.

After the acquisition of the TRPAI antagonist
program from Hydra Biosciences in 2018 from Eli-
Lilly started the clinical testing of a TRPA1 highly
selective, small-molecule antagonist (LY3526318,
previously known as HX-260) in two randomized,
placebo controlled, phase 2 clinical trials for the
treatment of  chronic low back pain
[NCT05086289] [126] and diabetic peripheral neu-
ropathic pain [NCT05177094] [127]. The primary
outcome measure for both studies is the change
from baseline for average pain intensity measured
by the numeric rating scale (NRS). This drug has
already been studied in two phase I studies
between 2020 and 2021; a third phase I study
was terminated due to COVID-19 pandemic
[128]. Nowadays, TRPA1 small-molecule patents
have been filed by several pharmaceutical compa-
nies, highlighting the therapeutic potential of the
TRPALI antagonism.

Conclusions

The current understanding of the molecular
mechanisms underlying central and peripheral
nociceptive pathways is still limited, and pain
management remains a major unmet medical
need. The identification of TRPA1 channels in
nociceptors, where they sense noxious stimuli,
has provided new insights on the neural proces-
sing of pain signals. However, the recent discovery
of the presence of TRPAIl in glial cells of the
central and peripheral nervous system has greatly
expanded the ways in which the channel contri-
butes to process pain. Notably, the Schwann cell
TRPA1/NOX1 pathway that amplifies the

oxidative burden within the nerve trunk has been
identified as a major contributing factor to sustain
neuroinflammation and the ensuing chronic pain.

Disclosure statement

P.G. received personal fees from Allergan, Eli Lilly,
Novartis, Amgen, TEVA; Grants from Amgen, TEVA,
Eli-Lilly, Allergan, Chiesi; Scientific Advisory Board,
Endosome Therapeutics; Founder and shareholder
FloNext srl, Spinoff of the University of Florence. R.N.
and F.D.L. are founding scientists of FloNext srl. R.P. is
fully employed at Chiesi Farmaceutici SpA, Parma, Italy.
No disclosures have been reported by the other author

Funding

This work was supported by the European Research Council
(ERC) under the European Union’s Horizon 2020 research
and innovation programme (Grant Agreement No. 835286)
and Associazione Italiana per la Ricerca sul Cancro (AIRC),
1G2020-1D24503; H2020 European Research CouncilH2020
European Research Council [835286].

ORCID

Luigi F. Iannone
Romina Nassini
Pierangelo Geppetti
Francesco De Logu

http://orcid.org/0000-0003-3598-0195

http://orcid.org/0000-0002-9223-8395
http://orcid.org/0000-0003-3797-8371
http://orcid.org/0000-0001-8360-6929

References

[1] Ramsey IS, Delling M, Clapham DE. An introduction to
TRP channels.Annu Rev Physiol. 2006;68(1):619-647.
Epub 2006/02/08. PubMed PMID: 16460286.

[2] Nilius B, Owsianik G, Voets T, et al. Transient receptor
potential cation channels in disease. Physiol Rev.
2007;87(1):165-217. PubMed PMID: 17237345.

[3] Moran MM, McAlexander MA, Biro T, et al. Transient

receptor potential channels as therapeutic targets. Nat

Rev Drug Discov. 2011;10(8):601-620. Epub 2011/08/

02. PubMed PMID: 21804597.

Koivisto AP, Belvisi MG, Gaudet R, et al. Advances in

TRP channel drug discovery: from target validation to

clinical studies. Nat Rev Drug Discov. 2022;21(1):41-59.

Epub 2021/09/17. PubMed PMID: 34526696; PubMed

Central PMCID: PMCPMC8442523.

[5] Gees M, Owsianik G, Nilius B, et al. TRP channels.
Compr Physiol. 2012;2(1). PubMed PMID: 23728980.
DOI:10.1002/cphy.c110026

[6] Clapham DE, Runnels LW, S C. The TRP ion channel
family. Nat Rev Neurosci. 2001;2(6):387-396. PubMed
PMID: 11389472.

[4

—_


https://doi.org/10.1002/cphy.c110026

[7] Gees M, Colsoul B, Nilius B. The role of transient
receptor potential cation channels in Ca2+
signaling. Cold Spring Harb Perspect Biol. 2010;2
(10):a003962. Epub 2010/09/24. PubMed PMID:
20861159; PubMed Central PMCID:
PMCPMC(C2944357.

[8] Hung CY, Tan CH. TRP channels in nociception and

pathological pain. Adv Exp Med Biol. 2018;1099:13-27.

Epub 2018/10/12. PubMed PMID: 30306511.

Patapoutian A, Peier AM, Story GM, et al. ThermoTRP

channels and beyond: mechanisms of temperature

sensation. Nat Rev Neurosci. 2003;4(7):529-539. Epub

2003/07/03. PubMed PMID: 12838328.

[10] Iannone LF, De Logu F, Geppetti P, et al. The role of
TRP ion channels in migraine and headache. Neurosci
Lett. 2022;768:136380. Epub 2021/12/04. PubMed
PMID: 34861342.

[11] De Logu F, Geppetti P. Ion channel pharmacology for
pain  modulation. Handb  Exp  Pharmacol.
2019;260:161-186. Epub 2019/12/11. PubMed PMID:
31820179.

