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Abstract: Transient receptor potential vanilloid 4 (TRPV4) is a non-selective cation channel that
is broadly expressed in different human tissues, including the digestive system, where it acts as
a molecular sensor and a transducer that regulates a variety of functional activities. Despite the
extensive research to determine the role of this channel in the physiology and pathophysiology of
different organs, the unique morphological and functional features of TRPV4 in the esophagus remain
largely unknown. Ten years ago, TRPV4 was shown to be highly expressed in esophageal epithelial
cells where its activation induces Ca2+-dependent ATP release, which, in turn, mediates several
functions, ranging from mechanosensation to wound healing. This review summarizes the research
progress on TRPV4, and focuses on the functional expression of TRPV4 in esophageal epithelium and
its possible role in different esophageal diseases that would support TRPV4 as a candidate target for
future therapeutic approaches to treat patients with these conditions.

Keywords: ATP; Ca2+ homeostasis; esophageal cancer; esophageal epithelial cells; esophagus; GERD;
ion transporters; mechanosensation; TRPV4; wound healing

1. Introduction

The main functions of the alimentary canal are the propulsion of food, mechanical
and chemical digestion, secretion of enzymes, absorption, and protection against different
pathogens and toxins, as well as formation and expulsion of fecal material. These functions
are carried out on a daily basis and their regulation depends on a proper set of functional
signals from a variety of sources ranging from the luminal contents to the nervous system [1].
Contents of ingested meals interact directly with the alimentary canal epithelium and
indirectly with two subsets of nerve fibers, intrinsic and extrinsic, that innervate the
gastrointestinal tract. The local nervous system, also termed the enteric nervous system,
exists as an intricate neuronal mesh enclosed in the wall of the alimentary canal and
is involved in detecting chemical, mechanical, and osmolarity changes, as well as in
regulating gut secretory and motility functions. Both limbs of the enteric nervous system,
the submucosal and myenteric plexuses, are, in turn, modulated by extrinsic vagal and
spinal efferent nerve fibers as part of a reflex arc initiated by stimulation of extrinsic afferent
nerves originating from jugular, nodose, and dorsal root ganglia. Such an arrangement
provides the alimentary canal with a complex and elaborate set of molecular sensors that
scrutinize the luminal contents, discern adverse conditions in the digestive tract wall and
lumen, and modulate secretory activity [2].

Int. J. Mol. Sci. 2022, 23, 4550. https://doi.org/10.3390/ijms23094550 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23094550
https://doi.org/10.3390/ijms23094550
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5285-0221
https://doi.org/10.3390/ijms23094550
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23094550?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 4550 2 of 15

The esophagus is part of the alimentary canal that extends from the mouth to the
anus. Like other segments of the canal, the esophagus wall is composed of the same four
basic layers, but the histological features of most of these layers do differ. For example,
the outermost layer is adventitia rather than serosa. The esophagus muscularis externa
contains striated muscle fibers in its proximal region, and distally, these striated fibers mix
with smooth muscle fibers in variable proportions in a species-dependent manner. The
submucosa of the esophagus contains connective tissue cells, blood and lymphatic vessels,
nerves, and submucosal glands. Interestingly, esophagus tissue in pigs and humans has
large numbers of submucosal glands, which are absent in rodent esophagus [3]. Submucosal
glands are tubuloacinar glands that are dispersed throughout the submucosa. They are
lined with epithelial cells and mainly secrete mucus, bicarbonate, and growth factors, and
their primary function is to lubricate the esophagus and to protect the tissue from the
damaging effects of acidic gastric refluxate [4]. Another unique feature of the esophageal
wall structure is its mucosa, in which the epithelium has a stratified squamous type with
varying thickness and degree of keratinization, which is dependent on the species under
investigation. In the esophagus of rodents, squamous epithelial cells are organized in four
to five layers and are usually keratinized. Meanwhile, in the thicker esophageal mucosa of
humans and pigs, the squamous cells are arranged in up to 10–15 layers, and the epithelial
surface is not keratinized [3]. Sentient responses to chemical, thermal, and mechanical
stimuli occur in the esophagus and ion transporters mediate many of these responses.

2. TRP Channels in the Esophageal Wall

Ion transporters play an important role in gastrointestinal physiology and pathophys-
iology. Several studies have been conducted to explore the physiological expression of
different ion channels in the wall of the alimentary canal [5]. In the esophageal mucosa,
epithelial cells, also known as esophageal keratinocytes, express a broad variety of recep-
tors and ion channels such as calcium sensing receptors (CaSRs) [6], protease-activated
receptor 2 (PAR2) [7], epithelial sodium channels (ENaCs) [8,9], acid-sensing ion channels
(ASICs) [10], and members of the transient receptor potential channel family [11–13]. These
channels and receptors work conjointly as multiple sensors for relevant chemical and
physical stimuli.

Transient receptor potential (TRP) channels are non-selective cation channels that
mediate influx of Ca2+, Mg2+ and monovalent cations in different cell types [14]. The first
mammalian thermosensitive TRP channel was cloned from sensory neurons by Professor
David Julius and his team in 1997. This TRP channel was first called vanilloid receptor sub-
type 1 (VR1; now named TRPV1). VR1 was shown to be a heat-sensing calcium-permeable
ion channel that is stimulated by capsaicin (the substance that provides the piquancy of hot
red chili peppers), noxious heat, and low pH, suggesting its possible role as a pain trans-
ducer [15]. This discovery opened the doors for subsequent discovery of other members of
the TRP channel superfamily that make substantial contributions to different physiological
and pathological conditions in almost every organ of the human body. Professor Julius was
recently awarded the 2021 Nobel Prize in Physiology or Medicine, which he shared with
the molecular biologist and neuroscientist Professor Ardem Patapoutian.

A functional TRP channel has a central cation-permeable hydrophilic pore encircled
by four subunits, and each subunit has six transmembrane domains with cytoplasmic C
and N termini [16]. To date, mammalian TRP channels are a large superfamily comprising
28 members that are categorized into six subfamilies based on their amino acid sequence:
ankyrin (TRPA1), canonical (TRPC1-7), melastatin (TRPM1-8), mucolipin (TRPML1-3),
polycystin (PC) (TRPP1-3), and vanilloid (TRPV1-6) [14,17,18]. Members of this family
of ion channels are expressed in almost every cell in the body including the alimentary
canal [13,19–23], where they play a pivotal role in the homeostasis and different diseases of
the GI tract [24,25].

In the digestive tract, TRP channels are mainly expressed by primary afferent sensory
neurons that emerge from enteric nervous system neurons, and vagal and dorsal root
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ganglia that jointly innervate the alimentary canal [25]. Nevertheless, several recent studies
also revealed functional expression of TRP channels in non-neuronal cells of the gut
such as esophageal epithelial cells, enterocytes, and enteroendocrine cells [12,26–28]. The
TRPV1 channel, the most studied member of the TRP family, is extensively expressed in
the alimentary canal, mostly by primary afferent sensory and enteric neurons, but it is also
expressed by enteroendocrine cells and mucosal epithelial cells [29]. The TRPA1 channel
is expressed by mucosal cells as well as ganglia and enteric primary neurons that project
to the alimentary canal. The TRPA1 channel is considered as one of the most promising
polymodal chemosensors in the gut as it can be stimulated by an array of dietary and
noxious molecules, such as allicin and isothiocyanates, as well as by products of oxidative
stress and exogenous irritants [25,30]. The TRPM5 and TRPM8 channels, two members of
the melastatin subfamily, are widely expressed in the alimentary canal. The TRPM5 channel
is expressed by lingual taste bud receptor cells and gut chemosensory cells [31,32], whereas
the TRPM8 channel mostly localizes to primary afferent neurons where it functions as a
cold chemosensor [33,34].

