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Abstract

Problem Preeclampsia, a pregnancy-specific hyperten-
sive syndrome, is one of the leading causes of premature
births as well as fetal and maternal death. Preeclampsia
lacks effective therapies because of the poor understanding
of disease pathogenesis. The aim of this paper is to review
molecular signaling pathways that could be responsible for
the pathogenesis of preeclampsia.

Method of study This article reviews the English-lan-
guage literature for pathogenesis and pathophysiological
mechanisms of preeclampsia based on genome-wide gene
expression profiling and proteomic studies.

Results We show that the expression of the genes and
proteins involved in response to stress, host-pathogen
interactions, immune system, inflammation, lipid metabo-
lism, carbohydrate metabolism, growth and tissue
remodeling was increased in preeclampsia. Several sig-
nificant common pathways observed in preeclampsia
overlap the datasets identified in TLR (Toll-like receptor)-
and RAGE (receptor for advanced glycation end products)-
dependent signaling pathways. Placental oxidative stress
and subsequent chronic inflammation are considered to be
major contributors to the development of preeclampsia.
Conclusion This review summarizes recent advances in
TLR- and RAGE-mediated signaling and the target mole-
cules, and provides new insights into the pathogenesis of
preeclampsia.
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Introduction

Preeclampsia is the de novo occurrence of pregnancy-
specific hypertension and proteinuria after 20 weeks of
gestation. It is one of the leading causes of maternal, fetal,
and neonatal mortality worldwide. The integration of
microarrays and sophisticated bioinformatics can provide
specific and efficient high-throughput screening with which
to investigate the pathogenesis of preeclampsia. Although
the mechanisms have been elusive, new physiologic
insights have begun to alter thinking about preeclampsia
[1]. Angiogenic factors, including vascular endothelial
growth factor (VEGF), have been proposed to play a key
role in the maintenance of endothelial cell function [2-5].
Soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble
endoglin (sEng) are endogenous anti-angiogenic proteins
that neutralize the pro-angiogenic proteins VEGF and
placental growth factor (PIGF). Maternal endothelial dys-
function, possibly related to these circulating factors, is a
key feature of this syndrome.

Additional factors that may contribute to the pathogen-
esis of preeclampsia include angiotensin-II receptor
autoantibody, infectious ligands, advanced glycation end
products (AGEs), Toll-like receptors (TLRs) and receptors
for AGEs (RAGE) [1, 6]. It is now increasingly being
recognized that abnormal placentation and systemic
inflammation represent hallmarks of preeclampsia and
infectious agents might increase the risk of this disorder
[6]. Invading exogenous pathogens [also known as patho-
gen-associated molecular pattern (PAMP) molecules]
influence immune cell recruitment and pro-inflammatory
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cytokine secretion. In addition, cellular stress, damage, and
inflammation cause release of endogenous damage-asso-
ciated molecular pattern (DAMP) molecules or endogenous
danger signals “alarmins” [7]. The complex bidirectional
interplay between angiogenesis and immunity/inflamma-
tion can establish a “vicious cycle” that might contribute to
the pathogenesis of preeclampsia.

Some parts of the puzzle surrounding pro-inflammatory
cytokines and growth factors and their effects on alarmins
have begun to unravel. Alarmins activate the repair process
through their interaction with pattern recognition receptors
(PRRs) such as TLRs. A recent study has shown a crucial
link between the development of preeclampsia and defense
against both exogenous ligands (foreign pathogens) and
endogenously generated alarmins [6]. Women with pre-
eclampsia had increased expressions of TLR2 and TLR4
mRNA and protein, a downstream transcription factor
nuclear factor (NF)-kappaB, and interleukin (IL)-1beta
mRNA compared with control groups [8]. Thus, TLRs may
modulate the innate immune response and appear to be fac-
tors contributing to the pathogenesis of preeclampsia [8].

This review focuses on the following six aspects of this
emerging field of preeclampsia: an overview of genome-
wide gene expression profiling, an overview of microarray
analysis and proteomic studies, a history and the molecular
basis of promising biomarkers, an overview of specific
functions of angiogenic/anti-angiogenic factors, the
molecular basis of inflammatory pattern recognition
receptors and their ligands, and investigation of TLRs and
RAGE and their ligands.

Materials and methods

The present article reviews the literature on biological,
pathogenetic and pathophysiological studies on pre-
eclampsia. For studies that reported data on obstetric
disorders, only data pertaining to preeclampsia
were included. A computerized literature search was per-
formed to identify relevant studies reported in the English
language. MEDLINE updates were conducted monthly,
and all abstracts were reviewed by two investigators
to identify papers for full-text review. We searched
PubMed MEDLINE electronic databases (http://www.
ncbi.nlm.nih.gov/sites/entrez) for a 10-year period (2000—
2010), combining the keywords “gene expression profil-
ing”, “proteomic”, “pathogenesis”, “pathophysiology”,
“Toll-like receptor”, “advanced glycation end products”,
“receptor for advanced glycation end products”, “inflam-
mation”, “stress”, or “alarmins” with “preeclampsia”.
Each gene is also linked to NCBI Entrez Gene pages
(http://www.ncbi.nlm.nih.gov/sites/entrez).  Additionally,
references in each article were searched to identify
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potentially missed studies for a 20-year period (1990-2010).
Target publications are mainly reports on human pre-
eclampsia and mouse models, as well as studies in gene and
protein expression systems. A priori, case reports, and
abstracts were not included, since abstracts do not undergo a
stringent peer-review process. A difficulty in interpreting the
literature is that analyses, results and objects (early onset or
late onset) are reported differently among the studies. Here,
we discuss promising molecular candidates and possible
signaling targets for preeclampsia.

