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TRP Channels in Respiratory Pathophysiology: The Role of Oxidative,
Chemical Irritant and Temperature Stimuli
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Abstract: There is rapidly growing evidence indicating multiple and important roles of Ca®'-
permeable cation TRP channels in the airways, both under normal and disease conditions. The aim of
this review was to summarize the current knowledge of TRP channels in sensing oxidative, chemical
irritant and temperature stimuli by discussing expression and function of several TRP channels in
relevant cell types within the respiratory tract, ranging from sensory neurons to airway smooth
muscle and epithelial cells. Several of these channels, such as TRPM2, TRPMS, TRPA1 and
TRPV1, are discussed in much detail to show that they perform diverse, and often overlapping or
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contributory, roles in airway hyperreactivity, inflammation, asthma, chronic obstructive pulmonary disease and other
respiratory disorders. These include TRPM2 involvement in the disruption of the bronchial epithelial tight junctions
during oxidative stress, important roles of TRPA1 and TRPV1 channels in airway inflammation, hyperresponsiveness,
chronic cough, and hyperplasia of airway smooth muscles, as well as TRPMS role in COPD and mucus hypersecretion.
Thus, there is increasing evidence that TRP channels not only function as an integral part of the important endogenous
protective mechanisms of the respiratory tract capable of detecting and ensuring proper physiological responses to various
oxidative, chemical irritant and temperature stimuli, but that altered expression, activation and regulation of these
channels may also contribute to the pathogenesis of respiratory diseases.
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1. INTRODUCTION

Air pollution, both ambient (outdoor) and household
(indoor), is defined by World Health Organization as a major
environmental risk to health, causing over 7 million
premature deaths worldwide [1]. The problem of inhaling
respiratory irritants and toxic chemicals is especially
common in the workplace. These chemicals evoke many
adverse affects, which can range from specific allergic
responses limited to only susceptible individuals to more
commonly occurring inflammation of the airways and even
to systemic toxic effects. Such harmful substances for the
respiratory system, their sources and physical and
biochemical properties are comprehensively described in the
ILO Encyclopedia of Occupational Health and Safety,
including the review of mechanisms of cell injury and
respiratory diseases they cause [2].

While the adverse effects induced by inhaled air
pollutants are generally considered to be non-specific, it
should be noted that some of the best characterised irritants
commonly induce oxidative stress and injury as they either
act as oxidants themselves or engage the oxidative pathway
of cell damage via related derivatives, such as free radicals.
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Other pathological mechanisms, which can be at least in part
understood in terms of the specific molecular and cellular
events involved, include alteration of pH via formation of
acidic or alkaline substances, protein folding and binding,
and direct stimulation of nerve endings. The latter causes
immediate respiratory symptoms and, if persistent, together
with epithelial injury can lead to long-lasting neurogenic
inflammation, which is a key component of respiratory
diseases, such as asthma and chronic obstructive pulmonary
disease (COPD), as well as the sensitized cough response in
chronic cough [3].

In this context of as yet poorly understood molecular and
cell signaling specificity leading to respiratory diseases, in
recent years there has been a continuously growing interest
to various members of the mammalian superfamily of
Transient Receptor Potential (TRP) channels, many of which
can rather specifically detect a diverse array of physical and
chemical stimuli, such as mechanical forces, temperature
changes, pH, osmolarity, noxious compounds, and reactive
oxygen and nitrogen species [4-8]. Indeed, various TRP
subtypes are widely present in chemo-, thermo- and
mechanosensory nerves (e.g. thinly myelinated Ad-type and
polymodal unmyelinated C-fibres), which innervate the
airways and which can sense various noxious physical and
chemical stimuli, as well as adverse conditions, such as cold
air, hypoxia, pressure and mechanical stress, and chemical
irritants [9-12]. Moreover, as will be discussed in this
review, TRP channels are present not only in neurons, but
also in other cell types, which are important for respiratory
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pathophysiology including airway epithelial cells, mast cells,
macrophages, lymphocytes, neutrophils, eosinophils, and
airway smooth muscle cells.

There is also accumulating evidence implicating TRP
channels in coordinated parasympathetic reflex responses,
such as cough and bronchoconstriction, which efficiently
protect the airways against respiratory irritants and toxic
chemicals. However, either abnormal sensitization or
suppression of these reflexes (e.g. in neurogenic inflammation
or chronic exposure to harmful agents) may become a clinical
problem in its own right [9-19]. When exaggerated, these
same mechanisms give rise to neurogenic inflammation and
airways hyperactivity — hallmarks of respiratory diseases,
such as chronic cough, COPD, and asthma exacerbation.

The importance of TRP channels in the respiratory
system health and disease is most definitely and convincingly
illuminated by several studies that used the gene knock-out
(KO) strategy, as summarized in Table 1.

