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Abstract

Increased myocardial cGMP, achieved by enhancing cyclase activity or impeding cGMP hydrolysis
by phosphodiesterase type-5 (PDE5A), suppresses cellular and whole organ hypertrophy. The
efficacy of the latter also requires cyclase stimulation and may depend upon co-activation of
maladaptive signaling suppressible by cGMP-stimulated kinase (cGK-1). Thus, PDE5SA inhibitors
could paradoxically be more effective against higher than lower magnitudes of pressure-overload
stress. To test this, mice were subjected to severe or moderate trans-aortic constriction (STAC,
mTAC) for 6 weeks +co-treatment with oral sildenafil (SIL 200 mg/kg/d). LV mass (LVM) rose
130% after 3-wks STAC and SIL blunted this by 50%. With mTAC, LVM rose 56% at 3wks but was
unaffected by SIL, whereas a 90% increase in LVM after 6wks was suppressed by SIL. SIL minimally
altered LV function and remodeling with mTAC until later stages that stimulated more hypertrophy
and remodeling. SIL stimulated cGK-1 activity similarly at 3 and 6 wks of mTAC. However,
pathologic stress signaling (e.g. calcineurin, ERK-MAPKinase) was little activated after 3-wk mTAC,
unlike STAC or later stage mTAC when activity increased and SIL suppressed it. With modest
hypertrophy (3-wk mTAC), GSK3p and Akt phosphorylation were unaltered but SIL enhanced it.
However, with more severe hypertrophy (6-wk mTAC and 3-wk sTAC), both kinases were highly
phosphorylated and SIL treatment reduced it. Thus, PDE5A-inhibition counters cardiac pressure-
overload stress remodeling more effectively at higher than lower magnitude stress, coupled to
pathologic signaling activation targetable by cGK-1 stimulation. Such regulation could impact
responses of varying disease models to PDESA inhibitors.
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INTRODUCTION

Heart failure (HF) is a leading cause of morbidity and mortality affecting an estimated six
million patients in the United States alone [1]. Current treatments target excess fluid load and
block neurohormonal stimulation at the level of cell surface receptors. However, recent
research has uncovered multiple intracellular signaling cascades central to maladaptive HF
remodeling, and many are now being explored as new potential therapeutic targets [2,3]. A
prominent example is the regulatory system controlled by cyclic guanosine monophosphate
(cGMP) and cGMP-stimulated protein kinase (cGK-1). Cardiac cGMP/cGK-1 signaling
counters acute and chronic stress responses and protects against cell death [4,5]. Cyclic GMP
is generated by soluble and receptor guanylate cyclases stimulated by nitric oxide and
natriuretic peptides, respectively, and catabolized by selective members of the
phosphodiesterase (PDE) superfamily. Among the latter, PDE-type 5 (PDE5A) remains the
best characterized, and its inhibition by drugs such as sildenafil (Viagra®) is widely used to
treat erectile dysfunction and pulmonary hypertension [6].

PDESA was the first cGMP-selective PDE discovered, and while important in platelets and
vascular smooth muscle, its role in the heart was long thought to be negligible given low levels
of protein expression and activity [7]. Indeed, in un-stressed hearts and myocytes, acute and
chronic inhibition of PDE5SA has negligible impact [8-10]. However, under conditions of
cardiac stress, PDE5SA inhibitors have been recently shown to suppress beta-adrenergic
stimulation [9-11], and protect hearts against ischemic cardiomyopathy [12], mitochondrial
toxicity [13], and chronic pressure-overload [8]. Genetic studies now provide more direct
support for PDE5SA pro-hypertrophic effects in isolated myocytes, and show its inhibition by
either gene silencing or pharmacologic blockers is anti-hypertrophic in a cGK-1 dependent
manner [14].

The lack of effects from PDESA inhibition in the normal resting heart yet substantial impact
in hearts exposed to various stressors led investigators to propose that its cardiac modulation
acts much like a brake [7]. However, while brakes often work best when countering less force,
PDESA inhibition might actually require a sufficiently high stress to be influential for the
following reasons. First, it can only enhance cGK-1 activity if there is sufficient cGMP
synthesis produced by the relevant cyclase, with NO-stimulated sGC being identified thus far
as the key source [9-11]. Second, PDE5A must itself be active so its inhibition can further
stimulate cGK-1. Third, cGK-1 is not a generalized effecter, but suppresses selective cascades
involved with maladaptive hypertrophy, and these would have to be activated if PDESA
inhibition was to offset this signaling. Thus, anti-hypertrophic effects from PDE5A-inhibition
may only become manifest if the stress meets these conditions.

