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2017 marks the 20th anniversary of the molecular cloning by David Julius and colleagues (1997)
of the long sought-after capsaicin receptor, now known as TRPV1 (Transient Receptor Potential
Vanilloid 1) [1]. This seminal discovery has opened up a “hot” new field of basic research and launched
drug discovery efforts into the large family (by the latest count 28 mammalian members, 27 in humans)
of TRP ion channels [2]. Indeed, it took less than a decade for the first potent, small molecule TRPV1
antagonists to enter phase 1 clinical trials [3]. Yet, despite the large amount of resources that has been
invested in TRPV1 research, there are currently no TRPV1-targeted drugs in phase 3 clinical trials.
In this special issue of Pharmaceuticals, we aim to capture the progress in the TRP channel field over
the past twenty years, with 15 articles covering a variety of TRP channels and potential relevant disease
states and applications.

Fitting to the root of TRP channel discovery, Mickle and colleagues provide a comprehensive
review of the nociceptive TRP ion channels, including TRPV1 [4]. TRP channel activation by specific
physical-chemical stimuli, expression in the nociceptive system, and involvement in various types
of pain are discussed. They argue that inhibition of TRP channels expressed on nociceptive neurons
represents a viable therapeutic pain target. Small molecule modulators of TRP channels that have
already progressed into clinical development for the treatment of pain are also discussed.

Natural products offer a rich source of chemical diversity to identify novel drug candidates.
Indeed, one in three new medicines approved by the FDA is derived from natural products.
In sensory pharmacology, capsaicin (the pungent principle in hot chili peppers) and its ultrapotent
analog, resiniferatoxin, are useful tools to dissect the pain pathway. Drs. Man-Kyo Chung and
James Campbell summarize the sensory and physiological effects of capsaicin (a natural TRPV1
agonist) and the rationale of its therapeutic use [5]. They describe how the short-term excitatory effects
of capsaicin (characterized by pungency or pain) are followed by a lasting refractory state in which the
previously excited neurons are unresponsive to various unrelated stimuli. Mechanisms underlying
capsaicin-induced analgesia both in the form of desensitization and denervation are discussed, along
with potential clinical implications.

Dr. Dorothy Cimino-Brown continues the theme of TRPV1 agonism by discussing the therapeutic
potential of the ultrapotent TRPV1 agonist, resiniferatoxin, as a “molecular scalpel” to achieve
permanent pain relief [6]. The review recounts both preclinical studies (including bone cancer in
companion dogs) and clinical trials in patients with advanced cancer pain. The pain relief and
the improvement of quality of life observed in these limited studies warrant further exploration in
more patients.

Capsaicin and resiniferatoxin are natural products. Existing TRPV1 antagonists have come from
mass-screening of compound libraries. Drs. Carnevale and Rohacs suggest an alternative approach:
rational, structure-based drug design [7]. They discuss the advances in elucidating the structure of
TRPV1, and how these led to a better understanding of the mechanisms underlying agonist binding
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and channel function. Rational drug design based on structural information and computational
modeling may generate libraries of compounds that hold promise as potent TRPV1 modulators.

TRPV3 is a cousin of TRPV1 [2]. Indeed, TRPV3 can form hetero-tetrameric channels with TRPV1,
hence TRPV3 can reasonably be expected to potentially serve similar roles or impact TRPV1 function in
some circumstances. Dr. Broad and colleagues review our current understanding of TRPV3 expression
and function, as well as their potential clinical relevance [8]. In their paper, drug development efforts
centered on TRPV3 by various pharmaceutical companies are summarized.

Exemplified by TRPV3, which is expressed in keratinocytes (where its gain-of-function mutation
has been linked to Olmsted syndrome [9], a pruritic skin disorder), various TRP channels are found in
different cell types in the skin. Drs. Caterina and Pang provide a comprehensive review of cutaneous
TRP channel expression [10]. They summarize the growing body of evidence suggesting that these
channels play an important role in skin physiology, from sensation through keratinocyte differentiation
and barrier function to hair growth. Malfunction of these channels has been implicated in various
disease states, including pruritus, dermatitis, hirsutism/alopecia, and cancer.

Unlike TRPV1 and TRPV3, that respond to heat, TRPM8 is a cold-activated channel expressed
on nociceptive neurons. Drs. Weyer and Lehto discuss the on-going efforts to develop TRPM8
antagonists for the treatment of chronic pain and migraine [11]. The role of TRPM8 in mechanical and
heat analgesia, cold hyperalgesia, bladder pain, and migraine is discussed. They note that TRPM8
appears to be analgesic in some cases but nociceptive in others—a challenging feature for the clinical
development of TRPM8 antagonists.

Drs. Kumamoto and Fujita report the differential activation of TRPV1, TRPA1, and TRPM8
channels in rat spinal cord slices by stereoisomers using whole-cell patch clamp recording [12].
They show that carvacrol and thymol (from the essential oil of thyme), carvone (from caraway),
and cineole (from eucalyptol) increase the frequency of spontaneous excitatory postsynaptic currents;
however, these presynaptic activities differ when activated by different stereoisomers, suggesting
potential additional consideration for modulating these channels.

Inhaled capsaicin has been used clinically to identify a subset of chronic cough patients.
Dr. Eva Millqvist discusses the putative role of TRPV1 and TRPM8 in chronic idiopathic cough and
cough hypersensitivity syndrome [13]. Indeed, chronic cough was a potential clinical indication for
TRPV1 antagonism. Disappointingly, TRPV1 antagonists failed to show any antitussive effect in
clinical trials. Thus, the role of TRPV1 in the pathogenesis of chronic cough remains speculative.

TRPA1 is another channel that is expressed in the respiratory tract. Mukhopadhyay and colleagues
summarize the state of our understanding of the role of TRPA1 in chronic cough, asthma, chronic
obstructive pulmonary disease, allergic rhinitis, and cystic fibrosis [14]. They describe the preclinical
and clinical progress achieved so far with selected TRPA1 antagonists.

Another area of active TRP channel research is the area of cancer biology. Dr. Nelson Yee reviews
the expression and role of TRPM7 in human malignancies, such as pancreatic, gastric, and breast
carcinomas [15]. The potential of modulating TRPM7 as an anti-cancer therapy is discussed.

Drs. Grolez and Gkika focus on another member of the TRPM family, TRPM8, in prostate
cancer [16]. They describe the androgen-dependent characteristics of TRMP8, and discuss the data
implying a role for TRPM8 in prostate cancer cell proliferation, survival, and migration. They also
note the promise of TRPM8 as a diagnostic marker in the clinic.

Drs. Zsombok and Derbenev discuss the emerging role of TRP channels in obesity and
diabetes [17]. They review laboratory data on the regulation of hormonal release, energy expenditure,
pancreatic function, and neurotransmitter release, and describe the effects of capsaicin in human
subjects. Obesity is a world-wide epidemic. It is an attractive hypothesis that such an inexpensive and
readily available dietary substance as capsaicin may be used for weight control.

Drs. Yamamoto and Shimizu review the role of another TRPM family member, TRPM2,
in reactive oxygen species (ROS)-coupled diseases [18]. TRPM2 can be activated by ROS in
an ADP-ribose-mediated manner to function as a transducer that converts oxidative stress into
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calcium signaling. The relevance to conditions such as inflammation, infection, ischemia-reperfusion,
and Alzheimer’s disease is discussed.

Staying with the non-ligand mode of activation, Drs. Nagarajan and colleagues describe
the ability of hydroxylation enzymes to regulate the channel activity of TRPA1 and TRPV3 [19].
The potential of targeting these enzymes as a means of modulating TRP channel activity is discussed.

The literature on TRP channels is immense. TRPV1 alone is a keyword in over 5000 publications
searchable in PubMed. It is not possible to capture the entire literature in a single thematic issue.
Consequently, the selection of articles presented in this issue represents a sampling of the literature,
and is admittedly subjective. We tried to survey the wide range of human diseases in which TRP
channels have been implicated, ranging from chronic pain through asthma and diabetes, to cancer, and
highlight the channels that appear to hold the greatest promise for therapeutic targeting, in our opinion.
Unfortunately, promising results obtained in laboratory species do not always yield equivalent results
in clinical trials. Yet, from the richness of the investigations over the last 20 years, and the wide range of
human conditions that have been implicated, it is fair to say that TRP channels constitute a formidable
family of potential therapeutic targets that will likely continue to demand attention.
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Abstract: Capsaicin is the pungent ingredient of chili peppers and is approved as a topical treatment
of neuropathic pain. The analgesia lasts for several months after a single treatment. Capsaicin
selectively activates TRPV1, a Ca2+-permeable cationic ion channel that is enriched in the terminals
of certain nociceptors. Activation is followed by a prolonged decreased response to noxious stimuli.
Interest also exists in the use of injectable capsaicin as a treatment for focal pain conditions, such as
arthritis and other musculoskeletal conditions. Recently injection of capsaicin showed therapeutic
efficacy in patients with Morton’s neuroma, a painful foot condition associated with compression
of one of the digital nerves. The relief of pain was associated with no change in tactile sensibility.
Though injection evokes short term pain, the brief systemic exposure and potential to establish long
term analgesia without other sensory changes creates an attractive clinical profile. Short-term and
long-term effects arise from both functional and structural changes in nociceptive terminals. In this
review, we discuss how local administration of capsaicin may induce ablation of nociceptive terminals
and the clinical implications.

Keywords: capsaicin; pain; nociceptors; TRPV1 receptors

1. Introduction

Anyone who has eaten a hot pepper knows about the pungency of capsaicin. Capsaicin’s
pro-nociceptive effects are not confined to the mouth, as this molecule evokes pain in multiple other
tissues, including the cornea, skin, joints, and muscles. The discovery of the neural receptor, TRPV1 [1],
established the basis for this effect, and represented a major advance in understanding how nociceptors
(primary afferents that signal pain) are activated.

The capacity of capsaicin to evoke pain is of value commercially. Of course capsaicin is a staple
of many diets and in many cuisines, the capsaicin content is very high [2]. Why capsaicin is such a
popular spice remains unclear, given that it essentially evokes a burning sensation in the mouth when
eaten. Capsaicin is the active agent in “pepper spray,” a deterrent used for riot control and to ward
off assailants [3]. As a repellent, capsaicin is used to discourage intrusions by bears, deer, and other
mammals [4]. Bird enthusiasts use capsaicin in their feeders to fend off squirrels, given that the TRPV1
receptor in birds is capsaicin-insensitive [5].

The activation of nociceptors is ordinarily linked with at least the threat of tissue harm.
This imposes limits on the use of heat, chemical, and mechanical stimuli to study pain particularly in
human studies [6–8]. Histological studies of the areas where capsaicin is applied reveal no enduring
pathological findings, however. Therefore elicitation of pain without tissue harm makes the use of
capsaicin attractive in pain studies.

Pharmaceuticals 2016, 9, 66 5 www.mdpi.com/journal/pharmaceuticals
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TRPV1 acts as a transduction channel in nociceptors not only for capsaicin analogues, but also
for heat, and acid as well. It has been logical therefore to pursue small molecule antagonists as
potential new candidates to treat pain. Unfortunately, antagonists also induce hyperthermia due to the
critical contribution of TRPV1 to body temperature regulation. Whether these effects can be avoided
ultimately has yet to be seen. Antagonists can also block heat sensibility to the extent that patients
may be susceptible to burn injury [9].

Paradoxically, however, capsaicin, and its ultra-potent naturally occurring analogue, resiniferatoxin
(RTX), have yet a further property—they act as “excitotoxins”. In other words, these molecules have
the capacity to both activate and destroy nociceptive terminals [10]. The selective neurotoxic action of
capsaicin was first reported in newborn animals [11], which opened research on capsaicin-sensitive
neurons in primary afferents. A single systemic injection of high dose of capsaicin into neonatal rats or
mice causes loss of a large proportion of primarily small diameter neurons and unmyelinated afferent
fibers. In adult rats, systemic administration of capsaicin at extremely high doses may also induce
degeneration of DRG neurons and unmyelinated axons although the extent is less than that in neonatal
animals [12].

In a sense, a common observation supports the idea that capsaicin is an excitotoxin. People
unaccustomed to eating this spice can tolerate only small amounts. However, a regular habit of
eating capsaicin leads to tolerability. Higher and higher doses can be consumed without burning pain.
This eventual tolerability reflects the ablative effects of the capsaicin on the nociceptive terminals.
This capacity to ablate nociceptive afferents specifically has many implications with regard to therapy.

Perhaps the clearest demonstration of the relative specificity of capsaicin in terms of ablative
effects was in an experiment by Simone et al. [13]. Up to 20 μg was injected into the skin in normal
human volunteers. Psychophysical testing done on subsequent days revealed a selective loss of heat
pain sensibility with sparing of touch sensation. Skin biopsies at the site of injection stained with
the pan-axonal marker, PGP 9.5, revealed nearly complete ablation of the C fibers in the epidermis
days after the capsaicin injection. Further biopsies weeks after the initial injection revealed restoration
of innervation consistent with the regeneration of the afferents. Other studies demonstrated similar
findings as discussed below [14,15].

With the demonstration of selective but reversible ablative effects, the stage was set to determine
the therapeutic effects of capsaicin administration. Could this pungent spice be used to treat pain?

2. Therapeutic Uses of Capsaicin

Low concentrations of topical capsaicin have been available “over the counter” for decades
for treatment of pain. Daily application is associated with burning pain and trials have shown
varying results in terms of efficacy. The daily application discomfort affects compliance and repeated
application over a period of weeks may be necessary to get a therapeutic effect. Given the striking
effects of intradermal capsaicin, the idea arose that it might be best to begin with a high dose of topical
capsaicin such that the acute pain would be circumscribed in duration, and with the expectation
that therapeutic effects would follow within days and last weeks to months. The initial open label
report of use of this technique suggested efficacy [16]. Trials with topical 8% capsaicin were conducted
subsequently in patients with post-herpetic neuralgia which demonstrated both safety and efficacy,
leading to US Food and Drug Administration approval (Qutenza®, Acorda Therapeutics, Ardsley,
NY, USA). The European Medicines Agency has approved Qutenza® for the more general label,
neuropathic pain, based on additional clinical data indicating safety and efficacy in painful diabetic
neuropathy, and AIDS related neuropathic pain [17,18].

Pre-clinical data supports additional clinical indications. TRPV1-expressing afferents are known
to contribute to spontaneous pain in rodents. Intraplantar injection of capsaicin or RTX attenuates
development of guarding behavior following incision of hindpaw skin or carrageenan injection [19,20].
Systemic administration of RTX abolishes spontaneous pain following spinal nerve ligation or complete
Freund’s adjuvant (CFA) injection evaluated by conditioned place preference in rats [21,22].
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Focal injection of vanilloids (referring to capsaicin and other analogues) also attenuates hyperalgesia
in the knee joint. TRPV1 and TRPV1-expressing afferents contribute to mechanical hyperalgesia in knee
joints. Pharmacological inhibition or genetic ablation of TRPV1 attenuates arthritis-induced hyperalgesia,
such as weight-bearing imbalance, in rodent models [23–25]. Intraarticular administration of a TRPV1
antagonist suppressed monosodium iodoacetate (MIA)-induced sensitization of knee joint afferents to
mechanical stimuli [26]. This is similar to the situations in other deep tissues such as muscle or visceral
organs [27–29]. Consistently, intraarticular injection of RTX or capsaicin improves weight-distribution
behavior in carrageenan or MIA-induced arthritis in rats and mice [30–32]. Therefore, focal injection of
capsaicin or RTX can be used to provide relief of mechanical hyperalgesia from deep tissues such as
muscle or joints.

Application of capsaicin onto nerve trunks produces a selective and long-lasting increase in
the threshold for pain from heat stimuli. This change is confined to the skin region served by the
treated nerves [33]. Perineural application of RTX also induces a reduction of inflammation-related
thermal hyperalgesia in rats [34,35]. Pre-emptive perineural injection of capsaicin or RTX prevents
development of post-incisional pain in rats [20,36]. Local injection of capsaicin into an incision site
also has analgesic effects [6,14,15].

Lumbar epidural or intrathecal injection of vanilloids produces long-lasting heat hypoalgesia
confined to an area innervated by the cauda equina [37–39]. Intrathecal RTX also attenuates inflammatory
hyperalgesia [40]. In canines, intrathecal RTX decreases bone cancer-related pain behaviors, and improves
functions [41,42], suggesting the promising clinical application of this approach.

Limited data are available from double blind randomized trials regarding the use of injected
capsaicin to treat pain [43]. One study has suggested the use of instilled capsaicin to treat post-operative
pain [44]. Another condition where this strategy has been pursued relates to Morton’s neuroma,
a painful condition that affects the foot. The most common location is between the third and fourth
metatarsal bones. A focal swelling of the common digital nerve to the third and fourth toes is evident
on imaging studies. Orthotics and other conservative measures often fail in helping the patients.
Capsaicin injected into the area of the neuroma significantly relieved pain in comparison to placebo [45].
There were no effects on tactile sensibility consistent with the relatively selective effects on nociceptive
afferents. No safety concerns were raised. If supported by further trials this approach has the promise
of relieving pain with a single injection. Topical high dose capsaicin typically relieves pain for an
average time of five months before re-dosing is necessary [46]. The duration of benefit of injected
capsaicin has not yet been determined.

3. Functional and Histological Effects

Focal injection or topical administration of capsaicin activates TRPV1 receptors in TRPV1-expressing
nociceptors. This activation is followed by multiple events resulting in functional and potentially
histological changes in nerve terminals as summarized in Figure 1.

3.1. TRPV1-Expressing Nociceptors

TRPV1, the receptor for capsaicin, is localized primarily in the plasma membrane of Aδ and C
fiber primary afferents [1]. TRPV1 is a homo-tetrameric non-selective cationic channel that opens
with exposure to agonists. Activation of TRPV1 leads to depolarization associated with the influx of
Na+ and Ca2+ ions. Depolarization is associated with the firing of action potentials in nociceptive
fibers which accounts for the capacity of capsaicin to induce burning pain. Since capsaicin-induced
nocifensive behavior is ablated in mice lacking TRPV1 expression, capsaicin-induced pain likely
depends on activation of TRPV1 [47].
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Figure 1. Responses of peripheral terminals of TRPV1-expressing nociceptors following focal injection
or topical application of vanilloids. Locally administered capsaicin or RTX induces functional and,
potentially, structural changes in nociceptive terminals. With therapeutic doses of capsaicin, these
changes are reversible through regenerative mechanisms, and are likely localized to the nerve terminals
without affecting the soma. Structural ablation of axonal terminals might play major roles in long-lasting
analgesia. TRPV1, transient receptor potential vanilloid subtype 1; VDSC, voltage-dependent sodium
channels; VDCC, voltage-dependent calcium channels; Mt, mitochondria.

What types of nociceptors signal the pain associated with capsaicin? Different schemes have been
used to classify nociceptors and detailed information regarding properties and types of nociceptors
has been reviewed elsewhere [48]. One method relates to conduction velocity. Accordingly, there are
both Aδ and C fibers. When a heat stimulus is applied to the forearm, there is a double pain sensation.
The first, is a sharp pricking sensation and relates to signaling from a type of Aδ nociceptors, and the
second is a slow burning sensation, which relates to the discharge of a type of C fiber nociceptors [48,49].

The response to natural stimuli can also be used to classify nociceptors. Nociceptors responsive
to heat and mechanical stimuli are referred to AMHs or CMHs depending on whether they are
A fibers or C fibers. There are also C and Aδ fibers which are primarily chemically sensitive, and are
relatively insensitive to mechanical and heat stimuli. These nociceptors are referred to as CMiHi fibers.
As one may infer from the multiple classification systems, nociceptors do not fall neatly into clear
discrete categories [48]. Especially confusing is the response to capsaicin. One microneurography
study in humans suggested that CMHs account for the magnitude and duration of pain [50].
Further study suggests that capsaicin-induced burning pain in humans is correlated with firings
of mechano-insensitive heat-insensitive C fibers (CMiHi) [51]. Intracutaneous injection of capsaicin
leads to marked pain during the first 30 s followed by a gradual decrease over the next 5–10 min.
Capsaicin induces firing of CMiHi for ~170 s, whereas CMHs discharge only for several seconds,
suggesting that capsaicin-induced burning pain maintained for minutes must involve signaling from
CMiHi. Furthermore, mechano-insensitive C units become responsive to heat and mechanical stimuli
following capsaicin injection, suggesting their role in primary hyperalgesia. Therefore, procedural
pain and hyperalgesia following capsaicin injection apparently depends on the sustained discharge of
CMiHi units.

A-fiber nociceptors likely also contribute to capsaicin-induced pain. Type I AMHs have a delayed
response to heat which increases over time with sustained stimulation. Type II AMHs respond in
similar fashion to CMHs and have an immediate response to heat. In primate skin, cutaneous type II
AMHs are activated by capsaicin [52]. Upon intradermal injection, the afferent shows strong responses
with a high frequency for approximately 15 s, which is followed by low frequency ongoing discharge for
approximately 10 min. In contrast, most type I heat-insensitive afferents show only brief high frequency
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discharge for approximately 5 s without further response. Interestingly, a further subpopulation of
heat-insensitive A fiber nociceptors show a vigorous response to capsaicin (>100 action potentials
per 10 min).

Nociceptors are also classified based on neurochemical properties. One group expresses
neuropeptides such as substance P or calcitonin gene related peptide, and demonstrate a dependency
on nerve growth factor. The other class binds isolectin B4 (IB4), and is sensitive to glial cell line-derived
neurotrophic factor [53]. TRPV1 is highly enriched in nociceptors containing neuropeptides and
approximately 85% of substance P-containing afferents express TRPV1 [54]. IB4-positive neurons also
express TRPV1, but to a lesser extent. It is well known that topical application or intradermal injection
of capsaicin not only induces burning pain, but also causes flare in human skin [55,56]. Capsaicin
induces release and depletion of neuropeptides from afferent terminals, which may lead to attenuation
of neurogenic inflammation caused by injury [57]. Capsaicin-induced release of neuropeptides from
afferent terminals is primarily due to Ca2+ influx through the TRPV1 channel, rather than involving
action potential firing since lidocaine, tetrodotoxin, and inhibitors of voltage-gated Ca2+ channels do
not affect capsaicin-induced release [58,59].

3.2. Variations in Acute Pungency of Capsaicin

Injection of capsaicin into peripheral tissues can produce not only spontaneous pain but thermal
and mechanical hyperalgesia [60]. In addition to acute pain, injection of capsaicin into the skin induces
hyperalgesia to heat stimuli at the site of injection, and stroking pain (allodynia) in the surrounding
area. These phenomena again wane within 1–2 h. Hyperalgesia to punctuate stimuli develops in a
larger area of skin than thermal or stroking hyperalgesia and lasts up to 24 h. Hyperalgesia that occurs
over the skin area outside the injected site is termed secondary hyperalgesia. Secondary hyperalgesia
has been determined to result primarily from central sensitization of spinothalamic tract neurons
rather than sensitization of the peripheral terminals of nociceptors [61,62].

The above paints the general picture of what happens with acute administration of capsaicin to
the skin. However, the extent and duration of acute pain from delivery of capsaicin shows striking
variation in humans and animals. This may derive from multiple sources. To begin one has to consider
the source of capsaicin. There may be batch to batch variation in the amount of capsaicin and other
vanilloids in agriculturally sourced supplies. The formulation used to dissolve capsaicin varies from
laboratory to laboratory and this could make a difference. In the case of topical or intradermal
delivery, skin temperature can profoundly affect the pain. Where capsaicin is applied on the body
clearly matters, though this variable has not received very much attention. Of interest however,
is that despite having adequate controls for each of these variables there continues to be considerable
inter-individual differences.

In one study polymorphisms of the enzyme, GTP cyclohydrolase, accounted for a surprisingly
high (35%) degree of the inter-individual variance in pain ratings from high concentration topical
capsaicin [63]. Polymorphisms of catechol-O-methyltransferase (COMT) were also associated with
nociception following topical application of capsaicin [64]. In another study, other psychological
factors were found to account for variations in response to capsaicin [65].

Undoubtedly, a myriad of other factors involved in nociceptive processing will continue to be
uncovered. However, one of the particularly compelling variables to consider is the extent to which
individual differences in TRPV1 variants account for differences in acute pain. The most common
genetic defect in a rare disease known as cystinosis involves a 57k base pair homozygous deletion
on chromosome 17, that extends from the cystinosis gene into the early non-coding area for the
TRPV1 gene (intron 2). There is a knock down of TRPV1 expression [66] and there was found to
be a corresponding decrease in ratings of pain from topical capsaicin [67]. No hyperthermia or
inadvertent burns were noted, though there were other possible minor indications of thermoregulatory
disturbances and a documented increase in the threshold to warmth stimuli.

9



Pharmaceuticals 2016, 9, 66

Other polymorphisms of TRPV1 are associated with multiple pathological pain conditions such as
neuropathic pain, painful osteoarthritis, and dyspepsia. Some genetic variations of TRPV1 occurring
in exons alter amino acid sequence of the protein, which affect functional properties of TRPV1 [68,69].
Therefore, genetic variation of TRPV1 may contribute to the variability of pain associated with capsaicin
administration [70].

3.3. Pungency and Therapeutic Effect?

If capsaicin is to be viewed as an excitotoxin, then one would presume that the “toxic” effects
should be correlated with the “excito” effects. As noted above, evidence exists to indicate that injection
of capsaicin decreases pain associated with the painful foot condition, Morton’s neuroma. In this study,
however, “procedural pain” (acute pain induced by capsaicin administration) was not correlated with
therapeutic efficacy [45]. Subjects who reported low levels of procedure pain were just as likely to
benefit, and vice versa.

If procedure pain is not a necessary component to the therapeutic effects of capsaicin, then perhaps
pungency can be controlled without interfering with analgesic effects. Suppression of procedure
pain upon capsaicin injection could also decrease post-procedural discomfort due to mechanical
hyperalgesia. One way to cut down on procedural pain is to apply an anesthetic such as lidocaine to
the tissue prior to applying capsaicin. Pre-emptive application of lidocaine prior to the application of
RTX attenuates acute nociception without affecting analgesic effects in rat cornea [71]. This approach
has been tried in an attempt to control the pain associated with Qutenza® application. It is not clear
however, that the topically applied lidocaine is of any benefit [72]. A nerve block upstream from the
capsaicin blocks all conduction in the nerve and therefore will block all pain from capsaicin applied
distally. So why does locally applied lidocaine not have a clear benefit? It is worth noting that lidocaine
blocks voltage-gated sodium channels, whereas activation of the TRPV1 channel is associated with
an inward current related both to a sodium and calcium ion influx. The failure of lidocaine to be
locally effective could relate to the length constant of the sodium current arising from activation of
voltage-gated sodium channels relative to the length constant associated with inward current that
arises from opening of the TRPV1 channel. If the length constant associated with TRPV1 activation is
longer, then the passive current could jump ahead (that is further upstream) and activate voltage-gated
sodium channels beyond the point of blockade of the local lidocaine, and thus initiate action potentials
that would propagate centrally to produce pain. Though probably not a factor, it is of interest that
lidocaine robustly activates TRPV1 over the therapeutic dose range [73].

Interestingly, cold temperature helps to attenuate capsaicin-induced burning pain associated
with topical administration [72]. Cold temperature slows down the kinetics of TRPV1 activation by
capsaicin [74]. In addition, voltage-gated sodium channels, such as Nav1.7, are largely inactivated at
cold temperature, which may reduce the conduction of action potentials [75]. Activation of the cold
receptor, TRPM8, could also contribute to analgesia [76]. Despite its benefit, one potential concern is
whether maintaining the cold temperature affects the therapeutic effects of capsaicin, since TRPV1
activation by capsaicin is counteracted at temperatures below 15 ◦C [74]. However, degeneration of
epidermal nerve fibers by topical capsaicin was not affected by pretreatment with cooling (20 ◦C) in
humans [72]. As a caveat, more substantial cooling could aggravate pain symptoms by inducing cold
hyperalgesia through activation of another nociceptive cold receptor, TRPA1 [77].

Recently, a novel mechanism amplifying capsaicin-induced pungency was suggested. TRPV1
mediated Ca2+ influx activates anoctamine 1 (ANO1), Ca2+-activated Cl− channels in nociceptive
terminals, which leads to further depolarization [78]. Indeed, pharmacological inhibition of ANO1
attenuates capsaicin-mediated acute nocifensive behaviors in rodents [78,79].

3.4. Transient Analgesia and Decreased Function of TRPV1 Mechanisms

There are acute effects of capsaicin that could be associated with a component of analgesia,
independent of any enduring overt morphological changes. These effects may or may not be of
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clinical significance. Capsaicin-induced excitation of nociceptors is followed by a refractory state
characterized by an insensitivity to subsequent application of capsaicin or other noxious insults such
as heat, mechanical or chemical stimuli. To complicate matters, sensitization and desensitization
mechanisms are involved since it is observed that topical capsaicin in humans initially decreases
heat threshold followed by an increase in threshold [57,80]. The area of skin directly exposed to
capsaicin following intradermal injection shows hyposensitivity to pinprick stimuli, which starts as
early as 15 min after injection [60]. In rodents, intraplantar injection of RTX immediately induces heat
hyperalgesia reflected by a decrease in paw withdrawal latency. This heat hyperalgesia, however,
converts to heat hypoalgesia after approximately 2.5 h following injection [34,81]. This quickly
developing hypoalgesia may be evident in terms of responses to chemical stimuli and spontaneous
pain as well. Formalin-evoked nocifensive behaviors in mice were attenuated by intraplantar injection
of capsaicin (100 μg) after two hours. CFA-induced mechanical hyperalgesia was modestly attenuated
after 2 h following capsaicin injection (100 μg), which was documented for 24 h [82].

TRPV1 receptor desensitization to vanilloids needs to be distinguished from analgesic effects.
The extent of receptor desensitization does not necessarily correlate with the impairment of other
nociceptor functions. For example, RTX produces analgesia in vivo but does not induce desensitization
of the TRPV1 receptor in in vitro voltage clamp recordings [1]. However, the contribution of TRPV1
receptor desensitization to capsaicin-induced analgesia is unknown. Capsaicin is known to suppress
action potential firing in nerve preparations from various species [62,83,84]. In humans, capsaicin
suppressed impulse conduction in CMHs, but not cold fibers for example. The conduction block
started shortly after application of capsaicin and lasted longer than 2 h [85]. Capsaicin-induced
desensitization of nociceptors should involve both Aδ as well as CMH units since Aδ nociceptors
mediate first heat pain in humans [49] and topical capsaicin induces heat hypoalgesia mediated by
both Aδ and C fiber nociceptors in humans [86]. Indeed, it was shown that subcutaneous injection
of RTX attenuates responses of both CMHs and AMHs in rats [87]. Different concentrations of
capsaicin result in differential impairment in responses to various stimuli [88]. Dray et al. used a
rat spinal cord-tail in vitro preparation to study chemical and thermal stimuli after exposure to low
concentration (0.5–2 μM) capsaicin [88], and noted impaired responses to capsaicin but not bradykinin
or heat. Function normalized after several hours. In contrast, when the skin was pretreated with a
higher concentration of capsaicin (20–50 μM), responses to a broad range of stimuli were impaired
irreversibly. These apparently two different types of impairment of responsiveness induced by different
concentrations of capsaicin suggest different mechanisms; desensitization of the TRPV1 receptor by
low doses of capsaicin versus inhibition of overall nociceptor function by high doses of capsaicin.
Exposure of sensory neurons to capsaicin induces ionic currents, whose size decreases during sustained
or repeat exposure or by following application of capsaicin. This process is defined as desensitization
or tachyphylaxis and is similar to the desensitization that occurs as a result of heat and mechanical
stimuli [89–91]. TRPV1 is desensitized not only by capsaicin but also heat. The mechanisms are
apparently distinct [92]. Capsaicin-induced desensitization of the TRPV1 receptor requires influx of
Ca2+ through TRPV1, and depends on subsequent Ca2+-dependent signaling such as activation of
calmodulin and calcineurin, or degradation of PIP2 [93]. Capsaicin-induced desensitization of the
TRPV1 receptor can be reversible [93]. Desensitization or tachyphylaxis may underlie the selective
impairment of the response following exposures to low concentrations of capsaicin.

Studies in dissociated sensory neurons suggest effects of capsaicin on voltage-gated Na+ and
Ca2+ channels. Capsaicin (1 μM) inhibited action potential firing in dissociated sensory neurons from
rodents [82,94]. This effect was absent in TRPV1 knockout neurons and depended on Ca2+ influx [82].
In capsaicin sensitive rat DRG neurons, a 1 μM concentration inhibited voltage-dependent Na+ currents
without changing the voltage dependence of activation or markedly changing channel inactivation
and use-dependent block [94]. In colon sensory neurons from the rat dorsal root ganglia (DRG),
capsaicin inhibited both tetrodotoxin (TTX)-sensitive and TTX-resistant Na+ currents. The inhibitory
effects were prevented by capsazepine [95] or a specific antagonist of TRPV1, SB366791 [96],
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suggesting that TRPV1 activation by capsaicin is necessary for the inhibition. Capsaicin also decreased
high voltage-activated Ca2+ currents through Ca2+-dependent calcineurin. This inhibition was
prevented by iodoresiniferatoxin, a specific TRPV1 antagonist [97]. Thus several reports support
the idea that capsaicin-induced activation of TRPV1 leads to the inhibition of voltage-dependent
Na+ and Ca2+ currents, which in turn suppresses action potential firing in nociceptors. Alternatively,
vanilloid-induced membrane reorganization could produce functional suppression of nociceptors.
For example, capsaicin and RTX rapidly decrease membrane capacitance of TRPV1-expressing neurons
in a Ca2+-dependent manner [98]. This effect might involve endocytosis of TRPV1 [99] as well as other
ion channels in TRPV1-expressing nociceptive membranes.

Very high doses of capsaicin could potentially affect nociception through effects at the level of
the spinal cord [100]. Subcutaneous systemic application of capsaicin at a high dose (20 μmol/kg =
6 mg/kg = 150 μg/mouse) into the scruff of the neck inhibited C-fiber responses in wide dynamic
range lumbar dorsal horn neurons activated by transcutaneous electrical stimulation to the hindpaw.
The inhibitory effects were suppressed by intrathecal capsazepine [101], suggesting an effect on the
central terminals of nociceptive afferents.

Anti-nociceptive or analgesic effects following capsaicin administration might be also derived from
the effects of capsaicin on neuropeptide release from primary afferents. Administration of capsaicin
decreased substance P from central and peripheral terminals of primary afferents [39,102]. However,
the causal relationship between depletion of substance P and capsaicin-induced anti-nociception is
unclear [103]. In contrast, capsaicin-induced release of somatostatin, an antinociceptive neuropeptide,
could contribute to analgesia. Somatostatin is released from capsaicin-sensitive peptidergic afferents
into the circulation and exerts anti-inflammatory and anti-nociceptive effects [104]. An agonist of
somatostatin receptor attenuated the responses to formalin, increased the heat threshold, and diminished
mechanical allodynia in a diabetic pain model [105]. Carrageenan-induced mechanical hyperalgesia
was greater in mice lacking the somatostatin 4 receptor compared to wild-type [106]. Similarly,
antinociceptive effects of galanin were also suggested [107]. These reports are consistent with the
possibility that capsaicin or RTX administration can induce release of anti-nociceptive peptides, which
attenuate hyperalgesia.

The prevailing evidence suggests that capsaicin-induced analgesia mediated by alteration of the
functions of nociceptors or release of anti-nociceptive peptides could account for short term effects.
Many studies conflate short term and long term effects. Of note, peripheral administration of RTX
or capsaicin may induce degeneration of nerve fiber terminals as early as 1 day [13,81]. Therefore,
analgesia lasting longer than 1 day may be attributable entirely to the structural ablation. Possibly,
acute loss of function following capsaicin injection may be a bodily defense mechanism for reducing
acute pungency. A better understanding underlying capsaicin-induced loss of function may help
develop methods for reducing capsaicin-induced pungency and procedural pain.

3.5. Long Acting Effects of Capsaicin

Focal injection of vanilloids induces long-lasting localized analgesia for weeks to months.
Intraplantar injection of RTX was found to induce unilateral hypoalgesia to radiant heat for several
weeks in rats [108], likely mediated by effects on Aδ and C-fibers [52]. Intraplantar injection of RTX
decreased capsaicin-induced nocifensive behaviors for approximately 40 days and increased latency to
hot plate for longer than 60 days in mice [109].

In humans, the topical capsaicin patch (Qutenza®) provides pain relief in post-herpetic neuralgia
patients for on average five months [110]. Focal injection of capsaicin in Morton’s neuroma patients
provides pain relief for at least four weeks (the longest interval studied) [45]. The likelihood is that
analgesia lasting more than a day following localized injection of capsaicin is derived from structural
changes. Intradermal injection of capsaicin in humans begins to ablate intraepidermal fibers within one
day [13,14]. In rodents, subcutaneous injection of RTX also induced ablation of skin afferent terminals
as early as 1–2 days [81,109]. Nerve terminal ablation following local administration of vanilloids
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is reversible over the time course that correlates with behavioral changes. In mice, TRPV1-positive
fibers in skin recover two months following injection of capsaicin [109]. In humans, the number
of TRPV1-positive fibers was partially recovered after eight weeks following intradermal capsaicin
injection [14]. In another study, regeneration of nerve fibers in humans was demonstrated after
100 days following capsaicin administration [15].

Systemic injection of high doses of RTX or capsaicin degenerates not only peripheral terminals
but may also induce substantial ablation of soma in sensory ganglia [12,111]. Systemic injection of
>50 mg/kg of capsaicin or >50 ng of RTX are necessary to induce degeneration of ganglia neurons.
In contrast, topical application or peripheral injection of a limited dose of capsaicin or RTX ablates
nociceptive terminals focally. Local injection of capsaicin or RTX produced ablation of TRPV1-positive
afferent terminals in the hindpaw but did not ablate TRPV1-positive afferents in sensory ganglia [108,109].
In humans, therapeutic effects of focally applied capsaicin are reversible, whereas effects on the
sensory ganglia are would be expected to be permanent [15]. Intraplantar injection of RTX (~0.5 μg/kg)
induced reversible ablation of intraepidermal nerve fibers without degeneration of DRG neurons [108].
In humans, 20 μg of intradermal capsaicin (~0.33 μg/kg) ablated epidermal nerve fibers after 1 day [13].
Of note, at a distance only 1–2 mm from the injection site, the afferents were normal. This makes a
more proximal site of action highly unlikely. In Morton’s neuroma patients, pain relief is obtained
by injection of 0.1 mg of capsaicin [45], which is almost 30,000 fold lower than the systemic dose
for inducing ganglia neuronal degeneration. Therefore, the therapeutic dosage of capsaicin for focal
injection is orders of magnitude lower than the dosage resulting in toxicity within sensory ganglia.
Even with systemic application, effects may be seen at the level of the peripheral terminals at doses
that have no effect on the neurons in the ganglia [112]. In other words, the primary afferent terminals
(compared to the soma) are most vulnerable to systemic capsaicin, further evidence that the therapeutic
effects of focally applied capsaicin are mediated through local effects.

Although the anti-hyperalgesic effects of perineural application of RTX is apparently
reversible [34], perineural application of a high concentration of capsaicin or RTX has been argued
to induce a selective but delayed permanent loss of unmyelinated axons and small-diameter DRG
neurons or TRPV1-positive DRG neurons [34,113]. It is unclear what mechanisms are involved in
transganglionic degeneration following perineural application of capsaicin if indeed it occurs. It is
speculated that the extent of axonal injury in a nerve bundle might be great enough to cause a
“dying-back” pattern of degeneration, where loss of axonal integrity and transport leads to somatic
cell death [114,115]. Regeneration of nociceptor innervation after topical or injected capsaicin argues
for intact function at the level of the DRG.

4. Potential Mechanisms of Vanilloid-Induced Chemical Ablation of Nociceptor Terminals

The mechanism of vanilloid effects on the nerve terminals may be different than the effects at
the ganglion level. Early studies showed that systemic injection of capsaicin to neonatal or adult rat
induces irreversible loss of primarily small neurons in sensory ganglia [11]. A single systemic injection
of capsaicin into neonatal rats or mice causes a loss of approximately half of the entire DRG neurons and
70%–80% of small diameter DRG neurons. Injection of capsaicin to neonatal rats resulted in losses of
~90% of unmyelinated and ~35% of myelinated fibers from L3 and L4 DRG [116]. In adult rats, high-dose
systemic administration of capsaicin also induces degeneration of 17% of small and medium sized
DRG neurons, and a 45% decrease in the number of unmyelinated axons in the saphenous nerve [12].
Light and electron microscopy revealed clear degenerative changes of axons and sensory ganglia
neurons following the systemic application of capsaicin [12]. Neuronal cell death was suggested to be
due to an apoptotic or necrotic mechanism [117,118]. Activation of caspase and DNA fragmentation
in DRG neurons following capsaicin administration suggests apoptotic mechanisms [119]. Earlier
events following capsaicin administration occurs in cytoplasmic organelles. Dilation of endoplasmic
reticulum and swelling of mitochondria was seen following capsaicin treatment [120], which is
reminiscent of excitotoxic neuronal death triggered by activation of glutamate receptors [121]. Excessive
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activation by glutamate mediates death of central neurons through Ca2+ overload. Indeed, capsaicin
and glutamate both induce accumulation of Ca2+ predominantly in mitochondria of the damaged
ganglion neurons, suggesting Ca2+-dependent neurotoxic effects of capsaicin [122]. In vagal sensory
neurons, capsaicin increased permeability to Ca2+, and capsaicin-induced ultrastructural changes were
attenuated by removing extracellular Ca2+ [123]. In dissociated sensory neurons, capsaicin and RTX
induced Ca2+ uptake in a subpopulation of neurons [124]. Again, capsaicin induced Ca2+ entry in
dissociated sensory neurons and capsaicin-induced death of DRG neurons was prevented by removing
extracellular Ca2+ [125]. Of note, heterologous expression of recombinant TRPV1 in non-neuronal
cell line confers a liability for capsaicin toxicity [1]. In non-neuronal cell lines with heterologous
expression of TRPV1 [126], RTX induced Ca2+ influx followed by vesiculation of the mitochondria and
the endoplasmic reticulum (∼1 min), nuclear membrane disruption (5–10 min), and cell lysis (1–2 h).
RTX also induced Ca2+ influx and fragmentation of mitochondria (<20 s) restricted to small size DRG
neurons with sparing of glia. In aggregate these reports strongly suggest that capsaicin-mediated
neurotoxic effects on sensory ganglia neurons are initiated by Ca2+-influx following the activation of
TRPV1 in a subset of TRPV1-expressing neurons.

Cytostolic Ca2+ can derive also from intracellular sources. TRPV1 receptors are found on
the endoplasmic reticulum (ER) [127,128]. Ca2+ influx-induced Ca2+ release from, in part, the
thapsigargin-sensitive Ca2+ pool caused cytosolic Ca2+ increase [127]. It is not known whether Ca2+

released from ER contributes to cell death of sensory neurons following the application of capsaicin or
RTX. However, the ER is reported to play a role in cell death of tumor cells through the ER stress
pathway involving activation of transcription factor-3 (ATF3) [129] or the mitochondria-mediated
death pathway [130]. Since capsaicin induces TRPV1-dependent activation of ATF-3 in sensory
ganglia [87,131], it is possible that ER stress following TRPV1 activation might contribute to cell
death of sensory neurons.

Intracellular Ca2+ homeostasis is critical for physiological functions of nociceptors [97]. In sensory
neurons, several mechanisms for controlling Ca2+ clearance and homeostasis are known. Ca2+

extrusion through plasma membrane Ca2+ ATPase, and sequestration of Ca2+ into mitochondria,
predominantly determine the rate of Ca2+ clearance in sensory neurons [132,133]. Increased cytosolic
Ca2+ mediated by mild electrical stimulation is rapidly cleared by the function of the Ca2+ uniporter
in the mitochondria membrane, leading to increased mitochondrial Ca2+ [134]. However, when Ca2+

influx is excessive due for example to intense stimuli, the sequestration capacity by mitochondria
proves inadequate, leading to a prolonged elevation of the cytosolic Ca2+ level. This happens in
sensory neurons following capsaicin application [135].

Excessive Ca2+ accumulation in mitochondria is a well-established cause of neuronal
excitotoxicity [136]. Ca2+ accumulation also leads to the opening of the mitochondrial permeability
transition pore (mPTP), a large conductance pore in the mitochondrial membrane that is associated with
neuronal apoptosis and necrotic death [137]. Indeed, capsaicin induced death of mesencephalic neurons
may result from mitochondrial release of cytochrome c followed by caspase-3 activation leading to
apoptosis [138]. Furthermore, pharmacological inhibitors of mPTP attenuated capsaicin-induced
death of sensory neurons [139]. Mitochondrial Ca2+ accumulation also generates reactive oxygen
species (ROS) [140], and mitochondrial Ca2+-uptake induces ROS generation in the spinal cord,
which contributes to central neuronal plasticity and persistent pain [141,142]. As part of a
vicious cycle, mPTP opening is further enhanced by ROS [143]. Clearly, mitochondria could
contribute to vanilloid-induced sensory neuronal toxicity due to Ca2+ overloading associated with
opening of mPTP and ROS generation. Further evidence supports the hypothesis that capsaicin
toxic effects are mediated through mitochondrial mechanisms [144]. In sensory neurons, 50 μM
capsaicin dissipates the mitochondrial membrane potential as effectively as carbonyl cyanide
p-trifluoro-methoxyphenylhydrazone (FCCP), a mitochondrial uncoupler. Capsaicin-mediated
mitochondrial depolarization is attenuated, but not eliminated, by removing extracellular Ca2+. It is
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not settled, however, whether the effects of capsaicin on mitochondria effects are due entirely to
TRPV1-mediated phenomena, and whether these effects fully account for capsaicin toxicity.

Capsaicin-induced cell death is also dependent on calpain. Calpains are Ca2+-dependent cysteine
proteases associated with multiple neuronal and non-neuronal pathologies [145]. In dissociated DRG
neurons, calpain inhibitors attenuated capsaicin-induced cell death independent of a capsaicin-induced
cytosolic Ca2+ increase [125]. Capsaicin increased breakdown products of α-spectrin, a cytoskeletal
target of calpain, which was prevented by a calpain inhibitor. These results suggest that
capsaicin-induced activation of calpains contributes to cytotoxicity by perturbing the cytoskeleton.
Alternatively, calpain activation may lead to apoptosis. In a breast cell line, capsaicin-induced ER stress
elevated intracellular Ca2+ leading in turn to calpain activation, and apoptosis related to mitochondrial
effects [130].

Since capsaicin-induced cell death involves multiple Ca2+-dependent processes, it is likely that
these contributors may also mediate capsaicin-induced ablation of axonal terminals. Studies of
mitochondrial fission support the role of mitochondria [146]. In dissociated DRG neurons, capsaicin
induced axonal swelling, which was accompanied by reduction in the length of the mitochondria
and motility within axons. These changes in mitochondria were attenuated by Ca2+ chelators
and capsazepine. Transfection with a dominant negative mutant Drp1, a mitochondrial protein
responsible for mitochondrial fission, attenuated the capsaicin-induced decrease in mitochondrial
length as well as axonal swelling and degeneration. Prevention of mitochondrial fission also prevented
capsaicin-induced loss of the mitochondrial membrane potential. Overall this study strongly supports
the contribution of mitochondrial mechanisms as an explanation of capsaicin effects.

5. Clinical Correlates

The capacity of capsaicin to ablate nociceptive terminals that express TRPV1 has many
therapeutic implications. The agonist effects of capsaicin are not to be confused with the effects
of TRPV1 antagonism. A putative TRPV1 antagonist in principle works only on TRPV1 mediated
transduction, leaving intact other transduction mechanisms. Capsaicin, as a TRPV1 agonist, and as
an excitotoxin, by ablating the terminals of nociceptors blocks other transduction mechanisms that
may be co-expressed in the nociceptors. For example, TRPA1 is co-expressed with TRPV1 [147].
Thus capsaicin would be expected to block TRPA1 to the extent that TRPA1 is co-expressed with
TRPV1. This expands the therapeutic window of an agonist, such as capsaicin, in terms of long term
therapeutic effects. One injection is expected to be analgesic for weeks to months, despite a half-life
in the blood that lasts for minutes to hours. The additional upside is that all of the functions of the
nociceptor are affected. The TRPV1 receptor, in some ways, is simply the Trojan horse.

Capsaicin effects are highly localized to the area of injection. In work of Simone et al. [13],
at a distance of only 1–2 mm from the site of intradermal injection, no effects of the capsaicin were seen.
Therefore, a pain problem that is widespread would be impractical to treat with topical or injected
capsaicin. Another consideration is that TRPV1 is not expressed in all nociceptors. The efficacy of
capsaicin will depend on the extent to which the signaling nociceptors that produce the pain express
TRPV1. To that point, the predominant long term sensory effect of injected capsaicin in the skin is
on heat sensibility with a much lesser effect on pain from mechanical stimuli [13]. Other evidence
indicates that mechanical pain in muscle does involve TRPV1 [28,29].

Another important consideration regards the involvement of peripheral and central mechanisms.
This is best understood with injury to the skin. Treede and colleagues [61] used electrical stimuli
to induce local pain, allodynia, and hyperalgesia. High concentration topical capsaicin (8%) was
used to knock out innervation of nociceptors that expressed TRPV1. Pain to the electrical stimuli
itself was dropped by about half. The secondary hyperalgesia and the allodynia, both likely due to
central mechanisms (central sensitization), were almost entirely eliminated. Secondary hyperalgesia is
characterized by heightened mechanical pain (not heat) and results from the initial sensitization of
nociceptors at the point of injury. Blocking the input of nociceptors at the point of injury probably
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accounts for the elimination of abnormal mechanical pain in the secondary zone. This means that
capsaicin may affect abnormal mechanical pain indirectly by blocking central sensitization via effects
on the primary afferents and peripheral sensitization [61]. Given the likely importance of central
mechanisms in most clinical pain problems, these data suggest that a knockout of TRPV1 expressing
nociceptors by capsaicin has favorable prospects as a useful therapy. Likewise, the therapeutic
application of RTX targeting TRPV1 expressing nociceptors has been advocated [148].

Further support relates to the evidence that indicates up-regulation of the expression and function
of TRPV1 receptors in different disease states such as cancer, visceral inflammation, and neuropathic
pain [27,149–153]. Therefore, the role of TRPV1 in nociception may evolve to be of greater importance
in disease. Heat sensitization may be argued to have little importance with regard to deeper tissues.
However, sensitization to the point that nociceptors are activated by the ambient core temperature or
locally produced endogenous ligands, indicates a means by which TRPV1 bearing nociceptors may
play an pivotal role in “ongoing” or spontaneous pain associated with clinical pain states.

Beneficial effects of ablation of nociceptive terminals are likely maintained for weeks to months,
as regeneration of nociceptive fibers reestablishes innervation of the target tissues. Patients might
be reinjected in order to extend the therapeutic effects. The mechanisms underlying regeneration
following capsaicin-induced ablation may be similar to the regeneration mechanisms that follow
axotomy. A subpopulation of skin nerve fibers showed immunoreactivity to GAP43, a marker of
regenerating nerves, following topical administration of capsaicin in humans, suggesting regeneration
of primary afferents [14]. The intraplantar injection of RTX increases ATF3 and galanin, markers
of nerve regeneration, within DRG for up to 10 days suggesting that regeneration processes follow
terminal ablation [87]. Since the duration of therapeutic effects of vanilloid-induced analgesia may be
correlated with the time course associated with regeneration, better understanding of the mechanisms
of regeneration could help to determine ways to extend the duration of effects.

6. Conclusions

The cloning of the TRPV1 receptor ignited a new era of pain research by opening the gateway to
understanding how nociceptors are activated. In this same timeframe the study of ligands, such as
capsaicin and RTX, also intensified. Capsaicin was recognized as a molecule that could be used as
an experimental stimulus to evoke pain. Appreciation also grew that capsaicin was not only powerfully
algesic, but that it also led to focal degeneration of nociceptors. High concentration topical capsaicin
was approved to treat post-herpetic neuralgia and, in Europe, other neuropathic pain conditions.
In focal pain conditions there is appreciation that capsaicin may be given by injection to knockout
nociceptors and achieve pain control. Studies in Morton’s neuroma, a painful neuropathic pain
condition, have shown promise. Injection may also be useful for direct delivery into a joint to control
arthritis pain. Other uses for many other pain conditions may evolve.

The major impediment to the clinical use of capsaicin is the immediate pungency. However,
with the high dosing associated with topical use or injection to treat Morton’s neuroma, for example,
the immediate application pain is quite circumscribed, lasting in the order of minutes to hours in
exchange for months of therapeutic benefit.

A future challenge for TRPV1 excitotoxins is to mitigate the “excite”, and accentuate the “toxin”
aspect of the effects. Further understanding the cellular mechanisms of action may very well help
fulfill this promise.
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Abstract: Control of chronic pain is frequently inadequate or can be associated with debilitating side
effects. Ablation of certain nociceptive neurons, while retaining all other sensory modalities and
motor function, represents a new therapeutic approach to controlling severe pain while avoiding
off-target side effects. transient receptor potential cation channel subfamily V member 1 (TRPV1) is a
calcium permeable nonselective cation channel expressed on the peripheral and central terminals of
small-diameter sensory neurons. Highly selective chemoablation of TRPV1-containing peripheral
nerve endings, or the entire TRPV1-expressing neuron itself, can be used to control chronic pain.
Administration of the potent TRPV1 agonist resiniferatoxin (RTX) to neuronal perikarya or nerve
terminals induces calcium cytotoxicity and selective lesioning of the TRPV1-expressing nociceptive
primary afferent population. This selective neuroablation has been coined “molecular neurosurgery”
and has the advantage of sparing motor, proprioceptive, and other somatosensory functions that
are so important for coordinated movement, performing activities of daily living, and maintaining
quality of life. This review examines the mechanisms and preclinical data underlying the therapeutic
use of RTX and examples of such use for the management of chronic pain in clinical veterinary and
human pain states.

Keywords: TRPV1; resiniferatoxin; chronic pain; analgesia

1. Introduction

Nearly two decades of preclinical research supports the involvement of thermoTRP channels in
nociceptive transmission and sensitization. The identification of potent, subtype selective agonists
and antagonists that demonstrate attractive preclinical pharmacological activity have generated
extensive pharmaceutical interest for effective management of chronic pain patients without the
need for long-term use of opioid or non-steroidal anti-inflammatory drugs. transient receptor potential
cation channel subfamily V member 1 (TRPV1) is the most extensively studied mammalian transient
receptor potential channel (TRP) channel with the potential for life changing pain control, particularly
in patients with intractable chronic pain states [1–5].

TRPV1 is a calcium permeable non-selective cation channel with expression restricted to small and
medium sized sensory neurons in the dorsal root, trigeminal, and vagal ganglia [6–8]. These neurons
form the unmyelinated or thinly myelinated C and Aδ sensory nerve fibers that project to most
organs and tissues. Functionally, TRPV1 acts as a sensor for noxious heat (>~42 ◦C) and can also
be activated by acidic solutions (pH < 6.5), as well as some endogenous lipid-derived molecules.
However, it is the discovery of the agonist actions of some plant derived compounds such as capsaicin
and resiniferatoxin (RTX) that are the focus of pharmaceutical development for long-term chronic
pain relief. The understanding of the mode of action of the known TRPV1 ligands including RTX
is a continually evolving area of research and is pivotal to a successful drug design approach to the
management of chronic pain [9–12].
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Resiniferatoxin, derived from the Euphorbia resinifera plant, is the most potent amongst all
known endogenous and synthetic agonists for TRPV1. RTX causes extremely prolonged channel
opening and calcium influx, which results in cytotoxicity to the TRPV1-positive pain fibers or cell
bodies [13]. When applied to the sensory neuron perikarya, the prolonged calcium influx induced by
RTX specifically deletes only the sensory neurons that express the TRPV1 ion channel. Thus, intrathecal
and intraganglionic RTX administration leads to selective targeting and permanent deletion of the
TRPV1-expressing Aδ and C-fiber neuronal cell bodies in the dorsal root ganglia (DRG) [14,15]. Loss of
these sensory neurons interrupts the transmission of pain information from the body to second-order
spinal cord neurons, which in turn convey the information to the brain. At the same time, noxious and
nonnoxious mechanosensation, proprioception, and locomotor capability are retained [14]. This highly
selective chemoablation of specific neurons has been coined “molecular neurosurgery” and RTX coined
a “molecular scalpel” in this novel approach that is under study for the permanent control of chronic
pain [16].

This review examines the development of RTX to control intractable pain conditions through
the permanent deletion of TRPV1 positive sensory nerve fibers. It describes the main studies on RTX
mechanism of action and the animal translational research that formed the basis of the human clinical
trial currently underway evaluating the use of intrathecal RTX for intractable pain in patients with
advanced cancer.

2. Resiniferatoxin Is a Mechanism Based Treatment for Chronic Pain

The vision to develop RTX for control of intractable pain chronic pain states began with studies
utilizing live cell microscopic evaluation of stably transfected cell lines expressing a TRPV1eGFP fusion
protein [17,18]. Olah et al. used ratiometric imaging of intracellular free calcium and confocal imaging
of the TRPV1-green fluorescent fusion protein to demonstrate that the endocannabinoid anandamide,
could induce an elevation of intracellular free calcium, resulting in intracellular membrane changes
in DRG neurons or transfected cells expressing TRPV1. The subsequent fragmentation of the
endoplasmic reticulum and mitochondria could result in intracellular dysfunction and axonal damage
of TRPV1-positive DRG neurons. If the cell bodies of nociceptors were exposed to anandamide, cell
death could ensue through toxic accumulation of calcium [17].

As an ultrapotent vanilloid, RTX, was shown to bind with nanomolar affinity to TRPV1 or
TRPV1eGFP positive cells causing prolonged opening of the TRPV1 ion channel with a rapid and
massive increase in intracellular calcium [13]. Confocal imaging revealed that within 1 min, RTX
induced vesiculation of the mitochondria and the endoplasmic reticulum of the nociceptive primary
sensory neurons endogenously expressing TRPV1 due to a sudden increase in calcium. Within 5–10 min
nuclear membrane disruption occurred, and cell lysis was documented within 1–2 h followed by
specific deletion of TRPV1-expressing cells [18].

Importantly, the presence of TRPV1 is critical for this RTX action. Without expression of TRPV1,
RTX at concentrations 1000 times above the dose used to lesion expressing cells, nerve terminals
or axons does not appear to produce any negative effects on non-TRPV1-expressing cells at the
cellular level. Non-expressing neurons appear to remain intact even when they are adjacent to TRPV1
expressing neurons that are undergoing damage from RTX activation. These conclusions were reached
using the live cell imaging of cultured DRG neurons and the imaging of cells transiently and stably
transfected with TRPV1 in the studies described above. In addition, Caudle et al demonstrated that
RTX application to DRG cells known to express V1, induced large inward currents that were not
induced in DRG cells that do not express the receptor [19].