Thus, considering the growing evidence for multiple key
functions of TRP channels as cellular sensors in respiratory
function and dysfunction, the purpose of this review was to
discuss this evidence with focus on several TRP subtypes
that commonly mediate signaling induced by oxidative,
temperature and chemical irritant stimuli. There are several
excellent recent reviews discussing in detail the important
roles of these and other TRPs in specific respiratory diseases,
which is outside the scope of this paper [11, 12, 17-19, 31-36].

2. OXIDATIVE STRESS AND TRP CHANNELS

As already noted, the action of some of the best
understood chemical irritants that cause respiratory
symptoms, including ozone (O;) and particulate matter (PM)
as the two most common air pollutants, involves oxidative
stress and cell injury [2]. While the link between ozone and
other substances (e.g. nitrogen oxides, sulphur dioxide,
chlorine, some metals and their oxides) and oxidative injury
is clear, there is also evidence that reactive oxygen species
(ROS) and oxidative stress are the main components of PM-
induced cell injury [37, 38]. Inhalation of such substances,
which can trigger a number of the redox-sensitive signaling
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cascades, can cause cough, wheezing, and the exacerbation
of airway inflammation, especially in susceptible people
with asthma and COPD, children and the elderly. ROS can
also be produced endogenously under hypoxic and ischemia/
reperfusion conditions. Lipid peroxidation through oxidative
stress-induced damage the protective epithelial lining of the
respiratory tract, eventually resulting in an inflammatory
response. Oxidative stress thus plays a major role in many
diseases, including asthma and COPD.

Important cell types, which are targets of PM and
oxidative stress in the lung, are macrophages and bronchial
epithelial cells [39, 40]. Their exposure to PM induces
generation of ROS and oxidative stress that in turn causes
increased production and release of cytokines, e.g. TNF-a
and IL-6 in macrophages and IL-8 in bronchial epithelial cells
[38, 41]. Furthermore, these and other pro-inflammatory
cytokines can sensitize the thermo- and chemo-sensitive
TRP channels (e.g. TRPA1, TRPMS8, TRPV1) expressed in
sensory nerves, thus contributing to neurogenic inflammation,
as will be discussed in the next section.

Although ROS and reactive nitrogen species (RNS) are
important messengers for normal cell function, redox
imbalance when ROS and RNS overwhelm the protective
cell defence capabilities contributes to pathological states
whereby lipid peroxidation, DNA and protein oxidation, and
disruption of cell signaling pathways occur leading to cell
death. Calcium signaling, such as enhanced Ca’" influx and
Ca®' release from the endoplasmic reticulum followed by
mitochondrial Ca®>* uptake and overload, as well as abnormal
Ca®'-dependent gene transcription, is largely responsible for
the switch from normal ROS/RNS messenger function to cell
damage and death [42, 43]. For example, in human leukocytes
intracellular calcium overload induced ROS production,
caspase activation and DNA fragmentation [44, 45]. Calcium
overload-induced leukocyte apoptosis was largely inhibited
by the cytosolic calcium chelator, dimethyl BAPTA, as well
as by blocking calcium uptake into mitochondria.

Notably, several members of the TRP superfamily of
non-selective Ca”’-permeable cation channels have been
recently implicated in sensing ROS and RNS [46] and likely

Table1. TRP knock-out (KO) and respiratory system phenotype.
Subtype KO Phenotype
TRPCG Impaired lung allergic inflammatory responses to allergen; reduction in airways eosinophilia and blood IgE levels and decreased levels of
T-helper type 2 (Th2) cytokines IL-5, IL-13 in bronchalveolar lavage fluid [20].
TRPAI Target of environmental irritants [21]; reduced chemically and allergen-induced neuropeptide release, leukocyte infiltration, cytokine and
mucus production, as well as inflammation in the airways; airway hyperreactivity to contractile stimuli is abolished [22].
TRPV1 Enhanced airway inflammation and bronchial hyperreactivity during endotoxin-induced airway inflammation [23].
TRPV2 Impaired macrophage migration, binding, and phagocytosis and increased susceptibility and mortality following bacterial infection [24].
TRPV4 Impaired osmotic and pressure sensations, abnormal osmotic regulation [25-27], decreased lung edema induced by high tidal volume
ventilation [28]. TRPV4 contributes to macrophage activation and increase in vascular permeability after ventilator-induced lung injury [28].
TRPM2 Reduced H,0,-induced Ca*" influx and production of the macrophage inflammatory protein-2 (CXCL2) in monocytes [29], increased
endotoxin-induced lung inflammation and injury and decreased survival [30].




