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ABSTRACT

Review Article

From Placentation to Prediction: Modern
Perspective on Emerging Biomarkers in

Preeclampsia Prediction

[ESY & v-ric-rio |

Preeclampsia (PE), a multisystem hypertensive disorder complicating 3-8% of pregnancies worldwide, drives substantial maternal
and perinatal morbidity and mortality, necessitating early predictive strategies to enable timely interventions. This narrative review
synthesises evidence on galectin-7, galectin-3, galectin-13 (PP13), galectin-1, galectin-9, Carbonic Anhydrase IX (CAIX), and soluble
fms-like tyrosine kinase-1 (sFlt-1)/Placental Growth Factor (PIGF) ratio. Gal-7 and Gal-13 modulate trophoblast invasion, immune
tolerance, and spiral artery remodelling at the maternal foetal interface; CAIX, regulates pH under conditions of placental ischaemia;
sFlt-1 antagonises proangiogenic Vascular Endothelial Growth Factor (VEGF)/PIGF, precipitating endothelial dysfunction - a PE
hallmark; and Gal 3 promotes inflammation and trophoblast migration while linking to fibrosis. Prospective cohorts demonstrated
presymptomatic alterations highlighting diagnostic accuracy over traditional. By elucidating these biomarkers' mechanistic roles in
defective placentation, angiogenic imbalance, and hypoxic stress, this analysis underscores their potential in multi-marker panels
for precision risk stratification facilitating aspirin prophylaxis and surveillance to avert preterm delivery and organ injury.
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INTRODUCTION

The PE is characterised by an initial rise in blood pressure that
usually occurs after 20 weeks of gestation during pregnancy, along
with other symptoms such as proteinuria, neurological symptoms,
liver dysfunction, signs of acute kidney injury, haemolysis or
thrombocytopenia, and/or Foetal Growth Restriction (FGR) [1]. It
affects 3-8% of pregnancies. Foetal morbidity and mortality are
brought on by iatrogenic preterm delivery, placental abruption
and FGR, in addition to the increase in maternal morbidity. PE
causes 76,000 maternal and 500,000 child fatalities worldwide
each year with patients in low-income versus high-income nations
experiencing noticeably greater rates of morbidity and mortality.
Between 2014 and 2017, maternal hypertension disease during
pregnancy was associated with 6.6% of pregnancy-related
deaths in the United States [1]. PE is a complex and multifactorial
pregnancy disorder often described as a condition with diverse
and overlapping pathogenic mechanisms. This is one of the
well-recognised “great obstetrical syndromes” in which several
pathological processes often overlapping converge on to a
common pathway that ultimately leads to their clinical diagnosis
[2]. PE shares certain pathophysiological features with preterm
labour, including inflammatory activation, decidual dysfunction,
and abnormal uteroplacental remodelling membrane and decidual
activation.

The PE is diagnosed as hypertension following the twentieth week
and meeting one of the following criteria as mentioned in [Table/
Fig-1]. The PE and overlapping conditions occur in pregnant
women with persistent hypertension. Pregnant women who exhibit
persistent Systolic Blood Pressure (SBP) of 160 mm Hg or Diastolic
Blood Pressure (DBP) of 110 mm Hg, or who meet any of the criteria
in [Table/Fig-1], are considered to have severe PE [3].

The placenta is a vital organ in pregnancy that performs multiple
essential functions, including supporting foetal growth and
development through nutrient and gas exchange, waste removal,
and endocrine activity [1].
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Criteria Parameters

Blood pressure >140/90 mmHg after 20 weeks

Proteinuria P/C ratio > 0.3; > 1.0 g/L on reagent cassette

Renal dysfunction Creatinine > 1.02 mg/dL

Liver dysfunction Elevated transaminase

Haematological Thrombocytopenia/DIC
Neurological Visual disturbances, seizures
Uteroplacental IUGR, abnormal doppler

[Table/Fig-1]: Diagnostic criteria for Preeclampsia (PE) [3].

