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Abstract

Since the discovery of nitric oxide (NO), which is released from endothelial cells as the main
mediator of vasodilation, its target, the soluble guanylyl cyclase (sGC), has become a focus of
interest for the treatment of diseases associated with endothelial dysfunction. NO donors were
developed to suppress NO deficiency; however, tolerance to organic nitrates was reported. Non-
NO-based drugs targeting sGC were developed to overcome the problem of tolerance. In this
review, we briefly describe the process of sGC activation by its main physiological activator NO
and the advances in the development of drugs capable of activating SGC in a NO-independent
manner. sGC stimulators, as some of these drugs are called, require the integrity of the reduced
heme moiety of the prosthetic group within the sGC and therefore are called heme-dependent
stimulators. Other drugs are able to activate SGC independent of heme moiety and are hence called
heme-independent activators. Because pathologic conditions modulate sGC and oxidize the heme
moiety, the heme-independent sGC activators could potentially become drugs of choice because of
their higher affinity to the oxidized enzyme. However, these drugs are still undergoing clinical
trials and are not available for clinical use.
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INTRODUCTION

The endothelium plays a role in the regulation of the vascular tone by releasing both
relaxing and contracting agents. The basal release of nitric oxide (NO) by endothelium plays
an important role in the maintenance of basal tone in resistance arteries and in tonic
regulation of blood pressure and blood flow distribution.1:2 NO targets the soluble guanylyl
cyclase (sGC) located in the smooth muscle cells and binds to its haem moiety leading to
intracellular accumulation of the second messenger molecule cGMP, which in turn regulates
numerous physiological events such as vessel tone and neurotransmission. In addition to the
importance of NO-sGC-cGMP pathway for vasorelaxation, cardiovascular diseases are
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frequently associated with endothelial injury and, consequently, impairment of this pathway.
Therefore, the NO-sGC-cGMP pathway became a target for treating cardiovascular diseases.
Drugs releasing NO (or NO donors) such as sodium nitroprusside and nitroglycerin were
developed to suppress the deficiency of endothelium-derived NO in patients with
cardiovascular risks. However, patients taking NO donors become hyporesponsive and
exhibit tolerance to organic nitrates.3:4 Tolerance to NO-releasing drugs are believed to be
associated with the bioconversion of the molecules to NO, NO-superoxide interaction, and
enzyme desensitization induced by exogenous NO. As a result, non-NO-based drugs
activating the sGC were developed in an attempt to mimic NO effects without the
development of tolerance by the patients. In this review, we briefly describe the
physiological effects of SGC activation of smooth muscle and the evolution and
development of drugs called NO-independent sGC activators/stimulators within the last
decade.

Physiological Activation of Soluble Guanylyl Cyclase

sGC is a heterodimeric complex that consists of two subunits, a and 8, and each one
contains three common domains, as follows: 1) the N-terminal heme-binding domain that
mediates the NO sensitivity of the enzyme; 2) a dimerization domain, which is found in the
middle of the structure of each subunit and is required for basal or NO-stimulated sGC
activity; and lastly 3) the C-terminal catalytic domain, which is the most highly conserved
region between the subunits and is responsible for the conversion of GTP to the second
messenger, cGMP.> The mechanisms proposed for cGMP-mediated relaxations include: 1)
inhibition of inositol-1,4,5-triphosphate generation; 2) enhanced cytosolic Ca?* extrusion; 3)
dephosphorylation of MLCK; 4) Ca2* influx inhibition; 5) protein kinase G activation; 6)
stimulation of membrane Ca2* ATPase; and 7) potassium channels opening.>:® The
breakdown of cGMP to its inactive form 5'GMP is mediated by the PDE5, which is selective
to cGMP and stops relaxation.” 8

NO, which is a heme-dependent sGC stimulator, stimulates sGC by binding to its prosthetic
group containing the reduced Fe2* haem moiety and removal or oxidation of the haem
moiety leads to the NO-insensitive form of the enzyme.? In the prosthetic group, the central
ferrous iron is coordinated between four haem nitrogens and the axial ligand histidine-105,
and forms a penta-coordinated histidyl-haem complex. NO binding results in the formation
of a hexa-coordinated histidine-haem—NO intermediate, which is rapidly converted into a
penta-coordinated nitrosyl-haem complex by cleavage of the haem-histidine bond, which is
the molecular switch for sGC activation.19 However, in some cases, the redox state of the
sGC can be changed by reactive oxygen and nitrogen species, which decrease its activity
and expression.11

