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Abstract

Background: Preeclampsia increases the risk of heart disease. Defects in the protease corin, 

including the variant T555I/Q568P found in ~12% of blacks, have been associated with 

preeclampsia and cardiac hypertrophy. The objective of this study is to investigate the role of corin 

and the T555I/Q568P variant in preeclampsia-associated cardiac alterations using genetically 

modified mouse models.

Methods: Virgin wild-type (WT) and corin knockout mice with or without a cardiac WT corin or 

T555I/Q568P variant transgene were mated at 3 or 6 months of age. Age- and genotype-matched 

virgin mice were used as controls. Cardiac morphology and function were assessed at gestational 

day 18.5 or 28 days postpartum by histological and echocardiographic analyses.

Results: Pregnant corin knockout mice at gestational day 18.5 developed cardiac hypertrophy. 

Such a pregnancy-associated phenotype was not found in WT or corin knockout mice with a 

cardiac WT corin transgene. Pregnant corin knockout mice with a cardiac T555I/Q568P variant 

transgene developed cardiac hypertrophy similar to that in pregnant corin knockout mice. The 

cardiac hypertrophy persisted postpartum in corin knockout mice and was worse if the mice were 

mated at 6 instead of 3 months of age. There was no hypertrophy-associated decrease in cardiac 

function in pregnant corin knockout mice.
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Conclusions: In mice, corin deficiency causes cardiac hypertrophy during pregnancy. 

Replacement of cardiac WT corin, but not the T555I/Q568P variant found in blacks, rescues this 

phenotype, indicating a local anti-hypertrophic function of corin in the heart. Corin deficiency may 

represent an underlying mechanism in preeclampsia-associated cardiomyopathies.

Brief Summary

Preeclampsia increases cardiovascular risks. Corin deficiency, including the T555I/Q568P variant 

found in ~12% of blacks, is associated with preeclampsia and cardiac hypertrophy. Here we show 

that pregnant corin knockout mice with or without a cardiac T555I/Q568P corin transgene develop 

cardiac hypertrophy that persists postpartum and worsens with age. The results indicate that corin 

has an anti- hypertrophic function in the heart. Corin deficiency, including the T555I/Q568P 

variant, may represent an underlying mechanism in preeclampsia-associated heart disease.

Keywords

cardiac hypertrophy; corin; gene variants; mouse models; preeclampsia

Introduction

Hypertensive disorders of pregnancy (HDP), including gestational hypertension and 

preeclampsia, with or without pre-existing hypertension, affect ~10% of pregnancies and 

increase the risk of adverse maternal and fetal outcomes.1, 2 The disease affects multiple 

organs including the heart. Concentric ventricular remodeling with impaired contractility 

and diastolic dysfunction occurs in ~40% of women with HDP.3–5 To date, the underlying 

mechanism and reversibility of HDP-associated cardiac changes remain unclear.

Traditionally, HDP-associated cardiac changes were thought to regress postpartum. Recent 

studies indicate that abnormal left ventricle (LV) remodeling and diastolic dysfunction 

persist >1 year following preeclampsia-complicated pregnancies, with many women 

developing essential hypertension within 1–2 years.6, 7 Moreover, HDP increases the long-

term risk of LV hypertrophy8 and major adverse cardiovascular events.9, 10

The cardiac changes in HDP suggest a maladaptation to pregnancy in the pathophysiology 

of preeclampsia. Atrial natriuretic peptide (ANP) is a cardiac hormone that regulates blood 

pressure.11, 12 High levels of plasma ANP-related peptides have been detected in 

preeclamptic women, suggesting a role of the ANP system in preeclampsia.13–15 In 

knockout (KO) mice, ANP has been shown to exert local anti- hypertrophic effects in the 

heart.16–18 ANP is produced as a precursor, pro-ANP, that is activated by the protease corin.
12, 19 In mice, corin deficiency causes hypertension, cardiac hypertrophy, and preeclampsia.
20–24 Decreased corin levels have been reported in the uterus and serum of preeclamptic 

women.22, 25–28 It remains unknown if and to what extent corin defects contribute to HDP-

associated cardiac changes. HDP and subsequent cardiovascular disease (CVD) occur more 

frequently in blacks.29–32 Genetic studies have shown that ~12% of blacks carry a corin 

variant, T555I/Q568P, that is associated with hypertension and cardiac hypertrophy.33–36 

