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Abstract

Recently studies found that TRPC3 and TRPC6 played an important role in cardiovascular disease.
Hypertension, as a cardiovascular disease causing the highest morbidity and mortality, has close
relationship with the expressions of TRPC3 and TRPC6. Unbalanced calcium homeostasis is the
major factor of pathogenesis of hypertension. Changes of intracellular calcium concentration de-
pend on calcium transmembrane transportation, intracellular calcium store releasing and other
processes. TRPC3, TRPC6 molecules, as non-selective cation channels on the cell membranes, are
involved in the processes. This review illustrated the functions of TRPC3 and TRPC6 on myocardi-
al cells, smooth muscle cells and inflammatory cells in the development of hypertension, and the
effects of drugs like sildenafil to provide a new way for the prevention and treatment of hyperten-
sion.
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1. Introduction

Hypertension, as a cardiovascular disease causing the highest morbidity and mortality, is a kind of clinical syn-
drome performing characterized by a sustained high blood pressure, and belongs to the cardiovascular diseases.
It can be divided into two categories: essential hypertension (EH, or primary systemic arterial hypertension) and
secondary hypertension. The etiopathogenesis of essential hypertension is unclear, while the latter is caused by
other diseases, which we know clearly, and its treatment is simpler than the former’s. Increasing evidence sup-
ports a role for the transient receptor potential canonical 3, 6 (TRPC3, 6) channels in this pathophysiology.
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TRPC3 and -6 channels belong to the seven TRPC sub-families of non-selective and non-voltage-gated ion
channels that are activated by a phospholipase C (PLC) to control transmembrane calcium flux. TRPC3 channel
is composed of 836 amino acids, while TRPC6 channel includes 931 amino acids. They form a structural and
functional subfamily sharing 70% to 80% homology at the amino acid level [1]. And they are both characterized
by six transmembrane domains with the pore-forming region between the fifth and sixth transmembrane do-
mains, which is necessary for the production of a functional channel. Their N-terminal and C-terminal sequence
are both in cell membrane [2]. The structures of TRPC3 and -6 channels are shown in Figure 1 and Figure 2.

TRPC3 and -6 are often upregulated in cardiovascular disease, and their inhibitions ameliorate the associated
pathophysiology. Changes of intracellular calcium concentration depend on calcium transmembrane transporta-
tion, intracellular calcium store releasing and other processes. TRPC3 and -6 molecules, as non-selective cation
channels on the cell membrane, are involved in the processes. There are three kinds of channel to regulate the
levels of intracellular calcium: voltage dependent calcium channel (VDCC), receptor operated calcium channel
(ROCC) and store-operated calcium channel (SOCC). VDCC and ROCC flow a large amount of calcium in a
short time, while SOCC produces small, continuous calcium flux. VDCC is not sensitive to stimulation and cal-
cium depolarization blocker which differs from ROCC. TRPC3 and -6 both have dual characteristics of ROCC
and SOCC [5]: on the one hand, they can be activated by diacylglycerol (DAG) upon stimulation of PLC-
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Figure 1. The structure of TRPC3 channel [3]. TRPC3 have cytoplasmic N- and C-termini, six transmembrane regions (TM),
a pore region (between TM5 and TM6), a hydrophobic segment which does not seem to span the plasma membrane, and four
ankyrin-like repeats in the cytoplasmic N-terminal region. Locations of different residues shown to be phosphorylated by
PKC (Serine 712; S712) and PKG (Threonine 11; T11 and Serine 263; S263) on human TRPC3 are shown. Threonine 573
(T573) is the human equivalent of Threonine 635 (T635) in mouse TRPC3.
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Figure 2. The structure of TRPC6 channel [4]. TRPC6 have cytoplasmic N- and C-termini, six transmembrane regions, a
pore which is necessary for the production of a functional channel and a hydrophobic segment which does not seem to span
the plasma membrane. Boxes indicate human mutations known to cause focal segmental glomerulosclerosis. All of the
known disease-causing mutations are located in the cytoplasmic NH, and COOH terminals of TRPCB.
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coupled receptors resulting in the breakdown of phosphoinositides. On the other hand, they are second messen-
ger-operated calcium entry channels that can be activated by inositol 1, 4, 5-triphosphate to release the intracel-
lular calcium, as is shown in Figure 3. This depletion can activate TRPC3 and -6 channels, namely SOCC fea-
tures. The characteristics these two molecules playing depend on their expression level. When the expression
decreased, TRPC3 and -6 are SOCC, or they are ROCC.