Different members of the TRP superfamily were shown to be expressed in the esophageal
wall (Table 1). For instance, TRPA1-expressing vagal sensory neurons and afferent nerves were
identified in guinea pig esophagus, where they mediate long-lasting mechanical hypersensi-
tivity of vagal nodose and TRPV1-positive jugular afferent C fibers that is induced following
mast cell activation [35]. Moreover, TRPA1 channel agonists preferentially stimulate vagal
nodose nociceptive fibers, whereas jugular nerve fibers have a relatively weaker response to
these agonists [36]. TRPA1-expressing vagal sensory neurons and afferent C-fiber subtypes
are also sensitized by prolonged allergen challenge in guinea pig esophagus [37]. Although
upregulation of mucosal TRPA1 channel expression was shown to mediate macroscopic
and microscopic gastric mucosal injury in a rat model of gastritis [38], there is no current
evidence to support a role for esophageal epithelial TRPA1 channel in mediating esophagitis
or esophageal hypersensitivity in gastroesophageal reflux disease (GERD) patients.

Table 1. Expression of different TRP channels in the esophageal wall.

TRP Channel Localization Functional Role Species Reference

TRPA1 Vagal sensory neurons
and afferent nerves Mediate long-lasting mechanical hypersensitivity Guinea pig [35–37]

TRPM8 Jugular vagal C fibers Esophageal sensation and nociception
Cold sensation

Guinea pig
Human [39,40]

TRPV1

Sensory neurons and
afferent nerve fibers

Mediates capsaicin-induced heartburn and
esophageal sensitivity

Guinea pig,
Human,

Mouse, Rat
[13,41]

Esophageal
keratinocytes

Mediates IL8 production and induces intracellular
production of reactive oxygen species

Human,
Mouse [42,43]

TRPV2 Nitrergic myenteric
neurons

Possible modulation of esophageal motility via
myenteric co-innervation of vagal efferent fibers Mouse [21,44]

TRPV4 Esophageal
keratinocytes

Mediates mechanosensation via ATP release
Delays in vitro wound healing by contributing to

increases in levels of adenosine, derived from
TRPV4-mediated ATP release

Mouse [12,45]

TRPV6 Esophageal
keratinocytes

Putative role in mediating cell survival and
programmed cell death

Human,
Mouse [46]

NERD: nonerosive reflux disease; EE: erosive esophagitis.

Likewise, TRPM8-expressing vagal C fibers of jugular, but not nodose, origin express
TRPM8 mRNA and respond to TRPM8 channel agonists as evidenced by results from both
patch clamp and calcium imaging techniques [39]. This finding suggests a putative role
for these vagal jugular C fibers in esophageal sensation and nociception. This possibility
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is further supported by the ability of menthol (TRPM8 agonist) infusion to elicit cold
sensations in the esophagi of healthy subjects compared to the heartburn evoked in GERD
patients [40].

The TRPV1 channel is expressed in esophageal sensory neurons and afferent nerve
fibers of different animal species [13], and mediates capsaicin-induced heartburn and
esophageal sensitivity [41]. Upregulation of TRPV1 channel expression in mucosal, includ-
ing intraepithelial, sensory fibers might contribute to symptoms experienced by patients
with GERD [47,48]. Moreover, TRPV1 channel overexpression, at both the mRNA and
protein level, was shown in the esophageal mucosa of patients with non-erosive reflux
disease (NERD) and erosive reflux disease (ERD), suggesting that TRPV1 channel might
contribute to NERD symptoms and possibly explain the esophageal hypersensitivity ex-
hibited by these patients [11]. These observations were further supported by a recent
study that revealed significantly increased expression of TRPV1 channel on superficial
mucosal sensory nerves in NERD patients and concomitant, exclusively increased expres-
sion of ASIC3 channel on epithelial cells from patients with NERD and ERD, indicating
a sensory role for esophageal epithelial cells in acid reflux perception. These epithelial
cells act interdependently with TRPV1-expressing mucosal nerves to augment esophageal
hypersensitivity in patients with NERD [49]. This result further supports previous findings
in a murine NERD model that indicate a role for mucosal TRPV1 channel overexpression
in esophageal inflammation and acid-induced decrease of esophageal transepithelial elec-
trical resistance [50]. TRPV1 channel expression is not restricted to sensory neurons as
several recent studies have shown that it is expressed in esophageal epithelial cells. For
instance, in human esophageal epithelial cells, the TRPV1 channel mediates interleukin
8 production and induces intracellular production of reactive oxygen species [42]. Fur-
thermore, both in vivo and in vitro studies have shown TRPV1 channel expression on
murine esophageal epithelial cells that was increased upon exposure to acid and then was
reverted after exposure to menthol [43]. However, the TRPV1 channel does not seem to
play a role in the esophageal mucosal barrier in patients with NERD [42]. On the other
hand, the TRPV2 channel was shown to be expressed by nitrergic myenteric neurons
in the mouse esophagus [44], suggesting that it could modulate esophageal motility via
myenteric co-innervation of vagal efferent fibers innervating esophageal striated muscle
fibers [21–23]. This possibility was further supported by the observed upregulation of
TRPV2 channel in nitrergic myenteric inhibitory neurons of the lower esophageal sphincter
(LES) in a rat model of reflux esophagitis. This augmented TRPV2 channel expression in-
duces nitric oxide-mediated relaxation of LES resulting in acid reflux that could contribute
to the development of GERD. Oral instillation of the TRPV2 channel antagonist tranilast in
this esophagitis model significantly ameliorated body weight loss and improved epithe-
lial thickness, as well as lessened severity of esophageal lesions [51]. Although TRPV2,
TRPV3, TRPV4, and TRPV6 channels were shown to be present in the mucosa of mouse
esophagus and cultured esophageal keratinocytes, the functional role of TRPV2, TRPV3,
and TRPV6 channels in esophageal epithelial cells remains unclear [12,46]. High levels of
TRPV6 channel expression in human and mouse esophageal stratified epithelia suggest a
putative role for this ion channel in mediating cell survival and programmed cell death
signaling pathways [46].

Members of the TRP channel superfamily were shown to play an important role in
the progression and proliferation of esophageal cancer, especially esophageal squamous
cell carcinoma (ESCC). The finding that dysregulation of TRPC6, TRPM2, TRPM7, TRPM8,
TRPV1, TRPV2, and TRPV6 channel expression was linked to ESCC pathogenesis and
prognosis suggests that these TRP family members could be used as prognostic markers
and would be promising therapeutic targets [52]. For instance, the expression levels of
TRPC6 mRNA and protein are higher in ESCC tissue compared to normal esophageal
tissue, and the inhibition of TRPC6 channel activity in human ESCC cells suppresses
cell proliferation and induces G2/M phase arrest, as well as decreases tumor formation
in a mouse xenograft model [53]. Likewise, TRPM2 channel expression is increased in
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ESCC tumor tissue and is involved in calcium-mediated inhibition of cell proliferation
and enhanced apoptosis of ESCC cells [54]. TRPM7 channel expression level was also
reported to be a valuable prognostic factor in ESCC patients, and siRNA-based silencing
of TRPM7 increases ESCC cell proliferation, migration, and invasion [55]. Meanwhile,
mRNA and protein expression of another melastatin TRP channel, TRPM8, was shown to
be upregulated in esophageal cancer cells compared to adjacent normal tissue. This finding
suggests that the TRPM8 channel plays a crucial pro-tumor role in the pathogenesis of
esophageal cancer and, thus, could be a therapeutic target [56]. TRPV1 channel expres-
sion was also shown to be upregulated in ESCC cells and TRPV1 channel overactivation
promoted by recurrent stimulation with heat or capsaicin enhances cellular proliferation
and migration of ESCC cells [57]. Similarly, the TRPV2 channel is overexpressed in ESCC
cells and TRPV2 channel silencing suppresses ESCC cell proliferation and cell cycle pro-
gression, induces cell apoptosis, and is also associated with poor prognosis and low 5-year
overall survival [58]. TRPV6 channel expression is significantly downregulated in human
ESCC compared to adjacent nontumor tissues and this downregulation was correlated with
advanced cancer stage and low survival rate [59].

The human TRPV4 channel has 871 amino acids with intracellular N- and C-termini
and six transmembrane spanning (S1–S6) α-helices (Figure 1). S5, S6, and the interconnect-
ing loop form the central cation-permeable pore [14,60]. The TRPV4 channel was initially
reported to be an osmo- or mechano-sensor [61,62] that can be activated by moderate
temperatures (>27 ◦C) [63] and UV light [64], as well as several endogenous and exogenous
substances (Table 2). The TRPV4 channel is a non-selective cation channel that is widely
expressed in many tissues throughout the body, where it plays important roles in several
physiological functions [65–67]. In the esophagus, TRPV4 channel is expressed in the basal
and intermediate layers of the esophageal epithelium [12,68].
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Figure 1. Transient receptor potential vanilloid 4 (TRPV4) channel structure. S1-S6 are six membrane-
spanning helices.

