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Dilated cardiomyopathy (DCM) is a myocardial disorder that is characterized by dilation and dysfunction
of the left ventricle (LV). Accumulating evidence has implicated aberrant Ca2+ signaling and oxidative
stress in the progression of DCM, but the molecular details are unknown. In the present study, we report
that inhibition of the transient receptor potential canonical 3 (TRPC3) channels partially prevents LV dila-
tion and dysfunction in muscle LIM protein-deficient (MLP (�/�)) mice, a murine model of DCM. The
expression level of TRPC3 and the activity of Ca2+/calmodulin-dependent kinase II (CaMKII) were
increased in MLP (�/�) mouse hearts. Acitivity of Rac1, a small GTP-binding protein that participates
in NADPH oxidase (Nox) activation, and the production of reactive oxygen species (ROS) were also
increased in MLP (�/�) mouse hearts. Treatment with pyrazole-3, a TRPC3 selective inhibitor, strongly
suppressed the increased activities of CaMKII and Rac1, as well as ROS production. In contrast, activation
of TRPC3 by 1-oleoyl-2-acetyl-sn-glycerol (OAG), or by mechanical stretch, induced ROS production in rat
neonatal cardiomyocytes. These results suggest that up-regulation of TRPC3 is responsible for the
increase in CaMKII activity and the Nox-mediated ROS production in MLP (�/�) mouse cardiomyocytes,
and that inhibition of TRPC3 is an effective therapeutic strategy to prevent the progression of DCM.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction DCM is a principal cause of death and disability in children
Dilated cardiomyopathy (DCM), a poorly understood disorder
in which the LV chambers enlarge, is the most common causes
for congestive heart failure [1]. Heart failure resulting from
ll rights reserved.
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and young adults. Despite recent progress in the treatment of
heart failure, the only meaningful treatment for DCM is cardiac
transplantation. Although most cases of DCM develop as a conse-
quence of specific inflammatory, metabolic or toxic insults [2],
25–35% of DCM cases are caused by genetic mutations [3–5]. Af-
fected genes encode proteins that function in the Ca2+ regulatory
system, the contractile/cytoskeltal apparatus, or reside at a sar-
comeric Z-disk. One of the Z-disk proteins that has been impli-
cated in DCM etiology is the muscle LIM protein (MLP) [6–8].
MLP interacts with telethonin, a titin-interacting protein, to form
a component of the mechanical stretch apparatus [8], and genet-
ic ablation of MLP in mice causes age-related DCM, which clo-
sely resembles human DCM [8,9]. Thus, MLP deficient (MLP (�/
�)) mice are commonly employed as a murine DCM model sys-
tem. Since genetic ablation of angiotensin (Ang) II type1 receptor
(AT1R) or overexpression of the carboxyl-terminal region of the b
adrenergic receptor (bAR) kinase (bARK-ct) attenuates the
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progression of heart failure in MLP (�/�) mice [10,11], bAR and
AT1R signalings are thought to participate in the progression of
heart failure in MLP (�/�) mice.

Abnormal Ca2+ metabolism and production of ROS have been
implicated in the progressive deterioration of heart failure [12–
14]. For example, activation of CaMKIId causes p53 accumulation
and cardiomyocyte apoptosis in DCM [13]. In contrast, p47phox, a
Nox subunit, and the small GTP-binding protein Rac1, are up-
regulated and oxygen free radical release is increased in human
LV myocardium from patients with DCM [14]. Furthermore, oxi-
dative stress inactivates calcineurin, a Ca2+-dependent protein
phosphatase that mediates cardiac hypertrophy, indicating the
functional cross-talk between Ca2+ signaling and ROS signaling
[12]. Although both Ca2+ and ROS evidently play key roles in
the progression of heart failure, their upstream regulator(s) re-
main elusive.

