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Highlights


Women with preeclampsia have increased risk of cardiovascular disease later in life
howeverbut the mechanisms of this association areis poorly understood.



“In silico” analyses of publically available datasets provided overlapping biomarkers
and pathogenic pathways between preeclampsia, hypertension and heart failure with
preserved ejection fraction (HFpEF).



These data could be utilised in the future studies that may lead to the development of
better risk stratification strategies or preventative treatments for women post
preeclampsia.

Abstract
Objectives: Preeclampsia is a cardiovascular pregnancy complication which occurs in 5-10%
of pregnancies that can lead to a number of pregnancy complications including maternal and
foetal death. Long-term, preeclampsia is associated with up to 8-fold increased risk of
cardiovascular disease (CVD) for both mothers and their offspring. The lack of mechanistic
data in relation to the causes or consequences of preeclampsia has prevented the development
of effective therapeutic or monitoring strategies.
Study design: This study investigates common underlying mechanisms of preeclampsia and
CVD, specifically hypertension and heart failure with preserved ejection fraction (HFpEF)
using “in silico” approach of publicly available datasets. Integrated techniques were designed
to mine data repositories and identify relevant biomarkers associated with these three
conditions.
Main outcomes measures: The knowledge base tools were employed that enabled the
analysis of these biomarkers to discover potential molecular and biological links between
these three conditions.
2

Results: Our bioinformatics “in silico” analyses of the publically available datasets identified
76 common biomarkers between preeclampsia, hypertension and HFpEF. These biomarkers
were representative of 29 pathways commonly enriched across the three conditions which
were largely related to inflammation, metabolism, angiogenesis, remodelling, haemostasis,
apoptosis , endoplasmic reticulum (ER) stress signalling and the renin-angiotensinaldosterone (RAAS) system.
Conclusions: This bioinformatics approach which uses the wealth of scientific data available
in public repositories can be helpful to gain a deeper understanding of the overlapping
pathogenic mechanisms of associated diseases, which could be explored as biomarkers or
targets to prevent long-term cardiovascular complications such as hypertension and HFpEF
following preeclampsia.

Abstract word count: 244 words
Main text word count: 2580 words
Total word count: 4653 words

Introduction
Preeclampsia is a cardiovascular complication of pregnancy affecting 5-10% of all
pregnancies annually. It is clinically characterised by the new onset hypertension
(≥140/90mmHg) and the presence of proteinuria (≥300mg/day) or other organ damage that
develops after 20 weeks of gestation with limited treatment options (1). Preeclampsia is a
multifactorial condition with molecular regulation of its pathogenesis remaining poorly
understood. Currently, two different phenotypes of preeclampsia are defined, early-onset
3

preeclampsia diagnosed before 34 weeks’ gestation, and late-onset preeclampsia diagnosed at
or after 34 weeks’ gestation. Early-onset preeclampsia

However, the development of

preeclampsia has been more closely associated with abnormal placentation occurring in the
early stages of pregnancy where impaired spiral uterine artery (SUA) remodelling plays a
significant role, whereas late-onset preeclampsia is likely linked to senescence of the placenta
and underlying maternal cardiovascular and metabolic disorders (2,3). The lack of the SUA
remodelling or poor maternal adaptation represents an initial steps leading to vascular
changes and hypertension(4).

Longitudinal studies reported that endothelial dysfunction in women whose pregnancy was
complicated by preeclampsia persists for 10-20 years post-partum, particularly following
severe preeclampsia cases (5). Preeclampsia is associated with up to an 8-fold increased risk
of CVD in later life for both mothers and their offspring (6). Although it is unknown whether
pre-existing cardiovascular risks (CVRs) become uncovered due to cardiovascular stresses of
pregnancy or if the endothelial damage caused by preeclampsia increases the CVR, there
remains a strong link between preeclampsia and the development of CVD in later life. CVD
in women is the global leading cause of female death (7). Preeclampsia and hypertension are
well-known risk factors for the development of heart failure, more commonly associated with
heart failure with preserved ejection fraction (HFpEF)(8,9). HFpEF is an asymptomatic
condition clinically characterised by diastolic dysfunction that results in reduced ventricular
relaxation with preserved contractile function, maintaining an ejection fraction of ≥50% (10),
and it is more common in women than men (11).
The wealth of knowledge of human disease is continuously growing due to daily publications
on data repositories such as the National Centre for Biotechnology Information (NCBI).
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Various tools have been developed to mine and retrieve data from biomedical literature in
relation to the expression levels of certain biomarkers within specific diseases and how they
interact to modify the function of various pathways(12). Due to the immense volume of
biomedical literature available on NCBI, MeSH terms were introduced to improve the
literature search and retrieval process (13). These allow for the retrieval of documents that
possess similar content but use various synonyms, abbreviations or wording regarding the
same biological term e.g. ‘preeclampsia’ or ‘pre-eclampsia,’ allowing for the construction of
a refined and specific literature search (13). Reactome, a data analysis tool, which contains
10719 human genes interacting into 2102 pathways, was designed to aid in the discovery of
biological interactions and reactions occurring under normal physiological and disease
conditions (14).

