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ABSTRACT – Purpose. In endothelial cells, investigate if the soluble guanylate cyclase (sGC) activation 
or stimulation is able to potentiate the relaxation in vessels. Methods. Aortic and coronary rings with and 
without endothelium were placed in a myograph and cumulative concentration-effect curves for DETA-NO 
or ataciguat were performed. Nitric oxide (NO) were measured by fluorescence or by selective electrode in 
human umbilical endothelial cells (HUVECs) in response to some treatments, including ataciguat, 8-Br-
cGMP and A23187. Results. The presence of the endothelium potentiated the relaxation induced by DETA-
NO in aortic and coronary rings. In addition, in aortic rings the endothelium potentiated the relaxation 
induced by ataciguat. In the presence of nitric oxide synthase (NOS) inhibitor, the endothelium effect was 
abolished to DETA-NO or ataciguat, in both vessels. Ataciguat, 8-Br-cGMP and A23187 were able to 
induce NO production in HUVECs cells. In the presence of NOS inhibitor, the NO production induced by 
ataciguat and 8-Br-cGMP was abolished. Conclusions. Our results suggest that in aortic and coronary rings 
the endothelium potentiates the relaxation induced by activation or stimulation of sGC through a mechanism 
dependent of NOS activation.  
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
The vascular endothelium has an important 
protective role against cardiovascular disease, by 
release endothelium factor, which modulates 
vascular tonus, inflammation, and coagulation and 
the release of nitric oxide (NO) has a central role 
in this protection [1, 2]. NO induces vasodilation 
by different mechanisms in order to decrease the 
cytoplasmic calcium concentration [Ca2+] in 
vascular smooth muscle cells [3]. 

Within the muscle cell, NO interacts with iron 
from the heme group of the soluble guanylate 
cyclase enzyme (sGC), resulting in alteration of 
its conformation, making it active. The soluble 
guanylate cyclase enzyme catalyzes the release of 
two phosphate groups from the guanosine 
triphosphate (GTP) molecule, resulting in the 
production of cyclic guanosine monophosphate 
(cGMP) [4]. The cGMP activates cGMP-
dependent protein kinase (PKG), which 
phosphorylates a number of cellular proteins and 
may promote relaxation due to decreased Ca2+ 
influx, inhibition of release and / or increased 
Ca2+ storage in the sarcoendoplasmic reticulum 

[5]. Therefore, cGMP plays a key role in the 
regulation of cardiovascular homeostasis, 
including smooth muscle relaxation, platelet 
inhibition, and vascular growth and differentiation 
[6]. 

Soluble guanylyl cyclase (sGC) is an 
important part of the NO/cGMP pathway, is 
expressed in the cytoplasm of almost mammalian 
cells, and mediates various functions, such as 
inhibition of aggregation platelet, smooth muscle 
relaxation, vasodilatation, signal transduction in 
neurons and immunomodulation [7]. The 
activation or stimulation of sGC results in 
increasing of cGMP levels in cells and finally 
causes relaxation in smooth muscle cells of the 
cardiovascular systems [8]. Soluble guanylyl 
cyclase activators are effective to induce 
relaxation in smooth muscle, therefore some of 
them have been used on clinical practice for 
pulmonary hypertension, congestive heart failure 
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ABBREVIATIONS 

Acetylcholine (Ach) (PubChem CID:6060);
Angiotensin II human (Ang II) (PubChem CID:
16211177); Ataciguat (PubChem CID: 213037) ; 
bromoguanosine 3',5'-cyclic monophosphate (8-
Br-cGMP) (PubChem CID: 104767); Calcimycin
(A23187) (PubChem CID:40486);
Diethylenetriamine/nitric oxide (DETA- NO) 
(PubChem CID 4518); L-Name (PubChem CID:
39836);  Phenylephrine (Phe) (PubChem CID: 
5284443); 4,5-diaminofluorescein diacetate
(DAF-2DA); Verapamil (PubChem CID: 62969)

 
and erectile dysfunction [9]. The sGC activity is 
modulated by sGC stimulator or activator. 
Stimulation of sGC is dependent of its heme 
portion oxidative status, ferrous heme (Fe2+) 
oxidative state is essential for it activation. Nitric 
oxide is a sGC stimulator and is a poor ligand of 
ferric heme (Fe3+) [10, 11]. However, the 
activator like ataciguat (HMR 1766) bind to sGC 
when the iron is in the ferrous heme (Fe2+), ferric 
heme (Fe3+) state or even without this grouping 
[12, 13]. Thus, the activator is able to activate the 
oxidized form of sGC [14-16].  

