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Sildenafil, a potent inhibitor of phosphodiesterase-5 (PDE-5)
induces powerful protection against myocardial ischemia-
reperfusion injury. PDE-5 inhibition increases cGMP levels that
activate cGMP-dependent protein kinase (PKG). However, the
cause and effect relationship of PKG in sildenafil-induced car-
dioprotection and the downstream targets of PKG remain
unclear. Adult ventricularmyocytes were treated with sildenafil
and subjected to simulated ischemia and reoxygenation. Silde-
nafil treatment significantly decreased cardiomyocyte necrosis
and apoptosis. The PKG inhibitors, KT5823, guanosine 3�,5�-
cyclic monophosphorothioate, 8-(4-chloro-phenylthio) (Rp-8-
pCPT-cGMPs), orDT-2 blocked the anti-necrotic and anti-apo-
ptotic effect of sildenafil. Selective knockdown of PKG in
cardiomyocytes with adenoviral vector containing short hairpin
RNA of PKG also abolished sildenafil-induced protection. Fur-
thermore, intra-coronary infusion of sildenafil in Langendorff-
isolated mouse hearts prior to ischemia-reperfusion signifi-
cantly reducedmyocardial infarct size after 20min ischemia and
30 min reperfusion, which was abrogated by KT5823. Sildenafil
significantly increased PKG activity in intact hearts and car-
diomyocytes. Sildenafil also enhanced the Bcl-2/Bax ratio,
phosphorylation of Akt, ERK1/2, and glycogen synthase kinase
3�. All these changes (except Akt phosphorylation) were signif-
icantly blocked by KT5823 and short hairpin RNA of PKG.
These studies provide the first evidence for an essential role of
PKG in sildenafil-induced cardioprotection. Moreover, our
results demonstrate that sildenafil activates a PKG-dependent
novel signaling cascade that involves activation of ERKand inhi-
bition of glycogen synthase kinase 3� leading to cytoprotection.

cGMP-dependent protein kinase or protein kinase G (PKG)2
is one of the major intracellular receptors for cGMP. This ser-

ine/threonine protein kinase has two isozymes (type I and type
II; i.e. PKGI and PKGII) that are presented in eukaryotic cells.
TheN terminus of PKGI is encoded by two alternatively spliced
exons that produce the isoforms, � and � (1–3). PKGI� is
mainly found in lung, heart, platelets, and cerebellum, whereas
PKGI� is highly expressed with PKGI� in smooth muscles of
uterus, vessels, intestine, and trachea (4, 5). More importantly,
the activation of PKG phosphorylates numerous intracellular
proteins that in turn regulate many important physiological
functions such as control of vascular tone, cell differentiation
and proliferation, and platelet aggregation (4). The role of PKG
in cardioprotection was identified based on the findings that
indicated a possible link between PKG activation, the opening
of mitochondrial ATP-sensitive potassium (mito-KATP) chan-
nels (6–8), and blockade of pharmacological preconditioning
by PKG inhibitors in cardiomyocytes (9, 10). Furthermore, we
recently demonstrated that adenoviral gene transfer of PKGI�
inhibited necrosis and apoptosis following simulated ischemia
and reoxygenation (SI-RO) in adult rat cardiomyocytes (11). To
translate these observations into the clinical setting, the use of a
safe pharmacological agent that could selectively activate PKG
and associated downstream signaling pathways (without the
use of adenoviral gene transfer) would be an attractive
approach for protecting the heart against ischemia-reperfusion
injury as well as myocardial infarction-induced heart failure. In
this respect, the potent phosphodiesterase-5 (PDE-5) inhibitors
including sildenafil and other erectile dysfunction drugs are
promising agents for stimulation of PKG in the heart. Because
PDE-5 is a major enzyme that is responsible for catalytic break-
down of cGMP in the vascular smooth muscle cells (12), its
inhibition leads to increased cGMP accumulation and subse-
quent activation of PKG. Interestingly, our laboratory first dis-
covered a cardioprotective effect of sildenafil that was depend-
ent on enhanced nitric oxide (NO) generation through
activation of endothelial/inducibleNOsynthase (eNOS/iNOS),
activation of PKC, and opening ofmito-KATP channels (13–15).
We also demonstrated that PDE-5 inhibition attenuated cell
death following simulated ischemia and reoxygenation through
NO-dependent up-regulation of the Bcl-2/Bax ratio in adult
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cardiomyocytes (16). However, it is not known whether the
protection afforded by sildenafil, and other PDE-5 inhibitors,
against ischemia-reperfusion injury in the heart is causatively
related with PKG activation. Moreover, the cardioprotective
mechanisms, as well as downstream effectors triggered follow-
ing activation of PKG with sildenafil are not completely under-
stood. Accordingly, the primary goal of this investigationwas to
demonstrate a direct cause and effect relationship between
PKG activationwith sildenafil and protection against ischemia/
reperfusion injury. The second goal was to determine the
downstream targets of sildenafil-induced PKG activation
including Akt, ERK, and JNK that were previously shown to be
phosphorylated in the PKGI�-overexpressed cardiomyocytes
and played an essential role in PKGI�-induced cytoprotection
(11). Third, because PKG-induced phosphorylation and subse-
quent inhibition of GSK3� in osteoblasts (17) and GSK3�
inhibition has been proposed as an essential mechanism for car-
dioprotection (18, 19), we also sought to investigate if sildenafil-
induced protection involves PKG-dependent phosphorylation
of GSK3� in cardiac cells. We performed the present study in
our establishedmodels of simulated ischemia-reoxygenation in
adult cardiomyocytes and isolated perfused heart subjected to
global ischemia-reperfusion. Our data show that sildenafil
induces cardioprotection through PKG and phosphorylation of
ERK1/2 and GSK3� in conjunction with the increase in Bcl-2/
Bax in cardiomyocytes and intact heart.

