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Abstract
Left ventricular hypertrophy due to hypertension represents a major risk factor for adverse
cardiovascular events and death. In recent years, the prevalence of cardiac hypertrophy has
increased due to obesity and an aging population. Notably, a significant number of individuals
have persistent cardiac hypertrophy in the face of blood pressure that is normalized by drug
treatment. Thus, a better understanding of the processes underlying the cardiac remodeling events
that are set into play by hypertension is needed. At the level of the cardiac myocytes, hypertrophic
growth is often described as physiological, as occurs with exercise, or pathological, as seen with
hypertension. Here we discuss recent developments in three areas that are fundamental to
pathological hypertrophic growth of cardiac myocytes. These areas are the transient receptor
potential canonical (TRPC) channels, mammalian target of rapamycin (mTOR) complexes, and
histone deacetylase (HDAC) enzymes. In the last several years, studies in each of these areas have
yielded new and exciting discoveries into the genesis of pathological growth of cardiac myocytes.
The phosphoinositide 3-kinase – Akt signaling network may be the common denominator that
links these areas together. Defining the interrelationship among TRPC channels, mTOR signaling,
and HDAC enzymes is a promising, but challenging area of research. Such knowledge will
undoubtedly lead to new drugs that better prevent or reverse left ventricular hypertension.
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1. Introduction
Hypertrophy of the left ventricle (LV) due to hypertension is an important, independent
predictor of morbidity and mortality. Indeed, LV hypertrophy is a stronger risk factor for
adverse cardiovascular events than blood pressure itself [1]. As such, hypertensive cardiac
hypertrophy is pathological and much progress has been made since the 1990’s in
elucidating the adverse cardiac remodeling events responsible for that designation and their
cellular and molecular underpinnings. The neuroendocrine factors and their associated
tangled web of intracellular signaling cascades that contribute to pathological cardiac
hypertrophy have been known for some time [2]. In the last several years though great
progress has been made in identifying new cellular processes that are arguably more
fundamental in initiating and sustaining pathologic LV hypertrophy. Here we review
developments in three such areas - transient receptor potential canonical (TRPC) channels,
mammalian target of rapamycin (mTOR) complexes, and histone deacetylase (HDAC)
enzymes. Besides providing novel insights into the pathogenesis of cardiac hypertrophy, we
propose that these molecules may be linked together mechanistically via the
phosphoinositide 3-kinase (PI3K) – Akt signaling network as discussed later in this article.

2. TRPC Channels
Relatively modest but sustained increases in intracellular calcium within cardiac myocytes,
manifested as increases in the frequency or amplitude of Ca2+ transients, due to stretch or
neuroendocrine stimulation, have been linked to pathological cardiac hypertrophy and gene
expression through activation of the calcineurin-NFAT (nuclear factor of activated T-cell)
signaling cascade (Fig. 1) [3,4]. Recent evidence indicates that TRPC channels are the major
route for this Ca2+ entry [5–8].

