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Abstract: Transient Receptor Potential Vanilloid 1 (TRPV1) is a non-selective, Ca>* 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 (PIP;) 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 (TRPMS6), 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
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in mammals; its loss of function mutation causes stationary night blindness in humans [9].
TRPMS5 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].

TRPMB3 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

TRPMS [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]. TRPMS is also the main
medjiator 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 Ca>* 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 (Qq9 ~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 NGE, 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 Gg-coupled receptors [62-64]. Some pro-inflammatory medjiators,
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 naive
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 PIP, by Ca?*-induced activation
of PLC. Even though PIP, 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 PLCS isoform leading to a robust decrease in the levels of PIP, and its precursor PI(4)P in
TRPV1 positive DRG neurons [101]. Various inducible phosphoinositide phosphatases that decrease
PIP, and PI(4)P levels were shown to inhibit TRPV1 activity [97,101-103], and the decrease in PIP;
levels displayed very good correlation with decreasing current levels [102]. When the whole cell patch
pipette is supplemented with PIP,, 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 PIP; 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 Ca%* 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 Ca?*-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 Ca?* 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 Ca?* 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 PIP, 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 Ca?* dependent manner and supplementing the whole cell patch pipette with PIP,
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 ECsy (~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 uL), 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 S4-54 linked domain [139].

In contrast to voltage gated ion channels, the S1-54 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 54 and the linker domain.
In particular five residues were predicted and shown experimentally to affect significantly binding
upon mutation (Leu515, Leu553, Tyr554, 1le573 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 54 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 51-54 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 51-54 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 S1-54 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 “cuft”. 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 Sé6.

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 uM, i.e., they antagonized capsaicin
(30 nM) in a calcium uptake assay. These compounds also proved to have relatively high affinity
with K; values for capsaicin antagonism of 2.60 & 0.62 uM and 4.50 & 0.88 pM. 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
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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, lle564, and 1le569. 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.

Acknowledgments: Research in the authors’ laboratories were funded by National Science Foundation Grants
ACI-1440059 (to V.C.) and NIH Grants ROINS055159 and R01GM093290 (to T.R.).

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

References

1.  Montell, C.; Rubin, G.M. Molecular characterization of the Drosophila TRP locus: A putative integral
membrane protein required for phototransduction. Neuron 1989, 2, 1313-1323. [CrossRef]

2. Montell, C. Drosophila visual transduction. Trends Neurosci. 2012, 35, 356-363. [CrossRef] [PubMed]

3. Clapham, D.E.; Runnels, L.W,; Strubing, C. The TRP ion channel family. Nat. Rev. Neurosci. 2001, 2, 387-396.
[CrossRef] [PubMed]

4.  Rohacs, T. Regulation of transient receptor potential channels by the phospholipase C pathway.
Adv. Biol. Regul. 2013, 53, 341-355. [CrossRef] [PubMed]

5. Vriens, J.; Nilius, B.; Voets, T. Peripheral thermosensation in mammals. Nat. Rev. Neurosci. 2014, 15, 573-589.
[CrossRef] [PubMed]

6. Nilius, B.; Owsianik, G.; Voets, T.; Peters, ].A. Transient receptor potential cation channels in disease.
Physiol. Rev. 2007, 87, 165-217. [CrossRef] [PubMed]

7. Nilius, B.; Szallasi, A. Transient receptor potential channels as drug targets: From the science of basic research
to the art of medicine. Pharmacol. Rev. 2014, 66, 676-814. [CrossRef] [PubMed]

8.  Clapham, D.E. TRP channels as cellular sensors. Nature 2003, 426, 517-524. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0896-6273(89)90069-X
http://dx.doi.org/10.1016/j.tins.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22498302
http://dx.doi.org/10.1038/35077544
http://www.ncbi.nlm.nih.gov/pubmed/11389472
http://dx.doi.org/10.1016/j.jbior.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23916247
http://dx.doi.org/10.1038/nrn3784
http://www.ncbi.nlm.nih.gov/pubmed/25053448
http://dx.doi.org/10.1152/physrev.00021.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237345
http://dx.doi.org/10.1124/pr.113.008268
http://www.ncbi.nlm.nih.gov/pubmed/24951385
http://dx.doi.org/10.1038/nature02196
http://www.ncbi.nlm.nih.gov/pubmed/14654832

Pharmaceuticals 2016, 9, 52 13 of 20

10.

11.
12.
13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Koike, C.; Obara, T.; Uriu, Y,; Numata, T.; Sanuki, R.; Miyata, K.; Koyasu, T.; Ueno, S.; Funabiki, K.; Tani, A.;
et al. TRPM1 is a component of the retinal ON bipolar cell transduction channel in the mGluR6 cascade.
Proc. Natl. Acad. Sci. USA 2010, 107, 332-337. [CrossRef] [PubMed]

Zhang, Y.; Hoon, M.A.; Chandrashekar, J.; Mueller, K.L.; Cook, B.; Wu, D.; Zuker, C.S.; Ryba, N.J. Coding of
sweet, bitter, and umami tastes: Different receptor cells sharing similar signaling pathways. Cell 2003, 112,
293-301. [CrossRef]

Sachs, F. Stretch-activated ion channels: What are they? Physiology 2010, 25, 50-56. [CrossRef] [PubMed]
Julius, D. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 2013, 29, 355-384. [CrossRef] [PubMed]
Kojima, I.; Nagasawa, M. TRPV2. Handb. Exp. Pharmacol. 2014, 222, 247-272. [PubMed]

Caterina, M.J.; Rosen, T.A.; Tominaga, M.; Brake, A.J.; Julius, D. A capsaicin-receptor homologue with a high
threshold for noxious heat. Nature 1999, 398, 436-441. [PubMed]

Park, U.; Vastani, N.; Guan, Y.; Raja, S.N.; Koltzenburg, M.; Caterina, M.J. TRP vanilloid 2 knock-out mice
are susceptible to perinatal lethality but display normal thermal and mechanical nociception. J. Neurosci.
2011, 31, 11425-11436. [CrossRef] [PubMed]

Link, T.M.; Park, U.; Vonakis, B.M.; Raben, D.M.; Soloski, M.].; Caterina, M.]. TRPV2 has a pivotal role in
macrophage particle binding and phagocytosis. Nat. Immunol. 2010, 11, 232-239. [CrossRef] [PubMed]
Katanosaka, Y.; Iwasaki, K.; Ujihara, Y.; Takatsu, S.; Nishitsuji, K.; Kanagawa, M.; Sudo, A.; Toda, T,;
Katanosaka, K.; Mohri, S.; et al. TRPV?2 is critical for the maintenance of cardiac structure and function in
mice. Nat. Commun. 2014, 5, 3932. [CrossRef] [PubMed]

Yang, P.; Zhu, M.X. TRPV3. Handb. Exp. Pharmacol. 2014, 222, 273-291. [PubMed]

Xu, H.; Ramsey, 1.S.; Kotecha, S.A.; Moran, M.M.; Chong, J.A.; Lawson, D.; Ge, P; Lilly, J.; Silos-Santiago, I.;
Xie, Y.; et al. TRPV3 is a calcium-permeable temperature-sensitive cation channel. Nature 2002, 418, 181-186.
[CrossRef] [PubMed]

Lin, Z.; Chen, Q.; Lee, M.; Cao, X.; Zhang, J.; Ma, D.; Chen, L.; Hu, X.,; Wang, H.; Wang, X.; et al. Exome
sequencing reveals mutations in TRPV3 as a cause of Olmsted syndrome. Am. |. Hum. Genet. 2012, 90,
558-564. [CrossRef] [PubMed]

Garcia-Elias, A.; Mrkonjic, S.; Jung, C.; Pardo-Pastor, C.; Vicente, R.; Valverde, M.A. The TRPV4 channel.
Handb. Exp. Pharmacol. 2014, 222, 293-319. [PubMed]

Lee, H.; Ilida, T.; Mizuno, A.; Suzuki, M.; Caterina, M.]. Altered thermal selection behavior in mice lacking
transient receptor potential vanilloid 4. J. Neurosci. 2005, 25, 1304-1310. [CrossRef] [PubMed]