EXPERIMENTAL PROCEDURES

Isolation of Ventricular Cardiomyocytes—Adult male out-
bred ICR mice (�30 g) and adult male Wistar rats (�300 g)
were purchased fromHarlan (Indianapolis, IN). Animal exper-
iment protocols were approved by the Institutional Animal
Care and Use Committee of Virginia Commonwealth Univer-
sity. The ventricular cardiomyocytes were isolated using an
enzymatic technique as previously reported (11, 16). In brief,
the mouse or rat was anesthetized with sodium pentobarbital
(100 mg/kg, intraperitoneal) and the heart was removed and
retrograde perfused in a Langendorff system (37 °C) with a
Ca2�-free bicarbonate-based buffer containing: 120 mM NaCl,
5.4mMKCl, 1.2mMMgSO4, 1.2mMNaH2PO4, 5.6mM glucose,
20mMNaHCO3, 10mM 2,3-butanedionemonoxime, and 5mM
taurine, whichwas continuously gassedwith 95%O2� 5%CO2.
The enzymatic digestion was commenced by adding collagen-
ase type II (Worthington; 0.5 mg/ml) and protease type XIV
(0.02 mg/ml) with 50 �g of CaCl2 to the perfusion buffer. The
digested ventricular tissue was cut into chunks and aspirated
with a transfer pipette for facilitating cell dissociation. The cell
pellet was re-suspended for a three-step Ca2� restoration pro-
cedure (i.e. 125, 250, and 500 �M CaCl2). The freshly isolated
mouse cardiomyocytes were then platedwithminimal essential
mediumM1018, pH7.35–7.45, containing 1.2mMCa2�, 12mM
NaHCO3, 2.5% fetal bovine serum, and 1% penicillin-strepto-
mycin onto slides or dishes that were precoated with 20 �g/ml
mouse laminin for 1 h. The isolated cardiomyocyteswere plated
withMedium199 containing 2mM L-carnitine, 5mMcreatine, 5
mM taurine, 5 mM glucose, 0.1 �M insulin, 10% fetal bovine
serum, and 1% penicillin-streptomycin. After 1 h of plating, the
cardiomyocytes were infected with adenoviral vectors contain-

ing PKG-shRNA or control shRNA in serum-free growth
medium for 24 h.
Experimental Protocols—The cultured cardiomyocytes

(shown in Fig. 1A) were incubated at 37 °C and 5% CO2 for 1 h,
with orwithout 1 or 10�M sildenafil (a pure solid powder kindly
provided by Pfizer, Inc., dissolved in water). A subgroup of car-
diomyocytes were treated with PKG inhibitors KT5823 (2 �M)
or Rp-8-pCPT-cGMPs (100 �M) (both purchased from Calbio-
chem), or DT-2 trifluoroacetate (125 nM) (purchased from
Sigma) with or without sildenafil for 1 h. The cardiomyocytes
were then subjected to SI for 40 min by replacing the cell
medium with an “ischemia buffer” that contained 118 mM
NaCl, 24mMNaHCO3, 1.0mMNaH2PO4, 2.5mMCaCl2-2H2O,
1.2 mMMgCl2, 20 mM sodium lactate, 16 mM KCl, 10 mM 2-de-
oxyglucose (pH adjusted to 6.2) as reported previously (16). In
addition, the cells were incubated under hypoxic conditions at
37 °C by adding N2 gas into a tri-gas incubator and maintained
at 1–2%O2 and 5% CO2 during the entire SI period. Reoxygen-
ation was accomplished by replacing the ischemic buffer with
normal cell medium and resuming normoxic conditions. Cell
necrosis and apoptosis were assessed after 1 or 18 h of reoxy-
genation, respectively.
Evaluation of Cell Viability andApoptosis—Cell viability was

assessed by trypan blue exclusion assay as reported previously
(11, 16). Cardiomyocyte apoptosis was analyzed by TUNEL
staining, using a commercial kit (BD Biosciences) that detects
nuclear DNA fragmentation via a fluorescence assay as previ-
ously reported (11, 16). In brief, after SI and 18 h of reoxy-
genation, the cells in two chamber slides were fixed by 4%
formaldehyde/phosphate-buffered saline at 4 °C for 25 min
and subjected to TUNEL assay according to the manufactur-
er’s protocol. The slides were then counterstained with
Vectashield mounting medium with 4�,6-diamidino-2-phe-
nylindole (a DNA intercalating dye for visualizing nuclei in
fixed cells; catalogue number H-1200, Vector Laboratories).
The stained cells were examined under an Olympus IX70
fluorescence microscope.
Langendorff-perfusued Mouse Heart—The methodology of

isolated perfused mouse heart was described in detail in our
previous publications (20, 21). In brief, the animal was anesthe-
tized with heparinized sodium pentobarbital (100 mg/kg, 33
units of heparin, intraperitoneal), the heart was quickly
removed from the thorax and the aortic opening of the heart
rapidly cannulated (�3 min) and tied onto a 20-gauge blunt
needle connected to Langendorff perfusion system. The heart
was retrogradely perfused by modified Krebs-Henseleit solu-
tion containing: 118 mMNaCl, 24 mMNaHCO3, 2.5 mM CaCl2,
4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose,
0.5 mM EDTA, which was continuously gassed with 95% O2 �
5% CO2 (pH � 7.4) and heart temperature was maintained at
�37 °C. Ventricular function was measured by a force-dis-
placement transducer (model FT03,Grass) attached to the apex
with 5-0 surgical thread and metal hook and was continuously
recorded with a PowerLab 8SP computerized data acquisition
system.Coronary flow ratewasmeasured by timed collection of
the outflow of heart perfusate. The hearts were not electrically
paced. Further details of the isolated heart experiment protocol
are illustrated in Fig. 1E.
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Measurement of Infarct Size—At the end of reperfusion, the
heart was immediately removed from the Langendorff appara-
tus, weighed and frozen at �20 °C. The frozen heart was cut
into six to seven transverse slices, stained by 10% tetrazolium
chloride for 30 min at room temperature (�22 °C), and subse-
quently fixed with 10% formalin for 2 to 4 h. The infarct area
and risk zone was measured using computer morphometry
(Bioquant 98). The risk area was calculated as total ventricular
area minus the area of the cavities. The infarct size was pre-
sented as percentage of the risk area.
Construction of shRNA Adenoviral Expression Vectors—To

