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A B S T R A C T

Preeclampsia (PE) is a pregnancy-specific complication that seriously threatens the health and safety of
mothers and infants. The etiology of PE has not been fully elucidated, and no effective treatments are
currently available. A pregnant woman with PE often has to make a tough choice on either endangering
her own health to give a birth or being forced to terminate her pregnancy. It is recommended by the
International Federation of Gynecology and Obstetrics that the combination of maternal high-risk factors
and biomarkers could form a good strategy for predicting the risk of PE. Such a combination may also
enable more effective monitoring and early clinical intervention in high-risk populations to reduce the
risk of PE. Therefore, biomarkers validated by extensive clinical research may be formally applied for
clinical PE risk prediction. In this review, we summarized data from clinical research on potential
biomarkers and classified them according to the current four major hypotheses, namely placental or
trophoblast ischemia and hypoxia, vascular endothelial injury, oxidative stress, and immune
dysregulation. Additionally, we also discussed the underlying mechanisms by which these potential
biomarkers may be involved in the pathogenesis of PE. Finally, we propose that multiple biomarkers
reflecting different aspects of the disease pathogenesis should be used in combination to detect the high-
risk PE population in support of clinically targeted intervention and prevention of PE. It is expected that
tests made of more sensitive and reliable PE biomarkers based on the aforementioned major hypotheses
could potentially improve the accuracy of PE prediction in the future.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Preeclampsia (PE) mainly occurs after 20 weeks of pregnancy
and manifests as hypertension, proteinuria, and tissue edema, with
systemic multiple organ damage. It is a pregnancy-specific
complication with an incidence of 38 % and is one of the main
causes of maternal and neonatal mortality [1].

The etiology of PE has not yet been fully elucidated, and there
are no clinically effective treatments other than the termination of
pregnancy. It is well established that people with a high risk of PE
could take low-dose aspirin during early pregnancy to effectively
reduce the risk of PE. The International Federation of Gynecology
and Obstetrics (FIGO) recommends that the maternal risk factors,
such as maternal age, obesity, and previous or family history of PE,
combined with biomarkers can better predict the risk of PE and
may prompt increased monitoring and early clinical intervention
of PE in high-risk populations to reduce the risk of PE [2].
Therefore, biomarkers validated by extensive clinical research may
be formally applied to clinical PE risk prediction, which is of great
clinical significance.

Currently, the pathogenesis of PE is dominated by five classic
hypotheses: placental or trophoblast ischemia and hypoxia,
vascular endothelial injury, oxidative stress, genetics, and immune
dysregulation. A family history of PE is one of the established risk
factors for PE, indicating a genetic predisposition to the disease.
Some epidemiological and genetic studies have also confirmed the
trend of familial development of PE, but the underlying mechanism
remains elusive due to complex ethnic, geographical, and other
factors [3]. Since there are few clinical studies on PE gene markers,
except for several clinical studies that report the possible
relationship between gene polymorphism and PE [46]. We mainly
summarize the potential PE biomarkers based on the mechanisms
involved in the other four leading hypotheses.

Clinical research status of biomarkers for PE

All searches were conducted in English in PubMed by December
2019 to obtain articles related to potential predictive markers for
PE. General search terms included ‘pre-eclampsia’ and similar
terms, such as ‘preeclampsia’ and ‘PE’, and other terms included
‘biomarker’, ‘marker’, ‘screen’, and ‘predict’. Given that our goal
was to investigate the clinical research status of these biomarkers,
we also searched for (‘clinical case-control study’ OR ‘clinical
cohort study’) AND (‘serum’ OR ‘plasma’). We then summarized the
potential PE biomarkers based on the mechanisms involved in the
major hypotheses (Table 1 and Fig. 1).

To obtain more information about potential biomarkers, we
performed a more specific PubMed search, including the general
search terms and the name of individual biomarkers, such as [(‘pre-
eclampsia’ OR ‘preeclampsia’ OR ‘PE’) AND (‘biomarker’ OR
‘marker’ OR ‘screen’ OR ‘predict’) AND (‘clinical case-control study’
OR ‘clinical cohort study’) AND (‘serum’ OR ‘plasma’) AND
(‘Pregnancy-associated plasma protein-A’ OR ‘PAPP-A’)], and the
clinical research status of these biomarkers is shown in Table 2.