Transient receptor potential (TRP) family proteins, first de-
scribed in a Drosophila visual transduction mutation trp, comprise
28 mammalian cation channels expressed in almost every tissue
[15–17]. Among them, canonical TRP subfamily (TRPC) proteins
have been up-regulated in hypertrophied and failing hearts [17–
20]. TRPC channels were originally proposed as store-operated
channels activated by Ca2+ depletion of stores, while closely related
TRPC3, TRPC6, and TRPC7 showed activation sensitivity to the
membrane-delimited action of diacylglycerol (DAG). In particular,
TRPC1, TRPC3 and TRPC6 proteins participate in agonist-induced
cardiomyocyte hypertrophy through activation of Ca2+-dependent
calcineurin/nuclear factor of activated T cells (NFAT) signaling
pathways [18–20]. We have reported that TRPC3 and TRPC6 chan-
nels mediate the Ang II-induced cardiomyocyte hypertrophy
in vitro and pressure overload-induced cardiac hypertrophy
in vivo [21,22]. The TRPC3/6-mediated cation influx induces mem-
brane depolarization, followed by an increase in the frequency of
Ca2+ transients evoked by voltage-dependent Ca2+ influx-induced
Ca2+ release, leading to NFAT activation in rat cardiomyocytes
[21]. However, calcineurin/NFAT signaling is apparently desensi-
tized in MLP (�/�) mouse hearts, as MLP is essential for mechani-
cal stretch-induced NFAT activation through anchorage of
calcineurin at the Z-disk [23]. Therefore, it is unknown whether
TRPC-mediated Ca2+ signals are involved in the progression of
heart failure in MLP (�/�) mice.

In the present study, we examine the effects of a selective
TRPC3 inhibitor, pyrazole-3 (Pyr3) [22], in the progression of
DCM using the MLP (�/�) mouse model. We demonstrate that
TRPC3-mediated Ca2+ signals are increased in MLP (�/�) mouse
hearts, and Pyr3 potently inhibits LV dysfunction, CaMKII activa-
tion and ROS production. The inhibitory effect of Pyr3 on LV dys-
function is apparently small compared to the pronounced effects
on CaMKII activation and ROS production, indicating that TRPC3
only plays a complementary role in the progression of DCM. How-
ever, our findings suggest that TRPC3 blockade is a therapeutic
strategy for preventing DCM.
2. Materials and methods

2.1. Animals and drug treatment

The basal cardiomyopathic phenotype of MLP (�/�) mice was
described previously [7,8]. Wild type littermates (MLP (+/+))
served as controls for all studies. A mini osmotic pump (Alzet)
filled with pyrazole 3 (Pyr3), a selective inhibitor of TRPC3, or poly-
ethylene glycol 300 (vehicle) was implanted intraperitoneally into
5-week-old mice, and Pyr3 (0.1 mg/kg/day) was continuously
administered for 3 weeks. All animal care procedure and experi-
ments were approved by the guidelines of Kyushu University.
2.2. Transthoracic echocardiography and cardiac catheterization

Echocardiography was performed in anesthetized mice (50 mg/
kg pentobarbital sodium) by using Nemio-XG echocardiograph
(TOSHIBA) equipped with a 14 MHz transducer. A 1.4 French mic-
ronanometer catheter (Millar Instruments, Houston, TX) was in-
serted into the left carotid and advanced retrograde into the LV.
Hemodynamic measurements were recorded when heart rate
was stabilized within 500 ± 10 beats/min.

2.3. Histological analysis of mouse hearts

The paraffin-embedded LV sections (5 lm in thickness) were
stained with hematoxylin and eosin (H&E) or picrosirius red, and
cell-sectional area (CSA) of cardiomyocytes and collagen volume
fraction (CVF) of LV sections were analyzed using BZ-II analyzer
(Keyence) [24].

2.4. Isolation of cardiomyocytes and siRNA treatment

Rat neonatal cardiomyocytes were prepared as described previ-
ously [25]. For knockdown of rat TRPC3 proteins, cells were trans-
fected with siRNA (100 nM) for TRPC3 using lipofectamine2000 for
72 h [26]. Adult mouse cardiomyocytes were isolated from 8-
week-old mouse hearts as described previously [5].