Article selection, data extraction and assessment

As the main interest is preeclampsia obtained from human
samples, we have not yet included animal preeclampsia
models alone in the database. However, we included ani-
mal studies performed to support clinical data. Initially,
321 potentially relevant studies were identified by screen-
ing electronic databases, and 135 peer-reviewed journal
articles were additionally identified from references in each
article. The network consists of 92 entities by genome-wide
gene expression profiling and proteomic analyses and
seven reaction categories by gene ontology analyses. These
entities were classified into renin—angiotensin system,
angiogenesis, inflammation and cytokines, stress and
detoxification, metabolism, adhesion, cell structure, signal,
and protease.

Gene profiling and proteomic analysis

Several studies based on genome-wide gene expression
profiling analysis and proteomic technology have clarified
the specific genes and proteins involved in preeclampsia.
We will initially focus on the biology, pathogenesis, and
pathophysiology of this disorder. Researchers have inves-
tigated candidate markers in samples, including placenta,
amniotic membranes, blood, amniotic fluid, and peripheral
blood mononuclear cells in severe preeclampsia. There are
specific genes that may be of importance for the patho-
logical and pathophysiological changes seen in
preeclampsia. Several genes preferentially up-regulated
(n = 75) or down-regulated (n = 17) in preeclampsia have
been identified (Table 1). These genes have been grouped
in clusters or pathways according to their possible influ-
ence on certain characteristics of preeclampsia.

Angiogenesis system
Computational bioinformatic analysis revealed a set of new

candidate genes, and highlighted several new pathway
systems, such as the vascular endothelial growth factor
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Table 1 Summary of differentially expressed gene and protein profiles in preeclampsia

Pathways/system Targets Refs.
Up-regulation
Renin—angiotensin Angiotensin I converting enzyme (ACE), ACE2, angiotensin II receptor, type 1 (AGTRI1a), [75, 76]

system (RAS)
Angiogenesis

Inflammation and

cytokines
Stress and

detoxification
Metabolism
Adhesion

Cell structure

Signal

Protease

Others

Down-regulation
Angiogenesis

Protease
Metabolism

Growth factors
Adhesion
Others

angiotensin II AT1 receptor, agonistic angiotensin II type 1 (AT1) receptor autoantibodies

Fms-like tyrosine kinase-1 (FLT1), vascular endothelial growth factor A (VEGFA), endoglin
(ENG)

NADPH oxidase 4 (NOX4), oncostatin M (OSM), lactotransferrin, interleukin 9 (IL9), Epstein—
Barr virus induced 3 (EBI3), interleukin-1 receptor-associated kinase 3 (IRAK3), colony
stimulating factor 1 receptor (CSF1R), TNF-alpha, IL-6, TGF-beta

Cytochrome P450, family 11, subfamily A (CYP11A), CYP26A1, heme oxygenase-1 (HMOX1),
epoxide hydrolase 2 (EPHX2)

Leptin (LEP), spermine oxidase (SMOX), acetate dehydrogenase A (LDHA), glia maturation
factor, beta (GMFB), glycogen synthase kinase 3 beta (GSK3B), transglutaminase 2 (TGM2),
cysteine dioxygenase, type I (CDO1), insulin-like 4 (INSL4), phosphomannomutase 2 (PMM2)

Claudin 6 (CLDNG), catenin (CTNNBI1), cadherin 5 (CDHY), vitronectin (VTN), protocadherin
alpha 3 (PCDHA3), selectin-P (SELP), neural cell adhesion molecule 1 (NCAM1)

Titin (TTN), actinin 4 (ACTN4), fibulin 1 (FBLN1), filamin B (FLNB), talin 1 (TLN1),
dystroglycan 1 (DAG1), fibronectin 1 (FN1), adducin 1 (ADD1), integrin, alpha 2 (ITGA2)

Mitogen-activated protein kinase 1 (MAPK1), MAPK4, protein tyrosine phosphatase, non-
receptor type 1 (PTPN1), PTPN6, PTPN11, PTPN12, SHC (Src homology 2 domain containing)
transforming protein 1 (SHC1), SMAD4, growth factor receptor-bound protein 2 (GRB2),
protein kinase C, zeta (PRKCZ), protein tyrosine kinase 2 (PTK2), v-src sarcoma (Schmidt-
Ruppin A-2) viral oncogene homolog (SRC), vav 2 guanine nucleotide exchange factor
(VAV2), vestigial like 1 (VGLL1), protein C receptor (PROCR), caspase-10 (CASP10), death
receptor 3 (DR-3), regulator of G-protein signaling 5 (RGSS5), cyclin B1 (CCNB1)

Laeverin (AQPEP), a disintegrin and metalloproteinase 12, meltrin-alpha (ADAM 12), secretory
leukocyte peptidase inhibitor (SLPI), endothelial nitric oxide synthesis (eNOS)

