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Abstract: Proteomics has emerged as a transformative tool in biomedical research, en-
abling comprehensive characterization of protein profiles in complex biological systems.
In preeclampsia (PE) research, quantitative proteomic analyses of plasma and serum have
revealed critical insights into disease mechanisms and potential biomarkers. Through
a systematic review of 17 studies (2009-2024), we identified 561 differentially expressed
plasma/serum proteins (p < 0.05) in PE patients versus healthy controls, with 122 proteins
consistently replicated across >2 independent studies. Stratified analysis by clinical sub-
type (early-vs. late-onset PE) demonstrated both concordant and divergent protein expres-
sion patterns, reflecting heterogeneity in PE pathophysiology, methodological variations
(e.g., sample processing, proteomic platforms), and differences between discovery-phase
and targeted validation studies. The trimester-specific biomarker panels proposed here
offer a framework for future large-scale, multicenter validation. By integrating advanced
proteomic technologies with standardized preanalytical and analytical protocols, these
findings advance opportunities for early prediction (first-trimester biomarker signatures);
mechanistic insight (complement system involvement); and personalized management
(subtype-specific therapeutic targets). This work underscores the potential of proteomics to
reshape PE research, from molecular discovery to clinical translation, ultimately improving
outcomes for this leading cause of maternal and perinatal morbidity.

Keywords: proteomics; preeclampsia; plasma; serum; prognosis; diagnostics; biomarkers;
pregnancy

1. Introduction

Preeclampsia (PE) represents a complex multisystem disorder affecting approximately
8% of pregnancies worldwide, remaining a leading cause of maternal and perinatal
mortality [1,2]. The rising global incidence correlates with increasing prevalence of es-
tablished risk factors including genetic predisposition, advanced maternal age, and preex-
isting medical conditions such as chronic hypertension, diabetes mellitus, renal disease,
and autoimmune disorders [3]. Current diagnostic criteria, as outlined by the UK National
Institute for Health and Care Excellence (NICE), require the presence of new-onset hyper-
tension (defined as systolic/diastolic blood pressure > 140/90 mmHg) accompanied by
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either significant proteinuria (>300 mg/24 h) or systemic manifestations including oliguria,
persistent headache, or right upper quadrant pain [4]. Clinicians typically classify PE based
on gestational timing, distinguishing between early-onset (diagnosis before 34 weeks) and
late-onset (after 34 weeks) forms, with the former associated with more severe compli-
cations and poorer outcomes [5,6]. Additional classification considers delivery timing,
with preterm PE requiring delivery before 37 weeks and term PE managed at or beyond
37 weeks gestation.

When undiagnosed or inadequately managed, PE can progress to life-threatening ma-
ternal complications including eclampsia, HELLP syndrome (characterized by hemolysis,
elevated liver enzymes, and low platelets), and acute kidney injury. Notably, cerebrovas-
cular events such as strokes and cerebral edema account for nearly 40% of PE-related
maternal deaths [7]. Cardiovascular research conducted in collaboration with the American
Heart Association has demonstrated significant cardiac involvement in early-onset PE,
manifesting as impaired myocardial contractility, diastolic dysfunction, ventricular hyper-
trophy, and pathological remodeling [8,9]. From a fetal perspective, PE presents significant
risks, including chronic intrauterine hypoxia and growth restriction, which may predispose
offspring to long-term cardiovascular, respiratory, and metabolic disorders. These include
hypertension, respiratory distress syndrome, bronchopulmonary dysplasia, obesity, and
dysregulation of the renin-angiotensin—aldosterone system. Additionally, children exposed
to PE face an elevated risk of neurodevelopmental impairments, ranging from cerebral
palsy to intellectual disability and autism spectrum disorder [7]. These widespread conse-
quences underscore the urgent need for improved early detection and diagnostic strategies
in modern obstetric practice.

PE has long been termed a “disease of theories” due to persistent uncertainties sur-
rounding its pathogenesis. The prevailing hypothesis centers on inadequate cytotrophoblast
invasion during early placentation, resulting in defective spiral artery remodeling. This pla-
cental dysfunction initiates a cascade of systemic inflammation and widespread endothelial
damage [10]. The consequent vascular abnormalities not only impair uteroplacental perfu-
sion but may also promote atherosclerotic-like changes in maternal vasculature, further
aggravating placental ischemia and endothelial injury [10-12]. The American College of
Obstetricians and Gynecologists (ACOG) recommends low-dose aspirin prophylaxis to mit-
igate PE risk [13]. Although aspirin reduces preterm PE incidence by 18-48%—primarily by
preventing spiral artery thrombosis—its efficacy remains partial [14]. Emerging evidence
also underscores the role of systemic angiogenic imbalance, bridging placental pathology
to clinical disease manifestations.

Modern investigations into PE pathogenesis increasingly employ multi-omics ap-
proaches. These high-throughput technologies enable comprehensive molecular profiling
by simultaneously analyzing diverse biomolecules-including genomic, transcriptomic,
proteomic, and metabolomic markers-through advanced analytical platforms such as high-
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS); next-
generation sequencing (NGS); nuclear magnetic resonance (NMR) spectroscopy; multiplex
immunoassays. Among these approaches, proteomics has emerged as particularly valuable
for PE research, providing detailed protein signatures that reveal disease mechanisms and
identify clinically relevant biomarkers [15]. The most well-validated biomarker combina-
tion is the ratio of soluble fms-like tyrosine kinase-1 (sFlt-1), an anti-angiogenic factor, to
Placental growth factor (PIGF), a pro-angiogenic protein. This ratio demonstrates excep-
tional predictive value, with area-under-the-curve (AUC) values of 0.92 for early-onset PE
and 0.87 for late-onset PE.

Clinically, the sFlt-1/PIGF ratio enables PE prediction 4-5 weeks before symptom
onset in early cases and 1-2 weeks in late presentations. When combined with standard
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clinical evaluation, PIGF testing enhances diagnostic accuracy and facilitates earlier inter-
vention [16-18]. Compared to ultrasound-based methods, quantitative proteomic analysis
of plasma and serum offers distinct advantages, including greater objectivity, superior
reproducibility, and reduced operator dependence-characteristics particularly valuable for
standardized screening programs.

Recently, Than et al. (2024) proposed a pragmatic molecular theory of PE based
on placental and plasma proteomic analyses, identifying four distinct PE subclasses [19].
The placental subclass is characterized by impaired vascular perfusion and a maternal
anti-angiogenic state, while the metabolic subclass exhibits hypercoagulability, leading to
placental vascular thrombosis. The maternal anti-fetal rejection subclass features CXCL10
overexpression and cytotoxic T-cell infiltration, resulting in inflammatory placental lesions.
Finally, the extracellular matrix (ECM)-related subclass, typically associated with late-
onset PE, presents with lower mean arterial pressure and higher neonatal birth weight
percentiles. This subclass involves dysregulated ECM biochemical interactions, such as
altered signaling between collagen receptors and interstitial collagenases (e.g., matrix
metalloproteinase-1) [19].

