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Abstract

The aims were to evaluate the role of cardiovascular nitric oxide (NO)-system in C-type natriuretic peptide (CNP) actions and to
investigate receptor types and signaling pathways involved in this interaction. Wistar rats were infused with saline or CNP. Mean arterial
pressure (MAP) and nitrites and nitrates (NOx) excretion were determined. NO synthase (NOS) activity and NOS expression (Western
blot) were analyzed in atria, ventricle and aorta. CNP decreased MAP and increased NOx excretion. CNP estimulated NOS activity,
inducing no changes on cardiac and vascular endothelial NOS expression. NOS activity induced by CNP was abolished by suramin
and calmidazoliumand but it is not modified by anantin.

CNP would interact with NPR-C receptor coupled via G proteins leading to the activation Ca2+-calmodulin dependent endothelial
NOS, increasing NO production which would induce the reduction in cardiac myocyte contractility and ANP synthesis and secretion in
right atria and the relaxation of vascular smooth muscle.
� 2007 Elsevier Inc. All rights reserved.
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Natriuretic peptides and nitric oxide (NO) are two
important factors involved in the regulation of hydroelec-
trolyte balance and vascular tone and they play a funda-
mental role in cardiovascular homeostasis and disease [1,2].

The natriuretic peptides family involves atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP) and C-type
natriuretic peptide (CNP) [3,4]. CNP have been localized in
several tissues, including nervous system, endothelial cells
and cardiac myocytes [2–4]. This peptide would act in a
paracrine manner causing local vasodilation and prevent-
ing smooth muscle cell proliferation [3–5].

Additionally, there are three types of natriuretic recep-
tors, NPR-A, NPR-B and NPR-C, which are expressed
in cardiac atria and ventricles, as well as in the aorta and
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peripheral vasculature, kidney, etc. [3,6,7]. NPR-A and
NPR-B activation induces cGMP synthesis which mediates
cellular responses [7]. In contrast, NPR-C is not linked to a
guanylyl cyclase domain and it was earlier proposed as a
clearance receptor to remove natriuretic peptides from
the circulation [8]. However, a number of studies show that
NPR-C is involved in the biological actions of natriuretic
peptides, activating Gi-protein and/or inhibiting adenylyl
ciclase [9–11].

The cellular effects of CNP are mainly mediated by
NPR-B and NPR-C receptors. CNP selectively stimulates
NPR-B, while the subtype NPR-A is mainly activated by
ANP and BNP. The three natriuretic peptides are able to
bind to NPR-C more or less equally [12].

On the other hand, the free radical NO is synthesized by
nitric oxide synthase enzyme (NOS), which have three iso-
forms: neuronal (nNOS), inducible (iNOS) and endothelial
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(eNOS), that are expressed in several tissues, including endo-
thelium, vascular smooth muscle, nephron and heart [13].
nNOS and eNOS are constitute expressed and require
Ca2+ to maintain the binding of calmodulin to be active.
Whereas, iNOS expressed after transcriptional induction
and independent of Ca2+-calmodulin complex, induces large
amounts of NO compared with the other isoforms [14].

We previously demonstrated that the activation of NO-
pathway is involved in ANP-hypotensive effect and that
NOS activation would mediate, almost in part, the cardio-
vascular and renal actions of this peptide [15,16].

In addition, Amin et al. showed that CNP dilates the
afferents arterioles via prostaglandin/NO pathway in
renal microvessels [17]. This finding was confirmed by
other authors who found a close relationship between
iNOS expression and CNP in vascular smooth muscle
cells [18].

Taken in account the findings suggesting interactions
between natriuretic peptides and NO, the aims of this study
were to evaluate the involvement of NO-system on CNP
cardiovascular actions, and to investigate the receptor as
well as the molecular mechanisms of signaling involved in
this interaction.
Materials and methods

Animals

Male Wistar rats weighting 250–300 g, from the breeding laboratories
of the Facultad de Farmacia y Bioquı́mica (UBA, Argentina), were used in
the experiments, in compliance with the research animal use guidelines of
the American Heart Association.

Experimental design

Protocol 1
Effects of CNP infusion on mean arterial pressure and NO-system. Rats,

anaesthetized with urethane (1 g kg�1 bodyweight, i.p.), were cannulated
with polyethylene catheters in femoral vein and artery, and urinary
bladder, for drug administration, mean arterial pressure (MAP) recording,
and urine collection, respectively.

