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Abstract
Heart transplantation is currently the only viable option available for the treatment of severe heart failure conditions such as
dilated cardiomyopathy. Hence, novel drugs for treating such conditions need to be developed urgently. Recent studies
suggest that Ca2+ overload is involved in the onset and progression of dilated cardiomyopathy, and thus heart failure. The
expression and activation of the Ca2+ permeable channel, transient receptor potential vanilloid 2 (TRPV2) channel have been
found to play an essential role in sustained intracellular Ca2+ concentration increase, leading to heart failure. However, since
there have been no TRPV2-specific inhibitors available until recently, the effect of TRPV2 inhibition on the pathology has
not been clearly elucidated. Recent reports show that inhibiting TRPV2 activity effectively improves cardiac function,
suppressing myocardial fibrosis and ameliorating the prognosis in animal models of cardiomyopathy with heart failure. In
addition to that, inflammation is reported to be involved in the development of heart failure. Here, we review the recent
findings on TRPV2 in cardiomyocytes and immune cells involved in the development of heart failure and discuss the current
progress of drug development for the treatment of heart failure via targeting TRPV2.

Introduction

When the heart is excessively stressed by intrinsic or
extrinsic factors, such as genetic factors, high blood pres-
sure, and ischemia, it reaches a situation wherein it cannot
supply blood adequately to meet the body’s demand. This
situation is termed heart failure (HF), which is a life-
threatening disease that often presents systemic symptoms,
such as general fatigue, edema, and dyspnea (https://www.
mayoclinic.org/diseases-conditions/heart-failure/symptoms-
causes/syc-20373142). HF is a chronic disease and is
increasing in prevalence, and about 64 million people
worldwide suffer from HF; ~50% of patients with HF die
within 5 years of diagnosis, which is an outcome similar to
that of some malignancies [1]. Dilated cardiomyopathy
(DCM) is one of the diseases that lead to HF. While

30–48% of DCM cases are inherited, caused by genetic
mutations [2], most of the remaining cases are idiopathic
(of unknown cause). Among the inherited cases, cytoske-
letal protein abnormalities, especially those caused by
genetic abnormalities in dystrophin and related proteins, are
well known. Some of the genes responsible for these
abnormalities are identical to those responsible for muscular
dystrophy. Indeed, muscular dystrophy with abnormal
skeletal muscle is caused by the same gene abnormality that
causes DCM. For example, Duchenne muscular dystrophy
develops attributable to dystrophin deficiency, however, a
high incidence of combined myocardial dysfunction that
leads to DCM. Since ventilators are widely used to control
respiratory failure in patients with muscular dystrophy, HF
has become an increasingly common cause of death in such
patients nowadays. At present, renin angiotensin-converting
enzyme inhibitors (ACE-I), angiotensin receptor blockers
(ARB), antialdosterone drugs, and β-blockers are used as
the standard treatment for HF, including DCM [3–5]. These
drugs are expected to suppress the signals that are activated
in cardiac dysfunction and thus alleviate myocardial
damage. Patients with HF, who do not respond to conven-
tional drug therapy, require heart transplantation or left
ventricular (LV) assist devices because of worsening HF.
However, it is challenging to receive a donor heart within
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the appropriate time frame because of the limited number of
donors or incompatibility. Therefore, alternative and effi-
cient therapies, apart from conventional therapy, are
required in the clinical field before heart replacement is
earnestly required [3, 4].

