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Abstract

Cyclic guanosine 3',5’-monophosphate (cGMP) mediates a wide spectrum of physiologic processes
in multiple cell types within the cardiovascular system. Dysfunctional signaling at any step of the
cascade--- cGMP synthesis, effector activation, or catabolism--- have been implicated in numerous
cardiovascular diseases, ranging from hypertension to atherosclerosis to cardiac hypertrophy and
heart failure. In this review, we outline each step of the cGMP signaling cascade and discuss its
regulation and physiologic effects within the cardiovascular system. In addition, we illustrate how
cGMP signaling becomes dysregulated in specific cardiovascular disease states. The ubiquitous role
cGMP plays in cardiac physiology and pathophysiology presents great opportunities for
pharmacologic modulation of the cGMP signal in the treatment of cardiovascular diseases. We detail
the various therapeutic interventional strategies that have been developed or are in development,
summarizing relevant preclinical and clinical studies.
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1. Introduction

Cyclic guanosine 3',5-monophosphate (cGMP) is a ubiquitous intracellular second-messenger
that mediates a vast array of physiologic processes, from ion channel conductance to cell
growth and apoptosis to cellular mobility and contractility. In the cardiovascular system, cGMP
signaling is vital to endothelial, vascular smooth muscle, and cardiac myocyte function.
Generated by guanylyl cyclase isoforms in response to natriuretic peptides (NPs) and nitric
oxide (NO), cGMP exerts its actions through cGMP-gated cation channels, cGMP-dependent
protein kinases (PKGs), and cGMP-regulated phosphodiesterases (PDES) that in turn
hydrolyze cyclic nucleotides. Since the discovery of cGMP in rat urine nearly 50 years ago
(Ashman et. al, 1963), the field of cGMP signaling research has grown exponentially.
Abnormalities at each step of the cGMP signaling cascade, from cGMP synthesis to its
degradation, have been implicated in cardiovascular disease and thus represent potential targets
for pharmacologic therapies.
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cGMP has two distinct pathways that regulate its synthesis, one coupled to natriuretic peptide
hormone, and the other a simple gas (nitric oxide) (Fig. 1). No other second messenger, not
even cyclic adenosine monophosphate (CAMP), is activated by a gas. The significance of NO-
cGMP signaling was recognized by the 1998 Nobel Prize in Physiology and Medicine that was
awarded for the major discoveries surrounding nitric oxide (Arnold et al., 1977;Ignarro et al.,
1987a;lgnarro et al., 1987b;Katsuki et al., 1977;Schultz et al., 1977). Natriuretic peptide-
mediated cGMP signaling was discovered in the early 1980s, when a polypeptide hormone
was isolated from heart atrial muscle tissue and found to have potent diuretic (natriuretic) and
hypotensive properties (Ackermann et al., 1984;Atarashi et al., 1984;Atlas et al., 1984;Bloch
et al., 1985;de Bold, 1982;de Bold, 1985). The discovery of atrial natriuretic peptide was
momentous in its implication of the heart as more than a circulatory pump or electrically
conductive tissue but also an endocrine organ; a finding which ultimately helped shift the
conceptual paradigm of heart failure to the current neurohormonal model.

Each of these pathways couples to a distinct guanylyl cyclase isoform--- soluble (sGC) and
particulate (pGC) guanylyl cyclase respectively. These cyclases differ in their intracellular
distribution, with sGC historically described as a cytosolic protein and pGC being a membrane
bound protein. However, their intracellular localization is more nuanced, and recent studies
support distinct pools of cGMP generation with different downstream effects (Castro et al.,
2006; Nausch et al., 2008; Takimoto et al., 2007). Cyclic GMP activates three types of effector
molecules, with cGMP-dependent protein kinases (PKGs) and phosphodiesterases (PDES)
predominating in the cardiovascular system. A third type of effector molecule, cGMP-gated
cation channels, exists in retinal and olfactory neuroepithelium and nephrons, but neither
protein expression nor physiological function of these channels have been established in the
cardiovascular system. Cyclic GMP-PKG signaling within the vascular endothelium stimulates
cell proliferation and increases permeability (Draijer et al., 1995a; Draijer et al., 1995b;
Holschermann et al., 1997; Hood et al., 1998; Kook et al., 2003; Smolenski et al., 2000;
Vaandrager et al., 1996a); it inhibits cell proliferation and mediates vasorelaxation in vascular
smooth muscle (Archer et al., 1994; Bolotina et al., 1994; Cornwell et al., 1994; Murad et al.,
1985); while in cardiac myocardium, it inhibits hypertrophy and modulates contractility
(Kinugawa et al., 1997; Lohmann et al., 1991; Shah et al., 1994; Takimoto et al., 2005b;
Tatsumi et al., 2000; Vila-Petroff et al., 1999). In all three tissues, cGMP-PKG signaling also
mediates cellular apoptosis (Arstall et al., 1999; DeMeester et al., 1998; Fukuo et al., 1996;
Suenobu et al., 1999; Taimor et al., 2000; Wu et al., 1997).

Lastly, cGMP catabolism is regulated by a subgroup of the 11 member phosphodiesterase
superfamily. PDEs play a role in not only spatiotemporal regulation of cGMP signal but also
cross-regulation of the cCAMP signal. The strategy of inhibiting PDEs to enhance cGMP and
related signaling has already been harnessed with the PDESA inhibitor sildenafil, a common
treatment for erectile dysfunction (Boolell et al., 1996). PDE inhibition has been further
examined for the treatment of a variety of cardiovascular diseases, including pulmonary
hypertension and now chronic heart failure, and this continues to be a highly active and
promising field of research (Attina et al., 2008; Baliga et al., 2008; Bethke et al., 1992a; Bethke
et al., 1992b; Eddahibi et al., 1998; Gillies et al., 2002; Guazzi et al., 2007a; Lewis et al.,
2007a; Park, 2008; Reffelmann et al., 2003).

This review summarizes our current understanding of cGMP signaling within the
cardiovascular system, specifically in vascular endothelial and smooth muscle cells and cardiac
myocytes. Several others have already reviewed in greater detail specific aspects of cGMP
signaling, from the upstream *“first messengers’ nitric oxide and natriuretic peptides to the
downstream effectors PKG and PDEs (Birschmann et al., 2004; D'Souza et al., 2004; Rastaldo
etal., 2007; Saraiva et al., 2006; Schulz et al., 2008; Vaandrager et al., 1996a; Woodard et al.,
2008). After discussing the major elements of the cGMP signaling pathway, we focus on the
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role of dysfunctional cGMP signaling in cardiovascular disease and the potential targets that
this poses for the pharmacological treatment of cardiovascular diseases.

2. cGMP Signaling

2.1 Generation by guanylyl cyclases

The biosynthesis of cyclic GMP from guanosine triphosphate (GTP) is catalyzed by two
different isoforms of guanylyl cyclase, one which functions as the biosensor for nitric oxide
and the other, as the plasma membrane receptor for natriuretic peptides.

2.1.1 Nitric oxide-mediated biosynthesis of cGMP—Nitric oxide was long considered
to be merely a toxic air pollutant until its identification as a labile factor released from
endothelial cells, initially termed “endothelial derived relaxant factor” (EDRF) (Cherry et al.,
1982; Furchgott et al., 1980). After seminal work demonstrating that EDRF, as induced by
stimulating cells with acetylcholine, increased cGMP levels, activated PKG, and
phosphorylated the same vascular smooth muscle proteins as did nitrovasodilators (Rapoport
et al., 1983a; Rapoport et al., 1983b), EDRF and nitric oxide were proposed to be one and the
same (Furchgott et al., 1987; Ignarro et al., 1987a; Ignarro et al., 1987D).

Nitric oxide is produced by nitric oxide synthase (NOS) which exists as three isoforms---
neuronal nitric oxide synthase (NOS-1 or nNOS), inducible nitric oxide synthase (NOS-2 or
iNOS), and endothelial nitric oxide synthase (NOS-3 or eNOS)(Alderton et al., 2001). The
NOS isoforms were named by order of their discovery and initially reported expression pattern.
However, all three isoforms have been detected in cardiac myocytes, vascular smooth muscle
cells, and vascular endothelial cells (Balligand et al., 1995; Gyurko et al., 2000; Koide et al.,
1993; Kurihara et al., 1998; MacNaul et al., 1993). Inducible NOS expression is, as its name
implies, inducible, whereas eNOS and nNOS expression are constitutive and also inducible.
Capable of associating with soluble, membrane, or cytoskeletal proteins, the NOS isoforms
can be mobile within the cell and vary in their subcellular localization. They are active as
homodimers with a central heme prosthetic group and require a complex array of cofactors and
co-substrates to effectively generate NO. These factors include tetrahydrobiopterin (BH4),
oxygen, calmodulin, NADPH, flavin mononucleotide, and flavin adenine dinucleotide. NOS
catalyzes the oxidation of a guanidino nitrogen of L-arginine, whereby NO is produced as a
byproduct. Inducible NOS synthesizes NO in much larger amounts than eNOS and nNOS
(Shah et al., 2000).

The biosensor of NO, soluble guanylyl cyclase (sGC) is a heterodimer with an o subunit and
B subunit (Kamisaki et al., 1986) and exists in various isoforms with two different o subunits
(0o and ap) and two different § subunits (B1 and o). The aqp1 heterodimer is the most prevalent
sGC isoform. The a1 isoform is a less active cyclase, and neither the a1, nor ayp; isoforms
have any reported guanylyl cyclase activity (Behrends et al., 1995; Harteneck et al., 1991;
Yuen et al., 1990). The amino-terminal of the B4 subunit of SGC contains an evolutionarily
conserved protoporphyrin-1X heme domain to which nitric oxide binds with distinct specificity.
Nitric oxide can activate sGC at low nanomolar concentrations. Oxygen does not bind to the
heme moiety, and carbon monoxide (CO) binding is at least 108-fold weaker than NO binding.
When nitric oxide binds to the ferrous heme iron, the catalytic domain of the o and  subunits
is activated, resulting in a 200-400 fold increase in Vax and decrease in the GTP substrate
concentration at half-maximal enzyme velocity (K). Even at high micromolar concentrations,
carbon monoxide binding to the iron of sGC results in only a two- to four-fold activation of
the enzyme.

Nitric oxide activates soluble guanylyl cyclase (sGC) via a complex interplay between binding
of NO to both heme and non-heme sites of SGC. Moreover, the two-step activation process
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results in two distinct NO-bound forms of sGC that are characterized by low and high enzymatic
activity. Initially NO binds to the ferrous, five-coordinate heme moiety of sGC, forming an
inactive but NO-responsive six-coordinate nitrosyl intermediate. In the presence of
magnesium, cGMP, and pyrophosphate, this nitrosyl intermediate sGC species immediately
converts to a five-coordinate nitroxyl complex upon further NO-binding (Russwurm et al.,
2004; Tsoukias et al., 2004; Zhao et al., 1999). This second NO-binding step breaks the bond
between the heme iron and the protein histidine axial ligand, triggering a conformational
change in the catalytic domain of the enzyme and accelerating the basal rate of conversion of
GTP to cGMP by several hundred fold. However, in the absence of magnesium, cGMP, or
pyrophosphate, NO binding to the six-coordinate nitrosyl intermediate sGC species does not
activate the enzyme. Instead this NO-bound form of sGC has only low or basal enzymatic
activity. Thus, at low levels of NO, sGC remains in a low-activity state, whereas at high levels
of NO and substrates/products, even the low-activity state SGC can be converted to the highly
active state.

Alternatively, NO can also activate sGC by binding to a non-heme site, as initially suggested
by the observation that the rate of NO dissociation from sGC is much slower than the rate of
sGC deactivation (Cary et al., 2005). Again the initial step of sGC activation involves NO
binding to the ferrous heme moiety of sGC. However, the second NO-binding event involves
binding of NO at a non-heme site, which ruptures the histidine-iron bond and fully activates
sGC. At low NO levels, NO dissociates from the non-heme site to give a low-activity state of
sGC. This non-heme NO-binding site is thought to be the mechanism by which an acute
increase in NO leads to a rapid rise in cGMP production. At continual low levels of NO, sGC
produces cGMP at long-lasting, low levels. With acute bursts of NO, sGC produces a rapid
rise in cGMP level.

