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Abstract

Preeclampsia, a hypertensive pregnancy disorder, links to increased long-term maternal
cardiovascular disease (CVD). The risk is further increased with early-onset preeclampsia (EPE)
and delivery of a growth restricted child. We hypothesized that circulating biomarkers associated
with CVD risk differed between preeclampsia subtypes and controls. We compared EPE; n=37,
delivery <week 34, late-onset preeclampsia (LPE); n=29, delivery >week 34, and normotensive
controls (NC, n=49) using Olink Proseek multiplex CVD I assay (targeting 92 biomarkers). We
stratified analysis to uteroplacental spiral artery acute atherosis presence in preeclampsia patients,
sharing morphological similarities with atherosclerosis. We found 47 CVD-related biomarkers
differing between the groups; 42 markers between NC and EPE, 28 markers between NC and LPE,
and 9 markers between EPE and LPE. Among these 9 markers, ST2 protein, matrix
metalloproteinase (MMP) 1, MMP3 and fractalkine (CX3CL1), were uniquely dysregulated in EPE.
Principal component (PC) analysis of the differing markers identified 4 clusters (named PC1-PC4),
that largely separated the preeclampsia and control groups as well as pregnancies with low and high
circulating placental growth factor (PIGF). The combination of the single markers PIGF, ST2,
MMP1, MMP3 and CX3CL1 had a high discriminatory property to differentiate between EPE and
LPE. Preeclampsia with acute atherosis or with fetal growth restriction could be differentiated by
Olink biomarkers as compared to preeclampsia without these features. We identified specific CVD-
related biomarkers in pregnancy depending on preeclampsia subtypes and uteroplacental acute
atherosis. Assessment of these pregnancy measured biomarkers’ relation to long-term

cardiovascular dysfunction and hard endpoints is warranted.
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Introduction

Preeclampsia (PE) is a severe pregnancy complication, defined by new-onset hypertension and
another sign of organ dysfunction after gestational week 20 (e.g. proteinuria or elevated liver
enzymes), affecting 3-5% of all pregnancies and representing a major cause of maternal and
neonatal morbidity and mortality.® Women with previous PE have a two-fold increased risk for
future major maternal cardiovascular disease (CVD; e.g. stroke, myocardial infarction), and a four-
fold risk of hypertension and heart failure with preserved ejection fraction. 2* The CVD risk is
increased 7-8 fold when PE is complicated by premature delivery before week 34, early-onset PE
(EPE), and fetal growth restriction (FGR). ® The mechanisms for these associations are not fully
understood. Presence of pre-pregnancy CVD risk factors in women later developing PE does only
partly explain the association between PE and long-term CVD risk, " & indicating that pregnancy,
and especially PE, may promote or induce additional permanent maternal cardiovascular changes. 2
Women with PE, and especially EPE, present with signs of endothelial dysfunction, hypertension
and subclinical cardiac changes, both during pregnancy and postpartum. * ° 1° Studies have
measured levels of a single or a few CVD-related risk markers in PE during pregnancy, and some
biomarkers have been stratified relative to PE subtype (e.g. EPE vs late-onset PE (LPE)). %12
Differences in circulating cardiovascular biomarkers between PE subtypes and normotensive
controls in pregnancy could reflect subtype-specific cardiovascular changes, reflecting different

CVD risks. * 14 This biomarker phenotyping could be utilized to target women at highest risk of

CVD, to tailor cardiovascular follow-up and preventive measures, *° as suggested by us. 2

Increased maternal CVD risk is seen after PE; but also after other subtypes of placental dysfunction,
such as in FGR without preeclampsia. 2 Uteroplacental spiral artery acute atherosis is a pregnancy-
specific lesion, resulting in downstream placental dysfunction, and sharing morphological features

of early atherosclerosis. ! We have proposed that acute atherosis represents a marker of increased



CVD risk, " and have identified an association to classical CVD risk markers in older pregnant

women. 18

In this study we assessed whether a multiplex panel of 92 circulating CVD-risk biomarkers differed
between women with EPE, LPE, and normotensive pregnancies (NC: normal controls).
Furthermore, we stratified this biomarker analysis to the presence or absence of acute atherosis,
FGR, and the lowest quartile of circulating placental growth factor (PIGF), the latter suggested by

us to represent a marker of placental dysfunction and placental cellular (syncytiotrophoblast) stress.

19

Methods

Reasonable requests to access part of the anonymous data set can be sent to corresponding author,
but access is restricted because of ongoing clinical follow-up, the sensitive nature of the data
collected for this study, and the patient informed consents (and thereby ethical body approval). All

procedures were in accordance with institutional guidelines.

Patient recruitment and blood sampling

Pregnant women scheduled for elective caesarean section were recruited from 2001 to 2014 to the
Oslo Pregnancy Biobank. The Regional Committee for Medical and Health Research Ethics in

South-Eastern Norway approved the study. All patients signed informed consent. Preeclampsia was

defined as new-onset hypertension (blood pressure =140/90 mmHg) and proteinuria (=1+ on

dipstick or =30 total protein/creatinine ratio) at >20 weeks gestation. 2 EPE was defined as

delivery prior to gestational week 34, LPE as delivery = 34 weeks. Clinical characteristics of the

patient groups are presented in Table 1. None of the patients had pregestational or gestational



diabetes. Further clinical details, > 22 including blood sampling 23 and blood pressure measurement

devices, are presented in the Supplemental File.

Decidua basalis tissue evaluation for acute atherosis

In a subset of the cohort (n=79) the immunohistological diagnosis of decidua basalis (endometrium
of pregnancy) acute atherosis was available. 2* Sampling of decidua basalis tissue and

immunohistochemical acute atherosis identification was described previously. 2

Multiplex biomarker analysis

EDTA plasma samples from NC (n=49), EPE (n=37), and LPE (n=29) were analyzed using the
Proseek multiplex CVD | assay at the Clinical Biomarkers Facility, Science for Life Laboratory,
Uppsala, Sweden, that had developed the proximity assay technology, targeting 92 CVD linked
biomarkers. 2° Analytical details and acronyms/full names of markers are presented in the
Supplemental Table S1. Plasma from 108 of the 115 pregnancies analyzed with Olink CVD
biomarkers were also analyzed for serum protein PIGF concentration with
immunochemiluminescence assay (Roche, elecsys 2010 Modular) and showed excellent correlation,

as shown in Supplemental Figure S1; r=0.97 (95% CI1 0.91-1.01).

Statistics and multivariate data analysis

Statistical analyses were performed using SPSS Statistics 25.0 (IBM). For continuous variables a
non-parametric Kruskal-Wallis test adjusting for multiple testing (false discovery rate, FDR) was
used to identify markers that were significantly different between the three study groups. Dunn’s-

Bonferroni post hoc test was applied to the significant different markers to determine significant



differences between groups. Unadjusted and adjusted logistic regression was performed on
standardized variables using forced entry, adjusting for BMI, age, systolic (SBP) and diastolic blood
pressure (DBP), all measured before 20 weeks gestation. Principal component (PC) analysis was
performed on the markers significantly different between study groups in the initial Kruskal-Wallis
test (diagnostic groups) or Mann-Whitney test (low vs. high PIGF). The PC was thereafter
compared and associated to diagnostic groups or low versus high PIGF. A p-value <0.05 was

considered significant.