The TRPC proteins constitute a subfamily of the TRP cation channel superfamily of proteins
and were identified in the mid-1990s as candidate mammalian mechanosensitive cation
channels that carry Na+, K+, Ca2+ and Mg2+ fluxes across the cell membrane in response to
cell stretch or swelling. The 7 TRPC proteins are thought to assemble as tetramers to form
nonselective, Ca2+ permeable cation channels with Ca2+/Na+ permeability ratios that range
from 1 to 9 [6]. TRPC proteins have 6 membrane-spanning helices (TM1–6), cytoplasmic
N- and C-termini, and an extended region linking TM5 and TM6 that is thought to
contribute one side of the pore region in the tetramer [5]. The human heart expresses
TRPC1, TRPC4, TRPC5, and TRPC6 proteins, while mouse and rat cardiac myocytes
express all 7 TRPC proteins [5]. Recent studies implicating TRPC1, 4, 5, and 6 in pressure-
overload cardiac hypertrophy are listed in Table 1. In general, TRPC1/4/5 are activated by
mechanical stretch or depletion of intracellular Ca2+ stores, while TRPC3/6/7 are directly
activated by diacylglycerol (DAG) that arises from phospholipase C activation by Gq/11-
coupled receptors, such as the angiotensin II (Ang II) AT1 and endothelin 1 (ET-1) ETA
receptors [6,22]. Based on this distinction, TRPC1/4/5 were originally considered store-
operated ion channels (SOCs), although other proteins are now known to contribute to
SOCs, and TRPC3/6/7 were classified as receptor-operated channels (ROCs), although SOC
functions have been described for both TRPC3, which directly interacts with the inositol
trisphosphate and ryanodine receptors, and TRPC7 [6,22]. Functional TRPC channels are
commonly comprised of homo- or heterotetramers among members of the same group, but
functional associations among members of the two different groups appear to occur in the
presence of TRPC1 [22]. This would explain reports implicating TRPC1 in agonist-induced
cardiac myocyte hypertrophy [9,11,22]; additionally, cardiac myocytes of mice resulting
from crossing dominant negative TRPC4 with TRPC3 transgenic mice were found to have
attenuated TRPC3-dependent Ca2+ influx under store-depleted conditions [14].
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Unexpectedly, reconstitution studies indicate that neither TRPC subgroup exhibits intrinsic
mechanosensitivity [8]. TRPC3/6/7 proteins have been shown to respond to membrane
stretch or cell swelling when co-expressed with a Gq/11-coupled receptor, but these receptors
themselves are activated by mechanical forces independent of ligand [7,8].
Mechanoactivation is phospholipase C-dependent and inhibited by inverse agonists. No
mechanosensitivity is observed by co-expressing Gs-coupled or tyrosine kinase receptors,
which do not undergo a similar conformational change when the membrane is subjected to
mechanical forces. However, as pointed out elsewhere in order for TRPC3/6/7 channels to
respond to mechanical forces in these studies, the Gq/11-coupled receptor needed to be
overexpressed [8]. This obviously raises a question as to whether Gq/11-coupled receptor -
TRPC3/6/7 coupling could have pathophysiological relevance in the heart. A possible
resolution to this issue is provided by a recent study suggesting that mechanical forces may
potentiate agonist-driven activation of vascular TRPC6 channels via formation of the
phospholipase A2 and P450 CYP4A metabolite of arachidonic acid, 20-HETE (20-
hydroxyeicosatetraenoic acid) [23]. How TRPC1/4/5 proteins respond to stretch in situ is not
known, but could be through association with TRPC3/6/7 proteins, some other membrane
stretch sensor, or perhaps a Gq/11-coupled receptor. Members of both TRPC subgroups have
been shown to associate with a diverse group of scaffolding and signaling proteins (See the
Human Protein Reference Database for lists of interactions -
http://www.hprd.org/index_html) [24].

Cardiac-derived atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) exert
antihypertrophic actions on cardiac myocytes through cell membrane receptors that have
intrinsic guanylyl cyclase activity (GC-A) [25]. Evidence indicates that the rapid increase in
cytosolic cGMP and subsequent activation of cGMP-dependent protein kinase type I (PKG
I) acts to inhibit the hypertrophic calcineurin-NFAT signaling pathway [26]. Several recent
studies have provided evidence that the ANP/BNP – GC-A – cGMP – PKG I signaling axis
inhibits Ca2+-induced calcineurin-NFAT signaling by targeting TRPC6 channel activity
[18,19,21,26]. In neonatal rat ventricular myocytes, ANP inhibited ET-1-induced promoter
activity linked to calcineurin-NFAT signaling [21]. The inhibitory effects of ANP or a
membrane-permeable cGMP analogue, 8Br-cGMP were not seen with overexpressed
TRPC6 mutants having an alanine replace either a serine or threonine residue that are
phosphorylated by PKG [18,21]. 8Br-cGMP was also able to block ET-1 induced
calcineurin-NFAT activation [21]. Moreover, ANP was shown to block ET-1-stimulated
TRPC6 channel activity and Ca2+ influx. Of note, the human and murine TRPC6 promotors
have several NFAT consensus sites, making TRPC6 part of a positive feedback loop for
cardiac hypertrophy. Consequently, GC-A knockout mice, which exhibit salt-resistant
hypertension and cardiac hypertrophy, have increased cardiac expression of TRPC6. In these
mice, a selective TRPC inhibitor reduced cardiac hypertrophy and reduced TRPC6 levels
without affecting hypertension or heart rate [21]. In contrast, the Ca2+ channel inhibitor
nitrendipine modestly reduced blood pressure with no effect on cardiac hypertrophy. Two
studies reported that increasing cyclic GMP by treating neonatal rat or adult mouse
ventricular myocytes with the phosphodiesterase 5 (PDE5) inhibitor, sildenafil, inhibited
Ang II-or ET-1-induced Ca2+ influx, NFAT activation, and hypertrophic response [18,19].
The actions of sildenafil were dependent upon PKG-mediated phosphorylation of TRPC6.
Yet there is also evidence that other routes for activating calcineurin-NFAT and cardiac
hypertrophy exist for G protein coupled receptors in general, including L-type Ca2+