IUGR:Intrauterine growth restriction; DIC:Disseminated intravascular coagulation

LITERATURE SEARCH

This narrative review was conducted using a structured literature
search strategy across PubMed, Scopus, Web of Science, and
Google Scholar databases. Articles published in English between
2010 and 2025 were reviewed. Keywords and Mesh terms included
‘preeclampsia”, “biomarkers”, “placental growth factor”, “sFlt-1”,
“galectins”, “PAPP-A”, “NGAL”, “CAIX", “placental hypoxia” and
“prediction of preeclampsia”.

Inclusion criteria: Original research articles, systematic reviews,
meta-analyses, and clinical studies evaluating serum biomarkers
associated with PE prediction or pathophysiology were included in
the study.

Exclusion criteria: Studies with insufficient methodological clarity,
duplicate data, or unrelated outcomes were excluded from the
study. The purpose of this review was to provide a comprehensive
narrative synthesis of emerging biomarkers and their potential
clinical relevance in predicting PE.

Angiogenic Biomarkers

One proangiogenic factor produced by the placenta is the PIGF
which contributes to angiogenesis. It enhances the function of
VEGF-A, which is necessary for maintaining vascular homeostasis.
Maternal blood can be tested for PIGF as early as the eighth week
of pregnancy; after the second trimester of pregnancy, the level
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gradually decreases until delivery. However, due to the elevated
levels of soluble fms-like tyrosine kinase-1 (sFlt-1), PIGF remains
persistently low in PE. An anti-angiogenic factor called sFit-1 is
elevated in the mother’s circulation during a typical pregnancy, but
it is elevated even further in PE [4]. By attaching to the receptor-
binding domains of endothelial cell surface receptors, this protein
inhibits the interaction of VEGF and PIGF, resulting in endothelial
dysfunction. Because sFlt-1 binds to endothelial receptors, this
will result in a decrease in the concentrations of free VEGF and
PIGF in circulation. The amount of maternal sFlt-1 in circulation will
rise about five weeks prior to the onset of symptoms. Hence, it
was discovered that sFlt-1, sFlt-1/PIGF ratio, and maternal PIGF
performed well in screening, predicting development, diagnosing,
and short-term monitoring of established PE. Ultimately, it is better
to measure the sFlt-1/PIGF ratio rather than the PIGF level alone
because we cannot rely on the level of PIGF in PE with severe
features or early in the course of the disease, whereas the sFlt-1/
PIGF ratio provides a more accurate and clinically useful assessment
of angiogenic imbalance and disease severity [5].

Placental Growth Factor (PIGF): PIGF serves as a pivotal biomarker
in PE prediction, with low maternal serum levels reliably identifying
high-risk pregnancies across numerous studies [6]. Meta-analysis
demonstrates the strong predictive performance, yielding a pooled
odds ratio of 9 (95% Cl: 6-13) in 92,687 asymptomatic pregnant
women participants, alongside high sensitivity 0.78 and specificity
0.88 for levels below 80-120 pg/mL, particularly after 14 weeks of
gestation and for early-onset cases (OR: 18) [6]. Combining PIGF
with sFlt-1 enhances accuracy, as evidenced by a meta-analysis
of 15 studies showing 80% sensitivity and 92% specificity for the
sFIt-1/PIGF ratio (>38), outperforming traditional markers and
predicting onset within 7-28 days in symptomatic women [7]. First-
trimester screening further supports its integration into routine
protocols, reducing diagnostic delays and severe maternal events
when used adjunctively, though randomised trials are warranted.
PIGF is a placenta-derived angiogenic factor whose circulating levels
are significantly reduced in women who subsequently develop PE,
often weeks before the onset of clinical symptoms [8]. Low maternal
serum PIGF, particularly in the first and early second trimester, has
been shown to improve the prediction of both early and late onset
PE when incorporated into multi-marker models. These findings
underscore PIGF’s value in personalised antenatal surveillance
for PE- prone pregnancies [9]. Ng KW et al., (2024) reviewed
biomarkers and point of care screening for PE management,
highlighting sFIt-1/PIGF ratio >99% negative predictive value
to rule out imminent disease, rapid POC assays (<15 min), and
multi-marker panels with clinical factors achieving >90% preterm
detection [10]. The imbalance between antiangiogenic factors like
sFlt-1 and proangiogenic factors such as PIGF and VEGF correlates
with PE onset and severity.

