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TRPA1 channels: molecular sentinels of cellular stress
and tissue damage
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Abstract TRPA1 is a non-selective cation channel expressed in mammalian peripheral pain
receptors, with a major role in chemonociception. TRPA1 has also been implicated in noxious
cold and mechanical pain sensation. TRPA1 has an ancient origin and plays important functions
in lower organisms, including thermotaxis, mechanotransduction and modulation of lifespan.
Here we highlight the role of TRPA1 as a multipurpose sensor of harmful signals, including toxic
bacterial products and UV light, and as a sensor of stress and tissue damage. Sensing roles span
beyond the peripheral nervous system to include major barrier tissues: gut, skin and lung. Tissue
injury, environmental irritants and microbial pathogens are danger signals that can threaten the
health of organisms. These signals lead to the coordinated activation of the nociceptive and the
innate immune system to provide a homeostatic response trying to re-establish physiological
conditions including tissue repair. Activation of TRPA1 participates in protective neuroimmune
interactions at multiple levels, sensing ROS and bacterial products and triggering the release of
neuropeptides. However, an exaggerated response to danger signals is maladaptive and can lead
to the development of chronic inflammatory conditions.
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Abstract figure legend TRPA1 is emerging as an important therapeutic target to treat different pathologies, including
pain, asthma and chronic itch. However, the broad expression profile of TRPA1 and the fine balance between physiological
and maladaptive responses of TRPA1 suggest potential complications. Therefore, a better understanding of TRPA1
function is essential before we can realize the hope of targeting it safely and effectively to treat disease.

Abbreviations AITC, allyl isothiocyanate; ARD, ankyrin repeat domain; CFA, complete Freund’s adjuvant; CGRP,
calcitonin gene-related peptide; cryo-EM, electron cryomicroscopy; DAMP, damage-associated molecular pattern;
DRG, dorsal root ganglion; GPCR, G protein-coupled receptor; HNO, nitroxyl anion; LPS, lipopolysaccharide; MSU,
monosodium urate; NO, nitric oxide; NOX, NADPH oxidase; PAMP, pathogen-associated molecular pattern; PRR,
pattern recognition receptor; P-CTX-1, Pacific Ocean ciguatoxin 1; PUFA, polyunsaturated fatty acid; RNS, reactive
nitrogen species; ROS, reactive oxygen species; TLR, Toll-like receptor; TRP, transient receptor potential; UV, ultraviolet.

Introduction

Nociceptors are specialized primary sensory neurons
essential for the perception of pain (reviewed by Woolf &
Ma, 2007), an unpleasant feeling or sensation that is a vital
component of the body’s defence system. Activation of
nociceptors sends warning signals to the brain, protecting
animals from potential tissue injury (reviewed by Basbaum
et al. 2009). Together with the innate immune system,
nociceptors represent a first line of defence against
different (i.e. physical or chemical) potentially damaging
environmental agents. Nociceptor activation by harmful
stimuli triggers reactions (e.g. motor reflexes, autonomic
responses, cough) that minimize exposure to the irritating
agent or their consequences. Nociceptors have been
classified based on various criteria: conduction velocity,
axon diameter or expression of biochemical and molecular
markers. Functionally, nociceptors can be classified based
on their responses to noxious cold, noxious heat and high
threshold mechanical stimuli as well as their response to
a variety of chemical substances (e.g. protons, capsaicin,
ATP). The molecular characterization of nociceptors and
their transduction mechanisms have progressed rapidly
(reviewed by Woolf & Ma, 2007; Thakur et al. 2014). An
important achievement was the identification of TRPV1

as the molecular receptor for capsaicin, the pungent
ingredient of chili peppers (Caterina et al. 1997). This
discovery triggered the identification and characterization
of other transient receptor potential (TRP) channels
involved in nociception (Dhaka et al. 2006). This review
is focused on transient receptor potential cation channel
subfamily A member 1 (TRPA1) (Story et al. 2003),
a polymodal channel linked to thermosensation (warm
and cold), mechanotransduction and chemosensitivity to
irritant compounds (reviewed by Bautista et al. 2013;
Zygmunt & Högestätt, 2014). Here we highlight the role
of TRPA1 as a polymodal sensor of biological signals,
including toxic bacterial products, and as a sensor for stress
and tissue damage. These alert functions are not limited
to the peripheral nervous system but include protective
roles in many barrier tissues including the lung and the
gut. The final part includes a discussion of new findings
concerning TRPA1 function in various diseases.

A brief primer of TRPA1 structure, expression and
function

TRPA1 is a calcium permeable non-selective cation
channel belonging to the large TRP family of ion channels
(Julius, 2013). Early studies on the expression pattern of
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TRPA1 and its sensitivity to physical and chemical stimuli
suggested a role in acute thermal nociception (i.e. noxious
cold) (Story et al. 2003), hair cell mechanotransduction
(Corey et al. 2004) and chemical nociception (Bandell
et al. 2004; Jordt et al. 2004). Evaluation of transgenic
animals lacking the protein dismissed an essential role of
TRPA1 in hearing, but confirmed its major role in acute
pain (Bautista et al. 2006; Kwan et al. 2006). Later studies
also implicated TRPA1 in inflammatory and neuropathic
pain (Dai et al. 2007; da Costa et al. 2010; Fernandes et al.
2011; Garrison & Stucky, 2014). Still, the specific role of
TRPA1 in mammalian thermo- and mechanosensation
has been the subject of some controversy (Chen et al.
2013; Moparthi et al. 2014), issues well covered in several
reviews (Kwan & Corey, 2009; Zygmunt & Högestätt,
2014; Chen & Hackos, 2015). Although the canonical view
describes mammalian TRPA1 channels as a noxious cold
sensor (Story et al. 2003), a recent study reported a higher
tolerance to noxious heat in TRPA1−/− mice (Hoffmann
et al. 2013), suggesting that the thermosensory role of
TRPA1 in vivo is far from settled. The characterization
of TRPA1 orthologues in invertebrate and vertebrate
species has contributed to a better understanding of the
role of TRPA1 in thermosensation and chemosensation.
These studies, combining analysis of chimeric and mutant
channels, suggest a functional divergence of the protein
and have been carefully reviewed recently (Laursen et al.
2014). Unlike the situation in mouse, in insects (e.g.
Drosophila melanogaster, Anopheles gambiae) TRPA1 is
activated by heat (Viswanath et al. 2003). Short iso-
forms lacking ankyrin repeats participate in mechanical
nociception but are not involved in thermal nociception
(Hwang et al. 2012; Zhong et al. 2012).

TRPA1 is found in a subset of somatic (dorsal
root, trigeminal) and visceral (nodose) primary sensory
neurons. Many TRPA1-expressing neurons are peptidergic
nociceptors that co-express TRPV1 (Story et al. 2003).
The local release of substance P or calcitonin gene-related
peptide (CGRP) upon TRPA1 activation is an important
part of its signalling mechanism, recruiting immune cells,
producing vasodilatation and plasma extravasation and
contributing to neurogenic inflammation (reviewed by
Geppetti et al. 2008).