We hypothesise that there are common underlying pathways involved in the pathogenesis of
both preeclampsia and CVD, specifically hypertension and HFpEF. To test this hypothesis,
an “in silico” approach was applied which investigated biomedical literature provided by
public repositories to analyse the biomarkers differentially expressed in preeclampsia,
hypertension and HFpEF and to identify overlapping biological pathways consistent across
all three conditions.

Materials and Methods
All the analyses were implemented as an R script using 3.6.0. This script contained the
following sections:
Literature search and retrieval

5

The literature was searched and retrieved using NCBI relevant to preeclampsia, hypertension
and HFpEF using various PubMed queries:


The preeclampsia query was structured as ‘(("pre-eclampsia"[MeSH Terms] OR "preeclampsia"[TIAB] OR "preeclampsia"[TIAB]) AND (biomarkers"[MeSH Terms] OR
"biomarkers"[TIAB] OR "biomarker"[TIAB]) AND ("1900/01/01"[Date - Entrez]:
"2019/06/01"[Date - Entrez]))’ - the query aimed to retrieve documents containing
specific biomarkers of preeclampsia.



The hypertension query was structured as ‘((Hypertension [MeSH] NOT
preeclampsia) AND ("biomarkers"[MeSH Terms] OR "biomarkers"[TIAB] OR
"biomarker"[TIAB]) AND ("1900/01/01"[Date - Entrez] : "2019/06/01"[Date Entrez]))' - this query aimed to retrieve documents annotated for hypertension while
excluding preeclampsia as a hypertensive state.



The HFpEF query was structured as '((HFpEF [TIAB] OR "heart failure with
preserved ejection fraction "[TIAB]) AND ("biomarkers"[MeSH Terms] OR
"biomarkers"[TIAB]

OR

"biomarker"[TIAB])

NOT

preeclampsia

AND

"1900/01/01"[Date - Entrez] : "2019/06/01"[Date - Entrez]))' - this query aimed to
retrieve documents annotated with biomarkers for HFpEF.

The R package RISMed (2.1.7) package was used to download the contents from the
retrieved literature into R. To identify the relevant documents in PubMed, the queries were
passed as arguments to the “EUtilsSummary” function. These documents were downloaded
into R by the “EUtilsGet” function constructing three data frames containing the PubMed ID,
NCBI gene ID and gene name for each biomarker retrieved from the queries.

6

Biomarker Annotation and Extraction
Pubtator, a tool designed to annotate biological terms cited in PubMed documents, was used
to annotate the biomarkers cited within the literature retrieved from the three queries (15).
The PubMed IDs obtained from the literature search and retrieval were used as input into
Pubtator as previously described (12).

This single gene ID file was read into R using the “read.csv” function. The Jaccard index was
calculated using the “Jaccard” function to indicate the similarity between the gene sets. This
function compared the similarity between preeclampsia and hypertension, preeclampsia and
HFpEF and hypertension and HFpEF. From this, the Jaccard distances were calculated,
illustrating the level of dissimilarity between the gene sets. The Jaccard distance is defined as
JdAB=1-

, where A and B are distinct sets (16).