The vasodilator effect of ataciguat has been 
determined previously [17]. In endothelial cells, 
the activation of sGC is able to induce the cGMP 
accumulation and induces the NO production, as 
demonstrated previously to activation induced by 
YC-1, which is a direct activator of sGC [18]. 
However, the endothelium modulatory effect on 
vascular relaxation induced by a newer sGC 
activator (ataciguat) and to an endogenous sGC 
stimulator (as the NO) have not been verified. 
Thus, the aim of this study was investigate if in 
endothelial cell the cGMP accumulation induced 
by a sGC stimulator or activator are able to 
modulate the vascular relaxation, as well 
investigate the mechanism of this effect. 
 
METHODS 
 
Experimental animals 
Male Wistar rats were used weighing 180- 200 g. 
Animals were maintained on a light-dark cycle 
with free access to both food (standard rat chow) 
and water.  
 
Vascular Reactivity Studies  
Aortic vascular reactivity 
Male Wistar rats were anesthetized with 
isoflurane and after euthanized by decapitation 
and the thoracic aortas were isolated. Aortic rings, 

3 mm in length, were placed in bath chambers (5 
mL) for isolated organs containing Krebs solution 
at 37˚C, continuously bubbled with 95% O2 and 
5% CO2, pH 7.4, in an isometric myograph 
(Mulvany-Halpern-model 610 DMT-USA, 
Marietta, GA) and recorded by a PowerLab8/SP 
data acquisition system (ADInstruments Pty Ltd., 
Colorado Springs, CO). 

The aortic rings were submitted to a tension 
of 1.5 g, which was readjusted every 15 min 
throughout a 60 min equilibration period before 
the addition of the given drug. All the procedures 
were in accordance with the Animal Care and Use 
Committee of the Federal University of São 
Carlos (CEUA nº 1626101216).  

Endothelial integrity was assessed by the 
degree of relaxation induced by 1 μmol/L 
acetylcholine after contraction of the aortic ring 
by phenylephrine (0.1 μmol/L). The ring was 
discarded if relaxation with acetylcholine was 
lower than 80%. After the endothelial integrity 
test, aortic rings were pre-contracted with 
phenylephrine (0.1 μM) and then concentration–
effect curves to ataciguat or DETA-NO were 
done. Also to relaxation induced by ataciguat or 
DETA-NO, the endothelium was mechanically 
removed by gently rolling the lumen of the vessel 
on a thin wire. Endothelial integrity was assessed 
by relaxation induced by 1 μmol/L acetylcholine 
after contraction of the aortic ring by 
phenylephrine (0.1 μmol/L). The aortic rings were 
discarded if there was any sign of relaxation.  

Aortic rings with endothelium were treated 
for 30 min with L-Name 100 μM, a non-specific 
NOS inhibitor. After incubation, aortic rings were 
pre-contracted with phenylephrine (0.1 μM) and 
concentration-effect curves to ataciguat or DETA-
NO were constructed. The maximum relaxant 
effect (ME) and the potency values (pD2) were 
analyzed. Each experiment was performed on 
rings prepared from different rats.  
 
Coronary vascular reactivity 
Male Wistar rats were anesthetized with 
isoflurane and after euthanized by decapitation. 
Septal coronary arteries (250–350 μm in 
diameter) were carefully isolated and placed in 
freshly prepared ice-cold Krebs–Henseleit 
solution (KHS) that contained (mM): NaCl 118; 
KCl 4.7; NaHCO3 25; CaCl2ꞏ2H2O 2.5; 
KH2PO4 1.2; MgSO4ꞏ7H2O 1.2; EDTA 0.01; 
and glucose 11. The coronary artery was cut into 
segments (2 mm in length) and were placed in 
bath chambers (5 mL) at 37˚C, continuously 
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bubbled with 95% O2 and 5% CO2, pH 7.4, in an 
isometric myograph (Mulvany-Halpern-model 
610 DMT-USA, Marietta, GA) and recorded by a 
PowerLab8/SP data acquisition system 
(ADInstruments Pty Ltd., Colorado Springs, CO). 
The segments were washed with KHS and 
allowed to equilibrate for 30 min. The vessel 
contractility was then tested by exposure to a 
high-K+ (KCL: 120 mM) solution. Integral 
vessels were considered those that presented 
relaxation for acetylcholine higher than 80%. The 
vessels that were inferior to those reported were 
discarded. The endothelium was mechanically 
removed by gently rolling the lumen of the vessel 
on a thin wire. 

