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Elevated mid-pregnancy plasma
levels of angiotensin-converting
enzyme 2 in women

prior to the development

of preeclampsia
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Preeclampsia and cardiovascular disease (CVD) share multiple features and risk factors. Circulating
angiotensin-converting enzyme 2 (ACE2) is increased in CVD and mediates SARS-CoV-2 entry into
host cells, causing COVID-19 infection. The role of ACE2 in preeclampsia pathophysiology is unknown.
We hypothesized that circulating ACE2 is increased in mid-pregnancy in women later developing
preeclampsia. We included 296 women later developing preeclampsia (cases) and 333 women with

a continuous healthy pregnancy (controls). Circulating ACE2 was measured with an immunoassay
based on proximity extension assay technology, with levels being expressed as relative quantification
on a log2 scale. Median (interquartile range) ACE2 levels were higher in cases than in controls;

3.84 (3.50-4.24) vs. 3.72 (3.45-4.04), p=0.002. Adjusted logistic regression models showed a 60%
increased risk for later development of preeclampsia with one unit elevation of ACE2 (adjusted odds
ratio (aOR) 1.60, 95% confidence intervals (Cl) 1.17-2.18). Preterm preeclampsia (diagnosis before

37 gestational weeks, n=97) seemed to have a stronger ACE2 association than term preeclampsia,
n=199 (aORs, 95% Cis 2.14, 1.15-3.96 and 1.52, 1.04-2.23, respectively). Circulating ACE2 is increased
at mid-pregnancy in women later developing preeclampsia, particularly preterm preeclampsia. Thus,
our finding indicates a partly shared pathophysiological pathway between preeclampsia and CVD.

Preeclampsia is a heterogeneous syndrome characterized by new-onset hypertension and organ dysfunction after
20 gestational weeks. This syndrome can be devastating for both mother and child, being a leading cause of mater-
nal and infant morbidity and mortality worldwide!. The pathophysiology of preeclampsia is complex, partially
unknown, and may differ between phenotypes of the syndrome. Preeclampsia is characterized by endothelial
dysfunction, oxidative stress, and systemic inflammation. In severe cases, women present with coagulopathy,
severe hypertension, and end-organ complications. Preeclampsia predisposes for future cardiovascular disease
(CVD), often presenting later in life, yet sometimes emerging soon after pregnancy?. The association with later
CVD is stronger in preeclampsia with a preterm onset than preeclampsia diagnosed at term. Preeclampsia
and CVD are conditions that share many risk factors, such as chronic hypertension, diabetes, and obesity. It is
unknown if the future risk for CVD is due to shared risk factors affecting systemic inflammation and endothelial
dysfunction or if preeclampsia by itself causes long-term effects on the cardiovascular system. Taken together,
the many similarities between CVD and preeclampsia imply common pathological pathways, and therefore an
interest for cardiovascular biomarkers in preeclampsia has emerged.

Angiotensin-converting enzyme 2 (ACE2) is a surface protein found on many cell types and is highly
expressed in vascular endothelial cells. ACE2 is a part of the depressor arm in the renin-angiotensin system
(RAS). It acts through the conversion of Angiotensin II (Ang II) into Ang (1-7), thereby hampering fibrosis,
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mediating vasodilation, lowering blood pressure, and repressing oxidative stress. Recently, ACE2 has also been
a focus of attention since it acts as the main entry port to host cells for the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). In addition to the cell surface-bound ACE2, the protein also exists in a soluble
form in plasma after being cleaved from its membrane-bound domain. The functional role of soluble ACE2 is
unclear, but increased levels and activity have been reported in CVD?. Furthermore, high plasma levels of ACE2
are also associated with an increased risk for major cardiovascular events in the general population. With these
factors in mind, ACE2 has been proposed as a novel CVD biomarker*.

In summary, preeclampsia and CVD share multiple features and risk factors. ACE2 is of great interest con-
cerning CVD, but information relating to ACE2 and preeclampsia development is scarce. This study aimed to
investigate if circulating ACE2 are affected in mid-pregnancy for women later developing preeclampsia.