Agents that tweak TRPV4 channel activity could be promising therapeutics for the
treatment of many disease conditions including congestive heart failure, respiratory and
gastrointestinal disorders, osteoarthritis, and pain [69]. For instance, due to the proposed
damaging role of TRPV4 channel on the alveolar-capillary barrier and in the develop-
ment of lung edema, inhibitors of TRPV4 channel activity could be used to protect or
restore the damage to this barrier in patients with various respiratory diseases, including
COVID-19 [70,71]. Research geared toward discovering TRPV4 channel modulators for
therapeutic use began around ten years ago and has evolved significantly in the last few
years. The TRPV4 channel has, indeed, proven to be a greatly druggable target. At least
nine novel chemotypes have potential as templates for potent TRPV4 channel agonists
or antagonists that have oral bioavailability and other drug-like properties. At least two
TRPV4 channel antagonists have demonstrated sufficient properties and preclinical safety
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profiles to be recommended as drug candidates. To date, GSK2798745 is the only potent
and selective TRPV4 channel inhibitor that has been investigated in four separate early
phase clinical trials: a Phase 1 study to assess effects on alveolar-septal barrier permeability
following LPS challenge in healthy subjects; a Phase 2a study in participants with chronic
cough; a first-in-human trial in healthy participants and stable heart failure patients; and
a Phase 2a trial in congestive heart failure patients. GSK2798745 was found to be safe
and well-tolerated, and to exhibit some positive efficacy trends in patients with heart
failure [72]. Meanwhile, the progress in developing TRPV4 channel agonists as medicines
has lagged behind that for antagonists due to the toxicity caused by systemic activation of
TRPV4 channel [69].

Table 2. Transient receptor potential vanilloid 4 (TRPV4) channel agonists and antagonists.

Name Selectivity In Vivo/Route/Species Reference

Agonist

GSK1016790A Non-selective +(IV, SC) mice [45,73]
4αPDD Non- selective In vivo [45]

4αLPDD Non- selective [45]
4αPD Non- selective [74]

Phorbol 12 myristate 13-acetate Non-selective [45]
5,6-epoxyeicosatrienoic acids (5,6-EET) Non-selective [75–77]

Dimethylallyl pyrophosphate (DMAPP) Non-selective +(intraplantar) mice [78]
Bisandrographolide A (BAA) Non-selective [74]

N-arachidonoyl taurine Non-selective [79]
Apigenin No evidence [80]

Cannabidivarin, Tetrahydrocannabidivarin Non-selective [45]
RN-1747 Non-selective [81]

Antagonist

HC-067047 Selective +(SC) mice [82,83]
Citral Selective [82]

RN-1734 Selective [82]
GSK205 Selective +(topical) mice [82,84]

GSK2193874 Non-selective +(IV, IP) mice and rats [82,85]
Ruthenium red (RR) Non-selective [45,86,87]

Butamben Non-selective [82]
Capsazepine Non-selective TRPV [82]

Gd3+ Non-selective TRPV [87]
La3+ Non-selective TRPV [87]

In this review, we summarize recent research progress about the functional expression
of TRPV4 channel in esophageal epithelium, with a special focus on its possible role in
different esophageal diseases and the potential of targeting this channel for the development
of therapeutic approaches for these conditions.

3. TRPV4 in Mechanosensation

In addition to its role in providing a conduit for food from the pharynx to the stomach,
the esophagus can function as a sensory organ due to its dual innervation by primary
afferents having vagal and spinal origins that terminate either in the muscularis externa or
en route to the mucosa, where they branch into a delicate mesh of fine varicose fibers [88].
Some mucosal afferents have intraepithelial extensions that place them in close proximity
to esophageal luminal contents and may impart mechano-, thermo-, or chemosensory
functions [22,89,90]. Chemical, mechanical, thermal, and noxious stimuli acting on the
esophageal wall are transduced to action potentials, either directly or indirectly, by a mul-
titude of receptors expressed on esophageal sensory nerves [88] or non-neuronal cells,
such as esophageal keratinocytes [12]. These action potentials are then transmitted to the
central nervous system via the spinal and vagal afferents. The most prominent terminal
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structures of vagal afferent fibers in the esophageal muscle coat are termed intraganglionic
laminar endings (IGLEs) [91]. The polymodal vagal afferents mainly carry mechano-,
chemo-, and thermosensations [88], but several studies were unable to identify the exact
molecular mechanosensor that is expressed by the vagal afferents and confers these activi-
ties. Nevertheless, some of these studies did reveal that vagal afferents in rat and mouse
esophagi express the ionotropic purinergic receptors P2X2 and P2X3 [92,93]. In recent
years, adenosine triphosphate (ATP) has become widely recognized as a rapid synaptic
transmitter in both peripheral and central divisions of the nervous system [94]. Several
subsequent studies showed that many non-neuronal cells, including different epithelial
cells, can release ATP in response to multiple stimuli including subjecting cell membranes
to stretch [95,96]. In P2X3 knockout mice, mechanical distension induced ATP release from
the esophagus, which was similar to that seen in wild-type (WT) mice, whereas activation
of vagal afferents was reduced relative to WT mice [97]. Meanwhile, a P2X3 agonist was
shown to stimulate mechanosensitive vagal afferents in mouse esophagus [98], suggesting
that ATP release induced by mechanical stimuli and its action on P2X3 receptors plays
an important role in esophageal mechanosensation. Considering the ability of skin ker-
atinocytes to release ATP upon stimulation [99], we proposed that esophageal keratinocytes
might have a similar capacity to release ATP in response to various stimuli (including
stretch). The released ATP can, in turn, stimulate P2X2 and P2X3-expressing esophageal
vagal afferents, which provides important clues about the missing pieces in the puzzle of
molecular mechanotransduction in the esophagus.

We explored whether the TRPV4 channel functions as a mechanosensor in the esopha-
gus. We found that TRPV4 mRNA and proteins are expressed in esophageal keratinocytes
harvested from WT mice. Using a patch-clamp technique, we showed that several known
TRPV4 channel activators, including heat and the agonist GSK1016790A, evoked TRPV4-
like currents in cultured esophageal keratinocytes from WT, but not Trpv4 knockout (TRPV4-
KO) mice. Moreover, these activators, as well as stretch, increased cytosolic Ca2+ concentra-
tions in the cultured keratinocytes. Heat and the TRPV4 channel agonist GSK1016790A
also significantly increased ATP release from cultured WT esophageal keratinocytes, but
not from TRPV4-KO cells. The ability of esophageal keratinocytes to pack ATP into vesi-
cles in preparation for release was supported by the finding that these cells express the
newly identified vesicle ATP transporter, vesicular nucleotide transporter (VNUT), at both
the mRNA and protein levels. Thus, our findings clearly support the hypothesis that
TRPV4 channel mediates Ca2+-dependent exocytotic ATP release in response to mechan-
ical, thermal and chemical stimuli. The released ATP, in turn, activates P2X-expressing
vagal (IGLEs and mucosal) afferents [12]. This esophageal keratinocyte-vagal afferent
crosstalk with TRPV4 channel acting as a possible epithelial mechanosensitive molecule
could be a vital component of esophageal mechanotransduction (Figure 2). This observa-
tion was supported by our subsequent findings showing morphological and functional
expression of TRPV4 channel in murine and rat gastric epithelia. In this recent study,
TRPV4-expressing gastric epithelial cells responded to various TRPV4 channel stimulants
through Ca2+-dependent ATP release that could contribute to gastric emptying, most likely
by triggering a local reflex arc intrinsic to the stomach wall that involves ATP release
mediated by P2X2 and P2X3-expressing putative gastric mechanosensing vagal afferent
intraganglionic laminar endings located in close proximity to the epithelium [19].
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Figure 2. Functional expression of transient receptor potential vanilloid 4 (TRPV4) channel in esophageal
keratinocytes and its possible role in mechanosensation and wound healing via Ca2+-dependent ex-
ocytotic ATP release. Adn = Adenosine, ATP = adenosine triphosphate, P2X2/P2X3 = subtypes of
purinergic receptors, PAR2 = protease-activated receptor 2, VNUT = vesicular nucleotide transporter.
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4. TRPV4 in Cell Proliferation and Migration