Ca2+ abnormality and HF

The heart possesses the pump function in the body
that contracts and relaxes through Ca2+ mediated
excitation–contraction coupling. Ca2+ plays a critical role
in both physiological and pathophysiological calcium-
dependent signaling activation. In the process of patho-
logical cardiac remodeling from cardiac hypertrophy to
the onset of HF, changes in gene expression following the
activation of pathological signals lead to cardiomyocyte
dysfunction and cell death. Ca2+-dependent signaling pro-
teins such as calcineurin and calmodulin-dependent kinases
(CaMK) are known to play an essential role in this patho-
logical myocardial remodeling process, but the cellular
mechanisms for the pathological calcium influx involved in
its activation and subsequent increase in intracellular Ca2+

concentration have not been elucidated. The Ca2+ influx
from voltage-dependent L-type Ca2+ channel and Ca2+

release from ryanodine receptor (RyR) are essential in the
process of physiological excitation–contraction of the
myocardium. Moreover, myocardial contraction–relaxation
is primarily controlled by the Ca2+ transients [6]. Both
L-type Ca2+ channel and RyR coupling are reported to be
impaired in failing hearts. Indeed, both increases in Ca2+

leakage and decreases in Ca2+ reuptake in sarcoplasmic
reticulum (SR) are suggested to reduce the Ca2+ content in
SR and provoke the intracellular Ca2+ overload, resulting in
decreased myocardial contractility and arrhythmia [7].
Recent reports have suggested that CaMKII plays a central
role in the pathogenesis of HF through its role in the
molecular mechanisms of HF progression [8], and several
studies have been conducted to clarify the role of the Ca2+

influx in the activation of CaMKII.

TRPV2 and cardiomyopathy/HF

We have studied the pathophysiological cellular mechan-
isms of cardiomyopathy through the analysis of the
abnormalities of Ca2+ mobilization in myogenic cells of
DCM animal models with cytoskeletal abnormalities. We
found that a sustained increase in intracellular Ca2+ con-
centration is an essential risk factor for muscle degeneration
and that TRPV2 is involved in this process [9]. TRPV2 is a
stretch-sensitive channel and its molecular entity has been
clarified for the first time in animal cells [9, 10]. It responds
with growth factor such as IGF-1 and is activated by

translocation from intracellular vesicles to the plasma
membrane (Fig. 1). Interestingly, it has been reported that
levels of both TRPV2 protein and mRNA increase in HF
patients, and this has been expressed in the sarcolemma of
cardiomyocytes in human DCM hearts [11]. Conversely,
TRPV2 expression has not been observed in the sarco-
lemma of normal cardiomyocytes and has been detected in
the intracellular membrane system or intercalated discs [11].
In several appropriate animal models of human DCM, such
as DCM hamsters (J2N-k), knock in mice (TNNT2 ΔK210)
with cardiac troponin T mutation [12], and DCM mice with
abnormal sugar chain (4C30) [13], we have found increased
expression of TRPV2 in the sarcolemma and increased
Ca2+ influx via TRPV2 [11]. Besides, both activation of
CaMKII and reactive oxygen species (ROS) production
leading to HF are suggested to be induced by the continuous
increase in intracellular Ca2+ concentration via TRPV2
[11]. Transgenic (Tg) mice overexpressing TRPV2 in the
myocardial sarcolemma have also been shown to develop
DCM due to muscle degeneration with Ca2+ overload [9].
In addition to our group, several other groups have reported
the involvement of TRPV2 in muscular dystrophy cardio-
myopathy. Aguettaz et al. used the cardiac myocytes iso-
lated from older mdx mice (10–12 months old) to evaluate
the localization and the pathological function of TRPV2
[14]. This report showed that TRPV2 located in the sarco-
lemma causes cation influx and subsequent dysregulation in
dystrophin-deficient cardiomyocytes and is often enhanced
under stretching conditions. On the other hand, Lorin et al.
reported the abnormal Ca2+ signals via TRPV2 in mdx
cardiomyocytes during hypoosmotic stress [15]. Further-
more, recent studies using rodent models of transverse
aortic constriction (TAC)-induced cardiac hypertrophy [16]
or HF, myocardial ischemia-reperfusion (MI/R) injury,
myocardial infarction (MI) [17, 18], and medication-
induced cardiomyopathy [11] showed that enhanced
TRPV2 expression was associated with cardiac dysfunction.
Indeed, TRPV2 is reported to play an essential role in HF
(Table 1). In the case of rat MI/R injury, TRPV2 is upre-
gulated through the downregulation of miR202-5p [19],
indicating that TRPV2 could be a promising target for
injury attenuation. To confirm that TRPV2 is the therapeutic
target for HF, it is crucial to determine whether the specific
inhibition of TRPV2 activity could rescue HF. The inhibi-
tory effects using various models have been investigated,
the details of which can be found in Table 1.