Coronary rings with endothelium were treated 
for 30 min with L-Name 100 μM, a non-specific 
NOS inhibitor. In all experiments, the coronary 
rings were pre-contracted with serotonin (10 µM) 
and concentration-effect curves to DETA-NO 
were performed. The maximum relaxant effect 
(ME) and the potency values (pD2) were 
analyzed. Each experiment was performed on 
rings prepared from different rats.  
 
Cell Culture 
Immortalized human umbilical endothelial cells 
(HUVEC) were grown in DMEM (Inlab) 
supplemented with 10% of fetal calf serum, 
antibiotics and antimycotics. Cultures were 
maintained at 37±2 ºC in 5% CO2 atmosphere. 
The cells in confluence of 80 to 90% were 
trypsinised, centrifuged at 1200 rpm during 5 
minutes, and then plated in 96-well plates (TPP). 
 
Nitric Oxide (NO) Measurements 
By fluorescence 
HUVEC were placed in 96 well plates at the 
concentration of 5x10⁴ cells per well. The plates 
were incubated for 24 hours in humidified 
incubator containing 5% CO2, 37°C. After 24 
hours, the treatment was removed and the plates 
were gently washed with Phosphate Buffer Saline 
(PBS). The detection of intracellular NO was 
performed by incubation with selective 
fluorescent probe 4,5-diaminofluorescein (DAF-
2T - 10 μM) during 30 minutes, to react with 
dinitrogen trioxide (N2O3) (oxidation product of 
NO) and produces the fluorescent compound 
DAF-2T [19]. The reading was held in 
SpectraMax GeminiXS fluorometer (Molecular 
Devices) at 435 nm excitation and 538 nm 
emission wavelength pair, respectively. 
 

By electrode 
The NO quantification was performed by a 
selective electrode for NO (InNO-T-II, Inovative 
Instruments, Inc.) indirectly by the quantification 
of nitrite (NO2

-) which is a NO stable metabolite. 
According to the manufacturer, the InNO-T-II 
electrode has a minimum detection limit of 
0.01nM. In a constant shaking vessel was added 1 
mL of working solution which was composed of 
purified deionized water in a Milli-Q® system, 
1M sulfuric acid and 90mM potassium iodide 
(working solution). In this solution the nitrite 
reduction in NO (equation 1) occurs, which can 
be detected by the electrode.  
 
 2 NO2

- + 2 I- + 4 H+   2 NO + I2 + 2 H2O (1) 
 
Endothelial cells were plated in 6-well plates at a 
concentration of 4x105 cells per well. After 24 
hours of plating, cells were treated with PBS, 8-
Br-GMPc at concentration: 1, 10 and 100 µM; 
A23187 10 µM and L-Name 1µM. For reading, 
the supernatant was removed from each well and 
placed in the shaker vessel together with the 
working solution where the electrode was 
immersed. The readings were performed at the 
time 180 minutes. A calibration curve to nitrite 
was performed before each experiment. 
  
 STATISTICAL ANALYSIS 
 
Statistical analysis of the results was performed 
using GraphPad Prism version 3.0. Statistical 
significance was tested by ANOVA one way (post 
hoc test: Newman–Keuls). Data are expressed as 
mean ± S.E.M. In each set of experiments, n 
indicates the number of rats studied. Values of p < 
0.05 were considered significant. 
 
RESULTS 
 
In aortic rings, the relaxation induced by ataciguat 
(Figure 1A) and DETA-NO (Figure 1B) was 
potentiated in the presence of endothelial cells. In 
aortic rings without endothelium or with 
endothelium but in the presence of non-specific 
NOS inhibitor (L-Name), the relaxation to 
ataciguat (Figure 1A) and DETA-NO (Figure 1B) 
was impaired. In coronary rings, the presence of 
endothelial cells also potentiated the relaxation to 
DETA-NO and the non-specific NOS inhibitor 
(L-Name) excluded the endothelium effect 
(Figure 1C). 
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Figure 1. Concentration-effect curve to Ataciguat or DETA-NO in aortic rings or coronary rings, with (E+) and 
without (E-) endothelium and in the presence of L-NAME. A. Concentration-effect curve to Ataciguat in aortic rings 
with (E+) and without (E-) endothelium and in the presence of non-specific NOS inhibitor (L-NAME) B. 
Concentration-effect curve to DETA-NO in aortic rings with (E+) and without (E-) endothelium and in the presence of 
non-specific NOS inhibitor (L-NAME). C. Concentration-effect curve to DETA-NO in coronary rings with (E+) and 
without (E-) endothelium and in the presence non-specific NOS inhibitor (L-NAME). Values are the means ± S.E.M. of 
the number of experiments on preparations obtained from different animals. * Indicates difference between pD2 E+ vs. 
pD2 E-, and pD2 E+ vs. pD2 E+ (+) L-NAME (p <0.05). 