Oberwinkler, J.; Philipp, S.E. TRPM3. Handb. Exp. Pharmacol. 2014, 222, 427-459. [PubMed]

Vriens, J.; Owsianik, G.; Hofmann, T.; Philipp, S.E.; Stab, J.; Chen, X.; Benoit, M.; Xue, F; Janssens, A.;
Kerselaers, S.; et al. TRPM3 is a nociceptor channel involved in the detection of noxious heat. Neuron 2011,
70, 482-494. [CrossRef] [PubMed]

Almaraz, L.; Manenschijn, J.A.; de la Pena, E.; Viana, F. TRPMS8. Handb. Exp. Pharmacol. 2014, 222, 547-579.
[PubMed]

McKemy, D.D.; Neuhausser, W.M.; Julius, D. Identification of a cold receptor reveals a general role for TRP
channels in thermosensation. Nature 2002, 416, 52-58. [CrossRef] [PubMed]

Peier, A.M.; Mogqrich, A.; Hergarden, A.C.; Reeve, A.J.; Andersson, D.A; Story, G.M.; Earley, T.].; Dragoni, I.;
Mclntyre, P; Bevan, S.; et al. A TRP channel that senses cold stimuli and menthol. Cell 2002, 108, 705-715.
[CrossRef]

Bautista, D.M.; Siemens, J.; Glazer, ].M.; Tsuruda, PR.; Basbaum, A.L; Stucky, C.L.; Jordt, S.E.; Julius, D.
The menthol receptor TRPMS is the principal detector of environmental cold. Nature 2007, 448, 204-208.
[CrossRef]

Colburn, RW.,; Lubin, M.L.; Stone, D.J., Jr.; Wang, Y.; Lawrence, D.; D’Andrea, M.R,; Brandt, M.R,; Liu, Y,;
Flores, C.M.; Qin, N. Attenuated cold sensitivity in TRPMS8 null mice. Neuron 2007, 54, 379-386. [CrossRef]
[PubMed]

Dhaka, A.; Murray, A.N.; Mathur, J.; Earley, T.J.; Petrus, M.].; Patapoutian, A. TRPMS is required for cold
sensation in mice. Neuron 2007, 54, 371-378. [CrossRef] [PubMed]

Liu, B.; Fan, L.; Balakrishna, S.; Sui, A.; Morris, ].B.; Jordt, S.E. TRPMS is the principal mediator of
menthol-induced analgesia of acute and inflammatory pain. Pain 2013, 154, 2169-2177. [CrossRef]
Zygmunt, PM.; Hogestatt, E.D. TRPA1. Handb. Exp. Pharmacol. 2014, 222, 583-630. [PubMed]


http://dx.doi.org/10.1073/pnas.0912730107
http://www.ncbi.nlm.nih.gov/pubmed/19966281
http://dx.doi.org/10.1016/S0092-8674(03)00071-0
http://dx.doi.org/10.1152/physiol.00042.2009
http://www.ncbi.nlm.nih.gov/pubmed/20134028
http://dx.doi.org/10.1146/annurev-cellbio-101011-155833
http://www.ncbi.nlm.nih.gov/pubmed/24099085
http://www.ncbi.nlm.nih.gov/pubmed/24756709
http://www.ncbi.nlm.nih.gov/pubmed/10201375
http://dx.doi.org/10.1523/JNEUROSCI.1384-09.2011
http://www.ncbi.nlm.nih.gov/pubmed/21832173
http://dx.doi.org/10.1038/ni.1842
http://www.ncbi.nlm.nih.gov/pubmed/20118928
http://dx.doi.org/10.1038/ncomms4932
http://www.ncbi.nlm.nih.gov/pubmed/24874017
http://www.ncbi.nlm.nih.gov/pubmed/24756710
http://dx.doi.org/10.1038/nature00882
http://www.ncbi.nlm.nih.gov/pubmed/12077604
http://dx.doi.org/10.1016/j.ajhg.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22405088
http://www.ncbi.nlm.nih.gov/pubmed/24756711
http://dx.doi.org/10.1523/JNEUROSCI.4745.04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15689568
http://www.ncbi.nlm.nih.gov/pubmed/24756716
http://dx.doi.org/10.1016/j.neuron.2011.02.051
http://www.ncbi.nlm.nih.gov/pubmed/21555074
http://www.ncbi.nlm.nih.gov/pubmed/24756721
http://dx.doi.org/10.1038/nature719
http://www.ncbi.nlm.nih.gov/pubmed/11882888
http://dx.doi.org/10.1016/S0092-8674(02)00652-9
http://dx.doi.org/10.1038/nature05910
http://dx.doi.org/10.1016/j.neuron.2007.04.017
http://www.ncbi.nlm.nih.gov/pubmed/17481392
http://dx.doi.org/10.1016/j.neuron.2007.02.024
http://www.ncbi.nlm.nih.gov/pubmed/17481391
http://dx.doi.org/10.1016/j.pain.2013.06.043
http://www.ncbi.nlm.nih.gov/pubmed/24756722

Pharmaceuticals 2016, 9, 52 14 of 20

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

Story, G.M.; Peier, A.M.; Reeve, A.].; Eid, S.R.; Mosbacher, J.; Hricik, TR.; Earley, T.]J.; Hergarden, A.C.;
Andersson, D.A.; Hwang, SW.; et al. ANKTM1, a TRP-like channel expressed in nociceptive neurons,
is activated by cold temperatures. Cell 2003, 112, 819-829. [CrossRef]

Jordt, S.E.; Bautista, D.M.; Chuang, H.H.; McKemy, D.D.; Zygmunt, PM.; Hogestatt, E.D.; Meng, 1.D.;
Julius, D. Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel ANKTMI.
Nature 2004, 427, 260-265. [CrossRef] [PubMed]

Zholos, A.V. TRPC5. Handb. Exp. Pharmacol. 2014, 222, 129-156. [PubMed]

Zimmermann, K.; Lennerz, ] K.; Hein, A ; Link, A.S.; Kaczmarek, J.S.; Delling, M.; Uysal, S.; Pfeifer, ].D.;
Riccio, A.; Clapham, D.E. Transient receptor potential cation channel, subfamily C, member 5 (TRPC5) is
a cold-transducer in the peripheral nervous system. Proc. Natl. Acad. Sci. USA 2011, 108, 18114-18119.
[CrossRef] [PubMed]

Szallasi, A.; Blumberg, PM. Resiniferatoxin, a phorbol-related diterpene, acts as an ultrapotent analog of
capsaicin, the irritant constituent in red pepper. Neuroscience 1989, 30, 515-520. [CrossRef]

Elokely, K.; Velisetty, P.; Delemotte, L.; Palovcak, E.; Klein, M.L.; Rohacs, T.; Carnevale, V. Understanding
TRPV1 activation by ligands: Insights from the binding modes of capsaicin and resiniferatoxin. Proc. Natl.
Acad. Sci. USA 2016, 113, E137-E145. [CrossRef] [PubMed]

Ursu, D.; Knopp, K,; Beattie, R.E.; Liu, B.; Sher, E. Pungency of TRPV1 agonists is directly correlated with
kinetics of receptor activation and lipophilicity. Eur. J. Pharmacol. 2010, 641, 114-122. [CrossRef] [PubMed]

Szallasi, A.; Blumberg, PM. Resiniferatoxin and its analogs provide novel insights into the pharmacology of
the vanilloid (capsaicin) receptor. Life Sci. 1990, 47, 1399-1408. [CrossRef]

Morales-Lazaro, S.L.; Simon, S.A.; Rosenbaum, T. The role of endogenous molecules in modulating pain
through transient receptor potential vanilloid 1 (TRPV1). . Physiol. 2013, 591, 3109-3121. [CrossRef]
[PubMed]

Siemens, J.; Zhou, S.; Piskorowski, R.; Nikai, T.; Lumpkin, E.A.; Basbaum, A.L; King, D.; Julius, D. Spider
toxins activate the capsaicin receptor to produce inflammatory pain. Nature 2006, 444, 208-212. [CrossRef]
[PubMed]

Yang, S.; Yang, F.; Wei, N.; Hong, J.; Li, B.; Luo, L.; Rong, M.; Yarov-Yarovoy, V.; Zheng, J.; Wang, K,; et al.
A pain-inducing centipede toxin targets the heat activation machinery of nociceptor TRPV1. Nat. Commun.
2015, 6, 8297. [CrossRef] [PubMed]