Soluble GC activity is adversely affected by oxidant stress, the proposed mechanism of which
is multifactorial and debatable. In the presence of excess ROS, sGC enzymatic function may
be compromised by: a) a peroxynitrite (ONOO~) —mediated decrease in sGC specific activity
(Weber et al., 2001); b) oxidation of the B1-associated prosthetic heme group and conversion
of sGC to its NO-insensitive state (Stasch et al., 2006); c) oxidation-induced disulfide formation
of B1-thiol groups (Mingone et al., 2006); or, d) NO-dependent post-translational modification
(e.g., S-nitrosylation) of a B; -thiol (Sayed et al., 2008). Regulation of sGC expression and
activity by oxygen is controversial as various studies using models of chronic hypoxia have
given conflicting results. Whereby some studies demonstrate decrease in SGC expression and
activity in the pulmonary vasculature with chronic hypoxia (He et al., 2007; Williams et al.,
2006), others have shown increase in protein expression and enzyme activity (He et al.,
2007; Li et al., 1999; Vermeersch et al., 2007).

2.1.2 Natriuretic peptide-mediated biosynthesis of cGMP—Natriuretic peptides
comprise a family of polypeptide mediators secreted by the heart and vasculature with
fundamental roles in the regulation of blood volume, systemic vascular resistance, central
venous pressure, and cardiac contractility (D'Souza et al., 2004). The principal natriuretic
peptides are atrial natriuretic peptide (ANP, also A-type), brain natriuretic peptide (BNP, also
B-type), and C-type natriuretic peptide (CNP). ANP and BNP are secreted primarily by the
atria and ventricles of the heart, respectively, while CNP is secreted by the vascular
endothelium. Cardiac production and release of ANP and BNP is triggered mainly by increases
in myocardial wall stretch and/or pressure (de Bold et al., 2001) but may also be influenced by
neurohumoral factors such as cathecholamines, arginine vasopression, angiotensin Il,
endothelin, and glucocorticoids (Silberbach et al., 2001). Natriuretic peptides exert their
biological effects by binding to membrane-associated guanylyl cyclase receptors (alternatively
known as NPRs or particulate guanylyl cyclases, pGCs). There are at least seven mammalian
membrane-associated guanylyl cyclases, but two subtypes, NPR-A and NPR-B (also known
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as GC-A and GC-B), are responsible for the majority of the physiological effects of natriuretic
peptides. NPR-A is activated by ANP and BNP, thereby mediating their endocrine actions in
regulating body volume homeostasis and blood pressure and their local antihypertrophic effects
in the myocardium. Both ANP and BNP bind to NPR-A with relatively high affinity, but ANP
is many times more potent than BNP in receptor activation (Kambayashi et al., 1990;
Mukoyama et al., 1990; Nakao et al., 1990). NPR-B mediates the paracrine action of CNP in
vascular regeneration and endochondral ossification. NPR-A is widely expressed throughout
the cardiovascular system, in vascular smooth muscle, vascular endothelium, and heart, as well
as the kidney. While NPR-B is also highly abundant in vascular endothelium and smooth
muscle (Hutchinson et al., 1997), its presence in the heart is thought to predominantly localize
to the non-myocyte population and mostly in fibroblasts (Doyle et al., 2002). However, studies
have also reported CNP/NPR-B signaling in myocytes, and have shown antihypertrophic and
pro-apoptotic effects in cardiac myocytes (Han et al., 2003; Rosenkranz et al., 2003; Tokudome
et al., 2004).

NPR-A consists of an extracellular ligand-binding domain, transmembrane domain, and
intracellular domain. The intracellular domain has a kinase homology domain which is central
to regulating guanylyl cyclase activity and modulating receptor sensitivity. In the basal state,
NPR-A is phosphorylated and the guanylyl cyclase catalytic domain of the receptor is
repressed. Upon hormone ligand binding, the kinase homology domain of NPR-A becomes
ephosphorlyated, the catalytic domain is activated, and cGMP generated.

2.2 Activation of effector molecules

Cyclic GMP exerts its physiologic actions in the cardiovascular system by activating cGMP-
dependent protein kinases and phosphodiesterases.

2.2.1 cGMP-dependent protein kinases—Three isotypes of cGMP-dependent protein
kinases (PKGs) have been identified, two of which are splice variants of a single gene. PKG
type | (PKG-1), which consists of an a and a B isoform (76kDa), is the prominent isotype in
the cardiovascular system. It is expressed at very high levels (>0.1uM) in vascular smooth
muscle cells (both PKG-la and PKG-1p) and endothelial cells (PKG-1p) and at lower levels in
cardiac myocytes (PKG-la). PKG type Il (PKG-II, 86kDa) is mainly expressed in the kidney,
brain, and intestine. Both PKG-1 and PKG-11 exist as homodimers with identical structures.
Each subunit consists of three functional domains--- an N-terminal domain, a regulatory
domain, and a kinase domain. The N-terminal domain mediates PKG homodimerization,
suppresses kinase domain activity in the absence of cGMP, and interacts with target substrate
proteins. Amino-terminal modifications, acetylation in the case of PKG-I and myristoylation
in the case of PKG-II, appear to control intracellular localization and hence function of PKG.
Myristoylation is thought to be a major determinant in the membrane-association of PKG-I1,
whereas acetylation of PKG-I renders it soluble and thus cytosolic in distribution (Vaandrager
etal., 1996b). Upon cGMP binding to specific sites in the regulatory domain, PKG undergoes
a conformational change, resulting in the release of the N-terminus inhibition of the kinase
domain. The kinase domain then catalyzes the phosphorylation of a serine/threonine side chain
of the target substrate protein. PKG-lo and PKG-1f isoforms differ in their N-terminus domain,
which also regulates cooperativity between the cGMP-binding sites of PKG-la (Hofmann et
al., 2006). Consequently, PKG-Ip requires ten-fold higher concentrations of cGMP for kinase
activation than does PKG-la.

2.2.2 Phosphodiesterases—The cyclic nucleotide phosphodiesterases (PDE) comprise a
21-gene super family categorized into 11 isoenzymes (PDE1-PDE11) with a total of 48
isoforms. Each break the phosphodiester bond in cGMP and/or cAMP resulting in the linear
GMP or AMP. The various isoenzymes are differentially expressed in tissues, are selective or
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non-selective for the two cyclic nucleotides, and can be activated or inhibited by them as well.
cGMP regulates the activity of PDE-2, -3, -5, and -9. Of these, PDE-2, -3, and -5 are known
to be expressed in cardiac myocytes; PDE-3 and -5 are expressed in vascular smooth muscle
cells; and PDE-2, -3, and -5 are expressed in vascular endothelial cells (Lugnier et al., 1999;
Maurice, 2005; Netherton et al., 2005; Pauvert et al., 2002; Phillips et al., 2005; Sadhu et al.,
1999; Thompson et al., 2002). While expressed in the heart, the cardiovascular role of PDE9
remains unknown at present. The molecular biology of the PDE isoforms and their role in
physiologic regulation have been detailed in excellent reviews elsewhere (Bender et al.,
2006; Conti et al., 2007; Osadchii, 2007; Rybalkin et al., 2003).

2.2.2.1 cGMP-activated PDEs: cGMP selectively activates PDE2 and PDES5 by binding to
regulatory GAF domains in the N-terminus. PDE2 hydrolyzes both cAMP and cGMP at a high
Vmax and low Km. Upon cGMP-GAF binding, PDE2 undergoes a conformational change and
increases its enzymatic activity for cAMP (Martins et al., 1982). Its dual substrate specificity
allows it to mediate negative cross-talk between the cGMP and cAMP signaling pathways.
PDE?2 exists as three different N-terminal splice variants (PDE2A1-3), of which PDE2A3 is
the human variant and thought to be membrane associated. The co-localization of PDE2 in
plasma membrane lipid rafts (cholesterol-rich microdomains) suggests coupling of PDE2 with
other lipid raft-localized cyclic nucleotide signaling molecules, such as f-adrenoceptor,
adenylyl cyclase, and nitric oxide synthase (Mongillo et al., 2006). In fact, PDE2 has been
shown to regulate the L-type calcium channel in cardiac myocytes. L-type calcium channels
are activated by B-adrenergic receptor-stimulated cCAMP and cAMP-dependent protein kinase
(PKA), exerting chronotropic and inotropic effects on the heart. Through PDE2 activation,
cGMP is able to reduce the cAMP signal and affect cardiac function (Fischmeister et al.,
2005; Fischmeister et al., 2006; Leroy et al., 2008; Mery et al., 1995; Vandecasteele et al.,
2001). This effect appears coupled to co-activation by B-adrenergic stimulants of cGMP
synthesis via Bz-adrenergic receptor agonism coupled to NOS3 activation (Mongillo et al.,
2006).

Whereas PDE2 can hydrolyze both cAMP and cGMP, PDES5 selectively hydrolyzes cGMP.
PDES has high affinity for cGMP, and its catalytic activity increases by an order of magnitude
when cGMP binds to its regulatory GAF domain. Catalytic activity is further enhanced by
phosphorylation, mostly by PKG, at a S92, which stabilizes cGMP binding. PKA can also
phosphorylate PDES5, particularly when cGMP levels are high and cGMP is already bound to
PDES. This provides a positive feedback mechanism that can be initially triggered by cGMP
synthesis; hence PDES5 activity can be prolonged. PDE5 also has 3 N-terminal variants,
PDE5AL-3, all of which have similar Km values and have been identified in humans. PDE5A1
and PDE5SAZ2 are widely distributed; PDE5A3 has been suggested to be specifically expressed
in smooth muscle cells and cardiac myocytes. There is no known difference in activity among
these isoforms. PDES5 is not localized at the sarcolemmal membrane but is more cytosolic, with
particular localization in the cardiac myocyte Z bands, suggesting an association with other Z
band-localized proteins such as PKG (Takimoto et al., 2007; Zhang et al., 2008a).

PDES5A is well established as a regulator of vascular smooth muscle contraction through
regulation of cGMP, with high levels of expression in the lung and corpus cavernosum. PDE5
inhibitors are now widely used to treat pulmonary hypertension and erectile dysfunction
(Croom et al., 2008; Driscoll et al., 2008; Rosen et al., 2003). More recently, PDE5 was
implicated as an important regulator of cGMP in cardiac myocytes, including the hypertrophic
response to pressure-overload stress (Borlaug et al., 2005; Nagayama et al., 2008; Takimoto
et al., 2007; Takimoto et al., 2005a; Takimoto et al., 2005b; Zhang et al., 2008a), cell survival
signaling and apoptosis associated with ischemia/reperfusion (Das et al., 2006), post-infarction
remodeling (Salloum et al., 2008), and doxorubicin toxicity (Fisher et al., 2005). While
controversy has long existed over whether PDE5SA expression in the heart was relevant to the
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cardiac myocyte itself, a gene silencing model recently confirmed PDESA protein expression
as well as its role in myocyte hypertrophy (Zhang et al., 2008a). Other studies have shown that
the sub-cellular localization of PDE5A to myocyte z-bands depends upon NOS-NO-cGMP
signaling (Kass et al., 2007; Nagayama et al., 2008; Takimoto et al., 2005). In mice genetically
lacking eNOS, or those with NOS chronically inhibited by L-NAME, PDE5A distribution
within the myocyte becomes diffuse. This modification impacts the capacity of PDESA
inhibition to counter acute and chronic cardiac stress (Nagayama et al., 2008; Senzaki et al.,
2001; Takimoto et al., 2005a).

2.2.2.2 cGMP-inhibited PDE: Like PDE2, PDE3 is also a dual substrate enzyme and can
hydrolyze both cAMP and cGMP with relatively high affinities. However, the Vmax of PDE3
for cAMP is 10-fold greater than for cGMP, so the enzyme largely targets CAMP and can be
competitively inhibited by cGMP. At low cGMP levels, PDE3 may have a larger role in
controlling cGMP levels. Two isoforms, PDE3A and PDE3B, have been identified in humans,
with three N-terminal variants of PDE3A (PDE3A-136, PDE3A-118 and PDE3A-94, named
according to their molecular size) expressed in cardiac myocytes and vascular smooth muscle
and the single isoform of PDE3B expressed in cardiac myocytes and adipocytes. PDE3A-136
is exclusively membrane associated, whereas PDE3A-118 and PDE3A-94 are distributed in
both the cytosol and membrane fractions of cardiac myocytes and vascular smooth muscle
cells. Both PDE3A and PDE3B are activated by PKA-mediated phosphorylation in response
to a variety of hormone stimulants, including prostaglandin and epinephrine(Shakur et al.,
2001). PDE3B and possibly PDE3A can also be activated by PI3K/PKB signaling triggered
by insulin, insulin growth factor (IGF-1), and leptin (Patrucco et al., 2004; Shakur et al.,
2001).