Four major hypotheses and related biomarkers

Placental or trophoblast ischemia and hypoxia hypothesis and related
biomarkers

The placental or trophoblast ischemia and hypoxia hypothesis
indicates that there is a placental trophoblast defect that invades
the uterine myometrium, resulting in impaired uterine spiral
artery remodeling, increased blood flow resistance, decreased
placental blood flow, and insufficient placental contraction,
which may induce PE. Notably, the insufficient infiltration of
placental trophoblasts may be caused by endocrine dysfunction
[7].

Pregnancy-associated plasma protein-A (PAPP-A)
PAPP-A is a protease that targets insulin-like growth factor-

binding proteins (IGFPBs) and can positively regulate the role of
insulin-like growth factors (IGFs). Decreased levels of PAPP-A cause
IGFs to be bound by IGFPB-4, which leads to reduced free IGF levels
and insufficient trophoblast infiltration and placental dysplasia. In
turn, placental ischemia and hypoxia affect PAPP-A secretion from
the placenta. Such a vicious cycle eventually leads to the
occurrence of PE [8] (Fig. 2). A prospective cohort study showed
that for a false-positive rate (FPR) of 20 %, the predictive sensitivity
of PAPP-A to all PE is 58 %, and the sensitivity is only 21 % at a 5 %
FPR [9]. As a promising biomarker, the specificity and sensitivity of
PE prediction are expected to be improved by combining PAPP-A
with other indicators such as the uterine artery pulsatility index
(UTPI).

Angiotensin II type 1 receptor autoantibody (AT1-AA)
AT1-AA is initially detected in PE patients. However, its possible

role in the pathogenesis of PE remains unclear, which may be



Table 1
Summary of current clinical studies of potential biomarkers for PE based on major hypotheses.

Biomarkers Subjects Sample Limitation Refs.

1. The placental or trophoblast ischemia and hypoxia hypothesis
PAPP-A 42 PE;

410 controls
Serum (1114 weeks of gestation) The sample size was small, especially cases with PE. [9]

AT1-AA 30 PE；
30 gestational age-
matched controls;

Serum (three stages: <27; 2833; >34
weeks of gestation; prospective study)

The sample size was small; Low sensitivity. [12]

PP-13 47 PE;
290 controls

Serum (912 weeks of gestation) Inconsistent test reagents. [15]

42 PE;
410 controls

Serum (1114 weeks of gestation) [9]

HGF 52 PE;
104 controls

Plasma (1520 weeks of gestation) The study population was single; The detection time was relatively late. [19]

HIF-1 23 early-onset PE;
23 late-onset PE;
23 controls

Serum (�20 weeks of gestation; cross-
sectional study)

A few cases were classified as early-onset PE or late-onset PE for the research. [21]

miR-210 20 PE;
56 controls

Serum (1520 weeks of gestation) The sample size was small; Low specificity. [24]

2. The oxidative stress hypothesis
ROS 80 PE;

80 controls
Plasma (2941 weeks of gestation) Low specificity. [27]

HbF 86 PE;
347 controls

Serum (mean 13.7 weeks of gestation) The cohort had a higher level of risk factors for PE than a normal population. [29]

A1M 86 PE;
347 controls

Serum (mean 13.7 weeks of gestation) The sample size was small; Low specificity. [29]

41 PE;
50 controls

Serum (3039 weeks of gestation) [31]

Hcy 103 mild PE;
44 severe PE;
4418 controls

Serum (1113 weeks of gestation) Samples were not collected repeatedly. [33]

3. The immune dysregulation hypothesis
NLR 49 mild PE;

15 severe PE;
376 controls

Venous blood(1618 weeks of gestation) The sample size of the patients was small; Low sensitivity. [38]

TH 9 PE;
77 controls

Serum (516 weeks of gestation) The cohort had a higher level of risk factors for PE than a normal population; The
number of patients with PE is limited.

[43]

CRP 26 mild PE;
33 severe PE;
50 controls

Serum (3438 weeks of gestation) The study was cross-sectional; The sample size of the patients was small. [45]

NGAL 128 PE;
183 controls

Serum (1014 weeks of gestation) A relatively small number of participants; Low specificity. [47]

4. The vascular endothelial injury hypothesis
TG 139 mild PE;

143 severe PE;
37 controls

Plasma (2730 weeks of gestation) This parameter is variable and affected by multiple influences, duplicate and
continuous monitoring is required; Low specificity.