Starowicz, K.; Nigam, S.; Di Marzo, V. Biochemistry and pharmacology of endovanilloids. Pharmacol. Ther.
2007, 114, 13-33. [CrossRef] [PubMed]

Nieto-Posadas, A.; Picazo-Juarez, G.; Llorente, I.; Jara-Oseguera, A.; Morales-Lazaro, S.; Escalante-Alcalde, D.;
Islas, L.D.; Rosenbaum, T. Lysophosphatidic acid directly activates TRPV1 through a C-terminal binding site.
Nat. Chem. Biol. 2012, 8, 78-85. [CrossRef] [PubMed]

Trevisani, M.; Smart, D.; Gunthorpe, M.].; Tognetto, M.; Barbieri, M.; Campi, B.; Amadesi, S.; Gray, J.;
Jerman, J.C.; Brough, S.J.; et al. Ethanol elicits and potentiates nociceptor responses via the vanilloid
receptor-1. Nat. Neurosci. 2002, 5, 546-551. [CrossRef] [PubMed]

Caterina, M.J.; Julius, D. The vanilloid receptor: a molecular gateway to the pain pathway. Annu. Rev. Neurosci.
2001, 24, 487-517. [CrossRef] [PubMed]

Bevan, S.; Quallo, T.; Andersson, D.A. TRPV1. Handb. Exp. Pharmacol. 2014, 222, 207-245. [PubMed]

Lee, L.Y;; Gu, Q. Role of TRPV1 in inflammation-induced airway hypersensitivity. Curr. Opin. Pharmacol.
2009, 9, 243-249. [CrossRef] [PubMed]

Caterina, M.].; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, ].D.; Julius, D. The capsaicin receptor:
A heat-activated ion channel in the pain pathway. Nature 1997, 389, 816-824. [PubMed]

Dhaka, A.; Viswanath, V,; Patapoutian, A. TRP ion channels and temperature sensation. Annu. Rev. Neurosci.
2006, 29, 135-161. [CrossRef] [PubMed]

Caterina, M.].; Leffler, A.; Malmberg, A.B.; Martin, W.J.; Trafton, J.; Petersen-Zeitz, K.R.; Koltzenburg, M.;
Basbaum, A.IL; Julius, D. Impaired nociception and pain sensation in mice lacking the capsaicin receptor.
Science 2000, 288, 306-313. [CrossRef] [PubMed]

Davis, ].B.; Gray, J.; Gunthorpe, M.].; Hatcher, J.P.; Davey, PT.; Overend, P.; Harries, M.H.; Latcham, J.;
Clapham, C.; Atkinson, K.; et al. Vanilloid receptor-1 is essential for inflammatory. Nature 2000, 405, 183-187.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0092-8674(03)00158-2
http://dx.doi.org/10.1038/nature02282
http://www.ncbi.nlm.nih.gov/pubmed/14712238
http://www.ncbi.nlm.nih.gov/pubmed/24756705
http://dx.doi.org/10.1073/pnas.1115387108
http://www.ncbi.nlm.nih.gov/pubmed/22025699
http://dx.doi.org/10.1016/0306-4522(89)90269-8
http://dx.doi.org/10.1073/pnas.1517288113
http://www.ncbi.nlm.nih.gov/pubmed/26719417
http://dx.doi.org/10.1016/j.ejphar.2010.05.029
http://www.ncbi.nlm.nih.gov/pubmed/20576527
http://dx.doi.org/10.1016/0024-3205(90)90518-V
http://dx.doi.org/10.1113/jphysiol.2013.251751
http://www.ncbi.nlm.nih.gov/pubmed/23613529
http://dx.doi.org/10.1038/nature05285
http://www.ncbi.nlm.nih.gov/pubmed/17093448
http://dx.doi.org/10.1038/ncomms9297
http://www.ncbi.nlm.nih.gov/pubmed/26420335
http://dx.doi.org/10.1016/j.pharmthera.2007.01.005
http://www.ncbi.nlm.nih.gov/pubmed/17349697
http://dx.doi.org/10.1038/nchembio.712
http://www.ncbi.nlm.nih.gov/pubmed/22101604
http://dx.doi.org/10.1038/nn0602-852
http://www.ncbi.nlm.nih.gov/pubmed/11992116
http://dx.doi.org/10.1146/annurev.neuro.24.1.487
http://www.ncbi.nlm.nih.gov/pubmed/11283319
http://www.ncbi.nlm.nih.gov/pubmed/24756708
http://dx.doi.org/10.1016/j.coph.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19269247
http://www.ncbi.nlm.nih.gov/pubmed/9349813
http://dx.doi.org/10.1146/annurev.neuro.29.051605.112958
http://www.ncbi.nlm.nih.gov/pubmed/16776582
http://dx.doi.org/10.1126/science.288.5464.306
http://www.ncbi.nlm.nih.gov/pubmed/10764638
http://dx.doi.org/10.1038/35012076
http://www.ncbi.nlm.nih.gov/pubmed/10821274

Pharmaceuticals 2016, 9, 52 15 of 20

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Hoffmann, T.; Kistner, K.; Miermeister, F.; Winkelmann, R.; Wittmann, J.; Fischer, M.].; Weidner, C.; Reeh, PW.
TRPA1 and TRPV1 are differentially involved in heat nociception of mice. Eur. |. Pain 2013, 17, 1472-1482.
[CrossRef] [PubMed]

Marics, I.; Malapert, P.; Reynders, A.; Gaillard, S.; Moqrich, A. Acute heat-evoked temperature sensation is
impaired but not abolished in mice lacking TRPV1 and TRPV3 channels. PLoS ONE 2014, 9, €99828.
Mishra, S.K.; Tisel, S.M.; Orestes, P.; Bhangoo, S.K.; Hoon, M.A. TRPV1-lineage neurons are required for
thermal sensation. EMBO J. 2011, 30, 582-593. [CrossRef] [PubMed]

Yu, L,; Yang, F; Luo, H,; Liu, FY.; Han, ].S.; Xing, G.G.; Wan, Y. The role of TRPV1 in different subtypes
of dorsal root ganglion neurons in rat chronic inflammatory nociception induced by complete Freund’s
adjuvant. Mol. Pain 2008, 4, 61. [CrossRef] [PubMed]

Amaya, F,; Shimosato, G.; Nagano, M.; Ueda, M.; Hashimoto, S.; Tanaka, Y.; Suzuki, H.; Tanaka, M. NGF and
GDNEF differentially regulate TRPV1 expression that contributes to development of inflammatory thermal
hyperalgesia. Eur. ]. Neurosci. 2004, 20, 2303-2310. [CrossRef] [PubMed]

Stein, A.T.; Ufret-Vincenty, C.A.; Hua, L.; Santana, L.F.; Gordon, S.E. Phosphoinositide 3-kinase binds to
TRPV1 and mediates NGF-stimulated TRPV1 trafficking to the plasma membrane. J. Gen. Physiol. 2006, 128,
509-522. [CrossRef] [PubMed]

Zhang, X.; Huang, J.; McNaughton, P.A. NGF rapidly increases membrane expression of TRPV1 heat-gated
ion channels. EMBO J. 2005, 24, 4211-4223. [CrossRef] [PubMed]

Tominaga, M.; Wada, M.; Masu, M. Potentiation of capsaicin receptor activity by metabotropic ATP receptors
as a possible mechanism for ATP-evoked pain and hyperalgesia. Proc. Natl. Acad. Sci. USA 2001, 98,
6951-6956. [CrossRef] [PubMed]

Cesare, P.; Dekker, L.V.,; Sardini, A.; Parker, PJ.; McNaughton, P.A. Specific involvement of PKC-¢ in
sensitization of the neuronal response to painful heat. Neuron 1999, 23, 617-624. [CrossRef]

Numazaki, M.; Tominaga, T.; Toyooka, H.; Tominaga, M. Direct phosphorylation of capsaicin receptor VR1
by protein kinase Ce and identification of two target serine residues. J. Biol. Chem. 2002, 277, 13375-13378.
[CrossRef]