knockdown the expression of PKG, we used siRNA, targeting
themouse cDNAof PKG type I (GenBankTM accession number
NM_001013833): corresponding to bases 1593 to 1611, target-
ing the sequence 5�-GAACAAAGGCCATGACATT-3�, syn-
thesized by Dharmacon Research Inc. (Lafayette, CO). A non-
targeting scrambled RNA duplex siRNA control (NTSC,
Dharmacon) containing 21-nucleotide sequences demonstrat-
ing no homology to murine genes was also used as a control for
transfection. Transient transfections of duplex siRNAs (100
nM) were performed in H9C2 cells using siPORTTM amine
(Ambion). After 48 h, RNA was isolated by Tri-Reagent
(Molecular Research Center), and RT-PCR and quantitative
real-time PCR were performed. After confirming the signifi-
cant reduction of PKG expression in H9C2 cells using this
duplex siRNA targeting the mouse PKGI, shRNA expression
vector for PKG was constructed using the pSilencerTM
adeno1.0-CMV system from Ambion (Adenoviral siRNA
expression Vector System). The hairpin siRNA oligonucleotide
(55-mer) sequence 5�-TCGAGGAACAAAGGCCATGACAT-
TttcaagagaAATGTCATGGCCTTTGTTCAGA-3� (mouse
PKGI with sequence in capital letters and loop in lowercase
italics) and its antisense with XhoI and SpeI were synthesized,
annealed, and subcloned into the pSilencer adeno 1.0-CMV
shuttle vector. HEK293 cells were transfected with linearized
shRNA vector together with adenoviral LacZ backbone to gen-
erate a recombinant adenovirus.
PKGActivity Assay—PKG activity was assayed by colorimet-

ric analysis with a CycLex cGMP-dependent protein kinase
assay kit (MBL International, Woburn, MA) in the whole heart
lysate as well as the myocyte lysate according to the manufac-
turer’s protocol. PKG activity was further confirmed by meas-
uring the phosphorylation levels of vasodilator-stimulated
phosphoprotein (VASP) in the heart after treatment with silde-
nafil in the presence or absence of KT5823.
Western Blot Analysis—Total soluble protein was extracted

from the myocytes with reporter lysis buffer (Promega) and
fromwhole heart tissuewith RIPA buffer. The homogenatewas
centrifuged at 14,000 � g for 15 min under 4 °C and the super-
natant was recovered. 50 �g of protein from each sample was
separated by SDS-PAGE and transferred onto nitrocellulose
membrane (11, 16). The membrane was incubated with pri-
mary antibody at a dilution of 1:1000 for each of the respective
proteins, i.e. PKG, actin (goat polyclonal), pAkt, Akt, pERK,
ERK, pP38, P38, pJNK, JNK, Bcl-2, Bax (rabbit polyclonal)
(Santa Cruz Biotechnology), pGSK (Ser9), GSK, pVASP
(Ser239), and VASP (Cell Signaling Technology). The mem-
brane was washed and incubated with horseradish peroxidase-

conjugated secondary antibody (1:2000 dilution, 1 h at room
temperature). The blots were developed using a chemilumines-
cent system (ECL Plus; Amersham Biosciences).
RT-PCR and Quantitative Real-time PCR—The total RNA

was isolated from cardiomyocytes and the heart using Tri-
Reagent (Molecular Research Center) (16). The reverse tran-
scription and PCR amplification were performed using
OneStep RT-PCR kit fromQiagen. The sequences of oligonu-
cleotide primers used for RT-PCR were: forward, 5�-TCATC-
GAGGCTATGCCAAACTG-3� and reverse, 5�-TCTGTGGG-
TGACGCAACACTTGG-3� corresponding to the target
sequence of mouse PKGI (GenBank accession number
NM_001013833).�-Actin was used as an internal control and
the primers used for RT-PCR were: forward, 5�-TGGGCC-
GCTCTAGGCACCA-3� and reverse, 5�-TGGCCTTAGGG-
TTCAGGGG-3� (GenBank accession number M12491). The
transcript levels of PKG were quantified by real time PCR per-
formed in the ABI prism 7900HT sequence detector system
(Applied Biosystems, Foster City, CA) using the TaqMan�One
Step PCRMaster reagent kit (product number 4309169). All of
the samples were processed in triplicate according to the man-
ufacturers recommended conditions. The cycling conditions
were: 48 °C for 30 min, 95 °C for 10 min, 40 cycles of 95 °C for
15 s and 60 °C for 1min. The cycle threshold was determined to
provide the optimal standard curve values (0.98–1.0). The
primers used for PKG were: forward, 5�-TGGTCACTAGGA-
ATTCTGATGTATGAG-3� and reverse, 5�-TGATATTGTA-
GGTTTTCATTGGATCTG-3� and the TaqMan probe was:
5�-TCTGACTGGCAGCCCACCTTTCTCA-3�. The probes
and primers were designed using the Primer Express� 2.0 ver-
sion and synthesized in the Nucleic Acid Research Facilities of
Virginia Commonwealth University. The probes were labeled
in the 5� endwith FAM(6-carboxyfluorescein) and in the 3� end
with TAMRA (6-carboxytetramethylrhodamine). Ribosomal
RNA (18S rRNA) from the predeveloped TaqMan Assay
Reagents (product number 4310893E) was used as an endoge-
nous control.
Data Analysis and Statistics—Data are presented as mean �

S.E. The differences between groups were analyzed with one-
way analysis of variance followed by Student-Newman-Keuls
post hoc test for pair-wise comparison. p� 0.05was considered
to be statistically significant.

