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Abstract: Preeclampsia is a multisystemic clinical syndrome characterized by the appearance of
new-onset hypertension and proteinuria or hypertension and end organ dysfunction even without
proteinuria after 20 weeks of pregnancy or postpartum. Residing at the severe end of the spectrum of
the hypertensive disorders of pregnancy, preeclampsia occurs in 3 to 8% of pregnancies worldwide
and is a major cause of maternal and perinatal morbidity and mortality, accounting for 8–10% of all
preterm births. The mechanism whereby preeclampsia increases the risk of the neurodevelopmental,
cardiovascular, and metabolic morbidity of the mother’s offspring is not well known, but it is possible
that the preeclamptic environment induces epigenetic changes that adversely affect developmental
plasticity. These developmental changes are crucial for optimal fetal growth and survival but may
lead to an increased risk of chronic morbidity in childhood and even later in life. The aim of this
review is to summarize both the short- and long-term effects of preeclampsia on offspring based on
the current literature.

Keywords: preeclampsia; offspring; neurodevelopment; fetal cardiac remodeling; obesity; high blood
pressure; neonatal sepsis; neonatal RDS; necrotizing enterocolitis; endocrine morbidity

1. Introduction

According to the World Health Organization (WHO), gestational hypertensive disor-
ders complicate up to 10% of pregnancies globally. Preeclampsia, the more severe clinical
manifestation of these disorders, affects 3 to 8% of pregnancies worldwide and is a ma-
jor cause of maternal and perinatal morbidity and mortality, accounting for 8–10% of all
preterm births [1]. Preeclampsia is a multisystemic progressive disorder typically present-
ing after 20 weeks of gestation or postpartum. It is defined as the occurrence of new-onset
hypertension along with evidence of maternal organ failure, which may include new-onset
proteinuria at ≥300 mg/24 h, hematological complications, deranged biochemical markers
of coagulation and hepatic function, or neurological complications and/or evidence of
uteroplacental dysfunction such as fetal growth restriction [2] (Table 1).
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Table 1. Definitions of hypertensive disorders of pregnancy [3–5].

Definition

Chronic Hypertension
Systolic BP ≥ 140 mmHg or/and diastolic BP ≥ 90 mmHg on at least two occasions before
20 weeks of pregnancy or hypertension first diagnosed during pregnancy that persists
for ≥12 weeks postpartum

Chronic Hypertension with
superimposed preeclampsia

Development of new-onset proteinuria, other maternal organ dysfunction, or evidence of
uteroplacental dysfunction among pregnant women with chronic hypertension

Gestational Hypertension
—Nonsevere

Systolic BP of 140–159 mmHg or/and diastolic BP of 90–109 mmHg on at least two readings 4 h
apart after 20 weeks of gestation in a previously normotensive individual

Gestational
Hypertension—Severe

Systolic BP ≥ 160 mmHg or/and diastolic BP ≥ 110 mmHg on at least two occasions within a
short interval (minutes) after 20 weeks of gestation in a previously normotensive individual

Preeclampsia

Gestational hypertension (systolic BP ≥ 140 mmHg or/and diastolic BP ≥ 90 mmHg
at ≥20 weeks of gestation) accompanied by one or more of the following new-onset conditions
at ≥20 weeks of gestation:

• Proteinuria (≥2+ proteinuria on dipstick test, protein/creatinine ratio ≥ 30 mg/mmol,
albumin/creatinine ratio ≥ 8 mg/mmol, or ≥300 mg protein/24 h)

• Other maternal end-organ dysfunctions, including:

# Neurologic complications (e.g., eclampsia, altered mental status, blindness, stroke,
clonus, severe headaches, or persistent visual scotomata);

# Pulmonary edema;
# Hematologic complications (e.g., platelet count 100,000/microL, disseminated

intravascular coagulation, hemolysis, etc.);
# Impaired liver function as indicated by abnormally elevated concentrations of liver

enzymes (to more than twice the upper limit normal concentrations) or by severe,
persistent right-upper quadrant or epigastric abdominal pain that is unresponsive
to medication;

# Renal insufficiency (Serum Creatinine >1.1 mg/dL or a doubling of the serum
creatinine concentration).

• Uteroplacental dysfunction (e.g., placental abruption, angiogenic imbalance, fetal growth
restriction, abnormal results of umbilical artery Doppler waveform analysis, or
intrauterine fetal death)

Preeclampsia with severe
features

• Systolic BP ≥ 160 mm Hg or/and diastolic BP ≥ 110 mm Hg at ≥20 weeks of gestation
• Thrombocytopenia (platelet count < 100,000/microL)
• Renal insufficiency (Serum Creatinine > 1.1 mg/dL or a doubling of the serum creatinine

consecration)
• Pulmonary edema
• Impaired liver function as indicated by abnormally elevated concentrations of liver

enzymes (to more than twice the upper limit normal concentrations) or by severe,
persistent right-upperquadrant or epigastric abdominal pain that is unresponsive to
medication

• Visual disturbances
• New-onset headaches that are unresponsive to medication

Eclampsia In a patient with PE, a novel onset of tonic clonic, focal, or multifocal seizures in the absence of
other causative conditions

HELLP syndrome

Hemolysis, elevated concentrations of liver enzymes, and low-platelet syndrome including:

• Lactate dehydrogenase (LDH) level elevated to 600 IU/L or more;
• Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels elevated to

more than twice the upper limit than normal;
• Platelets count less than 100,000/microL;
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Based on gestational age, preeclampsia is categorized as early- and late-onset. Early-
onset preeclampsia, which develops before 34 weeks of gestation, is less common (10% of
the cases) and usually associated with an unfavorable outcome. It mainly affects primi-
gravidae with a normal body mass index (BMI). This disease is usually associated with
a severe clinical pattern with a less favorable maternal outcome and concomitant fetal
complications such as fetal growth restriction (FGR), demise due to placental abruption,
and iatrogenic prematurity [6]. Late-onset preeclampsia, which develops after 34 weeks of
gestation, accounts for 90% of the preeclamptic pregnancies and is more often observed
in pregnant individuals with risk factors such as chronic hypertension, thrombophilia,
an increased BMI, and preexisting diabetes mellitus and autoimmune diseases. Mater-
nal symptoms usually follow a moderate clinical course, with milder complications for
the fetus. However, even late-onset preeclampsia can be associated with a severe peri-
natal outcome [6]. The severe end of the preeclampsia spectrum has been characterized
as “preeclampsia with severe features” and entails increased blood pressure ≥ 160/110
mmHg, thrombocytopenia <100.000 platelets/µL, a level of liver transaminases that is at
least twice the upper limit of normal concentrations, severe persistent right upper quadrant
pain, visual disturbances (photopsia, scotomata, cortical blindness, and retinal vasospasm),
persistent severe headaches, and/or acute pulmonary edema [7].

Pathophysiology of Preeclampsia

Although there are many theories regarding the pathogenesis of preeclampsia, its
exact etiology remains unknown and seems to be a multifactorial condition involving
fetal/placental and maternal factors [8]. The most prominently accepted theory concerns
the abnormal development of the placental vasculature in early pregnancy due to defective
trophoblast differentiation and invasion [8], causing abnormal remodeling of the spiral
arteries, which leads to the perpetuation of a high-resistance and low-flow uteroplacental
unit [9]. In turn, this results in diminished placental perfusion, hypoxia, and ischemia,
which lead to the release of antiangiogenic factors into the maternal circulation, an im-
balance between vasodilating and vasoconstrictive factors, increased vascular reactivity,
and excessive inflammation [10]. The immunologic theory supports the hypothesis that
immunologic intolerance between the mother and the paternal/fetal antigens may con-
tribute to the pathogenesis of preeclampsia. This immunologic imbalance is believed to
increase natural killer (NK) cell activity and decrease levels of regulatory T cells and other
mediators of the immune response, thus inducing abnormal placental implantation [10].
Finally, numerous other theories cast the following features as etiologic or triggering fac-
tors: genetic factors, environmental and maternal susceptibility factors (such as IVF, high
maternal BMI), increased sensitivity to angiotensin II, complement activation disorders,
and endothelial cell dysfunction [8].

Preeclampsia is a multisystemic disorder that is associated with increased short-term
maternal and fetal morbidity and mortality. The mother is at increased risk of multisystemic
dysfunction and obstetrical complications, while the fetal complications include growth
restriction, prematurity, and stillbirth [11]. Currently, the most effective management
method for preeclampsia is the delivery of the placenta and fetus [11]. It is now well-
established that preeclampsia is also associated with long-term maternal sequelae. Women
with a history of a preeclamptic pregnancy [12] have an approximately two-fold increased
risk of suffering from a composite adverse cardiovascular outcome and cardiovascular
death, a two-fold increased risk of cerebrovascular disease, an up to four-fold increased
risk of hypertension and metabolic syndrome, and a more than two-fold increased risk of
developing type 2 diabetes and dyslipidemia during the decades following pregnancy [12].
In terms of maternal cardiovascular disease, it remains unclear whether this ailment is
directly accelerated by a preeclamptic pregnancy or if common risk factors contribute
to both preeclampsia and cardiovascular disease development. An increasing body of
evidence suggests that preeclampsia may also affect the offspring’s health independently
of prematurity. The mechanism through which preeclampsia increases the risk of the
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cardiovascular, metabolic, and neurodevelopmental morbidity of the offspring is not well
known [13]. It has been suggested that an unfavorable intrauterine environment such
as that in preeclampsia induces epigenetic changes that adversely affect developmental
plasticity [14]. These developmental changes are crucial for optimal fetal growth and
survival but may lead to an increased risk of chronic morbidity in childhood and even later
in adulthood [15].

The aim of this review is to study both the short- and long-term effects of preeclampsia
in offspring (Table 2, Figure 1).

Table 2. Short- and long-term outcomes of preeclamptic offspring.

System Short-Term Outcomes Long-Term Outcomes

Neurodevelopmental/CNS * � Cerebral palsy (CP)

� Autism spectrum disorder (ASD)
� Attention-deficit/hyperactivity

disorder (ADHD)
� Intellectual disability (ID)
� Cerebral palsy (CP)

Cardiovascular

� Fetal cardiac remodeling (hypertrophic
RV and LV, ventricular dysfunction)

� Early endothelial inflammation and
cardiac cell damage (coronary
dilatation, ↑cord NT-proBNP and TnI)

� Higher SBP, DBP in neonates
� Congenital Heart Defects

� Hypertension (higher SDP and DBP)
� Concentric heart remodeling
� Ischemic Heart Disease
� ↑BMI/Obesity

Renal

� Decreased number of nephrons
� Increased renal vascular tension due to

imbalance of vasoactive compounds

� Altered-RAAS-system-induced
increased salt sensitivity

Endocrine � Upregulation of fetal HPA axis

� Mild hypercortisolism (increased
cortisol levels, ACTH)

� Androgen (Testosterone, DHEAS)
imbalance

� Accelerated timing of pubarche (girls)
� Increased IGF-I levels (boys)

Respiratory

� Severe neonatal RDS
� Bronchopulmonary dysplasia

(controversial)

� Higher pulmonary artery pressure
� Asthma

Immune � Neonatal Sepsis � Allergic sensitization
� Severe atopic sensitization

Gastrointestinal � Necrotizing enterocolitis (NEC)
� Esophageal morbidity
� Hernias
� Functional colonic morbidity

Eyes
� Vascularly associated ophthalmic

morbidity

* Neurodevelopmental conditions are typically present at birth; however, diagnosis can be established later in life
depending on the severity of the disorder.
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Figure 1. Preeclampsia-associated morbidity in offspring. The Figure was partly generated using
Servier Medical Art, a service provided by Servier, licensed under a Creative Commons Attribution
3.0 unported license.