Coagulation factor II (thrombin) receptor (F2R), Fc fragment of IgG, low affinity IIb, receptor
(CD32) (FCGR2B), Fc fragment of IgG, high affinity Ia, receptor (CD64) (FCGR1A), inhibin A
(INHA), estrogen receptor 1 (ESR1), T-cell immunoglobulin and mucin domain containing 2
(TIMD?2), integral membrane protein 2A (ITM2a), immunoglobulin superfamily, member 3
(IGSF3)

Matrix metallopeptidase 1 (MMP1), MMP10, fibroblast growth factor binding protein 1
(FGFBP1), vasohibin 1 (VASHI), epidermal growth factor receptor (EGFR), epidermal growth
factor receptor pathway substrate 15 (EPS15)

MMP-7, MMP-12, plasminogen activator inhibitor type-1 (SERPINEI, PAI-1) [41]

Aldo—keto reductase family 1, member C3 (AKR1C3), solute carrier family 25, member 13
(SLC25A13)

Platelet derived growth factor D (PDGFD), insulin-like growth factor binding protein-3 (IGFBP-3)
KiSS-1 metastasis-suppressor (KISS-1) [41]

Killer cell immunoglobulin-like receptor, three domains, long cytoplasmic tail, 2 (KIR3DL2),
churchill domain containing 1 (CHURCI1), nuclear receptor subfamily 4, group A, member 2
(NR4A2)

[43, 55 75, 76, 71,

78, 79]

[43, 75, 76, 80]

[27, 43,75, 77]

[38, 43, 76, 77,
791

[43, 75,79, 80,
81]
[75, 79, 81]

[43, 75, 81, 82]

[75, 78, 83]

[40, 75]

[73,75,717,78,79,

80, 81]

[80, 84]
[85]

[78, 82]
[86]
[81]

(VEGF)- and transforming growth factor (TGF)-beta-rela-
ted pathways and renin—angiotensin system [9].
Preeclamptic placenta is relatively ischemic and produces a
variety of factors that might generate profound effects on
vascular endothelial cell function [10]. These factors
include the soluble VEGF receptor-1 (VEGF-RI, also
known as Flt-1), the angiotensin II type-1 receptor auto-
antibody, and pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-alpha and interleukin (IL)-6. The
angiogenic activity of VEGF is mainly mediated by VEGF

receptor I (Flt-1) and VEGF receptor II [VEGF-RII; also
known as Flk-1 (fetal liver kinase 1)/KDR (kinase domain
region)]. VEGF expression is primarily regulated by
hypoxia [11]. Ischemic placenta also generates sFlt-1,
possibly via hypoxia-inducible factor signaling. Circulating
mononuclear cells also represent an additional source for
circulating sFlt-1 during normal and preeclamptic preg-
nancies [12]. A recent study has shown decreased
production of VEGF by circulating T and natural killer
cells in preeclampsia [13]. In the sera of pregnant women
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with preeclampsia, there was a significant reduction in the
levels of free VEGF and placental growth factor (PIGF),
whereas the levels of sFlt-1 were significantly higher than
those in the sera of normotensive pregnant women [14].
sFlt-1 acts as a negative modulator for the bioavailability of
VEGF [15]. These soluble receptors may bind and neu-
tralize VEGF in the maternal circulation, causing
endothelial dysfunction [14]. sFlt-1 also induces endothe-
lial cell apoptosis, and decreases nitric oxide (NO)
generation in vitro [16].

Furthermore, soluble endoglin (sEng) is another circu-
lating anti-angiogenic protein and may contribute to the
pathogenesis of preeclampsia. Endoglin is a transmem-
brane receptor for TGF-beta that is expressed on
proliferating endothelial cells. sEng was found to synergize
with a sFlt-1 and induce endothelial cell dysfunction. TGF-
beta stimulates production of VEGF and plasminogen
activator inhibitor type-1 (PAI-1), that are involved in
vascular remodeling [17]. Thus, decreased free VEGF and
TGF-beta activities might contribute to the pathogenesis of
preeclampsia [14]. Animal experiments demonstrated that
co-administration of sFlt-1 and sEng to pregnant rats
elicited severe preeclampsia-like symptoms [18].

Renin—angiotensin system (RAS)

Bioinformatic analysis has highlighted the renin-angioten-
sin pathway [9]. Angiotensin II levels in the placenta are
higher in preeclamptic subjects when compared with con-
trol pregnant women [19]. Angiotensin II induces gene
expression of TGF-beta and matrix metalloproteinase-9
(MMP-9). In addition to elevated angiotensin II levels,
angiotensinogen and angiotensin I receptor mRNAs were
also increased in preeclamptic placenta [19]. Furthermore,
immunoglobulin (Ig) G autoantibody in the serum of pre-
eclamptic women stimulates the angiotensin II type 1
receptor [20]. Angiotensin II type 1 receptor autoantibody
can also induce reactive oxygen species (ROS) generation,
mediated by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase [19]. ROS-induced oxidative stress
appears to be both a cause and a consequence of hyper-
tension. This autoantibody also stimulates trophoblast sFlt-
1 production [21, 22].