[50]

53 early-onset PE;
18 late-onset PE;
2086 controls

Plasma (at 18 weeks of gestation) [51]

PlGF 60 mild PE;
60 severe PE;
30 controls

Serum (2628 weeks of gestation) High specificity and sensitivity when combined with other parameters. [53]

62 PE;
1560 controls

Plasma (615 and 2025 weeks of gestation) [54]

VEGF 23 non-severe PE;
19 severe PE;
42 controls

Placenta (immediately after the delivery) A study with a case-control model in a different population is needed. [56]

40 late-onset PE;
40 controls

Serum (3238 weeks of gestation) [57]

sFlt-1 15 early-onset PE;
19 late-onset PE;
144 controls

Plasma (1925, 2731 and 3438 weeks of
gestation)

A few cases were classified as early-onset PE or late-onset PE for research; High
specificity and sensitivity when combined with other parameters.

[59]

62 PE;
1560 controls

Plasma (615 and 2025 weeks of gestation) [54]

sEng 62 PE;
1560 controls

Plasma (615 and 2025 weeks of gestation) The cohort had a higher level of risk factors for PE than a normal population; The
detection time is relatively late.

[54]

54 PE;
28 controls

Serum (after clinical manifestations) [61]

CC 52 PE;
52 controls

Serum (2436 weeks of gestation) The study was cross-sectional; Low specificity. [65]

Controls: the normotensive pregnant women who didn’t develop any pregnancy complications.
Abbreviations: PAPP-A, Pregnancy-associated plasma protein-A; AT1-AA, Angiotensin II type 1 receptor autoantibody; PP-13, Placental protein-13; HGF, Hepatocyte growth
factor; HIF-1, Hypoxia-inducible factor-1; miR-210, microRNA 210; ROS, Reactive oxygen species; HbF, Fetal hemoglobin; A1M, α1 microglobulin; Hcy, Homocysteine; TH,
Helper T cell; CRP, C-reactive protein; NGAL, Neutrophil gelatinase-associated lipocalin; NLR, Neutrophil/lymphocyte ratio; TG, Triglyceride; PlGF, Placental growth factor;
VEGF, vascular endothelial growth factor; sFlt-1, soluble tyrosine kinase-like receptor-1; sEng, soluble endothelin; CC, Cystatin C.
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Fig. 1. The interaction of biomarkers in the pathogenesis of PE.
The changes of various biomarkers related to the onset of PE and their possible role in the pathogenesis of PE. The dashed lines in the figure indicate that PE symptoms do not
always occur. All figures in this review article were created by BioRender.com.
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related to hypoxia-ischemia caused by insufficient placental
implantation and inflammation due to vascular endothelial
damage. Moreover, AT1-AA may exacerbate oxidative stress and
increase vascular sensitivity to Angiotensin II (AngII), resulting in
extensive endothelial damage [10,11] (Fig. 2). Herse et al. found
that AT1-AA was detected in 70 % of PE patients, while 80 % of
controls were negative for AT1-AA [12]. Elevated AT1-AA in serum
is significantly related to the occurrence of PE, indicating that
AT1-AA has the potential to predict PE risk [13].

Placental protein-13 (PP-13)
PP-13 belongs to the galectin superfamily, it is highly

expressed in the placenta and plays an important role in
placental implantation and vascular remodeling [14] (Fig. 2).
Chafetz et al. found that the PP13 levels were significantly
decreased in PE patients at 912 weeks of pregnancy. When the
maternal PP13 levels were used to predict PE in early pregnancy,
the sensitivity was 79 % at a 90 % specificity rate [15]. Odibo et al.
reported that when FPR was set to 20 %, PP13 had a sensitivity of
79 % to predict early-onset PE and only 49 % to predict all PE [9].
Studies have shown that PP-13 levels in early pregnancy have
become an effective means of predicting the occurrence of PE,
especially when it is combined with other indicators, such as
UTPI [14,16].

Hepatocyte growth factor (HGF)
HGF is an acidic protein that promotes the migration and

reproduction of epithelial cells. It is mainly secreted by trophoblast
and chorionic mesenchymal cells. In vitro experiments have
demonstrated that the infiltration capacity of trophoblast cells is
increased 4-fold after HGF stimulation [17]. HGF can also stimulate
the expression of inducible nitric oxide synthase (iNOS), regulate
the apoptosis of human trophoblast cells through NO, and induce
PE [18] (Fig. 2). A retrospective study showed that women with PE
had significantly higher HGF concentrations in plasma than
normotensive women, and the risk of subsequent PE in women
with HGF concentrations above 702.5 ng/ml was 3.2-fold higher
than the risk in those below 702.5 ng/ml [19]. However, the
effectiveness of HGF in predicting the risk of PE in early pregnancy
needs to be confirmed by more extensive clinical studies.