Galectins

Galectins are a family of soluble glycan-binding proteins that
play a key role in pregnancy, particularly in healthy placental
development [11]. Currently, 15 galectins have been identified
and are being studied to determine how they may contribute to
various pathogenic pathways. At the foetal-maternal interface, the
galectin family members Galectin-1 (Gal-1), Galectin-3 (Gal-3), and
Galectin-9 (Gal-9) are highly expressed [12]. More precisely, several
investigations and published studies have shown that dysregulated
expression of Gal-3 and Gal-7 is associated with impaired placental
vascularisation and perfusion, placental insufficiency, and has been
implicated in the development of PE [13].

Gal 3: For successful implantation and placental development,
trophoblast tissue invasion and migration are critical processes in
which galectin-3 is involved. Galectin-3 is essential for controlling
the behaviour of trophoblast cells, as evidenced by a recent study
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[14]. Galectin-3 was discovered to improve trophoblast cells’
migratory and invasive properties by modifying several signalling
pathways and cytoskeletal dynamics. These processes are severely
hampered by the lack of galectin-3 or its downregulation, which
results in insufficient placentation [15]. Galectin-3 (Gal-3) is present
in many organs, such as immune cells, endothelium, and epithelial
cells, as well as sensory neurons. Moreover, galectin-3 expression
is downregulated throughout life. Nearly all immunocompetent
cells, such as mast cells, dendritic cells, neutrophils, eosinophils,
basophils, monocytes, and macrophages, express galectin-3,
which is essential for a number of immune functions. Galectin-
3’s proinflammatory characteristics have been shown in several
investigations. These qualities include its ability to attract
neutrophils and macrophages, facilitate phagocytosis, and improve
granulocyte adherence to endothelium [14]. Comprehending the
intricate processes that explain PE is essential for creating efficient
diagnostic tools and therapies aimed at averting and controlling this
illness. Consequently, to look into and shed light on any potential
links between galectin-3 and pregnancy-related illnesses, such as
PE and gestational hypertension.

Gal 7: Galectin-7 has been implicated in several processes
essential for placentation, including regulation of cell adhesion,
trophoblast migration, and immune modulation. Experimental
studies have shown that LGALS7- deficient mice remain viable and
fertile, suggesting possible compensatory biological mechanisms
galectin-7 may function through both extracellular paracrine
signalling and intracellular interactions involving proteins such as
Ras and Bcl-2 to influence gene transcription and cellular responses
[16]. Serum levels of Galectin-7 are abnormally increased in first-
trimester patients who go on to develop PE [16]. Immune cells of
the first-trimester placental villi and decidua, as well as STB and
endothelial cells of the term placenta have all been demonstrated
to have galectin-7. Decidua and endothelial cells of the term
placenta express galectin-7 in addition to trophoblast. Galectin-7
represents novel, prospective serum biomarkers for PE [16].
Jovanovic” Krivokuca M et al., (2021) reported that galectin-7 plays
an important role in trophoblast migration, apoptosis, and immune
regulation during placental development. Dysregulated galectin-7
expression has been associated with abnormal placentation and
PE, suggesting its potential utility as an early biomarker of placental
dysfunction and adverse pregnancy outcomes [17]. Menkhorst E et
al., 2014 showed that, in contrast to pregnancies that were healthy,
women who got PE had higher blood concentrations of galectin-7
in the 10-12" and 17-20" weeks of gestation [18]. Despite the fact
that a bigger sample size is required to establish galectin-7 as a
predictive PE biomarker, it would be significant to combine serum
levels of Galectin-7 with other proteins changed in PE, as there are
currently no predictive biomarker(s) available for this pregnancy-
related disease. The placenta would express galectin-7, which would
be found in serum. Galectin-7 was localised in syncytiotrophoblasts,
extravillous trophoblasts, and glandular epithelium during the first
trimester, while term placentas demonstrated expression primarily
in syncytiotrophoblasts and endothelial cell. Notably, endothelial
staining was absent in placentas from pregnancies complicated
by PE [18]. When compared to women in healthy pregnancies,
the blood concentration of galectin-7 was considerably higher in
women (who later had PE) [18].