 
To verify whether endothelium potentiated the 
relaxation to ataciguat by a mechanism dependent 
of NO production, we performed experiments in 
isolated HUVEC cells. In Figure 2, the treatment 
of HUVECs by ataciguat for 30 minutes was able 
to increase NO production in endothelial cells as 
compared to the untreated control (Control: 5.36 ± 
0.33 FI, n=5; Ataciguat 0.1µM: 10.56 ±.0.50 FI, 

n=5; Ataciguat 1 µM: 9.14 ± 0.19 FI, n=5; 
Ataciguat 10 µM: 8.52 ± 0.21 FI, n=5, p<0.001). 
In addition, the treatment with the lowest 
concentration of ataciguat (0.1 μM) was able to 
promote a two-fold increase over PBS, indicating 
that the activation of sGC in the endothelial cells 
by ataciguat is able to induces NO production.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Intracellular NO quantification in HUVEC  
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Figure 3. Intracellular NO quantification in HUVEC 

 
 

Values are means ± S.E.M of 
fluorescence intensity obtained on HUVEC cells 
after 30 minutes of treatment with PBS and 
Ataciguat. * Indicates difference between 
Ataciguat 0.1 µM vs PBS; Ataciguat 1 µM vs 

PBS and Ataciguat 10 µM vs PBS (p <0.001). 
 

Values are means ± S.E.M of the 
fluorescence intensity obtained on HUVEC cells 
after 30 minutes of treatment with PBS, 
Ataciguat, L-Name and Verapamil.* Indicates 
difference between Ataciguat vs Ataciguat + L-
Name (p <0.001). 

 

 
Figure 4. NO quantification in HUVEC - A. Quantification of NO by fluorescent intensity of DAF, before and after 30 
min treatment with PBS, 8-Br-GMPc, A23187 and L-Name. Values are means ± S.E.M. fluorescence intensity 
obtained on HUVEC cells after 30 minutes of treatment with PBS, 8-Br-GMPc and A23187. * Indicates difference 
between PBS vs 8-Br-GMPc 1µM, 10µM and 100µM (p < 0.05). # indicates difference between A23187 vs 8-Br-
GMPc 1µM and 10µM and 8-Br-GMPc 100µM vs 8-Br-GMPc 100µM + L-Name (p<0.05). B. Quantification of NO 
by using electrode after 30 minutes treatment with PBS, 8-Br-GMPc, A23187 and L-Name. * Indicates statistical 
difference between PBS vs 8-Br-GMPc 1µM, 10µM and 100µM (p < 0.05). # indicates difference between A23187 vs 
8-Br-GMPc 1µM and 10µM and 8-Br-GMPc 100µM vs 8-Br-GMPc 100µM + L-Name (p<0.05). 
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To investigate the mechanism by which NO 
production is increased, the treatment was 
performed with ataciguat in the presence of non-
specific NOS inhibitor (L-Name) or verapamil, a 
Ca2+ channel blocker. How can be verified at 
Figure 3, NOS inhibition decreased the ataciguat 
effect (Control: 5.36 ± 033, n=5; Ataciguat 
0.1µM: 8.52 ± 0.20 FI, n=5; Ataciguat + L-Name: 
6.75 ± 0.14 FI, n=5).  However, in the presence of 
verapamil the ataciguat effect was not modified 
(Ataciguat + Verapamil: 8.54 ± 0.21 FI, n=5). It 
suggest that the mechanism of NO production 
induced by ataciguat is not dependent of Ca2+ 

