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The primary purpose of this review is to address the progress towards small molecule modulators of human Transient
Receptor Potential Canonical proteins (TRPC1, TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7). These proteins generate channels
for calcium and sodium ion entry. They are relevant to many mammalian cell types including acinar gland cells, adipocytes,
astrocytes, cardiac myocytes, cochlea hair cells, endothelial cells, epithelial cells, fibroblasts, hepatocytes, keratinocytes,
leukocytes, mast cells, mesangial cells, neurones, osteoblasts, osteoclasts, platelets, podocytes, smooth muscle cells, skeletal
muscle and tumour cells. There are broad-ranging positive roles of the channels in cell adhesion, migration, proliferation,
survival and turning, vascular permeability, hypertrophy, wound-healing, hypo-adiponectinaemia, angiogenesis, neointimal
hyperplasia, oedema, thrombosis, muscle endurance, lung hyper-responsiveness, glomerular filtration, gastrointestinal motility,
pancreatitis, seizure, innate fear, motor coordination, saliva secretion, mast cell degranulation, cancer cell drug resistance,
survival after myocardial infarction, efferocytosis, hypo-matrix metalloproteinase, vasoconstriction and vasodilatation. Known
small molecule stimulators of the channels include hyperforin, genistein and rosiglitazone, but there is more progress with
inhibitors, some of which have promising potency and selectivity. The inhibitors include 2-aminoethoxydiphenyl borate,
2-aminoquinolines, 2-aminothiazoles, fatty acids, isothiourea derivatives, naphthalene sulfonamides, N-phenylanthranilic acids,
phenylethylimidazoles, piperazine/piperidine analogues, polyphenols, pyrazoles and steroids. A few of these agents are
starting to be useful as tools for determining the physiological and pathophysiological functions of TRPC channels. We
suggest that the pursuit of small molecule modulators for TRPC channels is important but that it requires substantial
additional effort and investment before we can reap the rewards of highly potent and selective pharmacological modulators.

Abbreviations
ACA, N-(p-amylcinnamoyl)anthranilic acid; ANF, atrial naturietic factor; BTP, 3,5-bis(trifluoromethyl)pyrazole; CRAC,
calcium release-activated channel; E3, third extracellular; FFA, Flufenamic acid; IP3, inositol 1,4,5-triphosphate; MFA,
mefenamic acid; MLCK, myosin light chain kinase; NFAT, Nuclear factor of activated T cells; PLA2, phospholipase A2;
SAR, Structure-activity relationship; TRP, Transient Receptor Potential; TRPC, Transient Receptor Potential Canonical;
TRPM, Melastatin; TRPP, Polycystin; TRPV, Vanilloid; 2-APB, 2-aminoethoxydiphenyl borate

General introduction on Transient
Receptor Potential Canonical
(TRPC) channels

In mammals, there are 28 genes encoding Transient Receptor
Potential (TRP) proteins (Damann et al., 2008; Alexander

et al., 2011). These proteins are widely expressed with diverse
functions. Assembly of several TRP proteins (monomers) is
required for the creation of one ion channel. It is generally
considered that the closest structural relatives of TRP proteins
are the voltage-gated ion channels such as the voltage-gated
KV1.2 potassium channel, which provides the nearest crystal
structure. Like KV1.2, each TRP protein is thought to have six
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membrane-spanning segments and intracellular N- and
C-termini. Also like KV1 channels, an individual channel may
arise from identical or different members of the family (i.e.
there may be homomers or heteromers). Heteromers increase
the possibility for more ion channels with different charac-
teristics, conferring advantages and disadvantages for phar-
macological discovery and development.

The TRP channels are most commonly non-selective cati-
onic channels with permeability to Ca2+, Na+ and K+. In a few
instances, they are Ca2+-selective, Ca2+-impermeable, or per-
meable also to Mg2+ and other cations. Ion channels of this
type are often positive for cell activity because elevated intra-
cellular Ca2+ has diverse positive effects (Clapham, 2007).
However, there are exceptions such that TRP channels may
have inhibitory functions. The TRP channels generally have
weak voltage dependence and are not directly gated by major
neurotransmitters. Instead, they enable coupling of relatively
slow chemical and physical events to cellular Ca2+ signalling
systems, either directly or indirectly. For some TRP channels,
there are many modulators, as if the channels are complex
integrators of multiple chemical and physical factors.

Based on amino acid sequence alignments, the TRP pro-
teins are categorized into subfamilies that include but are not
limited to the TRPC, Vanilloid (TRPV), Melastatin (TRPM),
and Polycystin (TRPP) proteins (Damann et al., 2008). In
mammals, there are seven TRPC proteins, but one of them
(TRPC2) is not expressed in human (Damann et al., 2008;
Abramowitz and Birnbaumer, 2009). TRPC1, TRPC4 and
TRPC5 are considered to form a subgroup, and TRPC3, TRPC6
and TRPC7 another subgroup.

All of the TRPC channels are non-selective cationic chan-
nels, and thus, they are mechanisms for enabling entry of
Ca2+ and Na+ into cells (Figure 1). In addition to functional
implications of the arising depolarisation and elevated intra-
cellular Ca2+ concentration, the Na+ entry impacts on Na+-
dependent mechanisms such as Na+-Ca2+ exchangers. TRPCs
may be the most promiscuous TRPs in terms of their ten-
dency to form heteromers. The promiscuity extends outside
the TRPC subfamily to TRPV4 and TRPP2 (Tsiokas, 2009; Ma
et al., 2010). It has been particularly difficult to determine the
compositions of native TRPC channels, although progress has
been made for some cell types (Xu et al., 2008; Shi et al., 2010;
Sukumar et al., 2012). An issue conferred by heteromers and
the similarity of different TRPCs is the possibility of redun-
dancy, where loss or down-regulation of one or several TRPC
proteins may be compensated by other TRPCs, other TRPs, or
other Ca2+-entry mechanisms such as Orai1 channels (Beech,
2012). It would be wrong, however, to say that one TRPC is
equivalent to the next in all regards.

