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a b s t r a c t
Objective: The soluble guanylate cyclase (sGC) activator Cinaciguat (BAY 58-2667) represents a novel class
of drugs that selectively activate oxidised sGC. The extent of oxidised sGC depends on the patient’s oxidative burden. We here describe two platelet-based assays that allow determining the extent of oxidised
sGC and thus provide a basis for an individualised pharmacotherapy.
Methods/Results: Platelets obtained from patients with (n = 12) and without (n = 12) coronary artery disease (CAD) were examined by ﬂow cytometry (P-selectin expression), and Western blots (vasodilator
associated phosphoprotein, VASP-phosphorylation). Results were compared to maximal oxidation of
sGC achieved by the oxidising agent ODQ (1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one).
Treatment of platelets with Cinaciguat resulted in differential activation of oxidised sGC. Platelet
P-selectin expression and VASP-phosphorylation revealed signiﬁcant differences (p = 0.012, p = 0.039,
respectively) between CAD and non-CAD patients.
Conclusion: We describe platelet-based assays that allow the determination of patients’ oxidative status
and thus allow the prediction of pharmacological response to direct sGC activators.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
NO donors are an important component of cardiovascular
pharmacotherapy in patients with atherosclerosis. However, the
development of nitrate tolerance and non-selective vasorelaxation
caused by nitrates is a particular limitation of chronic therapy. Recently a new class of drugs has been developed, which
directly activates soluble guanylate cyclase (sGC). These drugs have
the potential to overcome both limitations by directly activating
sGC independently of NO and by preferentially acting on haemfree/oxidised sGC, thereby predominantly causing vasorelaxation
in diseased vasculature [1]. Cinaciguat (BAY 58-2667) is the prototype of this novel class of direct haem-independent sGC activators
exhibiting a strong activating effect on haem-free/oxidised sGC
[1–3].
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Haem-free/oxidised sGC typically constitutes a small percentage (approximately 2%) of the total sGC in healthy individuals [4].
This increases in response to reactive oxygen species (ROS), which
leads to oxidation of the haem iron from Fe2+ to Fe3+ [1] and also
to the displacement of the haem moiety from the enzyme [4]. The
oxidation process renders sGC inactive and unable to respond to its
natural ligand NO, a process that occurs in diseased atherosclerotic
vessels [1]. Therefore, speciﬁcally targeting the haem-free/oxidised
sGC can overcome NO resistance and has the unique potential of
selectively inducing vasorelaxation in diseased vessels (Fig. 1a).
Cinaciguat is currently clinically trialled for intravenous therapy
of acute decompensated heart failure. Several further clinical indications such as chronic heart failure, pulmonary hypertension and
coronary artery disease (CAD) are anticipated based on promising
preclinical and clinical data [5,6].
Based on the pharmacological mechanism of action with a direct
dependency on the availability of haem-free/oxidised sGC, a variable response in patients may be expected. We aimed to assess
the potential reactivity of a patient towards a treatment with
Cinaciguat and simultaneously measuring the vascular oxidative
burden. For this purpose, we selected platelet sGC as an “oxidative
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Fig. 1. (a) sGC activation by cinaciguat and subsequent signaling: Green arrows depict activation and the red arrow depicts inhibition. Under conditions of oxidative stress
as present in coronary artery disease (CAD) reduced sGC is oxidised to haem-free ox/apo-sGC (right grey box). In vitro, the total available amount of sGC can be oxidised
by ODQ (left grey box). Ox/apo-sGC is resistant to activation by its physiological ligand NO. Cinaciguat (BAY 58-2667) selectively activates ox/apo-sGC [16], this leads to
the formation of cGMP which subsequently causes cGK-I activation. VASP is one of the main effector molecules of activated cGK-I in platelets undergoing phosphorylation
in response to cGK-I activation. (b) Differences in platelet P-selectin expression: Depicted are the differences (Cinaciguat) − (ODQ + Cinaciguat) in agonist induced platelet
activation. Median ﬂuorescence intensity values for platelet anti-P-selectin PE were used as a basis for the calculations. Patients (n = 12) are shown in black bars and controls
(n = 12) are shown in white bars (p = 0.012). The decreased difference in P-selectin expression in patients reﬂects a higher amount of in vivo oxidised sGC, this is further
illustrated in (c) by the calculation of an oxidation index. (c) Oxidation index: The oxidation index reﬂects the amount of in vivo oxidised platelet sGC calculated on the basis
of the total oxidation potential (agonist induced P-selectin expression with vehicle treatment minus agonist induced P-selectin expression with ODQ + Cinaciguat treatment)
and the oxidation status (agonist induced P-selectin expression with Cinaciguat minus agonist induced P-selectin expression with ODQ + Cinaciguat). The formula for the
calculations was 100 − (oxidation status/oxidation potential) × 100. Patients (n = 12) are shown in black bars and controls (n = 12) are shown in white bars (p = 0.039).