Zhang, X.; Li, L.; McNaughton, P.A. Proinflammatory mediators modulate the heat-activated ion channel
TRPV1 via the scaffolding protein AKAP79/150. Neuron 2008, 59, 450-461. [CrossRef] [PubMed]

Rathee, PK.; Distler, C.; Obreja, O.; Neuhuber, W.; Wang, G.K.; Wang, S.Y,; Nau, C.; Kress, M.
PKA/AKAP/VR-1 module: A common link of Gs-mediated signaling to thermal hyperalgesia. J. Neurosci.
2002, 22, 4740-4745. [PubMed]

Varga, A.; Bolcskei, K.; Szoke, E.; Almasi, R.; Czeh, G.; Szolcsanyi, ].; Petho, G. Relative roles of protein kinase
A and protein kinase C in modulation of transient receptor potential vanilloid type 1 receptor responsiveness
in rat sensory neurons in vitro and peripheral nociceptors in vivo. Neuroscience 2006, 140, 645—-657. [CrossRef]
[PubMed]

Costigan, M.; Befort, K.; Karchewski, L.; Griffin, R.S.; D’Urso, D.; Allchorne, A.; Sitarski, J.; Mannion, J.W.;
Pratt, R.E.; Woolf, C.J. Replicate high-density rat genome oligonucleotide microarrays reveal hundreds
of regulated genes in the dorsal root ganglion after peripheral nerve injury. BMC Neurosci. 2002, 3, 16.
[CrossRef] [PubMed]

Kim, H.Y,; Park, CK,; Cho, LH,; Jung, S.J.; Kim, J.S.; Oh, S.B. Differential Changes in TRPV1 expression after
trigeminal sensory nerve injury. J. Pain 2008, 9, 280-288. [CrossRef] [PubMed]

Birder, L.A.; Nakamura, Y.; Kiss, S.; Nealen, M.L.; Barrick, S.; Kanai, A.J.; Wang, E.; Ruiz, G.; De Groat, W.C.;
Apodaca, G.; et al. Altered urinary bladder function in mice lacking the vanilloid receptor TRPV1.
Nat. Neurosci. 2002, 5, 856-860. [CrossRef] [PubMed]

Marabini, S.; Ciabatti, P.G.; Polli, G.; Fusco, B.M.; Geppetti, P. Beneficial effects of intranasal applications of
capsaicin in patients with vasomotor rhinitis. Eur. Arch. Otorhinolaryngol. 1991, 248, 191-194. [PubMed]
Bessac, B.F,; Jordt, S.E. Breathtaking TRP channels: TRPA1 and TRPV1 in airway chemosensation and reflex
control. Physiology 2008, 23, 360-370. [CrossRef] [PubMed]

Cavanaugh, D.J.; Chesler, A.T.; Braz, ].M.; Shah, N.M.; Julius, D.; Basbaum, A.I. Restriction of transient
receptor potential vanilloid-1 to the peptidergic subset of primary afferent neurons follows its developmental
downregulation in nonpeptidergic neurons. J. Neurosci. 2011, 31, 10119-10127. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/j.1532-2149.2013.00331.x
http://www.ncbi.nlm.nih.gov/pubmed/23720338
http://dx.doi.org/10.1038/emboj.2010.325
http://www.ncbi.nlm.nih.gov/pubmed/21139565
http://dx.doi.org/10.1186/1744-8069-4-61
http://www.ncbi.nlm.nih.gov/pubmed/19055783
http://dx.doi.org/10.1111/j.1460-9568.2004.03701.x
http://www.ncbi.nlm.nih.gov/pubmed/15525272
http://dx.doi.org/10.1085/jgp.200609576
http://www.ncbi.nlm.nih.gov/pubmed/17074976
http://dx.doi.org/10.1038/sj.emboj.7600893
http://www.ncbi.nlm.nih.gov/pubmed/16319926
http://dx.doi.org/10.1073/pnas.111025298
http://www.ncbi.nlm.nih.gov/pubmed/11371611
http://dx.doi.org/10.1016/S0896-6273(00)80813-2
http://dx.doi.org/10.1074/jbc.C200104200
http://dx.doi.org/10.1016/j.neuron.2008.05.015
http://www.ncbi.nlm.nih.gov/pubmed/18701070
http://www.ncbi.nlm.nih.gov/pubmed/12040081
http://dx.doi.org/10.1016/j.neuroscience.2006.02.035
http://www.ncbi.nlm.nih.gov/pubmed/16564637
http://dx.doi.org/10.1186/1471-2202-3-16
http://www.ncbi.nlm.nih.gov/pubmed/12401135
http://dx.doi.org/10.1016/j.jpain.2007.11.013
http://www.ncbi.nlm.nih.gov/pubmed/18226965
http://dx.doi.org/10.1038/nn902
http://www.ncbi.nlm.nih.gov/pubmed/12161756
http://www.ncbi.nlm.nih.gov/pubmed/1859650
http://dx.doi.org/10.1152/physiol.00026.2008
http://www.ncbi.nlm.nih.gov/pubmed/19074743
http://dx.doi.org/10.1523/JNEUROSCI.1299-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21752988

Pharmaceuticals 2016, 9, 52 16 of 20

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Romanovsky, A.A.; Almeida, M.C.; Garami, A.; Steiner, A.A.; Norman, M.H.; Morrison, S.F; Nakamura, K.;
Burmeister, J.J.; Nucci, T.B. The transient receptor potential vanilloid-1 channel in thermoregulation:
A thermosensor it is not. Pharmacol. Rev. 2009, 61, 228-261. [CrossRef] [PubMed]

Szolcsanyi, J. Effect of capsaicin on thermoregulation: an update with new aspects. Temperature 2015, 2,
277-296. [CrossRef] [PubMed]

Suri, A.; Szallasi, A. The emerging role of TRPV1 in diabetes and obesity. Trends Pharmacol. Sci. 2008, 29,
29-36. [CrossRef] [PubMed]

Ludy, M.].; Moore, G.E.; Mattes, R.D. The effects of capsaicin and capsiate on energy balance: Critical review
and meta-analyses of studies in humans. Chem. Senses 2012, 37, 103-121. [CrossRef] [PubMed]

Motter, A.L.; Ahern, G.P. TRPV1-null mice are protected from diet-induced obesity. FEBS Lett. 2008, 582,
2257-2262. [CrossRef] [PubMed]

Marshall, N.J.; Liang, L.; Bodkin, J.; Dessapt-Baradez, C.; Nandi, M.; Collot-Teixeira, S.; Smillie, S.J.; Lalgi, K.;
Fernandes, E.S.; Gnudi, L.; et al. A role for TRPV1 in influencing the onset of cardiovascular disease in
obesity. Hypertension 2013, 61, 246-252. [CrossRef] [PubMed]

Szallasi, A.; Blumberg, PM. Vanilloid (Capsaicin) receptors and mechanisms. Pharmacol. Rev. 1999, 51,
159-212. [PubMed]

Baskaran, P; Krishnan, V.; Ren, J.; Thyagarajan, B. Capsaicin Induces Browning of White Adipose Tissue and
Counters Obesity by activating TRPV1 dependent mechanism. Br. J. Pharmacol. 2016. [CrossRef] [PubMed]
Okada, Y.; Reinach, P.S.; Shirai, K.; Kitano, A.; Kao, W.W.,; Flanders, K.C.; Miyajima, M.; Liu, H.; Zhang, J.;
Saika, S. TRPV1 involvement in inflammatory tissue fibrosis in mice. Am. J. Pathol. 2011, 178, 2654-2664.
[CrossRef] [PubMed]

Yang, H.; Wang, Z.; Capo-Aponte, ].E.; Zhang, F; Pan, Z.; Reinach, P.S. Epidermal growth factor receptor
transactivation by the cannabinoid receptor (CB1) and transient receptor potential vanilloid 1 (TRPV1)
induces differential responses in corneal epithelial cells. Exp. Eye Res. 2010, 91, 462-471. [CrossRef]
[PubMed]

Pan, Z.; Wang, Z.; Yang, H.; Zhang, F; Reinach, P.S. TRPV1 activation is required for hypertonicity-stimulated
inflammatory cytokine release in human corneal epithelial cells. Investig. Ophthalmol. Vis. Sci. 2011, 52,
485-493. [CrossRef] [PubMed]

