
 

ENDOTHELIUM-DERIVED C-TYPE NATRIURETIC PEPTIDE 

CONTRIBUTES TO BLOOD PRESSURE REGULATION BY MAINTAINING 

ENDOTHELIAL INTEGRITY 

Short title: C-type natriuretic peptide and blood pressure  

 

Authors: Kazuhiro Nakao1,2, Koichiro Kuwahara*1,7,8, Toshio Nishikimi1,7, 

Yasuaki Nakagawa1,7, Hideyuki Kinoshita1,7, Takeya Minami1,7, Yoshihiro 

Kuwabara1,6, Chinatsu Yamada1,7, Yuko Yamada1,2, Takeshi Tokudome4, Chiaki 

Nagai-Okatani5, Naoto Minamino5, Yoko M. Nakao6, Shinji Yasuno6, Kenji 

Ueshima6, Masakatsu Sone1, Takeshi Kimura7, Kenji Kangawa2,4, and Kazuwa 

Nakao1,3 

 

1Department of Medicine and Clinical Science, Kyoto University Graduate 

School of Medicine, 2Department of Peptide Research, Kyoto University 

Graduate School of Medicine, 3Medical Innovation Center, Kyoto University 

Graduate School of Medicine, 4Department of Biochemistry, National Cerebral 

and Cardiovascular Center, 5Department of Molecular Pharmacology, National 



HYPE201405017-R2 

 

 

2 

 

Cerebral and Cardiovascular Center, 6Department of EBM Research, Institute 

for Advanced of Clinical and Translational Science, Kyoto University Hospital. 

7Department of Cardiovascular Medicine, Kyoto University Graduate School of 

Medicine, 8Department of Cardiovascular Medicine, Shinshu University School 

of Medicine 

 

Word count: 6778 words 

Abstract word count: 246 

Total number of figures: 6 (6 Figures) 

 

Corresponding author: Koichiro Kuwahara  

Department of Cardiovascular Medicine, Kyoto University Graduate School of 

Medicine  

54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto, Japan, 606-8507. 

Tel: +81-75-751-4287 Fax:+81-75-771-9452 Email: kuwa@kuhp.kyoto-u.ac.jp 

Current address: Department of Cardiovascular Medicine, Shinshu University 

School of Medicine  

3-1-1 Asahi, Matsumoto, Nagano, Japan, 390-8621. 

mailto:kuwa@kuhp.kyoto-u.ac.jp


HYPE201405017-R2 

 

 

3 

 

Tel: +81-263-37-3191 Fax:+81-263-37-3195 Email: kkuwah@shinshu-u.ac.jp 

 

 

mailto:kkuwah@shinshu-u.ac.jp


HYPE201405017-R2 

 

 

4 

 

Abstract  

We previously reported the secretion of C-type natriuretic peptide (CNP) from 

vascular endothelial cells and proposed the existence of a vascular natriuretic 

peptide system composed of endothelial CNP and smooth muscle guanylyl 

cyclase-B (GC-B), the CNP receptor, and involved in the regulation of vascular 

tone, remodeling and regeneration. In this study, we assessed the functional 

significance of this system in the regulation of blood pressure in vivo using 

vascular endothelial cell-specific CNP knockout (CNP ecKO) and vascular 

smooth muscle cell-specific GC-B knockout (GC-B smcKO) mice. These mice 

showed neither the skeletal abnormality nor the early mortality observed in 

systemic CNP or GC-B knockout mice. CNP ecKO mice exhibited significantly 

increased blood pressures and an enhanced acute hypertensive response to 

nitric oxide synthetase inhibition. Acetylcholine-induced, 

endothelium-dependent vasorelaxation was impaired in rings of mesenteric 

artery isolated from CNP ecKO mice. In addition, endothelin-1 (ET-1) gene 

expression was enhanced in pulmonary vascular endothelial cells from CNP 

ecKO mice, which also showed significantly higher plasma ET-1 concentrations 

and a greater reduction in blood pressure in response to an endothelin receptor 
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antagonist than their control littermates. By contrast, GC-B smcKO mice 

exhibited blood pressures similar to control mice, and acetylcholine-induced 

vasorelaxation was preserved in their isolated mesenteric arteries. 

Nonetheless, CNP-induced acute vasorelaxation was nearly completely 

abolished in mesenteric arteries from GC-B smcKO mice. These results 

demonstrate that endothelium-derived CNP contributes to the chronic 

regulation of vascular tone and systemic blood pressure by maintaining 

endothelial function independently of vascular smooth muscle GC-B. 

 

Keywords: C-type natriuretic peptide, Blood pressure, Endothelium, Endothelin, 

Guanylyl cyclase-B, Endothelial function 
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 Introduction 

The natriuretic peptide system is composed of three endogenous ligands, atrial 

natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type natriuretic 

peptide (CNP), and three receptors, particulate guanylyl cyclase-A (GC-A, also 

called natriuretic peptide receptor [NPR]-A), particulate guanylyl cyclase-B 

(GC-B, also called NPR-B) and the clearance receptor (NPR-C).1 GC-A 

preferentially binds ANP and BNP, while GC-B is selective for CNP.2 Both GC-A 

and GC-B catalyze the conversion of guanosine-5'-triphosphate (GTP) to cyclic 

guanosine monophosphate (cGMP). The clearance receptor, which lacks a 

guanylyl cyclase domain, has been implicated in the metabolic clearance of 

natriuretic peptides3, and is also reportedly coupled to Gi-dependent signaling 

in certain tissues.4, 5 

Based on its widespread distribution and relatively low plasma 

concentration, CNP is thought to function as a neurocrine/paracrine/autocrine 

regulator, especially in the brain,6 the growth plates of bones7, 8 and 

cardiovascular tissues.9-11 In earlier studies, we demonstrated that CNP is 

secreted from vascular endothelial cells and proposed the existence of a 

vascular natriuretic peptide system consisting of endothelial CNP and smooth 
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muscle GC-B, which could potentially contribute to the regulation of vascular 

tone, remodeling and regeneration.9, 10, 12-14 To further clarify the physiological 

function of CNP in the vasculature in vivo, we previously generated mice 

lacking CNP; however, these CNP knockout mice presented marked skeletal 

dysplasia due to defective endochondral bone formation during development 

and a high perinatal mortality rate. These characteristics limited the usefulness 

of systemic CNP knockout mice for assessing the functional significance of 

CNP in the adult vasculature.15 

For the present study, therefore, we used the Cre/loxP system to generate 

vascular endothelial cell-specific CNP knockout (CNP ecKO) mice and vascular 

smooth muscle cell (VSMC)-specific GC-B knockout (GC-B smcKO) mice. 

These conditional knockout mice showed neither the obvious skeletal 

abnormalities nor the perinatal mortality observed in systemic CNP or GC-B 

knockout mice. Using these animals, we were able to assess the function of 

endothelial cell-derived CNP and identify a novel role played by CNP in the 

chronic regulation of blood pressure in vivo. In addition, our findings raise the 

possibility that the long-term effects of CNP on blood pressure are mediated 
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through modification of endothelial cell function and are independent of GC-B 

signaling in VSMCs. 
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Methods 

 

A detailed description of the materials and methods is available in the 

online-only Data Supplement 

 

Animal experiments 

The protocol used to generate conditional knockout mice are presented below. 