An oddity in the TRPC subfamily is TRPC1. It forms ion
channels poorly or not at all when expressed alone in vitro in
heterologous systems (Xu et al., 2008). Other TRPCs, by con-
trast, form plasma membrane channels quite readily when
expressed alone (i.e. they can form functional homomers).
TRPC1 probably functions mostly in heteromers. Although
some studies have shown signals when TRPC1 is expressed
alone, the signals have generally been small and could be
explained by TRPC1 forming heteromers with endogenous
TRPs of the expression system.

There are examples of TRPC gene mutations linked to
human disease. TRPC6 mutations cause familial focal seg-

mental glomerulosclerosis (Winn et al., 2005), and a single
nucleotide polymorphism in TRPC6 has been linked to idi-
opathic pulmonary hypertension (Yu et al., 2009). Gain-of-
function mutation in TRPC4 protects against myocardial
infarction in diabetes (Jung et al., 2011). In addition to evi-
dence of genetic linkage to disease, studies from numerous
independent laboratories have strongly suggested that TRPC
channels have substantial importance in mammalian biology
and may be valuable therapeutic drug targets.

Physiological regulation of
TRPC channels

TRPCs are promiscuous in their sensitivities to physiological
factors and in the mechanisms by which these factors act.
Here, physiological modulators are considered only briefly,
but it is important to bear them in mind because pharmaco-
logical agents may affect TRPC channels indirectly (i.e. via
the physiological regulatory systems). More detailed reviews
on this aspect are available (Abramowitz and Birnbaumer,
2009; Beech, 2013).

Because of the relatively slow nature of TRPC channels, it
is less relevant to think of fast directly-acting physiological
modulators than it is for neurotransmitter-gated ion chan-
nels, for example. Several of the TRPC channels exhibit con-
stitutive activity (Dietrich et al., 2003; Sukumar et al., 2012),
and so increased gene expression or rapid forward-trafficking
events, which are a feature of TRPC channels (Bezzerides
et al., 2004; Monet et al., 2012), can achieve functional
significance in the absence of classical directly-binding
activators.

Some modulators are common to the TRPC5 and TRPC6
subgroups, causing similar inhibitory or stimulatory effects.
One such common modulator is modest elevation of the
intracellular Ca2+ concentration, which enhances channel
activity (Hui et al., 2006). Redox factors, such as hydrogen
peroxide, are also common stimulants (Graham et al., 2010);
as such, relationships of TRPC to mitochondrial function
may occur. Another common stimulant is α-subunits of
G-proteins, which is why many agonists at G-protein-coupled
receptors are stimulators (Abramowitz and Birnbaumer, 2009;
Beech, 2013). Agonists at tyrosine kinase receptors may also
be common stimulators (Odell et al., 2005). An intermediate
in the actions of such agonists is likely to be stimulation of a
phospholipase C, leading to inositol 1,4,5-triphosphate (IP3)
and diacylglycerol, depletion of phosphatidylinositol 4,5-
biphosphate, and elevation of the intracellular Ca2+ concen-
tration, all of which modulate TRPC channels. Cyclic AMP
acting via protein kinase A and cGMP acting via protein
kinase G are common negative modulators, whereas tyrosine
kinases are stimulators. Serine-threonine kinase with-no-
lysine 4 is an inhibitor and calmodulin kinase an activator.
Protein kinase C mostly inhibits TRPC channels, but there is
stimulation when TRPC1 is involved. The latter regulatory
effects have been reviewed with more extensive reference to
the original works (Beech, 2013).

There are also differential effects of physiological factors,
which distinguish the TRPC5 and TRPC6 subgroups. Diacyl-
glycerol directly stimulates TRPC6 but not TRPC5. The effect
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on TRPC6 is independent of protein kinase C and it is part of
the receptor-to-channel coupling mechanism for TRPC6, as
well as TRPC3 and TRPC7. The receptor-to-channel coupling
mechanism for the TRPC5 subgroup is less well established
but may involve direct G-protein action, phosphorylation
by protein kinase C, signalling through Group VI PLA2,
lysophosphatidylcholine and other factors (Beech, 2013).
Arachidonic acid and some of its metabolites are TRPC6
stimulators but seem not to stimulate TRPC5. Conversely,
GM1 gangliosides and other lipid factors stimulate TRPC5 but
are not known to affect TRPC6. Mild extracellular acidifica-
tion stimulates TRPC5 whereas it has no effect on TRPC6.
There are also differential effects of factors that arise in toxic
environments. TRPC5 is stimulated by lanthanum or gado-
linium ions whereas TRPC6 is inhibited. There are similar

stimulatory effects of lead and mercury, suggesting that the
TRPC5 type of channel may have an important role in the
detection of toxic substances. References to the original
studies of these effects are not provided comprehensively in
this article but can be found in a recent review (Beech, 2013).

An intriguing characteristic of TRPC4 and TRPC5 chan-
nels is their sensitivity to modulation at the third extracellu-
lar (E3) loop (also called the turret). The E3 was found to
contain critical amino acid residues for the unusual stimula-
tory action of lanthanides at TRPC4/5 (Jung et al., 2003) and
heteromers with TRPC1 (Xu et al., 2008). A disulfide bridge
near to the lanthanide-sensitive residues is susceptible to
reduction by the redox protein thioredoxin, leading to
channel activation (Xu et al., 2008). The E3 domain may
confer special opportunities for pharmacological modulation.