Hypoxia-inducible factor-1 (HIF-1)
HIF-1 is the main regulator of the cellular response to hypoxia

stress and the core of maintaining oxygen homeostasis. It is a
heterodimer transcription factor composed of two subunits,
HIF-1α and HIF-1β. HIF-1α is sensitive to oxygen, and it is quickly
inactivated and degraded under normoxic conditions, while under
hypoxic conditions, HIF-1α degradation is suppressed. When HIF-
1α binds to HIF-1β, active HIF-1 is formed, which is transferred to
the nucleus and regulates the expression of various genes, such as
sFlT-1 and sENG [20] (Fig. 2). Significant upregulation of HIF-1α
was observed in the sera of PE patients, especially in patients with
early-onset PE [21]. This indicates that HIF-1α may be a potential
biomarker for predicting the risk of PE, which still needs further
clinical validation.

MicroRNA 210 (miR-210)
MiR-210 is an important hypoxic sensor produced after HIF-1

activation, and it may mediate apoptosis of trophoblast cells
through the mitochondrial metabolic pathway, which may
participate in the development of PE [22,23] (Fig. 2). Studies have
found that the miR-210 levels in the sera of PE patients increased



Table 2
Current clinical research status of potential biomarkers of PE.

Biomarkers Clinical research status to predict PE Other related diseases Comments

>30 studies 5-30 studies <5 studies

1.The placental or trophoblast ischemia and hypoxia hypothesis
PAPP-A

p
Down syndrome; IUGR; Placental
abruption; Preterm delivery; Fatal
death

The specificity and sensitivity of PE prediction
are expected to be improved by combining
PAPP-A with other indicators such as UTPI.

AT1-AA
p

Gestational hypertension Indicators of kidney injury may help to
distinguish PE from gestational hypertension.

PP-13
p

IUGR; Preterm delivery The prediction effect is better when PP-13 is
combined with other indicators, such as UTPI.

HGF
p

Cancer; Heart disease;
Hypertension; Bowel inflammation

The effectiveness of HGF in predicting the risk
of PE in early pregnancy needs to be
confirmed by more extensive clinical studies.

HIF-1
p

Cancer; Anemia; RA; Stroke; CADs Longitudinal studies are needed to confirm
the effectiveness of HIF-1 in predicting the
risk of PE.

miR-210
p

Myocardial infarction;
Adrenocortical carcinoma; Breast
cancer

More extensive clinical studies are needed to
conduct to confirm the effectiveness of miR-
210 in predicting the risk of PE.

2.The oxidative stress hypothesis
ROS

p
Cancer; CADs; Stroke; Heart disease Prospective studies are needed to confirm the

effectiveness of ROS in predicting the risk of
PE.

HbF
p

Thalassemia; Sickle cell disease;
Gestational diabetes; Leukemia

The ratio of HbF to total hemoglobin
combined with α1 microglobulin is a better
predictor of PE than the HbF level alone.

A1M
p

Cerebral hemorrhage; Chronic leg
ulcers

The effectiveness of A1M in predicting the
risk of PE in early pregnancy needs to be
confirmed by more extensive clinical studies.

Hcy
p

Heart disease; Stroke; Alzheimer’s
disease; Osteoporosis

The prediction effect is better when Hcy is
combined with other indicators, such as UTPI
and sEng.

3.The immune dysregulation hypothesis
NLR

p
RA More longitudinal cohort studies are needed

to accurately determine the best timing and
cutoff values of NLR that may be used in the
clinic.

TH
p

Hypersensitivity; Autoimmune
diseases

The effectiveness of TH in predicting the risk
of PE in early pregnancy needs to be
confirmed by more extensive clinical studies.

CRP
p

CADs; Stroke; Heart disease;
Hypertension; Diabetes; Metabolic
syndrome

CRP is more likely to be a diagnostic marker of
PE than a predictive marker.

NGAL
p

AKI; Chronic kidney disease The prediction effect is better when NGAL is
combined with other markers, such as PlGF.

4.The vascular endothelial injury hypothesis
TG

p
CADs; Stroke; Heart disease;
Hypertriglyceridemia; Metabolic
syndrome

The prediction effect is better when TG is
combined with other markers, such as UTPI
and PlGF.

PlGF
p

Atherosclerosis The sFlt-1/PlGF ratio is more accurate as a
predictive marker for PE than using either
alone.