The Fetal Medicine Foundation (FMF) has developed an advanced first-trimester
screening algorithm (10-14 weeks’ gestation) that integrates maternal risk factors with
biophysical and biochemical markers—including pregnancy-associated plasma protein-A
(PAPP-A) and PIGF—to identify high-risk PE pregnancies (>1:100). This model surpasses
conventional 11-13 week screening, which detects fewer than 40% of preterm PE cases due
to its reliance on biophysical markers alone. Notably, the FMF algorithm demonstrates
high sensitivity for the “placental” PE subtype described by Prof. Romero’s group and
has been endorsed by the International Federation of Gynecology and Obstetrics (FIGO)
as a superior predictive tool [20,21]. Currently, the PIGF-based algorithm is implemented
in the Astraia company’s software (Nexus/Astraia, Ismaning, Germany) and has been
incorporated into multiple clinical guidelines for routine first-trimester screening.

This systematic review critically evaluates emerging evidence on circulating blood
proteins as potential biomarkers for PE, with particular emphasis on the necessity for
standardized proteomic analysis protocols in plasma and serum studies. Establishing such
methodological consistency could facilitate the development of targeted predictive models
and accelerate the translation of proteomic discoveries into clinical applications for PE risk
stratification and management.

2. Materials and Methods
2.1. Literature Search Strategy

This systematic review was performed in accordance with the PRISMA 2020 guidelines
and checklist [22]. A systematic literature search was conducted to identify original articles
containing data on proteins identified through quantitative proteomic analysis of blood
serum or plasma. The search was performed in the PubMed and MEDLINE databases, cov-
ering publications from January 2019 to October 2024. The following search string was used:
‘(“proteomics”[Title/ Abstract]) AND (“preeclampsia”[Title/ Abstract] OR “intrauterine
growth restriction”[Title/ Abstract] OR “fetal growth restriction”[Title/Abstract])’. Filters
were applied to limit results to human studies, original research articles, and publications
in English.

2.2. Eligibility Criteria
Studies were included if they met all of the following criteria: (1) information was pro-

vided on gestational age at the time of blood collection, (2) timing of delivery was reported,
and (3) quantitative data were available on protein marker levels comparing PE and / or fetal
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growth restriction (FGR) and control groups. Studies were also required to utilize quantita-
tive proteomic analysis of maternal blood serum or plasma. If a biomarker was evaluated
in multiple cohorts within the same study, each cohort’s results were analyzed separately.

2.3. Study Selection Process

Duplicate records were removed using EndNote (version 20.6 Bld 17174, Clarivate,
Philadelphia, PA, USA) before screening. In the first screening phase, studies were excluded
if they met any of the following criteria: (1) non-original research types, (2) non-pregnant
or non-human study populations, (3) fewer than five pregnant women in any study group,
or (4) analysis of biological samples other than maternal blood serum or plasma.

In the second selection phase, full-text articles and related supplementary materials
flagged as potentially relevant during title/abstract screening were evaluated. Studies
were excluded if they met any of the following criteria: (1) did not provide a list of proteins
identified through quantitative proteomic analysis of maternal serum in PE and/or FGR
compared to healthy controls, (2) lacked data on gestational age at sampling, or (3) had
inaccessible full texts (Figure 1).

Identification of studies via databases ]
—
Records removed before
screening:

= Duplicate records removed (n

15 — . =199)

B Records identified from:

:.‘_S Pubmed (n = 286) Records ;ngogfg for other

.‘E Medline (n = 194) Not original article (n=42)

° Non-pregnant or non-human
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— Less than 5 participants in any
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l Language (n=1)
—
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Full text unavailable (n = 47)
= Records screened/ Reports List of analysed proteins not
e sought for retrieval/ provided or insufficient data
g Reports assessed for eligibility/ in the list (n = 26)

& (n=281) No data on gestational age at
sampling (n=9)
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3
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Figure 1. PRISMA 2020 flowchart diagram for systematic review.

Two independent reviewers screened all titles and abstracts using predefined criteria.
Disagreements were resolved through discussion or, if needed, by a third reviewer. Full
texts of potentially eligible studies were independently assessed by the same reviewers.

Ultimately, 17 articles meeting the inclusion criteria were selected for meta-analysis
(Table S1). Three comparison groups were established based on PE subtypes: late-onset
(healthy women vs. those developing PE after 34 weeks), early-onset (healthy women vs.
cases diagnosed before 34 weeks), and mixed-type (healthy women vs. PE cases without on-
set timing restrictions). Additional comparison groups reflected blood sampling timelines:
first trimester (weeks 1-13), second trimester (weeks 14-27), and third trimester (weeks
28-40). The studies included in the meta-analysis may contain multiple independent PE
cohorts, representing different PE subtypes. Additionally, some studies collected maternal
blood at multiple timepoints during pregnancy. Thus, a single study could contribute
multiple comparisons—either due to the inclusion of distinct PE subtypes or repeated
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blood sampling over time. The extracted variables comprised the following: study identifi-
cation (lead author names, publication years, and reference details); protein quantification:
(fold-change values between PE and control groups with corresponding sample sizes, mea-
surement units, and statistical significance (p-values with specified tests)); methodological
details: blood matrix (serum/plasma), sampling timing relative to gestation, and concise
proteomic workflow description. Clinical parameters (cohort size, maternal age, gestation
age at delivery, birth weight) were selected as additional information.

2.4. Quality Assessment

The methodological quality of each included study was assessed using the Newcastle-
Ottawa Scale (NOS) [23], which evaluates three domains: selection of study groups, com-
parability between groups, and ascertainment of outcomes. Scores were assigned out of a
maximum of 10 points, with higher scores indicating lower risk of bias.

2.5. Data Synthesis and Bioinformatics

Proteins identified in at least two independent studies were considered reproducible
markers. We assessed two levels of reproducibility: (1) across all studies and (2) within
specific trimesters. Reproducible markers were further categorized based on the consistency
of their directional changes (matched vs. unmatched). For proteins detected in three or
more comparisons, we calculated the range of fold-change alterations.

Reproducible protein markers were functionally characterized using STRING (version
12.0, STRING Consortium) [24] and PANTHER (version 19.0, University of Southern Cali-
fornia, Los Angeles, CA, USA) [25] databases. Pathways according STRING database with
false discovery rate <0.05 were selected as importance. Data visualization was performed
using ggplot2 (3.5.1 version) by R language (version 4.3.1, The R Foundation for Statistical
Computing, Viene, Austria) and STRING's native tools.

For data visualization and synthesis, upper-bound p-values were approximated to
significance thresholds while preserving precision.

3. Results
3.1. Quality Assessment, Methodological Trends, and Cohort Characteristics

This meta-analysis, based on a systematic search algorithm, included 17 articles
published between January 2009 and October 2024. The included studies were evaluated
using a Newcastle-Ottawa Quality Assessment Scale, with a maximum possible score of
10 points. A score of >7 was considered indicative of good methodological quality. Based
on this criterion, 14 out of 17 studies (82%) were classified as high quality (Table S1). The
scores ranged from 6 to 10, with a median value of 8, reflecting an overall acceptable level
of methodological rigor across the included literature.