Results

Single Olink biomarker analysis

Among the 92 Olink biomarkers, 89 were satisfactorily identified in the pregnant women. 1L4,
ITGB1BP2, and BNP were excluded from further analysis as the two former were not detected in
measurable amounts. BNP was only measurable in one NC and half of the PE group samples, the
former in line with previous Olink reports of non-pregnant populations. 2 NTproBNP was however
measurable in all samples, in line with its higher concentration than BNP in plasma. We identified
47 of the 89 detected biomarkers as significantly different between the 3 pregnancy outcome groups

(Supplemental Table S1).

Following the post hoc test, 42 biomarkers differed significantly between EPE and NC and 28
different between LPE and NC, Supplemental Figure S2. Three biomarkers were lower both in EPE
and LPE groups (PIGF, TIE2, and FS) and 22 biomarkers were significantly higher for the EPE and
LPE groups relative to NC (Supplemental Table S2 (summarize previous findings 2-°) and
Supplemental Figure S2): VEGFA, IL6, TNFR1, TRAILR2, GH, PTX3, CHI3L1, TIM, IL16,

UPAR, RAGE, MMP7, CD40, tPA, HBEGF, ESM1, SPON1, CASP8, FABP4, LEP, CCL20, and



NTproBNP). The EPE and the LPE group differed for 9 biomarkers; 5 biomarkers were lower in the
EPE group (PIGF, hK11, MMP1, CTSD and FS) and 4 were higher (MMP3, MPO, ST2, CX3CL1)
(Figure 1). Among these, 5 markers were altered in the EPE group relative to both the NC and LPE
groups (MMP3, MPO, ST2, CX3CL1 and MMP1). Two of the 9 markers were not different
compared to NC (hK11 and CTSD), and the last two markers were different between all the three
groups (PIGF and FS); lowest for the EPE group, intermediate value for the LPE group and the

highest values in the control group.

To correct for potential confounding factors between the 9 markers different between EPE and LPE
such as age (OR=0.64, p=0.087), BMI (OR=1.06, p=0.087), and blood pressure (SBP OR=1.43,
p=0.286, DBP OR=0.89, p=0.720), we performed a logistic regression analysis correcting for these
factors when comparing the study groups. After adjusting, we found that CX3CL1, ST2, MMP3,
FS, CTSD, MMP1, hK11, and PIGF remained significantly different between the EPE and LPE
group (Figure 2). When adjusting for smoking, or newborn sex, our conclusions remained the same

(data not shown).

We also investigated whether the 9 markers dysregulated only in EPE were different in EPE with
FGR (n=27) versus without FGR (n=9) using logistic regression adjusting for age, BMI, SBP and
DBP, and found MMP3 higher (OR=3.29, 95% CI [1.02-10.6], p=0.046) and CTSD lower

(OR=0.08, 95% CI [0.01-0.54], p=0.009) in the EPE FGR group.

Multivariate data analysis




We performed multivariate principal component analysis of the 47 markers differing between the
diagnosis groups (NC, EPE, and LPE) to identify combinations of biomarkers contributing to best
grouping of the dataset. We found four main principal components (PC1-PC4), explaining 46.8% of
the variance in the Olink biomarker set. The relative contribution of the different markers to each
PC is presented in Figure 3A. These PCs also identified clusters of the diagnosis groups (NC, EPE,
and LPE: Figure 3B). In order to compare the PC between the diagnostic groups, we performed a
logistic regression adjusting for the confounding factors maternal BMI, age, SBP and DBP (Figure
3C). Comparing EPE vs. LPE group, we identified PC2, PC3, and PC4 as most discriminatory of
EPE. For the LPE group, PC1, PC2 and PC3 were the best biomarker discriminators, while all PC
groups (PC1-4) were significantly associated with EPE compared to NC (Figure 3C). In order to
investigate if some of the PCs predicted EPE compared to LPE better than any single markers, we
performed a receiver operating characteristic analysis, indicating that PIGF displayed the best
accuracy for identifying EPE, followed by PC3 and MMP3 (Figure 4). When testing individual
markers (without PC groups), we found the best discrimination between EPE and LPE with the
combination of the individual markers PIGF*ST2*MMP1*MMP1*CX3CL1, Area under the curve

[95% CI] 0.98 [0.95-1.00], p<0.001 (Figure 4).

Olink biomarker analysis vs placenta function biomarkers

We wanted to investigate if circulating PIGF also subclasssified the Olink cardiovascular
biomarkers, as low PIGF represents a marker of placenta dysfunction, *° which can result in many
clinical syndromes that individually associate with premature maternal CVD 2. We therefore
removed the Olink PIGF data from the initial PCA analysis, and performed a new PC analysis on
the 37 markers differently regulated between women with the lowest quartile of circulating PIGF

protein compared to the remaining higher PIGF protein quartiles. As hypothesized, PCs also



differed between the pregnant women with the lowest quartile of PIGF (quartile 1) and the women

with the higher PIGF quartiles (quartile 2-4) (Supplemental Figure S3A-C).

We also subclassified the total Olink dataset to uteroplacental presence of acute atherosis, another
biomarker of placental function. Acute atherosis was as previously reported 2* significantly most
prevalent in the EPE group (Table 1), and controls positive for acute atherosis were too few for
sensible analysis of an association to Olink biomarker patterns. We found 3 markers significantly
(unadjusted p-values) different between PE with acute atherosis compared to without (FAS, TM and
MMP10; Figure 5). After adjusting for confounders in logistic regression (BMI, age, gestational age
at delivery, SBP and DBP), only FAS (p=0.017) and TM (p=0.019) remained significantly

associated to acute atherosis presence.

Discussion

Our findings suggest a dysregulation of both single and clusters of CVVD-related circulating
biomarkers in pregnancy according to pregnancy phenotype. A CVD-related biomarker
dysregulation was found both comparing early- and late-onset PE and normotensive pregnancies, as
well as when phenotyping on circulating biomarker of placental dysfunction (low PIGF) ° or
presence of uteroplacental acute atherosis. The CVD biomarker dysregulation was as hypothesized
most prominent in the EPE group, which epidemiologically has the highest increased risk of future
CVD. Among 92 CVD-associated markers we identified i) 47 markers different between the NC,
EPE and LPE groups, ii) 9 markers specifically different between the EPE and LPE group, iii) 4
PCs providing segregation of the three clinical outcome groups, iv) PIGF, followed by PC3 and

MMP3 to have the best diagnostic performance for EPE vs. LPE comparing single or multivariate



analysis, v) 2 markers different for PE pregnancies with acute atherosis compared to PE without this

maternal uteroplacental artery lesion.