These data demonstrate that vanilloids can disrupt vital organelles within the cell body of sensory
ganglia and RTX, as an ultrapotent vanilloid, might be used to rapidly and selectively delete nociceptive
neurons. The next step towards the goal of using RTX in the clinical setting to elicit sustained pain
relief was to demonstrate the histopathological and behavioral effects of deletion of subpopulations of
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primary afferent pain-sensing neurons via central administration of RTX into the cerebrospinal fluid or
ganglia in vivo.

3. Preclinical Studies in Laboratory Animals

Sensory neurons in the dorsal root and trigeminal ganglia collect noxious information from
well-defined anatomic areas throughout the body. Targeting specific ganglia for treatment with RTX
could, therefore, offer relief of well-localized pain. To ablate the sensory neurons, RTX needs to be
injected centrally, either directly into the sensory ganglia or administered intrathecally to target the
ganglionic nerve roots. Both approaches have been investigated in animal models.

3.1. Corneal Application of Capsaicin

In rats, RTX can be microinjected unilaterally into the trigeminal ganglia using a transcranial
stereotaxic approach [14] or a percutaneous approach using an electrical-stimulation needle inserted
through the infraorbital foramen [20]. Then, 24 h after injection, an analgesic effect can be documented
using the eye-wipe response to corneal application of capsaicin, which is a sensitive test for C-fiber
function. Complete suppression of the eye-wiping response evoked by intraocular capsaicin drops
was obtained with 200 ng of RTX. The eye-wiping response did not return by the termination of
the experiments 350 days after injection suggesting a permanent antinociceptive effect from a single
intraganglionic injection. In a similar study, 20 μL RTX solution (0.1 mg/mL concentration) was
infused unilaterally in nonhuman primate trigeminal ganglia [21]. Animals were tested for number of
eye blinks, eye wipes, and duration of squinting in response to the corneal application of capsaicin
for up to 12 weeks after RTX infusion. As it was documented in the rats, the response to capsaicin
stimulation in the monkeys was selectively and significantly reduced throughout the duration of the
study. The eye-wipe response to corneal application of capsaicin has also been used to document the
selective deletion of TRPV1 positive sensory neurons in C57BL/6J mice [22]. The amount of 100 μg RTX
or vehicle alone was injected into the cerebrospinal fluid at the cisterna magna. The RTX-treated mice
were completely insensitive to the corneal application of capsaicin, while vehicle-treated C57BL/6J
mice had a response similar to non-treated animals.

The selectivity of this analgesic approach of sensory neuron ablation was demonstrated
with immunohistochemical analysis of the RTX-treated ganglia showing selective elimination of
TRPV1-positive neurons. The animals showed no neurological deficits or signs of toxicity. There were no
corneal damage or observable alterations in eating or grooming habits that might indicate the presence
of a sensory dysesthesia and the loss of capsaicin chemosensitivity did not affect the mechanosensitive
response of the corneal reflex. The animals blinked momentarily in response to the liquid droplet itself
touching the eye on application.

3.2. Intraplantar Capsaicin and Carrageenan

Following the intrathecal administration of RTX in adult rats, nocifensive behavior was tested with
the intraplantar injection of capsaicin [23,24]. A dramatic decrease in pain sensitivity was observed as
indicated by reduction in both the duration and number of guarding and licking behaviors exhibited by
the rats. The selective alleviation of inflammatory thermal hypersensitivity with intrathecal RTX was
also tested [23]. Inflammation was induced by 100 μL of 2% carrageenan in the paw and the intrathecal
RTX treated animals showed no change in the paw withdrawal latency due to inflammation.

In these studies, the selectivity of this analgesic approach was demonstrated by further testing,
showing that intrathecal RTX did not affect paw withdrawal latency to von Frey filaments after
inflammation. This observation is consistent with the notion that RTX treatment does not affect
mechanical hypersensitivity due to inflammation because mechanical sensitivity is carried by a distinct
set of nociceptors that do not express TRPV1. In addition, immunohistochemistry documented a
complete loss of TRPV1 labeling in the dorsal horn of the spinal cord that was localized to the lumbar
spinal segments closest to the level of the intrathecal injection [23].
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3.3. Noxious Thermal Stimulation

In dogs, behavioral testing was performed to establish baseline paw withdrawal latency to a radiant
thermal stimulus. The unrestrained animal was placed on a glass-top table, and a focused radiant
halogen heat source was positioned under a paw. When the dog lifted its limb, the time in seconds
was recorded, and the heat source was terminated. A maximum exposure time of 20 s was allowed to
prevent injury to the animal. Under general anesthesia, RTX was then administered intrathecally into
the cisterna magna at 0.1, 1.2, or 3 μg/kg. Two days after treatment, the 1.2 and 3.0 μg/kg doses caused
nearly complete loss of sensitivity to noxious thermal stimulation. Compared with pretreatment values,
limb withdrawal latency was substantially increased, to the point of cutoff. The effect was maintained
when behavior testing was repeated 5, 7, 10, and 12 days after RTX administration [25].

On repeated neurologic examinations following injection, no negative effects from intrathecal RTX
were documented. All dogs maintained normal locomotor and proprioceptive activities. At necropsy,
all gross and histopathologic findings associated with the spinal cord and spinal canal were consistent
with intrathecal catheter placement. In addition, blood and urine collected before one and two weeks
after RTX administration revealed no significant increases or decreases of parameters out of the
normal range.

3.4. Operant Orofacial Assay

To account for the fact that pain is ultimately experienced as a culmination of complex information
from the periphery, Neubert et al. used an operant orofacial assay to evaluate and characterize thermal
pain sensitivity in mice [22]. Operant systems utilize a reward-conflict platform, in which animals
choose between receiving a reward or escaping an unpleasant stimulus. The animals control the
amount of nociceptive stimulation and modify their behavior based on cerebral processing. The mice
completed a reward-conflict task whereby they would contact a thermode with their face to access
a reward bottle, generating an electrical signal that was acquired for analysis. They documented
that TRPV1 knock out mice were insensitive to noxious heat within the activation range of TRPV1
(37–52 ◦C) and, in addition, mice treated with intracisternal RTX, had significantly higher licks as
compared to the vehicle treated animals when tested with the thermode in the noxious heat range.

While operant assays are not new [26,27] the renewed interest in their use stems from the
growing frustration over the mounting failures in translating basic scientific data into clinically
available analgesics using conventional animal models. The lack of success has been attributed to
both unacceptable side effects and lack of efficacy in humans of interventions that appeared to be safe
and effective in animal models [28]. The use of operant measures is suggested as one approach to
overcome this translational gap based on several examples of discordance between the results obtained
using operant versus reflexive measures in the same study, with the operant measure agreeing with
the clinical outcome [29].

In addition to designing studies that use operant as opposed to reflexive outcome measures, a
variety of other recommendations have been made in the hope of improving the ability of animal
studies to predict clinical trial outcomes. These include the utilization of animal models that are more
directly applicable to prevalent painful conditions in people, as well as using outcomes that measure
spontaneous behaviors and a broader range of “quality of life” [28,30–32]. With these recommendations
in mind, the development of intrathecal RTX for intractable chronic pain states moved to studies in
companion dogs with the spontaneous development of bone cancer pain.

4. Preclinical Studies in Companion Dogs

4.1. Rationale

Because studies in laboratory animals, mainly rodents, with experimentally induced pain states
have only been partially successful in predicting human clinical trial outcomes, supplementing drug
development with additional models can provide an informative transitional step for translating novel
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treatments to human patients. There is growing interest in using the diseases that spontaneously
develop in companion (pet) dogs to investigate efficacy of new pharmacological agents and
interventional administration approaches. The interest stems from the fact that:

• The spontaneously developed diseases can be pathologically, physiologically and symptomatically
analogous to those in people [32–36].

• Medical surveillance of dogs is second only to that of people and illnesses are managed by
veterinary specialists using all of the diagnostic approaches of modern medicine [37].

• Dogs share the environment with people and thus the potential environmental risk factors
for disease.

• Their large body size simplifies biologic sampling.
• The extended course of disease, compared to rodent models, allows for clinically relevant efficacy

data collection, while the shorter overall lifespan of dogs, compared to humans, provides a time
course of disease within a time-frame reasonable for efficient data collection.

• Outcome assessment instruments have been specifically developed to capture clinically and
translationally relevant pain severity and pain impact data in these models [38].

• Dogs have significant intrabreed homogeneity coupled with marked interbreed heterogeneity,
providing unique opportunities to understand the genetic underpinnings of disease [39].

• The spontaneous pain caused by these naturally occurring diseases requires treatment for the
animals’ sake, and carefully studying novel therapies in these dogs can provide greater insight
into the potential efficacy in humans [25,40,41].

Keeping in mind that a goal in using RTX in the clinical setting is to elicit sustained pain
relief through deletion of subpopulations of primary afferent pain-sensing neurons, particularly
in intractable conditions, an obvious target population is the 75% to 90% of patients with advanced
cancer that experience significant, life-altering, cancer-induced pain [42]. The most severe pain is
especially associated with tumors involving bone destruction. In the evaluation of RTX efficacy
for chronic pain, the naturally occurring companion dog model of bone cancer pain has been
instrumental in documenting analgesic efficacy and potential side effects; as well as informing future
clinical trial design, justifying the starting dose, and selection of outcome measures and primary
endpoints [14,25,40,43].

4.2. Canine Bone Cancer

The spontaneous development of bone cancer is common in companion dogs and bears striking
resemblance to bone cancer in humans (Figure 1). In both species, osteosarcoma is histologically
indistinguishable and has the same biologic behavior and disease progression [44]. For a variety
of reasons, many owners do not choose the standard-of-care management for their dogs with
appendicular osteosarcoma, which is amputation followed by chemotherapy. For these animals,
the goal is to maintain the dog’s comfort and quality of life for as long as possible. The issues
associated with managing pain in dogs with bone cancer parallel those that occur in human cancer
patients. Over time pain severity becomes refractory to conventional pain management as the disease
progresses [44–46]. Dogs often undergo euthanasia within several months of diagnosis due to
uncontrolled bone pain and associated loss of function. This evolution of bone pain over weeks
to months allows enough time to evaluate the effectiveness of antinociceptive agents through the
evolution of the pain process including episodes of break through pain. This time is still short enough,
however, to ensure rapid accrual of data through detailed prospective studies.
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(a) (b)

Figure 1. An example of canine bone cancer: (a) A radiograph of the left radius and ulna reveals a
severe moth eaten osteolytic lesion of the ulna (white arrows); (b) Compared to the right forelimb there
is marked swelling of the left forelimb (white arrows) due to edema associated with the underlying
bone tumor.

4.2.1. Outcomes

In addition to identifying animal models that more closely represent the prevalent human disease
conditions, much attention has been paid to the choice of outcomes in animal studies with a call to
use outcomes that measure spontaneous behaviors and a broader range of ‘quality of life’ measures
as opposed to evoked responses [28,31,32]. In addition to laboratory based measures, such as gait
analysis to quantify lameness [47], a variety of clinically relevant outcomes measures have been
validated in dogs to capture changes in spontaneous pain-related behaviors and overall quality of
life, over extended periods of time, in the animal’s home environment. Watch-sized, accelerometer
based activity monitors can be unobtrusively worn on the dogs’ collar to collect activity data for
weeks or months at a time, while the dog performs its routine activities of daily living in its home
environment. Increased activity levels can be documented in dogs with chronic painful conditions
when appropriate anti-inflammatories and analgesics are administered [41,48]. In addition, much like
the proxy assessment of pain behaviors in young children or cognitively impaired populations, owner
assessments of chronic pain behaviors in their dogs have been validated [49–51]. These assessments
allow the measurement of pain severity and its impact on the dogs function as well as overall quality of
life. In some cases, these measures were developed to specifically to not only reliably quantify chronic
pain behaviors in dogs, but also to have translational relevance to human studies [38]. Several of these
measures were used to quantify the severity of chronic pain and its impact on the function of dogs
treated with intrathecal RTX.

4.2.2. Analgesic Efficacy of RTX

To generate preclinical data supporting the fact that intrathecal RTX could provide effective pain
relief and improve function in bone cancer pain, a single-blind, controlled study in 72 companion dogs
with bone cancer was implemented [40]. Dogs were randomized to standard of care analgesic therapy
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alone or 1.2 mg/kg intrathecal RTX in addition to standard of care analgesic therapy. To maintain
owner blinding, all dogs were admitted to the hospital for randomization and the fur was clipped over
the intravenous catheter and intrathecal injection sites. While only the dogs randomized to the RTX
group were anesthetized and underwent intrathecal injection, all dogs were hospitalized overnight to
allow treated dogs to fully recover and were discharged the next day from the hospital to owners who
were unaware as to which group their dog was randomized. Dogs were evaluated two weeks after the
randomization visit and then at monthly intervals until death. Unblinding occurred when an owner
believed that their dog had an unacceptable level of discomfort and required an intervention or at the
time of spontaneous death or euthanasia of the dog.

Five efficacy outcomes were evaluated in this study. Although both of the primary outcomes
and the lameness secondary outcome revealed a positive effect of RTX, the owner pain scores did
not. This could be attributable to the loss of study power due to seven dogs in the treated group
undergoing euthanasia prior to the two-week endpoint and the incidence of spinal headache in some
of the RTX treated dogs. The negative behaviors associated with a spinal headache—lethargy, lack of
interaction with the family, and inappetance—in the first week after randomization could influence the
owners’ pain assessment. Overall, dogs in the control group required unblinding significantly sooner
than dogs that had been treated with RTX. 78% of dogs in the control group required unblinding and
adjustment in analgesic protocol or euthanasia within six weeks of randomization, while only 50% of
the dogs treated with RTX required unblinding and adjustment in analgesic protocol or euthanasia in
that same time frame. Analgesic efficacy was also documented by an orthopedist, blinded to treatment
group, who evaluated lameness through video analysis and determined that 7% of dogs in the control
group had improved lameness while 33% of dogs in the RTX-treated group had improved lameness
two weeks after randomization. While these differences between groups were statistically significant
and support the analgesic efficacy of intrathecal RTX in bone cancer pain, it was clear that there was
variability in response in the RTX treated dogs.

The variability in the response to RTX may be associated with the varying degree of
TRPV1 expression on the small to medium sized DRG neurons that can be documented with
immunocytochemical staining [52]. It is possible that high expressing neurons are the most susceptible
to RTX cytotoxicity, while lower expressing neurons may be able to sequester a minor influx of calcium
and survive transient exposure to RTX, making them less susceptible. Low expressing neurons may
remain intact and continue to transmit clinically relevant pain signals and some neurons that are
damaged but repair with time may eventually resume transmitting clinically relevant pain signals.
In these cases, it is possible that retreatment would lead to a renewed clinical response. Retreatment was
offered for dogs that had initially responded to RTX but had recurrence of chronic pain, however the
owners opted not to retreat due to the advanced nature of their dogs’ disease.

Upon necropsy, the DRG of treated dogs revealed RTX-related effects. Within one month post
injection, degenerating neurons are in the process of being replaced by rosettes of proliferating satellite
cells. Neurons with larger cell body diameters remain unaffected, even in the immediate vicinity of a
degenerating neuron [25]. These histologic findings reflect the observed, analgesic effect that occurs in
the dogs with the retention of other sensory and proprioceptive functions. In fact, the analgesic effect
was documented in the dogs with bone cancer without any evidence of development of neurologic
abnormalities that can be seen with neurolytic therapies.

4.2.3. Adverse Events

Significant increases in blood pressure and heart rate can occur after intrathecal RTX injection in
dogs. These cardiovascular effects peak within minutes of injection and return to baseline over the
hour that the dog remains anesthetized through the period of TRPV1 activation. Immediately after
extubation, many dogs pant for several hours, during which they develop hypothermia that plateaus 3
to 4 h after extubation. Even the most hypothermic animals—those that drop core body temperature
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more than 4 ◦C after injection—otherwise make an uneventful recovery and regain normothermia
in 12 to 18 h [40].

A serious adverse event that can be seen with neurolytic therapies is deafferentation pain
syndromes. Complete or partial interruption of afferent nerve impulses can lead to central sensitization,
with patients experiencing abnormal sensory phenomena such as allodynia, hyperalgesia, dysesthesias,
and hyperpathia [53,54]. In animals, deafferentation can lead to self-mutilation, biting the region in
which they might feel painful, or paresthetic sensations [55–57]. Behaviors consistent with development
of deafferentation pain syndromes did not occur in any dogs treated with RTX. The lack of long-term
negative effects is important for the clinical translation of RTX. However, there were several acute
perinjection effects of RTX noted. Significant increases in blood pressure and heart rate occurred
after intrathecal RTX injection in many dogs. These effects typically peak within five min of injection
and then gradually return to baseline over the hour that the dog remains anesthetized through the
excitation phase of TRPV1 activation. Upon recovery from general anesthesia, many dogs begin
panting heavily and can continue to do so for several hours, during which time they tend to become
hypothermic. The hypothermia can be significant and persist for many hours, however it does not
prohibit the dogs from otherwise making an uneventful recovery [25,40].

While the preclinical laboratory animal studies provided the necessary mechanistic insights into
how to use RTX as a therapeutic agent; the canine companion animal bone cancer studies showed
that RTX worked well on the complex pain state that develops due to naturally occurring cancer.
These studies were the impetus to move intrathecal RTX into human clinical trials.

5. The Clinical Trial

Intrathecal RTX is undergoing a Phase I clinical trial to treat refractory severe pain in patients
with advanced cancer. Serial electrocardiogram, brain and spine MRI, eye exam, blood analysis and
neurological exam and tools measuring pain, quality of life, active and mental status are used to assess
patients pre- and post-injection. An intrathecal catheter is placed and the injection performed under
anesthesia to prevent the acute pain that accompanies excitotoxic actions of RTX on TRPV1 neurons.
To date, patients have received 3 to 26 μg of RTX into the intrathecal space. While patients receiving
the lower doses experienced variable amounts of pain relief, those who received either 13 or 26 μg
injections of RTX, showed a clinically meaningful improvement in quality of life following the single
injection. These patients consistently reported less pain and improved mobility. No changes in EKG,
MRI, or eye examination were noted. Thermal perception reduction was consistent with cell death
of the TRPV1 neurons. There were no other sensory or motor changes post-treatment. These initial
findings suggest that intrathecal RTX administration can selectively delete neurons that transmit pain.
Additional accruals will further detail the safety and efficacy of RTX to reduce refractory pain and
improve quality of life in patients with advanced cancer [52,58,59].

6. Conclusions

The vision to develop RTX for control of intractable pain conditions emerged from live cell
imaging documenting that, as an ultra-potent TRPV1 agonist, RTX causes extremely prolonged
channel opening and calcium influx resulting in cytotoxicity to the TRPV1-positive pain fibers or
cell bodies [13,17,18]. The selectivity and behavioral effects of deletion of subpopulations of primary
afferent pain-sensing neurons via central administration of RTX into the cerebrospinal fluid or ganglia
was then documented in a variety of animal evoked pain models [14,20,22–25]. The final impetus to
carry intrathecal RTX into human clinical trials emerged from the preclinical companion animal canine
bone cancer studies [14,25,40]. These studies showed that this analgesic approach worked, not just
in evoked pain models, but also in the complex pain state that originates from naturally occurring
cancer. At the conclusion of these studies, the various elements necessary for a Phase I clinical trial in
humans were assembled. Several cohorts of patients with advanced cancer have been recruited to date
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with promising results [58,59]. Additional accruals will further detail the safety and efficacy of RTX to
reduce refractory pain and improve quality of life in patients with advanced cancer.
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Abstract: Transient Receptor Potential Vanilloid 1 (TRPV1) is a non-selective, Ca2+ permeable cation
channel activated by noxious heat, and chemical ligands, such as capsaicin and resiniferatoxin (RTX).
Many compounds have been developed that either activate or inhibit TRPV1, but none of them are in
routine clinical practice. This review will discuss the rationale for antagonists and agonists of TRPV1
for pain relief and other conditions, and strategies to develop new, better drugs to target this ion
channel, using the newly available high-resolution structures.
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1. Introduction—TRP Channels

Transient Receptor Potential (TRP) channels were discovered while analyzing a visual mutant
of drosophila that showed transient response to light, as opposed to the sustained receptor potential
in wild type flies [1]. Unlike in mammals, invertebrate vision is initiated by the activation of
a Phospholipase C (PLC) enzyme, which hydrolyzes the membrane phospholipid phosphatidylinositol
4,5-bisphosphate (PIP2) to form the two classical second messengers inositol 1,4,5 trisphosphate
(IP3) and Diacylglycerol (DAG). Despite decades of research, it is still unclear how this enzymatic
cascade activates the channel responsible for generating the receptor potential in insects. This channel
complex includes dTRP protein, mutation of which was responsible for the transient light response [2].
Based on sequence homology, mammalian orthologues of the dTRP channel were soon cloned; the
seven mammalian TRPs with the closest homology to dTRP were designated as Classical, or Canonical
TRPs, or TRPCs [3]. Two additional major subfamilies (TRPV and TRPM) and three smaller subfamilies
(TRPA, TRPN, and TRPML) were identified; together with TRPCs they comprise the mammalian TRP
(super) family. TRP channels are highly diverse; it is impossible to succinctly summarize their functions.
Two major general themes however stand out: regulation by the PLC pathway, and involvement in
sensory transduction. The closest mammalian homologs of the dTRP channel, TRPCs are all stimulated
downstream of PLC coupled receptor activation, and several other TRP channels are modulated by
this pathway [4]. TRP channels are involved in a variety of sensory functions; their roles are best
established in thermosensation [5]. Mutations in TRP channels cause human diseases as diverse as
kidney disease (TRPC6), spontaneous pain syndrome (TRPA1), hypomagnesemia (TRPM6), night
blindness (TRPM1) and complex musculoskeletal and neurological disorders (TRPV4) [6]. Given their
widespread physiological roles and relatively recent discovery, many of them are promising drug
targets [7].

2. Sensory TRP Channels

TRP channels play various roles in all primary senses [8]. They initiate the visual signal in
invertebrates, and TRPM1 in retinal on-bipolar cells plays an important role in visual transmission in
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mammals; its loss of function mutation causes stationary night blindness in humans [9]. TRPM5 knockout
mice have altered sweet, bitter and umami taste sensation [10]. TRP channels play important roles in
mechanosensation in invertebrates, but their role in mammals is controversial [11]. TRPC2 is important
in pheromone sensation in rodents, but in humans it is a pseudogene [8]. As discussed below, the roles
of TRP channels are best established in thermosensation, and chemical nociception [5,12]. To place
TRPV1 channels in context, we first briefly discuss thermo- and somatosensory TRP channels other
than TRPV1.

2.1. Heat Sensitive TRP Channels other than TRPV1

TRPV2 [13] is a capsaicin insensitive homolog of TRPV1, initially identified as a noxious heat
sensor. It is activated with a heat threshold higher than that for TRPV1, and it is well expressed
in peripheral sensory dorsal root ganglion (DRG) neurons [14]. Behavioral studies however found
no difference in temperature sensation between TRPV2−/− and wild type mice, showing that this
channel is unlikely to be a physiological heat sensor [15]. TRPV2 knockout mice show various
abnormalities, such as macrophage phagocytosis [16], and maintenance of cardiac structure and
function [17], highlighting the importance of these channels in functions other than thermosensation.

TRPV3 [18] is expressed in keratinocytes of the skin and it is activated by moderate heat [19].
These channels are sensitized and activated by various oregano, thyme and clove derived skin
sensitizers, such as carvacrol, thymol and eugenol. While some studies reported defects in temperature
sensation in TRPV3−/− mice, the effect depended on the genetic background [5]. In humans, gain of
function mutations of TRPV3 lead to Olmsted syndrome, which is characterized by palmoplantar and
periorificial keratoderma, alopecia and severe itching [20].

TRPV4 [21] is an osmosensor, but it is also activated by moderate heat. Similar to TRPV3, it is
essentially undetectable in DRG neurons, but well expressed in keratinocytes [5]. TRPV4 knockout
mice showed a mild defect in thermal preference [22].

TRPM3 is the most recent addition to the thermo-TRP family. These channels are expressed in
small nociceptive DRG neurons; they are activated by heat, and chemical agonists such as pregnenolone
sulfate [23]. Genetic deletion of these channels in mice leads to defects in noxious heat sensitivity [24].

2.2. Cold Sensitive TRP Channels

TRPM8 [25] is a well-established sensor of mild environmental cold temperatures. This channel
is activated by cold, menthol, and other cooling agents, such as icilin [19,26,27]. Genetic deletion of
these channels in mice leads to decreased sensitivity to moderate cold [28–30]. TRPM8 is also the main
mediator of menthol-induced analgesia [31].

TRPA1 [32] was originally proposed to function as a noxious cold sensor [33]. This channel is
also activated by a variety of noxious and pungent chemical compounds such as mustard oil and
acrolein [34]. While it is very well established by now that this channel serves as a noxious chemical
sensor, its cold activation is still controversial, detailed discussion of this controversy is beyond the
scope of this chapter, and it was reviewed in detail recently [5,32].

TRPC5 channels [35], but not TRPC1/TRPC5 heteromers, were shown to be activated by cold
temperatures, but genetic deletion of TRPC5 did not result in a change in cold sensitivity [36].

3. Physiological and Pathophysiological Roles of TRPV1

Similarly to most TRP channels, TRPV1 is an outwardly rectifying Ca2+ permeable non-selective
cation channel. Its activators most often used in experiments are temperatures over 42 ◦C, capsaicin,
and low extracellular pH. Resiniferatoxin (RTX) is an ultrapotent agonist of TRPV1 [37], it activates
the channel at lower concentrations than capsaicin, but its effect also develops much slower [38].
Most likely due to its slowly developing effect [39], RTX is less pungent than capsaicin [40].

TRPV1 is one of the most promiscuous ion channels; it is activated by many endogenous [41] and
exogenous compounds, including various painful arthropod toxins [42,43]. Endogenous regulators
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of TRPV1 include endovanilloids, such as anandamide and 2-Arachidonoylglycerol [44] and
lysophosphatidic acid [45]. Most of these endogenous compounds, even at maximally effective
concentrations, induce TRPV1 currents smaller than those evoked by saturating capsaicin
concentrations. Interestingly, ethanol at high concentrations also activates TRPV1, an effect probably
responsible for the pungency of concentrated spirits [46].

TRPV1 has been implicated in a plethora of physiological and pathophysiological functions,
which have been extensively reviewed [47,48]. Below we will summarize the functions most relevant
to its role as a drug target.

3.1. Functions Related to Expression in Peripheral Sensory Neurons

TRPV1 was first described in small nociceptive DRG and trigeminal ganglion (TG) neurons.
Most sensory neurons innervating the urinary bladder also express TRPV1. This channel is also
present in a large portion of neurons of the nodose and jugular sensory vagal ganglia [49] innervating
the airways (see Section 3.1.3). The following three sections will briefly discuss the roles of TRPV1 in
nociception, micturition, and airway hypersensitivity.

3.1.1. Nociceptive Heat Sensation and Thermal Hyperalgesia

Capsaicin, the chemical activator of TRPV1 evokes intense burning pain, and temperatures over
~42 ◦C induce a steep increase in channel activity with a ~20 fold change upon a 10 ◦C increase
in temperature (Q10 ~20) [50]. These properties intuitively suggest that this channel functions as
a noxious heat sensor. Surprisingly, initial studies in mice somewhat differed on the effect of genetic
deletion of this channel on acute nociceptive heat sensation [51]. One knockout study found that
TRPV1−/− mice showed altered responses to heat in the tail flick, radiant heat, and hot plate assays [52].
An independent study however found no difference in acute heat sensitivity between wild type and
TRPV1−/− mice [53]. The same study, on the other hand, found that thermal hyperalgesia induced
by inflammation was severely altered in the TRPV1 knockout mice [53]. Subsequent research with
TRPV1−/− mice supported the role of TRPV1 as a noxious heat sensor having more pronounced
defects at higher temperatures [15,54,55]. Also consistent with the role of TRPV1 as a noxious heat
sensor is the finding that one of the key side effects of TRPV1 blockers in humans is the increase of the
threshold for painful heat, and consequential accidental burns (see Section 4.1) [7].

When TRPV1 expressing sensory neurons were ablated using diphtheria toxin in mice, heat
sensitivity was essentially eliminated [56]. The more robust phenotype of this mouse model
compared to TRPV1−/− mice suggests the presence of other heat sensing ion channels in TRPV1
expressing neurons.

Thermal hyperalgesia, increased sensitivity to heat, is a hallmark of inflammatory pain.
In mouse models, genetic deletion of TRPV1 essentially eliminated thermal hyperalgesia induced by
inflammation in two independent TRPV1−/− lines [52,53], demonstrating the importance of these
channels in this phenomenon. In principle, there are two mechanisms by which TRPV1 activity
can increase and thus induce thermal hypersensitivity: higher expression levels, and increased
sensitivity/activity. Increased expression of TRPV1 at the RNA and protein levels has been reported
both in inflammatory models [57], and in response to application of inflammatory mediators such as
Nerve Growth Factor (NGF) [58]. In addition, NGF was shown to increase the number of functional
TRPV1 channels in the plasma membrane by PI3K mediated increase in trafficking [59,60]. In contrast
to NGF, stimulation of pro-inflammatory G-protein coupled receptors (GPCRs) increase the sensitivity
of TRPV1 to heat, low pH and capsaicin, without increasing the number of functional channels [61].
Direct phosphorylation by Protein Kinase C (PKC) has been shown to play an important role in
sensitization of TRPV1 by pro-inflammatory mediators such as bradykinin, prostaglandins and
extracellular ATP, all of which act via Gq-coupled receptors [62–64]. Some pro-inflammatory mediators,
such as prostaglandin E2 also activate Gs-coupled receptors, and the ensuing cAMP formation and
activation of Protein Kinase A (PKA) contributes to sensitization [64–66]. The A kinase anchoring
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protein 79/150 (AKAP79/150) was shown to be important not only to PKA-, but also for PKC-mediated
potentiation of TRPV1 activity [64], highlighting the importance of localized signaling complexes in
the regulation of these channels.

In contrast to the very well established role of TRPV1 in inflammatory thermal hyperalgesia, the
role of TRPV1 in rodent models of neuropathic pain is less clear. Caterina et al. reported no difference
between wild type and TRPV1−/− mice in thermal hyperalgesia induced by partial sciatic nerve
ligation [52]. This is consistent with the finding that in rodent models of neuropathic pain TRPV1
expression is often decreased rather than increased [67], even though in some nerve injury models
increased TRPV1 expression was also reported [68].

3.1.2. Urinary Bladder

The majority of sensory nerves innervating the urinary bladder express TRPV1, but the expression
of this channel in urothelial cells is controversial; if present, it is expressed at much lower levels than
in sensory neurons [7]. The role of TRPV1 in normal micturition is not very clear; TRPV1−/− mice
display a only mild spotty incontinence [69], and TRPV1 antagonists do not alter micturition in naïve
mice [7]. The role of TRPV1 on the other hand is very well established in dysfunctional micturition
reflex. Desensitizing TRPV1 expressing nerves using intravesical capsaicin, or RTX have been used to
treat incontinence [7]. RTX is better tolerated, because it causes less pain than capsaicin.

3.1.3. Airways

TRPV1 is expressed in neurons of the vagal nerve innervating the airways that give rise to C-fibers.
The cell bodies of these neurons are found in the nodose and jugular ganglia. Inhaled capsaicin evokes
an urge to cough in humans and guinea pigs, but not in rats [7]. Sensitivity to inhaled capsaicin
aerosols is increased in some respiratory disorders, and chronic allergic airway inflammation leads to
increased TRPV1 expression [49]. TRPV1 antagonists were reported to inhibit cough evoked by inhaled
aerosoled citric acid, but not spontaneous cough [7]. Desensitizing TRPV1 by intranasal application of
capsaicin provided symptomatic relief in vasomotor rhinitis, but the procedure was painful and not
very well tolerated [70]. Sensory neurons innervating the airways also express TRPA1, consistent with
the role of that channel as a major sensor of environmental irritants [71].

3.2. Functions Based on Expression in Other Tissues

There is a relatively large literature on the involvement of TRPV1 in many different functions in
a variety of tissues, especially in the central nervous system. Some effects are well established, some
of the data are disputed, mainly due to findings obtained from a reporter mouse, where the authors
show very restricted expression pattern of TRPV1 in small peptidergic neurons of primary sensory
ganglia such as DRG and TG, the caudal hypothalamus, and in a subset of arteriolar smooth muscle
cells within thermoregulatory tissues [72]. Below we briefly discuss three topics: 1. body temperature
regulation, which is important for understanding the side effects of TRPV1 antagonists, 2. increased
metabolism, which is a potential positive effect of TRPV1 agonists 3. the potential role of TRPV1 in
ocular injury, which may also be a potential therapeutic application for TRPV1 antagonists.

3.2.1. Body Temperature Regulation

Given that TRPV1 does not normally show significant activity below ~42 ◦C, it is counterintuitive
that this channel plays a major role in regulation of body temperature. Furthermore, TRPV1−/−

mice have basal body temperatures indistinguishable from wild-type mice, even though they do
not show the characteristic drop in body temperature after capsaicin injection [52]. Mice, in which
TRPV1 expressing cells are depleted, also show no difference from wild-type animals in basal body
temperature, but they show somewhat altered ability to maintain their body temperatures in response
to various challenges [56]. Some investigators concluded that TRPV1 is not a major regulator of body
temperature [73].
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A major side effect of TRPV1 antagonist of TRPV1, however, is hyperthermia, which in some
cases may reach dangerous levels [7]. How is this possible? As not all antagonists have this effect,
it is unclear at this point whether this is an on target side effect [7]. It also has to be kept in mind
that the temperature threshold of TRPV1 is dynamic; inflammatory mediators for example shift the
temperature threshold in a PKC dependent manner. It is quite possible, that TRPV1 channels expressed
in cells responsible for body temperature regulation, are in a sensitized state. The role of TRPV1 in
thermoregulation has been recently reviewed in detail [74].

3.2.2. Metabolism

There is extensive literature on the effects of capsaicin and TRPV1 on metabolism, diabetes and
obesity, as reviewed in [7,75]. A relatively recent meta-analysis of clinical trials concluded that daily
consumption of capsaicin or capsiate, a non-pungent vanilloid, modestly increase thermogenesis and
decrease appetite, thus can be useful in weight management [76]. Animal studies however show
a somewhat more confusing picture. TRPV1−/− mice were shown to be protected from diet-induced
obesity [77], but a more recent study found no difference in weight gain on high fat diet between wild
type and TRPV1 knockout mice [78]. Neonatal ablation of TRPV1 expressing neurons using capsaicin
in rats also resulted in conflicting data: some authors found lower weight, while others found no
change in food consumption (reviewed in [79]). Consistent with the human data on the other hand,
capsaicin consumption was shown to induce browning of white adipose tissue and reduce obesity in
mice in a TRPV1 dependent fashion [80].

3.2.3. Ocular Injury and Eye Disease

Besides their potential use as analgesics, TRPV1 antagonists may also be useful in other
pathological conditions [7], one example; eye injury is briefly discussed here. Okada et al. showed
that in an alkali burn model of cornea in mice, both genetic deletion of TRPV1, and TRPV1
antagonists inhibited inflammatory cell invasion, myofibroblast generation, and scarring [81]. It was
also shown that TRPV1 activation induces EGFR-transactivation in human corneal epithelial cells,
which increases cell proliferation [82]. It was also demonstrated that TRPV1 activation in corneal
epithelial cells by hypertonic media, similar to those observed in tears of dry eye patients, induces
increased pro-inflammatory and chemoattractant release, which may contribute to the development of
inflammation in dry eye patients [83]. The role of TRP channels in ocular function and eye disease has
been recently reviewed [84].

4. TRPV1 as a Drug Target

There are many different TRPV1 antagonists developed by the pharmaceutical industry, several
of them are, or were, in clinical trials, but to our knowledge, none of them are in routine clinical use
yet. The topic has been extensively reviewed recently [7,85], here we will only discuss two aspects
briefly: the limitations of currently available TRPV1 antagonists, and the rationale for using TRPV1
agonists for pain relief.

4.1. Limitations of TRPV1 Antagonists

Given the importance of TRPV1 in nociception, the rationale for using its antagonists as pain
medications is straightforward. TRPV1 antagonists have been shown to provide pain relief in some
pain modalities in animal models, but they are not universally effective in all studies. This topic has
been extensively reviewed [86–88], here we only mention a small number of examples. In a rat model
of osteoarthritis the intraarticular injection of the TRPV1 antagonist JNJ17203212 almost completely
eliminated the weight bearing asymmetry in mice [89]. A different TRPV1 antagonist ABT-116, however
induced only moderate pain relief in dogs in an experimental model of synovitis [90], and a third
TRPV1 antagonist AZD1386 was withdrawn from clinical trials because of the absence of significant
clinical benefit in osteoarthritis patients [91]. TRPV1 antagonists inhibited acute pancreatitis-induced
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pain in rats, but they were ineffective once chronic pancreatitis was established [92]. In mice the TRPV1
antagonist JNJ17203212 was shown to inhibit bone cancer pain [93].

Besides their variable and modality dependent effectiveness, the major limitation of TRPV1
antagonists is the two key side effects: accidental burns and hyperthermia. While accidental burns
are usually mild and can be largely avoided by warning the patients to be careful, hyperthermia in
some cases can be severe [7]. Is it possible to develop antagonists that are devoid of these side effects?
Different antagonists show these side effects to different extents, suggesting that the answer is yes.
Accumulating knowledge about the regulation of the channel also raises the possibility of developing
better antagonist.

TRPV1 is a multimodal ion channel, the regulation of which is complex. Heat, low pH and
capsaicin activate the channel with different mechanisms, thus theoretically it is possible to develop
modality dependent inhibitors. For example, an antagonist that does not block heat activation of the
channel, is expected not to block nociceptive heat sensation, thus should not cause accidental burns.
Such an inhibitor may still have beneficial effects by inhibiting other modalities, such as activation
by low pH and by endovanilloids. An inhibitor that selectively blocks the sensitized state of the
channel, but not the basal activity, could potentially be also devoid of this side effect. What makes
this rationale a little more complex is that it is not very well known what activates these channels in
various pain conditions. In addition, it is not currently clear whether the most important side effect,
hyperthermia, is an on-target, or off-target effect [7]. One could argue that inhibiting a heat-sensing
channel is expected to induce an increase in body temperature, by “tricking” the body into feeling
colder, thus increasing temperature to compensate. There are two problems with this thought: first, as
mentioned earlier, the temperature threshold of TRPV1 is ~42 ◦C, well over normal body temperature.
Second, it was proposed that antagonists that do not block activation of the channel by low pH are less
likely to induce hyperthermia [94]. This, however, seems to be true for some antagonists, but not for
others [7].

4.2. Desensitization of TRPV1–Rationale for Using TRPV1 Agonists

Capsaicin containing creams and other topical preparations have long been used as local
analgesics. Topical capsaicin, after an initial burning sensation, desensitizes the sensory nerves
not only to heat and capsaicin, but other modalities as well [79]. Capsaicin-induced desensitization is
a poorly defined and highly complex phenomenon.

Native TRPV1 in DRG neurons and heterologously expressed TRPV1 undergo desensitization
when exposed to maximally effective concentrations of capsaicin [50,95], which is defined as decreased
current amplitude in the continuous presence of the agonist. Some articles differentiate between acute
desensitization, and tachyphylaxis, which is reduced responsiveness to short applications of capsaicin.
The best-established mechanism behind desensitization is depletion of PIP2 by Ca2+-induced activation
of PLC. Even though PIP2 was originally proposed to inhibit TRPV1 [96], it is clear by now that the
channel is potentiated by this lipid applied to excised inside-out patches [59,97–100], and the channel
requires endogenous phosphoinositides for activity in a cellular context. Capsaicin was shown to
activate a PLCδ isoform leading to a robust decrease in the levels of PIP2 and its precursor PI(4)P in
TRPV1 positive DRG neurons [101]. Various inducible phosphoinositide phosphatases that decrease
PIP2 and PI(4)P levels were shown to inhibit TRPV1 activity [97,101–103], and the decrease in PIP2

levels displayed very good correlation with decreasing current levels [102]. When the whole cell patch
pipette is supplemented with PIP2, or PI(4)P, desensitization of both recombinant TRPV1 [99,104,105]
and native TRPV1 in DRG neurons [98] is reduced, but not eliminated, pointing to the contribution of
other signaling processes. Paradoxically, the decrease in PIP2 levels upon PLC activation by GPCRs
may also play an auxiliary role in sensitization of TRPV1 by potentiating the effect of PKC [101].
Phosphoinositide regulation of TRPV1 is complex, its detailed discussion is beyond the scope of this
article, and was extensively reviewed recently [106].
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Other Ca2+ dependent processes such as calmodulin (CaM) [107], calcineurin [108,109], and
endocytosis [110] may also contribute to desensitization. The distal C-terminus of TRPV1 was shown
to bind CaM, and removal of this segment reduced tachyphylaxis, and to a lesser also inhibited
acute desensitization [107]. The same study however found that neither the CaM inhibitor W7, nor
a dominant negative mutant of CaM inhibited desensitization [107]. An independent study found
that CaM applied to excised patches inhibited TRPV1 activity, this inhibition, however was slow,
developing over several minutes, and partial [111]. An anti-CaM antibody was also shown to inhibit
desensitization [104], and the crystal structure of CaM binding to the distal C-terminus of TRPV1
has been determined [112]. Inhibition of the Ca2+-CaM dependent protein phosphatase calcineurin
with cyclosporine and intracellular dialysis of cyclophilin was shown to reduce desensitization of
TRPV1 [108,109], but a pseudosubstrate inhibitor of calcineurin failed to inhibit desensitization [113].
Even though current activity was shown to recover from desensitization within ~10 min, if ATP is
provided in the patch pipette [114], TRPV1 was also shown to undergo internalization after exposure
to capsaicin [110].

TRPV1 activation in DRG neurons does not only lead to desensitization of the TRPV1 channel
itself, but the massive Ca2+ influx also leads to inhibition of other ion channels via various downstream
signaling pathways. There are numerous reports showing that capsaicin application inhibits voltage
gated Ca2+ channels [115–120]. Voltage gated Na+ channels were also shown to be partially inhibited
upon TRPV1 activation [121]. KCNQ voltage gated K+ channels were shown to be inhibited upon
TRPV1 activation via PIP2 depletion [122]. Hyperpolarization activated HCN channels [123], P2X
ATP activated ion channels [124,125] and TRPA1 [126] were also shown to be inhibited by capsaicin
via TRPV1 activation. Mechanosensitive Piezo 1 and Piezo2 channels are also inhibited by TRPV1
activation in a Ca2+ dependent manner and supplementing the whole cell patch pipette with PIP2

alleviated this inhibition [127].
The acute effects of TRPV1 activation on the channel itself and inhibition of other channels may,

in principle, contribute to the analgesic effect of topical capsaicin. It has to be noted, however, that
the pain relieving effects of high concentrations of topical capsaicin last for several weeks, and local,
reversible nerve degeneration has been demonstrated after those treatments [7]. On the other hand,
the effects of intravesical RTX treatment for incontinence (see later) are more reversible, and occur
without detectable nerve degeneration [7], thus acute inhibition of ion channels is a more feasible
explanation for this effect. Note that RTX may cause nerve degeneration when administered via
a different route [128].

Even though capsaicin is highly lipophilic, the non-damaged human skin poses a significant
barrier to this compound, which is why handling hot chili peppers does not usually cause significant
pain in the hands, while capsaicin evokes very intense pain in the mouth, or the eye, when accidentally
touched with capsaicin-contaminated hands. The over the counter creams available in US pharmacies
usually contain 0.1% capsaicin, which corresponds to ~3.3 mM, which is several orders of magnitude
higher concentration than the EC50 (~100 nM) when activating the channel in electrophysiological
experiments [61]. When placed on human skin, however, these formulations usually evoke only a
slowly developing moderate burning sensation, and they require multiple daily applications over
several weeks to have an effect [129]. When injected intradermally in a small volume (20 μL), the same,
or even lower concentrations of capsaicin (0.01% and 0.1%) were shown to induce a dose-dependent
nerve degeneration after a single injection [130]. Overall, capsaicin from sporadic application of low
concentration creams may not reach the nerve terminals at high enough concentrations to induce
clinically relevant desensitization. It was proposed that these creams are more likely to exert some
pain relief via counter irritation [79], which may involve the release of somatostatin, which exerts
antinociceptive and anti-inflammatory effects [131,132]. Developing TRPV1 agonists with better
penetration through the skin is one area where rational drug design may play a role. It has to be noted
however, that when applied in a large quantity and for a long time (48 h), a low concentration (0.1%)
capsaicin preparation was also shown to induce long lasting, slowly reversible nerve degeneration [133].
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There are several high concentration patches and injectable capsaicin formulations either in clinical
trial or approved; these are discussed in detail elsewhere [7]. The high concentration capsaicin
patch Qutenza (8%) which requires a single one hour application and its effect lasts for several
weeks, for example is approved for post-herpetic neuralgia [129], but did not receive FDA approval
for HIV-related pain [7]. Unlike the topical capsaicin creams containing low concentrations of the
drug mentioned above, the Qutenza having 8% capsaicin causes degeneration of TRPV1-expressing
nociceptive nerve endings even after a 1 h application, which is only slowly reversible, explaining the
long duration of action of the drug [134].

The effects of TRPV1 agonists also depend on the application site and age of experimental
animals. In newborn rats, systemic injection of RTX, or capsaicin, destroys TRPV1 positive cells, and
has been used as a model to study nociception [79,135]. Intrathecal application of RTX or capsaicin
induces degeneration of the central terminals of TRPV1 positive DRG neurons, and thus eliminates
transmission of signals from these cells [136]. CT-guided local administration of RTX to DRGs in pigs
was shown to reduce withdrawal from noxious heat in corresponding dermatomes [137].

4.3. Structure Based Rational Design of TRPV1 Modulators

Despite the advances in membrane protein crystallography, and the enormous interest in TRP
channels, no full-length TRP channel has been crystallized, until very recently [138]. Advances in
cryo-electron microscopy (cryoEM) however made it possible to obtain structures sufficiently accurate
to resolve side chain conformations. TRPV1 was the first ion channel for which such structure was
available [139,140], followed by TRPA1 [141] and TRPV2 [142,143]. The most recent cryoEM structure
of TRPV1 was determined in lipid nanodiscs, a native-like lipid environment [144].

The advances in structural biology of TRP channels opens up the possibility to rationally design
both agonists and antagonist for TRPV1 and other TRP channels.

4.3.1. CryoEM Structure of TRPV1: First Insights on the Gating Mechanism

Facilitated by recent technical developments in single-particle cryoEM, the structure of the
mammalian TRPV1 cation channel has been recently solved in three distinct conformational states:
closed state without any agonist, capsaicin-bound partially open state, and fully open state with
two agonists RTX and double-knot-toxin bound to the channel [139,140]. These structures have
provided an unprecedented atomistic view of both the initial and terminal states of channel gating.
TRPV1 is a member of the evolutionary superfamily of 6TM channels, i.e., it is distantly related to
the family of voltage gated ion channels [145]. The functional assembly of the channel is a tetramer
of subunits containing each six transmembrane helices, termed S1 through S6. As a clade of 6TM
channels, TRP channels (and thus TRPV1) inherited the overall architecture from voltage sensitive
ancestral genes (Figure 1). Thus, besides the pore domain, constituted by the tetrameric assembly of the
S5 and S6 helices, TRPV1 shows four identical peripheral domains that are structurally homologous
to voltage sensor domains. These are formed by helices S1 through S4 and are connected to the pore
domain through an amphiphilic helix parallel to the membrane called S4–S4 linked domain [139].

In contrast to voltage gated ion channels, the S1–S4 domain does not undergo significant
conformational changes upon activation. However, in the agonist-activated states of the channel,
pore-forming helices move apart from each other, breaking a seal of hydrophobic residues and opening
the so-called gate [139]. The molecular mechanism responsible for channel opening upon ligand
binding is thus seemingly different from that underlying voltage sensitive activation. In spite of the
abundant structural information so far collected, the nature of the close-to-open structural transition
and, most importantly, the role played in this transition by the channel-ligand interactions is still the
object of intense investigation.
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Figure 1. Molecular architecture of the Transient Receptor Potential Vanilloid 1 channel (TRPV1).
Cartoon representation of the structure of the transmembrane region of TRPV1 as determined
via cryoEM in lipid nanodiscs: (A) side view; and (B) top view. For clarity, only two subunits
are highlighted in solid color while the other two are rendered as grey shading. Different colors
highlight the major structural elements described in the text: S1–S4 domain (blue), linker domain (red),
S5 (orange), pore helix and selectivity filter (yellow), S6 (brown) and TRP domain (grey).

Before the structure of TRPV1 became available, biochemical studies had already localized the
interaction sites of various TRPV1 small molecule agonists: capsaicin, RTX, and N-arachidonoyl
dopamine activate the channel from the intracellular face in a pocket usually referred to as vanilloid
binding site [139]. The best-characterized TRPV1 ligand is arguably the agonist capsaicin [79].
Intriguingly, the molecule capsazepine, which is structurally very similar to capsaicin, while showing
a reasonably large affinity, does not cause channel opening. Therefore, by competing for binding to the
vanilloid site with TRPV1 activators, it exerts a modulatory effect opposite to that of capsaicin (i.e.,
inhibits the channel, it is a vanilloid antagonist) [146]. In other words, while retaining a relatively large
affinity for TRPV1, capsazepine does not elicit the structural response leading to channel opening.
While this lack of activity as activator is of clear pharmacological relevance—antagonizing the effect of
endogenous vanilloids is one of the putative strategies to achieve analgesia—its molecular determinants
remain to be understood and thus we are still far from a rational design of antagonists.

Indeed, despite the fact that single particle cryo electron microscopy has unveiled the
three-dimensional structures of the channel in the apo form and in complex with capsaicin, RTX and
capsazepine, the electron density maps for these structures did not have initially enough information
to unambiguously determine the position of structural waters and to unambiguously determine the
conformation of all the side chains of the residues lining the vanilloid pocket. Nevertheless, this
structural information paved the way for subsequent computational docking and molecular dynamics
studies in which the comparison between different agonists and between agonists and antagonists has
been used to rationalize the different behavior of the ligands. These structural studies are opening up
a new era for pain killer design in which the accurate knowledge of the specific binding modes gives
insights into the design principles of agonists and antagonists [147].

4.3.2. Binding Mode of Capsaicin and RTX

The initial electron density determined by Cao et al. [139] did not possess a resolution large enough
to unambiguously determine the spatial location and orientation of capsaicin and RTX. This lack of
information motivated a series of computational and joint computational/experimental studies that
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not only resulted in a more detailed structural picture of vanilloid binding to TRPV1, but also allowed
to formulate informed hypotheses about their mode of action. In this regard, one of the most important
milestones has been the work of Yang et al. [148], which has shown that capsaicin binds “head down”
(with the vanillyl group pointing toward the intracellular milieu) and that the most relevant interactions
between the ligand and the channel involve the amide group of capsaicin and the side chain of Thr550
and the hydroxyl from the vanilloid group and the side chain of Glu570. The relevance of these ligand
channel interactions was quantitatively assessed via double mutant cycle analysis [149].

A subsequent molecular dynamics investigation by Darre and Domene [150] provided additional
elements of support to the notion that that the amide group of capsaicin plays a crucial role in
ligand binding: molecular dynamics trajectories and free energy calculations showed that Thr550 and
Tyr511 engage in hydrogen bonding interactions, respectively, with the amine and carbonyl groups of
capsaicin through bridging water molecules. These water-mediated interactions were confirmed by
an independent study by Elokely et al. [38] in which a statistical physics based model was used to find
binding regions for tightly bound water molecules. In addition to these polar interactions, this study
investigated the role of hydrophobic interactions involving residues from S4 and the linker domain.
In particular five residues were predicted and shown experimentally to affect significantly binding
upon mutation (Leu515, Leu553, Tyr554, Ile573 and Phe587), thereby providing a stringent test for the
structural model. The emerging picture is a tight fit of the vanilloid group in a hydrophobic pocket
formed mainly by residues from the C-term region of S4 and the linker. This set of interactions was
shown to be crucial for both capsaicin and RTX. Importantly, the largest effect was observed for Leu553
and Tyr554 from S4 and Ile573 from the linker domain.

4.3.3. Mechanism of Activation by Vanilloids

The computational studies based on docking and molecular dynamics highlighted a small
set of persistent ligand-channel interactions, which were subsequently experimentally tested.
This information enabled to formulate hypotheses on the molecular mechanism of vanilloids and
provided a rationale for the novel structural information that became recently available. Indeed,
Gao et al. [144] determined the structure of TRPV1 in the apo form and in complex with RTX and
capsazepine in a lipid nanodisc environment (Figure 2). The use of this supermolecular assembly,
which faithfully reproduces the native lipid bilayer environment of the channel, enabled the authors to
obtain extremely well defined electron densities and thus to identify the location and orientation of the
ligands with remarkable accuracy. This study confirmed the theoretical prediction that RTX interacts
one side with the S1–S4 domain (with residues Ser512, Arg557, Leu515, Val518, and Met547 as well as
Leu669, and Thr550) and on the other side with linker residue Ile573 (Figure 2A). Importantly, this
observation brings support to the hypothesis raised in the previous computational studies [38,148,150]
that the role of agonists is to act as “molecular glue” between the linker and the S1–S4 domain.
Importantly, the cryoEM structures provided evidence of a feature deemed crucial for the agonist
effect in Yang et al. 2015 [148], i.e., the fact that the vanilloid head group catalyzes the formation of
a salt bridge between Glu570 and Arg577, an interaction that contributes to make the S1–S4 and the
linker domains a single rigid unit. Importantly, the structure of TRPV1 in complex with capsazepine
revealed no salt bridge between these two side chains and, in general, less extensive interactions with
the linker domain (Figure 2B).

The overall emerging picture confirms the “pull-and-contact” model proposed initially by
Yang et al. [148] in which the binding of vanilloids, by acting as “molecular glue”, promotes the
lateral movement of the linker toward the S1–S4 domain. As shown previously for voltage gated ion
channels, this conformational transition of the linker domain is able to release the steric hindrance
that prevents the splay of the S6 bundle. In other words, in the resting state the four linker domains
surround the S6 four-helix bundle lining the pore and act as a “cuff”. Once the linker domains are
displaced, the constriction is removed and the S6 helix bundle is free to expand [151]. Strikingly,
two independent studies have provided compelling confirmation of this model by engineering RTX
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sensitivity into TRPV2—a channel that is natively insensitive to this vanilloid. In the first study,
Yang et al. [152] introduced the residues Ser512, Phe543, Thr550 and Glu570 (TRPV1 numbering) in
the corresponding positions of TRPV2. The resulting construct was shown to be activated by RTX
(although the ligand-induced open state was relatively unstable). In the second work, Zhang et al. [153]
reported completely consistent observations by engineering a quadruple mutant that introduces Ser512,
Met547, Thr550 and Glu570 in the background of TRPV2.

Figure 2. Binding mode of TRPV1 modulators. Structure of TRPV1 in complex with: RTX (A); and
capsazepine (B). For clarity only the structural element surrounding the vanilloid binding site are
shown in cartoon representation using the same color code used in Figure 1. Amino acid side chains
contacting the ligands are shown as sticks; to highlight the location of ligand in the two structures, the
carbon atoms of RTX and capsezepine are highlighted by the cyan color. Note how the conformations
of RTX and capsazepine are very similar, except for a phenyl group, which, in RTX, contacts the side
chains of S6.

4.3.4. Structure Driven Design of Novel Modulators

The accurate structural information available at this point for TRPV1 in complex with agonists
and antagonists, together with an experimentally testable—and to some extent verified—microscopic
model of the vanilloid action has already prompted several structure-based studies in the last two years
and will, no doubt, catalyze an explosion of rational drug design campaigns in the foreseeable future.

The first study entirely based on this newly available information was that of Feng et al. [154].
The authors of this study used docking and molecular dynamics simulations to extract detailed
information about the interactions of two groups of ligands known to have agonist or antagonist
action. The accurate three-dimensional structures obtained from these calculations were then used
to generate a so-called pharmacophore, an abstract representation of the molecular features most
relevant for binding and activity. Thanks to this pharmacophore, the authors were able to screen
a virtual library of compounds and extract promising hits. In particular two compounds were found
experimentally to be relatively potent (two halogenated diaryl-nitro compounds), that were also
investigated through docking and molecular dynamics simulations. The two compounds resulted in
98.2% ± 2.7% and 79.9% ± 4.9% inhibition at a concentration of 30 μM, i.e., they antagonized capsaicin
(30 nM) in a calcium uptake assay. These compounds also proved to have relatively high affinity
with Ki values for capsaicin antagonism of 2.60 ± 0.62 μM and 4.50 ± 0.88 μM. Simulations showed
that the compounds interacted stably with Tyr511 and Thr550 via hydrogen bonds. Moreover, the
ligands established strong hydrophobic interactions with Met514 and Leu547, i.e., some of the side
chains previously shown to affect capsaicin affinity upon mutation. Importantly, these relatively
potent antagonists, formed strong hydrogen bonds with Arg557, thereby inhibiting the salt bridge

46



Pharmaceuticals 2016, 9, 52

with Glu570 found to be crucial for activation by Cao et al. 2016. Consistently, inactive compounds
were not observed to form this hydrogen bond with Arg557.

Building on their initial screen Feng et al. [155] further investigated diaryl molecules and screened
a library of diarylurea compounds. The rationale for the choice of this class of molecules is the
observation, coming from the previous computational studies, of the crucial energetic role played by
the interaction between the capsaicin amide group and the side chain of Thr550. The hypothesis was
that, given the relevance of this polar interaction, replacing the amide group with urea should increase
affinity and thus potency. Using the hydroxyl of Thr550 as anchoring point for the urea, the library
developed chemical diversity by changing the substituents of the two aryl-groups. In addition, in this
case, docking and molecular dynamics showed that Tyr511, Leu518, Leu547, Thr550, Asn551, Arg557,
and Leu670 were the most important side chains for recognition of the ligand by TRPV1.

A second group identified N-(3-fluoro-4-methylsulfonamidomethylphenyl)urea as a novel
template for TRPV1 antagonists and developed chemical diversity in various regions of this molecule
to generate a library to be screened [156,157]. Importantly, when the binding of this compound
was analyzed with computational docking, the urea group forms hydrogen bonds with Tyr511,
thereby properly orienting the molecule and favoring the interaction between the two flanking phenyl
groups and the hydrophobic regions of the binding site. Importantly, all the residues shown to be
crucial for capsaicin binding turned out to form stabilizing interactions with the novel molecules.
The N-benzylmethanesulfonamide group was found to occupy the crevice lined by the side chains
of Tyr511, Tyr554, Ile564, and Ile569. Moreover, the oxygen of the sulfonamide group was shown to
be engaged in a hydrogen bond with Ser512, the 3-trifluoromethyl group was found to interact with
Leu547 and the methyl group of Thr550 and the 4-methylpiperidine ring in was observed to be in
contact with Tyr511, Met514, and Leu515.

