
Ultrasound Obstet Gynecol 2015; 45: 190–198
Published online 29 December 2014 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/uog.14685

Longitudinal changes in maternal corin and mid-regional
proatrial natriuretic peptide in women at risk of
pre-eclampsia

A. KHALIL*, N. MAIZ†, R. GARCIA-MANDUJANO‡, M. ELKHOULI‡ and K. H. NICOLAIDES‡
*Department of Fetal Medicine, St George’s University of London, London, UK; †Fetal Medicine Unit, Obstetrics and Gynecology Service,
BioCruces Health Research Institute, Hospital Universitario Cruces, University of the Basque Country (UPV/EHU), Barakaldo, Spain;
‡Department of Fetal Medicine, King’s College Hospital, London, UK

KEYWORDS: atrial natriuretic peptide; blood pressure; corin; gestational hypertension; longitudinal; pre-eclampsia; pregnancy
screening

ABSTRACT

Objective Corin, an atrial natriuretic peptide-converting
enzyme, has been found to promote trophoblast invasion
and spiral artery remodeling. Yet, elevated maternal
plasma atrial natriuretic peptide (ANP) and corin
levels have been reported in pregnancies complicated
by pre-eclampsia (PE). The aim of this study was
to investigate longitudinal changes in maternal plasma
levels of corin and mid-regional proatrial natriuretic
peptide (MR-PANP) in pregnancies that develop PE and
gestational hypertension (GH).

Methods This was a nested case–control study drawn
from a larger prospective longitudinal study in singleton
pregnancies identified as being at high risk for PE by
screening at 11 + 0 to 13 + 6 weeks’ gestation. Blood
samples were taken every 4 weeks until delivery. Values
were compared in pregnancies that developed preterm PE
(requiring delivery before 37 weeks’ gestation), term PE,
GH and those that remained normotensive.

Results A total of 471 samples were analyzed from
122 women, including 85 that remained normotensive,
12 that developed GH, 13 term PE and 12 preterm
PE. In the normotensive group, log10corin levels were
associated with gestational age (P < 0.01), whereas
log10MR-PANP levels were not. In the preterm-PE
group, compared with the normotensive group, corin was
significantly lower until 20 weeks’ gestation (P = 0.001).
In the GH and term-PE groups, corin did not differ
significantly from the normotensive group (P = 0.637 and
P = 0.161, respectively). Compared with the normotensive
group, MR-PANP levels were significantly higher in
the pregnancies that developed preterm PE and GH
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(P = 0.046 and P = 0.019, respectively), but not term PE
(P = 0.467).

Conclusion Maternal-plasma corin and MR-PANP could
potentially be useful biomarkers for the prediction of
preterm PE. Copyright © 2014 ISUOG. Published by
John Wiley & Sons Ltd.

INTRODUCTION

Pre-eclampsia (PE) is a leading cause of maternal and
perinatal mortality and morbidity in both developed
and developing countries1–3. Despite extensive research,
it remains an enigmatic condition. Robust evidence
suggests that PE is characterized by impairment of
the physiological process of trophoblast invasion of
the maternal spiral arteries4–6. This leads to placental
hypoxia and the release of inflammatory factors that cause
endothelial cell activation and the clinical manifestation of
PE4–6. However, the underlying mechanisms that impair
trophoblastic invasion are not fully elucidated. Women
who develop PE are at increased risk of cardiovascular
disease and stroke in the subsequent decades7–10.
Furthermore, studies have suggested that prepregnancy
cardiovascular risk factors are predictors of PE11,12.