We are unaware of previous analysis of pregnancy cohorts using this Olink CVD-linked multiplex
biomarker analysis. Previous studies of non-pregnant cohorts have found Olink biomarker
association with atherosclerosis in 70 year olds, "* with dyslipidemia in the general population, 2°
and in relation to prediction of cardiovascular mortality in end-stage renal disease. '> Our results
support our previous findings of a preeclampsia cardiovascular-related biomarker phenotype
differing from NC (e.g. MR-proANP " and MR-proADM ?2). Other studies have identified that
particularly women with EPE have altered cardiac structure and function, along with increased

circulating levels of the well-established cardiovascular biomarker NTproBNP. 6 775

The dysregulated CVD biomarkers identified in the preeclamptic pregnancies likely reflect
heterogeneous physiological and pathological processes linked to the pregnancy stress of PE, and
particularly to EPE, which is also linked to the highest degree of placental cellular stress (e.g
endoplasmic reticulum stress). ’® Whether these biomarkers also can be used for targeting women at
highest risk for long-term CVD, and therefore for intervention trials and personalized medicine, is
an exciting possibility to explore in longitudinal studies. During pregnancy, the circulating
biomarkers are likely stemming from cardiovascular (myocardial and vascular) and other (e.g.
placenta) sources. Eight markers were uniquely altered in EPE compared to LPE, pointing towards
specific processes relevant for this PE subtype possible connected to the highest future maternal
CVD risk, which has been shown both for CVD-related deaths as well as for major cardiovascular
events in population based studies from Norway, & 77 as well as in other countries. 2 Among the

dysregulated single markers, (low) PIGF followed by (high) MMP3 were most strongly associated
10



with EPE compared to LPE. The PIGF finding is in line with previous angiogenic biomarker
findings over the last 15 years, where low PIGF is shown to more precisely diagnose and predict
EPE as compared to LPE. 2> ® As we have argued previously, low PIGF in pregnancy is not a
marker of PE per se, but represents a marker of syncytiotrophoblast dysfunction and placental
cellular stress. *° During pregnancy, placenta is the main source for circulating PIGF. The Olink
biomarker panel was designed to identify high PIGF outside pregnancy, identifying persons with
increased vascular inflammation, as vascular endothelium is the main source for PIGF outside
pregnancy. " In patients with non ST-segment elevation acute coronary syndrome, elevated
circulating PIGF predicts an independent increased risk for all-cause mortality or myocardial
infarction. 3! We have suggested 2 that a (low) PIGF level in pregnancy is a very interesting

biomarker to test for prediction of CVD endpoints, representing a link between placental

dysfunctions and high risk of maternal CVD. This concept was recently confirmed by Benschop et

al, demonstrating that low midpregnancy circulating PIGF is an independent risk marker of future

cardiovascular structure and function 6-9 years after pregnancy, independent of PE or hypertension,

8 confirming the potential for low PIGF for individualized follow-up and CVD prevention

strategies. The other marker especially associated with EPE in our study was MMP3, which is a risk

factor of vascular disorder and coronary heart disease, 8! and that has recently been reported as

elevated in EPE. 82

Another interesting finding was the low levels of FS in EPE, in line with previous reports of lower

levels in PE, and an increase with gestational age in uneventful pregnancies. 2 & Through

neutralization of the TGF-f superfamily members, FS participates in various processes like cell

growth, development, and differentiation, 8 and members of the FS family are suggested involved

in CVD pathophysiology outside pregnancy. *°

11



Biomarkers specifically dysregulated for EPE were ST2, CX3CL1, and MMP3 (all elevated) as
well as MMP1 (lower). All these markers are previously described as dysregulated in PE, and
specific for the maternal-fetal interface and trophoblast dysfunction. Combining these markers and
PIGF displayed the highest discriminatory properties of EPE vs LPE (Figure 4). Supplemental
Table S3 summarizes findings in PE and CVD pathophysiology. 882 8- The Supplemental
discussion text summarizes these biomarkers’ potential role in the PE and CVD pathophysiology

and their expression levels in different tissues summarized in Supplemental Figure S4.

In line with the epidemiological evidence of further increase in maternal cardiovascular risk in EPE
complicated with FGR, we identified higher MMP3 and lower CTSD in the EPE group with FGR
as compared to without FGR. MMP3 and CTSD play important roles in physiological remodeling
processes and trophoblast invasion. 8 Reduced MMP3 expression in the extravillous trophoblast at
the fetal-maternal interface and higher CTSD expression in the placenta has been reported in PE. 5%
9 These opposite EPE findings in the circulating versus placental tissue markers may reflect some

of the pathological processes of abnormal placentation and compensatory mechanism in early PE. &

In the multimarker approach we identified four PC clusters. PC3 was the cluster most
discriminating EPE from LPE, consisting of biomarkers important for growth (CTSD, PIGF, FS),
angiogenesis (TIE2, MMP3), cholesterol metabolism (LOX1, LEP, FABP4, GAL), and
inflammation (IL18). PC1 did not distinguish between EPE and LPE, and these markers were
mostly elevated in PE regardless of the onset-type, and consisted of markers involved in TNF

signaling (e.g TRAILR2, TNFR1, CD40, FAS). The markers that predicted EPE best compared to

12



LPE, comparing both single and multivariate analysis, was as expected (low) PIGF, followed by
PC3 and MMP3. Reflecting the individual biomarker findings, PIGF and MMP3 were both part of

PC3.

Markers of inflammation, endothelial activation and lipids have been associated with the promotion
of atherosclerosis lesion formation. We and others have shown higher presence of acute atherosis in
the uteroplacental arteries from PE women, ?* 1% and here we identified higher levels of circulating
FAS and TM in the presence of acute atherosis in PE; however these biomarkers did not differ in
EPE compared to LPE. Interestingly, acute atherosis predisposes to spiral artery thrombosis which
may lead to placental infarcts. 17 These results are in line with our previous results showing few
associations between classical circulating CVD risk factors (e.g. dyslipidemia) and presence of

acute atherosis. 18

The major strength of this study is the clinically well characterized cohort with extensive pregnancy
data and the wide range of markers included in the analysis enabling a multivariate approach. The
numbers of pregnancies are however low relative to the number of markers. Further, the Olink
biomarker levels are relative and not absolute values, but the excellent correlation identified
between Olink and immunochemiluminescence assay for PIGF protein levels and concentrations
(Supplemental Fig. S1), across clinical diagnosis groups, are reassuring for the interpretation of the
remaining Olink biomarker findings. Gestational age differed between the three study groups, and
might possibly have affected the levels of circulating markers. However, ST2, CX3CL1, MMP1
and MMP3 levels did not associate significantly with gestational age in the study groups. PIGF
levels decrease significantly in the last trimester for all pregnancies, but earlier in the early- than

late-onset preeclampsia and normal controls. Gestational-age matched blood samples would have

13



identified a greater difference in maternal PIGF concentrations between the groups than in the
current study. Storage time differs in our samples before analysis, but importantly, no difference
between the study groups. However, different proteins may have different stability over time, which

may have impacted our results.

To conclude, we found circulating ST2, CX3CL1, MMP1 and MMP3 levels significantly different
between EPE and LPE. Few markers were uniquely changed in LPE that were not also changed in
EPE, supporting that LPE does not represent biomarkerwise a specific type of preeclampsia, but
likely a less extreme variant of this heterogeneous syndrome. The uniquely EPE dysregulated
markers may reflect differences in early placentation pathophysiology as well as possibly associate
with differences in long-term CVD risk. Further work will benefit from exploring timing of the
biomarker alterations in pregnancy as well as identifying their relation to surrogate and hard

cardiovascular endpoints.

Perspectives

The findings of altered circulating levels of CVD risk associated markers in PE at term are in line
with epidemiological findings of the increased CVD risk after PE. Particularly, ST2, CX3CL1,
MMP1 and MMP3 are interesting to pursue in longitudinal studies, since these were altered in the
EPE group only, which has the highest future CVD risk. Another longitudinal biomarker option to
assess is NTproBNP, which is readily available in the clinical routine today as a biomarker of CV
disease, and that was found elevated across both early and late-onset PE groups, as well as in the
group with the lowest PIGF. The identified biomarkers may alone or in clusters provide useful
information for targeting women for intensified prevention of CVD, as well as provide ideas for

novel intervention strategies.