channels (LTCC) and IP3 receptors [26–28]. While LTCC contribute to pressure overload-
induced cardiac hypertrophy, current evidence indicates that IP3 receptors do not [28]. Using
knockin mice heterozygous for an R176Q mutation in ryanodine receptor 2 (RyR2), others
recently demonstrated that Ca2+ leak from the sarcoplasmic reticulum enhances pressure
overload-induced calcineurin-NFAT activity and hypertrophy, consistent with recent clinical
studies indicating that defects in the RyR2 gene are associated with hypertrophic
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cardiomyopathy [29]. In any case, the spatial constraints that link localized Ca2+ fluxes to
calcineurin-NFAT activation and hypertrophic gene expression are not well understood. But
on this subject, two recent studies have reported on the importance of a novel Z-disc
associated LIM protein, Lmcd1/Dyxin, in coupling pressure overload to calcineurin activity,
NFAT activation, and subsequent cardiac hypertrophy [30,31].

Regulator of G protein signaling 2 (RGS2) and RGS4 are also phosphorylated by PKG with
a consequent increase in their activity and suppression of G protein coupled receptor
signaling. Conflicting evidence has been reported concerning the involvement of RGS2 and
RGS4 in the actions of ANP or sildenafil on agonist-induced Ca2+-mediated hypertrophic
signaling in cardiac myocytes. One study reported that knockdown of both RGS2 and RGS4
in neonatal rat ventricular myocytes had no effect on ET-1-induced Ca2+ influx and
increased NFAT activity nor in the blocking actions of PDE5 inhibition on these ET-1
responses [19]. In contrast, another study found that a dominant negative RGS4 attenuated
the inhibitory actions of ANP on ET-1-stimulated hypertrophic events in neonatal rat
ventricular myocytes [32]. In addition, the same group reported that cardiac RGS4
overexpression suppressed the enhanced expression of hypertrophy-related genes in GC-A
knockout mice [32]. RGS2 was reported to contribute to the inhibitory actions of ANP on
Ang II-induced Ca2+ influx in adult mouse ventricular myocytes and to mediate the
antihypertrophic and cardioprotective effects of PDE5 inhibitors in a pressure overload
mouse model [20,33].

3. mTOR Complexes
The serine/threonine kinase mTOR forms two known multiprotein complexes with only the
adaptor protein mLST8 in common [34]. Both complexes are downstream targets for
activation by the serine/threonine protein kinase, Akt. Association of mTOR with Rictor and
several other proteins constitutes mTOR complex 2 (mTORC2), which exerts cardiac
protective actions through further Akt phosphorylation and activation [34]. mTORC2
survival signaling may include activation of autophagy and removal of proapoptotic factors
[35]; alternatively, mTORC2 inhibition may enhance autophagy by eliminating the negative
constraint of Akt on Fox03, a transcription factor involved in autophagy-related gene
expression [36].

Raptor complexes with mTOR and mLST8 to form mTORC1, which is inhibited
specifically by the rapamycin-FKBP12 complex [34], although prolonged treatment with
rapamycin can inhibit mTORC2 as well in a cell-specific manner. mTORC1 plays a central
role in regulating cell growth/size by stimulating protein synthesis and inhibiting autophagy.
mTORC1 inhibits autophagy by phosphorylating autophagy-related gene 13 (ATG13) and
ULK1 [37]. In addition, a recent study suggests that mTORC1 may tonically suppress an
apoptotic response in cardiac myocytes that is linked to an accumulation of eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) by phosphorylating 4E–BP1, thereby leading
to its ubiquitination and degradation [38].

In the GTP-bound form, the GTPase Rheb positively stimulates mTORC1 activity; however,
the positive influence of Rheb is tonically inhibited by the GTPase activity of tuberous
sclerosis complex 1/2 (TSC1/TSC2). A number of stimuli, including insulin, growth factors,
hypertrophic agonists, amino acids, and integrins regulate mTORC1 activity through a
number of signaling molecules that act at the level of TSC1/TSC2 and/or mTORC1 [34].
Akt, PKA and PKC activate protein synthesis, while low intracellular ATP inhibits protein
synthesis through AMP-activated protein kinase (AMPK). Class 1A and 1B PI3Ks activate
mTORC1 via a pathway involving Akt-mediated inhibition of TSC1/TSC2, but the
mechanism used by Class III PI3Ks is not as clearly defined [34]. mTORC1 has been
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implicated in both agonist- and pressure overload-induced cardiac hypertrophy, with
integrins playing a role in the latter [39–42]. A recent study showed that mTORC1 is
required for the development of cardiac hypertrophy that occurs with rising blood pressure
in spontaneously hypertensive rats (SHR) [43].