Methods

We used the population-based Uppsala Biobank of Pregnant Women cohort, consisting of plasma samples
from mid-pregnancy. Since 2009 the biobank has recruited pregnant women at their routine second trimester
ultrasound at the Uppsala University Hospital, Sweden. Eligibility criteria are 18 years of age or above, with
Swedish as a spoken language. If the woman chooses to participate, a venous blood sample and brief maternal
demographic data are collected. For this nested case—control study, women with singleton pregnancies without
chronic hypertension or other pre-existing diseases were eligible. At the time of blood sampling all women
selected for this study had a healthy pregnancy. We identified all women in the biobank between 2009 and 2018,
later developing preeclampsia according to the then existing Swedish definition of preeclampsia; de-novo hyper-
tension (blood pressure >140/90 mmHg) and proteinuria (=300 mg/24 h or protein/creatinine ratio >30 mg/
mmol or >2+ on a dipstick test), after 20 gestational weeks (cases). If a woman had more than one pregnancy
complicated by preeclampsia included in the biobank, we included the pregnancy with the earliest preeclampsia
onset in this study. Women with no prior history of preeclampsia and who continued to have a healthy pregnancy
(i.e., normotensive and no pregnancy complications) were included as controls. We matched the cases and con-
trols one-to-one based on parity and body mass index (BMI). After reviewing the medical records to confirm a
diagnosis of preeclampsia and excluding samples due to technical issues prior to the protein analysis, the final
cohort consisted of n=296 cases of preeclampsia and n =333 controls. We further divided the study cohort into
a preterm group, including those with preterm preeclampsia (diagnosis before 37 gestational weeks, n=97) and
a matched reference group (healthy pregnancies, n=92), and a term group including term preeclampsia (diag-
nosis at or after 37 gestational weeks, n=199) and a matched reference group (healthy pregnancies, n=193). The
Regional Ethical Review Board in Uppsala, Sweden, approved the collection of blood samples into the biobank
(Dnr: 2007/181) and the nested case-control study (Dnr: 2018/251). All research was performed in accordance
with the Declaration of Helsinki and all participants gave written informed consent.

We measured relative levels of circulating ACE2 with an immunoassay based on proximity extension assay
technology (Olink PEA CVD-II panel; Uppsala, Sweden)’. The PEA is a multiplex assay for high throughput
detection of proteins. First, a matched pair of antibodies linked to unique oligonucleotides bind to the target
protein present in the sample, enabling the oligonucleotides to hybridize. Then, by adding DNA polymerase, a
DNA amplicon is created from the oligonucleotides. The DNA Amplicon is thereafter quantified with real-time
polymerase chain reaction. The generated data were expressed as relative quantification on the log2 scale of
normalized protein expression (NPX) values. A high NPX value corresponds to a high protein concentration.

The Mann-Whitney U test was used to compare differences of NPX levels between groups. In addition,
logistic regression models were applied to estimate the association between mid-pregnancy ACE2 levels and
development of preeclampsia, with healthy pregnancies as the reference group. The models were adjusted for
maternal age, parity (primiparous or multiparous), body mass index (BMI), systolic/diastolic blood pressure,
and smoking in early pregnancy, as well as gestational week at sampling. Data are presented as medians with
interquartile range, frequency (percent), or odds ratio (OR) with 95% confidence interval (CI). The statistical
analyses were done with the software IBM SPSS Statistics version 27.

Results

Clinical characteristics of the study population are presented in Table 1. The groups did not differ in maternal
age or smoking habits. However, women who developed preeclampsia had higher blood pressure at their first
antenatal visit compared with controls (p<0.001). In both groups, plasma samples were collected at 18 gestational
weeks (median). In women with preeclampsia, the time of diagnosis was on average at 38 weeks and two days
(median). Most women were diagnosed at term but 32.8% were diagnosed before 37 gestational weeks (preterm
preeclampsia).