Gal 13: Placental Protein-13 (PP13), also known as galectin-13,
is a placental galectin involved in trophoblast implantation, spiral
artery remodelling, and regulation of inflammatory processes at
the maternal-foetal interface. In pregnancies subsequently afflicted
by ischaemic placental disease, its levels are lower during the first
PE trimester and gradually increase during the second and third
trimesters [19]. PP-13, a protein linked to cell differentiation and
inflammatory processes in the placenta, seems to be an effective
biomarker for PE screening. Maternal blood tests performed between
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nine and 12 weeks of gestation revealed substantially lower serum
levels of PP13 in women who had PE more than 15 to 25 weeks
later in this prospective nested case-control research [20]. When
compared to normal pregnancies, the PP13 serum levels were
significantly lower in women whose pregnancies were complicated
by IUGR and preterm birth; nevertheless, these levels were still much
greater than in the women who ultimately developed PE [20]. On the
reproductive system, especially on a set of six galectins that first
became apparent in anthropoid apes along with the development
of lengthy gestations and very invasive placentation. Among these
six, PP 13 (also known as Gal 13) interacts with glycolipids and
glycoproteins to facilitate a fruitful pregnancy [21].

Gal 1: The molecular pathogenesis is increasingly defined by the
dysregulation of the galectin family, specifically the contrasting roles
of Gal 1 and Gal 9 in mediating placental health. Gal 1, a 14.5 kDa
homodimer protein, has been proposed as a primary angiogenic
marker at the maternal-foetal interface [22]. Galectin-1 is a glycan-
binding protein highly expressed at the maternal-foetal interface
that supports placental development and vascular remodelling
by promoting endothelial cell activation and angiogenesis [23].
Mechanistically, Gal 1 binds to the glycan structure of Neuropilin-1
(NRP-1), which serves as a combination co-receptor that stabilises
the Vascular Endothelial Growth Factor Receptor-2 (VEGFR2)
endothelial cells [22]. This interaction mimics the protein angiogenic
signalling of VEGF, promoting robust trophoblast invasion and the
expansion of the placental vascular network. Furthermore, Gal 1
is essential for establishing maternal-foetal immune tolerance by
inducing the apoptosis of alloreactive maternal T cells and promoting
an angiogenesis-protective T regulatory (Treg) cell environment [24].

Gal 9: Gal 9 contributes as a promising inflammatory switch that
contributes to the vascular failure characteristics of the disease.
While historically recognised for its role in the Tim-3 immune
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checkpoint pathway, recent high impact evidence has identified
more deleterious mechanisms; and trophoblast derived Gal 9
binds to the CD44 receptor on decidual macrophages [25]. Li ZH
et al., (2019), showed that Galectin-9 reduced blood pressure,
proteinuria and placental injury in an LPS-induced preeclampsia-
like rat model. It promoted decidual macrophage polarisation the
proinflammatory M1 phenotype toward the anti-inflammatory M2
phenotype. Galectin-9 also improved trophoblast invasion and
spiral artery remodeling, suggesting a protective role in placental
development [26]. Complementing these findings, Miko E et al.,
(2013) found that Galectin-9/TIM-3 signalling axis appears to play
a pivotal role in maintaining immune tolerance during pregnancy,
and dysregulated expression of galectin-9 and TIM-3 has been
associated with heightened systemic inflammation, including
Th1 lymphocyte activation, in PE [27]. One of the main causes of
placental insufficiency is placental hypoxia. The placental vascular
network, which is essential for facilitating gas and nutrition exchange
between the mother and foetus, is established during placentation
when the trophoblast cells develop and enter the maternal tissues.
Any interference with this mechanism may result in insufficient
oxygen delivery to the placenta, which in turn may cause placental
insufficiency and associated problems with pregnancy [28].
Therefore, in order to comprehend a portion of the pathophysiology
of placental insufficiency, evaluating placental oxygenation or
hypoxia is crucial [29].

