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Abstract
Cyclic GMP, guanosine 3′,5′-cyclic monophosphate, is a critical and multifunctional second
messenger molecule that mediates diverse physiological and pathophysiological functions in cardiac
and vascular tissues. Synthesized through nitric oxide, carbon monoxide, and/or natriuretic peptide-
mediated guanylate cyclase stimulation and guanosine triphosphate dephosphorylation, cyclic GMP
is capable of stimulating a cascade of serine/threonine kinase events including signaling through
cyclic GMP- and/or cyclic AMP-dependent protein kinases, eliciting protein kinase-independent
actions such as modulation of ion channels or transporters, or undergoing hydrolytic degradation
through actions of cyclic GMP-regulated phosphodiesterases. Substrates, enzymes, co-factors and
associated variables in this multifaceted system have historically been targets of vital
pharmacotherapies with perhaps most common the use of vascular smooth muscle-targeting
organonitrates in cardiac patients and phosphodiesterase inhibitors in individuals with erectile
dysfunction. Accumulating basic science and clinical evidence, however, suggests that cyclic GMP
signaling is compromised under conditions of disease or elevated physiological stresses. Moreover,
nitric oxide can stimulate an array of cytotoxic effects and nitric oxide-based therapies can be limited
by diminished bioactivity and the development of tachyphylaxis or tolerance after prolonged use.
Consequently, an emerging area for clinical drug development and therapeutic drug evaluation for
conditions of cardiovascular adversity has focused on identification of cyclic GMP signaling
pathways that act under oxidized or nitric oxide-unresponsive conditions and/or that operate
irrespective of nitric oxide-induced complications. The aim of this Therapeutic Review is to describe
novel, NO-alternate avenues for cyclic GMP signaling in vascular smooth muscle growth with
particular emphasis on pharmacotherapeutics of recently characterized cyclic GMP-specific
approaches.
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Introduction & Background
Cardiovascular disease (CVD) comprises a large family of related disorders and includes
angina pectoris, myocardial and systemic ischemia and/or infarct, coronary heart disease, heart
failure, arteriosclerosis and atherosclerosis, hypertension, diabetes, metabolic syndrome, and
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stroke. An estimated 79,400,000 American adults currently have at least one of these forms of
CVD.1 Mortality data show that CVD accounts for 36% of all deaths and that nearly 2400
Americans die from primary CVD or CVD-related secondary complications daily.1
Epidemiologic data designate CVD as the leading cause of death compared to any other single
cause or group of causes including cancer, neurological and respiratory diseases, or accidental
deaths and the total direct and indirect economic costs attributable to CVD diagnosis, treatment,
and prevention is estimated at $432 billion for 2007.1 Clearly, identification of clinically
feasible therapeutic approaches for the treatment of CVD and its complications is of utmost
importance.

The expansive field of nitric oxide (NO) biology established its foundation through seminal
studies on sympathetic cholinergic vasodilation in feline isolated perfused hindlimb
vasculature.2,3,4 Serendipitously, these early efforts elucidated a critical link between vascular
endothelium and vascular smooth muscle in terms of communicated signals responsible for
induced relaxation. Continued studies identified an endothelium-derived relaxing factor, or
EDRF, that upon acetylcholine stimulation diffuses from endothelial cells to adjacent vascular
smooth muscle to initiate vasodilation in intact arteries.3,4,5 Mechanistic studies showed that
EDRF stimulates this relaxation through activation of a soluble form of guanylate cyclase
(sGC) and ensuing synthesis of the signaling molecule guanosine 3′,5′-cyclic monophosphate,
or cyclic GMP, in vascular smooth muscle.6,7,8 In independent laboratories using bioassay
and chemiluminescent approaches respectively, EDRF was unequivocally shown to be NO.
9,10

Since this remarkable discovery of EDRF and NO homology, NO has been shown to be a
ubiquitous signaling molecule that exists in diverse tissues and systems and across species. As
mentioned, the major cardiovascular effects of NO are mediated through sGC activation and
synthesis of cyclic GMP, and cyclic GMP can stimulate a myriad of downstream intracellular
effectors such as serine/threonine cyclic GMP- and/or adenosine 3′,5′-cyclic monophosphate
(cyclic AMP)-dependent protein kinases, protein kinase-independent pathways, or hydrolyzing
cyclic GMP-specific phosphodiesterases (PDE). These cyclic GMP-mediated avenues play
key roles in the regulation of a variety of biological and physiological processes as well as in
the etiology, pathophysiology, and/or progression of assorted cardiac and vascular disorders.
11, 12