VEGF
p

RA; Central nervous system
injuries; Angiosarcoma; Diabetic
retinopathy; Breast cancer

The prediction effect is better when VEGF is
combined with other markers, such as UTPI
and PlGF.

sFlt-1
p

IUGR The prediction effect is better when sFlt-1 is
combined with other markers, such as PI or
PlGF.

sEng
p

CADs; Hypertension; Heart disease;
Type II diabetes

The PlGF/sEng ratio is more sensitive and
specific to predict PE risk than using either
separately.

CC
p

CADs; Alzheimer’s disease; AKI;
Chronic kidney disease

The effectiveness of CC in predicting the risk
of PE in early pregnancy needs to be
confirmed by more prospective clinical
studies.

Abbreviations: PAPP-A, Pregnancy-associated plasma protein-A; AT1-AA, Angiotensin II type 1 receptor autoantibody; PP-13, Placental protein-13; HGF, Hepatocyte growth
factor; HIF-1, Hypoxia-inducible factor-1; miR-210, microRNA 210; ROS, Reactive oxygen species; HbF, Fetal hemoglobin; A1M, α1 microglobulin; Hcy, Homocysteine; TH,
Helper T cell; CRP, C-reactive protein; NGAL, Neutrophil gelatinase-associated lipocalin; NLR, Neutrophil/lymphocyte ratio; TG, Triglyceride; PlGF, Placental growth factor;
VEGF, vascular endothelial growth factor; sFlt-1, soluble tyrosine kinase-like receptor-1; sEng, soluble endothelin; CC, Cystatin C; IUGR, Intrauterine growth restriction; RA,
Rheumatoid arthritis; CADs, Cardiovascular diseases; AKI, Acute kidney injury; UTPI, uterine artery pulsatility index.
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Fig. 2. The placental or trophoblast ischemia and hypoxia hypothesis that explains the pathogenesis of PE.
The placenta of PE patients exhibits ischemia and hypoxia, which reduces the expression of PAPP-A and PP-13, and increases the expression of AT1-AA, HIF-1α, and miR-210.
The abnormal expression of these proteins induces endothelial damage, inadequate trophoblastic cell invasion, and abnormal placental implantation, further exacerbating
placental ischemia and hypoxia. As a negative feedback regulation, trophoblast cells secrete more HGF to promote trophoblast migration and infiltration. The dashed lines in
the figure indicate that these biomarkers still need to be verified by more large-scale clinical longitudinal studies as indicators to predict the risk of PE.
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significantly, which was detected months before clinical diagnosis
[24]. With the development of second-generation sequencing
technology, miR-210 may become a potential biomarker for
predicting the risk of PE after more extensive clinical research
has been conducted.

Oxidative stress hypothesis and related biomarkers

There is a balance between oxidation and antioxidation in
normotensive pregnant women. When this balance is broken and
causes oxidative stress, this imbalance will activate or destroy
endothelial cells and participate in the occurrence of PE. Excessive
systemic inflammation in PE patients would enhance the local
oxidative stress response, leading to reduced antioxidants and
increased lipid peroxides, forming a vicious cycle [25].

Reactive oxygen species (ROS)
ROS is a general term for oxygen-containing compounds with

high biological activity produced during aerobic metabolism in
cells. Medium and high concentrations of ROS may induce
apoptosis of pancreatic β cells, vascular endothelial cells, or
trophoblast cells and then cause corresponding diseases, such as
PE [26] (Fig. 3). It is generally believed that the ROS levels in PE
patients are significantly higher than those in normotensive
pregnant women [27]. Recently, with the emergence of various
methods for detecting intracellular ROS products, ROS is likely to
become promising markers for predicting the risk of PE, but
prospective studies are required to confirm this hypothesis.

Fetal hemoglobin (HbF)
HbF is synthesized in pregnancy and rarely occurs in the

peripheral blood of nonpregnant women. The placental barrier is
damaged under pathological conditions such as PE, leading HbF to
enter the maternal peripheral blood, cause maternal systemic
oxidative stress, and participate in oxidative damage to the
placental tissue, thereby further destroying the placental barrier
[28] (Fig. 3). Some studies found that the serum HbF level of
pregnant women who would develop PE later was significantly
increased; moreover, the ratio of HbF to total hemoglobin
combined with α1 microglobulin is a better predictor of PE than
the HbF level alone [29], but the prospect of this application
remains to be confirmed by large-scale prospective studies.