14



Acknowledgements

The authors are grateful for the laboratory assistance and patient recruitment by Lise @hra Levy, as
well as for patient recruitment by previous PhD students, including Kristin Braekke, Nina K.
Harsem and Patji Alnaes-Katjavivi (all Oslo University Hospital), the latter also for acute atherosis
immunohistochemistry diagnosis. The contribution of previous postdoc Gro Leite Stgrvold to the
study planning and data analysis is greatly appreciated. The authors are grateful for the Roche
Norway in-kind donation of reagents for the PIGF protein biomarker analyses, and to Nils Bolstad
at the Oslo University Hospital, Norwegian Radium Hospital, for performing these angiogenic
biomarker analyses. The Olink assay image in the graphical abstract is used with image courtesy of

Olink Proteomics AB.

Sources of funding

The Research Council of Norway funded part of this work (the PATH study: Pregnancy acute
atherosis and future cardiovascular disease, grant number ref. 230652) as did South-Eastern Norway
Regional Health Authority (the HAPPY PATH study, grant number ref. 2014026). Oslo University

Hospital provided further research support

Disclosure of interests

Anne Cathrine Staff has received recompensation from Roche (Norway) for advisory board service
in 2018. Roche Norway provided in-kind reagents for the PIGF biomarker analyses, but had no
impact on planning, performance or other aspects of the study. The remaining authors declare that

they do not have any conflict of interest.

15



References
1. Brown MA, Magee, LA, Kenny, LC, Karumanchi, SA, McCarthy, FP, Saito, S, Hall,
DR, Warren, CE, Adoyi, G, Ishaku, S International Society for the Study of Hypertension in,
P. Hypertensive Disorders of Pregnancy: ISSHP Classification, Diagnosis, and Management
Recommendations for International Practice. Hypertension. 2018;72:24-43
2. Staff AC, Redman, CW, Williams, D, Leeson, P, Moe, K, Thilaganathan, B, Magnus,
P, Steegers, EA, Tsigas, EZ, Ness, RB, Myatt, L, Poston, L, Roberts, JM Global Pregnancy,
C. Pregnancy and Long-Term Maternal Cardiovascular Health: Progress Through
Harmonization of Research Cohorts and Biobanks. Hypertension. 2016;67:251-60
3. Wu P, Haththotuwa, R, Kwok, CS, Babu, A, Kotronias, RA, Rushton, C, Zaman, A,
Fryer, AA, Kadam, U, Chew-Graham, CA Mamas, MA. Preeclampsia and Future
Cardiovascular Health: A Systematic Review and Meta-Analysis. Circ Cardiovasc Qual
Outcomes. 2017;10
4. Zoet GA, Koster, MP, Velthuis, BK, de Groot, CJ, Maas, AH, Fauser, BC, Franx, A
van Rijn, BB. Determinants of future cardiovascular health in women with a history of
preeclampsia. Maturitas. 2015;82:153-61
5. Bellamy L, Casas, JP, Hingorani, AD Williams, DJ. Pre-eclampsia and risk of
cardiovascular disease and cancer in later life: systematic review and meta-analysis. BMJ.
2007;335:974
6. Riise HK, Sulo, G, Tell, GS, Igland, J, Nygard, O, Vollset, SE, Iversen, AC,
Austgulen, R Daltveit, AK. Incident Coronary Heart Disease After Preeclampsia: Role of

Reduced Fetal Growth, Preterm Delivery, and Parity. J Am Heart Assoc. 2017;6

16



7. Egeland GM, Skurtveit, S, Staff, AC, Eide, GE, Daltveit, AK, Klungsoyr, K, Trogstad,
L, Magnus, PM, Brantsaeter, AL Haugen, M. Pregnancy-Related Risk Factors Are Associated
With a Significant Burden of Treated Hypertension Within 10 Years of Delivery: Findings
From a Population-Based Norwegian Cohort. J Am Heart Assoc. 2018;7

8. Romundstad PR, Magnussen, EB, Smith, GD Vatten, LJ. Hypertension in pregnancy
and later cardiovascular risk: common antecedents? Circulation. 2010;122:579-84

9. De Haas S, Ghossein-Doha, C, Geerts, L, van Kuijk, SMJ, van Drongelen, J
Spaanderman, MEA. Cardiac remodeling in normotensive pregnancy and in pregnancy
complicated by hypertension: systematic review and meta-analysis. Ultrasound Obstet
Gynecol. 2017;50:683-696

10.  Melchiorre K, Sharma, R Thilaganathan, B. Cardiovascular implications in
preeclampsia: an overview. Circulation. 2014;130:703-14

11.  Gungor ZB, Tuten, A, Ekmekci, H, Ekmekci, OB, Kucur, M, Oncul, M, Donma, O,
Madazli, R Sonmez, H. Possible effects of lipoprotein-associated phospholipase A2 single-
nucleotide polymorphisms on cardiovascular risk in patients with preeclampsia. J Matern
Fetal Neonatal Med. 2018;31:3119-3127

12.  Yinon'Y, Kingdom, JC, Odutayo, A, Moineddin, R, Drewlo, S, Lai, V, Cherney, DZ
Hladunewich, MA. Vascular dysfunction in women with a history of preeclampsia and
intrauterine growth restriction: insights into future vascular risk. Circulation. 2010;122:1846-
53

13. Bilhartz TD, Bilhartz, PA, Bilhartz, TN Bilhartz, RD. Making use of a natural stress
test: pregnancy and cardiovascular risk. J Womens Health (Larchmt). 2011;20:695-701

14, Lane-Cordova AD, Khan, SS, Grobman, WA, Greenland, P Shah, SJ. Long-Term
Cardiovascular Risks Associated With Adverse Pregnancy Outcomes: JACC Review Topic of

the Week. J Am Coll Cardiol. 2019;73:2106-2116

17



15. WangJ, Tan, GJ, Han, LN, Bai, YY, He, M Liu, HB. Novel biomarkers for
cardiovascular risk prediction. J Geriatr Cardiol. 2017;14:135-150

16.  Staff AC, Dechend, R Redman, CW. Review: Preeclampsia, acute atherosis of the
spiral arteries and future cardiovascular disease: two new hypotheses. Placenta. 2013;34
Suppl:S73-8

17.  Staff AC, Dechend, R Pijnenborg, R. Learning from the placenta: acute atherosis and
vascular remodeling in preeclampsia-novel aspects for atherosclerosis and future
cardiovascular health. Hypertension. 2010;56:1026-34

18.  Moe K, Alnaes-Katjavivi, P, Storvold, GL, Sugulle, M, Johnsen, GM, Redman, CWG,
Dechend, R Staff, AC. Classical Cardiovascular Risk Markers in Pregnancy and Associations
to Uteroplacental Acute Atherosis. Hypertension. 2018;72:695-702

19.  Redman CW Staff, AC. Preeclampsia, biomarkers, syncytiotrophoblast stress, and
placental capacity. Am J Obstet Gynecol. 2015;213:S9 e1, S9-11

20.  Bulletins--Obstetrics ACoP. ACOG practice bulletin. Diagnosis and management of
preeclampsia and eclampsia. Number 33, January 2002. Obstet Gynecol. 2002;99:159-67

21.  Johnsen SL, Rasmussen, S, Wilsgaard, T, Sollien, R Kiserud, T. Longitudinal
reference ranges for estimated fetal weight. Acta Obstet Gynecol Scand. 2006;85:286-97

22.  Sugulle M, Herse, F, Seiler, M, Dechend, R Staff, AC. Cardiovascular risk markers in
pregnancies complicated by diabetes mellitus or preeclampsia. Pregnancy Hypertens.
2012;2:403-10

23.  Staff AC, Braekke, K, Harsem, NK, Lyberg, T Holthe, MR. Circulating concentrations
of sFltl (soluble fms-like tyrosine kinase 1) in fetal and maternal serum during pre-eclampsia.