mTORC1 has been implicated in both translation initiation and the ribosomal biogenesis
associated with cardiac hypertrophy, but the downstream signaling events remain obscure.
Known targets of mTORC1 include protein phospatase 2A (PP2A), 4E–BP1, ribosomal
protein S6 kinases (S6Ks), and eukaryotic elongation factor 2 (eEF2). The role of 4E–BP,
S6Ks, and eEF2 in regulating protein synthesis are described elsewhere [44]. Studies to date
do not support a role for 4E-BP or S6Ks in regulating the rapid increase in protein synthesis
downstream of mTORC1 in cardiac myocytes associated with cardiac hypertrophy
[34,43,45,46] although a case for the related kinase p90rsk acting in lieu of S6Ks could be
made [34]. An attractive possibility is that mTORC1 stimulates the elongation step of
protein synthesis by phosphorylating and inhibiting eEF2 kinase, a highly specific Ca2+/
calmodulin-dependent kinase that negatively regulates eEF2 binding to the ribosome. eEF2
is critical for the transfer of peptidyl-tRNA from the ribosomal A to P site in peptide-chain
elongation. Of note, eEF2 kinase is also a key regulator of stress-induced autophagy [47].
Thus, conceivably the contribution of mTORC1 to hypertrophic growth may also involve
the inhibition of protein degradation, in addition to the stimulation of protein synthesis;
although evidence supporting this possibility has not been reported. Finally, mTOR was
recently shown to be recruited to promoters of tRNA and 5S rRNA genes via interaction
with TFIIIC, a transcription factor that binds to polymerase III promoters, and to stimulate
polymerase III transcription by inactivating a repressor protein Maf1 [48].

Understanding the mechanisms that normally control mTORC1 activity could potentially
lead to therapeutic strategies to prevent or reverse cardiac hypertrophy. Recent evidence was
found that extracellular adenosine lessens pressure overload-induced cardiac hypertrophy by
attenuating mTORC1 activity [49]. This study did not define the mechanism for adenosine’s
actions, but a subsequent study by another group reported that adenosine blocked
phenylephrine-induced hypertrophy of neonatal rat ventricular myocytes by activating
AMPK through phosphorylation of a specific threonine residue [50]. AMPK is highly
expressed in cardiac myocytes and functions as a trimer of the α catalytic subunit with the β
and γ regulatory subunits. 5-Aminoimidazole-4-carboxamide riboside (AICAR), an AMPK
activator that previously was shown to attenuate pressure overload-induced cardiac
hypertrophy in vivo [50], also blocked the prohypertrophic actions of phenylephrine.
Conversely, mice deficient in the major α catalytic subunit in cardiac muscle, AMPKα2,
exhibited enhanced myocardial hypertrophy and cardiac remodeling in response to pressure
overload, which was associated with activation of mTOR/p70S6K signaling [51].

AMPK inhibits mTORC1 activity and protein synthesis by targeting TSC1/TSC2 and raptor.
This serine/threonine kinase is activated by various stresses associated with increases in the
AMP/ATP ratio and plays a pivotal role in cellular energy homoeostasis regulation [52].
Although not definitive, evidence suggests that AMPK may have a role in attenuating
cardiac hypertrophy [53]. AMPK activity is enhanced through phosphorylation on a specific
threonine residue by a number of upstream kinases, including Ca2+/calmodulin-dependent
protein kinase II (CaMKII) and LKB1. Thus, activation of CaMKII and LKB1 would be
predicted to be associated with reduced mTORC1 activity.

CaMKII activity is reported to be increased in the heart by hypertrophy, with the major
isoform being CaMKIIδ. The splice variant of CaMKIIδ that is localized to the cytoplasm
was recently shown to inhibit NFAT nuclear translocation by inhibiting the phosphatase
activity of calcineurin [54]. NFAT activation is linked not only to hypertrophy but to a
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survival response in cardiac myocytes, both of which would be attenuated by the enhanced
activity of cytoplasmic CaMKIIδ [54]. Thus, cytoplasmic CaMKIIδ may act as a brake on
cardiac hypertrophy by inhibiting NFAT activation, as well as by enhancing AMPK activity,
but at the price of greater susceptibility to cell death. This possibility might have particular
significance in the case of heart failure for which CaMKIIδ-mediated phosphorylation of
calcium handling proteins has been linked to abnormal calcium signaling [54].