In addition, TRPC3 and -6 may through other signal molecules to regulate calcium concentration. TRPC3
mediates Ca®* and Na* entry in proximity of Na*/Ca®* exchanger (NCX), thereby elevating cellular calcium le-
vels and contractility. Excessive activation of TRPC3 is associated with transient cellular calcium overloading,
spatial uncoupling between TRPC3 and NCX [6]. While according to new research in human glomerular me-
sangial cells, calcium sensing receptors (CaSR) can be adjusted by raising the expression of TRPC3 and -6 to
flow calcium [7]. The signal pathways of TRPC3, 6 are shown in Figure 3.

Recent studies indicate that TRPC3, 6-mediated cellular calcium homeostasis plays an important role in the
pathogenesis of hypertension. We review the literature on TRPC3 and -6 in different cells, including the myo-
cardial cells, smooth muscle cells and inflammatory cells, and effects of drugs like sildenafil, which may pro-
vide a novel therapeutic approach for treatment of hypertension.

2. TRPC3, 6 Contribute to Hypertension

TRPC3 and -6 regulate intracellular calcium homeostasis, which is involved in hypertension. Therefore, the stu-
dies about patients and animal models with hypertension disease have shown that TRPC3, 6 expression would
promote the occurrence of hypertension and applying corresponding inhibitor could improve the symptoms of
hypertension.

2.1. TRPC3, 6 in SHR

Hypertension occurring on animal models mainly includes spontaneous hypertension, induced hypertension and
genetic engineering hypertension, in which spontaneous hypertension animal models called spontaneous hyper-
tension rat (SHR). SHR was produced from Wistar rats’ selective mating by Okamoto in 1963. The key feature
of SHR is their high hypertension incidence without obvious primary kidney or adrenal injury. Their lifetime is
long, which can live 13 - 14 months [8]. SHR is internationally recognized as the most close to human essential
hypertension animal model, and has been widely used in the basic research of primary hypertension and antihy-
pertensive drug studies.

In 2005, it was found that increased TRPC3 channel expression and increased TRPC3-related calcium influx
in SHR for the first time [9]. Then Chen et al. [10] found that TRPC3 increased in SHR carotid artery and me-
senteric artery. The expression of TRPC6 can also affect the incidence of hypertension. Wu [11] showed that in
SHR left ventricular TRPC6 expression level was higher than control group with the same weeks. Upregulation
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Figure 3. Signal pathway of TRPC3, 6 at the plasma membrane (modified from reference [5] [6]).
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of TRPC3 and TRPC6 may be involved in carotid arterial remodeling in SHR [12], which contribute to the de-
velopment of pulmonary arterial hypertension. In the aorta of SHR, the increased expressions of TRPC3 and -6
are closely associated with elevated blood pressure variability and might be involved in the regulation of blood
pressure variability [13]. All the animal models experiment above confirmed that rise in TRPC3, -6 protein ex-
pression is closely related to the development of hypertension.

2.2. TRPC3, 6 in Essential Hypertension

In the studies of clinical patients with hypertension, expressions of TRPC3 and -6 are also associated with
hypertension. Initially, Liu D. [14] observed a significant increase of TRPC3 protein expression in essential
hypertensive patients compared with normotensive control subjects, which increase the strength of the calcium
influx to aggravate the condition of hypertensive patients. Further research showed the monocyte migration
function of patients was associated with an increased expression of TRPC3, while inhibiting TRPC3 molecules
could prevent mononuclear cells after migration [15]. Compared TRPC3, -6 expression level in the monocytes
of patients with primary hypertension and normal people, Liu and his teammates [16] once again confirmed that
the mononuclear cells in patients with TRPC3 expression was increased, but TRPC6 expression had no change.
The functions of TRPC3 and -6 in hypertension aren’t same, which is still unknown and remains to be eluci-
dated.

The roles of TRPC3 and -6 in the mechanism of essential hypertension are associated with regulation of intra-
cellular calcium concentration, which are important factors to hypertension development. Increases of intracel-
lular calcium induce cellular reaction including cell growth, differentiation, contraction and secretion, which is
initiated by the activation of phospholipase C. It is activated by receptor stimulation, causing the hydrolysis of
phosphatidylinositol-4, 5-bisphosphate (PIP2) and generating two second messengers, IP3 and DAG. IP3 binds
to its specific receptor-channel on the endoplasmic reticulum and causes the calcium mobilization by releasing
calcium from the intracellular pool. In the second phase, calcium enters through the plasma membrane and no
cellular activity has ever been observed in the absence of this second phase of calcium mobilization. TRPC3 and
-6 are involved in calcium entry into cells upon hormonal stimulation to make the rise of proliferation of myo-
cardial cells and smooth muscle cells (SMC) and SMC contraction. Finally increasing peripheral resistance ag-
gravates the pathological process of high blood pressure [17]-[19]. Therefore, TRPC3 and -6 expression disord-
ers can mediate calcium balance contributing the formation of high blood pressure.