The animal care and all experimental protocols were reviewed and approved 

by the Animal Research Committee at Kyoto University Graduate School of 

Medicine. Animal studies were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. All mice 

used in this study had a C57BL/6J background. For the isolation and analysis 

of organs or blood samples, mice were anesthetized with 3.0% isoflurane and 

sacrificed by cervical dislocation. Unless indicated otherwise, all data were 

obtained from female mice.  

 

Generation of CNP ecKO and GC-B smc KO mice 
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Details of the protocol used to generate Nppc-floxed heterozygous (Nppcflox/+) 

and Npr2-floxed heterozygous (Npr2flox/+) mice were described previously8. 

Nppcflox/+ and Npr2flox/+ mice were further bred to homozygosity. Endothelial 

cell-specific CNP conditional knockout (CNP ecKO) mice were then obtained 

by breeding Nppcflox/flox mice with heterozygous Tie2-cre Tg mice purchased 

from the Jackson Laboratory. Vascular smooth muscle cell-specific GC-B 

conditional knockout (GC-B smcKO) mice were produced by breeding 

Npr2flox/flox mice with heterozygous sm22-Cre knockin (KI) mice also 

purchased from the Jackson Laboratory.  

 

Blood pressure measurement and telemetry 

Blood pressures were measured using blood pressure transmitters (Data 

Sciences International, TA11PA-C10) implanted in 13-16-week-old mice. After 

anesthetizing mice with 3.0% isoflurane, a radiotelemetry probe catheter was 

implanted in the aorta of each mouse via the left carotid artery. The mice were 

then housed individually in cages, where they were able to move about freely. 

The cages were situated above telemetric receivers with an output to a 

computer. The mice were maintained on a 12-h light-dark cycle and were fed 
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normal chow (0.19% sodium, F-2, Funabashi Farm Co. Ltd) and water. After 

allowing 1 week for the mice to recover from the implantation procedure, blood 

pressures were recorded for 24 h. Each point in the figures shows an average 

of all beats recorded over a 60-min period (Dataquest LabPRO Acquisition 

System version 3.01, Data Sciences International). 

 

Statistical Analysis 

Data are presented as means ± SEM. Unpaired t-tests were used for 

comparisons between two groups.  Blood pressure and dose-response curves 

were analyzed using two-way analysis of variance (ANOVA) for repeated 

measures followed by Bonferroni’s test.  Values of p<0.05 were considered 

significant. All statistical analyses were performed using STATA 12.1 (Stata 

Corp, College Station, TX). 
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Results 

Generation of endothelial cell-specific CNP knockout mice 

To elucidate the physiological function of endothelium-derived CNP in the 

vasculature, we generated CNP ecKO mice by crossing mice carrying floxed 

NPPC with transgenic mice expressing Cre recombinase under the control of 

the Tie2 promoter/enhancer (Tie2-Cre Tg mice)8, 16, 17. Using samples from the 

tails of CNP ecKO (Nppcflox/flox; Tie2-Cre Tg) mice, we confirmed Cre-mediated 

recombination of the Nppc-floxed allele (Figure 1A). In CD31+ pulmonary 

microvascular endothelial cells collected from the lungs of CNP ecKO mice, we 

confirmed that CNP mRNA levels were reduced to less than 10% of that in cells 

from the control mice (Nppcflox/flox) (Figure 1B). Analysis of CNP mRNA levels in 

several organs revealed significant reductions in CNP mRNA levels in lung and 

heart tissues from CNP ecKO mice, as compared to tissues from control 

littermates (Figure 1C). The reduction of CNP mRNA expression in the lung 

and heart is consistent with the reduced endothelial expression of CNP, though 

a decrease in CNP expression in the endocardium or a small population of 

cardiomyocytes could also contribute to the reduction in CNP mRNA levels 

seen in the heart.18 Cardiac structure and function, plasma ANP levels, and 
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renal function estimated based on creatinine clearance did not differ between 

16-week-old control and CNP ecKO mice (Table S1 and Figure S1A). Plasma 

CNP levels in CNP ecKO mice were significantly reduced to around 60% of the 

levels in control mice (Figure 1D). CNP ecKO mice did not show the dwarfism 

or early mortality characteristic of systemic CNP knockout mice and GC-B 

knockout mice15, 19, and their naso-anal length was similar to that of control 

mice (Nppcflox/flox) (Figure 1E). Whole body weight and the weights of several 

major organs did not differ significantly between 16-week-old control littermates 

and CNP ecKO mice (Table S1), nor did the histological findings in several 

major organs, including the heart, kidney, lung, liver and brain (Figure 

S1A-S1C).  

 

High blood pressure in CNP ecKO mice 

To clarify the role played by endothelial cell-derived CNP in the control of blood 

pressure in vivo, we used surgically implanted arterial catheters containing 

telemetry transmitters to measure blood pressures in conscious, unrestrained 

CNP ecKO mice and their control Nppcflox/flox littermates.20 Examination of 24-h 

telemetry data revealed a significant increase in systolic blood pressure (SBP) 
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over time in both male and female CNP ecKO mice, as compared to their 

controls (Figure 2A-2D). In both males and females, SBP was consistently 

higher in CNP ecKO mice during both the light and dark portions of their day 

(Figure 2A and 2C, and Figure S2A and S2B). On the other hand, heart rates 

did not differ between male and female CNP ecKO and control mice (Figure 2E 

and 2F, and Figure S2C-S2F), nor did urinary noradrenaline levels (Figure 

S2G). Likewise, there were no differences in lumenal diameters, wall 

thicknesses or the wall-to-lumen ratios in the aorta and mesenteric arteries 

between CNP ecKO and control mice (Table S2) 

 

The acute hypertensive response to inhibition of NO synthesis is 

enhanced in CNP ecKO mice 

We next examined the acute hypertensive response evoked by intraperitoneal 

administration of the NO synthetase (NOS) inhibitor NG-nitro-L-arginine methyl 

ester (L-NAME) to CNP ecKO and control mice. Administration of L-NAME 

increased SBP in CNP ecKO mice from 101.0±2.8 mmHg to 156.0±6.0 mmHg, 

while in control mice SBP increased from 95.6±2.6 mmHg to 140.3±4.2 mmHg 

(Figure 3A). Consistent with the results summarized above, basal SBP before 
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L-NAME administration was higher in CNP ecKO than control mice. L-NAME 

evoked marked increases in SBP in both groups, but the enhancement was 

significantly larger in CNP ecKO than control mice (Figure 3A and 3B). 

Apparently, the acute pressor response induced by NOS inhibition is enhanced 

in CNP ecKO mice, as compared to the control mice (Figure 3B). On the other 

hand, heart rates after L-NAME administration did not significantly differ 

between CNP ecKO and control mice (Figure 3C and 3D).  