Reinach, P.S.; Mergler, S.; Okada, Y.; Saika, S. Ocular transient receptor potential channel function in health
and disease. BMC Ophthalmol. 2015, 15 (Suppl. 1), 153. [CrossRef] [PubMed]

Moran, M.M.; McAlexander, M.A; Biro, T.; Szallasi, A. Transient receptor potential channels as therapeutic
targets. Nat. Rev. Drug Discov. 2011, 10, 601-620. [CrossRef] [PubMed]

Szallasi, A.; Sheta, M. Targeting TRPV1 for pain relief: limits, losers and laurels. Expert Opin. Investig. Drugs
2012, 21, 1351-1369. [CrossRef] [PubMed]

Szolcsanyi, J.; Pinter, E. Transient receptor potential vanilloid 1 as a therapeutic target in analgesia.
Expert Opin. Ther. Targets 2013, 17, 641-657. [CrossRef] [PubMed]

Kort, M.E.; Kym, PR. TRPV1 antagonists: clinical setbacks and prospects for future development.
Prog. Med. Chem. 2012, 51, 57-70. [PubMed]

Kelly, S.; Chapman, R.J.; Woodhams, S.; Sagar, D.R.; Turner, J.; Burston, ].J.; Bullock, C.; Paton, K.; Huang, J.;
Wong, A.; et al. Increased function of pronociceptive TRPV1 at the level of the joint in a rat model of
osteoarthritis pain. Ann. Rheum. Dis. 2015, 74, 252-259. [PubMed]

Cathcart, C.J.; Johnston, S.A.; Reynolds, L.R.; Al-Nadaf, S.; Budsberg, S.C. Efficacy of ABT-116, an antagonist
of transient receptor potential vanilloid type 1, in providing analgesia for dogs with chemically induced
synovitis. Am. J. Vet. Res. 2012, 73, 19-26. [CrossRef] [PubMed]

Miller, E; Bjornsson, M.; Svensson, O.; Karlsten, R. Experiences with an adaptive design for a dose-finding
study in patients with osteoarthritis. Contemp. Clin. Trials 2014, 37, 189-199. [CrossRef] [PubMed]
Schwartz, E.S.; La, ].H.; Scheff, N.N.; Davis, B.M.; Albers, K.M.; Gebhart, G.F. TRPV1 and TRPA1 antagonists
prevent the transition of acute to chronic inflammation and pain in chronic pancreatitis. J. Neurosci. 2013, 33,
5603-5611. [CrossRef] [PubMed]

Ghilardi, J.R.; Rohrich, H.; Lindsay, T.H.; Sevcik, M.A.; Schwei, M.].; Kubota, K.; Halvorson, K.G.; Poblete, J.;
Chaplan, S.R.; Dubin, A.E ; et al. Selective blockade of the capsaicin receptor TRPV1 attenuates bone cancer
pain. J. Neurosci. 2005, 25, 3126-3131. [CrossRef] [PubMed]


http://dx.doi.org/10.1124/pr.109.001263
http://www.ncbi.nlm.nih.gov/pubmed/19749171
http://dx.doi.org/10.1080/23328940.2015.1048928
http://www.ncbi.nlm.nih.gov/pubmed/27227029
http://dx.doi.org/10.1016/j.tips.2007.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18055025
http://dx.doi.org/10.1093/chemse/bjr100
http://www.ncbi.nlm.nih.gov/pubmed/22038945
http://dx.doi.org/10.1016/j.febslet.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/18503767
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.201434
http://www.ncbi.nlm.nih.gov/pubmed/23150506
http://www.ncbi.nlm.nih.gov/pubmed/10353985
http://dx.doi.org/10.1111/bph.13514
http://www.ncbi.nlm.nih.gov/pubmed/27174467
http://dx.doi.org/10.1016/j.ajpath.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21641388
http://dx.doi.org/10.1016/j.exer.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20619260
http://dx.doi.org/10.1167/iovs.10-5801
http://www.ncbi.nlm.nih.gov/pubmed/20739465
http://dx.doi.org/10.1186/s12886-015-0135-7
http://www.ncbi.nlm.nih.gov/pubmed/26818117
http://dx.doi.org/10.1038/nrd3456
http://www.ncbi.nlm.nih.gov/pubmed/21804597
http://dx.doi.org/10.1517/13543784.2012.704021
http://www.ncbi.nlm.nih.gov/pubmed/22780443
http://dx.doi.org/10.1517/14728222.2013.772580
http://www.ncbi.nlm.nih.gov/pubmed/23421411
http://www.ncbi.nlm.nih.gov/pubmed/22520471
http://www.ncbi.nlm.nih.gov/pubmed/24152419
http://dx.doi.org/10.2460/ajvr.73.1.19
http://www.ncbi.nlm.nih.gov/pubmed/22204284
http://dx.doi.org/10.1016/j.cct.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24394343
http://dx.doi.org/10.1523/JNEUROSCI.1806-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23536075
http://dx.doi.org/10.1523/JNEUROSCI.3815-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15788769

Pharmaceuticals 2016, 9, 52 17 of 20

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Lehto, S.G.; Tamir, R.; Deng, H.; Klionsky, L.; Kuang, R.; Le, A.; Lee, D.; Louis, ].C.; Magal, E.; Manning, B.H.;
et al. Antihyperalgesic effects of (R,E)-N-(2-hydroxy-2,3-dihydro-1H-inden-4-yl)-3-(2-(piperidin-1-yl)-4-
(trifluorom ethyl)phenyl)-acrylamide (AMGB8562), a novel transient receptor potential vanilloid type 1
modulator that does not cause hyperthermia in rats. J. Pharmacol. Exp. Ther. 2008, 326, 218-229. [CrossRef]
[PubMed]

Koplas, P.A.; Rosenberg, R.L.; Oxford, G.S. The role of calcium in the desensitization of capsaicin responses
in rat dorsal root ganglion neurons. J. Neurosci. 1997, 17, 3525-3537. [PubMed]

Chuang, H.H.; Prescott, E.D.; Kong, H.; Shields, S.; Jordt, S.E.; Basbaum, A.L; Chao, M.V,; Julius, D.
Bradykinin and nerve growth factor release the capsaicin receptor from PtdIns(4,5)P2-mediated inhibition.
Nature 2001, 411, 957-962. [CrossRef] [PubMed]

Klein, RM.; Ufret-Vincenty, C.A.; Hua, L.; Gordon, S.E. Determinants of molecular specificity in
phosphoinositide regulation. Phosphatidylinositol (4,5)-bisphosphate (P1(4,5)P2) is the endogenous lipid
regulating TRPV1. |. Biol. Chem. 2008, 283, 26208-26216. [CrossRef] [PubMed]

Lukacs, V.; Rives, ].M.; Sun, X.; Zakharian, E.; Rohacs, T. Promiscuous activation of transient receptor
potential vanilloid 1 channels by negatively charged intracellular lipids, the key role of endogenous
phosphoinositides in maintaining channel activity. J. Biol. Chem. 2013, 288, 35003-35013. [CrossRef]
[PubMed]

Lukacs, V.; Thyagarajan, B.; Varnai, P; Balla, A.; Balla, T.; Rohacs, T. Dual regulation of TRPV1 by
phosphoinositides. J. Neurosci. 2007, 27, 7070-7080. [CrossRef] [PubMed]

Poblete, H.; Oyarzun, L; Olivero, P.; Comer, J.; Zuniga, M.; Sepulveda, R.V.; Baez-Nieto, D.; Gonzalez Leon, C.;
Gonzalez-Nilo, F.; Latorre, R. Molecular determinants of phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2)
binding to transient receptor potential V1 (TRPV1) channels. J. Biol. Chem. 2014, 290, 2086-2098. [CrossRef]
[PubMed]

Lukacs, V.; Yudin, Y.; Hammond, G.R.; Sharma, E.; Fukami, K.; Rohacs, T. Distinctive changes in plasma
membrane phosphoinositides underlie differential regulation of TRPV1 in nociceptive neurons. J. Neurosci.
2013, 33, 11451-11463. [CrossRef] [PubMed]