2.3. TRPC3, 6 and Different Cell Types in Hypertension

The influence of TRPC3, TRPC6 on hypertension mainly relates to myocardial cells, smooth muscle cells and
inflammatory cells.

2.3.1. Effects of TRPC3, 6 on Myocytes

Cardiomyocytes and myocardial fibroblasts account for over 90% of the heart tissue cells. The changes of myo-
cardial cell and myocardial fibroblasts proliferation are important promoting factors of hypertensive myocardial
hypertrophy, which linked the change of intracellular calcium concentration closely. In myocardial cells calcium
influx is mainly affected by VDCC, which TRPC3 and -6 molecules influence the change of myocardial intra-
cellular calcium to form hypertension.

Research has shown that mice with heart-specific overexpression of TRPC6 developed spontaneous cardiac
hypertrophy and remodeling [20]. At the same time, in mild hypoxia-induced cardiomyocytes hypertrophy,
TRPC3 and -6 were increased, and calcium-calcineurin signals were also enhanced in a time-dependent manner
[21]. Recently study showed that in adult feline myocytes, TRPC3, 6 over expression could induce hypertrophic
signaling [22]. In cardiac fibroblasts, we saw the same. Masahide and colleagues [23] demonstrated that TRPC3
was highly expressed in freshly isolated fibroblasts. TRPC6 overexpression promotes fibroblast to myofibroblast
conversion [24]. Visibly, the expression of TRPC3 and -6 molecules in the process of hypertensive pathology is
abnormal, which caused by the imbalance of myocardial cell proliferation.

Changes of hypertensive myocardial cells and cardiac fibroblasts associated with unbalanced calcium ho-
meostasis, which caused TRPC3 and -6 overexpression leading to calcineurin-NFAT signal pathways dysregu-
lating. NFAT means nuclear factor of activated T cells which is the most important of calcineurin substrates. In
2006 studies found that TRPC3 could activate NFAT signal path for the first time [25]. And Koichiro and his
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workmates [26] found that TRPC6 also regulated calcineurin-NFAT signaling and was a key component of a
calcium-dependent regulatory loop that drives pathologic cardiac remodeling. TRPC3 and -6 activation and in-
ward calcium entry stimulate calcineurin, which in turn de-phosphorylates NFAT leading to the nuclear translo-
cation of the latter. As the promoter region for TRPC3 and -6 contains NFAT-binding sites, this provides a posi-
tive-feedback mechanism to further upregulate channel expression and activity. Intracellular calcium concentra-
tion increased when the intracellular calcium level was too high. Then the myocardial cells shrink, and there
were excessive proliferation and increasing peripheral resistance, which increased blood pressure. However, if
there are other signal transduction mechanisms in the process of participation still need further in-depth study.

2.3.2. Effects of TRPC3, 6 on SMC

Functions of SMC including contraction, relaxation and proliferation, of which abnormal changes can make pe-
ripheral vascular resistance increasing to form hypertension [27]. In SMCs, overexpression of TRPC3 and -6
will make abnormal cell proliferation affecting the development of hypertension. In SHR model of carotid artery
SMCs, the increased expression of TRPC3 may lead to polarization of smooth muscle and increasing vascular
contractility [28]. TRPCG6 expression also increased in pulmonary vascular SMCs, which is essential to hypoxic
pulmonary hypertension formation factors [29]. The inhibition of TRPC6 expression decreased the intracellular
calcium concentration improving the SMC proliferation to control blood pressure [30]. Therefore, changes of
TRPC3 and -6 in SMCs affect the formation of hypertension.

The impact of TRPC3 and -6 on SMC is also related to oxygen concentration. In 2004, study had showed that
for the first time TRPC3 and -6 channels of pulmonary arterial SMCs were upregulated by chronic hypoxia and
contributed to the enhanced vascular tone in hypoxic pulmonary hypertension [31]. In mild hypoxia-induced
cardiomyocytes hypertrophy, TRPC3 and -6 up-regulations and enhanced calcium-calcineurin signals were in-
hibited by a hypoxia-inducible factor 1(HIF-1) specific blocker, whereas promoted by HIF-1a overexpression.
Hypoxia triggered intracellular calcium contributes to promoted proliferation and migration of SMCs then make
the vasoconstriction to increase blood pressure [32].

