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Abstract

Objective—Corin is a serine protease that converts pro-atrial natriuretic peptide (pro-ANP) to 

atrial natriuretic peptide (ANP), a cardiac hormone that regulates salt-water balance and blood 

pressure. ANP is degraded by natriuretic peptide receptor (NPR). This study was to determine if 

aberrant pro-ANP/corin/NPR signaling is present in maternal vascular system in preeclampsia.

Study Design—Maternal venous blood was obtained from 197 pregnant women (84 

normotensive, 16 complicated with chronic hypertension (CHT), 11 mild and 86 severe 

preeclampsia). Plasma corin and pro-ANP concentrations were measured by enzyme-linked 

immunosorbent assay. Maternal subcutaneous fat tissue was obtained from 12 pregnant women 

with cesarean section delivery (6 normotensive and 6 preeclampsia). Vascular ANP and its 

receptors NPR-A, NPR-B, and NPR-C expression were examined by immunostaining of paraffin 

embedded subcutaneous fat tissue sections.

Results—Corin concentrations were significantly higher in mild (2.78±0.67ng/ml, p<0.05) and 

severe (2.53±0.18ng/ml, p<0.01) preeclampsia than in normotensive (1.58±0.08ng/ml) and CHT 

(1.55±0.20ng/ml) groups. Pro-ANP concentrations were significantly higher in CHT 

(1.59±0.53ng/ml, p<0.05) and severe preeclampsia (1.42±0.24ng/ml, p<0.01) than in 

normotensive (0.48±0.06ng/ml) and mild preeclampsia (0.52±0.09ng/ml) groups. ANP and NPR-

B expression was undetectable in maternal vessels from normotensive and preeclamptic 

pregnancies, but reduced NPR-A expression and increased NPR-C expression was found in 

maternal vessel endothelium in preeclampsia.
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Conclusions—ANP is a vasodilator and NPR-C is a clearance receptor for ANP. The finding of 

upregulation of NPR-C expression suggests that circulating ANP clearance or degradation is 

increased in preeclampsia. These results also suggest that pro-ANP/corin/NPR signaling is 

dominant in the vascular system in preeclampsia.
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Introduction

Corin is a serine protease of the trypsin superfamily. It is originally identified as a cardiac 

enzyme with abundant expression in atrial and ventricular myocytes in the heart [1]. Corin 

converts atrial natriuretic peptide (ANP) precursor (pro-ANP) to mature ANP, a circulating 

cardiac hormone that regulates salt balance, intravascular blood volume, and subsequently 

vascular tone. Therefore, corin and ANP signaling pathway molecules play an important 

compensative role in the cardiovascular system because of its diuretic, natriuretic, and 

vasodilating actions and also its inhibitory effects on renin and aldosterone secretion [2]. In 

humans, altered corin expression and production have been found in several cardiovascular 

and renal diseases. For example, plasma corin levels are reduced significantly in patients 

with heart failure [3]. Kidney corin expression is downregulated in proteinuric kidney 

diseases associated with increased sodium retention [4]. In mice, corin deficiency prevents 

pro-ANP processing and causes salt-sensitive hypertension and the hypertensive phenotype 

is exacerbated by high-salt diet when the mice become pregnant [5]. Therefore, altered corin 

and ANP production and activity have a significant impact on vascular and renal functional 

homeostasis.

Recent animal studies showed that corin is able to activate ANP in the pregnant uterus to 

promote spiral artery remodeling and to prevent pregnancy-induced hypertension [6–8]. In 

humans, up-regulation of corin was found in the late secretory phase in endometrium and in 

first trimester decidua tissue [7]. While, in corin- or ANP-deficient mice, trophoblast 

invasion was markedly impaired as compared to the wild type animals [6]. Study also 

showed that maternal ANP levels were significantly increased in pregnant women, and 

further increased in women with preeclampsia, a hypertensive disorder in human pregnancy 