After surgery, an infusion of isotonic NaCl at a rate of 0.05 ml/min was
started and maintained for 40 min, to allow stabilization of haemodynamic
and renal parameters. Then, one group of animals continued with this
saline infusion, and other group was injected with a bolus of CNP
(10 lg kg�1) and then received a CNP infusion (1 lg kg�1 min�1), over 1 h.

MAP was recorded and urine samples were collected over the 60 min
of the experimental infusion period.

Urinary concentration of nitrites and nitrates (NOx), end products derived
from NO metabolism, was determined as described Verdon et al. [19].

At the end of the experimental period animals were sacrificed by
decapitation, right atria, left ventricle and aorta artery were removed in
order to determine NOS activity and expression.

Histochemical determination of NADPH diaphorase activity. Tissues
were processed using the NADPH-diaphorase (NADPH-d) histochemical
method described by Vincent and Kimura [20]. The NADPH-d-stained
cells were photography and measured, optical density (OD), by using a
computerized image analyzer.

Determination of NOS activity. Tissues NOS activity was determined
using [U-14C]arginine as substrate as previously described [12,17]. The
amount of [14C]L-citrulline obtained was determined with a liquid scin-
tillation counter. Nitric oxide production (measured as pmol of [14C]cit-
rulline) was expressed in pmol/g wet weight min.
Western blot analysis. Samples of different tissues containing equal
amounts of protein (0.10 mg protein/lane) were separated by electropho-
resis in 7.5% SDS–polyacrylamide gels and transferred to a nitrocellulose
membrane and then incubated with rabbit polyclonal anti-NOS antibodies
(1/500 dilution) and a horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (1/5000 dilution). Samples were revealed by chemi-
luminescence using the ECL reagent for 2–4 min. Quantification of the
bands was performed by digital image analysis using a Hewlett–Packard
scanner and Totallab analyzer software.

Protocol 2
Receptor type and signaling cascade involved in CNP and NOS inter-

action. Wistar rats were sacrificed by decapitation and NOS activity was
measured in the aorta artery, right atria and left ventricle, using
[U-14C]arginine as substrate. Tissues slices (2–3 mm thick) were incubated
30 min at 37 �C as was described in protocol 1, but during the incubation
period, agonists (15 min after incubation was started) and/or antagonists
(at the beginning of the 30 min incubation time) were added according to
the following protocol:

L-Nitro arginine metyl ester (L-NAME), NOS inhibitor; cANP(4-23):
NPR-C receptor selective agonist; nifedipine (NIF), Ca2+ L-type channel
blocker; calmidazolium (Cz), calmodulin antagonist; anantin (A), NPR-A
antagonist; suramin (SMN), G protein inhibitor; Pertussis toxin (PTx),
Gi1-2 proteins inhibitor; Wortmannin (Wort), the structurally and mech-
anistically dissimilar inhibitor of PI3-K/Akt pathway.

Statistical analysis. All values are expressed as means ± SEM. The
program Prism was used for statistical analysis. Data were analyzed using
Student’s t test and one-way analysis of variance (ANOVA) followed by a
Bonferroni multiple comparisons post hoc test. p value <0.01 was con-
sidered significant difference.

Results

Effects of CNP infusion on MAP and NO-system

Rats treated with CNP showed lower values of MAP
compared with NaCl-treated ones at the end of experimen-
tal time (CNP = 81 ± 2 vs. NaCl = 96 ± 4, p < 0.01).

The decrease of MAP is associated to the rise of NOx
excretion induced by CNP (CNP = 5.7 ± 0.5 vs. NaCl =
1.6 ± 0.2, p < 0.01).

Table 1 shows NADPH-d activity in endothelium and
smooth muscle cells of aorta artery, right atria and left ven-
tricle in both groups of animals. Vascular staining was
more intense in all tissues from CNP-treated rats compared
with NaCl (Fig. 1).