Gene Set Analyses
Three gene set analyses were conducted to identify which pathways the biomarkers identified
in preeclampsia, hypertension and HFpEF, are a part of, and determine if any pathways are
significantly enriched across all three conditions using Reactome knowledgebase. The
enrichment analyses applied a hypergeometric test to assess whether the number of genes
associated with a reactome pathway was larger than would be expected at random. These
tests were calculated using the NCBI Gene Identifiers obtained from the literature analyses as
input for the the R package ReactomePA, for the analyses using reactome database, and were
corrected for multiple comparisons using a "Benjamini-Hochberg" correction. Statistical
significance threshold was set to adjusted p-value less than 0.05 (adj.p-value <0.05).
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Results and Discussion
Retrieval and Annotation of Biomedical Literature with Biomarkers
A total of 3,007 biomarkers were annotated across the 5,738 documents, with 76 biomarkers
being present in all three gene sets, indicating only a 2.5% overlap between preeclampsia,
hypertension and HFpEF (Fig. 1). Within the preeclampsia datasets, 779 of the biomarkers
annotated were unique to preeclampsia, whereas 1,188 were unique to hypertension and 30
were unique to HFpEF. A total of 462 biomarkers overlapped between preeclampsia and
hypertension (25 % overlap), 84 overlapped between preeclampsia and HFpEF (6.7%
overlap) and 110 overlapped between hypertension and HFpEF (6.5% overlap). A Jaccard
index of approximately 0.016 was found between hypertension and HFpEF, generating a
Jaccard distance of 0.984. Similar findings were discovered for the other gene sets with a
Jaccard index of 0.016 and distance of 0.984 reported between preeclampsia and HFpEF and
an index of 0.04 and distance of 0.96 reported between preeclampsia and hypertension. These
figures illustrate a high level of dissimilarity between the preeclampsia, hypertension and
HFpEF gene sets.

Identifying overlapping pathways between preeclampsia, hypertension and HFpEF
Once the biomarkers identified in these three conditions were determined, Reactome was
used to extrapolate these findings into enriched pathways potentially involved in the
pathogenesis of preeclampsia, hypertension and HFpEF. The preeclampsia gene set was most
significantly enriched with 247 pathways, hypertension with 184 and HFpEF with 38; 29
pathways were enriched in all three gene sets (Figure 2A). A fourth gene set analysis of the
76 common biomarkers discovered 31 significantly enriched pathways in this gene set. Out of
8

the 295 pathways significantly enriched across the four gene sets, 25 were commonly
enriched in all four gene sets (Figure 2B). The pathways enriched between the three
conditions are presented in Figure 3. Specific pathogenic pathways identified for each
condition are presented in Supplementary Fig. 1-3).

Overlapping pathophysiological mechanisms between preeclampsia, hypertension and
HFpEF
The bioinformatics analyses of publically available datasets identified 76 commonly
expressed biomarkers in preeclampsia, hypertension and HFpEF. Preeclampsia datasets
showed the highest pathway enrichment which reflect the complex pathogenesis of
preeclampsia at the molecular level.

Considering that women who experience preeclampsia during pregnancy have higher burden
of cardiovascular complications later in life (17), in this study we identified a number of
overlapping molecular pathways between preeclampsia and CVD i.e. hypertension and
HFpEF. These include pathways associated with metabolism, inflammation, angiogenesis,
vascular remodelling, haemostasis, apoptosis, and ER signallingand the renin-angiotensinaldosterone (RAAS) system (Figure 3). The increasing body of evidence supports the
immune system activation and inflammation as crucial steps involved in pathogenesis of
preeclampsia(18) hypertension (19), and HFpEF (20). Existing data show pro-inflammatory
cytokines and mediators such as interleukin-6 (IL-6), IL-1, IL-8, C-reactive protein (CRP),
monocyte chemoattractant protein-1 (MCP-1) and tumour necrosis factor-alpha (TNF-α) to
be overexpressed in preeclampsia, hypertension and HFpEF, suggesting inflammation as an
important underlying mechanism(21,22). A study showed that within reported CRP
9

concentrations in patients with coronary artery disease,

this well-known marker of

inflammation is able to induce endothelial dysfunction by decreasing endothelial nitric oxide
synthase activity (23). Interestingly, markers of immune response, such as CD4+ and CD8+
T-cells were also annotated in the preeclampsia and hypertension gene sets, whereas not in
HFpEF gene set (22)-(24). Both CD4+ and CD8+ T-cells are dysregulated in these diseases
and produce pro-inflammatory cytokines which can provoke or maintain high blood pressure
(25,26). In line with other pro-inflammatory molecules, IL6 and TNF-alpha have been
associated with structural and functional changes in endothelial cells (27). On the other hand,
anti-inflammatory cytokine such as IL-10 was reported to be downregulated in all three
diseases (22). Decreased production of IL-10 leads to vascular dysfunction in association
with increased endothelin-1 and further causes an increase in pro-inflammatory cytokines
such as IL6 and TNF-α possibly through the ERK1/2 pathway(28). In our analysis,
endothelin-1, IL-10 and TNF-α as well as other inflammatory cytokines and chemokines
(IL1A, IL6, CXCL8) were implicated in all three conditions.

ER stress and apoptosis signalling pathways including PERK/AFT4, TNFR1/TNFR2 and
tyrosine kinases were also identified in our study as overlapping mechanisms between these
three conditions, suggesting that these pathways could represent potential therapeutic targets
for pre-eclampsia, hypertension and HFpEF. There are already available therapeutics used for
the treatment of different inflammatory conditions, which target some of the substrates in
these pathways(29).