Overall, these recent studies have provided proof of concept that the detailed structural
information that became available greatly simplifies the search for TRPV1 modulators and molecules
with potency comparable to capsaicin can be now easily identified. Despite these success stories,
predicting the activity of the ligand, i.e., the agonist vs. antagonist action, remains challenging on
purely structural basis. To make progress in this issue additional studies will be needed to develop
a quantitative microscopic model that explains activation of TRPV1 by vanilloids.
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Abstract: Specialized receptors belonging to the transient receptor potential (TRP) family of
ligand-gated ion channels constitute the critical detectors and transducers of pain-causing stimuli.
Nociceptive TRP channels are predominantly expressed by distinct subsets of sensory neurons of the
peripheral nervous system. Several of these TRP channels are also expressed in neurons of the central
nervous system, and in non-neuronal cells that communicate with sensory nerves. Nociceptive
TRPs are activated by specific physico-chemical stimuli to provide the excitatory trigger in neurons.
In addition, decades of research has identified a large number of immune and neuromodulators as
mediators of nociceptive TRP channel activation during injury, inflammatory and other pathological
conditions. These findings have led to aggressive targeting of TRP channels for the development
of new-generation analgesics. This review summarizes the complex activation and/or modulation
of nociceptive TRP channels under pathophysiological conditions, and how these changes underlie
acute and chronic pain conditions. Furthermore, development of small-molecule antagonists for
several TRP channels as analgesics, and the positive and negative outcomes of these drugs in clinical
trials are discussed. Understanding the diverse functional and modulatory properties of nociceptive
TRP channels is critical to function-based drug targeting for the development of evidence-based and
efficacious new generation analgesics.

Keywords: TRP channel; pain; nociception; inflammatory pain; neuropathic pain; visceral pain;
cancer pain; migraine; dental pain; peripheral sensitization

1. Introduction

Pain constitutes an “unpleasant sensory and emotional experience associated with actual or
potential tissue damage”, as defined by The International Association for the Study of Pain [1].
As a sensory modality, pain represents an integral part of life. It serves as a protective mechanism
and an associative condition, as well as an alarm system for a wide range of pathological conditions.
In addition, pathologies and/or disease conditions that exclusively lead to pain also exist. The first and
foremost process is the peripheral detection and transduction of noxious stimuli that are determined as
painful by the higher-order structures in the central nervous system (CNS). The terminology that has
been widely used to define this process is “nociception”, which accounts for the neural mechanisms
and pathways for the encoding and processing of noxious stimuli [1]. Nociception constitutes the
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primary physiological and/or pathophysiological process for the somatic, visceral and trigeminal
sensory systems. The specialized receptive fields as well as the molecular entities therein are widely
regarded as nociceptors. Sensory neurons of the peripheral nervous system (PNS) that transmit
nociceptive signals lie in distinct populations of sensory ganglia. These neurons send peripheral
afferents to the somatic, visceral, and craniofacial regions, and also connect to the spinal cord and brain
stem. These neurons are the critical anatomical/structural mediators of sensory signal transmission
between the PNS and CNS.

Nociceptive neurons are functionally characterized by the type of sensory receptors and ion
channels expressed on the plasma membrane throughout the cell body (somata) and nerve fibers.
These receptors/channels are vital for the detection of various noxious stimuli. These neurons also
possess the molecular machinery to convert the noxious signals into electrical signals and transmit
this information to the CNS. Nociceptive receptors/channels, membrane proteins belonging to
the Transient Receptor Potential (TRP) family, constitute the major group of molecular detectors/
transducers. The first TRP channel discovered was a defective phototransduction channel from
a mutant form of Drosophila that exhibited an abnormally transient membrane potential change
in response to bright light, and was subsequently found preserved/conserved in many animal
species [2,3]. TRPs are non-selective cation channels with relatively high Ca2+-permeability, and are
expressed in a wide variety of cell/tissue types, both on the plasma membrane and intracellular
organelle membranes [4,5]. They also share identical overall membrane topology, consisting of
tetramers of 6-transmembrane (6-TM) segment polypeptide subunits with a central ion conduction
pore, which is similar to voltage-gated K+ channels. Since their discovery, the TRP family of proteins
have now grown significantly, and to date consist of six sub-families with 28 mammalian members;
categorized as canonical (TRPC), vanilloid (TRPV), ankyrin (TRPA), melastatin (TRPM), polycystin
(TRPP), and mucolipin (TRPML) [4,5]. In general, TRP channels are primary transducers of most
known sensory modalities such as vision, hearing, olfaction, taste and touch, to a wide range of
innocuous-to-noxious stimuli, and are therefore one of the most extensively studied receptor families
in sensory biology [5–7]. The diversity in TRP channels is mainly linked to the greatest level of
amino acid sequence differences in their cytoplasmic N- and C-termini. Based on their ability to
detect and transduce specific nociceptive modalities, members of only three TRP sub-families, TRPV,
TRPA and TRPM, have been grouped into the category of “nociceptive TRP channels”. Activation of
nociceptive TRP channels by specific noxious and/or pain-producing stimuli serves as the principal
mode of detection/transduction of pain under physiological and pathophysiological conditions.
In addition, modifications in channel function and trafficking properties, as well as changes in gene
expression of nociceptive TRP channels are considered to be highly critical for peripheral nociceptive
and pain processing under a wide variety of pathological conditions. Since in-depth studies have
already been conducted to characterize the role of nociceptive TRP channels in multiple pain and
migraine pathologies, they constitute attractive targets for new-generation analgesics and anti-migraine
drug developments [8–13]. This review summarizes a comprehensive knowledge on the molecular
characterization of nociceptive TRP channels, their constitutive and modulatory functions, expression
and tissue distribution, as well as how these channels and their specific properties are critically
involved in various pain conditions. Recent developments in analgesic targeting of nociceptive TRP
channels are also outlined here.

2. Nociceptive TRP Channels

2.1. History, Identification and Cloning

Excitation of sensory nerves by multiple chemical and physical stimuli was first described over
100 years ago [14]. In addition to heat and cold stimuli, one of the first chemical compounds described
to activate sensory neurons was capsaicin. Extensive research studies conducted between 1960 and
the mid-1990s showed specific actions of capsaicin on sensory neurons, and thereby proposed the
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existence of a specialized receptor—“the capsaicin receptor” [15]. Even before molecular cloning,
studies suggested that the capsaicin receptor was a TRP-like receptor channel, since capsaicin’s actions
on sensory nerves were effectively blocked by the non-selective TRP channel blocker ruthenium
red [16]. Ultimately, in 1997 the molecular identity of the capsaicin receptor was revealed by expression
cloning using a cDNA library generated from rodent sensory neurons [17], and named as “vanilloid
receptor subtype-1” (VR1). Subsequently VR1 was assigned as the first member of the new TRP
channel family TRPV, and referred to as TRPV1. Along with gene discovery, further characterization
of TRPV1 revealed the ability of this channel to be activated by multimodal pain-producing stimuli,
as well as integration of such stimuli at the channel protein level [17,18]. This discovery provided the
much-awaited catalyst for the subsequent discovery of a series of nociceptive TRP channels for several
noxious and painful stimuli. The next TRP channel cloned was TRPV2 and characterized as the high
noxious temperature transducer on rodent sensory neurons [19]. Utilizing TRPV1 and TRPV2 cDNA
sequences, the TRPV4 expressed-sequence tag (EST) from GenBank, and subsequently the cDNA for
TRPV4 from rat kidney cDNA library were identified as osmotically-activated TRP channels (VR-OAC
and OTRPC4) [20,21]. Similar approaches also led to the identification and cloning of TRPV5 and
TRPV6 [22–24]. It was also proposed that cold temperatures and menthol, the cooling compound in
mint leaves, activate another receptor on sensory neurons [25]. It was subsequently confirmed with
the cloning and characterization of the “cold-menthol receptor-1”, later designated as TRPM8 [26,27].
With both heat- and cold-activation receptors identified, the obvious next question centered on the
identity of receptor(s) that could be activated by temperatures in the neutral range. This led to the
identification/cloning of TRPV3 from human sensory neurons and rodent keratinocytes, based on
a sequence homology cloning strategy utilizing TRPV1–6 sequences [28,29]. Although originally
cloned from human lung fibroblasts as a cell growth-controlling protein [30], identification and cloning
of ankyrin-containing transmembrane protein-1 (ANKTM1), later designated as TRPA1, from rodent
sensory neurons led to the discovery of a noxious cold- and mechano-sensitive channel [31]. Similarly,
the EST of TRPM3 channel was initially cloned and characterized from a human kidney cDNA
library, as a Ca2+ permeable channel, and subsequently as the receptor for several steroids, including
pregnenolone sulfate [32–34]. Much later, the thermo-sensing and nociceptive properties of TRPM3
were identified and characterized [35]. Overall, the nociceptive TRP channel group represents a critical
mass of receptors sensing diverse painful and non-painful modalities, and are thus extensively studied,
as well as explored as therapeutic targets.

2.2. Characterization of Channel Function: Activation by Diverse Physico-Chemical Stimuli

Distinct physico-chemical activation represents the crucial functional property of nociceptive TRP
channels, a property that was exploited to the fullest to aid in their identification and cloning. In addition,
algogenic chemicals found in natural sources, such as plants and spices, greatly influenced the functional
characterization and provided identification of these channels. The majority of these channels turn out to
be polymodal, in terms of their activation. The exhaustive list of exogenous and endogenous activators
of nociceptive TRP channels and their underlying structure-functional mechanisms have recently been
detailed [11]. Here we summarize only the endogenous or pathophysiological activators of nociceptive
TRP channels (Figure 1). Starting with the major polymodal nociceptive TRP channel, TRPV1, which is
directly activated by noxious temperatures (≥43 ◦C) and an acidic extracellular environment (~pH 6.0
or less) [9,17,18,36], as well as by a basic intracellular environment (~pH 7.8 or more) [37]. A number
of endovanilloids and endocannabinoids generated by lipid metabolism pathways and/or under
inflammatory conditions also directly activate TRPV1 [9,38–40]. In heterologous expression systems,
TRPV1 can also be activated by reactive oxygen and nitrogen species (ROS/RNS), although whether
such activation operates in sensory neurons still remains a matter of debate [41]. Activation of TRPV1
leads to the influx of Ca2+ and Na+ (with relatively high permeability for Ca2+) through the channel
pore [17,42,43], which then results in neuronal plasma membrane depolarization and subsequent
opening of Nav/Cav channels to initiate AP firing. Following activation, the TRPV1 channel undergoes
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rapid Ca2+-dependent desensitization, resulting in diminished AP firing [17,18,43–45]. In contrast, the
TRPV2 channel can only be activated by higher noxious temperatures (>52 ◦C), with no endogenous
ligands identified so far [19,34]. Activation of TRPV2 also leads to cellular influx of Ca2+ and Na+

with relatively high Ca2+ permeability [19]. Similarly, warm temperatures account for the activation of
TRPV3 (32 ◦C to 40 ◦C) and TRPV4 (≥33 ◦C), which then lead to cellular influx of Ca2+ and Na+ with
high relative Ca2+ permeability [5,46,47], resulting in membrane depolarization and subsequent AP
firing. In addition, TRPV4 can be activated by osmotic changes and mechanical forces such as pressure
and shear stress [47–50].

TRP Channel Modulators 
PGs, BK, H+, ATP, NGF, CGRP, SP, 
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Figure 1. Scheme depicting specific activators and modulators of various nociceptive transient
receptor potential (TRP) channels on mammalian sensory neurons. Involvement of individual TRP
channels in specific pain-related pathologies are indicated/listed within call-out boxes. Abbreviations:
5-HT, serotonin; ATP, adenosine triphosphate; BK, bradykinin; CCs, chemokines; CGRP, calcitonin
gene-related peptide; CNP, C-type natriuretic peptide; GFR, growth factor receptor; GPCR,
G protein-coupled receptor; H+, protons; ILs, interleukins; LMs, lipid mediators; LPA, lysophosphatidic
acid; LTB4; leukotriene B4; NGF, nerve growth factor; p38 MAPK, p38 mitogen-activated protein kinase;
PGs, prostaglandins; PKA, cAMP-dependent protein kinase; PKC, protein kinase C; PTHrP, parathyroid
hormone-related peptide; ROS, reactive oxygen species; RNS, reactive nitrogen species; SP, substance
P or neurokinin; Src; src-type protein kinase; TRPA1, transient receptor potential sub-family ankyrin,
member-1; TRPM8, transient receptor potential sub-family melastatin, member-8; TRPV1, transient
receptor potential sub-family vanilloid, member-1; TRPV4, transient receptor potential sub-family
vanilloid, member-4.

Although preliminary studies suggested pregnenolone sulfate was the endogenous activator
of TRPM3, warm/noxious temperature (>30 ◦C) activation of the channel has also been shown
subsequently [33–35]. Activation of TRPM3, like TRPVs, lead to cellular influx of Ca2+ and Na+ with
relatively high Ca2+ permeability [33,35]. In contrast, TRPM8 can be activated by innocuous cooling
(26 ◦C–15 ◦C) to noxious cold temperatures (15 ◦C–8 ◦C), leading to cellular influx of Ca2+ and Na+

with high relative Ca2+ permeability [26,27,51]. In addition, TRPM8 can be directly activated by
testosterone in human prostate cell lines and rat DRG neurons [52,53].

TRPA1 was originally described as a cold-sensing ion channel [31,54,55], although others have
debated this conclusion [56]. Comparative analysis of TRPA1 from different species showed that rodent,
but not primate TRPA1 could be activated at noxious cold temperatures, which was directly linked to
regions within the 5th transmembrane domain and pore region of the channel protein [57]. In contrast,
a recent report suggests that human TRPA1 exhibits a U-shaped temperature-activation curve [58].
It shows robust channel activation at noxious cold temperatures (≤15 ◦C), relative inactivity at mild
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cooling temperatures (20 ◦C–25 ◦C), then increased channel opening at neutral-to-warm temperatures
(25 ◦C–35 ◦C), and finally a decrease in channel open probability at noxious warm temperatures [58].
Earlier, mouse TRPA1 was shown to be insensitive to warm temperatures [59]. Similarly, acidic
pH has also been shown to activate TRPA1 in a species-dependent manner; human, but not rodent
TRPA1 is sensitive to acidic pH [60], and a dose-dependent increase in channel gating was found for
increasing proton concentration associated with CO2 or other weak organic acids [61,62]. ROS, a redox
mediator released during injury/inflammation activates TRPA1 via cysteine oxidation or formation
of disulphide bonds between cysteine residues in the channel protein [63–65]. Furthermore, it has
been suggested that ROS-mediated lipid peroxidation leads to 4-hydroxynonenal (4-HNE) production,
which then covalently modifies the cytoplasmic cysteine residues to activate TRPA1 [64,66]. Reactive
nitrogen species have also been shown to activate the channel by S-nitrosylation [63–65,67]. In addition
to nitric oxide (NO), another “gasotransmitter”, hydrogen sulphide (H2S), has also been suggested to
activate TRPA1 channel [68,69]. Also, prostaglandin (PG) metabolic products, such as 15dPGJ2, PGA2
and PGA1 have shown to directly activate TRPA1 [70,71]. Elevated levels of intracellular Ca2+ have
been suggested to activate TRPA1 directly via interaction with one of the three Ca2+-binding EF-hand
domains in the cytoplasmic N-terminus of the channel protein [72]. In addition to temperature
and chemical activation, TRPA1 channel has also been shown to be a transducer of mechanical
force [73,74], and mechanical activation of the channel has been suggested to be modulated by
other algesic stimuli [75]. Like other nociceptive TRP channels, activation of TRPA1 also results
in increased cellular influx of Ca2+ and Na+ with relatively high Ca2+ permeability, leading to sensory
neuron membrane depolarization and subsequent AP firing. It has also been suggested that the Ca2+

permeability of TRPA1 increases with repeated agonist stimulation [76].
Taken together, a comprehensive scheme for pathological activation of nociceptive TRP channels

in sensory neurons can be proposed. Tissue acidosis, which leads to increased H+ levels, can directly
activate TRPV1 and TRPA1 (but only in humans). Similarly, inflammatory and tissue injury conditions
produce elevated levels of H+, ATP, PG metabolites, ROS/RNS, HNO, H2S, and several lipid metabolites,
which can lead to combined activation of TRPV1 and TRPA1 channels. Increased intracellular
Ca2+ levels, due to activity of multiple TRP channels during pathological conditions, could further
activate/potentiate TRPA1 channels. Furthermore, mechanical activation of one or more nociceptive
TRP channels, TRPV4, TRPA1 and TRPV1, could be achieved due to the action of pro-algesic
agents. Collectively, it is highly likely that multiple nociceptive TRP channels are activated during
pathological conditions, which presumably constitute the mechanism for a stronger and long-lasting
nociceptor excitation.

2.3. Similarities and Differences in Channel Expression and Localization

Most nociceptive TRP channels are predominantly expressed in small- and medium-diameter
peripheral sensory neurons in the trigeminal ganglia (TG), dorsal root ganglia (DRG), sympathetic
ganglia (SG) and nodose ganglia (NG). Significant expression of several nociceptive TRP channels
has also been shown in the CNS and other tissue and cell types, such as keratinocytes, vascular
endothelial cells, bladder epithelial cells and fibroblasts. Furthermore, TRPV1-3 have also been
shown to be expressed in human dental pulp [9,11]. TRPV1 protein expression has been detected in
peptidergic sensory afferents innervating bones [77], although expression of other nociceptive TRP
channels there remains unexplored. Significant overlap between TRPV1 and TRPA1 expression in
small/medium-diameter nociceptive neurons in the DRG and TG has been observed. In contrast,
TRPM8 shows minimal overlap with TRPV1 and TRPA1 expression in these ganglia [9,78]. Expression
of TRPV4 in DRG neurons has been a matter of debate, with initial reports showing functional
TRPV4 expression in DRG neurons [50,79], and a subsequent report suggesting no functional TRPV4
expression in mammalian DRG neurons [80]. Information on expression of TRPV2-6, and TRPM3
channels in specific populations of sensory neurons and CNS neurons is still lacking. A recent
surge in the utilization of transcriptome analysis has enabled unbiased, large-scale determination
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of gene expression signatures in DRG neurons from rodents and humans [81,82]. Furthermore,
this approach has recently been expanded to localization of mRNA in the DRG cell body vs peripheral
nerve fibers, in order to determine not only the expression, but also the sub-cellular localization of
nociceptive TRP channel gene transcripts [83]. In contrast, information on expression and localization
of these channels at the protein level is less conclusive. Antibody-based assessment of expression
and localization of proteins has been the predominant approach, which is often inconclusive, due to
inadequate/improper validation of specificity for these biological reagents. The nociceptive TRP
channels are membrane proteins, and are localized to the neuronal/cell plasma membrane [84].
However, a significant fraction of channels, at least for TRPV1 and TRPA1 and TRPA1 have also been
reported to be present in intracellular organelle membranes, which upon injury/inflammation undergo
translocation to the plasma membrane [85–88]. Similar to the dearth of information on expression
of other nociceptive TRP channels in the nervous system, their sub-cellular localization and modes
of intracellular trafficking remain poorly understood. With the currently available information on
nociceptive TRP channel expression and localization, it can be proposed that multiple pathological
activators could activate TRPV1 and TRPA1 channels on the same sub-set of afferents, as well as on
distinct TRPV1- or TRPA1-expressing sensory neurons. Overlapping expression of nociceptive TRP
channels also provides an opportunity for cross-sensitization of TRPV1 and TRPA1 (example: by
Ca2+) to maximize nociceptor excitation. In addition, inflammatory mediator-induced increases in
the trafficking of TRPV1 and TRPA1 channels could increase the excitatory strength of nociceptors,
referred to as “nociceptive tone”.

3. Modulation of Nociceptive TRP Channel Activity and Expression

Nociceptive TRP channel activation on peripheral nerve fiber endings, at least for TRPV1
and TRPA1, has been directly linked to release of neuropeptides, such as calcitonin gene-related
peptide (CGRP) and neurokinin or substance P (SP). Local elevation of CGRP and SP levels leads
to vasodilatation and activation of a variety of immune cells, which results in the release of several
pro-inflammatory mediators, growth factors, and bioactive peptides, as well as oxidative stress
conditions. Most of these mediators activate specific G protein-coupled receptors (GPCRs) and growth
factor receptors (GFRs) on sensory nerves, leading to downstream activation (or inhibition) of several
protein kinases and phosphatases. These cellular signal transduction effectors induce post-translational
modifications on multiple nociceptive channel proteins, leading to an increase in the activation of these
channels (Figure 1), which results in an increase in nociceptor firing [9,11,13]. Specifically, modification
of TRPV1 by protein kinases A and C (PKA & PKC), cyclin-dependent kinase-5 (Cdk5), Src kinase,
and phosphoinositide kinases (PI3/4/5Ks) have all been shown to enhance activation of the channel by:
(a) decreasing the temperature threshold of channel activation to physiological temperatures (~35 ◦C
to 37 ◦C); (b) activating the channel at mildly/moderately acidic pH; and/or (c) enhancing plasma
membrane delivery of the channel protein (Figure 1) [11,45,85,86,89–97]. Ca2+ influx through TRPA1
and subsequent activation of PKA has also been shown to modulate TRPV1 channel function [98].
In addition to kinases, lipases such as phospholipase C (PLC) have been shown to both promote and
inhibit TRPV1 channel function. Hydrolysis of phosphatidylinositol bis-phosphate (PIP2) to inositol
triphosphate (IP3) and diacylglycerol (DAG) by PLC sensitizes TRPV1 channel function via PKC, and
by releasing constitutive inhibition of the channel from physical coupling with PIP2 [99]. In contrast,
other studies have shown that plasma membrane PIP2 is necessary for TRPV1 channel activation [100].
Ca2+ influx through TRPV1 has been shown to activate protein phosphatase 2B (PP2B or calcineurin),
which then dephosphorylates the channel protein to induce channel desensitization. Conversely, PKA
phosphorylation of calcineurin-sensitive residues on TRPV1 protein has been shown to reverse this
desensitization, thereby leading to sustained channel opening following activation [97]. All these
changes culminate in constitutive activation of TRPV1 under pathophysiological conditions, thereby
resulting in sustained nociceptor firing [9,11,13]. In contrast, GABA release from sensory afferents,
downstream of TRPV1-mediated Ca2+ influx, has been shown to activate GABAB receptors, leading to
attenuation of NGF/serotonin/bradykinin-PKC-modulation of TRPV1 channel activity [101].
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ROS/RNS and mechanical stimuli have been shown to activate TRPA1 [75]. Inflammatory
mediators such as bradykinin have been shown to sensitize TRPA1 channel function [54], presumably
via phosphorylation of the channel protein by PKC. However, another report suggested the
involvement of PLC and PKA, but not PKC, in TRPA1 channel sensitization of TRPA1 [102]. Although
the basis for such contrasting observations is not clear, it has been proposed that PLC/PKA-modulation
of TRPA1 channel activation is achieved by increased trafficking of the channel protein to the cell
plasma membrane (Figure 1) [87]. In addition to the modulatory actions on TRPV1 channel, PIP2 has
also been shown to reduce the agonist sensitivity of TRPA1 channel activation [103]. Pro-inflammatory
lipid metabolites such as lipoxygenases that are enriched during tissue injury and/or inflammatory
conditions, have also been shown to activate TRPA1, in addition to TRPV1 [104]. Intracellular influx of
Ca2+ itself has also been shown to be an intrinsic modulator of TRPA1 channel function [72].

Modulation of TRPM8 channel function has remained somewhat controversial, due to multiple
conflicting observations. PKC has been shown to downregulate TRPM8 activity [105–107]; although
one study did not find any effect of pharmacological inhibitors of PKC on TRPM8 channel
function [108]. Unlike TRPV1 and TRPA1, TRPM8 function was found to be unaffected by PKA
signaling [109–112]. Activation of Gαq/11-coupled receptors by various inflammatory mediators such
as bradykinin, histamine, serotonin, and ATP, has been suggested to inhibit TRPM8 channel activity
via direct interaction of the Gαq subunit with the channel protein (Figure 1) [113]. Such a phenomenon
is thought to constitute a mechanism underlying reduced cold sensation under injury/inflammatory
conditions. Modulation of TRPM8 channel function by endovanilloids and endocannabinoids have
also been shown [114]. In addition, phospholipase A2 (PLA2) activity has been shown to enhance
TRPM8 channel activity [115,116]. Furthermore, lipid metabolic products downstream of PLA2 activity,
such as lysophospholipids have been shown to raise the temperature activation threshold of TRPM8
closer to body temperature [115]. An increase in PLC activity has also been linked to a decrease in
TRPM8 channel activity [51,117–119].

Modulation of TRPV2 channel function by PKA has been shown in immune cells [120], although
any role of such modulation in the context of nociceptor biology remains to be determined. Mediators
of inflammatory signaling, lipid metabolites and PKC have also been shown to enhance TRPV3 channel
activity [34,46], and similar to TRPV2, the role of such channel modulation in the context of nociceptor
biology remains to be determined. Both PKA and Src phosphorylation of TRPV4, downstream of
PGE2 and protease-activated receptor 2 (PAR2) signaling, have also been shown to modulate channel
function [50,121–123]. In addition, PKC-dependent upregulation of TRPV4 channel activity has also
been suggested [47]. All such modulatory actions of TRPV4 have been suggested to increase nociceptor
firing in response to mechanical stimuli and/or osmotic changes. However, with a recent report
suggesting no activation of TRPV4 in mouse DRG neurons to known chemical agonists and osmotic
forces [80], the role of TRPV4 modulation in nociceptor function and AP firing remains to be confirmed.

In addition to direct functional modulation, upregulation of gene and protein expression of
nociceptive TRP channels also serves as another mechanism for long-term modulation of nociceptor
firing. Sustained intracellular Ca2+ influx/elevation due to prolonged/episodic activation of TRPV1
has been suggested to enhance the expression of several nociceptive TRP channel and related genes.
TRPV1 expression (both at the mRNA and protein level) is enhanced in sensory neurons following
tissue injury and inflammation [9,11,13]. Furthermore, an increase in the proportion of sensory
neurons expressing functional TRPV1 channel has also been shown following injury/inflammation,
as well as upon exposure to inflammatory mediators [9,11,13]. In addition, recent studies have shown
rapid translation of TRPV1 mRNA in peripheral sensory fibers in response to pro-inflammatory
mediators such as interleukin-6 (IL-6) and NGF, thereby increasing the magnitude of nociceptor
excitation [124,125].

Altogether, modulation of nociceptive TRP channels by a plethora of inflammatory mediators
provides diverse mechanisms for robust and sustained activation of these channels during multiple
pathological conditions. An unified scheme could be proposed: Pathological conditions lead to:
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(1) local activation of TRPV1 and TRPA1 at physiological temperatures, mild-to-moderate acidic
and oxidative stress conditions; (2) prolonged channel activation, due to reduced desensitization;
(3) enhanced channel activation, due to increases in the expression and surface trafficking of TRPV1
and TRPA1 proteins; (4) cross-sensitization of channel activation (by Ca2+ and other intracellular
signal transduction molecules), and (5) increased gene expression and local mRNA translation for
these channels. Collectively, these processes result in an increase in nociceptive tone/excitation and
prolonged nociceptor firing. These complex processes underlie mechanisms for peripheral sensory
transduction, and provide both opportunities and challenges for the pharmacotherapeutic targeting of
multiple painful pathologies.

4. Involvement of Nociceptive TRP Channels in Painful Pathologies

Nociceptive TRP channels have been shown to be involved in several pain-related pathological
conditions/modalities, including inflammatory, neuropathic, visceral and dental pain, as well as
pain associated with cancer [9,11,13]. Such information is mainly derived from numerous findings
utilizing specific antagonists of individual nociceptive TRP channels in animal models of pain-related
pathologies, as well as induction of such pathologies in mice with genetic deletion/alteration of
individual nociceptive TRP channels. Both activation and/or modulation of nociceptive TRP channels
during pathological conditions has been suggested to underlie the mechanisms associated with specific
pain conditions, however, only a handful of direct in vivo evidence in support of these assertions
is available.

4.1. Inflammatory Pain

In inflammatory pain conditions, the involvement of TRPV1 is the foremost and most
well-established of all the TRP channels. Administration of small-molecule competitive antagonists of
TRPV1 has been shown to attenuate thermal hyperalgesia induced by: (a) inflammatory conditions
with administration of complete Freund’s adjuvant (CFA), formalin, zymosan etc.; and (b) local
injection of individual inflammatory mediators in rodents [9,11,13]. Mice lacking the functional
TRPV1 gene (Trpv1−/−) exhibit dramatic attenuation of thermal hyperalgesia in response to injection of
a number of inflammatory mediators, with no alteration in noxious temperature responses observed in
un-injected or saline-injected animals [9,11,13,126,127]. Similar results were also observed upon induction
of cutaneous inflammation with administration of CFA, formalin, zymosan, etc. in Trpv1−/− mice.
In addition to TRPV1, TRPM3 is also involved in the development of inflammatory thermal hyperalgesia,
as Trpm3−/− mice demonstrate significant deficits in this pain modality [35]. The involvement of
TRPV1 in mechanical hypersensitivity was initially ruled out, taking into consideration the initial
findings from the phenotypic characterization of Trpv1−/− mice [126,127]. However, a large number of
studies utilizing multiple animal models of inflammatory pain-like conditions have since suggested
a critical role for TRPV1 in inflammatory mechanical hypersensitivity. These studies show attenuation
of mechanical hypersensitivity by: (a) specific small molecule antagonists of TRPV1; and/or
(b) administration of inflammatory mediators (or induction of inflammatory/disease conditions)
in Trpv1−/− mice [85,128–134]. In addition to TRPV1, TRPA1 has also been proposed to be involved
in inflammatory mechanical hyperalgesia. Pharmacological inhibitors of TRPA1 have been shown
to attenuate CFA-induced mechanical hypersensitivity in rodents [135,136]. Furthermore, TRPA1
has also been suggested to mediate cold hyperalgesia under persistent inflammatory conditions
in rodents [137,138]. Another aspect of the crucial role of TRPA1 in inflammatory pain states is
the resultant inflammatory pain in chronic itch. It has been demonstrated that TRPA1 is critical
to the development of neuropathic inflammation associated with allergic contact dermatitis [139].
TRPA1 has also been shown to be integral to the development of chloroquine-induced itch; in both
transduction of itch and changes that occur in the skin associated with chronic itch [140,141]. In addition
to TRPV1 and TRPA1 channels, the involvement of TRPV4 in inflammatory pain has also been
proposed. In Trpv4−/− mice, increased latency to escape from hot plate following tissue injury and
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inflammation has been observed, which suggests a role for TRPV4 in the development of thermal
hyperalgesia [142]. The role of TRPV4 in mechanical hyperalgesia, in responses to osmotic stimuli,
both hypotonic and hypertonic, under injury/inflammatory conditions has also been proposed [49,50].
In osteoarthritis models, both TRPV1 and TRPA1 have been shown to play an important role. Genetic
and pharmacological inhibition of TRPV1 can reduce arthritis-like symptoms [143–145]. In animal
models both TRPV1 and TRPA1 activation results in increased release of TNF-α, a pro-inflammatory
cytokine important for the development of osteoarthritis [145]. Further, there is evidence of TRPV1
involvement in osteoarthritis patient populations, including a TRPV1 variant associated with increased
knee osteoarthritis, and increased expression of TRPV1 in the knee synovium of patients with
osteoarthritis [144,146]. Additionally, topical capsaicin creams have long been used to relieve joint
pain by desensitizing TRPV1-expressing nociceptors. Moreover, no edema or hypersensitivity were
observed in Trpv1−/− mice following joint inflammation, strengthening the assertion that TRPV1 is
critically involved in the pathogenesis of arthritis-like inflammatory conditions [144].

Table 1. Small molecule modulators of TRP channels as drugs in clinical development.

Agonist/Antagonist
(Producer/Company)

Channel
(Mode of Action)

Current Clinical
Use/Trial Status

Specific Painful
Pathology

References

AMG517 (Amgen) TRPV1 (channel blocker) Phase Ib/Phase II-terminated Dental pain [147–150]

ABT102 (Abbott) TRPV1 (channel blocker) Phase I—completed;
Phase II—unknown Healthy volunteers [148–152]

GRC 6211
(Lilly/Glenmark) TRPV1 (channel blocker) Phase I-Phase II Dental pain [148–150]

SB-705498
(GlaxoSmithKline) TRPV1 (channel blocker) Phase II—completed Dental pain/Toothache [149,150,153]

Phase II—terminated Rectal pain [154]

MK-2295
(Merck-Neurogen) TRPV1 (channel blocker) Phase II—completed Postoperative

dental pain [149,150,155]

AZD1386 (Astra-Zeneca) TRPV1 (channel blocker) Phase I—completed Esophageal pain [149,150,156,157]

Phase II—completed Dental pain [149,158,159]

Phase II—terminated Osteoarthritis, knee pain [149,150,160]

Phase II—terminated Neuropathic pain [161]

NEO06860
(Neomed Institute)

TRPV1 (blockade of channel
activation by capsaicin, but
not by heat and protons)

Phase I—completed
Phase II—ongoing Osteoarthritis, knee pain [162,163]

NGX 4010 (NeurogesX;
Acorda Therapeutics/
Astellas Pharma)

TRPV1 (agonist; capsaicin
transdermal patch)

Phase III—completed
(launched for clinical
use in PHN)

PHN-associated
neuropathic pain [164,165]

Phase III—completed HIV-associated
neuropathic pain [165–167]

Resiniferatoxin
(NIDCR-NIH) TRPV1 (potent agonist) Phase I—ongoing Advanced cancer pain [168–170]

Zucapsaicin
(Sanofi-Aventis; Winston
Pharmaceuticals)

TRPV1 (agonist; nasal
and topical capsaicin
patch & cream)

Phase III—completed
(launched for clinical use
in osteoarthritis)

Osteoarthritis, knee pain [171]

Phase III—completed Episodic cluster
headache [172]

Phase II—completed PHN-associated
neuropathic pain [173]

GRC-17536 (Glenmark) TRPA1 (channel locker) Phase II—completed Diabetic peripheral
neuropathic pain [174]

SAR292833 (Sanofi) TRPV3 (channel blocker) Phase II—completed Neuropathic pain [175]

PF-05PR105679 (Pfizer) TRPM8 (channel blocker) Phase I—completed Healthy volunteers [176,177]

For an extended list of drugs targeting TRP channels and their development status, refer to earlier reports
[150,178].

Based on these pre-clinical findings, several small molecule antagonists of nociceptive TRP
channels, mainly targeting TRPV1, have been tested in clinical trials for multiple inflammatory
pain conditions, such as dental pain and osteoarthritis (Table 1). Most first-generation TRPV1
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antagonists showed alteration in body temperatures, more specifically hyperthermia, and ultimately
resulted in poor outcomes and/or termination of clinical trials [148–150,178]. In a phase II clinical
trial, the TRPV1 antagonist AZD1386 failed to cause significant pain relief in patients with
osteoarthritis [149,160], suggesting a more complex role for TRPV1, as well as involvement of other
nociceptive channels/receptors in osteoarthritis. One positive scientific outcome from these failures in
clinical trials can be attributed to the discovery and expansion of knowledge on the thermo-regulatory
role of TRPV1. Furthermore, a clear and cautious warning has been relayed by these clinical findings—an
in-depth basic scientific knowledge on these nociceptive ion channels/receptors is absolutely required
before exploring these channels as clinical therapeutic targets. Therefore, a rational, specific, pathological
function-based approach is required for targeting the modality-specific activation and/or modulatory
properties of TRPV1 channel, in order to circumvent the thermoregulatory side effects. Recent
development of drugs such as NEO06860 [162,163] and A1165442 [179], which are more potent
antagonists of TRPV1 activation by capsaicin and protons, but not by heat, support these assertions.
Contrarily, clinical development of a TRPV1 agonist, zucapsaicin, has been successful, and is currently
in clinical use for osteoarthritis [171]. This drug is applied topically, which leads to excessive transient
activation of TRPV1 on peripheral nerve fibers, followed by channel desensitization and/or nerve
fiber degeneration. Whether the same outcome could be achieved by targeted attenuation of TRPV1
function on peripheral sensory nerves by a systemically administered small molecule antagonist in
multiple inflammatory conditions remains to be elucidated. Other than TRPV1, modulators of other
TRP channel have so far not been tested in clinical trials.

4.2. Neuropathic Pain

Neuropathic pain conditions result primarily from nerve injury due to structural damage and/or
constriction, either related to neurological, viral and metabolic disease states or with the use of
chemotherapeutic drugs. A number of different nociceptive TRP channels have been implicated in
neuropathic pain states. Multiple studies utilizing TRPV1 antagonists in rodents and induction of
neuropathy in Trpv1−/− mice have demonstrated a significant role for TRPV1 in neuropathic pain,
mainly associated with diabetes and chemotherapeutic drug use (reviewed in [9,47]).

Pharmacological inhibitors of TRPA1 have also been shown to be effective in attenuating
mechanical hyperalgesia associated with neuropathic pain conditions [139,140]. TRPA1 can be activated
by ROS/RNS, which is associated with several disease pathologies, one of which is diabetes [180].
Chemotherapeutic drugs such as oxaliplatin, vincristine and paclitaxel can also increase ROS/RNS
production. Studies have shown that TRPA1 is critically involved in mechanical allodynia associated
with such chemotherapeutic drug-induced neuropathic pain [181–183]. Cold hyperalgesia associated
with nerve injury- and nerve ligation-induced neuropathic conditions in rodents have also been shown to
require TRPA1, but not TRPM8, with pharmacological and antisense knock-down approaches [138,184].
Both TRPM8 and TRPA1 have been implicated in the cold allodynia associated with chemotherapeutic
drug-induced neuropathic pain, although recent evidence suggests that it may primarily be confined
to TRPA1 [185]. However, some studies have shown attenuated cold hypersensitivity responses in
Trpm8−/− mice in chronic constriction injury (CCI), and during the second phase of CFA injection [186].
Involvement of other nociceptive TRP channels in nerve injury/neuropathic conditions has not yet
been established.

Based on various pre-clinical findings, small molecule blockers of TRPV1, TRPA1 and TRPV3
have been tested in clinical trials for various neuropathic pain conditions (Table 1). The only TRPV1
antagonist to enter phase II clinical trials was AZD1386, which was subsequently terminated [161],
and the underlying results/reasons were not published. More recently, phase II clinical trials on the
TRPA1 antagonist GRC-17536 [174], and the TRPV3 antagonist SAR292833 [175] for neuropathic pain
conditions have been completed. The results/outcome from these trials still remain unpublished.
On the other hand, topical TRPV1 agonists, such as zucapsaicin and NGX 4010, have been quite
successful in clinical trials for neuropathic pain conditions. NGX 4010 has already been launched for
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clinical use in human PHN-neuropathic pain conditions [164,165], and zucapsaicin has successfully
completed phase II trials [173]. Therefore, it remains to be determined if antagonists of these specific
nociceptive TRP channels could provide effective relief from neuropathic pain conditions. Furthermore,
the site of action of drugs targeting nociceptive TRP channels, i.e., peripheral nerve fibers vs spinal
cord, remains an area of concern, since central sensitization mechanisms operating at the level of spinal
cord dorsal horn are highly critical in the maintenance of neuropathic pain conditions [9].

4.3. Visceral Pain

TRPV1 is the most well studied nociceptive TRP channel in multiple visceral pain-like conditions.
Studies utilizing pharmacological inhibition and genetic deletion of TRPV1 have been shown to
decrease responses to colorectal distension in naïve and inflamed mice [187]. Further, studies have
shown that inhibition of TRPV1 can decrease severity of disease in a variety of animal models for
the initiation and maintenance of visceral hypersensitivity after injury [188]. TRPV1 has even been
linked to severity of colorectal disease in human patients, where enhanced TRPV1 expression was
positively correlated with disease severity [189]. To further link TRPV1 to visceral pain, multiple
studies have shown that Trpv1−/− mice show reduced pain-like behaviors in animal models of cystitis
and inflammatory bowel disease [190–192]. While Trpv1−/− mice demonstrate reduced pain-like
behaviors during visceral inflammation, they show unexpectedly elevated levels of inflammatory
markers compared to wild-type mice, which indicates that TRPV1 plays a more complex role in
visceral sensitivity [193,194]. TRPV1 also plays a critical role in pain and alterations in bladder
activity after inflammation [195–197]. Resiniferatoxin, a potent TRPV1 agonist that causes long
lasting desensitization and/or degeneration of TRPV1-expressing nerve fibers, has been shown to
decrease pain-like behaviors, as well as the number of bladder contractions in animals with bladder
cystitis [196,198]. This evidence indicates that TRPV1 channel and TRPV1-expressing nerve fibers are
vital to the development and maintenance of visceral pain. In addition to TRPV1, TRPV4 has been
suggested to be involved in visceral pain hypersensitivity. Induction of pancreatitis and irritable bowel
syndrome in Trpv4−/− mice lead to attenuated nociceptive responses when compared to wild-type
mice, suggesting the involvement of TRPV4 in these visceral pain pathologies [199,200].

Several studies have also implicated TRPA1 and TRPM8 channels in visceral pain conditions.
TRPA1 is expressed in a population of visceral nociceptors and it has been shown that pathological
activation of TRPA1 induces neurogenic inflammation associated with irritable bowel syndrome and
colitis, and the resultant inflammatory pain [201,202]. In combination with TRPV1, TRPA1 has been
suggested to contribute to pain hypersensitivity downstream of PAR-2-stimulated pancreatitis [203].
The bacterial cell wall carbohydrate lipopolysaccharide (LPS) was found to activate TRPA1 directly,
and was thus proposed as a mechanism for irritation/pain-like condition associated with bacterial
infections [204]. In addition, TRPA1 has also been shown to be a critical component of chemosensory
airway reflexes in response to irritants. TRPA1 on TG neurons has been shown to mediate sneezing
and coughing reflexes [205]. Interestingly, TRPA1−/− mice do not exhibit the antinociceptive effects
of acetaminophen and tetrahydrocannabinol (THC), suggesting a possible mechanism underlying
analgesic properties of these drugs [206]. Peppermint oil, an agonist of TRPM8, can decrease pain in
irritable bowel syndrome; however, these effects could be mediated by other channels, such as GABAA

receptors [207]. Additionally, there is some evidence that TRPM8 antagonists can reduce visceral
pain-like behaviors in rats, such as overactive bladder and painful bladder syndrome [208]. So far, two
TRPV1 antagonists have been tested in clinical trials for visceral pain conditions. The drug AZD1386
was tested in phase I clinical trials for esophageal pain conditions. This trial was completed; however
the results/outcome still remain unreported [156,157]. The other TRPV1 antagonist SB-705498 entered
into phase II clinical trial for rectal pain conditions; however, this trial was subsequently terminated
and results have not yet been published. One of the major reasons for the slow progress of TRP channel
antagonists in clinical trials for visceral pain conditions could be the lack of in-depth mechanistic
studies on the involvement of nociceptive TRP channels in specific visceral pain conditions.
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4.4. Pain Associated with Cancers and Other Pathological Conditions

4.4.1. Cancer Pain

A number of studies have shown that TRPV1 plays an integral role in cancer pain. Specifically,
studies have looked at cancer pain using rodent bone cancer models, and found that TRPV1 is
critical for the development of cutaneous thermal and mechanical sensitivity, as well as paw guarding
behavior [209,210]. There are many chemokines, cytokines and other factors that are released in the
bone cancer microenvironment including prostaglandins, bradykinin, NGF, lysophosphatidic acid,
and parathyroid hormone-related peptide, which have been shown to (or could presumably) sensitize
TRPV1 currents leading to increased nociceptor firing [85,209,211–213]. Additionally, these mediators
could potentially induce post-translational changes in TRPV1 and/or increase protein expression,
which could lead to nociceptor sensitization. The tumor microenvironment is generally acidic, which
could lead to sensitization of proton-activated TRPV1 currents [209]. Additionally, preclinical trials of
intrathecal resiniferatoxin, the potent TRPV1 agonist, have shown it to be very effective in a canine
model of bone cancer pain [168,214]. Based on these findings, phase I clinical trials have been initiated
to determine the efficacy of periganglionic/intrathecal administration of resiniferatoxin in advanced
cancer patients with bone pain [169,170]. Involvement of other nociceptive TRP channels in cancer
pain has not been shown so far. One of the major challenges in this area has been the lack of pre-clinical
models that more closely mimic the pathophysiology of advanced human cancer.

4.4.2. Dental Pain

TRPV1 has also been linked to dental pain. Studies have shown that TRPV1 is expressed in
45%–85% of sensory neurons that innervate the tooth pulp, and increased expression of the channel has
been reported in a rat model of pulpitis [215–218]. Although there is already strong evidence for the
direct involvement of TRPV1 in dental pain, modulation of channel function by inflammatory/injury
mediators could provide additional mechanistic understanding, which altogether makes TRPV1
an attractive target for pharmaceutical interventions. In support of enriched expression of TRPV1
on dental sensory nerves and its possible involvement in dental pain, multiple TRPV1 antagonists
have been investigated in clinical trials. The TRPV1 antagonist AZD1386 was effective at providing
relief for molar extraction pain compared to placebo, however the analgesia was not long lasting [159].
Other TRPV1 antagonists, GRC 6211, MK-2295 and SB-705498, have been investigated in phase II clinical
trials [150,153,155], with two of these trials already completed [153,155]. However, the outcome/results
from these studies still remain unpublished/un-reported. In addition to TRPV1, TRPA1 and TRPM8
have also been linked to dental pain, as they are expressed on many of the same fibers as TRPV1 in
trigeminal neurons, however the precise mechanistic evidence in support of their direct involvement
with dental pain is still lacking [217,219]. With the recent development and testing of TRPA1 and
TRPM8 antagonists in pain conditions is likely to promote the testing of these drugs in clinical trials
for dental pain conditions.

4.4.3. Migraine

TRPV1, TRPM8 and TRPA1 have all been linked to migraine pathophysiology. Expression of
TRPV1 and modulation of its function, trafficking and expression by multiple mediators in trigeminal
neurons have been proposed to be involved in the development of migraine pathophysiology [10].
TRPV1 activation in neurons leads to release of CGRP, a critical neuropeptide in the development of
trigemino-vascular excitation [10]. Accordingly, TRPV1 antagonists have been shown to be effective
in alleviating migraine-like symptoms in rats [220]. Based on these basic and pre-clinical findings,
a number of TRPV1 modulators have been investigated in clinical trials for migraine/headache
conditions. So far, the only drug showing encouraging results is zucapsaicin, the channel agonist,
for episodic cluster headache conditions [172]. Although a phase III clinical trial has been completed,
the detailed outcome/results from this investigation still remain unpublished. Intriguingly, a gene
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variant of TRPM8 was discovered to have a positive correlation with migraine susceptibility in
women [221]. However, it is not known whether this variant leads to any functional and nociceptive
changes in TG neurons, and its direct involvement in migraine pathophysiology remains unexplored.

TRPA1 is expressed in trigeminal neurons and localized on dural afferents, where its activation
has been shown to result in headache-like behaviors in mice [219,222]. Experimental drugs that
serve as NO donors, such as nitroglycerine, have been extensively studied for their migraine-inducing
properties. Both in humans and animals, NO directly activates TRPA1 via S-nitrosylation, and therefore,
could serve as a mechanism for trigeminal excitation and migraine [8]. Interestingly, another recent
study demonstrated the critical role of TRPA1 activation via monocyte/macrophage-induced oxidative
stress conditions under trigeminal nerve constriction injury model in rodents [223]. Again, recent
development of TRPA1 and TRPM8 antagonists for pain conditions is likely to promote testing of these
drugs in clinical trials for specific migraine and headache conditions. Involvement of other nociceptive
TRP channels in development of migraine and headache pathophysiology still remains unknown.

5. Nociceptive TRP Channels in Non-Painful Pathologies and Physiological Processes

Although characterized as critical detectors and transducers of nociceptive stimuli, these
channels/receptors have also been implicated in several physiological and non-painful pathological
conditions. TRPV1 has now been shown to play a role in body temperature regulation. Initial studies
utilizing Trpv1−/− mice suggested no involvement of TRPV1 in body temperature regulation [126,127].
During the process of drug development targeting TRP channels, it became clear that TRPV1 is
critically involved in the regulation of body temperature, since systemic administration of small
molecule antagonists of TRPV1 led to transient hyperthermia [147–150]. This in fact led to the failure
of first-generation TRPV1-targeting drugs in clinical trials [147–150]. Subsequent studies have now
suggested spinal cord TRPV1 as the critical mediator of noxious temperature detection [224]. In addition,
TRPV1 in the brain stem has also been suggested to play an important role in thermoregulation, although
expression and function of TRPV1 in the brain still remains a matter of debate [225]. TRPV1 has also
been shown to exhibit high expression in sensory neurons innervating the airways, and is therefore
involved in the cough reflex. Pharmacological blockade of TRPV1 has been shown to reduce cough
in rodent models [226–229], supporting this assertion. Upregulation of TRPV1 protein expression has
also been observed in asthma and gastro-esophageal reflux disease [226,228]. TRPV1 involvement
in stomach cancers has also been suggested [228]. Interestingly, Trpv1−/− mice exhibit increased
sensitivity to insulin [230], raising the possibility of its involvement in diabetes. In fact, evidence
suggests that TRPV1 activation could play a protective role in type I diabetes. However, other studies
have suggested that activation of TRPV1 could be detrimental in type 2 diabetes conditions [228]. No
significant contribution of TRPV2 has been suggested in pathological pain and nociceptive signal
processing in vivo, as substantiated by observations utilizing Trpv2−/− mice, which display normal
thermal and mechanical nociceptive behaviors [231]. However, TRPV2 has been proposed to influence
macrophage function and phagocytosis [232].

In addition to TRPV1, involvement of TRPM8 in thermoregulation has also been suggested,
although in the opposite direction. Deficiencies in cold sensation were observed in Trpm8−/− mice,
with a decrease in avoidance behavior to moderately cold temperatures was observed in these
animals [186,233,234]. Additionally, a selective TRPM8 antagonist showed no significant alteration in
body temperature when administered to healthy volunteers, further suggesting it may not be a critical
regulator for the maintenance of body temperature [176]. Avoidance of cold temperatures (below 0 ◦C)
could still be observed in Trpm8−/− mice. This could be due to other cold sensitive channels, or any
compensatory changes due to specific deletion of the Trpm8 gene. In this regard, a role of two other
channels has been proposed: (a) leak K+ channels, such as TRAAK and TREK1, which close at very low
temperatures; and (b) TRPA1, which is sensitive to noxious cold temperatures [31,235]. In spite of the
important role of TRPM8 in cold hypersensitivity, this channel has also been suggested as the mediator
of cold- and menthol-induced analgesia. Cooling, as well as administration of menthol has been shown
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to reduce acute and inflammatory pain in rodent formalin injection pain models. Interestingly, such
analgesic effects of mild cooling are absent for the inflammatory pain phase after formalin injection,
but still present for the acute phase in Trpm8−/− mice [233]. Apart from the well-defined role of
TRPA1 in pain and cold hypersensitivities, this channel has also been suggested to play a critical
role in vertebrate hair cell mechanotransduction and hearing [236,237]. However, subsequent studies
utilizing targeted deletion of the Trpa1 gene in mice showed no involvement of TRPA1 in hair cell
mechanotransduction [238]. TRPA1 has been shown to be a sensor of wide range of environmental
irritants and proalgesic agents (reviewed in [239,240]).

6. Concluding Remarks

Identification and cloning of nociceptive receptors, mainly belonging to the TRP channel family,
in the last decade and-a-half has tremendously advanced our understanding of the biology of
nociception and multi-modal pain sensation. In-depth characterization of functional properties of
these receptor channels, and describing their expression in various tissue and individual cell types
within the nervous system has pushed us closer to connecting all the dots of somatosensory, visceral
and trigeminal sensory pathways. In addition, extensive utilization of mouse genetics in sensory
biology has been incredibly helpful in this process. Simultaneous development of pharmacological
interventions targeting nociceptive TRP channels has not only been closing in on new-generation
analgesic drug developments, but also providing vital information on the in vivo mechanisms of
sensory signal processing. Although there is still a great deal to uncover in the biology of nociception,
the startling and relatively recent progress in expansion in knowledge in this area of research will
undoubtedly lead to more efficacious and evidence-based management of multiple pain pathologies.
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Abstract: Transient receptor potential vanilloid 3 (TRPV3) is a member of the TRP (Transient Receptor
Potential) super-family. It is a relatively underexplored member of the thermo-TRP sub-family
(Figure 1), however, genetic mutations and use of gene knock-outs and selective pharmacological tools
are helping to provide insights into its role and therapeutic potential. TRPV3 is highly expressed in
skin, where it is implicated in skin physiology and pathophysiology, thermo-sensing and nociception.
Gain of function TRPV3 mutations in rodent and man have enabled the role of TRPV3 in skin health
and disease to be particularly well defined. Pre-clinical studies provide some rationale to support
development of TRPV3 antagonists for therapeutic application for the treatment of inflammatory
skin conditions, itch and pain. However, to date, only one compound directed towards block of the
TRPV3 receptor (GRC15300) has progressed into clinical trials. Currently, there are no known clinical
trials in progress employing a TRPV3 antagonist.

Keywords: TRPV3; keratinocytes; itch; pain; Olmsted syndrome

1. Introduction

TRPV3 is a non-selective cation channel, displaying relatively high permeability to calcium. It was
first cloned in 2002 and displays ~30%–40% sequence homology with other TRPV channels.

Other features in common include the predicted protein structure encompassing six
transmembrane spanning domains (1–6), a pore-forming loop between domains 5–6, cytoplasmic
amino and carboxyl termini, ankyrin repeats and coiled-coil domains at the amino terminus and
several putative phosphorylation sites [1–3] (see Figure 2). The channel is formed from four subunits,
with homo-tetrameric TRPV3 receptors being commonly studied. Hetero-tetrameric channels containing
TRPV3 and TRPV1, for example, are reported to be able to form by some [3–5], but not all researchers [6];
however, the nature, role and expression of native TRPV3 containing heteromers is far from clear.
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Figure 1. Total publications per year around TRPV3 (orange bars) relative to other thermo-TRPs
(TRPV1, TRPV2, TRPV4, TRPM8 and TRPA1). Data as of 25/05/2016. Searches were conducted using
PubMed and, where applicable, included alternative nomenclature (e.g., TRPV1 and VR1).

Figure 2. Membrane topology of TRPV3. Residues involved in heat activation (N643, I644, N647,
L658 and Y661), activation by 2-APB (H426 and R696), Camphor (C612 and C619) and modulation by
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2; R696 and K705), ATP (K169 and K174), Mg2+ (D641)
and Ca2+ (R696) are highlighted, in addition to the location of ankyrin repeats [7–13].

In common with other TRP channels, TRPV3 acts as a polymodal signal integrator. It is activated
by numerous physical and chemical modulators and by posttranslational modifications, and the impact
of individual stimuli is influenced by the presence of other stimuli (see Figure 3 for summary). TRPV3 is
activated by innocuous temperature, with the threshold for channel opening at 31–39 ◦C, and activity
is retained over temperatures extending into the noxious range [14]. Chemical agonists include spice
extracts (such as camphor and carvacrol), synthetic agents (including 2-aminoethoxy diphenylborate,
2-APB) and endogenous ligand farnesyl pyrophosphate (FPP), [1–3,15,16]. Repeated exposure to heat
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or chemical agonists leads to sensitization of the receptor [8,17], through hysteresis of gating [14],
while co-application of diverse stimuli, such as heat and chemical agonists, is synergistic [17,18].
Activation of Gq coupled GPCRs also sensitizes TRPV3 [19], with key components in the downstream
signalling cascade including protein kinase C [20], Ca2+-calmodulin [8,10], phosphatidylinositol
4,5-bisphosphate (PI(4,5)P2) [11] and unsaturated fatty acids [18,20]. Other modulators include
voltage [11], ATP [10], Mg2+ [12], and intracellular acidification [21,22].

Figure 3. Activators, inhibitors and modulators of TRPV3. Quaternary structure of TRPV3
with compounds and signalling pathways known to activate, inhibit or modulate the receptor.
See Introduction for references–additional references [23–26].

The amino acid residues and regions underlying activation of TRPV3 by a number of
stimuli have been mapped. Information relating to the mechanism of activation by heat [14,27,28],
2-APB [9] and camphor [13] is available. Likewise, residues involved in mediating modulation
by Ca2+/Ca2+-calmodulin; [8,10]; Mg2+ [12]; pH [21] and voltage [11] have been defined (Figure 2,
see Yang and Zhu for recent detailed review [29]).
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2. Expression and Function of TRPV3

In contrast to TRPV1, TRPA1 and TRPM8, a direct role for TRPV3 in the peripheral nervous
system is controversial, as expression in sensory neurons is not conserved across species, with minimal
detection in rodents [1–3,30]. TRPV3 is however expressed in skin keratinocytes (Figure 4) across
species [1,2,31] and in humans, TRPV3 gene expression in skin is the highest of the >50 tissues
profiled in the GTEx project [32] (Supplementary Figure S1). TRPV3 expression is also reported in
other epithelial cells including oral and nasal epithelium [19,33], distal colon [34] and cornea [35].
In oral epithelia, use of TRPV3 knock mice implicate this channel in wound healing [33]. Likewise,
although TRPV3 gene expression in brain overall appears to be very low (Supplementary Figure S1),
studies utilising TRPV3 knock-out mice are suggestive of a role for TRPV3 in regulating hippocampal
synaptic plasticity [36] and incensole acetate, a reported TRPV3 agonist, broadly modulated brain
activity in wild-type, but not TRPV3 knock-out mice [37]. Interestingly, there are several reports
detailing TRPV1 channel expression on the endoplasmic reticulum of dorsal root ganglia and
sarcoplasmic reticulum of skeletal muscle cells [38,39]. Indeed, it has recently been reported that
there is functional expression of TRPV3 on the ER of mouse embryonic stem cells, with the channel
having a putative role in controlling cell cycle and cellular proliferation [40]. These novel findings,
if confirmed in native adult tissues, may need to be taken into account when developing compounds
for TRPV3.

Until recently, reliance on non-selective agonist and antagonist tools, such as Ruthenium
Red, has hampered progress in clearly defining a functional role for native TRPV3. For example,
evidence for a role of TRPV3 in modulating the CNS dopaminergic system [41,42] and colonic [34] and
corneal epithelia responses [35] is largely circumstantial for this very reason. Perhaps unsurprisingly,
keratinocytes have been the most commonly utilized preparation for the study of native TRPV3 function
by far, and provide the most compelling data package. Early studies in m308 keratinocytes identified
whole cell currents, increases in intracellular calcium and release of IL-1α in response to application or
co-application of known TRPV3 agonists and modulators, including eugenol, DPBA, camphor, 2-APB
and arachidonic acid [19,20]. This work was later extended by Grubisha et al. (2014) [18], who confirmed
that these responses could be blocked by a selective TRPV3 antagonist and by shRNA knock-down
of TRPV3. In primary cultures of keratinocytes from wild-type mice, whole cell currents, increases in
intracellular calcium or production of nitric-oxide were observed in response to TRPV3 agonists, or
agonist combinations, including heat, 2-APB, carvacrol and camphor, these responses were sensitized
on repeat application [12,17,43–46] and were absent in TRPV3 knock-out mice [17,45,46]. In transgenic
mice over-expressing TRPV3 in skin keratinocytes, co-application of heat and 2-APB led to augmented
TRPV3 mediated PGE2 release from keratinocytes [30]. In addition, application of 2-APB and carvacrol
has been shown to promote TGF-α release from primary cultures of human keratinocytes [45], and
in human keratinocyte HaCaT cells, 2-APB and acidic pH promoted whole cell currents blocked by
Ruthenium Red [21].