NOS activity determined with [14C]L-arginine in aorta
artery and heart from NaCl and CNP-treated animals
appears in Table 2. Cardiac and vascular tissues obtained
from the animals infused with CNP showed an increased



Table 1
Effects of CNP infusion on NADPH-d activity in aorta artery and heart

OD

NaCl CNP

Aorta artery

Endothelium 0.197 ± 0.005 0.232 ± 0.011*

Smooth muscle 0.276 ± 0.009 0.304 ± 0.006*

Heart

Right atria 0.255 ± 0.004 0.303 ± 0.008*

Left ventricle 0.280 ± 0.005 0.301 ± 0.003*

Values represent the means ± SE.
* p < 0.01 vs. NaCl. Data were analyzed by ANOVA, followed by

Bonferroni’s test.

Table 2
Changes in NOS activity induced by CNP infusion in heart and aorta
artery

NOS activity (pmol/g tissue min)

NaCl CNP

Aorta artery 225.6 ± 1.3 260.2 ± 4.5*

Heart

Right atria 240.8 ± 2.8 281.6 ± 7.4*

Left ventricle 181.6 ± 1.7 225.6 ± 4.9*

Values represent the means ± SEM.
* p < 0.01 vs. NaCl. Data were analyzed by ANOVA followed by a

Bonferroni test.
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activity of NOS compared with NaCl infused ones (Table
2).

nNOS and iNOS isoforms were undetectable in all stud-
ied tissues in both groups when Western blot analysis were
performed. CNP did not modify the eNOS protein abun-
dance indicating that the expression of cardiac and vascu-
lar eNOS is not affected by this peptide (Fig. 2).

Receptor type and signaling cascade involved in CNP and

NOS interaction

Concentration-dependent stimulation of NOS activity in
atria, ventricle and aorta artery by CNP and cANP is
shown in Fig. 3. The lower concentration of each peptide
that induced the maximum effect on NOS was used in the
experimental protocol.
Fig. 1. Photomicrographs of the aorta artery NADPH-d (+) from NaCl (a) an
NaCl (e) and CNP (f). Note the intensity of the tissues from the CNP tr
magnification. Scale bar = 30 lm.
Table 3 shows changes in NOS activity induced by CNP
and cANP(4-23) in aorta artery, right atria and left ventri-
cle. CNP and cANP(4-23) increased NOS activity in all
studied tissues. NOS activity stimulation induced by both
peptides was blunted when L-NAME was previously added
verifying that measured activity was specific from NOS.

NPR-A receptor antagonist, anantin, did not modified
NOS activity induced by CNP and cANP indicating that
this receptor would not be involved in this mechanism
(Fig. 4).

The increase of NOS activity induced by CNP and
cANP(4-23) was abolished by nifedipine and calmidazoli-
um in heart and aorta artery, implying a Ca2+-calmodulin
dependent NOS pathway (Fig. 4).

The inhibition of G proteins with, suramin or pertussis
toxin, or the inhibition of PI3-kinase/Akt pathway with
wortmannin had no effect on basal NOS activity in neither
d CNP (b), right atria from NaCl (c) and CNP (d) and left ventricle from
eated animals compared with NaCl. All images appear with the same
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of the studied tissues (data not shown). The uncouple
NPR-C receptor/G protein complexes, with suramin, abol-
ished NOS activity elicited by CNP or cANP(4-23) in all
tissues. Pertussis toxin, an inhibitor of Gi1–2 proteins, par-
tially reduced NOS stimulation via these peptides, both in
heart and aorta artery. The inhibition of PI3-kinasa/Akt
pathway, with wortmannin, did not affect NOS activity
exhibited by all tissues in response to the studied peptides
(Fig. 4).

In order to discard a possible role of NPR-B, which bind
CNP with high affinity, we verify whether the addition of
anantin + suramin modify the increased NOS activity via
CNP. This activation was abolished when we combined
NPR-A antagonist and G protein inhibitor (Fig. 4).
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Fig. 3. Concentration-dependent stimulation of NOS activity in aorta
artery (a), right atria (b) and left ventricle (c) by CNP and cANP(4-23).
Values are means ± SE (n = 8). *p < 0.01 vs. 10 nM; �p < 0.001 vs.
100 nM.
Discussion

This study demonstrated, at the first time, that NO-sys-
tem activation would be involved in cardiovascular effects
induced by the C-type natriuretic peptide.

The published results concerning the effects of CNP on
blood pressure are controversial. Some studies showed a
vasorrelaxation while other authors found no effect of
CNP. In this study we observed CNP induced a decrease
of MAP in normotensive rats. Our results are in accor-
dance with Clavell et al., that showed CNP administration
diminishes MAP in dogs [21]. In contrast, other studies
showed that CNP infusions induce a small increment in
cGMP and had no significant hemodynamic actions in
humans [22].