Various luminal insults, such as gastric refluxate, could compromise esophageal epithe-
lial integrity and possibly cause esophageal erosions and, in more severe cases, ulcerations.
Calcium and heat are among many factors that affect epithelial wound healing [100,101].
As an ion transporter with high permeability to Ca2+ upon stimulation, TRPV4 channel
attracted our attention as a candidate regulator of esophageal epithelial wound healing.
We have shown that esophageal keratinocytes obtained from TRPV4-KO mice exhibit an
augmented ability for in vitro wound healing involving both enhanced cell proliferation
and migration that was slowed when the cells were transfected with TRPV4 cDNA. More-
over, mechanical stimuli in the form of cyclic tensile strain slowed wound healing to a
greater degree in WT compared to TRPV4-KO esophageal keratinocytes. These results
clearly demonstrate that deletion of TRPV4 enhances in vitro wound healing of cultured
esophageal keratinocytes [26]. The ability of the TRPV4 channel to mediate Ca2+-dependent
exocytotic release of ATP from cultured esophageal keratinocytes in response to mechanical,
chemical, and thermal stimuli [12] raises the question of whether ATP, or one of its degrada-
tion products, plays a modulatory role in the observed repressive effect of TRPV4 channel
on wound healing. Although exogenous ATP significantly slowed wound healing, the
inability of apyrase (an ATP hydrolase) to affect gap closure or abolish the inhibitory effect
of exogenous ATP ruled out a direct role for ATP in modulating the in vitro wound healing
process, and suggests that ATP metabolites (e.g., ADP, AMP, and adenosine) are candidate
modulators of wound healing [26]. Most extracellular adenosine is derived from the re-
lease and metabolism of adenine nucleotides, such as ATP, following diverse stimuli [102].
Ectonucleotidases are extracellular enzymes that metabolize released ATP to yield different
products such as adenosine [103,104], which in turn acts on G-protein-coupled adenosine
receptors to control several physiological processes, including cell proliferation [105]. There-
fore, we hypothesized that the ATP metabolite adenosine could be a candidate molecule
involved in modulating in vitro wound healing of esophageal keratinocytes. The observed
ability of exogenous adenosine to delay wound healing further supports this possibility.
This effect was shown to be mediated by the highly expressed A2B adenosine receptor
in esophageal mucosa and blocked by a selective A2B adenosine receptor antagonist [26]
(Figure 2).

Acid can also inhibit the acid-sensitive TRPV4 channel expressed by murine esophageal
epithelial cells [68]. Collectively, the aforementioned findings suggest that protons in gastric
refluxate could enhance wound healing through a TRPV4-suppressing effect and possibly
act as a natural protective mechanism to withstand acid-induced injury.

5. TRPV4 in Esophageal Inflammation and Tumors

Gastroesophageal reflux disease (GERD) is a multi-factorial chronic disease that may
involve esophageal inflammation associated with hypersensitivity to mechanical or heat
stimuli as well as acids, and can be attributed to altered expression of different ion chan-
nels in the esophageal wall [3]. Based on the presence or absence of mucosal damage,
GERD patients can be classified as having either erosive esophagitis (EE) or nonerosive
reflux disorder (NERD) [106]. For instance, inflammation-mediated overexpression of the
mucosal TRPV1 channel is thought to play a role in NERD and GERD [11,48]. Although
there is no direct evidence of TRPV4 channel overexpression in the esophageal mucosa of
NERD and GERD patients, Suzuki et al. showed that esophageal keratinocytes express
PAR2 and TRPV4 mRNA and protein. They also showed PAR2 activation following expo-
sure to trypsin upregulated TRPV4 channel function via the protein kinase C-mediated
phosphorylation of TRPV4 serine residues. This TRPV4 channel phosphorylation increased
ATP release in mouse esophageal keratinocytes [107]. The effects on esophageal vagal
afferents conferred by enhanced ATP release could be responsible for the commonly ob-
served mechanical hyperalgesia in NERD and GERD patients [108]. Thus, inhibition of
TRPV4 channel by different antagonists (Table 2) could be a potential novel therapeutic
strategy for symptomatic treatment of these conditions.
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Eosinophilic esophagitis (EoE) is another chronic inflammatory disease that affects the
esophageal mucosa and can be induced by food antigens [109]. Although recent studies
reported that altered expression of at least two different ion transporters, anoctamin 1
(ANO1) and sodium-hydrogen exchanger member 3 (NHE3), could contribute to EoE
pathogenesis [3], none of the mucosal TRP channels are thought to play a role in the
condition and, thus, further investigation is needed to explore their possible role in EoE.

In Barrett’s esophagus, normal esophageal squamous epithelium is replaced by in-
testinal columnar cells [110]. This condition is an adaptation to the altered environment
imposed by long-term GERD [110]. A change in the expression or function of different ion
transporters has a significant role in the development of Barrett’s esophagus [3]. However,
whether there is a clear role for esophageal epithelial TRPV4 channel in this pre-malignant
metaplasia is unclear.

Like several other molecules, altered expression of the TRPV4 channel was observed
to be closely related to tumor formation and metastasis. The TRPV4 channel was shown
to be overexpressed in colorectal, lung, and gastric cancer cells relative to the respective
healthy cells, but in prostate, skin, and esophageal cancer cells, TRPV4 channel expression
was lower relative to healthy cells [111]. The overactivation of the TRPV4 channel associ-
ated with its overexpression in some tumors results in higher intracellular calcium, which,
in turn, regulates downstream signaling pathways to affect the different tumorigenesis
processes. Downregulation of the TRPV4 channel observed in other tumors might be as-
cribed to differences in the tumor microenvironment, which could affect tumor activity via
alternate pathways. For instance, lack of expression of a given gene during cell maturation
can inhibit differentiation processes, which are primarily responsible for tumorigenesis.
The TRPV4 channel is highly expressed in healthy or inflamed epidermal epithelium that
is similar to esophageal epithelium on a histological level, but is lower, or even absent,
in precancerous lesions and non-melanoma skin cancers. The growth and differentiation
of skin keratinocytes are affected by intracellular and extracellular Ca2+ concentrations.
When extracellular Ca2+ concentrations are low, primary keratinocytes remain undiffer-
entiated. In the presence of high Ca2+ concentrations, cell proliferation is suppressed and
differentiation is, thus, facilitated [112]. In human skin keratinocytes, activation of the
TRPV4 channel inhibits cell proliferation, induces apoptosis, and stimulates the release of
IL8, which, in turn, downregulates TRPV4 channel expression [113,114]. Hypothetically,
low expression of the TRPV4 channel in esophageal cancer cells decreases the release of ATP
and, hence, reduces formation of adenosine. Low concentrations of intercellular adenosine,
sensed by autocrine and paracrine communication between keratinocytes, will induce cell
proliferation and migration [26]. In summary, the TRPV4 channel plays an important role in
cell proliferation and differentiation that further affects cancer progression. These findings
raise the possibility that pharmacological inhibition of the TRPV4 channel or a combination
of TRPV4 channel antagonists (Table 1) with other chemotherapeutic agents might provide
alternate treatment options for patients with esophageal cancer that have not responded to
standard treatment. Thus, the potential of TRPV4 channel modulators warrants further
investigation to explore a possible role for this channel in the diagnosis, treatment, and
prognosis of esophageal tumors.