[9]. It is known that the action of ANP is regulated via binding to its receptor on cell 

membrane. However, it is not known if altered ANP receptor expression occurs in 

preeclampsia. In the present study, we measured maternal plasma corin and pro-ANP levels 

and examined maternal vascular ANP and natriuretic peptide receptor A (NPR-A), NPR-B, 

and NPR-C expression in normotensive and preeclamptic pregnant women to test our 

hypothesis that aberrant pro-ANP/corin/NPR signaling is present in maternal vascular 

system in preeclampsia. We also measured corin and pro-ANP levels in pregnant women 

complicated with chronic hypertension to determine if differences exist for corin and/or pro-

ANP levels in pregnant women complicated between preeclampsia and chronic 

hypertension.
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Materials and Methods

Patient information and blood and subcutaneous fat tissue sample collection

Collections of maternal blood and subcutaneous fat tissue were approved by the Institutional 

Review Board for human research at Louisiana State University Health Sciences Center - 

Shreveport (LSUHSC-S), Louisiana and the study was conducted in the Department of 

Obstetrics and Gynecology, LSUHSC-S. Written consent was obtained from all study 

subjects. Maternal venous blood was obtained either at the Perinatal Clinics or admitted at 

Labor and Delivery Unit before delivery from 197 pregnant women: 84 from normotensive, 

16 from pregnancy complicated with chronic hypertension, 11 from mild preeclampsia and 

86 from severe preeclampsia. For blood collection, ethylenediamine tetraacetic acid (EDTA) 

was used as anticoagulant. Plasma sample was then extracted after centrifugation, aliquot 

and stored at −70C until analyzed. Maternal subcutaneous fat tissue was collected during 

cesarean section delivery from 12 pregnant women, 6 from normotensive and 6 from 

preeclampsia. Freshly obtained subcutaneous fat tissue was fixed with 10% formalin and 

then embedded with paraffin. Normotensive pregnancy is defined as pregnancy with 

maternal blood pressure <140/90mmHg, absence of proteinuria and medical complications. 

Diagnosis of chronic hypertension in pregnancy is defined as either a documented history of 

high blood pressure antedating pregnancy or persistent elevation of blood pressure (≥ 140/90 

mmHg) on two occasions more than 24 hours apart before the 20th week of gestation. Mild 

preeclampsia is defined as follows: sustained systolic blood pressure ≥ 140 mmHg or a 

sustained diastolic blood pressure of ≥ 90mmHg on two separate readings; proteinuria 

measurement of 1+ or more on dipstick, or 24 hour urine protein collection with ≥ 300mg in 

the specimen (after 20 weeks of gestation). Severe preeclampsia is defined when one or 

more of the following criteria is present: maternal blood pressure ≥ 160mmHg or a sustained 

diastolic blood pressure ≥ 110mmHg on two separate readings at least six hours apart; 

proteinuria ≥ 3+ on dipstick or ≥ 2 gram/24 hours after 20 weeks of gestation; persistent 

headache or other cerebral or visual disturbances; persistent epigastric pain; or serum 

creatinine >1.2mg/dl. Smokers were excluded. None of the study subjects had signs of 

infection. To avoid clinical phenotypic differences in preeclamptic patients, patients 

complicated with HELLP syndrome (hemolysis, elevated liver enzyme and low platelet 

count), diabetes and/or renal disease were excluded. Clinical characteristics of study subjects 

whose plasma sample was tested are presented in Table 1 and whose subcutaneous fat tissue 

was used are present in Table 2.