In addition, our findings showed that the decrease in
MAP observed with CNP was associated with an increase
on the excretion of NO metabolites, indicating that CNP
would enhance NO systemic production. These findings
led us to evaluate NOS activity and expression changes in
response to CNP infusion. Then, we demonstrated that
CNP induced an increase of NOS activity in atria, ventricle
and aorta with the subsequent augment of NO, indicating
0

10

20

30

40

50

60

70

80

90

100

R
at

io
 o

f 
eN

O
S

: 
β-

ac
ti

n
b

an
d

 d
en

si
ti

es
 (

%
)

NaCl CNP

Aorta artery Right atria        Left ventricle 

eNOS

β-actin 

NaCl      CNP        NaCl       CNP NaCl       CNP

Fig. 2. Representative Western blot analysis of aorta artery, right atria and left ventricle of NaCl and CNP infusion groups to an anti-eNOS antibody.
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from the same gels.
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Fig. 4. Inhibition of cardiac and vascular NOS activity induced by CNP (1 lM) or cANP(4-23) 1 lM by the blockade of various steps in the signalling
pathway. L-Nitro arginine metil ester (L-NAME; 1 lM), nifedipine (NIF; 1 lM), calmidazolium (Cz; 1 lM), anantin (A; 100 nM), suramin (SMN;
500 nM), pertussis toxin (PTx; 800 ng/mL) or wortmannin (Wort; 10 lM). (a) Aorta artery, (b) Right atria, (c) left ventricle. Values are means ± SE
(n = 8). *p < 0.01 vs. CNP alone; �p < 0.01 vs. cANP(4-23) alone; +p < 0.01 vs. SMN.

Table 3
Changes in NOS activity induced by the addition of CNP, cANP(4-23) and L-NAME in heart and aorta artery

NOS activity (pmol/g tissue min)

Basal activity L-NAME CNP cANP(4-23) CNP+cANP

Aorta artery 217.3 ± 6.3 109.8 ± 5.2* 300 ± 5.3* 308.5 ± 5.9* 316.1 ± 6.1*

Heart

Right atria 233.6 ± 4.7 126.8 ± 3.4* 335.1 ± 4.4* 345.2 ± 6.2* 356.3 ± 5.8*

Left ventricle 175.3 ± 8.7 104.6 ± 9.7* 230.0 ± 5.7* 242.2 ± 8.9* 247.2 ± 4.7*

Values represent means ± SEM.
* p < 0.01 vs. basal activity. Data were analyzed by ANOVA followed by Bonferroni test.
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that CNP actions on cardiac and vascular system involved,
almost in part, NO-system activation.

However, we cannot through away that, the high plasma
levels of CNP achieved by infusion can result in alterations
in ANP and/or BNP levels, by competing for binding to
NPR-C and reducing clearance, an thus may stimulate gua-
nylyl cyclase-A. Although, the fact that NOS activation via
CNP was not affected by NPR-A antagonist and it is abol-
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ished by G protein inhibition, would indicate that the inter-
action between CNP and NO-system only involve NPR-C
natriuretic receptor. In addition, cANP(4-23), specific
NPR-C receptor agonist, induced a similar increase in
NOS activity than the observed with CNP in all studied tis-
sues, suggesting that this receptor would be involved in
NOS activation induced by this peptide.

Additionally, we also showed that CNP increased NOS
activity in cardiac ventricle and atria and aorta artery in
in vitro experiments, suggesting that NOS stimulation
induced by the peptide observed in in vivo infusions would
be independent of the hemodynamic changes induced by
CNP.

On the other hand, Murthy et al. demonstrated, in gas-
trointestinal smooth muscle, that eNOS is activated by two
G proteins (Gi1 and Gi2) that couple to NPR-C [11,23]. The
signaling cascade, postulated by Murthy et al., involves G-
protein dependent stimulation of Ca2+ influx and activa-
tion of eNOS bound to calmodulin; in turn, NO activates
soluble guanylyl cyclase resulting in formation of cGMP
[11].

