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Introduction

The coronary artery plays an important role in supplying 
fresh nutrients and oxygen to myocardium and in main-
taining the cardiac function (1). Accordingly, the perfor-
mance of coronary artery during hypoxia or hypoxia/ 
reoxygenation is of great importance in clinical condi-
tions such as angina pectoris and atherosclerosis.  
Although the tone of the coronary artery is modulated  
by several endogenous and exogenous substances acting 
on smooth muscle, this regulation has been reported to be 
affected in varying degrees in the process of hypoxia/
reoxygenation injury in several animal species, including 
rat (2, 3), cattle (4, 5), swine (3, 5 – 8), monkey (9), and 

human (3). There is a need to better understand the influ-
ence of hypoxia or hypoxia/reoxygenation on coronary 
function in order to establish an effective treatment 
strategy.

Soluble guanylate cyclase (sGC) is a primary receptor 
for the gaseous messenger nitric oxide (NO) and medi-
ates vasorelaxation through elevation of intracellular 
cGMP levels and activation of cGMP-dependent kinase 
(PKG) (10). NO increases sGC activity by binding to the 
prosthetic heme moiety of the enzyme, but this requires 
the presence of reduced ferrous Fe2+ heme moiety and 
oxidation to its ferric Fe3+ state or loss of heme renders 
sGC insensitive to NO (11, 12). This sGC redox equilib-
rium can be shifted to the NO-insensitive heme-oxidized/
heme-free form by reactive oxygen and nitrogen species 
such as superoxide and peroxynitrite, which are generated 
under conditions of oxidative stress (13, 14). Actually, an 
altered redox state of sGC under substantial oxidative 
stress contributes to impairing the relaxation mediated by 
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its natural ligand NO in diseased vasculatures (12, 15).
Two different types of compounds that act directly on 

sGC (sGC stimulators and sGC activators) have been 
recently developed (13, 16). sGC stimulators, such as 
BAY 41-2272 {3-(4-amino-5-cyclopropylpyrimidine-2- 
yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine}, 
enhance the sensitivity of the reduced heme of sGC to 
low levels of bioavailable NO and can also stimulate this 
form of the enzyme in the absence of NO (17). In  
contrast, sGC activators, such as BAY 60-2770 (4-({(4- 
carboxybutyl)[2-(5-fluoro-2-{[4′-(trifluoromethyl) 
biphenyl-4-yl]methoxy}phenyl)ethyl]amino}methyl)
benzoic acid), preferentially and effectively activate sGC 
when it is in the NO-unresponsive, heme-oxidized or 
heme-free state (18). These compounds therefore are 
emerging as valuable tools for elucidating the physiology 
and pathophysiology of the NO–sGC–cGMP pathway in 
more detail.

In the previous study, we have reported that hypoxia 
or hypoxia/reoxygenation impairs the relaxation by NO 
donors, but not that by a cGMP analog, through the  
increase in intracellular superoxide generation in isolated 
endothelium-denuded monkey coronary arteries (9). 
However, it was still unclear whether or not this impair-
ment of NO signaling is mediated via a shift of the sGC 
redox equilibrium towards the NO-insensitive oxidized/
heme-free state. Therefore, the present study was under-
taken to investigate this point by using the sGC stimula-
tor BAY 41-2272 and the sGC activator BAY 60-2770.

Materials and Methods

Animals
Eleven Japanese monkeys (Macaca fuscata) of either 

sex, weighing 3 – 10 kg, were used for the present study. 
The Animal Care and Use Committee at Shiga University 
of Medical Science and The Institutional Animal Care 
and Use Committee at Primate Research Institute of 
Kyoto University approved the use of monkey materials 
along with the experimental protocols in this study. 
These guidelines are in accordance with the recommen-
dations of the Weatherall Report on “The Use of Non-
Human Primates in Research”. The monkeys were 
group-housed or housed individually in cages under 
controlled conditions of humidity, temperature, and 
light; and they were monitored daily by the researchers 
and the animal care staff to check the conditions of health 
and welfare. A commercial primate diet and fresh fruit/
vegetable were provided daily, and water was provided 
ad libitum. The environmental enrichment consisted of 
various toys. Every effort was made to alleviate animal 
discomfort and pain by appropriate and routine use of 
anesthetic and/or analgesic agents.