Importantly, numerous substrates, enzymes, co-factors, and associated elements inherent in
the NO signaling system have made it highly attractive for therapeutic targeting for a variety
of complications, and cardiovascular pharmacotherapy based on NO biology has provided
valuable remedy for patients for well over a century. Perhaps the most well-known NO-based
pharmacotherapy is nitroglycerin, a compound generally considered to operate through
metabolic liberation of NO in the vasculature.13 Nitroglycerin and associated “NO-donor”
compounds are universal therapeutic agents for use in cardiovascular tissues and other organ
systems and generally lead to beneficial outcomes based on enhanced NO-mediated cyclic
GMP signaling. Interestingly however, drawbacks to the use of NO-based drugs for
cardiovascular therapy were first reported in 1888 as the development of tolerance following
repeated nitroglycerin treatment in hypertensive patients.14 Since this initial observation,
emerging basic and clinical evidence convincingly demonstrate that NO-based interventions
potentially suffer from the development of tolerance and tachyphylaxis, have capacity to exert
significant cardiovascular toxicities, and often elicit broad deleterious consequences.15, 16,
17, 18 Moreover, clear experimental and clinical evidence showing that NO-based therapies
reduce overall mortality is lacking. Indeed, there is great need to identify NO-alternate
approaches that stimulate the salutary downstream actions of NO yet do not suffer from its
limitations and/or harmful consequences.
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A complementary pathway exists in mammalian cardiovascular tissues that parallels NO
signaling and that is gaining support in terms of (patho)physiological significance and potential
therapeutic utility. Heme oxygenase (HO) is the initial and rate-limiting enzyme for catabolism
of mammalian heme and exists in both constitutive and inducible forms. Heme degradation by
HO yields equimolar amounts of biliverdin IXa, ferrous iron, and carbon monoxide (CO).
Biliverdin and sequential bilirubin along with ferrous iron serve as robust downstream anti-
oxidants and, through a mechanism distinct from that for NO, CO stimulates sGC and produces
biologically active cyclic GMP. Convincing scientific evidence is emerging in support of the
HO/CO pathway as a NO-alternate system that has significant therapeutic promise yet does
not suffer from many of the limitations associated with traditional NO signaling. One important
caveat, however, regarding biological relevancy of CO is its relatively low potency for
stimulating sGC, a valid concern for the notion of CO as a physiologically active signaling
molecule in cardiovascular tissues.19

Based largely on limitations of (then) current NO and CO signaling, investigators spent much
effort in trying to identify novel pharmacological approaches that could be used as alternative
routes for control of sGC/cyclic GMP. Two distinct classes of compounds were discovered:
heme-dependent sGC stimulators and heme-independent sGC activators.20, 21 Heme-
dependent stimulators require an intact and functional prosthetic heme moiety in the cyclase
and robustly synergize with NO- and/or CO-induced activation. Such compounds include
YC-1, BAY 41-2272, and BAY 41-5843. Heme-independent activators such as BAY 58-2667
operate in heme-deficient or heme-oxidized tissues and can activate sGC even more potently
under such conditions. This class of potential therapeutic agents is especially attractive
considering the inimical oxidative setting of cardiovascular disease or injury.

This current article presents experimental and clinical evidence in support of NO-alternate,
sGC/cyclic GMP-specific approaches that have significant pharmacotherapeutic potential in
cardiac and vascular tissues. Based largely on published and preliminary results from the
author's laboratory, particular emphasis is placed on HO- and CO-mediated cyclic GMP
signaling and the newly described agents YC-1 and BAY 41-2272 and their positive influence
on vascular smooth muscle growth. Description of these novel sGC/cyclic GMP-sensitizing
approaches is included along with therapeutic rationale for their use, an area of study that is
gaining critical importance in the basic and clinical sciences.21, 22, 23