Inflammation, cytokines, stress and detoxification
system

VEGF-dependent anti-inflammation and anti-oxidation
have been identified, adding a further layer of complexity
to the VEGF system [2, 23-26]. The previous studies
showed that acute infusions of VEGF cause vasodilation
and hypotension [3, 24]. VEGF plays a critical role in
blood pressure control and in optimizing blood flow,
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vascular integrity, and tone by promoting NO activity [2]
through VEGFR2-dependent up-regulation of endothelial
NO synthase (eNOS) expression [25]. NO has multiple
functions in the vasculature, including vasodilatory, anti-
inflammatory and anti-thrombotic activities [26]. NO also
prevents proliferation of excess endothelial cells and vas-
cular smooth muscle cells, as well as macrophage adhesion
and infiltration [26]. Collectively, these studies suggest a
protective role for VEGF in the development of pre-
eclampsia, possibly with anti-inflammatory, anti-oxidant
and anti-proliferative effects in the vasculature, which may
contribute to the prevention of this hypertensive condition.

Considerable evidence implicates the ischemic placenta
during early pregnancy, altered proangiogenic and antian-
giogenic factor balance, oxidative stress and endothelial
dysfunction in the pathophysiology of preeclampsia [18].
Increased expression of some stress-related genes such as
heme oxygenase-1 (HMOXI1) also supports the role of
excessive oxidative stress and maternal inflammatory
response [27]. Thus, abnormal cytokine responses and
oxidative stress during pregnancy might play a central role
in the excessive systemic inflammatory response, as well as
in the generalized endothelial dysfunction characteristics of
this disorder.

Furthermore, the production of type 1 pro-inflammatory
cytokines is dominant in patients with preeclampsia or in
individuals with a predisposition to subsequent develop-
ment of preeclampsia [28]. The production of reactive
oxygen intermediates in endothelial cells is induced by Th1l
cytokines such as TNF-alpha and IL-6. Chronic subclinical
oxidative stresses may also increase maternal and fetal pro-
inflammatory cytokines to levels high enough to affect
vascular endothelial function. It has recently been reported
that healthy pregnant women showed a decrease in IL-17-
producing cells, whereas a relative increase in IL-17-pro-
ducing cells and low T-regulatory cell numbers were
observed in preeclamptic women, suggesting that the
pathophysiology of preeclampsia might be associated with
imbalanced differentiation of T-regulatory cells and Th17
cells [29, 30]. Therefore, systematic immunoactivation
might be linked to immuno-maladaptation, chronic
inflammation, poor angiogenesis, and endothelial cell
dysfunction.

Protease system

A recent study showed that impairment of NO action
promotes the genesis of cardiovascular diseases [31]. The
synthesis of NO is blocked by inhibition of the NOS active
site with guanidino-substituted analogues of L-arginine,
such as asymmetric dimethylarginine (ADMA) [29].
Therefore, ADMA acts as an endogenous NOS inhibitor
[32, 33]. The administration of ADMA in rats causes an
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increase in renal vascular resistance and blood pressure
[34], confirming its biological action in vivo. Interestingly,
a more recent report showed that maternal concentrations
of ADMA are higher in mid-pregnancy in women who
experience preeclampsia, compared with women with
uncomplicated pregnancies [35]. Investigators have studied
other promising markers that have been identified up to
now, including placental protein 13 (PP13), P-selectin, a
disintegrin and metalloprotease-12 (ADAM12), pentraxin 3
(PTX3), pregnancy-associated plasma protein A (PAPP-A),
and adrenomedullin[36, 37]. These markers appear to be
promising tools, most likely in a combinatorial analysis, to
diagnose, predict outcome, and monitor this disorder [36,
37].

Metabolic system

Up-regulation of metabolism-related gene expression such
as leptin has been found in several studies [38]. These
genes and proteins may be connected to atherosclerosis,
diabetes, and Alzheimer’s disease. In addition, Sugatha-
dasa et al. [39] showed that preeclampsia appears to be
associated with the AA genotype of —2548 G/A poly-
morphism of the leptin gene. Genetic factors such as leptin
gene polymorphism may increase the susceptibility of
pregnant women to develop preeclampsia.

Adhesion system

VEGF is a potent angiogenic and pro-inflammatory cyto-
kine that increases vascular permeability, angiogenesis,
vasculogenesis, endothelial cell growth, migration, adhe-
sion, and anti-apoptosis, partly via upregulation of
endothelial cell and leukocyte adhesion molecule expres-
sion [40]. In contrast to these descriptions of VEGF’s
inflammatory actions, several reports describe VEGF neu-
tralization leading to elevated expression of surface
adhesion molecules, resulting in increased leukocyte roll-
ing and adhesion [41]. Neutralization of VEGF action also
results in endothelial surface expression of P-selectin and
impaired peripheral vasodilation [41]. Depending on the
local concentrations of VEGF, striking differences in bio-
logical functions were found.

Interpretation of microarray and proteomic data sets

We next determined functional categories of coregulated
genes and gene pathways. Hypotheses about common
regulatory elements or their functional significance were
formulated. Genes were classified into nine functional
categories according to their expression profile: renin—
angiotensin system, angiogenesis, inflammation and

cytokines, stress and detoxification, metabolism, adhesion,
cell structure, signal transduction, and protease, which are
consistent with the oxidative stress of preeclampsia
(Table 1 and Fig. 1, Genome-wide gene expression pro-
filing and proteomics). Gene ontology analysis revealed
several biological processes which could be associated
with the development of preeclampsia [9, 42, 43] (Fig. 1,
Gene ontology analysis). A logical and systematic data
analysis strategy demonstrated that genes and proteins that
participated in response to stress, host—pathogen interac-
tions, immune system, inflammation, lipid metabolism,
carbohydrate metabolism, growth, and tissue remodeling
pathways were expressed differentially in preeclampsia.
The features of the microarray and proteomic data sets,
categorized according to gene ontology, indicate that pre-
eclampsia is characterized as “stress” and “immune/
inflammatory” responses.