 

Generation of vascular smooth muscle cell-specific GC-B knockout mice 

Based on results obtained using an in vitro model of vascular remodeling, we 

previously proposed the existence of a vascular CNP/GC-B system in which 

CNP secreted from endothelial cells acts via GC-B expressed on VSMCs.13, 21 

Therefore, to investigate the potential role of GC-B expressed on VSMCs in 

mediating blood pressure regulation by endothelium-derived CNP, we 

generated and analyzed GC-B smcKO mice8, 22, 23. We confirmed deletion of 

the allele using genomic DNA from tail samples (Figure 4A), and found that 

expression of GC-B mRNA was respectively ~90% and ~80% lower in aortas 

and mesenteric arteries from GC-B smcKO mice than from their control 
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Npr2flox/flox littermates (Figure 4B and 4C). Whole body weights and the weights 

of the heart and kidneys did not differ between GC-B smcKO mice and their 

control littermates (Table S3). Likewise, plasma CNP levels also did not differ 

between the two groups (Figure S3A). In addition, the skeletal abnormalities 

characteristic of systemic GC-B KO mice were not detected in GC-B smcKO 

mice (Figure 4D).19 

 

SBP is normal in GC-B smcKO mice 

We measured SBP in unrestrained GC-B smcKO mice and their control 

littermates using telemetry, as we did with the CNP ecKO mice. In both males 

and females, hourly average SBPs measured for 24 h did not differ between 

GC-B smcKO and control mice (Figure 4E and 4F). Likewise, during both the 

light and dark portions of their day, average SBPs in GC-B smcKO and control 

mice were similar in both males and females (Figure S3B-S3E). Heart rates 

also did not differ between GC-B smcKO and control mice (Figure S3F-S3K).  

 

Acetylcholine-induced, endothelium-dependent vasorelaxation is 

impaired in mesenteric arteries from CNP ecKO mice, but is preserved in 
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arteries from GC-B smcKO mice 

To assess underlying mechanisms through which CNP participates in the 

regulation of blood pressure, we next investigated endothelium-dependent 

vasorelaxation using mesenteric arteries isolated from CNP ecKO and control 

mice. Initially we confirmed that an NO donor, spermine NONOate (SpNO), 

induced vasorelaxation and a thromboxane A2 agonist, U46619, induced 

vasoconstriction that were comparable in mesenteric arteries isolated from 

CNP ecKO and control mice (Figure S4A and S4B). By contrast, acetylcholine 

(ACh)-induced, endothelium-dependent vasorelaxation was significantly 

impaired in mesenteric arteries from CNP ecKO mice, as compared to control 

mice (–log of half-maximal effective concentration (EC50): CNP ecKO, 7.0±0.2 

vs. control, 7.5±0.1, n=8 in CNP ecKO and n=7 in control littermates, p<0.05) 

(Figure 5A). Furthermore, the impairment of ACh-induced vasorelaxation was 

unaffected or enhanced in CNP ecKO arteries pretreated with the NOS inhibitor 

L-NAME and the cyclooxygenase (COX) inhibitor indomethacin (-logEC50: 

CNP ecKO, 6.6±0.2 vs. control 7.1±0.2, n=9 in CNP ecKO and n=7 in control, 

p<0.01) (Figure 5B). This suggests the impairment of endothelium-dependent 

vasorelaxation in CNP ecKO mice involves, at least in part, NO- and 
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prostaglandin-independent pathways, possibly an endothelium-derived 

hyperpolarization factor (EDHF) system.  

Examination of endothelium-dependent vasorelaxation of mesenteric 

arteries isolated from GC-B smcKO mice revealed that ACh-induced, 

endothelium-dependent vasorelaxation did not differ between arteries isolated 

from GC-B smcKO and control mice (-logEC50: CNP smcKO mice, 7.4±0.3 vs. 

control mice 7.5±0.2, n=5 each) (Figure 5C), even when the arteries were 

pretreated with L-NAME and indomethacin (-logEC50: CNP smcKO mice, 

7.2±0.2 vs. control mice 7.1±0.2, n=5 each) (Figure S4C). This finding is 

consistent with the above results showing normal blood pressures in GC-B 

smcKO mice (Figure4D and 4E). By contrast, CNP-induced vasorelaxation was 

greatly diminished or undetectable in mesenteric arteries from GC-B smcKO 

mice (Figure 5D). Moreover, in precontracted control arteries treated with 

L-NAME- and indomethacin, CNP elicited a 50% reduction in tension, twice as 

large as in untreated vessels, but this response was almost completely 

abolished in arteries from GC-B smcKO mice (Figure 5E). CNP-induced 

vasorelaxation in mesenteric arteries did not differ between CNP ecKO and 

control mice (Figure S4D). It thus appears that CNP induces acute 
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vasorelaxation by acting directly via GC-B on VSMCs in this ex vivo model. 

Consistent with these findings, acute hypotensive effects induced by 

intravenous administration of CNP were markedly attenuated in GC-B smcKO 

mice (Figure 5F). Taken together, our findings clearly demonstrate that 

endothelium-derived CNP is involved in the physiological regulation of blood 

pressure, acting, at least in part, acutely via GC-B expressed on VSMCs and in 

the longer term via an alternative pathway involving endothelial function. 

 

Increased levels of preproendothelin-1 gene expression in isolated 

vascular endothelial cells and plasma endothelin-1 in CNP ecKO mice. 

To further characterize the functional alterations in vascular endothelial cells in 

CNP ecKO mice, we collected pulmonary microvascular endothelial cells from 

the lungs of CNP ecKO and control mice and examined the expression of 

endothelial genes potentially involved in the regulation of vascular tone. The 

genes of interest included those related to the natriuretic peptide system, NO 

system, renin-angiotensin system and endothelin (ET) system. Among these 

genes, we found that the expression of preproET-1 gene encoding ET-1, a 

potent vasoconstrictor produced by vascular endothelial cells, and 
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angiotensin-converting enzyme (ACE), which is highly concentrated in 

pulmonary endothelial cells and regulates blood pressure by converting 

inactive angiotensin I to the strongly vasoconstrictive angiotensin II, was 

significantly higher in pulmonary vascular endothelial cells from CNP ecKO 

mice than in those from control mice (Figure 6A and 6B).18 Expression of the 

other genes studied did not differ significantly between CNP ecKO and control 

mice (Figure S5A-S5D). We also found that plasma ET-1 concentrations were 

significantly elevated in CNP ecKO mice, as compared to control mice (Figure 

6C). The difference in plasma angiotensin II levels between CNP ecKO and 

control mice did not reach the statistical significance (Figure S5E). In the 

treatment with the dual endothelin-receptor antagonist (ERA) bosentan, CNP 

ecKO mice showed significantly greater reduction in SBP than control mice, 

which is consistent with our idea that increased endothelial ET-1 production 

contributes to the increase in blood pressure in CNP ecKO mice (Figure 6D). 

Collectively, these results demonstrate that alterations in the characteristics of 

vascular endothelial cells, including a diminished ability to induce 

vasorelaxation and induction of vasoconstrictive ET-1 expression, at least in 
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part, contribute to the chronic elevation of blood pressure seen in CNP ecKO 

mice (Figure 6E and 6F).   
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Discussion 

Systemic CNP knockout mice present marked skeletal dysplasia (i.e., 

dwarfism) due to defective endochondral bone formation and a high perinatal 

mortality rate of unknown cause15. This makes systemic CNP knockout mice 

unsuitable for investigating the physiological role of CNP in the adult 

vasculature in vivo. To avoid these critical limitations, in the present study we 

used the Cre/loxP system to generate vascular endothelial cell-specific CNP 

knockout (CNP ecKO) mice, which grew normally and survived to adulthood. 