TRP Channels in Respiratory Pathophysiology

in abnormal Ca®" signaling during oxidative stress. In
addition, activation of TRP channels can stimulate
production of ROS and RNS, likely via the increased
calcium entry. For example, activation of TRPV4 in alveolar
macrophages 51gn1ﬁcantly increased [Ca®'T;, superox1de and
NO production in WT, but not in cells from TRPV4” mice
[28]. Interestingly, a negative feedback mechanism can also
exist as was shown in case of TRPM2, whereby activation of
TRPM2 inhibits ROS production in phagocytic cells [30].

2.1. TRPM2

TRPM2 is activated by ROS such as H,O, either via the
production of nicotinamide adenine dinucleotide (NAD") or,
more likely, the product of its hydrolysis - ADP-ribose. The
activation occurs in synergy with Ca”" rise [47-52]. TRPM2
is widely expressed in neurones, in the vasculature and cells
of the immune system [53].

Activation of TRPM2 by ROS and RNS strongly
suggests its role in oxidative stress, inflammation and cell
death. Thus, although several studies have mainly linked
TRPM2 activity with pathophysiological events of ischemic
stroke and neuronal death [54, 55], it is possible that similar
pathophysiological events triggered by TRPM2 activation,
such as enhanced cytokine release and inflammation, are also
relevant to other diseases, 1nclud1ng respiratory diseases.
Indeed, TRPM2-mediated Ca®" influx induces chemokine
production, such as IL-8, in monocytes and this aggravates
1nﬂammat0ry neutrophil infiltration. In monocytes from
TRPM2”" mouse both H,0,-evoked Ca*" influx and production
of the macrophage inflammatory protein-2 (CXCL2) were
impaired [29]. The link between ROS and TRPM2 activation
was suggested to contribute to endothelial hyperpermeability,
injury and apoptotic cell death [56-59], but, surprisingly,
TRPM2 was not found to be involved in inﬂammatory
responses in mouse models of COPD when comparing wild
type (WT) and TRPM2”" mice [60]. Moreover, increased
endotoxin-induced lung mﬂammatlon and injury and decreased
survival were found in TRPM2”" mice compared to WT
controls in another study [30]. The cellular mechanisms are
very complex and relate to membrane depolarlsatlon rather
than intracellular free calcium concentration ([Ca’'];) elevation,
produced by TRPM2 activation in phagocytes. In turn,
inhibition of the membrane potential-sensitive nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH-oxidase)
inactivates ROS production in a negative feedback manner.
As a result, TRPM2 activation decreased production of the
inflammatory mediators and oxidative lung damage, thus
playing a protective role. Furthermore, similar inhibitory
role of TRPM2 in ROS production was also found in
polymorphonuclear leukocytes and macrog)hages [30]. No
compensation for Ca’" entry in TRPM2" cells, such as
upregulation of TRPM4 and TRPMS, was evident. Inhibition
of ROS production by TRPM2 may be a wide-spread
cellular mechanism as similar findings have been recently
reported in cardiac myocytes. By investigating ischemia-
reperfusion in WT and TRPM2”" cardiac myocytes it was
found that ROS levels were significantly higher in TRPM2™"
cells, a combined effect of decreased ROS production and
enhanced scavenging of ROS by superoxide dismutases
(SODs) SOD1 and SOD2 mediated by TRPM2 activation
[61].
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Another study using TRPM2”" model also did not find
any TRPM2 role in airway inflammation, at least in
ovalbumin (OVA)-induced severe allergic asthma in mice.
By inspecting lung pathology, airway resistance, mucus
production, cytokine response, airway inflammation, and
production of allergen-specific antlbodles no obvious
differences were wound in TRPM2”" mice compared to WT
controls [62]. The authors conclude that further studies are
needed to fully address the role of TRPM2 in lung
inflammation, perhaps with the use of other, less severe
asthma models. Such additional studies are indeed warranted
considering much more clear role of TRPM2 in other
diseases with a strong inflammatory component, such as
inflammatory and neuropathic pain and myocardial
ischaemia/reperfusion injury [63, 64].

TRPM2 channels may also be important for the
maintenance of the respiratory epithelial barrier, which
provides defence against allergens, microorganisms and PM.
Thus, oxidative stress disrupts the bronchial epithelial tight
junctions via activation of TRPM2 with the involvement of
phospholipase Cyl (PLCyl) and PKCa signaling cascades,
while TRPM2 silencing caused increased resistance to
hyperpermeability induced by H,O, [65].