Figure 1
Expression and functions of TRPCs. On the left is a simple schematic diagram of a TRPC heteromer conferring influx of Ca2+ and Na+. In the middle
is a list of the cell types that have been suggested to express TRPC mRNA or protein. On the right (in red) is a list of cell or whole tissue/body
effects that have been suggested to be driven or potentiated by TRPC activity; in other words, if TRPC channels were to be inhibited, the opposite
of the effect is predicted to occur (e.g. less pancreatitis). Example references for cell expression items: acinar gland cells (Liu et al., 2007);
adipocytes (Sukumar et al., 2012); astrocytes (Shirakawa et al., 2010); cardiac myocytes (Eder and Molkentin, 2011); cochlea hair cells (Quick
et al., 2012); endothelial cells (Ahmmed et al., 2004); epithelial cells (Kim et al., 2011); fibroblasts (Xu et al., 2008); hepatocytes (Rychkov and
Barritt, 2011); keratinocytes (Cai et al., 2006); leukocytes (Yildirim et al., 2012); mast cells (Freichel et al., 2012); mesangial cells (Sours et al.,
2006); neurones (Bollimuntha et al., 2011); osteoclasts/blasts (Abed et al., 2009); platelets (Ramanathan et al., 2012); podocytes (Dryer and
Reiser, 2010); skeletal muscle (Gervasio et al., 2008); smooth muscle cells (Beech et al., 2004); and tumour cells (Thebault et al., 2006). Example
references for effect items: angiogenesis (Yu et al., 2010); cancer cell drug resistance (Ma et al., 2012); cell adhesion (Smedlund et al., 2010); cell
migration (Xu et al., 2006); cell proliferation (Sweeney et al., 2002); cell survival (Selvaraj et al., 2012); cell turning (Wang and Poo, 2005);
efferocytosis (Tano et al., 2011); gastrointestinal motility (Tsvilovskyy et al., 2009); glomerular filtration (Dryer and Reiser, 2010); hypo-
adiponectinaemia (Sukumar et al., 2012); hypo-matrix metalloproteinase (Xu et al., 2008); hypertrophy (cardiac) (Eder and Molkentin, 2011);
innate fear (Riccio et al., 2009); lung hyper-responsiveness (Yildirim et al., 2012); mast cell degranulation (Ma et al., 2008); motor coordination
(Trebak, 2010); muscle endurance (Zanou et al., 2010); neointimal hyperplasia (Kumar et al., 2006); oedema (Weissmann et al., 2012);
permeability (Tiruppathi et al., 2002); pancreatitis (Kim et al., 2011); saliva secretion (Liu et al., 2007); seizure (Phelan et al., 2013); survival after
MI (myocardial infarction) (Jung et al., 2011); thrombosis (Ramanathan et al., 2012); vaso-modulation (e.g. vasoconstriction) (Weissmann et al.,
2006); and wound-healing (Davis et al., 2012).
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Functions of TRPC channels

TRPC/Trpc gene disruption is not known to confer embryonic
lethality or catastrophic phenotype in the adult. Multiple
Trpc disruptions (i.e. Trpc1/4/5 or Trpc3/6 in the mouse)
(Suresh Babu et al., 2012) and global expression of dominant-
negative mutant TRPC5 (Sukumar et al., 2012) also do not
cause catastrophic phenotypes. Patients with gain-of-
function TRPC6 mutations present only with focal segmental
glomerulosclerosis (Winn et al., 2005), and systemic admin-
istration of a TRPC channel inhibitor apparently had no
major adverse effect (Kim et al., 2011). Nevertheless, changes
have been identified in genetically- or pharmacologically-
modified mice, suggesting multiple roles (Figure 1). From
such findings, it is a working hypothesis that TRPCs have
modest importance in passive physiology but comparatively
have more importance in active adaptive processes arising in
response to chemical or physical insult (Beech, 2013). If this
concept is true, it follows that TRPC channels may have value
as new therapeutic targets for the treatment of human dis-
eases, albeit with caveats.

Evidence suggesting functional importance of TRPCs is
considerable (Figure 1). The functions relate to most systems
of the body – both central and peripheral. The primary
purpose of this review is not to provide a comprehensive
review of this literature but to focus on TRPC pharmacology.
Therefore, only a summary is provided (Figure 1). The figure
illustrates cell types in which TRPCs are expressed and effects
suggested to be potentiated or driven by TRPC activity. The
functional data were generated through studies with gene-
modified mice and studies of the effects of anti-sense DNA,
RNA interference, dominant negative mutants and blocking
antibodies on human cells and tissues. For some disease con-
texts, it is apparent that it could be advantageous to inhibit
TRPC activity, whereas in other contexts, it may be disadvan-
tageous or it could be anticipated that specific adverse effects
or contraindications would arise. There will be benefit in
further validation towards determining the likely conse-
quences of TRPC channel inhibition (or stimulation) in spe-
cific human diseases.

A theme arising from TRPC studies is that the channels
have positive roles in adaptive processes (Figure 1). These
include, for example, positive effects in cell proliferation and
migration. Therefore, a case might be made for discovering
inhibitors of the channels with a view to developing novel
adjuvant anti-cancer agents or drugs to suppress other
unwanted hyperplasic or migratory events. Of course there
are also beneficial hyperplasic or migratory events to which
due attention would need to be paid (e.g. there could be
unwanted effects of TRPC inhibitors on wound healing).
Whether beneficial effects would outweigh unwanted effects
remains to be determined.