Using these CNP ecKO mice, we were able to demonstrate the essential role 

played by endothelial cell-derived CNP in the chronic regulation of blood 

pressure.  

CNP appears to act via smooth muscle GC-B, which has been shown to 

mediate endothelium-dependent vasorelaxation24,25. When we selectively 

depleted GC-B from VSMCs by crossing floxed GC-B mice with sm22-Cre KI 

mice, the resultant GC-B smcKO mice appeared normal and, surprisingly, had 

blood pressures similar to those in control mice. In addition, ACh-induced 

vasorelaxation was preserved. These results raise the possibility that 

endothelium-derived CNP regulates blood pressure via pathways independent 



HYPE201405017-R2 

 

 

23 

 

of VSMC-derived GC-B, and that this receptor is not involved in ACh-induced 

mesenteric artery vasorelaxation. Notably, however, CNP-induced 

vasorelaxation was almost completely abolished in mesenteric arteries from 

GC-B smcKO mice. Moreover, the enhanced vasorelaxant response induced 

by CNP in precontracted mesenteric arteries treated with L-NAME and 

indomethacin was nearly completely abolished in arteries from GC-B smcKO 

mice, as was the acute hypotensive effect induced by intravenous 

administration of CNP to GC-B smcKO mice. These results suggest that the 

acute vasodilatory effect of CNP is mediated largely via GC-B expressed on 

VSMCs (Figure S5F). On the other hand, CNP contributes to the chronic 

regulation of blood pressure under normal physiological conditions via an 

alternative pathway that maintains endothelial function (Figure 6E and 6F). In 

addition, although rat endothelial CNP reportedly induces vasorelaxation via 

VSMC-expressed NPR-C acting as an EDHF, the mechanisms primarily 

involved may differ in mice, as deletion of GC-B from VSMCs resulted in a 

nearly complete loss of the vasodilatory effect of CNP on mesenteric 

arteries.26,27 Consistent with that idea is the earlier report that EDHF activity is 

preserved in the mesenteric arteries of mice lacking NPR-C.28 However, 
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because the mediators of EDHF potentially differ among different sized arteries 

and in different species, endothelium-derived CNP may act as an EDHF 

through NPR-C in some types of mouse arteries, arteries from different species 

or arteries under different conditions. Indeed, although the acute hypotensive 

effect induced by intravenous administration of CNP was significantly 

attenuated in GC-B smcKO mice, CNP continued to elicit a partial response 

(Figure 5F). It is also noteworthy that chronic blood pressure regulation via 

GC-A, a common receptor for ANP and BNP, is mediated by endothelial cell 

GC-A, not VMSC GC-A, though acute ANP-induced vasodilation is mediated 

by VSMC GC-A.23, 29  

CNP promotes endothelial cell proliferation and also reportedly stimulates 

NOS activity in endothelial cells14, 30. Both of those effects may contribute to the 

chronic regulation of blood pressure by maintaining physiological endothelial 

function. This is consistent with the recent findings of Moyes, et al., who 

reported that CNP derived from endothelial cells plays an important role in 

maintaining vascular homeostasis.31 In the present study, we found that 

Ach-induced, endothelium-dependent vasorelaxation was attenuated in 

arteries from CNP ecKO mice as compared to control mice. This impairment 
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appears to involve NO- and prostaglandin-independent pathways, suggesting 

the involvement of an impaired EDHF system. Collectively, for chronic 

regulation of blood pressure, CNP appears to work through maintaining 

endothelial function, especially involving EDHF pathways. Future analysis of 

the role of endothelial GC-B-signaling in maintaining the EDHF system will be 

needed to completely understand the mechanisms underlying the blood 

pressure regulation by endothelium-derived CNP. In addition, our results 

demonstrating that endothelium-derived CNP maintains normal endothelial 

phenotypes that control blood pressures raise the possibility that 

endothelium-derived CNP also participates in maintaining endothelial integrity 

involved in vascular remodeling and angiogenesis, though these were not 

directly tested in this study (Figure 6F).    

Furthermore, we found that vascular endothelial expression of 

preproET-1 mRNA, encoding an endothelium-derived vasoconstrictor peptide 

ET-1, and plasma ET-1 concentrations are significantly elevated in CNP ecKO 

mice, as compared to control mice. These findings are in agreement with 

earlier reports that CNP inhibits ET-1 production in vascular endothelial cells,32 

and suggest that for chronic regulation of blood pressure, CNP exerts inhibitory 
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effects on ET-1 production through actions on vascular endothelial cells. 

Indeed, the bosentan-induced reduction in SBP was greater in CNP ecKO mice 

than in control mice, which supports the idea that increased ET-1 production in 

endothelial cells contributes to the elevated blood pressure seen in CNP ecKO 

mice. Consistent with that idea, endothelium-specific deletion of ET-1 lowered 

blood pressure, while endothelium-specific overexpression of ET-1 caused 

endothelial dysfunction and a trend toward an elevation in blood pressure.18, 33 

We also found that the mRNA expression of ACE, the enzyme that produces 

the vasoconstrictor angiotensin II, is also significantly increased in vascular 

endothelial cells from CNP ecKO mice. However, the plasma concentrations of 

angiotensin II in CNP ecKO and control mice did not significantly differ. 

Perhaps ACE expression in cells other than endothelial cells is downregulated 

to compensate for the increased endothelial expression of ACE gene observed 

in CNP ecKO mice. Still, there is the possibility that increased expression of 

ACE in vascular endothelial cells may also contribute to the elevated blood 

pressure seen in CNP ecKO mice through an increase in local angiotensin II 

production within vessels.  

Tie2 promoter is reportedly expressed in macrophages and 
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endocardium16,17. In the present study, we used mice grown under normal 

conditions without specific pro-inflammatory stress and performed in vivo and 

ex vivo experiments under conditions that were not usually affected by 

inflammatory responses. We therefore believe that the effect of 

macrophage-derived CNP on the hypertensive phenotype observed in this 

study is very minor. Moreover, we found no difference in cardiac structure or 

function between CNP ecKO and control mice. Nonetheless, we cannot 

exclude the possibility that macrophage- and/or endocardium-derived CNP 

may affect, to some degree, the phenotypes described in this study. There is an 

earlier report that transgenic rats carrying a cytomegalovirus (CMV)-promoter 

driven dominant-negative GC-B receptor exhibit a small, non-significant 

increase in SBP of about 3 mmHg34. However, although the CMV promoter 

drives target genes expression ubiquitously, the effect is not always equal in all 

tissues. Indeed, in the dominant-negative GC-B transgenic rats used in that 

study, the transgene expression appears to be lower in the aorta than in the 

heart, and the reduction in naso-anal length is much smaller than in 

conventional CNP or GC-B KO mice. This indicates that the inhibition of GC-B 

signaling is insufficient in some tissues of these transgenic rats15, 19, 34. 
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Furthermore, these transgenic rats showed marked cardiac hypertrophy with 

reduced left ventricular volume, which would likely result in reduced cardiac 

output and would impede increases in blood pressure. We therefore think it is 

difficult to directly compare the blood pressure phenotype between 

dominant-negative GC-B transgenic rats and our GC-B smcKO or CNP ecKO 

mice. 