2. Outcome in Offspring
2.1. Neurodevelopment

There is evidence that Hypertensive Disorders of Pregnancy (HDP) and Preeclampsia
(PE) have been associated with adverse outcomes and an increased risk of neurodevelop-
mental disorders in the mother’s offspring. Neurodevelopmental disorders (NDs) are a
group of conditions with an onset in a child’s developmental period and comprise Autism
Spectrum Disorder (ASD); intellectual disability (ID); Communication Disorders; Attention-
Deficit/Hyperactivity Disorder (ADHD); Neurodevelopmental Motor Disorders, including
Tic Disorders; and Specific Learning Disorders. All NDs have a strong genetic background,
as they are associated with environmental parameters that affect early brain development.
A broad range of environmental perinatal parameters may affect neurodevelopment, in-
cluding prematurity, low birthweight, and maternal exposure to certain environmental
contaminants and/or drugs, alcohol, or tobacco [16,17]. Hypertensive disorders of preg-
nancy and preeclampsia are leading causes of several obstetric complications related to
adverse neurodevelopmental outcomes. These complications mainly include preterm birth
and fetal growth restriction, both of which are considered well-recognized perinatal risk
factors for neurodevelopmental disorders [18,19].

However, hypertensive disorders of pregnancy and preeclampsia have been relatively
recently added to these perinatal risk factors (independently of their effects on gestational
age and birth weight) [20].

Indeed, the “preeclamptic” environment may alter the structure and function of
the central nervous system and affect fetal brain development [21]. Although the exact
mechanisms associating PE and neurodevelopmental outcomes are still under investiga-
tion [22,23], it has been postulated that both inflammation and oxidative stress, the two
main pathophysiological mechanisms of PE, may contribute considerably to this associa-
tion. Potentiated inflammatory processes and oxidative stress affect maternal, placental,
and fetal circulation in PE and expose the fetus to both maternal immune activation and
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increased concentrations of pro-inflammatory cytokines. The fetal brain is directly exposed
to deleterious factors that adversely affect neuronal development.

The final impacts of these changes are the interaction of hypoxia and placental is-
chemia, oxidative stress, angiogenic and growth-factor-related changes, and inflammation.
Changes of the neuroanatomy and the cerebrovasculature [9,24,25] may be associated with
a higher risk of developing all NDs [26].

2.1.1. Autism Spectrum Disorder (ASD)

According to DSM-5, Autism Spectrum Disorder (ASD) refers to a group of neurodevel-
opmental disorders characterized by deficits in social communication and limited interest or
repetitive behaviors [27]. ASD affects approximately 1–1.5% of children worldwide [28,29].
ASD has a strong genetic background, but environmental parameters have also been iden-
tified as risk factors. These environmental risk factors are mostly related to the perinatal
period of life since this period is particularly sensitive with respect to brain development.
In addition to other perinatal risk factors, such as prematurity and low birthweight, PE has
been recognized as an independent risk factor for ASD in several cohort studies [30–32],
although the evidence from case-control studies is less conclusive [23,33,34]. In the last
decade, four meta-analyses concluded that PE is related to a significantly increased relative
risk or odds ratio for ASD, ranging from 1.32 to 1.50.

Interestingly, a recent population-based retrospective study suggested an intergen-
erational association between PE exposure and ASD and ADHD, as it was found that
the offspring of preeclamptic mothers who had also been birthed through preeclamptic
pregnancies are more likely to be diagnosed with ASD or ADHD than those birthed by
preeclamptic mothers without a similar family history [35].

The mechanisms whereby PE increases the risk of ASD are not fully understood. PE
induces hypoxia, reducing both global placental histone acetylation and acetyl-CoA. Exces-
sively high levels of placental genome domains increase the levels of histone modifiers [33].
Moreover, the severity of the symptoms may be affected if factors such as birthweight,
gestational age, and maternal/gestational health are accounted for [35].

2.1.2. Attention-Deficit/Hyperactivity Disorder (ADHD)

Attention-Deficit/Hyperactivity Disorder (ADHD) is the most prevalent neurode-
velopmental disorder, affecting approximately 5–8% of children [36]. Recent prospective,
population-based evidence showed that there is a substantial association between maternal
preeclampsia and ADHD [37]. A meta-analysis of nine studies (some of them including
controls for birthweight and gestational age) reported an odds ratio of 1.31 for childhood
ADHD in children exposed in utero to preeclampsia [20]. Females commonly present lower
rates of ADHD; however, they may be at an increased risk when presenting a background
of prenatal preeclampsia exposure [38]. Further analysis of the risks to males and females
is needed to better understand these differential impacts [37].

2.1.3. Intellectual Disability (ID) and Cognitive Function

Cognitive function is an individual’s capacity to adequately think, learn, and remem-
ber and is typically measured via standardized psychometric tests. Various studies have
depicted a decline in cognitive function among children of preeclamptic mothers compared
to controls [39]. In infancy, the mental developmental index (MDI), which is measured via
Bayley Scales, is a common tool for the evaluation of an infant’s current level of cognitive
development. Three studies have presented poorer MDI scores among exposed offspring
in addition to a lower IQ among PE children from 3 to 18 years old [40–42].

The association between PE and Intellectual Disability (ID) is still unclear. It is associa-
tion with intellectual disability and cognitive impairment may be the result of confounding
due to shared familial characteristics [26]. The mechanisms that are responsible for these
outcomes have not been fully elucidated. Inflammation and oxidative stress are features
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that are present in a preeclamptic environment and most likely affect neurodevelopmental
programing [23].

2.1.4. Cerebral Palsy (CP)

CP describes a range of motor disabilities with a cerebral origin [43]. Although it is
directly related to perinatal life, it is not included in the group of NDs. One large retro-
spective, population-based cohort study revealed the gestational-age-dependent impact
of PE on the risk of developing CP. More specifically, the association between PE and CP
risk was found to be negative for infants born at 23–31 weeks of pregnancy, nonexistent at
32–36 weeks, and positive for infants born after 37 weeks [44]. A recent meta-analysis and
systematic review showed that PE is not associated with CP (independently of gestational
age) [45].

2.1.5. Psychiatric Disruptions

Several psychiatric disorders have been associated with PE. A difficult infant tempera-
ment (odds ratio: 2.17), which may represent a preceding developmental state of anxiety
and mood disorders, is more common among the offspring of mothers with PE [46]. The
reason for this outcome is not fully understood, but the preeclamptic environment changes
the placental production and metabolism of serotonin, thus jeopardizing placental vascular
health and fetal growth [47,48]. Moreover, these children are at a higher risk of depression,
independently of age, birthweight, gestational age, and other familial factors [39]. Finally,
there is a risk for developing schizophrenia among adults born through preeclamptic
pregnancies (with an adjusted odds ratio of 1.3, which increases to 2.0 among preterm
births) [49]. Tumor necrosis factor (TNF)-α, which is found at increased levels in the ma-
ternal circulation during PE, is known to affect the neuron–microglia crosstalk and glial
regulation of synaptic processes relevant to schizophrenia pathophysiology [50,51]. Overall,
the data support the notion that there may be an association between PE in pregnancy and
increased risk for schizophrenia, although this is still uncertain.

2.2. Eye Disorders

Preeclampsia is associated with an increased risk of ophthalmic morbidity. A population-
based cohort analysis compared the risk of long-term ophthalmic morbidity among children
who had been born via a preeclamptic pregnancy and those who had not. The results
showed a significant association between severe preeclampsia or eclampsia and the risk
of long-term, vascularly associated ophthalmic morbidity in offspring (no preeclampsia
0.3%, mild preeclampsia 0.2%, and severe preeclampsia or eclampsia 0.5%, p = 0.008).
However, there is insufficient evidence regarding the association between eye disease
and mild preeclampsia [52]. The underlying mechanisms by which PE affects the eyes
of newborns are not well understood. It is possible that abnormal placentation results in
placental hypoperfusion and hypoxia, which, in turn, intensifies the expression of hypoxia-
inducible factor-1 (HIF-1), a transcription factor that is causally associated with systemic
endothelial dysfunction in the fetus and the mother, which affects the visual system [53–55].
Intrauterine stress related to PE is an additional contributing factor that triggers fetal
adaptive epigenetic reprogramming, thereby increasing the susceptibility of a child to
vascular diseases later in life, through a permanent alteration of gene expression [56–59].
Furthermore, preeclampsia-associated iatrogenic preterm birth and may lead to short-term
visual morbidity, such as retinopathy of prematurity (ROP) [60,61].

2.3. Immune System and Susceptibility to Infections

It has been suggested that abnormal immune function may contribute to the patho-
physiology and clinical presentation of PE. Furthermore, it has been proposed that PE
reflects an exaggerated maternal inflammatory response to pregnancy and is associated
with immune processes similar to organ rejection after allograft transplantation and in
graft-versus-host diseases (GVHD) [62].
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The impact of preeclampsia on offspring immune system is still being researched.
The preeclamptic environment and the way that Trained Immunity (TI), which includes
natural immune memory, has been linked with PE are still under investigation. Two major
mechanisms have been proposed to associate the deviation from the normal immunological
signature of pregnancy with future disease: the epigenetic reprogramming of the gametes
following the exposure of the parent to inflammation and the uteroplacental unit through
which TI is transmitted from mother to offspring [63]. Since TI and the effects of a compli-
cated prenatal environment persist across generations, it has been suggested that TI could
be causally linked to the increased risk of offspring disease following their exposure to
excessive in utero inflammation associated with PE.

It has been shown that PE increases the risk of both allergic and severe atopic sensitiza-
tion and an increased incidence of asthma [9,64,65]. Furthermore, it has been suggested that
there is an increased prevalence of neonatal sepsis in both term and preterm infants born
to preeclamptic pregnancies based on inflammation and immune dysfunction associated
with PE. Neonatal sepsis is the fifth leading cause of neonatal death. Shane et al. [66] define
neonatal sepsis as “a systemic condition of bacterial, viral, or fungal (yeast) origin that
is associated with hemodynamic changes and other clinical manifestations and results in
substantial morbidity and mortality.” Various known risk factors for the development of
neonatal sepsis have been described, such as a high maternal BMI, preexisting diabetes,
smoking, numerous digital exams, GBS positivity, chorioamnionitis, the use of antibiotics,
administration of steroids for fetal lung maturity, and cesarean delivery. A population-
based cohort analysis showed that PE is an independent risk factor for the diagnosis of
neonatal sepsis until the gestational age of 37 weeks [67]. This association did not persist
when the analysis involved only the subgroup of individuals that delivered at term [68].

The way that preeclampsia influences the long-term susceptibility to infections of
offspring is still being researched. Two main independent risk factors, which may affect
susceptibility to infections, have also been proposed: gestational age at birth and cesarean
section as a choice of the delivery [65,69,70]. Preeclampsia influences the development of
the offspring’s immune system, either independently or due to complications that arise
from the preeclamptic environment, such as iatrogenic prematurity and increased cesarean
section rates [9,67]. Further understanding of the mechanisms by which PE affects the
offspring’s immune system and predisposes a child to infections is essential to facilitate
clinical interventions to reduce morbidity linked with preeclampsia.

2.4. Gastrointestinal Diseases
2.4.1. Neonatal Age

Necrotizing enterocolitis (NEC) is a pediatric gastrointestinal disease that is primarily
associated with prematurity and low birth weight. The pathophysiology of NEC is mul-
tifactorial, for which prematurity, intestinal immaturity, hypoxia, formula feeding, and
colonization with pathogenic bacteria are the main risk factors [71,72]. A prospective study
showed that NEC incidence among premature infants was significantly higher in those
born through preeclamptic pregnancies compared to normotensive ones. Additionally,
NEC occurred significantly earlier [28] and lasted considerably longer in premature infants
born to preeclamptic mothers compared to those born to normotensive mothers [53,73].