The structure of TRPA1 at near-atomic (�4 Å)
resolution has been obtained by single-particle electron
cryomicroscopy (cryo-EM) (Paulsen et al. 2015). This
study, together with the cryo-EM structure of TRPV1
solved recently by the same group (Liao et al. 2013),
represents an important milestone and will facilitate
our understanding of TRPA1 function, including the
characterization of molecular sites for drug interactions.
A thorough discussion of structural features in TRPA1
has been published recently (Brewster & Gaudet, 2015). A
graphical representation of TRPA1 structure and topology
is shown in Fig. 1. The cryo-EM analysis confirmed that
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Figure 1. Cryo-EM structure of human TRPA1
A, schematic topology of two TRPA1 subunits based on the cryo-EM
images with relevant functional regions shown in different colours.
Ankyrin repeats (turquoise), pre-S1 linker (orange), S1–S4 (magenta),
S5–S6 (blue), gate residues (orange), TRP-domain helix (red) and
C-terminus coiled coil (green). The antagonist A-967079 is
represented as a green circle and the S4–S5 pocket is marked with a
green asterisk. Cysteines essential for response to reactive
electrophiles (black circles); myo-inositol hexakisphosphate (IP6)
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TRPA1 channels are tetrameric proteins formed by the
assembly of four subunits (1119 amino acids in humans)
with six transmembrane α-helices (S1–S6). Notable
elements in its structure include a series (14–18 depending
on species) of ankyrin repeat domains (ARDs) within the
long intracellular N-terminus. Despite suggestions for a
role of these ARDs in thermosensation (see below), the
evidence is still fragmentary. The cryo-EM images revealed
an α-helix directly after S6 with a structure analogous
to the TRP domain in other TRP channels. The close
proximity of the TRP-domain helix with non-contiguous
structures such as the pre-S1 helix is consistent with a
role in allosteric gating of the channel. Structural analysis
revealed a binding pocket for A-967079, a selective TRPA1
antagonist, within S5–S6. It is notable that nearby residues
are also involved in species-specific effects of menthol
(activation/inhibition) (Xiao et al. 2008). Many structure
and function studies helped identify key residues for
agonist binding, ion permeation and subunit interactions.
Some are highlighted in Fig. 2 with further details available
in recently published reviews (Zygmunt & Högestätt, 2014;
Brewster & Gaudet, 2015).

Several studies have characterized the permeation
characteristics and ionic selectivity of TRPA1 (Karashima
et al. 2010). At the structural level, the permeation pathway
shows two major constriction sites (Paulsen et al. 2015).
The channel is highly Ca2+ permeable (Doerner et al.
2007; Zurborg et al. 2007) and permeating divalent cations
contribute to channel regulation (Cordero-Morales et al.
2011; Sura et al. 2012), characterized by initial potentiation
followed by desensitization (Wang et al. 2008b). This
study identified an aspartate (D918 in mouse, D915
in human) within the pore loop critical for Ca2+

(grey hexagon). The position of the misense mutation N855S causing
familial episodic pain syndrome is shown by the white star and the
polymorphisms E179K causing reduced paradoxical heat sensation
by the blue triangle. The N-terminus and ankyrin repeats 1–11,
which are missing from the TRPA1 structure, are shown in grey.
Curved black lines denote the suspected flexibility of the linkage
between 1–11 and the remaining ankyrin repeats. Potential
interactions between the N-terminus and the membrane or
membrane-associated factors are indicated by a black arrow.
Intracellular mutations reported to disturb calcium-dependent
potentiation or inactivation of TRPA1 are marked with red diamonds.
This figure, slightly modified from the original, is reprinted from
Brewster & Gaudet (2015) with permission. B, ribbon and schematic
diagram of human TRPA1 atomic model for residues Lys 446–Thr
1078 (Protein Data Bank entry 3J9P) viewed from the membrane
plane. Only two subunits are presented, following the same colour
scheme as in A. Residue F909 (green circle) interacts with the
antagonist A-967079. Also shown are the locations of Cys 621 and
641 and Asn 855. C, schematic diagram of four TRPA1 subunits
(each colour-coded) viewed from the extracellular face. D, same view
of the surface with one the subunits partially visible to illustrate the
domain-swapping of the S1–S4 bundle (lateral) and the
pore-forming S5–S6 (medial) region.

permeability (Fig. 1). Divalent trace metals (i.e. Zn2+,
Cu2+) also potentiate channel activity (Andersson et al.
2009; Hu et al. 2009) by interaction with residues
in the C-terminus. TRPA1 channels have large pores
that allow the permeation of large cationic molecules
(Karashima et al. 2010). This feature has been exploited to
incorporate large molecules such as lidocaine (lignocaine)
into TRPA1 expressing axons to block their activity
selectively (Roberson et al. 2013), a finding relevant for
analgesia. Experiments reporting a dynamic alteration in
ionic selectivity should be carefully scrutinized, in lieu
of an alternative explanation of similar findings pre-
sented recently for P2X channels (Li et al. 2015). The
biochemistry and pharmacology of the channel and its
multifaceted behaviour and regulation have been the
subject of comprehensive review articles in recent years
(Viana & Ferrer-Montiel, 2009; Nilius et al. 2012; Bautista
et al. 2013; Zygmunt & Högestätt, 2014; Chen & Hackos,
2015).

A key remaining question concerns the molecular
mechanism of TRPA1 intrinsic thermosensitivity. Some
studies are consistent with the idea of functional modules
in the TRPA1 protein: replacement of these modules or
mutations of specific residues should produce specific
alterations in function. Chimeras between human and
rattlesnake TRPA1 channels identified such a portable
module for thermosensitivity within the ankyrin repeats of
the N-terminus (Cordero-Morales et al. 2011). Similarly, a
single mutation (S250N) within ankyrin 6 repeat in mouse
TRPA1 was able to invert the sign of thermosensitivity,
from cold to heat sensitive (Jabba et al. 2014). However,
alterations in thermosensitivity have been identified in
other locations, including the pore turret, S5 and S6
segments and the C terminus (Chen et al. 2013; Wang
et al. 2013). An alternative proposal to portable functional
modules to explain thermosensitivity is the hypothesis
that it is a distributed function across different residues of
the protein. Clapham and Miller presented a theoretical
framework for this view based on the hypothesis that
temperature-driven conformational rearrangements lead
to changes in solvation (i.e. the hydration) of amino acid
side chains (not necessarily clustered) which result in
large changes in molar heat capacity (�CP) (Clapham
& Miller, 2011). The solvation energy varies for polar and
non-polar amino acids, affecting the sign of temperature
sensitivity. In a remarkable empirical demonstration of
this principle, Chowdhury and colleagues were able to
design voltage-gated Shaker potassium channels with
prominent temperature sensitivity (Chowdhury et al.
2014), a finding also reported on a separate study (Yang &
Zheng, 2014). Considering that Shaker and TRPs belong
to the same superfamily of ion channels, sharing many
structural features, these observations should have a
major impact on the analysis of thermosensitivity in TRP
channels.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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TRPA1 is a polymodal detector of danger signals