[12] Jaquemar D, Schenker T, Trueb B. An ankyrin-like
protein with transmembrane domains is specifically

[9

lost after oncogenic transformation of human
fibroblasts. J Biol Chem. 1999;274(11):7325-7333.
Epub 1999/03/06. PubMed PMID: 10066796.

[13] Story GM, Peier AM, Reeve AJ, et al. ANKTMI, a
TRP-like channel expressed in nociceptive neurons, is
activated by cold temperatures. Cell. 2003;112
(6):819-829. Epub 2003/03/26. PubMed PMID:
12654248.

[14] Nilius B, Appendino G, Owsianik G. The transient
receptor potential channel TRPAIl: from gene to
pathophysiology. Pflugers Arch. 2012;464(5):425-458.
Epub 2012/09/25. PubMed PMID: 23001121.

[15] Talavera K, Startek JB, Alvarez-Collazo J, et al
Mammalian transient receptor potential TRPA1 chan-
nels: from structure to disease. Physiol Rev. 2020;100
(2):725-803. Epub 2019/11/02. PubMed PMID:
31670612.

[16] Paulsen CE, Armache JP, Gao Y, et al. Structure of the
TRPALI ijon channel suggests regulatory mechanisms.
Nature. 2015;520(7548):511-517. Epub 2015/04/10.
PubMed PMID: 25855297; PubMed Central PMCID:
PMCPMC4409540.

[17] Kobayashi K, Fukuoka T, Obata K, et al. Distinct
expression of TRPMS8, TRPA1, and TRPV1 mRNAs
in rat primary afferent neurons with adelta/c-fibers
and colocalization with trk receptors. ] Comp Neurol.
2005;493(4):596-606. Epub  2005/11/24. PubMed
PMID: 16304633.

[18] Vennekens R, Menigoz A, Nilius B. TRPs in the
Brain.  Rev  Physiol
2021;163:27-64.

Biochem Pharmacol.

TEMPERATURE (&) 61

[19] Nassini R, Materazzi S, Benemei S, et al. The TRPA1
channel in inflammatory and neuropathic pain and
migraine. Rev  Physiol  Biochem  Pharmacol.
2014;167:1-43. Epub 2014/03/29. PubMed PMID:
24668446.

[20] Barabas ME, Kossyreva EA, Stucky CL. TRPA1 is
functionally expressed primarily by IB4-binding,
non-peptidergic mouse and rat sensory neurons. PLoS
One. 2012;7(10):e47988. Epub 2012/11/08. PubMed
PMID: 23133534; PubMed Central PMCID:
PMCPMC3485059.

[21] Kunkler PE, Ballard CJ, Oxford GS, et al. TRPA1
receptors mediate environmental irritant-induced
meningeal vasodilatation. Pain. 2011;152(1):38-44.
Epub 2010/11/16. PubMed PMID: 21075522; PubMed
Central PMCID: PMCPMC3012007.

[22] De Logu F, Nassini R, Landini L, et al. Pathways of
CGRP release from primary sensory neurons. Handb
Exp Pharmacol. 2019;255:65-84. Epub 2018/07/08.
PubMed PMID: 29980913.

[23] Geppetti P, Holzer P. Neurogenic inflammation. Boca
Raton: CRC Press; 1996.

[24] Edvinsson L, Haanes KA, Warfvinge K, et al. CGRP as
the target of new migraine therapies - successful trans-
lation from bench to clinic. Nat Rev Neurol. 2018;14
(6):338-350. Epub 2018/04/25. PubMed PMID:
29691490.

[25] Buijs TJ, McNaughton PA. The role of cold-sensitive
ion channels in peripheral thermosensation. Front Cell
Neurosci. 2020;14:262. Epub 2020/09/26. PubMed
PMID: 32973456; PubMed Central PMCID:
PMCPMC7468449.

[26] Moparthi L, Kichko TI, Eberhardt M, et al. Human
TRPALI is a heat sensor displaying intrinsic U-shaped
thermosensitivity. Sci Rep. 2016;6(1):28763. Epub
2016/06/29. PubMed PMID: 27349477; PubMed
Central PMCID: PMCPMC4923899.

[27] Moparthi L, Survery S, Kreir M, et al. Human TRPA1
is intrinsically cold- and chemosensitive with and with-
out its N-terminal ankyrin repeat domain. Proc Natl
Acad Sci U S A. 2014;111(47):16901-16906. Epub
2014/11/13. PubMed PMID: 25389312; PubMed
Central PMCID: PMCPMC4250169

[28] Vandewauw I, De Clercq K, Mulier M, et al. A TRP
channel trio mediates acute noxious heat sensing.
Nature. 2018;555(7698):662-666. Epub 2018/03/15.
PubMed PMID: 29539642.

[29] Jordt SE, Bautista DM, Chuang HH, et al. Mustard oils
and cannabinoids excite sensory nerve fibres through
the TRP channel ANKTMI. Nature. 2004;427
(6971):260-265. Epub 2004/01/09. PubMed PMID:
14712238.

[30] Moparthi L, Moparthi SB, Wenger J, et al. Calcium
activates purified human TRPA1 with and without its



62 (&) L.F.IANNONE ET AL.

[33

N-terminal ankyrin repeat domain in the absence of
calmodulin. Cell Calcium. 2020;90:102228. Epub 2020/
06/20. PubMed PMID: 32554053.