Introduction to the pharmacology of
TRPC channels

There are few, if any, established small molecules or toxins
that are highly selective and potent modulators of TRPC
channels, and there are no published crystal structures on

which the design of modulators can be based. Therefore,
the field is at a stage of seeking high-resolution structural
information on the channels, investigating structure-
activity relationships (SARs) for known small molecule
modulators (to identify molecules with better properties),
developing and using screening assays to discover novel
modulators from chemical libraries or natural products, or
finding alternative approaches for achieving specific TRPC
channel effects. One alternative approach is the generation
of functional antibodies that modulate TRPC channels. The
approach has so far been successful in achieving polyclonal
isoform-specific extracellular inhibitors of TRPC1-, TRPC5-
and TRPC6-containing channels (Xu et al., 2008; Mohl
et al., 2011; Sukumar et al., 2012). Inhibitor antibodies
acting via intracellular sites have also been reported (Shi
et al., 2010).

Here, we focus on small molecule (chemical) modulators.
There are chemicals of this type that affect TRPC channel
function. Most of them have inhibitory effects (see succeed-
ing discussion). None of them are especially potent but
recent studies have identified chemicals that are effective in
the low (and sub-) μM concentration range. It appears that
some are relatively selective, even showing a degree of selec-
tivity for one type of TRPC over another. A few appear to
modulate the channels through direct binding, but further
studies are mostly required to determine if effects are direct
or indirect. Because of promiscuity in TRPC modulation by
physiological factors, there is particular risk that effects of
chemical modulators arise indirectly. A study showed that
two quite similar chemicals with similar inhibitory effects on
TRPC channels had different mechanisms of action – one
direct and the other indirect (see Polyphenols). There is still
much work to be done before highly selective, potent,
directly-acting modulators are achieved. If such progress is
made, the arising pharmacology will importantly aid inves-
tigations of the physiological and pathophysiological roles of
TRPC channels, facilitate validation of TRPCs as potential
therapeutic targets in different disease models and human
tissues, and possibly provide foundations for drug discovery
and development.

A common method for identifying modulators involves
measurements from TRPC over-expressing cells loaded with a
Ca2+-reactive fluorescent dye such as fura-2. Stimulation of
the TRPC channels leads to a rise in the intracellular Ca2+

concentration as the Ca2+ enters through the TRPC channels
and binds fura-2. Such methods are often suitable and pow-
erful, but they are also prone to false positives and other
artefacts. In addition, as in most cases only one TRPC
channel is over-expressed, the largest proportion of the
measured Ca2+ flux usually results from the activity of homo-
meric TRPC channels. Therefore, compounds identified in
such an assay should be further evaluated using whole-cell,
and preferably also single channel, patch-clamp recordings
in voltage-clamp mode, and, where possible, in native chan-
nels. In the succeeding sections, we will describe pharmaco-
logical TRPC modulators. We include a brief section on TRPC
stimulators, but the focus is on inhibitors because there is
most information about inhibitors, and current thinking
suggests that inhibitors might have most use either for
understanding TRPC channel biology or as potential thera-
peutic agents.
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Pharmacology I: TRPC stimulators
A series of TRPC6 stimulators is formed by hyperforin (1) and
the diacylated phloroglucinols Hyp1 (2), Hyp5 (3), Hyp7 (4),
Hyp8 (5) and Hyp9 (6) (Figure 2). Hyperforin is the main
active ingredient of St. John’s wort. With an EC50 of about
1 μM, hyperforin causes elevation of the intracellular Ca2+

concentrations and it was subsequently found to be a tran-
sient stimulator of TRPC6 without effect on TRPC3, TRPC4
or TRPC5 (Leuner et al., 2007). Diacylated phloroglucinol
derivatives 2–6 are also TRPC6 stimulators and structurally
less complex than hyperforin (Leuner et al., 2010), which can
be regarded as a highly functionalized phloroglucinol deriva-
tive. The compounds do not activate TRPC3 and TRPC7. In
these studies, it was suggested that hyperforin and the Hyp

compounds are structurally related to diacylglycerol, but the
chemical basis for such a relationship is unclear in our
opinion.

Genistein (7, Figure 3) was found to stimulate TRPC5
with an EC50 of 93 μM (Wong et al., 2010). Daidzein (8), a
genistein analogue that is inactive as a tyrosine kinase inhibi-
tor, acted similarly. The thiazolidinedione rosiglitazone (9)
was also found to stimulate TRPC5 channels with an EC50 of
31 μM (Majeed et al., 2011b). The effect of rosiglitazone
occurred relatively rapidly and was reversible on washout.
The chemically related thiazolidinediones pioglitazone (10)
and troglitazone (11) had no effect, suggesting dissociation
of the effect of rosiglitazone from its well-recognized target
of PPAR-γ. Over-expressed TRPM3 channels were inhibited
by rosiglitazone, pioglitazone or troglitazone. Endogenous
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TRPC1/TRPC5 heteromeric channels were stimulated by
rosiglitazone and to a lesser extent by troglitazone, whereas
pioglitazone was inactive (Sukumar et al., 2012). TRPC inhibi-
tors may also have stimulatory effects on TRPC channels
(see succeeding discussion). The data establish principles for
pharmacological stimulation of TRPC5 channels, but the
presently identified agents act only in the medium-to-high
μM concentration range.

Pharmacology II: TRPC inhibitors

Inhibitors are classified here according to chemical structure.