Studies using keratinocytes have provided several insights for how TRPV3 regulates skin function
and the function of neighbouring cells (Figure 4). A key protein interaction partner appears to be the
epidermal growth factor receptor (EGFR). This receptor is proposed to form a signalling complex with
TRPV3, whereby activation of the EGFR results in increased TRPV3 channel activity, stimulation of
TGF-α release and epidermal homeostasis [45]. TRPV3 plays a role in maintenance of the skin barrier,
as deletion of TRPV3 evokes deleterious changes in epidermal barrier structure. Hair morphogenesis
is also disrupted in TRPV3 null mice [17,45]. In cultures of human outer root sheath keratinocytes,
activation of TRPV3 induced membrane currents, elevated intracellular calcium, inhibited proliferation,
induced apoptosis, inhibited hair shaft elongation and promoted premature hair follicle regression.
These cellular effects, including inhibition of hair growth, were blocked by siRNA mediated TRPV3
knock-down [47]. α-Hydroxyl acids, commonly used in the cosmetic industry in chemical peels to
promote exfoliation, have also been proposed to exert their effects through activation of keratinocyte
TRPV3 [21]. Once again, the suggested mechanism is calcium influx through keratinocyte TRPV3
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channels, leading to overload in intracellular calcium and cell death [21]. Of relevance to pain, TRPV3
mediated ATP release from keratinocytes has been shown to activate purinoceptors in dorsal root
ganglion neurons [48], thereby influencing nociceptive function. Consistent with this, in transgenic
mice over-expressing TRPV3 in skin keratinocytes, increased pain sensitivity was observed [30].
A number of related findings demonstrate that indirect modulation by keratinocytes can strongly
influence pain signalling, for example in a recent study in TRPV1-knockout mice selectively expressing
TRPV1 in keratinocytes, keratinocyte stimulation was sufficient to evoke acute nociception-related
responses [49] and keratinocytes are also reported to induce neuronal excitability after nerve injury [50].
Of note, however, although TRPV3 null mice show disrupted responses to acute noxious heat and
innocuous thermal sensation in thermotaxis endpoints [17], responses in other types of pain models
are largely unaltered. In addition, the role of TRPV3 in innocuous temperature perception and acute
thermal nociception appears to be somewhat dependent on gender and genetic background [46,51],
for recent review, see Reference [52].

Figure 4. Summary of TRPV3 expression and function in epidermal keratinocytes. TRPV3 protein has
been found throughout the epidermis and around hair follicles, with protein elevated under certain
inflammatory skin conditions.

Several studies have reported alterations in TRPV3 mRNA and/or protein expression in
pathological states, including in the skin of burns victims [53]; in rosacea, a chronic inflammatory
skin condition [54]; in psoriasis [55] and in breast tissue biopsies from patients with breast pain [56].
Of note, aberrant TRPV3 function might be anticipated in some pathological states. For example,
arachidonic acid, which is a strong potentiator of keratinocyte TRPV3, is present at high concentrations
in psoriatic dermatitis (>100 μM; [57]) indicating that TRPV3 activity may be potentiated in psoriatic
epidermis. Interestingly, a recent preliminary report describes a mechanistic link between TRPV3
activity in psoriasis through IL-1α and EGFR signalling [55].

3. Insights from Genetic Mutations

Adding further support to the role of TRPV3 in skin physiology and pathology, a TRPV3
gain-of-function G573S/C mutation was identified to underlie the spontaneously hairless, dermatitis
phenotype of two rodent strains, DS-Nh mice and WBN/kob-HT rats, used as animal models of
atopy [31,58,59]. Development of a TRPV3Gly573Ser transgenic mouse, recapitulated this phenotype,
with significantly increased scratching behavior [58]. These transgenic mice also displayed augmented
release of NGF in response to heat and significantly increased levels of serum chemokines and
interleukins [58]. The increased release of pro-inflammatory and pro-nociceptive factors might be
hypothesized to alter nociception, however data from exploration of the pain phenotype of TRPV3
gain-of-function rodents is only just emerging [60].
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More recently, similar gain-of-function mutations in TRPV3, including but not limited to the
Gly573 mutation, have been identified as the cause of Olmsted syndrome (OS) in humans (for review
see [61]). OS is a rare keratinizing disorder characterized by marked thickening of the skin on the
soles of the feet and palms of the hands, periorificial keratotic plaques, diffuse alopecia, and pruritus.
In a few cases, atypical OS is reported with erythromelalgia. Pain and itching are variable in OS but
are reported to be particularly severe in atypical OS patients with erythromelalgia, which leads to
acute flares of hyperalgesia and some features of neuropathic pain.

4. TRPV3 Indications

Whilst activation of keratinocyte TRPV3 has been shown to mediate the release of pro-inflammatory
and pro-nociceptive mediators and pruritogens, and the gain-of-function mutations implicate TRPV3
in skin conditions where a predominant feature is itch [62], there is a surprising lack of preclinical
in vivo data exploring this aspect.

Selective TRPV3 antagonists have recently been introduced by Hydra Biosciences, Glenmark
Pharmaceuticals and AbbVie (Section 5), and afford the opportunity to investigate the therapeutic
potential of blockade of the TRPV3 channel.

We previously reported that Hydra’s FTP-THQ (Figure 5) was a potent and selective in vitro
antagonist of recombinant and native TRPV3 receptors, having virtually no activity at TRPV1, TRPV4,
TRPM8 and TRPA1 [18]. We have now assessed FTP-THQ in vitro in m308 keratinocytes and confirmed
that it can prevent release of ATP and GM-CSF by concentrations of DPBA and 2-APB that are known
to selectively activate TRPV3 in these cells ([18]; Figure 6).

Figure 5. Structure of TRPV3 selective antagonist FTP-THQ [63].

 

Figure 6. FTP-THQ [1-([3-fluoro-5-(trifluoromethyl)pyridine-2-yl]sulfanylacetyl)-8-methyl-1,2,3,4-
tetrahydroquinoline], a potent and selective TRPV3 receptor antagonist blocked TRPV3 mediated
release of ATP (A & B) and GM-CSF (C) from mouse keratinocytes in vitro. Results are mean ± SEM
of 3 independent experiments. Statistical significance was assessed using the paired Student’s t-test,
* p < 0.05, ** p < 0.001.

FTP-THQ also has appropriate pharmacokinetic properties to assess its profile in vivo with
an in vitro IC50 of 117 nM at the rat recombinant receptor and 186 nM at the mouse native
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receptor [18], and a Brain/Plasma ratio of approximately 7. In mice, after intraperitoneal administration,
it dose-dependently blocked histamine-induced itch (Figure 7) with unbound exposure in brain
(152 nM) consistent with the in vitro potency value, while the plasma levels where significantly less
(37 nM). These data suggest TRPV3 can be pharmacologically modulated in a manner that is consistent
with the gain-of-function mutations described in Table 1.
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Figure 7. Effects of FTP-THQ on histamine-induced scratching behavior. Harlan CD-1 mice
(n = 7–8/treatment group), 4–5 weeks old were acclimated to testing room for 1 h. FTP-THQ was
administered at 30, 100, or 200 mg/kg i.p., 1 h prior to histamine, while diphenhyramine was
administered at 20 mg/kg, 30 min prior to histamine. Animals were then placed inside a clear plexiglass
chamber and the number of scratching bouts was scored for 20 min. Data were collected via Abacus
software; one-way ANOVA with post-hoc Dunnett’s was used for analysis. * p < 0.05 vs. vehicle control.

From the pain perspective, the genetic data are less compelling, but small molecule manipulation
of the receptor with multiple compounds is suggestive of a role in nociceptive processing. For recent
reviews, see References [64–66]. The TRPV3 agonist FPP is reported to elicit pain behaviors after
intraplantar injection into inflamed animals [16]. The same group has also reported that 17(R)-resolvin
D, an endogenous TRPV3 antagonist, is anti-nociceptive in acute and inflammatory pain states [24].
Complementarily, tool antagonist molecules from Hydra, Glenmark and AbbVie described below have
attenuated pain behaviors in a number of pre-clinical pain models, including primarily carrageenan
and Complete Freund’s Adjuvant-induced thermal and/or tactile hypersensitivity, but also in nerve
ligation models [63,67,68].

We also evaluated FTP-THQ in a number of pre-clinical pain behavior models and replicated the
previous findings in CFA-induced thermal hypersensitivity at the 200 mg/kg dose, and as exemplified
in Figure 8, observed effects in the formalin-induced nocifensive responding assay. Interestingly,
effects in this assay were observed at lower plasma/brain exposures. Confounding side effects, such as
alterations in locomotor activity, were not observed, however, unlike previous reports (see [65]) we did
observe a dose-dependent hypothermia with the antagonist. The thermo-sensing TRP channels have
collectively been implicated as having the potential to alter normal thermal sensation and temperature
regulation, due to findings with TRPV1 antagonists. Our data would suggest, at least in rodents, an
alteration in body temperature should be closely monitored. It is unknown if these effects would
translate into higher species. Taken together, the collective data indicate that potent and selective
TRPV3 antagonists effectively attenuate scratching and pain behavior in pre-clinical animal models,
and pharmacological blockade of this target may afford some therapeutic benefit.

By way of summary, Table 1 provides the potential therapeutic utility of TRPV3 modulators.
However, as mentioned previously, no current clinical trials are ongoing.

88



Pharmaceuticals 2016, 9, 55

T
a

b
le

1
.

Su
m

m
ar

y
of

Ph
ys

io
lo

gi
ca

la
nd

Pa
th

op
hy

si
ol

og
ic

al
ro

le
s

of
T

R
PV

3.

P
o

te
n

ti
a

l
R

o
le

s
S

u
m

m
a

ry
o

f
E

v
id

e
n

ce
R

e
fe

re
n

ce
(s

)

O
lm

st
ed

Sy
nd

ro
m

e
Se

ve
ra

li
nd

ep
en

de
nt

cl
in

ic
al

re
po

rt
s

id
en

ti
fy

m
ut

at
io

ns
in

th
e

TR
PV

3
ge

ne
as

a
ca

us
e

of
ga

in
-o

f-
fu

nc
ti

on
m

ut
at

io
ns

an
d

re
ce

ss
iv

e
O

lm
st

ed
’s

Sy
nd

ro
m

e.
C

ha
ra

ct
er

is
ti

c
fe

at
ur

es
in

cl
ud

e
pa

lm
op

la
nt

ar
ke

ra
to

de
rm

a,
pe

ri
or

ifi
ci

al
hy

pe
rk

er
at

ot
ic

le
si

on
s

an
d

al
op

ec
ia

.
Le

ss
co

m
m

on
pr

es
en

ta
ti

on
s

in
cl

ud
e

di
gi

tc
on

st
ri

ct
io

n,
on

yc
ho

dy
st

ro
ph

y
an

d
pr

ur
it

us
[6

6,
69

–7
3]

O
lm

st
ed

Sy
nd

ro
m

e
w

it
h

Er
yt

hr
om

el
al

gi
a

C
lin

ic
al

da
ta

of
th

re
e

pa
ti

en
ts

w
ho

se
di

se
as

e
pr

es
en

ta
ti

on
in

cl
ud

ed
in

te
ns

e
fla

re
s

of
in

fla
m

m
at

io
n,

it
ch

in
g,

bu
rn

in
g

pa
in

,
va

so
di

la
ta

ti
on

,a
nd

re
dn

es
s

of
th

e
ex

tr
em

it
ie

s
co

ns
is

te
nt

w
it

h
er

yt
hr

om
el

al
gi

a.
W

ho
le

ex
om

e
se

qu
en

ci
ng

id
en

ti
fie

d
a

de
no

vo
he

te
ro

zy
go

us
m

is
se

ns
e

m
ut

at
io

n
w

it
hi

n
TR

PV
3,

p.
Le

u6
73

Ph
e.

[7
4,

75
]

Pr
ui

ti
c

an
d

A
to

pi
c

D
er

m
at

it
is

C
lin

ic
al

da
ta

su
gg

es
tT

R
PV

3
ex

pr
es

si
on

is
in

cr
ea

se
d

in
le

si
on

al
sk

in
in

pa
ti

en
ts

w
it

h
at

op
ic

de
rm

at
it

is
.P

re
cl

in
ic

al
da

ta
su

gg
es

t
D

S-
N

h
m

ic
e

de
ve

lo
p

al
le

rg
ic

an
d

pr
ur

it
ic

de
rm

at
it

is
[5

8,
76

]

Ps
or

ia
si

s

C
lin

ic
al

da
ta

su
gg

es
tT

R
PV

3
ex

pr
es

si
on

is
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

in
ps

or
ia

ti
c

le
si

on
s,

an
d

th
at

th
es

e
ch

an
ne

ls
ar

e
fu

nc
ti

on
al

in
ke

ra
tin

oc
yt

es
is

ol
at

ed
fr

om
le

si
on

ed
sk

in
.A

no
ve

la
nt

ag
on

is
to

fT
R

PV
3

do
se

-d
ep

en
de

nt
ly

in
hi

bi
te

d
2A

PB
/c

ar
va

cr
ol

in
du

ce
d

IL
-1
α

re
le

as
e

ke
ra

ti
no

cy
te

s.
Si

m
ila

rl
y,

in
hi

bi
ti

on
of

EG
FR

si
gn

al
in

g
w

as
ob

se
rv

ed
w

it
h

th
e

an
ta

go
ni

st
.I

nh
ib

it
or

s
of

bo
th

IL
-1
α

re
le

as
e

an
d

EG
FR

si
gn

al
in

g
ha

ve
pr

ev
io

us
ly

at
te

nu
at

ed
ps

or
ia

ti
c

sy
m

pt
om

s
an

d
th

us
a

lin
ka

ge
w

it
h

TR
PV

3
is

su
gg

es
te

d

[5
5]

W
ou

nd
H

ea
lin

g
Pr

e-
cl

in
ic

al
da

ta
su

gg
es

th
ig

he
r

ex
pr

es
si

on
of

TR
PV

3
in

m
ou

se
or

al
ep

it
he

lia
ve

rs
us

sk
in

,a
nd

ex
pr

es
si

on
w

as
up

re
gu

la
te

d
in

w
ou

nd
ed

or
al

ep
it

he
lia

lt
is

su
e.

TR
PV

3
ac

ti
va

ti
on

pr
om

ot
ed

or
al

ep
it

he
lia

lc
el

lp
ro

lif
er

at
io

n,
w

hi
ch

w
as

di
m

in
is

he
d

in
T

R
PV

3
kn

oc
ko

ut
m

ic
e.

Su
bs

eq
ue

nt
kn

oc
k

ou
tp

ro
fil

in
g

in
a

m
ol

ar
to

ot
h

ex
tr

ac
ti

on
m

od
el

su
gg

es
to

ra
lw

ou
nd

cl
os

ur
e

w
as

de
la

ye
d

[3
3]

Bu
rn

/P
os

t-
bu

rn
pr

ur
it

us
C

lin
ic

al
da

ta
su

gg
es

ti
nc

re
as

ed
TR

PV
3

ex
pr

es
si

on
in

th
e

ep
id

er
m

is
of

bu
rn

sc
ar

s
w

it
h

pr
ur

it
us

[2
9,

53
]

H
ai

r
gr

ow
th

Pr
e-

cl
in

ic
al

da
ta

su
gg

es
tT

R
PV

3
ag

on
is

ts
eu

ge
no

la
nd

2-
am

in
oe

th
ox

yd
ip

he
ny

lb
or

at
e

in
hi

bi
te

d
ha

ir
sh

af
te

lo
ng

at
io

n,
su

pp
re

ss
ed

pr
ol

if
er

at
io

n,
an

d
in

du
ce

d
ap

op
to

si
s

in
hu

m
an

or
ga

n-
cu

lt
ur

ed
ha

ir
fo

lli
cl

es
.S

im
ila

rl
y,

fu
nc

ti
on

al
ef

fe
ct

s
of

TR
PV

3
ac

ti
va

ti
on

in
hu

m
an

O
R

S
ke

ra
ti

no
cy

te
s

w
er

e
de

m
on

st
ra

te
d

as
on

-t
ar

ge
tv

ia
si

R
N

A
[4

7]

Sk
in

Ba
rr

ie
r

Fo
rm

at
io

n
Pr

e-
cl

in
ic

al
da

ta
su

gg
es

tT
R

PV
3

fo
rm

s
a

di
re

ct
co

m
pl

ex
w

ith
tr

an
sg

lu
ta

m
in

as
es

,t
he

re
by

re
gu

la
tin

g
gr

ow
th

fa
ct

or
si

gn
al

in
g

fo
r

th
e

fo
rm

at
io

n
of

th
e

sk
in

ba
rr

ie
r

[4
5]

R
os

ac
ea

C
lin

ic
al

da
ta

su
gg

es
ti

nc
re

as
ed

TR
PV

3
ex

pr
es

si
on

in
ep

id
er

m
al

ke
ra

ti
no

cy
te

s,
an

d
de

rm
al

la
be

lin
g

w
as

ob
se

rv
ed

in
a

su
bs

et
of

im
m

un
e

ce
lls

an
d

fib
ro

bl
as

ts
in

er
yt

he
m

at
ot

el
an

gi
ec

ta
tic

ro
sa

ce
a

an
d

ph
ym

at
ou

s
ro

sa
ce

a-
af

fe
ct

ed
sk

in
.I

nc
re

as
ed

ge
ne

ex
pr

es
si

on
w

as
al

so
ob

se
rv

ed
in

pa
ti

en
ts

w
it

h
ph

ym
at

ou
s

ro
sa

ce
a

[5
4]

C
er

eb
ra

lI
sc

he
m

ia
Pr

e-
cl

in
ic

al
da

ta
su

gg
es

tt
he

TR
PV

3
ag

on
is

ti
nc

en
so

le
ac

et
at

e
pr

ot
ec

ts
ag

ai
ns

ti
sc

he
m

ic
ne

ur
on

al
da

m
ag

e
an

d
re

pe
rf

us
io

n
in

ju
ry

in
m

ic
e.

R
ed

uc
ed

in
fa

rc
tv

ol
um

es
,i

nh
ib

it
io

n
of

TN
F-
α

,I
L-

1β
an

d
TG

F-
β

ex
pr

es
si

on
,a

nd
N

F-
κ

B
ac

ti
va

ti
on

w
er

e
de

m
on

st
ra

te
d

as
on

-t
ar

ge
tu

si
ng

T
R

PV
3

kn
oc

k-
ou

tm
ic

e
[7

7,
78

]

M
as

ta
lg

ia
C

lin
ic

al
da

ta
su

gg
es

ti
nc

re
as

ed
ex

pr
es

si
on

of
TR

PV
3

in
ba

sa
lk

er
at

in
oc

yt
es

th
at

co
rr

el
at

ed
w

it
h

di
se

as
e

sc
or

e
[5

6]

Tr
au

m
at

ic
Pe

ri
ph

er
al

N
er

ve
In

ju
ry

C
lin

ic
al

da
ta

su
gg

es
ti

nc
re

as
ed

TR
PV

3
ex

pr
es

si
on

in
th

e
D

R
G

ne
ur

on
s

of
pa

ti
en

ts
w

it
h

D
R

G
av

ul
si

on
in

ju
ry

,i
n

th
e

pe
ri

ph
er

al
ne

rv
e

pr
ox

im
al

to
th

e
si

te
of

br
ac

hi
al

pl
ex

us
in

ju
ry

.H
ow

ev
er

,a
de

cr
ea

se
in

TR
PV

3
ex

pr
es

si
on

w
as

ob
se

rv
ed

in
th

e
sk

in
of

pa
tie

nt
s

w
it

h
di

ab
et

ic
ne

ur
op

at
hy

[3
,7

9]

C
ol

d-
an

d
H

ea
t-

ev
ok

ed
Pa

in
Pr

e-
cl

in
ic

al
da

ta
sh

ow
ed

TR
PV

3
kn

oc
ko

ut
m

ic
e

ha
ve

im
pa

ir
ed

re
sp

on
se

s
to

no
xi

ou
s

he
at

.W
BN

/K
ob

-H
tr

at
s,

w
hi

ch
ha

ve
a

TR
PV

3
ga

in
-o

f-
fu

nc
ti

on
m

ut
at

io
n,

sh
ow

ed
an

in
cr

ea
se

d
se

ns
it

iv
it

y
to

no
xi

ou
s

he
at

an
d

co
ld

st
im

ul
i.

M
ul

ti
pl

e
an

ta
go

ni
st

s
ha

ve
sh

ow
n

ef
fic

ac
y

in
in

fla
m

m
at

or
y

in
su

lt
-i

nd
uc

ed
hy

pe
rs

en
si

ti
vi

ty
an

d
ne

rv
e

lig
at

io
n-

in
du

ce
d

hy
pe

rs
en

si
ti

vi
ty

[4
5,

60
,6

4,
65

]

89



Pharmaceuticals 2016, 9, 55

(10-40min)(0-5min)
Early phase Late phase

To
ta

l m
ea

n 
pa

w
 li

ck
in

g 
ev

en
ts

0

200

400

600

800

*

***
*

*

*

Vehicle
FTP-THQ (50 mg/kg)
FTP-THQ (100 mg/kg)
FTP-THQ (200 mg/kg)
Tramadol (40 mg/kg)

Figure 8. Effects of FTP-THQ on formalin-induced nocifensive behavior. Harlan Sprague Dawley Rats
(n = 7–8/treatment group), were acclimated to the testing room for 1 h. FTP-THQ was administered
at 50, 100, or 200 mg/kg i.p. 15 min prior to formalin, while the positive control tramadol was
administered at 40 mg/kg i.p. 30 min prior to formalin. The animals were placed in Startle Behavior
Chambers and behavior events (licking, guarding, flinching) binned in 5-min intervals and plotted
as Early and Late Phase. Data were analyzed using 1-way ANOVA, and comparisons of drug
treatment groups were compared with control groups using a post-hoc Dunnett’s comparison. * p < 0.05
vs. vehicle control.

5. TRPV3 Drug Development Overview

Major milestones in the area of TRPV3 drug development are highlighted in Figure 9 and
in comparison to TRPV1, the number of patents describing TRPV3 modulators has been modest
(Figure 10) with Hydra Biosciences and Glenmark Pharmaceuticals being the main players.

Figure 9. Timeline of major TRPV3 development activities.
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Figure 10. Number of patents applied for and granted per year for each of the thermo-TRPs compared
to TRPV3 (orange bars).

5.1. Glenmark Pharmaceuticals Ltd.

Glenmark have patented a range of TRPV3 antagonists [80–84], Figure 11. In 2010, Glenmark
entered into an out-licensing agreement with Sanofi Aventis and subsequently progressed their
lead molecule (GRC15300, structure unknown) into the clinic for the treatment of osteoarthritic and
neuropathic pain. In 2012, GRC15300 entered into Phase II trials for treatment of neuropathic pain;
however, by the end of 2013, these trials had been discontinued. The Sanofi-Glenmark agreement was
terminated in 2014 and since that date, no further development has been reported.

Glenmark - CPC-MPP Glenmark - Example 19 - US2010/0292254A1

Glenmark - Example 59 - US2010/0311778A1 Glenmark - Example 58 - US2009/0286811A1
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Figure 11. Examples of patented TRPV3 antagonists from Glenmark Pharmaceuticals.
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5.2. Hydra Biosciences Inc.

Hydra Biosciences have also published several patents and publications on TRPV3 antagonists.
In 2007, they entered into a collaboration with Pfizer to develop TRPV3 antagonists for pain.
The company web page currently reports an active TRPV3 program directed toward dermatological
disorders. In the published patents, there are descriptions of two compounds (Compound 15 and
Compound 64 in Reference [68]; Figure 12). Compounds were described as having modest potency
(<1 μM) in vitro and were shown to be effective in models of thermal injury, the formalin model,
Carrageenan, and CFA. An additional patent [63] discloses FTP-THQ that we have assessed above in
a number of in vitro and in vivo assays (Figures 6–8).

5.3. Abbvie Inc.

In recent years, AbbVie have been active in the TRPV3 arena, publishing several patents [85,86]
and more recently a paper [67]. They describe a series of compounds, some displaying mid-nanomolar
potency in blocking 2-APB-stimulated calcium influx in assays using recombinant human and mouse
TRPV3 channels. Their recent publication describes synthesis and biological properties of a series of
(Pyridin-2-yl)methanol derivatives, with the lead molecule (Figure 13) having modest in vitro potency
(Kb = 0.56 μM) and efficacy in rat models of neuropathic pain (CCI and SNL).

Hydra - DCP-THQ

Hydra - Compound 101

Hydra - Compound 8 Hydra - Compound 64

Hydra - Compound 15
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Figure 12. Representatives from Hydra Biosciences patented TRPV3 antagonist series.

92



Pharmaceuticals 2016, 9, 55

Abbvie - Compound 74a

Figure 13. A leading representative from Abbvie’s TRPV3 antagonist series.

5.4. Miscellaneous

Interestingly, there are also several patents detailing the utility of TRPV3 agonists. One describes
derivatives of incensole acetate for use as antidepressants [37,87]. Another details TRPV3 agonists
for the treatment of TRPV3-associated skin conditions such as acne, psoriasis, dermatitis, and wound
healing, and describes the TRPV3 activity of peptides derived from soricidin (a fifty-four amino acid
paralytic peptide isolated from the submaxilary saliva gland of the Northern Short-tailed Shrew,
Blanina brevieauda [88]).

6. Conclusions and Outlook

In summary, we are making headway in understanding the role of TRPV3 in health and disease
and this appears to be a promising therapeutic target for itch and skin-related conditions and for the
treatment of patients with TRPV3 causally related conditions, such as Olmsted syndrome. To date
information from gain of function mutations in rodent and man, coupled with data from gene knock out
studies do not provide an overwhelmingly compelling case for targeting TRPV3 as a pain therapeutic;
however, pre-clinical data utilizing structurally diverse TRPV3 antagonists do provide some support
that blockade of this channel may provide analgesia in chronic pain states. Questions remain however
as to how much clinical efficacy for pain can be realized through selectively targeting this mechanism
and how results from rodents will translate to humans given the differences in expression in the pain
pathway. Given the issues with the side effects associated with targeting other TRP family members,
such as TRPV1, including body temperature changes and altered thermal sensitivity, there may be
an opportunity to develop topical treatments for TRPV3 given the compelling role in skin.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/9/3/55/s1,
Figure S1: The data used for the analyses described in this manuscript were obtained from: the GTEx Portal on
25 May 2016.
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Abstract: Ion channels of the Transient Receptor Potential (TRP) family mediate the influx of
monovalent and/or divalent cations into cells in response to a host of chemical or physical stimuli.
In the skin, TRP channels are expressed in many cell types, including keratinocytes, sensory neurons,
melanocytes, and immune/inflammatory cells. Within these diverse cell types, TRP channels
participate in physiological processes ranging from sensation to skin homeostasis. In addition,
there is a growing body of evidence implicating abnormal TRP channel function, as a product of
excessive or deficient channel activity, in pathological skin conditions such as chronic pain and
itch, dermatitis, vitiligo, alopecia, wound healing, skin carcinogenesis, and skin barrier compromise.
These diverse functions, coupled with the fact that many TRP channels possess pharmacologically
accessible sites, make this family of proteins appealing therapeutic targets for skin disorders.

Keywords: transient receptor potential; skin; pain; itch; dermatitis; epidermis

1. Introduction to TRP Channels

Transient Receptor Potential (TRP) channels constitute a large family of ion channels expressed
across vertebrate and invertebrate animal species. Mammals express at least 28 different TRP channels
that can be divided into six subfamilies, based on their primary amino acid structures: TRPA
(ankyrin), TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin) and TRPV
(vanilloid) [1–3]. TRP channels are widely distributed across tissues, such that every cell in the body
likely expresses one or more subtypes. Furthermore, TRP channels can be gated by an astonishingly
diverse array of physical and chemical stimuli, ranging from ions and small molecules to heat, cold,
and mechanical force [1–3]. Consequently, TRP channels are important for many aspects of health and
disease [4].

Functional TRP channels consist of four subunits surrounding a central channel pore. In most
cases, TRP channels are homotetramers of a given subunit, while in others, subunits of two different
TRP channel subtypes contribute to a heterotetrameric channel. Although there are some exceptions,
as described later in this chapter, each TRP channel subunit possesses six transmembrane domains,
interconnected by relatively short loops, plus a relatively long N terminal domain and a somewhat
shorter C terminal domain, with the latter two both extending into the cytoplasm (Figure 1). In some,
but not all subfamilies, the N terminal domain contains multiple copies of a motif known as the
ankyrin repeat that contributes to channel assembly and gating [2]. Recent cryo-electron microscopy
studies of TRPV [5–9] and TRPA [10] family members have provided a high-resolution view of the
structures of these channels, as well as insights into how their pores can be gated by their respective
activators. All known TRP channels are selective for cations, with little or no anion permeability.
However, their relative selectivity among cations can vary. Whereas most TRP channels are so-called
nonselective cation channels that show permeability to both monovalent cations such as sodium and
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divalent cations such as calcium and magnesium, a few are highly selective for either calcium or
sodium ions [3].

Figure 1. Summary of physiological (black) and pathophysiological (red) processes to which Transient
Receptor Potential (TRP) channels contribute in various skin cell types. Topological diagram of a TRP
channel subunit is shown at center, with amino (N) and carboxyl (C) termini labeled. Extracellular
domain is at top.

Like other tissues, the skin expresses an abundance of TRP channel subtypes that significantly
affect its development, integrity, and function under healthy conditions and in disease states [11,12].
There are a number of fundamental mechanisms, described in greater detail throughout this review,
through which this occurs. Most notably, the ability of many TRP channels to mediate calcium influx
into cutaneous neurons, keratinocytes, melanocytes, or immune cells provides a mechanism by which
these channels influence cellular proliferation, differentiation, secretion of paracrine/autocrine factors,
cytotoxicity, cell migration, and a host of other processes relevant to skin health and disease. Calcium
is of particular importance to keratinocytes, since the skin exhibits a gradient of extracellular calcium
from relatively low levels in the basal epidermis to relatively high levels in more mature epidermal
layers. This gradient, in part, helps to drive the progressive differentiation of epidermal keratinocytes
as they are displaced apically by proliferating basal cells [13]. Dysregulation of calcium homeostasis,
as occurs in conditions such as Hailey-Hailey disease [14] or Darier’s disease [15], results in abnormal
epidermal differentiation, keratosis, poor adhesion between keratinocytes, and other abnormalities.
Another important output of TRP channels is membrane depolarization. In cutaneous sensory neurons,
TRP channel-mediated depolarization in response to a host of chemical, thermal, and mechanical
stimuli triggers action potential firing, eventually leading to sensations of temperature, pain, or
itch [16]. The effects of TRP channel-mediated depolarization, moreover, are not confined to neurons,
since membrane depolarization in nonexcitable cells like keratinocytes or lymphocytes can affect
cellular processes such as ATP release [17] or calcium flux through Orai family channels [18]. Finally, a
growing list of protein interactors has been identified for TRP channels, further expanding the potential
signaling repertoire of these molecules [19,20]. In this chapter, we will provide an overview of TRP
channel expression in various cell types in the skin, as well as the physiological and pathological
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cutaneous processes to which they contribute. A summary of these diverse processes is presented in
Figure 1, highlighting multiple opportunities for therapeutic targeting of TRP channels in skin.

2. Contributions of TRP Channels to Skin Biology and Pathophysiology

2.1. TRPC Channels and Skin

2.1.1. TRPC Channels and Keratinocyte Differentiation

Expression of nearly every TRPC channel subtype, including TRPC1, TRPC3, TRPC4, TRPC5,
and TRPC6, has been reported in human keratinocytes. TRPC1 and TRPC4 are both upregulated
during keratinocyte differentiation in vitro. This expression level change appears to be functionally
important, since knockdown of either TRPC1 or TRPC4 in keratinocytes in vitro was shown to reduce
the level of store-operated calcium entry and to inhibit keratinocyte differentiation [21,22]. TRPC6 has
also been shown to be required for normal human keratinocyte differentiation in vitro [23]. In addition,
small molecules of the triterpine family have been shown to promote keratinocyte differentiation both
in vitro and in vivo through a mechanism that appears to involve TRPC6 [24].

2.1.2. TRPC Channels in Darier’s Disease

Darier’s Disease, also known as Darier-White disease, is a rare autosomal dominant dermatological
disease initially discovered by the French dermatologist Ferdinard-Jean Darier in 1889. It is
characterized by keratotic papules that may occur throughout the body [25]. Darier’s Disease is
caused by heterozygous loss of the endoplasmic reticulum calcium pump protein SERCA2b, which is
encoded by the gene ATP2A2 located on 12q23-24.1 [26]. In addition to skin papules, patients with
this disorder often suffer from neuropsychiatric symptoms [27]. There have also been reports of bone
cysts [28]. Because SERCA2b is the only SERCA pump expressed in keratinocytes, this defect results in
failure to sequester calcium in the ER lumen and the consequent accumulation of excess cytoplasmic
calcium. Interestingly, examination of TRP channel expression in keratinocytes from heterozygous
SERCA knockout mice revealed a compensatory upregulation of TRPC1 [29]. Although this change
might a priori be predicted to worsen calcium overload in these cells, it was found that TRPC1
upregulation somehow enhanced keratinocyte resistance to apoptosis [29]. Whether compensatory
TRPC1 expression ameliorates or exacerbates the Darier’s Disease phenotype in intact skin, however,
remains unclear. It also remains to be determined whether other syndromic features of Darier’s disease
involve alterations in TRP channel-mediated calcium signaling in skeletal or nervous tissues similar to
those proposed for keratinocytes.

2.1.3. TRPC Channels and Sensory Function

There are numerous connections between TRPC channels and cutaneous sensory function.
Although TRPC channels are expressed in most cell types, TRPC1, TRPC3, TRPC5 and TRPC6 are the
subfamily members characterized most extensively in sensory neurons. Based on pharmacological
studies with the relatively nonselective TRPC channel antagonist, SKF-96365, TRPC channels might
also contribute to pain and hyperalgesia caused by the bee venom component, mellitin [30]. TRPC3
is expressed in small- to medium-diameter nociceptors [31–33], and has been shown to be important
for store-operated calcium entry responses downstream of G protein-coupled receptors for purines
and proteases [32], providing a potential mechanism for the involvement of this channel in some
forms of inflammatory hyperalgesia. TRPC3 has further been implicated in nociceptor activation by
IgG immune complexes and thus might be a contributor to pain in allergic contact dermatitis [34].
It has also been shown that TRPC1 and TRPC6, which are co-expressed in sensory neurons with
TRPV4, facilitate hyperalgesic responses mediated by the latter channel, through mechanisms that
have not been clearly resolved [31]. Further evidence for a role for TRPC1 in sensory function comes
from the observation that this channel is required for normal mechanically evoked responses in two
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subpopulations of mechanosensory cutaneous neurons (Aδ-low threshold mechanoreceptors and
slowly-adapting Aβ-low threshold mechanoreceptors) and for behavioral responses to very gentle
mechanical stimuli [35]. Finally, TRPC5, which is also expressed in a subpopulation of peripheral
sensory neurons that innervate the skin, can be activated by mildly cold temperatures. However,
no obvious defects in cold detection were observed in mice lacking this channel [33].

2.2. TRPV1 and Skin

TRPV1 is among the most extensively characterized mammalian TRP channels. Upon gating,
this channel produces multiple cellular signals, including membrane depolarization and an increase
in cytoplasmic calcium. TRPV1 is expressed at the highest level in a subpopulation of peptidergic
peripheral sensory neurons involved in the perception of pain. When overexpressed recombinantly in
cell lines, TRPV1 can be activated by capsaicin, the major pungent ingredient in chili peppers, or by
related chemical compounds that share a vanilloid chemical group, thus providing the “transient
receptor vanilloid” subfamily its name [1]. TRPV1 can alternatively be activated by extracellular
protons, by certain small lipophilic molecules, including endogenous cannabinoid lipids such as
anandamide and N-arachidonoyl dopamine [1], or by a number of other chemical agonists such as
2-aminoethoxydiphenyl borate (2-APB), which had previously been recognized as a dose dependent
activator and inhibitor of IP3 receptors and store-operated calcium channels [36]. In addition, TRPV1
was the first recognized molecular thermoreceptor, as it can be activated in the absence of chemical
ligands by painfully hot temperatures (>42 ◦C) [1]. This polymodal chemo-thermo sensitivity likely
accounts for the perception of “heat” experienced during consumption of chili peppers, and has led
TRPV1 to receive substantial attention as a candidate target for pain control [37].

2.2.1. TRPV1 in Pain, Itch, and Neurogenic Inflammation

Gene knockout studies in mice, as well as administration of TRPV1 antagonists to mice, rats,
and humans, have confirmed roles for this channel in pain sensation. For example, mice lacking
TRPV1 are insensitive to capsaicin and show partially diminished heat-evoked pain at baseline and
a virtual absence of inflammation-induced thermal hyperalgesia [38,39]. Reductions in heat pain [40],
inflammatory pain [41,42] and cancer pain [43,44] sensitivity have also been observed in rodents and/or
human treated with TRPV1-selective antagonists. Furthermore, a number of phase I and II clinical
trials of TRPV1 antagonists have been conducted to examine their potential analgesic utility [45,46].
Studies using TRPV1 antagonists have also provided evidence for a role of TRPV1 molecules located
at the central terminals of primary sensory neurons in certain forms of mechanical hypersensitivity,
though the cellular mechanisms underlying such roles remain to be elucidated [47].

Beyond the perception of pain, TRPV1 has been shown to participate in other neuronal functions
relevant to the skin. For example, TRPV1 null mice exhibit reduced itch-related scratching behavior in
response to interleukin 31 (IL31) [48] or histamine [49]. TRPV1 also facilitates the function of TRPV4
in itch perception [50]. In addition, capsaicin-induced neurogenic inflammation (i.e., inflammation
produced by the neuronal release of vasoactive peptides) is suppressed in the absence of TRPV1 [1,51].
Therefore, the interaction of neuronally-expressed TRPV1 with the skin is bidirectional, involving both
sensory and efferent activities.

2.2.2. TRPV1 Expression in Keratinocytes

Aside from the functional importance of neuronally-expressed TRPV1, there is considerable
evidence to suggest that TRPV1 may participate more directly in epidermal biology by virtue of
its expression in keratinocytes. Evidence for such expression is strongest in human keratinocytes.
Inoue et al. [52] first reported the existence of TRPV1-like immunoreactivity and TRPV1 mRNA in
cultured human keratinocytes. They also showed that in these keratinocyte cell cultures, capsaicin or
protons could evoke an influx of calcium that was inhibited by the TRPV1 antagonist, capsazepine.
In contrast, whereas primary neonatal mouse keratinocytes and the mouse 308 keratinocyte cell
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line were shown to express TRPV1 mRNA, they did not respond to capsaicin in physiological
assays [53,54]. Immunological, mRNA, and calcium imaging-based evidence for TRPV1 expression
was also reported in the human HaCaT keratinocyte cell line [55]. In these cells, capsaicin could evoke
the release of IL8 and prostaglandin E2 (PGE2) and upregulate the expression of cyclooxygenase 2
(COX2), providing evidence for potential proinflammatory activities. TRPV1 agonist-mediated
calcium influx was also observed in human NHEK keratinocytes, and these responses, as well,
could be blocked by either capsazepine or another TRPV1 antagonist, PAC-14028 [56]. Furthermore,
heat shock was shown to trigger matrix metalloproteinase 1 (MMP-1) transcription in both HaCaT
and NHK keratinocytes, in a manner apparently dependent on TRPV1 [57]. There is additional
evidence that TRPV1 may be expressed in keratinocytes in intact healthy human skin. For example,
Stander et al. [58] observed TRPV1-like immunoreactivity in keratinocytes of the stratum basalis and
stratum granularis, as well as in dermal mast cells, hair follicles, sebaceous gland epithelial cells,
and cutaneous sensory nerve terminals. A common problem with many human skin immunostaining
studies is the absence of definitive controls for antibody specificity. However, the possibility of intrinsic
cutaneous TRPV1 expression in that same study was corroborated by polymerase chain reaction
detection of TRPV1 mRNA.

2.2.3. TRPV1 in Epidermal Homeostasis and Dermatitis

Despite the challenges of definitive demonstration of TRPV1 expression in rodent keratinocytes,
multiple studies in rodents have suggested TRPV1 involvement in epidermal barrier function and
the regulation of dermatitis. In hairless mice, capsaicin delays epidermal barrier recovery following
tape-stripping and the TRPV1 antagonist capsazepine accelerates such recovery [59]. A potential role for
heat as a mediator of this effect arose indirectly from the observation that barrier recovery is accelerated
at relatively warm skin temperatures (36 ◦C–40 ◦C), compared with cooler temperatures. Agonists
of two other warmth-sensitive TRP channels found in keratinocytes, TRPV3 and TRPV4 (see below),
failed to recapitulate the effects of heat. In a series of studies [56,60,61], a TRPV1 antagonist, PAC-14028,
was shown to accelerate skin barrier recovery either following tape stripping or in two models of
atopic dermatitis: Dermatophagoides farina (Df) challenge in a susceptible mouse strain and challenge
with the small molecule hapten oxazolone in previously sensitized mice. PAC-14028 also reduced
rises in serum immunoglobulins, skin thickening, mast cell degranulation, and scratching behavior
following repetitive Df administration. However, the apparent direction of TRPV1 effects on epidermal
homeostasis and dermatitis has not been uniform across studies. In one study, oxazolone induced
ear edema was increased in mice lacking TRPV1 or in wild-type mice in which TRPV1-expressing
neurons were desensitized with vanilloid compounds [62]. The authors of that study postulated
that anti-inflammatory agents released by TRPV1 expressing neurons accounted for the apparently
anti-dermatitic effects of this channel. Although the reasons for discrepancies among these studies
remain unclear, they might include the use of immunologically distinct mouse strains or off-target
effects of some of the TRPV1 modulating agents used. Furthermore, a definitive dissection of the
functions of neuronal vs. non-neuronal TRPV1 function in these models remains to be performed.

2.2.4. TRPV1 and Ultraviolet Radiation

Lee et al. [63] demonstrated that ultraviolet B (UVB) light could induce a calcium influx in
HaCaT cells that was sensitive to TRPV1 antagonists, as well as an increase in MMP1 expression that
was suppressed by TRPV1 antagonists and TRPV1 siRNA knockdown and facilitated by capsaicin.
This study also reported a UVB-induced increase in TRPV1 western blot signal in HaCaT cells and
a UVB induced increase in TRPV1 immunostaining in human skin. Based on their findings, the authors
of this study speculated on a potential role for TRPV1 in UVB induced skin aging. Consistent
with human keratinocyte studies, in hairless mice, the TRPV1 antagonist, iodo-resiniferatoxin, could
suppress UVB induced skin thickening and expression of MMP, COX2, and p53 [64]. However, whether
that effect was keratinocyte-intrinsic or neuronally mediated was again not definitively established.
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2.2.5. TRPV1 Epidermal Upregulation in Human Skin Diseases

Elevations in either epidermal TRPV1-like immunostaining or skin TRPV1 mRNA expression have
been reported in several different human skin diseases, including prurigo nodularis [58], rosacea [65],
and herpes zoster infection [66]. In addition, there may be a link between TRPV1 and sensitive skin,
as defined by augmented sensitivity in the lactic acid stinging test [67]. TRPV1 mRNA and keratinocyte
TRPV1-like immunostaining were elevated in patients with positive responses in this psychophysical
test [67]. These patients are presumed to have either an impaired skin barrier and/or alterations
in their neurovascular responsiveness [67]. Interestingly, TRPV1 immunoreactivity was lower in
individuals with darker skin, suggesting that melanin might interfere with those factors that promote
TRPV1 upregulation [67]. Perhaps related to these findings, the skin irritant phenoxyethanol was
found to increase calcium influx into HaCaT cells in a manner inhibitable by TRPV1 antagonists [68].
Furthermore, it has been shown that retinoids evoke pain behavior in rodents by acting at TRPV1,
presumably in neurons. This might explain the burning sensation reported for these compounds in
humans [69].

2.2.6. TRPV1 and Skin Cancer

Some studies have provided evidence suggestive of a connection between TRPV1 and skin cancer.
However, these findings have often been indirect and relied upon pharmacological tools. For example,
capsaicin was shown to be co-carcinogenic in rodent skin [70] and the TRPV1 antagonist AMG9810
was shown to act as a tumor promoter [71] However, in the former study, the effects of capsaicin turned
out to be mediated by EGFR signaling, independent of TRPV1, while in the latter study, the TRPV1
dependence of the AMG9810 effects, which also somehow involved EGFR signaling, was not directly
addressed. Thus, no role for TRPV1 in skin cancer has yet been definitively established.

2.2.7. TRPV1 in Skin Appendages

In human hair follicles, TRPV1-like immunoreactivity was observed in specific epithelial
subcompartments, including the outer root sheath and hair matrix [58,72]. In organ cultures of these
hair follicles, activation of TRPV1 suppressed epithelial proliferation and hair shaft elongation and
promoted hair follicle regression [72]. TRPV1-like immunoreactivity has also been reported in epithelial
compartments of mouse hair follicles, and examination of hair cycle in TRPV1 knockout mice revealed
a delayed catagen phase [73].

There is also evidence for TRPV1 expression in human sebocytes, the major constituents of
cutaneous sebaceous glands. In these cells, TRPV1 stimulation with capsaicin suppresses lipid synthesis
and the release of proinflammatory cytokines [74].

2.3. TRPV2 and Skin

TRPV2 was originally discovered as a calcium-permeable channel that could be regulated by
insulin-like growth factor I signaling [75], and in parallel, as a channel that could be activated by
extremely high temperatures (>52 ◦C) [76]. TRPV2 was subsequently found to be capable of being
activated by a range of stimuli, including PI3 kinase signaling [77], certain cannabinoid compounds
(Δ9-tetrahydrocannabinol, cannabidiol) [78], probenecid [79], 2-APB [36], hypoosmolarity [80],
and mechanical cell stretch [81]. In the skin, TRPV2 is most highly expressed in two categories
of cells: sensory neurons and immune/inflammatory cells.

2.3.1. TRPV2 and Sensory Function

The contribution of TRPV2 to sensory function remains enigmatic. Although rodent TRPV2 has
been shown to be activated by heat [76], mice lacking TRPV2 showed no detectable defects in noxious
heat sensation, even if the potentially confounding activity of TRPV1 was eliminated [82]. Furthermore,
heat sensitivity appears not to be conserved in human TRPV2 [83]. There is evidence that TRPV2 plays
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a role in neurite outgrowth, particularly in response to mechanical stretch of neurons [81] or nerve
growth factor stimulation [84]. Whether this has implications for nerve regeneration in the skin has yet
to be explored.

2.3.2. TRPV2 and Immune Cell Function

TRPV2 expression has been reported in a range of immune/inflammatory cell types, including
macrophages, mast cells, natural killer cells, dendritic cells and lymphocytes [85]. Within these cell
types, TRPV2 has been implicated in regulating diverse functions that include cytokine release [86],
chemotaxis [87,88], phagocytosis [87], endocytosis [89], inflammasome activity [90], and podosome
assembly [91]. In human skin, elevated TRPV2-like immunoreactivity was observed in both macrophages
and mast cells in the setting of rosacea [65]. Aberrant TRPV2 expression has also been reported in
hematological tumors and cell lines, including those derived from mantle cell lymphoma, multiple
myeloma, Burkitt lymphoma, acute myeloid leukemia, and myelodysplastic syndrome [92,93].

2.4. TRPV3 and Skin

The cloning of TRPV3 was reported almost simultaneously by three groups [94–96]. TRPV3
mRNA and protein were shown to be expressed prominently in skin keratinocytes [94,96]. Like several
other TRPV channels, TRPV3 can be activated by thermal or chemical stimuli. TRPV3 exhibits
a temperature-dependent rise in activity at temperatures exceeding 33 ◦C–39 ◦C, with the specific
apparent threshold varying among studies [94–96]. Reported chemical agonists of TRPV3 include
2-APB [36,97], farnesyl Pyrophosphate [98], and various plant-derived compounds, including
camphor [99], carvacrol, eugenol, and thymol [100]. TRPV3 responses agonist stimulation can be further
potentiated by several factors, including unsaturated fatty acids [101], repetitive heat stimulation [96],
or cholesterol [102]. Conversely, factors that suppress TRPV3 activity include oxygen-dependent
hydroxylation of TRPV3 by Factor-inhibiting-hypoxia inducible factor [103].

2.4.1. TRPV3 and Cutaneous Temperature Sensation

The robust expression of TRPV3 in keratinocytes, as well as this channel’s heat-responsiveness,
led a number of labs to investigate potential roles for this channel in skin temperature sensation. In vitro
experiments in both the mouse 308 keratinocyte cell line and primary keratinocytes demonstrated
warmth-evoked currents that resembled those mediated by recombinantly expressed TRPV3 [54].
Accordingly, these TRPV3-like currents were lost in keratinocytes isolated from TRPV3 knock out
mice [99]. In contrast, TRPV3 protein proved difficult to detect in sensory neurons [99]. Together,
these findings suggested that TRPV3 might participate in an “indirect” mechanism of heat sensation
involving skin keratinocyte communication with sensory neurons. Consistent with this notion, TRPV3
was shown to mediate the heat-evoked release of a number of mediators with the capability to
influence neuronal activity. For example, in keratinocyte-sensory neuron cocultures, heat activation
was reported to produce a rise in keratinocyte calcium levels, followed by a delayed calcium influx
response in the neurons, an effect that was apparently mediated by ATP signaling and dependent on
keratinocyte TRPV3 [104]. It was also demonstrated that in keratinocytes, heat evokes the release of
nitric oxide through a mechanism that is independent of nitric oxide synthase, and that this response
is dependent on TRPV3 [105]. Similarly, keratinocytes cultured from mice overexpressing TRPV3
selectively in keratinocytes showed augmented release of prostaglandin E2 (PGE2) in response to both
heat and 2-APB stimulation [106]. Together, these findings provided evidence that TRPV3 may serve
as an important role in keratinocyte-neuron communication.

At the whole-animal level, there is also evidence that TRPV3 might contribute, under some
circumstances, to heat perception. The original description of TRPV3 knockout mice reported that
these mice exhibited deficits in both thermal preference behavior and heat-evoked nociception [99].
However, subsequent studies of these behaviors in TRPV3 knockout mice on more homogeneous
genetic backgrounds yielded a more complex picture. Although the absence of TRPV3 on a pure C57Bl6
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background produced no detectable change in thermally-evoked behavior, in two separate studies,
TRPV3 knockout on the 129/S6 [107], or 129S1/SvImJ [105] backgrounds resulted in subtle alterations
in thermal preference behavior. Interestingly, in one of these studies [105], the TRPV3 phenotype was
sex dependent, occurring only in females. It should be noted that all these observations were made in
global TRPV3 knockout mice, in which the channel was absent from all tissues throughout life. It is
possible that a more definitive conclusion about the role of TRPV3 might be obtained from analysis
of inducible keratinocyte- or neuron-selective TRPV3 knockout in adults. Mice lacking both TRPV3
and TRPV4 (see below) exhibited virtually normal thermal preference behavior and only a slight
deficit in heat-evoked nociception [107]. However, in another study, it was demonstrated that while in
mice lacking TRPV1 alone, a dynamic hotplate evoked an unusual escape behavior, this phenotype
was abolished in mice lacking both TRPV1 and TRPV3 [108]. Thus, while TRPV3 might be a partial
contributor to heat sensation under specific conditions, these genetic studies suggest that it is not
a major participant in this process.

2.4.2. TRPV3 and Epidermal Homeostasis and Hair Development

A number of studies have implicated TRPV3 in epidermal homeostasis and hair growth.
Global TRPV3 knockout in mice was originally reported to produce transient alterations in abdominal
hair morphology [99]. Subsequently, selective knockout of TRPV3 in mouse keratinocytes was found
to produce several skin phenotypes, including perinatal skin barrier defects and abnormal epidermal
maturation that appeared to resolve spontaneously and curly body hair and whiskers [109]. Similarities
to reported effects of perturbations in EGFR signaling led the investigators of this latter paper to explore
a potential relationship between these two signaling proteins. Indeed, they found that activation of
TRPV3 in keratinocytes triggers the protease-mediated shedding of the EGFR ligand, TGF-α. They also
found that TRPV3 could promote transglutaminase activity in keratinocytes, providing a potential
explanation for the skin barrier defects in TRPV3 knockout mice. At least one human study also
implicated TRPV3 in the regulation of hair growth [110]. These authors showed that application of the
TRPV3 agonists eugenol or 2-APB to either cultured human hair follicles or outer root sheath (ORS)
keratinocytes, produced a dose-dependent suppression of proliferation and induction of apoptosis in
both systems.

2.4.3. TRPV3 and Skin Pathology

There is also a growing body of evidence suggesting that TRPV3 is a key contributor to epidermal
homeostasis and skin sensory function in certain pathological conditions. For example, although
published studies are limited, there are reports in the patent literature that TRPV3 antagonists can
suppress certain forms of mechanical hypersensitivity in rats after nerve injury [111]. In addition,
it was reported that, in the mouse acetone-ether-water model of chronic dry skin, the genetic absence
of TRPV3 resulted in reduced scratching behavior [112]. TRPV3-like immunoreactivity was also noted
to be upregulated in the skin of breast surgery patients who reported postsurgical pain [113]. Similarly,
TRPV3 mRNA was found to be upregulated in keratinocytes derived from patients with hypertrophic
post burn scars who also reported itching [114]. Moreover, mouse studies have linked TRPV3 to
epithelial wound healing in skin and oral mucosa [105,115].

The most compelling association between TRPV3 and skin pathology has come from the study of
naturally occurring mutations in the gene encoding this channel. The earliest indications of this link
came from rodent studies, where two TRPV3 mutations at the same residue (Gly573Ser and Gly573Cys,
respectively) were found to be the causes of alopecia in two different rodent lines, the DS-Nh mouse
and the WBN/Kob-Ht rat [116]. Further research by the same group [117] indicated that epidermal
sheets derived from Ds-Nh mice exhibited elevated intracellular calcium levels. This finding is
consistent with the subsequent finding that both the Gly573Ser and Gly 573Cys mutations confer
a high level of constitutive activity on recombinant TRPV3 [118]. Additional examination of the in vivo
consequences of these same TRPV3 mutations, resulted in additional skin phenotypes that included
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enhanced predilection towards evoked allergic contact dermatitis or, in some cases, spontaneous
dermatitis [116,119]. The development of these dermatitis phenotypes was quite variable between
studies and even within a study, between mice crossed onto different genetic backgrounds or housed
under different conditions. This variable penetrance suggests the existence of both intrinsic and
environmental modifiers of the dermatitis phenotype.

It is especially noteworthy that pathological gain-of-function mutations in TRPV3 are not confined
to rodents. In 2012, whole-exome sequencing of six patients with Olmsted Syndrome revealed
a TRPV3 mutation is strongly associated with this disease [120]. Olmsted Syndrome is a severe
dermatological disease characterized by bilateral palmoplantar and periorificial keratoderma as
well as severe itching or pain. Remarkably, the mutations discovered in Olmsted patients were
homologous to those observed previously the Ds-Nh mice. The discovery of the link between Olmsted
Syndrome and TRPV3 led to additional genetic studies in this condition. As a result, an increasing
number of Olmsted patients were found to have TRPV3 mutations. Thus far, 10 TRPV3 mutations
have been associated with approximately 20 Olmsted patients [121]. In addition, investigators
recently discovered a gain-of-function mutation in a Chinese family that appears to be the cause
of focal palmoplantar keratoderma [122] and another that was linked to another form of hereditary
palmoplantar keratoderma without associated perioreficial lesions [121].

2.5. TRPV4 and Skin

TRPV4 was originally identified as a widely-expressed TRP channel that could be activated by
changes in extracellular osmolarity [123–125]. Subsequently, it was shown that this channel could
be activated by a range of physical and chemical stimuli, including cytochrome P450 metabolites of
arachidonic acid [126], and warm temperatures [127]. Consistent with its expression pattern and wide
range of activators, TRPV4 has been implicated in numerous processes in health and disease, many of
which involve the skin.

2.5.1. TRPV4 and Epidermal Barrier Function

TRPV4 is abundantly expressed in skin keratinocytes [127]. A role for this channel in epidermal
barrier homeostasis comes from the observations that activation of this channel increases intracellular
calcium in human keratinocytes and promotes cell-cell junction formation between these cells, and that
knockdown of TRPV4 expression impairs development of high transepithelial resistance in cultured
human keratinocytes [128]. Furthermore, warm temperatures and chemical agonists of TRPV4
accelerate barrier recovery in explanted human skin tissues after stratum corneum removal [129].

2.5.2. TRPV4 and Skin Cancer

TRPV4 mRNA and immunohistochemical staining are reduced in premalignant skin lesions
and in basal and squamous cell carcinomas [130]. Whether there is a functional role for TRPV4 in
tumorigenesis has yet to be determined.

2.5.3. TRPV4 and Sensory Function

Multiple studies have provided evidence for roles for TRPV4 in sensory processes. In some cases,
these functions are attributable to keratinocyte-expressed TRPV4, while in others TRPV4 channels
expressed in neurons may be the more relevant pool. TRPV4 has been shown to participate in
osmotically-evoked pain behaviors [131,132] and also in acute mechanical nociception [133,134] and in
mechanical hyperalgesia in certain models of inflammatory [135–137] and neuropathic [138–140]
pain. In some chemotherapy induced neuropathy models, mechanical hyperalgesia appears to
involve alterations in the interactions between TRPV4, α2β1 integrin, and src kinase [138]. Certain
pro-algesic agents, such as agonists of the protease-activate receptor PAR2, also produce mechanical
hyperalgesia through a process that involves TRPV4 [141]. TRPV4 has also been implicated in
sunburn-associated hyperalgesia. TRPV4 mediates the release of the nociceptive/pruriceptive peptide,
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endothelin-1 from keratinocytes in response to UVB irradiation [142]. Moreover, mice lacking TRPV4
or treated with TRPV4 antagonists exhibited reduced UVB induced inflammation and mechanical and
thermal hyperalgesia [142]. This effect is partially keratinocyte-autonomous, since it was observed
in keratinocyte conditional TRPV4 knockout animals, and since TRPV4 mediates calcium entry into
cultured mouse keratinocytes upon UVB exposure [142]. Consistent with these findings in mouse,
TRPV4-like immunoreactivity was found to be elevated in human skin following UVB exposure [142].

There is a growing body of evidence implicating TRPV4 in itch perception. TRPV4 appears
to play a role in itch perception in response to some, but not all pruritogens [143,144]. This is
attributable at least in part to TRPV4 function in keratinocytes, where calcium influx through this
channel triggers ERK phosphorylation. Scratching behaviors evoked by several pruritogens, including
histamine, compound 48/80, and endothelin-1, but not that evoked by chloroquine, were partially
suppressed in mice in which TRPV4 was deleted from keratinocytes [144]. However, contributions
from sensory neuron-expressed TRPV4 to itch perception cannot be excluded. In both histaminergic
and non-histaminergic itch, the contribution of TRPV4 appears to be facilitated by TRPV1 [50].