memory” for ROS generation in the circulation. Platelets can easily be obtained from a small volume of whole blood samples and
in contrast to other cells, contain only sGC and not the membrane
bound particulate guanylate cyclase (pGC) [7]. Furthermore, they
lack endogenous NO synthetase (NOS) [8], which minimizes the
effect of sample processing on the activity of the NO receptor sGC.
Platelets were obtained from patients with CAD and control
patients and incubated ex vivo with Cinaciguat to activate haemfree/oxidised sGC. Activated sGC catalyses the synthesis of the
intracellular second messenger cGMP, which then activates cGMPdependent protein kinase I (cGKI). Activation of cGKI in platelets
inhibits agonist-induced platelet granule secretion, calcium signaling, cytoskeletal reorganization and integrin activation [7], all
crucial steps in platelet activation in vivo. Therefore, we hypothesised that agonist induced platelet activation would be inhibited in
the presence of Cinaciguat, if sGC oxidation occurs as a consequence
of oxidative stress in patients with CAD.

3. Results
3.1. Patient characteristics
A total of 24 individuals admitted to undergo coronary angiography at the Heart Centre of The Alfred Hospital (Melbourne,
Australia) were included in the study after the provision of written informed consent. Patients with CAD were deﬁned by at least
one vessel >50% stenosis, controls were selected on the basis of a
negative coronary angiography. The mean age was 63.7 ± 14.2 and
57.8 ± 8.3 in the patient and control groups, respectively (p = 0.24).
The majority of patients in both groups were male (75% of the
patients and 67% of the controls). Within the patient group, the
majority presented with unstable angina and a 3-vessel coronary
artery disease (67% 3 vessel disease, 25% 2 vessel disease and 8% 1
vessel disease).
3.2. Flow cytometry to assess platelet reactivity

2. Methods
A detailed description of the methods is supplied in the online
supplement.

It is known that activation of sGC reduces or inhibits platelet
reactivity. Treatment of platelets with Cinaciguat resulted in
markedly decreased response to ADP stimulation, which was
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stronger in patients with CAD. This was even more pronounced
in the presence of ODQ (1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1one), which was used to selectively oxidise sGC (data not shown).
Subtracting the median ﬂuorescence values for P-selectin expression on the platelet surface obtained in the presence of ODQ from
the values obtained with Cinaciguat alone resulted in a signiﬁcant difference between the control group as compared to the
patient group (Fig. 1b, controls: 33.99 ± 5.6 vs. patients: 16.1 ± 3.3,
p = 0.012). Higher values reﬂect a greater amount of non-oxidised
sGC that was transformed into oxidised sGC ex vivo in the presence of ODQ. Using the monoclonal antibody PAC-1, which detects
GPIIb/IIIa activation, as an additional marker of platelet activation
a similar trend could be seen (data not shown). Based on the data
obtained with P-selectin, an oxidation index was calculated reﬂecting the amount of oxidised sGC in the control and patient group,
respectively (Fig. 1c, controls: 19.76 ± 4.2 vs. patients: 34.29 ± 6.5,
p = 0.039). This indicates that patients with coronary artery disease
have a higher oxidative burden causing increased in vivo oxidation
of sGC.
3.3. Platelet VASP phosphorylation
Activating sGC leads to the formation of the second messenger
cyclic guanosine monophosphate (cGMP). Increased intracellular
cGMP then acts via cGMP-dependent protein kinases (cGK) to
regulate vascular tone and blood pressure. One particular effect
mediated by the cytosolic cGK, also termed cGK type I (cGKI), is
the phosphorylation of VASP preferentially at serine 239 (Fig. 1a).
Cinaciguat (BAY 58-2667) is a selective activator of the haemfree/oxidised sGC. Therefore, we assessed platelet VASP phosphorylation in response to Cinaciguat to determine the amount of
oxidised sGC activated by Cinaciguat (Supplementary Fig. S1).
Similar to the approach used for the above described P-selectin
read out, we determined the ratio of Cinaciguat induced VASP phosphorylation in the presence or absence of ODQ. We expected this
ratio to be higher in patients because according to our hypothesis patients would already have more oxidised sGC and indeed
we found a statistically signiﬁcant difference in the sGC phosphorylation ratios (Fig. 2, 0.51 ± 0.08 patients vs. 0.71 ± 0.04 controls,
p = 0.039).
4. Discussion
Using newly developed, widely accessible platelet-based assays,
we can provide major advances in two directions: ﬁrstly, we show
that patients with coronary artery disease have an elevated oxidative status compared to healthy controls. Secondly, we describe a
novel approach that allows the identiﬁcation of patients, who will
beneﬁt strongest from a highly promising new class of drugs with
the potential to overcome nitrate tolerance and a mechanism of
action that favors selective activation of oxidised sGC in diseased
vessel areas.
Assuming that increased ROS production would be accompanied by increased generation of oxidised sGC, we tested the
hypothesis that novel direct activators of haem-free/oxidised sGC
such as Cinaciguat provide a unique tool to directly assess the
oxidative stress status in humans. Indeed, the results of our study
indicate that a portion of the platelet pool of sGC can undergo oxidative modiﬁcation in vivo, which renders it inactive and resistant
against its natural ligand NO. Modiﬁcation of platelet sGC by superoxide has been demonstrated earlier in an in vivo system [9] and
increased levels of superoxide have been found in atherosclerotic
vessels in a rabbit model of atherosclerotic disease [10]. The oxidating agent (ODQ) can be used to transfer all sGC towards the
oxidised form and thus provides a measure of the total amount of