RESULTS

Sildenafil Protects Cardiomyocytes against Necrosis through
PKG—Our method for cell preparations yielded at least 85% of
the cardiomyocyteswith rod-shapedmorphology (Fig. 1B). The
myocytes were treated with or without 1 �M sildenafil for 1 h
(Fig. 1A). Another group of cells were treated with PKG inhib-
itor, KT 5823, Rp-8-CPT-cGMPs or DT-2 for 1 h in the pres-
ence or absence of sildenafil. After 40 min of SI and 1 h of RO,
the percentage of trypan blue positive (necrotic) cardiomyo-
cytes increased to 42.4 � 2.9% as compared with 2.0 � 0.0% in
non-ischemic controls (n � 4, p � 0.001; Fig. 1C). The percent
of necrotic cardiomyocytes decreased from 42.4 � 2.9 in the
SI-ROgroup to 15.1� 2.2 in the sildenafil-treated group (n� 4,
p � 0.001; Fig. 1C). KT5823, Rp-8-CPT-cGMPs, or DT-2 abol-
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FIGURE 1. Experimental protocol. A, isolated mouse cardiomyocytes incubated for 1 h with or without sildenafil (SIL) (1 �M) in the presence or absence of
protein kinase G (PKG) inhibitor, KT2358 (2 �M), Rp-8-pCPT-cGMPs (100 �M), or DT-2 (125 nM) and subjected to 40 min of SI and 1 or 18 h of RO. Cell necrosis and
apoptosis were assessed after 1 or 18 h of reoxygenation, respectively. B, representative image of isolated mouse cardiomyocytes. C, quantitative data showing
the effect of sildenafil (1 �M) with or without KT5823 (KT), Rp-8-pCPT-cGMPs (Rp), or DT-2 on cardiomyocyte necrosis following SI-RO as determined by trypan
blue staining (* indicates p � 0.001 versus SI-RO; n � 4). D, quantitative data showing the effect of sildenafil (1 �M) with/without KT5823 (KT), Rp-8-pCPT-cGMPs
(Rp), or DT-2 on cardiomyocyte apoptosis following SI-RO determined by TUNEL assay (* indicates p � 0.001 versus SI-RO; n � 4). E, isolated perfused hearts
subjected to 10 min of intracoronary infusion of sildenafil (1 �M, at 0.25 ml/min pump speed) or Krebs-Henseleit (K-H) buffer followed by 20 min of no-flow
global ischemia and 30 min of reperfusion. Myocardial infarct size was determined after the ischemia-reperfusion protocol. KT5823 (1 mg/kg) or volume-
matched DMSO (solvent of KT5823) were administered (intraperitoneal) 1 h prior to the heart isolation. F, infarct size (% of risk area); G, double product of heart
rate and ventricular developed force (% of pre-ischemic baseline); and H, coronary flow (% of pre-ischemic value). * indicates p � 0.05 versus all other groups.
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ished the protective effect of sildenafil without having any fur-
ther effect on cell death in the SI-RO cardiomyocytes (Fig. 1C).

After 40min of SI and 18 h of RO, apoptotic nuclei increased
from0.7� 0.1% (in non-ischemic control group) to 22.5� 1.9%

of total cells (p � 0.001, n � 4; Fig. 1D). Sildenafil reduced
TUNEL-positive cells to 4.7 � 0.4% (p � 0.001, n � 4; Fig. 1D).
KT5823, Rp-8-CPT-cGMPs, as well as DT-2 blocked sildenafil-
induced protection against apoptosis. These PKG inhibitors

FIGURE 2. Effect of sildenafil (SIL) on PKG. A, PKG activity in the heart and cardiomyocytes following treatment with sildenafil (1 �M) and KT5823 (* indicates
p � 0.05 versus respective control; n � 3). B, representative Western blot showing the phosphorylation of VASP protein and densitometry analysis of the ratio
of pVASP/total VASP following treatment with sildenafil and KT5823 in mouse hearts (* indicates p � 0.05 versus control and SIL�KT; n � 3). C, expression of
PKG protein in the heart and cardiomyocytes following treatment with sildenafil (n � 3, NS).
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alone had no significant effect as
compared with untreated SI-RO
control group (Fig. 1D).
Role of PKG in Sildenafil-induced

Protection in Mouse Heart—Intra-
coronary administration of silde-
nafil (1�M) prior to global ischemia-
reperfusion reduced infarct size
from 29.4 � 2.4 to 16.0 � 3.0% (p �
0.05; Fig. 1F). The infarct-limiting
protection of sildenafil was abol-
ished byKT5823 (infarct size 31.8�
4.7%), whereas KT5823 treatment
alone had no effect on infarct size
(31.9 � 2.2%; Fig. 2F). In contrast,
sildenafil (� KT5823) failed to
improve the ventricular contractile
function (Fig. 1G). Sildenafil
increased post-ischemic coronary
flow rate (178 � 37% of pre-isch-
emia level), as compared with the
control group (105 � 14%),
although the difference was not sta-
tistically significant due to the high
intra-group variability (p 	 0.05;
Fig. 1H). This vasodilatory change
induced by sildenafil was partially
blunted by KT5823.
Effect of Sildenafil on PKG

Activity—Sildenafil increased PKG
activity in the heart and cardiomyo-
cytes as compared with control
groups (n � 3, p � 0.05, Fig. 2A).
KT5823 inhibited sildenafil-in-
duced PKG activity in the heart and
in cardiomyocytes. Because phos-
phorylation of VASP at Ser239 is
highly selective for PKG, we exam-
ined the level of VASP phosphoryla-
tionusing aphosphospecific antibody
that recognized the PKG-preferred
site in VASP at the Ser239 position.
Gambaryan et al. (22) previously
reported that VASP protein expres-
sion in the mouse heart gradually
decreased from the neonate to adult
age. Our results showed that phos-
phorylation of VASP significantly
increased after sildenafil treatment,
which was completely blocked by
KT5823 (Fig. 2B). VASP proteinwas
undetectable in the isolated adult
mouse cardiomyocytes. The protein
level of PKG remained unchanged
with sildenafil (Fig. 2C).
PKG Knockdown by siRNA and