In the presence of an intact heme-moiety, the sGC is a constitutively active enzyme that
basally releases cGMP. Heme-dependent compounds are unable to activate the sGC when it
is on its inactive state (heme-free/oxidized enzyme). On the other hand, heme-independent
compounds activate the sGC even if it is inactive. For these reasons, heme-dependent
compounds are called sGC stimulators, whereas heme-independent compounds are called
sGC activators. In summary, the physiological activation of SGC as well as sGC stimulation
induced by heme-dependent compounds depends on the integrity of heme moiety of sGC,
which needs to be in its reduced state, whereas heme-independent sGC activators are more
potent in activating SGC when the heme moiety is oxidized (Fig. 1).

Additionally, NO does not seem to be the only physiological molecule activating sGC.
Despite the low potency, carbon monoxide (CO) also seems to activate sGC to cause
vasorelaxationl? and to inhibit platelet aggregation.13
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Based on the knowledge of the physiological stimulators of sGC, the indirect effects of
synthetic sGC activators and stimulators were evaluated on the responses mediated by NO
and CO as well as their direct effects on sGC.

HEME-DEPENDENT SOLUBLE GUANYLYL CYCLASE STIMULATORS: YC-1,
BAY 41-2272, BAY 41-8543, AND BAY 63-2521

YC-1: The First Soluble Guanylyl Cyclase Stimulator

Tolerance to organic nitrates limited the therapeutic use of NO donors on NO-sGC-cGMP
pathway activation in the treatment of cardiovascular diseases. Therefore, non-NO-based
drugs activating sGC were developed. YC-1 (3-[5'-hydroxymethyl-2'-furyl]-1-
benzylindazole), a chemically synthesized benzylindazole compound, was the first sGC
activator developed and it was described to inhibit platelet aggregation by activating platelet
sGC4 in an NO-independent mechanism.1® Although its action on sGC is still unclear, the
effects of YC-1 were shown to be NO-independent but heme-dependent and capable to
potentiate the effects of NO and CO.16 On the other hand, other authors suggested that YC-1
binds to a NO-independent regulatory site of SGC, an allosteric site on sGC that reduces
ligand dissociation rates from the heme group without a direct change in the spectral
characteristic of the heme moiety of sGC.17 Indeed, it was demonstrated that YC-1 has both
heme-dependent and heme-independent properties.18

In vascular smooth muscle, YC-1 exhibited vasodilatory properties, causing endothelium-
independent relaxation as well as increasing sGC activity and cGMP formation.19 In
addition, YC-1 was also described to potentiate the vaso-relaxation and the reduction in the
mean arterial pressure induced by CO2% and NO donor sodium nitroprusside,2! which might
be of interest for treating pathologies associated with decreased NO bioavailability such as
hypertension. Therefore, its effects were evaluated in animal models of hypertension.
Acutely administered, YC-1 alone caused a transient decrease in the mean arterial pressure
of hypertensive rats, whereas it strongly potentiated the effect of sodium nitroprusside
inducing a sustained reduction in blood pressure.2! Corroborating this observation, YC-1
potentiated the effects of sodium nitroprusside in either vascular smooth muscle relaxation
or sGC activity.1® However, its therapeutic relevance was not con-firmed because
controversial effects of YC-1 were reported in animal models of hypertension. YC-1 equally
relaxed the aorta of normotensive and hypertensive mice,22 whereas the ability of YC-1 to
induce relaxation was smaller in spontaneously hypertensive rats, an effect attributed to the
higher superoxide formation in spontaneously hypertensive rats, because this difference was
blunted in the presence of superoxide dismutase.1® Moreover, YC-1 is less potent than NO
donors in inducing vascular relaxation, which, therapeutically, raises the risk of toxicity. To
date, chronic effects of this compound are unknown in both animals and humans as well as
no clinical trials of YC-1 have been reported.