Heme Oxygenase/Carbon Monoxide/Cyclic GMP Signaling
Brief background on the HO/CO system is essential for an understanding of its role as an NO-
alternate, biologically active route for sGC stimulation and cyclic GMP production in vascular
smooth muscle. Schmid and colleagues originally characterized HO as the rate-limiting
microsomal enzyme that, in the presence of ferrous iron and stoichiometric amounts of NADPH
and molecular oxygen, catalyzes oxidation of heme at the α-methene bridge to form biliverdin
and its sequential reduced form bilirubin and liberates CO.24, 25 Assumingly based on caveats
of their experimental setup and on several provocative observations, paradoxically these
investigators stated that their findings “…argue strongly against a physiologic role for “heme
α-methenyl oxygenase” in the degradation of heme compounds.”25 Since these original
discoveries, the majority of studies have rightly focused on the biological anti-oxidant activities
of biliverdin and bilirubin, the most potent anti-oxidant in mammalian tissues,26 as well as on
ferritin-based apo-ferroxidase activity following conversion of ferrous iron.27 Interestingly,
endogenous formation of HO-liberated CO was first described under both normal and
pathophysiological conditions some 20 years earlier;28, 29 however, the notion of CO as a
biologically relevant and functional signaling molecule in cardiovascular tissues has only
recently been theorized.
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Over the past decade notable experimental studies have provided much support for the
biological relevance of HO and CO in multiple organ systems and under normal and
pathophysiologic conditions. Moreover, a role for CO in mediating diverse cardiovascular
functions is gaining popularity and has recently been the focus of several comprehensive review
articles.30, 31, 32 As mentioned, CO stimulates sGC in vascular smooth muscle through a
mechanism separate to that for NO. Specifically, activation of sGC by NO is biphasic,
consisting of a transient inactive six-coordinate NO-heme iron of the β1 subunit of the cyclase,
33 followed by a rate-limiting cleavage of the prosthetic iron-histidine105 bond to create a five-
coordinate nitrosyl-heme complex and a catalytically active enzyme that achieves up to 400-
fold induction.34, 35 It is proposed that CO binding to sGC also involves the primary formation
of a six-coordinate ligand-enzyme complex; however, the iron-His105 bond remains intact
following CO binding while a transient five-coordinate intermediate is formed only upon
ligand-enzyme dissociation.35 36, 37, 38 This unique mechanism of enzyme activation by CO
is thought to be the major limitation to the degree of CO-induced cyclase activation which has
been reported to reach a relatively modest 4- to 5-fold.35 Following CO- (and/or NO-) mediated
activation, sGC elicits cleavage of pyrophosphate from guanosine triphosphate (GTP) to yield
the robust and multifunctional signaling messenger cyclic GMP. As with NO, the fate of CO-
generated cyclic GMP is dependent upon intracellular localization in various cytosolic
compartments or organelles, the presence and activities of cyclic GMP-degrading PDEs, direct
and/or indirect communication with the parallel cyclic AMP system, and the existence of
essential co-factors and target proteins and substrates.

Early findings from our laboratory and others in support of vascular smooth muscle HO as a
biologically significant system were initially based on enhanced expression of its inducible
form (HO-1) following experimental vascular injury.39, 40 These initial observations showed
that arterial HO-1 transcript and protein levels are upregulated acutely following balloon
distension injury, are subsequently reduced to lower than basal levels after 4 days coinciding
with marked loss of medial smooth muscle cells, and then are stimulated again during the
neointimal growth phase between 7 and 21 days post-injury. These findings provided basis for
continued studies utilizing HO-1 over-expression approaches such as systemic pharmacologic
dosing of the heme substrate and HO-1 inducer hemin41, 42, the phase II HO-1 inducer
butylated hydroxyanisole,43 or localized luminal adenoviral-mediated HO-1 gene transfer
following injury44. These results showed that elevated HO-1 signaling attenuates vascular wall
remodeling and the neointimal growth response following distension injury and that this occurs
through enhanced medial cell apoptosis concomitant with suppressed medial cell proliferation.
44 These findings provide first evidence for a pathophysiologic role for the HO system in
injured vasculature and strongly suggest HO as a protective signaling mechanism against
aberrant vessel growth. Figure 1 shows cross-sectional photomicrographs of rat carotid arteries
from uninjured animals (A) or from animals whose carotid arteries were balloon-injured and
treated with vehicle (B), the heme substrate and HO-1 inducer hemin (C), or with hemin plus
the selective HO-1 inhibitor tin protoporphyrin (D). One can clearly see a patent lumen with
clearly defined medial elastic lamina in the uninjured artery. In the balloon-injured vessel (B),
a marked matrix-rich neointima is apparent with significant luminal stenosis and moderate
adventitial remodeling. In the HO-1-overexpressing artery (C), injury-induced vessel
remodeling has been largely attenuated and luminal patency almost completely restored. Heme
oxygenase-specificity was verified with concomitant hemin and HO-1 inhibition (D), which
resembles an injured untreated vessel as seen in (B).

Corresponding studies focused on the role of CO without the influence of upstream HO-
stimulated anti-oxidant pathways in mediating vessel growth during disease or following
injury. Endogenous HO-generated CO originating in vascular smooth muscle was shown to
confer protection against neointimal development following balloon injury through anti-
proliferative actions.45, 46 Subsequently and in support, exogenous CO administration via

Tulis Page 4

Am J Ther. Author manuscript; available in PMC 2009 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



systemic dosing47, 48 or localized luminal incubation of a saturated CO solution49 reduced
neointimal growth after injury and minimized atherosclerotic lesion formation. Proposed
mechanisms for CO-mediated growth suppression include activation of p38 mitogen-activated
protein kinases (MAPK), enhanced acute expression of the cyclin-dependent kinase (cdk)
inhibitor p21Cip1,47 and CO-induced inhibition of the synthetic growth factor TGF-β1 and the
G1 cyclins E and A.49 These findings directly implicate CO as a sGC/cyclic GMP-dependent
salutary inhibitor of vascular smooth muscle growth and lend firm support for the biological
relevance of this pathway.