2.4.2. Childhood

Pediatric gastrointestinal diseases in offspring requiring hospitalization are associated
with severe preeclampsia or eclampsia as independent risk factors. These diseases include
esophageal morbidity, hernias, and functional colonic morbidity. It is hypothesized that
within the context of an unfavorable in utero environment, fetal intestinal perfusion might
be slightly reduced to preserve blood flow to other vital organs, leading to consequent
ischemic bowel injury that may only be notable later in life [74]. However, this result was
derived from a large population-based study, and further research based on community
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databases is warranted, which should focus on genetic backgrounds and environmental
exposure during childhood.

2.5. Cardiovascular System

In 1993, the Barker hypothesis was developed, which proposed that maternal hyper-
tension or placental ischemia increased the risk of hypertension, cardiovascular disease
(CVD), and stroke in the affected mother’s offspring [75]. This theory is now supported
both experimentally and epidemiologically [25]. A multifactorial interaction of different
mechanisms including genetic background and environmental parameters [76] may explain
this association.

2.5.1. Neonatal Age– Early Childhood

The maturation of fetal myocardial cells is influenced by hormone-mediated regulation
and the hemodynamic load in utero [77]. Preeclampsia is associated with increased fetal
cardiac afterload due to an increase in placental vascular resistance, which promotes early
asymptomatic changes to the fetal heart, through the abnormal accelerated maturation
of cardiomyocytes [78,79]. This leads to abnormal hypertrophy and altered anatomy in
the cardiac components. In preeclamptic pregnancies, the fetal heart has been reported to
present an increased size (a median of 0.27 in uncomplicated pregnancies, which can be
compared to 0.31 in cases of fetal growth restriction (FGR), 0.31 in cases of preeclampsia
with a normally grown fetus, and 0.28 in cases of preeclampsia with FGR; p < 0.001), ven-
tricular hypertrophy (measured wall thickness of 0.55 in uncomplicated pregnancies, which
can be compared to 0.67 in cases of FGR, 0.68 in cases of preeclampsia with a normally
grown fetus, and 0.66 in cases of preeclampsia with FGR; p < 0.001), and an increased
myocardial performance index. This degree of fetal cardiac remodeling seems to be similar
between preeclampsia and fetal growth restriction [78,80]. Still, gestational hypertension is
independently correlated with an increase in right ventricular mass during the first three
postnatal months [1], while reduced left ventricular longitudinal peak systolic strain has
been observed in preterm individuals birthed by preeclamptic mothers when compared to
preterm, normotensive ones. The adverse changes in left and right ventricular structure
and function seem to be independent of preterm birth. In addition, it has been reported that
neonates of preeclamptic mothers present coronary dilatation [81] at birth as well as higher
cord blood levels of blood N-terminal pro-B-type natriuretic peptide (NT-proBNP), troponin
I, homocysteine, and endothelial vascular cell adhesion molecule-1 expression, presenting
early endothelial inflammation and cardiac cell damage. Muñoz-Hernandez et al. [82] have
demonstrated that the levels of endothelial colony-forming cells (ECFCs) from cord blood
were lower in preeclamptic pregnancies both in preterm and term groups than the nor-
motensive controls. Distinctive postnatal microvascular remodeling was further identified
by Yu [83], who observed a loss in total dermal microvascular density over the first three
months of life in the offspring of hypertensive pregnancies [81]. Additionally, early-onset
preeclampsia has been shown to affect osteoprotegerin concentrations at birth, thus altering
the osteoprotegerin–RANKL axis involved in fetal cardiovascular “programming” [84].
These observed cytologic, anatomical, and hemodynamic changes are expressed clinically
even in the first month of life. Another study on the offspring of early-onset preeclamptic
pregnancies during their first postnatal month showed significantly higher systolic (SBP),
diastolic (DBP), and mean blood pressure (MBP) levels among these infants from the second
day up to four weeks of life (p < 0.001–0.033), thereby characterizing preeclampsia as a
determining factor of alterations in SBP, DBP, and MBP during the first postnatal month
(F = 16.2, p < 0.001; F = 16.4, p < 0.001; and F = 17.7, p < 0.001, respectively) [85]. Moreover,
the use of echocardiography on the offspring of hypertensive pregnancies at the age of
3 months showed a significantly greater left and right ventricular mass index in addition to
a smaller right ventricular ejection fraction [80]. Zhou et al. showed a diastolic impairment
of the left ventricle in fetuses of preeclamptic pregnancies with or without FGR, especially
when complicated with preterm delivery before 34 weeks [86]. Left ventricular diastolic
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dysfunction was also observed during the first postpartum week in premature infants born
to preeclamptic mothers [87]. An echocardiographic study on children between 5–8 years
old also reported elevated heart rates and late diastolic velocity at the mitral valve attach-
ments [88]. Furthermore, a common underlying pathophysiological mechanism has been
hypothesized between maternal preterm preeclampsia and congenital heart defects (CHD)
in the offspring [89–91]. Possible candidate mechanisms with a predominantly maternal
origin include endothelial impairment, angiogenic imbalance, poor angiogenesis, smooth
muscle abnormalities, and subclinical metabolic disorders. Infants exposed to early-onset
preeclampsia had greater reported prevalence than the late-onset group, including tetralogy
of Fallot, atrioventricular septal defects, valvar dysfunction, and patent ductus arteriosus.
Moreover, increased intima-media thickness of the abdominal aorta in neonates born to
preeclamptic pregnancies has been reported [92]. Finally, a recent systematic review and
meta-analysis by Hoodbhoy et al. on the impact of maternal preeclampsia and hyper-
glycemia on the cardiovascular system of the offspring [93] reported lower birth weight
(MD: −0.41 kg) but increased systolic (MD: 2.2 mmHg) and diastolic blood pressure (MD:
1.41 mmHg) in children under 10 years old born to preeclamptic pregnancies compared
to controls.

2.5.2. Adolescence–Early Adulthood

In preeclampsia, vasculotoxic factors that enter the placenta provoke excessive hy-
poxic pulmonary hypertension and may lead to a premature cardiovascular deficiency
through the permanent impairment of the systemic and pulmonary circulation [94]. In a
metanalysis of eighteen studies by Davis et al. [95] examining traditional cardiovascular
risk factors in children and adolescents exposed to preeclampsia, in utero exposure to
preeclampsia was associated with a 2.39 mmHg higher systolic and a 1.35 mmHg higher
diastolic blood pressure and an increased Body Mass Index (BMI) by 0.62 kg/m2 dur-
ing childhood and early adulthood. The findings were independent of gender and birth
weight. The documented elevation in systolic blood pressure was related to an increase
of 8% in mortality via ischemic heart disease and 12% from stroke [25]. Additionally, a
2.5-fold higher risk of scores above the 75th centile of global lifetime risk (QRISK) was
observed in young adults exposed in utero to preeclampsia [96]. A causative link between
in utero exposure to preeclampsia and metabolic adverse effects has also been studied.
According to a recent population-based study, the incidence of obesity was higher in the
preeclampsia-affected offspring (odds ratio = 1.34) during early childhood even though
the incidence of low birth weight (LBW) was higher [97]. A recent meta-analysis study-
ing offspring BMI during peripubertal life reported a higher risk of obesity (odds ratio
2.12 [1.70, 2.66]; p < 0.00001) and increased waist circumference (MD 1.37 cm [0.67, 2.06];
p = 0.0001) in the preeclamptic compared to non-preeclamptic group. However, offspring
BMI was inversely associated with maternal age in both groups [23]. Studies have also de-
scribed increased adiposity and expression of obesity-related genes as well as increased pla-
cental leptin synthesis and leptin concentration in the cord-blood of offspring prematurely
born to preeclamptic mothers [94,98,99]. Moreover, the aforementioned concentric heart
remodeling with the hypertrophic ventricles and the reduced left ventricular end-diastolic
volume has been observed in adolescents born preterm to preeclamptic mothers [100]. Al-
though prematurity is linked to higher blood pressure in childhood and young adulthood,
the endothelial dysfunction observed in the offspring of preeclamptic mothers is unique.
Furthermore, siblings of these individuals, born at term from uncomplicated pregnancies,
have not presented any of the aforementioned cardiovascular defects, suggesting an effect
related to preeclampsia rather than a shared genetic background [101]. Lazdam et al. [102],
who compared children exposed in utero to early and late-onset preeclampsia between 6
and 13 years of age, described higher systolic blood pressure and other specific adverse
blood pressure characteristics in the first group, which were not seen in late-onset and in
normotensive pregnancies.
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Furthermore, a population-based study comparing the long-term cardiovascular mor-
bidity in offspring born preterm and at term showed that in the preterm group, both severe
and mild preeclampsia had no association with cardiovascular morbidity [57]. On the
contrary, preeclampsia was characterized as an independent risk factor for cardiovascular
disease in offspring born at term [97]. Another large, population-based cohort study on the
effect of maternal hypertension on cardiovascular disease during childhood, adolescence,
and young adulthood [103] reported a positive correlation between the timing of the onset
and the severity of preeclampsia, with a hazard ratio of 1.48 (CI, 1.30 to 1.67; p < 0.001) for
early-onset and severe preeclampsia.

A recent meta-analysis by Andraweera [104] et al. of thirty-six studies, evaluating
evidence for increased cardiovascular disease risk factors in children exposed prenatally
to preeclampsia, demonstrated that in utero exposure was associated with 5.17 mmHg
higher mean systolic pressure, 4.06 mmHg higher mean diastolic blood pressure, and
0.36 kg/m2 higher mean BMI during childhood and early adulthood. No significant
association between exposure to preeclampsia in utero and other CVD risk factors was
observed. Davidesko et al. [98] demonstrated that there is a significant linear relationship
between the severity of preeclampsia and the development of hypertension in the offspring.
Although the measured LDL, HDL, cholesterol, and triglyceride levels were higher in
the cord blood in the offspring of preeclamptic mothers, there was no difference found
in lipid levels in later years, suggesting a possible temporary impact of preeclampsia on
the offspring. Furthermore, a meta-analysis found no significant increase in fasting blood
glucose and insulin levels between offspring exposed in utero to preeclampsia and controls,
demonstrating that the risk of developing type 2 diabetes mellitus is unaffected [105].
The limitations of this meta-analysis included a possible causal genetic link between the
preeclampsia of the mother and CVD of the offspring, maternal confounders such as
maternal BMI and smoking, and heterogeneity among studies. Finally, a very recent meta-
analysis by Bi et al. also confirmed the aforementioned absence of an association between
in utero exposure to preeclampsia and adverse effects on the lipidemic and glycemic status
in offspring under 15 years of age (RR 1.07, 95% CI 0.88–1.32) [106].

2.6. Renal System

Renal function impairment represents another significant aspect when analyzing the
cardiovascular risks in preeclamptic offspring. Human nephrogenesis occurs mostly in
the third trimester when the incidence of preeclampsia is more common, thus having a
negative impact on the fetal kidney development [107,108]. Preeclampsia may coexist
with FGR and be associated with prematurity, further reducing nephron quantities, de-
creasing the renal filtration rate, promoting glomerular hypertrophy, and reducing renal
vasodilation [109]. The decreased number of nephrons also seems to be independently
related to placental dysfunction associated with preeclampsia. The hemodynamic changes
and prenatal hypoxia observed in preeclampsia induce molecular, pathophysiological,
and histological alterations, which negatively impact fetal renal function and renal vascu-
lar tension. Additionally, maternal endothelial dysfunction caused by placental hypoxia
leads to an imbalance in maternal vasoactive elements, including increased concentra-
tions of vasoconstrictors (such as thromboxane A2, endothelin, and phenylephrine) and
decreased concentrations of vasodilators (such as prostacyclin and nitric oxide) [110–112].
This imbalance of vasoactive compounds may lead to reduced vascular relaxation and
injury of the endothelium of renal interlobar arteries in fetal kidneys. It has also been
suggested that the decrease in the level of vasodilatory nitric oxide in preeclampsia cannot
counterbalance the increased sympathetic tone in fetal renal vessels, which is partially
induced by the increased sensitivity of the fetus to adenosine, leading to a vasoconstric-
tive effect [26–28]. Finally, early-onset preeclampsia has been associated with an altered
renin–angiotensin–aldosterone system in the offspring that persists into adolescence. More
specifically, aldosterone levels were found to be elevated in adolescent males born preterm
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due to preeclampsia. This increase may predispose the offspring of preeclamptic mothers
to developing hypertension [89,113].