Collectively, preeclampsia is considered to be a disease of
at least two stages: the first (subclinical) stage concerns the
failure of the proposed sequence of events comprising early
trophoblast invasion (Table 1, Angiogenesis and Protease
pathways), remodeling (Table 1, Signal pathway), and con-
sequential placental perfusion (Table 1, Inflammation and
cytokines pathway), which are believed to play a major role in
this disorder through the production of angiogenic factors and
immunoregulatory cytokines via oxidative stress (Table 1,
Stress and detoxification pathway). Preeclampsia in particu-
lar has gene-expression signatures associated with imbalance
of oxidative stress generation and detoxification pathways. In
a suggested hypothetical event, the link between angiogen-
esis and cytokine could be provided through oxidative stress
by excessive production of ROS. Taken together, placental
hypoxia and reoxygenation might induce oxidative stress,
which stimulates placental synthesis of cytokines, maternal
leukocyte activation, leukocyte/endothelial interaction,
immune response regulation and generalized endothelial
dysfunction, thereby completing a vicious cycle [44]. These
data allow us to speculate that the first subclinical stage has a
“stress-resistant” phenotype.

The second (clinical) stage is the overt maternal syndrome,
which is characterized by a generalized systemic inflamma-
tory response (Table 1, Inflammation and cytokine pathway)
and subsequent generalized endothelial dysfunction involv-
ing both leukocytes and endothelial activation (Table 1,
Adhesion, Metabolism and Cell structure pathways).
Although endothelial cells can cope with a rise in oxidative
stress and sFlt-1, the inability to retrieve endothelial function
might be a result of oxidative stress imbalance. Maternal
inflammatory cells and endothelial cells persistently stimu-
late the release of pro-inflammatory cytokines, e.g. TNF-
alpha [45]. Such environmental stress (the “stress-sensitive”
condition) implicitly alters epigenetic and genetic patterns
that can lead to the clinical manifestations of preeclampsia.
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Fig. 1 Comparative analysis of candidate markers with altered
expression patterns in preeclampsia. We searched PubMed electronic
databases, combining the keywords “gene expression profiling”,
“proteomic”, “pathogenesis”, “pathophysiology”, “Toll-like recep-
tor”, “advanced glycation end products”, “receptor for advanced
glycation end products”, “inflammation”, “stress”, or ‘“alarmins”
with “preeclampsia”. This figure provides a summary of differen-
tially expressed gene and protein profiles and a result of gene
ontology analysis. ACE angiotensin I converting enzyme (peptidyl-
dipeptidase A) 1; ACE2 angiotensin I converting enzyme (peptidyl-
dipeptidase A) 2; AGTRIa angiotensin II receptor, type la; Angll
angiotensin II; ATIR angiotensin II receptor, type 1; VEGF vascular
endothelial growth factor; sFlt-1 soluble fms-like tyrosine kinase-1;
sEng soluble endoglin; NOX4 nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4; OSM oncostatin M; IL-9 interleukin-
9; IRAK3 interleukin-1 receptor-associated kinase 3; CSFIR colony
stimulating factor 1 receptor; P450 cytochrome P450; CYPIIA
cytochrome P450, family 11, subfamily A, polypeptide 1; CYP26A1
cytochrome P450, family 26, subfamily A, polypeptide 1; HMOXI
heme oxygenase (decycling) 1; EPHX2 epoxide hydrolase 2, cyto-
plasmic; LEP leptin; SMOX spermine oxidase; LDHA lactate
dehydrogenase A; GMFB glia maturation factor, beta; GSK3B
glycogen synthase kinase 3 beta; T7GM2 transglutaminase 2 (C

An important role in the second stage is played by endothelial
dysfunction, manifested by an imbalance of stress and anti-
stress homeostasis.

Promising biomarkers for preeclampsia

Cutting-edge proteomic technologies will be of great help

in understanding the heterogeneity of preeclampsia as
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lipid metabolism

carbohydrate metabolism

polypeptide, protein-glutamine-gamma-glutamyltransferase), CDOI
cysteine dioxygenase, type I; INSL4 insulin-like 4; PMM?2 phospho-
mannomutase 2; CLDN6 claudin 6; CTNNBI catenin (cadherin-
associated protein), beta; CDHS5 cadherin 5, type 2; VTN vitronectin;
PCDHAS3 protocadherin alpha 3; SELP selectin P; NCAM neural cell
adhesion molecule 1; TTN transthyretin, ACTN4 actinin, alpha 4;
FBLNI fibulin 1; FLNB filamin B, beta; TLNI talin 1; DAGI
dystroglycan 1; FNI fibronectin 1; ADDI adducin 1; ITGA2 integrin,
alpha 2; MAPKI mitogen-activated protein kinase 1; MAPK4
mitogen-activated protein kinase 4; PTPNI protein tyrosine phos-
phatase, non-receptor type; PTPN6 protein tyrosine phosphatase, non-
receptor type 6; PTPNI1 protein tyrosine phosphatase, non-receptor
type 11; PTPN12 protein tyrosine phosphatase, non-receptor type 12;
SHC1 SHC (Src homology 2 domain containing) transforming protein
1; SMAD4 SMAD family member 4; GRB2 growth factor receptor-
bound protein 2; PRKCZ protein kinase C, zeta; PTK2 protein
tyrosine kinase 2; SRC v-src sarcoma (Schmidt—Ruppin A-2) viral
oncogene homolog; VAV2 vav 2 guanine nucleotide exchange factor;
VGLLI vestigial like 1; PROCR protein C receptor; CASP10 caspase-
10; DR-3 death receptor 3; RGS5 regulator of G-protein signaling;
CCNBI cyclin Bl; AQPEP laeverin; ADAM 12 a disintegrin and
metalloproteinase 12, meltrin-alpha; SLPI secretory leukocyte pepti-
dase inhibitor