AdshRNA—RT-PCR (Fig. 3A) and
quantitative real-time PCR (Fig. 3B)

FIGURE 3. Selective knock-down of PKG by siRNA and AdshRNA. A, representative gel showing the tran-
script levels of PKG and �-actin in H9C2 cells after 48 h of transfection by NT siRNA (scrambled siRNA) or
PKG-specific siRNA (PKG siRNA). B, bar diagram showing quantitative changes in PKG mRNA measured by
real-time PCR (* indicates p � 0.001 versus NT siRNA; n � 3). C and E, representative gels showing the transcript
levels of PKG and �-actin in H9C2 cells and cardiomyocytes after 24 h of infection with adenovirus expressing
scrambled shRNA (AdshC) or PKG-specific shRNA (AdshPKG). D and F, bar diagram showing the quantitative
change of PKG mRNA assessed by real-time PCR (* indicates p � 0.001 versus other groups; n � 3). G, repre-
sentative Western blot showing the expression levels of PKG and actin in H9C2 and rat cardiomyocytes after
24 h of infection with AdshC or AdshPKG. H, bar diagram showing the ratio of PKG to actin expression
(* indicates p � 0.01 versus respective AdshC; ** indicates p � 0.001 versus respective AdshC; n � 3). I, PKG
activity in the isolated adult rat myocytes after 24 h of infection with AdshC or AdshPKG.
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showed 70% knock-down of PKG expression after 72 h of trans-
fection with duplex siRNA specific for PKG (siPKG) in H9C2
cells as compared with the scrambled siRNA controls (NT
siRNA); (n � 3, p � 0.001). In addition, to create shRNA, we
designed two complementary 55-mer oligonucleotides accord-
ing to the same sequence of the 21-nucleotide siRNA specific to
PKG, which we annealed and ligated into the shuttle vector to

generate recombinant adenovirus. RT-PCR (Fig. 3, C and E)
and real-time PCR (Fig. 3, D and F) confirmed significant
knock-down of PKG mRNA in H9C2 cells after 48 h and in
adult rat cardiomyocytes after 24 h of infection with AdshPKG
as compared with non-infected controls or AdshC (cells
infected with control adenovirus containing hairpin “scram-
bled” siRNA). Likewise, �60% knock-down of PKG in H9C2

FIGURE 4. Effect of PKG silencing on anti-necrotic and anti-apoptotic effects of SIL in adult rat cardiomyocytes. * indicates p � 0.001 versus SI-RO; n � 4).
A, C, E, G, I, and K, TUNEL-positive nuclei are stained in green fluorescent color. B, D, F, H, J, and L, total nuclei stained with 4�,6�-diamidino-2-phenylindole. A and
B, non-ischemic control (normal) cardiomyocytes; C and D, cardiomyocytes subjected to 90 min of SI and 18 h of RO; E and F, cardiomyocytes treated with 1 �M

sildenafil (SIL) before SI-RO; G and H, cardiomyocytes treated with 1 �M sildenafil and 2 �M KT5823 before SI-RO; I and J, cardiomyocytes infected with AdshC
followed by treatment with 1 �M SIL before SI-RO; K and L, cardiomyocytes infected with AdshPKG followed by treatment with 1 �M sildenafil before SI-RO.
M and N, bar diagram showing quantitative data from four independent experiments of necrosis and apoptosis (* indicates p � 0.001 versus SI-RO; n � 4).
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FIGURE 5. Phosphorylation of Akt, GSK3�, and MAPKs with sildenafil (SIL). A and D, isolated mouse hearts infused with sildenafil (1 �M) for 10 min in the presence
or absence of KT5823 (1 mg/kg) and mouse cardiomyocytes treated with sildenafil (1 �M) for 1 h in the absence or presence of KT5823 (2 �M) for 1 h. B, densitometry
scanning analysis of ratio of pAkt/total Akt (* indicates p � 0.05 versus control and KT � sildenafil; ** indicates p � 0.05 versus control; n � 3). C, densitometry scanning
analysis of ratio of pGSK3�/total GSK3� (* indicates p � 0.01 versus control and KT � sildenafil; n � 3). E, densitometry scanning analysis showing ratio of pERK1/total
ERK1 (* indicates p � 0.05 versus control; n � 3); F, pERK2/total ERK2 (* indicates p � 0.05 versus control; n�3); G, pP38/total p38 (n�3; NS); H, pJNK/total JNK (n�3; NS).
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cells (Fig. 3D) and 50% knock-down in adult cardiomyocytes
(Fig. 3F) was achieved after infectionwithAdshPKGvirus. Also,
AdshPKG was successful in the knock-down of PKG protein
expression in H9C2 cells and cardiomyocytes (Fig. 3,G andH).
Moreover, PKG activity was inhibited with AdshPKG as com-
pared with control as well as AdshC-infected rat cardiomyo-
cytes (Fig. 3I). To determine the direct cause and effect relation-
ship of PKG in sildenafil-induced cytoprotection, the
AdshPKG-infected cardiomyocytes were treatedwith sildenafil
(1 and 10�M) before SI/RO.As expected, sildenafil-treated cells
had reduced necrosis, i.e. 41.0 � 0.7% (SI-RO) versus 21.0 �
0.9% (1�M sildenafil) and 19.5� 0.3% (10�M sildenafil) of total
cells (n � 4, p � 0.001, Fig. 4M). The anti-necrotic effect of
sildenafil was inhibited by KT5823. Moreover, the protective
effect of sildenafil against necrosis was blunted with AdshPKG
as compared with AdshC-infected control cardiomyocytes.
Similarly, AdshPKGabrogated the protective effect of sildenafil

against apoptosis following SI-RO
(n � 4; Fig. 4, K–N). Control car-
diomyocytes infected with AdshC
did not interfere with the protective
effect of sildenafil against apoptosis
(n � 4, p � 0.001; Fig. 4, I, J, andN).
Sildenafil Induces Phosphoryla-

tion of Akt and GSK3�: Role of
PKG—Phosphorylation of Akt at
Ser473 is important for its full activa-
tion. Sildenafil increased phospho-
rylation of Akt in the heart after 10
min of infusion and cardiomyocytes
following 1 h of incubation (Fig. 5,A
and B). Akt phosphorylation was
not completely blunted by KT5823
(Fig. 5,A andB,NSversus sildenafil).
One of the downstream targets acti-
vated by Akt is GSK3� (18, 23). Our
data show that sildenafil enhanced
phosphorylation of GSK3� in the
heart and cardiomyocytes, which
was blocked by KT5823 (Fig. 5,
A–C). These results suggest that
phosphorylation of GSK3� by silde-
nafil is mediated by a PKG-depend-
ent pathway in the heart and car-
diomyocytes, but phosphorylation
of Akt by sildenafil is not completely
dependent on PKG.
Sildenafil Causes PKG-dependent

