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Activation of Ca2� signaling induced by receptor stimulation
andmechanical stress plays a critical role in the development of
cardiac hypertrophy. A canonical transient receptor potential
protein subfamilymember, TRPC6,which is activated by diacyl-
glycerol andmechanical stretch,works as anupstream regulator
of the Ca2� signaling pathway. Although activation of protein
kinase G (PKG) inhibits TRPC6 channel activity and cardiac
hypertrophy, respectively, it is unclear whether PKG suppresses
cardiac hypertrophy through inhibition of TRPC6. Here, we
show that inhibition of cGMP-selective PDE5 (phosphodiester-
ase 5) suppresses endothelin-1-, diacylglycerol analog-, and
mechanical stretch-induced hypertrophy through inhibition of
Ca2� influx in rat neonatal cardiomyocytes. Inhibition of PDE5
suppressed the increase in frequency of Ca2� spikes induced by
agonists or mechanical stretch. However, PDE5 inhibition did
not suppress the hypertrophic responses induced by highKCl or
the activation of protein kinase C, suggesting that PDE5 inhibi-
tion suppresses Ca2� influx itself or molecule(s) upstream of
Ca2� influx. PKG activated by PDE5 inhibition phosphorylated
TRPC6 proteins at Thr69 and prevented TRPC6-mediated Ca2�

influx. Substitution of Ala for Thr69 in TRPC6 abolished the
anti-hypertrophic effects of PDE5 inhibition. In addition,
chronic PDE5 inhibition by oral sildenafil treatment actually
induced TRPC6 phosphorylation in mouse hearts. Knockdown
of RGS2 (regulator of G protein signaling 2) and RGS4, both of
which are activated by PKG to reduce G�q-mediated signaling,
did not affect the suppression of receptor-activated Ca2� influx
by PDE5 inhibition. These results suggest that phosphorylation
and functional suppression of TRPC6 underlie prevention of
pathological hypertrophy by PDE5 inhibition.

Pathological hypertrophy of the heart, induced by pressure
overload, such as chronic hypertension and aortic stenosis, is a
major risk factor for heart failure andcardiovascularmortality (1).
Neurohumoral factors, such as norepinephrine, angiotensin II

(Ang II),2 and endothelin-1 (ET-1), and mechanical stress are
believed to be prominent contributors for pressure overload-
induced cardiac hypertrophy (2, 3). Neurohumoral factors
stimulate Gq protein-coupled receptors, leading to a sustained
increase in [Ca2�]i through activation of phospholipase C.
Mechanical stress also increases [Ca2�]i through Ca2� influx-
dependent pathways (4). The increase in [Ca2�]i induces acti-
vation of Ca2�-sensitive effectors, such as Ca2�/calmodulin-
dependent serine/threonine phosphatase calcineurin (3, 5),
Ca2�/calmodulin-dependent kinase II (6, 7), and calmodulin-
binding transcription factor (8), which in turn induces hyper-
trophic gene expressions. Although the mechanism of Ca2�-
mediated hypertrophy is extensively analyzed, it is not fully
understood how these Ca2� targets specifically decode the
alteration of [Ca2�]i under the conditions of the rhythmic Ca2�

increases required for contraction.
In excitable cardiomyocytes, increases in the frequency or

amplitude of Ca2� transients evoked by Ca2� influx-induced
Ca2� release have been suggested to encode signals for induc-
tion of hypertrophy (9). A partial depolarization of plasma
membrane by receptor stimulation is reported to increase the
frequency of Ca2� oscillations, leading to activation of nuclear
factor of activated T cells (NFAT), a transcription factor that is
predominantly regulated by calcineurin (10). Recent reports
have indicated that transient receptor potential canonical
(TRPC) subfamily proteins play an essential role in agonist-
induced membrane depolarization (11, 12). The relevance of
TRPC channels to pathological hypertrophy is underscored by
the observations that heart-targeted transgenic mice express-
ing TRPC channels caused hypertrophy (13, 14) and that TRPC
proteins were up-regulated in hypertrophied and failing hearts
(14–17). Among seven TRPC subfamilies, increased channel
activities of TRPC1, TRPC3, and TRPC6 have been implicated
in cardiac hypertrophy in vivo. TRPC1 is known to function not
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only as a Ca2�-permeable channel-forming subunit but also as an
accessoryprotein to formtheCa2� signalingcomplex (18).Endog-
enous TRPC1 andTRPC3 proteins are associatedwith each other