Mid-regional proatrial natriuretic peptide (MR-PANP)
is a precursor of the atrial natriuretic peptide (ANP),
whilst corin is a transmembrane serine protease that
converts pro-ANP to active ANP13–16. Both ANP and
corin are considered as biomarkers for cardiovascu-
lar disease17–20. Studies have reported elevated levels
of ANP in pregnancies complicated by PE21–28. Stud-
ies in pre-eclamptic rats have demonstrated increased
expression of MR-PANP in maternal and fetal hearts21.
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Furthermore, natriuretic peptide levels correlated signif-
icantly with systolic blood pressure, cardiac index and
systemic vascular resistance index in pregnancies compli-
cated by PE28. In a landmark study, corin, which is also
known as ANP-converting enzyme, was found to promote
trophoblast invasion and spiral artery remodeling29. Preg-
nant corin-deficient and ANP-deficient mice have demon-
strated markedly impaired trophoblast invasion and spiral
artery remodeling and developed PE29. Furthermore,
when compared with normal pregnancies, uterine corin
messenger RNA (mRNA) levels were reduced in preg-
nancies complicated by PE29. However, their study also
showed that plasma corin was increased in cases of PE.

The aim of this study was to investigate the longi-
tudinal changes in maternal plasma concentrations of
corin and MR-PANP, from the first trimester onwards,
in women identified as being at high risk of PE following
first-trimester screening and who subsequently devel-
oped PE, gestational hypertension (GH) or remained
normotensive.

METHODS

At University College London Hospitals, the risk for
development of PE was routinely assessed at 11 + 0 to
13 + 6 weeks of gestation, using a combination of mater-
nal history, uterine artery Doppler mean pulsatility index,
mean arterial pressure and serum pregnancy-associated
plasma protein A30. Those considered to be at high risk
for early-onset PE were followed up in a specialist hyper-
tension clinic, in which blood samples were collected
every 4 weeks until delivery. The study took place between
December 2009 and May 2012. Written informed con-
sent was obtained from all women participating in the
study, which was approved by the London-Surrey Borders
Research Ethics Committee. None of these pregnan-
cies was complicated by aneuploidy or major structural
abnormalities.

Maternal-plasma corin and MR-PANP levels were
measured in 122 women: 12 later developed PE and
required delivery before 37 weeks’ gestation (preterm
PE); 13 developed PE requiring delivery at or after 37
weeks’ gestation (term PE); 12 developed GH; and 85
were unaffected controls. The controls had one or more
samples within the preselected gestational age windows
of 11–14, 15–19, 20–24, 25–29, 30–34 and 35–38
weeks’ gestation, delivered phenotypically normal babies
of appropriate weight for gestational age at term and
did not develop any hypertensive disorder of pregnancy.
None of the samples in this nested case–control study was
previously thawed and refrozen.

Patient characteristics recorded included maternal age,
racial origin (Caucasian, Afro-Caribbean, South Asian,
East Asian or mixed), method of conception (spontaneous
or assisted requiring the use of ovulation-inducing drugs),
cigarette smoking during pregnancy, history of chronic
hypertension or pre-existing diabetes mellitus, history of
PE in the mother of the patient and obstetric history
including parity (parous or nulliparous if no previous

pregnancies at or after 24 weeks’ gestation) and previous
pregnancy with PE. Maternal weight and height were also
measured, and body mass index (BMI) was calculated.

The scientist performing the assays was not aware
of the clinical data of the patients and was blinded
to the pregnancy outcome. Plasma corin was measured
using an enzyme-linked immunosorbent assay (ELISA)
(Quantikine corin ELISA kit; R&D Systems Europe
Ltd, Abingdon, UK) and the lower limit of detection
of the assays was 5.64 ng/L31. Plasma MR-PANP was
measured using the B.R.A.H.M.S assay based on TRACE
technology, which measures the signal that is emitted
from an immunocomplex with time delay (B.R.A.H.M.S
Biomarkers, Clinical Diagnostics Division, Thermo Fisher
Scientific, Hennigsdorf, Germany)32. The lower limit of
detection of the assays was 2.1 pmol/L. The samples
were analyzed in duplicate and the tests were performed
according to the manufacturer’s recommendations.