Pyrazoles
A series of 3,5-bis(trifluoromethyl)pyrazole (BTP) derivatives
was discovered as immune suppressants that act by inhibiting
NFAT and interleukin-2 production (Djuric et al., 2000). Pyr2
in this series (12 in Figure 4) is now recognized as an inhibi-
tor of Ca2+ entry induced by store depletion and it may be this
effect that leads to suppression of NFAT (Zitt et al., 2004; He
et al., 2005). The effect on Ca2+ entry in store-depleted cells
may arise through an effect on Orai1 channels, which are
structurally distinct from TRPC channels (Hou et al., 2012).
Nevertheless, Pyr2 also inhibits store-independent activity of
TRPC3 and TRPC5 (Table 1).

Pyr3 (13, Figure 3) is suggested to inhibit TRPC3 relatively
selectively (Table 1). It incorporates a trichloroethylene
moiety that appears to be crucial for selectivity (Kiyonaka
et al., 2009). In addition to showing selectivity within the
TRPC subgroup (Table 1), Pyr3 fails to inhibit TRPM2, TRPM4
or TRPM7 channels (Kiyonaka et al., 2009). Whole-cell patch-
clamp studies indicated that the effect of Pyr3 on TRPC3 was
direct, extracellular and partly (and slowly) reversible on
washout. Photo cross-linking experiments with probe Pyr-PP
(18), in combination with competition studies with Pyr3,
supported the idea that Pyr3 can directly bind to TRPC3.
Structural similarities of Pyr3 and Pyr-PP to the other five Pyr
compounds in Figure 4, in combination with inhibition data,
strongly suggest that these compounds may also be direct
TRPC3 binders. Pyr3 was also used in vivo to suppress cardiac
hypertrophy in mice (Kiyonaka et al., 2009), which was
linked previously to TRPC channel activity (Figure 1). Also
reported are Pyr6 (16) and Pyr10 (17, which contains a sul-
fonamide linkage instead of an amide linkage). Pyr6 showed
preference for inhibition of Orai1 channels and Pyr10 for
TRPC3 (Schleifer et al., 2012). Pyr3 was also found to inhibit
Orai1 channels, and so, the compound may not be as specific
for TRPC3 as is widely suggested. Pyr6 and Pyr10 were found
to be selective for TRPC3 over TRPC4, TRPC5 and TRPC6.
NFAT translocation was sensitive to Pyr6 but not Pyr10. It
should be noted that unbiased analysis of Jurkat T cell lysates
with probe BTP-biotin (19) suggested binding to the actin
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reorganizing protein drebrin and follow-up studies revealed
an important role for drebrin in supporting Ca2+ entry
(Mercer et al., 2010). Therefore, Pyr/BTP compounds may
have effects on Ca2+ entry channels via an intermediate
protein.

2-Aminoquinolines
Identification of 2-aminoquinolines as selective TRPC4/
TRPC5 inhibitors has been reported (Miller et al., 2011)
(Figure 5). This class of inhibitor was found during a screen
for modulators of agonist-evoked TRPC4 responses in HEK
293 cells. Based on SAR studies around the 2-aminoquinoline
scaffold, ML204 (20) was selected for detailed study. Table 2,
however, shows activities of several of the most potent and
selective compounds in the class (20–31). SAR data showed
that five-, six- and seven-membered ring 2-amino substitu-
ents were tolerated but that acyclic or aryl substituents
decreased activity. The four-methyl group proved optimal. A
number of 6-substituents were tolerated but 8-substituents
were not. Activities of the compounds against TRPC4 were
confirmed by patch-clamp recording, showing that inhibi-
tion did not depend on receptor activation and was revers-
ible. A direct inhibitory effect was suggested. There was no
inhibition of TRPA1, TRPM8, TRPV1 and TRPV3 channels or
voltage-gated Na+, K+ or Ca2+ channels. ML204 was further
tested for binding of a panel of 68 receptors, ion channels and
transporters; at 10 μM, it showed moderate binding in seven
cases. Our own experiments have confirmed that ML204
inhibits TRPC5-dependent Ca2+ entry (D. J. Beech and Y.
Majeed, unpubl. data). Therefore, ML204 seems to be a useful
chemical tool for modulating TRPC4 or TRPC5 channels.

Steroids
Investigation of neuroactive steroids led to identification of
inhibitory effects against TRPC5 (Figure 6) (Majeed et al.,
2011a). The most potent inhibitor was progesterone (35),
with an IC50 of 5 μM. In Ca2+ assays, dihydrotestosterone (37)
caused only weak inhibition at 10 μM, but it had stronger
effects in patch-clamp recordings. The effects of progesterone
and dihydrotestosterone were strong and reversible in
outside-out patch recordings, suggesting relatively direct
mechanisms of action. Pregnenolone sulfate (33), a so-called

‘fountain-of-youth’ steroid, inhibited Gd3+-induced TRPC5
activity with an IC50 of 19 μM. Pregnenolone sulfate did not
inhibit TRPM2. Pregnanolone (32), pregnanolone sulfate
(33) and pregnenolone sulfate (34) inhibited TRPC5 but
pregnenolone and allopregnanolone did not. Norgestimate
(36) was also found to inhibit TRPC channels (Miehe et al.,
2012). Inhibition of TRPC3, TRPC4, TRPC5 and TRPC6
occurred with IC50 values of 12, 6, 12 and 18 μM. These
studies suggest direct inhibitory effects of steroids acting with
stereo-specificity but at relatively high concentrations that
are only likely to have significance if exogenous steroids are
administered.