2.2. Other TRP Channels Involved in Oxidative Stress
Phenomena in the Respiratory System

Multiple other TRP subtypes are also sensitive and
regulated by oxidative stress, although unlike TRPM2 their
primary mechanisms of activation do not involve sensing
oxidative stress per se. Among them, TRPA1 and TRPV1
have received considerable attention in the context of the
respiratory system health and disorders. Function of these
channels in the respiratory system will be discussed in more
detail in the next section. However, it is important to note
now that the cold- and environmental irritant-sensing
TRPA1 channel has also been recently shown to be directly
activated by H,O, via modification of cysteine residues in its
N-terminus [66]. Apart from H,O, several other inflammatory
mediators, such as (15-deoxy-A'*"*-prostaglandin J,, nitric
oxide (NO) and protons, also activated human TRPAI1
heterologously expressed in HEK cells, suggesting importance
of this mechanism under inflammatory conditions, e.g.
sensation of pain. The effects of HyO, on TRPA1 were also
mimicked by both ROS and RNS [67]. Indeed, TRPA1 was
shown to be the ma]or oxidant sensor in airway sensory
neurones [68]. Trpal”’~ mice showed profound deficiencies
in hypochlorite- and H,O,—induced respiratory depression.

The heat and capsaicin-activated TRPV1, which can
generally function as a focal point for detection of multiple
harmful stimuli, is also regulated by oxidative stress. Thus,
oxidative stress was found to markedly sensitize TRPV1 to
other stimuli, e.g. oxidative modulation of the channel
potentiates heat-induced activation of TRPV1 [69] and could
even recover agonist-induced activation of TRPV1 following
prolonged exposure to capsaicin [70]. In addition, it acted in
synergy with kinase or proton-mediated upregulation of
channel activity. Similarly to TRPAI, the effects were
mediated by modification of multiple intracellular cysteine
residues and could be reversed by reducing agents. It should
be noted, that reducing agents by modification of
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extracellular Cys621 also potentiated heat- and voltage-
activated TRPV1 currents [69,71], thus suggesting that
TRPV1 depends on an optimal redox state as long as both
reduced and oxidised states of TRPV1 demonstrate an
enhanced thermal sensitivity [69]. These mechanisms likely
maintain thermal hyperalgesia during oxidative damage,
inflammation or tissue injury. By analogy with DRG sensory
neurones similar scenarios can be envisaged for the role of
TRPV1 in some respiratory symptoms, such as exacerbated
cough reflexes.

Another interesting parallel can be made based on the
findings that increased expression of TRPV1 is seen both in
large DRG neurons in diabetic sensory neuropathy [72]
and in bronchial epithelial cells in patients with severe
asthma [73]. While DRG neurons from diabetes rats showed
increased oxidative stress and activation of cell injury
markers compared with healthy controls, thus implicating
TRPV1 in diabetic sensory neuropathy [72], further studies
are needed to evaluate such possibilities in asthma.

Several members of the canonical subfamily of TRP
channels are also mediators of oxidative stress (see [46, 74,
75] for detailed reviews). For example, TRPC3 and TRPC4
associate endogenously and form a redox-sensitive cation
channel, which mediates oxidative stress-activated membrane
cation conductance in porcine aortic endothelial cells [76].

Most TRPC subtypes are expressed in airway smooth
muscle cells [77-79], implicating these channels in the Ca®"
influx pathways required for airway smooth muscle
contraction, which controls airway calibre and plays a central
role in the pathogenesis of asthma. In addition, TRPC-
mediated increase in [Ca®']; in airway smooth muscle cells
may be responsible for smooth muscle proliferation and
hypertrophy, as well as for secretion of inflammatory
mediators in asthma [80-83]. Indeed, there is growing
evidence for the roles of TRPC channels expressed in airway
myocytes in these pathogenic events, although implications
of oxidative stress-induced phenomena mediated by TRPC
channels remains to be evaluated. Among them, TRPC3 not
only shows constitutive activity and thus plays an important
role in the regulation of the resting membrane potential and
[Ca®"); in airway smooth muscle cells, but it also mediates
methacholine-evoked increase in [Ca®’]; [84]. In OVA-
sensitized mouse, a model for asthma, TRPC3 both protein
expression and gating were enhanced, accompanied by
increased contractile responses to the muscarinic agonist
[84].

TRPC3 may also play important role in inflammatory
airway diseases, such as asthma and COPD since the
proinflammatory cytokine TNF-o contributes to airway
hyper-responsiveness by altering airway smooth muscle
calcium signaling [85] and since TRPC3 gene silencing by
siRNA treatment significantly inhibits both TNF-o- and
acetylcholine-induced Ca®" influx in airway myocytes [79].
These findings are physiologically relevant as the airways
are innervated by cholinergic nerve fibres.