Corin KO mice expressing the T555I/Q568P variant in the heart develop salt-sensitive 
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hypertension and cardiac hypertrophy, suggesting a causative role for the corin variant in 

CVD.36

To date, the onset and regression of cardiac morphological and functional changes are 

unclear in animal models of preeclampsia. The objective of this study is to investigate the 

role of corin and the T555I/Q568P variant in preeclampsia-associated cardiac alterations. 

Our findings may be beneficial in understanding the increased CVD risk in women with 

HDP.

Methods

Mouse models

All mouse experiments were approved by the Cleveland Clinic Institutional Animal Care 

and Use Committee. Corin KO and transgenic (Corin KO/TgWT and Corin KO/TgV) mice 

were described previously.21, 22, 24, 37 Briefly, Corin KO, i.e. null, mice are hypertensive 

(systolic pressure: 116 ± 4 vs. 105 ± 2 mmHg in WT).21, 24 Starting at gestational day (GD) 

17, Corin KO mice develop worsening hypertension, proteinuria, glomerular ischemia with 

thickened basement membranes, and impaired spiral artery remodeling.22 The pregnancy-

associated phenotype, due to the lack of uterine corin expression, mirrors term preeclampsia 

in humans.22 Corin KO/TgWT and Corin KO/TgV mice were made by expressing a corin 

WT or T555I/Q568P transgene (Tg), respectively, in the heart only.22, 37 Corin KO/TgWT 

mice are normotensive (systolic pressure: 104 ± 5 mmHg) before pregnancy but develop the 

preeclampsia-like phenotype in pregnancy.22, 37 Corin KO/TgV mice are hypertensive 

(systolic pressure: 118 ± 7 mmHg) and develop cardiac hypertrophy at ~12 months of age.37

Virgin Corin KO, Corin KO/TgWT, and Corin KO/TgV mice were mated with Corin KO 

males at 3 or 6 months of age. Age-matched virgin WT females were mated with WT males. 

Detection of a copulation plug was deemed GD0.5. Pregnant females were sacrificed at 

GD18.5 or 28 days postpartum. Litters of animals sacrificed at 28 days postpartum were 

weaned at 23 ± 2 days. Age- and genotype-matched virgin mice were used as controls. At 

sacrifice, hearts were dissected and weighed. The tibia was dissected and measured to 

normalize the heart weight for each animal.

Histology

Hearts fixed in 4% paraformaldehyde were embedded in paraffin. Sections cut were stained 

with hematoxylin and eosin (H&E) and Masson’s trichrome. Computer-assisted 

measurement (cellSens, Olympus) was used to determine the diameter of individual 

cardiomyocytes in randomly selected LV section fields.37 Only cells with a visible cell 

membrane and nucleus were measured in their shortest diameter using ImageJ software.

Echocardiography

Echocardiography (echo) was performed using a VisualSonics machine (Vevo2100), as 

described previously.38 Briefly, animals were anesthetized via 1–2% isoflurane inhalant with 

1 L/min 100% O2. B- and M-mode views were recorded with the MS550D transducer in the 

parasternal long- and short-axis views. An apical four-chamber view was used to determine 
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the mitral inflow via Doppler pulse wave. A suprasternal view of the aortic arch was used to 

determine aortic valve outflow via Doppler pulse wave. Representative echocardiographic 

images are included in Supplementary Figure S1. All measurements were performed in 

triplicate excluding respiration peaks and the data were analyzed by Vevo2100 software. A 

baseline echo was performed on 6-month-old virgin WT and Corin KO females, <1 week 

before mating. Echo was repeated in the same animals at GD10.5, GD18.5, and 28 days 

postpartum.