BAY 41-2272, BAY 41-8543, AND BAY 63-2521

Based on the molecular structure of YC-1, a series of pyrazolopyridinylpyrimidines
derivatives were synthesized to find a more potent drug to activate sGC.23 One of the first
selected compounds was 5-cyclopropyl-2-(1-[2-fluorobenzyl]-1H-pyrazolo [3,4-
b]pyridine-3-yl)pyrimidin-4-ylamine, a pyrazolopyridine named BAY 41-2272, two orders
of magnitude more potent than YC-1.23:24 Together with BAY 41-2272, BAY 41-8543 was
released as a heme-dependent drug and the most potent sGC activator, causing vascular
relaxation and reducing coronary perfusion pressure and collagen-mediated platelet
aggregation.2>26 Chemical structures of YC-1, BAY 41-2272, and BAY 41-8543 are
presented in Figure 2(A, B, and C, respectively) . Nevertheless, only few studies
investigated the effects of BAY 41-8543.25:26 On the other hand, BAY 41-2272 was
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extensively investigated and it was shown to have similar effects to YC-1, including
anticoagulant,?” antiplatelet,?8 and anti-inflammatory activities,2® chemotaxis inhibition,30
vasodilatory properties,23:31:32 pro erectile activity33:34 and angiogenesis.3® Similar to
YC-1, BAY 41-2272 potentiated the relaxant effects of NO in the corpus cavernosum,33:34
aorta,23:31 penile urethra,36 and anococcygeus muscle.3” BAY 41-2272 binds to the cysteine
238 and cysteine 243 spanning region of the a4 subunit of the enzyme, and its mechanism of
action was described to be heme-dependent in the isolated enzyme,22 although in smooth
muscles, heme oxidation by ODQ did not blunt the relaxant effect of BAY 41-2272.31:33
The intriguing and remaining effects of BAY 41-2272 after sGC blockade led to the
investigation of the underlying mechanisms of BAY 41-2272 after enzyme oxidation and the
proposed mechanisms include inhibition of PDE538 and calcium entry blockade. This last
effect was reproducible in the basilar artery,3° urinary bladder,*0 and penile urethra.36
However, PDES inhibition occurred only in high concentrations and therefore this inhibitory
effect is considered irrelevant because these concentrations would not be reached in
therapeutic doses. In the cardiovascular system, BAY 41-2272 diminished blood pressure in
normotensive mice*! and in vessels BAY 41-2272 was described to cause a potent and long-
lasting relaxation of aorta,23:31 basilar,3% and pulmonary*2 arteries in a synergistic fashion
with NO and exhibited a higher potency than YC-1 in the relaxation of rat mesenteric
arteries.32 Interestingly, BAY 41-2272 maintains its activity in tissues that have developed
tolerance to organic nitrates.2> BAY 41-2242 has been shown to be effective in the
treatment of acute®3 and chronic** pulmonary hypertension administered either
intravenously or inhaled. However, its effects in arterial hypertension remain controversial.
In mesenteric arteries of spontaneously hypertensive rats, the augmented oxidative stress
decreased the relaxation induced by BAY 41-2272.4% Additionally, BAY 41-2272 prevented
the increase in blood pressure and heart abnormalities caused by chronic NO inhibition46
and cardiovascular remodeling in angiotensin Il-induced hypertension.*’ It is important to
clarify that in both studies, although administered chronically, BAY 41-2272 was given
before the development of high blood pressure, whereas the decreased relaxation was
observed in mesenteric arteries after hypertension was established.

In summary, BAY 41-2272 helped to elucidate the mechanisms underlying the relaxation
induced by sGC activation nevertheless, there are no clinical trials testing the effects of
BAY 41-2272 in humans.

Recently described, BAY 63-2521 (so-called riociguat; Fig. 2D) is being proposed to treat
pulmonary hypertension. The first published study was performed in healthy volunteers and
it was shown that riociguat caused a decrease in the mean arterial pressure and diastolic
blood pressure with no effects in the systolic blood pressure.*® Subsequently, the beneficial
effects of riociguat were shown in pulmonary hypertension in both animal models*® or
human patients.>% Although riociguat is being investigated in Phase 111 clinical trials>® and it
is expected as a promising drug for the treatment of pulmonary hypertension, only five
studies report its effects in the pulmonary vascular bed.