TRPV4 has also been implicated in innocuous warmth sensation, although the effect of TRPV4
knockout on this function is modest and condition-dependent. For example, whereas mice lacking
TRPV4 were originally reported to show a shift in thermal preference on a thermal gradient towards
slightly warmer temperatures [145], in later studies, as indicated above, mice lacking both TRPV4 and
TRPV3 showed apparently normal thermal selection behavior, with only a slightly delayed withdrawal
response to painful heat [107].

Numerous point mutations in TRPV4 have been shown to produce Charcot Marie Tooth disease
type 2C [146–148]. Although not a skin disease per se, CMT2C is a sensorimotor degenerative disease
that can include mild sensory loss.

2.6. TRPV6 and Skin

TRPV6 and Keratinocyte Differentiation

TRPV6, one of the most calcium-selective of mammalian TRP channels, is expressed in keratinocytes,
where it plays important roles in epidermal differentiation [23]. Two different stimuli that are known to
promote keratinocyte differentiation, elevations in extracellular calcium and 1, 25, dihydroxyvitamin
D3, both upregulate transcription of TRPV6 [23]. This channel, in turn, mediates calcium influx to
elevate basal intracellular levels [23]. As evidence of the importance of this process, in vitro siRNA
silencing of TRPV6 suppresses the differentiation of keratinocytes in response to a calcium switch [23].
Moreover, one form of thermal spring water was shown to augment human keratinocyte differentiation
in vitro through a mechanism that appeared to involve TRPV6 [149]. In addition, mice lacking
TRPV6 exhibit an abnormally thin stratum corneum and a defective epidermal calcium gradient [150].
Although elevated TRPV6 expression has been associated with increased aggressiveness of prostate
cancer [151], a potential link between TRPV6 and skin cancer has not been explored.

2.7. TRPA1 and Skin

TRPA1 is a nonselective cation channel that is abundantly expressed in a subpopulation of
nociceptive sensory neurons, in addition to numerous other cell types. This channel is noteworthy
for its direct and indirect responsiveness to an astoundingly diverse range of chemical, thermal, and
mechanical stimuli. One large class of chemical TRPA1 activators includes electrophillic agents such as
allyl isothiocyanate (mustard oil), cinnamaldehyde, acrolein, tear gas constituents, formaldehyde, and
certain prostaglandins such as 15-deoxy-Δ12,14-prostaglandin J2. These electrophiles activate TRPA1
by covalent modification of specific cysteine residues located in the channel’s cytoplasmic N-terminus.
Many non-electrophillic chemicals, including certain anesthetics (e.g., propophol, isofluorane, lidocaine),
fenamate nonsteroidal anti-inflammatory drugs, cannabinoids (e.g., Δ(9)-Tetrahydrocannabinol ),
cooling agents (e.g., icillin), and intracellular calcium ions can also activate TRPA1, presumably via
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more conventional ligand-receptor interactions. Its regulation by intracellular Ca2+ makes TRPA1
an effective integrator of other excitatory signaling pathways [152]. TRPA1 also exhibits a complex
and species-specific pattern of thermosensitivity. In certain invertebrate and reptile species, TRPA1
can be activated directly or indirectly by warm temperatures and is essential for the detection of
these temperatures in vivo [153–155]. Massive overexpression of TRPA1 in trigeminal sensory neurons
likely accounts for the exquisite sensitivity of pit vipers to their warm prey [156]. In mammals,
conversely, TRPA1 was originally reported to be activated by intense cold [157], a phenomenon that was
recapitulated in some [158] but not all subsequent studies. Warm temperatures were shown to suppress
and desensitize rat TRPA1 [159]. However, it was also recently shown that human TRPA1 exhibits
a U-shaped temperature-response profile, with activation by both cold and heat. The complexity of
this thermosensory behavior may in part be a consequence of strong TRPA1 regulation by modulating
factors such as redox state [160]. TRPA1 proline hydroxylation analogously mediates changes in TRPA1
cold sensitivity in response to intracellular oxygen concentrations [161]. TRPA1 can also be activated
in response to certain pathogen-associated molecular patterns and host-derived damage-associated
molecular patterns. These effects can be either direct (e.g., lipopolysaccharide [162]) or indirect
(e.g., let-7 miRNA acting via TLR7 [163]). Finally, TRPA1 has been implicated in mechanosensory
processes [164–166]. However, this may reflect indirect mechanisms, rather than direct mechanical
activation of the channel. Indeed, whereas classical mechanically-activated currents have not been
reported in excised patches from cells expressing TRPA1, hypertonic stimuli can activate this channel
in heterologous expression systems [167].

2.7.1. TRPA1 and Cutaneous Pain Sensation

The complex pattern of direct and indirect response characteristics described above renders
TRPA1 an active participant in a host of sensory and non-sensory processes in both health and
disease, many of which involve the skin. For example, studies employing knockout mice or TRPA1
selective antagonists have revealed essential functions for TRPA1 in multiple aspects of cutaneous
pain sensation, including pain evoked by electrophilic chemicals (e.g., mustard oil, formalin) or
mechanical stimulation [165,168,169]. In the case of cold-evoked pain, the importance of TRPA1 is
less evident under baseline conditions, but becomes exaggerated in the setting of tissue injury or
inflammation [170]. TRPA1 is also a key participant in two common models of pathological chronic
pain, streptozotocin-induced diabetic neuropathy [171] and chemotherapy-induced neuropathy [172].
At least part of the acute pain component in the former model is attributable to activation of
TRPA1 by streptozotocin-generated peroxynitrite [173]. However, even later stages of neuropathic
pain, including the loss of peripheral nerve fibers, are inhibited by the inhibition of TRPA1 [174].
Moreover, methylglyoxal, a metabolic byproduct of diabetic hyperglycemia, is an electrophillic TRPA1
activator [171]. In the case of chemotherapy-induced neuropathy, TRPA1 appears to be activated
indirectly by platin-induced alteration of redox state [172]. Mutations or polymorphisms in TRPA1
have also been linked to human pain. Patients bearing an N855S gain-of-function mutation in this
channel are afflicted with Familial Episodic Pain Disorder, a condition associated with upper body
pain that can be triggered by stressful stimuli such as fatigue, cold, or fasting [175]. Reactive oxygen
species acting at TRPA1 may also be responsible for the augmented cutaneous sensitivity to ambient
light in patients with porphyria, a potential contributor to pain in that condition [176].

2.7.2. TRPA1 and Itch

Multiple studies have shown that TRPA1 is also an important mediator of acute and chronic
itch perception. Acute responses to non-histaminergic pruritogens (e.g., chloroquine, endothelin-1,
compound 48/80) in the mouse are defective in the absence of TRPA1, owing to the positioning of
this channel downstream of signaling by two pruritogen-sensing G protein-coupled receptors, MrgA3
and MrgC11 [177]. Endogenous pruritogens can also produce scratching behavior through TRPA1.
For example, thymic stromal lymphopoietin (TSLP), which is released by keratinocytes in response to
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histaminergic signaling, activates neuronal TRPA1 downstream of the TSLP receptor [178]. Similarly,
itch produced in response to bile acids, as might occur in the context of biliary obstruction, appears
to be TRPA1 dependent, with the channel acting downstream of G protein-coupled bile receptors
such as TGR5 [179]. The absence of TRPA1 has also been shown to reduce scratching behaviors in
the acetone-ether-water mouse model of dry skin and chronic itch [180]. In addition, TRPA1 was
upregulated in sensory neurons and TRPA1 antagonists reduced itch behavior in an interleukin
13-overexpressing transgenic model of atopic dermatitis [181]. Consistent with this observation, IL31
receptors were found to be colocalized with both TRPA1 and TRPV1 in sensory neurons, and genetic
elimination of either channel reduced IL31-induced itch [48]. TRPA1 has also been shown to be
an important contributor to the pruritis associated with contact dermatitis evoked by any of several
different haptens [182]. This latter role might involve, among other mechanisms, direct action of
TRPA1 by haptens, since 2,4-dinitrochlorobenzene and oxazolone, commonly used haptens for contact
hypersensitivity experiments, have been shown to activate recombinant TRPA1 [182,183].

2.7.3. TRPA1 and Inflammation

As a nonselective cation channel expressed in nociceptive and pruriceptive sensory neurons,
TRPA1 is ideally suited to trigger the membrane depolarization necessary for the pain and itch
sensations ascribed to it in the previous sections. However, evidence from a variety of studies indicates
that the participation of TRPA1 in pathological processes related to itch and pain extends beyond its
sensory function to include an active role in inflammation. For example, in the acetone-ether-water
model of chronic dry skin [180] and in several different models of contact hypersensitivity [182], mice
lacking TRPA1 showed reduced epidermal thickening, a suppressed cytokine response, and reductions
in other hallmarks of inflammation. A similar proinflammatory role for TRPA1 has also been observed
in other tissues, such as the lungs of mice with allergen-induced asthma [184].

2.7.4. TRPA1 and Barrier Function

Although TRPA1 knockout mice have not been reported to exhibit any alterations in epidermal
barrier function, there is pharmacological data to suggest that this channel can modulate barrier
restoration. In hairless mice, cinnamaldehyde, mustard oil, and bradykinin all accelerated barrier
recovery following tape stripping, and these effects could be blocked by a selective TRPA1 antagonist.
Similarly, cooling of skin could accelerate barrier recovery, again in a manner inhibitable by the TRPA1
antagonist [185]. Given that TRPA1 and TRPV1 produce similar effects of cellular depolarization and
calcium influx, it is interesting to compare these effects of TRPA1 activation with those described
above for TRPV1, where channel activation appears to delay barrier recovery. Whether the apparently
opposite consequences of activating these functionally similar channels relates to differential coupling
to downstream signaling pathways, differential expression patterns, a complex consequence of channel
activation and desensitization, or some other distinction remains to be determined.

2.7.5. Loci of TRPA1 Action in Its Cutaneous Functions

Within neurons, the apparent sites at which TRPA1 might mediate its sensory functions include
not only the peripheral terminals, where TRPA1 triggers action potential firing, but also their cell bodies
and their central terminals in the spinal cord dorsal horn, where TRPA1 can modulate neurotransmitter
release onto spinal circuits [186]. At least a component of the pro-inflammatory roles of TRPA1
in skin and in other tissues such as lung might also be attributable to its expression in sensory
neurons. When stimulated, many of the sensory neurons expressing TRPA1 release pro-inflammatory
neuropeptides such as substance P (SP) and calcitonin gene-related polypeptide (CGRP) into their
target tissues, with consequent vasodilation and plasma extravasation [51]. Moreover, pharmacological
or genetic blockade of SP signaling was shown to attenuate the inflammatory response associated
with contact dermatitis [182]. However, the relationship between neuronal peptide release and
inflammation is not entirely straightforward, since the neurogenic release of SP and CGRP has been
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shown to paradoxically suppress recruitment of immune cells to sites of bacterial infection [187] and
since these neurons might also release anti-inflammatory peptides such as somatostatin [188].

As with many other TRP channels, TRPA1 expression in the skin is not confined to neurons.
For example, expression of this channel has also been observed in cutaneous mast cells, where it is
upregulated in the interleukin 13 overexpression mouse model of atopic dermatitis [181].

There is also evidence for TRPA1 expression in keratinocytes, although again this finding might
differ between species. While it was originally reported that TRPA1 is expressed directly in mouse
keratinocytes, a recent study, called this finding into question [189]. Although this leaves the function
of TRPA1 in mouse keratinocytes unclear, transient expression of TRPA1 in keratin 14-lineage cells and
consequent roles in the establishment of mechanosensory circuits cannot be excluded as a possibility.
By comparison, TRPA1 expression in human keratinocytes is more strongly supported. In human scalp
skin-derived cultures, TRPA1 mRNA and a TRPA1-like Western blot band were observed in primary
keratinocytes. TRPA1-like immunoreactivity was also observed in basal epidermal and hair follicle
keratinocytes in skin biopsies [181].

TRPA1 mRNA and protein were also detected in human scalp skin-derived melanocytes,
and fibroblasts [181]. Moreover, by means of its responsiveness to ROS, TRPA1 mediates the earliest
component of the bimodal hyperpigmentation response of melanocytes to Ultraviolet A (UVA)
irradiation [190]. Several human melanoma-derived cell lines were also shown to express TRPA1
and to exhibit calcium responses to TRPA1 agonists that could be suppressed by a TRPA1 selective
antagonist. However, in the same study, TRPA1 agonist-induced changes in cellular proliferation were
insensitive to this same antagonist, potentially arguing against a clear role for this channel as a target
of melanoma therapy [191]. Given these findings, additional tools and experiments will be required to
precisely define the sites at which TRPA1 produces its effects on skin biology and the mechanisms by
which it does so.

2.8. TRPM1 and Skin

2.8.1. TRPM1 and Melanocytes

TRPM1 is prominently expressed in melanocytes, where it appears to participate in the generation
of the photoprotective pigment, melanin, presumably by increasing intracellular Ca2+ levels [192].
Regulation of TRPM1 in melanocytes occurs at multiple levels, including transcription of TRPM1
mRNA [193], generation of different TRPM1 splice variants [194], TRPM1 activation downstream of
G protein-coupled receptors such as metabotropic glutamate receptor 6 [195], and, possibly, miRNA
regulation of TRPM1 mRNA stability or translation [196]. An early clue that TRPM1 was functionally
important in melanogenesis came from the observation that mutations in the TRPM1 gene with
incomplete dominance results in so-called “leopard spotting”, the patchy loss of pigmentation in the
skin of Apalloosa horses [197]. In humans, TRPM1 expression levels are correlated with melanin
content, with greater levels of TRPM1 in populations with more heavily pigmented skin [198].
The contribution of TRPM1 to pigmentation might be relevant to the pathogenesis of human vitiligo.
Lesional skin in patients with either localized or generalized vitiligo shows significantly reduced
levels of TRPM1 mRNA expression [196]. Within melanocytic nevii, TRPM1 expression drops as the
melanocytes progress towards a less-differentiated melanoblast phenotype that does not produce
melanin [194]. TRPM1 might also be involved in UV induced changes in skin pigmentation, though
this link has not been explicitly confirmed [192]. One barrier to better defining the biological functions
of TRPM1 in this process is that mice lack epidermal melanocytes, and thus do not exhibit UVB induced
pigmentation changes. However, experiments involving humanized mouse skin might help overcome
this limitation [199].
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2.8.2. TRPM1 and Melanoma

TRPM1 has also long been linked to melanoma, where reduced levels of TRPM1 expression and
the appearance of alternatively spliced forms of TRPM1 mRNA are correlated with a less differentiated
and more malignant phenotype [192,194]. While it is possible that TRPM1 activity, per se, contributes to
melanoma progression and invasiveness, a more likely mechanism arises from the fact that miRNA 211,
a tumor suppressor miRNA, is encoded in one of the introns of the TRPM1 gene and its transcription
is co-regulated with that of TRPM1 [200].

2.9. TRPM2 and Skin

2.9.1. TRPM2 and Cutaneous Pain Sensation

TRPM2 is a widely expressed channel that can be activated by two types of stimuli: reactive
oxygen species (e.g., H2O2) and warm temperatures. It was recently demonstrated that this channel is
required for normal behavioral responses of mice to innocuous warm temperatures [201]. Consistent
with this requirement, TRPM2 is expressed in a subpopulation of peripheral sensory neurons,
and genetic elimination of TRPM2 results in an apparent reduction in the proportion of sensory
neurons responsive to warm temperatures but not to other chemical agonists of heat-sensitive TRP
channels. Curiously, however, the proportion of cells that express TRPM2 mRNA is far greater than that
responsive to warmth. The basis of this discrepancy is unclear, but it might reflect inefficient translation
or trafficking of TRPM2 protein or a requirement for other components for full thermal responsiveness.

2.9.2. TRPM2 and Melanoma

TRPM2 is also expressed in melanocytes and its activity can be suppressed by an endogenous
dominant negative splice variant, TRPM2-TE. This splice variant is upregulated in melanoma,
and either prevention of its synthesis or exogenous overexpression of full-length TRPM2 renders
melanoma cells more susceptible to apoptosis and necrosis [194].

2.10. TRPM3 and Skin

TRPM3 and Cutaneous Pain Sensation

TRPM3 is expressed in a wide range of cell types, including a subpopulation of small to medium
diameter sensory neurons. Like several other TRP channels expressed in this latter cell type, TRPM3
can be activated by painfully hot temperatures. It can alternatively be activated by chemical agonists,
including the neurosteroid, pregnenolone sulfate and sphingolipids such as D-erythro-sphingosine [202].
Another curious feature of TRPM3 is that, in addition to a conventional nonselective cation pore, when
this channel is stimulated with a combination of PS and clotrimazole, it exhibits a second, parallel
ion permeation path, selective for small monovalent cations [203]. The physiological significance of
this secondary conduction pathway, which resembles the “omega current” observed in some mutant
voltage-gated sodium channels, has yet to be determined. Nevertheless, there is strong evidence
supporting the physiological importance of TRPM3 to cutaneous sensory function. Neurons derived
from mice lacking TRPM3 show defects in acute responsiveness to either PS or painful heat. Accordingly,
these mice show behavioral deficits in response to these agonists, as well as defective heat hyperalgesia
following inflammation with complete Freund’s adjuvant [202].

2.11. TRPM4 and Skin

TRPM4 and Lymphocytes

Although TRPM4 expression has not been demonstrated in either keratinocytes or sensory
neurons, it is expressed in various immune cell populations, including T lymphocytes. Comparison of
TH2 and TH1 cells has revealed a higher TRPM4 expression level in the former cells [18]. Inhibition of
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TRPM4 expression in TH2 cells leads to an elevation in intracellular calcium levels, with associated
alterations in cytokine release profile. This seemingly paradoxical finding likely stems from the fact
that TRPM4 is monovalent cation-selective, and activation of this channel depolarizes the membrane
without associated calcium flux. That depolarization, moreover, reduces the electrochemical driving
force for calcium influx through Orai channels. Thus, TRPM4 is poised to regulate T cell polarization
and inflammatory responses in the skin.

2.12. TRPM7 and Skin

TRPM7 and Melanocytes

Although TRPM7 has not been studied extensively in mammalian skin, studies in zebrafish
illustrate an important role for this channel in melanocytes. Melanocytes in mutant zebrafish lacking
TRPM7 undergo death by necrosis [204]. This phenotype could be ameliorated by prevention of
melanin synthesis, suggesting that the importance of TRPM7 is to facilitate chemical detoxification of
intermediates of melanin synthesis.

2.13. TRPM8 and Skin

2.13.1. TRPM8 and Cutaneous Cold and Pain Sensation

TRPM8 was originally identified as a protein differentially expressed in prostate cancer cell lines.
However, it was subsequently “rediscovered” as a receptor for cold-mimetic compounds such as
menthol and icilin, as well as a channel that could be gated by mildly cold temperatures, themselves.
TRPM8 is robustly expressed by a subpopulation of primary sensory neurons that are responsive to
these same stimuli. Consistent with this expression pattern, genetic knockout experiments have shown
convincingly that TRPM8 is required for normal responsiveness of sensory neurons to mild cold and,
even more strikingly, for mouse behavioral avoidance of uncomfortably cool temperatures [205–207].
By comparison, the relationship of TRPM8 to pain is more complex. On the one hand, TRPM8
expression in a population of nociceptive neurons that also express TRPV1 appears to contribute
to hypersensitivity to cold under conditions of inflammation or nerve injury. On the other hand,
behavioral avoidance of intense cold is largely unaffected in TRPM8 knockout mice and under certain
circumstances, TRPM8 stimulation (presumably in TRPM8-only neurons) actually suppresses pain
sensitivity [208]. This cross-modal suppression is analogous to that observed between cold and itch
perception [209], and is probably mediated by central nervous system circuits. At the same time,
within sensory neurons, activation of mu opiate receptors leads to internalization of TRPM8 protein,
providing a possible mechanism for opioid induced cold analgesia [210].

Another, recently identified TRPM8 activator is testosterone [211,212]. Androgen-dependent
upregulation of TRPM8 gene expression has long been recognized in androgen-dependent prostate
tumors [213]. However, in addition to its conventional transcription-mediated mechanisms of action,
testosterone appears to activate TRPM8 by directly binding to the extracellular domain of the channel.
In a recent human psychophysical study, testosterone application to the skin produced a cooling
sensation, followed by a mild stinging sensation. This dual response was greater in female subjects
than in males. Based on these findings, the authors speculated that testosterone acts as a natural
cold-mimetic agent, but that high endogenous testosterone levels in males might desensitize TRPM8
over time. If true, this might account, in part, for the enhanced sensitivity of females to cold. Further
experiments will be necessary to evaluate this provocative notion.

2.13.2. TRPM8 and Epidermal Homeostasis

With respect to non-thermosensory cutaneous functions for TRPM8, the earliest studies of TRPM8
knockout mice yielded no obvious epidermal phenotypes [205–207]. However, according to a more
recent study [214], this lack of phenotype might have been a consequence of the specific strategies
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used to generate those mice, since those early strategies were based on disrupting exons encoding
the TRPM8 amino terminus. Full-length TRPM8, which contains this domain, is not prominently
expressed in keratinocytes. However, the authors of this recent study found that both human and
mouse keratinocytes express an N terminally truncated TRPM8 splice variant lacking the N terminus
and the first two transmembrane domains. They named this splice variant epithelial TRPM8 (eTRPM8).
Genetically ablating the pore region shared by all TRPM8 isoforms, including eTRPM8, resulted in
mice with an epidermal homeostasis phenotype. Specifically, these “pan-TRPM8 knockouts” exhibited
a reduced proliferative cell number in the basal epidermis, an increase in superficial, late stage
epidermal differentiation, and a reduction in the thickness of the stratum corneum. Unlike full-length
TRPM8, eTRPM8 protein is confined to the endoplasmic reticulum, where it functions as a calcium
release channel that facilitates elevations in calcium within adjacent mitochondria in response to
canonical TRPM8 stimuli such as icilin, menthol, or cold. The authors of this study outlined two
potential mechanisms by which this response might alter keratinocyte biology. First, mitochondrial
calcium influx enhances synthesis of adenosine triphosphate, which when released from keratinocytes
might alter their proliferation and differentiation in an autocrine manner. Second, in response to mildly
cold stimuli, eTRPM8 augments production of superoxide, another candidate modulator of epidermal
proliferation/differentiation. While these are certainly plausible explanations for the pan-TRPM8
knockout epidermal phenotype, additional cell type-specific knockout experiments will be required
to determine whether the phenotype is truly a keratinocyte-autonomous phenomenon, or whether
neuronal TRPM8 is also a contributor.

Other studies have provided additional links between TRPM8 and epidermal homeostasis.
For example, TRPM8 agonists, like TRPA1 agonists, have been shown to accelerate barrier recovery
following tape stripping of the skin and to reduce the epithelial proliferation response of the skin to
barrier disruption [215]. It has also been reported that either chemical or thermal TRPM8 activation
can reduce PGE2 release from human keratinocytes in response to UVB irradiation [216]. Whether
these effects are mediated by full-length TRPM8 and/or eTRPM8 has not yet been established.

2.13.3. TRPM8 and Melanoma

TRPM8 expression has been observed in human melanoma cells, where its activation results
in elevations in intracellular calcium and reduced cell viability [217,218]. This finding suggests that
TRPM8 agonists might serve as candidate therapeutics for melanoma.

2.14. TRPML3 and Skin

TRPML3 and Melanocytes

Members of the TRP-mucolipin (TRPML) channel subfamily are most notable for their functions
not at the plasma membrane, but rather within intracellular organelles. One member of this family,
TRPML3, has been shown to be especially important for normal melanocyte differentiation [219].
TRPML3 is highly expressed in healthy melanocytes. However, a gain-of-function mutation in the
TRPML3 gene is responsible for the phenotypic traits of varitint-waddler mutant mice, which exhibit
a combination of a vestibular defect and coat pigmentation defects. The pigmentation defect appears
to result from the constitutive elevation of intracellular calcium in the melanocytes of these animals,
and their subsequent cell death.

3. Conclusions

In summary, numerous TRP channels are expressed in the cell types that constitute the skin,
and they contribute in multiple ways to skin physiology under healthy conditions and to the
pathological changes that occur in the setting of skin disease. Consequently, strategies aimed at
this functionally diverse family of ion channels might provide useful means of combatting disorders
of cutaneous homeostasis, sensation, and neoplasia.
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1. Introduction

Transient receptor potential melastatin 8 (TRPM8) is a non-selective cation channel encoded
by the TRPM8 gene, first characterized as a detector of cold [1,2]. TRPM8 is found on both Aδ

and C fiber afferents, and in addition to activation by cold temperatures, TRPM8 is activated by
a number of chemical agonists that are known to produce cool sensations such as menthol, icilin,
and eucalyptol [3,4]. As a natural extension of these findings, much research over the past decade has
been devoted to the role of TRPM8-expressing afferents in the complex interpretation of hot and cold
temperatures. Furthermore, the role of TRPM8 in pain sensation has been debated; indeed, while a
large body of research has supported a role for TRPM8 in reducing or limiting pain sensation under
injury conditions, an equally large number of publications propose that TRPM8 actually exaggerates
pain after injury. From a pharmaceutical perspective, this complicates whether specific agonists
or antagonists of TRPM8 should be developed to treat different pain conditions. In this review,
we summarize the literature concerning the contribution of TRPM8 to both analgesia and nociception,
and provide an update on the current state of drug development involving this versatile protein.

2. The Role for TRPM8 in Mechanical and Heat Analgesia

Intimately tied to our understanding of a potential role for TRPM8 in promoting analgesia is
the effect of one of its prime agonists, menthol. Menthol is a common component of topical creams
that have long been used to reduce pain and provide a cooling sensation [5]. Although some data
has indicated that menthol may activate a variety of other channels, including transient receptor
potential Ankyrin 1 (TRPA1), gamma-aminobutyric acid (GABA), and voltage-gated calcium and
sodium channels [6,7], more recent studies have demonstrated that the prime target of menthol is
indeed TRPM8, as genetic deletion of this receptor in mice prevents responsiveness to menthol at both
the behavioral and cellular levels [8].

In animal studies, menthol has been shown to block the mechanical and heat hyperalgesia caused
by injection of inflammatory compounds such as Complete Freund’s Adjuvant (CFA) or the transient
receptor potential vanilloid 1 (TRPV1) agonist capsaicin [7,9,10]. Furthermore, injection of the TRPM8
agonist icilin significantly reduced the colonic damage observed in two different mouse models of
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inflammatory bowel disease [11]. In support of these inflammatory studies, it has been shown that
components of the “inflammatory soup” that develops after an injury can inhibit TRPM8. Andersson
and colleagues reported that low pH inactivates TRPM8, making it less responsive to the TRPM8
agonist icilin and cold temperatures (but interestingly not menthol) [12]. Similarly, another study
found that bradykinin, a key potentiator of pain and component of the inflammatory soup, reduces
TRPM8 activity through the action of protein kinase C in both the periphery and at the central synapse
in the dorsal horn [10].

Adding to the view that TRPM8 promotes analgesia following injury are data from studies in
which TRPM8 is either genetically deleted or experimentally knocked down. Proudfoot and colleagues
first demonstrated this concept in a chronic constriction injury (CCI) model. Experimental rats in this
study exhibited significantly reduced heat and mechanical pain behaviors when topical icilin was
applied to the paw, but this effect was completely reversed when TRPM8 expression was knocked
down via intrathecal injection of antisense oligonucleotides [13]. In similar experiments utilizing the
CCI model, cooling or applying menthol to the affected paw resulted in reduced hypersensitivity in
response to mechanical stimuli [14,15], but this effect was not seen when TRPM8 was knocked out
or when TRPM8-expressing afferents were ablated [14]. Likewise, one of the first studies to utilize
TRPM8 knockout mice demonstrated that TRPM8 was responsible for the analgesia provided by a cold
plate during the first phase of the formalin test [16], and later studies using mice deficient in TRPM8
showed that menthol was unable to exert its analgesic effects in models of inflammatory pain using
capsaicin or CFA [7].

A number of studies in humans also point toward a role for TRPM8 in mediating analgesia. In a
recent study, injections of the TRPA1 agonist cinnamaldehyde into the forearm resulted in significant
pain and neurogenic flare; however, simultaneous injection of menthol resulted in lower pain ratings,
elevated mechanical pain thresholds, and reduced neurogenic flare as compared to cinnamaldehyde
alone [17]. Two case studies also demonstrate the analgesic role of TRPM8 in patients suffering from
chronic neuropathic pain. One individual developed neuropathic pain after long-term dosing with
the chemotherapeutic Bortezomib, which causes neuropathy in up to 35% of patients. This individual
suffered from a severe burning sensation in his lower limbs and “lightning-like” sensations in his
hands. However, topical application of a 0.5% menthol cream to his lower extremities in a stocking
distribution and the lumbosacral region overlying the affected nerve roots resulted in a significant
improvement in response to suprathreshold mechanical stimuli and overall pain ratings [18]. Similarly,
in another case where a patient suffered from severe allodynia following a case of post-herpetic
neuralgia, application of menthol oil in concentrations of 2 or 10% resulted in a significant abatement
of symptoms [19]. Further proof of the analgesic effects through TRPM8 can be observed in the ability
of menthol or eucalyptol (another TRPM8 agonist) to prevent the irritant effects of acrolein and other
cigarette smoke components [20].

3. The Role of TRPM8 in Cold Hyperalgesia

Much data also suggests that TRPM8 plays a role in amplifying pain sensation after injury,
especially in models of neuropathic pain. Hypersensitivity to cold is a common complaint of individuals
with neuropathies, with 20–30% of individuals diagnosed with different types of neuropathies
complaining of cold hyperalgesia and elevated cold pain thresholds [21–23]. Likewise, other studies
report significant elevations in cold pain thresholds in patients treated with the chemotherapeutic
oxaliplatin, indicating that innocuous temperatures had become painful for these individuals [23,24]. In
addition to alterations in cold thresholds, these individuals also rated specific cold temperatures as 3–4
times more painful than at baseline.

The cold hypersensitivity following neuropathic injury observed in human subjects has been
consistently paralleled in animal models of nerve injury, and has been further extended to identify
a definitive role for TRPM8 in mediating this pain. For instance, oxaliplatin-induced neuropathies in
mice cause cold hypersensitivity on the behavioral level and also result in an increased percentage
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of isolated sensory neurons that respond to cold temperatures [25,26]. When TRPM8 knockout
mice are utilized for these same experiments, this cold hyperalgesia is absent, implicating TRPM8
as a critical player in this phenomenon [25]. At this time it is unclear whether TRPM8 expression
increases after installation of oxaliplatin-induced neuropathy, with one study reporting increased
mRNA expression [27] and another reporting no change in mRNA expression levels [25].

Another popular neuropathic model is the CCI, in which ligatures are tied around the sciatic
nerve. This model has consistently been shown to cause cold hypersensitivity, and multiple studies
have reported that the increased responsiveness to the acetone evaporative cooling test following CCI
was significantly reduced when TRPM8 was genetically deleted or when TRPM8-expressing afferents
were chemically ablated [15,26]. Similarly, another study has reported that knockdown of TRPM8
with antisense oligonucleotides results in reduced responsiveness to cold as compared to animals
injected with the missense oligonucleotide [14]. Additionally, this study and others have reported
an increase in the number of neurons expressing TRPM8 [14,28,29] and an increase in total amount of
TRPM8 protein in the DRG following CCI surgery [14]. Functionally, an increased number of isolated
sensory neurons are responsive to cold and menthol after CCI, and these responses are potentiated as
compared to controls [28].

4. The Role of TRPM8 in Bladder Pain

Interstitial cystitis/bladder pain syndrome is a condition characterized by pain in the bladder
region and by urinary urgency and increased urination frequency [30]. Current therapeutics are
often insufficient for treating this condition, so the identification of new drug targets is of particular
interest. Much like in animal models of neuropathic pain, animal models of bladder pain reveal
TRPM8 to be pro-nociceptive. For instance, the use of a novel TRPM8 antagonist, AMTB, increased
intercontraction intervals in a rodent model of overactive bladder syndrome, and also decreased the
visceromotor reflex [31]. A similar phenomenon was observed in guinea pigs, as a novel TRPM8
antagonist reversed the reduction in bladder voiding volume induced by cold saline and menthol
infusion in to the bladder [32]. Whether these effects are mediated via inhibition of TRPM8 channels on
bladder-projecting afferents or on TRPM8 located in the bladder itself is unclear, as TRPM8 expression
at the mRNA and protein levels has been observed in both afferents innervating the bladder [31,33,34]
and in the bladder itself [34,35]. A recent study may shed some light on this, as recordings from C-fiber
afferents demonstrated reduced firing in response to bladder distention in the presence of menthol
when a novel TRPM8 antagonist was infused into the bladder [36]. Interestingly, increased TRPM8
immunostaining was observed in bladder samples from individuals with bladder pain syndrome, and
this was moderately correlated with increased pain scores in those patients [34].

5. The Role of TRPM8 in Migraine

In addition to its role in somatic pain sensation, recent genome-wide association studies have
found a significant correlation between migraine incidence and single nucleotide polymorphisms
(SNPs) located near the TRPM8 coding region (for a review see [37]). Interestingly, this connection
seems to be present only for individuals of Northern European ancestry [38–42], as studies involving
populations from Spain, India, and China found either no association or weak associations between
migraine incidence and SNPs near the TRPM8 locus [43–47].

These human studies have naturally sparked interest in exploring the contribution of TRPM8
to migraine through the use of rodent models. Unfortunately, these studies have found opposing
results concerning TRPM8’s involvement. Burgos-Vega and colleagues observed that application
of icilin to the dura mater resulted in reduced paw and facial withdrawal thresholds in response
to a mechanical stimulus, indicating that activation of TRPM8 caused migraine-like behaviors [48].
These behaviors were then subsequently blocked by dosing animals with a novel TRPM8 antagonist.
Perhaps most interesting, however, was that sumatriptan, a drug commonly used to treat migraines,
also prevented the migraine-like behaviors, which strongly implicates a role for TRPM8 in migraine
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generation. Conversely, a recent study by Ren and colleagues found opposing results, with application
of menthol to the dura mater relieving migraine-like symptoms brought on by the application of
inflammatory mediators to the dura. Symptom relief could then be subsequently blocked by injection
of a TRPM8 antagonist. Finally, adding even more confusion to the matter is a study from Huang et al.
that reported that TRPM8-expressing afferents were virtually absent from the dura [49]. However,
further interest in strategies targeting TRP channels as migraine therapeutics is supported by clinical
success of CGRP receptor antagonism since activation of TRP channels can elicit CGRP release [50].

6. Why is TRPM8 Analgesic in Some Cases and Nociceptive in Others?

An important point about TRPM8’s roles in nociception and analgesia is that activation of TRPM8
seems to consistently cause cold pain following injury, while simultaneously reducing mechanical and
heat pain. Therefore, whether to target TRPM8 with either an agonist or antagonist may depend on
which symptom is most troublesome to the patient; individuals with a primary complaint of mechanical
hyperalgesia may respond best to TRPM8 agonists, while those with cold hyperalgesia may respond
best to TRPM8 antagonists. Importantly, this is not to suggest that TRPM8 itself is sensitive to both
mechanical and cold stimuli; indeed, afferent recordings indicate that pharmacological blockade of
TRPM8 has no effect on baseline mechanical responsiveness [51] and genetic deletion of TRPM8 or
pharmacological ablation of TRPM8-expressing afferents does not impact behavioral responses to
mechanical stimuli [15]. Rather, it seems that the effects of TRPM8 agonism/antagonism are due to
effects at the spinal level, with TRPM8-expressing afferents either directly or indirectly inhibiting
mechanonociceptive afferents. Indeed, Proudfoot et al. reported that the analgesic effects of TRPM8
activation may be due to axoaxonic synapses on mechanonociceptive and heat-nociceptive afferent
terminals, which contain inhibitory mGluRII and mGluRIII receptors [13]. Thus, release of glutamate
from TRPM8-expressing afferents may decrease the amount of excitatory neurotransmitters released
onto nociceptive projection neurons in lamina I and II of the dorsal horn. There is also a suggestion that
topical menthol-induced pain relief may occur through blockade of voltage gated sodium channels [52].

At the same time, cold hyperalgesia following injury may be due to activation of a separate
population of TRPM8-expressing nociceptors that relay painful information to the central nervous
system. These nociceptors may have reduced thresholds for activation under injury conditions, leading
to the observed strong hyperalgesic responses to cold. Additionally, they may be triggered by especially
strong stimuli that facilitate TRPM8 activation; indeed, studies in humans consistently report that
application of high concentrations of menthol (30%–40%) induces pain, cold allodynia, and cold
hyperalgesia [53–55], whereas the lower concentrations used in topical agents induce analgesia.

7. Development of TRPM8 Antagonists for Chronic Pain

Antagonists of TRPM8 as therapeutics for chronic pain, migraine or inflammation have been
pursued over the recent decade by many pharmaceutical companies such as Hydra Biosciences,
Glenmark, Janssen, Pfizer, Bayer, Grunenthal, Mitsubishi Tanabe, RaQualia, Dompe/Axxam, BASF,
Dendreon and Amgen. These efforts have led to the publication of many patents (for a review
see [56–58]).

Janssen has published several potent and selective small molecule antagonists that suppresses
icilin-induced wet-dog shakes, cold pressor response, as well as cold-induced allodynia in a neuropathic
pain model in rats with a similar resulting dose-response range of effect in either of the cold-induced
endpoints [59–63]. Glenmark also similarly reported efficacy with their antagonist in both wet-dog
shakes and oxaliplatin-induced cold allodynia at the same 30 mg/kg dose [64]. RaQualia published
RQ-00203078 which is a single digit nM antagonist at human or rat TRPM8 that also potently blocks
icilin-induced wet-dog shakes in rats and is now commercially available, though evaluation in analgesic
models has not been published [65].

AMG2850 is a ~200 nM potent and selective antagonist from Amgen that blocks both TRPM8
agonist-induced behavioral responses (wet-dog shakes) and cold-induced increases in blood pressure
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(cold pressor test)—both considered pharmacodynamic models of TRPM8 antagonism in vivo.
Although the effect in cold allodynia was not evaluated, the effective dose would presumably be
similar to that in the reported cold endpoint, the cold pressor test. There was, however, no evidence
of meaningful reversal of inflammatory nor neuropathic-induced mechanical hypersensitivities in
rats. This lack of efficacy occurred even at unbound plasma concentrations in excess of 21-fold
the IC90 pharmacodynamic model suggesting that TRPM8 does not play a role in these mechanical
pain behaviors at what would be reasonably considered more than enough target coverage [51,66,67],
thus casting doubt on the therapeutic potential of TRPM8 as an analgesic in non-cold related conditions.

Pfizer did advance to clinical trials with a ~100 nM molecule, PF-05105679, which successfully
inhibited the cold pressor response in humans, but also produced hot sensations that were both
unexpected and considered adverse. The lack of therapeutic index to this event coupled with the
short half-life in humans limited further clinical progression as well as the ability to evaluate the
analgesic effect [32,68]. It has been demonstrated that cutaneous TRPM8 controls autonomic and
behavioral thermoeffectors involved in body temperature maintenance with antagonists decreasing
body temperature in rodents [26,69–71]. While the Pfizer antagonist did not produce a significant
alteration of body temperature in healthy volunteers, further understanding is needed to elucidate
whether and how these hot sensations may be on-target side effects in humans.

Chemotherapeutic drug-induced cold allodynia can be dose limiting, resulting in the cessation
of treatment, enduring years beyond treatment, and for which there are currently no proven
therapies [72–74]. Since chemotherapy is associated with changes in TRPM8 expression [25,75], perhaps
TRPM8 antagonists could be beneficial in the prevention and/or reversal of this chemotherapy-induced
cold allodynia. Or, perhaps TRPM8 antagonists could still be useful therapeutics for any other
cold-related painful allodynia or hyperalgesia associated with other neuropathic or inflammatory
conditions or even migraine or bladder pain. Currently, there are no ongoing trials with TRPM8
antagonists [76].
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Abstract: Transient Receptor Potential Ankyrin 1 (TRPA1) ion channel is expressed abundantly on
the C fibers that innervate almost entire respiratory tract starting from oral cavity and oropharynx,
conducting airways in the trachea, bronchi, terminal bronchioles, respiratory bronchioles and upto
alveolar ducts and alveoli. Functional presence of TRPA1 on non-neuronal cells got recognized
recently. TRPA1 plays a well-recognized role of “chemosensor”, detecting presence of exogenous
irritants and endogenous pro-inflammatory mediators that are implicated in airway inflammation
and sensory symptoms like chronic cough, asthma, chronic obstructive pulmonary disease (COPD),
allergic rhinitis and cystic fibrosis. TRPA1 can remain activated chronically due to elevated levels and
continued presence of such endogenous ligands and pro-inflammatory mediators. Several selective
TRPA1 antagonists have been tested in animal models of respiratory disease and their performance is
very promising. Although there is no TRPA1 antagonist in advanced clinical trials or approved on
market yet to treat respiratory diseases, however, limited but promising evidences available so far
indicate likelihood that targeting TRPA1 may present a new therapy in treatment of respiratory
diseases in near future. This review will focus on in vitro, animal and human evidences that
strengthen the proposed role of TRPA1 in modulation of specific airway sensory responses and
also on preclinical and clinical progress of selected TRPA1 antagonists.

Keywords: TRPA1; airway inflammation; airway sensory responses; asthma; COPD; cough

1. TRPA1 Receptor

TRPA1 ion channel and its biology is known for more than a decade now. It has attracted
academic scientists due to its interesting tissue distribution and functions. TRPA1 is abundantly
expressed in peripheral nervous system and has demonstrated a chemosensory function. Hence, it has
been assigned a role of “warning system” against external as well as internal assaults. Industrial
researchers are interested in TRPA1 as a target for therapeutic intervention due to its implicated role
in miscellaneous diseases. Evidence for potential role of TRPA1 in pain signaling based on TRPA1
knockout (TRPA1 KO) mice and siRNA studies emerged much earlier compared to its involvement
in airway diseases—which is relatively recent and still emerging. TRPA1 is highly expressed on
pulmonary innervation—an anatomically relevant region for respiratory diseases, and could be one of
the major players in orchestration of airway inflammatory response. A large number of recent studies
have implicated TRPA1 in the pathogenesis of several respiratory diseases including chronic cough,
asthma, COPD, allergic rhinitis and cystic fibrosis. Blockade of TRPA1 is perceived as a novel strategy
for its therapeutic intervention.
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2. TRPA1—Expression and Activation in Airways

TRPA1 was first identified in cultured human lung fibroblasts [1]. Later on, TRPA1 expression on
mouse lung was reported, albeit to a lesser extent compared to other tissues [2]. TRPA1 is abundantly
expressed on the innervations of almost entire respiratory tract including the C-fibers of the trigeminal
and vagal ganglia, which innervate upper regions of oral cavity and oropharynx and on conducting
airways in the trachea, bronchi, terminal bronchioles, respiratory bronchioles, alveolar ducts and
alveoli. C-fibers largely “sense” the presence of potentially toxic inhaled irritants and toxicants. TRPA1
was initially recognized as an irritant sensing ion channel on majority of vagal nociceptive C-fibers
in the bronchopulmonary region [3]. It is well known now that unlike traditional chemoreceptors,
TRPA1 is activated by a wide variety of structurally different molecules with high chemical reactivity
spanning from exogenous irritants to endogenously produced reactive reagents [4–11]. Functional
presence of TRPA1 on non-neuronal cells got recognized recently. TRPA1 is shown to be expressed on
lung fibroblasts, epithelial and smooth muscle cells [12–15].

The role of TRPA1 in airway pathologies has been corroborated by studies using the TRPA1
KO mice and TRPA1 antagonists. In wild-type mice, airway exposure to hypochlorite or Hydrogen
peroxide (H2O2) evoke respiratory depression as manifested by a reduction in breathing frequency
and increase in end expiratory pause, both of which were attenuated in TRPA1 KO mice [6]. A host of
chemicals are known to be specifically associated with respiratory diseases and airway reflex responses
such as coughing, sneezing and bronchoconstriction. Acrolein and crotonaldehyde induce strong
tussive response in animals as well as in man. H2O2, 4-Hydroxynonenal (4-HNE), photochemical
smog, zinc, toluene diisocyanate are associated with allergic asthma in humans. All the above
listed chemicals are direct and potent activators of TRPA1. α,β-unsaturated aldehydes are earliest
recognized TRPA1 activators, and are detected in air spaces, breath, sputum, lungs, and blood
from patients with asthma as well as COPD. Fragrance chemicals like menthol, 1,8-Cineole, borneol,
fenchyl alcohol etc. are associated with TRPA1 activation and play a key role in allergic reactions [16].
Cigarette smoke, wood smoke, diesel exhaust, and other combustion-derived particles activate
TRPA1, causing irritation and inflammation in the respiratory tract [17,18]. TRPA1 is a molecular
sensor for wood smoke particulate and several chemical constituents such as 3,5-ditert-butylphenol,
coniferaldehyde, formaldehyde, perinaphthenone, agathic acid, and isocupressic acid are TRPA1
agonists [18]. Nassini R et al. [14] demonstrated that TRPA1 is expressed in non-neuronal cells in
human and murine airways, and promote a non-neurogenic inflammatory response. This raises an
alternate possibility that airway inflammation may also be promoted by non-neuronal mediators.
Thus, TRPA1 ion channel with its wide range of expression in neuronal and non-neuronal cells and its
activation by several exogenous and endogenous stimuli relevant to airway sensory responses may be
a major regulator in driving several respiratory diseases.

3. TRPA1 in Chronic Cough

Cough is a vagally mediated defensive mechanism to protect the airway to clear respiratory tract
from continuously exposed airborne environmental irritants. Despite wide prevalence of chronic cough,
therapy options are very inadequate and often symptomatic. Currently available treatments such as
dextromethorphan, hydrocodone and codeine are inadequate due to limited efficacy, central nervous
system (CNS) side effects or abuse liability, respiratory depression and gastrointestinal disturbances.
The paucity, if not absence of effective medicine to treat cough is mainly because the molecular
mechanisms that orchestrate chronic cough are not clearly understood in experimental animal models
as well as in man. Scientists are attempting to shed some light on the possible mechanism behind the
occurrence of chronic cough. A number of TRP channels (TRPA1, TRPV1 and TRPV4) have been linked
to sensory perception relevant to cough response [19]. A large number of in vitro and in vivo studies
have recently indicated important role of TRPA1 activation in driving cough reflex. Acrolein and
crotonaldehyde are contained in cigarette smoke and polluted air which are well recognized cough
inducers. TRPA1 agonists are shown to induce activation of recombinant human TRPA1 channels
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in vitro in human embryonic kidney cells (HEK293), depolarization of murine, guinea pig and human
vagal sensory nerves and produce cough in healthy human volunteers [20]. Allyl isothiocyanate (AITC),
acrolein, crotonaldehyde and cinnamaldehyde—all are potent TRPA1 agonists and shown to induce
dose dependent and robust tussive response in guinea pigs which was attenuated by non-selective
TRP channel blockers (camphor, gentamicin) as well as by selective TRPA1 antagonist from Hydra
Biosciences—HC-030031 (Figure 1) [9]. The cough response however remained unchanged upon
administration of capsazepine which is a TRPV1 antagonist as well as desensitizing TRPA1 agonist [21].
We demonstrated direct in vitro activation of TRPA1 receptor by citric acid which is routinely used
to evoke cough in preclinical and clinical studies [22]. Citric acid induced tussive response in guinea
pigs was inhibited by a potent and selective TRPA1 antagonist from our laboratory, GRC 17536
(structure not disclosed). Anti-tussive effect of other TRPA1 antagonists is also demonstrated in animal
cough model. Recently, a poster from Almirall at European Respiratory Society Conference (2015)
reported a potent oral TRPA1 antagonist-Compound A, that showed inhibition of isolated guinea pig
vagus nerve depolarization with EC50 of 80 nM. Furthermore, in the in vivo model of AITC induced
cough, Compound-A showed dose dependent inhibition of cough response with ED50 of 0.17 mg/kg
dose [23].

Figure 1. Chemical structure of Hydra Biosciences (HC-030031) and Abbott (A-967079).

Importantly, TRPA1 mediated tussive response is associated with both exogenous TRPA1 agonists
as well as endogenous biochemicals that are produced during diseases associated with cough.
For example, prostaglandin E2 (PGE2) and bradykinin are produced during tissue inflammation.
Mucoid secretions containing similar pro-tussive inflammatory mediators are produced in patients
with post nasal drip syndrome (PNDS). 4-HNE, reactive oxygen species (ROS), reactive nitrogen
species (RNS), 15-deoxy-delta-12,14-prostaglandin J2 (15d-PGJ2) are produced in the airways during
asthma, COPD and in the esophagus during gastroesophageal reflux disease (GERD) [24] and lastly,
toll like receptors (TLRs) that are produced during post viral cough condition. [25–27]. Thus, TRPA1
could have a central role in producing chronic cough associated with diverse pathologies but via a
common mechanism of vagal nerve activation due to its activators prevailing during specific diseases
as described above [9,20,28,29]. Hence TRPA1 has emerged as one of the most promising targets for
the development of medicines to treat chronic cough.

4. TRPA1 and Asthma

Asthma is an inflammatory disease of the lungs characterized by bronchoconstriction and airway
hyperreactivity, leading to shortness of breath, wheezing, and coughing. It is triggered by exposure
to allergen or irritant and manifested as episodes or attacks of airway narrowing that are mediated
by airway nerves and muscles. Studies focusing on airway smooth muscle and epithelial function
strongly indicate involvement of immunogenic and neurogenic mechanisms in airway inflammation.
TRPA1 could be a key integrator of immune and neuronal signaling in the airways [30].

Various noxious chemicals and environmental/industrial irritants that activate TRPA1 happen
to be triggers for asthma or reactive airways dysfunction syndrome (RADS) and are known to
worsen asthma attacks [31]. Toluene diisocyanate is a potent TRPA1 activator and exposure to
this chemical is the leading cause of occupational asthma. Exposure to cigarette smoke strongly
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correlates with asthma severity. Cigarette smoke ingredients-acrolein and crotonaldehyde activate
native and recombinant TRPA1 and produce tracheal extravasation in wild type animals in TRPA1
dependent manner. Asthmatics are sensitive to photochemical smog that contains acrolein and other
oxidant species which are also known to activate TRPA1. Several TRPA1 activators or sensitizers
are endogenously produced in lungs of patients which are also efficient triggers of asthma e.g.,
H2O2, 4-HNE, cyclic prostaglandin PGJ2 and bradykinin. Elevated levels of bradykinin and nerve
growth factor (NGF) are found in bronchoalveolar lavage of asthma and rhinitis patients while
elevated 4-HNE and acrolein are detected in lungs, air spaces, breath, sputum and blood of asthma
and COPD patients. Experiments with TRPA1 KO mice revealed reduced airway infiltration by
inflammatory leukocytes accompanied by decreased production of pro-inflammatory cytokines and
neuropeptide release in the airways in the ovalbumin (OVA) asthma model [30]. In the wild type
mice that developed asthma upon OVA challenge, pharmacological blockade of TRPA1 receptor
with HC-030031 reiterated the above observation. HC-030031 also inhibited OVA-induced late
asthmatic response in dose dependent manner in B/N rats [32]. During late asthmatic response,
allergen challenge is implicated to trigger airway sensory nerves via TRPA1 activation to further
initiate a central reflex event. A couple of recent posters presented in conferences have reported
similar findings as above using TRPA1 selective antagonists [33,34]. GRC 17536 showed significant
inhibition of lung eosinophilia, mucus production and airway hyperresponsiveness in mouse asthma
model, and, inhibition of eosinophils and early airway reactivity in guinea pig allergic asthma
model [33]. Another TRPA1 antagonist from Cubist Pharmaceuticals, CB-625 (structure not disclosed),
was effective in reducing the late asthmatic response and antigen induced airway hyperresponsiveness
upon oral dosing in sheep model of asthma [34]. Epidemiological evidence has linked therapeutic
acetaminophen doses with risk of COPD and asthma [35]. Recent studies by Nassini et al. [36]
demonstrated that N-acetyl-p-benzoquinoneimine (NAPQ1), a metabolite of acetaminophen, evoked
pro-inflammatory responses in the lung. They further demonstrated that NAPQ1 selectively activates
TRPA1, and selective inhibition of TRPA1 abated the pro-inflammatory effect of acetaminophen.
It remains to be seen if TRPA1 antagonists attenuate asthma in clinics.

5. Role of TRPA1 in COPD

COPD is a disease characterized by increased infiltration of inflammatory cells in the lung,
increased oxidative and nitrosative burden in the lung and parenchymal destruction, associated with
progressive decline in lung function. COPD is strongly associated with smoking status of an individual
but other environmental factors such as bio mass fuel exposure are also implicated in the etiology of
COPD [37].

TRPA1 is shown to be a major neuronal sensor for oxidants in the airways [6]. Various pollutants,
oxidants, cigarette smoke extract (CSE) and cigarette smoke (CS) ingredients such as acrolein,
crotonaldehyde, 4-HNE that are associated with the pathobiology of COPD, are potent agonists
of TRPA1. Some of these are associated with interleukin 8 (IL8) release in the human macrophagic
cell lines [7,38]. Our TRPA1 antagonist GRC 17536 was effective in inhibiting CSE, crotonaldehyde
and acrolein induced Ca2+ influx in vitro and AITC induced Ca2+ influx and IL8 production in human
lung fibroblast cells (CCD19-Lu) and human pulmonary alveolar epithelial cell line (A549) [22].
CSE induced increase in TRPA1 expression and IL8 release in human bronchial epithelial cells (HBEC)
was attenuated by HC-030031 [39].

Further corroborating evidence to support the role of TRPA1 in COPD came from the studies
in animal models of COPD. CS and acrolein induced release of keratinocyte chemoattractant (KC)
(CXCL1/GRO alpha; mouse homolog of human IL-8) in bronchoalveolar lavage fluid (BALf) of mice
was significantly reduced in TRPA1 KO mice [14]. Pretreatment of animals with HC-030031 showed
protection from CS induced plasma protein extravasation whereas capsazepine was not effective
suggesting selective involvement of TRPA1 in inducing CS associated inflammation. When C57BL/6
mice was exposed to CS for 4 weeks, significant increase in TRPA1 mRNA was observed in
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trigeminal and nodose/jugular ganglia of CS-exposed mice with a positive correlation to cellular
infiltration. An increase in leukocytes, macrophages and neutrophils was observed in BALf of mice [40].
Increased immunostaining for TRPA1 was observed in wild type mice chronically exposed to CS
whereas TRPA1 KO mice revealed reduced inflammation and structural changes [39]. All these
observations suggest strong involvement of TRPA1 in mediating CS induced inflammation in the
animal models.

Although COPD is directly linked to the smoking history, recently it was shown that other factors
like biomass fuels and biomass smoke exposure is also a risk factor for COPD development [41].
Wood smoke and its chemical constituents are activators of TRPA1 and are known for their damaging
effects on respiratory system. Wood smoke particulate matter (WSPM) at low concentration, which is
relevant in terms of potential human exposure levels are known to activate TRPA1 [18]. There is ample
evidence to show involvement of TRPA1 in COPD and TRPA1 antagonists seem promising treatment
options in clinical management of COPD.

6. Role of TRPA1 in Allergic Rhinitis

Allergic rhinitis and asthma are chronic inflammatory atopic disorders characterized by
overlapping symptoms and pathophysiology. Toluene diisocyanate (TDI) is a highly reactive chemical
associated with respiratory symptoms resembling allergic rhinitis and a most prevalent cause of
occupational asthma [42,43]. Exposure of mice to TDI showed decreased breathing rates, increased
cytokines accompanied by increased eosinophils and allergic inflammation in nasal cavity [44]. It is an
effective TRPA1 activator with in vitro EC50 of 10 μM which is a physiologically relevant concentration
known to cause decreased breathing rate and sensory irritation in mice. Interestingly, these symptoms
were absent in TRPA1 KO mice [45] suggesting an important role of TRPA1 in allergic or occupational
asthma and rhinitis. A recent study showed increased level of TRPA1 mRNA in subjects with
rhinitis compared to normal controls (p = 0.03) suggesting potential involvement of TRPA1 in allergic
rhinitis [46].

7. Role of TRPA1 in Cystic Fibrosis

Cystic fibrosis (CF) is a disease associated with mutation in the gene for cystic fibrosis
transmembrane conductance regulator (CFTR) and can affect many organs. When upper and
lower airways are involved, it causes impaired mucociliary clearance leading to mucus plugging
in the airways, failure in effective clearing of inhaled bacteria and lung neutrophilia. Respiratory
failure is a major cause of mortality associated with CF. Recently TRPA1 expression was reported on
different epithelial cells obtained from lung tissues of CF patients [47]. IL8 expression was observed
in the bronchial epithelial cells co-expressing TRPA1. Furthermore TRPA1 specific inhibitors from
Hydra Biosciences (HC-030031) and Abbott (A-967079) (Figure 1) [48] inhibited P. aeruginosa induced
transcription of IL8, IL1b, IL6 and tumor necrosis factor α (TNFα) in A549 and human cystic fibrosis
cell line (CuFi-1). P. aeruginosa is a gram negative bacteria and releases lipopolysaccharide (LPS) which
is a direct TRPA1 agonist and sensitizer [49]. Silencing TRPA1 significantly reduced the release of IL-8,
IL-1β and TNF-α from HBECs from CF patients. This is the first study which revealed the potential of
TRPA1 antagonists in controlling inflammation associated with CF.

8. TRPA1 Antagonists: What’s the Status?

Till date, there is limited published literature showing efficacy of TRPA1 antagonists in respiratory
diseases. The accumulating evidence supporting TRPA1 as an attractive target in respiratory disease
has resulted in large number of small molecules patents (Table 1). Some of the compounds have been
evaluated in animal models of respiratory diseases as summarized in earlier sections and the data is
very encouraging. However it remains to be seen if such promising results in animal will eventually
translate to efficacy in humans. Until then, translational studies to assess their pharmacological
effects on patient derived lung tissues ex vivo could strengthen the claim of their potential utility
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to treat human respiratory diseases. Such study tools are established for assessing translatability of
TRPA1 antagonist pharmacology in pain where in calcitonin gene-related peptide (CGRP) release
from human dental pulp is assayed as a biomarker. Recently, TRPA1 antagonist—GRC 17536 from
our laboratory has shown positive proof of concept in reducing peripheral diabetic neuropathic pain
in patients with intact nerves [50]. The clinical features of chronic pain and refractory chronic cough
seem overlapping. Clinical presentation of chronic pain typically includes paraesthesia (abnormal
sensation in the absence of a stimulus), hyperalgesia (pain triggered by a low exposure to a known
painful stimulus), and allodynia (pain triggered by a non-painful stimulus) and shows similarities
with the clinical features of refractory chronic cough, such as an abnormal throat sensation or tickle
(laryngeal paraesthesia), increased cough sensitivity in response to known tussigens (hypertussia),
and cough triggered in response to non-tussive stimuli such as talking or cold air (allotussia).
Gabapentin, which is used to treat neuropathic pain, is also reported to show antitussive effect in
human chronic cough patients recently [51]. Hence there is optimism to believe that TRPA1 antagonists
could work in treatment of chronic cough.

Table 1. TRPA1 in Respiratory Diseases: A Patent Update.