Fig. 2. Selective activation of oxidised sGC leads to phosphorylation of platelet VASP.
Phosphorylation of platelet VASP was assessed by Western blot and quantiﬁed by
densitometry. Phosphorylation of VASP was induced ex vivo by adding Cinaciguat
(BAY 58-2667) to washed platelets in the presence or absence of ODQ. The ratio of
(Cinaciguat) − (ODQ + Cinaciguat) was used as a basis for the calculations. Depicted
are patients (n = 12) in black bars and controls (n = 12) in white bars (p = 0.039).

oxidisable sGC. We hypothesized that patients with CAD have an
increased amount of oxidised sGC [11,12]. In agreement with this
we found that the difference (Cinaciguat) − (ODQ + Cinaciguat) was
signiﬁcantly smaller in patients with CAD in comparison to controls with normal coronary arteries and furthermore patients with
CAD had an increased oxidation index, indeed indicating a higher
level of in vivo oxidised sGC in patients with CAD. Platelets as circulating blood cells will be exposed to an increased amount of ROS
present in patients with atherosclerotic artery disease, which may
cause an increase in the platelet pool of oxidised sGC. Inactivation
of platelet sGC caused by oxidative stress has also been proposed as
the potential mechanistic basis underlying the ﬁnding that patients
with angiographically conﬁrmed CAD showed decreased platelet
responsiveness to the anti-aggregatory effects of NO [13,14].
The validity of our ﬂow cytometry based assay was proven by a
second assay; Western blot measuring platelet VASP phosphorylation at serine 239, which occurs as a downstream signaling event
of sGC activation in platelets (Fig. 1a) and correlates with platelet
activation [8]. As Cinaciguat would only activate oxidised/haemfree sGC [1,2], we expected to see lower Western blot signals in
platelet preparations from controls as compared to patients with
CAD. We determined VASP phosphorylation in platelets treated
with ODQ + Cinaciguat and found a maximally increased signal in
the Western blot. This was then used to calculate the ratio of
(Cinaciguat)/(ODQ + Cinaciguat) to normalise for dephosphorylation of VASP, which occurs during platelet activation (data not
shown [15]). We expected the ratio to be increased in patients with
CAD and indeed found a signiﬁcantly higher ratio as opposed to the
controls. These ﬁndings complement the data that we obtained by
our ﬂow cytometry assay providing evidence for a higher oxidative
burden in patients with CAD compared to individuals without CAD.
In conclusion, we are presenting novel sGC activity assays
that use platelets as “oxidative memory” demonstrating increased
oxidative stress in patients with CAD compared to individuals with
no CAD. This assay promises to predict the response of individual
patients to a therapy with direct sGC activators, allowing patient
tailored pharmacotherapy.
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