Preparation
Under deep general anesthesia with ketamine (10 mg/kg, 

i.m.) and sodium pentobarbital (40 mg/kg, i.v.), each 
monkey was sacrificed by bleeding. The heart was  
rapidly removed. Coronary arteries (1.0 – 2.5 mm out-
side diameter) were isolated, the surrounding tissues 
cleaned off of them, and then the arteries were cut  
helically into strips. The endothelium of the strips was 
intentionally removed by gently rubbing the intimal 
surface with a ball of cotton wool. The strips were then 
fixed vertically between hooks in a muscle bath (10 mL 
capacity) containing the modified Ringer-Locke solution 
with the following composition: 120 mM NaCl, 5.4 mM 
KCl, 2.2 mM CaCl2, 1.0 mM MgCl2, 25.0 mM NaHCO3, 
and 5.6 mM dextrose. The solution was bubbled with a 
gas mixture of 95% O2 and 5% CO2 (pH 7.4), and the 
temperature was maintained at 37°C ± 0.3°C. The hook 
anchoring the upper end of the strip was connected to the 
lever of a force-displacement transducer (Nihon Kohden 
Kogyo Co., Tokyo). The resting tension was adjusted  
to 1.0 g, which is optimal for inducing the maximum 
contraction. Before starting the experiments, all of the 
preparations were allowed to equilibrate in the bathing 
medium for 60 – 90 min, during which time the solution 
was replaced every 10 – 15 min.

Mechanical responses
Isometric contractions and relaxations were displayed 

on an ink-writing oscillograph. The contractile response 
to 30 mM KCl was first obtained, and the arterial strips 
were repeatedly washed and equilibrated. The prepara-
tions were then separately exposed to any of the following 
conditions: i) Aerobic conditions, exposure to the bathing 
media continuously with 95% O2 and 5% CO2; ii)  
Hypoxic conditions, exposure for about 60 min to the 
bathing media with 95% N2 and 5% CO2 instead of 95% 
O2 and 5% CO2; iii) Reoxygenated conditions, reexpo-
sure for about 30 min to the bathing media with 95%  
O2 and 5% CO2 after hypoxia. After exposing to each 
condition, the strips were partially contracted with pros-
taglandin (PG) F2a in a concentration range of 0.1 – 10 
mM. Concentration–response curves for BAY 41-2272 
and BAY 60-2770 were obtained by adding the drug  
directly to the bathing media in cumulative concentra-
tions. The concentration ranges for these drugs were  
determined based on our preliminary research. At the end 
of each experiment, 100 mM papaverine was added to 
induce the maximal relaxation, which was taken as 100% 
for relaxations induced by the agonists. The partial O2 
pressure in the solution exposed to aerobic, hypoxic, and 
reoxygenated conditions were in a range of 431 – 524, 
58 – 71, and 476 – 532 mmHg, respectively. The effects 
of tempol (3 mM), a membrane-permeable superoxide 
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dismutase mimetic, on the response of the strips treated 
for 10 – 30 min were also evaluated. The concentration of 
tempol was determined based on the previous work (9).

cGMP measurements
The content of cGMP in endothelium-denuded  

monkey coronary artery strips was measured according 
to the method described previously with minor modifica-
tions (19). Briefly, the strips were incubated for about  
20 min with BAY 41-2272 (10−5 M) or BAY 60-2770 
(10−7 M) after exposing to each condition and were then 
immediately plunged into liquid nitrogen. The tissues 
were homogenized in 1.0 mL of 5% trichloroacetic acid 
at 0°C with a Polytron-type homogenizer. After centrifu-
gation at 3,000 rpm for 10 min, the supernatant was  
extracted with water-saturated ether. The residual ether 
was removed from the aqueous layer by heating the  
supernatant for 5 min to 70°C. An aliquot of the extract 
was then used for determination of cGMP, using a com-
mercial enzyme immunoassay kit (Cayman Chemical 
Co., Ann Arbor, MI, USA). The cGMP level in the tissue 
was expressed as the relative value divided by the protein 
content measured in the same extract.