There are two strategies for blocking TRPV2 signaling:
blocking its accumulation in the plasma membrane (sti-
mulating internalization) or inhibiting Ca2+ influx across the
plasma membrane (Fig. 1). Among the investigation as how
to suppress the accumulation of TRPV2 in the plasma
membrane, we found that a part of the amino-terminal
domain (NT) of TRPV2 protein plays a role in retaining
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TRPV2 on the cell surface. Therefore, the overexpression of
NT protein could suppress the accumulation of TRPV2 in
the plasma membrane (Fig. 1a). We developed procedures
to inhibit endogenous TRPV2 activity, such as the cardiac
muscle-specific Tg incorporation of NT-TRPV2. Endo-
genous TRPV2 activity in DCM was assessed using an
NT-TRPV2 model that was produced either by crossing
NT-TRPV2 Tg mice with 4C30 DCM mice [11] or TNNT2
ΔK210 DCM mice [20], or by infecting J2N-k hamsters
with an adenovirus carrying the NT-TRPV2 [11]. We have
reported that inhibition of endogenous TRPV2 accumula-
tion by expression of NT-TRPV2 ameliorates cardiac

dysfunction and enhances survival in 4C30 DCM mice,
TNNT2 ΔK210 DCM mice, and J2N-k hamsters by pre-
venting abnormal Ca2+ increase and CaMKII activation.
TAC or MI (ischemia-reperfusion of the isolated heart) or
adriamycin-induced HF in NT-TRPV2 Tg mice has also
been found to be alleviated by utilizing this therapeutic
method [11]. These results suggest that TRPV2 in cardiac
sarcolemma plays a role in worsening HF.

Recently, we created an antibody to inhibit TRPV2-
specific activity from the outside of cells. The adminis-
tration of this antibody improved not only cardiomyo-
pathic animals [21] but also cardiac hypertrophy and HF in

Fig. 1 A schematic drawing for the possible methods to activate
and inhibit the Ca2+ influx via TRPV2. TRPV2 forms a tetramer and
moves from intracellular vesicles to the plasma membrane (sarco-
lemma) and exhibits channel activity. IGF-1, 2-aminoethoxydiphenyl
borate (2-APB), lysophosphatidylcholine (LPC), probenecid, canna-
bidiol (CBD), heat (>52 °C), and mechanical stress are known as
activators. There are two kinds of methods for inhibiting TRPV2:
direct channel inhibition and inhibition of membrane traffic. Direct
inhibition can be caused by a functional antibody and TRPV2 inhi-
bitors (tranilast, lumin (NK-4), SET2, LEA, AEA, etc.). Lumin
(NK-4); 4,4′-[3-[2-[1-Ethyl-4(1 H)-quinolinylidene]ethylidene]-1-pro-
pene-1,3-diyl]bis(1-ethylquinolinium) diiodide, SET2; N-(Furan-2-
ylmethyl)-3-((4-(N7-methyl-N′-propylamino)-6-(trifluoromethyl)-pyr-
imidin-2-yl)thio)-propanamide, LEA; linoleoyl ethanolamide, AEA;
arachidonoyl ethanolamide. a Immunofluorescence staining of mouse