Phenylethylimidazoles
Phenylethylimidazoles are widely used as non-specific inhibi-
tors of Ca2+ channels. SKF96365 (38), the antifungal econa-
zole (39) and its analogue calmidazolium chloride (40, also
known as a calmodulin antagonist) (Figure 7) are inhibitors
of Ca2+ entry in store-depleted cells (Sweeney et al., 2009).
The compounds inhibit TRPC3 and TRPC6 channels at rela-
tively high μM concentrations (Harteneck and Gollasch,
2011). Voltage-gated Ca2+ channels are more potently inhib-
ited (Singh et al., 2010). Therefore, these compounds are
TRPC channel inhibitors, but they are not potent or selective.

Piperazine/piperidine analogues
Known relationships between the Sigma-1 receptor and Ca2+

signalling led to investigation of the effects of Sigma-1 recep-
tor ligands (Figure 8) on Ca2+ responses of endothelial cells
(Amer et al., 2013). Sigma-1 receptor antagonists BD1063 (41)
and BD1047 (43) and the agonist 4-IBP (42) inhibited the
sustained but not the initial transient Ca2+ response evoked
by histamine or vascular endothelial growth factor. These
data indicated specific inhibitory effects on Ca2+ entry mecha-
nisms, and so, it was investigated if TRP channels are sensi-
tive to Sigma-1 receptor ligands. BD1063, BD1047 and 4-IBP
inhibited TRPC5. They also inhibited TRPM3 but not TRPM2.
TRPC5 inhibition was independent of the type of stimulant
used to initially evoke TRPC5 activity. The effect was con-
firmed in patch-clamp recordings. At a concentration of
10 μM, BD1047 inhibited TRPC5 by about 60%. The effect
was rapid in onset and reversible upon washout, suggesting a

Table 1
Inhibition by pyrazole-based compounds 12–17 (Kiyonaka et al., 2009)

Figure 3
compounds

IC50 (μM)

TRPC1 TRPC3 TRPC4 TRPC5 TRPC6 TRPC7

12 (Pyr2) n.d. 4.2 n.d. 0.1–1 1–10 1–10

13 (Pyr3) n.d. 0.5 n.d. >10 >10 >10

14 (Pyr4) n.d. 0.3–3 n.d. >10 1–10 1–10

15 (Pyr5) n.d. 0.1–1 n.d. >10 >10 >10

16 (Pyr6) n.d. 18.5 >10 >10 >10 n.d.

17 (Pyr10) n.d. 0.7 >10 >10 >10 n.d.

n.d., not determined; TRPC, Transient Receptor Potential Canonical.
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direct inhibitory extracellular action. Despite these com-
pounds being Sigma-1 receptor ligands, their effects on the
channels did not depend on the Sigma-1 receptor, and no
relationship between the channels and Sigma-1 receptor was
detected.

There are chemical similarities between BD1047, BD1063
and 4-IBP. Whereas BD1047 can be considered a ring-opened
analogue of BD1063, 4-IBP also contains a halogenated aryl
ring attached, via a two-atom linker, to a six-membered
ring containing at least one basic nitrogen. Based on these
findings, we suggested a new TRPC pharmacophore 44
(Figure 8).

Naphthalene sulfonamides
The myosin light chain kinase (MLCK) inhibitors ML-7 (45)
and ML-9 (46), applied extra- or intra-cellularly, inhibited
TRPC6 (Figure 9) (Shi et al., 2007). ML-9 displayed an IC50 of
7.8 μM. Wortmannin and peptide-based MLCK inhibitors did
not affect TRPC6 or the inhibitory action of ML-9, suggesting

inhibition independent of MLCK. W-7 (47), another MLCK
inhibitor and calmodulin antagonist, is an analogue of ML-9
and ML-7 with an open chain diamine. W-7, several of its
analogues, and its isomer 48 inhibit hyperforin-induced
TRPC6 activity (Harteneck and Gollasch, 2011). W-7 inhib-
ited TRPC6, TRPM2, TRPM3 and TRPV4 with IC50 values
of 28, 26, 15 and 65 μM. These findings suggest that naph-
thalene sulfonamides are μM non-specific TRP channel
inhibitors.

N-phenylanthranilic acids and analogues
Flufenamic acid (FFA, 49), N-(p-amylcinnamoyl)anthranilic
acid (ACA, 53) and other N-phenylanthranilic acids (or
fenamates, Figure 10) stimulate TRPC6 (Foster et al., 2009)
and inhibit other TRPC (and TRPM) channels (Kraft and
Harteneck, 2005; Harteneck et al., 2007; Ilatovskaya et al.,
2011). FFA, mefenamic acid (MFA) (50), niflumic acid (51),
diclofenac sodium (52) and several FFA analogues (54)
have been investigated in some detail against TRPC4 and

NN

20 (R = H) ML204
21 (R = Me)
22 (R = Et)
23 (R = F)

NN

28 (R = H)
29 (R = Me)
30 (R = Et)
31 (R = F)

NN

24 (R = H)
25 (R = Me)
26 (R = Et)
27 (R = F)

RR R

Figure 5
Structures of 2-aminoquinoline-based TRPC inhibitors 20–31. Blue indicates the 2-aminoquinoline scaffold the inhibitors have in common. See
the main text for details and references.

Table 2
Structures and inhibition profiles of the most potent and selective 2-aminoquinazoline-based TRPC4/C5 inhibitors (Miller et al., 2011)

Figure 4
compounds

IC50 TRPC4 (μM) IC50 TRPC6 (μM)

Ca2+ assay QPatch assay FLIPR assay

20 (ML204) 0.96 2.6 18.4

21 5.82 3.93 8.58

22 (45.8%)a 3.73 14.99

23 10.50 6.38 20.21

24 2.75 8.02 14.93

25 1.5 3.91 2.03

26 0.58 2.06 4.24

27 1.05 3.94 7.15

28 1.50 1.96 9.74

29 1.30 0.9 12.83

30 7.37 3.3 (42.7%)a

31 3.99 1.63 (10.3%)a

aPercentage inhibition at 20 μM compound.
TRPC, Transient Receptor Potential Canonical.
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TRPC5 (Jiang et al., 2012). All of these non-steroidal anti-
inflammatory drugs are inhibitors of TRPC4 or TRPC5 with
IC50s of 37–170 μM. Changes of the phenyl ring substituents
resulted in analogues that were less potent than FFA and MFA.