2.7. Endocrine System

Although endocrine diseases in childhood are relatively uncommon, obesity in chil-
dren and adolescents has developed into a significant public health problem, mainly due to
its high prevalence and the association with other comorbidities. It seems that preeclampsia
considerably increases the offspring’s risk of long-term endocrine morbidity and, specifi-
cally, obesity. The rates of hospital admissions due to endocrine morbidity and obesity for
the offspring of preeclamptic pregnancies [98] have been found to be higher compared to
controls (0.7% vs. 0.4%; p < 0.001 and 0.2% vs. 0.4% p < 0.001, respectively), showing a linear
correlation with the severity of preeclampsia (0.7% in mild vs. 1.4% in severe preeclampsia,
p = 0.002). Endocrine morbidity was still significantly increased even after controlling for
confounders (OR 1.433 95% CI 1.115–1.841 p = 0.005) [98]. The increased obesity prevalence
in PE offspring has also been reported in a recent meta-analysis (RR 1.45, 95% confident
interval [CI] 1.19–1.78) that further showed that PE offspring were associated with higher
mean arterial, systolic, and diastolic blood pressure in puberty. The authors concluded that
PE might be associated with central obesity, hypertension, and type 2 diabetes mellitus in
offspring later in life [107].

A recent study examined the impact of preeclampsia on the function of the endocrine
system in offspring. This was based on the relationship observed between FGR and
increased inflammatory markers [114] of leukocytes and CRP in childhood, which, in turn,
are associated with insulin sensitivity and obesity [101,115].

A follow-up study [116] of 11-year-old girls and 12-year-old boys showed a remarkable
impact of preeclampsia on their androgen levels. More specifically, compared to unex-
posed female offspring, testosterone levels were much lower in girls born to non-severe
preeclamptic pregnancies, while they were higher in a severe-preeclampsia group. In
contrast, testosterone levels in boys were higher in all groups of preeclampsia compared to
the unexposed group.

Compared to unexposed girls, higher DHEAS concentrations were found in girls
exposed to mild and moderate preeclampsia, while lower concentrations were found in a
group exposed to severe preeclampsia. The differences in DHEAS concentrations according
to the degree of severity of preeclampsia had an impact on the timing of adrenarche, which
was probably due to a different androgenic influence. The severe preeclamptic group with
lower DHEAS concentrations entered adrenarche relatively late, while earlier menarche
and pubarche before thelarche [117] were observed in female offspring exposed to non-
severe preeclampsia with a possible increased risk of PCOS and hyperinsulinemia during
adulthood [118]. Concerning boys born to severe preeclamptic pregnancies, DHEAS levels
were also decreased compared to a control group but did not differ between the mild,
moderate, and unexposed groups [117]. Furthermore, boys exposed to mild and moderate
preeclampsia also presented increased testicular volume and elevated concentrations of
IGF-I, indicating a higher risk of metabolic disorders later in life [118].

Moreover, concerning the long-term reproductive consequences of in utero exposure
to hypertensive disorders, these also seem to depend on the gender of the offspring.
The timing of pubertal development in male offspring does not seem to be affected by
maternal preeclampsia. On the contrary, a recent study proposed a mild acceleration
in pubertal timing in the daughters of preeclamptic mothers, while in the daughters
of hypertensive mothers, some pubertal milestones seemed to occur earlier than in the
daughters of normotensive mothers [119]. Although preeclampsia has been associated with
earlier menarche [120,121], some studies found no impact of preeclampsia on the onset of
pubertal timing [117,122].

Henley et al. demonstrated a decrease in maternal total and free cortisol concentrations
throughout the spectrum of gestational hypertensive disorders. They studied the effect
of preeclampsia on the adolescent offspring’s hypothalamic–pituitary–adrenal (HPA) axis
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function, which revealed mild cases of hypercortisolism, which were possibly caused by
an adaptive upregulation of the fetal HPA axis to the reduced maternal cortisol. More
specifically, total plasma cortisol, free cortisol, ACTH, and systolic blood pressure were
higher in the offspring of preeclamptic pregnancies compared to controls independently
of sex and in utero growth. In the long term, this adrenal upregulation may be linked to
hypertension, metabolic dysfunction, and neuropsychiatric manifestations [123].

Finally, fetal programming in the offspring of hypertensive mothers may also affect salt
sensitivity. A study investigating the different vascular responses of the offspring exposed
to experimental late-onset preeclampsia (EPE) found increased aldosterone concentrations
in the EPE group with no differences in salt excretion and renal function [124].

In summary, it has been suggested that prenatal exposure to preeclampsia may induce
changes in the endocrine system of the offspring, affecting obesity prevalence, adrenal
activity, salt sensitivity, androgen balance, and pubertal development.

2.8. Respiratory System
2.8.1. Neonatal Life

In preeclamptic offspring, the imbalance of angiogenic and inflammatory factors may
dysregulate their pulmonary vascular and alveolar development. Studies on extremely
premature (23–28 weeks) [125], premature (30–34+6 weeks) [126], and very-low-birthweight
infants [127] have reported an increased risk of severe neonatal respiratory distress syn-
drome (RDS) (≥30% supplemental oxygen on day 1) [128]. Furthermore, the incidence of
neonatal pneumonia, RDS, and lower Apgar scores was found to be higher in the preterm
and full-term offspring of pregnancies complicated by gestational hypertensive disorders,
for which there was a positive correlation between the severity of maternal hypertension
and neonatal respiratory morbidity. Whether in utero exposure to preeclampsia is associ-
ated with bronchopulmonary dysplasia (BPD) in preterm infants less than 32 weeks remains
controversial. A cohort study [127] of 102 infants has concluded that preeclampsia is not a
risk factor for BPD among preterm infants (RR: 0.5, 95% confidence interval [CI]: 0.20–1.20).
Nonetheless, other studies [129,130] comparing preterm neonates born to preeclamptic and
normotensive mothers have described preeclampsia as a risk factor of BPD, attributing
both of these pathologies to abnormal angiogenesis shared in the mother and fetus, while
early-onset pulmonary vascular disease in these offspring has been proposed due to the
association between the severity of preeclampsia and the severity of BPD.

2.8.2. Childhood

The preeclampsia-mediated effects on systemic and pulmonary circulation seem to be
permanent according to a study assessing pulmonary artery pressure and flow-mediated di-
lation of the branchial artery in children born to preeclamptic women [95]. More specifically,
pulmonary artery pressure was 30% higher and flow-mediated dilation was 30% reduced
in the offspring of preeclamptic women, while both changes were attributed to augmented
oxidative stress related to preeclampsia. Furthermore, the effect of preeclampsia on the
relationship between maternal and offspring asthma has been investigated. According to a
recent clinical trial [131] comparing the offspring of asthmatic mothers, the risk of asthma
was 50% greater for children born to preeclamptic mothers compared to the offspring of
normotensive mothers with asthma (adjusted hazard ratio, 2.68; 95% CI: 1.30–5.61). These
results support the interaction between already-existing obstetric factors and in utero fetal
immune dysregulation because of preeclampsia, making it an independent risk factor for
the respiratory morbidity of the offspring [132].

In summary, in utero exposure to preeclampsia may be associated with severe neonatal
RDS in addition to asthma and elevated pulmonary artery pressure later in life.
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3. Conclusions

PE is a syndrome characterized by new-onset hypertension and proteinuria or in-
creased blood pressure and end-organ dysfunction with or without proteinuria after
20 weeks of pregnancy.

The pathophysiology of preeclampsia involves maternal, fetal, and placental param-
eters. Abnormal placental vasculature development early in pregnancy combined with
maternal disease predisposing one to vascular insufficiency may lead to placental hy-
poperfusion, hypoxia, and ischemia. In turn, this may provoke an excessive release of
antiangiogenic factors into maternal circulation, triggering maternal systemic endothelial
dysfunction and resulting in hypertension and end organ manifestations.

The multifactorial nature of PE has been confirmed by the overlapping role of ge-
netics and in utero and ex utero environmental aspects such as an unhealthy maternal
lifestyle. Additionally, the currently available evidence suggests that there is a link between
preeclampsia and adverse effects on offspring’s health. Associations with heart disease,
renal dysfunction, general vascular impairment, endocrine disease, immune dysfunction,
and neurodevelopmental adverse outcomes have been found. Since hypertensive disorders
of pregnancy are commonly related to prematurity and fetal growth restriction, it may
not be possible to specify the contribution of each pathology to the increase in the risk for
the offspring.

Understanding the mechanisms causing the pathologic changes observed in preeclamp-
sia is crucial for the early prenatal prediction and prevention of PE, the determination of
optimal pregnancy follow-up and time of delivery, and the screening of the offspring in
jeopardy to ensure early intervention.
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cardiovascular risk for offspring. J. Clin. Med. 2021, 10, 3154. [CrossRef] [PubMed]

7. Gestational Hypertension and Preeclampsia: ACOG Practice Bulletin, Number 222. Obstet. Gynecol. 2020, 135, e237–e260.
[CrossRef]

8. Giannakou, K.; Evangelou, E.; Papatheodorou, S.I. Genetic and non-genetic risk factors for pre-eclampsia: Umbrella review of
systematic reviews and meta-analyses of observational studies. Ultrasound Obstet. Gynecol. 2018, 51, 720–730. [CrossRef]

https://doi.org/10.3389/fped.2021.625726
https://doi.org/10.1152/ajprenal.00071.2020
https://doi.org/10.1002/ijgo.12802
www.nice.org.uk/guidance/ng133
www.nice.org.uk/guidance/ng133
https://doi.org/10.1056/NEJMra2109523
https://www.ncbi.nlm.nih.gov/pubmed/35544388
https://doi.org/10.3390/jcm10143154
https://www.ncbi.nlm.nih.gov/pubmed/34300320
https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1002/uog.18959


Children 2023, 10, 826 15 of 19

9. Pinheiro, T.V.; Brunetto, S.; Ramos, J.G.L.; Bernardi, J.R.; Goldani, M.Z. Hypertensive disorders during pregnancy and health
outcomes in the offspring: A systematic review. J. Dev. Orig. Health Dis. 2016, 7, 391–407. [CrossRef] [PubMed]

10. Zhou, C.C.; Ahmad, S.; Mi, T.; Abbasi, S.; Xia, L.; Day, M.-C.; Ramin, S.M.; Ahmed, A.; Kellems, R.E.; Xia, Y. Autoantibody
from women with preeclampsia induces soluble Fms-like tyrosine kinase-1 production via angiotensin type 1 receptor and
calcineurin/nuclear factor of activated T-cells signaling. Hypertension 2008, 51, 1010–1019.

11. Lu, H.Q.; Hu, R. Lasting effects of intrauterine exposure to preeclampsia on offspring and the underlying mechanism. AJP Rep.
2019, 9, E275–E291. [CrossRef] [PubMed]

12. Magee, L.A.; Pels, A.; Helewa, M.; Rey, E.; von Dadelszen, P.; Canadian Hypertensive Disorders of Pregnancy Working Group.
Diagnosis, Evaluation, and Management of the Hypertensive Disorders of Pregnancy: Executive Summary. J. Obstet. Gynaecol.
Can. 2014, 36, 416–438. [CrossRef] [PubMed]

13. Rana, S.; Lemoine, E.; Granger, J.P.; Karumanchi, S.A. Preeclampsia. Circ. Res. 2019, 124, 1094–1112. [CrossRef]
14. Ives, C.W.; Sinkey, R.; Rajapreyar, I.; Tita, A.T.N.; Oparil, S. Preeclampsia—Pathophysiology and Clinical Presentations. J. Am.