The studies collectively reported 41 comparative analyses of blood proteomes in PE
and control groups, with each article containing between one and five comparisons differing
by cohort and/or sampling time. Among the included studies, 7 cohorts focused on early-
onset PE, 16 on late-onset PE, and 15 did not distinguish PE by time of manifestation,
classifying them as mixed cases.

Serum and plasma samples were equally represented across the studies. To enhance
the depth of proteome analysis, seven studies employed major protein depletion during
sample preparation. Protein fractionation was a critical step, with five studies (29%)
utilizing gel-based separation methods such as two-dimensional electrophoresis (2-DE,
DIGE) and denaturing electrophoresis (SDS-PAGE). Liquid chromatography coupled with
mass spectrometry (LC-MS/MS) emerged as the most widely used technique, appearing in
11 studies (64%) (Table 1).
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Table 1. Clinical and proteomic data from 17 studies included in the meta-analysis.

Sample Matched
Article Collection, PE (n) Control (n) Delivery, Weeks ** Sample Type Proteins * ©an Method
Proteins
Weeks
Depletion of 6 major
Atkinson, K.R,, plasma proteins,
2009 [26] 37.6 0.8 24 24 38.1 0.6 plasma, serum 7 6 2-DE, 2D-DIGE,
LC-MS/MS
Beernink, R.H., };Z g z g;; oo Z ; SDS-PAGE,
2022 [27] 125 6 6 39.7 serum 8 2 LC-MS/MS
319+21 17 18 319 £ 21 plasma 26 18
36819 11 18 36.8 19 plasma 20 14
Chen, H., 2022 [28] 319 +£2.1 17 18 319 +£2.1 plasma 9 7 LC-MS/MS
36.8+1.9 11 18 36.8+1.9 plasma 13 10
232+12 35 70 >34 plasma 2 0 )
De%g;Z’[Igg'iM" 3124 1.0 35 70 >34 plasma 60 13 SOM‘;T;?;?”
25.4-41 37 75 25.4-41 plasma 35 10 P
28.1-32 76 90 38.7 (37.7-39.4) plasma 15 9
8.0-16.0 76 90 38.7 (37.7-39.4) plasma 24 16 :
Erez, O., 2017 [30] 16.1-22 76 90 38.7 (37.7-39.4) plasma 26 17 SOM‘::E;?;S“%
22.1-28 76 90 38.7 (37.7-39.4) plasma 18 12 p
32.1-36 76 90 38.7 (37.7-39.4) plasma 15 8
2-DE,
Kolialexi, A., 2017 [31] 12.5(11.4-13.3) 10 40 32.2(28.8-37.3) plasma 11 11 MALDI-MS,/MS
12.5(11.4-13.3) 10 40 32.2 (28.8-37.3) plasma 4 2 ELISA
Depletion of 14
major plasma
. 37 (34-40) 26 29 37 (34-40) plasma 21 15 proteins,
Lim, J.H., 2024 [32] LC-MRM-MS with
IS (41 proteins)
37 (35-40) 10 30 37 (35-40) plasma 3 2 ELISA (3 proteins)
. 303 £3.2 15 16 303 £32 serum 11 8 .
Liw L. Y., 2013 [33] 37.1+ 14 17 16 37.1+ 1.4 serum 11 8 ELISA (22 proteins)
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Table 1. Cont.

Sample Matched
Article Collection, PE (n) Control (n) Delivery, Weeks ** Sample Type Proteins * ©an Method
Proteins
Weeks
Depletion of major
plasma proteins,
Lu, Q. 2016 [34] 364+16 10 10 364+ 1.6 serum 26 15 SDS-PAGE,
LC-MS/MS
36.7£18 69 60 36.7 £ 1.8 serum 1 1 ELISA (1 protein)
Depletion of 14
Odenkirk, M., 2020 [35] 389 + 1.4 48 98 389 + 1.4 plasma 160 56 major plasma
proteins,
LC-IMS-MS
Depletion of major
. plasma proteins,
Shi, X.-E,, 2024 [36] 31 42 58 31 serum 63 8 {TRAQ, high pH
RPLC, LC-MS/MS
LC-MRM-MS/MS
Stamc;‘ggfg’;]' N.L., 11.0-13.0 30 13 37.2 [34.4; 38.1] serum 6 3 with IS (125
proteins)
9 (8-9) 5 5 34.9 (29.3-35.3) serum 14 8 Depletion of 14
Than, N.G., 2018 [38] 9 (8-10) 5 5 38.1 (38.0-38.1) serum 8 5 major plasma
8-15.9 109 90 39.6 + 1.17 plasma 28 14 proteins, 2D-DIGE,
16-19.9 109 90 39.6 + 1.17 plasma 60 19 -MS/
Than, N.G., 2022 [39] 20-23.9 109 90 39.6 + 1.17 plasma 43 17 S&ﬁ%‘:ﬁﬁ%
24-27.9 109 90 39.6 +1.17 plasma 19 8 p
28-31.9 109 90 39.6 +£1.17 plasma 38 14
19 + 4 7 14 2944+ 1.6 plasma 105 47 LC-SWATH-
Uchida, Y., 2021 [40] MS/MS
s LC-SRM-MS/MS
19+3 36 120 35.5+43 plasma 4 2 with IS (4 proteins)
1942 36 54 382+ 1.7 plasma 2 1 LC-SRM-MS/MS

with IS (2 proteins)
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Table 1. Cont.

Sample Matched
Article Collection, PE (n) Control (n) Delivery, Weeks ** Sample Type Proteins * ©an Method
Proteins
Weeks
347 £33 15 15 35.6 [31.4; 37.7] plasma 25 3 Olink Inflammation
Wang, X., 2022 [41] panel (92 proteins)
T 35.1[32.1; 37.6] 43 44 35.6 [32.6; 38.0] plasma 1 0 ELISA (1 protein)
125+ 0.7 37 37 37.4[33.9; 38.7] plasma 1 0 ELISA (1 protein)
Depletion of 7 major
Youssef, L., 2021 [42] 31.3 14 6 32 serum 17 14 plasma proteins,