Measurement of plasma concentrations of corin and pro-ANP

Maternal plasma concentrations of corin and stable N-terminal prohormone forms of ANP 

(pro-ANP) were determined by enzyme-linked immunosorbent assay (ELISA). DuoSet 

ELISA development kits for human corin (DY2209) and human pro-ANP (DY8247) were 

purchased from R&D Systems, Inc. (Minneapolis, MN). All assays were carried out 

according to the manufacturer’s instruction. The range of the standard curve for corin was 

15.6 to 4,000 pg/ml and the range of the standard curve for pro-ANP was 15.6 to 2,000 

pg/ml. Plasma sample was 1:2 diluted for corin assay and assayed directly for pro-ANP. All 

samples were tested in duplicate and blinded to outcome. Within assay variations were <7% 

for both assays.
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Immunohistochemistry

Expression of ANP and its receptors NPR-A, NPR-B and NPR-C were examined using 

paraffin embedded subcutaneous fat tissue sections and placental villous tissue sections by a 

standard immunohistochemistry staining procedure. Antibody for ANP (AF3366) was 

obtained from R&D system (Minneapolis, MN), antibodies for NPR-A (sc-137041) and 

NPR-B (sc-293451) were obtained from Santa Cruz Biotechnology (San Diego, CA), and 

antibody for NPR-C (ab37617) was purchased from Abcam (Cambridge, MA), respectively. 

The antibody concentration used for the experiment was recommended by the 

manufacturers: 2μg/ml for ANP, 4μg/ml for both NPR-A and NPR-B, and 20μg/ml NPR-C, 

respectively. Stained slides were counterstained with Gill’s formulation hematoxylin. Tissue 

sections stained with isotype IgG or secondary antibody only served as negative control. 

Slides stained with the same antibody were processed at the same time. Stained slides were 

reviewed under an Olympus microscope (Olympus IX71, Japan), and images were captured 

by a digital camera and recorded into a microscope-linked PC computer.

Data analysis

Clinical demographic data is presented as mean ± SD. Data for plasma corin and pro-ANP 

concentrations were presented as mean ± SD ng/ml. Statistical analysis was performed with 

ANOVA or un-paired test by computer software Prism 5 (GraphPad Software, Inc. La Jolla, 

CA). Tukey’s test was used as a post hoc test. A probability level less than 0.05 was 

considered statistically significant.

Results

Patient Clinical Data

Patient clinical information including maternal age, racial status, gravida, body mass index 

(BMI), blood pressure, and gestational age at blood draw and delivery and delivery mode 

was obtained by chart review. The clinical characteristics for subjects whose plasma sample 

was assayed for corin and pro-ANP are shown in Table 1. Maternal age was higher in 

chronic hypertensive group than in normotensive pregnant group, but not different between 

mild or severe preeclamptic group vs. normotensive group. BMI was significantly higher in 

the chronic hypertensive and mild preeclamptic groups vs. normotensive and severe 

preeclamptic groups, but not different between severe preeclamptic vs. normotensive groups. 

Blood pressure was significantly higher in chronic hypertension, mild and severe 

preeclamptic groups vs. normotensive pregnant group. The demographic data for subjects 

whose subcutaneous fat tissue was used to determine ANP, NPR-A, NPR-B, and NPR-C 

expression are shown in Table 2.

Elevated maternal plasma levels of corin and pro-ANP in severe preeclampsia

Maternal plasma concentrations for corin and pro-ANP in normotensive pregnant women, 

pregnant women complicated with chronic hypertension, mild preeclampsia and severe 

preeclampsia are shown in Table 3. Maternal corin concentrations were significantly higher 

in mild preeclampsia (* p<0.05) and severe preeclampsia (** p<0.01) vs. normotensive 

pregnant women and pregnancy complicated with chronic hypertension. Maternal pro-ANP 
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concentrations were significantly higher in pregnancy complicated with chronic 

hypertension (* p<0.05) and severe preeclampsia (** p<0.01) than in normotensive pregnant 

women. Pro-ANP concentrations were also significantly higher in severe preeclampsia than 

in mild preeclampsia (# p<0.05).