shown in Table 1 and Fig. 1. The promising biochemical
markers have been developed to evaluate the features of
placental dysfunction, inflammatory response, or endothe-
lial dysfunction. Potential markers can be classified as
“prediction” or “detection” of preeclampsia. Since most of
these preeclampsia-specific mediators are increasingly
expressed in many different “stress” and “immune/
inflammatory response” processes, the following crucial
molecules might also be important for the understanding of
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the pathogenesis of preeclampsia: besides VEGF, they
include TLRs, RAGE and RAGE ligands. They are asso-
ciated with regulatory pathways of inflammation and
oxidative stress, along with a number of innate immune
systems. The link between “stress” and “immune/inflam-
matory response” is further supported by the increased
levels of inflammatory pattern recognition receptors
(PRRs) and their ligands. The relevance of these issues is
discussed below.

Inflammatory pattern recognition receptors and ligands
Toll-like receptors (TLRs)

The present review has proposed that hypoxia-induced
inflammatory genes and stress-related factors are upstream
regulators of preeclampsia [46]. Stress and inflammation
are processes by which cells or tissues respond to various
insults or stimuli, microbes, and tissue breakdown prod-
ucts. It is characterized by up-regulation of PRRs that sense
exogenous (infectious) and endogenous ligands. Two
inflammatory PRRs, Toll-like receptors (TLRs) and
RAGE, interact with a wide range of common and different
ligands, and play a major role in the maternal immune and
inflammatory system [47].

There is strong evidence that maternal immune system
activation contributes to the development of preeclampsia
[6, 8]. TLRs recognize infectious agents (foreign pathogens,
exogenous ligands) and other danger signals [endogenously
generated inflammatory ligands, also known as alarmins
(see above)]. TLR-dependent innate immunity plays a role
as the first line of host defense. Activation of TLRs on
trophoblast cells influences immune cell recruitment, pro-
inflammatory cytokine secretion, and decidual responses to
invading pathogens during pregnancy [48]. Importantly,
recent data directly implicate signaling by TLRs at multiple
maternal—fetal interfaces in the pathogenesis of several
pregnancy pathologies, including preeclampsia, intrauterine
growth restriction, and preterm labor [48]. Although the
participation of the innate immune responses in sustaining
the inflammation needs further investigation, preeclampsia
is characterized as being a state of persistent inflammation.
Animal models for preeclampsia are furthering our under-
standing of pathophysiology: TLR3 responds to double
strand (ds) RNA from viruses, apoptotic cells and necrotic
cells. Persistent TLR3 activation during pregnancy causes
hypertension, endothelial dysfunction, proteinuria, and
intrauterine growth restriction in normal pregnant rats [49].
TLR stimulation of trophoblast cells induces inflammatory
mediator production and, in particular, secretion of anti-
angiogenic factor sFlt-1 [50]. Exogenous ligand lipopoly-
saccharide (LPS) itself can also induce sFlt-1 expression in
macrophages through protein kinase C signaling [51, 52].

Persistent activation of TLRs might therefore be associated
with the development of preeclampsia.

A growing number of defined single nucleotide poly-
morphisms (SNPs) of TLRs have been described that
genetically determine susceptibility to infection and
inflammation. Recently, van Rijn et al. [53] observed an
association of common TLR4 (D299G and T399I) and
nucleotide binding and oligomerization domain (NOD)
(R702W, G908R, and L1007fs) gene variants, and pro-
inflammatory phenotype with a history of preeclampsia.
These findings suggest direct involvement of the maternal
innate immune system in this syndrome [53]. On the other
hand, functional SNPs of the TLR2 (G2258A) failed to
present any significant association with preeclampsia [54].
The impact of SNPs of the TLR molecules therefore
remains controversial.

Receptor for advanced glycation end products (RAGE)