The serine/threonine kinase LKB1 is the major upstream regulator of AMPK. Cardiac-
specific deletion of LKB1 in mice led to cardiac hypertrophy and dysfunction, and early
death within 6 months [55]. Of note, LKB1 knockout mice exhibit reduced VEGF
expression and capillary density in atria and ventricles. A related study showed that AMPK
inhibition causes attenuated myocardial capillary density and decreased VEGF expression
along with cardiac dysfunction in response to pressure overload [56]. Inhibition of LKB1 by
oxidative stress, specifically the lipid peroxidation byproduct 4-hydroxy-2-nonenal, was
shown also to contribute to hypertension-associated cardiac hypertrophy in the SHR and was
reversible by administering the antioxidant resveratrol [57]. LKB1 activity and anti-
hypertrophic actions against certain agonists are also susceptible to enhancement by
exogenous addition of NAD both in vitro and in vivo [58]. Both pressure overload- and
agonist-induced cardiac hypertrophy are associated with depletion of intracellular NAD,
possibly through increased oxidative stress [58,59]. Knockout and transgenic mouse models
showed the antihypertrophic actions of exogenous NAD were due to activation of class III
histone deacetylase SIRT3, which was shown to activate LKB1 activity through
deacetylation, thereby enhancing the LKB1-AMPK pathway [58]. SIRT3 likely attenuates
cardiac hypertrophy as well by inducing expression of several antioxidant proteins [58].
Another input signal which would seem to tonically attenuate mTORC1 activation and
enhanced protein synthesis is the protein tyrosine phosphatase Shp2 [60]. In this case, Shp2
was shown to associate with and deactivate focal adhesion kinase (FAK). Active FAK can
stimulate mTORC1 by inhibiting TSC2 either through direct association or indirectly by
activating Akt.

4. Histone Deacetylases (HDACs)
The Class IIa HDACs HDAC4 and -5 shuttle between the nucleus and cytoplasm and
function as endogenous repressors of genes involved in pathological cardiac hypertrophy
(Fig. 1) [61,62]. The ability of Class IIa HDACs to repress cardiac hypertrophy occurs via
their direct binding to prohypertrophic myocyte enhancer factor-2 (MEF2) transcription
factor or indirect association with other hypertrophic signaling transcription factors [61].
Hypertrophic stimuli overcome this repression by inducing the nuclear export of these Class
II HDACs by their phosphorylation, or in the case of reactive oxygen, by oxidation of
cysteine residues [61–63]. In general, a number of kinases phosphorylate Class IIa HDACs,
including PKCδ and G protein- coupled receptor kinases [61,64]. In cardiac myocytes,
evidence was reported that in response to pressure overload (the nuclear localized splice
variant of) CaMKIIδ induces HDAC4 nuclear export through phosphorylation, thereby
freeing up MEF2 [65,66]. CaMKIIδ seems also to induce HDAC5 export, though not by
direct phosphorylation [65]. In adult ventricular myocytes, the hypertrophic agonist
endothelin-1 was shown to induce HDAC5 phosphorylation and nuclear export by triggering
nuclear envelope Ca 2+ release via inositol 1–4,5-trisphosphate receptor activation [67].
Protein kinase D1 has been identified as a major Class II HDAC kinase important to
pressure overload-induced cardiac hypertrophy as well, suggesting that more than one signal
is needed for MEF2 activation [65,68]. A potential strategy to repress cardiac hypertrophy
could be based either on inhibiting a particular HDAC kinase or by inhibiting the CRM1
nuclear export receptor, which mediates the cytoplasmic translocation of Class IIa HDACs.
The latter approach was employed by Monovich et al. who used a novel high throughput
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assay to identify two compounds that potently inhibited phenylephrine-induced HDAC5
nuclear export in neonatal rat ventricular myocytes [69]. This maneuver was associated with
inhibition of phenylephrine-induced MEF2 target gene expression, increase in ANP protein
levels, and increased cell size.

Pharmacological inhibitors of HDAC catalytic activity, such as sodium butyrate and
trichostatin A (TSA), have been shown to block both agonist and pressure overload-induced
cardiac hypertrophy [70,71]. Like other standard HDAC inhibitors, sodium butyrate and
TSA act on both Class I and Class II HDACs, but the pro-hypertrophic actions of the former
are dominant in cardiac myocytes. Genetic evidence has revealed that the basis for this
observation is the prohypertrophic actions of the Class I HDACs, HDAC1 and -2 [61,70]. A
full picture of how these HDACs promote pathological cardiac hypertrophy is not available;
however, evidence has been obtained indicating that HDAC1 and -2 repress cardiac
protective and anti-hypertrophic genes [61,70]. Class I HDACs repress expression of
Krüppel-like factor (Klf)4 transcription factor, which in turn suppresses expression of
hypertrophic genes [72]. HDAC2 was shown to regulate a fetal gene expression profile
associated with pathological cardiac myocytes hypertrophy and to repress expression of
inositol polyphosphate-5-phosphatase f (Inpp5f), which was associated with increased Akt
activity (due to increased PIP3 levels) [73]. Increased Akt activity in turn led to reduced
glycogen synthase kinase 3 beta (GSK3β) activity due to its phosphorylation, which would
be expected to result in cardiac hypertrophy.