Recent studies also found that TRPC3 and -6 participated in the proliferation of pulmonary artery smooth
muscle cells induced by the endothelin-1 (ET-1) [33]. And TRPC3 also participated in the calcium influx in in-
duced by angiotensin 1l (Ang Il) [34]. Ang Il and ET-1 are both associated with hypertension microvascular re-
construction. TRPC3 and -6 may through participation in Ang Il, ET-1 and DAG of signaling pathways that af-
fect the SMC leading to the change of blood pressure, but the specific mechanism of action.

2.3.3. Effects of TRPC3, 6 on Inflammatory Cells

Inflammatory cell is a kind of cell that takes part in inflammation, which is a significant regulator of hyperten-
sion [35]. It includes monocytes, macrophage, lymphocytes, mast cells, fibroblast and so on. TRPC3 and -6 have
effect on these inflammatory cells. Zhao et al. [14] demonstrated that TRPC3 contributed to the increased mi-
gration of monocytes in essential hypertension. In studies aimed at characterizing the response of human mono-
cytes exposed to high glucose and oxidative stress, protein levels of TRPC3 and -6 were found to be increased
[36], and TRPC6 mRNA was also augmented in circulating monocytes from patients with type 2 diabetes [37].
TRPC3 and -6 channels also contribute to degranulation in FcepsilonRI-stimulated mast cells [38].

Lymphocytes are believed to use SOCC as the main mode of calcium influx [39] and TRPC3, 6 can be acti-
vated by DAG as SOCC. Direct involvement of the TRPCs in SOCC remains controversial with no conclusive
reports of store-operated TRPC3, 6 calcium currents in lymphocytes. The evidence surrounding the function of
TRPC3, 6 channels in SOCC have been discussed.

Whereas none of these studies explored whether increased TRPC3, 6 levels had a direct impact on signaling
events associated to inflammatory cell, the evidence provided is suggestive of a potential novel link between the
expression or function of TRPC3, 6 and inflammatory cell’s role in vascular disease associated to hypertension.

3. TRPC3, 6 Inhibition as a Therapeutic

There are a lot of drugs treating hypertension disease, but medicine aiming at the expression of TRPC3 and -6
isn’t too much. We can inhibit TRPC3 and -6 to improve the development of hypertension disease. Their inhi-
bitors conclude SKF96365, an inhibitor of TRPC not specific for any TRPC subtype, Pyr3, a selective inhibitor
for TRPC3 and other small-molecule inhibitors. Sildenafil and some antihypertensive drugs also can affect
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TRPC3, 6 expressions.

3.1. Small-Molecule Inhibitors of TRPC3, 6

There are a number of small-molecule inhibitors such as SKF96365 and Pyr3. SKF96365 has been used experi-
mentally to hamper the current of TRPC channels [40], and it is nonselective. Pyr3 has been identified as a se-
lective TRPC3 antagonist and can diminish hypertrophic signaling in pressure-overloaded hearts in vivo [41].
Selective small-molecule inhibitors remain scarce, and none target both TRPC3 and -6 channels, which may be
useful given the high homology among them and evidence of redundant signaling. Lately researchers tested se-
lective TRPC3, 6 antagonists (GSK2332255B and GSK2833503A) and found dose-dependent blockade of cell
hypertrophy signaling triggered by Ang Il or ET-1 in cardiac myocytes [42]. Intriguingly, although gene dele-
tion of TRPC3 or -6 alone did not protect against pressure overload, combined deletion was protective, support-
ing the value of dual inhibition. Further development of this pharmaceutical class may yield a useful therapeutic
agent for heart disease management.

3.2. Effect of Sildenafil on the Expression of TRPC3, 6

Sildenafil, a potent phosphodiesterase type 5 (PDE5) inhibitor, has been proposed as pulmonary arterial hyper-
tension (PAH) agents. In the pulmonary artery smooth muscle cells of patients with PAH, the changes of intra-
cellular calcium concentration are regulated by TRPC3 and -6 channels. Koitabashi [43] for the first time re-
ported that sildenafil could block TRPC6 gene and protein expression, which was dependent on the activation of
protein kinase G (PKG) and participating in regulating NFAT signal path. Kiso [44] found that in rat myocardial
cells, through ET-1 stimulate with sildenafil combination therapy, sildenafil inhibits cardiomyocyte hypertrophy
by suppressing the up-regulation of TRPC3 and -6 expressions to treat pulmonary hypertension. Wang et al. [45]
used sildenafil to regulate the expression of TRPC6 in the pulmonary artery smooth muscle cells, and the results
showed that the drug was dependent on cGMP-PKG signaling pathways to control TRPC6 expression. Thus re-
straining the calcium inflow plays a role of regulation in pulmonary arterial hypertension.