to form native store-operated chan-
nels inHEK293 cells (19). In addition,
diacylglycerol (DAG)-sensitiveTRPC3,
TRPC6, and TRPC7 proteins as-
semble to homotetramers or het-
erotetramers that function as DAG-
activated cation channels (20). We
have previously reported that
TRPC3 and TRPC6mediate Ang II-
induced membrane depolarization,
followed by Ca2� influx through
voltage-dependent Ca2� channels
in rat neonatal cardiomyocytes (21).
Either knockdown of TRPC3 or
TRPC6 channels completely sup-
pressed Ang II-induced hypertro-
phy. Thus, TRPC1, TRPC3, and
TRPC6 may form multimers in car-
diomyocytes, which function as
DAG-activated cation channels. Fur-
thermore, we have recently demon-
strated that treatment with a TRPC3
channel-selective blocker suppresses
mechanical stretch-induced NFAT
activation and pressure overload-in-
duced cardiac hypertrophy in mice
(22). Thus, inhibition of TRPC3-con-
tainingmultimeric channelsmay rep-
resent a novel therapeutic strategy for
preventing cardiac hypertrophy.
Phosphorylation of TRPC chan-

nels has been reported to modulate
channel activity (23–25). For exam-
ple, Fyn, an Src family Tyr kinase,
physically interacts with the N-ter-
minal region of TRPC6 proteins,
and Tyr phosphorylation of TRPC6
enhances its channel activity (23). It
hasalsobeendemonstratedthatSrc-
dependent Tyr phosphorylation of
TRPC3 is essential for DAG-acti-
vated cation influx (24). In contrast,
Ser/Thr phosphorylation of TRPC3
channel attenuates its channel ac-
tivity (25). Activation of PKG is
known to regulate [Ca2�]i at multi-
ple levels (26). PKG activation by a
NO donor or cGMP analog has
been reported to inhibit voltage-de-
pendent L-type Ca2� channels by
�1-adrenergic receptor stimulation
in cardiomyocytes (27). Several re-
ports have shown that TRPC3
and TRPC6 channel activities are
greatly attenuated by PKG-cata-

lyzed phosphorylation of TRPC6 at threonine 69 (Thr69) and
TRPC3 at Thr11 and Ser263 (25, 28). The physiological impor-
tance of negative regulation of TRPC6 channels by the NO-

FIGURE 1. Inhibition of PDE5 suppresses agonist-induced cardiomyocyte hypertrophic responses through
inhibition of DAG-mediated Ca2� signaling. A–C, effects of PDE5-I on agonist-induced hypertrophic responses
(actin reorganization (A), BNP expression (B), and protein synthesis (C)). Cardiomyocytes were treated with PDE5-I
(10 �M) for 20 min before the addition of Ang II (1 �M) or ET-1 (100 nM). Scale bar, 50 �m. D, effects of PDE5-I on NFAT
activation induced by ET-1 and OAG (30 �M). E–H, average time courses of Ca2� responses induced by ET-1 (E), OAG
(F), and KCl (H) in the absence or presence of PDE5-I. G, effects of PDE5-I on OAG-induced increase in membrane
potential (MP). Cardiomyocytes were treated with OAG for 20 min, and maximal increase in MP was calculated from
peak changes in DiBAC4(3) fluorescence intensity (21). H, voltage-dependent Ca2� influx was evoked by KCl (8 mM)
for 8 min, and nitrendipine (10 �M) was added to inhibit the activities of voltage-dependent Ca2� channels.
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cGMP-protein kinase G (PKG) signaling pathway has been
reported in vascular smooth muscle cells (28). However, the
role of PKG-dependent negative regulation of TRPC6 channels
in the heart is still unknown.
Inhibition of cGMP-dependent phosphodiesterase 5 (PDE5)

enhances basal PKG activity through an increase in intracellu-
lar cGMP concentration. In fact, chronic treatment with silde-
nafil, a PDE5 inhibitor, exhibits the anti-hypertrophic effects in
mice (29, 30) and in patients with systolic heart failure (31). It
has been reported that RGS2mediates cardiac compensation to
pressure overload and anti-hypertrophic effects of PDE5 inhi-
bition in mice (32). Because PKG-dependent phosphorylation
of RGS2 enhances GTPase activity of the �-subunit of Gq pro-
tein (G�q), thismay explain the cGMP-dependent disruption of
intracellular Ca2� signaling induced by Gq-coupled receptor
stimulation. However, we here found that inhibition of PDE5
also suppresses Ca2� responses induced by the DAG analog
and mechanical stretch (which may not require the activation

of G�q signaling) in rat neonatal
cardiomyocytes. We also demon-
strate that inhibition of PDE5 actu-
ally induces phosphorylation of
TRPC6 proteins at Thr69, leading
to inhibition of TRPC6-mediated
Ca2� signaling. These results sug-
gest that PKG-dependent inhibition
of TRPC6 channel activity is re-
quired for the anti-hypertrophic
effects of PDE5 inhibition.