Phosphorylation of ERK—Sildenafil
induced phosphorylation of ERK1/2
in the heart and cardiomyocytes,
which was inhibited by KT5823
(Fig. 5, D–F). However, no signifi-
cant alteration in phosphorylation
of p38 and JNK was observed fol-
lowing treatment with sildenafil in
the absence or presence of KT5823
(Fig. 5,D,G, andH). The expression

level of total p38 and JNK were increased with sildenafil �
KT5823 as comparedwith control. As a result, the ratio of phos-
phorylated p38/total p38 and pJNK to JNK was decreased
although the differences were nonsignificant (Fig. 5, G and H).
Sildenafil Increases PKG-dependent Expression of Bcl-2—Sil-

denafil enhanced the expression of Bcl-2 in heart and cardiom-
yocytes (n � 3, p � 0.05; Fig. 6, A–C) which was inhibited by
KT5823. The expression of the proapoptotic protein Bax was
not altered by sildenafil (Fig. 6 A, B, and D). Nevertheless, the
ratio of Bcl-2 to Bax was increased with sildenafil treatment,
and was diminished by co-treatment with KT5823 (Fig. 6E).
Effect of PKG Knockdown on Sildenafil-induced Phosphoryl-

ation of Akt, GSK3�, and ERK—The phosphorylation of Akt
was significantly reduced in adult cardiomyocytes after
infection with AdshPKG as compared with AdshC (Fig. 7, A
and B). Nevertheless, sildenafil treatment was still able to
increase Akt phosphorylation in myocytes infected with

FIGURE 6. Role of PKG in sildenafil (SIL)-induced expression of Bcl-2 and Bax. A, isolated mouse hearts
infused with sildenafil (1 �M) for 10 min in the absence or presence of KT5823 (1 mg/kg). B, mouse cardiomyo-
cytes treated with sildenafil (1 �M) in the absence or presence of KT5823 (2 �M) for 1 h. C, densitometry analysis
of the Bcl-2/actin ratio (* indicates p � 0.05 versus control and KT � sildenafil; n � 3); D, Bax/actin ratio (n � 3;
NS); E, Bcl-2/Bax ratio (* indicates p � 0.05 versus control and KT � sildenafil; ** indicates p � 0.01 versus control
and KT � sildenafil; n � 3).
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either AdshC or AdshPKG (Fig. 7, A and B). These results
indicate that the phosphorylation of Akt was partially
dependent on PKG and the enhancement of phosphorylation
of Akt by sildenafil in the AdshPKG-infected cardiomyo-
cytes was not sufficient to elicit cytoprotection (Fig. 4). In
contrast, the phosphorylation of GSK3� and ERK1/2 in
AdshC-infected myocytes was increased after sildenafil

treatment and was completely
inhibited after PKG silencing in
cardiomyocytes (Fig. 7, A and
C–E).
PKG Silencing Blocks Sildenafil-

induced Up-regulation of Bcl-2—
AdshPKG infection caused 55%
knock-down of PKG expression in
cardiomyocytes as compared with
AdshC (Fig. 8, A and B). Bcl-2
expression was increased by silde-
nafil in cardiomyocytes infected
with AdshC, which was completely
inhibited by AdshPKG (Fig. 8, A
and C). PKG knock-down had no
effect on the expression of Bax and
treatment with sildenafil did not
alter Bax level as well (Fig. 8, A and
D). However, the Bcl-2/Bax ratio
was significantly increased after
sildenafil treatment in the AdshC-
infected cardiomyocytes. PKG
silencing with AdshPKG com-
pletely blunted the increase of the
Bcl-2/Bax ratio induced by silde-
nafil (Fig. 8E).
ERK Inhibitor Abrogates Silde-

nafil-induced Protection in Car-
diomyocytes—To elucidate the
important role of ERK in sildenafil-
induced protection, we treated
mouse myocytes for 1 h with ERK
inhibitor, PD98059 (20 �M; Calbio-
chem), in the presence or absence of
sildenafil. After 40 min of SI and 1 h
of RO, the antinecrotic effect of sil-
denafil was inhibited by PD98059
(Fig. 9A). Similarly, PD98059
blocked the sildenafil-induced pro-
tection against apoptosis (Fig. 9B).

DISCUSSION

PDE-5 inhibitors are a class of
vasoactive drugs that have been
developed for treatment of erectile
dysfunction in men (24, 25). Their
mechanism of action involves inhi-
bition of the PDE-5 enzyme and the
resulting increase in the cGMP
level, which leads to smooth muscle
relaxation in the penis. The PDE

enzymes, of at least 11 subtypes, are ubiquitous throughout the
body, and perform a variety of functions. We and other inves-
tigators have provided evidence for the protein expression
and localization of PDE-5 in the ventricular tissue and iso-
lated cardiomyocytes in mice (16, 26) and dogs (27). Since
2002, a number of studies from our laboratory have demon-
strated the cardioprotective effect of PDE-5 inhibitors against