Statistical analysis

Data (mean ± SEM) were analyzed using GraphPad (Prism 5.02). Comparisons for two 

groups were done with Student’s or paired t-test. A P value <0.05 was deemed statistically 

significant. As echo measurements were exploratory, no adjustments were made for multiple 

comparisons.

Results

Cardiac hypertrophy in pregnant Corin KO mice

HDP causes concentric ventricular remodeling in ~40% of women.3, 4 To determine whether 

corin deficiency contributes to this hypertrophic response, WT and Corin KO mice were 

mated at 3 months of age when no cardiac hypertrophy was detected. Heart weight 

normalized to tibia length (HW/TL) and cardiomyocyte diameter (CD) were measured at 

GD18.5. Compared to age-matched virgin Corin KO controls, pregnant Corin KO mice had 

an 11 ± 2% increase in HW/TL (5.91 ± 0.07 vs. 6.54 ±0.11 mg/mm, P=0.0005; Fig. 1A). 

HW/TL was unchanged in age-matched pregnant WT mice (Fig. 1A). Consistently, pregnant 

Corin KO mice had a 7 ± 0.2% increase in CD compared to virgin Corin KO controls (5.20 

±0.12 vs. 5.57 ± 0.03 μm, P=0.01), whereas CD in pregnant WT mice was unchanged (Fig. 

1B and C). In Masson’s trichrome staining, no fibrosis was detected in heart sections from 

pregnant Corin KO mice (Supplementary Figure S2).

In a subset of preeclamptic women, abnormal LV remodeling persists >1 year postpartum.6,7 

To assess the cardiac hypertrophy in Corin KO mice postpartum, WT and Corin KO mice 

mated at 3 months of age were sacrificed 28 days postpartum after a single pregnancy. 

Compared to virgin Corin KO controls, Corin KO mice had a 27 ± 3% increase in HW/TL 

(5.91 ± 0.07 vs. 7.42 ±0.17 mg/mm, P<0.0001; Fig. 1A) and a 9 ± 2% increase in CD (5.20 

± 0.12 vs. 5.69 ±0.10 μm, P=0.006; Fig. 1B and C) at 28 days postpartum. The results 

indicate that pregnancy-associated cardiac hypertrophy in Corin KO mice persists 

postpartum.

Pregnancy-induced cardiac hypertrophy in Corin KO mice worsens with age

Increasing age is a risk factor for hypertension,39 preeclampsia,40 and CVD 41 To assess 

whether the pregnancy-induced cardiac hypertrophy in Corin KO mice also worsens with 

age, we performed similar experiments in mice mated at 6 months of age. Compared to age-

matched virgin Corin KO controls, Corin KO mice had a 20 ± 3% increase in HW/TL at 

GD18.5 (7.08 ± 0.20 vs. 8.51 ± 0.28 mg/mm, P=0.0003; Fig. 2A), compared to an 11 ± 2% 

increase when mated at 3 months (P=0.01; Fig. 1A). Similarly, Corin KO mice had an 11 
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± 2% increase in CD at GD18.5 compared to virgin age- matched Corin KO controls (5.27 

± 0.11 vs. 5.85 ± 0.08 μm, P=0.002; Fig. 2B and C), compared to a 7 ± 0.2% increase when 

mated at 3 months (P=0.03; Fig. 1B and C). There was no increase in HW/TL (Fig. 2A) or 

CD (Fig. 2B and C) in age-matched WT controls. The increased HW/TL (7.08 ± 0.20 vs. 

8.02 ± 0.20 mg/mm, P=0.02; Fig. 2A) and CD (5.27 ± 0.11 vs. 6.01 ± 0.09 μm, P=0.0002; 

Fig. 2B and C) in Corin KO mice mated at 6 months persisted postpartum. These data 

indicate that the pregnancy- associated cardiac hypertrophy in Corin KO mice worsens with 

increased age at time of mating.