EXPERIMENTAL PROCEDURES

Materials and Cell Cultures—A
PDE5-selective inhibitor (PDE5-I;
4-{[3�,4�-(methylenedioxy)ben-
zyl]amino}-6-methoxyquinazo-
line), 4-methyl-4�-[3,5-bis(trifluo-
romethyl)-1H-pyrazol-1-yl]-1,2,
3-thiadiazole-5-carboxanilide (BTP2),
and KT5823 were purchased from
Calbiochem. 8-Bromo-cGMP (8-Br-
cGMP), phorbol 12-myristrate
13-acetate, S-nitroso-N-acetyl-DL-
penicillamine, 1-oleoyl-2-acetyl-sn-
glycerol (OAG), and ET-1 were
from Sigma. Ang II was from Pep-
tide Lab. Fura2/AM was from
Dojindo. Bis(1,3-dibutylbarbituric
acid)trimethine oxonol (DiBAC4(3))
was from Molecular Probes. Colla-
genase and Fugene 6 were from
Roche Applied Science. Stealth
small interfering RNA (siRNA) oli-
gonucleotides, Alexa Fluor 568
phalloidin, and Lipofectamine 2000
were purchased from Invitrogen.
Revatio (sildenafil citrate) was from
Pfizer. The cDNAs coding a domi-
nant negative mutant of TRPC6

(DN-TRPC6) and theTRPC6 (T69A)mutant were constructed as
described (21, 28). Anti-TRPC6 was from Alomone. Phospho-
Thr69 TRPC6 antiserum was generated against phospho-
TRPC6 peptide (CHRRQ(P)TILREK). The phospho-TRPC6
antibody was purified by an antigen column. Isolation of rat
neonatal cardiomyocytes and adenoviral infection of LacZ,
green fluorescent protein, wild type (WT) TRPC6, or DN-
TRPC6 were described (33). For knockdown of rat RGS pro-
teins, cells were transfected with siRNAs (100 nM each) for
RGS2 (AGAAAUAGCUCAAACGGGUCUUCCA) and
RGS4 (UUUGAAAGCUGCCAGUCCACAUUCA) or control
scrambled siRNAs for RGS2 (UUCACGGAACCGACCUUA-
AAUA) and RGS4 (AAAUAGCGUCUGACCACCCUUAG-
GU), using Lipofectamine 2000 for 72 h.
Reporter Activity—Measurement of NFAT-dependent

luciferase activity and brain natriuretic peptide (BNP) pro-
moter activity was performed as described previously (21).
Briefly, cardiomyocytes (5 � 105 cells) plated on 24-well
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FIGURE 2. Inhibition of PDE5 does not suppress the agonist-independent cardiomyocyte hypertrophic
responses. A and C, effects of PDE5-I on hypertrophic responses (actin reorganization, protein synthesis, and
increases in area of cardiomyocytes) induced by KCl and phorbol 12-myristrate 13-acetate (PMA). Cardiomyo-
cytes were stimulated with Ang II (1 �M), ET-1 (100 nM), KCl (5 mM), or phorbol 12-myristrate 13-acetate (1 �M)
for 48 h. B and C, effects of PDE5-I on hypertrophic growth (B) and protein synthesis (C) in green fluorescent
protein- and CA-NFAT-expressing cardiomyocytes. Scale bar, 50 �m. **, p � 0.01; n.s., no significance.
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dishes were transiently co-transfected with 0.45 �g of
pNFAT-Luc and 0.05 �g of pRL-SV40 control plasmid or
with 0.3 �g of pBNP-Luc and 0.2 �g of pRL-SV40 using
Fugene 6. Expression of the constitutively active mutant of
green fluorescent protein-fused NFAT proteins (CA-NFAT)
was performed as described (34). Forty-eight h after transfec-
tion, cells were stimulatedwithAng II (1�M), ET-1 (100 nM), or
mechanical stretch (21) for 6 h (for NFAT) or 24 h (for BNP).
Measurement of [Ca2�]i and Membrane Potential—The

intracellular Ca2� concentration ([Ca2�]i) of cardiomyo-
cytes or HEK293 cells was determined as described (35, 36).
Briefly, HEK293 cells were transfected for 48 h with vector
(pCI-neo), WT TRPC6, or TRPC6 (T69A) mutant using
Fugene 6. Cardiomyocytes (1 � 106 cells) were plated on
gelatin-coated glass bottom 35-mm dishes or on laminin-
coated silicone rubber culture dishes (4 cm2; STREX) and
were loaded with 1 �M fura-2/AM at 37 °C for 30 min (37).
As we measured the changes in [Ca2�]i of the same cells
before and after mechanical stretch, we treated cells with
20% of transient stretch for 3 s using automatic stretch sys-

tems (STB-150; STREX). Measure-
ment and analysis of membrane
potential were performed using
DiBAC4(3) as described (21). The
fluorescence intensity was mea-
sured with a video image analysis
system (Aquacosmos, Hamamatsu
Photonics).
Animal Models and Drug Treat-