TMT, LC-MS/MS

*—Number of significantly altered proteins (p < 0.05); *—number of significantly altered proteins replicated in >2 studies (p < 0.05). LC-MS/MS—Iiquid chromatography—tandem mass
spectrometry, SWATHs—sequential window acquisition of all theoretical mass spectra, SRM—selected reaction monitoring, MRM—multiple reaction monitoring, TMT—tandem mass
tag, iTRAQ—isobaric tags for relative and absolute quantitation, IS—isotope-labeled internal standards (tryptic peptides), 2D-DIGE—two-dimensional difference gel electrophoresis
with fluorescent labeling, 2-DE—two-dimensional gel electrophoresis, SDS-PAGE—polyacrylamide gel electrophoresis with sodium dodecyl sulfate, SOMAmer—slow off-rate modified
DNA aptamers, Olink Inflammation panel—a panel of highly specific antibodies for the analysis of inflammatory markers in plasma/serum, ELISA—enzyme-linked immunosorbent
assay. Data presentation: X-Y: range (minimum-maximumy); X (Y-Z): mean (minimum-maximum); X £ Y: mean =+ standard deviation; X [Y; Z]: median [1st quartile; 3rd quartile].
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A notable methodological trend involved structuring studies into multiple phases.
The exploratory phase typically relied on semi-quantitative LC-MS/MS to identify poten-
tial biomarkers, while the validation phase employed highly sensitive techniques such as
LC-MRM-MS with isotope-labeled internal standards and enzyme-linked immunosorbent
assay (ELISA) to confirm findings in independent cohorts. Recent advancements have
introduced high-throughput proteomic platforms, including those based on chemically
modified DNA aptamers (SOMAmer) and highly specific antibodies (Olink), which enable
large-scale protein analysis with enhanced specificity and dynamic range. These tech-
nologies, which rely on microarray analysis, sequencing, or PCR-based detection, hold
significant promise for personalized medicine and pharmacological research.

The median cohort size for PE patients was 35 individuals, with the largest cohorts
reported by Than et al., 2022 [39] (n = 109) and Erez et al., 2017 [30] (n = 76) (Table S1,
Figure S1). Control groups had a median size of 42 patients, reaching up to 120 in one
study. Severe PE was analyzed in 15 comparisons, while FGR, frequently associated with
PE, was examined in eight. Sample collection predominantly occurred in the third trimester
(>27 weeks) [26,28-30,32-35,41,42], though some studies investigated early PE, with blood
draws in the first or second trimester (Figure 2) [27,31,40]. Patient ages ranged from 18.9
to 42 years, with weighted averages falling between 22 and 36 years. In ten comparisons,
the average gestational age at delivery exceeded 37 weeks, and eight cohorts reported no
preterm births.

3.2. PE-Specific Maternal Plasma/Serum Proteomic Profile

The 17 analyzed studies collectively identified 561 proteins with statistically significant
alterations in PE, of which 122 were replicated in at least two independent studies (Table S3).
Notably, Odenkirk et al. (2020) [35] reported the highest overlap, with 37 consistent protein
changes in late third-trimester plasma samples (mean gestational age 38.9 £ 1.4 weeks)
(Table S4). A striking confirmation of early findings emerged from Atkinson et al. (2009) [26],
where six of seven initially identified proteins were later validated in independent studies
(Figure 3, Table S4). The study by Odenkirk et al. (2020) [35] also demonstrated exceptional
consistency, with 27 proteins showing uniform directional changes in PE. In contrast, first-
and second-trimester studies revealed minimal concordance; for instance, no proteins
exhibited consistent changes in the works of Beernink et al. (2022) [27], Degnes et al.
(2024) [29], or Uchida et al. (2021) [40]. This striking trimester-specific disparity underscores
more pronounced serum/plasma proteome disruptions in late pregnancy, highlighting the
need for longitudinal studies to elucidate PE pathogenesis and biomarker potential.

Early-pregnancy proteomics yielded 12 recurrently altered proteins (Figure 4A). Sev-
eral proteins—including Prothrombin, Matrilysin, Prostaglandin G/H synthase 2, and
Peptidyl-prolyl cis-trans isomerase D—demonstrated consistent increases, while others like
Heat shock 70 kDa protein 1A /1B, cAMP-dependent protein kinase catalytic subunit alpha,
Phosphoglycerate mutase 1 and Protein-tyrosine kinase 6 decreased uniformly. Intrigu-
ingly, proteins such as Complement factor B and Serum amyloid A-1 exhibited bidirectional
changes, reflecting PE’s pathological complexity (Table 2, Tables S5 and S6).

Second-trimester meta-analysis identified 16 candidate biomarkers according to at
least two studies (Figure 4B), with proteins like Sialic acid-binding Ig-like lectin 6, Trypsin-2,
Integrin alpha-Ilb: beta-3 complex, Matrilysin, Prostaglandin G/H synthase 2, Cyclin-
dependent kinase 8:Cyclin-C complex, GTP-binding nuclear protein Ran, and Peptidyl-
prolyl cis-trans isomerase D consistently elevated. Integrin alpha-V: beta-5 complex, Com-
plement C4b, Heat shock 70 kDa protein 1A /1B, Vascular endothelial growth factor A,
isoform 121, cAMP-dependent protein kinase catalytic subunit alpha, and Peptidyl-prolyl
cis-trans isomerase D showed decreased levels (Table S7). However, conflicting data for
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(2021) [40] and Than et al. (2022) [39]—highlight methodological and cohort variability

proteins like Alpha-2-macroglobulin and Thrombospondin-1—observed by Uchida et al.
challenges (Table S8).
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Figure 3. Statistically significant protein alterations (p < 0.05) in PE maternal plasma/serum across
studies [26—42]. Blue: all markers, identified in each study; red: consistently replicated markers

(>2 independent studied).

Third-trimester studies revealed 59 recurrently altered proteins (Figure 4C), with
early PE showing consistent increases in maternal blood Fibronectin, Protein AMBP, Inter-
alpha-trypsin inhibitor heavy chain H3, and Carboxypeptidase N subunit 2. Late PE
exhibited more complex patterns: 15 proteins (e.g., Fibronectin, Vascular endothelial
growth factor receptor 1, Inter-alpha-trypsin inhibitor heavy chain H3 and H2) were
elevated, 2 (Apolipoprotein A-I, PIGF) decreased, and 11 (including Apolipoprotein E
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and Inter-alpha-trypsin inhibitor heavy chain H4) showed discordant results across stud-
ies (Tables S9 and S10). These trimester-specific signatures and inconsistencies under-
score the need for standardized methodologies and refined clinical stratification in PE
proteomics research.
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Figure 4. Ratio of protein expression levels (PE/control) for replicated PE markers (identified
in >2 studies) plotted on a logarithmic scale: (A) first trimester [27,30,31,37-39], (B) second
trimester [30,39,40], (C) third trimester [26,28-30,32-36,39,41,42]. Color coding distinguishes PE
subtypes: red for early PE, blue for late PE, and black for mixed PE. Point shapes represent the
originating studies, while point size corresponds to statistical significance—larger points indicate
stronger significance (lower p-values in the original study).

Table 2. Consistently altered proteins in maternal plasma/serum across PE cohorts (>3). PE subtypes:
p—early, m—mixed, 1—late onset.