sGC stimulators and sGC activators
Discovery of novel approaches for enhancing sGC-mediated cyclic GMP signaling in NO-
independent fashion through heme-dependent sGC stimulators and/or heme-independent sGC
activators has challenged the traditional view of NO biology and offers new insights into a
promising pharmacological strategy with definitive therapeutic advantages. These novel
approaches are even more appealing considering limitations and toxicities associated with NO-
based therapies and the pro-oxidant local environment often present in diseased or abnormal
states. Moreover, despite the profound findings that HO and the HO product CO have
significant capacity to confer vascular protection against aberrant growth, skepticism still exists
regarding biological relevancy of this pathway, a concern largely addressed through
identification of cyclase stimulators and activators that act through CO-sensitive mechanisms.
This section will include a summation of several of the latest sGC/cyclic GMP-specific
approaches in light of several excellent and comprehensive reviews that have been recently
published on this topic.20, 21, 22, 23 Published and preliminary data in support of the heme-
dependent sGC-stimulating agents YC-1 and its analog BAY 41-2272 as biologically active
therapeutic regulators of vascular smooth muscle growth will be presented.

1. YC-1
As mentioned, two classes of very promising compounds were recently discovered that have
capacity to exert significant control over sGC and cyclic GMP signaling in the cardiovascular
system: heme-dependent sGC stimulators that synergize with NO and/or CO and that require
a functional cyclase heme, and heme-independent sGC activators that operate even more
robustly under heme-jeopardized or heme-deficient conditions. The most characterized of these
neoteric sGC-modifying agents is a benzyl indazole derivative named YC-1, first discovered
by Teng and colleagues in 1994 as a NO-independent activator of platelet sGC and cyclic GMP
synthesis in rabbits.50, 51 These influential early reports showed that YC-1 exerts potent anti-
platelet effects under in vitro conditions such as inhibition of ATP release and platelet
aggregation, reduction in intracellular calcium mobilization, and disaggregation of clumped
platelets. Several of these findings were substantiated under in vivo conditions as prolonged
tail bleeding times in YC-1-treated mice. Since these seminal discoveries, numerous
experimental and clinical studies have investigated the actions of YC-1 in cardiac and vascular
tissues under normal and pathologic conditions. Verifying the increasing popularity of this
agent, in an invited review article on YC-1 prepared by this author in 200422 slightly over 120
publications were listed on the National Library of Medicine PubMed database related to YC-1.
In a current PubMed search in preparation for this article 225 citations for YC-1 were listed,
a dramatic increase in publications in only three years! Indeed, the broad utility of YC-1 in
various cell types and organ systems makes it a highly attractive agent for use in both basic
science and clinical studies. As mentioned, detailed discussions of the mechanisms of action
of YC-1 and its manifold effects in the cardiovascular and hematological systems were recently
published;22, 23, 52, 53 therefore, in this section only a brief summation of some of the crucial
mechanisms of YC-1 and its targeted effects on vascular smooth muscle growth related to
potential pharmacotherapeutic utility will be addressed.
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YC-1 operates through complementary upstream and downstream mechanisms to robustly
increase cyclic GMP signaling in vascular smooth muscle. At the upstream cyclase YC-1
stabilizes the active configuration of the enzyme,35,54 enhances the affinity of the activated
enzyme for its substrate GTP,55 and reduces the dissociation of NO and/or CO from the enzyme
thereby inhibiting ligand-enzyme de-activation.56 These processes strongly increase the
production of sGC-mediated cyclic GMP. Downstream of cyclic GMP, YC-1 also serves to
inhibit PDE isoenzymes responsible for cyclic GMP hydrolysis and degradation, thus
enhancing its persistence and duration of action.57 YC-1 functions through these mechanisms
in the absence of NO or under conditions of aberrant NO signaling, and the structure of YC-1
does not contain a group capable of NO donation (see Figure 8). YC-1 is therefore considered
to be a NO-independent sGC stimulator; however, YC-1 does have ability to augment sGC
activation and cyclic GMP synthesis elicited by both NO as well as CO. Notably, in the absence
of NO YC-1 has capacity to stimulate CO-mediated sGC activation to a degree comparable to
that of NO.35, 36 In fact, the notion of an endogenous “YC-1-like” compound that is up- or
down-regulated in response to local stimuli in order to enhance CO-mediated signaling has
been proposed by various investigators, and discovery of such a factor would lend credence to
YC-1 as a therapeutic tool and substantiate HO/CO signaling as biologically important.