Drugs
The following drugs were used: BAY 41-2272 and 

BAY 60-2770 (kindly provided by Dr. Johannes-Peter 
Stasch of the Institute of Cardiovascular Research, 
Pharma Research Centre, Bayer AG, Wuppertal, Ger-
many); tempol (MP Biomedicals, Aurora, OH, USA); 
PGF2a (Pharmacia-Upjohn, Tokyo); ketamine (Sankyo, 
Tokyo); sodium pentobarbital and papaverine hydro
chloride (Dainippon-Sumitomo Pharma Co., Osaka). 
Dimethyl sulfoxide was used as a solvent for BAY 41-
2272 and BAY 60-2770. PGF2a was dissolved in sodium 
bicarbonate buffer (pH 9.2). These solvents at the  
concentrations used in the present study did not show 
significant influence on the vascular response. Distilled 
water was used to dissolve all other drugs and to prepare 
serial dilutions, as required, from stocks on the day of  
the experiment.

Statistics
All values are expressed as the mean ± S.E.M. Con-

centration–response curves were analyzed by nonlinear 
curve fitting using Graph Pad Prism 6.0 software (Graph 
Pad Software Inc., San Diego, CA, USA). The maximal 
response (Emax) and the negative logarithm of the dilator 
concentration that caused half of the Emax (pD2) were 
obtained. Concentration–response curves were assessed 
by two-way repeated measures analysis of variance 
(ANOVA) and Tukey-Kramer test. Emax and pD2 values 
were compared with one-way ANOVA followed by the 

Tukey-Kramer posthoc test. Comparison for the cGMP 
level was performed using the Tukey-Kramer multiple 
comparisons test after one-way ANOVA. Differences 
were considered significant at P < 0.05.

Results

Influence of hypoxia or hypoxia/reoxygenation on BAY 
compounds–induced vasorelaxation

The addition of either BAY 41-2272 at concentrations 
of 10−9 – 10−5 M or BAY 60-2770 at 10−11 – 10−7 M pro-
duced a dose-dependent relaxation in coronary arteries 
without endothelium in which ACh did not produce  
any relaxation (data not shown). The dose–response 
curve to BAY 41-2272 showed the tendency to be shifted 
to the right under hypoxic or under reoxygenated condi-
tions as compared with those under aerobic conditions 
(Fig. 1A). Emax and pD2 values were also somewhat  
decreased by hypoxia or by hypoxia/reoxygenation  
(Table 1). On the other hand, the concentration–response 
curve to BAY 60-2770 was shifted to the left under  
hypoxic or under reoxygenated conditions (Fig. 1B). In 
addition, Emax and pD2 values were increased significantly 
and slightly, respectively, by hypoxia or by hypoxia/ 
reoxygenation (Table 1). The potencies of attenuation  
for BAY 41-2272 and augmentation for BAY 60-2770 
were not obviously different between hypoxic and reoxy-
genated conditions.

Influence of hypoxia or hypoxia/reoxygenation on BAY 
compounds–induced cGMP production

As shown in Fig. 2, cGMP levels in endothelium- 
denuded coronary arteries stimulated with BAY 41-2272 
(10−5 M) were lower under hypoxic (15.74 ± 2.01 pmol/mg 
protein) or under reoxygenated conditions (14.80 ± 2.39 
pmol/mg protein) than that under aerobic conditions 
(23.31 ± 2.84 pmol/mg protein). On the other hand, 
BAY 60-2770 (10−7 M)-induced cGMP formation was 
enhanced by hypoxia or by hypoxia/reoxygenation  
(aerobic conditions, 11.43 ± 1.12 pmol/mg protein; hy-
poxic conditions, 23.34 ± 4.63 pmol/mg protein; reoxy-
genated conditions, 26.41 ± 4.54 pmol/mg protein).