Expression of ANP and NPR-C in maternal vasculature

We examined maternal vascular expression of ANP and its receptors NPR-A, NPR-B, and 

NPR-C in subcutaneous fat tissue sections to determine if altered ANP and its receptor 

signaling were present in maternal vasculature in preeclampsia. Our results showed that 

ANP expression was not detectable in maternal vessels from normotensive and preeclamptic 

pregnant women (Figure 1, A and B). However, different patterns for its receptor expression 

were noticed in maternal vessels between normotensive and preeclamptic pregnant women. 

NPR-A expression was detected in endothelium of maternal vessels from normotensive 

(Figure 1, C), but not from preeclamptic (Figure 1, D), pregnant women. NPR-B expression 

was undetectable in maternal vessels from both normotensive and preeclamptic pregnancies 

(Figure 1, E and F). However, strong NPR-C expression was detected in endothelium of 

maternal vessels from preeclamptic (Figure 1, H), but not from normotensive (Figure 1, G), 

pregnancies.

Discussion

Recent studies found that maternal corin levels are significantly higher in women with 

preeclampsia, therefore considered corin as a new biomarker for this hypertensive pregnancy 

disorder [10–12]. In our study, we found that not only maternal corin but also maternal pro-

ANP levels were significantly elevated in women complicated with severe preeclampsia. In 

addition, our results also revealed that NPR-A expression was downregulated and NPR-C 

expression was upregulated in maternal vessel endothelium in preeclampsia compared to 

that in normotensive pregnant controls. These results suggest that pro-ANP/corin/NPR 

signaling pathway is altered in maternal systemic vasculature in women with preeclampsia.

Corin is a serine protease and it cleaves pro-ANP into N-terminal ANP and ANP, the latter 

one binds to its receptors and produces downstream biological effects on targeting cells/

organs or is rapidly removed from the circulation [13] by binding to its receptor and cleared 

out through kidneys. The soluble corin proteolytic activity in vivo is still elusive, but an in 
vitro study suggests that both active and inactive fragments of corin are generated either by 

the action of metalloprotease or by corin autocleavage [14]. Corin has three soluble 

fragments with 180, 160, and 100kDa, respectively. Using protease inhibitors, ionomycin, 

phorbol myristate acetate stimulation, as well as small interfering RNA knockdown and site-

directed mutagenesis, Jiang et al demonstrated that a disintegrin and metalloproteinase 

domain-containing protein 10 (ADAM10) was primarily responsible for shedding corin at its 

juxtamembrane region to release the 180kDa fragment, corresponding to the near-entire 

extracellular region [14]. In contrast, the 160 and 100kDa fragments were from corin 

autocleavage at Arg-164 in frizzled 1 domain and Arg-427 in LDL receptor 5 domain of the 

extracellular region, respectively [14]. The source(s) of increased maternal corin levels in 

preeclampsia have not been defined. Other than the heart, which is the major source of corin 
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in response to high blood pressure [15], placenta might contribute to the increased maternal 

corin levels, since strong corin expression was detected in syncytiotrophoblasts [11] and the 

key corin shedding enzyme ADAM10 expression was upregulated in placental 

syncytiotrophoblasts in preeclampsia [16].

Natriuretic peptide family has three types of transmembrane receptors, NPR-A, NPR-B, and 

NPR-C, which regulate ANP activity. As shown in Figure 2, NPR-A and NPR-B are 

guanylyl cyclase receptors. Activation of NPR-A or -B would stimulate intracellular 

guanylate cyclase activity to convert GTP to cGMP. cGMP stimulates cGMP-dependent 

protein kinase (PKG), which could then induce smooth muscle relaxation. On vasculature, 

by binding to NPR-A or -B, ANP leads to an increase in cGMP production and produces 

relaxation effect. On kidney, by binding to NPR-A or -B, ANP possesses diuretic and 

natriuretic properties, resulting from the direct inhibition of sodium absorption in the renal 

collecting duct. Therefore, ANP decreases blood pressure, modulates endothelial 

permeability, and plays important roles in the regulation of volume and pressure homeostasis 

in the circulatory system. In contrast, NPR-C is a non-guanylyl cyclase receptor and it is 

coupled to adenylyl cyclase inhibition or phospholipase C activation through inhibition of 

guanine nucleotide regulatory protein (Gi) [17]. Circulating ANP is subjected to rapid 

clearance by NPR-C-mediated mechanism and proteolytic degradation by neutral 

endopeptidase. Moreover, NPR-C is the most abundantly expressed ANP receptor and is 

widely distributed in various cell types including platelets and vascular smooth muscle cells 