Relative levels of circulating ACE2 were higher in women later developing preeclampsia than in controls; 3.84
(3.50-4.24) vs. 3.72 (3.45-4.04), p=0.002 (Fig. 1). One unit elevation, corresponding to duplication of protein
levels, of ACE2 was associated with a 70% increase in the odds for later development of preeclampsia (OR 1.70,
95% CI 1.27-2.28). When adjusting for maternal age, parity, BMI, smoking, and systolic/diastolic blood pressure
at early pregnancy, and gestational weeks at sampling, the association was only slightly attenuated (OR 1.60,
95% CI 1.17-2.18). Preterm preeclampsia showed a stronger association with ACE2 than term preeclampsia.
However, the 95% CI was wide and overlapping. In the preterm preeclampsia cohort, one unit elevation of ACE2
was associated with a 128% increase in the odds of preeclampsia (OR 2.28, 95% CI 1.27-4.10; adjusted OR 2.14,
95% CI 1.15-3.96). The corresponding increase in the odds of preeclampsia with elevated ACE2 in the term
preeclampsia cohort was 48% (OR 1.48, 95% CI 1.03-2.11; adjusted OR 1.52, 95% CI 1.04-2.23).
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Preeclampsia (n=296)

Controls (n=333)

Maternal age (years) 29 (26-34) 30 (27-33)
Primiparous, n (%) 193 (65.2) 199 (59.9)
Early pregnancy

Body mass index (kg/m?) 25.1(22.6-29.4) 25.1(22.6-29.1)
Smoking, n (%) 7 (2.4) 12 (3.6)

Systolic blood pressure (mmHg)** 120 (113-128) 116 (110-123)
Diastolic blood pressure (mmHg)'™* 73 (66-80) 70 (65-77)

Gestational age at sampling (weeks)

18.4 (17.7-19.1)

18.3 (17.7-18.9)

Gestational age at delivery (weeks)*!

39.0 (37.6.-40.1)

40.2 (39.3-40.6)

Birth weight (g)*! 3270 (2830-3760) 3670 (3358-3990)

Preeclampsia characteristics at diagnosis

Gestational weeks 38.3 (36.6-39.7)

Preterm (<37 weeks), n (%) 97 (32.8)
Systolic blood pressure (mmHg) 150 (140-160)
Diastolic blood pressure (mmHg) 95 (90-100)

Table 1. Clinical characteristics of women in the study by development of preeclampsia. Data are given
as medians (interquartile range) for continuous variables and frequency (%) for non-continuous variables.
Differences between groups were tested with the Mann-Whitney U test or the Pearson’s chi-squared test,
*p<0.001, 'p<0.01. Data are missing for three (¥), two (%), or one () participants.
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Figure 1. Relative circulating levels of angiotensin-converting enzyme 2 (ACE2) in mid-pregnancy. Horizontal
lines represent medians and the interquartile range of ACE2 levels, p=0.002 (Mann-Whitney U test).

Discussion

We found increased ACE2 levels in women later developing preeclampsia compared to those who continued
to have healthy pregnancies. To our knowledge, this is the first study of plasma ACE2 in mid-pregnancy before
preeclampsia onset. There is only one previous report on plasma ACE2 and preeclampsia; in that study, women
were examined after 28 gestational weeks, and the majority were included after the onset of preeclampsia.
Contrary to the findings in our study, they report lower levels and activity of ACE2 in preeclampsia®. Another
study found that plasma levels of Ang (1-7) were increased in normal pregnancy but reduced in women with
preeclampsia at term’. This reduction could possibly be a consequence of lower activity of ACE2 since this
enzyme converts Ang II into Ang (1-7). Our study adds new knowledge to the field and suggests that ACE2 is
increased in mid-pregnancy in women developing preeclampsia. It could be that circulating levels of ACE2 are
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initially increased but later decrease in pregnancies complicated by preeclampsia. The cause behind this would
need to be further explored. To test this hypothesis, it would be valuable to conduct a prospective longitudinal
study of ACE2 in pregnant women, studying the dynamics of ACE2 during both healthy pregnancies and those
complicated by preeclampsia.