Influence of hypoxia or hypoxia/reoxygenation on BAY 
compounds–induced vasorelaxation in the presence of 
tempol

In coronary arteries without endothelium that were 
preincubated with tempol, the magnitudes of relaxation by 
BAY 41-2272 were not significantly different between 
aerobic, hypoxic, and reoxygenated conditions (Fig. 3A). 
Similar results were also obtained in the case of BAY 60-
2770 (Fig. 3B).
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Fig. 1.  BAY 41-2272 (panel A)- and BAY 60-2770 (panel B)-induced relaxation of endothelium-denuded monkey coronary 
arteries under aerobic (white circle), hypoxic (gray circle), and reoxygenated conditions (black circle). Each point and bar  
represents the mean ± S.E.M. (n = 8 from 6 separate hearts). *P < 0.05 and **P < 0.01, compared with aerobic conditions.

Table 1.  pD2 and Emax to BAY 41-2272 and BAY 60-2770

Aerobic conditions Hypoxic conditions Reoxygenated conditions

BAY 41-2272
    pD2 6.73 ± 0.17 6.64 ± 0.16 6.35 ± 0.19
    Emax (%) 93.3 ± 2.2 86.3 ± 2.6 86.1 ± 3.2
BAY 60-2770
    pD2 8.71 ± 0.10 8.87 ± 0.10 9.04 ± 0.09
    Emax (%) 86.0 ± 3.2 94.4 ± 1.3* 95.5 ± 1.1*

Values are the mean ± S.E.M. (n = 8 from 6 separate hearts). *P < 0.05, compared with aerobic conditions. Emax, 
the maximal response; pD2, the negative logarithm of the dilator concentration that caused half of the Emax.

Fig. 2.  BAY 41-2272 (10−5 M) (panel A)- and BAY 60-2770 (10−7 M) (panel B)-induced cGMP formation in endothelium- 
denuded monkey coronary arteries under aerobic (white column), hypoxic (gray column), and reoxygenated conditions (black 
column). Each column and bar represents the mean ± S.E.M. (n = 5 from 3 separate hearts). *P < 0.05, compared with aerobic 
conditions.
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Discussion

The present study revealed that responses of endo
thelium-denuded monkey coronary arteries to BAY 41-
2272, an NO-independent but heme-dependent sGC 
stimulator, were attenuated by hypoxia or by hypoxia/
reoxygenation, whereas those to BAY 60-2770, an NO- 
and heme-independent sGC activator, were augmented. 
In addition, cGMP formation induced by high concentra-
tions of BAY 41-2272 and BAY 60-2770 was inhibited 
and stimulated, respectively, under hypoxia or under 
hypoxia/reoxygenation, reflected in the vascular re-
sponses. Considering that sGC stimulators and sGC  
activators preferentially act on the reduced form and the 
oxidized/heme-free form of sGC, respectively (17, 18), 
these findings suggest that the sGC redox equilibrium  
is shifted to the NO-insensitive heme-oxidized/heme-
free form under hypoxic or reoxygenated conditions in 
monkey coronary arteries. To the best of our knowledge, 
this is a first report showing that hypoxia or hypoxia/ 
reoxygenation affects the sGC redox state in the coronary 
artery. Although this outcome provides important infor-
mation in view of the fact that monkeys are primates, as 
are humans, further studies using several different animal 
species are hoped to be performed. This is because coro-
nary vascular dynamics in monkeys is not exactly the 
same as that in humans (20).