ment—All experiments on male
C57BL6/J mice (C57BL6/J) were
performed in accordance with the
Guide for the Care and Use of
Laboratory Animals prepared by
Kyushu University. Sildenafil (100
mg/kg/day) was orally administered
once a day for 1 week, and then
hearts were removed and homoge-
nized with radioimmune precipita-
tion buffer.
Western Blot Analysis—TRPC6-

expressing HEK293 cells (3 � 105
cells) or cardiomyocytes (1 � 106
cells) plated on 6-well dishes were
directly harvested with 2� SDS
sample buffer (200 �l). After centri-
fugation, supernatants (20–40 �l)
were fractionated by 8% SDS-poly-
acrylamide gel and then transferred
onto polyvinylidene difluoride mem-
brane. For measurement of TRPC6
phosphorylation in mouse hearts,
supernatants (100 �g of proteins)
without boiling treatment were ap-
plied onto SDS-polyacrylamide gel.
The expression and phosphoryla-
tion of endogenous TRPC6 proteins
were detected by anti-TRPC6 (dilu-

tion rate, 1:1000) and anti-phospho-TRPC6 (1:1000) antibodies.
We visualized the reactive bands using Supersignal� West Pico
Luminol/Enhancer solution (Pierce). The optical density of the
film was scanned andmeasured with Scion Image software.
Measurement of Hypertrophic Responses of Cardiomyo-

cytes—Measurement of cardiomyocyte hypertrophy was per-
formed as described (21, 34). Cardiomyocytes were fixed by
paraformaldehyde and then stained with Alexa Fluor 548 phal-
loidin to visualize actin filaments. Digital photographs were
taken at �600 magnification with confocal microscopy (FV-
10i, Olympus) or a Biozero microscope (BZ-8000, Keyence),
and the average values of the cardiomyocyte area (n� 100 cells)
were calculated using a BZ-II analyzer (Keyence). Protein syn-
thesis was measured by [3H]leucine incorporation. After cells
were stimulated with Ang II or ET-1 for 2 h, [3H]leucine (1
�Ci/ml) was added to the culture medium and further incu-
bated for 6 h. The incorporated [3H]leucine was measured
using a liquid scintillation counter.
Statistical Analysis—The results are shown as means � S.E.

All experiments were repeated at least three times. Statisti-

FIGURE 3. TRPC6 mediates ET-1-induced cardiomyocyte hypertrophic responses. A, Ca2� responses
induced by ET-1 (100 nM) in LacZ- and DN-TRPC6-overexpressing cardiomyocytes. B, results of the frequency of
Ca2� oscillations induced by ET-1 or OAG (30 �M). Cardiomyocytes were pretreated with PDE5-I (10 �M) 35 min
before agonist stimulation. C and D, effects of DN-TRPC6 on ET-1-induced actin reorganization and increase in
cell size (C) and protein synthesis (D). Scale bar, 50 �m.
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cal comparisons were made with a two-tailed Student’s t test
or analysis of variance followed by the Student-Newman-
Keuls procedure with significance imparted at p values
of �0.05.

RESULTS

Suppression of Diacylglycerol-mediated Ca2� Responses by
Inhibition of PDE5—We first investigatedwhether inhibition of
PDE5 suppresses agonist-induced Ca2� responses and hyper-
trophic responses in rat cardiomyocytes. Treatment with
PDE5-I completely suppressed Ang II- or ET-1-induced hyper-
trophic responses, such as an increase in cell size, actin reorga-
nization, hypertrophic gene (BNP) expression, and protein syn-
thesis (Fig. 1, A–C). Stimulation of cardiomyocytes with ET-1
increases the frequency of Ca2� oscillations through voltage-
dependent Ca2� channels (38). PDE5-I also suppressed ET-1-
induced NFAT activation and oscillatory and sustained in-
crease in [Ca2�]i (Fig. 1, D and E). Although expression of
CA-NFAT increased NFAT activity about 2.5-fold, this NFAT
activation was not suppressed by PDE5-I (data not shown).
These results suggest that PDE5-I inhibits NFAT activity
through inhibition of Ca2� responses. We have previously
shown that DAG-sensitive TRPC channels (TRPC3 and
TRPC6) mediate Ang II-induced activation of voltage-depen-
dent Ca2� influx through membrane depolarization (21).
Treatment with OAG increased NFAT activity and the fre-
quency of Ca2� spikes, which were suppressed by PDE5-I (Fig.
1,D and F). In addition, the OAG-induced membrane depolar-
ization, as determined by DiBAC4(3) imaging, was completely
suppressed by PDE5-I pretreatment (Fig. 1G). Furthermore,
nitrendipine-sensitive voltage-dependent Ca2� influx-medi-
ated increase in [Ca2�]i induced by highKClwas not affected by
PDE5-I pretreatment (Fig. 1H). In addition, the hypertrophic
responses induced by high KCl (Fig. 2, A and C) or the expres-
sion of CA-NFAT (Fig. 2B) were not suppressed by PDE5 inhi-
bition. Although DAG also activates protein kinase C-depen-
dent hypertrophic signaling pathway (3), PDE5-I did not
suppress the phorbol 12-myristrate 13-acetate-induced hyper-
trophic responses (Fig. 2, A and C). These results suggest that
PDE5-I suppresses agonist-induced Ca2� responses and car-
diomyocyte hypertrophy through inhibition of DAG-mediated
membrane depolarization.
Inhibition of TRPC6 Channel Activity by PDE5 Inhibition—