To test this hypothesis, we contrasted the efficacy of sildenafil treatment in hearts subjected
to moderate versus more severe pressure-overload. Based on data showing cGK-1 (and PDE5A
inhibition) suppresses Gag-signaling pathways [8], we examined whether the efficacy of
sildenafil corresponds with the occurrence of such stimulation. The results show that PDE5A
inhibition has features of a targeted modulator, being more effective with higher magnitudes
of hypertrophic stimulation.

MATERIALS AND METHODS

Animal models

Male C57BI/6 mice (9-12 wks; Jackson Labs, Bar Harbor, ME) were subjected to two models
of pressure-overload produced by transverse aortic constriction (TAC) [8], using either a 27-
gauge (severe TAC; sTAC) or 25-gauge (moderate TAC; mTAC) needle. Sham-operated

control mice underwent the same surgical procedures but without aortic constriction. Sildenafil

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nagayama et al.

Page 3

was prepared fresh every other day by grinding 50 mg Viagra® tablets into a soft diet (Bio-
Serv), and administered at 200 mg/kg/day from the onset of TAC and continued for 6 weeks.
Controls received the soft diet only. The dose was based on higher catabolism of sildenafil in
mice compared to human (~100x), and was increased over that initially reported [8] as the
prior dose while effective yielded free plasma sildenafil concentrations of ~10 nM, very close
to the in vitro 1Csq for PDE5SA. The 200 mg/kg/dose resulted in a 55.6£13 nM level (measured
after 3 weeks of chronic therapy) similar to that for humans following a 100 mg oral dose
[15], and still well below the ICgq for PDEL. The protocol was approved by the Johns Hopkins
Medical Institutions Animal Care and Use Committee.

Physiologic studies

Cardiac function was assessed in conscious mice by transthoracic, two-dimensional, guided
M-mode echocardiography (Sequoia C256, Siemens, NY) with the 15 MHz linear-array
transducer. More comprehensive in vivo cardiac mechanics was determined using a miniature
pressure-volume catheter (SPR-839, Millar Instruments, Inc., Houston, TX) inserted via the
LV apex in anesthetized, open-chest mice, as described [9].

Protein and Gene Expression

Protein extract was obtained from snap-frozen cardiac tissue. Immunoblots were performed
using primary antibodies to phospho-(Ser473)-Akt (1:500, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), Akt, ERK, phospho-(Thr202/Thr204)-ERK, glycogen synthase 3f
(GSK3p), phospho-(Ser9)-GSK3p, GAPDH (1:1000, Cell Signaling Technology, Inc.,
Danvers, MA), and calcineurin (Cn; 1:2000, BD Biosciences, Sparks, MD). Secondary
antibodies used were either goat anti-rabbit immunoglobulin G (1gG) or goat anti-mouse 1gG2b
conjugated with horseradish peroxidase (1:3000, Santa Cruz Biotechnology). Protein bands
were detected using GE Amersham chemiluminescence reagent and visualized by exposure to
X-ray film. Protein band intensity was quantified by laser scanner and results expressed as
arbitrary units. Equal loading was confirmed by Ponceau (Sigma-Aldrich, Louis, MO) method.

Total RNA was extracted from homogenized mouse heart tissue with TRIzol (Invitrogen).
Messenger RNA expression was determined by quantitative rtPCR after converting to cDNA
using either SYBR green method or Tagman probe method. PCR reactions were performed,
recorded, and analyzed by using the ABI PRISM Detection System (Applied Biosystems,
Foster City, CA). The following primers were used: Mouse ANP 5'-
TCGTCTTGGCCTTTTGGCT-3' (forward) and 5TCCAGGTGGTCTAGCAGGTTCT-3’
(reverse); Mouse BNP 5-AAGTCCTAGCCAGTCTCCAGA-3' (forward) and 5'-
GAGCTGTCTCTGGGCCATTTC-3' (reverse); Mouse -MHC 5'-
ATGTGCCGGACCTTGGAAG-3' (forward) 5'-CCTCGGGTTAGCTGAGAGATCA-3’
(reverse). PCR samples were run in duplicate and normalized to GAPDH. PCR conditions
were 15 min at 95°C and 40 cycles of 95°C for 30 s, 57°C for 15 s, and 72°C for 15 s. Specificity
of the SYBR green assays was confirmed by dissociation curve analysis. Regulator of
Calcineurin-1 (RCAN-1) expression was used to index calcineurin activation (Applied
Biosystems: MCIP1, Mm01213407_m1). PCR samples (25ng) were run in duplicate and
normalized to GAPDH. Reactions were performed with 900 nM of the specific primer pairs
and 250 nM of specific probe. PCR conditions used were 15 min at 95°C and 40 cycles of 95°
C for 15 s and 60°C for 60 s.