Although sGC is recognized to exist mainly as the  
reduced (NO-sensitive) form under physiological condi-
tions, the ratio of oxidized and/or heme-free forms has 
been proposed to rise in some cardiovascular diseases 
(12, 15). It has been already revealed that a crucial factor 
for the maintenance of this equilibrium is reactive oxy-

gen and nitrogen species such as superoxide and per-
oxynitrite, respectively (13, 14). That is, these highly 
reactive species oxidize the sGC heme moiety from the 
ferrous (Fe2+) to the ferric (Fe3+) state and subsequently 
remove the heme from the enzyme, resulting in the  
increase in the ratio of the oxidized/heme-free form to 
the reduced form. In the previous study, we have shown 
that the tissue level of superoxide is increased by hypoxia 
or by hypoxia/reoxygenation in isolated endothelium-
denuded monkey coronary arteries (9). Consequently, 
the shift of sGC redox state under hypoxia or under  
hypoxia/reoxygenation observed in the present study was 
considered to be due to superoxide and/or its derivatives. 
In fact, pretreatment with the superoxide scavenger tempol 
before exposing to hypoxia or to hypoxia/reoxygenation 
completely eliminated the influences on BAY 41-2272– 
and BAY 60-2770–induced vasorelaxation under these 
two conditions, suggesting again that superoxide generated 
under hypoxia or subsequent reoxygenation contributes 
to a conversion of ferrous heme in sGC to the ferric state 
or dissociation of the heme from the enzyme.

Unfortunately, it is still unclear whether superoxide 
itself has potential to alter the sGC redox state since this 
radical easily reacts with other molecules or radicals 
(21). Zhou et al. have demonstrated that not only  
superoxide-generating agents but also hydrogen peroxide 
or peroxynitrite-generating agent limit the cGMP forma-
tion stimulated by the NO donor or the sGC stimulator, 
whereas they enhance that by the sGC activator in rat 
aortic smooth muscle cells (14). This means that there is 
a possibility that secondary oxidants such as hydrogen 
peroxide and peroxynitrite, but not superoxide itself, 
convert the ferrous heme of sGC to the ferric state or 

Fig. 3.  BAY 41-2272 (panel A)- and BAY 60-2770 (panel B)-induced relaxation of endothelium-denuded monkey coronary 
arteries in the presence of tempol under aerobic (white circle), hypoxic (gray circle), and reoxygenated conditions (black circle). 
Each point and bar represents the mean ± S.E.M. (n = 6 from 5 separate hearts).
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remove the heme from the enzyme. Anyway, it is certain 
that the increase in superoxide level results in a shift of 
the sGC redox equilibrium towards the NO-insensitive 
heme-oxidized/heme-free form because it is the primary 
radical among reactive oxygen and nitrogen species.

From the results of Figs. 1 and 3, the treatment with 
tempol seems to have a certain effect on both responses 
to BAY 41-2272 and BAY 60-2770 under aerobic  
conditions. However, the dose–response curves in Fig. 1 
should not be simply compared with those in Fig. 3.  
This is because monkeys used in the present study have 
different genetic backgrounds and vascular reactivity 
varies slightly among individuals. Basically, the com-
parison should be made between preparations from  
individuals used for the experiment of both Figs. 1 and 3. 
In fact, if only those data are compared, BAY com-
pounds–induced relaxation was not affected by the ab-
sence or presence of tempol (see Supplementary Fig. 1: 
available in the online version only). Although the number 
of samples is insufficient to make a conclusion, the treat-
ment with tempol under aerobic conditions is likely to 
have no effect on the relaxation of endothelium-denuded 
coronary arteries evoked by BAY compounds. This idea 
is supported by our observation that the same concentra-
tion of tempol does not affect the relaxant responses to 
BAY 41-2272 and BAY 60-2770 in isolated endothelium-
denuded rat iliac arteries (unpublished data).