To investigate the involvement of TRPC6 in agonist-induced
cardiomyocyte hypertrophy, we used DN-TRPC6 (21). As
shown in Fig. 3A, treatment of cardiomyocytes with ET-1 or
OAG significantly increased the frequency of Ca2� spikes,
whichwere completely suppressed by PDE5 inhibition (Fig. 3,A
and B). Expression of DN-TRPC6 also completely suppressed
ET-1-induced increases in the frequency of Ca2� spikes (Fig. 3,
A and B) and hypertrophic responses (Fig. 3, C and D). The
anti-hypertrophic effect of PDE5-I was completely abolished in
DN-TRPC6-expressing myocytes, suggesting that PDE5-I sup-
presses the TRPC6-mediated hypertrophic signaling pathway.
Takahashi et al. (28) have recently reported that activation

of the NO-cGMP-PKG pathway by extracellular treatment
with a NO donor or cGMP analog inhibits TRPC6 channel
activity through phosphorylation of TRPC6 at Thr69. Thus,

we next examined whether PDE5 inhibition attenuates
TRPC6 channel activity. Compared with vector-expressing
HEK293 cells, treatment with OAG induced a marked increase
in [Ca2�]i of TRPC6-expressing cells (Fig. 4A). The TRPC6-
mediated increase in [Ca2�]i was significantly suppressed by
pretreatment with PDE5-I as well as S-nitroso-N-acetyl-DL-
penicillamine and 8-Br-cGMP (Fig. 4B). The IC50 value of inhi-
bition of the TRPC6-mediated increase in [Ca2�]i by PDE5-I
was 0.41� 0.08�M (Fig. 4C).More than 15min of pretreatment
with PDE5-I was required for the suppression of the TRPC6-
mediated increase in [Ca2�]i induced byOAG (Fig. 4D). PDE5-I
suppressed the Ca2� influx-mediated increase in [Ca2�]i
induced by OAG in TRPC6 (WT)-expressing cells, which was
completely abolished by co-treatment with a PKG-selective
inhibitor, KT5823 (Fig. 4, E and F). These results suggest that
activation of PKG is required for the inhibition of TRPC6 chan-
nel activity. In fact, the suppression of OAG-induced Ca2�

influx by PDE5-I treatment was abolished in TRPC6 (T69A)-
expressing cells. Thus, PKG-dependent phosphorylation of
TRPC6 at Thr69may be essential for inhibition of TRPC6 chan-
nel activity by PDE5 inhibition.
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Phosphorylation of TRPC6 Proteins at Thr69 by PDE5
Inhibition—In order to examine whether inhibition of PDE5
actually induces phosphorylation of TRPC6 proteins in car-
diomyocytes, we generated a phospho-specific TRPC6 (Thr69)
antibody. Because TRPC6 proteins have two glycosylation sites
(39), a single 100 kDa band and smear 110–120 kDa bands due
to several patterns of glycosylation were observed in TRPC6
wild type (WT)-overexpressing HEK293 cells (Fig. 5A). Phos-
phorylation of TRPC6 proteins was observed only when
HEK293 cells were stimulated with 8-Br-cGMP. In contrast,
this phosphorylation was not observed in vector-, TRPC3-, or
TRPC7-expressing HEK293 cells, even when cells were stimu-
lated with 8-Br-cGMP. The TRPC6 phosphorylation could be

detectable when the antibody was
diluted from 1,000- to 5,000-fold
(Fig. 5B). Furthermore, the TRPC6
phosphorylation bands were com-
pletely abolished by the treatment
with phospho-TRPC6-blocking pep-
tide but not by control blocking
peptide (Fig. 5C). These results
clearly suggest that our phospho-
specific TRPC6 antibody specifi-
cally recognized the phosphoryla-
tion of rodent TRPC6 at Thr69.