TRPV2 expressing in HEK293 cells indicated that TRPV2 was found
in the plasma membrane. When the amino terminal (N-terminal)
domain (a.a.1-387) of TRPV2 was overexpressed, the intracellular
translocation of plasma membrane TRPV2 was promoted. However,
overexpression of the carboxy terminal (C-terminal) domain (a.a.633-
756) of the protein had no such effect. b Mouse TRPV2 (mTRPV2)-
expressing cells have almost no Ca2+ response at pH 7.4 when 2-APB
is used as an activator, but at pH 6.5, they are activated and exhibit an
increase in the intracellular Ca2+ concentration several times compared
to that found at pH 7.4. c Structures of tranilast and lumin (NK-4) are
shown. Lumin (NK-4) inhibits TRPV2 activity induced by 2-APB
using mTRPV2-expressing HEK293 cells at a concentration lower
than that of tranilast (left). Moreover, 15 μM lumin (NK-4) suppresses
200 μM 2-APB-induced current measured by the patch clamp method.
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TAC model [22] (Table 1). Using a pore-blocking anti-
body and/or tranilast as an inhibitor of TRPV2, TRPV2
has been shown to be involved in the abnormal Ca2+

signals in DCM [23, 24], as well as DCM in muscular
dystrophy [11, 14, 15].

Besides, the studies using small-interfering RNA and
antisense RNA against TRPV2 gene [9] or TRPV2-deficient
animals have confirmed the pathological significance of
TRPV2. It has been reported that TAC model hearts or MI
model hearts in TRPV2 knockout mice (TRPV2KO) mice
reduced TRPV2 signals, thus suppressing both cardiac
hypertrophy [16] and cardiac dysfunction [18].

HF and Inflammation—an involvement of TRPV2

Although the importance of inflammation in heart disease,
especially MI, and myocarditis was already known,
inflammation has been recently identified to also trigger or
mediate the development and progression of HF. Patients
with HF have increased serum levels of inflammatory
cytokines such as TNF-α and IL-1β, as well as in the heart
[25]. Inflammatory cytokines can lead to reduced cardiac
function and cardiac remodeling in various animal models
[26]. Diverse mechanisms such as abnormal calcium hand-
ling in cardiomyocytes and the promotion of fibrosis by the
activation of fibroblasts are likely to be involved, including
TRPV2 [27]. The transcriptomic profile revealed by Hula-
nicka et al. showed the upregulation of TRPV2 in the per-
ipheral blood nuclear cells in canine HF [28]. We observed
that the TRPV2 channel increases in the plasma membrane
of peripheral mononucleated cells obtained from patients
with cardiomyopathy associated with muscular dystrophy
[29]. In the immune system, TRPV2 is involved in both
innate and adaptive immune responses [30]. In macro-
phages, TRPV2 expression is high, and it is the only TRPV
channel expressed in these cells [31]. In macrophages,
TRPV2 is localized mainly in the endoplasmic reticulum
under unstimulated conditions. The stimulation by a che-
motactic peptide such as fMetLeuPhe (fMLP), growth fac-
tors, or mechanical stress induces the translocation of
TRPV2 to the plasma membrane and causes its accumula-
tion in the podosomes, a specific actin-adhesive machinery
that regulates adhesion and migration of macrophages [32].
The translocation of TRPV2 is mediated by the receptor-
mediated activation of phosphatidyl-inositol 3-kinase and
Rac GTPase, and then the TRPV2 undergoes endocytosis by
a mechanism involving a GTPase dynamin [33]. Inhibition
of TRPV2 attenuates Ca2+ entry activated by ligands or
stress, and blocks the ligand-induced migration of macro-
phages or stress-induced inflammatory signals [34].