TRPC6 is another redox-regulated ion channel, although
primarily it is activated in a receptor-dependent manner with
the involvement of diacylglycerol (DAG). The effects of
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H,0, on TRPC6 expressed in HEK293 cells are multiple,
including direct activation by cysteine oxidation,
sensitization to DAG and enhanced plasma membrane
expression [86]. TRPC6 plays important role in hypoxic
pulmonary vasoconstriction, which is the physiological basis
of ventilation/perfusion matching during acute local alveolar
hypoxia [87-89]. Oxidative stress is likely to occur during
intermittent or chronic hypoxia and hypoxia is involved in
many pathological states, including hypertension, heart and
respiratory diseases. Moreover, TRPC6 is also involved in
lung allergic inflammatory responses to allergens [20],
migration of neutrophils [90] and in mucus hypersecretion in
chronic bronchitis [91], which suggests TRPC6 as a suitable
drug target in asthma and COPD [85]. Such hypothesis is
also supported by examination of TRPC expression in
human lung macrophages, which play key roles in the
pathophysiology of COPD. TRPC6 expression was found to
be significantly elevated in alveolar macrophages, and
especially in small macrophages, in patients with COPD
when compared with healthy subjects, while the expression
levels of TRPC3 and TRPC7 were not altered [92].

3. CHEMICAL IRRITANT AND THERMOSENSITIVE
TRP CHANNELS

Apart from the oxidative stress, which commonly
mediates the action of various chemical irritants, further
molecular and cell signaling specificity underlying respiratory
diseases can be sought within the next widely studied in this
context group of TRP channels - thermosensitive, or
thermoTRPs. An important operational criterion for defining
thermoTRPs is that their temperature coefficient of
activation Q;o, which is equal to fold current increase per
10°C change in temperature, should be higher than 5, and 11
TRP subtypes confirm to such definition [93]. Among them,
the cold-activated TRPA1 and TRPMS8 and the heat-
activated TRPV1 channels have received much interest in
the studies of the respiratory system and its disease states
[12,17, 18,31, 34, 35].

Such large interest to these TRP subtypes relates to the
fact that they are commonly activated not only by temperature
stimuli, but also, and in the context of respiratory disease
probably even more importantly, by various chemicals,
such as acrolein, crotonaldehyde (noxious aldehyde in
photochemical smog and cigarette smoke) and formaldehyde
(potent industrial and environmental irritant), which activate
TRPAI1, or capsaicin (pungent ingredient in chili peppers
and potent respiratory irritant), which activates TRPV1.

Thus, these channels can integrate the action of thermal
irritants, such as inhalation of cold air that can provoke
coughing, especially in respiratory virus-induced cough
hypersensitivity [94, 95], with the action of chemical
irritants, such as the TRPV1 agonist capsaicin, which is
useful for the assessment of cough response during the
inhalation cough challenge [96]. In addition and as already
discussed above, TRPA1 and TRPV1 channels are regulated
by oxidative stress, often in synergy with their main
activators — temperature changes and agonists. There is
recent evidence that oxidative stress induced by H,O, caused
upregulation of TRPMS8-mediated calcium signaling in the
urothelium and enhanced urinary bladder afferent nerve
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activity [97]. Thus, it is important to understand such signal
integration in its full complexity.

3.1. TRPA1

TRPAL1 is a widely expressed neuronal sensory channel,
that can detect noxious cold (<17°C) and various chemicals,
including allyl isothiocyanate, acrolein and crotonaldehyde,
formaldehyde and ROS to name some of the most important
ones for the purposes of this review. Reactive chemicals
affect many proteins, but in case of TRPA1 the electrophilic
nature of many of its activators suggests covalent
modification of the protein, therefore TRPA1 can be
considered as an intrinsically chemosensitive channel and
likely the major airway irritant receptor [12, 98].

TRPA1 is mostly expressed in a sub-population of
TRPV1-expressing neurons and in non-neuronal cells, such
as epithelial cells (including in the airways), mast cells,
fibroblasts and pancreatic B-cells. Activation of TRPA1 via
influx of Na" and Ca’" causes membrane depolarisation,
which triggers an action potential discharge, as well as
induces the release of sensory neuropeptides, such as
calcitonin gene-related peptide (CGRP), substance P and
neurokinin (NKA). In addition to its major role in
nociception, TRPA1 has been implicated in visceral reflexes
and responses to tissue injury [98].

Thus, depending on the physiological system various
functional and pathophysiological responses can occur
subsequent to TRPAI1 activation. In the respiratory tract,
activation of sensory pathways can cause cough, sneezing,
bronchospasm, mucus secretion and, in extreme cases,
inflammation. Indeed, TRPA1 has been tested, including
knock-out studies (Table 1), and shown to participate in
various respiratory physiological and pathological processes,
as well as defensive reflex control [12, 99]. Pharmacological
studies showed that chemical irritants activate TRPAT1 in the
airways and produce asthma-like symptoms, as well as
heightened responses to chemical and physical stimuli [12,
22, 32, 100-102]. Pharmacological and knockout studies
revealed, that TRPA1 mediates the inflammatory effects of
chemical irritants [21].