A unique aspect of TRPA1 function is its remarkable
ligand promiscuity towards danger signals causing harm.
Low and high temperature, osmotic challenges and a host
of natural and industrial chemical irritants are known
to activate TRPA1 channels (reviewed by Viana, 2011;
Nilius et al. 2012; Zygmunt & Högestätt, 2014). Many
TRPA1 activators are reactive electrophilic compounds.
Electrophiles occur naturally in pungent or spicy plants
such as allyl isothiocyanate (AITC) in wasabi, allicin in
garlic or oleocanthal in extra virgin olive oil. TRPA1
activators include (E)-2-alkenals, aldehydes containing an
unsaturated bond between the α and β carbons, produced
by many animals for chemical deterrence (Blair et al. 2016).
The list of industrial electrophiles acting on TRPA1 is huge
and includes aldehydes (e.g. formaldehyde, acetaldehyde),
alkenals (e.g. acrolein, crotonaldehyde), hypochlorites,
toluene diisocyanate and tear gases (reviewed by Bessac
& Jordt, 2008). Channel gating of TRPA1 by electro-
philes occurs by covalent modification of cysteine and

lysine residues within the N-terminus (Hinman et al.
2006; Macpherson et al. 2007; Eberhardt et al. 2012)
(Figs 1 and 2). There is no consensus about which specific
cysteines, of a total of 28 in human TRPA1, are critical
for gating by different electrophiles, although several are
located near transmembrane segment S1 (Paulsen et al.
2015). The cryo-EM structure revealed the location of
other cysteine and lysine residues in the transmembrane
core and facing the lipid environment, which may be
reactive with lipophilic electrophiles. Of note, activation
of human TRPA1 by electrophilic compounds can occur in
the absence of the first 688 amino acid residues (Moparthi
et al. 2014), indicating the presence of additional sites
important for activation.

TRPA1 can also be activated by non-reactive com-
pounds that do not induce covalent modification, such as
carvacrol, menthol, icilin, 2-aminoethoxydiphenyl borate
(2-APB), thymol, nicotine, �-9-tetrahydrocannabinol
and many others (reviewed by Viana & Ferrer-Montiel,
2009; Chen & Hackos, 2015). Additional activators of
human TRPA1 include low pH (de la Roche et al. 2013)

Extra
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Reduced cold sensitivity (E179K)

AITC sensitivity (Cys 621, Cys 641, Cys 665, Lys 710)

Hypoxia sensing (Pro 394)

Nitrosylation (Cys 540)

O2 sensitivity (Cys 633, Cys 856)

Gain of function mutants (N855S, R852E)
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Lower pore gate (Ile 957, Val 961)
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Figure 2. Amino acid sequence of human TRPA1
Each TRPA1 subunit (1119 amino acid residues) has a long intracellular NH2 terminus (719 amino acids)
characterized by multiple ankyrin domains, six transmembrane domains (S1–S6) and a shorter intracellular
C-terminus. The figure highlights (colour coded) residues involved in TRPA1 function, including genetic variants
linked to increased and decreased channel activity. Some residues important for AITC sensitivity are also involved
in responses to other electrophilic agonists.
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and intracellular alkalinization (Fujita et al. 2008), and
polyunsaturated fatty acids (PUFAs) (Motter & Ahern,
2012). Moreover, a number of clinically relevant drugs,
including general anaesthetics, aromatase inhibitors
(used in the treatment of oestrogen receptor positive
breast cancer), dihydropyridines and some non-steroidal
anti-inflammatory drugs, are also activators of TRPA1,
suggesting that the channel may play a role in their
therapeutic actions and/or side effects (Fajardo et al. 2008;
Andersson et al. 2011; Fusi et al. 2014; Kozai et al. 2015).

Activation of TRPA1 also occurs by signalling
downstream of G protein-coupled receptors (GPCRs),
a recognized mechanism for nociceptor sensitization
(Bandell et al. 2004; Bautista et al. 2006; Wang et al. 2008a).
GPCRs modulating TRPA1 include the bradykinin type 2
receptor, protease-activated receptor 2 and MAS-related
GPCRs Mrgpr3 and MrgprC11, classically linked to
phospholipase-C signalling (reviewed by Chen & Hackos,
2015). An additional role of protein kinase A in
the sensitization mechanism of TRPA1 by bradykinin
has been described (Wang et al. 2008a). Inorganic
polyphosphates act as critical intracellular co-factors,
sustaining TRPA1 activity (Kim & Cavanaugh, 2007).
More specifically, myo-inositol hexakisphosphate (IP6)
molecules have been identified in the cryo-EM structure
of TRPA1, acting as a stabilizing bridge between the ARDs
and the C-terminal coiled coil domain (Paulsen et al.
2015).

TRPA1 can form complexes with TRPV1 channels,
altering their gating properties (reviewed by Akopian,
2011). Recently, this modulation was shown to be
regulated by Tmen100, a membrane adaptor protein,
resulting in major changes in TRPA1 activity (Weng
et al. 2015). Plasma membrane translocation of channels
in response to agonists is an additional modulatory
mechanism of TRPA1 function (Schmidt et al. 2009).

TRPA1 is a sensor of cellular stress, inflammation and
tissue damage

Reactive oxygen species (ROS) are by-products of aerobic
metabolism. They include superoxide anions (·O2

−),
hydroxyl radical (·OH) and hydrogen peroxide (H2O2).
The main sources of H2O2 in cells are ·O2

− produced
by mitochondria and cytoplasmic NADPH oxidases
(NOXs). Cellular ROS levels depend on the fine balance
between enzymatic cascades leading to ROS production
or breakdown. Superoxide dismutases (SODs) convert
·O2

− enzymatically into H2O2. In contrast, the principal
antioxidant redox enzymes belong to the glutathione-,
catalase- and thioredoxin-dependent systems. In addition,
antioxidant substances such as α-tocopherol (vitamin E),
β-carotene, ascorbate (vitamin C) and glutathione will
affect redox homeostasis. ROS levels serve important
signalling roles, including an adaptive response to stressful

conditions (Schieber & Chandel, 2014). However, tissue
damage can lead to an uncontrolled accumulation of ROS,
a state known as oxidative stress, with major impact on
cellular function (Droge, 2002).