Although endothelin-1 and cyclooxygenase-dependent vasoconstrictors may have the
predominant role in the development of hypertension, many studies have demonstrated an
10

important role of oxidative stress in hypertension(30,31) which aligns to our findings.
Notably, NADPH oxidases (NOX4 and NOX5) wereas found to be annotated in this study in
both hypertension and preeclampsia but not in HFpEF. This could have an impact on the
production of superoxide anion which determines biological availability of NO, since these
two molecules bind and form peroxynitrites, ONOO- (32). Another link of reactive oxygen
species production and NO availability is found in the processes of eNOS uncoupling.
Namely, when tetrahydrobiopterin (BH4) levels are diminished, due to decreased activity of a
rate limiting enzyme for BH4 production - GTP cyclohydrolase, it results in lower NO
synthesis and enhanced superoxide anion production (33). However, depletion of BH4 could
also be a result of its catabolism as a result of peroxynitrite attack indicating that oxidative
stress is one of the underlining mechanisms of endothelial dysfunction (34). In our study, the
enrichment of biomarkers involved in angiogenesis and vascular remodelling included TGFβ, Gal-3, VEGF, endoglin, collagen group proteins and MMPs were also implicated in all
three conditions. A well-known compensatory pro-angiogenic factor activated by
hypoxia(35), hypoxia-inducible factor 1α (HIF-1α) was also identified in all three conditions.
These findings align with well-established knowledge that one of the root causes of
preeclampsia is inappropriate implantation and development of the placenta due to poor SUA
remodelling (2,36). Hypertension and HFpEF are also characterised by aberrant angiogenesis,
vascular remodelling and fibrosis(37,38). Furthermore, von Willebrand Factor (vWF) and
fibrinogen, biomarkers annotated in all three gene sets, are essential for the formation of
stable blood clots, therefore playing an important role in haemostasis in preeclampsia,
hypertension and HFpEF (39). In addition to their important role in haemostasis, vWF
represents a plasma marker of endothelial damage(39,40). Inverse association between vWF
and flow-mediated vasodilatation (41) suggests that endothelial NO levels

may have a

negative feedback on vWF secretion. It was also demonstrated that endothelial secretion of
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vWF is mediated by several inflammatory cytokines(42). In our study we also identified
selectin-E and endothelin-1 as overlapping biomarkers between the three conditions; all of
which are correlated with endothelial dysfunction(43,44). There is conflicting evidence
surrounding the overlap of biomarkers expressed in preeclampsia and HFpEF. Alma et al
found CRP, high density lipoprotein (HDL), insulin, fatty acid binding protein-4 (FABP4),
brain natriuretic peptide (BNP), N-Terminal pro-BNP (NT-proBNP), adrenomedullin
(ADM), mid-regional pro-ADM, cardiac Troponin-1 (c-Tn1) and cancer antigen-125 (CA125) as commonly expressed in preeclampsia and HFpEF (45). Some of these biomarkers
such as BNP/NT-proBNP, CRP, CA-125, insulin and c-Tn1 were also identified in our
analyses as overlapping between the three conditions investigated. Biomarkers such as
ADM/MR-proADM, HDL and FABP4 were not annotated for HFpEF.

A number of overlapping metabolic pathways were identified including peptide hormone
metabolism, insulin-like growth factor (IGF) transport and IGF binding proteins (IGFBP),
and transcriptional regulation of white adipocyte differentiation. These pathways were
determined in association with the following biomarkers: dipeptidyl peptidase 4, insulin like
growth factor 1, IGFBP-1, insulin, lipocalin 2, leptin, Gal-3. It is well-established that obesity
and diabetes are associated with increased risk of pre-eclampsia in pregnancy(46),
hypertension(47) as well as HFpEF where diabetes and obesity are linked to poorer outcomes
for the patients(48). Metabolism by renin of angiotensinogen to angiotensin was also
identified as one of the significant pathways in all three conditions which could potentially
represent an effective preventative or treatment strategy during and post pre-eclampsia.
Nevertheless, the safety of the therapeutics inhibiting the RAAS system in pregnancy is either
lacking or found unsafe. Previously published literature has reported a positive association
between blood glucose and the aldosterone levels as well as a negative correlation between
12

the plasma renin and blood glucose levels suggesting that the RAAS system might be
implicated in insulin resistance or new onset diabetes in pregnancy(49).