Saito S, Tominaga M. Evolutionary tuning of TRPA1 and
TRPV1 thermal and chemical sensitivity in vertebrates.
Temperature. 2017;4(2):141-152. PubMed PMID:
28680930; PMCID: PMCPMC5489018. DOI:10.1080/
23328940.2017.1315478

Laursen WJ, Anderson EQO, Hoffstaetter L], et al.
Species-specific temperature sensitivity of TRPAIL.
Temperature. 2015;2(2):214-226. PMID: 27227025;
PMCID: PMCPMC4843866. DOI:10.1080/23328940.
2014.1000702

Bell JT, Loomis AK, Butcher LM, et al. Differential
methylation of the TRPAl promoter in pain
sensitivity. Nat Commun. 2014;5(1):2978. Epub 2014/
02/06. PubMed PMID: 24496475; PubMed Central
PMCID: PMCPMC3926001.

Gombert S, Rhein M, Eberhardt M, et al. Epigenetic
divergence in the TRPAI promoter correlates with
pressure pain thresholds in healthy individuals. Pain.
2017;158(4):698-704. Epub 2016/12/29. PubMed
PMID: 28030472

Maglie R, Monteiro de Araujo DS, Antiga E, et al. The
role of TRPA1 in skin physiology and pathology.
Int J Mol Sci. 2021;22(6):3065.

Gouin O, L’Herondelle K, Lebonvallet N, et al. TRPV1
and TRPA1 in cutaneous neurogenic and chronic inflam-
mation: pro-inflammatory response induced by their
activation and their sensitization. Protein Cell. 2017;8
(9):644-661. Epub 2017/04/02. PubMed PMID:
28364279; PubMed Central PMCID: PMCPMC5563280.
De Logu F, Nassini R, Materazzi S, et al. Schwann cell
TRPA1 mediates neuroinflammation that sustains
macrophage-dependent neuropathic pain in mice. Nat
Commun. 2017;8(1):1887. Epub 2017/12/02. PubMed
PMID: 29192190; PubMed Central PMCID: PMCPMC
5709495.

Hamilton NB, Kolodziejezyk K, Kougioumtzidou E,
et al. Proton-gated Ca(2+)-permeable TRP channels
damage myelin in conditions mimicking ischaemia.
Nature. 2016;529(7587):523-527. Epub 2016/01/14.
PubMed PMID: 26760212; PubMed Central PMCID:
PMCPMC4733665.

Bautista DM, Jordt SE, Nikai T, et al. TRPA1 med-
iates the inflammatory actions of environmental
irritants and proalgesic agents. Cell. 2006;124
(6):1269-1282. Epub 2006/03/28. PubMed PMID:
16564016.

Simon SA, Liedtke W. How irritating: the role of TRPA1
in sensing cigarette smoke and aerogenic oxidants in the
airways. J Clin Invest. 2008;118(7):2383-2386. Epub
2008/06/24. PubMed PMID: 18568080; PubMed Central
PMCID: PMCPMC2430501.

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

Andre E, Campi B, Materazzi S, et al. Cigarette
smoke-induced neurogenic inflammation is mediated
by alpha,beta-unsaturated aldehydes and the TRPA1
receptor in rodents. ] Clin Invest. 2008;118
(7):2574-2582. Epub 2008/06/24. PubMed PMID:
18568077; PubMed Central PMCID: PMCPMC2430498.
Leffler A, Lattrell A, Kronewald S, et al. Activation of
TRPA1 by membrane permeable local anesthetics. Mol
Pain. 2011;7:62. Epub 2011/08/25. PubMed PMID:
21861907; PubMed Central PMCID: PMCPMC3179737.
De Logu F, Landini L, Janal MN, et al. Migraine-
provoking substances evoke periorbital allodynia in
mice. ] Headache Pain. 2019;20(1):18. Epub 2019/
02/16. PubMed PMID: 30764776; PubMed Central
PMCID: PMCPMC6734434

Li Puma S, Landini L, Macedo SJ Jr., et al. TRPA1
mediates the antinociceptive properties of the con-
stituent of Crocus sativus L., safranal. J Cell Mol
Med. 2019;23(3):1976-1986. Epub 2019/01/14.
PubMed PMID: 30636360; PubMed Central
PMCID: PMCPMC6378183.

Dussor G, Yan J, Xie JY, et al. Targeting TRP
channels for novel migraine therapeutics. ACS
Chem Neurosci. 2014;5(11):1085-1096. Epub 2014/
08/21. PubMed PMID: 25138211; PubMed Central
PMCID: PMCPMC4240253.

Trevisani M, Siemens J, Materazzi S, et al
4-Hydroxynonenal, an endogenous aldehyde, causes pain
and neurogenic inflammation through activation of the
irritant receptor TRPA1. Proc Natl Acad Sci U S A.
2007;104(33):13519-13524. Epub 2007/08/09. PubMed

PMID: 17684094; PubMed  Central PMCID:
PMCPMC1948902.
Bautista DM, Pellegrino M, Tsunozaki M. TRPAI:

a gatekeeper for inflaimmation. Annu Rev Physiol.
2013;75(1):181-200;Epub 2012/10/02. PubMed PMID:
23020579; PubMed Central PMCID: PMCPMC4041114.
Takahashi N, Mori Y. TRP channels as sensors and
signal integrators of redox status changes. Front
Pharmacol. 2011;2. DOI:10.3389/fphar.2011.00058.
Macpherson LJ, Xiao B, Kwan KY, et al. An ion chan-
nel essential for sensing chemical damage. ] Neurosci.
2007;27(42):11412-11415. Epub 2007/10/19. PubMed
PMID: 17942735; PubMed Central PMCID: PMCPM
C6673017.