TRPA1 acts as a sensor of toxic signals and molecular
integrator of cellular stress, including ROS. Indeed, many
known TRPA1 activators are algogenic substances released
within the internal milieu in the course of inflammation
or tissue injury. They include lipid peroxidation
products such as 4-oxo-2-nonenal, 4-hydroxy-2-nonenal,
4-hydroxyhexenal (Trevisani et al. 2007) and oxidized
lipids such as the cyclopentenone prostaglandin
15-deoxy-�12,14-prostaglandin J2 (15-d-PGJ2) (reviewed
by Materazzi et al. 2008; Taylor-Clark et al. 2008; Chen &
Hackos, 2015). Some activators of the inflammasome, such
as monosodium urate (MSU) crystals, activate TRPA1
by an indirect mechanism involving production of H2O2

(Trevisan et al. 2014). Coupled to its expression pattern
in barrier tissues, including the lung, the skin and the gut
(see below), this broad activation profile makes TRPA1
an optimal cellular sensor for potential tissue damage. In
the context of inflammation, ROS production can have
beneficial, protective functions activating neutrophils and
macrophages that serve an antimicrobial role (Droge,
2002; Schieber & Chandel, 2014). In this regard, TRPA1
appears to play a role in some of these protective functions,
raising the important question of what level of TRPA1
activity is optimal for cell function.

Besides ROS, native and heterologously expressed
TRPA1 channels are also activated by reactive
nitrogen species (RNS), including nitric oxide (NO)
and peroxynitrite (ONOO−) (Miyamoto et al. 2009;
Taylor-Clark et al. 2009a; Takahashi & Mori, 2011). These
substances induce S-nitrosylation of TRPA1: the covalent
attachment of NO to the sulphur atom of cysteine residues.
Recently, streptozotocin, a toxin used to induce diabetes
in animal models, was shown to activate TRPA1 by
a mechanism dependent on oxidation by peroxynitrite
(Andersson et al. 2015).

While many studies show a link between ROS or
RNS elevation and TRPA1 activation, the mechanistic
details are still faint. Furthermore, the relevance of
this activation for cell signalling in specific tissues is
unclear. In addition to direct channel gating, ROS and
RNS products may affect signalling pathways or cellular
redox state. Although a high concentration of H2O2 can
activate TRPA1 (Andersson et al. 2008), other studies
suggest an indirect activation mechanism by generation
of lipid peroxidation products. Specifically, in cerebral
endothelium, NOX2 is a major source of ROS. In this
tissue, application of catalase, an enzyme that rapidly
degrades H2O2, prevented NADPH-induced increases in
TRPA1 activity (Sullivan et al. 2015). Using deferoxamine
to chelate Fe2+ and inhibit the Fenton reaction (i.e.
the production of ·OH from H2O2 catalysed by Fe2+),

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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the authors prevented NADPH-induced TRPA1 activity,
suggesting that the effects of H2O2 are indirect and
mediated by the formation of ·OH and lipid peroxidation
products (e.g. 4-hydroxy-2-nonenal).

High concentrations of hydrogen sulfide (H2S) also
activate TRPA1 and elicit pain (Andersson et al. 2012;
Okubo et al. 2012). A recent study clarified this
signalling pathway, linking the action of two endogenous
gasotransmitters NO and H2S to the formation of nitroxyl
anion (HNO), leading to TRPA1 activation, calcium
influx and CGRP release, and the regulation of vascular
tone (Eberhardt et al. 2014). Mass spectrometry analysis
revealed disulphide formation between Cys 621 and the
neighbouring Cys 633 as well as between Cys 651 and Cys
665 within the N-terminus of TRPA1. A follow-up study
from the same group identified a similar mechanism in
meningeal terminals of the trigeminal nerve, a finding
relevant for migraine (Wild et al. 2015). Altogether, these
studies questioned a direct activation of TRPA1 by NO or
low (i.e. physiological) concentrations of H2S.

In larval flies, TRPA1 activation by photochemical
production of H2O2 participates in the detection of
ultraviolet (UV) and blue light radiation by specific groups
of neurons (Guntur et al. 2015). Interestingly, TRPA1
activation in human melanocytes is partially responsible
for the increase in melanin production in response to
UV light exposure (Bellono et al. 2013). In human
melanocytes, the signalling pathway for UV activation
of TRPA1 is specific for UV radiation, insensitive to
the reducing agent dithiothreitol, insensitive to intra-
cellular calcium levels and involves a retinal-dependent
G protein and phospholipase C activation (Bellono et al.
2014).

TRPA1 has important functions in the lung and upper
airways. Many vagal sensory endings respond to hypo-
xic conditions, resulting in cardiovascular and respiratory
regulatory reflexes (Kubin et al. 2006). In vagal neurons
of TRPA1−/− mice, responses to hyperoxia and mild
hypoxia are abolished. TRPA1 is activated by hypo-
xia and hyperoxia by different molecular mechanisms
(Takahashi et al. 2011). In normoxia, proline hydro-
xylation keeps the channel silent. Hypoxia reduces proline
hydroxylase activity, leading to reduced hydroxylation of
Pro 394 within the 10th ankyrin repeat domain, relieving
inhibition. In contrast, hyperoxia (used clinically to treat
hypoxaemia) leads to oxidation of Cys 633 and Cys
856 (Fig. 2). These results suggest that TRPA1 functions
as a rapid alarm system during abnormal oxidative
conditions. Acute mitochondrial dysfunction also leads
to ROS generation and activation of TRPA1 in mouse
bronchopulmonary C-fibres (Nesuashvili et al. 2013). This
finding may be relevant to mechanisms of acute hypo-
xia sensing which also involve mitochondria-derived ROS
(Fernandez-Aguera et al. 2015). CO2 can also activate
TRPA1 channels in trigeminal neurons, by a mechanism

downstream of intracellular acidification (Wang et al.
2010).

Redox modulation may have some therapeutic potential
in the context of TRPA1 dysfunction. For example,
resveratrol, a natural stilbenoid with antioxidant and
anti-inflammatory properties was shown to inhibit TRPA1
channels (Yu et al. 2013). Similarly, different antioxidants
(N-acetyl-L-cysteine, lipoic acid and trolox) reduced
TRPA1-dependent itch caused by oxidants (Liu & Ji,
2012) and ameliorated oxaliplatin-induced neuropathic
pain (Ghirardi et al. 2005).

Abnormally low or high temperatures represent major
cellular stress signals. Cold exposure triggers a vascular
response in the skin, consisting of vasoconstriction
followed by vasodilatation. This adjustment in blood
supply is critical for protecting cutaneous tissues against
cold injury. Recently, TRPA1 was shown to play a major
role in this important vascular response (Aubdool et al.
2014).