In summary, in addition to a well-established epidemiological link between preeclampsia and
subsequent development of cardiovascular disease, in this study we identified a number of
shared pathogenic pathways between preeclampsia, hypertension and HFpEF including
inadequate immune response, inflammation, vascular homeostasis and ER stress.
Although preeclampsia is a distinct cardiovascular pregnancy complication associated with
increased risk of cardiovascular disease in the future, there are substantial differences in the
molecular regulation of the pathogenesis of preeclampsia compared to hypertension or
HFpEF with some shared common pathways, including inadequate immune response,
inflammation, vascular homeostasis and ER stress.

Limitations and Future Work
In our study, we were unable to separate early-onset from late-onset preeclampsia due to the
lack of the separation of these phenotypes within research studies included in the analysis.
AnotherThe main limitations of this research surrounds the methodologies used to obtain the
literature and datasets used for the analysis of the biomarkers expressed in preeclampsia,
hypertension and HFpEF. The annotation process which used Pubtator to mine the
biomedical literature assumed no errors were made in the annotation of the biomarkers
included in the gene sets and did not acknowledge a potential for the inclusion of biomarkers
that were falsely identified (false positives), or biomarkers that were missed and not included
in the gene sets (false negatives). Also our analysis assumed that all biomarkers cited within
the literature were associated with the disease.
13

Conclusion
There are limited existing studies thus far that have researched the possibility of an
underlying common pathogenesis between preeclampsia, hypertension and HFpEF. Our “in
silico” approach enabled the identification of 76 common biomarkers between the three
conditions that were predominantly involved in pathways related to metabolism,
inflammation, vascular remodelling, angiogenesis, haemostasis, ER stress signalling and the
RAAS system. Even though, we could not separate results based on early-onset and lateonset preeclampsia due to the lack of information provided on specific preeclampsia
phenotypes in included studies, this is something that needs to be clearly defined in the future
studies. NeverthelessTherefore, the results of our studyis could form bethe basis for future
research to further investigate viable biomarkers or targets in order to identify a potential
treatment or monitoring strategy to reduce the global morbidity and mortality rates associated
with preeclampsia and subsequent CVD.

Funding: This work was supported by the Faculty of Science Research and Development
Fund at University of Technology Sydney.

Detail of ethics approval
No ethical approval was required.
Declaration of interests
No conflicts of interest are declared.
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Figure 1. A schematic of data mining and analysis bioinformatics strategies used and the results obtained.
This figure illustrates a summary of the methods used and the results obtained based on the retrieval of the documents annotated with
biomarkers and the number of pathways found to be significantly enriched across all three disease states by a Reactome analysis of the gene
sets.
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Figure 2. Gene set analysis showing the significantly enriched pathways in
preeclampsia, hypertension and HFpEF. An analysis of the annotated biomarkers on
Reactome found 247 pathways were significantly enriched in preeclampsia, 104 of which
were unique to preeclampsia, 1843 in hypertension with 41 pathways being unique to this
condition and 38 in HFpEF, 3 of which were unique to HFpEF. Of the 291 statistically
significant pathways that were enriched across all three conditions, 29 of these were found
to be common in preeclampsia, hypertension and HFpEF (Figure 2A). A fourth gene set
analysis including the 75 common biomarkers in preeclampsia, hypertension and HFpEF
found that 31 pathways were significantly enriched in this gene set. An overlap analysis of
the 295 significantly enriched pathways across the four gene sets found 29 pathways were
commonly enriched in each gene set (Figure 2B). Significance was determined by a
threshold of an adjusted p-value<0.05.
Abbreviations: HFpEF=heart failure with preserved ejection fraction.
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Figure 3. Significantly overlapping signalling pathways between preeclampsia,
hypertension and heart failure with preserved ejection fraction. Reactome knowledge
base was used to identify overlapping pathways between preeclampsia, hypertension and
heart failure with preserved ejection fraction (HFpEF) based on the common
genes/biomarkers identified in the initial analysis.

Supplementary Figure 1. Pathogenic pathways identified by Reactome in heart failure with
preserved ejection fraction (HFpEF).
Supplementary Figure 2. Pathogenic pathways identified by Reactome in hypertension
(HT).
Supplementary Figure 3. Pathogenic pathways identified by Reactome in preeclampsia
(PE).
17

Bibliography
1.

Gupte S, Wagh G. Preeclampsia-eclampsia. J Obstet Gynaecol India. 2014/01/31.
Springer India; 2014 Feb;64(1):4–13.

2.

McNally R, Alqudah A, Obradovic D, McClements L. Elucidating the Pathogenesis of
Pre-eclampsia Using In Vitro Models of Spiral Uterine Artery Remodelling. Current
Hypertension Reports. 2017.