Yao, J.; Qin, E. Interaction with phosphoinositides confers adaptation onto the TRPV1 pain receptor. PLoS Biol.
2009, 7, €1000046. [CrossRef] [PubMed]

Hammond, G.R.; Fischer, M.J.; Anderson, K.E.; Holdich, J.; Koteci, A.; Balla, T.; Irvine, R.F. PI4P and PI(4,5)P2
are essential but independent lipid determinants of membrane identity. Science 2012, 337, 727-730. [CrossRef]
[PubMed]

Lishko, P.V.; Procko, E.; Jin, X.; Phelps, C.B.; Gaudet, R. The ankyrin repeats of TRPV1 bind multiple ligands
and modulate channel sensitivity. Neuron 2007, 54, 905-918. [CrossRef] [PubMed]

Yu, Y.; Carter, C.R.; Youssef, N.; Dyck, ].R.; Light, PE. Intracellular long-chain acyl CoAs activate TRPV1
channels. PLoS ONE 2014, 9, €96597. [CrossRef] [PubMed]

Rohacs, T. Phosphoinositide regulation of TRPV1 revisited. Pflugers. Arch. 2015, 467, 1851-1869. [CrossRef]
[PubMed]

Numazaki, M.; Tominaga, T.; Takeuchi, K.; Murayama, N.; Toyooka, H.; Tominaga, M. Structural determinant
of TRPV1 desensitization interacts with calmodulin. Proc. Natl. Acad. Sci. USA 2003, 100, 8002-8006.
[CrossRef] [PubMed]

Docherty, R.J.; Yeats, ].C.; Bevan, S.; Boddeke, H.W. Inhibition of calcineurin inhibits the desensitization of
capsaicin-evoked currents in cultured dorsal root ganglion neurones from adult rats. Pflugers. Arch. 1996,
431, 828-837. [CrossRef] [PubMed]

Mohapatra, D.P.; Nau, C. Desensitization of capsaicin-activated currents in the vanilloid receptor TRPV1
is decreased by the cyclic AMP-dependent protein kinase pathway. J. Biol. Chem. 2003, 278, 50080-50090.
[CrossRef] [PubMed]

Sanz-Salvador, L.; Andres-Borderia, A.; Ferrer-Montiel, A.; Planells-Cases, R. Agonist-and Ca2+—dependent
desensitization of TRPV1 channel targets the receptor to lysosomes for degradation. J. Biol. Chem. 2012, 287,
19462-19471. [CrossRef] [PubMed]

Rosenbaum, T.; Gordon-Shaag, A.; Munari, M.; Gordon, S.E. Ca?* /calmodulin modulates TRPV1 activation
by capsaicin. |. Gen. Physiol. 2004, 123, 53—-62. [CrossRef] [PubMed]

Lau, S.Y.; Procko, E.; Gaudet, R. Distinct properties of CaZ-calmodulin binding to N- and C-terminal
regulatory regions of the TRPV1 channel. J. Gen. Physiol. 2012, 140, 541-555. [CrossRef] [PubMed]


http://dx.doi.org/10.1124/jpet.107.132233
http://www.ncbi.nlm.nih.gov/pubmed/18420600
http://www.ncbi.nlm.nih.gov/pubmed/9133377
http://dx.doi.org/10.1038/35082088
http://www.ncbi.nlm.nih.gov/pubmed/11418861
http://dx.doi.org/10.1074/jbc.M801912200
http://www.ncbi.nlm.nih.gov/pubmed/18574245
http://dx.doi.org/10.1074/jbc.M113.520288
http://www.ncbi.nlm.nih.gov/pubmed/24158445
http://dx.doi.org/10.1523/JNEUROSCI.1866-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17596456
http://dx.doi.org/10.1074/jbc.M114.613620
http://www.ncbi.nlm.nih.gov/pubmed/25425643
http://dx.doi.org/10.1523/JNEUROSCI.5637-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23843517
http://dx.doi.org/10.1371/journal.pbio.1000046
http://www.ncbi.nlm.nih.gov/pubmed/19243225
http://dx.doi.org/10.1126/science.1222483
http://www.ncbi.nlm.nih.gov/pubmed/22722250
http://dx.doi.org/10.1016/j.neuron.2007.05.027
http://www.ncbi.nlm.nih.gov/pubmed/17582331
http://dx.doi.org/10.1371/journal.pone.0096597
http://www.ncbi.nlm.nih.gov/pubmed/24798548
http://dx.doi.org/10.1007/s00424-015-1695-3
http://www.ncbi.nlm.nih.gov/pubmed/25754030
http://dx.doi.org/10.1073/pnas.1337252100
http://www.ncbi.nlm.nih.gov/pubmed/12808128
http://dx.doi.org/10.1007/s004240050074
http://www.ncbi.nlm.nih.gov/pubmed/8927498
http://dx.doi.org/10.1074/jbc.M306619200
http://www.ncbi.nlm.nih.gov/pubmed/14506258
http://dx.doi.org/10.1074/jbc.M111.289751
http://www.ncbi.nlm.nih.gov/pubmed/22493457
http://dx.doi.org/10.1085/jgp.200308906
http://www.ncbi.nlm.nih.gov/pubmed/14699077
http://dx.doi.org/10.1085/jgp.201210810
http://www.ncbi.nlm.nih.gov/pubmed/23109716

Pharmaceuticals 2016, 9, 52 18 of 20

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Piper, A.S; Yeats, ].C.; Bevan, S.; Docherty, R.J. A study of the voltage dependence of capsaicin-activated
membrane currents in rat sensory neurones before and after acute desensitization. J. Physiol. 1999, 518 Pt 3,
721-733. [CrossRef] [PubMed]

Liu, B.; Zhang, C.; Qin, F. Functional recovery from desensitization of vanilloid receptor TRPV1 requires
resynthesis of phosphatidylinositol 4,5-bisphosphate. J. Neurosci. 2005, 25, 4835-4843. [CrossRef] [PubMed]
Bleakman, D.; Brorson, J.R.; Miller, R.]J. The effect of capsaicin on voltage-gated calcium currents and calcium
signals in cultured dorsal root ganglion cells. Br. J. Pharmacol. 1990, 101, 423-431. [CrossRef] [PubMed]
Comunanza, V.; Carbone, E.; Marcantoni, A.; Sher, E.; Ursu, D. Calcium-dependent inhibition of T-type
calcium channels by TRPV1 activation in rat sensory neurons. Pflugers. Arch. 2011, 462, 709-722. [CrossRef]
[PubMed]

Docherty, R.J.; Robertson, B.; Bevan, S. Capsaicin causes prolonged inhibition of voltage-activated calcium
currents in adult rat dorsal root ganglion neurons in culture. Neuroscience 1991, 40, 513-521. [CrossRef]
Hagenacker, T.; Splettstoesser, F; Greffrath, W.; Treede, R.D.; Busselberg, D. Capsaicin differentially
modulates voltage-activated calcium channel currents in dorsal root ganglion neurones of rats. Brain Res.
2005, 1062, 74-85. [CrossRef] [PubMed]

Wu, Z.Z.; Chen, S.R.; Pan, H.L. Transient receptor potential vanilloid type 1 activation down-regulates
voltage-gated calcium channels through calcium-dependent calcineurin in sensory neurons. J. Biol. Chem.
2005, 280, 18142-18151. [CrossRef] [PubMed]

Wu, Z.Z.; Chen, S.R.; Pan, H.L. Signaling mechanisms of down-regulation of voltage-activated Ca?* channels
by transient receptor potential vanilloid type 1 stimulation with olvanil in primary sensory neurons.
Neuroscience 2006, 141, 407-419. [CrossRef] [PubMed]

Liu, L.; Oortgiesen, M.; Li, L.; Simon, S.A. Capsaicin inhibits activation of voltage-gated sodium currents in
capsaicin-sensitive trigeminal ganglion neurons. ]. Neurophysiol. 2001, 85, 745-758. [PubMed]

Zhang, X.F; Han, P; Neelands, T.R.; McGaraughty, S.; Honore, P.; Surowy, C.S.; Zhang, D. Coexpression
and activation of TRPV1 suppress the activity of the KCNQ2/3 channel. J. Gen. Physiol. 2011, 138, 341-352.
[CrossRef] [PubMed]