HEME-INDEPENDENT SOLUBLE GUANYLYL CYCLASE ACTIVATORS: AND

HMR-1766

BAY 58-2667 (Cinaciguat)

BAY 58-2667 is an amino dicarboxylic acid (Fig. 2E) described to have similar
hemodynamics, vascular, platelet, and anticoagulant pharmacologic effects as BAY
41-2272. However, BAY 58-2667 binds to the amino acids 371 on the a4 subunit and 231-
310 on the B4 subunit of SGC with no changes in the prosthetic heme group indicating that,
unlike BAY 41-2272, it activates sGC in a NO- and heme-independent manner.2° In
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addition, BAY 58-2667 was shown to be 160-fold more potent in inducing vascular
relaxation than BAY 41-2272 and more potent than glyceryltrinitrate to decrease coronary
perfusion pressure.> Furthermore, BAY 58-2667-induced sGC activation is potentiated in
the absence of the heme moiety or when it is oxidized.2> This makes the molecule an
interesting tool for the treatment of pathologies in which free radicals oxidize sCG such as in
cardiovascular diseases. In the rat and dog, BAY 58-2667 protected cardiac damage induced
by myocardial infarction.>2 BAY 58-2667 is being called cinaciguat, and the first evaluation
of its pharmacodynamic and pharmacokinetic actions showed that cinaciguat reduces
cardiac preload and afterload in healthy volunteers.>3 The pharmacodynamic and
pharmacokinetic of cinaciguat were also evaluated in patients with acute decompensated
heart failure®® and in these patients, cinaciguat improved cardiopulmonary hemodynamics.>!
As aresult, BAY 58-2667 became a potential drug for the treatment of cardiovascular
diseases, being proposed to treat acute myocardial infarct,?® heart failure,* and diseased
blood vessels.>®

HMR-1766 (Ataciguat)

HMR-1766 was described as an anthranilic acid derivative (Fig. 2F) that preferentially
activates oxidized heme-containing sGC.57:°8 HMR-1766 is being proposed for the
treatment of cardiovascular diseases associated with augmented oxidative stress®® and
pulmonary hypertension.>® However, a recent study showed that HMR-1766 is not able to
prevent sGC degradation induced by oxidation.59 Since the first publication in 2004, only
nine studies were published investigating the effects of HMR-1766 and to date, no clinical
trials investigated the effects of this compound in either cardiovascular or pulmonary
disease.

Perspectives

In this last decade, non-NO-based molecules have been described as a novel pharmacologic
approach for the treatment of cardiopulmonary diseases, including arterial and pulmonary
hypertension. Two drug classes (classified as heme-dependent sGC stimulators and heme-
independent sGC activators) have been extensively studied. Although the effects of heme-
dependent molecules are effective in producing vasorelaxation, it seems that their effects are
diminished under pathologic conditions associated with increased oxidative stress, which
causes sGC oxidation and subsequent degradation. Therefore, heme-independent molecules,
which were shown to have higher affinity for the oxidized enzyme, became the promising
drugs for the treatment of arterial and pulmonary hypertension. However, such molecules
are still undergoing clinical trials. Cinaciguat and riociguat seem to be in the most advanced
stage of study for the treatment of heart failure and pulmonary hypertension, respectively.
Although these molecules are promising drugs, so far they are not available for clinical use.
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FIGURE 1.

Soluble guanylyl cyclase activation by nitric oxide (NO), carbon monoxide (CO), NO
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donors, and NO-independent heme-dependent soluble guanylyl cyclase (sGC) stimulators

requires integrity of heme-moiety of SGC, whereas NO- and heme- independent sGC

activators are more potent to activate sGC if heme moiety is on its oxidized (planar) state.
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FIGURE 2.

Chemical structures of soluble guanylyl cyclase (sGC) stimulators YC-1 (A), BAY 41-2272
(B), BAY 41-8543 (C), and BAY 63-2521 (D) and sGC activators BAY 58-2667 (E), and
HMR-1766 (F).
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