Knowledge of the input signals that activate Class I HDACs is rudimentary. Recently,
evidence was presented that a number of hypertrophic stimuli both in vivo and in vitro
selectively activate HDAC2 among all HDACs in cardiac myocytes, through the induction
of heat shock protein 70 (Hsp70) [74]. Stimuli were those that induce pathological cardiac
hypertrophy (aortic banding, phenylephrine, isoproterenol, and Ang II), as well as
swimming, which induces physiological hypertrophy. HDAC2 activation occurred through
its physical association with Hsp70. Although recent evidence has shown that the lipid
sphingosine-1-phosphate (S1P) inhibits the activity of HDAC1 and HDAC2 [75], S1P is
reported to induce cardiac myocyte hypertrophy in vitro [76]. Since HDAC1 and HDAC2
are reported to form a complex in the nucleus with S1P and the enzyme that produces it,
sphingosine kinase, the explanation for this discrepancy may be differences in sites of
action, as well as chronic vs. acute effects, and the levels of S1P. Finally, Class I HDACs
have non-histone substrates that likely contribute to their pro-hypertrophic actions. Using
neonatal rat ventricular myocytes, Glenn et al. recently showed that the importance of
HDAC2 activity in the regulation of human B-type natriuretic peptide (BNP) gene promoter
activity by the transcription factor YY1 [77]. In response to ET-1, YY1 was shown to
associate with HDAC2, which directly associated with the BNP promoter, and the reduction
in YY1 acetylation correlated with BNP promoter transcriptional activity. This observation
has significance as hypertrophy of cardiac myocytes is associated with increased BNP gene
expression.

5. Tying Things Together
Besides being monikers with 4 letters and being linked to cardiac hypertrophy, what
connects TRPC, mTOR, and HDAC? In other words, what relationship exists among these
factors short of 6 degrees of separation? As outlined in Figure 2, one common denominator
would seem to be PI3K–initiated signaling. Class I PI3Ks produce phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), which recruits Akt to the membrane to be activated via
phosphorylation by phosphoinositide dependent kinase 1 (PDPK1) and mTORC2 (or an
alternative kinase such as integrin-linked kinase (ILK)) [34]. PI3K–Akt signaling has been
linked to cardiac hypertrophy through both the inhibition of Gsk3β, which removes an
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inhibitory constraint on various pro-hypertrophic pathways (for example, Gsk3β-mediated
NFAT phosphorylation induces its nuclear export), as well as the activation of mTORC1
[78]. PIP3 also prolongs TRPC channel activity by disrupting the association of Ca 2+ -
calmodulin to a negative feedback inhibitory site [79,80]. PIP3 cellular levels are reduced by
activity of the polyphosphoinositide phosphatase, Inpp5f, the gene expression of which is
negatively regulated by HDAC2 [73,81]. Both Inpp5f knockout and HDAC2 transgenic
mice exhibit an enhanced cardiac hypertrophy response that is associated with increased Akt
and Gsk3β phosphorylation, indicative of their respective activation and inhibition [73,82].
Conversely, HDAC2 deficient mice, which are resistant to cardiac hypertrophy, exhibit
increased expression of Inpp5f, inactivation of Akt, and constitutive activation of Gsk3β
[73]. Yet to be explained in this scenario is the role of PI(3,4)P2, which may enhance ROS
generation by NADPH oxidase and ought to exert some positive effect on Akt activity as
well [82]. The scaffolding protein Homer 1a, which is thought to play a role in positioning
TRPC channels at specific membrane sites and in proximity to ryanodine receptors, may
also act to recruit NFAT transcription factors to the vicinity of TRPC channels [83–85].
NFAT transcription factors play a key role in cardiac hypertrophy and may also induce the
expression of some TRPC channel isoforms thereby creating a positive feed-forward
mechanism to enhance cardiac hypertrophy [21]. mTORC2 can also participate in the
activation of Akt, in which case Akt activation has been linked to cytoprotection as well as
activation of autophagy [35]. Based on what has been shown in podocytes, mTORC2 may
positively affect the protein translation of TRPC channels or other proteins involved in the
TRPC/PI3K network [86]. Of course, other interrelationships among TRPC channels,
mTOR and HDAC are likely to occur as well and await discovery.