The impairment by hypoxia or by hypoxia/reoxy
genation of BAY 41-2272–evoked relaxation in endo
thelium-denuded monkey coronary arteries observed in 
the present study was not so severe as that of NO donors–
induced relaxation observed in our previous study (9). 
Incidentally, this impairment of vasorelaxation in re-
sponse to NO donors was also prevented by treatment 
with tempol (9), indicating that the crucial factor under-
lying the impairment is also superoxide. In this regard,  
it is common sense that superoxide reacts with NO to 
form peroxynitrite and other nitrogen species, thereby 
causing an effective reduction in NO availability (22). 
Consequently, the increased superoxide is considered to 
quench NO and decrease the reduced form of sGC, thus 
limiting the ability of NO to relax vascular smooth 
muscle. However, it is also important to remember that 
more prolonged exposure to reactive oxygen species 
leads to downregulation of sGC expression. Gerassimou 
et al. have confirmed that sGC expression is reduced in 
freshly isolated rat aortic strips by exposure to super
oxide-generating agents or hydrogen peroxide for a long 
period (23). In any case, taken together, the response to 
agents activating the reduced sGC would be diminished 
sooner or later if the generation of reactive oxygen and 
nitrogen species was stimulated.

Growing evidence highlights the advantage of the sGC 

activator in disease states associated with oxidative stress 
(12). In that respect, it has been demonstrated that super-
oxide production is increased in coronary arteries from 
patients with coronary artery disease (24, 25). Putting 
this fact together with our present findings, the sGC  
activator probably provides some advantages as a vaso-
dilator in coronary artery disease. However, we have to 
remember that the coronary artery relaxation induced by 
BAY 60-2770 was not as acute as that by the organic 
nitrate nitroglycerin (see Supplementary Fig. 2: available 
in the online version only). Since either form of sGC is 
present in the cytosol, this may be due to membrane 
permeability of the drug used. Although we do not know 
if other sGC activators possess the same vasorelaxant 
kinetics as BAY 60-2770, this type of drug, unlike the 
organic nitrate, might be unsuitable for the treatment  
of acute attacks. At this point, further studies are needed 
to fully assess the potential clinical benefit of the sGC 
activator in coronary artery disease.

The present study has a few limitations. First, the basal 
cGMP levels in endothelium-denuded coronary arteries 
were not measured. However, a number of previous  
studies have shown that the basal cGMP levels in endo-
thelium-denuded arteries are extremely low as compared 
with the levels stimulated with sufficient dosages of 
stimulants (26 – 29). Therefore, our conclusion that 
cGMP formation by BAY 41-2272 and BAY 60-2770 
was inhibited and stimulated, respectively, under hypoxia 
or under hypoxia/reoxygenation is probably not influ-
enced. Next, it is well acknowledged that the influence 
of hypoxia or hypoxia/reoxygenation is not identical 
between coronary arteries with and without endothelium 
(30, 31). Unfortunately, our previous (9) and present 
studies have not addressed the question of whether the 
presence of endothelium makes a difference in outcomes. 
Consequently, this point must be inevitably found out in 
order to better understand functional changes of coronary 
arteries under hypoxic or reoxygenated conditions.

In summary, the present study showed that hypoxia  
or hypoxia/reoxygenation induces a shift of the sGC  
redox equilibrium towards the NO-insensitive oxidized/
heme-free form in endothelium-denuded monkey coro-
nary arteries. Additionally, the increased superoxide by 
hypoxia or by hypoxia/reoxygenation seems to contribute 
to this process.

Acknowledgments

The authors wish to thank Dr. J.P. Stasch (Institute of Cardiovascu-
lar Research, Pharma Research Centre, Bayer AG) for the gift of BAY 
compounds. We also thank Dr. T. Oishi (Primate Research Institute, 
Kyoto University) for his kind and tireless assistance. This study was 
supported in part by the Cooperation Research Program of Primate 
Research Institute, Kyoto University and the Grants-in-Aid for Scien-



� 175sGC Redox State in Coronary Arteries

tific Research from the Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan (Grant No. 23390055).

Conflicts of Interest

The authors declare that there are no conflicts of interest.