Data on pregnancy outcomes were collected from
the hospital maternity records of the women. The
obstetric records of women with pre-existing or
pregnancy-associated hypertension were examined to
determine if the condition was chronic hypertension, PE
or GH. The diagnosis of PE or GH was made according
to the guidelines of the International Society for the Study
of Hypertension in Pregnancy33. GH is defined by systolic
blood pressure of 140 mmHg or more and/or diastolic
blood pressure of 90 mmHg or more on at least two occa-
sions, 4 h apart, developing after 20 weeks of gestation in
a previously normotensive woman in the absence of sig-
nificant proteinuria. PE is defined by GH with proteinuria
of 300 mg or more in 24 h, or two readings of at least
++ on dipstick analysis of a midstream or catheter urine
specimen, if no 24-h collection is available. PE super-
imposed on chronic hypertension is defined as significant
proteinuria (as defined above) developing after 20 weeks
of gestation in a woman with known chronic hypertension
(history of hypertension before conception or the presence
of hypertension at the booking visit before 20 weeks of
gestation in the absence of trophoblastic disease).

Statistical analysis

Maternal baseline characteristics were compared using
the chi-square test or Fisher’s exact test for categorical
variables and the Kruskal–Wallis test for continuous
variables, and comparisons between different outcome
groups were made using the Mann–Whitney U-test with
post-hoc Bonferroni correction for multiple comparisons.
Data are presented as median (interquartile range)
for continuous data and as n (%) for categorical
variables.

The distribution of maternal plasma corin and
MR-PANP were made Gaussian after log10 transfor-
mation and was tested using the Kolmogorov–Smirnov
test. Analysis of repeated measures with a multilevel
mixed-effects linear model (fixed effects and random
effects) was performed. The fixed-effect component
included up to third-order polynomial terms of gestational
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age, hypertensive disorders (PE or GH) and first-order
interaction between gestational age and each hypertensive
disorder. The random-effect component included the
intercept and linear effects of gestational age. Repeated
measurements at different weeks of gestation in the same
woman constituted Level 1 and each individual con-
stituted Level 2. The multilevel model was compared
with the one-level model using the likelihood radio (LR)
test. Before performing the regression analysis, continu-
ous variables were centered by subtracting the mean from
each measured value (70 from maternal weight in kg, 164
from maternal height in cm and 32 from maternal age in
years).

The software programs MLwiN 2.30 (Centre for
Multilevel Modelling, University of Bristol, Bristol, UK)
and IBM SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA)
were used for the statistical analysis34.

RESULTS

The maternal characteristics of each outcome group
are summarized in Table 1. The median maternal
weight was higher in women who developed term
PE (P = 0.036). There were no significant differences
between the different outcome groups in maternal age
(P = 0.164), height (P = 0.095), racial origin (P = 0.079),
parity (P = 0.970), smoking status (P = 0.638), mode of
conception (P = 0.117) or history of chronic hypertension
(P = 0.067).

Log10corin was significantly higher in women of
Afro-Caribbean racial origin and increased significantly
with maternal age (Table 2), but was not signifi-
cantly affected by maternal weight (P = 0.403), height
(P = 0.289), smoking status (P = 0.798), mode of con-
ception (P = 0.097), history of PE (P = 0.427) or chronic

hypertension (P = 0.505). A random slope model pro-
vided a significantly better fit to the data than did a
single-level model (LR = 298, degrees of freedom = 3,
P < 0.001) or a random intercept model (LR = 8.36,
degrees of freedom = 2, P < 0.05).

In the normotensive group, there was a fourth-order
(quadratic) polynomial association between log10corin
and gestational age (Table 2, Figure 1). In the preterm-PE
group, compared with the normotensive group, the con-
centration of corin was significantly lower until 20 weeks’
gestation, but not after 20 weeks’ gestation and the corin
concentration increased more rapidly (Table 2, Figure 2).
In the GH and term-PE groups, the corin concentration
did not differ significantly from that in the normotensive
group (P = 0.637 and P = 0.161, respectively).