Collectively, our findings suggest that alterations in the characteristics of 

vascular endothelial cells, including a diminished ability to induce 

vasorelaxation and increased expression of ET-1, could account for the 

elevation of blood pressure seen in CNP ecKO mice (Figure 6F). These results 

also provide additional insight into the antagonistic relation between the 

vasodilatory CNP-dependent pathway and the vasoconstrictive 

ET-1-dependent pathway in vascular endothelial cells, and broaden our 

understanding of the vascular natriuretic peptide system. 
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Perspective 

We have shown that vascular endothelial cell-derived CNP plays a key role in 

the chronic regulation of blood pressure in vivo. Unexpectedly, although 

CNP-induced acute vasodilatation is predominantly mediated by GC-B on 

VSMCs, GC-B expressed on VSMC appears dispensable for endothelial 

cell-derived CNP signaling contributing to chronic blood pressure control. 

Alterations in the characteristics of vascular endothelial cells, including a 

diminished ability to induce vasorelaxation and increased expression of ET-1, 

underlie the blood pressure regulation by endothelial cell-derived CNP. These 

results provide novel insight into the role of CNP/GC-B signaling in the vascular 

system and its underlying mechanisms. 
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Novelty and Significance 

1) What is New 

 We show the contribution of vascular endothelial cell-derived CNP to 

chronic blood pressure regulation, irrespective of gender, using endothelial 

cell-specific CNP knockout mice (CNP ecKO). 

 Vascular smooth muscle cell-restricted knockout of GC-B, a functional 

receptor for CNP, had no effect on blood pressure. 

 In CNP ecKO mice, endothelium-dependent vasorelaxation was impaired 

and endothelial expression of ET-1 was significantly increased. 

 

2) What is Relevant? 

 The results of this study provide insight into the antagonistic relation 

between the vasodilatory CNP-dependent pathway and vasoconstrictive 

ET-1-dependent pathway in vascular endothelial cells, and broaden our 

understanding of the vascular natriuretic peptide system. 
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 This study revealed the role of CNP/GC-B signaling in the normal 

physiological regulation of the vascular system and the potential 

significance of this system as a therapeutic target for the treatment of 

cardiovascular disease. 

 

Summary 

CNP ecKO mice showed significantly elevated blood pressure and impaired 

endothelium-dependent vasorelaxation. By contrast, GC-B smcKO mice 

exhibited normal blood pressure and preserved endothelium-dependent 

vasorelaxation. Collectively, our findings suggest that the long-term effects of 

CNP derived from endothelial cells on blood pressure are mediated through 

modification of endothelial cell function and are independent of GC-B signaling 

in VSMCs. These results provide novel insight into the role of CNP/GC-B 

signaling in the vascular system and its underlying mechanisms. 
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Figure Legends 

Figure 1. Generation of endothelial cell-specific CNP knockout mice. A, 

Detection of Cre-mediated recombination of DNA from mouse tail samples 

using PCR. The left panel shows the presence of the cre gene, and the right 

panel shows the deleted allele in the control Nppcflox/flox littermates (control) and 

CNP ecKO mice (Nppcflox/flox; Tie2-Cre Tg, shown as ecKO), as indicated. B, 

Quantification of CNP mRNA using real time RT-PCR with mouse pulmonary 

microvascular endothelial cells from 16-week-old control and CNP ecKO mice 

(n=4 each). C, Quantification of CNP mRNA using real time RT-PCR with the 

cerebrum (n=3 each), kidney (n=6 each), heart (n=6 each) and lung (n=6 

control and 5 CNP ecKO mice) from 16-week-old control and CNP ecKO mice. 

The relative mRNA levels in control mice were assigned a value of 1.0. D, 

Plasma CNP levels in 16-week-old control and CNP ecKO mice (n=5 each). E, 

Nose-anal lengths in 16-week-old control and CNP ecKO mice (n=6 each). 

Data are presented as means ± SEM. *p<0.05 vs. control mice using Student’s 

t-test. N.S.: not significant. 

 

Figure 2. High blood pressure in CNP ecKO mice. A, Hourly average SBPs 
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measured for 24 h in male control (n=10) and CNP ecKO mice (n=10); *p<0.05 

using repeated-measures ANOVA followed by Bonferroni’s post-hoc test. B, 

Average SBPs measured over the entire 24-h day in male mice. *p<0.05 using 

Student’s t-test. C, Hourly average SBPs measured for 24 h in female control 

(n=6) and CNP ecKO mice (n=6). *p<0.05 using repeated-measures ANOVA 

followed by Bonferroni’s post-hoc test. D, Average SBPs measured over the 

entire 24-h day in female mice. *p<0.05 using Student’s t-test. E and F, 

Average heart rates measured over the entire 24-h day in male (E) and female 

(F) mice. Data are presented as means ± SEM.  

 

Figure 3. Acute hypertensive response induced by intraperitoneal 

administration of L-NAME is enhanced in CNP ecKO.  A and C, SBPs (A) and 

heart rates (C) before and after injection of L-NAME (50 mg/kg) in control (n=5 

each) and CNP ecKO mice (n=5 each). Shown are SBPs and heart rates 

averaged over every 5 min. *p<0.05 using repeated-measures ANOVA followed 

by Bonferroni’s post-hoc test. B and D, Changes in average SBP (B) and heart 

rates (D) measured 30 min before (pre) and 120 min after (post) L-NAME 

injection in control (n=5 each) and CNP ecKO mice (n=5 each). *p<0.05 using 
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repeated-measures ANOVA followed by Bonferroni’s post-hoc test. Data are 

presented as means ± SEM.  

 

 

Figure 4. Normal blood pressure in vascular smooth muscle cell-specific GC-B 

knockout mice. A, Detection of Cre-mediated recombination of DNA from 

mouse tail samples using PCR. The upper panel shows the presence of cre 

gene, and the lower panel shows the deleted allele in GC-B smcKO mice, as 

indicated. B and C, Quantification of GC-B mRNA using real time RT-PCR with 

aortas (AO) (B) and mesenteric arteries (MA) (C) from control and GC-B 

smcKO mice. In aorta, n=5 for control and n=9 for GC-B smcKO mice (B); in 

mesenteric artery, n=3 for each group (C). The relative mRNA levels in control 

mice were assigned a value of 1.0. *p<0.01 using Student’s t-test. D, Nose-anal 

lengths in 16-week-old control and GC-B smcKO mice (n=6 each). E, Hourly 

average SBPs measured for 24 h in male control (n=3) and GC-B smcKO mice 

(n=4). F, Hourly average SBPs measured for 24 h in female control (n=3) and 

GC-B smcKO mice (n=3). Data are presented as means ± SEM. 
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Figure 5. ACh-induced vasorelaxation is impaired in mesenteric arteries from 

CNP ecKO mice, but is preserved in arteries from GC-B smcKO mice. A and B, 

ACh-induced relaxation of precontracted mesenteric arteries from female 

control and CNP ecKO mice in the absence (A) or presence (B) of L-NAME 

and indomethacin. Arteries were precontracted to 50-70% of maximum using 

the thromboxane A2 analog U46619. Dose-response curves show 

ACh-induced relaxation of mesenteric arteries from control (n=7 each in A and 

B) and CNP ecKO mice (n=8 in A, 9 in B). *p<0.05 using repeated-measures 

ANOVA followed by Bonferroni’s post-hoc test. C, ACh-induced relaxation of 

precontracted mesenteric arteries from female control and GC-B smcKO mice 

in the absence of L-NAME and indomethacin. Arteries were precontracted to 

50-70% of maximum using U46619. Dose-response curves show ACh-induced 

relaxation in mesenteric arteries from control (n=5 each) and GC-B smcKO 

mice (n=5 each). D and E, CNP-induced relaxation of mesenteric arteries from 

control (n=5 each) and GC-B smcKO mice (n=5 each) in the absence (D) or 

presence (E) of L-NAME and indomethacin. *p<0.01 using repeated-measures 

ANOVA followed by Bonferroni’s post-hoc test. F, CNP-induced acute 

hypotensive effects in vivo in control (n=3) and GC-B smcKO mice (n= 3). 
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*p<0.05 using Student’s t-test. Data are presented as means ± SEM. 