LIPOCALIN-2/NGAL: Lipocalin-2 (LCN2), also known as Neutrophil
Gelatinase-Associated Lipocalin (NGAL) is a 25 kDa glycoprotein
released by neutrophils and renal tubular epithelial cells and is
recognised as a biomarker of inflammation and renal injury. Sisti G et
al., (2023) [30] evaluated the association between NGAL levels and
PE and found that maternal serum/plasma NGAL concentrations were
significantly higher in women with PE compared with normotensive

Category/Biomarker | Study Type | Author/ Reference Mechanism | 1¢ Trimester | 2™ Trimester Performance/Notes
Angiogenic
Svstematic Proangiogenic factors Decreases:
ve involved in placental vascular Testable wk 8; ) ’ OR 9 (Cl 6-13); sens 78%, spec 88%
PIGF review and Agrawal S et al., [6] ) ) . persistently
. development;reduced levels low high-risk (<80-120 pg/mL).
meta-analysis - . low PE
indicate placental dysfunction.
The study indicates that an elevated
sFlt-1/PIGF ratio shows high
SFit-1/PIGF ratio Meta-analysis | Creswell L et al., [8] Antiangiogenic; binds VEGF/ Rises ~5 wks Elevated in PE specificity apd negative pred|ct|lve
PIGF pre-symptoms value for ruling out Preeclampsia
(PE), rather than a positive predictor
as mentioned..
Galectins
Gal-3 Experimental | Bojic-Trbojevic Z et Trophoblast invasion; Overexpressed | N/A Downregulation — poor placentation
study al., [14] proinflammatory
Galectin-7 serum concentration
Elevated - )
Placental development alectin-7 in was significantly elevated in women
Nested case | Menkhorst E et pment, 9 Further elevation | (weeks 10-12 and 17-20) who
Gal-7 trophoblast apoptosis, women who
-control al., [18] ) ) before onset subsequently developed pre-
inflammation later developed ) .
PE eclampsia compared to women with
' healthy pregnancies.
Gal-13 (PP13) Nested case- | oy ot | et al,, [20] | Implantation/remodeling Low ischaemic |\, Lower first-trimester levels in PE,
control study disease rising in second and third trimesters.
Experimental . Trophoblast adhesion;immune . Decreased in Promotes HLA-G expression: low
Gal 1 study in mice Freitag N et al., [22] tolerance Potentially low established PE levels link to miscarriage/PE.
Experimental . Macrophage Polarization Increased Elevated in Higher Gal 9 linked to CD11c+
Gal 9 LiX et al., [25] . : . .
study Suppresses remodelling levels decidua Macrophage-driven vascular failure.
Hypoxic/Other
. . . Elevated in Elevated levels Maternal blood levels of NGAL
Systematic Marker of inflammation, ) -
. - ’ . women who associated are elevated in women who
NGAL review and Sisti G et al., [30] endothelial dysfunction and s .
. 2 developed PE with disease subsequently develop pre-eclampsia
meta-analysis renal tubular injury ) f
later progression compared with healthy controls.
ngher levels . Elevated CAIX levels may help
Observational | Ozgen G and associated with identify pregnancies at risk of severe
CAIX 29 Hypoxia pH balance N/A Foetal Growth pregnanc
study Dincgez B [32] -~ placental insufficiency and Foetal
Restriction (FGR) -
) Growth Restriction (FGR).
in early-onset PE

[Table/Fig-2]: Summarises the biomarkers performance based on trimesters, balancing galectins with angiogenic/hypoxic markers [7,8,14,18,20,22,26,30,32].
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pregnant controls. Elevated NGAL levels were observed before the
clinical onset of the disease, suggesting its potential role as an early
predictive biomarker. The authors concluded that NGAL reflects the
inflammatory and endothelial dysfunction associated with PE and may
aid in risk assessment, although further large-scale studies are required
to establish its clinical utility and standardised cut-off values [30].

Carbonic Anhydrase IX (CAIX): A zinc metalloenzyme, CAIX is
a member of the o carbonic anhydrase family, which catalyses
the reversible conversion of carbon dioxide into bicarbonate ions
and protons. For almost all biological activities requiring an acid-
base balance in subcellular compartments and across the plasma
membrane, this straightforward reaction is necessary [31].