Women who experienced preeclampsia have an increased risk of developing CVD later in life. This risk is
even higher in women with preterm preeclampsia. Interestingly, we observed the strongest association between
increased ACE2 levels and later development of preterm preeclampsia. Even if many of the functions of ACE2
are still unknown, the RAS-system is involved in CVD. The role of RAS in preeclampsia is presently a question
for debate®’. Our results suggest alterations in the depressor arm of RAS early in pregnancy for women who
later develop preeclampsia. This indicates dysregulation of the RAS system, thereby possibly playing a part in the
pathophysiology of preeclampsia. In fact, it has been proposed that increased ACE2 shedding and increased levels
of circulating ACE2 could be a physiological stress response and that this system may be dysregulated in other
pathological conditions such as CVD'. Since it is hypothesized that the cardiovascular system is dysregulated
even before pregnancy in women developing preeclampsia, it would be interesting to study ACE2 levels prior to
pregnancy and the risk of preeclampsia.

Apart from CVD, preeclampsia is also associated with COVID-19. In addition, a higher incidence of preec-
lampsia has been reported among those infected with SARS-CoV-2'112,

The virus binds to membrane-bound ACE2 with high affinity, leading to a loss of its protective functions while
shifting towards the classical arm of RAS. This, in turn, leads to fibrosis, oxidative stress, and vasoconstriction'.
Interestingly, such features are shared by preeclampsia and CVD. It is hypothesized that increased plasma levels
of ACE2 render a person more susceptible to SARS-CoV-2 infection'®. In fact, it has been shown in vitro that the
virus utilizes the soluble form of ACE2 to gain entry into host cells'®. In the context of the ongoing COVID-19
pandemic, our novel finding of increased ACE2 levels in women who later develop preeclampsia is of interest.
Our results suggest a previously unknown link between preeclampsia and SARS-CoV-2. If high ACE2 is a shared
risk factor for preeclampsia and SARS-CoV-2 infection, this could partially explain the higher incidence of
preeclampsia among women infected by SARS-CoV-2'!. In fact, dysregulation of ACE2 was recently suggested to
be involved in the development of preeclampsia, fetal growth restriction, and COVID-19-associated pregnancy
pathologies'®. Additional research on this common link could further expand understanding of preeclampsia,
CVD, and COVID-19.

Our study has several strengths. The cohort is population-based, large, and clinically well characterized. We
matched study groups in terms of BMI and parity, adjusting for covariates as potential confounders. There are
also study limitations. First, the PEA multiplex method only allows for the measurement of relative and non-
absolute protein levels. However, other studies have shown a good correlation between protein levels measured
with the Olink PEA multiplex method and concentrations measured with well-established singleplex methods!’.
Secondly, increased membrane-bound ACE2 has protective effects, but it is still unclear if circulating ACE2 has
the same properties, with the correlation between cell-bound and circulating levels being unknown. Moreover,
we cannot conclude if the increased plasma ACE?2 levels observed in our study are due to increased synthesis,
decreased enzymatic cleavage, or decreased plasma clearance of ACE2. Third, catalytic activity instead of plasma
levels of circulating ACE2 are often reported. A strong correlation between catalytic activity and the concentra-
tion of ACE2 has been reported in women with chronic hypertension®. It is unknown if this correlation is the
same for pregnant women. The differences in ACE2 between the groups are interesting from a pathophysiological
standpoint. However, since the measured levels are relative and somewhat overlapping between women develop-
ing preeclampsia and controls, the potential for clinical use is uncertain.

In conclusion, our finding of increased circulating ACE2 at mid-pregnancy points to dysregulation of the
RAS system in women later developing preeclampsia, particularly preterm preeclampsia. Moreover, the results
indicate a partly shared pathophysiological pathway between preeclampsia, CVD, and COVID-19 that need
further exploration.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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