cGK-1 Activity

cGMP protein kinase activity was assessed by colorimetric analysis (CycLex, Nagano, Japan)
following manufacturer’s instructions, and utilizing the same protein extracts used for
immunoblot analyses. Protein concentration was determined by the BCA method (Pierce), and
30 pg of whole heart lysate from each sample used to assess cGK-1 activity.
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Statistical Analysis

Data are presented as mean + SEM. Differences between multiple groups were compared by
analysis of variance (ANOVA, one- or two-way as appropriate) followed by a Tukey’s multiple
comparisons test. Serial studies were tested by repeated measures ANOVA. P values of <0.05
were considered significant.

RESULTS

Sildenafil more effectively suppresses hypertrophy in severe versus moderate TAC

Figure 1 shows example echocardiographic M-mode tracings (1A) and corresponding
summary data (1B) for these experiments. Hearts subjected to STAC developed >100%
increase in estimated left ventricular mass after 3 weeks, which was reduced by half in animals
co-treated with sildenafil. Cardiac remodeling/dilation from sTAC was reflected by chamber
dilation (LV end-diastolic and end-systolic dimension) and a decline in fractional shortening.
All of these changes were ameliorated by sildenafil treatment. In contrast, mice subjected to
mTAC developed about half the extent of LV hypertrophy after 3 weeks (+56%), and LV end-
diastolic volumes declined, consistent with concentric compensated hypertrophy. At this time
point, sildenafil treatment had no impact on any mechanical or remodeling parameters (Figure
1B). After 6 weeks of mTAC, non-treated mice now developed chamber dilation, with reduced
fractional shortening (FS), and increased hypertrophy (~100% increase). However, this
remodeling was now significantly blunted in mice receiving sildenafil therapy. These
differential responses were confirmed at post-mortem analysis (heart weight/tibia length; 76.9
+1.1 vs 82.0+3.2 mg/mm 3-wks mTAC; 92.2+2.7 vs 79.9+4.2 mg/mm 6-wks mTAC; vehicle
vs SIL, respectively, p<0.01 by 2-way ANOVA).

PDES5 inhibition enhances function in mTAC hearts exposed to more sustained stress

To examine the effect of sildenafil treatment on mTAC induced changes in cardiac function
in greater detail, we performed pressure-volume loop analysis. Sildenafil has been previously
shown to enhance left ventricular systolic function in hearts exposed to sSTAC for 3-wks [8]
(e.g. increase in dP/dty,a/IP from 192+6.9 to 256+8.4 sec 1, reduce end-systolic volumes from
23.3+3.310 6.4%1.7 uL; STACSIL respectively, both p<0.01; increase end-systolic elastance
by 90%, p<0.05; details in supplemental table in ref [8]). These changes occurred with no
alteration in LV afterload. In contrast, sildenafil had negligible effects after 3-wks of mTAC
(Fig. 2A, B). Chamber volumes and end-systolic elastance (upper left corners of the loops)
was unaltered, though there was a slight rise in dP/dty,/I1P. After more prolonged mTAC
exposure and greater hypertrophic stimulation, LV chambers dilated and displayed a rightward
shift of the end-systolic pressure-volume relation (ESPVR). Mice receiving SIL treatment now
displayed less remodeling and improved systolic function (both slope of ESPVR, Ees, and and
dP/dtmax/IP increased; Figure 2B).