Eur J Obstet Gynecol Reprod Biol. 2005;122:33-9

18



24.  Alnaes-Katjavivi P, Lyall, F, Roald, B, Redman, CW Staff, AC. Acute atherosis in
vacuum suction biopsies of decidua basalis: An evidence based research definition. Placenta.
2016;37:26-33

25.  Assarsson E, Lundberg, M, Holmquist, G, Bjorkesten, J, Thorsen, SB, Ekman, D,
Eriksson, A, Rennel Dickens, E, Ohlsson, S, Edfeldt, G, Andersson, AC, Lindstedt, P,
Stenvang, J, Gullberg, M Fredriksson, S. Homogenous 96-plex PEA immunoassay exhibiting
high sensitivity, specificity, and excellent scalability. PLoS One. 2014;9:€95192

26.  Figarska SM, Gustafsson, S, Sundstrom, J, Arnlov, J, Malarstig, A, EImstahl, S, Fall,
T, Lind, L Ingelsson, E. Associations of Circulating Protein Levels With Lipid Fractions in
the General Population. Arterioscler Thromb Vasc Biol. 2018;38:2505-2518

27.  Brindle NP, Saharinen, P Alitalo, K. Signaling and functions of angiopoietin-1 in
vascular protection. Circ Res. 2006;98:1014-23

28.  Garces MF, Vallejo, SA, Sanchez, E, Palomino-Palomino, MA, Leal, LG, Angel-
Muller, E, Diaz-Cruz, LA, Ruiz-Parra, Al, Gonzalez-Clavijo, AM, Castano, JP, Abba, M,
Lacunza, E, Dieguez, C, Nogueiras, R Caminos, JE. Longitudinal analysis of maternal serum
Follistatin concentration in normal pregnancy and preeclampsia. Clin Endocrinol (Oxf).
2015;83:229-35

29.  Levine RJ, Maynard, SE, Qian, C, Lim, KH, England, LJ, Yu, KF, Schisterman, EF,
Thadhani, R, Sachs, BP, Epstein, FH, Sibai, BM, Sukhatme, VP Karumanchi, SA. Circulating
angiogenic factors and the risk of preeclampsia. N Engl J Med. 2004;350:672-83

30.  Mattiotti A, Prakash, S, Barnett, P van den Hoff, MJB. Follistatin-like 1 in
development and human diseases. Cell Mol Life Sci. 2018;75:2339-2354

31.  Oemrawsingh RM, Lenderink, T, Akkerhuis, KM, Heeschen, C, Baldus, S,
Fichtlscherer, S, Hamm, CW, Simoons, ML, Boersma, E investigators, C. Multimarker risk

model containing troponin-T, interleukin 10, myeloperoxidase and placental growth factor

19



predicts long-term cardiovascular risk after non-ST-segment elevation acute coronary
syndrome. Heart. 2011;97:1061-6

32.  Sung JF, Fan, X, Dhal, S, Dwyer, BK, Jafari, A, EI-Sayed, YY, Druzin, ML Nayak,
NR. Decreased circulating soluble Tie2 levels in preeclampsia may result from inhibition of
vascular endothelial growth factor (VEGF) signaling. J Clin Endocrinol Metab.
2011;96:E1148-52

33.  Xue L, Borne, Y, Mattisson, I'Y, Wigren, M, Melander, O, Ohro-Melander, M,
Bengtsson, E, Fredrikson, GN, Nilsson, J Engstrom, G. FADD, Caspase-3, and Caspase-8 and
Incidence of Coronary Events. Arterioscler Thromb Vasc Biol. 2017;37:983-989

34.  Balta S, Mikhailidis, DP, Demirkol, S, Ozturk, C, Celik, T lyisoy, A. Endocan: A
novel inflammatory indicator in cardiovascular disease? Atherosclerosis. 2015;243:339-43.
35.  Huang SJ, Chen, CP, Schatz, F, Rahman, M, Abrahams, VM Lockwood, CJ. Pre-
eclampsia is associated with dendritic cell recruitment into the uterine decidua. J Pathol.
2008;214:328-36

36.  Jansen MF, Hollander, MR, van Royen, N, Horrevoets, AJ Lutgens, E. CD40 in
coronary artery disease: a matter of macrophages? Basic Res Cardiol. 2016;111:38

37.  Lukanov TH, Bojinova, SI, Emin, AL, Veleva, GL, Popova, VS Konova, El.
Upregulation of the CD40-CD40 ligand system in pre-eclampsia. Int J Gynaecol Obstet.
2009;105:257-60

38. Mathiasen AB, Henningsen, KM, Harutyunyan, MJ, Mygind, ND Kastrup, J. YKL-40:
a new biomarker in cardiovascular disease? Biomark Med. 2010;4:591-600

39.  Seol HJ, Lee, ES, Jung, SE, Jeong, NH, Lim, JE, Park, SH, Hong, SC, Oh, MJ Kim,
HJ. Serum levels of YKL-40 and interleukin-18 and their relationship to disease severity in

patients with preeclampsia. J Reprod Immunol. 2009;79:183-7

20



40.  Sharp AN, Heazell, AE, Baczyk, D, Dunk, CE, Lacey, HA, Jones, CJ, Perkins, JE,
Kingdom, JC, Baker, PN Crocker, IP. Preeclampsia is associated with alterations in the p53-
pathway in villous trophoblast. PLoS One. 2014;9:e87621

41.  Wan W Murphy, PM. Regulation of atherogenesis by chemokine receptor CCR6.
Trends Cardiovasc Med. 2011;21:140-4

42.  Cakmak M, Yilmaz, H, Baglar, E, Darcin, T, Inan, O, Aktas, A, Celik, HT, Ozdemir,
O, Atalay, CR Akcay, A. Serum levels of endocan correlate with the presence and severity of
pre-eclampsia. Clin Exp Hypertens. 2016;38:137-42

43.  Qiao GH Sun, XZ. Increased plasma fatty acid binding protein 4 concentration at the
first prenatal visit and its relevance to preeclampsia. Hypertens Res. 2018;41:763-769

44.  Rodriguez-Calvo R, Girona, J, Alegret, JM, Bosquet, A, Ibarretxe, D Masana, L. Role
of the fatty acid-binding protein 4 in heart failure and cardiovascular disease. J Endocrinol.
2017;233:R173-R184