2.5. Real time PCR, pulldown assay, and Western blot analysis

RNA extraction, real time RT-PCR and Rac pulldown assay were
performed as described previously [24]. Hearts were homogenized
in RIPA buffer (pH 8.0) containing 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% NP-40, 150 mM NaCl, 50 mM Tris–HCl, and protease
inhibitor cocktail (Nacalai). Supernatants (10 lg) were fractionated
by SDS–PAGE gel, and expression levels of endogenous proteins
were detected by antibodies raised against ACE (1/10,000, R&D sys-
tems), Periostin (1/10,000, R&D systems), Rac1 (1/1000, BD Biosci-
ence), CaMKII (1/1000, Santa Cruz), phospho-CaMKII (Thr286) (1/
1000, Cell Signaling) and GAPDH (1/3000, Santa Cruz). Membrane
fractions (10 lg) were isolated using Proteoextract transmem-
brane protein extraction kit (Novagen) to detect TRPC1, TRPC3,
TRPC5, TRPC6 and TRPC7 proteins using respective TRPC antibodies
(1/2000, Alomone). Proteins were visualized with chemilumines-
cent detection of antibodies conjugated with horseradish peroxi-
dase (ECL plus, Perkin Elmer). The optical density of the film was
scanned and measured with Scion Image Software.

2.6. Measurement of ROS production and intracellular Ca2+

concentration

The paraffin-embedded LV sections were stained with anti-4-
hydroxy-2-nonenal (4-HNE) antibody (1/500: JaICA, Nikken Seil
Co., Ltd.). The 4-HNE adducts were visualized with Alexa Fluor
546 anti-mouse IgG antibody (1/1000, Molecular Probes). Superox-
ide production in the heart was measured using dihydroethidium
(DHE) [27]. Hearts were solidified with liquid nitrogen and sec-
tioned in 10 lm thickness using Cryostat (Leica, CM1100). The LV
sections were incubated with DHE (100 lM) at room temperature
for 5 min. After washing the LV sections with PBS, digital photo-
graphs were taken at �60 magnification using confocal microscopy
(FV10i, Olympus), and 5 regions selected at random for each spec-
imen of the heart. The average intensity was analyzed using Meta-
Morph Software. Measurement of intracellular Ca2+ concentration
([Ca2+]i) in adult mouse cardiomyocytes was performed using
fura-2 [26]. Production of ROS in rat neonatal cardiomyocytes
was measured using 20,70-dichlorofluorescein diacetate (DCFH2DA)
and DHE [27]. Cells plated on laminin-coated silicone rubber
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culture dishes were loaded with DCFH2DA (10 lM) at 37 �C for
10 min. The DCF fluorescence or fura-2 fluorescence at an emission
wavelength of 510 nm was observed at room temperature by
exciting DCF at 488 nm or exciting fura-2 at 340 nm and 380 nm
using a video image analysis system (Aquacosmos, Hamamatsu
Photonics).

2.7. Statistical analysis

The results are shown as means ± S.E.M. All experiments were
repeated at least three times. Statistical comparisons were made
with two-tailed Student’s t-test or one way analysis of variance fol-
lowed by the Student–Newman–Keuls procedure with significance
imparted at P < 0.05.
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Fig. 1. Involvement of TRPC3 in CaMKII activation of MLP-deficient hearts. (A)
Protein expression levels of respective TRPC channels in wild type (MLP (+/+)) and
MLP-deficient (MLP (�/�)) mouse hearts. Hearts were removed from 5 week-old
mice. (n = 4) ⁄⁄P < 0.01 (B) Typical time course of Ca2+ response induced by OAG
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Table 1
Echocardiographic parameters.

MLP(+/+) Veh MLP(+/+) Pyr3 MLP(�/�) Veh MLP(�/�) Pyr3
(n = 5) (n = 5) (n = 11) (n = 11)

HR (bpm) 538 ± 10 541 ± 14 533 ± 11 529 ± 16
IVSd (mm) 0.88 ± 0.04 0.90 ± 0.03 0.63 ± 0.03** 0.92 ± 0.04##