References

1	 Berne RM. Regulation of coronary blood flow. Physiol Rev. 
1964;44:1–29.

2	 Richard V, Kaeffer N, Tron C, Thuillez C. Ischemic precondi-
tioning protects against coronary endothelial dysfunction induced 
by ischemia and reperfusion. Circulation. 1994;89:1254–1261.

3	 Calderón-Sánchez E, Fernández-Tenorio M, Ordóñez A, López-
Barneo J, Ureña J. Hypoxia inhibits vasoconstriction induced by 
metabotropic Ca2+ channel-induced Ca2+ release in mammalian 
coronary arteries. Cardiovasc Res. 2009;82:115–124.

4	 Mingone CJ, Gupte SA, Iesaki T, Wolin MS. Hypoxia enhances a 
cGMP-independent nitric oxide relaxing mechanism in pulmo-
nary arteries. Am J Physiol Lung Cell Mol Physiol. 2003;285: 
L296–L304.

5	 Rubanyi G, Paul RJ. O2-sensitivity of beta adrenergic respon-
siveness in isolated bovine and porcine coronary arteries. J 
Pharmacol Exp Ther. 1984;230:692–698.

6	 Vedernikov YP, Gräser T, Leisner H, Tiedt N. Effect of hypoxia on 
endothelium-dependent relaxation of porcine coronary arteries 
and veins. Biomed Biochim Acta. 1991;50:257–263.

7	 Hashimoto M, Close LA, Ishida Y, Paul RJ. Dependence of  
endothelium-mediated relaxation on oxygen and metabolism in 
porcine coronary arteries. Am J Physiol. 1993;265:H299–H306.

8	 Fukuda S, Toriumi T, Xu H, Kinoshita H, Nishimaki H, Kokubun 
S, et al. Enhanced beta-receptor-mediated vasorelaxation in  
hypoxic porcine coronary artery. Am J Physiol. 1999;277: 
H1447–H1452.

9	 Tawa M, Yamamizu K, Geddawy A, Shimosato T, Imamura T, 
Ayajiki K, et al. Impairment by hypoxia or hypoxia/reoxy
genation on nitric oxide-mediated relaxation in isolated monkey 
coronary artery: the role of intracellular superoxide. J Pharmacol 
Sci. 2011;116:188–196.

10	 Denninger JW, Marletta MA. Guanylate cyclase and the NO/
cGMP signaling pathway. Biochim Biophys Acta. 1999;1411: 
334–350.

11	 Garthwaite J, Southam E, Boulton CL, Nielsen EB, Schmidt K, 
Mayer B. Potent and selective inhibition of nitric oxide-sensitive 
guanylyl cyclase by 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-
1-one. Mol Pharmacol. 1995;48:184–188.

12	 Stasch JP, Schmidt PM, Nedvetsky PI, Nedvetskaya TY, H S AK, 
Meurer S, et al. Targeting the heme-oxidized nitric oxide recep-
tor for selective vasodilatation of diseased blood vessels. J Clin 
Invest. 2006;116:2552–2561.

13	 Evgenov OV, Pacher P, Schmidt PM, Haskó G, Schmidt HH, 
Stasch JP. NO-independent stimulators and activators of soluble 
guanylate cyclase: discovery and therapeutic potential. Nat Rev 
Drug Discov. 2006;5:755–768.

14	 Zhou Z, Pyriochou A, Kotanidou A, Dalkas G, van Eickels M, 
Spyroulias G, et al. Soluble guanylyl cyclase activation by 
HMR-1766 (ataciguat) in cells exposed to oxidative stress. Am  
J Physiol Heart Circ Physiol. 2008;295:H1763–H1771.

15	 Chester M, Seedorf G, Tourneux P, Gien J, Tseng N, Grover T,  

et al. Cinaciguat, a soluble guanylate cyclase activator, augments 
cGMP after oxidative stress and causes pulmonary vasodilation 
in neonatal pulmonary hypertension. Am J Physiol Lung Cell 
Mol Physiol. 2011;301:L755–L764.