. . Trimester Number of Fold Change
Protein Name Uniprot ID Gene ID (PE Type) Comparisons (Min-Max) References
1(m, 1) 4 0.30-0.61 [30,38,39]
Complement C4b POCOL5 C4B 2 (m, 1) 5 0.39-0.63 30,39
Complement factor B P00751 CFB 1(e,m,1) 3 0.13-0.29 31,38
o 1 (m,1) 3 1.50-2.55 30,39
Matrilysin P09237 MMP7 2 (m, 1) 9 1.58-2.70 30,39
Peptidyl-prolyl cis-trans 1 (m,1) 3 1.78-2.71 30,39
P Romerase D QU8752 PPID 2 (m, 1) 8 1.60-2.93 30,39
Protein-tyrosine kinase 6 Q13882 PTK6 1 (m,1) 3 0.43-0.66 30,39
s . 2 (m, 1) 11 1.52-3.07 30,39
GTP-binding nuclear protein Ran P62826 RAN 3(m, 1) 4 175074 30,39
. i ) ) 2(m, 1) 8 1.64-3.68 30,39
Integrin alpha-IIb: beta-3 complex P08514:P05106 ITGA2B:ITGB3 3 (m, 1) 4 166-2.56 30,39
o . . 2 (m, 1) 6 1.65-5.33 30,39
Sialic acid-binding Ig-like lectin 6 043699 SIGLEC6 3 (m, 1) 6 194-6.04 [29,30,39]
2 (m, 1) 6 0.44-0.66 [30,39]
Placenta growth fa.ctor‘ P49763 PGF 3 (m, 1) 6 041-0.63 [30.39]
cAMP-dependent protein kinase P17612 PRKACA 2 (m, 1) 4 0.41-0.63 [30,39]
catalytic subunit alpha
Heat shock 70 kDa protein 1A/1B~ PODMV8/PODMV9 HSPA1A/HSPA1B 2 (m, ) 3 0.43-0.55 [30,39]
Prostag_landin G/H syr_lthase 2 P35354 PTGS2 2 (m,1) 3 1.52-2.10 [30,39]
Cyclin-dependent kinase P49336:P24863 CDK8:CCNC 2 (m, 1) 3 153-2.19 [30,39]
8:Cyclin-C complex
Inter-alpha-trypsin inhibitor -
heavy chain H2 P19823 ITIH2 3(e 1) 3 1.22-1.31 [28,42]
Inter-alpha-trypsin inhibitor . )
heavy chain H3 Q06033 ITIH3 3(e, 1) 6 1.22-1.60 [28,35,42]
Vascmfar endothelial growth P17948 FLT1 3 (e, m, 1) 6 1.60-6.15 [29,32,33]
actor receptor 1
Apolipoprotein A-I P02647 APOA1 3 (e 1) 3 0.56-0.86 [32,33]
Apolipoprotein C-III P02656 APOC3 3 (e 1) 5 1.33-1.92 [28,33,35]
Apolipoprotein E P02649 APOE 3(e 1) 6 1.36-26.0 [26,28,36]
Carboxypeptidase N subunit 2 P22792 CPN2 3(e 1) 5 1.13-1.39 [28,35]
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Table 2. Cont.
. . Trimester Number of Fold Change
Protein Name Uniprot ID Gene ID (PE Type) Comparisons (Min-Max) References
Hemopexin P02790 HPX 3(e ) 5 0.76-0.91 [28,35]
Inhibin bet_a A chain ) P08476 INHBA 3 (m,1) 5 1.31-2.04 [29,39]
N-acylethanolamine-hydrolyzing Q02083 NAAA 3 (m, 1) 5 1.53-2.68 [30,39]
acid amidase
Complement factor D P00746 CFD 3(e 1) 3 1.19-2.81 [28,35]
Fibronectin P02751 EN1 3(e,m,1) 6 1.40-2.19 [28,32,34,35]
Insulin-like growth 5
factor-binding protein 4 P22692 IGFBP4 3(e 1) 3 1.19-30.1 [28,35]
Nidogen-1 P14543 NID1 3(e ) 3 1.36-2.18 [29,30]
Protein AMBP P02760 AMBP 3(e 1) 3 1.32-1.44 [28,42]
von Willebrand factor P04275 VWE 3(e ) 3 1.52-1.60 [28,35,42]

3.3. Bioinformatics Analysis

Several proteins identified as PE markers in at least two first-trimester studies—prothrombin,
serum amyloid A-1 protein (SAA1L), complement C4b, and complement factor B—demonstrate
statistically significant associations with kidney disease, while prothrombin and C4b are
additionally linked to protein S deficiency (Table S11). A key pathological feature of early
PE development is complement system activation (Figure S2). Furthermore, dysregulation
of metabolic, hormonal, and neuronal signaling pathways—including those mediated by
cAMP-dependent protein kinase A (PRKACA)—plays a critical role in PE pathogenesis
(Figure S3).

In the second trimester of pregnancy, PE progression involves pronounced immune
dysregulation, particularly complement activation, alongside disruptions in angiogenesis
and ECM remodeling. These processes are mediated by integrin-dependent signaling and
PI3K/AKT/mTOR cascade activation (Figure S4). Molecular dysregulation patterns resem-
ble those of the first trimester but intensify (Figure S3). Notably, several implicated proteins
contribute to fetal developmental processes, including morphogenesis, tube formation, and
primary germ layer establishment, with nine proteins expressed in embryonic structures
(Table S12). Pathway analyses reveal significant enrichment in cardiomyopathy-related
pathways (Figure S3), suggesting a potential link between PE and cardiovascular disorders.

The maternal protein profile exhibits the most pronounced alterations as PE ap-
proaches clinical onset. PE-associated markers in this stage correlate not only with eclamp-
sia but also with kidney disease and coagulation disorders (Table S13). Key pathways
include complement/coagulation cascades and insulin-like growth factor (IGF) trans-
port regulation by insulin-like growth factor-binding proteins (IGFBPs) (Figure S5, Table
S513). Strikingly, 17 PE serum markers are expressed in placental tissues (Table 513). PAN-
THER analysis highlights coagulation imbalances, metabolic disruptions, and inflammatory
signaling dysregulation as dominant features of PE in the third trimester of pregnancy
(Figure S3).

4. Discussion

The meta-analysis incorporated studies published between 2009 and 2024 that reported
quantitative proteomic analyses of serum and plasma from pregnant women with PE
(n = 842) compared to controls with uncomplicated pregnancies (n = 1148). This review
systematically evaluated key parameters including patients” clinical and demographic
characteristics, sample collection timing, and PE subtypes (early onset, late onset, and
mixed forms). Notably, serum Complement C4b levels demonstrated a consistent reduction
across mixed and late-onset PE cohorts during early gestation, suggesting it as a promising
candidate for the early detection of preeclampsia. Across the 17 selected studies, researchers
identified 122 proteins showing statistically significant expression level alterations in PE
cases versus controls, with each protein confirmed by at least 2 independent studies.
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4.1. First-Trimester Predictive Biomarkers of PE

Complement system hyperactivation emerges as one of the most significantly enriched
biological processes in first-trimester PE, playing a crucial role in fetoplacental immunolog-
ical tolerance maintenance [43]. Disruption of complement homeostasis—whether through
excessive activation or pathway dysregulation—represents a key mechanism in pregnancy
complications [44]. This aberrant activation triggers a cascade of pathological events: sys-
temic inflammation, vascular endothelial damage, and subsequent endothelial dysfunction
manifesting as hypertension and proteinuria. Furthermore, it elevates oxidative stress
and disrupts placental immune regulation, ultimately impairing trophoblast invasion and
placental development [43,45-47].