TRPA1 has also been implicated in the progression of
COPD. Crotonaldehyde, o,p-unsaturated aldehydes and
acrolein contained in cigarette smoke induced an early
inflammatory response in rodent airways via activation of
TRPA1, which is co-expressed with TRPV1 channels in the
same sensory neurones [103]. These compounds also evoked
contraction of isolated guinea pig bronchi. The effects
of cigarette smoke extract and aldehydes on Ca®" entry in
DRG neurones were absent in TRPAI-deficient mice.
Acetaminophen, the common antipyretic/analgesic medicine,
also activates TRPA1 and causes airway neurogenic
inflammation by releasing proinflammatory neuropeptides
(substance P and CGRP) — responses which are absent
in TRPAl-deficient mice [104]. Furthermore, airway
inflammation can also be promoted by activation of non-
neuronal TRPAT1 present in fibroblasts, epithelial and smooth
muscle cells through the release of IL-8 from these cells.
This effect was attenuated by TRPA1 antagonists or in
TRPA1-deficient mice [105]. These findings are very
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interesting in light of similar roles of TRPVI1, as will be
discussed below.

3.2. TRPV1

TRPVI1, or capsaicin receptor, is one of the well-
characterised TRP channels. Starting from the initial
discovery of TRPV1 expression in a subset of DRG sensory
neurones involved in the transduction of painful stimuli
[106] there has been much interest in its role in health and
disease [107]. TRPV1 is a polymodal receptor that can be
activated by heat (>42°C), protons, and some pungent
chemicals, such as capsaicin, resiniferatoxin, endocannabinoid
lipids and eicosanoids. Moreover, TRPV1 is sensitised by
activation of protein kinase A (PKA), protein kinase C
(PKO), Ca2+/calmodulin-dependent kinase II (CaMKII),
phophatidylinositol 3-kinase (PI3K), as well as by pro-
inflammatory mediators, such as bradykinin, prostaglandins,
histamine, purines, proteases, NGF and chemokines [6, 8§,
107-112].

TRPV1 is widely expressed in sensory neurones and in
some non-neuronal cell types, including vascular myocytes
and epithelial cells. TRPVI1-positive afferent fibers are
present throughout the entire respiratory tract and their
number increases in allergic inflammation [113, 114]. Thus,
a number of studies have addressed function of TRPV1 in
sensory nerves, such as its role in airway inflammation and
sensitization of cough reflex by inflammatory mediators and
other endogenous ligands [12, 85, 94, 115-119].

Inhalation of the TRPVI1 agonist capsaicin readily
induces cough response in cough challenge test [96], which
is enhanced in asthma and COPD. Conversely, TRPV1
antagonists have shown efficacy in suppressing this response
[120, 121]. Thus, TRPVI is currently considered as an
attractive antitussive drug target [12, 94, 118]. Interestingly,
one genetic variant (SNP) of TRPV1 shows decreased
channel activity in response to capsaicin and heat, and this
loss-of-function is associated with a reduced risk of
childhood asthma [122].

Similarly to the above discussed TRPA1 channel, non-
neuronal TRPV1 channels can also play important roles in
airway diseases. We found functional expression of TRPV1
in human bronchial epithelial cells and showed its enhanced
expression in patients with severe asthma [73]. Activation of
TRPV1 in these cells by capsaicin induced IL-8 release,
which could be inhibited by the TRPVI1 antagonist
capsazepine. Thus, a rather consistent picture arises from the
studies of TRPA1 and TRPV1 channels (and possibly
TRPMS as discussed below) in sensory neurons and non-
neuronal cell types of the airways, suggesting that these
channels can contribute to airway hypersensitivity with the
involvement of pro-inflammatory mediators, as illustrated in
Fig. 1. According to this model, activation of non-neuronal
thermoTRPs by thermal stimuli and harmful irritants causes
the release of pro-inflammatory mediators from airway
epithelial cells, thus inducing or aggravating neurogenic
inflammation and relevant respiratory symptoms, such as
chronic cough. In this scenario, nerve growth factor (NGF),
which does not normally induce a cough response, enhances
citric acid-induced cough and airway obstruction via TrkA
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Fig. (1). Schematic diagram depicting the signaling cross-talk between thermoTRPs expressed in sensory nerves and non-neuronal cells,
such as airway epithelial cells, leading to neurogenic inflammation induced by neuropeptides and further enhanced by pro-inflammatory
mediators released by epithelial cells, such as interleukins, prostaglandin E2 (PGE,), NGF and TNF-a. Furthermore, activation on TRPM2
by ROS disrupts the respiratory epithelial barrier, thus aggravating the action of chemical irritants.

receptor and TRPV1 activation, likely downstream of PI3K
and PLCy activation [123], and PI3K is involved in TRPV1
sensitisation during inflammation [124]. In this sequence of
events, accompanying oxidative stress by activating TRPM?2
(and possibly other above discussed oxidative stress-
regulated TRP channels) may disrupt tight junctions [65],
thus facilitating access and aggravating the action of various
harmful irritants and allergens (Fig. 1).