Activation of PKGby 8-Br-cGMP
and PDE5-I stimulated the phos-
phorylation of TRPC6 proteins,
which was completely suppressed
by the treatment with KT5823 in
TRPC6-WT-expressing HEK293 cells
(Fig. 6, A and B). The PKG-medi-
ated TRPC6 phosphorylation was
not observed in TRPC6 (T69A)-ex-
pressing cells, indicating the speci-
ficity of this antibody. Treatment
with PDE5-I significantly increased
the phosphorylation of native TRPC6
proteins in rat cardiomyocytes,
which was completely suppressed
by KT5823 (Fig. 6B). We further
examined whether inhibition of
PDE5 actually phosphorylates TRPC6
proteins in vivo. Takimoto et al.
(29) have previously reported that
chronic treatment with sildenafil
(100 mg/kg/day) prevents and re-
verses cardiac hypertrophy induced
by pressure overload in mice. We
found that oral treatment with sil-
denafil (100 mg/kg/day) for 1 week,
under the same conditions as in
their report, actually increases
TRPC6 phosphorylation levels in
mouse hearts (Fig. 6C).
Inhibition of TRPC6 Phosphor-

ylation at Thr69 Diminishes the
Anti-hypertrophic Effects of PDE5

Inhibition—Overexpression of TRPC6 (T69A) enhanced the
increase in NFAT activity and BNP expression induced by
ET-1, which was not suppressed by PDE5-I (Fig. 7, A and B). In
addition, expression of TRPC6 (WT) or TRPC6 (T69A)
enhanced the ET-1-induced hypertrophic responses of car-
diomyocytes (Fig. 7, C and D). Although PDE5-I completely
suppressed the ET-1-induced hypertrophic responses in con-
trol (vector)- or TRPC6 (WT)-expressing cardiomyocytes,
PDE5-I did not suppress hypertrophic responses in TRPC6
(T69A)-expressing cardiomyocytes. These results suggest that
inhibition of TRPC6 channel activity via its PKG-dependent
phosphorylation at Thr69 participates in anti-cardiomyocyte
hypertrophic effects of PDE5 inhibition.

FIGURE 5. Specific recognition of TRPC6 phosphorylation at Thr69 by a phospho-specific antibody. A, phos-
phorylation of TRPC6 at Thr69 induced by PKG activation in vector-, TRPC3-, TRPC6-, and TRPC7-expressing HEK293
cells. HEK293 cells were treated with 8-Br-cGMP (100 �M) for 2 h. B, optimization of dilution of anti-phospho-TRPC6
antibody. Antibody (0.56 mg/ml) was diluted with Tris-buffered saline plus 0.1% Tween 20 (TBS-T) and incubated
with blots for 1 h at room temperature. C, effect of treatment with a TRPC6-blocking peptide on the recognition of
TRPC6 phosphorylation by this antibody. Blots were incubated with phospho-TRPC6 antibody diluted 1:1000 in
TBS-T with phospho-TRPC6-blocking peptide or non-phosphorylated TRPC6-blocking peptide (10 �g/ml) for 1 h at
room temperature.

FIGURE 6. PKG-dependent phosphorylation of Thr69 in TRPC6 by PDE5 inhibition. A, PKG-dependent
phosphorylation of TRPC6 proteins at Thr69 in TRPC6 (WT)- and TRPC6 (T69A)-expressing HEK293 cells. HEK293
cells were treated with KT5823 (1 �M) for 20 min before the addition of 8-Br-cGMP (100 �M) and PDE5-I (10 �M)
for 30 min. B, PKG-dependent TRPC6 phosphorylation by PDE5-I. Cardiomyocytes were treated with KT5823 for
20 min before the addition of PDE5-I (10 �M) for 1 h. C, effects of sildenafil on the phosphorylation of TRPC6 in
mice. One week after oral administration with sildenafil (100 mg/kg/day), hearts were lysed with radioimmune
precipitation buffer, and 100 �g of proteins were applied to SDS-PAGE.
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Suppression of Mechanical Stretch-induced Ca2� Responses
by PDE5 Inhibition—Becausemechanical stress is also involved
in the development of cardiac hypertrophy, we next examined
whether PDE5-I inhibits Ca2� responses induced by mechani-
cal stretch. In control cardiomyocytes, a periodic increase in
[Ca2�]i was observed after cells were stretched by 20% for 3 s
with a speed of 20 mm/s (Fig. 8A). A bis(triluoromethyl)pyra-
zole derivative, BTP2, is recently used as a selective inhibitor of
theTRPC1 to -7 channels.We previously reported that BTP2 at
3 �M suppresses TRPC6-mediated Ca2� influx by 80% in
HEK293 cells (22). Treatment with PDE5-I or BTP2 abolished
mechanical stretch-induced increase in [Ca2�]i (Fig. 8A).
Mechanical stretch-induced increases in NFAT-dependent
luciferase activity, BNP-luciferase activity, and protein syn-
thesis were suppressed by PDE5-I, which was canceled by
co-treatment with KT5823 (Fig. 8, B–D). We also found that
mechanical stretch-induced increases in [Ca2�]i, NFAT acti-
vation, and hypertrophic responses were completely sup-

pressed by the expression of DN-
TRPC6 (Fig. 8, B–D). These results
suggest that PDE5-I suppresses
mechanical stretch-induced Ca2�

responses linked to cardiomyocyte
hypertrophic responses through
inhibition of TRPC6 channels.
Knockdown of RGS2 and RGS4