Regarding growth of vascular smooth muscle, YC-1 dose-dependently and significantly
increases cyclic GMP content under in vitro58 and in vivo39 conditions. In rat primary (passage
3-7) vascular smooth muscle cells, YC-1 inhibited serum-stimulated proliferation in dose-
dependent (10-50 μM) manner58. Verifying these data, previously unpublished findings show
that YC-1 inhibits serum-induced proliferation of commercially-available rat vascular smooth
muscle cells (A7R5, ATCC) in dose- and time-dependent fashion (see Figure 2) without
evidence of cytotoxicity as estimated through trypan blue exclusion staining. In support of the
anti-mitogenic effects of YC-1 observed in culture, in rat intact vasculature adventitially-
applied YC-1 in pluronic gel attenuates vessel remodeling and neointimal growth 2 weeks after
balloon distension injury.39, 58 Mechanistic analyses suggest that YC-1 reduces growth
through inhibiting the proliferative factor TGF-β1 and via reducing focal adhesion kinase59
and through alteration of matrix balance by suppression of matrix metalloproteinase (MMP)
biology.60 Corroborating unpublished preliminary findings show that YC-1 potently
stimulates medial and neointimal cellular apoptosis 14 days post-balloon injury and
significantly reduces medial and neointimal cellular proliferation at both acute (24, 48 hour)
and prolonged (7, 14 days) time points after injury. Additional unpublished data show that
selective inhibition of cyclic GMP-specific PDE by zaprinast in rat injured arteries mimics the
growth-inhibitory effects of YC-1 while targeted sGC inhibition with ODQ fails to markedly
alter the YC-1 effects. These novel findings suggest that YC-1 operates to reduce vascular
smooth muscle growth after injury in cyclic GMP-specific manner. Moreover, the route of
cyclic GMP action appears to be primarily due to enhanced cyclic GMP perseverance via
inhibition of cyclic GMP hydrolysis by PDE and only minimally dependent upon cyclic GMP
synthesis by sGC. Several representative photomicrographs for these YC-1 studies are shown
in Figure 3 for balloon-injured untreated control (A) and balloon-injured YC-1-treated (B)
arterial cross-sections 2 weeks post-injury. A marked diminution in neointimal growth and
luminal stenosis is readily observed in vessels treated with YC-1 (B), thus firmly implicating
YC-1 as a potent anti-growth agent and potential therapeutic tool against aberrant vascular
growth and remodeling.

Indeed, YC-1 confers robust anti-mitogenic effects on vascular smooth muscle under culture
conditions and in intact vasculature during the growth response to experimental injury. This
anti-proliferative ability would be greatly warranted for pharmacologic treatment of a variety
of abnormal growth conditions in cardiac and vascular tissues such as the de-differentiation
that occurs in vascular smooth muscle cells during evolution of an atherosclerotic plaque or
during angiogenesis and vasculogenesis that occur in vessel tumorigenesis. Of note, YC-1 has
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many other vasoactive properties that could provide added benefit under such conditions such
as reduction of blood pressure and inhibition of platelet function. These multifaceted attributes
of YC-1 make it very interesting and appealing in terms of pharmacotherpeutic utility in basic
sciences and clinical medicine. Interestingly though, newly developed agents based on YC-1
have emerged that have more robust mechanisms of action and that might offer added promise
for pharmacotherapeutic utility in cardiovascular disorders.

2. BAY 41-2272
Based in large part on the success of studies using YC-1 in cardiovascular tissues, utilizing
YC-1 as the parent compound scientists discovered literally thousands of “YC-1 mimetics”
that share similar characteristics to YC-1 and that exert significant and often more potent
biological activities.61, 62 Based on structure-activity relationships and associated data, BAY
41-2272 (in addition to its analog BAY 41-8543) was selected as one of the two most promising
heme-dependent sGC stimulators. Mechanistically, BAY 41-2272 and YC-1 operate in very
similar fashion,63 and although an inhibitory effect for BAY 41-2272 on cyclic GMP-specific
PDE has been suggested64 it has yet to be verified under physiological conditions.65 Like
YC-1, BAY 41-2272 operates irrespective of NO yet synergizes with both NO and CO to
potently stimulate sGC in heme-dependent fashion and to produce cyclic GMP. Notably, BAY
41-2272 is approximately 100-fold more potent than YC-1 in stimulating the enzyme, thus
making it especially attractive for clinical use.