45.  Caicedo D, Diaz, O, Devesa, P Devesa, J. Growth Hormone (GH) and Cardiovascular
System. Int J Mol Sci. 2018;19

46.  Ferreira JP, Pizard, A, Machu, JL, Bresso, E, Rocca, HB, Girerd, N, Leroy, C,
Gonzalez, A, Diez, J, Heymans, S, Devignes, MD, Rossignol, P, Zannad, F investigators, F-T.
Plasma protein biomarkers and their association with mutually exclusive cardiovascular
phenotypes: the FIBRO-TARGETS case-control analyses. Clin Res Cardiol. 2019;109:22-33
47. Lacey B, Herrington, WG, Preiss, D, Lewington, S Armitage, J. The Role of Emerging
Risk Factors in Cardiovascular Outcomes. Curr Atheroscler Rep. 2017;19:28

48. Leach RE, Romero, R, Kim, YM, Chaiworapongsa, T, Kilburn, B, Das, SK, Dey, SK,
Johnson, A, Qureshi, F, Jacques, S Armant, DR. Pre-eclampsia and expression of heparin-

binding EGF-like growth factor. Lancet. 2002;360:1215-9

21



49.  Matsuzawa Y. White adipose tissue and cardiovascular disease. Best Pract Res Clin
Endocrinol Metab. 2005;19:637-47

50.  Radulescu C, Bacarea, A, Hutanu, A, Gabor, R Dobreanu, M. Placental Growth
Factor, Soluble fms-Like Tyrosine Kinase 1, Soluble Endoglin, IL-6, and IL-16 as
Biomarkers in Preeclampsia. Mediators Inflamm. 2016;2016:3027363

51.  Schernthaner C, Paar, V, Wernly, B, Pistulli, R, Rohm, I, Jung, C, Figulla, HR,
Yilmaz, A, Cadamuro, J, Haschke-Becher, E, Schulze, PC, Hoppe, UC, Lichtenauer, M
Kretzschmar, D. Elevated plasma levels of interleukin-16 in patients with acute myocardial
infarction. Medicine (Baltimore). 2017;96:e8396

52.  Zarate A, Saucedo, R, Valencia, J, Manuel, L Hernandez, M. Early disturbed placental
ischemia and hypoxia creates immune alteration and vascular disorder causing preeclampsia.
Arch Med Res. 2014;45:519-24

53.  Cooke CL, Brockelsby, JC, Baker, PN Davidge, ST. The receptor for advanced
glycation end products (RAGE) is elevated in women with preeclampsia. Hypertens
Pregnancy. 2003;22:173-84

54.  Domali E Messinis, IE. Leptin in pregnancy. J Matern Fetal Neonatal Med.
2002;12:222-30

55.  Grill S, Rusterholz, C, Zanetti-Dallenbach, R, Tercanli, S, Holzgreve, W, Hahn, S
Lapaire, O. Potential markers of preeclampsia--a review. Reprod Biol Endocrinol. 2009;7:70
56. Kumari M, Kovach, T, Sheehy, B, Zabell, A, Morales, R, Moodley, SJ, Shah, YG,
Maroo, PV, Maroo, AP Tang, WHW. Circulating NT-proBNP but not soluble corin levels
were associated with preeclampsia in pregnancy-associated hypertension. Clin Biochem.
2019;67:12-15

57. Lee TW, Kao, YH, Chen, YJ, Chao, TF Lee, TI. Therapeutic potential of vitamin D in

AGE/RAGE-related cardiovascular diseases. Cell Mol Life Sci. 2019;76:4103-4115

22



58.  Panagopoulou V, Deftereos, S, Kossyvakis, C, Raisakis, K, Giannopoulos, G, Bouras,
G, Pyrgakis, V Cleman, MW. NTproBNP: an important biomarker in cardiac diseases. Curr
Top Med Chem. 2013;13:82-94

59.  Reister F, Kingdom, JC, Ruck, P, Marzusch, K, Heyl, W, Pauer, U, Kaufmann, P,
Rath, W Huppertz, B. Altered protease expression by periarterial trophoblast cells in severe
early-onset preeclampsia with IUGR. J Perinat Med. 2006;34:272-9

60.  Ristagno G, Fumagalli, F, Bottazzi, B, Mantovani, A, Olivari, D, Novelli, D Latini, R.
Pentraxin 3 in Cardiovascular Disease. Front Immunol. 2019;10:823

61.  Vanhoutte PM. MMP-7 and cardiovascular disease: not so surprising! Basic Clin
Pharmacol Toxicol. 2013;112:2

62. BaeE, Cha, RH, Kim, YC, An, JN, Kim, DK, Yoo, KD, Lee, SM, Kim, MH, Park, JT,
Kang, SW, Park, JY, Lim, CS, Kim, YS, Yang, SH Lee, JP. Circulating TNF receptors predict
cardiovascular disease in patients with chronic kidney disease. Medicine (Baltimore).
2017;96:e6666

63.  Nevalainen J, Korpimaki, T, Kouru, H, Sairanen, M Ryynanen, M. Performance of
first trimester biochemical markers and mean arterial pressure in prediction of early-onset pre-
eclampsia. Metabolism. 2017;75:6-15

64.  Norenberg J, Meggyes, M, Jakso, P, Miko, E Barakonyi, A. TIM-3 and TIM-1 Could
Regulate Decidual gammadeltaTCR Bright T Cells during Murine Pregnancy. J Immunol Res.
2019;2019:3836942

65.  Oladosu-Olayiwola O, Olawumi, H, Babatunde, A, ljaiya, M, Durotoye, I, Biliaminu,
S Ibraheem, R. Fibrinolytic proteins of normal pregnancy and pre-eclamptic patients in North

West Nigeria. Afr Health Sci. 2018;18:576-583

23



66.  Stenemo M, Nowak, C, Byberg, L, Sundstrom, J, Giedraitis, V, Lind, L, Ingelsson, E,
Fall, T Arnlov, J. Circulating proteins as predictors of incident heart failure in the elderly. Eur
J Heart Fail. 2018;20:55-62

67.  Straszewski-Chavez SL, Abrahams, VM Mor, G. The role of apoptosis in the
regulation of trophoblast survival and differentiation during pregnancy. Endocr Rev.
2005;26:877-97

68.  Tofler GH, Massaro, J, O'Donnell, CJ, Wilson, PWF, Vasan, RS, Sutherland, PA,
Meigs, JB, Levy, D D'Agostino, RB, Sr. Plasminogen activator inhibitor and the risk of
cardiovascular disease: The Framingham Heart Study. Thromb Res. 2016;140:30-35

69.  Kikuchi R, Stevens, M, Harada, K, Oltean, S Murohara, T. Anti-angiogenic isoform of
vascular endothelial growth factor-A in cardiovascular and renal disease. Adv Clin Chem.
2019;88:1-33

70.  Lala PK Chakraborty, C. Factors regulating trophoblast migration and invasiveness:
possible derangements contributing to pre-eclampsia and fetal injury. Placenta. 2003;24:575-
87

71.  Lind L, Arnlov, J, Lindahl, B, Siegbahn, A, Sundstrom, J Ingelsson, E. Use of a
proximity extension assay proteomics chip to discover new biomarkers for human
atherosclerosis. Atherosclerosis. 2015;242:205-10

72.  Feldreich T, Nowak, C, Fall, T, Carlsson, AC, Carrero, JJ, Ripsweden, J, Qureshi, AR,
Heimburger, O, Barany, P, Stenvinkel, P, Vuilleumier, N, Kalra, PA, Green, D Arnlov, J.
Circulating proteins as predictors of cardiovascular mortality in end-stage renal disease. J
Nephrol. 2019;32:111-119

73.  Sugulle M, Herse, F, Hering, L, Mockel, M, Dechend, R Staff, AC. Cardiovascular
biomarker midregional proatrial natriuretic peptide during and after preeclamptic pregnancies.