Another inflammatory signaling receptor, RAGE, interacts
with a wide range of common endogenous ligands [47].
RAGE is an immunoglobulin-like cell surface receptor that
is described as a PRR because of the structural heteroge-
neity of its ligands (Fig. 2). Defined TLR ligands are
mainly derived from pathogens, but RAGE ligands do not
originate from pathogens [47]. The nonenzymatic glycation
and oxidation of proteins and lipids lead to the formation of
a broad range of species, called “advanced glycation end
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Fig. 2 The AGE-RAGE system at the maternal-fetal interface in
preeclampsia. RAGEs are pattern recognition receptors. AGEs are
proteins, lipids and polynucleotides, including N-carboxymethyl-
lysine, pentosidine, and methylglyoxal derivatives, and are the major
ligands for RAGEs. Several proteins are known to act as AGE
receptors. NF-kB nuclear factor-kappaB, SR-A scavenger receptor 1,
SR-BI scavenger receptor BI, RAGE receptor for advanced glycosyl-
ation end products, LOX-1 oxidized low density lipoprotein (lectin-
like) receptor 1; FEEL-1 stabilin 1, CD36 thrombospondin receptor,
S$100 S100 calcium binding protein A1, HMGBI high-mobility group
box 1, TTR transthyretin, AGEs advanced glycosylation end products
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products” (AGEs) [55]. Chronic inflammation modifies
protein and lipid, leading to production of AGEs. AGEs are
proteins, lipids, and polynucleotides, including N-car-
boxymethyl-lysine, pentosidine, and methylglyoxal
derivatives [47] (Fig. 2). AGEs are known to cause oxi-
dative damage in various cells via RAGE signaling.

Not only RAGE but also LOX-1 [oxidized low density
lipoprotein (lectin-like) receptor 1], galectin-3 (ectin,
galactoside-binding, soluble, 3), SR-A (macrophage scav-
enger receptor 1), CD36 (thrombospondin receptor), SR-BI
(scavenger receptor class B, member 1), FEEL-1 (stabilin
1) and FEEL-2 (stabilin 2) are known to act as AGE
receptors (Fig. 2). In addition to AGEs, RAGE binds cer-
tain members of the S100/calgranulin family (such as
S100A12 and S100B), high-mobility group box 1
(HMGBI1), transthyretin (TTR), Mac-1, and amphoterin
[56]. RAGE is expressed on multiple cell types, such as
endothelial cells, smooth muscle cells, monocytes/macro-
phages, T lymphocytes, dendritic cells, glomerular
epithelial cells, podocytes, cardiomyocytes, neurons of the
central and peripheral nervous systems, and transformed
cells [56]. RAGE activates nicotinamide adenine dinucle-
otide phosphate reduced form (NADPH) oxidase, an
important source of oxidative stress, and generates ROS
[56]. The transcription factor NF-kappaB is a downstream
target of RAGE-mediated cellular activation. NF-kappaB
activation also leads to increased RAGE expression. Thus,
the AGE-RAGE system, which is up-regulated in pre-
eclampsia, is likely to be involved in ROS-induced
oxidative stress and might contribute to vascular dysfunc-
tion in preeclampsia [57, 58]. Accumulation of markers of
oxidative stress such as 4-hydroxy-2-nonenal and
8-hydroxy-2'-deoxyguanosine indicated enhanced oxida-
tive modifications of lipids and DNA in preeclamptic
placenta [57]. Cellular stress might result in release of the
pro-inflammatory RAGE ligands S100, HMGBI1, and
transthyretin (TTR) [56]. Taken together, the hypoxia—
oxidative stress—persistent inflammation-dependent mech-
anism during pregnancy may be the triggering stimulus to
draw RAGE into preeclampsia pathology.

Other AGE receptors

LOX-1: oxidized low density lipoprotein (lectin-like)
receptor 1 (OLRI) LOX-1 binds, internalizes and
degrades oxidized low-density lipoprotein (OxLDL) [59].
This protein may play a role as a scavenger receptor.
Investigators have shown overexpression of LOX-1 and
arginase, which contribute to endothelial dysfunction and
oxidative stress, in the vasculature of women with pre-
eclampsia [59, 60]. Increased arginase expression could
contribute to decreased NO and enhanced superoxide
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formation [59]. LOX-1 also generates superoxide via
NADPH oxidase.

Galectin-3:  lectin, galactoside-binding, soluble, 3
(LGALS3) Members of this protein family have an
affinity for beta-galactosides. Several findings suggest that
the expression of galectin-3 on the extravillous trophoblast
is up-regulated in preeclamptic placenta [61]. Galectin-3
was up-regulated under hypoxia [62]. Ligands for galectin-
3 include not only AGEs but also other proteins such as
laminin, fibronectin, tenascin, integrins, CD98 (solute
carrier family 7), cytokeratins, Bcl-2, and Alix/AIP-1
(programmed cell death 6 interacting protein) [63].
Galectin-3 is therefore involved in the inhibition of apop-
tosis [63].

SR-A: macrophage scavenger receptor 1 (MSRI) and SR-
BI: scavenger receptor class B, member 1 (SCARBI)
These proteins mediate the endocytosis of OxXLDL and play
a role as macrophage scavenger receptors. AGEs induce
the gene expression of these OxLDL receptors [64]. These
receptors have been implicated in many macrophage-
associated physiological and pathological processes
including atherosclerosis, Alzheimer’s disease, and host
defense. Human extravillous cytotrophoblast cells also
express OxLDL receptors [65]. The pathogenesis of pre-
eclampsia appears to overlap with those of atherosclerosis,
diabetes, and Alzheimer’s disease.

CD36: thrombospondin receptor, also known as fatty acid
translocase (transporter) CD36 binds to thrombospon-
din, collagen, anionic phospholipids, and OxLDL. This
protein has an important function as a cell adhesion mol-
ecule and scavenger receptor. Gene expression of CD36
was decreased in placental tissues from pregnancies com-
plicated by preeclampsia. How CD36 is associated with
preeclampsia remains unclear.