In the cardiovascular system, PDE3 is involved in regulating cardiac myocyte and vascular
smooth muscle contractility as well as vascular smooth muscle phenotype switch and stress
response. PDE3 regulates cardiac myocyte contractility and relaxation respectively via L-type
calcium channels (Jurevicius et al., 2003; Malecot et al., 1986; Rochais et al., 2006;
Vandecasteele et al., 2001; Verde et al., 1999) and the cardiac sarcoplasmic reticulum calcium
pump (SERCAZ2) (Gaide et al., 1983; Gwathmey et al., 1985; Malecot et al., 1986; Yano et al.,
2000).

In vitro studies in adult rat ventricular myocytes examined the spatiotemporal dynamics of
cAMP signals under conditions of B-adrenergic activation. Using engineered cyclic nucleotide-
gated channels as well as the fluorescence resonance energy transfer-based sensor, Epac2-
camps, CAMP changes beneath the membrane and within the cytosol were respectively
monitored in response to pulse administration of isoprenaline. Comparison of the cAMP
kinetics in these subcellular compartments with the time course of the L-type calcium channel
current revealed that cAMP changes are not rate-limiting in the phosphorylation/
dephosphorylation of the channel. Furthermore, selective and non-selective inhibition of PDE3
and the cAMP-specific phosphodiesterase PDE4 demonstrated that, while PDE3 may regulate
the constitutive cAMP pool coupled to contractility, it has a minor role in regulating the cAMP
and L-type calcium current response to brief f-adrenergic stimulation. Instead, the PDE4
regulates the CAMP microdomains generated by B-adrenergic stimulation (Leroy et al.,
2008).

PDE3A has also been shown to induce expression of ICER (inducible cAMP early repressor)
in a positive feedback loop and thereby regulate myocyte apoptosis (Yan et al., 2007).
Regulation of PDE3B activity by PI3Ky in cardiac myocytes plays a role in pressure overload
cardiac remodeling and negative modulation of cardiac contractility (Marcantoni et al., 2006;
Patrucco et al., 2004). PDE3A and PDE3B likely also regulate vascular smooth muscle
contractility. Their expression also varies with conditions of elevated cCAMP levels, the switch
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from contractile to secretory/synthetic phenotype, and hypoxia (Dunkerley et al., 2002;
Maurice et al., 2003; Murray et al., 2002).

2.3 Catabolism by PDEs

In addition to the above mentioned PDE isoforms (PDE-2, -3, and -5), two other PDE isoforms
also hydrolyze cGMP and are relevant to the cardiovascular system--- PDE1 and PDE9. PDE1
has dual specificity for cAMP and cGMP catabolism, but the three PDE1 isoforms vary in their
affinity for the nucleotides and their expression among mammalian species. PDE1A and
PDE1B target cGMP over cAMP (but with less specificity than PDE5 or PDE9); while PDE1C
hydrolyzes both cyclic nucleotides with equal K, (Bender et al., 2006; Bender et al., 2005;
Hansen et al., 1988; Sharma et al., 1984; Sharma et al., 1986; Snyder et al., 1999; Sonnenburg
et al., 1995). PDEL1 isoforms are cytosolic, calcium- and calmodulin-dependent
phosphodiesterases. PDE1A likely regulates vascular smooth muscle contraction (Wu et al.,
2004); PDE1C is involved in VSMC proliferation and apoptosis (Nagel et al., 2006). PDE1C
is also expressed in cardiac myocytes, and recent studies have found it plays an important role
in both cAMP and cGMP hydrolysis in vitro in human myocardium, though its physiologic
role remains unknown (Vandeput et al., 2007). PDE9 is expressed in brain and heart, exists in
both cytosol and cell nucleus, and has the highest affinity for cGMP of all the cGMP-
hydrolyzing PDEs. Its function remains unknown and is an area of active investigation.

2.4 Compartmentalization of cGMP signaling

Compartmentalization of cGMP signaling is accounted for by the differential spatial
distribution of soluble guanylyl cyclase and particulate guanylyl cyclase, PKG isoforms, and
PDE isoforms, as well as the distribution of other proteins that associate with cGMP signaling
(Fig. 2A). In addition to spatial regulation by different components of the cGMP synthetic
pathways, mechanisms for NO-cGMP signal compartmentalization also exist. Soluble GC has
long been described as the cytosolic isoform of guanylyl cyclase, with the natriuretic peptide
receptor as its membrane-associated or particulate counterpart. However, over the past several
years, NO-sensitive sGC has also been noted to associate with the plasma membrane of various
cell types (Linder et al., 2005;Russwurm et al., 2001;Schoser et al., 2001;Zabel et al., 2002).
The co-localization of sGC with other proteins of the NO-cGMP signaling pathway at the
plasma membrane suggests a plasmalemmal functional microdomain with enhanced NOS-NO-
cGMP signaling. Phosphodiesterases also play a very large role in the compartmentation of
the cGMP signal as described in the previous section on PDE isoforms. For example, in cardiac
myocytes stimulated with either nitric oxide donors or natriuretic peptides, a membrane
localized cGMP pool was detected predominantly with natriuretic peptide stimulation (Fig.
2B). Moreover, this pool was differentially enhanced by PDE2 (NP stimulation) versus PDE5
(NO stimulation) inhibition (Castro et al., 2006;Fischmeister et al., 2006;Maurice et al.,
2003;Rybalkin et al., 2003).

This model of spatially distinct cGMP pools was tested by examining the cyclic nucleotide-
gated channel (CNG) activation response of cultured vascular smooth muscle cells to
stimulation with an NO donor or atrial natriuretic peptide (Piggott et al., 2006). Vascular
smooth muscle cells were infected with an adenovirus encoding the CNGA2 subunit. CNG
channels were activated far more readily with ANP stimulation than NO stimulation, even in
the presence of nonspecific PDE inhibitors. Furthermore, total cGMP levels as measured by
enzyme immunoassays were not significantly different within the cells regardless of
stimulation by the NO donor or ANP. Such findings suggest that cGMP signals are functionally
localized to different subcellular compartments, and that the compartmentalization of the
cGMP signal is regulated not only be PDE activity but also guanylyl cyclase activity.
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The functional differences between the NP-cGMP and NO-cGMP pools was highlighted by
studies of B-adrenergic response modulation in intact mouse hearts and isolated myocytes
(Takimoto et al., 2007). Isoproterenol-stimulated cardiac contractility was compared under
conditions of ANP stimulation (NP-cGMP) versus PDE5SA inhibition (NO-cGMP). To confirm
the specificity of NO-cGMP effects, the comparison was also perfomed with and without NOS
inhibition (Fig. 2C). Whereas PDE5A inhibition and selective elevation of the NO-cGMP pool
blunted the B-adrenergic cardiac response, ANP-triggered increase in the NP-cGMP pool did
not affect the B-adrenergic cardiac response. Furthermore, ANP stimulation could not counter
the effects of PDESA inhibition. NOS inhibition completely abrograted the differential
modulation of PDESA inhibition on the B-adrenergic cardiac response. Compartmental
regulation of cGMP signaling is an active area of investigation aided by the development of
new fluorescent biosensors that can detect cGMP in living cells (Herget et al., 2008; Honda et
al., 2001; Nausch etal., 2008). Improvement in signal sensitivity and specificity remain needed
as levels of cGMP are low in myocytes.

3 cGMP regulation of cardiovascular system

3.1 Vascular system

3.1.1 Vascular smooth muscle cells—cGMP signaling directs vascular tone and smooth
muscle cell (SMC) proliferation and differentiation (Fig. 3) (Munzel et al., 2003;Murad et al.,
1985). Vascular tone is regulated by changes in intracellular free calcium concentrations within
SMCs. In general, SMC contraction is triggered by the receptor-mediated generation of the
second-messenger inositol 1,4,5-trisphosphate (IP3). IP3 induces release of free calcium from
intracellular stores, further provoking influx of extracellular calcium via voltage- and non-
voltage-gated calcium channels. The rise in intracellular calcium activates calcium/
calmodulin-dependent myosin light chain kinase (MLCK) which phosphorylates myosin light
chain (MLC) to activate myosin ATPase and trigger SMC contraction. Reduction in
intracellular calcium concentration thus results in vasorelaxation.

cGMP regulates the cytosolic free calcium level within vascular smooth muscle cells through
several mechanisms: (a) inhibition of IP3-mediated calcium release from intracellular stores;
(b) removal and sequestration of intracellular calcium through calcium pump mechanisms; and
(c) both direct and indirect inhibition of the influx of extracellular calcium through voltage-
gated calcium channels. PKG-Ip phosphorylates both the IP3 receptor (IP3R) and the IP3R-
associated PKG-I substrate (IRAG), resulting in decreased calcium release from the
sarcoplasmic and endoplasmic reticulum (Ammendola et al., 2001; Schlossmann et al.,
2000). PKG-la phosphorylates phospholamban, an important modulator of calcium transport
of sarcoplasmic reticulum, in vascular smooth muscle cells and cardiac myocytes
(Raeymaekers et al., 1988). Phosphorylated phospholamban is unable to inhibit SERCA2 and
calcium is taken up into the endoplasmic reticulum, reducing intracellular free calcium levels.
cGMP-PKG mediated phosphorylation of the plasmalemmal calcium ATPase pump similarly
stimulates the extrusion of calcium with resultant decrease of cytoplasmic calcium
concentration (Eggermont et al., 1988). PKG also phosphorylates the large conductance,
calcium-activated potassium channel (BKc,), thereby opening the channel, hyperpolarizing
the cell membrane, and closing a number of other channels, including the L-type calcium
channel. This ultimately reduces extracellular calcium influx. BK ¢, activation by PKG has
been shown to be involved in the relaxation of several different types of smooth muscle,
including human pulmonary artery smooth muscle cells and rat mesenteric smooth muscle cells
(Carrier et al., 1997; Peng et al., 1996). BK ¢, channels are also indirectly regulated by PKG
via PKG-activation of an associated protein phosphatase 2A (White et al., 1993; Zhou et al.,
1996).
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Aside from regulating intracellular calcium concentrations, cGMP-PKG signaling modulates
vascular tone by altering calcium sensitization and thin filament interaction. PKG-la
phosphorylates the myosin-binding subunit (MBS) of MLC phosphatase, thus activating the
catalytic subunit of the phosphatase (Nakamura et al., 1999; Surks et al., 2003; White et al.,
1993; Zhou et al., 1996). Dephosphorylation of MLC reduces the calcium sensitivity of the
smooth muscle contractile machinery to inhibit smooth muscle contraction. Two thin filament-
actin binding proteins, vasodilatory-stimulated phosphoprotein (VASP) and the 20-kDa heat
shock-related protein (HSP20), are also target substrates of PKG. VASP is integral to cell
adhesion and motility, and binds to actin filaments and stress fibers, suggesting a potential
though unproven role in smooth muscle contraction. PKG-mediated phosphorylation of VASP
decreases VASP binding to actin filaments. Though the exact mechanism of this remains
unclear, modulation of the interaction between actin and the actin-binding regulatory protein
profilin has been proposed (Reinhard et al., 1995). Phosphorylation of HSP20, which can be
mediated by either cGMP-PKG activation or cAMP-protein kinase C (PKC) activation, is
associated with vasorelaxation (Beall et al., 1997; McLemore et al., 2005; Rembold et al.,
2000; Rembold et al., 2003). The importance of PKG in modulating vascular tone is
emphasized by PKG-I deficient mice, which die at a young age and are afflicted by impaired
smooth muscle relaxation, amongst other defects (Koeppen et al., 2004; Pfeifer et al., 1998;
Sausbier et al., 2000; Wegener et al., 2002).