In vascular smooth muscle the growth-modulating effects of BAY 41-2272 have yet to be
studied in detail although preliminary efforts in the author's laboratory are examining BAY
41-2272 under in vitro conditions and following experimental vascular injury in intact animal
models. Unpublished results show that BAY 41-2272 significantly and dose-dependently
reduces proliferation of rat A7R5 vascular smooth muscle cells at 24, 48, and 72 hours
following serum (10% FBS) stimulation (see Figure 4). Interestingly, these anti-mitogenic
properties of BAY 41-2272 are enhanced with concomitant HO-1 induction (by hemin dosing)
primarily at lower BAY 41-2272 concentrations, and largely reversed with concomitant HO-1
inhibition (with tin protoporphyrin) primarily at higher BAY 41-2272 concentrations. These
challenging findings imply that BAY 41-2272 operates to control proliferation of vascular
smooth muscle through a “high/low gain switch” largely dependent on functional HO-1
signaling. Similar studies using BAY 41-2272 with/without concomitant induction (through
SNP) or inhibition (with L-NAME) of NO signaling failed to demonstrate significant
modulation of the BAY 41-2272 growth-modulating effects (data not shown). These promising
early findings suggest that BAY 41-2272 operates in HO-dependent fashion in A7R5 vascular
smooth muscle cells to reduce growth under culture conditions. Of note, however, recent
experiments in the author's laboratory studying the effects of BAY 41-2272 on growth of rat
primary vascular smooth muscle cells have yielded very interesting yet discordant findings.
Rat primary vascular smooth muscle cells (at passage 2 and passage 7) treated with varying
log concentrations of BAY 41-2272 and stimulated (10% FBS) for 48 hours showed dose-
dependent increases in cell numbers compared to vehicle-treated cells (data not shown). The
divergent results between commercial (and likely phenotypically-altered) and fresh (primary)
cells in response to BAY 41-2272 may be partially dependent upon differential expressions of
cyclic GMP-specific protein kinase and/or cyclic AMP-dependent kinase between
phenotypically-altered cells versus primary cells, as has been shown previously by Lincoln
and colleagues.66 Studies are currently underway in the author's laboratory to investigate these
challenging findings.

Related to growth, current studies are analyzing the effects of BAY 41-2272 on vascular smooth
muscle matrix balance with particular emphasis on the gelatinolytic enzymes MMP-2 and
MMP-9 and their roles in regulating the growth response to vascular trauma. These particular
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MMP enzymes are crucial for a variety of cellular functions in vascular smooth muscle
including regulation of proliferation and migration that underlie growth in response to injury.
67, 68 In initial efforts balloon injury was performed on rat carotid arteries and vessels were
treated with perivascular BAY 41-2272 immediately after injury, and tissues were harvested
after 48 hours for Western analysis. A Western blot on uninjured or balloon-injured carotid
artery homogenates (to measure intracellular protein expression) with or without BAY 41-2272
treatment 48 hours post-intervention is shown in Figure 5A along with densitometric analyses
for pro-MMP-9 (Fig. 5B) and active MMP-9 (Fig. 5C). BAY 41-2272 failed to exert significant
effects on intracellular pro- or active MMP-9 in uninjured vessels. Balloon injury dramatically
increased intracellular expression of both pro- and active forms of MMP-9, and these were
completely reversed to levels equal to or below baseline with concomitant BAY 41-2272
treatment. This was the first indication that modulation of sGC/cyclic GMP signaling via BAY
41-2272 could impact MMP biology under in vivo conditions. Complementary experiments
then addressed extracellular (secreted) MMP activity through use of in situ gel zymography.
As shown in Figure 6, rat balloon-injured carotid arteries demonstrated marked elevations in
extracellular gelatinase activity 24 hours post-injury (Lane 2 compared to Lane 1), as estimated
by noticeable areas of “clearing” of the gelatin-containing gel. In balloon-injured arteries
treated with perivascular BAY 41-2272 immediately after injury, significant reduction in
extracellular gelatinase activity is certainly evident in Lane 3. These findings substantiate the
initial Western blot data on MMP-9 expression and show that BAY 41-2272 confers similar
inhibition on extracellular MMP-9 activity following injury. Of note, this technique estimates
total extracellular gelatinase activity that includes both MMP-9 and MMP-2.