Another example of the remarkable role of TRPA1
as a cellular integrator of harmful signals is exemplified
by the effects of ciguatoxins. These polycyclic polyether
toxins, produced by marine dinoflagellates, accumulate
in large fish and are responsible for ciguatera poisoning.
Symptoms in affected patients include peripheral
sensory disturbances, often characterized by severe cold
hypersensitivity. Pacific Ocean ciguatoxin 1 (P-CTX-1)
does not activate TRPA1 channels directly but most
TRPA1-expressing neurons are activated by P-CTX-1
(Vetter et al. 2012). When co-expressed with voltage-gated
sodium channels, as occurs in sensory terminals, indirect
activation of TRPA1 and additional effects of temperature
(e.g. closure of leak K+ channels) are sufficient to drive
TRPA1-dependent calcium influx and nociceptor hyper-
excitability that is responsible for the development of cold
allodynia. In support of this interpretation, TRPA1−/−
mice failed to develop ciguatoxin-induced cold allodynia
and the excitatory effects of P-CTX-1 were strongly
reduced in TRPA1-deficient nociceptive C-fibres. Another
important finding in this study was the demonstration
that TRPA1-dependent cold nociceptive pathways are
activated at temperatures well above the noxious cold
range, suggesting that these channels may play a broader
role in protecting the body from damaging cold than pre-
viously recognized.

TRPA1: a molecular sensor for harm beyond the
boundaries of somatosensory neurons

TRPA1 was originally discovered in cultured human
fibroblasts but its functional role in mesenchymal tissues
was unknown at that time (Jaquemar et al. 1999).
Early work on TRPA1 function focused on its sensory
role within the peripheral nervous system (Story et al.
2003). However, the expression of TRPA1 in other tissues

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



4158 F. Viana J Physiol 594.15

(reviewed by Fernandes et al. 2012), including the vascular
endothelium and all barrier tissues such as skin (e.g.
keratinocytes, epithelial melanocytes), lung, gut, joint
synoviocytes (Hatano et al. 2012) and cornea provides
clues about a broader biological role of TRPA1 in tissue
homeostasis.

Neurogenic vascular responses mediated by TRPA
activation and neuropeptide release from sensory nerve
endings are well established (Jordt et al. 2004; Geppetti
et al. 2008; Eberhardt et al. 2014; Meseguer et al. 2014).
However, accumulating evidence links non-neuronal
TRPA1 activity to vascular control (reviewed by Earley,
2012). Endothelial TRPA1 mediates the vasodilatory
response to TRPA1 agonists in cerebral arteries by a
ROS-dependent mechanism (Earley et al. 2009; Sullivan
et al. 2015). Pharmacological experiments ruled out
the role of NO or prostacyclin in the response, but
implicated activation of Ca2+-activated K+ channels,
hyperpolarization and relaxation of smooth muscle cells
(Sullivan et al. 2015). These studies suggest that end-
othelium TRPA1 plays a critical role in monitoring
local oxidant and redox status in brain tissue, allowing
precise regulation of vascular flow and nutrient availability
(Sullivan et al. 2015). Interestingly, this functional
arrangement was specific for brain cerebral arteries.
However, in other tissues, TRPA1 expressed in peptidergic
sensory terminals may play a similar functional role in
vasomotor control (Jordt et al. 2004; Aubdool et al. 2014;
Eberhardt et al. 2014; Meseguer et al. 2014).

TRPA1 agonists show functional activity in human skin
keratinocytes and different types of fibroblasts (Atoyan
et al. 2009; Tsutsumi et al. 2010), stimulating the release
of inflammatory mediators. TRPA1 is also expressed in
basal cells of the corneal epithelium. In chemically injured
corneas, loss of TRPA1 expression, or the blockade of its
activation with a selective antagonist, suppressed severe
and persistent corneal inflammation, reducing fibrosis and
scarring (Okada et al. 2014). The absence of TRPA1 was
accompanied by reduced levels of transforming growth
factor β1 (TGF-β1), interleukin 6 (IL-6), vascular end-
othelial growth factor and α-1 type I collagen, markers of
proinflammatory and profibrogenic activity. These studies
show that, under certain conditions, TRPA1 activation
can result in maladaptive responses such as tissue
fibrosis.

Odontoblasts are tall columnar cells of neural crest
origin that are part of the outermost layer of dental
pulp and are responsible for dentin formation. Human
odontoblasts express several TRP channels, including
TRPA1 which may play a role in noxious cold responses in
teeth (El Karim et al. 2011). Activation of TRPA1 channels
in odontoblasts causes release of ATP to the extracellular
medium, a possible excitatory mediator of dental pulp
nociceptors (Egbuniwe et al. 2014).

Besides expression in C-fibre bladder afferents, TRPA1
is also found in urothelial cells, and its activation increases
detrusor muscle contractions and micturition frequency
(Streng et al. 2008; Gratzke et al. 2009). TRPA1 is expressed
in rat and human colonic epithelia and is involved in
electrogenic anion (Cl− and HCO3

−) and fluid secretion,
a mechanism important in host defence (Kaji et al. 2012).
Human airway cells, including fibroblasts, epithelial and
smooth muscle cells, express functional TRPA1 channels
that can release interleukin 8 (IL-8) upon stimulation
(Nassini et al. 2012). In human A549 lung carcinoma
cells, activation of TRPA1 by low temperature or chemical
agonists increased the production of NO.

The rather broad expression pattern of TRPA1,
including pancreatic β cells and brain astrocytes
(Shigetomi et al. 2012), should be kept in mind when
analysing the effects of pharmacological agents targeting
TRPA1 and the potential adverse side effects of these drugs.

TRPA1 and modulation of innate immunity

Pathogenic infection or tissue damage initiates a
defence response that is intended to contain the
spread of invading pathogens, neutralize their activity,
clear damaged tissues and promote their repair. This
immune response is triggered by the local release
of viral products (e.g. RNA, envelope proteins) or
pathogenic components of the bacterial wall, called
pathogen-associated molecular patterns (PAMPs), which
are recognized by pattern recognition receptors (PRRs) on
leukocytes and macrophages and initiate an inflammatory
response, including the release of cytokines and other
mediators (e.g. NO) (Fig. 3). These PRRs include members
of the Toll-like receptor (TLR) family (Janeway &
Medzhitov, 2002), NOD-like receptors and RIG-I-like
receptors. Similarly, tissue damage (e.g. mechanical
wound, burn, freezing) also attracts and activates immune
cells by certain intracellular products released from dying
cells (Matzinger, 2002). These endogenous danger signals
are known as alarmins or damage-associated molecular
pattern (DAMP) molecules. DAMPs are structurally
very diverse and include nuclear and cytosolic proteins,
non-coding RNAs and small molecules (Bianchi, 2007).
Examples of DAMPs are the high-mobility group box 1
protein, ATP, uric acid, hyaluronan fragments, heat shock
proteins and let-7b miRNAs.