The complement system serves as a critical interface between innate immunity and
physiological homeostasis, participating in tissue development/repair and interacting
with multiple endogenous systems (renin-angiotensin, coagulation, and kallikrein-kinin
pathways). Comprising over 50 membrane-bound and circulating proteins, its dysregu-
lation shows distinct biomarker patterns in PE. Notably, serum Complement C4b levels
demonstrate consistent reduction across mixed and late-onset PE cohorts during early
gestation [30,38,48]. Balduit et al. (2024) attribute this finding to enhanced classical/lectin
pathway activity, where increased C4 proteolysis elevates C4b cleavage products [49].
Similarly, Complement Factor B (alternative pathway) shows marked depletion in early
pregnancy, independent of PE onset timing [31,38]. These observations support growing
interest in complement-targeted interventions for PE prevention and treatment [50,51], with
low-dose aspirin-the only internationally recommended PE prophylactic-demonstrating
specific inhibitory effects on alternative pathway activity [52,53].

Complement activation is closely linked to coagulation cascades. This complement-
coagulation axis manifests in proteomic signatures: meta-analyses reveal elevated first-
trimester Prothrombin levels in PE cases versus controls [37,48], while Nguyen et al.
(2019) report reduced Fibrinogen activity, suggesting a thrombogenic shift toward fibrin
formation [54]. Such findings underscore the bidirectional relationship between comple-
ment activation and hemostasis in endothelial dysfunction [55,56].

The first-trimester proinflammatory and hypercoagulable state may induce multiorgan
dysfunction, particularly affecting hepatic and renal systems. Associated protein markers
correlate with renal impairment and Protein S deficiency (Table S11). Renal dysfunction
exacerbates PE risk through multiple mechanisms: impaired pressure natriuresis, fluid
retention, and uremic toxin accumulation collectively increase vascular stress. Concurrent
Protein S deficiency-by reducing natural anticoagulant activity-potentiates hypercoagulabil-
ity, placental microthrombosis, and ischemia-driven antiangiogenic factor release, creating
a vicious cycle of placental dysfunction.

In conclusion, Prothrombin, Matrilysin (MMP7?), Prostaglandin G/H synthase 2
(COX-2), and Peptidyl-prolyl cis-trans isomerase D (PPID) showed consistent increases
across studies, while Heat shock 70 kDa protein 1A /1B (HSPA1A /B), cAMP-dependent
protein kinase catalytic subunit alpha (PRKACA), Phosphoglycerate mutase 1 (PGAM1),
and Protein-tyrosine kinase 6 (PTK6) exhibited uniform decreases. Considering that early-
onset PE is generally associated with a more severe clinical course compared to late-onset
PE, and that the majority of the identified biomarkers were detected in studies focusing
on early or mixed PE cohorts, it can be inferred that alterations in concentrations of these
proteins are significantly associated with more severe forms of the disease. Together, these
findings highlight a panel of promising biomarkers rather than a single candidate, reflecting
the multifactorial nature of PE.



Life 2025, 15, 776

16 of 26

4.2. Blood Proteome Alterations in Second-Trimester PE

Emerging proteomic evidence reveals distinct patterns of integrin dysregulation in PE,
with the Integrin ollbf33 complex (GPIIb/Illa) showing consistent elevation during late
gestation across multiple studies, while Integrin «V 35 demonstrates reciprocal downregu-
lation. These transmembrane receptors, critical for cellular adhesion and signaling, play
pivotal roles in placental physiology. The platelet-specific GPIIb/Illa complex becomes
activated by thrombin and collagen, enhancing its binding affinity for fibrinogen and von
Willebrand factor to promote platelet aggregation and microthrombosis-a prothrombotic
state that exacerbates placental hypoperfusion and ischemic injury, central features of PE
pathophysiology [57]. While low-dose aspirin prophylaxis effectively reduces platelet
aggregation in high-risk pregnancies, the potential therapeutic use of targeted GPIIb/Illa
inhibitors like abciximab requires further investigation for pregnancy-specific safety and
efficacy [13].

Concurrent with integrin dysregulation, matrix metalloproteinase-7 (MMP-7) is signif-
icantly elevated in both first- and second-trimester mixed and late-onset PE cases [58,59].
Its critical involvement in ECM remodeling during placentation positions MMP-7 as a
promising biomarker for PE [30,58,59]. Similarly, the sialic acid-binding lectin Siglec-6
is markedly overexpressed in PE syncytiotrophoblasts [60,61]. However, its detection in
maternal circulation relies on advanced SOMAmer-based proteomic techniques rather than
conventional assays [30,39]. Siglec-6 interactions with leptin and PIGF implicates it in feto-
maternal immune dysregulation [60,61], though clinical utility hinges on the development
of ultrasensitive detection methods and large-scale validation studies.

Vascular endothelial growth factor A (VEGF-A), PIGE, and sFlt-1 are among the most
extensively studied biomarkers in PE. Our meta-analysis reveals that PIGF levels are
significantly reduced in the second and third trimesters of pregnancies complicated by
PE. Similarly, VEGF-A levels decline—during the second trimester in late-onset PE and
the third trimester in both early- and late-onset PE. These alterations reflect an imbalance
in vascular growth regulation, contributing to placental dysfunction and the hallmark
symptoms of PE, including hypertension and proteinuria. Moreover, the elevated sFlt-1
levels observed in PE exacerbate this imbalance by neutralizing the biological activity of
VEGF-A and PIGEF, supporting the hypothesis that PE arises from endothelial dysfunction
driven by impaired angiogenic signaling [62,63].

This vascular pathology aligns with broader cardiovascular manifestations revealed
through KEGG pathway analysis, which shows significant enrichment of cardiomyopathy-
related pathways in PE [64,65]. The condition’s cardiovascular impact becomes particularly
evident by mid-gestation, when failed hemodynamic adaptation manifests as pathological
cardiac remodeling including left ventricular concentric hypertrophy and diastolic dys-
function, accompanied by elevated biomarkers of myocardial strain such as NT-proBNP
and troponin, even in the absence of overt heart failure [66,67]. Most concerning are the
long-term implications: women with PE face a four-fold increased risk of subsequent heart
failure and double the mortality from ischemic heart disease and stroke [65], underscoring
the persistent cardiovascular consequences of this pregnancy complication and the critical
need for ongoing postpartum monitoring and targeted prevention strategies.