 

Figure 6.  Expression of preproET-1 mRNA in vascular endothelial cells is 

increased in CNP ecKO mice. A and B, Relative levels of preproET-1 (A) and 

ACE (B) mRNA determined using real-time PCR. The relative mRNA levels in 

endothelial cells from control mice were assigned a value of 1.0 (n=3 control 

littermates and 4 CNP ecKO mice). C, Plasma concentrations of ET-1 were 

determined using specific ELISAs (n=11 for each). *p<0.05. Data are presented 

as means ± SEM. D, Changes in average systolic blood pressure (∆SBP) 

measured 1 day before (pre) and 5 days after (post) initiation of bosentan 

treatment in control (n=5) and CNP ecKO mice (n=5). *p<0.05 using Student’s 

t-test. E and F, Schematic drawing illustrating the role of endothelial CNP in 

chronic blood pressure regulation in wild type (E) and CNP ecKO (F) mice. In 

acute responses, CNP derived from endothelial cells induces vasorelaxation 

via GC-B expressed in VSMCs. This acute effect of CNP is abolished in 

VSMCs lacking GC-B as shown in Figure S5F. In chronic blood pressure 

regulation, alterations in the characteristics of vascular endothelial cells, 

including diminished ability to induce vasorelaxation and increased expression 
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of the vasoconstrictor peptide ET-1 are caused by a deficit in cell-autonomous 

effects exerted by vascular endothelial cell-derived CNP, but not by a deficit in 

GC-B signaling in VSMCs (E and F). Collectively, these endothelial alterations 

contribute to the elevated blood pressure seen in CNP ecKO mice (F). EC: 

vascular endothelial cell. VSMC: vascular smooth muscle cell. 
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Supplemental Methods 

Animal experiments 

Details of the protocol used to generate conditional knockout mice are presented 

below. The animal care and all experimental protocols were reviewed and 

approved by the Animal Research Committee at Kyoto University Graduate 

School of Medicine, and conformed to the US National Institute of Health Guide 

for the Care and Use of Laboratory Animals. All mice used in this study had a 

C57BL/6J background. For the isolation and analysis of organs or blood samples, 

mice were anesthetized with 3.0% isoflurane and sacrificed by cervical 

dislocation.  

 

Generation of CNP ecKO mice 

The targeting vector used to generate CNP ecKO mice contained a loxP-flanked 

open reading frame (ORF) that included exons 1 and 2 with intron 1 and part of 

intron 2, as well as a FRT-flanked neomycin resistance cassette (Neo) and an 

additional 6.1 kbp containing the 5' sequence of the Nppc gene, the diphtheria 

toxin A gene (DTA) and a 2.8-kbp sequence spanning intron 2 and exon 3. The 

linearized targeting vector was electroporated into C57BL/6 embryonic stem (ES) 

cells, after which we screened for homologous recombination using PCR and 

confirmed recombination using Southern blot analysis. Mouse chimeras were 

generated by injecting the mutant ES cell clones into BALB/c host blastocysts, 

after which the chimeras were bred with Flp-expressing transgenic mice to 

remove Neo. Some of the offspring were bred with C57BL/6 mice to generate 

Nppc-floxed heterozygous (Nppcflox/+) mice, which were further bred to 

homozygosity. Endothelial cell-specific CNP conditional knockout mice were then 

obtained by breeding Nppcflox/flox mice with heterozygous Tie2-cretg mice, which 

were purchased from the Jackson Laboratory.  

 

Generation of GC-B smcKO mice 

The targeting vector used to generate GC-B smcKO mice contained loxP-flanked 

exons 3-7 (with introns), a FRT-flanked neomycin resistance cassette (Neo) and 

an additional 5.3 kbp sequence containing intron 2 of the Nppc gene, the 

diphtheria toxin A gene (DTA) and a 2.7-kbp sequence spanning exons 8-12 (with 

introns). The linearized targeting vector was electroporated into C57BL/6 

embryonic stem (ES) cells, after which we screened for homologous 

recombination using PCR and confirmed recombination using Southern blot 
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analysis. Mouse chimeras were generated by injecting mutant ES cell clones into 

BALB/c host blastocysts, after which the chimeras were bred with Flp-expressing 

transgenic mice to remove Neo. Some of the offspring were then bred with 

C57BL/6 mice to generate Npr2-floxed heterozygous (Npr2flox/+) mice, which were 

further bred to homozygosity. Vascular smooth muscle cell-specific GC-B 

conditional knockout mice were produced by breeding Npr2flox/flox mice with 

heterozygous sm22-Cre knock in (KI) mice, which were purchased from the 

Jackson Laboratory (Bar Harbor, ME).  

 

PCR genotyping for Nppc and Npr2 genomic DNA 

Genomic DNA was prepared from mouse tail samples. Genotyping was done 

using PCR. The following primer pairs were used for detection of floxed and 

deleted alleles in Nppc and Npr2, respectively: for Nppc floxed alleles, 5’-GTG 

TCC ACA GTG AGT TCT TTA CCA G-3’ (upstream) and 5’-GTA AAG TGT GTC 

TCA TCA TCA CAT CAT C-3’ (downstream); for Nppc deleted alleles, 5’-TCT GCA 

CAC CTC GGT CCC ATC GGC A-3’ (upstream) and 5’-GTA AAG TGT GTC TCA 

TCA CAT CAT C-3’ (downstream); for Npr2 floxed alleles, 5’-GTA ACC TGG GTA 

GAC TAG TTG TTG G-3’ (upstream) and 5’-ATG GTG GAG GAG GTC TTT AAT 

TCC-3’ (downstream); and for Npr2 deleted alleles, 5’-TTC TCA CAG GGT TTG 

AAA TCT AAT G-3’ (upstream) and 5’-ATG GTG GAG GAG GTC TTT AAT TCC-

3’ (downstream). 

 

Isolation of mouse pulmonary microvascular endothelial cells 

Pulmonary microvascular endothelial cells were isolated from CNP ecKO mice 

and their control littermates as described previously with modification.1, 2  In brief, 

lungs were removed from anesthetized, heparinized mice and minced in HBSS 

(Thermo Fisher Scientific, Waltham, MA). After incubation with collagenase A for 

45 min at 37C, the tissue was passed through a 40-µm filter to remove debris. 