FEEL-1: stabilin 1 (STAB 1) and FEEL-2: stabilin 2 (STAB
2) These receptors have been shown to endocytose
ligands such as OxLDL, Gram-positive and Gram-negative
bacteria, and AGEs. These molecules may function in
angiogenesis, lymphocyte homing, cell adhesion, or
receptor scavenging. However, the exact role of FEEL-1 in
this disorder and how it mediates stress and inflammation
remain unclear.

RAGE ligands
Advanced glycation end products (AGEs) AGEs are

adducts formed by glycoxidation that accumulate in met-
abolic disorders such as diabetes and atherosclerosis [66].
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Interaction of aldoses with proteins initiates a chain of
nonenzymatic reactions leading to the covalent addition of
AGEs to proteins, known as the Maillard reaction. Atten-
tion will be focused on the vascular endothelial cells—AGE
interaction. AGEs are heterogeneous in structure, which
implies that many products could be measured to estimate
formation of AGEs. Of them, pentosidine and carboxy-
methyl-lysine have been the best characterized [67]. It has
been established that AGEs are directly implicated in the
development of chronic complications in diabetes [68].
Similar to diabetes, the mean level of serum AGEs in
preeclamptic women was higher than those in healthy non-
pregnant women or healthy pregnant women [57]. Tsuka-
hara et al. [69] showed that umbilical blood concentrations
of pentosidine are high in the maternal preeclamptic con-
dition. Thus, preeclampsia is thought to be complicated
with formation and production of AGEs. These data allow
us to speculate that AGESs participate in the development of
preeclamptic complications.

High-mobility group box 1 (HMGB1) RAGE was the first
receptor identified for extracellular HMGB1. HMGBI1 acts
as a danger signal “alarmin” to alert the innate immune
system for the initiation of host defense or tissue repair
[70]. This ligand recognizes not only RAGE but also TLR2
and TLR4, leading to production of pro-inflammatory
cytokines via the NF-kappaB signaling cascade. HMGB1
possesses important extranuclear functions as a potent
danger signal mediating the late response to infection and
inflammation [71]. A higher expression of cytoplasmic
HMGBI1 was found in the decidua from women with pre-
eclampsia [72]. There are as yet no data on whether
HMGBI levels are correlated with the clinical manifesta-
tions of preeclampsia.

$100 Ca**-binding S100B protein is a RAGE ligand
[73]. The concentrations of S100B protein were increased
in the placenta under oxidative stress [73]. S100B protein
up-regulates sEng release from endothelial cells [73], and
thus S100B protein is thought to be associated with
preeclampsia.

Transthyretin (TTR) RAGE has been shown to bind
fibrillar transthyretin (TTR), triggering NF-kappaB acti-
vation [74]. This protein is responsible for transporting
both the thyroid hormone thyroxine and retinol-binding
protein. There are several reports that the concentrations of
TTR appear to be associated with preeclampsia: TTR was
up-regulated in preeclampsia in comparison with normal
placentas, and oxidized TTR in amniotic fluid plays a role
as an early marker of preeclampsia.

These data allow us to speculate that once RAGE is
engaged in the placental tissue, a vicious cycle of ligands—

RAGE perturbation ensues, leading to oxidative stress,
chronic tissue injury, and vascular damage. This section
provides new information regarding PRRs and their ligands
that might contribute to pathological processes involved in
preeclampsia.

Conclusion

The aim of this review is to summarize current knowledge
on the pathogenesis of preeclampsia. We comprehensively
analyzed the results of genome-wide gene expression
profiling and proteomic studies to delineate the wide array
of mediators involved in this disorder. Genes and proteins
that participated in response to stress, host—pathogen
interactions, immune system, inflammation, lipid metabo-
lism, carbohydrate metabolism, growth, and tissue
remodeling pathways were expressed differentially in
preeclampsia (Fig. 1). The most important factors are
genes and proteins involved in oxidative stress and
inflammation.

Several significant common pathways observed in pre-
eclampsia overlap the datasets identified in TLR- and
RAGE-dependent signaling pathways. A novel model of
the AGEs—RAGE system is proposed in Fig. 2. It is
focused on several main properties of TLRs and RAGE and
their ligands and signaling pathways along with angio-
genic, inflammatory, and stress-related factors. Notably,
up-regulation of TLRs and RAGEs, their ligands and their
downstream targets are specifically found in preeclampsia.
In addition, sFlt-1, sEng, and angiotensin-II receptor
autoantibody may contribute to the pathogenesis of pre-
eclampsia. These potential markers have been implicated
in the regulation of vascular endothelial function. The
persistent inflammatory response plays an important role in
coordinating the global transcriptional regulation leading to
the functional switch from the “stress-resistant” response
to the “stress-sensitive” phenotype: the loss of angiogenic
functions and the rise in PRRs. Our review suggests a
progressive shift in cellular homeostasis that may underlie
stress/inflammation-associated functional alteration in
vascular endothelial cells.

In conclusion, the present article reviews the available
scientific literature related to preeclampsia. The key chal-
lenge is to move from lists of identified factors to obtaining
biological information regarding their functions. This work
provides new insights into and aids understanding of the
pathogenesis of preeclampsia. The strong correlation of
specific genes regulated in preeclampsia with the possible
TLR- and RAGE-dependent signaling pathways suggests
that placental oxidative stress and subsequent chronic
inflammation are considered to be major contributors to the
development of preeclampsia.
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