Coll. Cardiol. 2020, 76, 1690–1702. [CrossRef]
15. Ducsay, C.A.; Goyal, R.; Pearce, W.J.; Wilson, S.; Hu, X.Q.; Zhang, L. Gestational Hypoxia and Developmental Plasticity. Physiol.

Rev. 2018, 98, 1241–1334. [CrossRef]
16. Aarnoudse-Moens, C.S.H.; Weisglas-Kuperus, N.; van Goudoever, J.B.; Oosterlaan, J. Meta-Analysis of Neurobehavioral Outcomes

in Very Preterm and/or Very Low Birth Weight Children. Pediatrics 2009, 124, 717–728. [CrossRef]
17. Das Banerjee, T.; Middleton, F.; Faraone, S.V. Environmental risk factors for attention-deficit hyperactivity disorder. Acta Paediatr.

2007, 96, 1269–1274. [CrossRef]
18. Schlapbach, L.J.; Ersch, J.; Adams, M.; Bernet, V.; Bucher, H.U.; Latal, B. Impact of chorioamnionitis and preeclampsia on

neurodevelopmental outcome in preterm infants below 32 weeks gestational age. Acta Paediatr. 2010, 99, 1504–1509. [CrossRef]
[PubMed]

19. Szymonowicz, W.; Yu, V.Y. Severe pre-eclampsia and infants of very low birth weight. Arch. Dis. Child. 1987, 62, 712–716.
[CrossRef]

20. Maher, G.M.; O’Keeffe, G.W.; Kearney, P.M.; Dinan, T.G.; Mattsson, M.; Khashan, A.S. Association of Hypertensive Disorders of
Pregnancy With Risk of Neurodevelopmental Disorders in Offspring: A Systematic Review and Meta-analysis. JAMA Psychiatry
2018, 75, 809–819. [CrossRef]

21. Kay, V.R.; Rätsep, M.T.; Figueiró-Filho, E.A.; Croy, B.A. Preeclampsia may influence offspring neuroanatomy and cognitive
function: A role for placental growth factor †. Biol. Reprod. 2019, 101, 271–283. [CrossRef] [PubMed]

22. Auger, N.; Luo, Z.C.; Nuyt, A.M.; Kaufman, J.S.; Naimi, A.I.; Platt, R.W.; Fraser, W.D. Secular Trends in Preeclampsia Incidence
and Outcomes in a Large Canada Database: A Longitudinal Study Over 24 Years. Can. J. Cardiol. 2016, 32, e15–e987. [CrossRef]
[PubMed]

23. Barron, A.; McCarthy, C.M.; O’Keeffe, G.W. Preeclampsia and Neurodevelopmental Outcomes: Potential Pathogenic Roles for
Inflammation and Oxidative Stress? Mol. Neurobiol. 2021, 58, 2734–2756. [CrossRef]

24. Figueiró-Filho, E.A.; Mak, L.E.; Reynolds, J.N.; Stroman, P.W.; Smith, G.N.; Forkert, N.D.; Paolozza, A.; Rätsep, M.T.; Croy, B.A.
Neurological function in children born to preeclamptic and hypertensive mothers—A systematic review. Pregnancy Hypertens.
2017, 10, 1–6. [CrossRef]

25. Kajantie, E.; Eriksson, J.G.; Osmond, C.; Thornburg, K.; Barker, D.J.P. Pre-Eclampsia Is Associated With Increased Risk of Stroke
in the Adult Offspring. Stroke 2009, 40, 1176–1180. [CrossRef]

26. Brand, J.S.; Lawlor, D.A.; Larsson, H.; Montgomery, S. Association Between Hypertensive Disorders of Pregnancy and Neurode-
velopmental Outcomes Among Offspring. JAMA Pediatr. 2021, 175, 577. [CrossRef] [PubMed]

27. DSM-5(ASD.Guidelines). 2013. Available online: https://www.cdc.gov/ncbddd/autism/hcp-dsm.html (accessed on 8
March 2023).

28. Lyall, K.; Croen, L.; Daniels, J.; Fallin, M.D.; Ladd-Acosta, C.; Lee, B.K.; Park, B.Y.; Snyder, N.W.; Schendel, D.; Volk, H.; et al. The
Changing Epidemiology of Autism Spectrum Disorders. Annu. Rev. Public Health 2017, 38, 81–102. [CrossRef]

29. Lord, C.; Elsabbagh, M.; Baird, G.; Veenstra-Vanderweele, J. Autism spectrum disorder. Lancet 2018, 392, 508–520. [CrossRef]
[PubMed]

30. Dachew, B.A.; Mamun, A.; Maravilla, J.C.; Alati, R. Pre-eclampsia and the risk of autism-spectrum disorder in offspring:
Meta-analysis. Br. J. Psychiatry 2018, 212, 142–147. [CrossRef] [PubMed]

31. Wang, C.; Geng, H.; Liu, W.; Zhang, G. Prenatal, perinatal, and postnatal factors associated with autism. Medicine 2017, 96, e6696.
[CrossRef] [PubMed]

32. Xu, R.T.; Chang, Q.X.; Wang, Q.Q.; Zhang, J.; Xia, L.-X.; Zhong, N.; Yu, Y.-H.; Zhong, M.; Huang, Q.-T. Association between
hypertensive disorders of pregnancy and risk of autism in offspring: A systematic review and meta-analysis of observational
studies. Oncotarget 2018, 9, 1291–1301. [CrossRef] [PubMed]

33. Mann, J.R.; McDermott, S.; Bao, H.; Hardin, J.; Gregg, A. Pre-eclampsia, birth weight, and autism spectrum disorders. J. Autism.
Dev. Disord. 2010, 40, 548–554. [CrossRef]

34. Sun, B.Z.; Moster, D.; Harmon, Q.E.; Wilcox, A.J. Association of Preeclampsia in Term Births With Neurodevelopmental Disorders
in Offspring. JAMA Psychiatry 2020, 77, 823–829. [CrossRef]

https://doi.org/10.1017/S2040174416000209
https://www.ncbi.nlm.nih.gov/pubmed/27168118
https://doi.org/10.1055/s-0039-1695004
https://www.ncbi.nlm.nih.gov/pubmed/31511798
https://doi.org/10.1016/S1701-2163(15)30588-0
https://www.ncbi.nlm.nih.gov/pubmed/24927294
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://doi.org/10.1016/j.jacc.2020.08.014
https://doi.org/10.1152/physrev.00043.2017
https://doi.org/10.1542/peds.2008-2816
https://doi.org/10.1111/j.1651-2227.2007.00430.x
https://doi.org/10.1111/j.1651-2227.2010.01861.x
https://www.ncbi.nlm.nih.gov/pubmed/20456275
https://doi.org/10.1136/adc.62.7.712
https://doi.org/10.1001/jamapsychiatry.2018.0854
https://doi.org/10.1093/biolre/ioz095
https://www.ncbi.nlm.nih.gov/pubmed/31175349
https://doi.org/10.1016/j.cjca.2015.12.011
https://www.ncbi.nlm.nih.gov/pubmed/26947535
https://doi.org/10.1007/s12035-021-02290-4
https://doi.org/10.1016/j.preghy.2017.07.144
https://doi.org/10.1161/STROKEAHA.108.538025
https://doi.org/10.1001/jamapediatrics.2020.6856
https://www.ncbi.nlm.nih.gov/pubmed/33749704
https://www.cdc.gov/ncbddd/autism/hcp-dsm.html
https://doi.org/10.1146/annurev-publhealth-031816-044318
https://doi.org/10.1016/S0140-6736(18)31129-2
https://www.ncbi.nlm.nih.gov/pubmed/30078460
https://doi.org/10.1192/bjp.2017.27
https://www.ncbi.nlm.nih.gov/pubmed/29436313
https://doi.org/10.1097/MD.0000000000006696
https://www.ncbi.nlm.nih.gov/pubmed/28471964
https://doi.org/10.18632/oncotarget.23030
https://www.ncbi.nlm.nih.gov/pubmed/29416695
https://doi.org/10.1007/s10803-009-0903-4
https://doi.org/10.1001/jamapsychiatry.2020.0306


Children 2023, 10, 826 16 of 19

35. Wallace, A.E.; Anderson, G.M.; Dubrow, R. Obstetric and parental psychiatric variables as potential predictors of autism severity.
J. Autism. Dev. Disord. 2008, 38, 1542–1554. [CrossRef] [PubMed]

36. Thapar, A.; Cooper, M. Attention deficit hyperactivity disorder. Lancet 2016, 387, 1240–1250. [CrossRef] [PubMed]
37. Halmøy, A.; Klungsøyr, K.; Skjærven, R.; Haavik, J. Pre- and perinatal risk factors in adults with attention-deficit/hyperactivity

disorder. Biol. Psychiatry 2012, 71, 474–481. [CrossRef]
38. Silva, D.; Colvin, L.; Hagemann, E.; Bower, C. Environmental risk factors by gender associated with attention-deficit/hyperactivity

disorder. Pediatrics 2014, 133, e14–e22. [CrossRef]
39. Tuovinen, S.; Räikkönen, K.; Kajantie, E.; Pesonen, A.-K.; Heinonen, K.; Osmond, C.; Barker, D.J.P.; Eriksson, J.G. Depressive

symptoms in adulthood and intrauterine exposure to pre-eclampsia: The Helsinki Birth Cohort Study. BJOG 2010, 117, 1236–1242.
[CrossRef] [PubMed]

40. Heikura, U.; Hartikainen, A.L.; Nordström, T.; Pouta, A.; Taanila, A.; Järvelin, M.R. Maternal hypertensive disorders during
pregnancy and mild cognitive limitations in the offspring. Paediatr. Perinat. Epidemiol. 2013, 27, 188–198. [CrossRef]

41. Many, A.; Fattal, A.; Leitner, Y.; Kupferminc, M.J.; Harel, S.; Jaffa, A. Neurodevelopmental and cognitive assessment of children
born growth restricted to mothers with and without preeclampsia. Hypertens. Pregnancy 2003, 22, 25–29. [CrossRef]

42. van Wassenaer, A.G.; Westera, J.; van Schie, P.E.M.; Houtzager, B.A.; Cranendonk, A.; de Groot, L.; Ganzevoort, W.; Wolf, H.; de
Vries, J.I. Outcome at 4.5 years of children born after expectant management of early-onset hypertensive disorders of pregnancy.
Am. J. Obstet. Gynecol. 2011, 204, e1–e510. [CrossRef]

43. Blair, E.; Watson, L. Epidemiology of cerebral palsy. Semin. Fetal Neonatal. Med. 2006, 11, 117–125. [CrossRef] [PubMed]
44. Trønnes, H.; Wilcox, A.J.; Lie, R.T.; Markestad, T.; Moster, D. Risk of cerebral palsy in relation to pregnancy disorders and preterm

birth: A national cohort study. Dev. Med. Child Neurol. 2014, 56, 779–785. [CrossRef] [PubMed]
45. Badagionis, M.; Sergentanis, T.N.; Pervanidou, P.; Kalampokas, E.; Vlahos, N.; Eleftheriades, M. Preeclampsia and Cerebral Palsy

in Offspring. Children 2022, 9, 385. [CrossRef] [PubMed]
46. Robinson, M.; Oddy, W.H.; Whitehouse, A.J.O.; Pennell, C.E.; Kendall, G.E.; McLean, N.J.; Jacoby, P.; Zubrick, S.R.; Stanley, F.J.;

Newnham, J.P. Hypertensive diseases of pregnancy predict parent-reported difficult temperament in infancy. J. Dev. Behav. Pediatr.
2013, 34, 174–180. [CrossRef]

47. Gujrati, V.R.; Shanker, K.; Vrat, S.; Chandravati Parmar, S.S. Novel appearance of placental nuclear monoamine oxidase:
Biochemical and histochemical evidence for hyperserotonomic state in preeclampsia-eclampsia. Am. J. Obstet. Gynecol. 1996,
175, 1543–1550. [CrossRef] [PubMed]

48. Bertrand, C.; St-Louis, J. Reactivities to serotonin and histamine in umbilical and placental vessels during the third trimester after
normotensive pregnancies and pregnancies complicated by preeclampsia. Am. J. Obstet. Gynecol. 1999, 180, 650–659. [CrossRef]

49. Eide, M.G.; Moster, D.; Irgens, L.M.; Reichborn-Kjennerud, T.; Stoltenberg, C.; Skjærven, R.; Susser, E.; Abel, K. Degree of fetal
growth restriction associated with schizophrenia risk in a national cohort. Psychol. Med. 2013, 43, 2057–2066. [CrossRef]

50. Smyth, A.M.; Lawrie, S.M. The neuroimmunology of schizophrenia. Clin. Psychopharmacol. Neurosci. 2013, 11, 107–117. [CrossRef]
51. Stellwagen, D.; Malenka, R.C. Synaptic scaling mediated by glial TNF-alpha. Nature 2006, 440, 1054–1059. [CrossRef]
52. Kedar Sade, E.; Wainstock, T.; Tsumi, E.; Sheiner, E. Prenatal Exposure to Preeclampsia and Long-Term Ophthalmic Morbidity of

the Offspring. J. Clin. Med. 2020, 9, 1271. [CrossRef]
53. Kanasaki, K.; Kalluri, R. The biology of preeclampsia. Kidney Int. 2009, 76, 831–837. [CrossRef]
54. Tal, R. The Role of Hypoxia and Hypoxia-Inducible Factor-1Alpha in Preeclampsia Pathogenesis. Biol Reprod. 2012, 87, 134.