PKG is equally potentiated by sildenafil at 3 and 6 weeks of mTAC

To test whether late but not early efficacy of PDE5-inhibition with mTAC reflected an
inadequate stimulation of cGK-1 at the earlier time point, perhaps due to insufficient cyclase
activity, we determining cGK-1 activity by in vitro assay (Figure 3A). cGK-1 activation
increased after 3 and 6-wks of mMTAC in a gradual manner, with the latter reaching a similar
2-fold increase as previously observed with untreated 3-wks STAC [8]. SIL treatment further
increased cGK-1 activity to ~4-5 times above sham controls at both time points. This level is
also similar to that previously reported after 3-wks of STAC+SIL [8] (also shown in Fig. 3A).
Thus, the difference in SIL modulation of cardiac function and remodeling on 3- versus 6-wk
mTAC could not be explained based on differential potentiation of cGK-1 activity.
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PDES5A Inhibition is Effective when Hearts Display Activation of Targeted Signaling

Given similar cGK-1 activation with SIL treatment at both mTAC time points, we next
hypothesized that the efficacy of SIL to suppress hypertrophy may depend upon the activation
of specific kinase targets that contribute to the stress response. Figure 3B shows results for two
major enzymes that contribute to pathologic hypertrophy and have been previously shown to
be targeted by PDESA-inhibitor/cGK-1 signaling, extracellular response kinase (ERK1/2) and
calcineurin (Cn) [8]. ERK1/2 phosphorylation modestly increased after 3-wks of mTAC but
was unaffected by SIL co-treatment, and even less stimulation of Cn was observed in either
condition. However, after 6-wks of mTAC, ERK1/2 activation and Cn expression were
markedly upregulated, at levels similar to those observed after 3-wks sTAC. In this condition,
SIL significantly suppressed both responses (previously reported with 3-wks sTAC [8,16]).
Cn activity was further assayed by RCAN-1 gene expression (Fig. 3C). RCAN-1 expression
was negligibly changed after 3 weeks (xSIL), but increased by 6-wks mTAC. Importantly, at
the higher level of activation, SIL now reduced expression to control levels. RCAN-1
expression at 3-wks sTAC is shown by way of comparison, and prior studies have demonstrated
SIL suppressed this response [16].

Fetal gene re-expression is also a marker of pathologic hypertrophy. At 3-wks mTAC, ANP
expression increased significantly, but not markedly, and was unaltered by SIL treatment,
whereas much higher expression was observed at 6-wks mTAC and was blunted by SIL. B-
MHC expression remained at control levels till 6-wks of mTAC, and was unaltered by SIL.
Reference expression change with 3-wks sTAC are shown for these genes as well, and the
impact of SIL is consistent with prior reports [8,16].

Sildenafil enhances Akt and GSK3p activation early but reduces it later with mTAC

The serine/threonine kinase Akt and its downstream target glycogen synthase kinase 33
(GSK3p) are potent modulators of cardiac hypertrophy. Their upregulation is thought to
contribute to physiologic hypertrophic responses, but if enhanced at sufficiently high levels,
they can contribute to pathologic remodeling. We reported that STAC activates both Akt and
GSK3B, and that this can be reversed by SIL treatment [8]. Here we examined how these
signaling cascades were activated by mTAC and modulated by SIL. At 3-wks of mTAC, neither
kinase was activated over sham controls, but interestingly, SIL treatment resulted in a
significant increase in phosphorylation. The opposite pattern was observed after 6-wk mTAC,
where phosphorylation of both proteins was significantly increased over baseline, and now SIL
depressed this response. Thus, the impact of SIL was bimodal, and depended upon the severity
of the hypertrophic stimulus and activation level of Akt/GSK3p kinases.