Fatty acids
Upon adipocyte maturation, there is up-regulation of consti-
tutively active TRPC1 and TRPC5 heteromeric channels
(Sukumar et al., 2012). Because adipocytes are closely
involved with fatty acid metabolism and storage, a library of
66 fatty acids was screened for activity against TRPC5 chan-

nels; 19 were found to be inhibitors, whereas the others had
no effect. Further investigation was carried out on three
dietary ω-3 fatty acids, α-linolenic acid (55), eicosapentae-
noic acid (56) and docosahexaenoic acid (57) (Figure 11),
which occur in plants or oily fish. There was inhibition of
TRPC5 and TRPC1/TRPC5 heteromers. The IC50 of α-linolenic
acid against TRPC5 was 22 μM, which is in the concentration
range achieved by ingestion of this fatty acid. Strikingly,
α-linolenic acid induced the production of adiponectin (a key
anti-inflammatory adipokine) in adipose tissue of wild-type
mice but not adipose tissue of mice expressing mutant TRPC5
that disabled the TRPC1/TRPC5 heteromer.
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Figure 9
Structures of naphthalene sulfonamide-based TRPC inhibitors 45–48. Blue indicates the common naphthalene sulfonamide core, whereas red
indicates the alternative position for naphthalene substitution in 48. See the main text for details and references.
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Polyphenols
Based on the idea that TRPC channels are promiscuous
sensors of a variety of dietary factors, further dietary factors
including antioxidants were investigated. The antioxidant
gallic acid (58, Figure 12) (a component of green tea) inhib-
ited hydrogen peroxide- but not lysophosphatidylcholine-
induced TRPC5 activity (Naylor et al., 2011). Resveratrol (59)
(a component of red wine) inhibited TRPC5 activity that was
evoked not only by hydrogen peroxide but also lysophos-
phatidylcholine. Whole-cell patch-clamp recordings con-
firmed the inhibitory effect with an IC50 ranging from 4 to
30 μM depending on voltage. Inhibition by resveratrol was
relatively slow and the effect could not be readily reversed on
washout. These findings, in combination with the lack of
significant effect on TRPC5 in excised membrane patches,
indicated that resveratrol was an indirect inhibitor of TRPC5.
The oestrogen receptor modulator diethylstilbestrol (60)
inhibited TRPC5 with similar potency (IC50 3–9 μM depend-
ing on the recording technique) but its effect occurred
rapidly, was readily reversible on washout and occurred in
excised outside-out membrane patch recordings, indicating a
direct inhibitory effect. One of the main differences between
the two trans-stilbenes (59, 60) is the presence of two ethyl
groups on 60, which causes a difference in preferred confor-
mation of the aromatic rings of 59 (in the same plane as the

double bond) and 60 (twisted out of the plane of the double
bond).

2-Aminothiazoles
Pharmaceutical company GlaxoSmithKline (GSK) patented
compounds with general structure 61 as TRPC3 and/or
TRPC6 inhibitors (Figure 13) (Dodson et al., 2012). The com-
pounds are based on a 2-aminothiazole core, and most of the
49 reported examples also have a tetrahydroisoquinoline-
based substituent (e.g. 63–65). Compounds listed in
‘example 3’ (62) and ‘example 42’ (65) are reported to display
IC50s against TRPC3 of 0.01–0.1 μM, and 62 to inhibit TRPC6
with an IC50 of 0.01–0.1 μM. Compounds listed in ‘examples
3, 9, 11 and 42’ (62–65) were also reported to inhibit the
expression of phenylephrine-induced atrial naturietic factor
(ANF) in neonatal rat ventricular myocytes.

Miscellaneous compounds
The isothiourea derivative KB-R7943 (66, Figure 14) is an
inhibitor of Na+-Ca2+ exchange, but it was also found to
inhibit TRPC3, TRPC5 and TRPC6 with relatively low IC50s of
0.46, 1.38 and 0.71 μM (Kraft, 2007). The inhibitory effects of
KB-R7943 were slow, and recovery on washout was weak.
Indirect effects via Na+-Ca2+ exchanger are not ruled out.
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Structures of the anti-oxidant gallic acid and trans-stilbene-based TRPC5 inhibitors, 58–60. See the main text for details and references.
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The organoborane 2-aminoethoxydiphenyl borate (2-
APB, 67, Figure 14) is an inhibitor of IP3 receptors and Ca2+

entry in store-depleted cells. 2-APB also inhibits TRPC and
TRPM channels. It stimulates TRPV channels (Hu et al., 2004).
Studies of TRPC5 suggested an IC50 of about 20 μM and an
effect that occurs relatively rapidly and reversibly (Xu et al.,
2005). The effect appears to arise through a direct extracellu-
lar action.

The anti-platelet drug cilostazol (68, Figure 13) inhibited
TRPC3, TRPC6 and TRPC7 by enabling PK A-dependent phos-
phorylation of the channels (Nishioka et al., 2011). It does
not appear to be a directly acting TRPC channel inhibitor.
Similarly, bromoenollactone (69, Figure 14) inhibited TRPC5
activity evoked by sphingosine-1-phosphate (AL-Shawaf
et al., 2011) and the effect was suggested to occur indirectly
via an effect on Group VI PLA2. The latter hypothesis was
supported by knock-down studies of the PLA2. The lack of
effect of 69 on Gd3+-evoked activity also argued against a
direct inhibitory effect on TRPC5 channels.