[CrossRef] [PubMed]
55. Tal, R.; Shaish, A.; Barshack, I.; Polak-Charcon, S.; Afek, A.; Volkov, A.; Feldman, B.; Avivi, C.; Harats, D. Effects of Hypoxia-

Inducible Factor-1α Overexpression in Pregnant Mice. Am. J. Pathol. 2010, 177, 2950–2962. [CrossRef] [PubMed]
56. Wu, C.S.; Nohr, E.A.; Bech, B.H.; Vestergaard, M.; Catov, J.M.; Olsen, J. Health of children born to mothers who had preeclampsia:

A population-based cohort study. Am. J. Obstet. Gynecol. 2009, 201, e1–e269. [CrossRef]
57. Nahum Sacks, K.; Friger, M.; Shoham-Vardi, I.; Spiegel, E.; Sergienko, R.; Landau, D.; Sheiner, E. Prenatal exposure to preeclampsia

as an independent risk factor for long-term cardiovascular morbidity of the offspring. Pregnancy Hypertens. 2018, 13, 181–186.
[CrossRef] [PubMed]

58. Hakim, J.; Senterman, M.K.; Hakim, A.M. Preeclampsia Is a Biomarker for Vascular Disease in Both Mother and Child: The Need
for a Medical Alert System. Int. J. Pediatr. 2013, 2013, 953150. [CrossRef] [PubMed]

59. Gluckman, P.D.; Hanson, M.A.; Cooper, C.; Thornburg, K.L. Effect of In Utero and Early-Life Conditions on Adult Health and
Disease. New Engl. J. Med. 2008, 359, 61–73. [CrossRef] [PubMed]

60. Shulman, J.P.; Weng, C.; Wilkes, J.; Greene, T.; Hartnett, M.E. Association of Maternal Preeclampsia With Infant Risk of Premature
Birth and Retinopathy of Prematurity. JAMA Ophthalmol. 2017, 135, 947. [CrossRef] [PubMed]

61. Backes, C.H.; Markham, K.; Moorehead, P.; Cordero, L.; Nankervis, C.A.; Giannone, P.J. Maternal Preeclampsia and Neonatal
Outcomes. J. Pregnancy 2011, 2011, 214365. [CrossRef] [PubMed]

62. Gleicher, N. Why much of the pathophysiology of preeclampsia-eclampsia must be of an autoimmune nature. Am J Obstet Gynecol.
2007, 196, e1–e7. [CrossRef]

63. Lodge-Tulloch, N.A.; Toews, A.J.; Atallah, A.; Cotechini, T.; Girard, S.; Graham, C.H. Cross-Generational Impact of Innate
Immune Memory Following Pregnancy Complications. Cells 2022, 11, 3935. [CrossRef] [PubMed]

https://doi.org/10.1007/s10803-007-0536-4
https://www.ncbi.nlm.nih.gov/pubmed/18324467
https://doi.org/10.1016/S0140-6736(15)00238-X
https://www.ncbi.nlm.nih.gov/pubmed/26386541
https://doi.org/10.1016/j.biopsych.2011.11.013
https://doi.org/10.1542/peds.2013-1434
https://doi.org/10.1111/j.1471-0528.2010.02634.x
https://www.ncbi.nlm.nih.gov/pubmed/20560943
https://doi.org/10.1111/ppe.12028
https://doi.org/10.1081/PRG-120016791
https://doi.org/10.1016/j.ajog.2011.02.032
https://doi.org/10.1016/j.siny.2005.10.010
https://www.ncbi.nlm.nih.gov/pubmed/16338186
https://doi.org/10.1111/dmcn.12430
https://www.ncbi.nlm.nih.gov/pubmed/24621110
https://doi.org/10.3390/children9030385
https://www.ncbi.nlm.nih.gov/pubmed/35327757
https://doi.org/10.1097/DBP.0b013e31827d5761
https://doi.org/10.1016/S0002-9378(96)70104-7
https://www.ncbi.nlm.nih.gov/pubmed/8987939
https://doi.org/10.1016/S0002-9378(99)70268-1
https://doi.org/10.1017/S003329171200267X
https://doi.org/10.9758/cpn.2013.11.3.107
https://doi.org/10.1038/nature04671
https://doi.org/10.3390/jcm9051271
https://doi.org/10.1038/ki.2009.284
https://doi.org/10.1095/biolreprod.112.102723
https://www.ncbi.nlm.nih.gov/pubmed/23034156
https://doi.org/10.2353/ajpath.2010.090800
https://www.ncbi.nlm.nih.gov/pubmed/20952590
https://doi.org/10.1016/j.ajog.2009.06.060
https://doi.org/10.1016/j.preghy.2018.06.013
https://www.ncbi.nlm.nih.gov/pubmed/30177050
https://doi.org/10.1155/2013/953150
https://www.ncbi.nlm.nih.gov/pubmed/23690796
https://doi.org/10.1056/NEJMra0708473
https://www.ncbi.nlm.nih.gov/pubmed/18596274
https://doi.org/10.1001/jamaophthalmol.2017.2697
https://www.ncbi.nlm.nih.gov/pubmed/28796851
https://doi.org/10.1155/2011/214365
https://www.ncbi.nlm.nih.gov/pubmed/21547086
https://doi.org/10.1016/j.ajog.2006.09.016
https://doi.org/10.3390/cells11233935
https://www.ncbi.nlm.nih.gov/pubmed/36497193


Children 2023, 10, 826 17 of 19

64. Liu, X.; Olsen, J.; Agerbo, E.; Yuan, W.; Wu, C.; Sen Li, J. Maternal preeclampsia and childhood asthma in the offspring. Pediatr.
Allergy Immunol. 2015, 26, 181–185. [CrossRef]

65. Kristensen, K.; Henriksen, L. Cesarean section and disease associated with immune function. J. Allergy Clin. Immunology 2016,
137, 587–590. [CrossRef]

66. Shane, A.L.; Sánchez, P.J.; Stoll, B.J. Neonatal sepsis. Lancet 2017, 390, 1770–1780. [CrossRef] [PubMed]
67. Rorman, E.; Freud, A.; Wainstock, T.; Sheiner, E. Maternal preeclampsia and long-term infectious morbidity in the offspring—A

population based cohort analysis. Pregnancy Hypertens. 2020, 21, 30–34. [CrossRef]
68. Harrison, R.K.; Palatnik, A. The association between preeclampsia and ICD diagnosis of neonatal sepsis. J. Perinatol. 2021,

41, 460–467. [CrossRef]
69. Miller, J.E.; Hammond, G.C.; Strunk, T.; Moore, H.C.; Leonard, H.; Carter, K.W.; Bhutta, Z.; Stanley, F.; de Klerk, N.; Burgner, D.P.

Association of gestational age and growth measures at birth with infection-related admissions to hospital throughout childhood:
A population-based, data-linkage study from Western Australia. Lancet Infect Dis. 2016, 16, 952–961. [CrossRef]

70. Wainstock, T.; Walfisch, A.; Shoham-Vardi, I.; Segal, I.; Sergienko, R.; Landau, D.; Sheiner, E. Term Elective Cesarean Delivery and
Offspring Infectious Morbidity. Pediatr. Infect. Dis. J. 2019, 38, 176–180. [CrossRef]

71. Bashiri, A.; Zmora, E.; Sheiner, E.; Hershkovitz, R.; Shoham-Vardi, I.; Mazor, M. Maternal Hypertensive Disorders Are an
Independent Risk Factor for the Development of Necrotizing Enterocolitis in Very Low Birth Weight Infants. Fetal Diagn. Ther.
2003, 18, 404–407. [CrossRef]

72. Kirsten, G.; van Zyl, N.; Smith, M.; Odendaal, H. Necrotizing Enterocolitis in Infants Born to Women with Severe Early
Preeclampsia and Absent End-Diastolic Umbilical Artery Doppler Flow Velocity Waveforms. Am. J. Perinatol. 1999, 16, 309–314.
[CrossRef] [PubMed]

73. Cetinkaya, M.; Ozkan, H.; Koksal, N. Maternal preeclampsia is associated with increased risk of necrotizing enterocolitis in
preterm infants. Early Hum. Dev. 2012, 88, 893–898. [CrossRef]

74. Leybovitz-Haleluya, N.; Wainstock, T.; Sheiner, E. Maternal preeclampsia and the risk of pediatric gastrointestinal diseases of the
offspring: A population-based cohort study. Pregnancy Hypertens. 2019, 17, 144–147. [CrossRef]

75. Yeung, E.H.; Robledo, C.; Boghossian, N.; Zhang, C.; Mendola, P. Developmental Origins of Cardiovascular Disease. Reprod.
Perinat. Epidemiol. 2014, 1, 9–16. [CrossRef] [PubMed]

76. de la Calzada, D.G.; García, L.O.; Remírez, J.M.; Lázaro, A.; Cajal, M.D. Study of early detection of cardiovascular risk factors in
children born small (SGA) and review of literature. Pediatr. Endocrinol. Rev. 2009, 3, 343–349.

77. Thornburg, K.L.; Drake, R.; Valent, A.M. Maternal Hypertension Affects Heart Growth in Offspring. J. Am. Heart Assoc. 2020,
9, e016538. [CrossRef] [PubMed]

78. Balli, S.; Kibar, A.E.; Ece, I.; Oflaz, M.B.; Yilmaz, O. Assessment of Fetal Cardiac Function in Mild Preeclampsia. Pediatr. Cardiol.
2013, 34, 1674–1679. [CrossRef]

79. Jonker, S.S.; Louey, S. Endocrine and other physiologic modulators of perinatal cardiomyocyte endowment. J. Endocrinol. 2016,
228, R1–R18. [CrossRef] [PubMed]

80. Aye, C.Y.; Lewandowski, A.J.; Lamata, P.; Upton, R.; Davis, E.; Ohuma, E.; Kenworthy, Y.; Boardman, H.; Frost, A.; Adwani, S.;
et al. Prenatal and Postnatal Cardiac Development in Offspring of Hypertensive Pregnancies. J. Am. Heart Assoc. 2020, 9, e014586.
[CrossRef]

81. Lin, I.C.; Hsu, T.Y.; Tain, Y.L.; Tsai, C.-C.; Huang, H.-C.; Lai, Y.-J.; Chou, M.-H.; Huang, C.-F.; Yu, H.-R.; Huang, L.-T. Coronary
Dilatation and Endothelial Inflammation in Neonates Born to Mothers with Preeclampsia. J. Pediatr. 2021, 228, 58–65.e3. [CrossRef]

82. Moreno-Luna, R.; Muñoz-Hernandez, R.; Miranda, M.L.; Stiefel, P.; Lin, R.Z.; Praena-Fernández, J.M.; Dominguez-Simeon, M.J.;
Villar, J.; Moreno-Luna, R.; Melero-Martin, J.M. Decreased Level of Cord Blood Circulating Endothelial Colony-Forming Cells in
Preeclampsia Preeclampsia. Hypertension 2014, 64, 165–171.