It is well known that macrophages participate in acute
and chronic tissue remodeling via phagocytosis and cross-
talk with stromal cells. Activation of TRPV2 is

indispensable in the earliest steps of macrophage phago-
cytosis [35]. Further, it was recently reported [36] that
macrophages reside in the healthy heart and are recruited in
large numbers into acute ischemic tissues; within 2 months
after cardiac ischemia, the number of macrophages increase
in the remote myocardium due to local macrophage pro-
liferation and/or due to monocyte recruitment [36].
Increased local macrophage proliferation results in part
from mechanical stress in failing hearts. About one-third of
the recruited peripheral monocytes produced in the bone
marrow and spleen contribute to the increase in the number
of cardiac macrophages. If monocyte recruitment is
diminished, LV remodeling should be attenuated. These
data provided casual evidence that such monocyte recruit-
ment contributes to the development and progression of HF
after MI. Recently, it has been shown that the deletion of
TRPV2 in mice presents a significantly improved functional
recovery following acute MI compared with their WT
counterparts and that an intravenous administration of WT
macrophages, but not of KO macrophages, reduced survival
of post-MI TRPV2-KO mice [18]. These pieces of evidence
suggest that TRPV2 is involved in proinflammatory pro-
cesses as mentioned above and TRPV2 inhibition may
attenuate that process, leading to alleviate HF.

The contribution of TRPV2 to the other interesting
functionally related phenomena in macrophages, for
example, cardiac electrical conduction [37] or M1/M2
polarization and differentiation [38], needs to be explored to
gain a better understanding of the role of TRPV2 in heart
diseases through immune system. The investigation using
mast cell-deficient mice revealed that mast cells in the
pathology of HF are also involved. Systolic pressure
overload-induced cardiac dysfunction was prevented
through mast cell ablation and similar beneficial effects
were observed after treatment with a TRPV2 inhibitor,
tranilast [39]. Cell surface expression of TRPV2 with the
functional coupling of TRPV2 protein to Ca2+ influx in
response to mechanical, heat and red laser light stimulation,
and induced release of proinflammatory mediators or
degranulation has been reported in mast cells [40–42].
These data suggest that TRPV2 plays a crucial role in mast
cell degranulation that is involved in the progression of HF.

HF and other TRPs

In our previous study, besides TRPV2, TRPC1 protein
expression in LV samples was higher in DCM patients than
in controls [11]. Recently, it was reported that mRNA levels
of TRPC1, 3, 4, and 6 and TRPV2 were increased, and the
levels of TRPM2, 3, and 8 were decreased in failing human
LV samples [43]. On the other hand, an increase in the
mRNA levels of TRPC1, 5, TRPM4 and TRPM7, and a
decrease in TRPC4 and TRPV2 levels were found in
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samples taken from end-stage HF patients as compared with
myocardial samples from healthy donor hearts [44].
Detailed evidence has confirmed that the activity and
expression of several TRP channels are upregulated in
pathological hypertrophy and HF as reviewed elsewhere
[41, 45, 46]. Briefly, it was reported that TRPC1, 3, and 6
upregulation linked to calcineurin/NFAT signaling in
pressure-overload hypertrophy and cardiomyopathy in
several rodent models, but it was not mentioned the CaM-
KII activation led to HF. In a study using DCM mouse
model (muscle LIM protein deficiency, MLP−/−), the
upregulation of TRPC3, increased cardiomyocyte CaMKII
activity, and ROS production were observed, and these
signals have been decreased with cardiac functional
improvement after treatment with the TRPC3-specific
inhibitor [47]. Recently, it has been reported that TRPC1
and TRPC4 together work for a background Ca2+ entry,
which determines diastolic and systolic Ca2+ concentrations
under neurohumoral stimulation as well as under basal
conditions in beating cardiomyocytes, and that TRPC1/C4-
gene inactivation protects against development of mala-
daptive cardiac remodeling in mice [48].