Chemical requirements for activation of TRPC5 channels
by lysophospholipids are similar to those of the TREK-1 K+

channel which is suggested to be a target of general anaes-
thetics through modulation of biophysical properties of the
lipid bilayer. Anaesthetics were tested for effects on TRPC5.
The classical inhalation general anaesthetics chloroform (70)
and halothane (71) and the commonly used i.v. anaesthetic
propofol (72) (Figure 14) were inhibitors of TRPC5 (Bahnasi
et al., 2008). Effects occurred at concentrations that may be

relevant to clinical anaesthesia in some situations. It is
unlikely that any of these agents has specific binding sites on
TRPC5 channels.

Screening of the Chembionet library for effects against
TRPC6 has been reported (Urban et al., 2012). Follow-up
studies with nine of the identified 20 inhibitors led to iden-
tification of seven confirmed hits with IC50s in the low-to-
medium μM range. Because one compound was toxic to
cells, selectivity studies were performed only on six of the
compounds using TRPC6, TRPC3, TRPC7, TRPA1, TRPM2
and TRPV1. Compounds 2910-0498 (73), 6228-0353 (74),
6228-0473 (75), 8009-5364 (76) and 8016–8488 (77)
(Figure 14) displayed selectivity for the TRPC3/6/7 sub-
group, with some evidence for selectivity within this sub-
group. The most selective TRPC6 inhibitor was 76 (2.5-fold
with respect to TRPC3 and >10-fold with respect to TRPC7),
and the most selective TRPC3 inhibitor was 73 (fourfold
with respect to TRPC6 and sixfold with respect to TRPC7).
Compound 5408-0428 (78) was selective for TRPC6 with
respect to the other members of the TRPC3/6/7 subfamily
but also inhibited TRPA1, TRPM2 (partially) and TRPV1
with similar potencies. Inhibition of TRPC6 and TRPC3 by
73, 75 and 76 was further studied using whole-cell patch-
clamp, confirming activity. In these experiments, only 76
displayed the selectivity for TRPC6 seen in Ca2+ recordings.
Some of these new compounds may provide interesting
starting points for further optimisation towards selective
tool compounds.
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Screening of a quinazoline-derived library in a Drosophila
huntingtin gene assay identified compounds that inhibit
TRPC1-dependent cationic current evoked by store depletion,
such as 79 (Figure 14) (Wu et al., 2011). Ionic currents
induced by over-expression of TRPC1 were not affected
however, suggesting an effect that was indirect.

Conclusions

In conclusion, important progress has been made in recent
years towards the identification of selective and potent small
molecule modulators of TRPC channels. The published data
suggest that it is possible to achieve such pharmacology and
that there will be high quality and widely available modula-
tors within the next 5–10 years. Presently, although some
agents have quite good potencies [i.e. IC50s in the low (and
sub-) μM range], we ideally need about 100-fold improve-
ment in nearly all cases. More information is required on
specificity, especially in relation to channels with overlapping
or similar functions (e.g. Orai1 channels). More detailed
information is needed on direct binding and on the precise
mechanisms of action. Ideally, specific binding pockets for
key modulators should be identified and characterized. Fur-
thermore, modulators should be generated with properties
that make them suitable for in vivo use. It would be ideal to
show that in vivo effects are lost in mice lacking expression of
the target TRPC. Once such modulators are determined, it
will be timely to progress to in vivo studies of human disease
models in large animals with a view to delivering therapeutic
agents.

Pyr3 is one of the encouraging but also intriguing modu-
lators. It is often specified in the literature as a TRPC3-specific
inhibitor, especially as it became commercially available.
However, we would advise caution at this stage because it is
not clear that Pyr3 distinguishes TRPC3 channels from Orai1
channels (Schleifer et al., 2012). Notably, Pyr3 is similar in
chemical structure to BTP2 and Synta66, which are widely
used as Orai1 channel [calcium release-activated channel
(CRAC)] inhibitors. BTP2 is the same compound as Pyr2,
which is closely related to Pyr3 and has also been described as
TRPC5-specific. We have found that Pyr3 and Synta66 simi-
larly inhibit a common Ca2+ entry pathway in endothelial
cells, consistent with them both inhibiting the Orai1 (CRAC)
channel (P. Turner & D. J. Beech, unpubl. data).

ML204 is promising as a selective TRPC4/TRPC5 inhibi-
tor, but there should again be caution until there has been
wider use by independent groups, further description of its
specificity and evaluation of its use in vivo. Similarly, some hit
compounds from the Chembionet library look promising,
but further work is needed regarding their optimisation and
profiling. Piperazines/piperidines have some good properties,
but substantial research is needed if improved potency and
specificity are to be achieved. Identification of natural TRPC
modulators is intriguing in terms of the biology of TRPC
channels, suggesting that the channels may serve as points
for integration with or sensing of external chemical environ-
ment. It is unclear, however, if such modulators will serve
well as templates for highly potent TRPC modulators. The
2-aminothiazole-based TRPC3/6 inhibitors may constitute

the most potent TRPC inhibitors so far, but further details
and clarification are needed.

We hope that the promising progress outlined in this
review will encourage multidisciplinary teams to focus on the
important and worthwhile challenge of developing highly
potent, specific, readily usable and widely available TRPC
pharmacology. In our opinion, it is more likely to be a pot of
gold than a mirage.
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