Pioneering work identified the role of vagal afferents
in sensing proinflammatory cytokines (Hansen et al.
2001). Further studies over the past decade demonstrated
an important bidirectional communication between the
nervous system and the immune system, which has led
to the suggestion that both are part of a unified host
defence mechanism (Chiu et al. 2012) (Fig. 4). Infection
or sterile tissue damage recruits immune and glial cells to
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the site of injury. Activated immune cells release a variety
of inflammatory mediators acting on multiple receptors
on nociceptors, including TLRs and cytokine receptors,
leading to their profound sensitization and exacerbated
pain (Ren & Dubner, 2010) (Fig. 3). At the same time,
the peripheral nervous system, including the autonomic
nervous system, exerts a potent modulatory role of
innate and adaptive immune responses (reviewed by
Ordovas-Montanes et al. 2015). In part, the mechanism is
dependent on antidromic axon reflexes in nociceptors that
release neuropeptides, chemokines and other molecular
mediators (e.g. NO).

Recent studies support a specific role for TRPA1
channels in the detection and response to harmful
bacterial and viral products. The most compelling
evidence comes from the discovery that TRPA1 is activated

by lipopolysaccharide (LPS), or endotoxin, the main
immunostimulant in Gram negative bacteria, causing the
rapid activation of nociceptors (Meseguer et al. 2014).
Moreover, activation of TRPA1 by LPS in vagal and somatic
nociceptors led to the local release of neuropeptides
(i.e. CGRP), causing pain, neurogenic inflammation and
vasodilatation. Unlike traditional immune responses
which are slow, these effects of toxic bacterial products
are very fast, within seconds of their application, a rapid
response arm in the host defence system. The molecular
mechanisms leading to TRPA1 activation by LPS remain
unclear. Activation did not involve TLR4, the canonical
PRR for LPS (Poltorak et al. 1998). The authors found
a correlation between structural features in lipid A, the
biologically active lipid moiety in LPS, from different
bacteria, TRPA1 activation in vitro and the capacity of

ROSROS

SP
CGRP

PLC

PKA

LPS

Ca2+

Ca2+

Ca2+

K+

DAMPs
ATP

Figure 3. TRPA1 is a sensor of danger signals in neuronal and non-neuronal tissues
TRPA is expressed in peptidergic sensory nerve terminals and in different barrier tissues (e.g. skin keratinocytes,
vascular endothelium). TRPA1 is activated by exogenous danger signals, including UV radiation, chemical irritants,
bacterial products, mechanical forces and extreme temperatures. In addition, tissue damage releases intracellular
alarmins such as ATP and uric acid that can signal to resident macrophages and extravasating monocytes. TRPA1
activation depolarizes nociceptor terminals sending pain signals to the CNS. The local calcium influx releases neuro-
peptides (e.g. substance P (SP) and CGRP) that act on the vasculature producing vasodilatation. In the brain, vaso-
dilatation is linked to the opening of Ca2+-activated potassium channels. Toxic bacterial products, including LPS,
have rapid excitatory effects on TRPA1-expressing terminals. Inflammatory mediators act on membrane receptors
(GPCRs, cytokines, TLRs) to sensitize nociceptive channels including TRPA1, resulting in further amplification of
danger signals. TRPA1 is also activated by ROS and RNS.
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different LPS classes to produce acute inflammation in
vivo. In addition, trinitrophenol, an amphipatic molecule
that causes membrane curvature, potentiated responses
of TRPA1 channels to LPS (Meseguer et al. 2014). The
authors speculated that LPS inserts in the bilayer, alters
membrane tension and leads to TRPA1 opening. Other
studies showed the direct activation of nociceptors by
different bacterial products (e.g. N-formylated peptides)
(Chiu et al. 2013). While a possible role of TRPA1 in these
effects was not explored, it remains a distinct possibility.
Of note, the activation of TRPA1 by PUFAs does not
involve cysteines or known ligand binding domains of
the channel (Motter & Ahern, 2012). I speculate that the
mechanism involving activation of TRPA1 by PUFAs and
lipid A may be similar. In another recent study, ablation of
NaV1.8-lineage neurons, which include the subpopulation

of TRPA1(+) nociceptors, or pharmacological silencing of
the same neurons, decreased eosinophilia and macrophage
accumulation in broncheoalveolar lavage fluid following
an allergen challenge (Talbot et al. 2015). This study
demonstrates that nociceptors amplify pathological
adaptive immune responses and that silencing these
neurons with the anaesthetic QX-314 interrupts this
neuroimmune interplay. Similarly, MSU crystals produce
joint pain and inflammation by a TRPA1-dependent
mechanism. Blockade of TRPA1 activity reduced
neutrophil accumulation and proinflammatory cyto-
kines (e.g. IL-1β) in the synovial fluid produced by
MSU (Trevisan et al. 2014; see also Moilanen et al.
2015). Paradoxically, in human synoviocytes, TRPA1
activated by inflammatory mediators reduces cytokine (i.e.
IL-6 and IL-8) release, acting as an anti-inflammatory
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Figure 4. Role of TRPA1 channels in neuroimmune interactions
Non-neuronal and nociceptor TRPA1 channels respond to a very broad range of danger signals, including many
molecules that activate host immunity. Listed in blue at the top of the figure are molecules for which a direct or
indirect activation of TRPA1 has been demonstrated. Activation of immune cells releases inflammatory mediators
that in many cases lead to sensitization of TRPA1-expressing nociceptors. This positive feedback loop can be further
potentiated by the release of neuropeptides (SP, CGRP, etc.) from peptidergic nociceptors. The combined activation
of the nociceptive and the immune system results in behavioural, vascular and tissue responses (listed in green)
that minimize damage and promote repair. Alteration in the homeostatic balance between the nociceptive and
the immune system can reinforce the response to danger signals, resulting in different chronic diseases. Inhibitors
of TRPA1 activity (listed in orange) can minimize the response to danger signals exerting a negative bias against
the exacerbation of inflammation and reducing pain.
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feedback mechanism (Hatano et al. 2012). A recent
article showed the rapid activation of TRPA1 channels by
extracellular micro(mi)RNA let-7b in mouse dorsal root
ganglion (DRG) neurons (Park et al. 2014). The effects
required membrane-bound TLR7 but were independent
of the canonical intracellular signalling mechanism for
this receptor. Since miRNA let-7b can be released from
DRG neurons in an activity-dependent manner, this may
represent a novel mechanism for rapid DAMP-mediated
nociceptor signalling. In another study, exposure of
neuroblastoma cells to rhinovirus-derived soluble factors
produced a rapid 50-fold increase in TRPA1 expression
(Abdullah et al. 2014).

During the resolution phase of an acute inflammation,
the immune system also releases soluble factors that
promote tissue recovery, suppress inflammation and
reduce pain. Among these endogenous factors there
are several classes of lipid mediators including lipoxins,
resolvins and neuroprotectins. Resolvins are derived from
ω-3 polyunsaturated fatty acids. Resolvins exert potent
inhibition of TRPV1 and TRPA1 channels by Gαi-coupled
GPCRs and reduce inflammatory pain (Bang et al. 2010;
Park et al. 2011). These studies highlight the potential
for pain inhibition by alternative signalling mechanisms
targeting TRPA1.