FIGURE 7. Phosphorylation of Akt, GSK3�, and ERK1/2 after silencing of PKG in sildenafil (SIL)-treated
cardiomyocytes. A, Western blotting analysis showing the phosphorylation level of Akt, GSK3�, and ERK1/2.
B, densitometry analysis of the ratio pAkt/total Akt (* indicates p � 0.001 versus control; ** indicates p � 0.01
versus control of AdshC; n � 3). C, pGSK3�/total GSK3� (* indicates p � 0.001 versus control of AdshC; **
indicates p � 0.01 versus control of AdshC; n � 3); D, pERK1/ERK1 (* indicates p � 0.001 versus control of AdshC;
n � 3); E, pERK2/ERK2 (* indicates p � 0.001 versus control of AdshC; n � 3).
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ischemia-reperfusion injury in the intact heart and cardiomyo-
cytes (13–16).We first hypothesized that vasodilatory action of
PDE-5 inhibitors could potentially release endogenous media-
tors of cardioprotection including adenosine and bradykinin
that may trigger the signaling cascade (through the action of
kinases including PKC and MAPKs) and generation of NO by
phosphorylation of eNOS. NO activates guanlylate cyclase
resulting in enhanced formation of cGMP, which activates
PKG. PKG can subsequently open mito-KATP channels (6–8)
that exert cardioprotective effects against ischemia-reperfusion
injury. The current investigation has further elucidated the
direct cause and effect relationship of PKG in protection
against ischemia-reperfusion injury with sildenafil and demon-

strated the novel downstream sig-
naling pathways associated with
cardioprotection. Using RNA inter-
ference and pharmacological inhib-
itors of PKG and ERK, we have
shown that sildenafil-induced car-
dioprotection was associated with
PKG-dependent phosphorylation of
ERK, GSK3�, and increased expres-
sion of Bcl-2 in cardiomyocytes.
Although sildenafil caused a PKG-
independent increase in Akt phos-
phorylation, it was not sufficient to
protect the ischemic cardiomyo-
cytes. These results provide a new
signaling mechanism underlying
the cardioprotective effects of silde-
nafil and possibly other PDE-5
inhibitors that are currently in use
for treatment of ED in men. It is
noteworthy that our current results
are conceptually supported by a
recent study, which demonstrated
that another PDE-5 inhibitor, vard-
enafil, administered at reperfusion
in an isolated rat heartmodel induced
cardioprotection against ischemia-
reperfusion injury through activation
of guanylyl cyclase and enhancement
of PKG activity (28).
As shown in Fig. 1, C and D, sil-

denafil significantly attenuated
necrosis and apoptosis in car-
diomyocytes following simulated
ischemia-reoxygenation and also
reduced infarct size in isolated heart
following global ischemia-reperfu-
sion (Fig. 1F). PKG inhibitors,
KT5823, Rp-8-pCPT-cGMPs, or
DT-2 blocked this protection in car-
diomyocytes (Fig. 1, C and D).
KT5823 also attenuated the silde-
nafil-induced protection in the
intact heart (Fig. 1F). Considering
the potential nonspecific effects of

pharmacological inhibitors of PKG, we designed siRNA to spe-
cifically knockdown the expression of PKG. We observed that
transfection of H9C2 cells with siRNA targeting PKG resulted
in 70% reduction of PKG mRNA expression (Fig. 3, A and B).
Additionally, we prepared an adenoviral expression vector con-
taining shRNA of PKG (using hairpin forming oligo sequence
identical to the above-mentioned siRNA of PKG, AdshPKG)
and successfully reduced the expression of PKG as well as PKG
activity in the primary cultures of cardiomyocytes (Fig. 3, E–I).
The knock-down of PKG expression completely abrogated the
protective effect of sildenafil against necrosis and apoptosis fol-
lowing simulated ischemia and reoxygenation in cardiomyo-
cytes (Fig. 4).

FIGURE 8. Expression of Bcl-2 and Bax after silencing of PKG in cardiomyocytes. A, expression of PKGI, Bcl-2,
and Bax after sildenafil (SIL) treatment. B, densitometry analysis of ratio of PKGI to actin (* indicates p � 0.001
versus control of AdshC; n � 3); C, Bcl-2 to actin (* indicates p � 0.001 versus control AdshC; n � 3); D, Bax to actin
(n � 3; NS); and E, Bcl-2 to Bax (* indicates p � 0.01 versus control of AdshC; ** indicates p � 0.01 versus control
of AdshC; n � 3).
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A distinct NO-cGMP-PKG pathway that leads to direct
phosphorylation and activation of mito-KATP channels has
been proposed in a model of isolated rabbit ventricular myo-
cytes (6, 7). Our previous studies showed acute and delayed
cardioprotection with sildenafil via opening of mito-KATP in
rabbits (14) and mice (29). The NOS-derived NO could trigger
a signal transduction cascade that involves activation of guany-
lyl cyclase, cGMP production, activation of PKG, and opening
of mito-KATP channels (8). This signaling scenario appears to
be consistent with the present results showing PKG depend-
ence and induction of iNOS/eNOS that were associated with
sildenafil-induced cardioprotection in mouse heart (15) and
cardiomyocytes (16). More recent evidence also supports the
notion that PKGmay be the upstream regulator of the signaling
cascade that results in mito-KATP channel opening and cardio-
protection in rats (30). Costa et al. (10) proposed that activated
PKG phosphorylates some target protein that shuttles the car-
dioprotective signal to PKC� residing in the intermembrane
space ofmitochondria. The basis for this compartmentalization
model was that exogenous PKG � cGMP activated mito-KATP
in isolated mitochondria, whereas cGMP alone could not.
More importantly, we have identified a novel PKG-depend-