The cells were then centrifuged (1000 g, 20 min, 21C) in 40% Percoll solution, 

after which CD31+ pulmonary microvascular endothelial cells were purified from 

the middle layer using a magnetic cell sorting system (Miltenyi Biotec). 

 

Blood pressure measurement and telemetry 

Blood pressures in 16-week-old mice were measured using implantable blood 

pressure transmitters (Data Sciences International, TA11PA-C10). After 

anesthetizing mice with isoflurane, a radiotelemetry probe catheter was 
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implanted in the aorta of each mouse via the left carotid artery. The mice were 

then housed individually in cages where they were able to move about freely. The 

cages were situated above telemetric receivers with an output to a computer. The 

mice were maintained on a 12-h light-dark cycle and were fed normal chow 

(0.19% sodium, F-2, Funabashi Farm Co. Ltd) and water. After allowing 1 week 

for the mice to recover from the implantation procedure, blood pressures were 

recorded for 24 h. Each point in the figures shows the average of all beats over 

a 60-min period (Dataquest LabPRO Acquisition System version 3.01, Data 

Sciences International). 

  In another experiment, beginning 10 days after the implantation of blood 

pressure transmitters, CNP ecKO and control mice were administered the 

endothelin receptor antagonist bosentan (10 mg/kg/day, intragastric 

administration) daily for 1 week. Blood pressures recorded for 24h immediately 

prior to the drug treatment and 5 days after initiating the treatment were then 

analyzed. 

 

Intraperitoneal injection of L-NAME 

After measuring the blood pressures of freely moving mice for 30 min, the NOS 

inhibiter L-NAME (50 mg/kg body weight, Dojin, Kumamoto, Japan) was 

administered intraperitoneally. Blood pressure measurements were then 

continued for an additional 2 h. Each point in the figures shows the SBP averaged 

over 5 min.   

 

Intravenous injection of CNP 

Mice were intubated and anesthetized with 0.5% to 1.0% isoflurane. After 

stabilization, 10 nmol/kg CNP (Peptide institute, Osaka, Japan) was intravenously 

administered via the tail vein to GC-B smcKO and control mice. Arterial blood 

pressures were monitored using a catheter inserted into a cervical artery. 

Monitoring began 2 min before injection and ended 10 min after injection. 

 

Wire myograph studies 

Female mice in estrous were used for these experiments. Vascular rings were 

isolated from second order mesenteric arteries and placed in cold physiological 

salt solution (PSS) containing (mM): 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 

25 NaHCO3, 1.2 KH2PO4 and 5.5 glucose. The rings were then mounted in a 

tension myograph (Danish Myo Technology, Aarhus, Denmark) and bathed in 
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Krebs solution maintained at 37°C and gassed with 95% O2, 5% O2. After a wash 

period, the rings were stretched to the optimal pretension level (Danish Myo 

Technology Normalization Module) and were then repeatedly contracted using 

the thromboxane A2 analog U46619 (0.1 μM, Sigma-Aldrich, St. Louis, MO) until 

the responses were reproducible. If a vessel did not generate more than 1 mN of 

force, it was rejected. Concentration response curves were constructed for 

U46619 (0-100 nM). To assess vasorelaxation, the arteries were precontracted 

to 60% of maximum using U46619, after which the relaxant responses to ACh (0-

10 μM, Sigma-Aldrich), CNP (0-1 μM, Peptide Institute) and the NO donor 

spermine NONOate (SpNO) (0-100 M, CALBIOCHEM) were determined. In 

some instances, vessels were treated with L-NAME (300 μM, Dojin) and 

indomethacin (10 μM, Sigma-Aldrich) for 30 min before the dose-response curves 

were generated. 

 

Echocardiographic analysis 

Echocardiography was performed in 16-week-old mice as described previously 

using a Toshiba PowerVision 8000 (Toshiba Corp., Tokyo, Japan) equipped with 

a 12-MHz imaging transducer.3   

 

Histological Examination 

Organs taken from 16-week-old mice were fixed in 10% formalin and prepared 

for histological analysis as described previously.3 

 

Creatinine Clearance 

To measure creatinine clearance (mL/min), the amounts of creatinine in plasma 

samples and 24-h urine specimens from 16-week-old mice were determined 

enzymatically (SRL, Tokyo, Japan), as described previously4. 

 

Quantitative RT-PCR 

Total RNA was isolated from selected mouse tissues using TRIZOL following the 

manufacturer’s protocol. Real-time one-step RT-PCR was then carried out using 

20 ng of total RNA with One-Step RT-PCR master mix reagent (Toyobo). All 

TaqMan primers and probes were purchased from Applied Biosystems. 

In another experiment, total RNA was isolated from mouse CD31+ pulmonary 

microvascular endothelial cells collected from the lungs of CNP ecKO mice and 

their control littermates using a magnetic cell sorting system. Using 10 ng of total 
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RNA from the lung endothelial cells of control and CNP ecKO mice, mRNA levels 

in guanylyl cyclase A (GC-A), guanylyl cyclase B (GC-B), natriuretic peptide 

receptor C (NPR-C), endothelial nitric oxide synthase 3 (eNOS), small 

conductance calcium-activated potassium channel 3 (SKCa), intermediate 

conductance calcium-activated potassium channel 4 (IKCa), connexin37 (Cx37), 

connexin40 (Cx40), connexin43 (Cx43), angiotensin-converting enzyme (ACE), 

angiotensin II type1a receptor (AT1R), angiotensin II type2 receptor (AT2R), 

preproendothelin-1 (preproET-1), endothelin receptor type A (ETA), endothelin 

receptor type B (ETB) and endothelin converting enzyme 1 (ECE-1) were 

determined using One-Step RT-PCR master mix reagent (Toyobo, Osaka, Japan). 

The primers and probe sets were purchased from Applied Biosystems (Waltham, 

MA). Relative mRNA levels were determined by normalization to the level of 

GAPDH mRNA. 

 

Measurement of urinary noradrenalin excretion 

For analysis of urinary noradrenalin excretion, 16-week-old control and CNP 

ecKO mice and were placed in metabolic cages and given free access to food 

and water. Urinary samples were then collected for 1 day. Urinary noradrenalin 

excretion was assessed using reverse phase high-performance liquid 

chromatography. 

 

Morphological analysis of vessels 

After harvesting thoracic aortas (5 vessels from 5 mice) and mesenteric arteries 

(10 vessels from 5 mice) from 16-week-old mice, the samples were fixed in 4% 

PFA. Paraffin-embedded sections (4 m) were then stained with hematoxylin-

eosin, after which lumen diameter and wall thickness were measured (BZ-9000, 

KEYENCE Japan) 

 

Measurement of plasma ANP, CNP, ET-1 and angiotensin II concentrations 

Under anesthesia, blood was drawn from 16-week-old female mice by direct 

cardiac ventricle puncture and collected into tubes containing aprotinin and 

EDTA-2Na (final concentrations were 500 U/mL aprotinin and 3.3 mM EDTA-2Na). 