83. Yu, G.Z.; Aye, C.Y.L.; Lewandowski, A.J.; Davis, E.F.; Khoo, C.P.; Newton, L.; Yang, C.T.; Haj Zen, A.A.; Simpson, L.J.; O’Brien, K.;
et al. Association of maternal antiangiogenic profile at birth with early postnatal loss of microvascular density in offspring of
hypertensive pregnancies. Hypertension 2016, 68, 749–759.

84. Oikonomou, N.; Papadopoulou, C.; Fouzas, S.; Kritikou, D.; Chrysis, D.; Sinopidis, X.; Dimitriou, G.; Karatza, A.A. Osteoprote-
gerin and RANKL serum concentrations in neonates of mothers with early-onset pre-eclampsia: Comparison with neonates of
normotensive mothers. Early Hum. Dev. 2019, 135, 1–5. [CrossRef] [PubMed]

85. Chourdakis, E.; Fouzas, S.; Papadopoulou, C.; Oikonomou, N.; Hahalis, G.; Dimitriou, G.; Karatza, A.A. Effect of Early-Onset
Preeclampsia on Offspring’s Blood Pressure during the First Month of Life. J. Pediatr. 2020, 220, 21–26.e1. [CrossRef] [PubMed]

86. Zhou, Q.; Ren, Y.; Yan, Y.; Chu, C.; Gui, Y.; Li, X. Fetal tissue Doppler imaging in pregnancies complicated with preeclampsia
with or without intrauterine growth restriction. National High Technology Research and Development Program (863 program)
(054119512), the Key Project of Clinical Disciplines of Chinese Ministry of Health (2007-353) and National Science and Technology
Key Program of the Eleventh Five-year Plan of China. Sci. Technol. Comm. Shanghai Munic. Prenatal Diagnosis 2012, 32, 1021–1028.
[CrossRef]

87. Çetinkaya, M.; Bostan, Ö.; Köksal, N.; Semizel, E.; Özkan, H.; Çakir, S. Early left ventricular diastolic dysfunction in premature
infants born to preeclamptic mothers. J. Perinat. Med. 2011, 39, 89–95. [CrossRef] [PubMed]

88. Fugelseth, D.; Ramstad, H.B.; Kvehaugen, A.S.; Nestaas, E.; Støylen, A.; Staff, A.C. Myocardial function in offspring 5-8years after
pregnancy complicated by preeclampsia. Early Hum. Dev. 2011, 87, 531–535. [CrossRef] [PubMed]

https://doi.org/10.1111/pai.12344
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1016/S0140-6736(17)31002-4
https://www.ncbi.nlm.nih.gov/pubmed/28434651
https://doi.org/10.1016/j.preghy.2020.04.010
https://doi.org/10.1038/s41372-020-00774-0
https://doi.org/10.1016/S1473-3099(16)00150-X
https://doi.org/10.1097/INF.0000000000002197
https://doi.org/10.1159/000073132
https://doi.org/10.1055/s-2007-993877
https://www.ncbi.nlm.nih.gov/pubmed/10586985
https://doi.org/10.1016/j.earlhumdev.2012.07.004
https://doi.org/10.1016/j.preghy.2019.06.005
https://doi.org/10.1007/s40471-014-0006-4
https://www.ncbi.nlm.nih.gov/pubmed/25364653
https://doi.org/10.1161/JAHA.120.016538
https://www.ncbi.nlm.nih.gov/pubmed/32349577
https://doi.org/10.1007/s00246-013-0702-8
https://doi.org/10.1530/JOE-15-0309
https://www.ncbi.nlm.nih.gov/pubmed/26432905
https://doi.org/10.1161/JAHA.119.014586
https://doi.org/10.1016/j.jpeds.2020.07.059
https://doi.org/10.1016/j.earlhumdev.2019.06.001
https://www.ncbi.nlm.nih.gov/pubmed/31176082
https://doi.org/10.1016/j.jpeds.2020.01.033
https://www.ncbi.nlm.nih.gov/pubmed/32093926
https://doi.org/10.1002/pd.3948
https://doi.org/10.1515/jpm.2010.126
https://www.ncbi.nlm.nih.gov/pubmed/21142411
https://doi.org/10.1016/j.earlhumdev.2011.04.006
https://www.ncbi.nlm.nih.gov/pubmed/21550734


Children 2023, 10, 826 18 of 19

89. Van Der Linde, D.; Konings, E.E.M.; Slager, M.A.; Witsenburg, M.; Helbing, W.A.; Takkenberg, J.J.; Roos-Hesselink, J.W. Birth
Prevalence of Congenital Heart Disease Worldwide: A Systematic Review and Meta-Analysis. J. Am. Coll. Cardiol. 2011, 58,
2241–2247. [CrossRef] [PubMed]

90. Boyd, H.A.; Basit, S.; Behrens, I.; Leirgul, E.; Bundgaard, H.; Wohlfahrt, J.; Melbye, M.; Øyen, N. Association Between Fetal
Congenital Heart Defects and Maternal Risk of Hypertensive Disorders of Pregnancy in the Same Pregnancy and Across
Pregnancies. Circulation 2017, 136, 39–48. [CrossRef]

91. Musa, N.L.; Hjortdal, V.; Zheleva, B.; Murni, I.K.; Sano, S.; Schwartz, S.; Staveski, S.L. The global burden of paediatric heart
disease. Cardiol. Young 2017, 27, S3–S8. [CrossRef]

92. Kanata, M.; Liazou, E.; Chainoglou, A.; Kotsis, V.; Stabouli, S. Clinical outcomes of hypertensive disorders in pregnancy in the
offspring during perinatal period, childhood, and adolescence. J. Hum. Hypertens. 2021, 35, 1063–1073. [CrossRef]

93. Hoodbhoy, Z.; Mohammed, N.; Nathani, K.R.; Sattar, S.; Chowdhury, D.; Maskatia, S.; Tierney, S.; Hasan, B.; Das, J.K. The
Impact of Maternal Preeclampsia and Hyperglycemia on the Cardiovascular Health of the Offspring: A Systematic Review and
Meta-Analysis. Am. J. Perinatol. 2021, 40, 363–374. [CrossRef] [PubMed]

94. Jayet, P.Y.; Rimoldi, S.F.; Stuber, T.; Salmòn, C.S.; Hutter, D.; Rexhaj, E.; Thalmann, S.; Schwab, M.; Turini, P.; Sartori-Cucchia,
C.; et al. Pulmonary and Systemic Vascular Dysfunction in Young Offspring of Mothers With Preeclampsia. Circulation 2010,
122, 488–494. [CrossRef]

95. Davis, E.F.; Lazdam, M.; Lewandowski, A.J.; Worton, S.A.; Kelly, B.; Kenworthy, Y.; Adwani, S.; Wilkinson, A.R.; McCormick, K.;
Sargent, I.; et al. Cardiovascular risk factors in children and young adults born to preeclamptic pregnancies: A systematic review.
Pediatrics 2012, 129, e1552–e1561. [CrossRef] [PubMed]

96. Davis, E.F.; Lewandowski, A.J.; Aye, C.; Williamson, W.; Boardman, H.; Huang, R.C.; Mori, T.A.; Newnham, J.; Beilin, L.J.;
Leeson, P. Clinical cardiovascular risk during young adulthood in offspring of hypertensive pregnancies: Insights from a 20-year
prospective follow-up birth cohort. BMJ Open 2015, 5, e008136. [CrossRef] [PubMed]

97. Yang, S.-W.; Oh, M.-J.; Park, K.-V.; Han, S.-W.; Kim, H.-S.; Sohn, I.-S.; Kwon, H.-S.; Cho, G.-J.; Hwang, H.-S. Risk of Early
Childhood Obesity in Offspring of Women with Preeclampsia: A Population-Based Study. J. Clin. Med. 2021, 10, 3758. [CrossRef]

98. Davidesko, S.; Nahum Sacks, K.; Friger, M.; Haim, A.; Sheiner, E. Prenatal exposure to preeclampsia as a risk factor for long-term
endocrine morbidity of the offspring. Hypertens. Pregnancy. 2021, 40, 21–28. [CrossRef]

99. Patel, L.; Cavazzoni, E.; Whatmore, A.; Carney, S.; Wales, J.K.; Clayton, P.E.; Gibson, A.T. The Contributions of Plasma IGF-I,
IGFBP-3 and Leptin to Growth in Extremely Premature Infants During the First Two Years. Pediatr. Res. 2007, 61, 99–104.
[CrossRef] [PubMed]

100. Timpka, S.; Macdonald-Wallis, C.; Hughes, A.D.; Chaturvedi, N.; Franks, P.W.; Lawlor, D.A.; Fraser, A. Hypertensive Disorders of
Pregnancy and Offspring Cardiac Structure and Function in Adolescence. J. Am. Heart Assoc. 2016, 5, e003906. [CrossRef]

101. Lazdam, M.; de la Horra, A.; Pitcher, A.; Mannie, Z.; Diesch, J.; Trevitt, C.; Kylintireas, I.; Contractor, H.; Singhal, A.; Lucas, A.;
et al. Elevated blood pressure in offspring born premature to hypertensive pregnancy: Is endothelial dysfunction the underlying
vascular mechanism? Hypertension 2010, 56, 159–165.

102. Lazdam, M.; de la Horra, A.; Diesch, J.; Kenworthy, Y.; Davis, E.; Lewandowski, A.J.; Szmigielski, C.; Shore, A.; Mackillop, L.;
Kharbanda, R.; et al. Unique blood pressure characteristics in mother and offspring after early onset preeclampsia. Hypertension
2012, 60, 1338–1345.

103. Huang, C.; Li, J.; Qin, G.; Liew, Z.; Hu, J.; László, K.D.; Tao, F.; Obel, C.; Olsen, J.; Yu, Y. Maternal hypertensive disorder
of pregnancy and offspring early-onset cardiovascular disease in childhood, adolescence, and young adulthood: A national
population-based cohort study. PLoS Med. 2021, 18, e1003805. [CrossRef]

104. Andraweera, P.H.; Lassi, Z.S. Cardiovascular Risk Factors in Offspring of Preeclamptic Pregnancies—Systematic Review and
Meta-Analysis. J. Pediatr. 2019, 208, 104–113.e6. [CrossRef] [PubMed]

105. Libby, G.; Murphy, D.J.; McEwan, N.F.; Greene, S.A.; Forsyth, J.S.; Chien, P.W.; Morris, A.D. DARTS/MEMO Collaboration.
Pre-eclampsia and the later development of type 2 diabetes in mothers and their children: An intergenerational study from the
Walker cohort. Diabetologia 2007, 50, 523–530. [CrossRef]

106. Bi, S.; Zhang, L.; Huang, L.; Li, Y.; Liang, Y.; Huang, M.; Huang, B.; Liang, J.; Gu, S.; Chen, J.; et al. Long-term effects of
preeclampsia on metabolic and biochemical outcomes in offspring: What can be expected from a meta-analysis? Obes. Rev. 2022,
23, e13411. [CrossRef] [PubMed]

107. Keller, G.; Zimmer, G.; Mall, G.; Ritz, E.; Amann, K. Nephron Number in Patients with Primary Hypertension. Volume 348. 2003.
Available online: www.nejm.org (accessed on 10 January 2023).