ent cytoprotective mechanism of sildenafil involving phospho-
rylation of ERK, and GSK3�, and induction of Bcl-2 (as sum-
marized in Fig. 10).We hypothesized that the so-called survival
kinases including ERK and phosphatidylinositol 3-kinase/Akt
could be the potential downstream targets of PKG following its
activation by sildenafil and may play an important role in car-
dioprotection. It has been shown that PKGI canmodulate gene
expression in various cell types by modulating ERK1/2 (4, 31).
PKGI� also induced ERK1/2 via activation of mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase
kinase (MEK) in smooth muscle cells (2). Furthermore, we
recently demonstrated that increased expression of PKGI�
by adenoviral gene transfer in cardiomyocytes in the absence
of sildenafil or other pathophysiological stimuli (such as
ischemic preconditioning) resulted in a cytoprotective phe-
notype that was associated with the phosphorylation of Akt,
ERK, and JNK and increased Bcl-2 expression (11). The pres-
ent results show that sildenafil-induced PKG-dependent phos-

phorylation/induction of ERK,
GSK3�, and Bcl-2 in both isolated
cardiomyocytes and heart (Figs. 5
and 6). Moreover, the ERK inhibi-
tor, PD98059, abolished sildenafil-
induced protection against SI-RO in
cardiomyocytes thereby further
supporting the critical role of ERK
in the protective signaling pathway
(Fig. 9). These data also provide a
novel PKG-dependent signaling
pathway in addition to the previ-
ously reported PKC-ERK cascade
(32). Interestingly, we observed that
the sildenafil-induced increase in
phosphorylation of Akt was only
partially (insignificantly) attenuated
by either KT5823 (Fig. 5) or shRNA-

PKG (Fig. 7). These results suggest that Akt phosphorylation
with sildenafil was not primarily dependent on PKG.Moreover,
sildenafil-elicitedAkt activation alonewas not sufficient to pro-
tect ischemic heart or cardiomyocytes when PKG was inhib-
ited. These data are different from the published studies where
acute activation of Akt has been shown to exert a protective
effect against both myocardial infarction and ventricular dys-
function after ischemia-reperfusion in vivo and in vitro (33, 34).
Clearly, Akt-independent signaling (including phosphorylation
of GSK3� and ERK) appears to be more important in the car-
dioprotective effect of sildenafil.
The present study also provided new evidence for PKG-de-

pendent phosphorylation of GSK3� in cardiomyocytes and the
intact heart (Figs. 5 and 7). Anumber of studies have shown that
GSK3� is the phosphorylation target of phosphatidylinositol
3-kinase/Akt (35, 36). Activation of GSK3� was shown to
induce myocardial apoptosis (37) and GSK3� becomes inacti-
vated when phosphorylated at Ser9 (an N-terminal serine resi-
due) by Akt (38). Persistent inhibition of GSK3� induces com-
pensatory hypertrophy, inhibits apoptosis and fibrosis, and
increases cardiac contractility (39). Ischemic preconditioning,
an endogenously triggered cardioprotective stimulus has also
been shown to enhance phosphorylation of Akt that further
leads to phosphorylation and subsequent inactivation of
GSK3� (18, 23). Hypoxic preconditioning, which also activates
PKC, was shown to phosphorylate and inhibit GSK3� and
cause protection in adult cardiomyocytes, through its ability to
modulate mitochondrial permeability transition, a key compo-
nent of mitochondria-mediated cardiac cell death following
ischemia-reperfusion (19). Activation of several signal trans-
duction pathways, including insulin activation of the phospha-
tidylinositol 3-kinase/Akt pathway, cAMP activation of the
cAMP-dependent protein kinase (40, 41), or Ras activation of
ERK1/2 could also lead to phosphorylation and inhibition of
GSK3� (42–46). The role of GSK3� in modulating cell death
and survival has been suggested by several studies. For example,
GSK3� promotes apoptosis in neuronal cells (41, 47) and vas-
cular smooth muscle cells (38, 41, 47, 48). GSK3� also inhibits
cytoprotective proteins such as heat shock factor-1 and hsp70
(41, 47, 49, 50). Recently GSK3� has been shown to promote

FIGURE 9. Effect of ERK inhibitor, PD98059, on anti-necrotic and anti-apoptotic effects of SIL in mouse
cardiomyocytes. Bar diagram showing quantitative data of necrosis (A) and apoptosis (B) (* indicates p � 0.05
versus DMSO � SI-RO control; n � 4). PD98059 was dissolved in DMSO and myocytes were treated with DMSO
(as vehicle control) or PD98059 (20 �M) for 1 h prior to 40 min of SI and 1 h of RO (for necrosis) and 18 h of RO
(for apoptosis). SIL, sildenafil.
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apoptosis by phosphorylation ofMCL-1, an antiapoptotic Bcl-2
family member, leading to its degradation by a ubiquitin pro-
teasome pathway and in turn facilitating cytochrome c release
and apoptosis (51). There is also an integral role for GSK3� and
�-catenin signaling in regulating VEGF, Bcl-2, and survivin,
whichmay be critical for cardioprotection by ischemic precon-
ditioning (23). We predict that sildenafil (and potentially other
PDE-5 inhibitors) may induce survival through PKG-depend-
ent modulation of one or more of these signaling molecules/
proteins through GSK3� phosphorylation.
During the past 19 years, sildenafil has evolved from a poten-

tial anti-angina drug to an on-demand treatment for erectile
dysfunction and more recently as a new treatment for pulmo-
nary hypertension (52). In addition, animal studies suggest that

thedrughaspowerful cardioprotective effects against ischemia-
reperfusion injury (13–16), doxorubicin-induced cardiomyop-
athy (53), and post-infarction heart failure (54). Sildenafil also
exerts an anti-hypertensive effect against chronic inhibition of
nitric-oxide synthase (55). In the present study, we have iden-
tified a novelmechanismbywhich sildenafil induces a PKG-de-
pendent protective pathway in cardiomyocytes and isolated
hearts subjected to ischemia-reperfusion injury. The sildenafil
treatment caused PKG-dependent phosphorylation of ERK1/2
and GSK3� in conjunction with an increase in the Bcl-2/Bax
ratio in cardiomyocytes and in the intact heart. Thus the PKG-
dependent phosphorylation of GSK3� with sildenafil or possi-
bly other PDE-5 inhibitors may have significant therapeutic
implications in cytoprotection against ischemia-reperfusion
injury as well as myocardial-infarction-induced heart failure.
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