6. Conclusions

The TRPV4 channel is functionally expressed in esophageal epithelial cells, where it
mediates Ca2+-dependent ATP release. The released ATP is directly involved in mechan-
otransduction and indirectly, via its metabolite adenosine, in regulation of esophageal cell
proliferation and migration. These findings suggest that inhibition of TRPV4 channel might
promote healing of esophageal erosions and ulcers, and provide treatment options for
patients with mechanical hyperalgesia. Further studies are needed to explore the exact role
of the TRPV4 channel and its downstream pathways in esophageal barrier integrity, sub-
mucosal gland secretion, NERD, GERD, Barrett’s esophagus, and esophageal tumors, since
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targeting this channel using currently available agonists and antagonists could provide
promising therapeutic options for these conditions.
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38. Csekő, K.; Pécsi, D.; Kajtár, B.; Hegedűs, I.; Bollenbach, A.; Tsikas, D.; Szabó, I.L.; Szabó, S.; Helyes, Z. Upregulation of the
trpa1 ion channel in the gastric mucosa after iodoacetamide-induced gastritis in rats: A potential new therapeutic target. Int. J.
Mol. Sci. 2020, 21, 5591. [CrossRef]

39. Yu, X.; Hu, Y.; Ru, F.; Kollarik, M.; Undem, B.J.; Yu, S. TRPM8 function and expression in vagal sensory neurons and afferent
nerves innervating guinea pig esophagus. Am. J. Physiol. Gastrointest. Liver Physiol. 2015, 308, 489–496. [CrossRef]

40. Banovcin, P.; Duricek, M.; Zatko, T.; Liptak, P.; Hyrdel, R.; Kollarik, M. The infusion of menthol into the esophagus evokes cold
sensations in healthy subjects but induces heartburn in patients with gastroesophageal reflux disease (GERD). Dis. Esophagus
2019, 32, 1–6. [CrossRef]

41. Kindt, S.; Vos, R.; Blondeau, K.; Tack, J. Influence of intra-oesophageal capsaicin instillation on heartburn induction and
oesophageal sensitivity in man. Neurogastroenterol. Motil. 2009, 21, 1032–1039. [CrossRef]

42. Kishimoto, E.; Naito, Y.; Handa, O.; Okada, H.; Mizushima, K.; Hirai, Y.; Nakabe, N.; Uchiyama, K.; Ishikawa, T.; Takagi, T.;
et al. Oxidative stress-induced posttranslational modification of TRPV1 expressed in esophageal epithelial cells. Am. J. Physiol.
Gastrointest. Liver Physiol. 2011, 301, 230–238. [CrossRef] [PubMed]

43. Zhang, Z.; Wu, X.; Zhang, L.; Mao, A.; Ma, X.; He, D. Menthol relieves acid reflux inflammation by regulating TRPV1 in
esophageal epithelial cells. Biochem. Biophys. Res. Commun. 2020, 525, 113–120. [CrossRef] [PubMed]

44. Mihara, H.; Suzuki, N.; Yamawaki, H.; Tominaga, M.; Sugiyama, T. TRPV2 ion channels expressed in inhibitory motor neurons of
gastric myenteric plexus contribute to gastric adaptive relaxation and gastric emptying in mice. Am. J. Physiol. Gastrointest. Liver
Physiol. 2013, 304, 22–24. [CrossRef] [PubMed]

45. Watanabe, H.; Davis, J.B.; Smart, D.; Jerman, J.C.; Smith, G.D.; Hayes, P.; Vriens, J.; Cairns, W.; Wissenbach, U.; Prenen, J.; et al.
Activation of TRPV4 channels (hVRL-2/mTRP12) by phorbol derivatives. J. Biol. Chem. 2002, 277, 13569–13577. [CrossRef]

46. Zhuang, L.; Peng, J.B.; Tou, L.; Takanaga, H.; Adam, R.M.; Hediger, M.A.; Freeman, M.R. Calcium-selective ion channel, CaT1, is
apically localized in gastrointestinal tract epithelia and is aberrantly expressed in human malignancies. Lab. Investig. 2002, 82,
1755–1764. [CrossRef]

http://doi.org/10.1292/jvms.69.365
http://doi.org/10.1111/j.1365-2982.2008.01224.x
http://www.ncbi.nlm.nih.gov/pubmed/19077146
http://doi.org/10.3390/ijms20215277
http://www.ncbi.nlm.nih.gov/pubmed/31652951
http://doi.org/10.1016/j.pharmthera.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21420431
http://doi.org/10.1038/s41598-020-68269-8
http://www.ncbi.nlm.nih.gov/pubmed/32647282
http://doi.org/10.1111/j.1476-5381.2010.01009.x
http://doi.org/10.1016/j.cell.2017.05.034
http://doi.org/10.1038/nrd2280
http://doi.org/10.1113/JP270935
http://doi.org/10.1093/chemse/bjl034
http://doi.org/10.3390/ph11020058
http://www.ncbi.nlm.nih.gov/pubmed/29875336
http://doi.org/10.1002/cne.20794
http://www.ncbi.nlm.nih.gov/pubmed/16304633
http://doi.org/10.1038/nature719
http://www.ncbi.nlm.nih.gov/pubmed/11882888
http://doi.org/10.1152/ajpgi.00068.2009
http://www.ncbi.nlm.nih.gov/pubmed/19423751
http://doi.org/10.1111/j.1365-2982.2011.01768.x
http://doi.org/10.1152/ajpgi.00374.2014
http://doi.org/10.3390/ijms21165591
http://doi.org/10.1152/ajpgi.00336.2014
http://doi.org/10.1093/dote/doz038
http://doi.org/10.1111/j.1365-2982.2009.01332.x
http://doi.org/10.1152/ajpgi.00436.2009
http://www.ncbi.nlm.nih.gov/pubmed/21636531
http://doi.org/10.1016/j.bbrc.2020.02.050
http://www.ncbi.nlm.nih.gov/pubmed/32081421
http://doi.org/10.1152/ajpgi.00256.2012
http://www.ncbi.nlm.nih.gov/pubmed/23203157
http://doi.org/10.1074/jbc.M200062200
http://doi.org/10.1097/01.LAB.0000043910.41414.E7


Int. J. Mol. Sci. 2022, 23, 4550 13 of 15

47. Matthews, P.J.; Aziz, Q.; Facer, P.; Davis, J.B.; Thompson, D.G.; Anand, P. Increased capsaicin receptor TRPV1 nerve fibres in the
inflamed human oesophagus. Eur. J. Gastroenterol. Hepatol. 2004, 16, 897–902. [CrossRef]

48. Yu, X.; Yu, M.; Liu, Y.; Yu, S. TRP channel functions in the gastrointestinal tract. Semin. Immunopathol. 2016, 38, 385–396. [CrossRef]
49. Ustaoglu, A.; Sawada, A.; Lee, C.; Lei, W.Y.; Chen, C.L.; Hackett, R.; Sifrim, D.; Peiris, M.; Woodland, P. Heartburn sensation in

nonerosive reflux disease: Pattern of superficial sensory nerves expressing TRPV1 and epithelial cells expressing ASIC3 receptors.
Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 320, G804–G815. [CrossRef]

50. Silva, R.O.; Bingana, R.D.; Sales, T.M.A.L.; Moreira, R.L.R.; Costa, D.V.S.; Sales, K.M.O.; Brito, G.A.C.; Santos, A.A.; Souza, M.Â.N.;
Soares, P.M.G.; et al. Role of TRPV1 receptor in inflammation and impairment of esophageal mucosal integrity in a murine model
of nonerosive reflux disease. Neurogastroenterol. Motil. 2018, 30, e13340. [CrossRef]

51. Matsumoto, K.; Suenaga, M.; Mizutani, Y.; Matsui, K.; Yoshida, A.; Nakamoto, T.; Kato, S. Role of transient receptor potential
vanilloid subtype 2 in lower oesophageal sphincter in rat acid reflux oesophagitis. J. Pharmacol. Sci. 2021, 146, 125–135. [CrossRef]

52. Stokłosa, P.; Borgström, A.; Kappel, S.; Peinelt, C. TRP channels in digestive tract cancers. Int. J. Mol. Sci. 2020, 21, 1877. [CrossRef]
[PubMed]

53. Shi, Y.; Ding, X.; He, Z.H.; Zhou, K.C.; Wang, Q.; Wang, Y.Z. Critical role of TRPC6 channels in G2 phase transition and the
development of human oesophageal cancer. Gut 2009, 58, 1443–1450. [CrossRef] [PubMed]

54. Wang, X.; Xiao, Y.; Huang, M.; Shen, B.; Xue, H.; Wu, K. Effect of TRPM2-Mediated Calcium Signaling on Cell Proliferation and
Apoptosis in Esophageal Squamous Cell Carcinoma. Technol. Cancer Res. Treat. 2021, 20, 153303382110452. [CrossRef] [PubMed]