De Petrocellis L, Vellani V, Schiano-Moriello A, et al.
Plant-derived cannabinoids modulate the activity of tran-
sient receptor potential channels of ankyrin type-1 and
melastatin  type-8. ] Pharmacol Exp Ther. 2008;325
(3):1007-1015. Epub 2008/03/21. PubMed PMID:
18354058.

Karashima Y, Damann N, Prenen J, et al. Bimodal
action of menthol on the transient receptor potential
channel TRPA1. J Neurosci. 2007;27(37):9874-9884.


https://doi.org/10.1080/23328940.2017.1315478
https://doi.org/10.1080/23328940.2017.1315478
https://doi.org/10.1080/23328940.2014.1000702
https://doi.org/10.1080/23328940.2014.1000702
https://doi.org/10.3389/fphar.2011.00058

Epub 2007/09/15. PubMed PMID: 17855602; PubMed
Central PMCID: PMCPMC6672629.

[52] Hu H, Tian J, Zhu Y, et al. Activation of TRPAl
channels by fenamate nonsteroidal anti-inflammatory
drugs. Pflugers Arch. 2010;459(4):579-592. Epub 2009/
11/06. PubMed PMID: 19888597; PubMed Central
PMCID: PMCPM(C2828537.

[53] Wang S, Dai Y, Fukuoka T, et al. Phospholipase C and
protein kinase A mediate bradykinin sensitization of
TRPA1: a molecular mechanism of inflammatory pain.
Brain. 2008;131(Pt 5):1241-1251. Epub 2008/03/22.
PubMed PMID: 18356188.

[54] Dai Y, Wang S, Tominaga M, et al. Sensitization of

TRPA1 by PAR?2 contributes to the sensation of inflam-

matory pain. J Clin Invest. 2007;117(7):1979-1987. Epub

2007/06/16. PubMed PMID: 17571167; PubMed Central

PMCID: PMCPMC1888570.

Wilson SR, Gerhold KA, Bifolck-Fisher A, et al. TRPAL1 is

required for histamine-independent, Mas-related G

protein-coupled receptor-mediated itch. Nat Neurosci.

2011;14(5):595-602. Epub 2011/04/05. PubMed PMID:

21460831; PubMed Central PMCID: PMCPMC3181150.

Marsh BJ, Fryer AD, Jacoby DB, et al. Transient recep-

tor potential ankyrin-1 causes rapid bronchodilation

via nonepithelial PGE2. Am ] Physiol Lung Cell Mol

Physiol. 2020;318(5):L943-L52. Epub 2020/04/03.

PubMed PMID: 32233794; PubMed Central PMCID:

PMCPMC7272731.

[57] Grace M, Birrell MA, Dubuis E, et al. Transient receptor

potential channels mediate the tussive response to pros-

taglandin E2 and bradykinin. Thorax. 2012;67

(10):891-900. Epub 2012/06/14. PubMed PMID:

22693178; PubMed Central PMCID: PMCPMC3446777.

Lieu T, Jayaweera G, Zhao P, et al. The bile acid

receptor TGRS5 activates the TRPA1 channel to induce

itch in mice. Gastroenterology. 2014;147(6):1417-1428.

Epub 2014/09/10. PubMed PMID: 25194674; PubMed

Central PMCID: PMCPM(C4821165.

[59] Zurborg S, Yurgionas B, Jira JA, et al. Direct activa-
tion of the ion channel TRPAl by Ca2+. Nat
Neurosci. 2007;10(3):277-279. Epub 2007/01/30.
PubMed PMID: 17259981.

[60] Doerner JF, Gisselmann G, Hatt H, et al. Transient
receptor potential channel Al is directly gated by cal-
cium ions. J Biol Chem. 2007;282(18):13180-13189.
Epub 2007/03/14. PubMed PMID: 17353192.

Benemei S, De Logu F, Li Puma S, et al. The anti-migraine
component of butterbur extracts, isopetasin, desensitizes
peptidergic nociceptors by acting on TRPA1 cation
channel. Br ] Pharmacol. 2017;174(17):2897-2911. Epub
2017/06/18. PubMed PMID: 28622417; PubMed Central
PMCID: PMCPMC5554318.

Baraldi PG, Preti D, Materazzi S, et al. Transient
receptor potential ankyrin 1 (TRPA1l) channel as
emerging target for novel analgesics and
anti-inflammatory agents. ] Med Chem. 2010;53

[55

‘o
2

o
)

(61

o
>

[63]

[64]

[65]

(6]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

TEMPERATURE (&) 63

(14):5085-5107. Epub 2010/04/02. PubMed PMID:
20356305.

Koivisto A, Chapman H, Jalava N, et al. TRPAL:
a transducer and amplifier of pain and inflammation.
Basic Clin Pharmacol Toxicol. 2014;114(1):50-55.
PubMed PMID: 24102997.