α1 microglobulin (A1M)
A1M is mainly synthesized in the liver and lymphocytes, which

can help cells resist damage induced by heme, HbF, and oxidative
stress. A1M is a reductase and scavenger for free heme and oxygen
free radicals [30] (Fig. 3). A1M levels in the sera of PE patients are



Fig. 3. The oxidative stress hypothesis explaining the pathogenesis of PE.
Elevated Hcy level in PE patients may lead to endothelial damage and systemic inflammation through a variety of pathways, and participate in the pathogenesis of PE.
Moreover, Hcy also promotes the rise of ROS levels, induces the apoptosis of trophoblast cells, and destroys the placental barrier, which increases the level of HbF in maternal
peripheral blood and further exacerbates oxidative stress. To resist the damage caused by oxidative stress, the liver or lymphocytes release more A1M to clear free oxygen
radicals from the body. The dashed lines in the figure indicate that these biomarkers still need to be verified by more large-scale clinical longitudinal studies as indicators to
predict the risk of PE.
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increased compared with that in normotensive pregnant women
[31]. It is believed that the combination of A1M with HbF and/or
heme has good predictability for PE. For example, A1M, HbF, and
hemewere combined withuterinearteryDopplerand demonstrated
a predictive sensitivity of 60 % and a specificity of 95 % for PE [29].

Homocysteine (Hcy)
Hcy is an important intermediate as methionine is metabo-

lized into cysteine, and its level decreases during normal
Fig. 4. The immune dysregulation hypothesis elucidating the pathogenesis of PE.
Abnormal cytokine release in PE patients increases CRP and NGAL expression, leadin
neutrophils, which in turn produce more inflammatory cytokines to activate the imm
neutrophils will also generate a large number of Nets. The dashed line in the figure in
longitudinal studies as an indicator to predict the risk of PE.
pregnancy. Elevated plasma Hcy may enhance iNOS activity
and reduce endothelial nitric-oxide synthase (eNOS) activity,
which leads to endothelial cell apoptosis, activates platelets, and
increases leukocyte adhesion. Hcy may also activate angiotensin II
type 1 receptor (AT1R) to aggravate endothelial damage and
promote vasoconstriction [32] (Fig. 3). Hcy is positively correlated
with PE severity in the third trimester of pregnancy [33]. Studies
have found that high levels of plasma Hcy are easily oxidized,
producing a large amount of ROS and resulting in endothelial
g to placental or renal damage. Placenta-derived factors induce the activation of
une response and promote the development of PE. In addition, the activation of
dicates that this biomarker still needs to be verified by more large-scale clinical
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damage, which may lead to pregnancy hypertension [34] (Fig. 3).
Therefore, Hcy is expected to serve as a potential indicator for
predicting the risk of PE.

Immune dysregulation hypothesis and related biomarkers

The immune dysregulation hypothesis suggests that the change
in the autoimmune response may cause abnormal placental
implantation in the first trimester of pregnancy and subsequent
insufficient placental perfusion, resulting in ischemia, shedding of
the trophotropic artery and the production of multiple cytokines,
leading to extensive vascular endothelial damage and the clinical
manifestations of PE [35].

Neutrophils
Neutrophils are the most abundant white blood cells in the

human body. Activated neutrophils produce an extracellular
fibrous grid consisting mainly of chromatin and granular proteins,
known as the neutrophil extracellular trap (Net). Placental derived
factors (IL-8 and placental microfragments) induce a large number
of Nets in the placenta of PE patients, suggesting that Nets may be
involved in the pathogenesis of PE [36]. In addition, PE promotes
neutrophil transplacental migration and endothelial activation,
which triggers Net formation [37]. Neutrophil/lymphocyte ratio
(NLR) is a newly emerged systemic inflammatory biomarker. The
activation of inflammatory pathways in PE is manifested by an
increase in neutrophil-dominated white blood cell counts,
resulting in increased NLR. Moreover, neutrophils may release a
variety of inflammatory cytokines to activate inflammatory cells
and immune responses, leading to oxidative stress and endothelial
injury, thereby promoting the development of PE [38,39]. To date,
there have been several studies on the use of NLR for PE prediction,
and overall, NLR has a promising application prospect as a
biomarker for clinical prediction and disease severity assessment
of PE due to its convenience. However, more longitudinal cohort
Fig. 5. The schematic diagram of dyslipidemia involvement with PE and other CVD
The metabolic process of transforming from TG-rich VLDL produced by the liver to othe
other CVDs.
studies are still needed in this area to accurately determine the best
timing and cutoff values for clinical use [38,40,41].