Ozgen G and Dincgez B (2025) investigated the predictive value
of maternal serum CAIX levels for FGR in women with early-onset
PE. The study found significantly higher CAIX concentrations in
preeclamptic pregnancies complicated by FGR compared with
those without FGR. The authors proposed that elevated CAlX reflects
increased placental hypoxia and insufficiency, which contribute to
impaired foetal growth. Their findings suggest that CAIX may be
a promising biomarker for identifying severe placental dysfunction
and predicting adverse foetal outcomes in early-onset PE [32].
[Table/Fig-2] shows biomarkers performance based on galectins
with angiogenic/hypoxic markers [7,8,14,18,20,22,26,30,32].
However, current evidence regarding CAIX remains limited by
small cohort sizes and insufficient longitudinal validation studies.
Further multicentre prospective studies are required to establish
standardised cut-off values and determine its predictive accuracy in
diverse populations before routine clinical implementation.

DISCUSSION

The PE is a multifactorial hypertensive disorder characterised
by abnormal placentation, endothelial dysfunction, angiogenic
imbalance, inflammation, oxidative stress, andimmune dysregulation.
Increasing evidence suggests that placental dysfunction precedes
the onset of maternal clinical manifestations, highlighting the
importance of early predictive biomarkers for timely intervention and
improved maternal-foetal outcomes [33,34].

Among currently available biomarkers, the sFit-1/PIGF ratio
demonstrates the strongest clinical utility for the prediction and
diagnosis of PE. Elevated circulating sFlt-1 antagonises VEGF and
PIGF signalling, resulting in endothelial dysfunction and impaired
angiogenesis. Meta-analyses have shown that the sFlt-1/PIGF
ratio provides high sensitivity and specificity, particularly in early-
onset and severe PE, making it useful for short-term prediction
and clinical monitoring [6,8]. However, the predictive accuracy of
isolated PIGF measurements may vary depending on gestational
age, disease severity, and population characteristics supporting
the use of combined biomarker strategies rather than reliance on
a single marker [7].

Emerging evidence also supports the involvement of galectins in
placental development and immune regulation. Galectin-1 appears
to contribute to trophoblast invasion, angiogenesis, and maternal-
foetal immune tolerance, whereas galectin-3 has been associated
with inflammatory signalling and trophoblast migration [13,14,22].
Similarly, altered maternal serum levels of galectin-7 and galectin-
13 (PP13) have been reported in pregnancies that later develop
PE, suggesting their possible role in early placental maladaptation
[18-20]. Nevertheless, findings related to galectins remain
heterogeneous, and several studies are limited by small sample sizes,
variable gestational sampling periods, and differences in laboratory
methodologies. In addition, most evidence regarding galectin-7 and
galectin-9 is derived from experimental or observational studies
indicating that their predictive utility still requires validation through
large prospective multicenter trials CAIX, a hypoxia-associated
biomarker, has shown potential in identifying placental ischaemia and
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endothelial dysfunction in PE. Elevated maternal serum CAIX levels
have been associated with early-onset PE and FGR, suggesting its
possible role in predicting severe placental insufficiency. However,
current evidence is limited and requires further large-scale validation
studies [32]. Likewise, PAPP-A and NGAL/Lipocalin-2 reflect
abnormal placentation and renal injury, respectively, and may
complement angiogenic biomarkers in multi-marker prediction
models [29,30]. However, the predictive performance of these
biomarkers varies across studies, and standardised cut-off values
have not yet been universally established.

CONCLUSION(S)

The PE remains a leading cause of maternal and perinatal morbidity,
highlighting the need for effective early prediction. The sFit-1/
PIGF ratio currently has the strongest clinical value for predicting
and monitoring the disease. Emerging biomarkers, including
galectin-1, galectin-7, galectin-13 (PP13), PAPP-A, NGAL and
CAIX, offer additional information on placental dysfunction,
inflammation, immune imbalance, and hypoxia. Evidence suggests
that combining multiple biomarkers with clinical and biophysical
parameters improves early risk assessment. However, variability
among studies and the absence of standardised cut-off values
limit routine clinical application. Further large-scale prospective
studies are needed to validate these biomarkers for precision
obstetric care.
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