DISCUSSION

The current findings reveal an intriguing and important phenomenon regarding the ability of
PDESA inhibition to suppress hypertrophic responses induced by pressure-overload.
Specifically, this strategy is more effective when stresses are of a higher magnitude and activate
targeted pathologic signaling cascades, whereas moderate hypertrophy stimulation is less
impacted. Prior studies reporting efficacy of sildenafil when treatment was initiated at the start
[8] or delayed until more established disease developed [16] have employed a severe TAC
model that induces a marked cardiac stress response. Here we showed far less initial impact
of PDESA inhibition when confronting mTAC, yet over time as the hypertrophic stimulus
reached a sufficient magnitude and was accompanied by activation of targeted stress kinases,
(e.g. ERK1/2 and calcineurin), SIL treatment became effective. This behavior differs somewhat
from approaches that directly inhibit a single enzyme or block transcriptional regulation, where
modest hypertrophy is often more readily suppressed than severe disease.
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Despite the recognition that the cGMP-cGK-1 pathway has anti-hypertrophic effects in the
heart, therapeutic strategies to effectively harness this have faced limitations. In particular,
stimulation of upstream cGMP synthesis either by providing nitric oxide donors or natriuretic
peptides have not translated into effective anti-hypertrophic treatments. Both have prominent
effects on peripheral vascular tone, and particularly for NO donors and organo-nitrates this
dominates the pharmacology. Secondly, chronic nitric oxide stimulation results in tolerance,
in part from S-nitrosylation of sGC itself [17], and in part from up-regulation of PDEs such as
PDE1c [18] and PDESA [19,20]. Lastly, administering compounds exogenously does not
necessarily yield the same intracellular signal, and this appears particularly important for cyclic
nucleotides which are tightly regulated in microdomains within the cell [21]. This results in
different functional pools of cGMP produced by sGC versus rGC [11,22] (i.e. natriuretic
peptide stimulated), and corresponding regulation. In contrast, inhibition of a specific phospho-
diesterase provides more local control of cGMP and in the cells of interest. For PDE5SA,
vasodilation targets the pulmonary vasculature and corpus cavernosum, and in a sufficiently
stressed myocardium, there appears substantial impact as shown by augmented cGK-1 activity.

Even genetic strategies that modify guanylate cyclase have only been reported to suppress
rather modest hypertrophy [23,24], whereas PDESA inhibition was shown to counter a far more
potent hypertrophic stimulus [8,16]. This may be due to the greater impact of blocking cGMP
hydrolysis as a means of stimulating cGK-1 activity, whereas stimulating cGMP synthesis
without concomitant blockade can be offset by feedback activation of its hydrolysis [7].
However, for PDESA inhibition to be effective there must also be sufficient activation of the
underlying cyclase, as well as activation of maladaptive enzymes targeted by cGK-1. The
finding that cGK-1 activity is enhanced similarly at both 3 and 6wks of mTAC, at levels similar
to those after 3wks of STAC, indicates that sufficient cyclase activation occurred even when
SIL did not exhibit anti-hypertrophic effects. Thus, the primary factor would appear to be
activation cGK-1 targetable proteins. This insight may be relevant to studies exploring the
efficacy of a PDESA strategy in other forms of hypertrophic disease (e.g. related to genetic
mutations) where such signaling may not be involved, or conditions with less severe disease.

The lack of SIL effects on mild hypertrophy generated after 3-wks of mTAC was not simply
due to the lack of any pressure-overload response to begin with. Though reduced in magnitude,
LV mass rose significantly (confirmed by post-mortem analysis) to levels previously generated
and inhibited by upregulating GC-A [24]. Secondly, SIL treatment induced a marked rise in
cGK-1 activity at the 3-wk mTAC time point. This indicates stimulation of resting cyclase
activity, a response that is not observed in un-stressed (sham operated) controls treated with
SIL for the same duration [8]. Third, we found increased in ERK1/2 phosphorylation and ANP
expression (nearly 2-times increased) at this time point, further supporting activation of a
pathologic stress response, albeit ata lower level. These data show that modest but compensated
hypertrophic responses were induced in the early phase mTAC, yet were not suppressed by
SIL.

cGK-1inhibition of Cn-activated NFAT transcriptional regulation was first revealed by Fiedler
etal in a study of neonatal myocytes [25]. SIL similarly suppresses NFAT stimulation induced
by Gg-coupled a-adrenergic receptor agonists in isolated myocytes [8], and in the intact heart,
reduces Cn expression and activity reflected by RCAN-1 expression [16]. More recently, we
have found that an important mechanism of SIL suppression of early-phase hypertrophic
remodeling is its interaction and activation of regulator of G-protein coupled signaling-2
(RGS2) [26]. This GTPase particularly targets Gag-coupled signaling, restoring the hetero-
trimeric G-protein complex. In vascular smooth muscle, activated cGK-1 binds to and
phosphorylates RGS2, and then co-migrates to the sarcolemmal membrane where it suppresses
angiotensin-stimulated vasoconstriction [27]. Though RGS proteins target many G-protein
species and coupled receptors, in cardiomyocytes, RGS2 now appears to particularly regulate
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Gag/11 signaling [28]. We have observed that mice lacking RGS2 develop profound early
hypertrophy, heart failure, and mortality after TAC, with increased Gag-coupled signaling
(including ERK1/2 and Cn), and SIL cannot suppress this response [29]. Yet, chronic
swimming exercise, which does not trigger these pathologic signaling cascades, was performed
perfectly well by RGS2~/~ mice [26]. SIL treatment also does not influence physiologic
hypertrophy induced by swimming exercise [30]. Thus, an important early target of SIL via
cGK-1 activation appears to be negative regulation of Gag. The present data further support
the notion that sufficient amplitude of pathologic stress signaling, likely involving Gaq
activation, is important for PDE5-inhibition to effectively blunt hypertrophy.