Patent Number Owner Companies Indications

WO2013084153; WO2013014597; WO2012176143;
WO2012172475; WO2012176105; WO2011132017;
WO2014203210; WO2010125469; WO2010004390;
WO2010109287; WO2013183035; WO2009118596;
WO2012085662; WO2009144548; WO2011114184

Glenmark Pharmaceuticals SA
Asthma; COPD; Bronchitis,
COPD, Cough,
Respiratory disorder

WO2009140517; WO2010132838; WO2007073505;
WO2010039289; WO2015164643; WO2016044792;
WO2010036821

Hydra Biosciences Inc.

Asthma, Cough;
Respiratory disease;
Asthma; COPD;
Lung injury

WO2009071631; WO2010141805 Janssen Pharmaceutica NV COPD; Lung disease;
Cough

WO2015052264; WO2014060341; WO2014056958;
WO2014049047; WO2014072325

F Hoffmann-La Roche AG;
Hoffmann-La Roche Inc.; Roche
Holding AG Genentech Inc.

Asthma; COPD; Cough;
Allergic rhinitis;
Respiratory disease;
Bronchospasm

WO2015144976; WO2012152983; WO2014053694;
WO2015144977 Orion Corp Asthma; COPD; Cough

WO2013023102; WO2014113671 Cubist Pharmaceuticals Inc.;
Hydra Biosciences Inc.

Asthma; COPD;
Respiratory disease

WO2015115507; WO2014098098; WO2013108857 Ajinomoto Co Inc. Asthma; COPD; Cough;
Lung disease

JP2014024810 Kao Corp Respiratory failure

WO2009089082 AbbVie Deutschland GmbH &
Co KG; Abbott Laboratories Lung disease

WO2016028325 Duke University;
University of California Fibrosis

WO2015155306 Almirall Prodesfarma SA Respiratory disease

WO2014135617 Ario Pharma Ltd; PharmEste SRL Asthma; COPD; Cough

As far as COPD is concerned, cigarette smoke and wood smoke have a close and proven
involvement in COPD pathobiology. Constituents of cigarette smoke and wood smoke are potent
activators of TRPA1. Hence, TRPA1 antagonists such as GRC 17536, which have started to show
promising clinical benefits in human pain proof of concept trials, could also be effective in treating
respiratory diseases. Several pharmaceutical companies have active drug discovery programs targeting
TRPA1 receptor for potential treatment of miscellaneous respiratory disorders (Table 1).
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9. TRPA1 Antagonists: Any Safety Concerns?

TRPA1 KO mice are viable, normal in appearance and fertile with no auditory dysfunction [4,52].
Unlike TRPV1 or TRPM8, TRPA1 is not involved in body temperature regulation at basal level
or under cold challenge [53,54]. Hence TRPA1 antagonists are expected to be devoid of adverse
effects on body temperature unlike the TRPV1 antagonists (hyperthermia) or TRPM8 antagonists
(hypothermia). Human healthy volunteers administered with CB-625 show normal body temperature
and also unimpaired thermosensation in heat and cold tests [55]. This is in line with TRPA1 KO mice
data that exhibits unimpaired heat and cold sensitivity [4]. Also, wild type (WT) animals in spinal
nerve ligation (SNL) nerve injury model when treated with antisense TRPA1 were protected against
cold hyperalgesia while showing no effect on normal cold sensitivity [56]. Animals treated with TRPA1
antagonist have normal performance in hot and cold plate tests and no paradoxical sensation [53].

Although TRPA1 is predominantly expressed in sensory neurons, it is also expressed in other
non-neuronal tissues, albeit at a much lower level. This raises a question if targeting TRPA1 could
have unintended/unrecognized adverse effects on physiological functions or on known protective
functions such as sensing environmental irritants. TRPA1 KO mice are recently reported to show
physical hyperactivity [57]. Since several TRPA1 antagonists are at different stages of evaluation
including chemical synthesis, preclinical studies and clinical trials, their long term safety in patients is
likely to be addressed soon.

10. Summary

The role of TRPA1 in the respiratory system has been summarized in Figure 2. TRPA1 is expressed
on pulmonary innervation - an anatomically relevant region for respiratory diseases and implicated in
the orchestration of inflammatory response in animal models of airway diseases, including chronic
cough, asthma, COPD, allergic rhinitis and cystic fibrosis. TRPA1 can remain activated chronically due
to elevated levels and continued presence of endogenous ligands and pro-inflammatory mediators.
Phenotype of TRPA1 KO mice in allergen-induced asthma model and CS model is in line with this
since these animals show reduced leukocyte infiltration in the airways, reduction of cytokine and
mucus production.

 

Figure 2. TRPA1 in respiratory diseases.
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Preclinical performance of TRPA1 antagonists in respiratory disease models is promising. There is
no TRPA1 antagonist in advanced clinical trials or approved on market yet to treat respiratory diseases.
We are in the wait to see if they can attenuate undesirable airway sensory responses in man and
additionally if they are capable of reversing disease progression and outperform current standard of
care such as anti-inflammatory drugs. Available evidences and underlying science indicate likelihood
that they may live up to the expectations and help clinicians in treatment of chronic airway diseases
with unmet medical need in near future.

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

Abbreviations

TRPA1 Transient Receptor Potential Ankyrin 1
COPD Chronic obstructive pulmonary disease
TRPA1 KO TRPA1 knockout
H2O2 Hydrogen peroxide
4-HNE 4-Hydroxynonenal
CNS Central nervous system
HEK293 Human embryonic kidney cells
AITC Allyl isothiocyanate
PGE2 Prostaglandin E2
PNDS Post nasal drip syndrome
ROS Reactive oxygen species
RNS Reactive nitrogen species
15d-PGJ2 15-deoxy-delta-12,14-prostaglandin J2
GERD Gastroesophageal reflux disease
TLRs Toll like receptors
RADS Reactive airways dysfunction syndrome
NGF Nerve growth factor
OVA Ovalbumin
NAPQ1 N-acetyl-p-benzoquinoneimine
CSE Cigarette smoke extract
CS Cigarette smoke
IL8 Interleukin 8
CCD19-Lu Human lung fibroblast cells
A549 Human pulmonary alveolar epithelial cell line
HBEC Human bronchial epithelial cells
KC Keratinocyte chemoattractant
BALf Bronchoalveolar lavage fluid
WSPM Wood smoke particulate matter
TDI Toluene diisocyanate
CF Cystic fibrosis
CFTR Cystic fibrosis transmembrane conductance regulator
TNFα Tumor necrosis factor α
CuFi-1 Human cystic fibrosis cell line
LPS Lipopolysaccharide
CGRP Calcitonin gene-related peptide
WT Wild type
SNL Spinal nerve ligation
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Abstract: Chronic cough is common in the population, and among some there is no evident medical
explanation for the symptoms. Such a refractory or idiopathic cough is now often regarded as a
neuropathic disease due to dysfunctional airway ion channels, though the knowledge in this field is
still limited. Persistent coughing and a cough reflex easily triggered by irritating stimuli, often in
combination with perceived dyspnea, are characteristics of this disease. The patients have impaired
quality of life and often reduced work capacity, followed by social and economic consequences.
Despite the large number of individuals suffering from such a persisting cough, there is an unmet
clinical need for effective cough medicines. The cough treatment available today often has little or
no effect. Adverse effects mostly follow centrally acting cough drugs comprised of morphine and
codeine, which demands the physician’s awareness. The possibilities of modulating airway transient
receptor potential (TRP) ion channels may indicate new ways to treat the persistent cough “without a
reason”. The TRP ion channel vanilloid 1 (TRPV1) and the TRP melastin 8 (TRPM8) appear as two
candidates in the search for cough therapy, both as single targets and in reciprocal interaction.

Keywords: chronic cough; TRPV1; TRPM8; TRP antagonists; desensitization

1. Introduction

1.1. Chronic Cough

Coughing by humans is a necessary protective mechanism to prohibit food and foreign substances
from reaching and harming the lower airways. However, coughing is also a symptom that signals
attention in the diagnosis of several diseases.

Coughing is one of the most common symptoms for which patients consult a doctor in the western
world, and the most usual cause is a common cold with associated cough [1–3]. However, when
coughing is not effective enough to “clear” the airways from phlegm and mucus, it can lead to a variety
of pathological conditions like atelectasis, bronchiectasis, pneumonia, lung abscesses, and pulmonary
scarring [4].

The definition of coughing varies in literature, but daily coughing, when it lasts for more than
two months, is, in general, regarded as chronic [5]. In addition, epidemiologic information on the
prevalence of chronic cough varies, and it is reported that up to 20% of the adult population suffers
from long lasting cough [2,6] with the condition related to a negative influence on quality of life and
social activities [7–9].

When clinical tests do not give any indication of well-known causes for coughing like airway
infection, asthma, post-nasal drip, chronic obstructive pulmonary disease (COPD), gastroesophageal
reflux disease, cancer, alveolitis, heart failure or medication with angiotensin-converting enzyme (ACE)
inhibitors, there is still a group of patients left over with chronic cough without a specific diagnosis
having an ongoing cough, often refractory to available cough medications. In the present review, such
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patients will be referred to as having chronic idiopathic cough (CIC). How common this condition is
has, however, been debated [5,10]. A similar group of patients with airway symptoms induced by
environmental irritants, reporting problems with chronic coughing, chest discomfort, dyspnea, rhinitis,
and eye irritation, has been identified [11,12]. The symptoms mimic asthma, but asthma-specific
tests are negative. These patients have an increased cough reaction to inhaled capsaicin (the active
compound of chili peppers), a tasteless and odorless substance that stimulates sensory nerves, and
the provoked cough reflects sensory nerve reactivity [13]. Such airway symptoms are interpreted as
airway sensory hyperreactivity (SHR). Cigarette smoke, car exhaust, perfumed products, and cold air
are some of the triggers for SHR symptoms [11]. SHR affects more than 6% of the adult population in
Sweden, mainly women, according to a population-based epidemiologic study [12]. In most cases,
the patients could also be diagnosed with CIC [14] or the recently established cough hypersensitivity
syndrome (CHS) [15]. This syndrome includes several airway conditions characterized by easily
evoked cough reflex and increased cough sensitivity to inhaled capsaicin [15–18]. There was a high
degree of agreement in a recent article reporting how opinion leaders in cough research regarded the
suggestion of CHS as a cause underlying the cough etiology in CIC [19], and it is today, together with
some forms of itch and pain [20], regarded as a possible neuropathic disease following neural injuries
from various inflammatory, infective, and irritative influences [21–23].

1.2. The Medical Problem of Treating CIC

Patients with pronounced CIC have, with little success in most cases, frequently tried a variety
of asthma, COPD, and cough medications. The international market for over the counter cough
medication is huge, reaching several billion euros [24], though there are few scientific data supporting
the effects of these products [25]. Whereas centrally acting medications like codeine and morphine can
decrease coughing temporarily, they are connected with well-known adverse effects like drowsiness,
difficulty concentrating, symptoms of the gall bladder, and constipation. In addition, there is a risk of
habituation or abuse. Recent research indicates that pregabalin and gabapentin may have a role in
treating severe CIC [23,26], though it is necessary to be aware of potential adverse reactions. There is
an unmet clinical need for new, safe, and effective cough therapies with few adverse effects [10].

2. TRP Ion Channels in the Airways

The TRP ion channels can be found abundantly in the airways, as in most of the human organ
systems and have during the last decades been important for studying multiple organ systems and their
interaction with the environment [13,27]. Many of these ion channels are present in primary airway
sensory neurons, some of which transmit nociceptive information to the brain. Furthermore, TRPV1
channels are expressed not only in sensory neurons but also in airway smooth muscle and epithelial
cells [28,29], and some evidence suggests that TRPV1 has functional roles in the immune system [30,31].

The TRPV1 ion channel together with the later identified transient ion channel ankyrin 1 (TRPA1)
have important functions in airway chemo-sensation and reflex control regarding temperature,
osmolarity and oxidant stress [30,32,33]. These ion channels are believed to play an important
role in asthma as well as in COPD [34–36]. Asthma is an inflammatory disease and many hopes
have been attached to TRP antagonists as potential asthma relievers, though the research in this
field is not unison [37]. However, a recent study, in a mice model of allergic asthma, also showed
that a TRPV1 inhibitor decreased airway inflammation, immunoglobulin E (IgE) levels and airway
hyperreactivity [38].

In addition, non-neuronal TRPV1 channels may be involved in airway disorders, and epithelial
cells play a significant role in both asthma and COPD. McGarvey et al. recently found increased
epithelial TRPV1 expression in severe asthma, indicating that the TRPV1 channels could represent a
possibility to treat severe asthma where available medications have not been successful [29].
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3. TRP Ion Channels in Chronic Cough

There is increasing evidence of the role of TRP ion channels, expressed by C and Aδ fibers in
the cough mechanism. The cough reflex is induced by activation of airway sensory nerves and TRP
ion channels related to the vanilloid (TRPV) and the ankyrin (TRPA) families [33,39–41]. In thermal
nociception and in inflammatory hyperalgesia, the TRPV1 is an integrator of triggering stimuli and
plays a role in protective reflexes like coughing and sneezing. In CIC, increased expression of TRPV1
was found and also a correlation between cough sensitivity to inhaled capsaicin and the quantity of
TRPV1-positive nerves [42,43]. Several studies have pointed to heightened capsaicin cough sensitivity
in CIC [14,44]. Capsaicin is the main, often used agonist for TRPV1; as an inhalant, it has for decades
been used in cough provocation, regarded as a safe and reproducible procedure [2,11,45–50]. The results
from such cough provocation studies suggest that the pathophysiology of CIC is related to airway
mucosal TRP receptors in sensory nerves, reacting to noxious stimuli [33], and today there is a common
opinion that the “cough without explanation” could be regarded as a neuropathic disorder [21,23].
Whether the main mechanisms in CIC are generally peripherally or centrally controlled is, however,
debated [51–53], though both peripheral and central mechanisms may be involved.

3.1. TRP Ion Channels as Therapeutic Targets for CIC

In recent years, there has been an emerging interest in the family of TRP ion channels as possible
therapeutic targets for a number of airway diseases, among them CIC [31,37,54]. The focus has been
not only on TRPV1 but also on TRPA1 and TRPM8 [55]. Modulation of these TRP ion channels may be
followed by disease improvement in a variety of airway disorders including CIC [34,54].

3.1.1. TRPV1 as a Therapeutic Target for CIC

TRPV1 is, in addition to being involved in cough and rhinitis, a major actor in pain and pain
sensitivity, subsequently followed by increasing interest in the development of TRPV1 antagonists,
both for cough treatment and for neuropathic pain disorders [37,56,57]. For the treatment of pain, there
have long been several products available (creams and patches) targeting the TRPV1, using topical
capsaicin to desensitize the sensory C fibers, probably by “exhausting” signal substances of the sensory
nerves [57]. A recent study showed that higher concentration of capsaicin in patches provided better
relief of neuropathic and chronic pain [58]. Topical treatment with capsaicin solution may also reduce
symptoms in non-allergic chronic rhinitis [59]. A current study found, in such patients, increased levels
of substance P in nasal lavage and overexpression of TRPV1 in nasal mucosa and treatment with topical
capsaicin decreased symptoms and lowered nasal hyperreactivity [60]. The authors hypothesized that,
in the nasal mucosa, capsaicin ablated the TRPV1–substance P nociceptive signaling pathway.

The TRPV1 ion channel was initially also called the “capsaicin receptor”, due to capsaicin’s close
relation to this receptor [61]. The noxious effect of capsaicin in chili fruits is well known and is used in
spices and pepper spray [62].

In light of the current lack of effective cough medications, it is natural that a number of
commercial pharmaceutical companies are developing drugs acting as antagonists on TRP ion
channels [37]. Resolvin D2 is a potent endogenous antagonists for TRPV1 [63], and there have been
many exogenous TRPV1 antagonists identified, some of them synthetic analogs of capsaicin, such as
capsazepine [55]. There have been hopeful findings in animal testing [64], but some of these projects
seem to have problems when the medication is finally tested in humans beings, having adverse effects
including hyperthermia and impaired noxious heat sensation, which has been extensively reviewed
earlier [31,37,65,66]. A recent study on the TRPV1 antagonist SB-705498 did reduce the capsaicin cough
sensitivity in patients with chronic cough, but not the cough frequency [65]. Up to now, there has been
no oral TRPV1 antagonist available on the market for either cough or pain.
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Desensitization is a complex, not exactly defined process, but it has a therapeutic potential and
when inhaled, capsaicin in humans is known to cause a short period of desensitization in terms of less
cough sensitivity [67,68].

Capsaicin, the major trigger of TRPV1, is found naturally in a great variety of food dishes
comprising different kinds of chili products, giving a “hot” taste and further inducing a number of
physiological reactions of which some seem to be health promoting [69]. The use of chili in food varies
between different countries and cultures. Most western countries have no long tradition of the use of
chili in cooking. A dish with a lot of hot chili can result in undesired symptoms like irritation in the
mouth and throat, sneezing, eye irritation, and sometimes coughing. It is “common knowledge” that
it is possible to get used to spicy food by gradually increasing the intake. The TRPV1 receptors use
neuropeptides to evoke brain signals, and if these receptors are regularly stimulated, neuropeptides
are depleted, and few or no symptoms are awakened by spicy food [37,70]. Previously, it was thought
that capsaicin desensitization is only possible when capsaicin is applied locally on skin or inhaled.
For ingested capsaicin to have an effect on coughing, it must act systemically after transport in the
circulatory system. Little is known about the absorption and distribution of capsaicin in humans,
and only one study has looked at capsaicin human pharmacokinetics—after a large meal of Thai
capsicums [71]. This study found a low bioavailability of capsaicin, though this is likely explained
by conversion of capsaicin in the intestine to dihydrocapsaicin, an intestinal metabolite of capsaicin,
which was not measured but probably induced reactions similar to those from capsaicin. Given the
interest in capsaicin, both for the purpose of cough and pain suppression and also as an emerging
therapy for obesity and cancer [31,69,72], this is a major knowledge gap. A method developed to
analyze capsaicin in human sera with high performance liquid cromatography (HPLC) gives new
possibilities of reducing this gap and studying any dose-response relation [73].

In the clinic, we have encountered patients who claim to have “treated” their cough by eating
very spicy food equivalent to several fresh chili pepper fruits per day. However, the same dietary
recommendations have not been feasible because of the experience of the strong flavor. In a recent pilot
study, 21 patients with chronic cough had fewer symptoms and reduced cough reflex sensitivity if they
regularly consumed capsules containing concentrated capsaicin from chili peppers [74]. There were no
adverse effects and the daily intake of capsaicin corresponded to what it is common to eat regularly in
countries such as Mexico and Thailand. Epidemiological research found the incidence of chronic cough
in countries with regular intake of spicy food to be around 2%, compared to up to 20% in western
countries [75], supporting the observation that first led to this work in Sweden. Since the current pilot
study [74] has showed convincing results, orally given capsaicin has been identified as a possible
treatment of cough, offering a good option for those people not used to spicy foods.

3.1.2. TRPM8 as a Therapeutic Target for CIC

Patients with CIC and SHR often complain that exercising in cold air is an inducing factor for
cough [47,48,76,77], and exercise in a cold air chamber was followed both by both coughing and
increased capsaicin sensitivity [78]. It seems likely that TRPM8 and TRPA1, known to react to low
temperatures, are involved in airway symptoms induced by cold air. The sensation of cold evoked by
menthol was explained by the discovery of the TRPM8 ion channel reacting to cool temperatures and
menthol [79–81]. Menthol (C10H20O), synthetically produced or extracted from mint oils, is a covalent
organic compound that is present in a number of over the counter (OTC) products for ameliorating
symptoms in rhinitis, common cold and throat irritation. Eccles et al. found no significant effect
on nasal patency [82]. Whereas OTC products comprising menthol for relief of airway symptoms
have been available for decades, only a few scientific studies support the cough-relieving effects from
menthol products, though the interest in a potential effect in cough treatment seems to be increasing.

Menthol is also used in the tobacco industry as a cigarette brand to improve flavor and disguise
the airway irritation evoked by smoking [83,84]. Already in 1994, Morice et al. published results
from a study proving that, in humans, cough induced by inhaling citric acid could be prevented
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from pre inhalation of menthol [85]. A year later, the concordant results were shown in guinea
pigs [85]. However, in children, Kenia et al. found no difference in cough count compared to placebo
when a provocation with citric acid was preceded by inhalation of menthol, whereas the perception
of nasal patency increased [86]. Another study showed that premedication of menthol inhalation
before bronchoscopy did not improve coughing during the process, but late symptoms of cough and
dyspnea improved as did peak expiratory flow [87]. Later reports indicated the possibility of reducing
cough sensitivity with inhaled or intranasal menthol given before a provocation with cough-inducing
agents [88–91]. In summary, menthol seems to have a capacity to reduce the sensitivity of an important
airway defense mechanism that could be used for good (in cough medications) or for bad (in cigarette
brands) [84].

Also regarding TRPM8 and menthol, there is a parallel between the airways and the skin regarding
the treatment of itch and pain, with some studies reporting a beneficial effect from topical menthol
preparations [92–94]. However, in healthy humans, topical cutaneous menthol provoked cold allodynia,
suggested as being the results from a sensitization of nociceptors reacting on cold stimuli [95,96],
indicating complex innervation mechanisms where menthol in some situations may be hyperalgesic
but may be analgesic in some patients with peripheral and central neuropathic pain. Also illustrating
the confusing role of menthol and the TRP channels are the findings that the TRPA1 ion channel, known
to evoke cough from noxious stimuli and cold, is a highly sensitive receptor for menthol, probably
involved in a variety of menthol induced physiological reactions [36,97]. Takaishi et al. elucidated
these questions, demonstrating a reciprocal effect of capsaicin and menthol wherein menthol proved
to have an anti-nociceptive effect on TRPV1, and capsaicin inhibited TRPM8-mediated currents [98].
Furthermore, there was a mutual inhibition of temperature activation in human TRPV1 or TRPM8 and
a binding site of menthol was identified in TRPV1.

Although it is better understood today, the theoretical explanation as to why menthol has an
ameliorating effect on cough reflex sensitivity remains in part obscure, but acting via TRPM8, menthol
may interfere with TRPV1 and the cough outcome from capsaicin and environmental irritants [34,35].

4. Conclusions

During the last decade, a new paradigm has been developed of CIC as a possible neuropathic
disease that could be linked to the TRP ion channels, with persisting cough as an unmistakable
symptom. The lack of effective medical treatment in CIC is obvious and frustrating, though
neuromodulators and new receptor antagonists indicate different novel options to ameliorate cough
and cough sensitivity, as does the possibility of TRPV1 desensitization [23,74,99]. The TRPV1 antagonist
SB-705498 revealed no negative properties but a somewhat surprising effect only on the capsaicin
cough sensitivity, not on the cough symptoms [65]. However, this is in concordance with other reports
studying rhinitis and pruritus [100–103] showing no improvement from treatment with SB-705498.
The results could suggest that TRPV1 may not be of such great importance in chronic cough as earlier
believed, but the evident relation between chronic cough, TRPV1 expression and cough sensitivity to
inhaled capsaicin contradicts such a paradigm change. The SB-705498 is a highly selective molecule
and the blocking of TRPV1 in terms of both lowering capsaicin sensitivity and improving cough
symptoms may demand a more complex structure interacting on different binding sites. It would,
however, be interesting to carry out a clinical study with SB-705498 in patients with severe, refractory
asthma, since the mechanisms in such asthma is quite different from those in chronic cough and
recent findings showed increased epithelial TRPV1 expression in this difficult to treat condition [29].
One major problem is the lack of tools to study how TRP channels appear and change in CIC and other
airway disorders.

There is a rich “flora” of OTC medications based on a diversity of substances, though few scientific
studies can confirm measurable effects. Future research in cough medication should focus on proving
reliable effects with few adverse events.
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Abstract: Prostate cancer (PCa) is one of the most frequently diagnosed cancers in developed
countries. Several studies suggest that variations in calcium homeostasis are involved in
carcinogenesis. Interestingly, (Transient Receptor Potential Melastatin member 8) TRPM8 calcium
permeable channel expression is differentially regulated during prostate carcinogenesis, thereby
suggesting a potential functional role for this channel in those cell processes, which are important for
PCa evolution. Indeed, several studies have shown that TRPM8 plays a key role in processes such as
the proliferation, viability and cell migration of PCa cells. Where cell migration is concerned, TRPM8
seems to have a protective anti-invasive effect and could be a particularly promising therapeutic
target. The goal of this review is to inventory advances in understanding of the role of TRPM8 in the
installation and progression of PCa.

Keywords: TRPM8; prostate cancer; migration

1. Introduction

In developed countries, prostate cancer is the second most frequently diagnosed cancer and the
third most common cause of death by cancer in men [1]. Prostate cancer (PCa) development starts
from epithelial cells in the peripheral zone of the prostate and is androgen-controlled [2]. In its first
stages, the cancer develops slowly and remains localized, while in later stages the prostate capsule
barrier can be crossed, and PCa becomes invasive, often leading to metastasis in lymph nodes and
later mainly in the bone, liver and lung [3]. Metastasis development in the late PCa stages is the
main cause of mortality due to PCa. To prevent PCa development, the main treatment is tumor
ablation followed by hormone-therapy and more precisely androgen suppression. This treatment is
the leading treatment in the case of metastasis, and currently the most successful since it leads to tumor
regression. However, PCa cells can become androgen-independent for their survival and proliferation
and therefore escape this treatment, leading to more aggressive forms of cancer [4]. This androgen
insensitivity is a significantly increases PCa mortality rates and suggests that various androgen-related
factors are involved in PCa progression.

Several studies suggest that variations or modifications to Ca2+ homeostasis are involved in
PCa carcinogenesis and in metastasis development of since this affects the key cellular processes of
carcinogenesis [5–8]. Indeed, malignant cell-transformation is the result of enhanced proliferation,
aberrant differentiation, and an impaired ability to die [9]. These result in abnormal tissue growth,
which can eventually turn into the uncontrolled expansion and invasion that is characteristic of cancer.
Such transformation is often accompanied by changes in ion channel expression and, consequently,
by the abnormal progression of the cellular responses with which they are involved. Members
of TRP (Transient Receptor Potential) ion channel superfamily are implicated in all the hallmarks
of cancer, while their expression levels are correlated with the emergence and/or progression of
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numerous epithelial cancers [10–14]. In addition, it should be noted that besides their transcriptional
and translational regulation, ion channel trafficking to the cell surface as well as plasma membrane
stabilization define channel activity. Therefore, modulation of TRP expression/activity on one of
these levels affects intracellular Ca2+ concentrations and, consequently, those processes involved in
carcinogenesis, such as proliferation, apoptosis, and migration [12].

2. TRPM8: An Androgen Target in Prostate Cancer

TRPM8 is one of the TRP channels involved in PCa and it seems to be one of the most promising
clinical targets. Its androgen-dependent expression increases in both benign prostate hyperplasia
and in prostate carcinoma cells, which both presented high androgen levels [15], while anti-androgen
therapy greatly reduces the expression of TRPM8 [16]. It appears that the androgen dependency of
TRPM8 expression is related to the differentiation degree of prostate epithelial cells [17,18]. Recent
studies suggest that androgens could act in a non-genomic way on TRPM8 channel [19].

Furthermore, androgens have been shown to define the subcellular localization of TRPM8 toward
different healthy and cancerous prostate cells [18]. Several studies have demonstrated both plasma
membrane and endoplasmic reticulum (ER) membrane TRPM8 expression, in prostate cancer cell lines
that are androgen-sensitive, such as LNCaP cells (Lymph Node Carcinoma of the Prostate) [20,21].
TRPM8 expression at the plasma membrane seems to increase in correlation with the increase of
functional AR expression, while the ER isoform is less sensitive to androgens. At the functional
level, the ER isoform has been shown to be involved in the activation of store-operated channels [20].
Thus, dual localization of TRPM8 in the two membranes significantly increases the spectrum of
physiological and pathological processes the channel may be involved in. Indeed, plasma membrane
or ER ion channels localization induce different calcium signaling patterns, which are responsible for
the inception of various cellular processes. For example, when TRPM8 channel localizes at the plasma
membrane, it is mainly involved in cancer proliferation and migration by activation of various calcium
dependent pathways [22,23], whereas ER ion channel localization has been shown to be involved in
the balance between apoptosis and proliferation [8,24]. These processes have been defined as being
hallmarks of cancer and TRPM8 plays a role in all of these. Among these hallmarks, cell migration is
the most involved in the evolution of cancer towards metastatic stages.

3. Roles of TRPM8 in PCa Progression

Malignant transformation of cells is the result of enhanced proliferation, aberrant differentiation,
and an impaired ability to die, which results in tumor growth and potential invasion of the surrounding
tissues and eventually metastasis [9]. This transformation is characterized by changes in the ion channel
expression profile, which in turn modifies the cellular responses they are involved in. Different studies
have shown an involvement of the TRPM8 channel in these processes in PCa cells and more particularly,
TRPM8 has been shown to play a major role in migration.

3.1. Role of TRPM8 in Proliferation

The role of TRPM8 in the proliferation of PCa cells was shown using in vitro assays measuring
cell viability, in cell cycle assays and with in vivo studies. Firstly, an anti-proliferative effect of TRPM8
on PCa cell lines was demonstrated using in vitro assays. Indeed, in androgen insensitive PCa cells
(DU-145), endogenous TRPM8 activation by menthol treatment induces a decrease in proliferation [25].
Moreover, over-expression of TRPM8 in PC3 androgen insensitive cells that do not express TRPM8 at
endogenous level induces a decrease in proliferation. To mediate this anti-proliferation effect, TRPM8
over-expression induces an arrest in the cell cycle from the G1 to S phase transition. This arrest is
due to a down-regulation of Cdk4 and Cdk6 proteins after TRPM8 overexpression [26]. An in vivo
study also showed an anti-proliferative effect of TRPM8 over-expression in PCa cells. Indeed, tumors
monitored by xenograft in mice with PC3 cells overexpressing TRPM8, were less voluminous than
tumors in PC3 cells, which were not [27].
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On the other hand, a pro-proliferative role was shown in vitro for TRPM8 by using blockers and
siRNA against TRPM8 [28]. In this study, the authors tested the effects of TRPM8 inhibition on various
PCa cell lines. TRPM8 blockers and siRNA were shown to reduce the proliferation of LNCap cells and
DU-145 cells, but not in PC3 cells and PNTA1 cells. The different effects of TRPM8 siRNA on PCa cell
proliferation could not be explained by the difference in TRPM8 expression because TRPM8 was be
shown to expressed at the same level in both PC3 and LNCaP cells [29].

The discrepancy in the TRPM8 effect on proliferation mentioned above could be explained by the
distinct androgen sensitivity of the cell lines used. In fact, TRPM8 seems to play an anti-proliferative
role in PCa androgen insensitive cells (PC3 and DU-145), yet a pro-proliferative role in PCa androgen
sensitive cells (LNCaP). This result suggests that TRPM8 channels could be useful PCa proliferation
arrest targets in the first stage of cancer, when pharmacological blockers could be used.

3.2. Role of TRPM8 in Cell Death or Survival

During cancer progression, cell survival balance is disturbed, thereby causing a resistance to cell
death and a resistance to apoptosis in particular. Various studies have shown an interest in the TRPM8
role in cell viability in the PCa. Indeed, by its ER localization, TRPM8 was shown to be involved in
the activation of store-operated channels [20], inducing an increase in cytosolic calcium concentration.
Moreover, in LNCaP cell lines, ER store depletion has been shown to be sufficient to induce the
apoptosis process [30] suggesting a possible role for TRPM8 in the apoptosis balance. Different studies
seem to show a pro-apoptotic role of TRPM8 in PCa cells. In vitro assays using flow cytometry on PC3
cells show that TRPM8 overexpression increases apoptosis rates in starved conditions (1% FBS for
48 h). Moreover, as previously mentioned, TRPM8 overexpression in these cells induces arrest of the
cell cycle in the G0/G1 stages [26] TRPM8 has also been shown to have a pro-apoptotic role in DU-145
cells after activation by menthol [25]. Finally, sustained activation of TRPM8 by menthol induces an
increase in apoptosis in LNCaP cells due to the increase in the cytosolic calcium concentration [21].

On the other hand, one study using TRPM8 siRNA and blockers showed the opposite effects.
Indeed, in LNCaP cells, siRNA-mediated knockdown of TRPM8, or a capsazepine treatment induced
an apoptotic process shown by the increased numbers of cells with apoptotic nuclei [21]. By this study,
authors show that TRPM8 are necessary for the survival and the anti-apoptotic role of TRPM8 in
LNCaP cells. Another interesting study shows an anti-apoptotic role of a short isoform of TRPM8
expressed in PCa cells [31]. Overexpression of the short TRPM8 isoform, sM8a, reduces the apoptosis
induced by starvation in LNCaP cells. This sM8a isoform is a 19 kDa protein, which was previously
shown to negatively regulate the full length of TRPM8 by interaction [32].

Overall, these studies show that TRPM8 plays a role in cell viability, which seems to be regulated
by androgens as well as the differential expression of TRPM8 isoforms expressed in PCa cells.

3.3. Role of TRPM8 in Migration

As mentioned above, metastasis development is the main cause of cancer-related mortality, and
depends on two key processes: cell migration of cancer cells that invade adjacent tissues, followed
by intravasation into blood/lymphatic vessels and tumor vascularization, which give access to the
bloodstream. During the metastatic process, cell migration of both epithelial and endothelial cells
is an essential step leading to the spread of the primary tumor and to the invasion of neighboring
connective tissue, the lymphatic system and blood vessels. The role of TRPM8 channel in the PCa
migration process in has been studied recently. Indeed, we as well as others suggest a putative
protective role for TRPM8 in prostate metastatic cancer progression [33], since enhancement in channel
expression and/or an activation, blocks prostate cancer cell migration [22,26,27]. In this context, we
have shown that PCa cell treated with icilin, a TRPM8 agonist, results in a decrease in the cell mobility
of PC3 cells overexpressing TRPM8 [22]. In line with these results, two other studies demonstrate that
TRPM8 overexpression significantly inhibits PC3 cell migration and they show that this inhibition
occurred through the inactivation of focal adhesion kinase (FAK) [26,27]. FAK is the non-receptor
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protein, tyrosine kinase, the phosphorylation of which is critical during focal adhesion formation and
consequently in cellular processes such as migration and invasion [34]. These studies showed that
TRPM8 activation by different agonists or overexpression of TRPM8 channels induces an inhibition of
PCa migration. Nevertheless, it has to be noted that contrasting results concerning the role of TRPM8
in cell migration have been shown using pharmacological agents inhibiting TRPM8, which have led to
a reduction in the speed of prostate cancer cells [28,35].

Further, TRPM8-mediated cancer cell migration has been seen to be regulated by the newly
identified partner proteins of the channel. Firstly, Prostate Specific Antigen (PSA), shown to be an
endogenous agonist of TRPM8 increasing the channel activity while supporting its plasma membrane
expression, was shown to induce a decrease in cell mobility in PC3 cells overexpressing TRPM8 [22].
Moreover, the channel-associated protein TCAF1, which is also strongly expressed in the prostate [36],
was shown to facilitate the opening state of TRPM8 and plasma membrane expression by direct
interaction. This protein, by activating TRPM8 regulation, was shown to decrease the migration of
PCa cells by reducing both cell speed and velocity [36]. In line with these results, the short TRPM8
isoform sM8a, acts as a partner protein to the channel inhibiting full length TRPM8 and promoting cell
mobility and invasion when overexpressed in LNCaP cells [31].

In summary, taking into account the aforementioned studies using endogenous and exogenous
agonists of the TRPM8 channel, as well as the overexpression of this protein in PCa cells, one can
conclude that there is an anti-migratory role of this channel in PCa cells. Since migration is one of the
key processes of metastatic development, these results suggest a protective role for TRPM8 in prostate
metastatic cancer progression. To further confirm this hypothesis, Zhu et al. were interested in the
role of TRPM8 on angiogenesis, which is also a key process for metastasis development. An in vivo
study in nude mice showed that TRPM8 expression had a negative effect on angiogenesis [27]. Indeed,
mice transplanted with prostate cancer cells over-expressing TRPM8 develop tumors that are less
vascularized than control cases. The lower micro-vascular density of the TRPM8 xenografts can be
explained by their lower expression of FAK and VEGF, which is one of the most potent angiogenic
factors [27]. Taken together, these results reinforce the hypothesis that TRPM8 could play a protective
role in prostate cancer progression by reducing both cell migration and angiogenesis.

4. Discussion

Several lines of evidence have been discovered over recent decades showing the importance of
TRPM8 in prostate cancer. Firstly, it has been demonstrated that expression of TRPM8 varies during
cancer progression and the androgen-dependence of TRPM8 expression has been demonstrated. A loss
of TRPM8 expression is positively correlated with the aggressive androgen-independent state of
PCa. Indeed, TRPM8 is strongly expressed in the first PCa stages and its expression disappears in
the late and more aggressive states of the PCa. By this variation in its expression, TRPM8 may be
considered and used as a diagnostic/prognostic marker as it is already used as a clinical marker in
some countries [37,38].

Several studies cited in this review have shown by the use of agonists and blockers of TRPM8
that this channel has mainly anti-proliferative, pro-apoptotic and anti-migratory roles in PCa cells.
As proliferation and cell viability data are contradictory, further experiments are needed and
particularly in vivo data in order to confirm an anti-cancer role for this channel. However, there
is less controversy concerning the TRPM8 anti-migratory role, consequently suggesting a protective
role for this channel against metastasis in PCa. This is why several regulatory agents (listed in Table 1)
could be used to prevent the metastatic evolution of PCa when the cancer is diagnosed.
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Table 1. TRPM8 modulators can be used in research therapies against PCa.

Molecule Agonist/Antagonist PCa-Related Cellular Effect

Capsazepine [21] Antagonist Increased apoptosis in LnCaP cells
AMTB [28,39] Antagonist Decreased proliferation in LnCaP cells

JNJ-39267631 [40] Antagonist Not defined
BCTC [28] Antagonist Decreased cell proliferation
M8-B [41] Antagonist Not defined

Cannabigerol [42] Antagonist Pro-apoptotic effects in Pca cells
PBMC [43] Antagonist Not defined
PSA [22] Agonist Decreased cell mobility in PC3-TRPM8 cells
Icilin [22] Agonist Decreased cell mobility in PC3-TRPM8 cells

Menthol [21,25] Agonist Decreased proliferaion, increased apoptosis
WS12 [44] Agonist Not defined

D-3263 [45] Agonist Decrease mice prostate hyperplasia

Another way to prevent the metastatic evolution of PCa is to reinforce the activation of TRPM8
endogenous regulator proteins (listed on Table 2) and to target the channel’s activity. These different
endogenous or pharmacological modulators of TRPM8 are very promising for the prevention of the
metastatic evolution of PCa and should therefore be validated in animal models.

Table 2. TRPM8 regulatory proteins can be used in research therapies against PCa.

Partners Protein Agonist/Antagonist PCa-Related Cellular Effect

G alpha protein [46] Antagonist Inhibition of TRPM8

sM8a protein [32] Antagonist Negative regulation of full length TRPM8

Pirt [47] Agonist Enhances TRPM8 channel properties

TCAF1 [36] Agonist Facilitates the opening state of TRPM8 and
plasma membrane expression

PYR-41 [48] Agonist Facilitates TRPM8 plasma membrane expression

5. Conclusions

In conclusion, TRPM8 variation in expression during the evolution of PCa makes this channel
an appealing clinical marker in order to separate the different stages of the disease. Concerning
the therapeutic targeting of the channel, at first sight the evolution of TRPM8 expression during
carcinogenesis might seem not in full accordance with the anti-cancer effect of the channel activation.
In order to make sense of TRPM8’s role in prostate carcinogenesis, the different hallmarks of cancer
should be studied separately; at the beginning, by taking into account the androgen dependency of the
PCa cells in the various stages of advancement. However, the results till now support the hypothesis
that TRPM8 increase in the first androgen-dependent stages of PCa has a protective role regarding
the invasive character of prostate cancer cells. Indeed, to support this hypothesis, a preclinical assay
with a TRPM8 agonist (D-3263) show that TRPM8 activation decrease mice prostate hyperplasia [45].
Finally, for these early stages, how the high expression of the channel is functionally related to the
growth of the tumor volume remains to be elucidated.
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Abstract: Activation of TRPV1, TRPA1 or TRPM8 channel expressed in the central terminal of
dorsal root ganglion (DRG) neuron increases the spontaneous release of L-glutamate onto spinal
dorsal horn lamina II (substantia gelatinosa; SG) neurons which play a pivotal role in regulating
nociceptive transmission. The TRP channels are activated by various plant-derived chemicals.
Although stereoisomers activate or modulate ion channels in a distinct manner, this phenomenon
is not fully addressed for TRP channels. By applying the whole-cell patch-clamp technique to SG
neurons of adult rat spinal cord slices, we found out that all of plant-derived chemicals, carvacrol,
thymol, carvone and cineole, increase the frequency of spontaneous excitatory postsynaptic current,
a measure of the spontaneous release of L-glutamate from nerve terminals, by activating TRP channels.
The presynaptic activities were different between stereoisomers (carvacrol and thymol; (´)-carvone
and (+)-carvone; 1,8-cineole and 1,4-cineole) in the extent or the types of TRP channels activated,
indicating that TRP channels in the SG are activated by stereoisomers in a distinct manner. This result
could serve to know the properties of the central terminal TRP channels that are targets of drugs for
alleviating pain.
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1. TRP Channels Involved in Nociceptive Transmission through Dorsal Root Ganglion Neurons

Cation-permeable transient receptor potential (TRP) channels expressed in dorsal root ganglion
(DRG) neurons are involved in nociceptive transmission from the periphery (for a review see [1]).
TRP channels, which are synthesized in the cell body of the DRG neuron, are transported to the
peripheral and central terminals of the neuron by axonal transport. Among TRP channels involved
in the nociceptive transmission, there are TRP vanilloid-1 (TRPV1), TRP ankyrin-1 (TRPA1) and TRP
melastatin-8 (TRPM8) channels. The TRPA1 channel is found in a subset of rat DRG neurons in which
it is co-expressed with the TRPV1, but not the TRPM8 channel [2,3]. They are activated by chemical
substances and temperature (for reviews see [4,5]). For instance, in the peripheral terminal of the DRG
neuron, the TRPV1 channel is activated by capsaicin (a natural pungent ingredient contained in red
peppers), protons and noxious heat (>43 ˝C; [6]; for review see [7]); the TRPA1 channel by pungent
compounds in mustard, cinnamon and garlic (allyl isothiocyanate (AITC), cinnamaldehyde and allicin,
respectively), and noxious cold temperature (<17 ˝C; [2,8–10]); and the TRPM8 channel by menthol
(a secondary alcohol contained in peppermint or other mint) and mild temperature (<25 ˝C; [11,12]).
Such an activation depolarizes the membrane of the peripheral terminal, resulting in the production of
action potentials. As a result, the nociceptive or temperature information is transferred to the spinal
dorsal horn.
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On the other hand, TRP channels in the central terminal of the DRG neuron are expressed
in the superficial laminae of the dorsal horn, especially the substantia gelatinosa (SG; lamina II
of Rexed; [13,14]). In support of this idea about TRP activation in the SG, many of plant-derived
chemicals increase in SG neurons the frequency of spontaneous excitatory postsynaptic current (sEPSC),
a measure of the spontaneous release of L-glutamate from nerve terminals, by activating TRPV1
channel [15–18], TRPA1 channel [19,20] and TRPM8 channel [21,22] (for a review see [23]). The SG
neurons play a pivotal role in modulating nociceptive transmission from the periphery [24–26] and
thus TRP channels in the SG are involved in its modulation. Their expressions in the SG have been
shown by immunohistochemistry [27].

2. Spinal Substantia Gelatinosa Involved in Regulating Nociceptive Transmission

Nociceptive transmission in the SG is in origin not only monosynaptic from glutamatergic DRG
neurons but also polysynaptic from glutamate-, GABA- and/or glycine-containing interneurons [28].
In support of the involvement of the SG in nociceptive transmission, a plastic change in glutamatergic
inputs to SG neurons through DRG neurons occurred in hyperalgesic rats that were subject to either
an intraplantar injection of complete Freund’s adjuvant [29] or ovariectomy [30]. Endogenous and
exogenous analgesics, which exhibit antinociception when administrated intrathecally, hyperpolarize
membranes of SG neurons and reduce the release of L-glutamate onto SG neurons from nerve
terminals, both of which actions reduce the membrane excitability of the SG neurons [31]. For example,
opioids ([32]; for a review see [33]), nociceptin [34,35], a GABAB-receptor agonist baclofen [36,37],
a μ-opioid receptor agonist tramadol [38], norepinephrine [39], serotonin [30,40], adenosine ([41,42]; for
review see [43]), somatostatin [44,45], dopamine [46,47] and galanin [48] hyperpolarized membranes
of rat SG neurons. Inhibition of the release of L-glutamate from nerve terminals onto rat SG neurons
was produced by opioids ([49]; for review see [33]), nociceptin [50,51], baclofen [36,52,53], the
endocannabinoid anandamide [16,54], norepinephrine [55], serotonin [30,40], adenosine ([41,56,57];
for a review see [43]) and galanin [48,58].

3. TRP Channels in Nociception

Much evidence demonstrates that TRP channels play a role in transferring nociceptive information.
For example, neuropathic pain and hyperalgesia developed following excessive or ectopical expression
of TRPV1 channel in the central nervous system (CNS) and peripheral nervous system, in both animals
and humans [59–62]. Hyperalgesia in inflammatory pain models was reduced in TRPV1-knockout
mice [63]. Nerve growth factor, which mediates inflammatory pain, upregulated the expression of
TRPV1 channel in rat DRG neurons by an action of the small GTPase Ras [64]. Excessive expression of
TRPV1 channel in primary-afferent fibers occurred in disease states including inflammatory disease
and irritable bowel syndrome [65,66]. Peripheral inflammation upregulated TRPV1 channel involved
in the enhancement of spontaneous excitatory transmission in rat SG neurons [67]. When intrathecally
administrated, a powerful TRPV1 agonist resiniferatoxin (RTX, a component contained in the dried
latex of the cactus-like plant; [68]) produced a prolonged antinociceptive response in dogs with bone
cancer [69], possibly owing to a desensitization of TRPV1 channel. Selective inhibition of TRPV1
channel attenuated bone cancer pain in the mouse [70]. TRPV1 channel, which is a potential treatment
target for cancer pain, was expressed in neurons that transfer information of this type of pain (for
a review see [71]). Intrathecal application of a TRPV1 antagonist AS1928370 resulted in an inhibition
of mechanical allodynia in a mouse model of neuropathic pain [72].

The TRPA1 agonist cinnamaldehyde evoked spontaneous pain, and induced mechanical
hyperalgesia and cold hypoalgesia following its application to the forearm skin of human volunteers [73].
Moreover, TRPA1 channel was over-expressed in rat DRG neurons following peripheral inflammation
and nerve injury, and cold hyperalgesia produced by inflammation and nerve injury was accompanied
by the activation of the TRPA1 but not the TRPM8 channel [74]. Alternatively, TRPA1 channel was
excessively expressed in the mouse spinal cord and DRG after peripheral inflammation occurred as a
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result of intraplantar injection of complete Freund’s adjuvant; intrathecally-applied TRPA1 antagonist
reversed hyperalgesia that occurred in mouse models of neuropathic pain [75].

TRPM8 channel is also involved in nociceptive transmission. Proudfoot et al. [76] have proposed
the idea that TRPM8 activation in both peripheral and central terminals of adult rat DRG neurons
produces the release of L-glutamate from its central terminal onto dorsal horn neurons expressing
group II/III metabotropic glutamate receptors, the activation of which results in antinociception.
In chronic constrictive nerve injury rat models, which exhibited cold allodynia in hindlimbs, compared
with the sham group, TRPM8-immunoreactive DRG neurons increased in number, menthol-sensitive
DRG neurons increased in number in neurons that responded to capsaicin, and membrane currents
produced by menthol in DRG neurons enhanced in amplitude [77]. Kono et al. [78] have suggested
an involvement of TRPM8 channel in acute peripheral hypersensitivity to cold in oxaliplatin
(a third-generation platinum analog)-treated cancer patients. In adult mice, (´)-menthol and its
derivative WS-12 (which activated TRPM8 channel in DRG neurons) inhibited acute thermal, capsaicin-
and acrolein-induced nociceptive behavior in a manner sensitive to a nonselective opioid-receptor
antagonist naloxone, suggesting an involvement of endogenous opioids in antinociception produced
by TRPM8 activation [79].

In conclusion, the effects of the activation of TRPV1, TRPA1 or TRPM8 channel on nociceptive
transmission appear to depend on the location of the TRP channels activated, i.e., the peripheral or
central terminal of DRG neuron, or both of them. When antinociceptive drugs are administrated
intrathecally, it would be necessary to consider the activation of TRP channels located in not only
primary-afferent central terminal but also neuronal and glial cells in the CNS, because their expressions
in the CNS have been reported [80,81].

4. Actions of Plant-Derived Stereoisomers on Spontaneous Excitatory Transmission in Substantia
Gelatinosa Neurons

It is well-known that there is a difference among stereoisomers in their actions on voltage-gated
ion channels and neurotransmitter receptors (see [82,83] for reviews). Activation of TRPA1 channel
expressed in Chinese hamster ovary cells differs in efficacy between stereoisomers such as (+)-menthol
and (´)-menthol [84]. In order to know whether such a difference between stereoisomers is seen in the
SG, we examined the actions of plant-derived stereoisomers on spontaneous excitatory transmission
in SG neurons with a focus on TRP activation by using transverse slice preparations dissected from the
adult rat spinal cord [85].

4.1. Actions of Thymol and Carvacrol

Thymol (5-methyl-2-isopropylphenol, a compound where the cyclohexane ring of menthol is
replaced by a benzene ring) differs only in the position of the -OH in the benzene ring from carvacrol
(5-isopropyl-2-methylphenol; Figure 1A,B). Thymol and carvacrol are contained in thyme and oregano,
respectively, and exhibit antinociception [86,87]. In all SG neurons tested, bath-applied thymol (1 mM)
for 3 min increased the frequency of sEPSC with a small increase in its amplitude. The sEPSC frequency
increase averaged to be 326% around 5 min (when a maximal effect was obtained) after the onset
of thymol superfusion. Such a sEPSC frequency increase was concentration-dependent with the
half-maximal effective concentration (EC50) value of 0.18 mM (Figure 1C). In 77% of the neurons tested,
thymol (1 mM) produced an outward current having the averaged peak amplitude of 16 pA at the VH

of ´70 mV (see Figure 1E); remaining neurons had no outward currents [88].
Carvacrol exhibited similar actions to those of thymol. In 22% of the SG neurons tested, carvacrol

(1 mM) superfused for 2 min produced an outward current, which was not accompanied by a change
in sEPSC frequency, at ´70 mV. On the other hand, 11% of the SG neurons produced no change in
holding currents while exhibiting sEPSC frequency increase (see Figure 1Fa). In 63% of the neurons,
both of the outward current and sEPSC frequency increase were produced [89].
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Figure 1. Effects of thymol and carvacrol on glutamatergic spontaneous excitatory transmission in
rat substantia gelatinosa (SG) neurons. (A,B) The chemical structures of thymol (A) and carvacrol (B).
(C,D) The frequency and amplitude of sEPSC under the action of thymol (C) or carvacrol (D), relative
to those before drug superfusion, which were plotted against the logarithm of drug concentration. This
thymol (carvacrol) effect was measured for 0.5 min around 5 min (3.5 min) after the beginning of its
superfusion. The results in (C) were obtained from all neurons tested, while those in (D) were obtained
from neurons where carvacrol (1 mM) increased sEPSC frequency > 5%. The continuous curves in
(C) and (D) were drawn according to the Hill equation [half-maximal effective concentration (EC50)
and Hill coefficient (nH) in (C) and (D): 0.18 mM, 4.9 and 0.69 mM, 2.1, respectively]. (Ea–c) Chart
recordings showing sEPSCs and holding currents in the absence and presence of thymol in Krebs
solution without (left) or with a TRPV1 antagonist capsazepine (Ea), a TRPA1 antagonist HC-030031
(Eb) or a TRPM8 antagonist BCTC (Ec; right). In each of (Ea–c), the right recording was obtained about
30 min after the left one from the same neuron. (Fa–c) Chart recordings showing sEPSCs in the absence
and presence of carvacrol in Krebs solution without (Fa) and with capsazepine (Fb) or HC-030031 (Fc);
these recordings were obtained from the same neuron at an interval of 30 min. In this and subsequent
figures, value in parentheses indicates the number of neurons tested; each point with vertical bars
represents the mean values and standard error of the mean (SEM); if the SEM of the values is less than
the size of symbol, the vertical bar is not shown; control level (1) is indicated by horizontal dotted line;
the duration of drug superfusion is shown by a horizontal bar above the chart recording. Holding
potential (VH) = ´70 mV. This research was originally published in [88,89].
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sEPSC frequency increase around 3.5 min (when a maximal effect was obtained) after the
beginning of carvacrol superfusion averaged to be 262% with a small increase in its amplitude and
the outward current had the averaged peak amplitude of 26 pA. Such a sEPSC frequency increase was
concentration-dependent with the EC50 value of 0.69 mM (Figure 1D; [89]), a value larger than that
of thymol. Thymol has an ability to activate TRP vanilloid-3 (TRPV3; [90]), TRPA1 [91] and TRPM8
channels [92] expressed in heterologous cells. On the other hand, carvacrol has been reported to activate
TRPV3 and TRPA1 channels but not TRPV1 channel expressed in human embryonic kidney (HEK) or
Xenopus laevis oocyte cells [90,91,93,94]. We next examined what types of TRP channel mediate the sEPSC
frequency increases produced by thymol and carvacrol. The thymol activity was inhibited by a TRPA1
antagonist HC-030031 (50 μM; [95]) but not a TRPV1 antagonist capsazepine (10 μM; [96]) and a TRPM8
antagonist (4-(3-chloro- 2-pyridinyl)-N-[4-(1,1-dimethyl-ethyl)phenyl]-1-piperazinecarboxamide, BCTC,
3 μM; [97]; Figure 1E). BCTC at this concentration was effective in inhibiting sEPSC frequency increase
produced by menthol in adult rat SG neurons [27]. As with thymol, the carvacrol activity was resistant
to capsazepine (10 μM) while being depressed by HC-030031 (50 μM; Figure 1F). These results indicate
an involvement of TRPA1 channel in the presynaptic activities of thymol and carvacrol. As distinct from
these presynaptic actions, the outward currents produced by thymol and carvacrol were insensitive
to capsazepine (10 μM), BCTC (3 μM) and HC-030031 (50 μM), indicating no involvement of TRP
channels ([88,89]; for example see Figure 1E). The carvacrol current was inhibited in 10 mM-K+ but not
K+-channel blockers (5 mM tetraethylammonium and 0.1 mM Ba2+)-containing and 11.0 mM-Cl´ Krebs
solution, indicating an involvement of tetraethylammonium- and Ba2+-insensitive K+ channels [89].
It remains to be examined what types of ion channel are involved in the thymol current.

4.2. Actions of (´)-Carvone and (+)-Carvone

(´)-Carvone [(´)-2-methyl-5-(1-methylethenyl)-2-cyclohexenone; Figure 2A] contained in
spearmint increased intracellular Ca2+ concentration in rat DRG neurons in a manner sensitive to
capsazepine, indicating an involvement of TRPV1 channel [98]. A similar action of (´)-carvone was
observed in HEK293 cells expressing human TRPV1 channel [98]. (+)-Carvone (a stereoisomer of
(´)-carvone; Figure 2B) contained in caraway has been shown to have actions different from those of
(´)-carvone in mouse locomotive [99] and anticonvulsive activities [100]. We examined the effects of
(´)-carvone and (+)-carvone on glutamatergic spontaneous excitatory transmission with a focus on
TRP activation. (´)-Carvone and (+)-carvone (each 1 mM) superfused for 2 min increased the frequency
of sEPSC with a slight increase in its amplitude. Their sEPSC frequency increases averaged to be 299%
and 284%, respectively, around 3 min (when a maximal effect was obtained) after the beginning of its
superfusion. Such presynaptic activities of (´)-carvone and (+)-carvone were concentration-dependent
with the EC50 values of 0.70 mM and 0.72 mM, respectively (Figure 2C,D).

(´)-Carvone and (+)-carvone (each 1 mM) did not produce any outward currents, as different
from thymol and carvacrol. About 40% of the SG neurons tested produced a small inward current
following the application of (´)-carvone or (+)-carvone [101], as seen by many kinds of TRPV1 agonists
(capsaicin and RTX; [15,18]) and TRPA1 agonists (AITC, cinnamaldehyde and allicin; [19]).

The sEPSC frequency increase produced by (´)-carvone was resistant to HC-030031 (50 μM) while
being inhibited by capsazepine (10 μM; Figure 2Ea,b). On the other hand, the sEPSC frequency increase
produced by (+)-carvone was inhibited by HC-030031 (50 μM) while being resistant to capsazepine
(10 μM; Figure 2Fa,b). These results indicate that (´)-carvone and (+)-carvone activate TRPV1 and
TRPA1 channels, respectively, in the SG [101].

4.3. Actions of 1,8-Cineole and 1,4-Cineole

1,8-Cineole (1,3,3-trimethyl-2-oxabicylo[2.2.2]octane; Figure 3A), which is present in eucalyptus
and rosemary, has various actions including antinociception [102]. As a minor component of
plant extracts containing 1,8-cineole, there is its stereoisomer 1,4-cineole (1-methyl-4-(1-methylethyl)-
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7-oxabicyclo[2.2.1]heptane; Figure 3B), which has on plant species an action which is different from
that of 1,8-cineole [103].

 

Figure 2. Effects of (´)-carvone and (+)-carvone on glutamatergic spontaneous excitatory transmission
in rat SG neurons. (A,B) The chemical structures of (´)-carvone (A) and (+)-carvone (B).
(C,D) The frequency and amplitude of sEPSC under the action of (´)-carvone (C) or (+)-carvone (D),
relative to those before drug superfusion, which were plotted against the logarithm of drug
concentration. This carvone effect was measured for 0.5 min around 3 min after the beginning of its
superfusion. The continuous curves in (C) and (D) were drawn according to the Hill equation (EC50

and nH in (C) and (D): 0.70 mM, 2.2 and 0.72 mM, 2.4, respectively). (Ea,b,Fa,b) Chart recordings
showing sEPSCs in the absence and presence of (´)-carvone (E) or (+)-carvone (F) in Krebs solution
without (left) and with capsazepine (Ea,Fa) or HC-030031 (Eb,Fb; right). In each of (Ea,b,Fa,b), the
right recording was obtained about 20 min after the left one from the same neuron. VH = ´70 mV.
This research was originally published in [101].