16	 Stasch JP, Pacher P, Evgenov OV. Soluble guanylate cyclase  
as an emerging therapeutic target in cardiopulmonary disease. 
Circulation. 2011;123:2263–2273.

17	 Stasch JP, Hobbs AJ. NO-independent, haem-dependent soluble 
guanylate cyclase stimulators. Handb Exp Pharmacol. 2009;191: 
277–308.

18	 Schmidt HH, Schmidt PM, Stasch JP. NO- and haem-independent 
soluble guanylate cyclase activators. Handb Exp Pharmacol. 
2009;191:309–339.

19	 Matsumoto T, Okamura T, Kinoshita M, Toda N. Interactions of 
nitrovasodilators and atrial natriuretic peptide in isolated dog 
coronary arteries. Eur J Pharmacol. 1993;237:31–37.

20	 Toda N, Matsumoto T, Yoshida K. Comparison of hypoxia- 
induced contraction in human, monkey, and dog coronary arteries. 
Am J Physiol. 1992;262:H678–H683.

21	 Wolin MS, Gupte SA, Oeckler RA. Superoxide in the vascular 
system. J Vasc Res. 2002;39:191–207.

22	 Gryglewski RJ, Palmer RM, Moncada S. Superoxide anion is 
involved in the breakdown of endothelium-derived vascular  
relaxing factor. Nature. 1986;320:454–456.

23	 Gerassimou C, Kotanidou A, Zhou Z, Simoes DC, Roussos C, 
Papapetropoulos A. Regulation of the expression of soluble  
guanylyl cyclase by reactive oxygen species. Br J Pharmacol. 
2007;150:1084–1091.

24	 Azumi H, Inoue N, Ohashi Y, Terashima M, Mori T, Fujita H,  
et al. Superoxide generation in directional coronary atherectomy 
specimens of patients with angina pectoris: important role of 
NAD(P)H oxidase. Arterioscler Thromb Vasc Biol. 2002;22: 
1838–1844.

25	 Guzik TJ, Sadowski J, Guzik B, Jopek A, Kapelak B,  
Przbylowski P, et al. Coronary artery superoxide production  
and nox isoform expression in human coronary artery disease. 
Arterioscler Thromb Vasc Biol. 2006;26:333–339.

26	 Jackson WF, Busse R. Elevated guanosine 3’:5’-cyclic mono-
phosphate mediates the depression of nitrovasodilator reactivity 
in endothelium-intact blood vessels. Naunyn Schmiedebergs 
Arch Pharmacol. 1991;344:345–350.

27	 Bina S, Hart JL, Sei Y, Muldoon SM. Factors contributing to 
differences in the regulation of cGMP in isolated porcine pulmo-
nary vessels. Eur J Pharmacol. 1998;351:253–260.

28	 Toyoshima H, Nasa Y, Hashizume Y, Koseki Y, Isayama Y,  
Kohsaka Y, et al. Modulation of cAMP-mediated vasorelaxation 
by endothelial nitric oxide and basal cGMP in vascular smooth 
muscle. J Cardiovasc Pharmacol. 1998;32:543–551.

29	 Priviero FB, Baracat JS, Teixeira CE, Claudino MA, De Nucci G, 
Antunes E. Mechanisms underlying relaxation of rabbit aorta  
by BAY 41-2272, a nitric oxide-independent soluble guanylate 
cyclase activator. Clin Exp Pharmacol Physiol. 2005;32:728– 
734.

30	 Close LA, Bowman PS, Paul RJ. Reoxygenation-induced relax-
ation of coronary arteries. A novel endothelium-dependent 
mechanism. Circ Res. 1994;74:870–881.

31	 Fukuda S, Sakuma K, Tsukui A, Fujiwara N, Tanaka T, Fujihara 
H, et al. Hypoxia modifies the vasodilatory effects of nitroglyc-
erin, prostaglandin E1, and hydralazine on isolated porcine  
coronary arteries. J Cardiovasc Pharmacol. 1994;23:852–858.