6. Conclusion and Perspectives
Population-based studies and meta-analysis have shown that the risk for cardiovascular
events, cardiovascular deaths, and total mortality increases with the extent of left ventricular
cardiac hypertrophy [1,87]. This predictive ability of cardiac hypertrophy holds even in the
absence of coronary heart disease. But cardiac hypertrophy is a reversible process, and
therapy-based reductions in left ventricular mass reduce the risk for cardiovascular events
irrespective of blood pressure reductions [87,88]. However, left ventricular hypertrophy may
persist in as many as 20% of those individuals who attain target blood pressure, and left
ventricular hypertrophy confers the same risk irrespective of blood pressure [88,90]. Thus,
novel strategies to reduce cardiac hypertrophy are needed and a better understanding of the
fundamental processes discussed here that underlie cardiac hypertrophy ought to help
achieve that goal. Defining the interactions among these fundamental processes ought to aid
in developing comprehensive treatments for preventing or regressing cardiac hypertrophy
based on a concerted multi-pronged attack. Not discussed here is the exciting and fast
developing area of microRNAs. For instance, reciprocal repression recently demonstrated
between miR-133 and calcineurin that is important in regulating cardiac hypertrophy might
be exploitable therapeutically [91]. Undoubtedly new avenues yet to be discovered exist as
well.
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Figure 1.
The role of transient receptor potential canonical (TRPC) channels and histone deacetylases
(HDACs) in pathological cardiac hypertrophy. Membrane stretch and/or Ang II activate the
AT1 receptor, which in turn activates phospholipase C (PLC) to produce diacylglycerol
(DAG) and inositol trisphosphate (IP3). DAG directly activates TRPC3/6/7 leading to an
influx of Ca2+. IP3 can increase cytosolic Ca2+ by opening IP3 receptors in the sarcoplasmic
reticulum or nuclear envelope. Calcineurin is activated by Ca2+-calmodulin and
dephosphorylates NFAT, which translocates to the nucleus and induces hypertrophic genes.
Kinases such CaMKII and protein kinase D (PKD) that are activated by hypertrophic stimuli
phosphorylate Class IIa HDACs (HDAC4,-5) leading to their association with the 14-3-3
intracellular chaperone protein and nuclear export. This in turn leads to the derepression of
pathological cardiac gene expression, for instance by freeing up the myocyte enhancer factor
(MEF)2 transcription factor. The Class I HDACs, HDAC1 and -2, play a dominant role in
pathological cardiac hypertrophy by blocking the expression of antihypertrophic genes.
HDAC2 is activated by heat shock protein 70 (Hsp70), the expression of which is increased
by hypertrophic stimuli.
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Figure 2.
Scheme showing proposed intracellular signaling network that links TRPC channels, mTOR
complexes, and HDACs together mechanistically in subserving pathological cardiac
hypertrophy. Calcium influx through TRPC channels is induced by mechanical stretch and/
or diacylglycerol (DAG) that is generated by activation of G protein-coupled receptors.
NFAT transcription factors in close proximity to TRPC channels underdo dephosphorylation
with subsequent transclocation to the nucleus, due to Ca2+-calmodulin-induced activation of
calcineurin. Nuclear NFAT induces the transcription of hypertrophic genes. The activity of
TRPC channels may be prolonged by phosphatidylinositol (3,4,5)-trisphosphate (PIP3),
which also leads to the activation of the serine/threonine protein kinase Akt, which in turn
leads to cardiac hypertrophy in part by (1) removing the inhibitory constraints resulting from
glycogen synthase kinase 3 beta (Gsk3β) activity, such as NFAT phosphorylation, and (2)
increasing mTORC1 activity by lessening the inhibitory constraints on this complex.
Enhanced mTORC1 activity is linked to increased ribosomal biogenesis and cardiac
hypertrophy through several targets including polymerase III (pol III), elongation factor 2
(eEF2), and protein phosphatase 2A (PP2A). mTORC2-induced enhancement of Akt
activity has been linked to cell survival and autophagy, as well as TRPC channel protein
expression. PIP3 cellular levels and Akt activity are reduced by the polyphosphoinositide
phosphatase, Inpp5f, the gene expression of which is negatively regulated by HDAC2. Thus,
enhanced HDAC2 activity is associated with enhanced PI3K-Akt signaling and cardiac
hypertrophy.
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Table 1

Evidence linking human heart expressed TRPC channels to cardiac hypertrophy

SUBTYPE FINDING REFERENCES

TRPC1

• Only TRPC1 expression increased in hearts of abdominal aortic-banded rats for 4 weeks. [9]

• Silencing of TRPC1 gene in cultured cardiac myocytes reduced store-operated Ca2+ entry and prevented
ET-1-,
Ang-II-, and PE-induced hypertrophy.