Corin KO mice maintain normal cardiac function during pregnancy

HDP is associated with impaired contractility and diastolic dysfunction in humans.3, 5 To 

determine whether the pregnancy-associated cardiac hypertrophy in Corin KO mice impairs 

cardiac function, we performed echo in WT and Corin KO mice at 6 months of age before 

pregnancy and at GD10.5, GD18.5, and 28 days postpartum of the first pregnancy. Pregnant 

Corin KO mice had similar ejection fraction (EF) and fractional shortening (Fig. 3A and B), 

but higher stroke volume (SV) (130 ± 12 vs. 171 ± 12 μL, P=0.03; Fig. 3C) and cardiac 

output (49.8 ± 4.7 vs. 71.9 ± 5.5 mL/min, P=0.008; Fig. 3D) at GD18.5, compared to WT 

mice. This suggests that pregnant Corin KO mice adapted to pregnancy with increased end 

diastolic and stroke volumes to maintain a normal EF. Pregnant WT and Corin KO mice also 

had similar mitral valve inflow pulse wave measures of diastolic function including mitral 

valve early (MV E) wave, atrial (MV A) wave, MV E/A ratio, LV myocardial performance 

index (MPI), isovolumetric contraction time (IVCT), isovolumetric relaxation time (IVRT), 

mitral valve early tissue wave (MV e’), and MV E/e’ ratio, indicating preserved diastolic 

functioning in pregnant Corin KO mice (Fig. 4).

Transgenic mice expressing the T555I/Q568P variant develop pregnancy- associated 
cardiac hypertrophy

Blacks have a high risk for CVD.42–44 The corin T555I/Q568P variant, found in ~12% of 

blacks, is associated with salt-sensitive hypertension and cardiac hypertrophy.33, 35, 36 When 

the T555I/Q568P variant was expressed in the heart of Corin KO mice, the resulting Corin 

KO/TgV mice were hypertensive, indicating that the variant is defective in vivo.37 To 

determine if this variant contributes to pregnancy-associated cardiac hypertrophy, we 

analyzed pregnant Corin KO/TgV mice and control mice (Corin KO/TgWT), in which a WT 

corin transgene was expressed in the heart of Corin KO mice.37

There was no increase in HW/TL (Fig. 5A) or CD (Fig. 5B and C) in pregnant Corin KO/

TgWT mice mated at 3 months of age, indicating that WT corin transgene expression in the 

heart alone rescues the cardiac hypertrophy in pregnant Corin KO mice and suggesting that 

corin has a local anti-hypertrophic function in the heart during pregnancy. In contrast, Corin 

KO/TgV mice mated at 3 months of age had an 11% increase in HW/TL (5.93 ± 0.15 vs. 

6.59 ± 0.15 mg/mm, P=0.009; Fig. 5A) and a 13% increase in CD (5.00 ±0.17 vs. 5.67 

±0.16 μm, P=0.009; Fig. 5B and C), compared to virgin age-matched Corin KO/TgV 

controls. This cardiac phenotype in pregnant Corin KO/TgV mice resembles the phenotype 

in pregnant Corin KO mice, suggesting that the T555I/Q568P variant lacks the anti-
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hypertrophic function in the heart and may contribute to pregnancy-associated heart disease 

in blacks with this allele.

Discussion

HDP is a major complication in pregnancy, especially in women with chronic hypertension 

and obesity 45, 46 To date, the mechanisms underlying the cardiovascular response to HDP 

are poorly understood. Corin is a protease primarily expressed in the heart where it activates 

ANP, thereby regulating blood pressure.47 In mice, corin deficiency causes hypertension.21 

During pregnancy, corin expression is upregulated in the uterus48, 49 to promote local ANP 

production and spiral artery remodeling.22 Pregnant Corin KO mice have narrow spiral 

arteries, worsening hypertension, proteinuria and ischemic glomeruli, resembling term 

preeclampsia in humans.22 Corin gene variants have been reported in patients with 

preeclampsia.25, 27

In this study, we investigated the role of corin in preeclampsia-associated cardiac 

hypertrophy. We found that Corin KO mice developed cardiac hypertrophy at GD18.5. 