Cohen SP, Vase L, Hooten WM. Chronic pain: an
update on burden, best practices, and new advances.
Lancet. 2021;397(10289):2082-2097. Epub 2021/06/02.
PubMed PMID: 34062143.

Linley JE, Rose K, Ooi L, et al. Understanding inflam-
matory pain: ion channels contributing to acute and
chronic  nociception.  Pflugers Arch. 2010;459
(5):657-669. Epub 2010/02/18. PubMed PMID:
20162302.

Bennett MI, Kaasa S, Barke A, et al. The IASP classifi-
cation of chronic pain for ICD-11: chronic
cancer-related pain. Pain. 2019;160(1):38-44. Epub
2018/12/27. PubMed PMID: 30586069.

Hanani M, Spray DC. Emerging importance of satellite
glia in nervous system function and dysfunction. Nat
Rev Neurosci. 2020;21(9):485-498. Epub 2020/07/24.
PubMed PMID: 32699292; PubMed Central PMCID:
PMCPMC7374656.

Wei Z, Fei Y, Su W, et al. Emerging role of
Schwann cells in neuropathic pain: receptors, glial
mediators and myelination. Front Cell Neurosci.
2019;13:116. Epub 2019/04/12. PubMed PMID:
30971897; PubMed Central PMCID: PMCPMC
6445947.

Carrasco C, Naziroglu M, Rodriguez AB, et al
Neuropathic pain: delving into the oxidative origin
and the possible implication of transient receptor
potential channels. Front Physiol. 2018;9:95. Epub
2018/03/02. PubMed PMID: 29491840; PubMed
Central PMCID: PMCPMC5817076.

Dubin AE, Patapoutian A. Nociceptors: the sensors of the
pain pathway. J Clin Invest. 2010;120(11):3760-3772.
Epub 2010/11/03. PubMed PMID: 21041958; PubMed
Central PMCID: PMCPMC2964977.

McNamara CR, Mandel-Brehm J, Bautista DM, et al.
TRPA1 mediates formalin-induced pain. Proc Natl
Acad Sci U S A. 2007;104(33):13525-13530. Epub
2007/08/10. PubMed PMID: 17686976; PubMed
Central PMCID: PMCPMC1941642.

Bonet IJ, Fischer L, Parada CA, et al. The role of
transient receptor potential A 1 (TRPA1) in the devel-
opment and maintenance of carrageenan-induced
hyperalgesia. Neuropharmacology. 2013;65:206-212.
Epub 2012/10/27. PubMed PMID: 23098993.
Moilanen LJ, Laavola M, Kukkonen M, et al. TRPA1
contributes to the acute inflammatory response and
mediates carrageenan-induced paw edema in the
mouse. Sci Rep. 2012;2(1):380. Epub 2012/04/26.
PubMed PMID: 22532928; PubMed Central PMCID:
PMCPMC3334855.



64 e L. F. IANNONE ET AL.

[74] Fernandes ES, Russell FA, Spina D, et al. A distinct role
for transient receptor potential ankyrin 1, in addition
to transient receptor potential vanilloid 1, in tumor
necrosis factor alpha-induced inflammatory hyperalge-
sia and Freund’s complete adjuvant-induced monar-
thritis. Arthritis Rheum. 2011;63(3):819-829. Epub
2011/03/02. PubMed PMID: 21360511.

[75] Koivisto A, Hukkanen M, Saarnilehto M, et al.
Inhibiting TRPAI ion channel reduces loss of cuta-
neous nerve fiber function in diabetic animals: sus-
tained activation of the TRPA1 channel contributes to
the pathogenesis of peripheral diabetic neuropathy.
Pharmacol Res. 2012;65(1):149-158. Epub 2011/12/03.
PubMed PMID: 22133672.

[76] Wei H, Hamalainen MM, Saarnilehto M, et al.

Attenuation of mechanical hypersensitivity by an

antagonist of the TRPA1l ion channel in diabetic

animals. Anesthesiology. 2009;111(1):147-154. Epub

2009/06/11. PubMed PMID: 19512877.

Viisanen H, Chapman H, Wei H, et al. Pronociceptive

effects induced by cutaneous application of a transient

receptor potential ankyrin 1 (TRPA1) channel agonist
methylglyoxal in diabetic animals: comparison with
tunicamycin-induced endoplastic reticulum stress.

J Physiol Pharmacol. 2016;67(4):587-594. Epub 2016/

10/26. PubMed PMID: 27779479.

[78] Jaggi A, Singh N. Mechanisms in

cancer-chemotherapeutic ~ drugs-induced  peripheral

neuropathy. Toxicology. 2012;291(1-3):1-9. PubMed

PMID: 22079234.

De Logu F, Trevisan G, Marone IM, et al. Oxidative stress

mediates thalidomide-induced pain by targeting periph-

eral TRPA1 and central TRPV4. BMC Biol. 2020;18

(1):197. Epub 2020/12/16.PubMed PMID: 33317522;

PubMed Central PMCID: PMCPMC7737339.

[80] Nassini R, Gees M, Harrison S, et al. Oxaliplatin elicits
mechanical and cold allodynia in rodents via TRPA1
receptor stimulation. Pain. 2011;152(7):1621-1631.
Epub 2011/04/13. PubMed PMID: 21481532.