Next, in a series of detailed experiments the effects of BAY 41-2272 on independent
intracellular and extracellular MMP-9 and MMP-2 activities following balloon injury were
analyzed using column gel zymography, an approach that allows differentiation between these
similar gelatinases based on molecular weight. Rat carotid arteries were uninjured or balloon-
injured and treated with adventitial BAY 41-2272 as previously described. After 24 hours
arteries were harvested and incubated in warm DMEM plus 10% FBS in culture for 24 hours.
Conditioned media was obtained and analyzed for extracellular (secreted) MMP activity while
arterial tissues were homogenized to measure intracellular MMP activity. Figure 7A shows
column gel zymograms for extracellular and intracellular gelatinase activities, respectively,
for data obtained from two rats in order to show reproducibility and consistency of results.
Figures 7B-7E show densitometric results of extracellular and intracellular raw data from the
zymograms shown in Figure 7A. In summary, these zymography data reveal considerable
attenuation of injury-induced MMP activation by BAY 41-2272 which, combined with its
ability to mitigate cell proliferation, makes BAY 41-2272 highly attractive for
pharmacotherapeutic targeting of abnormal vascular smooth muscle growth. Specifically, in
the column zymograms and corresponding densitometric data one can clearly see that BAY
41-2272 attenuates the injury-induced extracellular activities of the active forms of both
MMP-9 (Fig. 7B) and MMP-2 (Fig. 7D). The influence of BAY 41-2272 on the inactive
precursor (pro-) forms of the extracellular gelatinases is not as clear. For intracellular activities,
BAY 41-2272 significantly minimizes injury-induced increases in both pro-MMP-9 and active
MMP-9 (Fig. 7C). Correspondingly, BAY 41-2272 has comparable inhibitory effects on the
intracellular activities of pro- and active MMP-2 (Fig. 7E).

In logical complement, under identical experimental conditions preliminary Western data show
that BAY 41-2272 dramatically reduces injury-induced extracellular expression of the
MMP-9-selective tissue inhibitor TIMP-1 (data not shown), which is particularly essential for
cleaving pro-MMP-9 and forming active MMP-9. In the extracellular mileu with BAY 41-2272
reducing TIMP-1, the expected outcome would be enhanced pro-MMP-9 along with reduced
active MMP-9. This exactly what is observed in these early findings (see Fig. 7). This novel
early result suggests that BAY 41-2272 serves to reduce injury-mediated elevations in
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extracellular MMP-9 through reduction in extracellular TIMP-1, yet this line of investigation
is currently underway to verify and elucidate these mechanisms. Clearly, based on these
exciting new data BAY 41-2272 confers robust anti-growth properties on vascular smooth
muscle under both eutrophic culture conditions as well as in the pathologic environment
following vessel injury or disease. These results provide strong support for the therapeutic
potential of this multifaceted sGC/cyclic GMP-regulating agent.

In summation, Figure 8 illustrates a novel pathway for cyclic GMP signaling based on
published and preliminary data from studies examining HO and CO as well as YC-1 and its
analog BAY 41-2272 and their effects on vascular smooth muscle growth. These NO-
alternative approaches appear to mitigate growth through inhibition of cellular proliferation
and MMP functions and stimulation of cellular apoptosis. Clearly, the therapeutic potential for
these NO-independent sGC/cyclic GMP-modulating pharmacologic regimens for conditions
of cardiovascular adversity is extremely high and most promising.