Helper T cells (TH)
THs can recognize antigen fragments presented by MHC class

II molecules of antigen-presenting cells and activate other direct
immune response cells. Th1 and Th17 cells mainly secrete
proinflammatory cytokines, which can prevent pregnancy
infection, inhibit trophoblast invasion, and stimulate their
apoptosis. Th2 and Treg cells mainly secrete anti-inflammatory
cytokines, which play an important role in pregnancy immune
tolerance. These cytokines are in a dynamic equilibrium state
during normal pregnancy, and their abnormal expression may
induce immune dysregulation, leading to diseases such as PE
[42] (Fig. 4). Several studies have documented that Th1 or Th17
cell-secreted proinflammatory cytokines, such as IFN-g, are
significantly increased and that Th2 or Treg cell-secreted anti-
inflammatory cytokines, such as IL-4, are significantly reduced,
which is related to the pathogenesis of PE [42,43]. This suggests
the detection of these cytokines may help to predict the risk of
PE. However, the predictive effect remains to be verified by more
clinical studies.

C-reactive protein (CRP)
CRP is an acute-phase protein produced by the liver or placental

cells in response to inflammatory stimuli. It is converted to
neurokinin B (NKB) by phosphocholine transferase and activates
neurokinin 3 receptor (NK3R), resulting in placental or kidney
damage and promoting the secretion of sFlt, which is involved in
the pathogenesis of PE [44] (Fig. 4). It was found that serum CRP
levels in PE patients were significantly higher than those in
normotensive pregnant women and were positively correlated
with the severity of the disease [45], suggesting that serum CRP is
related to the onset of PE; however, it is more likely to be a
diagnostic marker of PE than a predictive marker.
s.
r lipoproteins, and the possible mechanisms involved in the development of PE and
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Neutrophil gelatinase-associated lipocalin (NGAL)
NGAL, also known as lipocalin-2 or ferritin, is a member of the

lipocalin superfamily and is produced in response to stress. NGAL
may cause acute kidney injury and is one of the most effective
biomarkers of acute kidney injury [46] (Fig. 4). The level of NGAL in
the sera of PE patients was significantly increased, and it was
related to the severity of PE. Furthermore, the serum NGAL levels
were positively correlated with creatinine, uric acid, and 24 -h
proteinuria, suggesting that NGAL is related to renal injury caused
by PE [47]. The combination of NGAL with other markers (such as
PlGF) can be used to predict the risk of PE.

Vascular endothelial injury hypothesis and related biomarkers

The vascular endothelial injury hypothesis suggests that PE
mainly undergoes the following two stages: decreased trophoblast
cell infiltration capacity leads to insufficient infiltration of the
myometrium, shallow placental implantation, impaired uterine
spiral artery remodeling, ischemia, and hypoxia. Then, various
cytokines secreted by the placenta enter the maternal circulation,
causing extensive vascular endothelial damage. Systemic vascular
endothelial injury in pregnant women may damage multiple
Fig. 6. The vascular endothelial injury hypothesis illustrating the pathogenesis of P
The expression of antiangiogenic factors such as sFlt-1 and sEng increased in PE patien
manifested as an imbalance of angiogenesis and extensive endothelial injury, resulting in 

level. TG levels in PE patients also elevated, and they were prone to form ox-LDL under o
participating in the pathogenesis of PE.
systems and organs to varying degrees, and with the further
development of the disease, PE symptoms, such as proteinuria and
hypertension, appear [48].

Triglyceride (TG)
TG is the most abundant lipid in the human body. It is well

known that dyslipidemia, that is, abnormally elevated levels of
TC, LDL, and ox-LDL, especially elevated TG levels and decreased
HDL levels, is one of the common risk factors for PE. Elevated
serum TG will increase the proportion of low-density LDL
particles, and the accumulation of TG-rich residual lipoproteins
is prone to form ox-LDL under oxidative stress environments,
leading to endothelial dysfunction and systemic inflammatory
responses, which are the main clinical features of PE [49] (Fig. 5
and Fig. 6). It was found that the maternal TG level in the first
trimester of pregnancy was significantly related to the occurrence
of PE [50]. In particular, high TG levels in early pregnancy are
associated with the risk of early-onset rather than late-onset PE
[51]. Closely monitoring the maternal TG level in early pregnancy
is conducive to the early prediction and prevention of PE,
especially when it is combined with other markers (such as UTPI
and PlGF).
E.
ts, while the expression of proangiogenic factors such as VEGF decreased, which is
insufficient placental implantation, impaired glomerular filtration, and increased CC
xidative stress, leading to endothelial dysfunction and systemic inflammation, and
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Placental growth factor (PlGF)
PlGF is mainly secreted by trophoblast cells and vascular

endothelial cells. PlGF not only promotes the proliferation and
differentiation of trophoblast cells through autocrine signaling but
also regulates placental neovascularization and physiological
remodeling of the placenta in the form of paracrine signaling
[52] (Fig. 6). Studies have found that the serum level of PlGF in
patients with PE is significantly lower than the level in
normotensive pregnant women and is positively correlated with
the severity of PE [53]. However, it still needs to be combined with
other maternal indicators to show better predictive value; for
example, the sFlt-1/PlGF ratio is more accurate as a predictive
marker for PE than using either alone [54,55].