Kwak, J. Capsaicin blocks the hyperpolarization-activated inward currents via TRPV1 in the rat dorsal root
ganglion neurons. Exp. Neurobiol. 2012, 21, 75-82. [CrossRef] [PubMed]

Piper, A.S.; Docherty, R.]. One-way cross-desensitization between P2X purinoceptors and vanilloid receptors
in adult rat dorsal root ganglion neurones. J. Physiol. 2000, 523 Pt 3, 685-696. [CrossRef] [PubMed]
Stanchev, D.; Blosa, M.; Milius, D.; Gerevich, Z.; Rubini, P.; Schmalzing, G.; Eschrich, K.; Schaefer, M.;
Wirkner, K; Illes, P. Cross-inhibition between native and recombinant TRPV1 and P2X(3) receptors. Pain
2009, 143, 26-36. [CrossRef] [PubMed]

Akopian, A.N.; Ruparel, N.B.; Jeske, N.A.; Hargreaves, K.M. Transient receptor potential TRPA1 channel
desensitization in sensory neurons is agonist dependent and regulated by TRPV1-directed internalization.
J. Physiol. 2007, 583, 175-193. [CrossRef] [PubMed]

Borbiro, I.; Badheka, D.; Rohacs, T. Activation of TRPV1 channels inhibit mechanosensitive Piezo channel
activity by depleting membrane phosphoinositides. Sci. Signal. 2015, 8, ral5. [CrossRef]

Pecze, L.; Pelsoczi, P.; Kecskes, M.; Winter, Z.; Papp, A.; Kaszas, K.; Letoha, T.; Vizler, C.; Olah, Z.
Resiniferatoxin mediated ablation of TRPV1+ neurons removes TRPA1 as well. Can. J. Neurol. Sci. 2009, 36,
234-241. [CrossRef] [PubMed]

Anand, P,; Bley, K. Topical capsaicin for pain management: therapeutic potential and mechanisms of action
of the new high-concentration capsaicin 8% patch. Br. |. Anaesth. 2011, 107, 490-502. [CrossRef] [PubMed]
Simone, D.A.; Nolano, M.; Johnson, T.; Wendelschafer-Crabb, G.; Kennedy, W.R. Intradermal injection
of capsaicin in humans produces degeneration and subsequent reinnervation of epidermal nerve fibers:
Correlation with sensory function. J. Neurosci. 1998, 18, 8947-8959. [PubMed]

Pinter, E.; Helyes, Z.; Szolcsanyi, ]J. Inhibitory effect of somatostatin on inflammation and nociception.
Pharmacol. Ther. 2006, 112, 440-456. [CrossRef] [PubMed]

Szolcsanyi, J.; Pinter, E.; Helyes, Z.; Petho, G. Inhibition of the function of TRPV1-expressing nociceptive
sensory neurons by somatostatin 4 receptor agonism: Mechanism and therapeutical implications. Curr. Top.
Med. Chem. 2011, 11, 2253-2263. [CrossRef] [PubMed ]

Gibbons, C.H.; Wang, N.; Freeman, R. Capsaicin induces degeneration of cutaneous autonomic nerve fibers.
Ann. Neurol. 2010, 68, 888-898. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1469-7793.1999.0721p.x
http://www.ncbi.nlm.nih.gov/pubmed/10420009
http://dx.doi.org/10.1523/JNEUROSCI.1296-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15888659
http://dx.doi.org/10.1111/j.1476-5381.1990.tb12725.x
http://www.ncbi.nlm.nih.gov/pubmed/1701680
http://dx.doi.org/10.1007/s00424-011-1023-5
http://www.ncbi.nlm.nih.gov/pubmed/21904821
http://dx.doi.org/10.1016/0306-4522(91)90137-D
http://dx.doi.org/10.1016/j.brainres.2005.09.033
http://www.ncbi.nlm.nih.gov/pubmed/16269136
http://dx.doi.org/10.1074/jbc.M501229200
http://www.ncbi.nlm.nih.gov/pubmed/15746091
http://dx.doi.org/10.1016/j.neuroscience.2006.03.023
http://www.ncbi.nlm.nih.gov/pubmed/16678970
http://www.ncbi.nlm.nih.gov/pubmed/11160509
http://dx.doi.org/10.1085/jgp.201110618
http://www.ncbi.nlm.nih.gov/pubmed/21844219
http://dx.doi.org/10.5607/en.2012.21.2.75
http://www.ncbi.nlm.nih.gov/pubmed/22792028
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00685.x
http://www.ncbi.nlm.nih.gov/pubmed/10718747
http://dx.doi.org/10.1016/j.pain.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19223122
http://dx.doi.org/10.1113/jphysiol.2007.133231
http://www.ncbi.nlm.nih.gov/pubmed/17584831
http://dx.doi.org/10.1126/scisignal.2005667
http://dx.doi.org/10.1017/S0317167100006600
http://www.ncbi.nlm.nih.gov/pubmed/19378721
http://dx.doi.org/10.1093/bja/aer260
http://www.ncbi.nlm.nih.gov/pubmed/21852280
http://www.ncbi.nlm.nih.gov/pubmed/9787000
http://dx.doi.org/10.1016/j.pharmthera.2006.04.010
http://www.ncbi.nlm.nih.gov/pubmed/16764934
http://dx.doi.org/10.2174/156802611796904852
http://www.ncbi.nlm.nih.gov/pubmed/21671870
http://dx.doi.org/10.1002/ana.22126
http://www.ncbi.nlm.nih.gov/pubmed/21061393

Pharmaceuticals 2016, 9, 52 19 of 20

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Uceyler, N.; Sommer, C. High-dose capsaicin for the treatment of neuropathic pain: What we know and
what we need to know. Pain Ther. 2014, 3, 73-84. [CrossRef] [PubMed]

Jancso, G.; Kiraly, E.; Jancso-Gabor, A. Pharmacologically induced selective degeneration of chemosensitive
primary sensory neurones. Nature 1977, 270, 741-743. [CrossRef] [PubMed]

Cavanaugh, D.J.; Lee, H.; Lo, L.; Shields, S.D.; Zylka, M.].; Basbaum, A.L; Anderson, D.J. Distinct subsets
of unmyelinated primary sensory fibers mediate behavioral responses to noxious thermal and mechanical
stimuli. Proc. Natl. Acad. Sci. USA 2009, 106, 9075-9080. [CrossRef] [PubMed]

Brown, ].D.; Saeed, M.; Do, L.; Braz, J.; Basbaum, A.I.; Iadarola, M.].; Wilson, D.M.; Dillon, W.P. CT-guided
injection of a TRPV1 agonist around dorsal root ganglia decreases pain transmission in swine. Sci. Transl. Med.
2015, 7, 305ral45. [CrossRef] [PubMed]

Saotome, K,; Singh, A.K.; Yelshanskaya, M.V.; Sobolevsky, A.I. Crystal structure of the epithelial calcium
channel TRPV6. Nature 2016, 534, 506-511. [CrossRef] [PubMed]

Cao, E.; Liao, M.; Cheng, Y.; Julius, D. TRPV1 structures in distinct conformations reveal activation
mechanisms. Nature 2013, 504, 113-118. [CrossRef] [PubMed]

Liao, M.; Cao, E.; Julius, D.; Cheng, Y. Structure of the TRPV1 ion channel determined by electron
cryo-microscopy. Nature 2013, 504, 107-112. [CrossRef] [PubMed]

Paulsen, C.E.; Armache, J.P.,; Gao, Y.; Cheng, Y.; Julius, D. Structure of the TRPA1 ion channel suggests
regulatory mechanisms. Nature 2015, 520, 511-517. [CrossRef] [PubMed]

Zubcevic, L.; Herzik, M.A,, Jr.; Chung, B.C; Liu, Z.; Lander, G.C.; Lee, S.Y. Cryo-electron microscopy
structure of the TRPV2 ion channel. Nat. Struct. Mol. Biol. 2016, 23, 180-186. [CrossRef] [PubMed]