influx. 
To investigate if the accumulation of cGMP is 

able to induce NO production in endothelial cells, 
we have used the 8-Br-GMP, which is a cGMP 
analogue. As can be verified at Figure 4 the 8-Br-
cGMP induced NO production in HUVEC cells. 
To confirm this effect we have used two methods 
of NO quantification, by fluorescence or by 
selective NO electrode. In all concentration used 
the 8-Br-GMP induced elevation in NO 
concentration, compared to control in the 
quantification made by fluorescence (PBS:   5.85 
± 0. 17 FI;  n=5; 8-Br-GMPc 1µM: 6.57 ± 0.11 
FI, n=5; 8-Br-GMPc 10 µM: 6.71  ± 0.25 FI, n=5; 
8=Br-GMPc 100µM: 7.26 ± 0.10 FI, n=5, p<0.05) 
and by electrode (PBS: 20.40 ± 0.56 nM, n=5; 8-
Br-GMPc 1µM: 29.60 ± 0.74 nM, n=5; 8-Br-
GMPc 10 µM: 30.90 ± 0,82 nM, n=5; 8=Br-
GMPc 100µM: 36.80 ± 0.60 nM, n=5, p<0.05). 
The 8-Br-cGMP at 100μM promoted a production 
of NO similar to A23187 (Fluorescence: 8-Br-
GMPc 100µM: 7.26 ± 0.10 FI, n=5; A23187: 7.46 
± 0.10 FI, n=5) (Eletrode: 8-Br-GMPc 100µM: 
36.80 ± 0.60 nM, n=5; A23: 37.50 ± 0.87 nM, 
n=5) with no statistical difference. When treated 
with L-Name, the NO production was decreased 
(DAF-2T: 8-Br-GMPc 100µM: 7.26 ± 0.10 FI, 
n=5; 8-Br-GMPc 100µM + L-Name: 5.43 ± 0.17 
FI, n=5, p<0.05) (Eletrode:  8-Br-GMPc 100µM: 
36.80 ± 0.60 nM, n=5; 8-Br-GMPc 100µM + L-
Name: 21.10 ± 0.68, n=5, p<0.05). 
 
DISCUSSION 
 
The main finding of this study was that cGMP 
accumulation in endothelial cells induced by sGC 
activator or stimulator is able to induce NO 
production with consequent potentiation of 
vascular relaxation. 

Our results showed that the presence of 
endothelium potentiated the relaxation induced by 

sGC activator (ataciguat) and by stimulator 
(DETA-NO) and are in accordance to previous 
work, which showed that the presence of 
endothelial cells potentiated the vascular 
relaxation induced by YC-1 that is an activation 
of sGC [18]. To investigate if this potentiation on 
relaxation is due to NO production, we have 
performed experiments in aortic and coronary 
rings with without endothelium and with 
endothelium in the presence of NOS inhibitor. In 
both vessels, the endothelium effect was 
abolished in the presence of NOS inhibitor, 
indicating that it effect is due to NO production.  

Ataciguat is an improved sGC activator 
capable of activating the ferric heme–iron redox 
form of sGC that stimulate the production of 
cyclic GMP (cGMP), which induces a reduction 
in the concentration of cytosolic Ca2+ in smooth 
muscle cells with consequent vascular relaxation 
[20, 13]. Its effect in vascular smooth muscle cells 
have been well described, however, in endothelial 
cells have not been described extensively, as well 
the cGMP effect.  

In isolated endothelial cells, we have verified 
that the activation of sGC and the 8-Br-cGMP are 
able to induce NO production. These results was 
confirmed by two different methods of NO 
quantification, including fluorescence (by using 
DAF-2DA) measuring the intracellular NO and 
by electrode measuring through conversion of 
nitrite (stable metabolite) to NO. Ataciguat is able 
to induce cGMP accumulation [21] which can 
activates NOS in endothelial cells, considering 
that the endothelium treatment with cGMP 
analogue also stimulated the NO production by 
NOS activation. Our results suggested that NO 
production is by a mechanism dependent of NOS 
activation, and independent of Ca2+ influx. In 
isolated aortic rings the endothelium potentiates 
the relaxation induced by sodium nitroprusside 
(NO donor), by a mechanism dependent of 
endothelium Ca2+ influx with consequent NOS 
activation, as verified previously [22]. Under 
reduction, the SNP release NO [22] and cyanide 
[23] and the compound DETA-NO release just 
NO and spontaneously [24]. Thus, DETA-NO is a 
better pharmacological tool to investigate the 
effect of NO in endothelial cells. In addition, our 
results indicated ataciguat reached the maximum 
NO production effect in HUVEC cells at 0.1µM, 
considering that higher concentration (1.0 and 
10µM) does not increase the effect. These results 
suggest that low ataciguat concentration is able to 
induce NO production in endothelial cells.  
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Our results suggest that NO itself may induce 
stimulation of its own synthesis in endothelial 
cells. Thus, these results contribute to one more 
effect of NO on modulation of endothelial 
function. 
 
CONCLUSION 
 
Our results suggest that the activation or 
stimulation of sGC in endothelial cells induces the 
NO production by a mechanism dependent of 
NOS activation, with consequent potentiation on 
vascular relaxation induced by activator or 
stimulator of sGC.  
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