Previously, Ventura et al. reported that pregnant ANP KO mice had peak cardiac 

hypertrophy 14 days postpartum with minimal increase in heart weight during pregnancy.50 

However, the ANP KO mice in that study had cardiac hypertrophy prior to pregnancy, which 

may have blunted the hypertrophic response that was identified in our study where HW/TL 

and CD were similar between WT and Corin KO mice at 3 and 6 months of age before 

pregnancy. The cardiac hypertrophy in pregnant Corin KO mice exacerbated when the mice 

were mated at 6 instead of 3 months of age, indicating that this hypertrophic response to 

pregnancy worsens with age. This is consistent with increased incidence of CVD, 

preeclampsia, and peripartum cardiomyopathy in older pregnant women.39–41, 51 This is 

particularly relevant as the average age of pregnancy continues to rise.52 We also showed 

that Corin KO mice had increased HW/TL and CD that persisted at least 28 days 

postpartum. This result aligns with findings of persistent cardiac hypertrophy up to a year 

postpartum in a subset of preeclamptic women.7, 53

In humans, preeclampsia is associated with diastolic dysfunction.5 We examined whether the 

pregnancy-induced cardiac hypertrophy in Corin KO mice affected cardiac function. To our 

knowledge, this is the first echocardiographic study to analyze cardiac function in pregnant 

mice. When mated at 6 months of age, Corin KO and WT mice had similar systolic and 

diastolic function. Identifying diastolic dysfunction in mice remains challenging. Recently, 

Schnelle et al. reported that left atrium area was the most sensitive for detecting diastolic 

dysfunction in mice.54 In our studies, however, reliable left atrium measurements were 

challenging, particularly during late pregnancy. Therefore, we used mitral valve Doppler 

pulse wave measurements to assess diastolic function but did not detect diastolic dysfunction 

in pregnant Corin KO mice with a single pregnancy. In this context, there is a need for better 

protocols to reliably define diastolic functioning in mice. It should be pointed out that our 

tests were done during the intrapartum and immediate postpartum. In humans, the 

cardiovascular effects of preeclampsia can take years to develop.55, 56 Future studies are 

warranted to assess cardiac function at longer intervals postpartum in corin-deficient mice.
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To understand the clinical relevance of the pregnancy-induced cardiac hypertrophy in Corin 

KO mice, we analyzed the cardiac phenotype in pregnant Corin KO/TgV mice expressing 

the T555I/Q568P variant found in blacks.33, 35 We found that the mice had increased 

HW/TL and CD at GD18.5. This phenotype mirrors the cardiac phenotype in pregnant Corin 

KO mice, indicating that the T555I/Q568P variant may lead to an enhanced cardiac 

hypertrophic response to pregnancy in women carrying this variant.

Additionally, we examined cardiac phenotype in pregnant Corin KO/TgWT mice expressing 

a WT corin transgene in the heart, but not the uterus, of Corin KO mice. As reported,22 these 

mice are normotensive before pregnancy but develop late gestational hypertension and 

proteinuria, a preeclampsia-like phenotype. Interestingly, Corin KO/TgWT mice had no 

pregnancy-induced cardiac hypertrophy, indicating a local anti- hypertrophic function of 

corin in the heart. Previously, ANP was shown to exert a local anti-hypertrophic effect in the 

heart via β1 and β2-adrenergic receptor/cAMP signaling.16–18, 57 Localized endothelial 

dysfunction may also play a role in the pathogenesis of preeclampsia.58 Future biochemical 

studies are needed to determine if the anti-hypertrophic function of corin in the heart is 

mediated by similar molecular mechanisms.