[81] Trevisan G, Materazzi S, Fusi C, et al. Novel ther-
apeutic strategy to prevent chemotherapy-induced
persistent sensory neuropathy by TRPA1 blockade;
2013. DOI: 10.1158/0008-5472.CAN-12-4370.

[82] Chen Y, Yang C, Wang ZJ. Proteinase-activated recep-
tor 2 sensitizes transient receptor potential vanilloid 1,
transient receptor potential vanilloid 4, and transient
receptor potential ankyrin 1 in paclitaxel-induced neu-
ropathic pain. Neuroscience. 2011;193:440-451. Epub
2011/07/19. PubMed PMID: 21763756.

[83] Materazzi S, Fusi C, Benemei S, et al. TRPAI and

TRPV4 mediate paclitaxel-induced peripheral neuro-

pathy in mice via a glutathione-sensitive mechanism.

Pflugers Arch. 2012;463(4):561-569. Epub 2012/01/20.

PubMed PMID: 22258694.

Perillo B, Di Donato M, Pezone A, et al. ROS in cancer

therapy: the bright side of the moon. Exp Mol Med.

(77

N
o

"o
o

2020;52(2):192-203. Epub 2020/02/16. PubMed PMID:
32060354; PubMed Central PMCID: PMCPMC7062874.

[85] Fusi C, Materazzi S, Benemei S, et al. Steroidal and
non-steroidal third-generation aromatase inhibitors
induce pain-like symptoms via TRPAI. Nat
Commun. 2014;5(1):5736. Epub 2014/12/09. PubMed
PMID: 25484020; PubMed Central PMCID:
PMCPMC4268712.

[86] Brusco I, Li Puma S, Chiepe KB, et al. Dacarbazine
alone or associated with melanoma-bearing cancer
pain model induces painful hypersensitivity by
TRPA1 activation in mice. Int ] Cancer. 2020;146
(10):2797-2809. Epub 2019/08/29. PubMed PMID:
31456221.

[87] Pinheiro Fde V, Villarinho JG, Silva CR, et al. The
involvement of the TRPA1l receptor in a mouse
model of sympathetically maintained neuropathic
pain. Eur J Pharmacol. 2015;747:105-113. Epub 2014/
12/17. PubMed PMID: 25498793

[88] Wei H, Koivisto A, Saarnilehto M, et al. Spinal
transient receptor potential ankyrin 1 channel con-
tributes to central pain hypersensitivity in various
pathophysiological conditions in the rat. Pain.
2011;152(3):582-591. Epub 2011/01/08. PubMed
PMID: 21211906.

[89] Trevisan G, Benemei S, Materazzi S, et al. TRPA1L
mediates trigeminal neuropathic pain in mice down-
stream of monocytes/macrophages and oxidative stress.
Brain. 2016;139(Pt 5):1361-1377. Epub 2016/03/18.
PubMed PMID: 26984186.

[90] De Logu F, Li Puma S, Landini L, et al. Schwann cells
expressing nociceptive channel TRPA1l orchestrate
ethanol-evoked neuropathic pain in mice. J Clin
Invest. 2019;129(12):5424-5441. Epub 2019/09/06.
PubMed PMID: 31487269; PubMed Central PMCID:
PMCPMC6877331.

[91] Reese RM, Dourado M, Anderson K, et al. Behavioral
characterization of a CRISPR-generated TRPA1 knock-
out rat in models of pain, itch, and asthma. Sci Rep.
2020;10(1):979. Epub 2020/01/24. PubMed PMID
31969645; PubMed Central PMCID: PMCPMC6976688.

[92] Kremeyer B, Lopera F, Cox J, et al. A gain-of-function
mutation in TRPA1 causes familial episodic pain
syndrome. Neuron. 2010;66(5):671-680. PubMed
PMID: 20547126.

[93] van den Beuken-van Everdingen Mh,
Hochstenbach LM, Joosten EA, et al. Update on pre-
valence of pain in patients with cancer: systematic
review and meta-analysis. ] Pain Symptom Manage.
2016;51(6):1070-90 €9. Epub 2016/04/27. PubMed
PMID: 27112310.

[94] Ye Y, Dang D, Zhang J, et al. Nerve growth factor links
oral cancer progression, pain, and cachexia. Mol
Cancer Ther. 2011;10(9):1667-1676. Epub 2011/07/14.
PubMed PMID: 21750223; PubMed Central PMCID:
PMCPMC3375020.


https://doi.org/10.1158/0008-5472.CAN-12-4370

[95] Antoniazzi CTD, Nassini R, Rigo FK, et al. Transient
receptor potential ankyrin 1 (TRPA1) plays a critical
role in a mouse model of cancer pain. Int J Cancer.

2019;144(2):355-365. Epub 2018/10/06. PubMed
PMID: 30289972; PubMed Central PMCID:
PMCPMC6587729.

[96] De Logu F, Souza Monteiro de Araujo D, Ugolini F,
et al. The TRPAI channel amplifies the oxidative stress
signal in melanoma. Cells. 2021;10(11):3131. Epub
2021/11/28. PubMed PMID: 34831352; PubMed
Central PMCID: PMCPM(C8624842.