LVPWd (mm) 0.98 ± 0.02 0.94 ± 0.02 0.71 ± 0.04** 0.97 ± 0.04##

LVIDd (mm) 2.08 ± 0.09 2.04 ± 0.02 3.25 ± 0.17** 2.64 ± 0.04##

LVIDs (mm) 0.50 ± 0.06 0.48 ± 0.02 2.48 ± 0.19** 1.39 ± 0.18##

EF (%) 98.8 ± 0.3 98.8 ± 0.2 56.0 ± 3.9** 83.2 ± 3.4##

FS (%) 78.0 ± 2.1 78.0 ± 1.1 25.4 ± 1.1** 50.6 ± 4.7##

HR, heart rate; IVSd, interventricular septum diastolic diameter; LVPWd, left ven-
tricular posterior wall diastolic diameter; LVIDd, left ventricular internal at end-
diastole; LVIDs, left ventricular internal diameters at end-systole; EF, ejection
fraction; FS, Fractional shortening; Veh, vehicle.
** P < 0.01 vs. MLP(+/+) Veh.
## P < 0.01 vs. MLP(�/�) Veh.
3. Results

3.1. Increase in TRPC3-mediated Ca2+ signals in MLP (�/�) mouse
hearts

Compared with MLP (+/+) mouse hearts, the expression levels of
TRPC3 and TRPC6 proteins, but not TRPC1, TRPC5, and TRPC7, were
significantly increased in MLP (�/�) mouse hearts (Fig. 1A). Treat-
ment of isolated MLP (+/+) mouse cardiomyocytes with OAG in-
duced a Ca2+ influx-mediated increase in [Ca2+]i. This [Ca2+]i

increase was completely suppressed by the addition of Pyr3
(Fig. 1B). The OAG-induced maximal [Ca2+]i increase was markedly
enhanced in MLP (�/�) mouse cardiomyocytes (Fig. 1C), indicating
that up-regulation of TRPC3 enhances DAG-mediated Ca2+ influx.
NFAT and CaMKII are two major downstream effectors of Ca2+/cal-
modulin-mediated cardiac hypertrophy [17]. The CaMKII activity
was increased in MLP (�/�) mouse hearts (Fig. 1D). This CaMKII
activation was significantly suppressed by Pyr3 treatment. These
results suggest that up-regulation of TRPC3 contributes to Ca2+ in-
flux-dependent CaMKII activation in MLP (�/�) mouse hearts.

3.2. Inhibition of TRPC3 attenuates LV dilation and dysfunction

Both LV wall thickness and LV function were markedly reduced
in 8-week-old MLP (�/�) mouse hearts (Tables 1 and 2). Treatment
of MLP (�/�) mice with Pyr3 significantly attenuated the progres-
sion of LV dilation and dysfunction. Inhibition of TRPC3 also re-
duced the increase in heart weight and cardiomyocyte
hypertrophy (Fig. 2A–C) and the increases in mRNAs of hypertro-
phy-related markers (b-myosin heavy chain (bMHC), a-skeletal
muscle actin (aSKA) and Ang converting enzyme (ACE)) (Fig. 2D).
We previously reported that cardiac hypertrophy and fibrosis are
independently regulated by two heterotrimeric GTP-binding pro-
teins [24]. Therefore, we next examined whether inhibition of
TRPC3 suppresses cardiac fibrosis in MLP (�/�) mice. Collagen
deposition in the interstitial area was markedly increased in MLP
(�/�) hearts, and this fibrosis was suppressed by Pyr3 treatment
(Fig. 3A and B). Pyr3 also suppressed the increase in expression
of fibrosis-inducible proteins (ACE and periostin) in MLP (�/�)
mouse hearts (Fig. 3C). These results suggest that inhibition of
TRPC3 attenuates the development of cardiac hypertrophy and
fibrosis in MLP (�/�) mice.

3.3. TRPC3-mediated Ca2+ influx contributes to ROS production

It is generally thought that oxygen free radical release is in-
creased in the failing heart and oxidative stress is a major cause
of the progression of heart failure [12,14]. Up-regulation of
TRPC3 channels participate in CaMKII activation in MLP (�/�)
mouse hearts, and it has been reported that Ca2+ influx is
required for Nox-mediated ROS production [28,29]. Therefore,
we examined whether TRPC3-mediated Ca2+ influx regulates
ROS production in DCM. The expression level of 4-HNE adducts
and superoxide production were markedly increased in MLP
(�/�) mouse hearts (Fig. 4A and B). These ROS accumulations



Table 2
Cardiac parameters measured by Millar Catheter.