Another important role of cGMP-PKG signaling in vascular smooth muscle cells (VSMC) is
its regulation of proliferation and differentiation. Several reviews have already detailed cGMP-
PKG regulation of the multiple genes involved in VSMC proliferation and differentiation
(Lincolnetal., 2006; Pilz etal., 2003). Briefly, VSMC proliferation involves mitogen-activated
protein kinases (MAPK), cyclins, cyclin-dependent protein kinases (Cdk), Cdk inhibitors, the
retinoblastoma protein (Rb), and E2F, the transcription factor that induces S-phase gene
expression. cGMP-PKG activation directs an anti-proliferative signal in VSMCs,
downregulating mRNA levels of cyclins-A, -D1, and E, and vascular endothelial growth factor
(VEGF, under hypoxic conditions) and upregulating mRNA levels of MAPK phosphatase-1
(MKP-1) and p16 (gene encoding Cdk inhibitor 2A). The phenotypic switch of VSMC between
a contractile, “differentiated” state and a synthetic or secretory, “dedifferentiated” state
involves the differential expression of contractile proteins (i.e. smooth muscle myosin heavy
chain -2, SM-a-actin, SM-calponin), extracellular matrix proteins (i.e. thrombospondin,
osteopontin), signal transduction proteins, and growth factors as well as their receptors (i.e.
fibroblast growth factor receptors-1/2). VSMCs dedifferentiate from the “contractile”
phenotype to the “synthetic” or “secretory” phenotype in response to vascular injury or during
in vitro culture. During the dedifferentiation process, VSMCs can proliferate, migrate, and
produce extracellular matrix proteins. This process is associated with loss of PKG expression
and transcriptional down-regulation of contractile proteins. The details of VSMC-specific gene
expression are not completely understood but are thought to involve muscle cell-specific
serum-response factor (SRF), which binds to DNA sequences known as CArG boxes, in cis
elements of VSMC-specific genes such as smooth muscle a-actin. SRF then recruits the co-
transcriptional regulator myocardin. cGMP stimulation and PKG activation in VSMCs thus
favor the contractile phenotype.

3.1.2 Vascular endothelium—While cGMP-PKG signaling has been extensively studied
in vascular smooth muscle cells, the details and physiological consequences of cGMP-PKG
signaling in vascular endothelium are only beginning to be understood. In vascular endothelial
cells, cGMP-PKG signaling regulates cell motility, migration, and proliferation, all of which
are vital to angiogenesis, and vascular permeability (Fig. 3).

Angiogenesis involves vascular endothelial cell motility, migration, and proliferation,
physiological processes which are mediated by cGMP signaling. The central role of cGMP

Pharmacol Ther. Author manuscript; available in PMC 2010 June 1.



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

1duasnuey Joyiny vd-HIN

Tsai and Kass

Page 11

signaling in angiogenesis has been demonstrated by both in vitro and in vivo studies examining
NO-induced and ANP-induced cGMP pathways. In eNOS™ knockout mice, VEGF fails to
induce neovascularization (Fukumura et al., 2001; Murohara et al., 1998). Furthermore, a
model of hind-limb ischemia in eNOS™~ knockout mice demonstrated defective
neovascularization due to reduced mobilization of endothelial progenitor cells (Aicher et al.,
2003). Similarly, in vitro studies showed that VEGF-stimulated endothelial cell capillary-like
tube network formation requires eNOS activation and NO-cGMP signaling (Bussolati et al.,
2001; Papapetropoulos et al., 1997b; Papapetropoulos et al., 1997a). siRNA-mediated
knockdown of NPR-A, PKG, or VASP all prevent ANP-induced endothelial tube formation,
demonstrating the importance of ANP-mediated cGMP-signaling in endothelial function
(Chen et al., 2008). By mediating cross-talk between cAMP and cGMP signaling, PDEs have
also been shown to play a significant role in regulating endothelial cell motility, migration,
proliferation, and hence angiogenesis (Netherton et al., 2005).

Vascular permeability and endothelial barrier function are predominantly determined by
endothelial cell contraction. Both NO- and ANP-triggered cGMP signaling have been shown
to improve endothelial barrier function and protect against vascular injury in the systemic
(Furst et al., 2008; Sabrane et al., 2005; Surapisitchat et al., 2007) and pulmonary vasculature
(Brovkovych et al., 2008; Irwin et al., 2001; Irwin et al., 2005; Klinger et al., 2006; Klinger et
al., 1998; Mitaka et al., 1998; Tanabe et al., 1996; Yin et al., 2008).

As in vascular smooth muscle cells, the physiological actions of cGMP in vascular endothelial
cells are determined by the downstream phosphorylation target substrates of PKG. In vascular
endothelial cells, PKG has been shown to phosphorylate eNOS (Butt et al., 2000), 6-pyruvovyl-
tetrahydropterin synthase which produces the essential eNOS cofactor BH4(Scherer-Oppliger
et al., 1999), and VASP (Chen et al., 2008; Schafer et al., 2003). The proliferative effect of
cGMP in vascular endothelial cells also correlates with increased activity of extracellular
signal-related kinases Erk-1/2, and may be related to increased VEGF production (Hood et al.,
1998; Parenti et al., 1998; Zaragoza et al., 2002; Zhang et al., 2003). Many studies have
proposed that cGMP regulation of endothelial barrier function is mediated by PKG
phosphorylation of VASP (Draijer et al., 1995b; Mehta et al., 2006; Price et al., 2000).
However, a recent study of cGMP-PKG signaling in hydrogen peroxide-induced endothelial
barrier dysfunction of pulmonary artery endothelial cells could not confirm that VASP
phosphorylation was central (Rentsendorj et al., 2008). Others have proposed a mechanism by
which cGMP cross-regulation of cAMP signaling may account for ANP-mediated protective
effects against agonist-induced pulmonary endothelial cell barrier dysfunction; ANP protective
effects in thrombin-induced endothelial cell hyper-permeability were linked with activation of
cAMP and PKA signaling cascades (Birukova et al., 2008; Lorenowicz et al., 2008).

3.2 Cardiac myocytes

In cardiac myocytes, cGMP negatively modulates contractility and hypertrophy and mediates
apoptosis (Fig. 3). The role of cGMP-PKG signaling in cardiac contractility was determined
by studies of isolated myocytes from conventional and cardiac-specific PKG-I knockout mice
(Wegener et al., 2002). Whereas cGMP analogues reduced the force of contraction in
electrically stimulated myocardium from wild-type control mice, they had no effect on the
force of contraction in myocardium from conventional or cardiac-specific PKG-1 knockout
mice. Furthermore, the difference between the wild-type and knockout mice myocardium
persisted even in experiments done in the presence of forskolin, an activator of the p-
adrenergic-cAMP pathway, thereby verifying the specificity of cGMP signaling for reducing
contractile force.

cGMP modulation of myocyte contractility can be initiated by either nitric oxide or natriuretic
peptide (Kojda et al., 1999; Kojda et al., 1996; Mohan et al., 1996; Zhang et al., 2005).
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Interestingly, NO has bimodal actions on myocardial contractility; low concentrations of NO
increase myocardial contractility, while high concentrations exert a negative inotropic effect.
Low concentrations of NO can activate adenylyl cyclase without activating guanylyl cyclase
(Vila-Petroffetal., 1999), inducing production of cAMP and not cGMP. At low concentrations,
cGMP also inhibits the activity of PDE3, preventing the hydrolysis of CAMP. Accumulation
of CAMP then activates PKA, leading to the opening of sarcolemmal voltage-gated and
sarcoplasmic ryanodine receptors calcium channels, and ultimately improved myocyte
contractility (Marx et al., 2000).

The negative inotropic effect of NO has in part been attributed to a cGMP-PKG mediated
reduction of myofilament calcium responsiveness (Layland et al., 2002; Shah, 1996; Vila-
Petroff et al., 1999), though the exact mechanism was initially unclear. Phosphorylation of
troponin | by PKG had been suggested by in vitro studies (Blumenthal et al., 1978), but others
demonstrated inconsistent effects of PKG on calcium sensitivity of skinned cardiac muscle
(Mope et al., 1980; Pfitzer et al., 1982). The role of PKG in the contractile response to nitric
oxide was elegantly established by isolated myocyte contractility studies in which the
intracellular calcium transient was simultaneously assessed as the cell was exposed to an NO
donor (diethylamine NONOate; DEA/NO), with and without inhibitors of soluble guanylyl
cyclase (1H-[1,2,4]oxadiazolo-[4,3-a]Jquinoxalin-1-one; ODQ) and PKG (Rp-8-Br-cGMPs)
(Layland et al., 2002). The NO donor significantly increased resting myocyte cell length and
accelerated the relaxation time, without changing either the amplitude or kinetics of the
intracellular calcium transient. Inhibiting either soluble guanylyl cyclase or PKG abrogated
the effect of DEA/NO on the myofilaments. Additionally, direct activation of PKG with 8-
pCTP-cGMP mimicked the myocyte relaxation induced by DEA/NO. DEA/NO treated hearts
also demonstrated increased phophorylation of troponin I.

The L-type voltage-gated calcium channel has also been identified as a phosphorylation target
of PKG (Yang et al., 2007). Phosphorylation sites within the a;. and B, subunits of the L-type
calcium channel were identified by a glutathione S-transferase (GST) fusion protein screen,
and the sites were confirmed by phospho-epitope specific antibodies which detected
immunoreactive bands in cGMP-stimulated myocyte extracts. Heterologous expression of
rabbit a4 and B, subunits in HEK cells showed that PKG activation does indeed inhibit the
L-type calcium current. Furthermore, mutation of a o, PKG-phosphorylation site reduced
PKG-mediated inhibition of the L-type calcium current.

Differential activation of PDEs is also believed to modulate the contractile effect of NO-cGMP.
At high NO levels, not only is cGMP production triggered, but cGMP-activation of PDE2 leads
to hydrolysis of cCAMP and the cGMP signal predominantes. Some have suggested that the
variable effects of NO are not simply due to its concentration but relate also to its source, the
specific NOS isoform generating the NO. For example, cardiac nNOS localizes to the
sarcoplasmic reticulum (Khan etal., 2003; Xu et al., 1999) where it would be in close proximity
of activating sources of calcium and calcium cycling ion channels as well as phospholamban
and ryanodine receptors (Martin et al., 2006; Sears et al., 2003; Zhang et al., 2008b).

That cGMP has an antihypertrophic cardiac effect was initially suggested by the exacerbation
of cardiac hypertrophy in various knockout mice lacking elements of the cGMP signaling
pathway. The global NPR-A"~ knockout mice demonstrated salt-resistent arterial hypertension
with a disproportionate degree of cardiac hypertrophy and fibrosis (Holtwick et al., 2003; Kuhn
et al., 2002; Lopez et al., 1995; Oliver et al., 1997). In the face of pressure overload induced
by transverse aortic constriction, cardiac-selective NPR-A"- knockout mice had an exaggerated
hypertrophic response to stress, along with slightly enhanced cardiac fibrosis and marked
cardiac dysfunction (Holtwick et al., 2003). The Nppa”- knockout mice, deficient in
preproANP, developed salt-sensitive arterial hypertension and cardiac hypertrophy (John et
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al., 1995). Mice lacking eNOS and/or nNOS also develop cardiac hypertrophy and dysfunction
(Flaherty et al., 2007; Li et al., 2004; Massion et al., 2003; Ruetten et al., 2005; Wenzel et al.,
2007). Consistent with the cardiac hypertrophy phenotype of these mouse models of NOS,
NPR-A, and NPPA deficiency, in vitro cardiac myocyte studies have also shown that natriuretic
peptides and cGMP analogues suppress phenylephrine-induced hypertrophy and its associated
re-induction of the fetal gene program (Horio et al., 2000). Thus enhancement of the cGMP
signaling cascade indeed exerts antihypertrophic effects.

The exact role of cGMP-PKG activation in protecting against hypertrophic signaling remains
to be confirmed. Conventional PKG-I knockout mice die young and perhaps too early to
develop any cardiac hypertrophy (Pfeifer et al., 1998). A cardiac-specific PKG-I knockout
mice designed upon the MLC2a-Cre transgenic mouse line had been studied with respect to
cardiac contractility but not hypertrophic response (Wegener et al., 2002). A conditional,
cardiac-specific PKG-1 knockout mouse remains to be generated in order to fully examine the
role of PKG in the adult myocyte hypertrophic signaling. However, in vitro adenoviral
overexpression of PKG-IB in neonatal rat cardiac myocytes enhanced the antihypertrophic
effect of NO in phenylephrine-stimulated cardiac myocytes (Wollert et al., 2002).