[97] de Almeida As, Rigo FK, De Pra SD, et al. Role of
transient receptor potential ankyrin 1 (TRPA1l) on
nociception caused by a murine model of breast
carcinoma. Pharmacol Res. 2020;152:104576. Epub
2019/12/04. PubMed PMID: 31790822.

[98] Zhao D, Han DF, Wang SS, et al. Roles of tumor
necrosis factor-alpha and interleukin-6 in regulating
bone cancer pain via TRPAL1 signal pathway and ben-
eficial effects of inhibition of neuro-inflammation and
TRPA1. Mol Pain. 2019;15:1744806919857981. Epub
2019/05/31. PubMed PMID: 31144562; PubMed
Central PMCID: PMCPMC6580714.

[99] De Logu F, Marini M, Landini L, et al. Peripheral nerve
resident macrophages and Schwann cells mediate
cancer-induced  pain.  Cancer  Res.  2021;81
(12):3387-3401. Epub 2021/03/28. PubMed PMID:
33771895 PubMed Central PMCID:
PMCPMC8260461.

[100] Edvinsson L. CGRP receptor antagonists and antibo-
dies against CGRP and its receptor in migraine
treatment. Br J Clin Pharmacol. 2015;80(2):193-199.
Epub 2015/03/04. PubMed PMID: 25731075;
PubMed Central PMCID: PMCPM(C4541967.

[101] Bhakta M, Vuong T, Taura T, et al. Migraine thera-
peutics differentially modulate the CGRP pathway.
Cephalalgia. 2021;41(5):499-514. Epub 2021/02/26.
PubMed PMID: 33626922; PubMed Central PMCID:
PMCPMC8054164.

[102] Olesen J. Calcitonin gene-related peptide (CGRP) in
migraine. Cephalalgia. 2011;31(4):510. Epub 2010/11/
10. PubMed PMID: 21059628.

[103] Edvinsson L, Ekman R, Jansen I, et al. Calcitonin
gene-related peptide and cerebral blood vessels: distri-
bution and vasomotor effects. ] Cereb Blood Flow
Metab. 1987;7(6):720-728. Epub 1987/12/01. PubMed
PMID: 3500957.

[104] Burnstein R, Yarnitsky D, Goor-Aryeh I, et al. An associa-
tion between migraine and cutaneous allodynia. Ann
Neurol. 2000;47(5):614-624.

[105] Marone IM, De Logu F, Nassini R, et al. TRPA1/
NOX in the soma of trigeminal ganglion neurons
mediates migraine-related pain of glyceryl trinitrate
in mice. Brain. 2018;141(8):2312-2328. Epub 2018/
07/10. PubMed PMID: 29985973; PubMed Central
PMCID: PMCPMC6061846.

TEMPERATURE (&) 65

[106] Ferrari LF, Levine JD, Green PG. Mechanisms mediat-
ing nitroglycerin-induced delayed-onset hyperalgesia
in the rat. Neuroscience. 2016;317:121-129. Epub
2016/01/19. PubMed PMID: 26779834; PubMed
Central PMCID: PMCPMC4738056.

[107] Bates EA, Nikai T, Brennan KC, et al. Sumatriptan alle-
viates nitroglycerin-induced mechanical and thermal allo-
dynia in mice. Cephalalgia. 2010;30(2):170-178. Epub
2009/06/06. PubMed PMID: 19489890; PubMed Central
PMCID: PMCPMC4854191.

[108] Demartini C, Greco R, Zanaboni AM, et al
Antagonism of transient receptor potential ankyrin
type-1 channels as a potential target for the treatment
of trigeminal neuropathic pain: study in an animal
model. Int J Mol Sci. 2018;19(11):3320. Epub 2018/
10/28. PubMed PMID: 30366396; PubMed Central
PMCID: PMCPMC6274796.

[109] Miyamoto T, Dubin AE, Petrus M], et al. TRPV1
and TRPA1 mediate peripheral nitric oxide-induced
nociception in mice. PLoS One. 2009;4(10):e7596.
Epub  2009/11/07. PubMed PMID: 19893614;
PubMed Central PMCID: PMCPMC2764051.

[110] Nassini R, Materazzi S, Vriens J, et al. The ‘headache
tree’ via umbellulone and TRPA1 activates the trigemi-
novascular system. Brain. 2012;135(Pt 2):376-390.
Epub 2011/11/01. PubMed PMID: 22036959.

[111] De Logu F, Nassini R, Hegron A, et al. Schwann cell
endosome CGRP signals elicit periorbital mechanical
allodynia in mice. Nat Commun. 2022;13(1):646. Epub
2022/02/05. PubMed PMID: 35115501; PubMed
Central PMCID: PMCPM(C8813987.

[112] Andersson DA, Gentry C, Alenmyr L, et al. TRPA1
mediates  spinal  antinociception  induced by
Acetaminophen and the cannabinoid Delta(9)-tetrahy-
drocannabiorcol. Nat Commun. 2011;2(1):551. Epub
2011/11/24. PubMed PMID: 22109525.

[113] Nassini R, Materazzi S, Andre E, et al. Acetaminophen, via
its reactive metabolite N-acetyl-p-benzo-quinoneimine
and transient receptor potential ankyrin-1 stimulation,
causes neurogenic inflammation in the airways and other
tissues in rodents. FASEB J. 2010;24(12):4904-4916. Epub
2010/08/20. PubMed PMID: 20720158.