Log10MR-PANP increased significantly with maternal
height, decreased significantly with maternal weight and
was significantly higher in pregnancies achieved by
in-vitro fertilization (Table 2), but was not significantly
affected by maternal age (P = 0.313), history of PE
(P = 0.224) or chronic hypertension (P = 0.168), smoking
status (P = 0.964), racial origin (P = 0.077) or gestational
age (P = 0.338). A random slope model provided a
significantly better fit to the data than did a single-level
model (LR = 147.4, degrees of freedom = 3, P < 0.001)
or a random intercept model (LR = 26.1, degrees of
freedom = 2, P < 0.001).

There was no significant association between
log10MR-PANP and gestational age in any of the out-
come groups (Table 2, Figures 3 and 4). In the preterm-PE
and GH groups, compared with the normotensive group,
MR-PANP was significantly higher (Table 2, Figure 4). In
term PE, MR-PANP was not significantly different from
the normotensive group (P = 0.467).

Table 1 Maternal characteristics, according to outcome group, of 122 pregnant women assessed for development of pre-eclampsia (PE) and
gestational hypertension (GH)

Characteristic Controls (n = 85) GH (n = 12) Term PE (n = 13) Preterm PE (n = 12)

Maternal age (years) 32.0 (28.5–35.5) 34 (30.3–38.8) 28.0 (25.5–33.5) 28.0 (26.3–36.5)
Weight (kg) 65.0 (56.5–75.0) 72.5 (65.0–83.9) 78.0 (64.5–93.3)* 62.5 (56.8–65.3)
Height (cm) 164.0 (160.3–167.8) 165.0 (162.7–169.0) 162.0 (157.0–167.6) 157.0 (152.3–167.3)
Racial origin

Caucasian 66 (77.6) 8 (66.7) 5 (38.5) 6 (50.0)
Afro-Caribbean 8 (9.4) 3 (25.0) 3 (23.1) 3 (25.0)
South Asian 7 (8.2) 1 (8.3) 3 (23.1) 3 (25.0)
East Asian 2 (2.4) — 2 (15.4) —
Mixed 2 (2.4) — — —

Parous 24 (28.2) 3 (25.0) 3 (23.0) 4 (33.3)
Cigarette smoker 4 (4.7) 1 (8.3) — —
Mode of conception

Spontaneous 80 (94.1) 10 (83.3) 12 (92.3) 12 (100)
Ovulation induction 3 (3.5) 2 (16.7) 1 (7.7) —
In-vitro fertilization 2 (2.4) — — —

Chronic hypertension 1 (1.2) — 2 (15.4) 1 (8.3)
Gestational age at delivery (weeks) 39.7 (38.9–40.6) 40.2 (38.0–41.4) 39.3 (39.4–40.0) 33.0 (29.3–36.5)**

Data are given as median (interquartile range) or n (%). Comparisons between outcome groups by chi-square test for categorical variables
and Kruskal–Wallis for continuous variables. Comparison of each outcome group with normal outcome by Mann–Whitney U-test with
post-hoc Bonferroni correction. *P < 0.005. **P < 0.001.
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Table 2 Application of multilevel linear mixed-effects model on log10corin and mid-regional proatrial natriuretic peptide (MR-PANP) in
122 pregnant women assessed for development of pre-eclampsia (PE) and gestational hypertension (GH)

Corin MR-PANP

Parameter Estimate SE P Estimate SE P

Fixed part
Intercept −0.092539 0.838820 0.912 1.296470 0.017241 < 0.001
GH 0.030929 0.065384 0.637 0.114157 0.048199 0.019
Term PE 0.092735 0.065657 0.161 −0.034879 0.047773 0.467
Preterm PE −0.263254 0.069792 < 0.001 0.103143 0.051167 0.046
GA (weeks) 0.517377 0.152870 0.001
GA (weeks)2 −0.032282 0.009960 0.001
GA (weeks)3 0.000856 0.000277 0.002
GA (weeks)4 −0.000008 0.000003 0.004
Interaction:

GH with GA (weeks) 0.001009 0.002004 0.616
Term PE with GA (weeks) −0.001468 0.002029 0.471
Preterm PE with GA (weeks) 0.008385 0.002448 0.001

Weight (−70)* −0.002053 0.000879 0.021
Height (−164)† 0.007417 0.002328 0.002
Racial origin

Caucasian (reference)
Afro-Caribbean 0.142854 0.043865 0.001
South Asian 0.013396 0.047527 0.779
East Asian 0.107239 0.086807 0.219
Mixed 0.132665 0.114652 0.250

Maternal age (−32)‡ 0.008275 0.002839 0.004
Mode of conception

Spontaneous (reference)
Ovulation induction −0.063707 0.065448 0.332
In-vitro fertilization 0.290695 0.109411 0.009

Random part
Level 2

Variance (constant) 0.018933 0.006950 0.079991 0.016544
Variance (GA) 0.000005 0.000007 0.000063 0.000018
Covariance (constant, GA) 0.000040 0.000196 −0.001988 0.000521

Level 1
Residual 0.009203 0.000907 0.016115 0.001528

*Subtracted from maternal weight in kg. †Subtracted from maternal height in cm. ‡Subtracted from maternal age in years. GA, gestational
age; SE, standard error.
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Figure 1 Maternal plasma corin levels in 85 pregnancies with
normal outcome. , mean; , 5th and 95th centiles; ,
95% CI of mean.

DISCUSSION

This study has demonstrated that in normotensive
pregnancies there is a quadratic increase in plasma corin
level with gestational age, whereas plasma MR-PANP
levels do not change significantly with gestation. In
preterm PE, compared with normotensive controls,
plasma corin is significantly lower from an early stage in
pregnancy until 20 weeks of gestation. Maternal plasma
MR-PANP levels are significantly higher in pregnancies
complicated by preterm PE and GH than in those that
remain normotensive. In term PE, neither corin nor
MR-PANP levels are significantly different from those
of the normotensive group. Maternal plasma corin levels
are similar in pregnancies complicated by GH and in
normotensive pregnancies.

The major strengths of this study are its prospective
longitudinal design and the use of a well-defined
methodology (e.g. the assay used to measure MR-PANP,
which is produced in amounts equimolar to the mature
hormone, has been shown to detect more stable parts
of the precursors of ANP32). Other strengths include the
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Figure 2 Mean predicted maternal plasma corin levels in pregnancies that remained normotensive ( ) and in those complicated ( ) by
preterm pre-eclampsia (PE) (a), term PE (b) or gestational hypertension (c), for a 32-year-old Caucasian woman. Mean values with 95% CIs
are shown.
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Figure 3 Maternal plasma mid-regional proatrial natriuretic
peptide (MR-PANP) levels in 85 pregnancies with normal outcome.

, mean; , 5th and 95th centiles; , 95% CI of mean.

application of a robust statistical approach that takes into
account not only the difference in marker levels in the
outcome groups but also the change with gestational age.
This approach is different from the calculation of trends
with gestation based on large numbers of cross-sectional
and unrelated measurements. A limitation of the study is
the relatively small number of cases.

ANP is a cardiac hormone that plays a key role in blood
pressure regulation through its diuretic and vasodilator
effects26. Both corin knockout and ANP knockout mice