Hypertension. 2012;59:395-401

24



74.  Kale A, Kale, E, Yalinkaya, A, Akdeniz, N Canoruc, N. The comparison of amino-
terminal probrain natriuretic peptide levels in preeclampsia and normotensive pregnancy. J
Perinat Med. 2005;33:121-4

75.  Rafik Hamad R, Larsson, A, Pernow, J, Bremme, K Eriksson, MJ. Assessment of left
ventricular structure and function in preeclampsia by echocardiography and cardiovascular
biomarkers. J Hypertens. 2009;27:2257-64

76.  Burton GJ, Yung, HW, Cindrova-Davies, T Charnock-Jones, DS. Placental
endoplasmic reticulum stress and oxidative stress in the pathophysiology of unexplained
intrauterine growth restriction and early onset preeclampsia. Placenta. 2009;30 Suppl A:S43-
8

77.  lIrgens HU, Reisaeter, L, Irgens, LM Lie, RT. Long term mortality of mothers and
fathers after pre-eclampsia: population based cohort study. BMJ. 2001;323:1213-7

78.  Townsend R, Khalil, A, Premakumar, Y, Allotey, J, Snell, KIE, Chan, C, Chappell,
LC, Hooper, R, Green, M, Mol, BW, Thilaganathan, B, Thangaratinam, S Network, I.
Prediction of pre-eclampsia: review of reviews. Ultrasound Obstet Gynecol. 2018;54:16-27
79.  Staff AC, Benton, SJ, von Dadelszen, P, Roberts, JM, Taylor, RN, Powers, RW,
Charnock-Jones, DS Redman, CW. Redefining preeclampsia using placenta-derived
biomarkers. Hypertension. 2013;61:932-42

80. Benschop L, Schalekamp-Timmermans, S, Broere-Brown, ZA, Roeters van Lennep,
JE, Jaddoe, VWV, Roos-Hesselink, JW, Ikram, MK, Steegers, EAP, Roberts, JM Gandley,
RE. Placental Growth Factor as an Indicator of Maternal Cardiovascular Risk After
Pregnancy. Circulation. 2019;139:1698-1709

81. Kelly D, Khan, S, Cockerill, G, Ng, LL, Thompson, M, Samani, NJ Squire, IB.
Circulating stromelysin-1 (MMP-3): a novel predictor of LV dysfunction, remodelling and

all-cause mortality after acute myocardial infarction. Eur J Heart Fail. 2008;10:133-9

25



82.  Laskowska M. Altered Maternal Serum Matrix Metalloproteinases MMP-2, MMP-3,
MMP-9, and MMP-13 in Severe Early- and Late-Onset Preeclampsia. Biomed Res Int.
2017;2017:6432426

83.  Charkiewicz K, Jasinska, E, Goscik, J, Koc-Zorawska, E, Zorawski, M, Kuc, P, Raba,
G, Kluz, T, Kalinka, J, Sakowicz, A Laudanski, P. Angiogenic factor screening in women
with mild preeclampsia - New and significant proteins in plasma. Cytokine. 2018;106:125-
130

84.  Zhang L, Liu, K, Han, B, Xu, Z Gao, X. The emerging role of follistatin under stresses
and its implications in diseases. Gene. 2018;639:111-116

85.  Husslein H, Haider, S, Meinhardt, G, Prast, J, Sonderegger, S Knofler, M. Expression,
regulation and functional characterization of matrix metalloproteinase-3 of human
trophoblast. Placenta. 2009;30:284-91

86. Kong W, Gong, Y, Zhou, R, Wang, Y, Zhang, Y, Luo, X, Zhang, L Wang, T. Soluble
ST2, a preeclampsia-related cytokine receptor, is transported bi-directionally across the
placenta. Placenta. 2018;63:21-25

87.  Gallery ED, Campbell, S, Arkell, J, Nguyen, M Jackson, CJ. Preeclamptic decidual
microvascular endothelial cells express lower levels of matrix metalloproteinase-1 than
normals. Microvasc Res. 1999;57:340-6

88.  Hannan NJ, Jones, RL, White, CA Salamonsen, LA. The chemokines, CX3CL1,
CCL14, and CCL4, promote human trophoblast migration at the feto-maternal interface. Biol
Reprod. 2006;74:896-904

89. Lian 1A, Toft, JH, Olsen, GD, Langaas, M, Bjorge, L, Eide, IP, Bordahl, PE
Austgulen, R. Matrix metalloproteinase 1 in pre-eclampsia and fetal growth restriction:
reduced gene expression in decidual tissue and protein expression in extravillous trophoblasts.

Placenta. 2010;31:615-20

26



90.  Siwetz M, Dieber-Rotheneder, M, Cervar-Zivkovic, M, Kummer, D, Kremshofer, J,
Weiss, G, Herse, F, Huppertz, B Gauster, M. Placental fractalkine is up-regulated in severe
early-onset preeclampsia. Am J Pathol. 2015;185:1334-43

91.  Aleksova A, Paldino, A, Beltrami, AP, Padoan, L, lacoviello, M, Sinagra, G, Emdin,
M Maisel, AS. Cardiac Biomarkers in the Emergency Department: The Role of Soluble ST2
(sST2) in Acute Heart Failure and Acute Coronary Syndrome-There is Meat on the Bone. J
Clin Med. 2019;8

92.  Romero R, Chaemsaithong, P, Tarca, AL, Korzeniewski, SJ, Maymon, E, Pacora, P,
Panaitescu, B, Chaiyasit, N, Dong, Z, Erez, O, Hassan, SS Chaiworapongsa, T. Maternal
plasma-soluble ST2 concentrations are elevated prior to the development of early and late
onset preeclampsia - a longitudinal study. J Matern Fetal Neonatal Med. 2018;31:418-432
93.  Stampalija T, Chaiworapongsa, T, Romero, R, Chaemsaithong, P, Korzeniewski, SJ,
Schwartz, AG, Ferrazzi, EM, Dong, Z Hassan, SS. Maternal plasma concentrations of sST2
and angiogenic/anti-angiogenic factors in preeclampsia. J Matern Fetal Neonatal Med.
2013;26:1359-70

94.  Jones BA, Beamer, M Ahmed, S. Fractalkine/CX3CL1: a potential new target for
inflammatory diseases. Mol Interv. 2010;10:263-70

95.  Panayiotou AG, Kamilari, E, Griffin, M, Tyllis, T, Georgiou, N, Bond, D,
Hoppensteadt, D, Fareed, J Nicolaides, A. Association between serum levels of pro-
metalloproteinase 1, tissue inhibitor of metalloproteinases 1 and 2 and prevalent
cardiovascular disease in a population-based study. Int Angiol. 2013;32:599-604

96.  Richter B, Koller, L, Hohensinner, PJ, Rychli, K, Zorn, G, Goliasch, G, Berger, R,
Mortl, D, Maurer, G, Huber, K, Pacher, R, Wojta, J, Hulsmann, M Niessner, A. Fractalkine is
an independent predictor of mortality in patients with advanced heart failure. Thromb