Our results showed that cardiac and vascular NOS
activity stimulated by CNP was blunted by suramin and
was partially abolished by PTx. These results suggest that
another G protein different from Gi would be also involved
in this mechanism. Thus, the fact that NOS stimulation via
CNP was blunted when G protein was inhibited and that
NPR-A/B receptors are not associated to G proteins,
would suggest that the activation of NOS induced by
CNP only involves NPR-C receptor.

Moreover, the increased NOS activity induced by CNP
and cANP(4-23) was blunted by the antagonist of calmod-
ulin and the block of Ca2+ influx, suggesting that signaling
cascade is triggered by agonist-induced Ca2+ influx and it is
mediated by Ca2+/calmodulin-dependent NOS.

Our findings demonstrate that NO-system activation
would be one of the mechanisms involved in CNP vascular
and cardiac actions. NPR-C natriuretic receptor would
mediate the activation of NOS by CNP in heart and aorta
artery. CNP would interact with NPR-C receptor coupled
via Gi and/or other G protein, which activates Ca2+-cal-
modulin dependent NOS. CNP would increase the activity
of eNOS inducing no changes in its expression.

On the other hand, recent studies have revealed that PI3
kinase/Akt pathway are an important signalling cascade
mediating eNOS activation in vascular endothelial cells
[24]. However the inhibition of PI3-kinasa/Akt pathway
did not affect NOS activity exhibited in response to CNP
in heart and aorta artery.

With regard to the actions of CNP in cardiac atria, Kim
et al. attributed to CNP a role modulating negatively ANP
secretion in rat atria [25]. In addition, Lee et al. postulated
that ANP release would be controlled by CNP via NPR-B-
cGMP mediated signaling which may in turn act via regu-
lation of intracellular Ca2+, in rabbit atria [26]. The present
study brings evidences to postulate that NO-system activa-
tion via CNP and the consequent NO release, could be the
mechanism responsible of cGMP increase, reducing ANP
secretion.

With respect to cardiac ventricle, several authors have
reported negative, positive or no inotropic effect for
CNP in different myocardial preparations and several
species [27,28]. By other side, Pierkes et al. reported that
CNP has a biphasic effect, positive inotropic effect in the
first stage and then a negative inotropic effect in isolated
NPR-A deficient-mouse heart [29]. In addition, Brady
et al. showed that the magnitude of the effect of CNP
on contraction is similar to it reported for NO [30].
Interestingly, the reduction in contraction amplitude
was associated with an increase of intracellular cGMP
levels [31]. These results suggest that a cross-talk between
both systems, NO-cGMP and CNP-cGMP, could regu-
late cardiac contractility. Taken in account these findings
and our results, we suggest that the increase of NO pro-
duction induced by CNP could be the mechanism that
would mediate the negative inotropic effect of this
peptide.

Respect to CNP antiproliferative effects, Tokudome
et al. have shown that CNP inhibits the hypertrophy of
cardiomyocytes, these effect would be associated to an
increase of cyclic GMP concentration and hypertrophic
responses induced by growth factor were blunted by NO
[32]. In this regard, our results suggest that the increase
in cGMP through the activation of NOS, could explain
the inhibition of proliferation induced by CNP.

On the other hand, it was demonstrated that CNP has
hyperpolarizing actions in mesenteric and coronary vascu-
lar beds, through NPR-C activation and G-protein-gated
inwardly rectifying K+ opening [33]. In addition, Brunner
and Wolkart showed that relaxation of coronary microvas-
culature induced by CNP is partially mediated by NO-
cGMP pathway [34]. In accordance with these findings,
we demostrated that CNP would interact NPR-C to acti-
vate NOS with the subsequent augment of NO levels,
and through this pathway, CNP might induce vasorelaxa-
tion in aorta artery and probably in other vascular beds.

In summary, our results demonstrate that the activation
of NO-system would be one of the mechanisms involved in
CNP vascular and cardiac actions. This peptide would
interact with NPR-C receptor coupled via G proteins lead-
ing to the activation Ca2+-calmodulin dependent NOS.
The increase of NO production would induce the accumu-
lation of cGMP, reducing cardiac myocyte contractility
and ANP synthesis and secretion in right atria and induc-
ing vasorelaxation.

Perspectives

Our findings may be construed to be not only of phar-
macological meaning, but rather a step in the direction of
a better understanding of the possibly complex role that
CNP plays in the regulation of blood pressure, due to the
activation of NO-system, in physiological and perhaps
pathophysiological conditions.
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