1,8-Cineole and 1,4-cineole have an ability to activate TRPM8 channel expressed heterologously
in Xenopus oocytes [11] or HEK293 cells [104,105], although their efficacies are much less than that of
the TRPM8 agonist menthol. We examined the effects of 1,8-cineole and 1,4-cineole on glutamatergic
spontaneous excitatory transmission with a focus on TRP activation. As with (´)-carvone and
(+)-carvone, bath-applied 1,8-cineole and 1,4-cineole for 3 min increased the frequency of sEPSC
with a small increase in its amplitude. The sEPSC frequency increases produced by 1,8-cineole and
1,4-cineole (5 mM and 0.5 mM, respectively) averaged to be 159% and 226%, respectively, around
3.5 min (when a maximal effect was obtained) after the beginning of its superfusion. Such presynaptic
actions of 1,8-cineole and 1,4-cineole were concentration-dependent with the EC50 values of 3.2 mM
and 0.42 mM, respectively (Figure 3C,D).
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The presynaptic activities of 1,8-cineole and 1,4-cineole were not accompanied by the production
of outward current, as different from those of thymol and carvacrol. As with many kinds of TRPV1 and
TRPA1 agonists [15,18,19] including (´)-carvone and (+)-carvone, 1,8-cineole and 1,4-cineole produced
a small inward current (Figure 3E,F; [27]).

Figure 3. Effects of 1,8-cineole and 1,4-cineole on glutamatergic spontaneous excitatory transmission in
rat SG neurons. (A,B) The chemical structures of 1,8-cineole (A) and 1,4-cineole (B). (C,D) The frequency
and amplitude of sEPSC under the action of 1,8-cineole (C) or 1,4-cineole (D), relative to those before
drug superfusion, which were plotted against the logarithm of drug concentration. This cineole effect
was measured for 0.5 min around 3.5 min after the addition of its drug. The continuous curves in
(C) and (D) were drawn according to the Hill equation (EC50 and nH in (C) and (D): 3.2 mM, 1.3 and
0.42 mM, 1.7, respectively). (Ea–e,Fa–e) Chart recordings showing sEPSCs in the absence and presence
of 1,8-cineole (E) or 1,4-cineole (F) in Krebs solution without (left) and with capsazepine (a), SB-366791
(b), HC-030031 (c), mecamylamine (d) or BCTC (e; right). In each of (Ea–e,Fa–e), the right recording
was obtained about 20 min after the left one from the same neuron. VH = ´70 mV. This research was
originally published in [27].

The presynaptic action of 1,8-cineole was inhibited by HC-030031 (50 μM) and another TRPA1
antagonist mecamylamine (100 μM; which is known to be also a nicotinic acetylcholine-receptor
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antagonist [106]) while being resistant to capsazepine (10 μM) and another TRPV1 antagonist SB-366791
(30 μM; [67]; Figure 3Ea–d). On the contrary, 1,4-cineole’s one was depressed by capsazepine (10 μM)
and SB-366791 (30 μM) while being insensitive to HC-030031 (50 μM) and mecamylamine (100 μM;
Figure 3Fa–d). BCTC (3 μM) did not affect the activities of 1,8-cineole and 1,4-cineole (Figure 3Ee,Fe).
These results indicate that 1,8-cineole and 1,4-cineole activate TRPA1 and TRPV1 channels, respectively,
in the SG.

5. Activation by Plant-Derived Stereoisomers of TRP Channels in the Substantia Gelatinosa in
a Different Manner

Thymol and carvacrol, which are distinct only in the position of the -OH in the benzene ring
(Figure 1A,B), activated the TRPA1 channel with EC50 values which differ four-fold from each other.
Optic isomers, (–)-carvone and (+)-carvone (Figure 2A,B), activated TRPV1 and TRPA1 channels,
respectively, with almost the same EC50 value. 1,8-Cineole and 1,4-cineole, which are different in the
placement of the oxygen bridge (Figure 3A,B; where there is a free dimethyl side chain in 1,4-cineole but
not 1,8-cineole [103]), activated TRPA1 and TRPV1 channels, respectively, with EC50 values eight-fold
different from each other. The TRPV1 and TRPA1 activations resulted in an increase in spontaneous
L-glutamate release from nerve terminals onto SG neurons. These results indicate that TRP channels in
the SG have an ability to discriminate plant-derived stereoisomers from each other.

The stereoisomers mentioned in this review article are not endogenous ones that act on
TRP channels located in the central terminals of DRG neurons under physiological conditions.
There are several candidates for endogenous substances that activate TRP channels. For example,
endogenous agonists for TRPV1 channel include endocannabinoids such as anandamide and
lipoxygenase metabolites, which have structures similar to that of capsaicin which is not produced
endogenously ([107,108]; for reviews see [7,109]). TRPV1 channel in the SG did not appear to be
activated by anandamide [54] while anandamide-transport inhibitor AM404 activated the SG TRPV1
channel [110]. As candidates of endogenous TRPA1 activators, there is a potent and systemically
active inhibitor of fatty acid amide hydrolase, 31-carbamoylbiphenyl-3-yl cyclohexylcarbamate
(URB597; [111]), a cyclopentane prostaglandin D2 metabolite (15-deoxy-Δ12,14-prostaglandin J2; [112])
or bradykinin [113]. To our knowledge, endogenous agonists for TRPM8 channel do not appear to
be surely identified. Testosterone (a steroid hormone from the androgen group) has been recently
reported to activate TRPM8 channel [114,115]. Although endogenous stereoisomers for TRP activation
do not appear to be available, our findings about stereoisomers could serve to know the properties of
the central terminal TRP channels.

Many of the properties of the TRP channels have been examined in the cell body of the
primary-afferent neuron and in heterologous cell expressing the TRP channels. We have found out
that a local anesthetic lidocaine, which acts on TRPV1 channel [116] and by a less extent on TRPA1
channel [117] in the cell body of primary-afferent neuron, activates TRPA1 but not TRPV1 channel in
its central terminal [118]. The central terminal TRPV1 channel was activated by piperine (a pungent
component of black pepper; [119]) but not olvanil (the synthetic oleic acid homologue of capsaicin; [120]),
both of which compounds activated TRPV1 channel in the cell body of primary-afferent neuron [121,122].
Vanilloid compounds, eugenol (contained in clove) and zingerone (a pungent component of ginger),
that reportedly activated TRPV1 channel in the cell body of primary-afferent neuron [121,123] were
shown to activate the central terminal TRPA1 but not TRPV1 channel [124,125]. Based on their findings,
we have proposed the idea that TRP channels located in the cell body and central terminal of the
primary-afferent neuron have properties different from each other [23]. Such a difference may be
due to a distinction between cell body and central terminal TRPA1 channels in terms of a functional
interaction of TRPA1 channel and toll-like receptor-7 ([126]; see [125] for the other possibilities). It
remains to be examined whether TRP channels in the cell body of DRG neuron are activated by
plant-derived stereoisomers in a distinct manner.
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TRPA1 channel in the central terminal of DRG neuron in the SG is activated by many plant-derived
chemicals. Very recently, we have reported that citral, a mixture of geranial and neral, which is
contained in lemongrass, activates TRPA1 channel in the SG [127]. Table 1 summarizes available values
of EC50 for plant-derived chemicals in activating TRPV1 and TRPA1 channels in the adult rat SG. Their
efficacy sequence for the TRPA1 activation was thymol (EC50 = 0.18 mM) > citral (0.58 mM) ě carvacrol
(0.69 mM) ě (+)-carvone (0.72 mM) > zingerone (1.3 mM) > 1,8-cineole (3.2 mM) ě eugenol (3.8 mM).
This result could serve to know the property of central terminal TRPA1 channel that is a target of drugs
for alleviating pain together with the above-mentioned results of stereoisomers.

Table 1. EC50 values for plant-derived chemicals in activating TRPV1 and TRPA1 channels in the adult
rat SG.

Plant-Derived Chemicals TRPV1 (mM) TRPA1 (mM) References

Resiniferatoxin 2.1 ˆ 10´4 ´ [18]
Piperine 0.052 ´ [120]
Eugenol ´ 3.8 [124]

Zingerone ´ 1.3 [125]
(´)-Carvone 0.70 ´ [101]
(+)-Carvone ´ 0.72 [101]

Carvacrol ´ 0.69 [89]
Thymol ´ 0.18 [88]

1,8-Cineole ´ 3.2 [27]
1,4-Cineole 0.42 ´ [27]

Cital ´ 0.58 [127]

TRP activation in the SG is generally thought to be involved in nociception [1], because the
enhancement of the spontaneous release of L-glutamate from nerve terminals onto SG neurons as
a result of the TRP activation increases an excitability of the SG neurons, an action different from
those of analgesic substances (see Section 2). However, antinociception produced by the intrathecal
administration of acetaminophen has been attributed to TRPA1 activation in the superficial spinal
dorsal horn [128]. AITC inhibited current responses recorded from SG neurons by using the in vivo
patch-clamp technique [129] in response to pinch stimuli given to the skin [130]. It remains to be
addressed whether TRPA1 activation in the SG results in nociception or antinociception.

Although the present review article mentions the actions of plant-derived stereoisomers on
excitatory transmission, the regulation of nociceptive transmission in the SG is due to a modulation
of not only excitatory but also GABAergic and/or glycinergic inhibitory transmissions [25,131,132].
It is possible that a modulation of inhibitory transmission by TRP activation is involved in nociceptive
transmission. There is much evidence supporting the idea that inhibitory transmission enhancement in
the spinal dorsal horn results in antinociception. First, the lack of GABA-synthesizing enzyme [133,134]
and also reduction in the expression of K+-Cl´ exporter KCC2, which causes inhibitory synaptic
response to be excitatory [135], in the rat spinal dorsal horn leaded to nociception. Second, peripheral
inflammation resulted in a reduced glycinergic transmission in rat spinal lamina I neurons [136].
Third, an increase in endogenous glycine due to glycine transporter-1 blockade produced an inhibitory
effect on spinal nociceptive transmission ([137]; for reviews see [138,139]). Fourth, endogenous
analgesics, acetylcholine, norepinephrine and serotonin, enhanced GABAergic and glycinergic
inhibitory transmissions [140–145]. It appears to depend on the agonists used to activate TRP channels
how TRP activation affects spontaneous inhibitory transmission in SG neurons. AITC and zingerone
enhanced inhibitory transmission [19,125] while capsaicin and cinnamaldehyde did not [15,20].
It remains to be examined how plant-derived stereoisomers affect spontaneous inhibitory transmission.

Itch is partly similar to pain in the neuronal pathway and receptors involved, although they are
distinct from each other in many points of neuronal transmissions. There is much evidence supporting
the idea that TRPV1 and TRPA1 channels are involved in itch. For instance, a topical application of
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capsaicin to the skin produced itch [146,147]. It is thus likely that TRP channels located in the central
terminal of a pruriceptive primary-afferent neuron are involved in the modulation of itch sensation.
Although proteinase-activated receptor (PAR)-2 in the peripheral terminal of a primary-afferent neuron
is involved in the production of itch [148,149], other types of PAR may play a role in modulating
pruriceptive transmission in the spinal dorsal horn. Fujita et al. [150] have reported that PAR-1
activation presynaptically increases spontaneous excitatory transmission in adult rat SG neurons.
The findings about plant-derived stereoisomers, mentioned in this review article, may serve to know
how to modulate itch transmission in the spinal dorsal horn.

There are known to be species differences on the pharmacology of TRP channels. For example,
Jordt and Julius [151] have found out that chicken TRPV1 channel has a much less sensitivity to
capsaicin than rat one. Rat and human TRPV1 channels were about 100-fold more sensitive to capsaicin
than rabbit one [152]. 4-Methyl-N-[2,2,2-trichloro-1-(4-nitro-phenylsulfanyl)-ethyl]-benzamide
activated rat TRPA1 channel while blocking human TRPA1 activation by reactive and nonreactive
agonists [153]. Caffeine inhibited human TRPA1 channel but activated mouse TRPA1 channel [154].
A967079 blocked mammalian TRPA1 channel [155], but failed to inhibit chicken TRPA1 channel [156].
It remains to be investigated whether a difference in TRP activation among plant-derived stereoisomers
is seen in animal species other than rats.

6. Conclusions

Plant-derived chemical stereoisomers, i.e., thymol and carvacrol, (´)-carvone and (+)-carvone, or
1,8-cineole and 1,4-cineole, activated TRP channels in the SG in a manner different from each other in
the extent and the types of TRP channels activated. TRP channels expressed in the central terminals of
DRG neurons are thus suggested to have an ability to discriminate stereoisomers.
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Abstract: The transient receptor potential melastatin-subfamily member 7 (TRPM7) is a ubiquitously
expressed ion channel with intrinsic kinase activity. Molecular and electrophysiological analyses
of the structure and activity of TRPM7 have revealed functional coupling of its channel and kinase
activity. Studies have indicated the important roles of TRPM7 channel-kinase in fundamental
cellular processes, physiological responses, and embryonic development. Accumulating evidence
has shown that TRPM7 is aberrantly expressed and/or activated in human diseases including cancer.
TRPM7 plays a variety of functional roles in cancer cells including survival, cell cycle progression,
proliferation, growth, migration, invasion, and epithelial-mesenchymal transition (EMT). Data from
a study using mouse xenograft of human cancer show that TRPM7 is required for tumor growth
and metastasis. The aberrant expression of TRPM7 and its genetic mutations/polymorphisms have
been identified in various types of carcinoma. Chemical modulators of TRPM7 channel produced
inhibition of proliferation, growth, migration, invasion, invadosome formation, and markers of
EMT in cancer cells. Taken together, these studies suggest the potential value of exploiting TRPM7
channel-kinase as a molecular biomarker and therapeutic target in human malignancies.

Keywords: transient receptor potential; TRP; TRPM7; ion channel; cancer; biomarker; therapeutic
target

1. Introduction

Ion channels play oncogenic and tumor suppressive roles in the pathogenesis of malignant
neoplasms, and they have been implicated in the various hallmarks of cancer [1]. The transient receptor
potential (TRP) superfamily of protein function as channels that control passage of various ions across
biological membranes [2]. Activation of TRP channels typically results in transmembrane flow of
cations such as Ca2+ and Mg2+ and, consequently, modulation of the associated signaling pathways.
By detecting changes in various physical and chemical stimuli, TRP channels act as cellular sensors
and transducers and mediate a variety of physiological responses [3]. Of the eight sub-families in the
vertebral TRP family, the melastatin-subfamily (TRPM) possesses unique structural motifs and share
common architectural features [4]. Growing evidence has shown that the TRPM7 member plays crucial
roles in cellular processes, embryonic development, and human diseases, particularly cancer [5–8].
Accumulating data suggest the potential value of TRPM7 as a molecular biomarker and therapeutic
target in human malignancies [5,8,9].
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The biochemical and electrophysiological properties of TRPM7 have been determined by in vitro
assays, and the functional roles of TRPM7 have been studied in cultured cells and model organisms.
Under physiological conditions, TRPM7 is a divalent cation-selective channel, and it possesses protein
serine/threonine kinase activity [10–12]. The TRPM7 channel-kinase is ubiquitously expressed [13].
Spanning over 134.34 kb on the long arm of chromosome 15, the human TRPM7 gene consists of
39 exons, and four transcripts of its nine splice variants encode protein. The full-length human
TRPM7 transcript contains 7263 nucleotides, and the encoded protein is composed of 1865 amino
acids (MW 210 kDa) [14]. The basic structural features of the TRPM7 protein are shown in Figure 1.
As a regulator of ionic homeostasis, the TRPM7 channel preferentially permits the flow of Mg2+

and Ca2+, and the Mg2+ influx through the TRPM7 channel in certain cell types can lead to altered
intracellular levels of Ca2+ [12,15,16]. The physiologically essential divalent metal cations ( Zn2+, Mn2+,
Co2+) as well as environmentally toxic metals (Ni2+, Cd2+, Ba2+, Sr2+) are also permeable through
the TRPM7 channel [10,12,17]. In addition, as a member of the atypical protein kinase family called
alpha-kinases [18], TRPM7 can autophosphorylate its serine and threonine residues [19]. The roles of
the channel and kinase activities in the physiological functions of TRPM7 depend on the cell types and
the molecular context.

Figure 1. A schematic diagram to illustrate the protein structure of TRPM7 channel-kinase.
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The TRPM7 protein contains six transmembrane segments (S1 to S6), each about 21 amino acid (aa.)
residues in length. The amino (N) and carboxyl (C) terminal components embrace the transmembrane
segments. The channel pore (P) is shown slightly off plane and formed between S5 and S6. The two
negatively charged amino acids (E1047 and E1052) in the pore forming loop are important for Ca2+ and
Mg2+ permeability as well as pH sensitivity of the channel. Selected amino acid residues are shown
and they play important roles in the functions of TRPM7 channel and kinase. The numbers of the
amino acid residues correspond to human TRPM7 protein. This figure is adapted from Cells 2014, 3,
751–777 with permission from the publisher [5].

Experimental analyses of TRPM7 channel-kinase have revealed the molecular features that are
important for its physiological responses and biological functions of TRPM7 in normal and cancerous
cells. In vitro studies using site-directed mutagenesis in combination with electrophysiological
and biochemical studies have generated insights into the molecular basis underlying the TRPM7
channel-kinase activities. Moreover, the amino acid residues of the TRPM7 protein that modulates its
kinase activity, the sites of autophosphorylation and substrate binding, and their functional significance
have been determined [5,20]. A growing body of data have supported diverse roles of TRPM7 in
cellular proliferation, survival, differentiation, growth, and migration [5,21,22]. Studies using model
organisms have revealed the crucial roles of TRPM7 in embryogenesis as well as the requirement of
TRPM7 for development and functions of melanocytes, skeleton, thymus, nervous system, kidney,
exocrine pancreas, urinary bladder, and megakaryocytes/platelets [5,23–26]. Accumulating evidence
indicates that the TRPM7 channel-kinase plays oncogenic and tumor suppressing roles in various
types of malignant tumors.

This purpose of this article is to discuss the emerging roles of the TRPM7 channel-kinase in various
human malignancies, and the potential of exploiting TRPM7 as a cancer biomarker and therapeutic
target. In this article, I will provide a review of the expression of TRPM7 in cancer, the roles of TRPM7
in cancer cells including proliferation, survival, migration, invasion, and epithelial-mesenchymal
transition, as well as the role of TRPM7 in tumor growth and metastasis. The findings of TRPM7
genetic polymorphisms and mutations in various carcinoma will be presented. A list of chemicals that
modulate TRPM7 expression and/or channel activity will be summarized. Finally, I will discuss the
potential of developing TRPM7 channel-kinase as a molecular biomarker and therapeutic target for
achieving the goal of precision oncology.

2. Roles of TRPM7 in Human Cancer

The TRPM7 channel-kinase has been implicated in a variety of human malignant tumors.
In certain carcinoma examined, TRPM7 is aberrantly over-expressed in cell lines and/or tissues.
Consistent with the functional roles of TRPM7 in the normal cell types and during organogenesis,
numerous studies have shown that TRPM7 regulates cellular proliferation, survival, cell cycle
progression, migration, and invasion in cancer cell lines. The signaling mechanisms underlying
the biological functions of TRPM7 have been elucidated, and how aberrant expression and activity of
TRPM7 contributes to neoplasia has begun to be understood. The expression and functional roles of
TRPM7 in human malignant diseases are summarized in Table 1.

The functional roles of TRPM7 were examined by using RNA interference-mediated inhibition
of TRPM7 expression or by using chemical inhibitors of TRPM7 channel activities as indicated.
RNA interference is generally target-specific, though the extent of inhibition and the stability of
the interfering agents are issues of potential concern. While the chemical inhibitors are relatively
specific for TRPM7 activity, they may produce “off-target” effects depending on their concentrations
being used. This table is adapted and modified from Cells 2014, 3, 751–777 with permission from the
publisher [5].
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2.1. Expression of TRPM7 in Cancer

While it is ubiquitously expressed in normal tissues and cells, TRPM7 is aberrantly over-expressed
in various types of malignant neoplasms (Table 1). Studies have demonstrated increased expression of
TRPM7 in a panel of human pancreatic adenocarcinoma cells and tissues [9,27–31]. For each histological
type of pancreatic tumors, the proportions of samples with corresponding TRPM7 expression levels
have been reported [31]. The expression levels of TRPM7 in pancreatic adenocarcinoma tissues were
found to positively correlate with the primary tumor size and tumor stages. These results suggest
that aberrant over-expression of TRPM7 is associated with pancreatic tumor growth and metastasis.
Besides pancreatic cancer, TRPM7 is aberrantly over-expressed in the cell lines and tissues of breast
cancer [33] and glioblastoma [57]. Somatic mutations or polymorphisms of TRPM7 have been identified
in breast carcinoma [40], gastric carcinoma [40], colon carcinoma [52], and ovarian carcinoma [40].
While the significance of those mutations and polymorphisms of TRPM7 remains to be determined,
the Thr1482Ile polymorphism was shown to be associated with elevated dietary Ca2+:Mg2+ ratio and
risk of colonic polyps [52].

2.2. Roles of TRPM7 in Proliferation of Cancer

The proliferative role of TRPM7 has been demonstrated in a variety of malignant tumors including
pancreatic adenocarcinoma, breast carcinoma, head/neck carcinoma, retinoblastoma, and glioblastoma.
In studies using human pancreatic adenocarcinoma cell lines, TRPM7 channels have been shown to be
necessary for maintaining proliferation and preventing replicative senescence [9,27,30]. Additionally,
downregulation of TRPM7 in human pancreatic cancer cells led to inhibition of proliferation by
arresting the cells in the G0/G1 and G2/M phases of the cell cycle; these effects could be reversed by
Mg2+ supplementation [9,27,30,31]. Moreover, small interfering RNA mediated silencing of TRPM7
induced senescence-associated β-galactosidase in pancreatic adenocarcinoma cells, suggesting a novel
role of ion channels in replicative senescence of cancer [30]. Besides pancreatic cancer, TRPM7 is
required for proliferation of cancer cells derived from a variety of malignant tumors. These include
breast carcinoma [33], head/neck carcinoma [45], retinoblastoma [47], prostate carcinoma [56], T cell
leukemia and rat basophilic leukemia [53], hypopharyngeal squamous cell carcinoma [46], and
glioblastoma [57–59]. These results indicate that TRPM7 is required for proliferation of cancer cells
and support a potential role of TRPM7 channels in tumor growth.

2.3. Roles of TRPM7 in Survival of Cancer Cells

A pro-survival role of TRPM7 channels has been demonstrated in various cancer cells, including
pancreatic adenocarcinoma, gastric carcinoma, and breast carcinoma. In pancreatic cancer cells,
small interfering RNA (siRNA)-induced knockdown of TRPM7 induced cell death without causing
apoptosis [30]. In gastric cancer cells, TRPM7 is required for Mg2+-dependent cell survival, and
involved in ginsenoside Rd-induced apoptosis [41–43]. In breast cancer cells, TRPM7 in involved in
ginsenoside Rd-induced apoptosis [37]. Results of these studies suggest the mechanisms that mediate
TRPM7-induced cell death may depend on the cell types; however, they support a role of TRPM7 in
promoting survival of cancer cells and tumor growth.

2.4. Roles of TRPM7 in Migration and Invasion of Cancer Cells

Downregulation of TRPM7 in human cancer cells impaired cell migration and invasion; these
effects could be reversed by Mg2+ supplementation. TRPM7 is required for cell migration in
breast carcinoma that involves the kinase domain of TRPM7 as well as phosphorylation of Src and
MAPK [32,34,36]. Similarly, TRPM7 is required for cell migration in nasopharyngeal carcinoma [44]
and lung carcinoma [50]. In pancreatic adenocarcinoma, TRPM7 is required for Mg2+-dependent cell
migration [9,28] and cell invasion [31]. These results indicate that TRPM7-regulated Mg2+ homeostasis
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and the associated signaling are required for migration and invasion of cancer cells, and support a
potential role of TRPM7 channels in tumor metastasis.

2.5. Role of TRPM7 in Epithelial-Mesenchymal Transition

Functional expression of TRPM7 plays a regulatory role in epithelial-mesenchymal transition
(EMT), which represents a tumor microenvironment-induced invasive phenotype adopted by cancer
cells in metastasis. Epidermal growth factor (EGF)- or hypoxia-induced EMT is associated with
a transient elevation of intracellular Ca2+ and activation of signal transducer and activator of
transcription 3 (STAT3). Silencing of TRPM7 in a breast cancer cell line (MDA-MB468) produced
suppression of EGF-induced expression of vimentin and phosphorylation of STAT3, which are markers
of EMT [39]. These data suggest that TRPM7 channel is involved in EMT and tumor metastasis.

2.6. Roles of TRPM7 in Cancer Growth and Metastasis

In vivo studies have provided insights into the roles of TRPM7 in tumorigenesis. Using a mouse
xenograft model of human breast carcinoma, TRPM7 has been shown to be required for tumor
metastasis [32]. This process involves TRPM7-mediated modification of focal adhesion number,
cell–cell adhesion and polarized cell movement through regulation of myosin II–based cellular tension.
These data are consistent with the in vitro evidence for the requirement of TRPM7 in cancer cell
migration and invasion and supportive of a mechanosensory role of TRPM7 in tumor metastasis.

2.7. Signaling Mechanisms for Functional Roles TRPM7 in Cancer

The signaling pathways and the mechanisms that mediate the various cellular effects of TRPM7
in cancer cells have been elucidated. Depending on the cell types, the TRPM7 channel–kinase may
interact and modulate the signaling pathways that mediate the effects of mitogens and inflammatory
cytokines [22,27,50,58,60–67]. In a working model (Figure 2), the TRPM7 channel-kinase acts as a
cellular sensor of the physical and chemical stimuli such as mechanical stretch, oxidative stress, changes
in cell volume or osmolar gradient, and alterations in extracellular or cytosolic pH. It also acts as
a signal transducer by controlling ionic fluxes and modulating the mitogen- and cytokine-induced
signaling pathways. Hypothetically, aberrantly expressed TRPM7 and dysregulated homeostasis of
Mg2+ and Ca2+ in cancer cells modulate the epidermal growth factor (EGF)- or other mitogen-induced
signaling pathways. These lead to perturbation of the signaling mediators and nuclear events, resulting
in uncontrolled proliferation, survival, growth, and invasion of cancer cells.

The TRPM7 channel and kinase are constitutively active in resting cells. In response to
physicochemical stimuli in the extracellular medium and in the cytosol, conduction of Mg2+ and
Ca2+ through the TRPM7 channel can be positively or negatively regulated. The TRPM7 kinase
can auto-phosphorylate itself and also phosphorylate various substrates in the cytocol. The resultant
perturbation of ionic homeostasis and series of phosphorylation events produce activation or inhibition
of the signaling molecules downstream of epidermal growth factor or other cytokines. Those signaling
events induce transcription and translation of the cell cycle regulators, senescence-associated genes,
and motility factors. These lead to a number of biological processes including cellular survival,
proliferation, differentiation, growth, adhesion, rounding, migration, and invasion. Such cellular
effects underlie TRPM7 channel-kinase mediated functions in physiological responses, embryonic
development, and diseases such as cancer. This figure is adapted and modified from Cells 2014, 3,
751–777 with permission from the publisher [5].
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Figure 2. A working model of the signaling mechanisms that mediate the functional roles of TRPM7.

3. TRPM7 Channel as Molecular Biomarker and Therapeutic Target in Cancer

The findings of over-expression of TRPM7 protein and genetic mutations/polymorphisms
in the TRPM7 gene in (pre)malignant diseases suggest the potential of exploiting it as a cancer
biomarker. In pancreatic adenocarcinoma, a positive correlation was identified between the aberrant
over-expression of TRPM7 and the tumor size/stages [31]. Results from the epidemiological study
demonstrate that the TRPM7 variant T1482I, which was previously identified in patients with
neurodegenerative diseases, is associated with dietary intake of Ca2+/Mg2+ and formation of the
pre-malignant colonic adenoma/polyps [52]. Moreover, somatic mutations in TRPM7 have been
identified in breast carcinoma (T720S, Thr->Ser), gastric carcinoma (M830V, Met->Val), and ovarian
carcinoma (S406C, Ser->Cys) [40]. While the functional significance of these mutations remain to
be determined, these data suggest the potential of exploiting TRPM7 as a molecular biomarker for
prevention, early detection, and prognostication of cancer.

Furthermore, the aberrant expression and/or activity of TRPM7 in malignant tumors offer the
opportunity of targeting TRPM7 for treatment of patients with cancer. A number of chemicals that
modulate the expression and channel activity of TRPM7 have been identified and characterized [68].
These are not only valuable research tools to probe the mechanisms underlying the electrophysiological
and cellular functions of TRPM7, but also potential therapeutic agents for various diseases, particularly
cancer (Table 2).
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Those chemical modulators can inhibit the TRPM7 channel activity and/or expression have been
studied [37–39,42,46,53,54,57–59,69–76]. These inhibitors of TRPM7 channels include non-specific
channel blockers, compounds derived from natural sources, and synthetic compounds. Most of their
inhibitory actions are reversible at the concentrations tested and their IC50 values in the μM range.
The chemical inhibitors of TRPM7 have been extensively used to study the mechanisms of the TRPM7
channel and kinase, and some of them show potential for therapeutic application.

On the other hand, a set of small molecule chemicals that activate the TRPM7 channel has been
identified and characterized [77]. Among these TRPM7 agonists, the δ–opioid receptor antagonist,
naltriben, has been studied in detail. It was proposed that naltriben is a positive gating modulator of
a TRPM7 channel, with a reversible stimulatory effect on the TRPM7 channel that is independent of
[Mg2+]ic, and an EC50 20.7 μM [77]. In a recent report, two positive modulators of TRPM7, mibefradil
and NNC 50-0396, have been recovered from a high throughout screen [78]. Mifebradil was shown
to reversibly activate TRPM7-mediated Ca2+ entry and whole cell currents. In contrast to naltriben,
mifebradil activates the TRPM7 channel only at physiological [Mg2+]ic. These TRPM7 channel agonists
will be useful tools to study the mechanistic actions of TRPM7, and their biological effects and potential
medical applications remain to be determined.

Some of the TRPM7 modulators have been tested in cancer cells, such as a clinically used anesthetic
(midazolam), naturally occurring compounds (ginsenoside Rg3, ginsenoside Rd, waixenicin A,
carvacrol, and xyloketal B), and the synthetic compound NS8593. The chemically induced blockade
of TRPM7 expression or its channel activity produces a variety of cellular effects including
inhibition of cancer cell survival, proliferation, migration, invasion, and invadosome formation
(Table 2). This suggests the potential value of developing these chemical modulators of TRPM7
into anti-cancer therapeutics.

4. Conclusions

TRPM7 is a ubiquitously expressed ion channel with intrinsic kinase activity that plays regulatory
roles in a variety of cellular processes, physiological responses, early development, organogenesis,
and human diseases, particularly cancer. Experimental evidence implicates important roles of the
TRPM7 channel-kinase in the hallmarks of cancer, including uncontrolled cell cycle progression,
survival, proliferation, growth, migration, invasion, epithelial-mesenchymal transition, and metastasis.
While the functions mediated by TRPM7 in cancer appear to depend on the organ involved,
the signaling mechanisms that mediate the functional roles of TRPM7 are related to the cellular
and molecular context.

Future studies are indicated to understand how the TRPM7 channel-kinase sensing the physical
and chemical changes inside the cells and in the microenvironment contributes to neoplasia. Animal
models are urgently needed to determine the mechanistic roles of TRPM7 channel-kinase in the
multistep process of carcinogenesis, such as tumor initiation, growth, invasion, and metastasis.
The aberrant expression of TRPM7 and its genetic mutations/polymorphisms in malignant tumors
suggest the opportunity for developing it as a clinical biomarker for prevention and early detection
of cancer. Pharmacological inhibition of the TRPM7 channel in conjunction with genetic silencing
of TRPM7 expression have not only provided mechanistic understanding of the biological functions
of TRPM7, but also offer new hope for developing targeted therapeutics for achieving the goal of
precision oncology.
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Abstract: During the last three to four decades the prevalence of obesity and diabetes mellitus has
greatly increased worldwide, including in the United States. Both the short- and long-term forecasts
predict serious consequences for the near future, and encourage the development of solutions for
the prevention and management of obesity and diabetes mellitus. Transient receptor potential (TRP)
channels were identified in tissues and organs important for the control of whole body metabolism.
A variety of TRP channels has been shown to play a role in the regulation of hormone release,
energy expenditure, pancreatic function, and neurotransmitter release in control, obese and/or
diabetic conditions. Moreover, dietary supplementation of natural ligands of TRP channels has been
shown to have potential beneficial effects in obese and diabetic conditions. These findings raised the
interest and likelihood for potential drug development. In this mini-review, we discuss possibilities
for better management of obesity and diabetes mellitus based on TRP-dependent mechanisms.

Keywords: TRPV1; TRPM; TRPA1; obesity; diabetes mellitus; metabolism; glucose homeostasis

1. Introduction

The World Health Organization estimates that obesity doubled between 1980 and 2014, with 39%
of adults being overweight and 13% being obese in 2014. In the United States the statistics are
similarly alarming, more than one-third of the adults are obese and 17% of youth are also obese [1,2].
The consequences of obesity are severe including higher mortality rate, hypertension, dyslipidemia,
heart disease, stroke, type 2 diabetes mellitus (T2DM), and many more.

Among the various pathophysiological conditions, T2DM is very prevalent and affects
approximately 10% of the population worldwide. Lifestyle changes including weight loss can
result in better glucose management; however, lifestyle changes require disciplined behavior and
frequent monitoring. Unfortunately, patients often give up before reaching their goals or detectable
results. In recent years, bariatric surgery has emerged as an effective treatment for improvement
or remission of T2DM; however, due to the invasiveness of the procedure and potential surgical
complications, bariatric surgery is not the most feasible solution. The most common treatments are still
pharmacological interventions. Current pharmacological treatments mainly target the end organs by
increasing insulin secretion from pancreatic beta cells (e.g., sulfonylureas), increasing tissue sensitivity
to insulin (e.g., metformin), modulating the glucagon-like peptide 1 (GLP-1) system, preventing
glucose reabsorption in the kidneys (SGLT2 inhibitors) or administering insulin. Despite the existing
treatments, new therapeutic interventions are in great demand, therefore, every new idea, pathway,
receptor, or compound (natural or synthetic) which has the potential of developing a new class of
drugs for weight and/or glucose management receives attention.
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Members of the transient receptor potential (TRP) family have been identified as key contributors
in many physiological and pathophysiological conditions [3]. TRP channels were identified in
numerous metabolically important tissues. Members of the canonical (TRPC), melastatin (TRPM),
ankyrin (TRPA1), and vanilloid (TRPV) subfamilies were found to be expressed in the pancreas [3,4],
liver, gastrointestinal tract [5], skeletal muscle, kidney [6–8], adipose tissue [9–12], heart [13–15],
vasculature [16–18], and nervous system [19,20], including autonomic centers of the brain [21,22].
Despite that TRP channels and their natural ligands received considerable attention in the field of
obesity and diabetes [4,23–28], their role in many of the metabolic processes are still debated and under
investigation. This mini-review summarizes findings demonstrating functional roles of TRP channels
in obese and diabetic conditions.

2. TRPV1 for the Prevention and Treatment of Obesity and Diabetes Mellitus

TRPV1 is one of the most studied TRP channels even in the context of obesity and diabetes
mellitus. TRPV1, the first described member of the vanilloid subfamily, was cloned in 1997 [29].
It is a nonselective cation channel with permeability to Ca2+. In the past decades TRPV1 was
extensively researched and investigated as potential drug target for a variety of applications [23,30,31].
Numerous findings related to TRPV1 including its structure, species-related differences, topology,
agonists, antagonists, cellular mechanisms, and pharmacological applicability can be found elsewhere
including in a review by Nilius and Szallasi [23]. TRPV1 is activated by a variety of exogenous and
endogenous ligands [23,32]. Among the well-known exogenous ligands, capsaicin—the pungent
ingredient of hot peppers—is investigated the most for its beneficial effects on body weight and
metabolism. Capsaicin-binding site of TRPV1 is intracellular [33]. Activation of TRPV1 results in
influx of cations and leads to depolarization of the cell [34,35]. Capsaicin specifically binds to TRPV1;
however, we have to keep in mind that capsaicin is able to cause disruption in the organization of
membranes due to its localization in the lipid bilayer [36–38]. This might have important implications
for delivery of drug molecules and may result in a TRPV1-independent effect.

Among the numerous physiological functions, TRPV1 has been proposed to have functional
roles in a variety of metabolically important tissues including the pancreas [39,40], gastrointestinal
tract [41], adipose tissue [9,12], and nervous system [21,42]. In this section, based on human and
animal model studies, we provide a brief overview of TRPV1’s potential for improvement of obese
and diabetic conditions.

2.1. Dietary Interventions and Possible Mechanisms in Human and Animal Model Studies

Ingredients of spices, such as capsaicin in red peppers, are well-known for a variety of effects.
Recently, Nilius and Appendino published a detailed overview about the beneficial science of spices,
focusing on TRPs [28], while in this section we summarize dietary interventions and potential
underlying mechanisms related to TRPV1.

Previous studies in male human subjects examined the effects of red pepper diet and demonstrated
a trend for increased energy expenditure (EE), significantly higher carbohydrate oxidation, and lower
lipid oxidation [43]. This increased EE immediately after a red pepper containing meal was proposed to
be due to beta-adrenergic stimulation [43]. Increased carbohydrate oxidation and elevated epinephrine
and norepinephrine levels following dietary red pepper ingestion were confirmed in men by another
study [44].

In Japanese female subjects, diet-induced thermogenesis and lipid oxidation was higher following
red pepper diet compared to the control diet [45]. On the other hand, Matsumoto and co-workers found
that diet-induced thermogenesis was increased in the age- and height-matched lean control group;
however, there was no thermogenic response detected in the obese group [46]. The study demonstrated
that despite the identical resting sympathovagal activities, reduced sympathetic responsiveness to
the capsaicin diet exists in obese females. This reduced sympathetic responsiveness likely leads
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to impairment of the diet-induced thermogenic response and could be an important factor in the
development of obesity in female subjects [46].

A crossover study with male and female participants also aimed to determine the effect of
a capsaicin-containing lunch on EE and hormone levels [47]. This study revealed increased GLP-1
levels and a decreasing trend in ghrelin levels; however, no effect on satiety, EE, and peptide YY
levels were observed [47]. The negative finding on satiety was in disagreement with a previous
study from the same group, in which significantly higher feelings of satiety were seen after capsaicin
supplementation over two days compared to placebo [48]. The authors suggested that the satiety
feeling observed after capsaicin need to be built up, and the postprandial state may mask the effects of
capsaicin in general [47,48].

Many of the studies demonstrating beneficial findings of capsaicin investigated a single meal
in a small group of lean subjects [45,49], while other studies focused on determining the effects of
weeks long chili diet. The effect of daily ingestion of chili pepper for four weeks was investigated
on the resistance of serum lipoproteins to oxidation in healthy men and women [50]. The rate of
oxidation was lower following the chili pepper diet compared to the bland diet, suggesting that regular
consumption of the chili diet for an extended period inhibits oxidation of serum lipoproteins; however,
in addition to capsaicin, other ingredients of chili pepper can contribute to these findings [50].

On the other hand, the same group revealed no obvious beneficial or harmful effects on metabolic
and vascular parameters, but suggested that four week long chili consumption may reduce resting
heart rate and increase effective myocardial perfusion pressure time in men [51].

A crossover intervention study by the same group used two dietary periods of four weeks each
and measured EE, serum insulin, C-peptide, and glucose levels following a bland meal after bland
diet, a chili meal after bland diet, and a chili meal after chili-containing diet and suggested that regular
consumption of chili may attenuate postprandial hyperinsulinemia [52].

Lejeune and co-workers revealed no difference in body weight maintenance after body weight loss
following capsaicin consumption for multiple weeks compared to the placebo group [53]. However,
substrate oxidation was affected by capsaicin, which was consistent with the observation of a short-term
study by Yoshioka [54].

In general, as demonstrated by the abovementioned examples, in human subjects there are
controversial findings regarding capsaicin containing diets, and clearly more detailed studies
are necessary to make a conclusion about the dietary effects of capsaicin and TRPV1-activating
supplements. We also have to note that many variables including age, metabolic status, postprandial
state, sex, the diet itself (e.g., chili pepper vs. capsaicin), and many more can profoundly influence or
even mask the metabolic effects in the above-discussed human studies.

Despite that the animal model studies are more mechanistic, they also revealed controversial
findings about the metabolic effects of TRPV1 activation. Major dietary and topical interventions in
obese and diabetic conditions were recently reviewed in more detail [4,26]. Briefly, it has been reported
that TRPV1 activation with capsaicin prevented adipogenesis and obesity [9]. The study verified TRPV1
expression in 3T3-L1-preadipocytes and visceral adipose tissue from mice and humans. The findings
revealed that capsaicin dose-dependently increased intracellular calcium in 3T3-L1-preadipocytes,
which indicates inhibition of preadipocytes’ differentiation. The capsaicin-dependent calcium increase
was significantly lower in mature adipocytes compared to preadipocytes, which was consistent with
the observed TRPV1 downregulation during adipogenesis [9]. This study also revealed that both
db/db and ob/ob mice have lower TRPV1 expression in their visceral adipose tissue compared with
the lean controls. Indeed, lower TRPV1 expression was determined in visceral and subcutaneous
adipose tissue of obese men compared to lean men [9]. These observations suggest that downregulation
of TRPV1 in visceral adipose tissue is a common finding both in animal models of obesity and diabetes,
and in human subjects.
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Dietary capsaicin (0.01%) did not affect the body weight of mice on normal chow diet; however,
dietary supplementation of capsaicin to high fat diet (HFD) treated mice prevented obesity, which
was not observed in TRPV1 knockout mice [9]. The prevention of obesity was associated with small
adipocyte size and increased TRPV1 expression. These findings suggest that activation of TRPV1
triggers calcium influx, and leads to prevention of adipogenesis and TRPV1 downregulation that may
result in attenuation of obesity in mice kept on HFD.

A more recent study evaluated the effect of dietary capsaicin (0.01%) on browning of white
adipose tissue (WAT) [55]. Capsaicin diet prevented the weight gain of wild type mice on HFD, while
this effect was not observed in TRPV1 knockout mice. HFD downregulated the expression of TRPV1
in epididymal and subcutaneous fat pads, and the capsaicin diet prevented this downregulation and
caused browning of WAT. The prevention of obesity was associated with increased uncoupling protein
1 (UCP1) expression levels, and increased sirtuin-1 expression and activity. These findings were due to
TRPV1-dependent increase of Ca2+ and phosphorylation of CaMKII and AMPK. TRPV1 activation
elevated metabolic and ambulatory activities and induced browning of WAT likely via peroxisome
proliferator-activated receptor gamma (PPAR-γ)/PRDM-16 interaction [55]. These results suggest that
TRPV1 activation could be used to promote browning of WAT and thus decrease obesity (Table 1).

Table 1. Transient receptor potential (TRP) channels and their potential role in metabolism.

Title TRPV1 TRPA1 TRPM2 TRPM3 TRPM5

Natural ligands for
dietary
interventions

capsaicin; red pepper;
chili; capsinoids;
capsiate

cinnamon;
cinnamaldehyde; AITC

Synthetic small
molecule
modulators

BCTC [56];
AZV1 [57];
AMG 517

methyl syringate [58];
glibenclamide [59] CIM0216 [60]

Pancreas insulin + [40] insulin + [59,61] insulin + [62,63] insulin +
[60,64,65] insulin + [66]

GI hormones and
GI tract

GLP-1 + [47]
ghrelin − [47]

GLP-1 + [67]
ghrelin − [68];
peptide YY [58];
gastric and gut motility
− [58,68]

GLP-1 + [69]

WAT

adipogenesis − [9];
browning + [12,55];
fat oxidation + [45,70];
leptin − [70,71];
adiponectin + [72]

fat oxidation + [68];
leptin − [73]

BAT thermogenesis +
[12,45,46,71] thermogenesis + [73,74]

Nervous system
satiety + [48]; neuronal
excitability + [21,22,42];
gene expression [71]

gene expression [73] neuronal
excitability [75]

neuronal
excitability + [76]

AITC: allyl isothiocyanate; GLP-1: glucagon-like peptide 1; +: increase, −: decrease.

We have to mention that in addition to TRPV1, TRPV3 and TRPV4 have been shown to have
functional roles in adipocytes. Recently, higher expression of TRPV3 was found in adipocytes when
compared to other TRPVs. Activation of TRPV3 was shown to prevent lipid accumulation and
adipogenesis by inhibiting the phosphorylation of insulin receptor substrate 1 and the expression of
PPAR-γ [77]. Moreover, HFD-treated, db/db, and ob/ob mice had reduced TRPV3 expression in their
visceral adipose tissue, whereas chronic treatment with TRPV3 agonists prevented adipogenesis and
weight gain in HFD-treated mice [77].

In contrast, Ye and co-workers found that TRPV1, TRPV2, and TRPV4 mRNA are expressed
in 3TT-F442A adipocytes, but their study showed a lack of TRPV3 mRNA. TRPV4 was expressed
at the highest level [78], which confirmed previous observations revealing TRPV4 expression in
adipose tissue [79]. Furthermore, Ye’s paper determined that TRPV4 is a negative regulator of
oxidative metabolism and it controls proinflammatory gene programming. In TRPV4 knockout
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mice the subcutaneous adipose tissue showed higher UCP1 mRNA and protein expression levels
compared to controls. Elevated EE was found in the TRPV4 knockout mice, which was associated with
the elevated thermogenic gene programming. In addition, TRPV4 knockout mice were protected from
diet-induced obesity and insulin resistance [78]. Taken together, strong evidence suggests that TRPVs
including TRPV1, TRPV3, and TRPV4 likely have important functional roles in adipocytes.

The effect of dietary hot pepper (1%) was determined to be beneficial to attenuate diet-induced
obesity in rabbits [80]. TRPV1 mRNA was detected in various tissues of the rabbit with high similarity
to human TRPV1. Rabbits fed with dietary hot pepper consumed similar amount of food; however,
the hot pepper fed group gained less weight compared to the control group. This was associated with
decreased adipose tissue and ratio of adipose tissue to body weight [80]. On the other hand, previous
studies found that rabbits are insensitive to capsaicin and do not have resiniferatoxin binding sites [81].
It was later found that two amino acid substitutions in rabbit TRPV1 render the protein >100-fold less
sensitive to vanilloids and RTX [82]. Therefore, it is debatable that the beneficial effects of dietary hot
pepper observed by Yu [80] are mediated by capsaicin-dependent TRPV1 activation.

Male C57Bl/6 mice were kept on HFD for ten weeks and then received capsaicin (0.015%)
supplement [70]. Dietary capsaicin resulted in lower fasting glucose, insulin, and leptin levels.
In addition, it also attenuated the impairment of glucose tolerance, likely by reducing inflammatory
responses and increasing fatty acid oxidation [70]. In another study by the same group, genetically
obese diabetic mice (KKAy) were subjected to an HFD for two weeks then received capsaicin [72].
Dietary capsaicin reduced fasting glucose, insulin, and triglyceride levels, while adiponectin levels
and its receptor expression were increased and inflammatory gene expression was decreased, resulting
in reduced metabolic dysregulation.

In Swiss albino mice the effect of three month long treatment with capsaicin (2 mg/kg) plus
HFD were compared with control diet and HFD [71]. The results demonstrated that capsaicin
supplementation to HFD modulated hypothalamic satiety genes, altered gut microbial composition,
induced browning of subcutaneous WAT, and increased thermogenesis in brown adipose tissue
(BAT). Capsaicin-treated mice on HFD gained less weight than mice on HFD only. Fasting glucose
levels were not different among the groups, whereas leptin and TNFα levels were decreased in the
capsaicin-treated mice compared with the HFD group [71]. Hypothalamic expression of TRPV1 was
downregulated in HDF mice and capsaicin treatment increased TRPV1 expression. Anorectic genes
including peptide YY, brain-derived neurotrophic factor (BDNF) and CART prepropeptide were
enhanced in capsaicin-treated HDF mice compared with HFD mice, while expression of orexigenic
genes were reduced following capsaicin in the diet, with the exception of melanin-concentrating
hormone receptor 1, hypocretin (orexin), and neuropeptide Y (NPY) [71]. The authors hypothesized
that capsaicin activates vagal TRPV1 or afferent nerves in the gastrointestinal tract and thus influences
hypothalamic TRPV1 and other genes’ expression.

Furthermore, TRPV1 is also known to modulate insulin secretion and pancreatic function,
including development of islet inflammation and type 1 diabetes mellitus. These findings were
described and reviewed earlier in detail [23–26,39,83].

2.2. Behind the Scene: Activating or Antagonizing TRPV1 for Treating Obesity and Diabetes Mellitus

Despite that various studies investigated TRPV1 activation, it is not clear whether activation or
inhibition would be a better approach for the modulation of metabolism. Capsaicin-desensitized rats were
protected from obesity despite atrophied BAT [11,84,85]. The body weight of capsaicin-desensitized
rats was significantly lower 14 and 32 weeks after treatment. The lower body weight was associated
with reduced food intake, smaller epididymal and retroperitoneal WAT depots, smaller interscapular
BAT, decreased total protein, UCP, and cytochrome oxidase in BAT; however, the resting metabolic
rate and colonic temperature of the groups were not different [11].
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On the other hand, adult male rats, which were neonatally treated with capsaicin, did not differ in
body weight, basal plasma leptin, or fasting leptin, insulin, adiponectin, and corticosterone levels [86].
Glucose levels following intravenous glucose tolerance tests were similar in the capsaicin-treated and
vehicle-treated rats [86]. However, the capsaicin-treated rats displayed reduced plasma insulin and
corticosterone responses, indicating increased insulin sensitivity and lower plasma corticosterone
levels [86]. The increased insulin sensitivity was also supported by euglycemic hyperinsulinemic
clamp studies [87]. Koopmans and co-workers suggested that adult rats with neonatal capsaicin
treatment exhibit decreased corticosterone levels, which could contribute to amplified insulin action
during hyperglycemia [86].

Studies using TRPV1 knockout mice also revealed conflicting results. On one hand, TRPV1
knockout mice gained less weight following HFD compared with wild-type mice [88]. In this study
wild-type and TRPV1 knockout mice had similar energy intake, but TRPV1 knockout mice had greater
thermogenic capacity. In contrast, in a more recent study TRPV1 knockout mice kept on HFD became
more obese than the wild-type mice kept on the same HFD [89]. TRPV1 knockout mice on HFD
were significantly heavier than the wild-type mice after one month of HFD, which was mainly due to
increased whole-body fat mass. Indirect calorimetry demonstrated increased food intake of TRPV1
knockout mice on day 3. Decreased physical activity was observed during the night-cycle, which
was consistent with reduced night-cycle energy expenditure rates in TRPV1 knockout mice [89].
TRPV1 knockout mice also developed more severe insulin and leptin resistance and they exhibited
dysfunctional hypothalamic leptin signaling.

Marshall and co-workers investigated metabolic and cardiovascular parameters and found that
wild-type and TRPV1 knockout mice gain a similar amount of weight on HFD [27]. In wild-type
mice, HFD was associated with increased mean arterial pressure, which was not observed in TRPV1
knockout mice. Furthermore, parameters of vascular hypertrophy showed an increase in wild-type
mice on HFD compared with TRPV1 knockout mice on HFD and mice on normal chow [27]. In the
HFD-treated groups, baseline glucose levels showed an increasing trend, and impaired glucose
tolerance was observed. Interestingly, glucose levels normalized faster in TRPV1 knockout mice,
which was indicated by the area under the curve. Interleukin 10 and 1β levels were significantly
elevated in wild-type, but not in TRPV1 knockout mice [27]. Based on their findings the authors
suggested that TRPV1 deletion may be protective against obesity-induced hypertension, and that
TRPV1 may contribute to the development of cardiometabolic disturbances. The role of TRP channels
in the cardiovascular system can be found elsewhere [90].

Promising findings have been identified with TRPV1 antagonists. Since agonists can prevent
TRPV1 signaling by desensitizing the receptor [17], TRPV1 antagonists may influence TRPV1
signaling by antagonizing the receptor, and thus improve obese and/or diabetic conditions.
BCTC N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)tetrahydropyrazine-1(2H)-carbox-amide,
a TRPV1 antagonist has been shown to inhibit TRPV1 signaling in cultured cells and was found
to decrease inflammation and neuropathic pain in vivo [91,92]. Tanaka and co-workers investigated
the effect of BCTC on whole-body glucose and lipid metabolism in ob/ob mice and compared the
effect of BCTC with pioglitazone, an insulin sensitizer [56]. The insulin-resistant, hyperinsulinemic
ob/ob mice were treated with BCTC or pioglitazone twice a day for four weeks. Plasma glucose levels
were decreased with a high dose BCTC (100 mg/kg) and the decrease was similar to pioglitazone.
Plasma insulin levels showed a dose-dependent decreasing trend following BCTC treatment, but
significance was observed only in the pioglitazone group [56]. Plasma triglyceride levels were
significantly lower both in the BCTC and pioglitazone-treated mice, which was accompanied with
a decreasing trend in calcitonin gene-related peptide. The oral glucose tolerance test indicated that
BCTC increased insulin secretion, but likely in a different way than pioglitazone, even though glucose
tolerance was improved by both drugs [56]. The authors also reported that BCTC did not alter insulin
or glucose levels in normoglycemic control mice, indicating that inhibiting TRPV1 could be more
important during the diabetic condition [56]. In summary, BCTC was shown to improve insulin
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resistance, which may be due to inhibiting TRPV1 in adipocytes and skeletal muscle. On the other
hand, increased insulin secretion was associated with BCTC in diabetic ob/ob mice. These findings
suggest that BCTC may have a dual effect by improving insulin resistance and enhancing insulin
secretion in ob/ob mice. We also have to note that BCTC is an antagonist of TRPM8 and we cannot
exclude a possible effect and/or interaction with TRPM8 channels [93].

More recently, at the European Association for the Study of Diabetes 2015, a novel TRPV1
antagonist, AZV1 by Astra Zeneca, was shown to improve insulin sensitivity in ob/ob mice [57].
Mice were treated daily with the TRPV1 antagonist AZV1 or vehicle for eight days. Body weight of
TRPV1 antagonist-treated mice was not different compared with vehicle-treated mice; however, the
glucose control of ob/ob mice was improved. Glucose levels, homeostatic model assessment and
fructosamine levels of the TRPV1 antagonist-treated mice were significantly decreased compared with
vehicle-treated mice. Moreover, increased liver weight was observed in the TRPV1 antagonist treated
mice [57]. The data demonstrated that AZV1 was well-tolerated without effects on food intake or
body weight, but it exerted an antidiabetic effect, which may be due to improved insulin sensitivity.
Findings from these two studies suggest that TRPV1 antagonism could be useful for the treatment of
type 2 diabetes mellitus; however, we have to note that these antagonist studies did not investigate
potential temperature changes.

Taken together, the beneficial effects of TRPV1 could be valuable; however, there are numerous
unanswered questions about the mechanisms underlying the findings. These include sensitization vs.
desensitization, important cell types/tissues/pathways underlying the effects (e.g., pancreatic beta
cells vs. sensory nerves), or the contribution of the sympathetic nervous system.

3. Role of TRPM Channels in Metabolism

Members of the TRPM family have highly variable permeability to Ca2+ and they lack the
N-terminal ankyrin repeats [23,94]. TRPM channels including TRPM2, TRPM3, TRPM4, and TRPM5
were identified as candidates to play a role in the regulation of metabolism [4].

Comprehensive metabolic studies were conducted to determine insulin sensitivity of TRPM2
knockout mice [95]. TRPM2 knockout mice were more insulin-sensitive due to increased glucose
metabolism in the heart. TRPM2 knockout mice exerted increased EE and elevated expression levels
of metabolic genes including peroxisome proliferator-activated receptor alpha (PPARα) and PPARγ
co-activator-1 alpha and 1 beta in WAT resulting in resistance to HFD. The hyperinsulinemic euglycemic
clamp studies showed that TRPM2 knockout mice are more insulin-sensitive and have elevated Akt
and glycogen synthase kinase 3β phosphorylation in the heart, and reduced inflammation in the liver
and adipose tissue [95]. These findings demonstrated that TRPM2 likely plays an important role in
whole-body metabolism.

TRPM2, in addition to TRPM3, TRPM4, and TRPM5, was described in rodent insulinoma cell
lines and in mouse islets. Moreover, transcripts of TRPM2, TRPM4 and TRPM5 have been identified
in human islets [96,97], suggesting that they may have an important functional role in the regulation
of pancreatic function and insulin secretion. TRPM2 is activated by a variety of stimuli including
reactive oxygen species (e.g., H2O2), glucose, and incretins [62,98,99]. In TRPM2 knockout mice plasma
insulin levels were reduced and glucose clearance was impaired. This was associated with decreased
insulin secretion initiated by incretins and glucose, and was supported by the observation that in the
β cells of TRPM2 knockout mice the increase of intracellular Ca2+ was impaired following stimulation
with incretins or insulin [99]. Since TRPM2 activity can be modulated by adenine dinucleotides,
intracellular Ca2+ levels, and incretin-induced PKA phosphorylation, the regulation of TRPM2 can
be more complex; however, it is undoubtedly an important mechanism for insulin secretion [62].
Involvement of TRPM2 in type 1 and type 2 diabetes mellitus has been suggested and the current
hypotheses, including impairment in insulin secretion due to dysfunction of TRPM2, have been
discussed in detail previously [63].
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TRPM3 is important for Zn2+ entry in β cells and might contribute to insulin synthesis [100].
This is supported by recent studies, which demonstrated expression of TRPM3 in rat pancreatic INS-1
insulinoma cells and in mouse pancreatic islets [101]. Previously it had been revealed that pregnenolone
sulfate, a canonical TRPM3 agonist, induces Ca2+ influx. The increase of Ca2+ is due to activation of
TRPM3 and L-type Ca2+ channels, and upregulation of genes, which lead to insulin secretion [64,65].
Recently, the roles of TRPM3 and L-type Ca2+ channels were clarified [101]. The authors concluded
that both TRPM3 and L-type Ca2+ channels are necessary for the pregnenolone sulfate mediated
gene stimulation in INS-1 cells cultured in low-glucose medium. These data suggest that activation
of TRPM3 following pregnenolone sulfate stimulation leads to an initial Ca2+ influx followed by
activation of L-type Ca2+ channels [65,101].

More recently, a synthetic small-molecule TRPM3 agonist, CIM0216, has been shown to stimulate
insulin release [60]. Pregnenolone sulfate, the well-known agonist of TRPM3 and CIM0216, caused Ca2+

increase in pancreatic islets and a dose-dependent increase of insulin release. The increase of insulin
release was not observed in TRPM3-deficient islets, further confirming the findings [60].

TRPM4 has been identified in several β cell lines suggesting non-species specific TRPM4
expression [102]. TRPM4 currents were characterized with a biphasic pattern following Ca2+ perfusion;
however, the activation and inactivation time varied among cell lines. Inhibition of TRPM4 decreased
the magnitude of Ca2+ signals, and it has been shown that blockade of TRPM4 decreased glucose
stimulated insulin secretion in INS-1 cells [103]. Marigo and co-workers suggested that in β cells,
TRPM4 may have a critical role in the regulation of membrane potential oscillations during glucose
stimulation [102,103]. In contrast, TRPM4 knockout mice did not show differences in glucose tolerance
test and glucose-induced insulin secretion from isolated islets compared to wild-type mice [104,105].
In addition, TRPM4 was proposed to be involved in glucagon secretion [105].