MLP(+/+)
Veh

MLP(+/+)
Pyr3

MLP(�/�)
Veh

MLP(�/�)
Pyr3

(n = 5) (n = 5) (n = 11) (n = 11)

Heart Rate
(bpm)

498 ± 3 504 ± 2 500 ± 4 505 ± 1

LVESP (mm
Hg)

123 ± 4 127 ± 3 102 ± 2** 108 ± 2#

LVEDP (mm
Hg)

4.4 ± 0.8 3.6 ± 1.0 14.1 ± 1.2** 8.4 ± 0.4##

dP/dt max
(mm Hg/s)

13,365 ± 199 12,756 ± 412 6252 ± 294** 8235 ± 316##

dP/dt min
(mm Hg/s)

8049 ± 617 8444 ± 530 3240 ± 185** 4516 ± 178##

Tau (msec) 9.8 ± 0.4 8.9 ± 0.2 28.7 ± 1.8** 20.2 ± 0.8##

HR, heart rate; LVESP, left ventricular end systolic pressure; LVEDP, left ventricular
end diastolic pressure; dP/dt max, maximal rate of pressure development; dP/dt
min, maximal rate of decay of pressure; Tau, monoexponential time constant of
relaxation. Veh, vehicle.
** P < 0.01 vs. MLP(+/+) Veh.

# P < 0.05.
## P < 0.01 vs. MLP(�/�) Veh.
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were completely suppressed by Pyr3. Mitochondria and Nox are
two major sources of ROS in the heart. The heart expresses two
Nox isoforms: Nox2 and Nox4 [30,31], and up-regulation of
either isoform has been reported to induce mitochondrial
dysfunction in the heart [14,31]. The Nox2 activity is predomi-
nantly regulated by Rac, p47phox, p67phox, and p22phox, while
Nox4 is constitutively activated [32]. In addition, Rac1 has been
implicated in the progression of DCM [14]. Although Nox2 and
Nox4 mRNA levels were not increased in MLP (�/�) mouse
hearts (data not shown), the expression and activity of Rac1
were markedly increased (Fig. 4C). Treatment with Pyr3 signifi-
cantly suppressed Rac1 activation without affecting total Rac1
protein levels. These results suggest that up-regulation of TRPC3
contributes to Rac1-mediated ROS production in MLP (�/�)
mouse hearts. We further examined whether activation of TRPC3
actually induces ROS production in rat neonatal cardiomyocytes.
We recently reported that mechanical stretch induces a Ca2+ re-
sponse through activation of TRPC3/6 channels [26]. Mechanical
stretch of cardiomyocytes gradually increased DCF fluorescence
intensity (Fig. 4D). This ROS production was significantly sup-
pressed by Pyr3 or knockdown of TRPC3. Treatment with OAG
also induced superoxide production, and the DHE accumulation
was reduced by TRPC3 knockdown or by pretreatment with
Pyr3 or diphenyleneiodonium (DPI), a Nox inhibitor (Fig. 4E
and F). Furthermore, the OAG-induced superoxide production
was inhibited by the elimination of extracellular Ca2+. These re-
sults suggest that TRPC3-mediated Ca2+ influx mediates ROS pro-
duction through Nox activation in rodent cardiomyocytes.
4. Discussion