Huynh, KW.; Cohen, M.R;; Jiang, J.; Samanta, A.; Lodowski, D.T.; Zhou, Z.H.; Moiseenkova-Bell, V.Y.
Structure of the full-length TRPV2 channel by cryo-EM. Nat. Commun. 2016, 7, 11130. [CrossRef] [PubMed]
Gao, Y,; Cao, E.; Julius, D.; Cheng, Y. TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid
action. Nature 2016, 534, 347-351. [CrossRef] [PubMed]

Kasimova, M.A.; Granata, D.; Carnevale, V. Voltage-gated sodium channels: Evolutionary history and
distinctive sequence features. Curr. Top. Membr. 2016, http:/ /dx.doi.org/10.1016/bs.ctm.2016.05.002.
Bevan, S.; Hothi, S.; Hughes, G.; James, LE,; Rang, H.P,; Shah, K.; Walpole, C.S.; Yeats, ].C. Capsazepine:
A competitive antagonist of the sensory neurone excitant capsaicin. Br. J. Pharmacol. 1992, 107, 544-552.
[CrossRef] [PubMed]

Diaz-Franulic, I.; Caceres-Molina, J.; Sepulveda, R.V.; Gonzalez-Nilo, F,; Latorre, R. Structure driven
pharmacology of transient receptor potential channel vanilloid 1 (TRPV1). Mol. Pharmacol. 2016. [CrossRef]
[PubMed]

Yang, F.; Xiao, X.; Chen, W.; Yang, W.; Yu, P,; Song, Z.; Yarov-Yarovoy, V.; Zheng, J. Structural mechanism
underlying capsaicin binding and activation of the TRPV1 ion channel. Nat. Chem. Biol. 2015, 11, 518-524.
[CrossRef] [PubMed]

Ranganathan, R.; Lewis, ].H.; MacKinnon, R. Spatial localization of the K* channel selectivity filter by mutant
cycle-based structure analysis. Neuron 1996, 16, 131-139. [CrossRef]

Darre, L.; Domene, C. Binding of capsaicin to the TRPV1 ion channel. Mol. Pharm. 2015, 12, 4454-4465.
[CrossRef] [PubMed]

Fowler, PW.; Sansom, M.S. The pore of voltage-gated potassium ion channels is strained when closed.
Nat. Commun. 2013, 4, 1872. [CrossRef] [PubMed]

Yang, E; Vu, S.; Yarov-Yarovoy, V.; Zheng, J. Rational design and validation of a vanilloid-sensitive TRPV2
ion channel. Proc. Natl. Acad. Sci. USA 2016, 113, E3657-E3666. [CrossRef] [PubMed]

Zhang, F; Hanson, S.M.; Jara-Oseguera, A.; Krepkiy, D.; Bae, C.; Pearce, L.V.; Blumberg, PM.; Newstead, S.;
Swartz, K.J. Engineering vanilloid-sensitivity into the rat TRPV2 channel. eLife 2016, 5, e16409. [CrossRef]
[PubMed]

Feng, Z.; Pearce, L.V,; Xu, X,; Yang, X.; Yang, P; Blumberg, PM.; Xie, X.Q. Structural insight into tetrameric
hTRPV1 from homology modeling, molecular docking, molecular dynamics simulation, virtual screening,
and bioassay validations. J. Chem. Inf. Model. 2015, 55, 572-588. [CrossRef] [PubMed]

Feng, Z.; Pearce, L.V,; Zhang, Y.; Xing, C.; Herold, B.K.; Ma, S.; Hu, Z.; Turcios, N.A.; Yang, P.; Tong, Q.;
et al. Multi-functional diarylurea small molecule inhibitors of TRPV1 with therapeutic potential for
neuroinflammation. AAPS J. 2016, 18, 898-913. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s40122-014-0027-1
http://www.ncbi.nlm.nih.gov/pubmed/25069571
http://dx.doi.org/10.1038/270741a0
http://www.ncbi.nlm.nih.gov/pubmed/593396
http://dx.doi.org/10.1073/pnas.0901507106
http://www.ncbi.nlm.nih.gov/pubmed/19451647
http://dx.doi.org/10.1126/scitranslmed.aac6589
http://www.ncbi.nlm.nih.gov/pubmed/26378245
http://dx.doi.org/10.1038/nature17975
http://www.ncbi.nlm.nih.gov/pubmed/27296226
http://dx.doi.org/10.1038/nature12823
http://www.ncbi.nlm.nih.gov/pubmed/24305161
http://dx.doi.org/10.1038/nature12822
http://www.ncbi.nlm.nih.gov/pubmed/24305160
http://dx.doi.org/10.1038/nature14367
http://www.ncbi.nlm.nih.gov/pubmed/25855297
http://dx.doi.org/10.1038/nsmb.3159
http://www.ncbi.nlm.nih.gov/pubmed/26779611
http://dx.doi.org/10.1038/ncomms11130
http://www.ncbi.nlm.nih.gov/pubmed/27021073
http://dx.doi.org/10.1038/nature17964
http://www.ncbi.nlm.nih.gov/pubmed/27281200
http://dx.doi.org/10.1016/bs.ctm.2016.05.002.
http://dx.doi.org/10.1111/j.1476-5381.1992.tb12781.x
http://www.ncbi.nlm.nih.gov/pubmed/1422598
http://dx.doi.org/10.1124/mol.116.104430
http://www.ncbi.nlm.nih.gov/pubmed/27335334
http://dx.doi.org/10.1038/nchembio.1835
http://www.ncbi.nlm.nih.gov/pubmed/26053297
http://dx.doi.org/10.1016/S0896-6273(00)80030-6
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00641
http://www.ncbi.nlm.nih.gov/pubmed/26502196
http://dx.doi.org/10.1038/ncomms2858
http://www.ncbi.nlm.nih.gov/pubmed/23695666
http://dx.doi.org/10.1073/pnas.1604180113
http://www.ncbi.nlm.nih.gov/pubmed/27298359
http://dx.doi.org/10.7554/eLife.16409
http://www.ncbi.nlm.nih.gov/pubmed/27177419
http://dx.doi.org/10.1021/ci5007189
http://www.ncbi.nlm.nih.gov/pubmed/25642729
http://dx.doi.org/10.1208/s12248-016-9888-z
http://www.ncbi.nlm.nih.gov/pubmed/27000851

Pharmaceuticals 2016, 9, 52 20 of 20

156. Ann, J; Ki, Y;; Yoon, S.; Kim, M.S.; Lee, J.U,; Kim, C.; Lee, S.; Jung, A.; Baek, J.; Hong, S.; et al.
2-Sulfonamidopyridine C-region analogs of 2-(3-fluoro-4-methylsulfonamidophenyl)propanamides as potent
TRPV1 antagonists. Bioorg. Med. Chem. 2016, 24, 1231-1240. [CrossRef] [PubMed]

157. Ann, J.; Sun, W.; Zhou, X,; Jung, A.; Baek, J.; Lee, S.; Kim, C.; Yoon, S.; Hong, S.; Choi, S.; et al. Discovery of
N-(3-fluoro-4-methylsulfonamidomethylphenyl)urea as a potent TRPV1 antagonistic template. Bioorg. Med.
Chem. Lett. 2016, 26, 3603-3607. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.bmc.2016.01.051
http://www.ncbi.nlm.nih.gov/pubmed/26860926
http://dx.doi.org/10.1016/j.bmcl.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27317643
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction—TRP Channels 
	Sensory TRP Channels 
	Heat Sensitive TRP Channels other than TRPV1 
	Cold Sensitive TRP Channels 

	Physiological and Pathophysiological Roles of TRPV1 
	Functions Related to Expression in Peripheral Sensory Neurons 
	Nociceptive Heat Sensation and Thermal Hyperalgesia 
	Urinary Bladder 
	Airways 

	Functions Based on Expression in Other Tissues 
	Body Temperature Regulation 
	Metabolism 
	Ocular Injury and Eye Disease 


	TRPV1 as a Drug Target 
	Limitations of TRPV1 Antagonists 
	Desensitization of TRPV1–Rationale for Using TRPV1 Agonists 
	Structure Based Rational Design of TRPV1 Modulators 
	CryoEM Structure of TRPV1: First Insights on the Gating Mechanism 
	Binding Mode of Capsaicin and RTX 
	Mechanism of Activation by Vanilloids 
	Structure Driven Design of Novel Modulators 