TRPV1 has been studied using its KO mice and its
agonist/antagonist for a long time, and the data regarding
HF have also been discussed [49]. The dual role of TRPV1
has been reported in terms of HF, namely, activation of the
TRPV1 channel involved in improving heart function in
pathological conditions, including HF [50–53]. TRPV1
channel activation increases the expression of uncoupling
protein 2, peroxisome proliferator-activated receptor-delta,
and mitochondrial sirtuin 3 to decrease oxidative stress and
reduce heart injury [53]. In addition, it has been reported
that TRPV1 activation in cardiac sensory neurons and
subsequent CGRP release reduces ischemia-reperfusion
injury [54]. On the other hand, TRPV1 channel activation
has been reported to aggravate HF [55–57]. In these studies,
activation of TRPV1 has been reported to enhance the
expression of the hypertrophic fibrotic protein to promote
cardiac fibrosis.

Recently, TRPV4 was reported to be involved in HF.
While mutations of desmin are linked to DCM [58, 59], we
recognized that one of the DCM-hiPSC-CM lines that
carry a point mutation in the desmin proteins (A285V-
DES) had shown the abnormal increase in the intracellular
Ca2+, which was mostly related to TRPV4 rather than
TRPV2 or L-type Ca channels [60]. It was reported that
the orally active TRPV4 channel blocker GSK2193874
prevents and resolves HF-induced pulmonary edema, and
results in a reduced LV dilation of post-MI upon pre-
treatment [61]. The importance of TRPV4 in ventricular
remodeling has also been confirmed by using TRPV4KO
mice [62]. It was reported that in the aged heart, TRPV4
not only enhances cardiomyocyte calcium cycling and

contractility, but also contributes to damage following
hypoosmotic stress.

TRPV2 as a therapeutic target for HF

Since safety is most essential when studying drug dis-
covery, we conducted a safety test in which normal mice
were administered TRPV2 functional antibody at a suffi-
cient concentration or higher, and no severe side effects
were observed [63]. Many laboratories have confirmed that
even when TRPV2 is deleted in whole body using
TRPV2KO, it does not show a significant decrease in car-
diac function or any other severe symptoms [64]. These
lines of evidence indicate that inhibition of TRPV2 as a
treatment might not affect healthy cells but act specifically
on diseased cells. Abnormal Ca2+ transients (significantly
higher diastolic Ca2+ levels) were observed under electrical
stimulation in isolated cardiomyocytes from rodent DCM
hearts, but functional antibodies and tranilast inhibited them
by blocking TRPV2 [63]. TRPV2 inhibitor therapies are
entirely different from conventional Ca2+ channel inhibitors
(voltage-dependent Ca2+ channel blockers), which affect
Ca2+ influx via excitation–contraction coupling associated
with pulsation. TRPV2 inhibition attenuates the increase of
intracellular Ca2+, especially during the diastolic phase, and
improves Ca2+ signaling abnormalities, for example, caused
by activation of CaMKII, which is thought to lead to wor-
sening of HF. Therefore, the treatment using a TRPV2
inhibitor, combined with standard therapy, could result in
more beneficial effects, since the effectors of TRPV2 inhi-
bitors are different from those of standard drugs such as
ACE-I, ARB, antialdosterone drugs, and β-blockers with (in
some cases) ionotropic agents [65], Ca2+ sensitivity
enhancers [66], or myosin activators [67, 68].

Identification of TRPV2 inhibitors

Although TRPV2 seems to be an excellent therapeutic tar-
get for HF, no specific inhibitors have been identified until
recently due to the lack of specific TRPV2-activators and a
reproducible TRPV2 activity assay system. To the best of
our knowledge, no selective TRPV2 antagonists even from
natural sources have been validated so far. The only known
ligand for TRPV2 is the natural product cannabidiol (CBD),
which is a potent agonist of TRPV2; however, it also targets
TRPA1, TRPV1, and other cellular receptors, such as the
cannabinoid receptor, serotonin 5-HT1A receptor, GPR55,
and PPAR-γ [69]. In addition to CBD, probenecid, lyso-
phosphatidylcholine (LPC), 2-aminoethoxy diphenyl borate
(2-APB), high temperature (>52 °C), and mechanical stress
are also known to activate TRPV2 nonspecifically.
Recently, monanchomycalin B, a marine cyclic guanidine
alkaloid, has been reported to inhibit 2-APB induced Ca2+