The cardiac hypertrophic response involves a complex web of signaling pathways that have
been reviewed elsewhere (Clerk et al., 2007; Heineke et al., 2006; Mudd et al., 2008). The best
studied downstream mechanism by which cGMP-PKG signaling exerts its antihypertrophic
action is the inhibition, at multiple levels, of the calcium-calcineurin-NFAT pathway (Fiedler
et al., 2002; Kato et al., 2000; Molkentin et al., 1998; Taigen et al., 2000; Zhu et al., 2000).
Calcium activation of calcineurin results in the dephosphorylation and nuclear translocation
of cytoplasmic NFAT (nuclear factor of activated T-cells), resulting in expression of a
hypertrophic gene program. cGMP-PKG signaling may reduce intracellular calcium
concentrations to inhibit calcineurin activation, though other mechanisms appear to apply as
well. This was recently shown in a study of CnAp-deficient mice (the AB-subunit providing
the majority of Cn activity). These mice develop less hypertrophy in response to pressure-
overload than their wildtype counterparts, but importantly, the hypertrophy that does develop
is still inhibited by enhancing PKG activity via PDESA inhibitors (Hsu et al., 2008).

Most recently PKG activation has been demonstrated to stimulate regulator of G-protein
coupled signaling 2 (RGS2), a GTPase that suppresses Gag/11 coupled stimulation (Takimoto
et al., in press). Mice lacking RGS2 display a profound exacerbated response to pressure-
overload coupled with enhanced Cn and other Gg-coupled signaling cascades, and
demonstrated early mortality, marked hypertrophy, fibrosis, and chamber dysfunction. Even
though PKG activation was similarly enhanced, inhibition of PDE5A with chronic sildenafil
treatment did not suppress pressure-overload induced hypertrophy in RGS2/- animals as it
does in mice expressing RGS2 (Takimoto et al., 2005b).

In addition to RGS2, cGMP-PKG signaling has been shown to inhibit a muscle LIM protein
(MLP)-dependent pro-hypertrophic pathway in cultured cardiac myocytes (Heineke et al.,
2003). The relevance of this pathway to in vivo cardiac structural remodeling remains unknown.

Recently, ANP-cGMP-PKG activation was shown to inhibit transforming growth factor
(TGF)-Bl-induced extracellular matrix expression in cardiac fibroblasts via phosphorylation
of Smad3 (Li et al., 2008). Phosphorylation of Smad3 by PKG occurred at serine/threonine
residues distinct from the serine residues typically phosphorylated by the TGF-p receptor
kinase. Consequently, nuclear translocation of pSmad3 was disrupted and TGF-f1 induced
downstream signaling of pSmad3 was inhibited. This mechanism is now thought to contribute
to the antifibrogenic effects of natriuretic peptides in the heart.
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Proapoptotic effects of cGMP have been reported in VSMCs, endothelial cells, and cardiac
myocytes and appear to be mediated by PKG (Chiche et al., 1998; Kloss et al., 2000; Pollman
etal., 1996; Wu et al., 1997). The downstream mechanisms have not been fully determined,
but in vascular cells they may involve activation of c-Jun N-terminal kinase (JNK) and/or the
phosphorylation and inactivation of -catenin. In cardiac myocytes, cGMP decreases the
mRNA levels of the anti-apoptotic Bcl-2 homologue Mcl-1 (Wu et al., 1997).

4 Pathophysiological role of cGMP signaling in cardiovascular disease

With cGMP signaling being as vital as it is to the physiologic functions of the heart and
vasculature, it comes as no surprise that dysfunction at any level of the cGMP signaling
pathway is a factor in many cardiovascular diseases. Endothelial cell dysfunction contributes
to hypertensive disease, both systemic and pulmonary, and atherosclerosis; vascular smooth
muscle dysfunction, systemic and pulmonary hypertensive and ischemic heart disease; and
cardiac myocyte dysfunction, hypertrophic and ischemic heart disease as well as
cardiomyopathy and heart failure (Fig. 4). Dysfunctional cGMP signaling has also been
implicated in dysfunctional mitochondrial metabolism, an area that is now beginning to be
explored for its role in heart disease.

4.1 Hypertension

That NO release contributes to basal vascular tone is supported by data from eNOS knockout
mice which display increased systemic resistance and blood pressure (Stauss et al., 1999; Yang
et al., 1999), and results from humans and other experimental animals given NOS inhibitors
such as L-NMMA. While the blood pressure rise itself is often modest (<5%), systemic
resistance rises more (20-30%). The disparity is due to a decline in cardiac output (stroke
volume and in some instances heart rate) due to the afterload effect on the heart (Clarkson et
al., 1995; Sakuma et al., 1992; Stamler et al., 1994). Indeed, endothelial dysfunction occurs in
many forms of vascular disease, independent of the etiology and vascular structure (Rizzoni
etal., 1998) and is thought to be due to altered oxidative stress processes. However, the presence
of endothelial dysfunction per se — as commonly observed in atherosclerotic models — does
not necessarily translate to increased arterial pressures. Reduced NO function has been
attributed to deficiencies in the NOS signaling enzymes and/or their function, as well as
scavenging effects from the enhanced production of superoxide anion (O,") (Grunfeld et al.,
1995; Rajagopalan et al., 1996) or angiotensin-Il (Rajagopalan et al., 1996)

NOS function and oxidant stress are linked by the phenomenon of NOS uncoupling. This
involves a change in the enzyme configuration resulting in less tight molecular packing of the
homodimer and production of superoxide rather than nitric oxide (Kuzkaya et al., 2003; Rosen
et al., 2002; Xia et al., 1996). eNOS uncoupling, demonstrated by elevated eNOS expression
but reduced NO production, was noted in an in vivo model of angiotensin-I1 induced
hypertension in Wistar rats (Mollnau et al., 2002). eNOS uncoupling can occur due to cofactor
or co-substrate deficiency, or to direct biochemical disruption of the enzyme. Depletion of
cofactor BH4 can occur by its oxidatation to BH3" radical and BH2, neither of which can
support NO-generation by NOS. Superoxide generated by several other sources including
NADPH oxidase can result in eNOS uncoupling and thus contributes to hypertension induced
by angiotensin 11 (Mollnau et al., 2002) and in DOCA-salt models (Landmesser et al., 2003).
Other ROS sources including mitochondria or xanthine oxidase may also result in NOS
uncoupling. The bioavailability of BH4 is further influenced by declines in its de novo synthesis
by GTP cyclohydrolase or by inhibition of enzymes such as dihydrofolate reductase that are
required to restore BH4 from BH2 (salvage pathway)(Nichol et al., 1983). BH2 can also
competitively bind to eNOS; thus the ratio of BH2/BH4 appears to be an important factor for
normal or abnormal NOS enzyme function (Mollnau et al., 2002; Vasquez-Vivar et al.,
2002).
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In addition to NO synthesis, expression of its downstream target sGC in endothelial cells also
declines in hypertension (Bauersachs et al., 1998; Kloss et al., 2000; Mollnau et al., 2002).
Furthermore, both superoxide (Brune et al., 1990) and peroxynitrite (Weber et al., 2001) may
inhibit sGC directly. Downstream PKG activity measured by immunodetection of
phosphorylated VASP is also markedly reduced in models of angiotensin ll-induced
hypertension (Mollnau et al., 2002). However, recent studies have found that oxidant stress
modification of PKG can actually stimulate the kinase (Burgoyne et al., 2007), so whether this
activity corresponds to the decline in upstream triggers or other changes at the enzyme itself
is less clear.

4.2 Atherosclerosis

Atherosclerosis is a dynamic pathologic process involving vascular injury, endothelial
dysfunction, cellular proliferation, inflammation, and accumulation of oxidized low density
lipoproteins (LDL). Both vascular endothelial and smooth muscle cells become impaired
secondary to increased oxidative stress. As in hypertension, superoxide production by xanthine
oxidase (Ohara et al., 1993), NADPH oxidase(Hathaway et al., 2002), and eNOS (Laursen et
al., 2001; Oelze et al., 2000) are increased in hypercholesterolemia and atherosclerosis.
Inconsistent changes in the expression of sGC have been reported in different animal models
of hypercholesterolemia and atherosclerosis (Laber et al., 2002; Mollnau et al., 2003).
However, sGC activity appears dysfunctional as endothelium-dependent and —independent
vasodilation are markedly inhibited (Laber et al., 2002). While PKG expression remains
unchanged, its activity as assessed by phosphorylated-VASP is strongly reduced (Oelze et al.,
2000). Increased local oxidative stress and endothelial dysfunction in the coronary circulation
was demonstrated in humans with early atherosclerosis but without obstructive coronary artery
disease (Lavi etal., 2007; Lavi etal., 2008). Assessment during angiography revealed enhanced
generation of local superoxide and conserved NO production but reduced bioavailability of
NO.

4.3 Pulmonary hypertension

As with the systemic vasculature, NO-cGMP signaling also modulates vascular tone in the
pulmonary circulatory system. Unlike the systemic vasculature, the pulmonary vasculature is
a low pressure system with a total resistance about an eighth of the systemic vasculature.
Pulmonary vascular resistance occurs predominantly at the peripheral precapillary beds, where
NO-cGMP signaling plays an even larger role in modulating changes in the pulmonary
microcirculation. This is highlighted by the developmental regulation of pulmonary eNOS
expression seen across multiple species, in which pulmonary eNOS and iNOS are markedly
upregulated in fetal life, peak shortly after birth, and then decline (Arrigoni et al., 2002; Kawai
et al., 1995; North et al., 1994; Parker et al., 2000; Shaul et al., 2002; Shaul et al., 1997).
Congenital diseases such as persistent pulmonary hypertension of the newborn and congenital
diaphragmatic hernia, in which the pulmonary circulation fails to switch to a low pressure
system at birth, have been associated with reduced NOS expression, bioavailability of NOS
cofactors, and NO production (Fineman etal., 1994; Vosatka et al., 1994). In fact, inhaled nitric
oxide has a profound vasodilatory effect on the pulmonary hypertensive fetal circulation and
is used for treatment of the disease in newborns.

The role of NO-cGMP signaling in the adult pulmonary circulatory system, however, is less
clear. Under normoxic conditions, inhaled NO has little vasodilatory effect on the adult
pulmonary vasculature, suggesting perhaps a maximally vasodilated state at baseline or a non-
responsiveness to NO (Jiang et al., 2002; Koizumi et al., 1994; Pison et al., 1993). In models
of hypoxia-, thromboxane-, or endotoxin-induced pulmonary hypertension or acute lung injury
associated pulmonary hypertension, NO blunts vasoconstriction and lowers pulmonary arterial
pressure (Bottiger et al., 1996; Frostell et al., 1993; Rich et al., 1993; Rossaint et al., 1993;
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Weitzberg et al., 1993). How dysregulation of the NO-cGMP pathway contributes to the
development of pulmonary hypertension is not well understood; contradictory evidence has
arisen from models of experimentally induced pulmonary hypertension and patients with
pulmonary arterial hypertension. In experimentally induced pulmonary hypertension,
endogenous NO production appears increased, and chronic hypoxia upregulates the expression
and activity of eNOS and iNOS in pulmonary vascular endothelium (le Cras et al., 1996; Xue
et al., 1994). Yet expression of eNOS on immunostaining is reportedly diffuse in pulmonary
vessels of patients without pulmonary hypertension and nearly absent in patients with
pulmonary arterial hypertension (Giaid et al., 1995). Others have also reported decreased
pulmonary endothelial expression of eNOS and increased expression of arginase 11, an enzyme
that decreases the bioavailability of the NOS cofactor L-arginase, in patients with pulmonary
arterial hypertension (Xu etal., 2004). Studies of eNOS knockout mice have not been any more
definitive, either, as both elevated and normal pulmonary artery pressures have been found in
these mice (Fagan et al., 1999a; Fagan et al., 1999b; Quinlan et al., 2000; Steudel et al.,
1997; Steudel et al., 1998).

Howsoever NOS dysfunction contributes to pulmonary hypertension, it is clear from studies
of sGCa deficient mice that sGC, is essential for NO-mediated pulmonary vasodilation and
limits chronic-hypoxia induced pulmonary vascular remodeling (Vermeersch et al., 2007).
Thus while the mechanism by which abnormal NO-cGMP signaling leads to pathologic
pulmonary hypertension remains unclear, the consensus has arisen that activating the NO-
cGMP pathway in pulmonary hypertension can reduce pulmonary artery pressure and reverse
pulmonary vascular remodeling. Inhaled nitric oxide and PDESA inhibitors are used in the
treatment of patients with pulmonary hypertension. Several groups are also investigating the
therapeutic potential of enhancers of eNOS and activators of soluble guanylyl cyclase (Coggins
et al., 2007; Dumitrascu et al., 2006; Evgenov et al., 2007; Tzao et al., 2001). The pre-clinical
and clinical studies that support the use of these NO-cGMP modulating interventions are well
summarized in a review centered on NO-cGMP signaling in pulmonary hypertension (Klinger,
2007).