[114] Ramacciotti A, Soares B, Atallah A. Dipyrone for
acute primary headaches. Cochrane Database Syst
Rev. 2007 2. PubMed PMID: 17443558.
DOI:10.1002/14651858.CD004842.pub2

[115] Nassini R, Fusi C, Materazzi S, et al. The TRPA1 channel
mediates the analgesic action of dipyrone and pyrazolone
derivatives. Br ] Pharmacol. 2015;172(13):3397-3411.
Epub 2015/03/15. PubMed PMID: 25765567; PubMed
Central PMCID: PMCPMC4500374.

[116] Diener H, Pfaffenrath V, Schnitker J, et al. Efficacy
and safety of 6.25 mg t.i.d. Feverfew CO2 -Extract
(MIG-99) in Migraine Prevention — a randomized,
double-blind, multicentre, placebo-controlled study.
Cephalalgia: an International Journal of Headache.
2005;25(11):1031-1041. PubMed PMID: 16232154.


https://doi.org/10.1002/14651858.CD004842.pub2

66 e L. F. IANNONE ET AL.

[117] Materazzi S, Benemei S, Fusi C, et al. Parthenolide
inhibits nociception and neurogenic vasodilatation
in the trigeminovascular system by targeting the
TRPA1 channel. Pain. 2013;154(12):2750-2758.
Epub 2013/08/13. PubMed PMID: 23933184;
PubMed Central PMCID: PMCPMC3843982.

[118] Zhong ], Pollastro F, Prenen J, et al. Ligustilide: a novel

TRPA1 modulator. Pflugers Arch. 2011;462
(6):841-849. Epub 2011/09/07. PubMed PMID: 2189
4528.

[119] Ashina M, Hansen JM, Do TP, et al. Migraine and the
trigeminovascular system-40 years and counting.
Lancet Neurol. 2019;18(8):795-804. Epub 2019/06/05.
PubMed PMID: 31160203; PubMed Central PMCID:
PMCPMC7164539.

[120] Chen H, Terrett JA. Transient receptor potential
ankyrin 1 (TRPA1l) antagonists: a patent review
(2015-2019). Expert Opin Ther Pat. 2020;30
(9):643-657. Epub 2020/07/21. PubMed PMID: 3268
6526

[121] Nassini R, Materazzi S, De Siena G, et al. Transient
receptor potential channels as novel drug targets in
respiratory diseases. Curr Opin Invest Drugs. 2010;11
(5):535-542. PubMed Central PMCID: PMC20419599.

[122] Souza Monteiro de Araujo D, Nassini R, Geppetti P, et al.
TRPAI1 as a therapeutic target for nociceptive pain.
Expert Opin Ther Targets. 2020;24(10):997-1008. Epub
2020/08/26. PubMed PMID: 32838583; PubMed Central
PMCID: PMCPMC7610834.

[123] Chan P, Ding HT, Liederer BM, et al. Translational and
pharmacokinetic-pharmacodynamic application for the
clinical development of GDC-0334, a novel TRPA1
inhibitor. Clin Transl Sci. 2021;14(5):1945-1954. Epub
2021/06/01. PubMed PMID: 34058071; PubMed Central
PMCID: PMCPM(C8504827.

[124] A study of the safety, tolerability, pharmacokinetics
and pharmacodynamic effects of single and multiple
ascending doses of GDC-0334 and the effect of food on
the pharmacokinetics of GDC-0334 in healthy adult
participants. https://ClinicalTrials.gov/show/
NCT03381144.

[125] Jain SM, Balamurugan R, Tandon M, et al. Randomized,
double-blind, placebo-controlled trial of ISC 17536, an
oral inhibitor of transient receptor potential ankyrin 1, in
patients with painful diabetic peripheral neuropathy:
impact of preserved small nerve fiber function. Pain.
2021. Epub 2021/09/08. PubMed PMID: 34490850. doi:
10.1097/.pain.0000000000002470

[126] Company EL. Chronic Pain Master Protocol (CPMP):
a study of LY3526318 in participants with chronic low
back pain. https://ClinicalTrials.gov/show/NCT05086289.

[127] Company EL. Chronic Pain Master Protocol (CPMP):
a Study of LY3526318 in participants with diabetic
peripheral neuropathic pain. https://ClinicalTrials.gov/
show/NCT05177094.

[128] Company EL. A Study of LY3526318 in healthy
participants. https://ClinicalTrials.gov/show/
NCT03977974; 2019.


https://ClinicalTrials.gov/show/NCT03381144
https://ClinicalTrials.gov/show/NCT03381144
https://doi.org/10.1097/j.pain.0000000000002470
https://doi.org/10.1097/j.pain.0000000000002470
https://ClinicalTrials.gov/show/NCT05086289
https://ClinicalTrials.gov/show/NCT05177094
https://ClinicalTrials.gov/show/NCT05177094
https://ClinicalTrials.gov/show/NCT03977974;
https://ClinicalTrials.gov/show/NCT03977974;

	Abstract
	Introduction
	The TRPA1 channel
	TRPA1 and temperature
	TRPA1 agonists and antagonists
	The role of TRPA1 in pain
	Nociceptive and neuropathic pain
	Cancer pain
	Migraine

	Clinical status of TRPA1 antagonists
	Conclusions
	Disclosure statement
	Funding
	References