Strengths of this study include multiple analyses to understand the cardiac response to 

pregnancy, including physical measurements of HW and CD as well as echocardiographic 

measurements of systolic and diastolic function. We used four genetically modified mouse 

models to elucidate local vs. systemic effects of corin and the translational significance of 

our findings in humans. Currently, our studies focused on the cardiac response to pregnancy 

in mouse models of corin deficiency. Future molecular studies are needed to better 

understand the biochemical mechanisms underlying the local and systemic function of corin 

in mediating cardiac responses in pregnancy.

Conclusions

Our results indicate that corin deficiency, either in null mice or through the T555I/Q568P 

variant found more frequently in blacks, is associated with pregnancy-associated cardiac 

hypertrophy that persists postpartum and worsens with age. Moreover, our results show that 

corin exerts a local anti-hypertrophic effect in the heart that protects against pregnancy-

induced cardiac hypertrophy. These data indicate that corin deficiency may be an important 

mechanism in cardiomyopathies in pregnant women with HDP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cardiac hypertrophy in Corin KO mice mated at 3 months of age. Hearts were collected at 

GD18.5 or 28 days postpartum from WT and Corin KO mice and compared to age-matched 

corresponding virgin controls. (A) Heart weight normalized to tibia length in WT and Corin 

KO mice. (B) Representative images of H&E-stained heart sections at 20× and 400× 

magnifications; bars: 500 μm (left column) and 20 μm (right column). (C) Quantitative 

analysis of cardiomyocyte diameters in WT and Corin KO mice; Data are mean ± SEM from 

100 individual cardiomyocytes in >3 randomly selected LV sections from each animal; n=8–

11 per group, ns: not statistically significant.
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Figure 2. 
Cardiac hypertrophy in Corin KO mice mated at 6 months of age. Hearts were collected at 

GD18.5 or 28 days postpartum from WT and Corin KO mice and compared to age-matched 

corresponding virgin controls. (A) Heart weight normalized to tibia length in WT and Corin 

KO mice. (B) Representative images of H&E-stained heart sections at 20× and 400× 

magnifications, bars: 500 μm (left column) and 20 μm (right column). (C) Quantitative 

analysis of cardiomyocyte diameters in WT and Corin KO mice; Data are mean ± SEM from 

100 individual cardiomyocytes in >3 randomly selected LV sections from each animal; n=7–

8 per group, ns: not statistically significant.
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Figure 3. 
LV systolic function in pregnant WT and Corin KO mice. LV systolic echocardiography 

measurements in WT and Corin KO mice mated at 6 months of age. Echos were performed 

before mating (baseline) and at GD10.5, GD18.5, and 28 days postpartum. Data are mean ± 

SEM; n=7–10 per group. *P<0.05 WT vs. Corin KO mice at the same time point, as 

analyzed by paired t-test.
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Figure 4. 
LV diastolic function in pregnant WT and Corin KO mice. Mitral valve inflow pulse wave 

Doppler measurements were used to assess diastolic function in WT and Corin KO mice 

mated at 6 month of age. Echos were performed before mating (baseline) and at GD10.5, 

GD18.5, and 28 days postpartum. MV E: mitral valve early wave peak; MV A: mitral valve 

atrial wave peak; MPI: myocardial performance index; IVRT: isovolumetric relaxation time; 

IVCT: isovolumetric contraction time; MV e’: mitral valve early tissue wave peak. Data are 

mean ± SEM; n=7–10 per group. There were no statistically significant differences between 

WT and Corin KO mice.
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Figure 5. 
Heart weight and cardiomyocyte diameter in Corin KO/TgWT and KO/TgV mice. Hearts 

were collected at GD18.5 and compared to age-matched corresponding virgin controls at 3 

months of age. (A) Heart weight normalized to tibia length. (B) Quantitative analysis of 

cardiomyocyte diameters. Data are mean ± SEM; n=6–8 per group. (C) Representative 

images of H&E-stained heart sections at 20× and 400× magnifications, bars: 500 μm 

(columns 1 and 3) and 20 μm (columns 2 and 4).
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