Plasma ANP concentrations were measured using a direct chemiluminescent 

enzyme immunoassay, as previously described5. Plasma CNP concentrations 

were measured using our newly developed sandwich chemiluminescent enzyme 

immunoassay, which has a detection limit down to 0.25pM and no cross-reactivity 
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with ANP, BNP and other related peptides (unpublished data). Plasma ET-1 and 

angiotensin II concentrations were measured using ELISAs according to 

manufacturers’ instructions (ET-1, R&D Systems, Minneapolis, MN; angiotensin 

II, Enzo Life Sciences, Farmingdale, NY). 

 

Statistical Analysis 

Data are presented as means ± SEM. Unpaired t-tests were used for 

comparisons between two groups. Blood pressure and dose-response curves 

were analyzed using two-way analysis of variance for repeated measures 

followed by Bonferroni’s test. Values of p<0.05 were considered significant. All 

statistical analyses were performed using STATA 12.1 (Stata Corp, College 

Station, TX). 
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Supplemental Table S1. Body and tissue weights, plasma ANP levels, renal 

function and echocardiographic parameters in 16-old–week Nppcflox/flox and 

Nppcflox/flox; Tie2-Cre Tg mice 

Variables      NPPCflox/flox NPPCflox/flox; Tie2-Cre Tg             

Body and tissue weights                   n=6                    n=6 

BW (g) 23.7±0.4 22.8±0.4 

Heart weight-to-BW ratio (mg/g) 4.7±0.1 4.7±0.1 

Kidney weight-to-BW ratio (mg/g) 6.1±0.2 5.9±0.1 

Liver weight-to-BW ratio (mg/g) 46.1±4.6 46.0±5.9 

Lung weight-to-BW ratio (mg/g) 21.1±2.5 20.0±1.1 

Plasma ANP concentration                 n=10                   n=9 

Plasma ANP concentration (pg/ml) 96.9±22.2 140.0±41.2 

Creatinine Clearance                       n=7                    n=7 

Creatinine Clearance (ml/min) 0.21±0.03 0.29±0.02 

Echocardiography parameters              n=10                   n=11 

  LVDd (mm) 3.2±0.04 3.1±0.08 

  LVDs (mm) 1.6±0.06 1.6±0.08 

  IVST (mm) 0.71±0.02 0.71±0.02 

  PWT (mm) 0.71±0.01 0.71±0.02 

  FS (%) 49.2±1.9 48.8±1.9 

  EF (%) 81.1±1.7 80.7±1.8 

 Values are means ± SEM. BW, body weight; ANP, atrial natriuretic peptide; LVDd, 

left ventricular diastolic dimension; LVDs, left ventricular systolic dimension; FS, 

fractional shortening; IVST, intraventricular septum wall thickness; PWT, posterior 

wall thickness. 
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Supplemental Table S2. Morphological characteristics of vessels 

Values are means±SEM, n=5 each in Aorta; n=10 each in Mesenteric arteries. 

  

Variables       Nppcflox/flox Nppcflox/flox;Tie2-Cre Tg 

Aorta    

Lumen diameter (µm) 535.6±11.6 530.7±7.2 

Wall thickness (µm) 48.7±1.5 49.0±0.8 

Wall/Lumen ratio 0.090±0.002 0.092±0.002 

Mesenteric arteries   

Lumen diameter (µm) 111.9±4.9 112.7±6.5 

Wall thickness (µm) 16.9±0.4 17.6±0.6 

Wall/Lumen ratio 0.151±0.007 0.156±0.008 
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Supplemental Table S3. Body and tissue weights in 16-old–week Npr2lox/flox and 

Npr2flox/flox; sm22-Cre KI mice 

Variables      Npr2flox/flox Npr2flox/flox;sm22-Cre KI             

BW (g) 24.3±1.0 24.2±0.9 

Heart weight-to-BW ratio (mg/g) 4.4±0.1 4.5±0.1 

Kidney weight-to-BW ratio (mg/g) 5.0±0.1 4.9±0.1 

 Values are means ± SEM.  BW, body weight. n=6 for Npr2flox/flox and 5 for 

Npr2flox/flox;sm22-Cre KI.   
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Supplemental Figure S1. Histology of major organs in CNP ecKO mice. A, B 
and C, Histological analysis of the heart (Sirius-red staining; A), kidney, lung, liver 
(Masson-trichrome staining; B) and Brain (hematoxylin-eosin staining; C) from 
control and CNP ecKO. H-E, hematoxylin-eosin. Scale bars, 100 µm. Samples 
were taken from 16-week-old mice (n=3 each).  
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significant. 
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measured over the entire 24-h day in female control (n=3) and GC-B smcKO (n=3) mice. F, Hourly average heart 
rates in male control (n=3) and GC-B smcKO mice (n=4). G, Average heart rates measured over the 12-h light 
and dark periods in male mice. H, Average heart rates measured over the entire 24-h day in male mice. I, Hourly 
average heart rates in female control (n=3) and GC-B smcKO mice (n=3). J, Average heart rates measured over 
the 12-h light and dark periods in female mice. K, Average heart rates measured over the entire 24-h day in 
female mice. Data are presented as means ± SEM.
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Supplemental Figure S4. NO donor spermine NONOate (SpNO)-induced vasorelaxation and 
U46619-induced vasoconstriction are comparable in mesenteric arteries from CNP ecKO mice and 
their control littermates. A, SpNO-induced vasorelaxation in mesenteric arteries from CNP ecKO mice 
and control littermates.  B, U46619-induced vasoconstriction in mesenteric arteries from CNP ecKO 
mice and control littermates. C, ACh-induced relaxation of precontracted mesenteric arteries from 
female control and GC-B smcKO mice in the presence of L-NAME and indomethacin. Arteries were 
precontracted to 50-70% of maximum using U46619. Dose-response curves show ACh-induced relax-
ation in mesenteric arteries from control (n=5 each) and GC-B smcKO mice (n=5 each). D, CNP-in-
duced relaxation of mesenteric arteries from control (n=5 each) and CNP ecKO mice (n=5 each). Data 
are presented as means ± SEM.
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Supplemental Figure S5. Transcription of endothelial genes potentially associated with blood pressure
regulation and endothelium dependent vasodilation. A, mRNA expression of genes related to natriuretic
peptide system (GC-A, GC-B and NPR3) (control n=3, CNP ecKO n=4). B, Genes associated to NO and
EDHF (Nos3, SK3, SK4, Cx37, Cx40 and Cx43) (control n=3, CNP ecKO n=4). C, Genes related to the renin-
angiotensin system (AT1R and AT2R) (control n=3, CNP ecKO n=4). D, Genes related to endothelin system
(ETA, ETB and ECE-1) (control n=3, CNP ecKO n=4). Relative mRNA levels were determined by
normalization to the level of GAPDH mRNA. The relative mRNA levels in control mice were assigned a value
of 1.0. n.d.: not detectable. E, Plasma concentrations of angiotensin II (AngII) were determined using specific
ELISAs (n=4 CNP ecKO mice and 5 control littermates). N.S: not significant. Data are presented as means ±
SEM. F, Schematic drawing illustrating the role of endothelial CNP in acute vasorelaxation. In acute responses,
CNP derived from endothelial cells induces vasorelaxation via GC-B expressed in VSMCs. This acute effect of
CNP is abolished in VSMCs lacking GC-B. VSMC: vascular smooth muscle cell.
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