3.

Burton GJ, Redman CW, Roberts JM, Moffett A. Pre-eclampsia: pathophysiology and
clinical implications. BMJ [Internet]. 2019 Jul 15;l2381. Available from:
http://www.bmj.com/lookup/doi/10.1136/bmj.l2381

4.

Zhang P. Decidual Vasculopathy in Preeclampsia and Spiral Artery Remodeling
Revisited: Shallow Invasion versus Failure of Involution. Am J Perinatol Reports
[Internet]. 2018 Oct 18 [cited 2019 Jun 27];08(04):e241–6. Available from:
http://www.thieme-connect.de/DOI/DOI?10.1055/s-0038-1675348

5.

Valdés G. Preeclampsia and cardiovascular disease: interconnected paths that enable
detection of the subclinical stages of obstetric and cardiovascular diseases. Integr
Blood Press Control [Internet]. 2017 Aug [cited 2018 Nov 9];10:17–23. Available
from: https://www.dovepress.com/preeclampsia-and-cardiovascular-diseaseinterconnected-paths-that-enab-peer-reviewed-article-IBPC

6.

Irgens HU, Reisaeter L, Irgens LM, Lie RT, Lie RT. Long term mortality of mothers
and fathers after pre-eclampsia: population based cohort study. BMJ.
2001;323(7323):1213–7.

7.

DeRoo L, Skjærven R, Wilcox A, Klungsøyr K, Wikström A-K, Morken N-H, et al.

18

Placental abruption and long-term maternal cardiovascular disease mortality: a
population-based registry study in Norway and Sweden. Eur J Epidemiol. 2015/07/16.
Springer Netherlands; 2016;31(5):501–11.
8.

Tadic M, Cuspidi C, Frydas A, Grassi G. The role of arterial hypertension in
development heart failure with preserved ejection fraction: just a risk factor or
something more? Heart Fail Rev [Internet]. Springer US; 2018 Sep 4 [cited 2019 Aug
2];23(5):631–9. Available from: http://link.springer.com/10.1007/s10741-018-9698-8

9.

Shahul S, Rhee J, Hacker MR, Gulati G, Mitchell JD, Hess P, et al. Subclinical Left
Ventricular Dysfunction in Preeclamptic Women With Preserved Left Ventricular
Ejection Fraction. Circ Cardiovasc Imaging. 2012;5(6):734–9.

10.

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.
Br Med J. 2007;335(7627):974–7.

11.

den Ruijter H, Pasterkamp G, Rutten FH, Lam CSP, Chi C, Tan KH, et al. Heart
failure with preserved ejection fraction in women: The dutch queen of hearts program.
Netherlands Heart Journal. 2015.

12.

Cho H, Choi W, Lee H. A method for named entity normalization in biomedical
articles: application to diseases and plants. BMC Bioinformatics. BioMed Central;
2017 Oct;18(1):451.

13.

Grewal A, Kataria H, Dhawan I. Literature search for research planning and
identification of research problem. Indian J Anaesth. Medknow Publications & Media
Pvt Ltd; 2016 Sep;60(9):635–9.

14.

Fabregat A, Sidiropoulos K, Garapati P, Gillespie M, Hausmann K, Haw R, et al. The

19

Reactome pathway Knowledgebase. Nucleic Acids Res. 2015/12/09. Oxford
University Press; 2016 Jan;44(D1):D481–7.
15.

Percha B, Altman RB. A global network of biomedical relationships derived from text.
Wren J, editor. Bioinformatics [Internet]. 2018 Aug 1 [cited 2018 Nov
9];34(15):2614–24. Available from:
https://academic.oup.com/bioinformatics/article/34/15/2614/4911883

16.

Metcalf L, Casey W. Cybersecurity and Applied Mathematics. Elsevier. 2016. 3-22 p.

17.

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 Apr;73(16):2106–16.

18.

Montagnana M, Lippi G, Albiero A, Salvagno GL, Franchi M, Guidi GC. Serum proinflammatory cytokines in physiological and pre-eclamptic pregnancies. Gynecol
Endocrinol [Internet]. 2008 Mar [cited 2015 Aug 24];24(3):113–6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18335322

19.

Rodriguez-Iturbe B, Pons H, Johnson RJ. Role of the Immune System in Hypertension.
Physiol Rev. 2017;97(3):1127–64.

20.

Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved ejection
fraction: comorbidities drive myocardial dysfunction and remodeling through coronary
microvascular endothelial inflammation. J Am Coll Cardiol [Internet]. 2013 Jul 23
[cited 2019 Aug 5];62(4):263–71. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0735109713018901

21.