Considering that the peripheral nervous system and
the immune system represent the main sensory interfaces
between the internal milieu and external environment,
these findings underline TRPA1 as a critical player in
danger detection and neuroimmune interactions (Fig. 4).

Role of TRPA1 in the transition from acute to chronic
pain

A fundamental and poorly understood aspect of pain
pathophysiology is the transition from acute to chronic
pain (Basbaum et al. 2009). It is a complex process that
involves multiple mechanisms including recruitment of
microglia, alterations in synaptic function and phenotypic
alterations of nociceptors, including their peripheral
sensitization (Reichling & Levine, 2009). TRPA1 channels
play a major role in the mechanism of nociceptor
sensitization. In this context, TRPA1 has been aptly
labelled as a gatekeeper of inflammation (Bautista et al.
2013). Perhaps, a more accurate description is that of a
dormant sentinel. Neuronal sensory circuits containing
TRPA1-expressing endings appear to gate afferent input as
a function of peripheral tissue status. This view may help
explain some conflicting reports regarding mammalian
TRPA1 function in vivo, for example in regard to its
role in cold and mechanosensation. Under physiological
conditions, inhibition or even ablation of ‘dormant’
TRPA1 neurons has a modest, or no influence, on cold
sensitivity (Bautista et al. 2006; del Camino et al. 2010;
Chen et al. 2011). Similarly, a deficit in acute mechanical

nociception is not apparent in some studies of TRPA1−/−
mice (Bautista et al. 2006) or after pharmacological
blockade of the channel (Petrus et al. 2007; Trevisan et al.
2014). In contrast, in the context of inflammation (e.g.
complete Freund’s adjuvant (CFA) or MSU injection) or
nerve injury, including oxaliplatin and paclitaxel-induced
neuropathy, the contribution of TRPA1 to cold and
mechanical allodynia is very prominent (Obata et al. 2005;
Petrus et al. 2007; da Costa et al. 2010; del Camino et al.
2010; McGaraughty et al. 2010; Brierley et al. 2011; Chen
et al. 2011; Lennertz et al. 2012; Materazzi et al. 2012;
Trevisan et al. 2013, 2014).

Pharmacological blockade of TRPA1 reverses
mechanical hypersensitivity in different models of
inflammatory and neuropathic pain (Petrus et al. 2007;
Eid et al. 2008; Lennertz et al. 2012). Moreover, TRPA1
antagonists can block the induction of inflammation
and pain produced by algesic substances (Asgar et al.
2015), including chemotherapeutic agents (Nativi et al.
2013; Trevisan et al. 2013), and inflammasome activators
(Trevisan et al. 2014). Similarly, A-967079, a selective
TRPA1 antagonist, affected spontaneous activity or
responses to low-intensity mechanical stimulation in
spinal cord wide dynamic range neurons only under
conditions of inflammation (McGaraughty et al. 2010).
In mice, a single injection of CFA in the paw can lead
to inflammatory arthritis and mechanical pain lasting
for weeks. In young TRPA1−/− mice, development of
mechanical hypersensitivity was delayed for at least
2 weeks, and in aged (2-year-old) mice it never took place
(Garrison & Stucky, 2014), suggesting a major role of
TRPA1 in this process. Similar results were observed in
a different model of arthritis produced by MSU crystals
(Trevisan et al. 2014).

Collectively, these results suggest that neural circuits
with TRPA1-sensitized neurons modify their response
to peripheral sensory input. The selective inhibition of
sensitized responses with TRPA1 antagonists without
altering normal sensitivity of mechanical and thermal
afferents is of great therapeutic relevance. At which level
the sensitization of TRPA1 is taking place is still unclear but
an allosteric model of TRPA1 gating by different agonists
predicts that a fraction of this potentiation is explained
by the coupling of structurally independent sensors to the
gating machinery of the channel (Salazar et al. 2011).

The role of TRPA1 in chronic pain may also depend on
transcriptional regulatory mechanisms. Growth factors,
including nerve growth factor, and muscle inflammation
upregulate TRPA1 expression in trigeminal and DRG
neurons (Diogenes et al. 2007; Asgar et al. 2015).
Proinflammatory cytokines stimulate TRPA1 expression
in synoviocytes by an NF-κB signalling mechanism and
downstream activation of HIF1α (Hatano et al. 2012).
A similar induction of TRPA1 is produced by TGF-β1
in wounded corneal fibroblasts (Okada et al. 2014). In
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rats, administration of the anti-tumour agent paclitaxel
activated TLR4 receptors on satellite glial cells to cause
release of TNF-α, leading to increased expression of
TRPA1 and TRPV4 in DRG neurons and neuropathic pain
(Wu et al. 2015).

TRPA1 and disease

The role of TRPA1 in disease states is expanding
rapidly (Nilius et al. 2012). In some cases the link
between a specific disease and TRPA1 function stems
from animals models, while the evidence in human
patients is still lacking. Early studies focused on its
relation to cold and inflammatory pain, demonstrating
a clear link between activation and/or upregulation of
TRPA1 and inflammatory hypersensitivity and pain in
different animal models. Later studies extended the
findings to dental, postsurgical (Wei et al. 2012) and
muscle pain (Asgar et al. 2015), and different models
of arthritis (Trevisan et al. 2014) among others. In
agreement with these findings, intracutaneous injection
of the TRPA1 agonist cinnamaldehyde causes heat hyper-
algesia in human volunteers (Namer et al. 2005). Similarly,
intracutaneous injection of Angeli’s salt, a precursor of
HNO, a TRPA1 activator, evokes burning pain in humans
(Eberhardt et al. 2014).

A gain of function mutation in the human Trpa1
gene, located on chromosome 8q13, was identified
in a Colombian family (Kremeyer et al. 2010). The
disease, known as familial episodic pain syndrome-1,
is an autosomal dominant disease characterized by the
onset during infancy of episodic debilitating upper body
pain episodes triggered by fasting, cold and physical
stress. The genetic defect is a single missense mutation
(N855S) in the intracellular S4–S5 linker segment (Fig. 2).
Analysis of the mutant channel revealed a strong
potentiation of agonist-evoked inward currents at physio-
logical membrane potentials. Further exploration of the
S4–S5 linker showed that the nearby R852E mutation leads
to a gain of function and also suggested that charged
residues E854 and K868 may form intersubunit salt bridges
(Zima et al. 2015). Clinical evaluation of human TRPA1
polymorphisms identified a variant (E179K) associated
with reduced paradoxical heat sensation, defined as a
burning sensation when a noxious cold stimulus is applied
(Binder et al. 2011). Subsequent functional analysis of this
mutant revealed a reduced calcium response to prolonged
cold (4ºC) exposure (May et al. 2012).

TRPA1 activity has been linked to the pathophysiology
of other neurological diseases including migraine (Nassini
et al. 2014) and peripheral neuropathies associated
with diabetes and chemotherapy (Wei et al. 2009;
Eberhardt et al. 2012). TRPA1 is also fundamental for
the manifestations of some forms of itch (Lieu et al.