(VSMCs) [18]. In mice, knockout of Npr3 (NPR-C gene) leads to hypotension and skeletal 

deformities due to rapid bone turnover [19]. Therefore, NPR-C is not only considered a 

clearance receptor for ANP, but also involved in cellular proliferation, migration, and 

vascular remodeling. In humans, upregulation of NPR-C expression was reported in the 

intima of advanced carotid artery plaques in atherosclerosis patients [20]. In our study, we 

found that NPR-A expression was downregulated and NPR-C expression was upregulated in 

maternal vessel endothelium in women with preeclampsia. In contrast, NPR-B was not 

present in vessel endothelium. This notion is supported by our observation of positive 

expression of NPR-A and negative expression of NPR-B in placental villous core 

endothelium (data not shown). Although the exact mechanism of downregulation of NPR-A 

expression and upregulation of NPR-C expression is not known, since NPR-C is considered 

a clearance receptor for circulating ANP, increased NPR-C expression suggests that 

circulating ANP clearance/degradation process is increased in this pregnancy disorder.

Human corin gene is located on chromosome 4p12-p13, has 22 exons and spans 244 kb [21]. 

Reduce corin activity associated with corin gene variants and mutations was identified in 

patients with hypertension and heart diseases [22]. Whether increased maternal corin levels 

are associated with reduced corin activity in preeclampsia is elusive, but two CORIN gene 

mutations were reported in preeclamptic patients, one mutation changed amino acid Lys317 

to Glu in LDLR2 domain and another changed amino acid Ser472 to Gly in frizzled 2 

domain [23]. Since both LDLR2 and frizzled 2 domains are important for corin to process 

pro-ANP [24], mutation of Lys317Glu and Ser472Gly might reduce pro-ANP processing 

activity [6] and result in higher plasma levels of pro-ANP in preeclampsia. In addition, two 

corin polymorphisms (C for rs2271036 and G for rs2271037) were also reported in patients 

with preeclampsia [25]. Although we did not measure corin activity in the present study, 
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increased both pro-ANP and corin levels combined with increased endothelial NPR-C 

expression clearly indicate that altered pro-ANP/corin/NPR signaling is present in the 

vascular system in preeclampsia.

In this study, we also noticed that pro-ANP, but not corin, levels were elevated in pregnant 

women complicated with chronic hypertension. Although the sample size is small for the 

chronic hypertension group and little is known about corin and ANP regulation in patients 

with chronic hypertension during pregnancy, the phenomenon of differences in maternal pro-

ANP and corin levels between pregnancy complicated with chronic hypertension and 

preeclampsia may represent a diverse regulatory mechanism related to the 

pathophysiological process in the systemic vasculature in patients between chronic 

hypertension and preeclampsia.

Taken together, in the present study we found that maternal levels of corin and pro-ANP 

levels and maternal vascular endothelial expression of NPR-C were significantly increased 

in women with preeclampsia. ANP is a vasodilator. In contrast, endothelial NPR-A 

expression was reduced in preeclampsia. Although it is not clear if increased corin levels are 

a compensative mechanism to offset increased vasoconstriction in preeclampsia, 

upregulation of NPR-C expression in maternal vessel endothelium in preeclampsia implies 

that endothelial activity for clearance/degradation of ANP is altered in this pregnancy 

disorder. Nonetheless, our data of increased maternal plasma pro-ANP and corin levels 

together with downregulation of NPR-A expression and upregulation of NPR-C expression 

in maternal vascular endothelium in preeclampsia clearly support the notion that aberrant 