It should be noted that persistent nerve activation also
induces neurogenic inflammation mediated by the release of
neuropeptides, such as tachykinins and CGRP, which in turn
can induce a further release of inflammatory mediators [125-
127]. Thus, TRPV1 can function at multiple points, from
sensory nerves to the secretion of pro-inflammatory
cytokines by airway epithelial cells [73, 127, 128]. Similar
mechanisms involving upregulation of neuronal TRPV1, as
well as TRPA1 and TRPMS, are also involved in respiratory
virus-induced cough  hypersensitivity [95]. TRPV1
knockdown by siRNA treatment attenuated airway
hyperresponsiveness, airway inflammation, goblet cell
metaplasia and subepithelial fibrosis induced by IL-13, while
IL-13 enhanced TRPV1 expression in bronchial epithelial
cells [129]. TRPVI has also been implicated in another,
formaldehyde-induced model of asthma [130]. Sepsis-
evoked acute lung injury induced by hydrogen sulphide

(H,S) has also been shown to enhance neurogenic
inflammation through TRPV1 activation [131]. In addition,
endogenous agonists of TRPV1 such as endovanilloids are
also involved in lung injury during inflammation [132].
Interestingly, TRPV1 activation can, to some extent,
counteract inflammation via somatostatin release [23].

Similarly to TRPA1, TRPV1 expression was increased in
lung tissue samples from patients with COPD and its
activation cigarette smoke compounds cause ATP release
from primary bronchial epithelial cells [133].

Activation of TRPV1 can cause endoplasmic reticulum
stress and lung cell death [134]. PM, such as coal fly ash, is a
selective and potent TRPV1 activator [135]. PM evoked
apoptosis of human airway and epithelial cells and mouse
sensory neurons, which was associated with sustained Ca’"
influx via TRPV1 channels and which was completely
prevented by the TRPV1 antagonist capsazepine or in
sensory neurons from TRPV1™ mice [136]. Sulfur dioxide
(SO,) exposure also causes TRPV1 upregulation associated
with sensitization of the cough response to capsaicin [137].

Hyperplasia of airway smooth muscles is an important
feature of airway remodelling in asthma. Expression of
TRPV1 is markedly increased in asthmatic airway smooth
muscle and TRPV1 channel is involved in the regulation of
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proliferation and apoptosis in asthmatic myocytes [138],
although its role in contractility of airway smooth muscles
remains unclear [139]. TRPV1 sensitisation in inflammation,
which is mediated by the PI3K and PKC signaling pathways,
also causes mucus hypersecretion [124].

Taking together, there is growing evidence indicating
TRPV1 role in airway responses to various chemical
irritants, cough, asthma, and COPD, and both neuronal and
non-neuronal TRPV1 channels may be involved in airway
disorders.

3.3. TRPMS

TRPMS8 was originally cloned from human prostate as
gene, expression of which was upregulated in prostate cancer
[140]. Afterwards, TRPMS8 expression was found in a
subpopulation of small diameter cold-sensitive sensory
neurones [141, 142] and later several TRPMS8 knockout
studies have firmly established its crucial role in cold
sensation [143-145]. Similarly to TRPA1 and TRPV1 there
exist a large number of diverse chemicals that either activate
or inhibit TRPMS, which led to its characterisation as truly a
“pharmacophore receptor” [146, 147]. Interestingly, TRPMS
can also be activated at physiological temperature via a
biochemical pathway that involves PLA, and its products,
lysophospholipids [148, 149]. In addition to cold- and
agonist-induced activation, TRPMS8 is regulated by
phosphorylation, various lipids and directly by G-proteins
[147, 150].

As already noted, upper airways can be exposed to
marked changes in temperature and inhalation of cold air can
provoke cough, airway constriction, mucus secretion and
trigger asthma attacks. Hence the expression and function of
the cold- and menthol receptor TRPMS in the airways has
been addressed in several studies, but the data still remain
somewhat controversial (see [12, 151] for recent reviews).
For example, the available pharmacological tools make it
difficult to distinguish between the effects of TRPA1l or
TRPMS8 activation. It is however clear that rhinovirus
upregulates expression of neuronal TRPMS8 in a manner
distinct from TRPV1 and TRPAI1, and this implies
TRPMS contribution to virus-induced cough hypersensitivity
[95].