4.3. Third-Trimester Protein Biomarkers of PE

The data obtained demonstrate substantially more dysregulated serum/plasma pro-
teins in third-trimester (59 proteins) compared to the second (16 proteins) and first
trimesters (12 proteins), with each protein alteration confirmed by at least two indepen-
dent studies. This temporal pattern reflects both biological and methodological factors.
From a practical standpoint, third-trimester biomarker research benefits from easier cross-
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sectional sampling compared to the logistical challenges of longitudinal studies requiring
early biospecimen collection for a condition with only ~5% incidence. Biologically, the
third trimester represents the culmination of progressive pathological processes-including
placental dysfunction, endothelial impairment, and systemic inflammation-which reach
maximal intensity as clinical symptoms emerge.

The proteomic heterogeneity observed in late gestation enables identification of dis-
tinct biomarker patterns corresponding to different PE subtypes, providing critical insights
into disease mechanisms and potential therapeutic targets. Notably, many third-trimester
protein alterations are linked not only to PE but also to renal and coagulation disorders,
with evidence suggesting these pathophysiological changes originate as early as the first
trimester. Complement and coagulation cascade dysregulation, central to PE pathogenesis,
demonstrates measurable changes from pregnancy onset. Additionally, third-trimester
biomarkers reveal significant enrichment in IGF transport and signaling pathways, under-
scoring the importance of metabolic dysregulation in PE development.

Metabolic disturbances in PE encompass impaired lipid and carbohydrate metabolism,
insulin resistance, and IGF dysregulation, all contributing to endothelial dysfunction, sys-
temic inflammation, and placental insufficiency. Even without overt diabetes, PE patients
frequently exhibit insulin resistance leading to abnormal glucose/lipid metabolism that ex-
acerbates oxidative stress and vascular impairment [68-74]. PE specific metabolic changes
include elevated free fatty acids and triglycerides correlating with disease severity [75],
along with lipid deposition in spiral arteries resembling early atherosclerotic changes [76].

Our systematic review and meta-analysis revealed multiple maternal blood proteins
with consistent and significant alterations during early pregnancy in women who later
developed PE. Strikingly, several of these proteins—including GTP-binding nuclear protein
Ran, peptidyl-prolyl cis-trans isomerase D (PPID), protein-tyrosine kinase 6 (PTK®6), and
phosphoglycerate mutase 1 (PGAM1)—have rarely or never been previously associated
with PE. Notably, these dysregulations were detectable as early as the first trimester, even in
cohorts that subsequently developed late-onset or mixed-type PE. Ran and PPID levels were
consistently elevated, whereas PTK6 and PGAM1 were reduced, suggesting their potential
as novel early biomarkers or mechanistic contributors to PE pathogenesis. Further studies
are needed to validate their clinical utility and elucidate their pathophysiological roles.

Nine proteins involved in IGF transport and signaling show consistent directional
changes in third-trimester PE across multiple studies: Apolipoprotein A-I, Ceruloplas-
min, Insulin-like growth factor-binding protein 4, Fibronectin, Inter-alpha-trypsin inhibitor
heavy chain H2, Pappalysin-2, and Cystatin-C are elevated, while Complement C3 and
Kininogen-1 are decreased. Apolipoprotein A-I, the major HDL component crucial for
cholesterol transport and vascular protection, becomes dysfunctional in PE despite in-
creased antioxidant capacity-a likely compensatory response to oxidative stress [77-80].
Ceruloplasmin elevation reflects both oxidative stress and inflammation, with levels cor-
relating with PE severity as this ferroxidase attempts to mitigate free iron-mediated ROS
generation [81-85].

Fibronectin, a multifunctional ECM protein critical for placentation, exhibits profound
alterations in PE [86-89]. Although plasma fibronectin levels typically rise modestly during
normal pregnancy (31.8% increase), PE patients display markedly elevated concentrations
(94.5% increase) [90,91]. Glycosylated fibronectin stands out as a particularly promising
early biomarker, detectable in first-trimester samples from women who subsequently de-
velop PE and strongly associated with adverse outcomes, including hypertension, preterm
delivery, and FGR [92]. Notably, when integrated into first-trimester screening algorithms,
glycosylated fibronectin significantly enhances preterm PE detection rates, improving
sensitivity from 64.9% to 82.9% in an Asian cohort [93].
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4.4. Standardization of Blood Protein Analysis: Current Challenges and Future Directions for PE
Diagnosis and Prediction

Accurate analysis of blood proteins is critical for PE prediction and diagnosis, yet
significant concerns persist regarding measurement reliability. A major challenge in
plasma/serum proteomics is the substantial inter-laboratory variability in measured protein
concentrations (or concentration ratios). These inconsistencies arise from multiple sources:
lack of standardized pre-processing protocols (sample collection, handling, and storage);
heterogeneity in sample preparation methods (e.g., protein depletion strategies, labeling
techniques); diverse fractionation approaches (SDS-PAGE, 2D electrophoresis, preparative
LC); variability in detection platforms (HPLC-MS/MS, HPLC-MRM-MS, ELISA, SOMAmer,
Olink) [94]. Furthermore, the high correlation between results from Erez O et al. [30] and
Than N et al. [48]—both conducted at the same research center—along with their lim-
ited overlap of common proteins with other studies, highlights the significant impact of
inter-laboratory variation.

The choice of sample type represents a critical methodological consideration, as plasma
and serum yield divergent protein profiles due to inherent processing differences. Plasma
is the preferred matrix for analyzing complement system proteins, as it circumvents arti-
factual in vitro activation during serum coagulation and fibrinolysis [95]. Sample prepara-
tion must also account for protein—protein interactions, particularly those involving high-
abundance species like albumin and apolipoproteins, which can mask or alter biomarker
detection [96-98]. Furthermore, pre-analytical variables—including storage conditions,
thawing protocols, and freeze—thaw cycles—introduce additional variability that must be
rigorously controlled to ensure data reproducibility [99,100].

Inconsistent sampling timelines across studies further complicate standardization
and hinder meta-analyses. Most studies in our systematic review and meta-analysis
measured protein levels at PE diagnosis (third trimester), explaining the scarcity of val-
idated first/second-trimester predictive markers. Notably, five first/second-trimester
studies [27,31,37,38,40] were limited by extremely small PE cohort sizes, significantly re-
ducing the statistical power and reliability of their comparative analyses. These findings
highlight the urgent need for multicenter longitudinal studies with early-pregnancy sam-
pling (8-12 weeks) and integration of molecular subtyping to account for PE heterogeneity.
Given PE’s syndromic nature, no single sampling strategy can predict all pathological
variants [101]. Additional confounding factors include cohort heterogeneity (ethnic com-
position, sample size), disease severity (mild/severe), onset timing (early/late PE), and
comorbid conditions.