Does Not Affect the Effect of PDE5-I—
It has been recently reported that
PKG-dependent phosphorylation
of RGS2 and RGS4 mediates the
anti-hypertrophic effects in mouse
hearts (32, 40, 41). Thus, we next
examined the involvement of RGS
proteins in the inhibition of agonist-
induced Ca2� responses by PDE5
inhibition, using siRNAs for RGS2
and RGS4. We confirmed that the
treatment of cardiomyocytes with
siRNAs for RGS2/4 reduced the
expression levels of RGS2 and RGS4
mRNAs to 18.5 � 5.2 and 26.7 �
7.8%, respectively. Knockdown of
RGS2/4 proteins did not affect Ca2�

responses and NFAT activation
induced by ET-1 (Fig. 9). The addi-
tion of extracellular Ca2� induced a
Ca2� influx-mediated increase in
[Ca2�]i by ET-1 stimulation, which
was significantly suppressed by
PDE5-I treatment in control myo-
cytes (Fig. 9, A–C). The Ca2�

influx-mediated [Ca2�]i increases
and increase in NFAT activity by
agonist stimulation were slightly
enhanced in RGS2/4-deficient
myocytes and were also signifi-
cantly suppressed by PDE5-I treat-
ment (Fig. 9, B–D). These results

suggest that RGS2 and RGS4 proteins are not mainly
involved in the inhibition of agonist-induced Ca2� responses
by PDE5 inhibition in cardiomyocytes.

DISCUSSION

In this study, we have demonstrated that inhibition of PDE5
suppresses agonist-induced and mechanical stretch-induced
hypertrophic responses in rat cardiomyocytes. The increases in
the frequency of Ca2� oscillations induced byOAGormechan-
ical stretch are greatly attenuated by PDE5 inhibition. PDE5-I
suppresses OAG-induced membrane depolarization, suggest-
ing the inhibition of DAG-sensitive TRPC channels by PDE5
inhibitor. Treatment with PDE5-I actually induces PKG-de-
pendent phosphorylation of TRPC6 proteins at Thr69 and
inhibits TRPC6-mediated Ca2� responses. Because the inhi-
bition of ET-1-induced hypertrophic responses by PDE5-I
was abolished in TRPC6 (T69A)-expressing cardiomyocytes,
we suggest that phosphorylation of TRPC6 is required for
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the anti-hypertrophic effects of PDE5 inhibition. In addition,
PDE5-I-induced suppression of Ca2� influx induced by ET-1
was not abolished by the knockdown of RGS2 and RGS4,
both of which are reported to be activated by PKG. This
result emphasizes the physiological importance of TRPC6
phosphorylation by PDE5-I in suppressing Ca2� influx
induced by agonist stimulation and mechanical stretch.
Higazi et al. (38) has recently reported that inositol-1,4,5-

trisphosphate-induced Ca2� release from perinuclear inositol-
1,4,5-trisphosphate receptors by ET-1 stimulation or mem-
brane depolarization preferentially couples to the calcineurin/
NFAT pathway to induce hypertrophy. They have also
demonstrated that the potentiation of Ca2� influx activity
induced by isoproterenol or BayK8644 induces activation of
calcineurin/NFAT signaling pathway via Ca2� release from
perinuclear inositol-1,4,5-trisphosphate receptors. This mech-
anism may be involved in the process of voltage-dependent

Ca2� influx-mediated NFAT activation evoked by TRPC6 acti-
vation. Although we did not measure nuclear Ca2� concentra-
tions, PDE5-I may inhibit the increase in nuclear Ca2� concen-
trations because PDE5-I suppresses NFAT activation induced
by ET-1.
Because PDE5-I did not suppress the high KCl-induced

increase in [Ca2�]i (Fig. 1), we suggest that PKG activation by
PDE5-I does not inhibit L-type Ca2� channels. In contrast, Fie-
dler et al. (27) have reported that overexpression of PKG type I
suppresses single L-type Ca2� channel open probability and
[Ca2�]i transient amplitude. This discrepancy can be explained
by the intensity of PKG activation. Although we show that
PDE5-I increased the TRPC6 phosphorylation level about
3-fold, the treatment with 8-Br-cGMP induced a more than
5-fold increase in TRPC6 phosphorylation level (data not
shown). This suggests that PDE5-I moderately activates PKG,
and this activation is insufficient to inhibit L-typeCa2� channel
activity.
Inhibition of PDE5 suppresses mechanical stretch-in-

duced Ca2� responses in cardiomyocytes. Because the pat-
tern of Ca2� spikes is similar to those induced by ET-1 or
OAG stimulation, membrane depolarization may be also
involved in this mechanism. This idea is supported by the
reports that DAG-sensitive TRPC channels work as stretch-