212 Y. Iwata et al.



response of TRPV2 selectively but it is not TRPV2-specific
(IC50 6.02, 2.84, and 3.25 μM for TRPV1, TRPV2, and
TRPV3, respectively) [70]. We developed an assay system
(Fig. 1b) and found several novel compounds, including
lumin (NK-4), that inhibited TRPV2 activity with IC50 of
<5 μM for the 2-APB-induced Ca2+ response and currents
(Fig. 1c) with no effects on TRPV1 and TRPC1 as reported
[71]. Recently, using cryo-electron microscopic analysis,
putative ligand binding sites of TRPV2 were identified and
potential inhibitors targeting these sites were prepared.
Among these inhibitors, SET2 was developed as a potent
TRPV2-selective antagonist against the 2-APB induced
activation (IC50= 0.46 μM) in which the chemical name of
SET2 is N-(Furan-2-ylmethyl)-3-((4-(N7-methyl-N′-propy-
lamino)-6-(trifluoromethyl)-pyrimidine-2-yl) thio)-propana-
mide [72]. As a result of searching for synthetic or
endogenous lipids structurally related with capsaicin deri-
vatives, linoleoyl ethanolamide and arachidonoyl ethano-
lamide (AEA) were discovered as potent TRPV2
antagonists against CBD stimulation (with IC50 of 0.65 and
0.96 μM, respectively) [73]. AEA is not specific for TRPV2
[74]. Functional antibodies against TRPV2 are more pre-
ferred as specific inhibitors. As mentioned above, we suc-
ceeded in its production and observed its beneficial effects
on DCM animal models [63]. However, the antibody could
not recognize the human TRPV2; thus, clinicians require
human-specific TRPV2 functional antibody for therapy.

Clinical application for HF therapy targeting TRPV2

There are several compounds putatively targeting TRPV2
for HF therapy (Fig. 2). Tranilast and other TRPV2

inhibitors including lumin (NK-4), AEA, SET2 could
ameliorate the abnormal Ca2+ level increase and Ca2+ sig-
nals. Interestingly, both probenecid and CBD, which have
been reported as activators of TRPV2 besides their other
various actions, have also been reported to show beneficial
effects for HF therapy. Their precise mechanisms must be
further elucidated.

Tranilast

The antiallergic drug tranilast has long been reported to be
effective for HF in animals [39, 75, 76], including canine
HF [76]. However, tranilast has not yet been used as HF
treatment in clinical settings. In our exploratory study,
TRPV2 inhibition therapy was adopted to treat myocardial
damage in patients with muscular dystrophy. A clinical
evaluation was performed after administering a regular dose
of tranilast in two patients with advanced HF in muscular
dystrophy. The serum levels of brain natriuretic peptide
(BNP), an HF marker, decreased in both patients within
1 month of tranilast treatment [29]. Subsequently, serum
BNP level continued to be low even after continuous
administration of tranilast for more than 1 year, and an
improvement in cardiac function evaluated with fractional
shortening (FS) by more than twice as much as before was
observed in both patients (one patient exhibited an
improvement of FS to 9 from 4%, the other patient
increased to 11 from 6%) [77]. These effects are presumed
to be good despite the low invasiveness. Tranilast has other
sound effects, such as inhibitory effects on urate transpor-
ters [78], nod-like receptor pyrin domain containing 3
inflammasome [79], and sepiapterin reductase [80] for other
diseases.