4.4 Cardiac hypertrophy and ventricular remodeling

The heart responds to the physiological stresses of pressure- and volume-overload by
increasing the heart wall thickness, a compensatory mechanism that initially serves to preserve
cardiac function but ultimately leads to functional decline and clinical heart failure. Pressure-
and/or volume-overload occur with a variety of cardiovascular diseases, from hypertension to
myocardial infarction to valvular disease to cardiomyopathy. This ventricular remodeling, as
the morphologic and structural changes are also called, is in fact the common end pathway of
many cardiovascular diseases.

As detailed earlier, cGMP-PKG signaling in cardiac myocytes serves to counter the
hypertrophic program. Both abnormal NO- and NP-triggered cGMP-PKG signaling have been
associated with ventricular hypertrophy and heart failure in animal models and in human
patients. Abnormalities range from dysfunctional cGMP production to altered catabolism of
cGMP by differential PDE isoform expression and activity. In rodent models of pressure-
overload hypertrophy, differential expression of the NOS isoforms and consequent alterations
in cGMP signal compartmentation appear to contribute to the pathophysiology of cardiac
hypertrophy and heart failure (Loyer et al., 2008). NOS uncoupling is also a significant
component of the pathophysiology of hypertrophy. Sustained pressure overload activates
reactive oxygen species which decrease the bioavailablity of the NOS cofactor BH4.
Exogenous BH4 administration has been shown to recouple NOS and reverse advanced
hypertrophy in mice with transaortic constriction induced pressure overload (Moens et al.,
2008b). A functional uncoupling of membrane-associated sGC in pressure overload

Pharmacol Ther. Author manuscript; available in PMC 2010 June 1.



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

1duasnuey Joyiny vd-HIN

Tsai and Kass

Page 17

hypertrophy is also under investigation (Tsai et al., 2008) whereby a dissociation of sSGC from
the plasmalemmal lipid raft domains appears to result in decreased cGMP production upon
NO stimulation. Abnormal NP-cGMP signaling is also seen in hypertrophy. A functional
deletion mutation of the human NPR-A gene and decreased receptor expression has been
associated with ventricular hypertrophy in a Japanese population (Nakayama et al., 2000).
While this has not born out in other populations, it is one example of the significance of reduced
NP signaling in hypertrophy.

The activity of myocardial PDEs has been shown to change in hypertrophy (Osadchii, 2007).
In Dahl salt-sensitive hypertensive rats, pressure overload hypertrophy and heart failure are
associated with increased myocardial expression and activity of PDE3 and reduced cAMP
levels (Takahashi et al., 2002). Similarly, increasing cAMP-hydrolysis by cytosolic PDE1 and
PDE2 have been found in hypertrophied ventricles of rats with aortic constriction (Yanaka et
al., 2003). Myocardial PDES5 expression and activity also increases in pressure overload
hypertrophy in mice (Takimoto et al., 2005a; Takimoto et al., 2005b; Zhang et al., 2008a).

4.5 Myocardial ischemia

Myocardial injury associated with ischemia and reperfusion can be limited by ischemic pre-
conditioning, the process by which brief, sublethal episodes of ischemia stimulate a protective
response against subsequent, more severe ischemia that would otherwise cause myocardial cell
death. Ischemic pre-conditioning has been described in many tissues, including the heart, brain,
and liver, and can be divided into two phases--- an early, rapid phase and a delayed, longer
phase (Downey etal., 2007). The NO-cGMP-PKG pathway has been implicated in both phases
of ischemic preconditioning as well as in ischemic post-conditioning, by which reperfusion is
briefly interrupted initially, shortly after the end of ischemia (Costa et al., 2008; Javadov et al.,
2003; Tsang et al., 2005; Wang et al., 2005; Yellon et al., 2003). The molecular mechanism
underlying NO-cGMP-PKG signaling in ischemic preconditioning is not fully understood, but
ischemia-reperfusion injury and cardiac ischemic pre-conditioning appear to depend on iNOS,
rather than nNOS or eNOS (Guo et al., 2005; Jones et al., 2006). PKG-la is thought to exert
its protective effect by opening inner membrane mitochondrial ATP-sensitive K*
(mitoKa7p) channels. How PKG-la opens mitoK atp is not fully understood but it is thought
to phosphorylate a serine or threonine of an unknown mitochondrial outer membrane protein.
Opening of mitoK o1p causes swelling of the matrix and generation of ROS. Mitochondrial
ROS activates cytosolic PKC through redox signalling, triggering PKC phosphorylation of
Akt, ERK, JNK, and glycogen synthase kinase 3, and increasing the expression of NOS and
Bcl-2 (Das et al., 2006; Das et al., 2008). All play essential roles in the protective anti-necrotic
and anti-apoptotic effect of PKGla following ischemia-reperfusion injury in cardiac myocytes.

NO-cGMP-PKG signaling also plays an important role in post-infarction cardiac remodeling,
a process that involves myocyte hypertrophy, chamber dilation, and interstitial fibrosis. As
discussed in earlier sections, uncoupled eNOS, reduced NO bioavailability, reduced BH4
bioavailability, and altered PDE isoform activity mediate the pathophysiology of cardiac
hypertrophy and thus post-infarction remodeling.

4.6 Mitochondrial metabolism

Over the past few years, cGMP-PKG signaling in mitrochondria has received increasing
attention for its role in ischemic pre-conditioning and anti-oxidant cardioprotection. Several
groups have demonstrated that NO acts as an endogenous opener of the inner membrane
mitochondrial ATP-sensitive K* (mitoK o1p) channels by activating sGC production of cGMP
with subsequent PKG activation (Costa et al., 2005; Quinlan et al., 2008; Sasaki et al., 2000).
PKG is thought to phosphorylate an as yet unidentified target protein which transmits the
cardioprotective signal from the cytosol to the mitochondrial membrane via PKCg, a novel
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isoform of PKC that is calcium-independent but phospholipids- and diacylglycerol- dependent.
PKCe then directly interacts with mitoK a7p, opening the channel, thereby blunting
mitochondrial calcium overload and conferring cardioprotection (Costa et al., 2005).
Furthermore, NO has been shown to mobilize intracellular Zn?* via a cGMP-PKG-dependent
signal pathway in rat cardiac myocytes, preventing the mitochondrial death pathway via
Zn2*(Jang et al., 2007).

4.7 Dystrophy related cardiomyopathies

The far-reaching impact of dysregulated cGMP signaling is also demonstrated by a subset of
muscular dystrophy that is accompanied by cardiomyopathy. The underlying genetic defect,
mutations in the gene encoding the plasma membrane protein dystrophin, affects both skeletal
muscle and cardiac muscle. Dystrophin forms a protein complex at the plasma membrane
(dystrophin glycoprotein complex, DGC) that functions as a mechano-signal transducer and
stabilizes the interaction of cardiac and skeletal myocytes with the extracellular matrix. DGC
is known to interact with NOS. Abnormalities of dystrophin have been implicated in both
inherited and acquired cardiomyopathies. In Duchenes muscular dystrophy (DMD), dystrophin
deficiency leads to a dilated cardiomyopathy, which can develop independent of the skeletal
and vascular pathology and accounts for significant mortality in DMD patients. While the exact
function of dystrophin in the myocardium remains incompletely understood, several studies
have suggested that NO-cGMP signaling is impaired in dystrophin cardiomyopathy.

The most widely used animal model of DMD, the mdx mouse, lacks dystrophin and develops
a wide range of cardiac defects, including impaired conduction, arrhhythmias, left ventricular
dysfunction, and dilated cardiomyopathy (Quinlan et al., 2004). Early studies of mdx mice
revealed significantly decreased nNOS activity (Bia et al., 1999), suggesting that increasing
NO production may have therapeutic benefits. Transgenic myocardial expression of NNOS in
dystrophin-deficient mdx mice in fact did prevent cardiac fibrosis and mitigated cardiac
autonomic dysfunction and arrhythmogenicity (Wehling-Henricks et al., 2005). Though the
exact relationship between nNOS activity and cardiomyopathy is not fully understood,
subsequent studies reinforce a link between dysfunctional NO-cGMP signaling and cardiac
dysfunction in mdx mice. For example, transgenic cardiac-specific overexpression of sGC in
dystrophin-deficient mdx mice improved cardiac contractile performance, myocardial
metabolic status, and sarcolemmal integrity (Khairallah et al., 2008), and this group recently
reported similar benefits in mdx mice treated with sildenafil (Khairallah et al., 2008).

Another model of muscular dystrophy and cardiomyopathy, the sarcoglycan mutant mice, is
also characterized by NOS dysfunction. In this model, nNOS expression is normal. However,
mislocalization of myocardial eNOS is associated with pathologic NO gradients and regions
of focal damage (Heydemann et al., 2004), and and NOS inhibition with L-NAME improved
cardiac autonomic dysfunction and arrhythmogencity. These findings are at odds with mdx
model and may be particular to the sarcoglycan mutation, as overexpression of eNOS alone
does not generate cardiomyopathy (Brunner et al., 2001).

4.8 Heart failure

Disease progression of the hypertrophied or remodeled heart inevitably leads to heart failure.
As such, the above discussion of dysregulated cGMP signaling in hypertrophy and remodeling
also applies in heart failure. Moreover, natriuretic peptide signaling gains greater prominence
in heart failure as plasma natriuretic peptide concentrations become markedly elevated
(Burnett, Jr. etal., 1986; Sugawaraetal., 1988; Tikkanen etal., 1985). Vasodilatory and diuretic
responses to ANP are blunted in heart failure animal models (Drexler et al., 1987; Riegger et
al., 1988) and in heart failure patients (Cody et al., 1986; Hirooka et al., 1990; Tsutamoto et
al., 1993). The blunted response has been attributed by some to a reduction in NPR-A
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expression, as seen in the pulmonary vasculature of heart failure patients (Tsutamoto et al.,
1992) and in the systemic vasculature of rats models of high-output heart failure (Garcia et al.,
1992). Others have noted a decreased responsiveness of NPR-A to ANP without significant
change in NPR-A receptor expression levels (Kuhn et al., 2004). An upregulation of an NP
clearance receptor (NPR-C) has also been suggested as the mechanism by which natriuretic
peptide receptor responsiveness is diminished (Andreassi et al., 2001; Kuhn et al., 2004).
Similarly a reduction in the bioavailability of NO in heart failure is felt to be related to the
decreased expression and/or activity of eNOS in the failing myocardium of patients (Drexler
etal., 1998; Heymes et al., 1999) and animal models (Balligand et al., 1997; Bauersachs et al.,
1998; Crabos et al., 1997; Wiemer et al., 1997).

5 Pharmacologic modulation of cGMP signaling in cardiovascular disease

Given that cGMP signaling is dysregulated in a wide spectrum of cardiovascular diseases and
can be altered at multiple levels, from upstream triggering events to downstream effectors and
regulatory molecules, each step of the cascade becomes a promising target for pharmacologic
therapy (Table 1).

5.1 Enhanced cGMP production

Upregulation of cGMP production can be approached by either NO or NP triggered pathways
with direct activation of the respective guanylyl cyclases. With the NO-cGMP pathway, other
strategies for recoupling NOS and enhancing NO bioavailability have also been pursued.

5.1.1 NOS coupling and activation—Both folate and tetrahydrobiopterin are being
explored for their therapeutic potential in reversing endothelial and myocardial dysfunction in
cardiovascular diseases. Folate, the synthetic form of the water soluble B vitamin folic acid,
is metabolized into the active form 5-methyltetrahydrofolate (5-MTHF). 5-MTHF is
structurally similar to tetrahydrobiopterin (BH4), the essential co-factor of endothelial nitric
oxide synthase (eNOS). As previously discussed, BH4 facilitates the electron transfer from
eNOS reductase domain, thereby maintaining the ferrous heme moiety in its redox active form
and promoting the homodimerization of active eNOS. Diminished bioavailability of BH4 with
subsequent uncoupling of eNOS, decreased NO formation, and increased production of
reactive oxygen species have been associated with various cardiovascular disorders.