55. Nakashima, S.; Shiozaki, A.; Ichikawa, D.; Hikami, S.; Kosuga, T.; Konishi, H.; Komatsu, S.; Fujiwara, H.; Okamoto, K.; Kishimoto,
M.; et al. Transient receptor potential melastatin 7 as an independent prognostic factor in human esophageal squamous cell
carcinoma. Anticancer Res. 2017, 37, 1161–1167. [CrossRef] [PubMed]

56. Lan, X.; Zhao, J.; Song, C.; Yuan, Q.; Liu, X. TRPM8 facilitates proliferation and immune evasion of esophageal cancer cells. Biosci.
Rep. 2019, 39, 1–12. [CrossRef]

57. Huang, R.; Wang, F.; Yang, Y.; Ma, W.; Lin, Z.; Cheng, N.; Long, Y.; Deng, S.; Li, Z. Recurrent activations of transient receptor
potential vanilloid-1 and vanilloid-4 promote cellular proliferation and migration in esophageal squamous cell carcinoma cells.
FEBS Open Bio 2019, 9, 206–225. [CrossRef]

58. Kudou, M.; Shiozaki, A.; Yamazato, Y.; Katsurahara, K.; Kosuga, T.; Shoda, K.; Arita, T.; Konishi, H.; Komatsu, S.; Kubota, T.; et al.
The expression and role of TRPV2 in esophageal squamous cell carcinoma. Sci. Rep. 2019, 9, 1–12. [CrossRef]

59. Zhang, S.S.; Xie, X.; Wen, J.; Luo, K.J.; Liu, Q.W.; Yang, H.; Hu, Y.; Fu, J.H. TRPV6 plays a new role in predicting survival of
patients with esophageal squamous cell carcinoma. Diagn. Pathol. 2016, 11, 1–10. [CrossRef]

60. Owsianik, G.; D’Hoedt, D.; Voets, T.; Nilius, B. Structure-function relationship of the TRP channel superfamily. Rev. Physiol.
Biochem. Pharmacol. 2006, 156, 61–90.

61. Liedtke, W.; Choe, Y.; Martí-Renom, M.A.; Bell, A.M.; Denis, C.S.; AndrejŠali; Hudspeth, A.J.; Friedman, J.M.; Heller, S. Vanilloid
receptor-related osmotically activated channel (VR-OAC), a candidate vertebrate osmoreceptor. Cell 2000, 103, 525–535. [CrossRef]

62. Strotmann, R.; Harteneck, C.; Nunnenmacher, K.; Schultz, G.; Plant, T.D. OTRPC4, a nonselective cation channel that confers
sensitivity to extracellular osmolarity. Nat. Cell Biol. 2000, 2, 695–702. [CrossRef]

63. Güler, A.D.; Lee, H.; Iida, T.; Shimizy, I.; Tominaga, M.; Caterina, M. Heat-Evoked Activation of the Ion Channel, TRPV4. J.
Neurosci. 2002, 22, 6408–6414. [CrossRef] [PubMed]

64. Moore, C.; Cevikbas, F.; Pasolli, H.A.; Chen, Y.; Kong, W.; Kempkes, C.; Parekh, P.; Lee, S.H.; Kontchou, N.-A.; Yeh, I.; et al.
UVB radiation generates sunburn pain and affects skin by activating epidermal TRPV4 ion channels and triggering endothelin-
1 signaling. Proc. Natl. Acad. Sci. USA 2013, 110, E3225–E3234. [CrossRef]

65. Boudaka, A.; Al-Suleimani, M.; Al-Lawati, I.; Baomar, H.; Al-Siyabi, S. Downregulation of endothelial transient receptor
potential vanilloid type 4 channel underlines impaired endothelial nitric oxide-mediated relaxation in the mesenteric arteries of
hypertensive rats. Physiol. Res. 2019, 68, 219–231. [CrossRef] [PubMed]

66. Kida, N.; Sokabe, T.; Kashio, M.; Haruna, K.; Mizuno, Y.; Suga, Y.; Nishikawa, K.; Kanamaru, A.; Hongo, M.; Oba, A.; et al.
Importance of transient receptor potential vanilloid 4 (TRPV4) in epidermal barrier function in human skin keratinocytes. Pflugers
Arch. Eur. J. Physiol. 2012, 463, 715–725. [CrossRef] [PubMed]

67. Shibasaki, K.; Tominaga, M.; Ishizaki, Y. Hippocampal neuronal maturation triggers post-synaptic clustering of brain temperature-
sensor TRPV4. Biochem. Biophys. Res. Commun. 2015, 458, 168–173. [CrossRef] [PubMed]

68. Shikano, M.; Ueda, T.; Kamiya, T.; Ishida, Y.; Yamada, T.; Mizushima, T.; Shimura, T.; Mizoshita, T.; Tanida, S.; Kataoka, H.;
et al. Acid inhibits TRPV4-mediated Ca 2+ influx in mouse esophageal epithelial cells. Neurogastroenterol. Motil. 2011, 23, 1020.
[CrossRef]

69. Lawhorn, B.G.; Brnardic, E.J.; Behm, D.J. Recent advances in TRPV4 agonists and antagonists. Bioorganic Med. Chem. Lett. 2020,
30, 127022. [CrossRef] [PubMed]

70. Kuebler, W.M.; Jordt, S.E.; Liedtke, W.B. Urgent reconsideration of lung edema as a preventable outcome in COVID-19: Inhibition
of TRPV4 represents a promising and feasible approach. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 318, L1239–L1243. [CrossRef]

71. Rosenbaum, T.; Benítez-Angeles, M.; Sánchez-Hernández, R.; Morales-Lázaro, S.L.; Hiriart, M.; Morales-Buenrostro, L.E.;
Torres-Quiroz, F. TRPV4: A Physio and Pathophysiologically Significant Ion Channel. Int. J. Mol. Sci. 2020, 21, 3837. [CrossRef]

72. Lawhorn, B.G.; Brnardic, E.J.; Behm, D.J. TRPV4 antagonists: A patent review (2015–2020). Expert Opin. Ther. Pat. 2021, 31,
773–784. [CrossRef] [PubMed]

http://doi.org/10.1097/00042737-200409000-00014
http://doi.org/10.1007/s00281-015-0528-y
http://doi.org/10.1152/ajpgi.00013.2021
http://doi.org/10.1111/nmo.13340
http://doi.org/10.1016/j.jphs.2021.03.010
http://doi.org/10.3390/ijms21051877
http://www.ncbi.nlm.nih.gov/pubmed/32182937
http://doi.org/10.1136/gut.2009.181735
http://www.ncbi.nlm.nih.gov/pubmed/19651628
http://doi.org/10.1177/15330338211045213
http://www.ncbi.nlm.nih.gov/pubmed/34605693
http://doi.org/10.21873/anticanres.11429
http://www.ncbi.nlm.nih.gov/pubmed/28314277
http://doi.org/10.1042/BSR20191878
http://doi.org/10.1002/2211-5463.12570
http://doi.org/10.1038/s41598-019-52227-0
http://doi.org/10.1186/s13000-016-0457-7
http://doi.org/10.1016/S0092-8674(00)00143-4
http://doi.org/10.1038/35036318
http://doi.org/10.1523/JNEUROSCI.22-15-06408.2002
http://www.ncbi.nlm.nih.gov/pubmed/12151520
http://doi.org/10.1073/pnas.1312933110
http://doi.org/10.33549/physiolres.933952
http://www.ncbi.nlm.nih.gov/pubmed/30628831
http://doi.org/10.1007/s00424-012-1081-3
http://www.ncbi.nlm.nih.gov/pubmed/22374181
http://doi.org/10.1016/j.bbrc.2015.01.087
http://www.ncbi.nlm.nih.gov/pubmed/25637662
http://doi.org/10.1111/j.1365-2982.2011.01767.x
http://doi.org/10.1016/j.bmcl.2020.127022
http://www.ncbi.nlm.nih.gov/pubmed/32063431
http://doi.org/10.1152/ajplung.00161.2020
http://doi.org/10.3390/ijms21113837
http://doi.org/10.1080/13543776.2021.1903432
http://www.ncbi.nlm.nih.gov/pubmed/33724130