2014; Wilson & Bautista, 2014), a sensation that elicits
stereotypical scratching, a protective response against
cutaneous irritants and parasites. TRPA1 participates in
other skin conditions, including allergic contact dermatitis
(Oh et al. 2013).

Activation of nasal and lung nociceptors by inhaled
environmental irritants provokes cough, broncho-
constriction and respiratory depression, defensive reflex
reactions against harmful agents (e.g. dust, mites, chemical
irritants, cold temperature). Numerous in vivo and in
vitro studies have implicated TRPA1 in these protective
reflexes (reviewed by Bessac & Jordt, 2008; Taylor-Clark
et al. 2009b; Belvisi et al. 2011). Ovoalbumin-sensitized
TRPA1−/− mice showed a diminished inflammatory
infiltrate after the immunogen challenge as well as
decreased airway hyper-reactivity (Caceres et al. 2009).

TRPA1 is involved in visceromotor responses to
colorectal distension (Mueller-Tribbensee et al. 2015). It
is strongly upregulated in experimental models of colitis
in mice and rats and this upregulation is necessary for
the development of visceral hyperalgesia (Yang et al.
2008). A similar upregulation was reported in patients
with inflammatory bowel disease (IBD) (Kun et al. 2014).
However, the role of TRPA1 in the pathogenesis of IBD
is unclear. In some studies, activation of TRPA1(+) vagal
sensory neurons has a proinflammatory effect in the gut by
releasing substance P and the blockade of TRPA1 prevents
colitis induction (Engel et al. 2011). In contrast, other
studies reported a protective role of TRPA1 activation
on the colonic inflammatory response (Kun et al.
2014).

Application of HC030031, a specific TRPA1 antagonist,
led to a rise of blood pressure in rats, suggesting that
TRPA1 activation plays a constitutive role in the regulation
of blood pressure (Eberhardt et al. 2014). The inter-
action between H2S and endogenous NO produced HNO,
activating TRPA1, Ca2+ influx and triggering CGRP
release. Of note, mice that lack the receptor for CGRP are
spontaneously hypertensive. This study does not exclude
TRPA1 effects other than at sensory endings.

A genome-wide DNA methylation analysis in pairs
of identical twins with discordant heat pain sensitivity
revealed differential methylation status within the TRPA1
promoter region. TRPA1 was hypermethylated (possibly
implying reduced expression) in individuals with lower
pain thresholds (Bell et al. 2014).

One of the most intriguing roles of TRPA1 channels
has been unwrapped during the characterization of
Caenorhabditis elegans mutants null for the Trpa1 gene.
These tiny worms, like many other animals, including
mice (Conti et al. 2006), live longer in cold environments.
Two recent studies suggest that lifespan in C. elegans is
regulated by a signalling cascade involving cold-dependent
activation of TRPA1, Ca2+ influx and activation of
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the transcription factor DAF-16/FOXO. Intriguingly,
activation of this pathway extended the lifespan in adult
worms (Xiao et al. 2013) but had the opposite outcome in
larvae (Zhang et al. 2015).

Therapeutic potential of TRPA1 modulators

The suggested role of TRPA1 in various diseases pre-
dicts an important therapeutic potential of its modulation
and has triggered an intense search for specific blockers
and their pre-clinical evaluation (Viana & Ferrer-Montiel,
2009; Jiang et al. 2011; Chen & Hackos, 2015). The
selective antagonist CHEM-5861528, a derivative of
HC-030031, alleviated mechanical hyperalgesia in a rat
model of diabetic neuropathic pain (Wei et al. 2009).
In osteoarthritic and inflamed rats, A-967079, a selective
TRPA1 receptor antagonist, reduced activity to noxious
mechanical stimulation in spinal cord wide dynamic range
neurons (McGaraughty et al. 2010). The generation of
monoclonal antibodies with antagonist activity towards
human TRPA1 is another promising venue for the
selective modulation of TRPA1 function, and a therapeutic
alternative to small molecule screens already under way
(Lee et al. 2014). Several compounds have species-specific
modulatory effects on TRPA1. This should be kept in mind
as a complicating factor when evaluating their therapeutic
potential in humans.

Some surprises have emerged from the characterization
of TRPA1 modulators. In a recent study, the anti-
nociceptive action of acetaminophen, administered intra-
thecally, was attributed to TRPA1 activation in the super-
ficial layers of the spinal dorsal horn (Andersson et al.
2011). The study showed that electrophilic metabolites of
acetaminophen activated mouse and human TRPA1 and
suggests the potential for spinal activation of TRPA1 in
the treatment of pain. Consistent with this model, spinal
application of AITC in vivo hyperpolarized substantia
gelatinosa interneurons (Yamanaka et al. 2015).

Summary, open questions and outlook

TRPA1 channels are ancient proteins, discovered only
recently. TRPA1 is expressed in sensory and non-sensory
cells in organisms spanning from worms to humans.
Dissecting their various functional roles has followed a
somewhat tortuous route and has led to truly exciting
discoveries. The recent elucidation of TRPA1 structure will
facilitate the dissection of its multiple functions and the
identification of key residues for agonist and antagonist
modulation.

TRPA1 acts as an integrator of endogenous and
environmental harmful signals, including temperature,
light (including UV radiation), bacterial toxins,
mechanical forces and reactive chemicals. Activation

of TRPA1 in sensory afferents can protect a host
by promoting the avoidance of harmful environments
(e.g. extreme temperatures, toxic agents, pathogenic
microorganisms). Similarly, activation of TRPA1 in
non-neuronal cells can also initiate protecting cascades,
such as melanin production in the skin in response to
solar UV radiation, fluid secretion in the gut and mucus
production in the airways.

The peripheral nervous system and the immune system
are functionally interconnected and there is an emerging
view that TRP channels, including TRPA1, could play
an important role in bridging both biological warning
systems. How the input of TRPA1 afferents is gated at the
level of the spinal cord and whether this gating is modified
during chronic pain conditions is an important question
that can be addressed with the combination of selective
ablation, chemogenic silencing and optogenetic activation
of specific afferents.

Defining the transcriptome of TRPA1 nociceptors
under physiological and pathological conditions will
provide a fingerprint for future investigations of possible
functional partners. The epigenetic regulation of TRPA1
is another exciting aspect of nociceptor biology.

The link between TRPA1 and various diseases provides a
rationale for considering its modulation a major druggable
site for therapeutic intervention. Targeting molecular
partners forming molecular complexes with TRPA1
represents a powerful alternative to direct modulation
(Weng et al. 2015). However, the many protective
functions of TRPA1 should also be kept in mind when
designing clinical trials targeting its activity. For this
reason, more basic research on TRPA1 functions is needed
before TRPA1 modulators reach the clinic.
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