Folate can restore the bioavailability of BH4 through several mechanisms. 5-MTHF can
enhance the efficacy of BH4 on eNOS coupling by improving the binding affinity of BH4 for
eNOS or facilitating the electron transfer oxidation of BH4 into its radical form(Stroes et al.,
2000). 5-MTHF can also promote regeneration of BH4 from its inactive form BH2 (Kaufman,
1991), further stabilize BH4 itself, and possibly interact with eNOS directly (Hyndman et al.,
2002).

Clinical studies of folate have demonstrated improvement in endothelial function with folate
supplementation in patients with familial hypercholesterolemia (Verhaar et al., 1998; VVerhaar
et al., 1999), diabetes (van Etten et al., 2002), and coronary artery disease (Doshi et al.,
2001; Doshi et al., 2002; Shirodaria et al., 2007). Most recently, a study of folic acid
pretreatment in rats demonstrated a protective effect of folate against myocardial dysfunction
in acute ischemia and mitigated post-reperfusion injury (Moens et al., 2008a). The beneficial
effect of folic acid was associated with the preservation of high-energy phosphates and
reductions in ROS generation, eNOS uncoupling, and post-reperfusion cell death.

Similarly, BH4 has been found in animal studies to blunt ventricular remodeling in models of
ischemic injury (Masano et al., 2008) and pressure overload (Moens et al., 2008b). An
intriguing aspect of this pressure-overload study was that while BH4 treatment re-coupled NOS
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and resulted in a marked decline in oxidative stress in the myocardium, its efficacy in reversing
hypertrophy/fibrosis and improving chamber function did not appear attributable to an anti-
oxidant effectalone. A similar protocol performed with the anti-oxidant Tempol failed to mimic
the effects of NOS-recoupling. Furthermore, despite recoupled NOS and enhanced NO-
generation compared to the untreated pressure-overload controls, PKG activity was not
increased by BH4 therapy. Thus, its effects do not appear to depend upon a cGMP-trigger, but
more on re-balancing NO/ROS. Chronic oral therapy with BH4 has also been shown to reverse
endothelial dysfunction and oxidative stress in patients with hypercholesterolemia (Cosentino
etal., 2008). Whether these effects are cGMP/PKG dependent or not remains to be elucidated.
Several phase |1 clinical trials of BH4 and a synthetic version of BH4 called 6R-BH4 are
underway to test the safety and efficacy of these therapies for the treatment of systemic
hypertension (ClinicalTrials.gov NCT00325962, NCT00208780), pulmonary hypertension
(Clinical Trials.gov NCT00435331), intermittent claudication (Clinical Trials.gov
NCT00403494), and coronary artery disease (Clinical Trials.gov NCT00423280).

5.1.2 Activation of guanylyl cyclases—A more direct approach to increasing cGMP
production is activation of either guanylyl cyclase via ligand stimulation (e.g. natriuretic
peptides, organonitrates) or synthetic activators (e.g. sGC activators)

5.1.2.1 Nitrates and natriuretic peptides: Organic nitrates have long been used as short term
treatments for unstable angina, acute myocardial infarction, decompensated heart failure, and
hypertensive crisis. Their chronic use, however, is limited by tolerance and cross-tolerance,
phenomena whereby impaired response to nitrates and other endothelium-dependent and —
independent vasodilators develop respectively. At present, nitrate-free periods are
recommended in conjunction with sustained chronic nitrate therapy to help reduce tolerance.
However, the limitation remains and has given rise to a novel class of NO-releasing drugs.

Nitro-non-steroidal anti-inflammatory drugs (NO-NSAIDs) were developed by the grafting of
an organic NO-releasing moiety onto a well-established non-steroidal anti-inflamatory drug
(NSAID) (Keeble et al., 2002). NO is slowly released upon catabolism of the NO-NSAID by
esterases. The beneficial effects of NO on gastric mucosa (Takeuchi et al., 1998a; Takeuchi et
al., 1998b) improves the gastrointestinal safety profile of NO-NSAIDS compared to
conventional NSAIDs. NO-releasing aspirin (NCX 4016) has been studied in animal models
of pulmonary thromboembolism (Momi et al., 2000), myocardial ischemia (Rossoni et al.,
2000; Yamamoto et al., 2000), and vascular injury (Napoli et al., 2001), and each study
demonstrated protective and beneficial effects with this drug.

Another novel NO-releasing drug class of particular interest is the NO-releasing derivatives
of inhibitors of 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase. NCX 6550 and NCX
6553 are based upon the structures of pravastatin and fluvastatin, respectively. In in vitro
studies with vascular smooth muscle cells and monocyte/macrophage cell line (Ongini et al.,
2004) and in vivo mouse models of atherosclerosis (Dever et al., 2007; Dever et al., 2008),
NCX 6550 and NCX 6553 demonstrated enhanced antiproliferative and anti-inflammatory
effects beyond the pleiotropic actions observed with their parent statins. Like the NO-NSAIDs,
NO-releasing statin derivatives also exert antiplatelet and antithrombotic activity (Rossiello et
al., 2005). Interestingly, NO-releasing statins also promote reparative neovascularization in
diabetic mouse model of peripheral limb ischemia, suggesting a role for these hybrid drugs in
the treatment of peripheral vascular disease (Emanueli et al., 2007). In vitro cell culture studies
have shown that the NO-releasing statins produce dose-dependent increases in cGMP levels
(Ongini et al., 2004).

Synthetic recombinant B-type natriuretic peptide (nesiritide) was shown in several studies to
have beneficial hemodynamic effects, including vasodilatation, natriuresis, and diuresis, in
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patients with congestive heart failure (Abraham et al., 1998; Holmes et al., 1993; Marcus et
al., 1996; Mills et al., 1999). Outpatient ‘tune-ups’ with intravenous nesiritide infusién became
popular earlier in the past decade based in part on results of a trial that suggested the treatment
could be a valuable addition to the pharmacologic armamentarium in treating acute
decompensated heart failure (Colucci et al., 2000). However, follow-up data of these studies
raised concerns regarding an increase in 30-day mortality and worsening renal function with
nesiritide treatment (Sackner-Bernstein et al., 2005a; Sackner-Bernstein et al., 2005b). Given
the lack of sufficient hard data to support this type of use, nesiritide has since fallen out of
favor. Development of other novel synthetic natriuretic peptides has nonetheless continued.

The more recent development in the NP field is the generation of a novel chimeric peptide
composed of C-type natriuretic peptide (CNP) fused to the carboxyl terminal tail of
Dendroaspis natriuretic peptide (DNP) was shown in pre-clinical in vitro cell culture assays
and in vivo animal models to have venodilating, natriuretic, diuretic, renin inhibiting, cardiac
unloading, and antiproliferative effects, all while enhancing glomerular filtration rate (Dickey
etal., 2008; Lisy et al., 2008). That CD-NP has the hemodynamic benefits of BNP but not the
adverse effects of profound hypotension or renal dysfunction has positioned this novel chimeric
drug as potentially quite useful in the clinical heart failure therapy. Furthermore, CD-NP can
activate NPR-B in addition to NPR-A, which suggests an added potential benefit of preventing
or inhibiting cardiac hypertrophy and remodeling (Langenickel et al., 2006; Soeki et al.,
2005). A Phase | human physiologic study to evaluate the renal, neurohumoral and
hemodynamic effects of CD-NP in chronic stable NYHA Class I1-111 heart failure patients is
being sponsored by the Mayo Clinic, though enrollment has yet to begin.

5.1.2.2 Synthetic activators and stimulators of sGC: NO-induced activation of sGC requires
the presence of the reduced Fe2* heme moiety. Removal or oxidation of the haem moiety
renders sGC insensitive to NO, and can occur under conditions of oxidative stress. Two novel
drug classes, sGC stimulators and sGC activators, can overcome these obstacles respectively
by enhancing the sensitivity of the reduced enzyme to low levels of NO or by directly activating
sGC (Evgenov et al., 2006). sGC stimulators then are heme-dependent drugs, whereas sGC
activators are heme-independent drugs which can activate NO-unresponsive, heme-oxidized
or heme-free sGC.

On the whole, the heme-dependent sGC stimulators (YC-1, BAY 41-2272, BAY 41-8543,
BAY 63-2521, CFM-1571, and A-350619) directly activate sGC but do so synergistically with
NO, potentiating the effect of low levels of NO and increasing the maximal catalytic rate of
sGC. Many of the sGC stimulators, except for A-350619, are structurally based on YC-1. The
potentiation effect of sGC stimulators are attributed in part to the stabilization of the nitrosyl-
heme complex and the transformation of the NO-activated enzyme from a low- to a high-output
activation state. The exact nature of the interaction between YC-1 and other sGC stimulators
is not known. Binding of the compound to the sGC catalytic domain has been suggested
(Yazawa et al., 2006). However, YC-1 induced effects have also been observed in heme-
containing fragments of the B, subunit lacking the catalytic domain (Denninger et al., 2000).
YC-1 additionally inhibits PDES5, thereby further amplifying the downstream effects of its
production of cGMP.

Heme-independent sGC activators (BAY 58-2667, HMR-1766) can activate heme-deficient
and heme-oxidized sGC and thus exert an additive effect with NO. BAY 58-2667 in particular
is the most potent NO-independent sGC activator and its action is further potentiated by the
oxidation or removal of the prosthetic heme group of SGC. Reduced sGC however is virtually
unresponsive to BAY 58-2667. This selective activation of heme-free or NO-insensitive,
oxidized state of SGC by BAY 58-2667 makes it a novel enzyme specific and redox specific
drug. sGC activators can mimic the spatial structure of the sGC porphyrin ligand and thus exert
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their effect either by binding to the unoccupied heme-binding pocket or by replacing the weakly
bound oxidized heme.

sGC stimulators and activators were initially noted for their vasodilatory property and
considered promising alternatives to nitrovasodilators. However, additional effects on platelet
aggregation and overall hemodynamics in in vitro and in vivo animal studies suggest greater
potential for sGC stimulators and activators as therapy for a broad range of cardiovascular
diseases. Heme-independent, NO-independent sGC activator BAY 58-2667 potently inhibited
platelet aggregation induced by thromboxane A2 mimic U46619, collagen, and ADP in human
platelet rich plasma, independent of a thrombin-mediated pathway (Stasch et al., 2002). The
antiplatelet effects of BAY 58-2667 were confirmed in vivo by prolonged rat tail bleeding times
and the reduction of thrombus formation in FeCI3 thrombosis rat model (Stasch et al., 2002).
BAY 58-2667 has also been shown to have a hemodynamic profile similar to nitroglycerin; it
causes a dose-dependent, long-lasting decrease in blood pressure and reflex increase in heart
rate by causing both arterial and venous vasorelaxation in anesthetized dogs (Stasch et al.,
2002). The pharmacokinetics of BAY 58-2667 differ however in that it has lower clearance
and longer half-life. The redox selectivity of BAY 58-2667 also becomes clinically significant
as vascular dysfunction, ROS formation, heme oxidation, and ultimately heme loss are
demonstrated in various pathophysiological animal models and human cardiovascular
diseases. In fact, BAY 58-2667 was demonstrated to induce selective vasodilation of diseased
blood vessels in both humans and animals (Stasch et al., 2006).

Pre-clinical studies of BAY 58-2667 in a dog model of tachypacing-induced heart failure
demonstrated that the sGC activator potently unloaded the heart, reducing mean arterial, right
atrial, pulmonary artery, and pulmonary capillary wedge pressures in a dose-dependent fashion.
It increased cardiac output and renal blood flow, while preserving glomerular filtration rate
and sodium and water excretion without further neurohumoral activation (Boerrigter et al.,
2007). Similar hemodynamic and cardiorenal benefits had been shown with the sGC stimulator
BAY 41-2272 as well (Boerrigter et al., 2003).

A phase | clinical trial has already assessed the safety, tolerability, pharmacokinetics, and
pharmacodynamics of BAY 58-2667 in normal healthy volunteers (Frey et al., 2008).
Intravenous administration of BAY 58-2667 potently reduced both preload and afterload,
suggesting a potential role for acute administration of the drug for the management of
decompensated heart failure. Currently a double-blind, placebo-controlled, multicenter,
randomized Phase Il clinical trial is underway to study the efficacy and tolerability of BAY
58-2667 in patients with decompensated chronic heart failure (ClinicalTrials.gov
NCT00559650). The primary outcome measure is the change of the pulmonary capillary wedge
pressure over 8 hours, with the secondary outcome measures as the quality of life and need for
rehospitalization at 30 days follow-up.