Int. J. Mol. Sci. 2022, 23, 4550 14 of 15

73. Kittaka, H.; Yamanoi, Y.; Tominaga, M. Transient receptor potential vanilloid 4 (TRPV4) channel as a target of crotamiton and its
bimodal effects. Pflugers Arch. Eur. J. Physiol. 2017, 469, 1313–1323. [CrossRef] [PubMed]

74. Smith, P.L.; Maloney, K.N.; Pothen, R.G.; Clardy, J.; Clapham, D.E. Bisandrographolide from Andrographis paniculata activates
TRPV4 channels. J. Biol. Chem. 2006, 281, 29897–29904. [CrossRef] [PubMed]

75. Vriens, J. Modulation of the Ca2 Permeable Cation Channel TRPV4 by Cytochrome P450 Epoxygenases in Vascular Endothelium.
Circ. Res. 2005, 97, 908–915. [CrossRef]

76. Vriens, J.; Owsianik, G.; Janssens, A.; Voets, T.; Nilius, B. Determinants of 4α-phorbol sensitivity in transmembrane domains
3 and 4 of the cation channel TRPV4. J. Biol. Chem. 2007, 282, 12796–12803. [CrossRef]

77. Watanabe, H.; Vriens, J.; Prenen, J.; Droogmans, G.; Voets, T.; Nillus, B. Anandamide and arachidonic acid use epoxyeicosatrienoic
acids to activate TRPV4 channels. Nature 2003, 424, 434–438. [CrossRef]

78. Bang, S.; Yoo, S.; Yang, T.J.; Cho, H.; Hwang, S.W. Nociceptive and pro-inflammatory effects of dimethylallyl pyrophosphate via
TRPV4 activation. Br. J. Pharmacol. 2012, 166, 1433–1443. [CrossRef]

79. Saghatelian, A.; McKinney, M.K.; Bandell, M.; Patapoutian, A.; Cravatt, B.F. A FAAH-regulated class of N-acyl taurines that
activates TRP ion channels. Biochemistry 2006, 45, 9007–9015. [CrossRef]

80. Ma, X.; He, D.; Ru, X.; Chen, Y.; Cai, Y.; Bruce, I.C.; Xia, Q.; Yao, X.; Jin, J. Apigenin, a plant-derived flavone, activates transient
receptor potential vanilloid 4 cation channel. Br. J. Pharmacol. 2012, 166, 349–358. [CrossRef]

81. Klausen, T.K.; Pagani, A.; Minassi, A.; Ech-Chahad, A.; Prenen, J.; Owsianik, G.; Hoffmann, E.K.; Pedersen, S.F.; Appendino, G.;
Nilius, B. Modulation of the transient receptor potential vanilloid channel TRPV4 by 4α-phorbol esters: A structure-activity study.
J. Med. Chem. 2009, 52, 2933–2939. [CrossRef]

82. Vincent, F.; Acevedo, A.; Nguyen, M.T.; Dourado, M.; DeFalco, J.; Gustafson, A.; Spiro, P.; Emerling, D.E.; Kelly, M.G.; Duncton,
M.A.J. Identification and characterization of novel TRPV4 modulators. Biochem. Biophys. Res. Commun. 2009, 389, 490–494.
[CrossRef] [PubMed]

83. Dias, F.C.; Alves, V.S.; Matias, D.O.; Figueiredo, C.P.; Miranda, A.L.P.; Passos, G.F.; Costa, R. The selective TRPV4 channel
antagonist HC-067047 attenuates mechanical allodynia in diabetic mice. Eur. J. Pharmacol. 2019, 856, 172408. [CrossRef] [PubMed]

84. Chen, Y.; Fang, Q.; Wang, Z.; Zhang, J.Y.; MacLeod, A.S.; Hall, R.P.; Liedtke, W.B. Transient receptor potential vanilloid 4 ion
channel functions as a pruriceptor in epidermal keratinocytes to evoke histaminergic itch. J. Biol. Chem. 2016, 291, 10252–10262.
[CrossRef] [PubMed]

85. Gradilone, S.A.; Masyuk, T.V.; Huang, B.Q.; Banales, J.M.; Lehmann, G.L.; Radtke, B.N.; Stroope, A.; Masyuk, A.I.; Splinter, P.L.;
LaRusso, N.F. Activation of Trpv4 Reduces the Hyperproliferative Phenotype of Cystic Cholangiocytes From an Animal Model of
ARPKD. Gastroenterology 2010, 139, 304–314.e2. [CrossRef] [PubMed]

86. Lee, J.H.; Park, C.; Kim, S.J.; Kim, H.J.; Oh, G.S.; Shen, A.; So, H.S.; Park, R. Different uptake of gentamicin through TRPV1 and
TRPV4 channels determines cochlear hair cell vulnerability. Exp. Mol. Med. 2013, 45, e12. [CrossRef]

87. Nilius, B.; Vriens, J.; Prenen, J.; Droogmans, G.; Voets, T. TRPV4 calcium entry channel: A paradigm for gating diversity. Am. J.
Physiol. Cell Physiol. 2004, 286, 195–205. [CrossRef]

88. Neuhuber, W.L.; Raab, M.; Berthoud, H.R.; Wörl, J. Advances in Anatomy Embryology and Cell Biology. In Innervation of the
Mammalian Esophagus; Springer: Berlin/Heidelberg, Germany, 2007; Volume 185, pp. 1–73. ISBN 3540292055.

89. Dütsch, M.; Eichhorn, U.; Wörl, J.; Wank, M.; Berthoud, H.R.; Neuhuber, W.L. Vagal and spinal afferent innervation of the rat
esophagus: A combined retrograde tracing and immunocytochemical study with special emphasis on calcium-binding proteins.
J. Comp. Neurol. 1998, 398, 289–307. [CrossRef]

90. Wank, M.; Neuhuber, W.L. Local differences in vagal afferent innervation of the rat esophagus are reflected by neurochemical
differences at the level of the sensory ganglia and by different brainstem projections. J. Comp. Neurol. 2001, 435, 41–59. [CrossRef]

91. Berthoud, H.R.; Patterson, L.M.; Neumann, F.; Neuhuber, W.L. Distribution and structure of vagal afferent intraganglionic laminar
endings (IGLEs) in the rat gastrointestinal tract. Anat. Embryol. 1997, 195, 183–191. [CrossRef]

92. Wang, Z.J.; Neuhuber, W.L. Intraganglionic laminar endings in the rat esophagus contain purinergic P2X2 and P2X3 receptor
immunoreactivity. Anat. Embryol. 2003, 207, 363–371. [CrossRef]

93. Kestler, C.; Neuhuber, W.L.; Raab, M. Distribution of P2X 3 receptor immunoreactivity in myenteric ganglia of the mouse
esophagus. Histochem. Cell Biol. 2009, 131, 13–27. [CrossRef] [PubMed]

94. Burnstock, G. The past, present and future of purine nucleotides as signalling molecules. Neuropharmacology 1997, 36, 1127–1139.
[PubMed]

95. Mochizuki, T.; Sokabe, T.; Araki, I.; Fujishita, K.; Shibasaki, K.; Uchida, K.; Naruse, K.; Koizumi, S.; Takeda, M.; Tominaga, M. The
TRPV4 cation channel mediates stretch-evoked Ca2+ influx and ATP release in primary urothelial cell cultures. J. Biol. Chem.
2009, 284, 21257–21264. [CrossRef]

96. Okada, S.F.; Nicholas, R.A.; Kreda, S.M.; Lazarowski, E.R.; Boucher, R.C. Physiological Regulation of ATP Release at the Apical
Surface of Human Airway Epithelia. J. Biol. Chem. 2006, 281, 22992–23002. [CrossRef] [PubMed]

97. McIlwrath, S.L.; Davis, B.M.; Bielefeldt, K. Deletion of P2X3 receptors blunts gastro-oesophageal sensation in mice. Neurogastroen-
terol. Motil. 2009. [CrossRef] [PubMed]