The identified biomarkers hold significant potential to enhance clinical screening for
PE. They could be integrated into first-trimester multi-marker panels alongside established
predictors—such as maternal risk factors, mean arterial pressure, uterine artery Doppler
indices, and biochemical markers (PAPP-A, PIGF, and 3-hCG)—to improve early risk
assessment. Beyond screening, these biomarkers may enable more precise individualized
risk stratification, particularly for women classified as intermediate risk after standard
evaluation. They could also improve early detection of late-onset PE, where current meth-
ods lack sensitivity. Additionally, serial monitoring of biomarker dynamics during early
pregnancy could help assess biological responses to preventive therapies (e.g., low-dose
aspirin), allowing timely adjustments in clinical management. From a research perspective,
these biomarkers—linked to cellular stress, protein folding, intracellular transport, and
complement regulation—provide novel insights into PE pathophysiology and highlight
potential therapeutic targets. Simplified biomarker panels incorporating these proteins
could further facilitate the development of point-of-care diagnostic tools, improving acces-
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sibility across diverse healthcare settings. However, prospective validation studies remain
essential to confirm their clinical utility.

The identified biomarkers could significantly enhance personalized PE management
through multiple avenues. By detecting molecular alterations early, these biomarkers
may enable precise risk stratification and facilitate tailored preventive strategies—such
as low-dose aspirin therapy or intensified monitoring—based on individual patient pro-
files. Serial assessment of biomarker levels could further provide real-time insights into
treatment response, allowing clinicians to adapt management approaches dynamically
throughout pregnancy. Beyond clinical applications, these biomarkers’ roles in critical bio-
logical pathways—including complement activation, cellular stress response, and protein
folding—offer promising opportunities to identify novel therapeutic targets and develop
targeted, mechanism-driven interventions.

Recent genomic and proteomic research has identified four molecular PE subtypes:
canonical /placental (primarily angiogenic dysfunction); metabolic (associated with obe-
sity/insulin resistance); immunological (maternal/fetal immune dysregulation features);
maternal (preexisting cardiovascular/metabolic risk) [38,39,48,102]. These subtypes align
with distinct maternal hemodynamic patterns observed across hypertensive pregnancy
disorders [103]. Development of subtype-specific PE diagnostic models improved quality
of PE prevention. Advancing PE diagnostics requires standardized analytical protocols for
sample collection/processing, large multicenter studies incorporating molecular subtyping,
and longitudinal designs tracking clinical progression.

To advance methodological standardization in preeclampsia proteomics research, sev-
eral strategic approaches could be implemented. An international collaborative consortium
could be established to unify protocols for sample collection, processing, and data analysis
across research institutions. Drawing inspiration from established standards such as MI-
AME and PRIDE, the field would benefit from developing specialized reporting guidelines
to enhance transparency and reproducibility. The creation of shared reference datasets
from rigorously characterized PE cohorts would provide valuable validation benchmarks,
complemented by interlaboratory proficiency testing to systematically assess and reduce
technical variability. Furthermore, aligning these standardization efforts with existing
clinical networks like ISSHP or PREPARE would facilitate smoother translation of research
findings into clinical practice.

Importantly, this study demonstrates several methodological strengths that reinforce
the reliability of its findings. The systematic review was conducted in accordance with the
PRISMA 2020 guidelines, and the quality of included studies was systematically evaluated
using a modified Newcastle-Ottawa Scale. The majority of studies (82%) achieved a score
of 7 or higher out of 10, indicating generally high methodological rigor. Clinical and pro-
teomic data were sufficiently detailed to permit stratified analysis by gestational age and
PE subtype. Moreover, the incorporation of studies utilizing advanced high-throughput
proteomic platforms, coupled with orthogonal validation approaches, enhances the transla-
tional value of the identified protein markers. Nonetheless, limitations remain, including
substantial heterogeneity in sample processing protocols and proteomic methodologies,
which prevented effect-size pooling in a formal meta-analysis. Early-pregnancy datasets
were limited and displayed poor overlap, constraining conclusions regarding first- and
second-trimester biomarkers. These findings emphasize the ongoing need for standardized,
multi-phase study designs with longitudinal sampling and unified analytical pipelines
across laboratories.
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5. Conclusions

As a cornerstone discipline of modern biomedical research, proteomics has achieved
unprecedented analytical power through the integration of cutting-edge technologies.
Contemporary platforms—including high-resolution LC-MS, modified DNA aptamers
(SOMAmer), and multiplexed antibody arrays (Olink)—now enable both comprehensive
identification and precise quantification of thousands of proteins in complex biological
matrices like blood serum and plasma. These technological breakthroughs, coupled with
automated sample handling and standardized processing protocols, have transformed
proteomics into a robust tool for generating clinically actionable data.

Our comprehensive meta-analysis demonstrates that blood proteome alterations rep-
resent a powerful resource for PE prediction, early detection, and mechanistic under-
standing. These molecular fingerprints not only enhance our understanding of disease
pathogenesis but also create new opportunities for developing personalized therapeutic
and preventive strategies. These findings emphasize the importance of precision medicine
in pregnancy management, grounded in robust molecular data and deep understanding of
disease mechanisms.

The refined list of potential PE biomarkers presented in this study provides a valuable
foundation for translational research. Key validation strategies include orthogonal verifica-
tion using Western blotting or ELISA, high-throughput validation via targeted proteomics
(SRM/MRM), and multicenter replication studies to assess generalizability. Targeted pro-
teomic approaches offer particular advantages, enabling simultaneous quantification of
multiple candidate markers with high specificity and throughput—a crucial step toward
clinical implementation.

The clinical utility of proteomic findings requires rigorous standardization across
all analytical phases—from pre-analytical processing to data integrity. Only through strict
adherence to these principles can we ensure the reproducibility and clinical relevance of pro-
teomic data. The integration of automated systems and artificial intelligence-assisted analy-
sis will further enhance reliability as the field progresses toward routine clinical application.
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Abbreviations

The following abbreviations are used in this manuscript:

2-DE Two-dimensional gel electrophoresis

2D-DIGE Two-dimensional difference gel electrophoresis with fluorescent labeling
AUC Area-under-the-curve

CXCL10 C-X-C motif chemokine ligand 10

ECM Extracellular matrix

ELISA Enzyme-linked immunosorbent assay

FGR Fetal growth restriction

FIGO International Federation of Gynecology and Obstetrics

FMF Fetal Medicine Foundation

HELLP Hemolysis, Elevated Liver Enzymes, Low Platelet Count
HPLC-MS/MS High-performance liquid chromatography—tandem mass spectrometry
IOR Inter-quartile range

IS Isotope-labeled internal standards (tryptic peptides)

iTRAQ Isobaric tags for relative and absolute quantitation

LC-MS/MS Liquid chromatography -tandem mass spectrometry

MALDI-MS/MS
MRM

Matrix-assisted laser desorption/ionization-tandem mass spectrometry
Multiple reaction monitoring

NGS Next-generation sequencing

NMR Nuclear magnetic resonance

PAPP-A Pregnancy-associated plasma protein-A

PCR Polymerase chain reaction

PE Preeclampsia

PIGF Placental growth factor

SD Standard deviation

SDS-PAGE Polyacrylamide gel electrophoresis with sodium dodecyl sulfate
sFlt-1 Soluble fms-like tyrosine kinase-1

SOMAmer Slow off-rate modified DNA aptamers

SRM Selected reaction monitoring

SWATH Sequential window acquisition of all theoretical mass spectra
TMT Tandem mass tag
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