Golia E, Limongelli G, Natale F, Fimiani F, Maddaloni V, Pariggiano I, et al.
Inflammation and Cardiovascular Disease : From Pathogenesis to Therapeutic Target.

20

2014;
22.

Harmon AC, Cornelius DC, Amaral LM, Faulkner JL, Cunningham Jr MW, Wallace
K, et al. The role of inflammation in the pathology of preeclampsia. Clin Sci (Lond).
2016 Mar;130(6):409–19.

23.

Singh U, Devaraj S, Vasquez-Vivar J, Jialal I. C-reactive protein decreases endothelial
nitric oxide synthase activity via uncoupling. J Mol Cell Cardiol [Internet]. 2007 Dec
[cited 2019 Aug 5];43(6):780–91. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17942113

24.

Dinh QN, Drummond GR, Sobey CG, Chrissobolis S. Roles of Inflammation,
Oxidative Stress, and Vascular Dysfunction in Hypertension. Biomed Res Int. 2014;

25.

Santner-Nanan B, Peek MJ, Khanam R, Richarts L, Zhu E, Fazekas de St Groth B, et
al. Systemic increase in the ratio between Foxp3+ and IL-17-producing CD4+ T cells
in healthy pregnancy but not in preeclampsia. J Immunol [Internet]. 2009 Dec 1 [cited
2019 Aug 5];183(11):7023–30. Available from:
http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.0901154

26.

Youn JC, Yu HT, Lim BJ, Koh MJ, Lee J, Chang DY, et al. Immunosenescent CD8 +
T clls and C-X-C cemokine receptor type 3 chemokines are increased in human
hypertension. Hypertension. 2013;62(1):126–33.

27.

Saito S. Cytokine network at the feto-maternal interface. J Reprod Immunol. 2000
Jul;47(2):87–103.

28.

Giachini FRC, Zemse SM, Carneiro FS, Lima V V., Carneiro ZN, Callera GE, et al.
Interleukin-10 attenuates vascular responses to endothelin-1 via effects on ERK1/2dependent pathway. Am J Physiol Circ Physiol [Internet]. 2009 Feb [cited 2019 Aug

21

7];296(2):H489–96. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19074677
29.

Mócsai A, Kovács L, Gergely P. What is the future of targeted therapy in
rheumatology: biologics or small molecules? BMC Med [Internet]. BioMed Central;
2014 Mar 13 [cited 2019 Aug 15];12:43. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24620738

30.

RODRIGO R, PRAT H, PASSALACQUA W, ARAYA J, GUICHARD C,
BÄCHLER JP. Relationship between Oxidative Stress and Essential Hypertension.
Hypertens Res [Internet]. 2007 [cited 2019 Aug 5];30(12):1159–67. Available from:
http://www.nature.com/doifinder/10.1291/hypres.30.1159

31.

Higashi Y, Sasaki S, Nakagawa K, Matsuura H, Oshima T, Chayama K. Endothelial
Function and Oxidative Stress in Renovascular Hypertension. N Engl J Med.
2002;346(25):1954–62.

32.

Beckman JS, Koppenol WH. Nitric oxide, superoxide, and peroxynitrite: the good, the
bad, and ugly. Am J Physiol Physiol [Internet]. 1996 Nov [cited 2019 Aug
5];271(5):C1424–37. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8944624

33.

Wever RMF, Van Dam T, Van Rijn HJM, De Groot F, Rabelink TJ.
Tetrahydrobiopterin regulates superoxide and nitric oxide generation by recombinant
endothelial nitric oxide synthase. Biochem Biophys Res Commun. 1997;237(2):340–4.

34.

Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of peroxynitrite,
tetrahydrobiopterin, ascorbic acid, and thiols: Implications for uncoupling endothelial
nitric-oxide synthase. J Biol Chem. 2003;278(25):22546–54.

35.

Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF
system. Nat Med. Nature Publishing Group; 2003 Jun;9(6):677–84.

22

36.

Chaddha V, Viero S, Huppertz B, Kingdom J. Developmental biology of the placenta
and the origins of placental insufficiency. Semin Fetal Neonatal Med. 2004;9(5):357–
69.

37.

Humar R, Zimmerli L, Battegay E. Angiogenesis and hypertension: an update. J Hum
Hypertens [Internet]. 2009 Dec 13 [cited 2019 Aug 7];23(12):773–82. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19675586

38.