Probenecid

Recently, a clinical study reported that probenecid (urico-
suric drug), which showed a modulatory activity against
TRPV2 [81, 82], was administered to patients with
decreased cardiac contractility [83]. Ejection fraction was
reported to have slightly improved after 1 week of probe-
necid administration. In this study, the improvement of
cardiac contractility by probenecid was explained by a
transient increase in cytosolic Ca2+ concentrations via
TRPV2 activation and its direct action on contractile pro-
teins. A cohort study to examine the comparative cardio-
vascular safety of two drugs used in gout treatment,
probenecid and allopurinol, showed that probenecid was
associated with a 20% lower risk of hospitalization for MI
or stroke compared with allopurinol in patients with gout
[84]. Probenecid is an inhibitor of P2X7 [85] and anion
transporter as well as pannexin with IC50= 150 μM. Pro-
benecid may exhibit an antiinflammatory effect through its

Fig. 2 Compounds that were reported to inhibit or activate
TRPV2, possibly targeting heart failure (HF). Various TRPV2
modulators and their other known effectors are shown. (−); inhibit (+):
activate. Inhibition of TRPV2 reduces intracellular Ca2+ abnormality
and ameliorates HF. The beneficial effects of tranilast (antiallergy
drug), lumin (antioxidant), and functional antibody through TRPV2
inhibition were reported. In addition to TRPV2, several compounds
were reported to inhibit (−) or activate (+) other targets, as shown in
the figure. At present, tranilast, lumin, CBD, and probenecid can be
used in humans but have not yet been used in the treatment of HF.
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inhibition of pannexin 1 [86], thereby reducing IL-1β,
leading to the observed beneficial effects in the CANTOS
trial [87]. Probenecid is also a urate transporter inhibitor
[88] and lowers serum uric acid by blocking the reuptake of
uric acid in the kidneys. Further studies are needed to clarify
the therapeutic target of probenecid for HF.

CBD

Recently, it has been reported that CBD attenuates cardiac
dysfunction and oxidative stress in diabetic cardiomyopathy
(https://clinicaltrials.gov/ct2/show/NCT03634189) [89]. A
clinical trial using CBD for patients with HF has been
initiated (https://www.drugbank.ca/drugs/DB07615). How-
ever, CBD had not been thought as a TRPV2 modulator in
this study. Recently, CBD has been reported to bind to
TRPV2 and activate it [90] like TRPV1, but CBD has also
been reported to have diverse pharmacological effects,
which are reviewed in depth elsewhere [69]. In brief, CBD
shows antagonism to classical cannabinoid 1 and cannabi-
noid 2 receptors in the low nanomolar ranges, yet has
agonist/inverse agonist actions at micromolar concentra-
tions. It was also found that CBD inhibits both AEA
hydrolysis through fatty acid amide hydrolase [91], and
AEA uptake by transporter [92]. This means that CBD can
increase serum levels of AEA, which is a potent endogen-
ous inhibitor of TRPV2 as mentioned above. AEA is
reported to be protective against ischemic injury or HF
[93, 94]. In fact, it was shown that CBD inhibited fMLP-
stimulated neutrophil migration [95] and white blood cell
migration in the cerebral blood vessels after lipopoly-
saccharide treatment [96]. These pathways may involve the
TRPV2-inhibitory effects of CBD, suggesting that CBD
may act as a TRPV2 inhibitor as well, although it may be
indirect.

Conclusion

Recent research on TRPV2 has made remarkable progress,
especially in terms of the discovery of specific inhibitors
and endogenous inhibitors. Further progress in this field can
be expected with several clinical trials aimed at the treat-
ment of HF with drugs targeting TRPV2. Regarding HF, it
is required to understand the disease in relation to not only
the heart but also the kidney, brain, blood vessels, and
immune system. Similarly, it is necessary to consider the
role of TRPV2 in various organs systematically. From this
point of view, the development of therapeutic agents for HF
targeting TRPV2 should be promoted. We hope interven-
tions targeting TRPV2 will yield new therapies. Particu-
larly, TRPV2 inhibition therapy using a functional TRPV2
antibody is expected as future medication for HF.
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