An oral formulation of a sGC stimulator, BAY 60-4552, is being studied in a Phase I clinical
trial as a proof of concept study to investigate the safety, tolerability, pharmacokinetics, and
hemodynamic effects of the single dose medication in patients with biventricular heart failure
and pulmonary hypertension (ClinicalTrials.gov NCT00565565).

Both sGC stimulators and activators have been studied extensively in models of systemic
hypertension (Rothermund et al., 2000; Ruetten et al., 1999; Zanfolin et al., 2006), pulmonary
hypertension (Deruelle et al., 2006; Deruelle et al., 2005a; Deruelle et al., 2005b; Dumitrascu
et al., 2006; Evgenov et al., 2004), and vascular injury (Pan et al., 2004; Tulis et al., 2002) as
well. In a rat model of hypertension, chronic treatment with the NOS inhibitor N-nitro-L-
arginine methyl ester (L-NAME) caused marked and sustained arterial hypertension (Erley et
al., 1995; Ribeiro et al., 1992), as well as cardiac hypertrophy, focal necrosis, and fibrosis
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(Laflammeetal., 1998; Navarro-Cid et al., 1996). Concomitant treatment of L-NAME-induced
hypertensive rats with sGC stimulator BAY 41-2272 inhibited hypertension and protected
against cardiac hypertrophy and fibrosis (Frey et al., 2008; Zanfolin et al., 2006). Pulmonary
vascular remodeling and right heart hypertrophy have likewise been reversed or blunted by
treatment with BAY 41-2272 and BAY 58-2667 in experimental models of pulmonary
hypertension in NOS37- mice and monocrotaline-injected rats (Dumitrascu et al., 2006).

The oral sGC stimulator BAY 63-2521 is actively being studied in multiple clinical trials for
the treatment of pulmonary hypertension of various etiologies--- chronic obstructive
pulmonary disease, chronic thromboembolic disease, pulmonary arterial hypertension, and
interstitial lung disease (ClinicalTrials.gov NCT00640315, NCT00454558, NCT00694850).

5.2 Enhanced activation of downstream effectors

While cGMP-dependent protein kinases execute the physiologic effects of cGMP in the
cardiovascular system, direct small molecular activators of PKG have yet to be developed as
a drug therapy. Much still remains to be elucidated about the various protein targets for PKG
and mechanisms of intracellular modulation, regulation, and compartmentalization of PKG
activity. PKG activators based on cGMP analogues are used in cell-systems but cannot be used
clinically. “Hydrolysis-resistant” PKG activators (i.e. 8-pCPT-cGMP and 8-Br-PET-cGMP)
can be degraded by distinct PDEs, and certain “specific” PKG inhibitors (i.e. Rp-8-pCPT-
cGMPS and Rp-8-Br-PET-cGMPS) also inhibit certain PDEs. Moreover, Rp inhibitors can
chemically convert into PKG activators. Thus the prevailing strategies for modulating cGMP
levels are by enhancing its production through guanylyl cyclase stimulation and by halting its
degradation through phosphodiesterase inhibition.

5.3 Modifying cGMP catabolism

Over the last twenty five years, inhibition of PDES has evolved as a therapeutic target for
angina and systemic hypertension to erectile dysfunction to pulmonary arterial hypertension
and now chronic heart failure. Sildenafil was the first of the PDES5 inhibitors to be developed,
followed by vardenafil and then tadalafil. Initial clinical studies of sildenafil focused on its
potential as an anti-angina drug. While sildenafil did not appear to have any significant benefit
in the treatment of angina, a major side effect of the medication propelled a seismic change in
its subsequent clinical development and marketing as the pharmacotherapy of erectile
dysfunction was born. All three PDES inhibitors are similar in chemical structure, though vary
somewhat with respect to pharmacokinetics (tadalafil having the longest ty,,), potency
(vardenafil has the lowest ICgp), and selectivity (tadalafil is arguably the most selective). Newer
PDES inhibitors are under development with longer durations of action.

Given the high concentration of PDES5 in the lungs, a role for sildenafil in the treatment of
primary pulmonary hypertension was also hypothesized. Several studies demonstrated a
benefit of sildenafil in primary pulmonary hypertension with respect to exercise capacity,
hemodynamics, functional status, and quality of life (Bhatia et al., 2003; Galie et al., 2005;
Michelakis et al., 2002; Michelakis et al., 2003; Prasad et al., 2000; Rossi et al., 2008; Sastry
etal., 2004). In 2005, sildenafil was ultimately approved for the treatment of pulmonary arterial
hypertension. Comparison of the three PDES inhibitors in patients with pulmonary arterial
hypertension revealed significant differences in pharmacokinetics, selectivity, and outcome
(Ghofrani et al., 2004). Vardenafil exerts the most rapid effect on pulmonary vasorelaxation;
however, only sildenafil and tadalafil are selective for the pulmonary vasculature. Sildenafil,
alone, improved arterial oxygenation. However, cases have been reported in which tadalafil
does improve arterial oxygenation in primary pulmonary arterial hypertension(Ghofrani et al.,
2004; Palmieri et al., 2004). Presently, tadalafil is in Phase 3 clinical trials for pulmonary
arterial hypertension. PDES5 inhibitors are also being studied in conjunction with upstream
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activators of the cGMP signaling cascade, such as natriuretic peptides, for a synergistic
approach to pulmonary hypertension therapy (Baliga et al., 2008). Combination therapy with
endothelin receptor antagonists (Wrishko et al., 2008) or prostacyclin (Bendayan et al.,
2008) is another strategy for management of pulmonary arterial hypertension.

More recently, several groups have been studying the benefits of PDE5 inhibition in chronic
heart failure. Preclinical studies of sildenafil in animal models of pressure-overload induced
cardiac hypertrophy and heart failure have established that PDE5 inhibition indeed suppresses
pathologic cardiac hypertrophy and fibrosis and improves cardiac function (Dumitrascu et al.,
2006; Nagayama et al., 2008; Takimoto et al., 2005b), and is coupled with depressed activation
of calcium-calmodulin dependent serine/threonine phosphatase calcineurin (Cn) and nuclear
factor of activated T-cells (NFAT) (Fiedler etal., 2002; Takimoto et al., 2005b). In vivo studies
recently demonstrated that PDES5 inhibition with sildenafil and subsequent PKG activation
blunted cardiac hypertrophy and improved cardiac function even in Cn”- mice subjected to
transaortic constriction induced chronic pressure overload, suggesting that cGMP-PKG
activation targets multiple downstream pathways and not only Cn/NFAT (Hsu et al., 2008).
Even as the downstream signaling effects of PDES5 inhibition are being elucidated, several
studies have already examined the clinical benefits of sildenafil in chronic heart failure.

Chronic sildenafil therapy has been shown in small clinical studies to improve functional
exercise capacity (Guazzi et al., 2007b; Lewis et al., 2007b), exercise hemodynamics, and
oxygen uptake (Bussotti et al., 2008; Lewis et al., 2007a) in chronic heart failure patients. The
benefits of sildenafil in heart failure are derived from multiple effects, not just pulmonary
vasodilation. Symptomatic improvement and increased exercise capacity was achieved by
chronic sildenafil treatment largely through improved nitric oxide-mediated vasodilation,
tempered the peripheral stimulus to hyperventilation, and heightened ventilatory efficiency
and exercise performance (Guazzi et al., 2007).

Multiple clinical trials continue to investigate the efficacy of sildenafil in the treatment of heart
failure. A Phase 1V efficacy clinical trial of sildenafil in the management of moderate
congestive heart failure is scheduled to begin shortly (ClinicalTrials.gov NCT00793338). The
primary outcome of the study is change in 6-minute walk distance with secondary outcome
measures including change in peak oxygen consumption, neurohormone levels, and quality of
life. Sildenafil is also being examined in the RELAX study (ClinicalTrails.gov NCT00763867)
for its potential in managing diastolic heart failure, with a primary outcome measure of change
in exercise capacity as determined by peak oxygen uptake.

6 Conclusions and perspectives

The central role of cGMP in mediating various physiological processes within the
cardiovascular system presents this second messenger as a prime target for pharmacologic
modulation. Many different approaches have been undertaken to enhance the cGMP signal.
Supplementation with essential co-factors for eNOS can restore the bioavailability of NO in
diseased states. NO-donor drugs and synthetic chimeric natriuretic peptides can trigger cGMP
production through their respective guanylyl cyclases. Synthetic stimulators and activators of
soluble guanylyl cyclase further enhance and potentiate SGC activity. There are no other
bioengineered direct activators of particulate guanylyl cyclases aside from synthetic natriuretic
peptides. cGMP analogues are limited even as research tools. PDES5 inhibitors amplify the
cGMP signal by blocking its degradation. Of the different cGMP modulating drugs discussed,
PDES inhibitors are the only class approved for clinical use and remains to be approved for
cardiovascular disease treatment. Novel PDES5 inhibitors are also in development which can
offer improved pharmacokinetics and selectivity. Overall, the various drugs in clinical trial
offer great promise in expanding our pharmacologic armamentarium for the treatment of
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cardiovascular diseases, ranging from hypertension to decompensated heart failure, and
without the adverse side effects associated with current therapies, particularly as they relate to

the cardiorenal syndrome.

The greatest challenge in modulating the cGMP signal perhaps lies in our limited understanding
of the compartmentalization of cGMP and its functional implications. As we unravel the details
of cGMP compartmentalization, we may find ourselves developing novel drugs that target not
only a singular step of the cGMP signaling cascade but also a particular subcellular

compartment wherein cGMP acts.
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Figure 1.

cGMP signaling cascade. cGMP is produced by particulate (pGC) and soluble (sGC) guanylyl
cyclases, upon natriuretic peptide and nitric oxide activation, respectively. cGMP can then
activate cGMP-dependent protein kinase (PKG) and either activate (green arrow) or inhibit
(red arrow bar) various phophodiesterase isoforms. PKG-1 phosphorylates several protein
targets, including phospholamban (PLB), vasodilatory-stimulated phosphoprotein (VASP),
regulator of G protein signaling 2 (RGS2), and the L-type calcium channel. PDE2 and PDE3
catabolize both cAMP and cGMP, whereas PDES5 specifically catabolizes cGMP. Upon cGMP
binding to its regulatory GAF domain, PDE2 undergoes a conformational change and increases
its enzymatic activity for CAMP. PDE5 similarly increases its catalytic activity for cGMP by
an order of magnitude upon cGMP binding to its regulatory GAF domain.
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Figure 2.

Compartmentalization of cGMP signal. (A) NP-induced cGMP pool is subplasmalemmal and
specifically hydrolyzed by the PDE2 isoform. In contrast, NO-induced cGMP pool appears to
be more cytosolic, not localized to the subplasmalemmal region, and is specifically hydrolyzed
by PDES isoform. (B) In studies of adeno-CNGAZ2 infected adult rat cardiac myocytes, Castro
et al.(2006) measured the CNG channel current in response to ANP and the NO-donor SNAP
in the presence of selective (EHNA for PDEZ2; sildenafil for PDE5) and non-selective (IBMX)
PDE inhibitors. A hydrolysis-resistent cGMP analog (Sp-8) was used as the positive control.
These findings established the specificity of PDE2 and PDES for the distinct NP-cGMP and

NO-cGMP pools, respectively. (C) Summary data of contractility studies of intact mouse hearts
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by Takimoto et al. (2007) demonstrated that the B-adrenergic response is modulated
specifically by the NO-cGMP signal pool. These studies established that the distinct cGMP
pools have distinct functions. (ISO, isoproterenol; Sil, sildenafil; ANP, atrial natriuretic
peptide)
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Dysfunctional cGMP signaling in cardiovascular diseases.

Pharmacol Ther. Author manuscript; available in PMC 2010 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Tsai and Kass Page 54

Table 1
Novel cardiovascular pharmacotherapies that target the cGMP signaling cascade

Drug Structure Target
Folate B8 eNOS
1L .
T S "'[Z‘
ST
BH4 eNOS

NCX4016 sGC
(NO-NSAID)
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Drug Structure Target
NCX 6550 sGC
(NO-pravastatin) O O(CH,} OND

NCX 6553 Fy

(NO-fluvastatin)

HO

D(CH,) ONO,
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Drug Structure Target
BNP NPR-A
(Nesiritide) (pGC)

CD-NP NPR-A
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Drug Structure Target
sGC stimulators sGC
(i.e. YC-1, BAY

60-4552)
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