GSK3p is a negative regulator of cardiac hypertrophy and positive regulator of cell survival.
Thus, phosphorylation inactivating the enzyme stimulates hypertrophy [31] while de-
phosphorylation (activation) provides cardiomyocyte protection against apoptosis [32]. Both
GSK3p and Akt, an upstream kinase that can modulate GSK3p activity, were phosphorylated
by SIL therapy after 3-wk mTAC. Yet after 6-wks, when both proteins displayed enhanced
resting phosphorylation, SIL treatment now reduced it. In contrast, with sSTAC [8], at 1-wk
(compensated hypertrophy), pAkt and pGSK3p both increased, and SIL depresses pAkt but
did not impact pGSK3p whilein late-stage disease (9-wk), enhanced phosphorylation of both
kinases was suppressed by SIL as found here for mTAC after 6 wks.

The current results support a positive impact of a cGK-1 signaling (if not cGK-1 itself) to
enhance GSK3p phosphorylation so long as it is not already pathologically inactivated. This
is supported by a recent study by Das and Kukreja [33], who showed that SIL-induced cardio-
protection against simulated ischemia and re-oxygenation in adult ventricular myocytes
depended on cGK-1 activation, and was accompanied by GSK3p, ERK1/2, and Akt
phosphorylation. Akt phosphorylation in this cellular model was not found to be cGK-1
dependent, however, suggesting an alternative activation pathway.

Antihypertrophic effects of activated GSK3p via reduced phosphorylation or expression 14 of
phospho-deficient mutants has been demonstrated by a number of genetic in vivo models. Mice
overexpressing either wild-type GSK3p or a (S9A) mutant form (phospho-deficient) display
reduced hormone or stress stimulated hypertrophy [31], and induction of the S9A mutant in
hearts of mice with established hypertrophy induced by TAC also showed regression of LV
mass [34]. However, the signaling from GSK3 is complex, as other data from the laboratory
of Junichi Sadoshima showed that mice expressing a dominant negative GSK3p developed
basal hypertrophy but had improved contractility, and less fibrosis or apoptosis after TAC
exposure [35]. Thus, SIL-induced inactivation of GSK3p with modest hypertrophy (early
stages of mTAC) may benefit the heart by assisting systolic function (i.e. rise in dP/dty,x/IP
even at this time).

The results of this study should help clarify studies examining cardiac remodeling effects of
PDESA inhibition in various models, and may also have clinical implications. In the United
States, The National Institutes of Heath has recently initiated a multicenter trial of sildenafil
for the treatment of heart failure with a preserved ejection fraction, also termed diastolic heart
failure (RELAX; http://clinicaltrials.gov/ct2/show/NCT00763867). These patients commonly
display hypertension and substantial ventricular hypertrophy [36,37], but individual
responsiveness to therapy may display variability due in part to the magnitude of cGK-1
targeted signaling cascades involved with a given patient’s disease. Another potential
implication relates to experimental tests in models in which cGK-1 targets are either not
sufficiently activated or not involved with the disease process. While evidence of anti-
hypertrophic efficacy has been generated in models of increased hormone stimulation
(isoproterenol, angiotensin 1) and TAC, other models particularly generated by selective gene
mutations may not stimulate these cascades and thus be unresponsive to PDE5A manipulation.
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Several study limitations should be considered. First, while we continue to suspect that the
major pathway responsible for the effects described following PDESA inhibition is related to
cGK-1 activation, it remains unproven in vivo. We have reported evidence in vitro using both
pharmacologic and targeted PDE5SA gene silencing that anti-hypertrophic effects in cardiac
myocytes are cGK-1 dependent. However, pharmacologic inhibitors used in cell studies are
not applicable in intact animals, and myocyte targeted gene deletion or loss-of-function
mutation models have not yet been reported. These are under development. The study is also
limited to studying one dose of SIL, albeit one achieving a therapeutic plasma level, and one
model of hypertrophy. Whether the same findings would apply to low versus higher levels of
alternative stresses such as adrenergic or angiotensin 11 stimulation is unknown.