Haemost. 2012;108:1220-7

27



97.  Stepanian A, Benchenni, S, Beillat-Lucas, T, Omnes, S, Defay, F, Peynaud-Debayle,
E, Baron, G, Le Querrec, A, Dreyfus, M, Salomon, L, Tsatsaris, V, de Prost, D, Mandelbrot,
L group, Es. Search for an association between V2491 and T280M CX3CR1 genetic
polymorphisms, endothelial injury and preeclampsia: the ECLAXIR study. PLoS One.
2009;4:e6192

98.  Mugerli S, Ambrozic, J, Gersak, K Lucovnik, M. Elevated soluble-St2 concentrations
in preeclampsia correlate with echocardiographic parameters of diastolic dysfunction and
return to normal values one year after delivery. J Matern Fetal Neonatal Med. 2019;1-7

99. Kim YN, Kim, HK, Warda, M, Kim, N, Park, WS, Prince Adel, B, Jeong, DH, Lee,
DS, Kim, KT Han, J. Toward a better understanding of preeclampsia: Comparative proteomic
analysis of preeclamptic placentas. Proteomics Clin Appl. 2007;1:1625-36

100. Harsem NK, Roald, B, Braekke, K Staff, AC. Acute atherosis in decidual tissue: not

associated with systemic oxidative stress in preeclampsia. Placenta. 2007;28:958-64

28



Novelty and Significance
What Is New?

e Multiplex plasma analysis of CVD risk associated markers phenotyping of
preeclampsia subtypes has not been published before

What Is Relevant?

e Several CVD risk associated markers differed in pregnancy plasma between
preeclampsia subtypes and normotensive controls, and between groups defined by
levels of placenta dysfunction markers

e Four individual CVD risk associated markers ST2, CX3CL1, MMP1 and MMP3 were
altered specifically for the EPE subtype, potentially linked to the high risk of future
CVD for this group

Summary

e Our data are consistent with a placental-cardiovascular axis in pregnancy, as tissue-
based and circulating placental dysfunction markers associate with circulating CVD
biomarker patterns.

e The dysregulated CV biomarkers identified at delivery may contribute to improved
targeting of women for intensified prevention of CVD, as well as provide ideas for

novel intervention strategies
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Figure Legends

Figure 1. Individual levels of the 9 circulating Olink biomarkers differing significantly between
early-onset preeclampsia (EPE) and late-onset preeclampsia (LPE) groups (delivery prior to or from
gestational week 34, respectively). Data are given as NPX log 2. P value represents the overall
group effect (FDR adjusted Kruskal-Wallis). Dunn’s- Bonferroni post hoc test are used to compare
groups *p<0.05, **p<0.01 ***p<0.001. Horizontal bars represent mean + SD. Biomarker acronyms

are explained in Supplemental Table S1.

Figure 2. Logistic regression analysis showing adjusted associations between the Olink-identified
biomarkers different between study groups. Biomarker acronyms are explained in Supplemental
Table S1. The figure is showing the odds-ratio (OR) (and 95% confidential intervals) of the
biomarkers associated with early-onset preeclampsia (EPE; delivery prior to gestational week 34)
compared to controls (NC), late-onset preeclampsia (LPE; delivery from gestational week 34)

compared to NC and EPE compared to LPE, using standardized values.

Figure 3. Principal component (PC) analysis. A) Markers contributing to each of the four principal
components (PC1-PC4) from the initial 47 markers differently regulated between diagnostic groups.
B) Correlation plots between the different PC showing diagnostic groups in different colors. NC
(blue); normotensive controls, LPE (green); late-onset preeclampsia (delivery from gestational
week 34), EPE (red); early-onset preeclampsia (delivery prior to gestational week 34). C) Logistic
regression analysis showing adjusted associations between the different PCs and diagnostic groups

(acronyms as in Figure 3B). Biomarker acronyms are explained in Supplemental Table S1.
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Figure 4. Receiver operating characteristic curves for predicting early-onset preeclampsia (EPE:
delivery prior to gestational week 34) compared to late-onset preeclampsia (LPE: delivery from
gestational week 34) by Olink multimarker (PC1-PC4) and single markers (FS, MMP1, hK11,

PIGF, CTSD, MMP3, ST2, CX3CL1, MPO), and combination (PIGF, ST2, MMP1, MMP3 and

CX3CL1) approach. Biomarker acronyms are explained in Supplemental Table S1.

Figure 5. Levels of the circulating markers FAS (tumor necrosis factor receptor superfamily

member 6), TM (thrombomodulin), and MMP10 (matrix metalloproteinase-10) that were different

between women with the presence of decidua basalis acute atherosis (with AA; n=28) and those
without acute atherosis (no AA; n=15) in the preeclampsia patients using logistic regression. Data
are given as NPX log 2. P values represent unadjusted models. Horizontal bars represent mean *

SD.
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Table 1. Clinical characteristics of the patient groups during pregnancy

Clinical variables NC (n=49) LPE (n=29) EPE (n=37) Between
groups (p=)
Maternal age at delivery (years) 33 (4) 34 (5) 32 (5) 0.147
Body mass index early pregnancy (kg/m?) 22.3 (20.6, 23.7) 24.1 (21.0, 30.3)* 24.1 (22.0, 29.8)** 0.002
Systolic blood pressure <20 weeks (mmHg) 110 (103, 117) 115 (110, 123) 117 (108, 126)** 0.008
Diastolic blood pressure <20 weeks (mmHg) 67 (60, 71) 75 (67, 80)* 72 (65, 78)* 0.003
Systolic blood pressure at delivery (mmHg) 121 (115, 132) 160 (158, 173)*** 162 (155, 180)*** <0.001
Diastolic blood pressure at delivery (mmHg) 71 (65, 80) 100 (96, 108)*** 100 (95, 108)*** <0.001
Gestational age at delivery and sampling (weeks) 39.1 (38.9, 39.3) 35.9 (34.4,38.1)*** 1+  30.3(27.9, 32.9)*** <0.001
Ever smoked during pregnancy n (%) 3(6.1) 4 (13.8) 3(8.3) 0.509
Primipara n (%) 25 (51.0) 18 (62.1) 22 (59.5) 0.917
Small for gestational age n (%) 1(2.0) 13 (44.8)*** 7 34 (91.9)*** <0.001
Fetal growth restriction n (%) 0(0) 9 (31.0)*** 1+ 27 (75.0)*** <0.001
Newborn weight (g) 3399 (299) 2603 (819)*** 1+ 1212 (439)*** <0.001
Newborn weight percentile 52.1 (28.3, 74.5) 32.5(1.78, 50.5)*** ¥ 0.10 (0.01, 3.54)*** <0.001
Newborn sex (girl/boy) 21/28 (42.9/57.1) 13/16 (44.8/55.2) ¥ 26/11 (70.3/29.7)* 0.027
Acute atherosis (All/Yes) n (%) 36/3 (8.3) 19/5 (26.3) 24/10 (41.7)** 0.010

Data given as mean (SD) when normal distributed and median (25, 75") when skewed distributed. *p<0.05, **p<0.01, ***p<0.001 compared to controls,
Tp<0.05, +7p<0.01, T11p<0.001 between LPE and EPE. NC: Normotensive controls; LPE: late-onset preeclampsia (delivery from gestational week 34); EPE:
early-onset preeclampsia (delivery prior to gestational week 34).
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