Vascular endothelial growth factor (VEGF)
VEGF is a mitogenic factor for vascular endothelial cells and can

effectively promote endothelial cell proliferation and angiogenesis
(Fig. 6). It has been demonstrated that the VEGF levels in the
placenta and serum of PE patients are significantly lower than
those of normotensive pregnant women [56,57]. Therefore, the
detection of the VEGF levels may help predict the risk and severity
of PE.

Soluble fms-like tyrosine kinase -1 (sFlt-1)
sFlt-1 is produced by splicing the extracellular domain of Flt-1

and is secretable. It can compete with Flt-1 and inhibit the
functions of VEGF and PlGF, and the increase in the sFlt-1 levels in
PE patients is associated with a decrease in free VEGF and P1GF
[58] (Fig. 6). Elevated serum sFlt-1 levels in PE patients could be
detected before the onset of the disease, and early-onset (�32
weeks) PE patients have serum sFlt-1 levels that were 43 times
higher than normotensive pregnant women. However, the serum
level of sFlt-1 in late-onset (>35 weeks) PE patients increased by
only three-fold, so sFlt-1 is considered to have a better predictive
value for early-onset PE than for late-onset PE [59].

Soluble endothelin (sEng)
sEng is a homodimeric membrane glycoprotein that can inhibit

eNOS activity by binding to TGF-β, can activate platelets, and
increase leukocyte adhesion, further causing extensive endothelial
damage and participating in the pathogenesis of PE [60] (Fig. 6).
Studies have demonstrated that the serum sEng level in PE patients
is significantly elevated and is positively correlated with the
severity of the disease, while the PlGF/sEng ratio is more sensitive
and specific to predict PE risk than using either separately [54,61].

Cystatin C (CC)
CC is a natural cysteine cathepsin inhibitor and is a sensitive

endogenous biomarker that reflects changes in the glomerular
filtration rate and the degree of glomerular endotheliosis [62,63].
Cysteine cathepsins inhibited by CC may promote trophoblast
apoptosis and degrade the extracellular matrix (ECM) to promote
the formation of atherosclerotic plaques [64] (Fig. 6). Studies have
found that the serum CC level in pregnant women who developed
PE in the future increased significantly during the first trimester of
pregnancy and increased with the aggravation of PE, which is
linearly correlated with the degree of glomerular endothelial
hyperplasia [65]. Zhang et al. found that the combination of NGAL
and CC can effectively predict PE risk during the first trimester of
pregnancy [47]. This suggests that serum CC is a potential
biomarker to predict the occurrence of PE.

Summary and outlook

With the development of biotechnology, many PE biomarkers
with a potential for the clinical application have been continuously
discovered. They are of great clinical significance for identifying
high-risk PE populations in early pregnancy and obtaining clinical
intervention opportunities as soon as possible. However, many
studies on PE biomarkers have been limited to small sample sizes,
cross-sectional studies, and differing diagnostic criteria for the
disease. Therefore more large-scale longitudinal studies are still
needed. The current biochemical indicators of clinical prenatal
examination mainly include blood lipids, thyroid function,
coagulation function, and hepatorenal function. Therefore, as we
mentioned before, biomarkers such as TG can be detected in
routine prenatal examinations, which may have good clinical
application prospects [66]. Certain biomarkers recommended by
FIGO, such as PlGF and PAPP-A, have better predictive effects on PE,
so they are suitable for the development of test kits for clinical
applications. Additionally, by summarizing the biomarkers in-
volved in these major hypotheses and related mechanisms, we
have recognized that PE is heterogeneous and complex. Moreover,
indicators related to the single hypothesis mechanism cannot
accurately predict the risk of PE in most cases. Therefore, an in-
depth study of the biomarkers involved in the pathogenesis of PE
may prompt us to add multiple biomarkers that reflect different
aspects of disease pathogenesis to combined tests to classify the
high-risk PE population in more detail, which is conducive to
clinically targeted intervention and prevention of PE. Looking
forward, the discovery of novel PE biomarkers based on these
major hypotheses will be the main strategy for predicting the risk
of PE.
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