ANP/NPR pathway signaling contributes to vascular dysfunction in preeclampsia. Whether 

altered pro-ANP/corin/NPR signaling also occurs in the placental vasculature in 

preeclampsia warrant further investigation.
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Abbreviations

pro-ANP pro-atrial natriuretic peptide

ANP atrial natriuretic peptide

NPR natriuretic peptide receptor

CHT chronic hypertension

ELISA enzyme-linked immunosorbent assay

BMI body mass index

GTP guanosine triphosphate

cGMP cyclic guanosine monophosphate
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VSMCs vascular smooth muscle cells
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Highlights

• Maternal levels of pro-ANP and its converting enzyme corin are elevated in 

preeclampsia.

• Upregulation of NPR-C expression suggests increased ANP clearance/

degradation in preeclampsia.

• Aberrant pro-ANP/corin/NPR signaling may contribute to vascular 

dysfunction in preeclampsia.
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Figure 1. 
A: Representative image of maternal vessel endothelium expression for ANP and its 

receptors NPR-A, NPR-B and NPR-C in normotensive and preeclamptic pregnancies. A, C, 

E, and G: normotensive pregnancy; B, D, F, and H: preeclampsia. A and B: ANP; C and D: 

NPR-A; E and F: NPR-B, and G and H: NPR-C. ANP and NPR-B expression was 

undetectable in maternal vessels from both normotensive and preeclamptic pregnancies. 

NPR-A expression was detected in endothelium of maternal vessels from normotensive, but 

not preeclamptic, pregnancies. In contrast, NPR-C expression was detected vessel 

endothelium in preeclamptic, but not in normotensive, pregnancies. Bar = 50micron.
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Figure 2. 
ANP and corin signaling pathway. Corin cleavages pro-ANP into N-ANP and ANP. ANP 

binds to NPR-A/-B leading to increase in production of cGMP. ANP binds to NPR-C with 

high affinity facilitating its clearance from circulation through receptor-mediated 

internalization and degradation.
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Table 2

Clinical information of study subjects from which maternal vessels were examined in the study

Variables Normotensive (n=6) Preeclampsia (n=6) p value

Maternal age: years 24 ± 4 (19–28) 30 ± 6 (23–38) 0.055

Racial Status

 White 1 3 ---

 Black 4 3 ---

 Other 1 0 ---

BMI 30 ± 4 (24–34) 31 ± 6 (27–39) 0.831

Blood Pressure: mmHg

 Systolic 119 ± 6 (111–128) 174 ± 14 (160–193) 0.009

 Diastolic 73 ± 6 (67–83) 102 ± 8 (93–110) 0.009

Gestational Age at delivery (weeks) 34 ± 2 (32–37) 30 ± 2 (28–33) 0.016

Primigravida: n (%) 3 (50) 3 (50) ---

Data are expressed as Mean ± SD (range).
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Table 3

Maternal plasma concentrations for corin and pro-ANP

Normotensive
n=84

CHT
n=16

mPE
n=11

sPE
n=86

Corin (ng/ml) 1.58 ± 0.70 1.55 ± 0.79 2.78 ± 2.23* 2.53 ± 1.75**^

 (range) (0.66 – 4.42) (0.69 – 3.27) (1.08 – 6.95) (0.85 – 10.67)

Pro-ANP (ng/ml) 0.49 ± 0.53 1.59 ± 2.11* 0.52 ± 0.29 1.42 ± 2.12**#

 (range) (0.09 – 2.73) (0.13 – 8.53) (0.10 – 1.07) (0.15 – 15.59)

Data are expressed as mean ± SD (range).

Corin: * p<0.05 and ** p<0.01: mPE vs. normotensive or sPE vs. normotensive; ^ p<0.05: sPE vs. CHT.

Pro-ANP: * p<0.05 and ** p<0.01: CHT vs. normotensive or sPE vs. normotensive; # p<0.05: sPE vs. mPE.
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