Friehs I, Margossian RE, Moran AM, Cao-Danh H, Moses MA, Nido PJ. Vascular
endothelial growth factor delays onset of failure in pressure–overload hypertrophy
through matrix metalloproteinase activation and angiogenesis. Basic Res Cardiol
[Internet]. 2006 May 23 [cited 2019 Aug 7];101(3):204–13. Available from:
http://link.springer.com/10.1007/s00395-005-0581-0

39.

REININGER AJ. Function of von Willebrand factor in haemostasis and thrombosis.
Haemophilia. John Wiley & Sons, Ltd (10.1111); 2008 Nov;14(s5):11–26.

40.

Dong J, Li Y-J, Yang Z-K, Xu R. Prognostic value of serum von Willebrand factor,
but not soluble ICAM and VCAM, for mortality and cardiovascular events is
independent of residual renal function in peritoneal dialysis patients. Perit Dial Int J Int
Soc Perit Dial. 2014 Dec;34(7):706–13.

41.

Felmeden DC, Blann AD, Spencer CGC, Beevers DG, Lip GYH. A comparison of
flow-mediated dilatation and von Willebrand factor as markers of endothelial cell
function in health and in hypertension: relationship to cardiovascular risk and effects
of treatment: a substudy of the Anglo-Scandinavian Cardiac Outcomes Trial. Blood
Coagul Fibrinolysis [Internet]. 2003 Jul [cited 2019 Aug 5];14(5):425–31. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/12851527

42.

Bernardo A, Ball C, Nolasco L, Moake JF, Dong JF. Effects of inflammatory
23

cytokines on the release and cleavage of the endothelial cell-derived ultralarge von
Willebrand-factor multimers under flow. Blood. 2004;104(1):100–6.
43.

De Caterina R, Basta G, Lazzerini G, Dell’Omo G, Petrucci R, Morale M, et al.
Soluble vascular cell adhesion molecule-1 as a biohumoral correlate of atherosclerosis.
Arterioscler Thromb Vasc Biol. 1997 Nov;17(11):2646–54.

44.

Hlubocká Z, Umnerová V, Heller S, Peleska J, Jindra A, Jáchymová M, et al.
Circulating intercellular cell adhesion molecule-1, endothelin-1 and von Willebrand
factor-markers of endothelial dysfunction in uncomplicated essential hypertension: the
effect of treatment with ACE inhibitors. J Hum Hypertens [Internet]. 2002 Aug 2
[cited 2019 Aug 7];16(8):557–62. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12149661

45.

Alma LJ, Bokslag A, Maas AHEM, Franx A, Paulus WJ, de Groot CJM. Shared
biomarkers between female diastolic heart failure and pre-eclampsia: a systematic
review and meta-analysis. ESC Hear Fail [Internet]. 2017 May [cited 2018 Nov
7];4(2):88–98. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28451444

46.

Weissgerber TL, Mudd LM. Preeclampsia and Diabetes. Curr Diab Rep [Internet].
2015 Feb 3 [cited 2015 Oct 9];15(3):9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25644816

47.

Cryer MJ, Horani T, DiPette DJ. Diabetes and Hypertension: A Comparative Review
of Current Guidelines. J Clin Hypertens [Internet]. 2016 Feb [cited 2019 Aug
8];18(2):95–100. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26234374

48.

Altara R, Giordano M, Nordén ES, Cataliotti A, Kurdi M, Bajestani SN, et al.
Targeting Obesity and Diabetes to Treat Heart Failure with Preserved Ejection
Fraction. Front Endocrinol (Lausanne) [Internet]. 2017 Jul 17 [cited 2019 Aug
24

8];8:160. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28769873
49.

Chen Y-P, Li J, Wang Z-N, Reichetzeder C, Xu H, Gong J, et al. Renin angiotensin
aldosterone system and glycemia in pregnancy. Clin Lab [Internet]. 2012 [cited 2019
Aug 9];58(5–6):527–33. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22783584

25

26

Overlapping Pathogenic Signalling Pathways and Biomarkers in Preeclampsia and
Cardiovascular Disease

Sonja Suvakov1,2, Emma Bonner3, Valentina Nikolic4, Djurdja Jerotic2, Tatjana P Simic2,5,
Vesna D Garovic1, Guillermo Lopez-Campos3*, Lana McClements3,6*

Highlights


Women with preeclampsia have increased risk of cardiovascular disease later in life
but the mechanism is poorly understood.



“In silico” analyses of publically available datasets provided overlapping biomarkers
and pathogenic pathways between preeclampsia, hypertension and heart failure with
preserved ejection fraction (HFpEF).



These data could be utilised in the future studies that may lead to the development of
better risk stratification strategies or preventative treatments for women post
preeclampsia.
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