98. Page, A.J.; Martin, C.M.; Blackshaw, L. A Vagal mechanoreceptors and chemoreceptors in mouse stomach and esophagus. J.
Neurophysiol. 2002, 87, 2095–2103. [CrossRef]

http://doi.org/10.1007/s00424-017-1998-7
http://www.ncbi.nlm.nih.gov/pubmed/28612138
http://doi.org/10.1074/jbc.M605394200
http://www.ncbi.nlm.nih.gov/pubmed/16899456
http://doi.org/10.1161/01.RES.0000187474.47805.30
http://doi.org/10.1074/jbc.M610485200
http://doi.org/10.1038/nature01807
http://doi.org/10.1111/j.1476-5381.2012.01884.x
http://doi.org/10.1021/bi0608008
http://doi.org/10.1111/j.1476-5381.2011.01767.x
http://doi.org/10.1021/jm9001007
http://doi.org/10.1016/j.bbrc.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19737537
http://doi.org/10.1016/j.ejphar.2019.172408
http://www.ncbi.nlm.nih.gov/pubmed/31129158
http://doi.org/10.1074/jbc.M116.716464
http://www.ncbi.nlm.nih.gov/pubmed/26961876
http://doi.org/10.1053/j.gastro.2010.04.010
http://www.ncbi.nlm.nih.gov/pubmed/20399209
http://doi.org/10.1038/emm.2013.25
http://doi.org/10.1152/ajpcell.00365.2003
http://doi.org/10.1002/(SICI)1096-9861(19980824)398:2&lt;289::AID-CNE9&gt;3.0.CO;2-X
http://doi.org/10.1002/cne.1192
http://doi.org/10.1007/s004290050037
http://doi.org/10.1007/s00429-003-0351-4
http://doi.org/10.1007/s00418-008-0498-4
http://www.ncbi.nlm.nih.gov/pubmed/18810483
http://www.ncbi.nlm.nih.gov/pubmed/9364468
http://doi.org/10.1074/jbc.M109.020206
http://doi.org/10.1074/jbc.M603019200
http://www.ncbi.nlm.nih.gov/pubmed/16754672
http://doi.org/10.1111/j.1365-2982.2009.01292.x
http://www.ncbi.nlm.nih.gov/pubmed/19368663
http://doi.org/10.1152/jn.00785.2001


Int. J. Mol. Sci. 2022, 23, 4550 15 of 15

99. Mandadi, S.; Sokabe, T.; Shibasaki, K.; Katanosaka, K.; Mizuno, A.; Moqrich, A.; Patapoutian, A.; Fukumi-Tominaga, T.; Mizumura,
K.; Tominaga, M. TRPV3 in keratinocytes transmits temperature information to sensory neurons via ATP. Pflugers Arch. Eur. J.
Physiol. 2009, 458, 1093–1102. [CrossRef]

100. Dos Santos-Silva, M.A.; Trajano, E.T.L.; Schanuel, F.S.; Monte-Alto-Costa, A. Heat delays skin wound healing in mice. Exp. Biol.
Med. 2017, 242, 258–266. [CrossRef]

101. Justet, C.; Chifflet, S.; Hernandez, J.A. Calcium Oscillatory Behavior and Its Possible Role during Wound Healing in Bovine
Corneal Endothelial Cells in Culture. Biomed Res. Int. 2019, 2019, 1–16. [CrossRef]

102. Borea, P.A.; Gessi, S.; Merighi, S.; Vincenzi, F.; Varani, K. Pharmacology of adenosine receptors: The state of the art. Physiol. Rev.
2018, 98, 1591–1625. [CrossRef]

103. Zimmermann, H.; Zebisch, M.; Sträter, N. Cellular function and molecular structure of ecto-nucleotidases. Purinergic Signal. 2012,
8, 437–502. [CrossRef]

104. Robson, S.C.; Sévigny, J.; Zimmermann, H. The E-NTPDase family of ectonucleotidases: Structure function relationships and
pathophysiological significance. Purinergic Signal. 2006, 2, 409–430. [CrossRef] [PubMed]

105. Burnstock, G. Purines and Purinoceptors: Molecular Biology Overview. In Reference Module in Biomedical Sciences; Elsevier:
Amsterdam, The Netherlands, 2014; pp. 1253–1262. ISBN 9780080450469.

106. Armstrong, D.; Bennett, J.R.; Blum, A.L.; Dent, J.; De Dombal, F.T.; Galmiche, P.; Lundell, L.; Margulies, M.; Richter, J.E.; Spechler,
S.J.; et al. The endoscopic assessment of esophagitis: A progress report on observer agreement. Gastroenterology 1996, 111, 85–92.
[CrossRef] [PubMed]

107. Suzuki, N.; Mihara, H.; Nishizono, H.; Tominaga, M.; Sugiyama, T. Protease-Activated Receptor-2 Up-Regulates Transient
Receptor Potential Vanilloid 4 Function in Mouse Esophageal Keratinocyte. Dig. Dis. Sci. 2015, 60, 3570–3578. [CrossRef]
[PubMed]

108. Mihara, H.; Boudaka, A.; Tominaga, M.; Sugiyama, T. Transient Receptor Potential Vanilloid 4 Regulation of Adenosine
Triphosphate Release by the Adenosine Triphosphate Transporter Vesicular Nucleotide Transporter, a Novel Therapeutic Target
for Gastrointestinal Baroreception and Chronic Inflammation. Digestion 2019, 101, 1–6. [CrossRef] [PubMed]

109. Furuta, G.T.; Katzka, D.A. Eosinophilic Esophagitis Definition and Differential Diagnosis. N. Engl. J. Med. 2016, 373, 1640–1648.
[CrossRef]

110. Spechler, S.J.; Souza, R.F. Barrett’s Esophagus. N. Engl. J. Med. 2014, 371, 836–845. [CrossRef]
111. Yu, S.; Huang, S.; Ding, Y.; Wang, W.; Wang, A.; Lu, Y. Transient receptor potential ion-channel subfamily V member 4: A potential

target for cancer treatment. Cell Death Dis. 2019, 10. [CrossRef]
112. Fusi, C.; Materazzi, S.; Minocci, D.; Maio, V.; Oranges, T.; Massi, D.; Nassini, R. Transient receptor potential vanilloid 4 (TRPV4) is

downregulated in keratinocytes in human non-melanoma skin cancer. J. Investig. Dermatol. 2014, 134, 2408–2417. [CrossRef]
113. Olivan-Viguera, A.; Garcia-Otin, A.L.; Lozano-Gerona, J.; Abarca-Lachen, E.; Garcia-Malinis, A.J.; Hamilton, K.L.; Gilaberte, Y.;

Pueyo, E.; Köhler, R. Pharmacological activation of TRPV4 produces immediate cell damage and induction of apoptosis in human
melanoma cells and HaCaT keratinocytes. PLoS ONE 2018, 13, 1–19. [CrossRef]

114. Ohsaki, A.; Tanuma, S.; Tsukimoto, M. TRPV4 Channel-Regulated ATP Release Contributes to γ-Irradiation-Induced Production
of IL-6 and IL-8 in Epidermal Keratinocytes. Biol. Pharm. Bull. 2018, 41, 1620–1626. [CrossRef] [PubMed]

http://doi.org/10.1007/s00424-009-0703-x
http://doi.org/10.1177/1535370216675066
http://doi.org/10.1155/2019/8647121
http://doi.org/10.1152/physrev.00049.2017
http://doi.org/10.1007/s11302-012-9309-4
http://doi.org/10.1007/s11302-006-9003-5
http://www.ncbi.nlm.nih.gov/pubmed/18404480
http://doi.org/10.1053/gast.1996.v111.pm8698230
http://www.ncbi.nlm.nih.gov/pubmed/8698230
http://doi.org/10.1007/s10620-015-3822-6
http://www.ncbi.nlm.nih.gov/pubmed/26233549
http://doi.org/10.1159/000504021
http://www.ncbi.nlm.nih.gov/pubmed/31770754
http://doi.org/10.1056/NEJMra1502863
http://doi.org/10.1056/NEJMra1314704
http://doi.org/10.1038/s41419-019-1708-9
http://doi.org/10.1038/jid.2014.145
http://doi.org/10.1371/journal.pone.0190307
http://doi.org/10.1248/bpb.b18-00361
http://www.ncbi.nlm.nih.gov/pubmed/30022772

	Introduction 
	TRP Channels in the Esophageal Wall 
	TRPV4 in Mechanosensation 
	TRPV4 in Cell Proliferation and Migration 
	TRPV4 in Esophageal Inflammation and Tumors 
	Conclusions 
	References