TRPMS8 immunoreactive nerve fibres are abundant in the
sub-epithelium, and especially around blood vessels in
deeper regions. Thus, TRPM8 may mediate neurovascular
reflexes [152]. However, no differences were found between
control subjects and patients with allergic rhinitis. Notably,
TRPA1, but not TRPMS8 expression was found in vagal
afferent nerves innervating mouse lungs [153].

There is also some controversy surrounding the possible
involvement of TRPMS activation in inflammatory
responses. One study reported that activation of a shorter
splice variant of TRPMS in bronchial epithelial cells by cold
and menthol can produce the inflammatory cytokines 1L-6
and IL-8 [154]. However, in mouse model of chemically
induced colitis activation of TRPMS by icilin attenuated the
inflammatory response, and this effect was absent in
TRPMS8™ mice confirming its specificity [155]. Furthermore,
icilin inhibited production of inflammatory cytokines and
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chemokines in colonic inflammation, in part due to an
inhibition of neuropeptide release.

Upregulation of TRPMS8 expression was found to be
significantly increased in bronchial epithelial cells in patients
with COPD compared with TRPMS expression in healthy
subjects. Activation of TRPMS in these cells by cold caused
[Ca™]; rises and mucus hypersecretion through the Ca®'-
PLC-PIP,-MARCKS signaling pathway [156]. In human
nasal epithelial cells maintained in short-term culture, we
found TRPMS expression at the mRNA and protein levels
[157]. Treatment of these cells with menthol induced
membrane current responses and [Ca®"); rises, which could
be blocked by the TRPMS8 antagonist BCTC [158].

TRPMS is also expressed in mast cells, where it has been
implicated in cold- and menthol-induced histamine release
[159]. Since histamine is associated with the pathology of
allergy and inflammation of the airways these results may
explain the role of TRPMS channels in the menthol- and
cold-induced allergic responses.

4. CONCLUSIONS

As summarised in this review, even within the limits of
the present focus on oxidative, chemical irritant and
temperature stimuli, multiple TRP subtypes play important
roles in airway function and disease. Many findings in this
area of research are generally consistent with the present
extensive knowledge of properties and regulation of TRP
channels in heterologous expression systems, as well as TRP
roles under related conditions in other tissues and cell types.
Thus, the role of TRPA1 and TRPV1 in airway inflammation
and hyperreactivity of the airways can be well paralleled
with their involvement in chronic inflammatory and
neuropathic pain. There are also some surprising findings.
Although TRPM2 is activated under conditions of oxidative
stress thus contributing to tissue inflammation, injury and
apoptotic cell death, surprisingly TRPM2 seems to be
“protective”, rather than ‘“aggravating” channel under
oxidative stress-induced airway disease conditions: it is not
involved in inflammatory responses in mouse models of
COPD and asthma, but TRPM2 is important for the
maintenance of the respiratory epithelial barrier. Instead,
TRPA1 was found to be the major oxidant sensor in airway
sensory neurones. Although TRPMS expression is upregulated
in bronchial epithelial cells in patients with COPD, its role in
airway inflammation also remains a controversial issue.
Clearly, in order to fully realise the presently emerging
potential of TRP channels as attractive novel targets for the
treatment of airway diseases more research is needed to
elucidate specific roles of individual TRP subtypes in
different cell types, their involvement in cross-talk signaling
and cell communication and, most importantly, their dual
relevance to both normal airway defence mechanisms and
pathophysiological changes.
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LIST OF ABBREVIATIONS

[Ca®']; = intracellular free calcium concentration
CaMKII =  Ca®'/calmodulin-dependent kinase II
CGPR = calcitonin gene-related peptide

COPD = chronic obstructive pulmonary disease
CXCL2 = macrophage inflammatory protein-2
DAG = diacylglycerol

IL = interleukin

KO = gene knock-out

NAD" = nicotinamide adenine dinucleotide
NADPH- = nicotinamide adenine dinucleotide phosphate-
oxidase oxidase

NGF = nerve growth factor

NKA = neurokinin

NO = nitric oxide

OVA = ovalbumin

PGE2 =  prostaglandin E2

PI3K =  phophatidylinositol 3-kinase

PKA =  protein kinase A

PKC =  protein kinase C

PLA, = phospholipase A,

PLC = phospholipase C

PM = particulate matter

ROS = reactive oxygen species

RNS = reactive nitrogen species

SOD = superoxide dismutase

Th2 = T-helper type 2

TNF-a = tumor necrosis factor alpha

TRP = transient receptor potential

WT = wild type
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