Conclusions
The critically important field of NO biology has provided foundation for countless basic
science endeavors and the platform for broad clinical utility under conditions of cardiovascular
adversity. Emerging evidence, however, mandates that alternate approaches are identified that
elicit the beneficial aspects of NO-induced cyclic GMP signaling yet that do not suffer from
inherent limitations associated with NO-based therapies. Abundant evidence supports HO and
CO as a pivotal and (patho)physiologically relevant signaling pathway that has marked capacity
to regulate growth of vascular smooth muscle. Moreover, the discovery of new cyclic GMP
modulating agents such as YC-1 and BAY 41-2272 that operate in NO-independent manner
but that augment NO and CO signals provides new routes for cyclic GMP control and sound
basis for this novel pharmacotherapeutic regimen.
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1.
Verhoff-van Gieson-stained photomicrographs of rat carotid artery 5 μm cross-sections from
uninjured animals (A) or from animals whose arteries were balloon-injured and treated with
DMSO vehicle (B), the heme substrate and HO-1 inducer hemin (C), or with hemin plus the
selective HO-1 inhibitor tin protoporphyrin (D). A clear and patent lumen is observed with a
thin smooth muscle-rich media in the uninjured arteries (A). A marked and concentric matrix-
rich neointima with significant luminal stenosis is evident in vehicle-treated vessels 2 weeks
following balloon injury (B), which is dramatically reduced in vessels exposed to HO-1
induction (C). This phenomenon is specific for HO-1, as concomitant treatment of vessels with
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hemin plus the HO-1 inhibitor tin protoporphyrin completely reverses the HO-1-mediated
growth suppression (D).
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2.
Absolute rat aortic smooth muscle cell (RASMC) counts using commercially-available A7R5
cells (ATCC) grown in DMEM and treated with vehicle (DMSO) (A) or with varying
concentrations of YC-1 (0.1-100 μM) and stimulated (10% FBS) for 24, 48, or 72 hours.
Marked reduction in vascular smooth muscle cell proliferation by YC-1 is readily observed at
all time points and in dose-dependent fashion. No evidence of cytotoxicity as estimated by
trypan blue exclusion staining was evident in any cohort.
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3.
Verhoff-van Gieson-stained photomicrographs of rat carotid artery 5 μm cross-sections from
balloon-injured animals treated with DMSO vehicle (A) or with 1 mg YC-1 in adventitial
pluronic gel (B) immediately after injury. Cross-sections were obtained 2 weeks post-injury.
These data support an anti-proliferative action of YC-1 in the response to vessel injury. [Photo
in (B) is modified from Ref. No. 39].
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4.
Cell proliferation assay on rat A7R5 vascular smooth muscle cells after 10% FBS stimulation
and treatment with vehicle (DMSO) or log doses of BAY 41-2272 for 72 hours. One-way
ANOVA indicates statistically significant reduction in growth in cells treated with BAY
41-2272. Interestingly, the anti-mitogenic effects of BAY 41-2272 were enhanced in cells
simultaneously treated with hemin to induce HO-1 signaling (primarily at lower BAY 41-2272
concentrations) and reversed in cells simultaneously treated with tin protoporphyrin to inhibit
HO-1 (primarily at higher BAY 41-2272 concentrations).
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5.
A: Western blot analysis on rat uninjured or balloon-injured carotid artery homogenates with/
without perivascular BAY 41-2272 treatment immediately after injury. Samples were obtained
48 hours post-injury. Lane 1: ladder; Lane 2: MMP-9 positive control; Lane 3: MMP-2 positive
control; Lanes 4, 5: uninjured artery homogenates; Lanes 6, 7: balloon-injured artery
homogenates. Both pro- and active forms of MMP-9 are represented. B, C: Densitometric
analyses of Western blot data for pro-MMP-9 (Fig. 5B) and active MMP-9 (Fig. 5C). For both
pro- and active forms, uninjured arteries show basal levels of MMP-9 expression which were
not affected by BAY 41-2272 treatment. Balloon injury significantly elevates intracellular pro-
and active MMP-9 which were both dramatically reduced with concomitant BAY 41-2272
treatment.
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6.
In situ gel zymogram (using 10% Tris-glycine gels containing 0.1% gelatin as substrate,
Invitrogen) showing rat uninjured (uninj.) or balloon-injured (BI) whole carotid artery sections
with/without perivascular BAY 41-2272 (BAY) treatment given immediately after injury.
Samples were obtained 24 hours post-intervention, and areas of “clearing” represent gelatinase
activity. Lack of notable extracellular gelatinase activity is apparent in the uninjured artery
sections (Lane 1) while the balloon-injured sections show robust activity in Lane 2 (n = 5 per
group). Balloon-injured vessels treated with BAY 41-2272 show markedly reduced
extracellular gelatinase activity as seen in Lane 3 (n = 6). Lines in Lane 3 represent experimental
(technical) artifacts.
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7.
A: Column gel zymogram for extracellular and intracellular pro- and active forms of MMP-9
and MMP-2 from rat carotid arteries subjected to balloon injury and treated with/without BAY
41-2272. Arteries were uninjured or balloon-injured and treated with BAY 41-2272
immediately after injury. After 24 hours arteries were placed in DMEM plus 10% FBS and
incubated at 37 °C for 24 hours. Conditioned media tissues and were then obtained for measures
of extracellular (media) or intracellular (tissue homogenates) MMP activities. Shown are data
from two rats to illustrate reproducibility of results. B-E: Densitometry results for column gel
zymogram shown in Figure 7A for extracellular and intracellular pro- and active MMP-9 and
MMP-2. Figures 7B and 7C show that BAY 41-2272 potently reverses injury-induced
activation of MMP-9 towards control levels. Also, inhibitory effects of BAY 41-2272 are
clearly seen for pro-MMP-9 in the intracellular compartment. Figures 7D and 7E similarly
show that BAY 41-2272 reduces the active forms of extracellular and intracellular MMP-2.
BAY 41-2272 also minimizes intracellular pro-MMP-2 as well.
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8.
Schematic of a novel pathway for heme oxygenase/carbon monoxide-dependent cyclic GMP
signaling based on the newly described sGC/cyclic GMP-modulating agents YC-1 and BAY
41-2272 as shown. Also shown are characterized (*) and potential (#) sites of action of these
agents that serve to enhance sGC function and stimulate cyclic GMP signaling. Through such
pharmacologic modulation, downstream cyclic GMP-specific events are controlled including
cellular proliferation and apoptosis and matrix balance via MMP biology. Through inhibition
of cell proliferation and gelatinolytic MMP biology and exaggeration of cellular apoptosis,
abnormal vessel growth is minimized and vascular protection conferred during states of injury
or disease.
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