exhibit a similar hypertensive phenotype35,36. Plasma
corin levels are lower in patients with heart failure than
in healthy individuals31,37. Corin is expressed in several
tissues, but mainly in cardiac myocytes38–43. The fact
that corin expression has been detected in the pregnant
but not in the non-pregnant uterus suggests that it might
be upregulated in the decidua as an adaptive mechanism
to regulate blood pressure in pregnancy29,38,44,45. ANP
receptors are also expressed in the pregnant uterus46–50.
Studies have reported hypertension, proteinuria, glomeru-
lar damage, placental cell necrosis and calcium deposits in
pregnant corin knockout mice29,51. Furthermore, uterine
corin mRNA and protein levels are significantly lower in
women with PE than in normotensive pregnant women29.
However, maternal plasma corin levels have been
found to be higher in PE compared with normotensive
pregnancies29,52. In our cohort, maternal plasma corin
levels were reduced early in pregnancy in those destined to
develop PE, followed by an increase from mid-pregnancy
onwards. These paradoxical findings could suggest
an extrauterine source of the elevated plasma corin
levels reported in PE. This could represent an adaptive
response to the impaired trophoblast invasion-related
production of corin, reflected in the low levels we have
demonstrated in maternal blood early in pregnancy.
This would result in low levels of corin in the uterus
and hence in the plasma early in pregnancy, followed
by an adaptive response and release of corin into the
maternal circulation, resulting in a gradual increase
in the plasma corin level as the pregnancy advances,
and reaching significantly higher levels at the clinical
onset of PE.

The action of corin is likely to be mediated through
its activation of ANP15,16. Studies have shown that
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normotensive ( ) and in those complicated ( ) by preterm pre-eclampsia (PE) (a), term PE (b) or gestational hypertension (c), for a
woman weighing 70 kg, 164 cm tall and who had conceived spontaneously. Mean values with 95% CIs are shown.

ANP is a vasodilator, antagonizes the contractile effect
of angiotensin II and endothelin-I on uteroplacental
vessels53,54, suppresses vascular smooth muscle cell
proliferation55,56, controls endothelial cell growth and
migration57,58 and stimulates angiogenic endothelial
regeneration59,60. Therefore, this could be an explanation
of the recently described role of corin in promoting
trophoblast invasion and spiral artery remodeling29.
The PE phenotype in pregnant corin knockout and
ANP knockout mice is markedly similar, adding further
evidence that the corin action is facilitated by its pro-ANP
activity29. Moreover, two corin mutations, Lys317Glu
and Ser472Gly, leading to a marked reduction in pro-ANP
activity, have been reported in women who developed
PE29.

Interestingly, we found that corin levels were signifi-
cantly lower in women of Afro-Caribbean racial origin,
who are known to be at increased risk of PE, when
compared with Caucasian women61. Previous studies
have reported corin variants with reduced activity in
African-American women20,62,63.

In our cohort, maternal plasma MR-PANP levels were
significantly higher from the first trimester, in pregnancies
that developed preterm PE and GH. Studies investigating
maternal plasma ANP levels, in pregnancies complicated
by PE, have reported conflicting results, with some
showing increased levels21–28 and others demonstrating
similar levels to those in normotensive pregnancies64–66.
These conflicting results could be explained by the
underestimation of the quantity of the circulating ANP by
the ANP assays used in some of these studies. ANP is an
unstable peptide, which is susceptible to early degradation
of crucial epitopes at the extreme ends of the precursor
molecule32, whereas MR-PANP is more stable than the

N- or C-terminal parts of the precursor and is released in
a ratio equimolar to ANP67. For this reason, we measured
MR-PANP in our study cohort.

The MR-PANP values reported in pregnancies compli-
cated by PE are similar to those in acute ischemic stroke68.
Khaleghi et al. has demonstrated, in non-pregnant adults,
that plasma MR-PANP levels correlate with the sever-
ity of hypertension and proposed that it might be
a marker of arterial stiffness69. Previous studies have
reported higher indices of arterial stiffness, both at the
time of, and before, the onset of the clinical diagnosis
of PE70–75. We have previously reported that central
systolic blood pressure was increased in preterm PE as
early as the first trimester76. In preterm PE, compared
with the normotensive group, markers of arterial stiff-
ness, including pulse wave velocity and augmentation
index, are significantly higher from 16–17 weeks’ gesta-
tion and the difference for both increased with gestational
age76.

This study describes the longitudinal changes in
maternal plasma corin and MR-PANP levels in high-risk
pregnancies that remained normotensive and those
that developed GH or PE. Corin and MR-PANP
are potentially useful markers in the early prediction
of PE.
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