TRPM5 is important for the Ca2+ activated cation current in pancreatic β cells since this current
was reduced in TRPM5 knockout mice [66]. TRPM5 is suggested to play crucial role during glucose
stimulation, and it is likely responsible for the fast glucose-induced oscillations of membrane potential
and Ca2+ [66]. These fast oscillations are more efficient to trigger insulin release [106]. Furthermore,
impaired glucose tolerance was observed in TRPM5 knockout mice, supporting an important role
for TRPM5 in the regulation of metabolism [66]. Its role in the control of metabolism is further
demonstrated by the existence of TRPM5 in the enteroendocrine cells in the gastrointestinal tract.
Specifically, TRPM5 is expressed in the GLP-1 secreting L-cells, which are important for controlling
proper glucose homeostasis [69].

In addition, TRPM5 plays a role in taste signaling, and TRPM5 knockout mice develop severe
impairment in sweet, bitter, and umami taste signaling [107–109]. Interestingly, members of taste
signaling pathways including TRPM5 were identified in gastrointestinal L-cells, suggesting that
sweet taste signaling is directly involved in the release of GLP-1, and thus can have an important
role in glucose-mediated control of metabolism [69]. Manipulation of taste is also an approach
of pharmacological interventions for obesity prevention, and TRPM5 has been investigated for
potential taste modifications; details can be found elsewhere [110,111]. In addition, TRPM2, TRPM4,
and TRPM5 channels are identified in the brain and may play a role in neuronal excitability,
cell death, or neurodegeneration; however, their functional role in autonomic centers has not been
described [19,75,76] (Table 1).

4. Implications for TRPA1

TRPA1, currently the only member of the ankyrin family, was named after the high number of
ankyrin repeats. TRPA1 is a voltage-dependent, Ca2+-permeable cation channel. Like many of the
TRP channels, TRPA1 is also modulated by herbal compounds, suggesting the potential for alternative
dietary therapies. One of the natural compounds activating TRPA1 is cinnamon, a widely used spice,
which originates from the bark of trees of the Cinnamomum genus. In one study, cinnamon treatment
has been shown to improve the glucose and lipid profiles of type 2 diabetic patients [112], while other
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studies showed moderate improvement of glucose levels [113] or no effect [114]. We have to note that
age, sex, length of the disease, and many other variables may play a role in the outcome of the human
studies; therefore, it is too early to make a conclusion regarding the dietary benefits of cinnamon.

One of the main ingredients of cinnamon is cinnamaldehyde, which is a potent agonist of
TRPA1. Cinnamaldehyde effect was associated with inhibition of ghrelin secretion and gastric
emptying, whereas improved insulin sensitivity was observed [68]. In mice fed with high-fat
high-sucrose diet, cinnamaldehyde ingestion was associated with reduced visceral adipose tissue [115]
and increased fatty acid oxidation [68]. Recently it was shown that cinnamaldehyde (10 mg/kg)
administration prevented the increase of weight gain caused by HFD [73]. Serum leptin levels and
leptin/ghrelin ratio, a marker of weight gain, were decreased in the cinnamaldehyde-treated HFD
groups. In addition, cinnamaldehyde treatment increased the expression levels of anorexigenic
genes including pro-opiomelanocortin, urocortin, BDNF, and cholecystokinin [73]. The study also
determined that cinnamaldehyde prevented visceral WAT accumulation, increased BAT activity and
reduced inflammation, but did not affect gut microbial composition. Improved fasting blood glucose
levels and glucose tolerance were observed in ob/ob mice following cinnamon extract treatment [116].
This was associated with improved insulin sensitivity, locomotor activity and improved brain activity.

Allyl isothiocyanate (AITC), an ingredient of mustard, horseradish, and wasabi, is also a potent
TRPA1 agonist. It has been shown that intravenous injection of AITC induces adrenalin secretion.
This response was attenuated in the presence of cholinergic blockers, suggesting activation of the
adrenal sympathetic nerve through the central nervous system [117]. AITC increased thermogenesis
and expression of UPC1 [74]. Recently, dietary AITC was reported to protect against free fatty acid
induced insulin resistance, and it increased mitochondrial activity in skeletal muscle cells [118].
Dietary AITC reduced diet-induced obesity in C57Bl/6 mice and improved blood lipid profile
compared to HFD-treated mice. AITC also reduced high fat induced hepatic steatosis and
decreased hyperglycemia, hyperinsulinemia, HbA1C levels and ameliorated insulin resistance [118].
These findings suggest that activation of TRPA1 likely have beneficial effects; however, further studies
are necessary to reveal the exact underlying mechanisms.

Multiple methodological approaches were used to reveal TRPA1 expression in rat pancreatic
cells [61]. Expression of TRPA1 was confirmed in beta, but not in glucagon-secreting alpha cells,
and activation of TRPA1 stimulated insulin release synergistically with ATP-dependent potassium
channel (KATP) blockade [61]. The latter is further supported with the findings that glibenclamide,
a widely used KATP channel inhibitor is an agonist of TRPA1 [59], and it has been suggested that
the synergistic effect of TRPA1 and KATP channels underlies the hyperinsulinism in patients with
glibenclamide treatment.

Similar to TRPM5, TRPA1 is expressed in L-cells and TRPA1 agonist administration into the
duodenum or by gavage increased GLP-1 secretion [67]. On the other hand, the effect was not
eliminated in TRPA1 knockout mice. GLP-1 levels did not change following activation of TRPA1
despite elevation of peptide YY, and reduced gastric emptying and food intake [58]. In dogs, following
AITC, gastric and jejunum motility was increased, and this effect was prevented with ruthenium
red [119]. The potential role of TRPA1 on pancreatic, adipose tissue, and the autonomic nervous system
and its importance as a dietary supplement has been recently reviewed [26].

5. Conclusions

TRP channels are expressed in many tissues and organs important for the maintenance of
whole body metabolism. Results from dietary supplementation of TRP ligands (e.g., capsaicin) are
controversial, either showing beneficial effects on body weight, metabolism, and hormone levels,
or no effects. The target tissue of the dietary supplementation is not entirely clear since many
tissues including the adipose tissue, the pancreas, and even the central nervous system could be
modulated by the components of the diet. TRP channels have benefits; however, currently it is not
clear whether activation or inhibition, central or peripheral mechanisms, diet or topical administration,
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or even which tissue/organ is the most critical. In summary, further research is needed before final
conclusions are available, but undoubtedly TRP channels are good potential targets for weight and
diabetes management.
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Abstract: Under pathological conditions such as inflammation and ischemia-reperfusion injury
large amounts of reactive oxygen species (ROS) are generated which, in return, contribute to the
development and exacerbation of disease. The second member of the transient receptor potential
(TRP) melastatin subfamily, TRPM2, is a Ca2+-permeable non-selective cation channel, activated
by ROS in an ADP-ribose mediated fashion. In other words, TRPM2 functions as a transducer
that converts oxidative stress into Ca2+ signaling. There is good evidence that TRPM2 plays an
important role in ROS-coupled diseases. For example, in monocytes the influx of Ca2+ through
TRPM2 activated by ROS contributes to the aggravation of inflammation via chemokine production.
In this review, the focus is on TRPM2 as a molecular linker between ROS and Ca2+ signaling in
ROS-coupled diseases.

Keywords: TRPM2; Ca2+ signaling; reactive oxygen species; ROS-coupled diseases

1. Introduction

The physiological concentration of Ca2+ in the intracellular compartment ([Ca2+]i) is on the
order of 10−7 M; this is markedly lower than its extracellular concentration which is in the order
of 10−3 M [1]. Due to this difference between intracellular and extracellular Ca2+ concentrations,
Ca2+ can function as a second messenger. Recently, a subset of TRP channels has attracted attention
because of their permeablity to Ca2+. Indeed, the first trp gene was originally discovered in mutant
fruit flies with impaired vision due to the lack of a specific Ca2+ influx pathway in photoreceptor
cells [2]. Subsequently, a large number of TRP channel homologues were identified in vertebrates.
As of today, the human TRP channel superfamily has 28 members that are divided into six subfamilies:
canonical (C), vanilloid (V), melastatin (M), polycystic kidney disease (P), mucolipin (ML), and ankyrin
(A), based on the homology of their protein sequences [3].

Generally speaking, the TRP protein has six putative transmembrane domains and a pore
region between the fifth and sixth transmembrane domains. TRP proteins assemble into homo- or
heterotetramers in order to form functional channels [4,5]. The TRPC subfamily shows the greatest
homology to the Drosophila TRP protein. TRPC channels are downstream targets to phospholipase C
activation following receptor stimulation [6–9].

The TRPV subfamily (TRPV1 to V6) was named after its founding member, the vanilloid
(capsaicin) receptor TRPV1. TRPV channels are polymodal and their activators range from physical
and chemical stimuli including heat (TRPV1, TRPV2, TRPV3, and TRPV4) [10–16], through protons
(TRPV1) [17] and osmotic stress (TRPV4) [18,19], to capsaicin, the pungent principle in hot peppers
(TRPV1) [10]. The TRPM subfamily has eight members. Its best known member is the cold-responsive
menthol receptor, TRPM8 [20,21]. The TRPP subfamily includes TRPP1 and TRPP2, which are encoded
by the PKD1 and PKD2 genes, respectively. PKD1 and PKD2 are the genes responsible for autosomal
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dominant polycystic kidney disease. TRPP1 is thought to interact with TRPP2, which functions as a
receptor for mechanical stimuli such as shear stress [22,23].

The TRPML subfamily is composed of TRPML1 and its homologues. A mutation in the MCOLN1
gene encoding TRPML1 causes mucolipidosis type IV. TRPML1 localizes in lysosomes and late
endosomes and is activated by phosphoinositol (3,5)-bisphosphate [24,25].

TRPA1 (named after the large N-terminal domain with 17 predicted ankyrin repeats) is the sole
member of the TRPA subfamily [26]. It is activated by irritant compounds such as exhaust fumes
and allyl isothiocyanate in mustard oil. The cold activation of TRPA1 remains controversial [27,28].
Interestingly, TRPA1 is activated by both hyper- and hypoxia via oxidative modification of its cysteine
residues and the dehydroxylation of the proline residues [29].

Traditionally, reactive oxygen species (ROS) are regarded as non-specific toxins that cause cell and
tissue damage [30]. However, recently ROS have been identified as signal-transduction molecules [31].
For example, the oxidative stress-sensitive transcriptional factor Keap1, and the signal-transduction
molecule ASK1, are activated by ROS to mediate a number of cellular responses [32,33]. The second
member of the TRP melastatin subfamily, TRPM2, is a Ca2+-permeable non-selective cation channel.
TRPM2 is expressed broadly in neuronal cells, myocytes, pancreatic β cells, and immune cells
such as T lymphocytes, monocytes/macrophages, and neutrophils [34–42]. TRPM2 is activated
by oxidative stress including H2O2. In other words, TRPM2 functions as a sensor for oxidative stress.
Indeed, TRPM2 is more sensitive to ROS than other TRPs including TRPC5, TRPV1 and TRPA1
(which is activated by ROS via oxidative modifications to its cysteine residues).

Large amounts of ROS are generated under pathological conditions that, in turn, contribute to the
development and maintenance of various disease states [43]. TRPM2 converts ROS-induced oxidative
stress into Ca2+ signaling; this Ca2+ signaling has been implicated in the aggravation of a number of
diseases. In this review, the focus is on TRPM2 as a molecular linker between ROS and Ca2+ signaling.

2. TRPM2 Activators and Inhibitors

Among TRP channels TRPM2 is unique in that it contains a NudT9-Homology (NUDT9-H)
domain at its cytosolic C-terminal region. Although NUDT9-H shares some homology with NUDT9
ADP-ribose hydrolase, its ADP-ribose hydrolase activity is low. In addition to the full-length TRPM2,
several truncated splice variants have been described, including: (1) TRPM2-ΔN (containing a deletion
of amino acids 538–557 in the N-terminus); (2) TRPM2-ΔC (deletion of amino acids 1292–1325 in the
C-terminus), and (3) TRPM2-S (S for short) that lacks the four C-terminal transmembrane domains,
putative Ca2+-permeable pore region, and the entire C terminus [39,41,44].

The activation of TRPM2 is triggered by the binding of ADP-ribose to the NUDT9-H domain [45].
Since the NUDT9-H domain of TRPM2-ΔC is partially missing, TRPM2-ΔC is not activated by
ADP-ribose. Nicotinic acid adenine dinucleotide phosphate (NAADP), cADP-ribose, and Ca2+ exert
synergistic effects on ADP-ribose-induced TRPM2 activation. Moreover, these agents are also capable
of activating TRPM2 by themselves [36,46–50].

In neutrophils, resting ADP-ribose levels approach 5 μM [50] which is sufficient to induce the
activation of TRPM2 by increasing [Ca2+]i. The IQ-like motif in the calmodulin-binding domain at
the N-terminal region, rather than the NUDT9-H domain, is thought to play a pivotal role in the
Ca2+-induced activation of TRPM2 [49]. Using inside-out patch recordings, Csanády and colleagues
have investigated the direct activation of TRPM2; they found that neither cADP-ribose nor NAADP is
able to directly activate TRPM2 [51]. On the other hand, they identified ADP-ribose-2’-phosphate as a
direct TRPM2 agonist [52].

Silent information regulator-2 (SIR2), a member of the sirtuin family, is a nicotinamide adenine
dinucleotide (NAD+)-dependent protein deacetylase. SIR2 removes acetyl groups from acetylated
substrates, and transfers them to NAD+. Nicotinamide and O-acetylated-ADP-ribose (OAADPr) are
produced as a result of this reaction. OAADPr was reported to activate TRPM2 by binding to the
NUDT9-H domain. This implicates SIR2 in TRPM2 regulation [53].
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NAD+ was also reported to directly gate TRPM2, although a high concentration (in the mM range)
of NAD+ is required for this response [54]. However, purified NAD+ fails to activate TRPM2 [52].
This apparent contradiction was explained by the presence of the NAD+-degradation product
ADP-ribose, a known TRPM2 agonist, in the non-purified NAD+ [46,55]. CD38 is an ectoenzyme
that catalyzes the production of cADP-ribose and ADP-ribose from its substrate, NAD+ [56]. CD38 is
implicated in the activation of TRPM2 via production of cADP-ribose and/or ADP-ribose [38,40,57].

Arguably the most important activator of TRPM2 is oxidative stress induced by ROS,
including H2O2 [54]. It has been postulated that the activation of TRPM2 by oxidative stress is
triggered via ADP-ribose production. Mitochondria are a major source of ADP-ribose. In mitochondria,
ADP-ribose is generated by the oxidative stress-induced hydrolysis of NAD+ [55]. In the nucleus,
poly(ADP-ribose) polymerase-1 (PARP-1) plays an important role in repairing DNA damage in
response to oxidative stress. The binding of PARP-1 to impaired DNA hydrolyzes NAD+, leading to
the production of nicotinamide and ADP-ribose. In turn, ADP-ribose is built into various nuclear
proteins, resulting in the activation of DNA repair and stimulation of nuclear factor-mediated
transcription [58–61]. Free ADP-ribose is generated following the degradation of poly(ADP-ribose) by
poly(ADP-ribose) glycohydrolase (PARG) [61].

Pharmacological [62] or genetic manipulation of PARP-1 [63] blocks H2O2-induced TRPM2
activation. Conversely, H2O2-induced TRPM2 activation is enhanced at body temperature by hydroxyl
radical production [64,65]. The hydroxyl radical produced by the reaction of H2O2 with intracellular
Fe2+ (Fenton reaction) stimulates the PARP-1/PARG pathway, which leads to the activation of TRPM2.
The phosphorylation of tyrosine residues in TRPM2 is thought to represent an important mechanism
underlying the activation of TRPM2 by H2O2. The phosphorylation/dephosphorylation state is
regulated by protein tyrosine phosphatase-L1 [66].

The short splice variant of TRPM2, TRPM2-S, was shown to interact with the full-length TRPM2.
The TRPM2-S/full-length TRPM2 complex is not activated by H2O2 [39]. Therefore, TRPM2-S may
function as a dominant negative modulator of TRPM2.

A large number of TRPM2 blockers have been reported. Adenosine monophosphate [46] and
8-bromo-ADP-ribose [38] inhibit ADP-ribose-induced TRPM2 activation by preventing the binding
of ADP-ribose to the NUDT9-H domain. The antifungal agents clotrimazole and econazole [67], the
antipyretic agent flufenamic acid [68], 2-aminoethoxydiphenyl borate (2-APB) [69], N-(p-amylcinnamoyl)
anthranilic acid (ACA) [70], and curcumin, the active principle in turmeric [71], are TRPM2 channel
blockers. PARP inhibitors (e.g., SB750139-B, PJ34, and DPQ) were also reported to prevent the activation of
TRPM2 in response to oxidative stress. However, these inhibitors have no effect on ADP-ribose-induced
TRPM2 activation.

Iron chelators were shown to attenuate H2O2-induced TRPM2 activation [64]. Surprisingly,
the JAK2 inhibitor AG490 was also found to prevent TRPM2 activation by H2O2 [72]. It was, however,
suggested that AG490 ameliorates H2O2-induced TRPM2 activation by scavenging hydroxyl radicals
rather than inhibiting of JAK2. The AG490-related compounds, AG555 and AG556, exert an even
stronger inhibitory effect on H2O2-induced TRPM2 activation than AG490 [73].

3. ROS Production under Pathological Conditions

3.1. Inflammation

Inflammation is a complex biological reaction to injury and/or infection. During inflammation,
immune cells are transported from the blood stream into the damaged tissue in an attempt to eliminate
the harmful agents and to initiate the process of healing and repair. However, when inflammation
becomes chronic, it may exacerbate tissue damage and pose severe health risks.

At the inflamed sites, phagocytes (e.g., macrophages and neutrophils) digest the harmful agents
which play an important role in their removal. During phagocytosis, oxygen consumption in the
phagocytes is increased. This phenomenon is known as the “respiratory burst”: oxygen is utilized
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for superoxide anion (·O2
−) production by NADPH oxidase [74]. During bacterial phagocytosis,

bacteria are engulfed by the plasma membrane, leading to the formation of phagosomes. Then NADPH
oxidase activated and the resultant ·O2

− contributes to bacterial killing. NADPH oxidase (NOX) is
composed of several isoforms. Seven isoforms, termed as NOX1–5 and DUOX1–2, have been identified
as catalytic subunits. These isoforms are localized in the plasma membrane and catalyze electron
transport from the electron donor NADPH to oxygen, leading to the production of ·O2

−. In phagocytes,
NOX2 is strongly expressed and interacts with the membrane protein p22phox [75]. The small G-protein
RAC, and the cytosolic proteins p40phox, p47phox, and p67phox are also known to activate NOX2.

The production of ·O2
− by NOX2 does not occur in a resting state. During phagocytosis,

these activators translocate to the plasma membrane and interact with the NOX2/p22phox complex;
this, in turn, triggers ·O2

− production following the activation of NOX2 (Figure 1A). In addition, ·O2
−

is converted to H2O2 by the superoxide dismutase. These ROS contribute to killing bacteria.
Lipopolysaccharide (LPS), found in the outer membrane of Gram-negative bacteria, is a prototypical

trigger of sepsis that elicits a strong immune response in animals. The LPS receptor is toll-like receptor-4
(TLR4) which associates with several adaptor molecules such as MyD88 [76]. The activation of
TLR4 in response to LPS triggers immune responses including the production of cytokines and ROS
accompanied by the activation of NADPH oxidase [77]. Cytokines (e.g., tumor necrosis factor, TNF)
are released from immune cells and accumulate at the sites of inflammation. These molecules act in
concert to organize the inflammatory network and produce large amount of ROS. The source of ROS
appears to be the mitochondria rather than the NADPH oxidase [77–79].

3.2. Ischemia-Reperfusion

Ischemia-reperfusion injury is caused by re-oxygenation during reperfusion following the lack
of oxygen during ischemia. Ischemia-reperfusion generates harmful substances that aggravate the
tissue injury. This is a major mechanism of tissue damage during stroke and myocardial infarction.
The hydroxyl radical scavenger, edaravone, is used as a neuroprotective agent in the management
of patients with ischemic brain injury and amyotrophic lateral sclerosis (Lou Gehrig’s Disease).
During ischemia-reperfusion injury, mitochondria are the major source of ROS. Electrons leaked
from the mitochondrial electron transport chain are transferred to molecular oxygen, resulting in the
production of ·O2

−. The activity of the electron transport chain generates a relatively small amount
of ·O2

− under normal conditions, but its production may be greatly magnified by events occurring
during ischemia-reperfusion (Figure 1B) [80].

NADPH oxidase also contributes to ROS production during ischemia-reperfusion. NOXs are
present in blood vessels [81] where their expression is regulated by the hypoxia-sensitive transcriptional
factor, hypoxia-inducible factor-1α (HIF1α) [81]. The expression of NOX isoforms is thus up-regulated
by the lack of oxygen during ischemia. Then NOX generates large amounts of ROS during reperfusion
(Figure 1B).

During ischemia, a failure in the generation of ATP also occurs concurrently with ATP
consumption, leading to the depletion of ATP. ATP is eventually catabolized into hypoxanthine.
Xanthine oxidase catalyzes two steps including the formation of xanthine from hypoxanthine, and the
formation of uric acid from xanthine. Electrons are also generated in this process and transferred
to molecular oxygen, leading to the formation of ·O2

− [82] (Figure 1B). In summary, several factors
contribute to ROS production during ischemia-reperfusion.
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Figure 1. ROS production during inflammation and ischemia-reperfusion. (A) In resting state,
cytosolic activators such as p40phox, p47phox, p67phox and small G protein RAC do not interact with
NOX2-p22phox complex. These activators translocate to the plasma membrane during phagocytosis and
interact with the NOX2-p22phox complex. Electrons derived from NADPH are transferred through the
complex to molecular oxygen, leading to ·O2

− production; (B) Oxidative phosphorylation is initiated
by electron transport from NADH and/or FADH2 to the electron transport chain in the mitochondrial
inner membrane. The electron transport chain is composed of complexes I–IV. Electrons derived from
NADH and FADH2 are fed to complex I and complex II, respectively. They are then transferred to
complexes in ascending order of the redox potential, which release free energy. Molecular oxygen
accepts electrons for the formation of H2O. On the other hand, the electron transport chain uses free
energy derived from electron transport to pump H+ out of the matrix, thereby creating proton gradient
across the mitochondrial inner membrane. By utilizing energy released by the influx of H+ into the
matrix, ADP is phosphorylated, resulting in the generation of ATP. ·O2

− is generated by the leakage of
electrons from complexes I and III in the electron transport chain. The activity of the electron transport
chain generates a relatively small amount of ·O2

− under normal conditions, but its production may be
greatly magnified by events occurring during ischemia-reperfusion. The expression of NOX isoforms
is up-regulated by HIF1α during ischemia, and then NADPH oxidase then generates large amounts of
ROS by reoxygenation during reperfusion. During ischemia, ATP is catabolized into hypoxanthine.
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4. ROS-Coupled Diseases and TRPM2

4.1. Inflammatory Diseases

4.1.1. TRPM2-Mediated Chemokine Production

TRPM2 contributes to the aggravation of inflammation [40]. In monocytes/macrophages,
Ca2+ influx through TRPM2 activated by ROS stimulates the production of the chemokine, CXCL2.
CXC chemokines, such as macrophage inflammatory protein-2 (CXCL2), exhibit potent neutrophil
chemotactic activity [83].

Dextran sulfate sodium (DSS)-induced colitis is a mouse model of human ulcerative colitis.
In the colon of DSS-treated wild-type (WT) mice, the expression of CXCL2 was markedly increased
in monocytes/macrophages. By contrast, CXCL2 expression was strongly suppressed in the colon of
Trpm2 KO mice following DSS challenge. The number of recruited neutrophils was also significantly
reduced in the colon of DSS-treated Trpm2 KO mice, presumably as a consequence of reduced CXCL2
levels, but their function was intact. No difference was noted in the number of macrophages in the
inflamed colon of WT and Trpm2 KO mice. The bone marrow output of neutrophils was normal,
as was their accumulation into the abdominal cavity after intraperitoneal injection of chemokines. Last,
DSS-treated Trpm2 KO mice did not exhibit weight loss and/or ulceration of the colon, suggesting that
Trpm2 KO mice were largely protected from DSS-mediated colitis. Combined, these findings imply
that TRPM2-mediated chemokine production in monocytes/macrophages is an important mechanism
underlying the progression of DSS-induced ulcerative colitis.

TRPM2-dependent CXCL2 production was also implicated in the carrageenan-induced
inflammatory pain and sciatic nerve ligation models [84]. The carrageenan-induced pain model is a
widely used and reliable model for inflammatory pain. Sciatic nerve ligation causes neuropathic pain.
Both CXCL2 production and neutrophil infiltration were attenuated in Trpm2 KO mice. By contrast,
the recruitment of F4/80-positive macrophages was not altered in the inflamed paw or around the
injured sciatic nerve. Importantly, both mechanical allodynia and thermal hyperalgesia were attenuated
in Trpm2 KO mice. Based on these observations one may argue that TRPM2 expressed in macrophages
aggravates pronociceptive inflammatory responses to induce inflammatory and neuropathic pain
through neuroinflammation-mediated sensitization of the pain-signaling pathway.

TRPM2 in alveolar epithelial cells plays an important role in bleomycin-induced lung injury [85].
Bleomycin is a glycopeptide antibiotic with potent antitumor activity. It is used in the management of
squamous cell carcinoma, testicular cancers, and lymphomas. The antitumor activity of bleomycin
was attributed to its ability to cause DNA damage in the cancer cells through the production of
oxygen radicals. A major dose-limiting side-effect of bleomycin is lung injury. In mice treated
with bleomycin, the secretion of CXCL2 from alveolar epithelial cells was attenuated in Trpm2 KO
compared to WT. It was unexpected because alveolar macrophages (which have higher expression
of TRPM2 than alveolar epithelial cells) were believed to be the main source of CXCL2 in response
to bleomycin. The secretion of CXCL2 from alveolar epithelial cells was essential for neutrophil
recruitment and the secretion of inflammatory cytokines including tumor necrosis factor α and
interleukin-1β. Taken together, these findings imply that TRPM2-mediated CXCL2 production in
alveolar epithelial cells is responsible for the aggravation of bleomycin-induced lung damage.

4.1.2. LPS-Induced Inflammatory Responses and TRPM2

The contribution of TRPM2 to LPS-induced lung inflammation is poorly understood. In vitro,
activation by LPS of TRPM2 in monocytes and cultured microglia is involved in the generation of
inflammatory cytokines [40,84,86]. By contrast, in vivo studies found no difference between WT
and Trpm2 KO mice in the secretion of inflammatory cytokines and the infiltration of inflammatory
cells into the lungs following LPS administration [85,87]. Therefore, other signaling pathways
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(e.g., TLR4-mediated signaling) rather than Ca2+ signaling via TRPM2 may play a pivotal role in
LPS-induced lung inflammation in vivo.

Adding to the confusion, recently Di et al suggested a protective anti-inflammatory role for
TRPM2 during LPS-induced lung inflammation [88]. In LPS-treated Trpm2 KO mice lung injury
(including cytokine production and the infiltration of inflammatory cells into the lungs) was
exacerbated compared to WT animals. In their experimental model, following LPS administration Ca2+

influx via TRPM2 was triggered in phagocytes such as neutrophils. The influx of Ca2+ depolarized the
plasma membrane, contributing to the inhibition of NADPH oxidase. This protective mechanism was
absent in the Trpm2 KO animals. Therefore, Trpm2 KO phagocytes overproduced ROS, resulting in the
exacerbation of LPS-induced lung injury.

4.1.3. Functional Roles of TRPM2 during Infection

TRPM2 may play an important protective role during bacterial infections. For example,
the Gram-negative bacterium Francisella tularensis (the agent responsible for tularemia) is equipped
with an antioxidant system to escape the host immune response. Although Francisella is phagocytized
by macrophages, it protects itself from ROS-mediated killing by inhibiting the formation of the
NADPH oxidase complex [89]. Catalase (that converts H2O2 into H2O and oxygen) also belongs to the
antioxidant systems in Francisella.

By using a catalase-deficient F. tularensis strain, Shakerley et al. suggested that TRPM2 may
play a central role in macrophages during bacterial infection [90]. Although macrophages infected
with F. tularensis showed marginal TRPM2 activation, the influx of Ca2+ through TRPM2 was
sufficient to induce immune responses such as interleukin-6 (IL-6) production in macrophages infected
with catalase-deficient F. tularensis. During Listeria monocytogenes infection, TRPM2 was found to
contribute to innate immunity [91]. In Trpm2 KO mice infected by L. monocytogenes, the production
of IL-12 and interferon-γ was diminished. Consequently, Trpm2 KO mice were more susceptible to
L. monocytogenes infection.

Formyl-methionyl-leucyl-phenylalanine (fMLP) is a secreted bacterial product that serves as a
neutrophil chemotactic factor. fMLP activates CD38 by binding to its receptor. Cd38-deficient mice
display disturbed Ca2+ signaling and neutrophil chemotaxis in response to fMLP [92]. As described
above, CD38 is an ectoenzyme that catalyzes the production of cADP-ribose and ADP-ribose from its
substrate, NAD+. fMLP-induced Ca2+ influx and neutrophil chemotaxis were significantly suppressed
in the Trpm2-deficient neutrophils, suggesting that TRPM2 is a molecular entity that links ADP-ribose
produced by CD38 to Ca2+ signaling [38,40].

4.1.4. NLRP3 Inflammasome and TRPM2

The NOD-like receptor family pyrin domain containing-3 (NLRP3) “inflammasome” is composed
of NLRP3, apoptosis-associated speck-like protein (ASC), and caspase-1. NLRP3 associates with
the adaptor protein ASC in response to danger-associated stimuli. In order to form an active
inflammasome complex, the NLRP3-ASC complex needs to bind caspase-1. This interaction results in
the caspase-1-dependent processing of cytoplasmic targets, including the pro-inflammatory cytokines
IL-1β and IL-18. Mature cytokines are then released from the cells [93]. The influx of Ca2+ via TRPM2
activated by ROS was suggested to participate in the activation of the NLRP3 inflammasome [94].

Particulate substances (e.g., liposomes and urate crystals) induce the production of ROS,
partially mediated by the leakage of electrons from the mitochondrial electron transport chain [94,95].
These particulates also initiate a ROS-dependent Ca2+ influx via TRPM2; this, in turn, contributes
to the secretion of IL-1β, accompanied by NLRP3 inflammasome activation. In Trpm2-disrupted
macrophages, impaired NLRP3 inflammasome activation and interleukin-1β secretion was observed.
Furthermore, Trpm2 KO mice are resistant to particulate-induced and IL-1β-mediated peritonitis [94].

220



Pharmaceuticals 2016, 9, 57

4.2. Ischemia-Reperfusion Injury

4.2.1. Brain

Ca2+ signaling influences a wide array of biological responses, including gene expression,
neuronal growth, neurotransmitter release, and, ultimately, cell death. In other words, Ca2+ can
exert both protective and deleterious effects on neuronal cells [96,97]. TRPM2 is believed to be
responsible for the H2O2-induced Ca2+ influx that mediates cell death in various tissues [54] including
rat cortical neurons [34]. There is good evidence that the influx of Ca2+ via TRPM2 contributes to
neuronal cell death during ischemia-reperfusion injury both in vitro (oxygen and glucose deprivation,
OGD, followed by re-oxygenation) and in vivo (brain ischemia-reperfusion induced by transient
middle cerebral artery occlusion, tMCAO). Interestingly, there appears to be a sex-related difference
in cell death [98–100]. When both male and female WT and Trpm2 KO mice were subjected to
tMCAO, male Trpm2 KO mice had smaller infarct volumes than matched WT mice. By contrast,
Trpm2 KO had no protective effect on infarct volumes in female mice. In a second set of experiments,
clotrimazole was used as a TRPM2 inhibitor. Clotrimazole reduced infarct volumes in male WT
mice subjected to tMCAO. This beneficial effect was absent in Trpm2 KO mice. Clotrimazole had no
effects either on infarct volumes in castrated male mice. However, androgen replacement restored
clotrimazole protection in castrated mice. Taken together, these findings suggest that androgen
signaling contributes to TRPM2-dependent brain injury during ischemia-reperfusion. One may argue
that androgen signaling stimulates PARP-1 which is necessary for the engagement of TRPM2 in
ischemic injury in the male brain. However, other mechanisms may also exist because cell death was
induced by OGD in neurons isolated from male embryos and cultured in sex steroid-free medium.

There is preliminary evidence that the N-methyl-D-aspartate glutamate receptor (NMDA-R)
subunit expression pattern is altered in Trpm2 KO mice [101]. NMDA-R is a heteromer composed
of the obligatory GluN1 subunit along with other GluN subunits including GluN2A and GluN2B.
An increase in the activity of GluN2A-containing NMDA-R is known to increase the phosphorylation of
Extracellular Signal Regulated Kinase-1 (ERK) and AKT, thereby promoting pro-survival mechanisms
in the cell. In contrast, an increase in the activity of GluN2B-containing NMDA-R inhibits pro-survival
mechanisms [101]. Trpm2 KO mice subjected to tMCAO showed smaller infarcts than WT mice,
and OGD-induced cell death was reduced in hippocampal neurons prepared from Trpm2 KO
embryos. The expression of GluN2B and GluN2A was reduced and increased, respectively, in the
hippocampus by the disruption of Trpm2. The ERK/AKT pathway was activated in the hippocampus
of Trpm2 KO mice.

As described above, stimulation of the NMDA-R (that contains GluN2A) activates the ERK/AKT
pathway that, in turn, promotes pro-survival mechanisms. In the OGD model, the application of
known GluN2A antagonists eliminated the neuroprotection in the hippocampal neurons isolated from
Trpm2 KO mouse embryos. This implies that increases in GluN2A by the disruption of Trpm2 protect
neurons from ischemia-reperfusion-induced cell death.

Migration of immune cells including neutrophils from the blood stream into the brain also plays
an important role in ischemia-reperfusion brain injury [102]. As mentioned above, the size of the
infarct induced by tMCAO was significantly smaller in Trpm2 KO mice than in WT mice. WT mice
transplanted with bone marrow obtained from Trpm2 KO animals showed significantly smaller brain
infract in the tMCAO model than Trpm2 KO animals reconstituted with bone marrow from WT mice.
This experiment supports the pivotal role of TRPM2 expressed in bone marrow-derived immune cells
in the pathomechanism of ischemia-reperfusion brain injury.

4.2.2. Heart

Conflicting results have been reported regarding the function of TRPM2 in heart injury during
ischemia-reperfusion. Cheung and colleagues reported that TRPM2 protected the heart against
ischemia-reperfusion injury [35,103,104]. TRPM2 was expressed in the sarcolemma and transverse
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tubules of adult cardiomyocytes. After reperfusion following coronary artery occlusion, no significant
differences were observed in infarct sizes between WT and Trpm2 KO mice. The heart function was,
however, compromised in Trpm2 KO mice. ROS levels in left ventricular myocytes were significantly
higher in Trpm2 KO mice than in WT mice after ischemia-reperfusion. The levels of superoxide
dismutase and its transcriptional factors, forkhead box transcription factor and HIF, were lower,
whereas that of the NADPH oxidase catalytic subunit, NOX4, was higher in Trpm2 KO mouse hearts
subjected to ischemia-reperfusion [35]. In addition, mitochondrial proteins and complex I subunits
were down-regulated in Trpm2 KO mouse heart [103]. These alterations in protein expression triggered
by ROS overproduction and mitochondrial dysfunction in Trpm2 KO mouse heart may be responsible
for the heart dysfunction.

Another study, by contrast, found that heart functions were improved in Trpm2 KO mice,
suggesting that a deficiency in TRPM2 protects heart against ischemia-reperfusion injury [105].
Albeit TRPM2 mRNA expression was observed in the heart, its level was markedly lower than
that in neutrophils or neurons. Neutrophilic infiltration of the heart after ischemia-reperfusion was
reduced in Trpm2 KO mice. It was speculated that TRPM2 expressed in neutrophils, rather than
the heart, is important for ischemia-reperfusion heart injury. Indeed, in isolated hearts infarct sizes
were significantly smaller in the heart obtained from Trpm2 KO mice and perfused with Trpm2 KO
neutrophils compared to Trpm2 KO hearts perfused with WT neutrophils. Likewise, infarct sizes were
significantly larger in the heart of Trpm2 KO mice carrying WT neutrophils compared to the heart of
Trpm2 KO mice with TRPM2-deficient neutrophils, suggesting that the activation of neutrophil TRPM2
during reperfusion has an important role in the development of myocardial infarction.

By using a cardiac-specific Trpm2 KO mice, Cheung and colleagues recently reported a functional
role for TRPM2 in the heart [104]. Similar to their studies using conventional Trpm2 KO mice,
heart functions after ischemia-reperfusion were aggravated in the cardiac-specific Trpm2 KO mice.
On the other hand, significant differences in infarct sizes were not observed between the WT and
cardiac-specific Trpm2 KO animals. In summary, the role of TRPM2 in cardiac ischemia-reperfusion
injury remains controversial.

4.2.3. Kidneys

In the kidneys, TRPM2 is thought to contribute to the aggravation of renal injury and
ROS production after ischemia-reperfusion [106]. TRPM2 is expressed in the proximal tubules.
The disruption of Trpm2 protects kidneys against ischemia-reperfusion injury. This involvement
of TRPM2 was shown to be linked to the presence of TRPM2 in parenchymal cells rather than
hematopoietic cells. Oxidative stress accompanied by the activation of NADPH oxidase was triggered
in WT, but in Trpm2 KO, mouse kidneys subjected to ischemia-reperfusion. Ca2+ influx via TRPM2
participated in the activation of RAS-related C3 botulinum toxin substrate-1 (RAC1), an essential factor
for the activation of NADPH oxidase.

4.3. Other Diseases and Injuries

4.3.1. Acetaminophen-Induced Liver Injury

Acetaminophen is an antipyretic analgesic drug. Acetaminophen overdose (accidental or
intentional) is a well-known cause of potentially fatal liver injury [107,108]. Acetaminophen is
mainly metabolized into a non-toxic compound via glucuronidation and a sulfation reaction.
On the other hand, a small amount of acetaminophen is converted to the toxic compound,
N-acetyl-parabenzo-quinoneimine (NAPQI). NAPQI is then metabolized into a non-toxic compound
via glutathione conjugation. NAPQI is responsible for acetaminophen-induced liver injury. NAPQI was
shown to deplete intracellular glutathione levels, leading to the production of ROS [109]. TRPM2 has
been implicated in acetaminophen-induced liver injury [109]. H2O2 and acetaminophen induce
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Ca2+ influx into hepatocytes in a TRPM2-dependent manner. Acetaminophen-induced liver injury is
attenuated in Trpm2 KO mice compared to WT animals.

4.3.2. Radiation-Induced Tissue Damage

Radiation is a mainstay of treatment for head and neck cancer. Unfortunately, it has significant
adverse effects on healthy tissues that are in the field of the treatment. For example, xerostomia
(dry mouth) is a result of salivary gland damage by radiation. The molecular mechanism of radiation
injury is complex including generation of ROS and DNA damage [110]. TRPM2 was reported to
exacerbate radiation-induced salivary gland dysfunction [110]. H2O2 and radiation induced the
influx of Ca2+ in salivary gland acinar cells. This influx was reduced by the disruption of Trpm2.
The irreversible loss of salivary gland fluid secretion in WT mice subjected to radiation was improved
by using free radical scavengers and/or PARP inhibitors.

4.3.3. Alzheimer’s Disease

Alzheimer’s disease (AD) is a devastating form of progressive dementia of unknown cause
and no effective treatment. Therefore, it is an attractive hypothesis that TRPM2 may be involved in
neuronal cell death in AD patients [111]. The suggested pathology of AD includes an alteration in the
proteolytic processing of the amyloid precursor protein, APP. In addition, amyloid β-peptide (Aβ) is
accumulated in the AD brain. Although the molecular defect responsible for AD remain unknown,
dysregulation of Ca2+ homeostasis is widely believed to be intimately associated with Aβ toxicity [112].
Proposed mechanisms of Aβ neurotoxicity include the production of ROS, as well as excitotoxicity
with the intracellular accumulation of Ca2+ [113].

Previously, Lustbader et al reported that Aβ-binding alcohol dehydrogenase directly interacted with
Aβ in the mitochondria of both AD patients and transgenic mice. This interaction promotes the leakage of
ROS [114]. A recent study suggested that TRPM2 is involved in Aβ-induced neurotoxicity [112]. APP/PS1
animals are double transgenic mice that express a chimeric mouse/human APP and overproduce Aβ.
They are widely used as model of AD. APP/PS1 mice were crossed with Trpm2 KO animals. Synapse loss
and decreased levels of synaptic proteins are early correlates of the severity of AD [112]. The level of the
synaptic marker, synaptophysin, in the hippocampus was found to be lower in APP/PS1 mice than in
WT mice. Synaptophysin levels in the hippocampus of Trpm2-disrupted APP/PS1 mice were similar to
those in WT mice. In addition, age-dependent spatial memory deficits in APP/PS1 mice were reversed in
Trpm2-disrupted APP/PS1 mice. These observations imply an important role for TRPM2 in Aβ-induced
neuronal toxicity.

In addition, AD is associated with reductions in cerebral blood flow early in the course of
the disease [115]. This Aβ-induced cerebrovascular dysfunction may be mediated by TRPM2 [115].
Indeed, TRPM2 is expressed in brain endothelial cells; in these cells, Aβ stimulated the influx of Ca2+

via TRPM2. The Aβ-induced activation of TRPM2 in brain endothelial cells was mediated by ROS
derived from the activation of NADPH oxidase. Reduction in cerebral blood flow was induced by
the neocortical superfusion of Aβ, and was attenuated by PARP and PARG inhibitors, as well as the
disruption of Trpm2. Combined, these findings indicate that Aβ-induced TRPM2 activation contributes
to endothelial dysfunction.

5. Conclusions

There is increasing evidence that TRPM2 plays an important role in the pathomechanism of
ROS-coupled diseases. For example, TRPM2 contributes to aggravation of disease states in which
monocytes/macrophages play a pivotal role via cytokine production. In the brain and kidney, TRPM2 is
involved in ischemia-reperfusion injury. Moreover, TRPM2 is implicated in innate immunity and the
pathobiology of Alzheimer disease.

On the other hand, there are conflicting findings with regard to the function of TRPM2 in myocardial
infarction and in LPS-induced lung injury. Non-specific TRPM2 inhibitors (e.g., PARP inhibitors,
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clotrimazole, and 2-APB) have been shown to attenuate the exacerbation of ROS-coupled diseases.
For instance, PARP inhibitors were found to attenuate radiation-induced tissue damage [110], and
bleomycin-induced lung injury [85]. Furthermore, clotrimazole attenuated heart [105] and brain
damage [98,100] induced by ischemia-reperfusion. 2-APB also exerted protective effects against
ischemia-reperfusion-induced brain [102] and kidney [106] damage (Figure 2). These promising results,
however, must be confirmed by yet-to-be-synthesized selective TRPM2 antagonists.

Figure 2. Does administration with TRPM2 inhibitors during ROS-coupled disease development
improve the grade of these diseases? Pathological mouse model studies have been performed under
Trpm2-disrupted conditions, and suggested that Trpm2 KO mice are protected from ROS-coupled
diseases. However, in terms of cure, it is important that the grade of these diseases is improved by the
inhibition of TRPM2 during disease development. Therefore, the studies whether the inhibition of
TRPM2 during ROS-coupled disease development has curative effects on the diseases should be done
in the future.
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Abstract: Two transient receptor potential (TRP) channels—TRPA1 and TRPV3—are post-translationally
hydroxylated, resulting in oxygen-dependent regulation of channel activity. The enzymes responsible
are the HIF prolyl hydroxylases (PHDs) and the asparaginyl hydroxylase factor inhibiting HIF
(FIH). The PHDs and FIH are well characterized for their hydroxylation of the hypoxic inducible
transcription factors (HIFs), mediating their hypoxic regulation. Consequently, these hydroxylases
are currently being targeted therapeutically to modulate HIF activity in anemia, inflammation,
and ischemic disease. Modulating the HIFs by targeting these hydroxylases may result in both
desirable and undesirable effects on TRP channel activity, depending on the physiological context.
For the best outcomes, these hydroxylases could be therapeutically targeted in pathologies where
activation of both the HIFs and the relevant TRP channels are predicted to independently achieve
positive outcomes, such as wound healing and obesity.

Keywords: TRPA1; TRPV3; hydroxylation; PHD; FIH; HIF; oxygen; hypoxia

1. Introduction

The transient receptor potential (TRP) channels are non-selective cation channels broadly
expressed in most tissues in the body. TRP channels play a role as cellular sensors which respond
to a diverse range of extracellular and intracellular stimuli, including second messengers, chemicals,
temperature, redox state, mechanical stimulation, and osmolality [1–4]. Recent research suggests
that abnormal activity of some members of the TRP super-family contributes to human pathologies
such as cancer, diabetes, lung and liver fibrosis, chronic pain, ischemia-reperfusion injury, pulmonary
hypertension, irritable bowel disease, drug toxicity, and others [2,5–9].

TRP channels are formed by homo- or hetero-tetramers of TRP proteins, with each a TRP monomer
comprised of six transmembrane domains flanked by intracellular N- and C-terminal domains. Similar
to voltage-gated channels, a conserved pore-forming loop between transmembrane domains 5 and 6 in
TRP proteins is responsible for cation permeability. Although most TRP channels under physiological
conditions conduct more Na+ than Ca2+, the Ca2+ permeability of TRP channels is considered to be
important for the maintenance of intracellular Ca2+ signaling and homeostasis.

Apart from specific stimuli that gate TRP channels, TRP channel activity can be further
controlled by a range of post-translational modifications, including phosphorylation and glycosylation
(reviewed in [10]). Two specific TRP channels—TRPA1 and TRPV3—are modified post-translationally
by hydroxylation (an oxygen-dependent modification), which mediates a characteristic response to
hypoxia [11,12]. The hydroxylases responsible for these modifications have emerged as key therapeutic
targets for a range of human diseases due to their direct regulation of the hypoxia-inducible factors
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(HIFs, the central transcription factors that mediate the genomic response to hypoxia), with important
therapeutic implications for TRP channels.

2. Hydroxylation-Dependent Regulation of Hypoxic Gene Expression

The prolyl hydroxylase containing enzymes (PHDs) and the asparaginyl hydroxylase factor
inhibiting HIF (FIH) belong to a conserved family of 2-oxoglutarate-dependent dioxygenases, and act
as cellular oxygen sensors [13]. These oxygen-sensing enzymes catalyze the addition of hydroxyl (OH)
groups to specific prolyl or asparaginyl residues on target proteins, altering their activity. The three
closely related PHD enzymes (PHD1, 2, and 3, also referred to in the literature as EGLN2, 1, and 3)
were originally characterized through their oxygen-dependent hydroxylation of two proline residues
within the HIFα subunit of the heterodimeric HIF transcription factors. HIFα hydroxylation occurs in
normoxia and promotes ubiquitination and rapid proteosomal-mediated degradation (reviewed in [14]).
In hypoxia the activity of the PHDs decreases, allowing the HIFα subunits to avoid hydroxylation,
ubiquitylation and subsequent degradation, and consequently the stabilized HIFα mediates robust
gene induction in response to hypoxia (Figure 1). Thus, the PHDs act as the essential oxygen sensors in
this pathway and are the primary regulators of the HIF-driven genomic response to hypoxia. FIH was
subsequently characterized as a related hydroxylase that hydroxylates a single asparaginyl residue in a
transactivation domain of the HIFα subunit, resulting in transcriptional repression in hypoxia (reviewed
in [15]). As with the PHDs, hypoxia results in the loss of efficient oxygen-dependent hydroxylation, and
alleviates the transcriptional repression, contributing to increased hypoxic gene induction mediated by
the HIFs. However, the role of FIH in modulating oxygen-dependent gene regulation via the HIFs is
modest compared to the PHDs, and its physiological importance less well characterized.

Figure 1. Schematic representation of transient receptor potential (TRP) channel and hypoxia-inducible
factor (HIF) regulation by the prolyl hydroxylase containing enzymes (PHD) and asparaginyl
hydroxylase factor inhibiting HIF (FIH) hydroxylases. Oxygen-dependent hydroxylation (-OH) of
TRPA1 and TRPV3 channels inhibits cation entry through activated channels, and hydroxylation of
HIFα proteins leads to proteolytic degradation and transcriptional repression. Inhibition of hydroxylase
activity by hypoxia or specific inhibitors leads to increased cation entry and robust HIF-dependent
gene activation.

The PHDs and FIH also have a number of substrates in addition to the HIF proteins, although
the physiological consequence of hydroxylation on these substrates has not been well established.
Other substrates for the PHDs include pyruvate kinase M2, RNA polymerase II, erythropoietin receptor,
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eukaryotic elongation factor 2, and beta(2)-adrenergic receptor [16]. FIH has been shown to hydroxylate
a number of proteins containing ankyrin repeat domains (ARDs), although in most cases there is
no obvious effect on the function of the hydroxylated substrate [17]. However, two more recently
identified ARD substrates and one non-ARD substrate show some hydroxylation-dependent changes
in activity [11,18,19].

3. Hydroxylation-Dependent Regulation of TRP Channel Activity

TRPA1 is activated by a range of chemical agonists (both endogenous and exogenous), mechanical
stimulation, and cold temperature (reviewed in [20]). It has been implicated in a number of pathologies,
including acute inflammation and cartilage degeneration in osteoarthritis [21], urinary bladder pain in
cystitis [22], neuropathic and inflammatory pain, migraine, and familial episodic pain syndrome [23,24].
Takahashi and colleagues reported that TRPA1 is also sensitive to changes in oxygen, undergoing
oxygen-dependent hydroxylation on a single proline residue within the ARD by the PHDs in
normoxia [12]. Their data supported hydroxylation-dependent inhibition of channel activity that
was rapidly reversed in hypoxia, when the oxygen-sensing PHDs have greatly diminished activity,
leading to an increase in activity of the unmodified channel. Furthermore, they demonstrated that
TRPA1 channels also respond to oxygen through the oxidation in hyperoxia of specific cysteine residues
located within the seventeenth ARD (Cys 633 and Cys 856). A recent study proposes a role for TRPA1
hydroxylation in the hypoxic ventilator response [25]. In addition, this oxygen-dependent hydroxylation
has been implicated in mediating the response to cold temperature through the production of reactive
oxygen species [26]. Of interest, TRPA1 also responds to ischemia in oligodendrocytes, mediating Ca2+

entry and subsequent damage to myelin, although the role of hydroxylation in this response has not
been explored [27].

TRPV3 was originally characterized as a warm temperature sensing channel [28–30], and is also
activated by endogenous and exogenous chemical ligands. It plays roles in the maintenance of
epidermal barrier function, hair growth, and nociception, and has been implicated in pathologies
associated with dermatitis, pruritus, inflammation, ischemia, and wound healing [31,32]. The TRPV3
channel has also been shown to be hydroxylated, but on a single asparaginyl residue within the
ARD, by FIH [11]. In common with the PHD-mediated hydroxylation of TRPA1, FIH-dependent
hydroxylation of TRPV3 in normoxia inhibits channel activity, but is rapidly reversed in hypoxia,
leading to increased hypoxic TRPV3 activity (Figure 1).

In the case of both TRPA1 and TRPV3, the mechanism by which hydroxylation modulates channel
activity has not been determined. For example, hydroxylation may influence the physical structure
of the channels and consequently influence gating, or may affect agonist binding, multimerisation
with other TRP channels, or the recruitment of accessory proteins that modulate function. In addition,
while the evidence for TRPA1 and TRPV3 hydroxylation is strong, as with other non-HIF substrates,
the physiological role for these hydroxylation events remains poorly defined.

Whether other TRP channels are regulated by hydroxylation, mediated by the PHDs, FIH, or other
hydroxylases remains unclear. In addition to TRPA1 and TRPV3, it has also been reported that
peptides from the ARD of TRPV4 can be hydroxylated in vitro by FIH [33]. We have investigated
the hydroxylation of nine other TRP channels predicted using bioinformatics to be substrates of
FIH (TRPC1, C3, C4, C5, C6, V2, V5, V6), but found no evidence for hydroxylation using in vitro
hydroxylation assays (unpublished data). Furthermore, other than TRPA1, none of the nine other TRP
channels analyzed by Takahashi et al. displayed hypoxic induction, including TRPV3. However, it is
important to note that these experiments were performed in 10% oxygen, which is relatively mild
hypoxia and unlikely to influence FIH-mediated hydroxylation [12,34]. A recent report of interest
implicated mouse TRPC2 in sensing low oxygen within olfactory epithelium [35]. While it is unclear
whether this response involves hydroxylation (and TRPC2 is only a pseudogene in humans), it does
support the hypothesis that other TRP channels may also be regulated in a similar manner to TRPA1
and TRPV3. The formation of heterotetramers with other channels may also cause the modification
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of one channel to influence the activity of another. For example, TRPV3 is known to form functional
heterotetramers with TRPV1 [29,36], hence regulation of TRPV3 via hydroxylation may indirectly
influence the activity of a TRPV1/V3 heterotetramer where V1 is activated.

Although the body of literature on TRP-hydroxylation is clearly very limited and more research is
required to ascertain the physiological relevance, these studies establish that the oxygen-dependent
hydroxylation of at least two members of the TRP superfamily confers hypoxic responsiveness to these
channels. These findings have important implications regarding the potential for novel therapeutic
manipulation of the activity of these specific TRP channels via altered hydroxylation, either directly or
as a consequence of the therapeutic targeting of the PHDs and FIH to regulate other substrates.

4. Therapeutic Targeting of PHDs and FIH to Activate HIF

Given that hypoxia contributes to the pathophysiology of most major diseases, including
myocardial and cerebral ischemia, vascular disease, and cancer, it is not surprising that therapeutic
manipulation of the ubiquitous HIF pathway has become a highly sought after goal. The PHDs and FIH
are attractive therapeutic targets, as they are well characterized functionally and structurally [37–40],
can be expressed recombinantly [41,42], and inhibition results in HIF activation, with the PHDs of
particular interest as the primary regulators of the HIFs [43]. However, specificity is an important
issue when targeting PHDs or FIH in human pathologies, given the large family of related
2-oxoglutarate-dependent oxygenases, the hundreds of target genes directly regulated by the HIFs
that influence diverse biological processes including erythropoiesis, angiogenesis, metabolism,
cell migration and survival, and the other less well characterized substrates of the PHDs and FIH,
including the TRP channels.

To date, numerous PHD inhibitors have been developed, with a number in pre-clinical and
clinical trials (reviewed in [43]). The initial focus has been on the treatment of anemia, as erythropoietin
is a direct target gene of HIF, with two PHD inhibitors currently in Phase 3 clinical trials showing
considerable promise. Additional clinical and preclinical trials have also targeted ischemia and
inflammation, with other pathologies also under investigation. Specificity for different HIF-mediated
outcomes is achieved through the use of inhibitors that display selectivity for one or more of the PHDs
(the three different PHDs show some specificity for different HIFα proteins, and consequently regulate
distinct target gene responses), as well as distinct delivery and treatment regimes. Little is known
regarding the consequence of these treatments on non-HIF targets of the PHDs, including TRPA1.

Preliminary screens have also been performed to identify specific inhibitors of FIH [44,45],
but given the modest effects on HIF activity mediated by FIH, it has not been a focus of pharmaceutical
research. However, one potential advantage of targeting FIH is that additional specificity may be
achieved compared with the PHDs, as FIH only influences the expression of a discrete subset of HIF
target genes, and shows some specificity for different HIF isoforms [34,46].

5. Therapeutic Targeting of PHDs and FIH to Modulate TRP Channel Activity

Therapeutic manipulation of the PHDs and FIH is likely to modulate the activity of TRPA1 and
TRPV3, respectively. Importantly, inhibition of hydroxylase activity—which has been the focus of
therapeutic manipulation to achieve HIF activation—has the potential to increase TRPA1 and TRPV3
activity through abrogation of hydroxylation. However, given the key role of the hydroxylases—
specifically the PHDs—in regulating the ubiquitously expressed HIFs, specificity is likely to be a
major issue. Importantly, while specific inhibitors of the PHDs and FIH should theoretically also
modulate TRPA1 and TRPV3 activity, respectively, through altered hydroxylation, this needs to be
determined experimentally. This characterization should include inhibitors that show specificity for
each of the hydroxylases, including those currently in clinical trials, and their consequence on both
hydroxylation and activity. In the case of both TRPA1 and TRPV3, loss of hydroxylation does not
appear to independently activate the channels, but rather the limited data are consistent with an
increase in the activity of an already active channel. Hence therapeutic targeting of the PHDs or FIH

234



Pharmaceuticals 2017, 10, 35

might only modulate the activity of an already active channel. Physiologically, this would depend
on the presence of endogenous chemical agonists, mechanical stimuli, or temperature to activate
the channels.

The knowledge that TRPA1 is also regulated by PHD-mediated hydroxylation should also inform
the current clinical and preclinical trials using PHD inhibitors to activate the HIFs. For example,
a number of pre-clinical studies have targeted inflammation in mouse models of colitis with mostly
positive outcomes [43]. However, in similar models of colitis, TRPA1 channels are shown to contribute
to disease pathology [47], with TRPA1 antagonists being designed and trialed for treatment of
inflammation and pain [48]. Consequently, the activation of TRPA1 achieved with PHD inhibitors is
likely to promote rather than inhibit disease pathology and associated pain.

Targeting TRPV3 activity via FIH should be more specific, given the modest role for FIH in HIF
regulation and the apparent lack of an effect of hydroxylation on the activity of most characterized
ARD substrates [17]. However, this is complicated by the metabolic phenotype of FIH null mice,
which are viable and display hypermetabolism, hyperventilation, lowered body mass and adiposity,
resistance to weight gain when fed a high fat diet, and insulin hypersensitivity. This phenotype is
not readily explained by the known roles for FIH in regulating the HIFs or other characterized ARD
substrates, and supports the existence of one or more additional substrates involved in controlling
metabolism [49].

A more prudent strategy to therapeutically target the PHDs or FIH to modulate TRP channel
activity would focus on pathologies where activation of both the HIFs and the relevant TRP channels
are predicted to independently achieve positive outcomes. For example, both TRPV3 and HIF have
been implicated in wound healing [50,51], hence the therapeutic inhibition of FIH may promote wound
healing through two independent pathways, via activation of both HIF and TRPV3. The targeted
deletion of FIH in mice and mice treated with activators of TRPV3 channels both display similar
metabolic effects, including decreased adiposity and resistance to weight gain on a high fat diet [49,52].
So, the therapeutic inhibition of FIH in the context of obesity or diabetes may also result in beneficial
outcomes through two independent pathways.

6. Conclusions

The recent identification of hydroxylation-mediated changes in TRPA1 and TRPV3 channel
activity—although based on a limited number of highly focused studies—has expanded our
understanding of the role of channel post-translational modifications, and the oxygen-dependent
modulation of these channels. It has also uncovered new therapeutic strategies to modulate the
activity of these specific channels by targeting the PHDs and FIH, while identifying potential TRP
channel-mediated side effects as a consequence of targeting these hydroxylases to therapeutically
regulate HIF activity.
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