In summary, we provide new and important insights into the dependence of SIL efficacy on
the magnitude and/or duration of pressure-overload stress. Rather than being more effective
with less stress, PDESA inhibition effects strengthen as the stress and critical signaling are
more activated. Thus, while a model of the cGMP/cGK-1 system as a car brake may still be
apt, it is a targeted one that perhaps works best at higher speeds.
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3W-mTAC 6W-mTAC

—— mTAC
--k--mTAC + SIL

LVDs (mm)

A) Example M-mode echocardiographic images at baseline (sham operated), and vehicle
versus sildenafil treated animals for 3-wks severe TAC, and 3-wks, 6-wks moderate TAC
models. Chamber end-diastolic dimension is highlighted (arrows) and shows reduction at 3-
wks sTAC, but no change until 6-wks mTAC. B) Summary echocardiographic data for LV
diastolic dimension (LVDd), LV systolic dimension (LVDs), fractional shortening (FS), and
LV mass (N=5-10). After 3-wks STAC, SIL reduced chamber dilation and dysfunction, and
suppressed hypertrophy. With mTAC, SIL did not alter heart function at 3-wks where there
was moderate LVH (about half the extent with STAC), but did blunt hypertrophy and
remodeling at a later stage (6-wks).
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Figure 2.

A) Example pressure-volume loops for sham control, and moderate TAC +SIL treatment at 3
and 6-wks timepoints. Increased cardiac loading is demonstrated by the higher systolic
pressures, but at 3-wks there was negligible functional impact of SIL, whereas at 6-wks,
untreated hearts dilated and had reduced function compared with SIL treated hearts. B)
Summary results from PV analysis for LV end-diastolic and end-systolic volumes (LV-EDV,
LV-ESV), maximal LV pressure (LVPmX), end-systolic elastance (Ees), and maximal rate of
pressure rise normalized to instantaneous developed pressure (dP/dtyax/IP) (N=5-7).
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Figure 3.
A) cGK-1 activity measured in sham and after 3 or 6-wks mTAC=SIL (N=4). Rest (vehicle
treated) activity increased at each time point, but was further and similarly enhanced (~4-fold
over sham) with SIL treatment. Augmentation of activity after 3-wks STAC SIL co-treatment
is shown for comparison. * p<0.02 versus sham control; Tp<0.01 versus vehicle treated at same
time point. B) Influence of mTACZSIL on ERK1/2 phosphorylation and calcineurin (Cn)
protein expression (N=3). SIL had minimal impact at 3 wks, but significantly depressed
expression levels when treated out to 6-wks of mTAC. Comparison expression levels after 3-
wks of STAC (previously shown to be blunted by SIL treatment [8]) were similar to those
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observed after 6-wks mTAC. C) Gene expression for RCAN-1, ANP, and B-MHC (N=4). *
p<0.05 versus sham control; T p<0.05 versus 6-wks mTAC vehicle treated.

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nagayama et al. Page 15

{(Om@®@ m}-sL
B +siL

p/t-Akt
3W-mTAC 6W-mTAC = 2r T * .
E Q ¢ E 0 ¢ ol i
— o
5% 35 6% S s .|
p-Akt R Ll L | L L LT LRl é
t_Akt e - D - - <
0
CON 3-wks 3-owks  G-wks
sTAC mTAC
p/t-GSK3B
3W-mTAC BW-mTAC 3F =+ r B
€E Q = § @ 5 g %]
— | -
5 % 35 6% 8B
ﬂ_GSKSB 2 L1 = - - - (B T T 1 Topepa—. 1 B
J["GSKBB - gy o

CON 3-wks I3-wks  G-wks
sTAC mTAC

Figure 4.
Influence of mMTACZSIL on phosphorylation of Akt and GSK3p varies depending upon the

time course of moderate hypertrophic stimulation (N=3). At 3-wks, phosphorylation was little
altered from sham controls in vehicle treated hearts, but was significantly enhanced by SIL.
However, at 6-wks, with more sustained overload and hypertrophic response, phosphorylation
of both kinases was increased over control, and now SIL depressed this response. * p<0.05
versus sham control. T p<0.05 versus vehicle treated at corresponding time point. Basal (non-
SIL treated) phosphorylation levels for 3-wks sTAC are shown for comparison. As previously
reported, SIL depresses this activation [8].
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