Several reports have suggested the involvement of TRPC up-
regulation in the development of cardiac hypertrophy in vivo
[17–20]. On the other hand, DCM is believed to represent a mal-
adaptive response of the heart in a late stage of heart failure. We
first demonstrated that TRPC3 channels participate in the
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production of the hearts stained by DHE. Bars = 50 lm. (n = 5) (C) Effects of Pyr3 on the expression and activity of Rac1 in MLP (�/�) and MLP (+/+) mouse hearts. n.s.; not
significant. (n = 6) (D) Average time courses of increase in DCF fluorescence intensity induced by mechanical stretch in rat neonatal cardiomyocytes. Cardiomyocytes were
treated with Pyr3 (1 lM) 30 min before mechanical stretch. (E) and (F) Effects of Pyr3 on the OAG-induced ROS production in rat cardiomyocytes. (E) Typical images of DHE
accumulation and (F) average increases in DHE fluorescence intensity. Cells were treated with Pyr3 (1 lM) or DPI (1 lM) for 20 min before the addition of OAG (30 lM). Ten
min after OAG stimulation, cells were loaded with DHE (2 lM) at 37 �C for 1 h. Bars = 50 lm. (n = 34–63) ⁄P < 0.01, ⁄⁄P < 0.001.
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progression of DCM. In the DCM mouse model, the up-regulation
of TRPC3 increases not only cardiomyocyte Ca2+-dependent CaM-
KII activity, but also ROS production. TRPC channels have two
functions: to act as receptor-activated or mechanical stretch-
activated cation channels in cardiomyocytes, and to act as a pro-
tein scaffold at the plasma membrane to control the amplifica-
tion and co-ordination of receptor signaling [16,33,34]. We
previously reported that TRPC3 interacts with phospholipase C
and protein kinase C (PKC), leading to sustained activation of
an extracellular signal-regulated kinase induced by receptor
stimulation in B lymphocytes [33,34]. Activation of PKC contrib-
utes to Nox2 activation through phosphorylation of the p47phox

subunit [32]. In addition, we found that TRPC3-mediated Ca2+ in-
flux also contributes to Rac1 activation in MLP (�/�) mouse
hearts (Fig. 4). Although the molecular mechanism underlying
activation of Rac1 by Ca2+ is still unclear, our results strongly
suggest that TRPC3-mediated Ca2+ influx controls Nox-dependent
ROS production in rodent cardiomyocytes.

Oxidative stress plays a critical role in the progression of
DCM, and the major source of ROS production in the heart is
mitochondria. Based on the results that the increase in ROS pro-
duction was associated with an increase in Rac activity in MLP
(�/�) mouse hearts, and that the Nox inhibitor suppressed
TRPC3-mediated superoxide production in rat cardiomyocytes
(Fig. 4), Nox may be a primary source of ROS production. ROS
have been reported to induce mitochondrial superoxide produc-
tion, by a phenomenon reported as ROS-induced ROS release
(RIRR) [35,36]. Thus, TRPC3-mediated Ca2+ influx in rodent
cardiomyocytes may initially induce Nox-dependent ROS produc-
tion, with the subsequent induction of an oxygen burst through
RIRR-mediated ROS production.

Previous reports have shown that ablation of AT1R or expression
of bARK-ct attenuates LV dysfunction in MLP (�/�) mice. We also
reported that TRPC3/TRPC6 mediates Ang II-induced cardiomyo-
cyte hypertrophy [21], suggesting that AT1R works upstream of
TRPC3 in MLP (�/�) mouse hearts. In contrast, bARK-ct inhibits
bARK1-mediated b1AR internalization through sequestration of
the bc subunit (Gbc) released from the as subunit of G proteins
coupled to b1AR. However, inhibition of TRPC3 does not affect
b1AR-mediated Ca2+ signaling in rat cardiomyocytes (unpublished
data). As bARK is activated by Gaq-mediated PKC activation in
rat cardiomyocytes [37], one explanation is that TRPC3 contributes
to PKC-mediated bARK activation downstream of AT1R signaling in
the heart [34].

Both Ca2+/calmodulin-dependent calcineurin and CaMKII func-
tion as key mediators in the development of cardiac hypertrophy
[38,39]. Cardiomyocyte-specific overexpression of the constitu-
tively active mutant of NFAT causes cardiac hypertrophy,
whereas expression of calcineurin or CaMKII causes cardiomyop-
athy [13,40]. Although calcineurin/NFAT signaling may partici-
pate in the development of hypertrophy, CaMKII may
participate in the development of heart failure. Since the inhibi-
tion of TRPC3 suppresses both calcineurin/NFAT and CaMKII sig-
naling pathways in cardiomyocytes, our findings strongly suggest
TRPC3 channels as a putative therapeutic target for the treat-
ment of heart failure.
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