Sildenafil in the treatment of pulmonary hypertension may be through the cGMP-PKG signaling pathways to
regulate TRPC3 and -6 molecules: sildenafil as a potent PDES5 inhibitor can block the PDE decomposing cGMP
to activate PKG, then make TRPC3 and -6 phosphorylated and lose activity. Extracellular calcium internal flow
reduced so the blood pressure returned to normal level.

3.3. Effect of Antihypertensive Drugs on the Expression of TRPC3, 6

Common antihypertensive drugs include angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor
blockers (ARB) and calcium channel blockers (CCB) which means L-type voltage dependent calcium channel
(L-VDCC) blockers. These three kinds of drugs can improve the symptoms of hypertension. They are respec-
tively represented by ramipril, valsartan and amlodipine. Related researchers mainly focused on the influence of
these drugs on expressions of TRPC3 and -6 in hypertension.

After using ramipril and valsartan, Liao and his workmates [46] found that the two could reduce expression of
TRPC3 protein in aortic smooth muscle cells of SHR. Other results suggest that in SHR myocardial cells, these
drugs can significantly reduce expressions of TRPC3 and -6 [47], which can prevent Ang Il combining with an-
giotensin 1 receptor to block signaling pathways. Expressions of TRPCG6 increased in Ang Il-induced hyperten-
sion mice, which prompted that Ang Il associated with the expression of TRPC6 [48]. Naoya et al. [49] proved
that DAG-induced calcium signaling pathway through TRPC3 and -6 was essential for Ang Il-induced NFAT
activation. Further studies confirmed that the effects of Ang Il and its pathogenic role in hypertension disease
involved enhanced TRPC6 expression via a calcineurin-NFAT positive feedback signaling pathway [50]. Re-
searchs above show that the expressions of TRPC3 and -6 are regulated by Ang Il, of which mechanism may be:
Ang Il combined with angiotensin 1 receptor, which activated PLC-calcineurin-NFAT signal pathway, thus
raising TRPC3 and -6 expressions and causing high blood pressure.

Using amlodipine to treat hypertension almost has no effect on TRPC3 and -6 expressions. It is perhaps that
these drugs belong to the ROCC rather than VDCC, while L-VDCC channel blocker amlodipine can’t inhibit
TRPC3, 6 expression. But there is still a research shows that amlodipine can slightly inhibit TRPC3 and -6 pro-
teins. Their specific regulatory mechanism has yet to be further studied.
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4. Conclusion and Prospects

Through the comprehensive analysis, it is clear that TRPC3 and -6 are important in the formation of high blood
pressure, resulting from the disorder expression and intracellular calcium homeostasis unbalance. People also
make attention to the change of drug action and the differences and similarities which may provide a new route
for treating disease if the TRPC3 and -6 channels are regarded as molecular targeted therapy. These studies pro-
vide a new perspective on the pathogenesis of cardiomyopathies and open new avenues for treatment of hyper-
tension disease.
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Abbreviations
EH
TRPC3
TRPC6
PLC
VDCC
ROCC
SocC
DAG
NCX
CaSR
SHR
PIP2
SMC
NFAT
HIF-1
Ang Il
ET-1
PDE 5
PAH
PKG
ACEI
ARB
CCB
L-VDCC

Full Name

essential hypertension

transient receptor potential canonical 3
transient receptor potential canonical 6
phospholipase C

voltage dependent calcium channel
receptor operated calcium channel
store-operated calcium channel
diacylglycerol

Na*/Ca® exchanger

calcium sensing receptor

spontaneous hypertension rat
phosphatidylinositol-4, 5-bisphosphate
smooth muscle cell

nuclear factor of activated T cells
hypoxia-inducible factor 1

angiotensin |1

endothelin-1

phosphodiesterase type 5

pulmonary arterial hypertension
protein kinase G

angiotensin converting enzyme inhibitor
angiotensin receptor blocker

calcium channel blocker

L-type voltage dependent calcium channel
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