FIGURE 8. Inhibition of PDE5 suppresses Ca2� responses and cardiomyo-
cyte hypertrophic responses induced by mechanical stretch. A, typical
traces of Ca2� responses induced by mechanical stretch (MS) in the absence
or presence of PDE5-I, KT5823, or BTP2. Cardiomyocytes were treated with
PDE5-I (10 �M) or BTP2 (5 �M) for 35 min before MS. DN-TRPC6 proteins were
expressed using adenoviral infection. B–D, effects of PDE5-I, BTP2, and DN-
TRPC6 on the MS-induced NFAT activation (B) and hypertrophic responses
(BNP gene expression (C) and protein synthesis (D)).
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activated depolarizing channels in the vascular system (42–
44). It has recently been reported that TRPC6 is activated by
mechanical stretch through two pathways: G protein-medi-
ated indirect activation and direct activation of TRPC6 (42).
Furthermore, TRPC6 can be synergistically activated by
mechanical force in the presence of Gq-coupled receptor stim-
ulation (43). We have previously reported that mechanical
stretch increases the concentration of extracellular nucleotides,
which stimulate Gq protein-coupled P2Y receptors (37). Thus,
extracellular nucleotides released by mechanical stretch and
mechanical force may synergistically increase TRPC6 channel
activity in rat neonatal cardiomyocytes.
Because Kwan et al. (25) reported that the activation of PKG

by NO donor and 8-Br-cGMP increases phosphorylation at
Thr11 and Ser263 of human TRPC3 proteins, it is possible that
inhibition of PDE5 also results in phosphorylation of TRPC3
proteins and reduction of TRPC3 channel activity. Although
Ser263 of human TRPC3 protein is conserved among humans,
rats, and mice, Thr11 is not present in mouse and rat TRPC3
proteins. We have tried to generate an antibody to recognize
the phosphorylated formof Ser263 inTRPC3but failed to obtain
the useful antibody. However, we confirmed that PDE5-I inhib-
its TRPC3-mediated Ca2� influx induced by OAG in TRPC3-
expressing HEK293 cells, which was abolished in TRPC3
(S325A)-expressing HEK293 cells (n � 2; data not shown).
Because the Ser325 in mouse TRPC3 protein is identical to
Ser263 in human TRPC3 protein, this result implies that the
inhibition of TRPC3 channel activity by PDE-I may also be
involved in the anti-hypertrophic effects of PDE5 inhibition.
We have not yet been able to identify the individual roles

of TRPC6 and TRPC3 channels in cardiomyocytes. Despite
their high degree of structural and functional similarity,
TRPC3, TRPC6, and TRPC7 are substantially different in
their basal channel activities (45). The basal channel activity
of TRPC6 is tightly regulated (39). In contrast, TRPC3 and
TRPC7 have considerable constitutive activity when ex-
pressed in various cell lines (46). Despite the low basal activ-
ity of TRPC6 channels, results from transgenic mice with
cardiomyocyte-specific expression of TRPC3 or TRPC6
channels show that the up-regulation of TRPC6 channel
proteins is essential for the development of cardiac hyper-
trophy (13, 14). In pathological conditions, hearts are
exposed to mechanical stress and neurohumoral factors.
Therefore, a characteristic of TRPC6 channels that is syner-
gistically activated by mechanical stretch in the presence of a
low concentration of agonist (43) may explain the mecha-
nism of induction of pathological hypertrophy. Because
TRPC3 has high constitutive activity among the DAG-acti-
vated TRPC3/6/7 family and is up-regulated in smooth mus-
cle cells from TRPC6-deficient mice (45), the TRPC6-defi-
cient mouse heart may cause excessive hypertrophy by
pressure overload like a TRPC3-transgenic mouse heart (13).
In addition, there is no pharmacological tool that selectively
inhibits TRPC6 channel activity. Generation of transgenic
mice with heart-specific expression of the dominant negative
TRPC6 mutant, which moderately inhibits the function of
TRPC6 channels without any compensation, will be necessary

for understanding the pathophysiological role of TRPC6 in the
heart.
In conclusion, we demonstrated that inhibition of DAG-sen-

sitive TRPC channel activities through PKG-dependent phos-
phorylation is required for the anti-hypertrophic effects of
PDE5 inhibition in rat cardiomyocytes.Our findingwill provide
a new insight for the creation of therapeutic strategies for heart
failure.
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