[9]

• TRPC1 expression increased in older mdx mice with dilated cardiomyopathy, a model of Duchenne’s
muscular
dystrophy. Resting Ca2+ elevated in isolated myocytes from old mdx animals.

[10]

• Cardiac myocytes of TRPC1 KO mice do not exhibit PO-induced upregulation of nonselective cation
(TRPC)
current. KO mice subjected to hemodynamic and neurohormonal stress maintained cardiac function and do
not
exhibit maladaptive cardiac hypertrophy. Mechanosensitive signaling through calcineurin/NFAT, mTOR
and Akt
altered in KO mice.

[11]

• Reduced SERCA2 expression associated with up-regulation of TRPC4 and TRPC5 and Na+/Ca2+

exchanger due to
calcineurin activation.

[12]

TRPC4, • Only TRPC5 expression induced in failing hearts from patients with end-stage idiopathic dilated
cardiomyopathy.

[13]

TRPC5 • PO- and neuroendocrine-induced cardiac hypertrophy attenuated in cardiac-specific TG mice expressing
dnTRPC3,
dnTRPC6, or dnTRPC4. Cardiac myocytes of TG mice lack unique stress-induced store-operated Ca2+ entry
current. TRPC channel inhibition reduced NFAT activity.

[14]

TRPC6 • TRPC6 (and TRPC3) activity correlated with Ang II-induced NFAT activation and hypertrophy in rat
neonatal
cardiomyocytes.

[15]

• TRPC6 upregulated in hearts from cardiac myocyte-targeted calcineurin TG mice and PO-subjected wild
type
mice, as well as failing human hearts (dilated cardiomyopathy). Two conserved NFAT consensus sites in
TRPC6
gene promoter identified. Cardiac-targeted TRPC6 TG mice had enhanced sensitivity to PO and tendency
for lethal
cardiac growth and heart failure.

[16]

• PO-induced TRPC6 expression, cardiac hypertrophy, cardiac dysfunction and mortality attenuated/
prevented in
DGKε-TG mice.

[17]

• TRPC6 expression increased by PO in vivo and by Ang II or ET-1 in neonatal and adult cardiac myocytes
in vitro;
Ang II- or ET-1induced NFAT activity and protein blocked by 8Br-cGMP or sildenafil. Expression of T70A
or
S322Q TRPC6 mutants blocked inhibition; phospho-mimetic mutants suppressed NFAT activation.

[18]

• Inhibition of cGMP-selective PDE5 in rat neonatal cardiac myocytes inhibited ET-1-, DAG analog-, and
mechanical stretch-induced Ca2+ influx and hypertrophy. Associated with TRPC6 T69 phosphorylation and
not
seen in TRPC6 S69A overexpressing cells. RGS2 and RGS4 knockdown did not affect inhibition of
receptor-
activated Ca2+ influx by PDE5 inhibition.

[19]

• dnTRPC6 blocked cardiac hypertrophy in vivo (see above). [14]

• ANP inhibited Ang II Ca2+currents and transients in adult mouse ventricular myocytes, but not those of
ISO, due to
cGMP production (lost in myocytes lacking GC-A, PKG I, or PKG I-target RGS 2). Ang II-(but not ISO-)
induced
cardiac hypertrophy enhanced in cardiac myocyte-restricted GC-A KO mice and associated with further
enhancement of phosphorylation.

[20]

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 June 1.
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• ANP induced TRPC6 phosphorylation at PKG phosphorylation site T69 in neonatal rat ventricular
myocytes and
inhibited ET-induced Ca2+ influx and NFAT activation; TRPC6 overexpression in GC-A KO mice
worsened
cardiac hypertrophy.

[21]

Abbreviations: Ang II, angiotensin II; CaMKII, Ca2+/calmodulin-dependent kinase II; DAG, diacylglycerol; DGK, diacylglycerol kinase-ε; dn,
dominant-negative; ET-1, endothelin 1; GC-A, guanylyl cyclase-A; ISO, isoproterenol; KO, knockout; PE, phenylephrine; PDE5,
phosphodiesterase 5; PKG, protein kinase G; PKG I, cyclic GMP-dependent protein kinase I; PO, pressure overload; RGS, regulator of G protein
signaling; TG, transgenic.
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