108. Luyckx, V.A.; Bertram, J.F.; Brenner, B.M.; Fall, C.; Hoy, W.E.; Ozanne, S.E.; Vikse, B.E. Effect of fetal and child health on kidney
development and long-term risk of hypertension and kidney disease. Lancet 2013, 382, 273–283. [CrossRef]

109. Ali, A.; Hadlich, F.; Abbas, M.W.; Iqbal, M.A.; Tesfaye, D.; Bouma, G.J.; Winger, Q.A.; Ponsuksili, S. MicroRNA-mRNA Networks
in Pregnancy Complications: A Comprehensive Downstream Analysis of Potential Biomarkers. Int. J. Mol. Sci. 2021, 22, 2313.
[CrossRef]

110. Gathiram, P.; Moodley, J. The Role of the Renin-Angiotensin-Aldosterone System in Preeclampsia: A Review. Curr. Hypertens.
Rep. 2020, 22, 89. [CrossRef]

https://doi.org/10.1016/j.jacc.2011.08.025
https://www.ncbi.nlm.nih.gov/pubmed/22078432
https://doi.org/10.1161/CIRCULATIONAHA.116.024600
https://doi.org/10.1017/S1047951117002530
https://doi.org/10.1038/s41371-021-00550-3
https://doi.org/10.1055/s-0041-1728823
https://www.ncbi.nlm.nih.gov/pubmed/33940650
https://doi.org/10.1161/CIRCULATIONAHA.110.941203
https://doi.org/10.1542/peds.2011-3093
https://www.ncbi.nlm.nih.gov/pubmed/22614768
https://doi.org/10.1136/bmjopen-2015-008136
https://www.ncbi.nlm.nih.gov/pubmed/26105032
https://doi.org/10.3390/jcm10163758
https://doi.org/10.1080/10641955.2020.1854300
https://doi.org/10.1203/01.pdr.0000250036.34522.f1
https://www.ncbi.nlm.nih.gov/pubmed/17211149
https://doi.org/10.1161/JAHA.116.003906
https://doi.org/10.1371/journal.pmed.1003805
https://doi.org/10.1016/j.jpeds.2018.12.008
https://www.ncbi.nlm.nih.gov/pubmed/30876753
https://doi.org/10.1007/s00125-006-0558-z
https://doi.org/10.1111/obr.13411
https://www.ncbi.nlm.nih.gov/pubmed/34907632
www.nejm.org
https://doi.org/10.1016/S0140-6736(13)60311-6
https://doi.org/10.3390/ijms22052313
https://doi.org/10.1007/s11906-020-01098-2


Children 2023, 10, 826 19 of 19

111. Danser, A.H.J.; Verdonk, K.; Saleh, L.; Stephanie Lankhorst, J.E. Ilse Smilde, Manon M. van Ingen, Ingrid M. Garrelds, Edith C.H.
Friesema, Henk Russcher, Anton H. van den Meiracker, Willy Visser and A.H. Jan Danse.From the Division of Vascular Medicine
and Pharmacology, Department of Internal. Hypertension 2015, 65, 1316–1323.

112. Possomato-Vieira, J.S.; Khalil, R.A. Mechanisms of Endothelial Dysfunction in Hypertensive Pregnancy and Preeclampsia, 1st ed.;
Elsevier Inc.: Amsterdam, The Netherlands, 2016; Volume 77. [CrossRef]

113. Yu, Y.C.; Jiang, Y.; Yang, M.M.; He, S.N.; Xi, X.; Xu, Y.T.; Hu, W.S.; Luo, Q. Hypermethylation of delta-like homolog1/maternally
expressed gene 3 loci in human umbilical veins: Insights into offspring vascular dysfunction born after preeclampsia. J. Hypertens.
2019, 37, 581–589. [CrossRef]

114. outsikou, T.; Mastorakos, G.; Kyriakakou, M.; Margeli, A.; Hassiakos, D.; Papassotiriou, I.; Kanaka-Gantenbein, C.; Malamitsi-
Puchner, A. Circulating Levels of Inflammatory Markers in Intrauterine Growth Restriction. Mediat. Inflamm. 2010, 2010, 790605.
[CrossRef]

115. Bhuiyan, A.R.; Srinivasan, S.R.; Chen, W.; Azevedo, M.J.; Berenson, G.S. Influence of low birth weight on C-reactive protein in
asymptomatic younger adults: The bogalusa heart study. BMC Res. Notes 2011, 4, 71–75. [CrossRef] [PubMed]

116. 116. Alsnes, I.V.; Janszky, I.; Åsvold, B.O.; Økland, I.; Forman, M.R.; Vatten, L.J. Maternal Preeclampsia and Androgens in the
Offspring around Puberty: A Follow-Up Study. PLoS ONE 2016, 11, e0167714. [CrossRef]

117. Ogland, B.; Nilsen, S.T.; Forman, M.R.; Vatten, L.J. Pubertal development in daughters of women with pre-eclampsia. Arch. Dis.
Child. 2011, 96, 740–743. [CrossRef] [PubMed]

118. Idkowiak, J.; Lavery, G.G.; Dhir, V.; Barrett, T.G.; Stewart, P.M.; Krone, N.; Arlt, W. Premature adrenarche: Novel lessons from
early onset androgen excess. Eur. J. Endocrinol. 2011, 165, 189–207. [CrossRef] [PubMed]

119. Lykke, L.; Lunddorf, H.; Brix, N.; Ernst, A.; Arendt, L.H.; Støvring, H.; Clemmensen, P.J.; Olsen, J.; Ramlau-Hansen, C.H.
Hypertensive disorders in pregnancy and timing of pubertal development in daughters and sons STUDY QUESTION: Do
maternal hypertensive disorders affect pubertal development in daughters and sons? Hum. Reprod. 2020, 35, 2124–2133.
[CrossRef]

120. Vatten, L. Intrauterine exposure to preeclampsia and adolescent blood pressure, body size, and age at menarche in female
offspring. Obstet. Gynecol. 2003, 101, 529–533. [CrossRef] [PubMed]

121. D’aloisio, A.A.; Deroo, L.A.; Baird, D.D.; Weinberg, C.R.; Sandler, D.P. Prenatal and infant exposures and age at menarche.
Epidemiology 2013, 24, 277–284. [CrossRef] [PubMed]

122. Salonen Ros, H.; Lichtenstein, P.; Ekbom, A.; Cnattingius, S. Tall or Short? Twenty Years after Preeclampsia Exposure In
Utero: Comparisons of Final Height, Body Mass Index, Waist-to-Hip Ratio, and Age at Menarche among Women, Exposed and
Unexposed to Preeclampsia during Fetal Life. Pediatr Res. 2001, 49, 763–769. [CrossRef]

123. Henley, D.; Brown, S.; Pennell, C.; Lye, S.; Torpy, D.J. Evidence for central hypercortisolism and elevated blood pressure in
adolescent offspring of mothers with pre-eclampsia. Clin. Endocrinol. 2016, 85, 583–589. [CrossRef]

124. Yeung, K.R.; Sunderland, N.; Lind, J.M.; Heffernan, S.; Pears, S.; Xu, B.; Hennessy, A.; Makris, A. Increased salt sensitivity in
offspring of pregnancies complicated by experimental preeclampsia. Clin. Exp. Pharmacol. Physiol. 2018, 45, 1302–1308. [CrossRef]

125. Tagliaferro, T.; Jain, D.; Vanbuskirk, S.; Bancalari, E.; Claure, N. Maternal preeclampsia and respiratory outcomes in extremely
premature infants. Pediatr. Res. 2019, 85, 693–696. [CrossRef] [PubMed]

126. Matyas, M.; Hasmasanu, M.; Silaghi, C.N.; Samasca, G.; Lupan, I.; Orsolya, K.; Zaharie, G. Early Preeclampsia Effect on Preterm
Newborns Outcome. J. Clin. Med. 2022, 11, 452. [CrossRef] [PubMed]

127. Soliman, N.; Chaput, K.; Alshaikh, B.; Yusuf, K. Preeclampsia and the Risk of Bronchopulmonary Dysplasia in Preterm Infants
Less Than 32 Weeks’ Gestation. Am. J. Perinatol. 2017, 34, 585–592. [CrossRef] [PubMed]

128. Wen, Y.H.; Yang, H.I.; Chou, H.C.; Chen, C.Y.; Hsieh, W.S. Association of Maternal preeclampsia with neonatal Respiratory
Distress Syndrome in Very-Low-Birth-Weight infants. Sci. Rep. 2019, 9, 13212. [CrossRef] [PubMed]

129. Shin, S.H.; Shin, S.H.; Kim, S.H.; Kim, Y.J.; Cho, H.; Kim, E.K.; Kim, H.S. The Association of Pregnancy-induced Hypertension
with Bronchopulmonary Dysplasia—A Retrospective Study Based on the Korean Neonatal Network database. Sci. Rep. 2020,
10, 5600. [CrossRef] [PubMed]

130. Ozkan, H.; Cetinkaya, M.; Koksal, N. Increased incidence of bronchopulmonary dysplasia in preterm infants exposed to
preeclampsia. J. Matern.-Fetal Neonatal Med. 2012, 25, 2681–2685. [CrossRef] [PubMed]

131. Mirzakhani, H.; Carey, V.J.; Mcelrath, T.F.; Qiu, W.; Hollis, B.W.; O’Connor, G.T.; Zeiger, R.S.; Bacharier, L.; Litonjua, A.A.; Weiss,
S.T. Impact of Preeclampsia on the Relationship between Maternal Asthma and Offspring Asthma An Observation from the
VDAART Clinical Trial. Am. J. Respir. Crit. Care Med. 2019, 199, 32–42. [CrossRef]

132. Sacks, K.N.; Friger, M.; Shoham-Vardi, I.; Sergienko, R.; Landau, D.; Sheiner, E. In utero exposure to pre-eclampsia as an
independent risk factor for long-term respiratory disease. Pediatr. Pulmonol. 2020, 55, 723–728. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/bs.apha.2016.04.008
https://doi.org/10.1097/HJH.0000000000001942
https://doi.org/10.1155/2010/790605
https://doi.org/10.1186/1756-0500-4-71
https://www.ncbi.nlm.nih.gov/pubmed/21418637
https://doi.org/10.1371/journal.pone.0167714
https://doi.org/10.1136/adc.2009.178434
https://www.ncbi.nlm.nih.gov/pubmed/20930013
https://doi.org/10.1530/EJE-11-0223
https://www.ncbi.nlm.nih.gov/pubmed/21622478
https://doi.org/10.1093/humrep/deaa147
https://doi.org/10.1016/S0029-7844(02)02718-7
https://www.ncbi.nlm.nih.gov/pubmed/12636958
https://doi.org/10.1097/EDE.0b013e31828062b7
https://www.ncbi.nlm.nih.gov/pubmed/23348069
https://doi.org/10.1203/00006450-200106000-00008
https://doi.org/10.1111/cen.13092
https://doi.org/10.1111/1440-1681.13008
https://doi.org/10.1038/s41390-019-0336-5
https://www.ncbi.nlm.nih.gov/pubmed/30770862
https://doi.org/10.3390/jcm11020452
https://www.ncbi.nlm.nih.gov/pubmed/35054146
https://doi.org/10.1055/s-0036-1594017
https://www.ncbi.nlm.nih.gov/pubmed/27919118
https://doi.org/10.1038/s41598-019-49561-8
https://www.ncbi.nlm.nih.gov/pubmed/31519996
https://doi.org/10.1038/s41598-020-62595-7
https://www.ncbi.nlm.nih.gov/pubmed/32221404
https://doi.org/10.3109/14767058.2012.708371
https://www.ncbi.nlm.nih.gov/pubmed/22759075
https://doi.org/10.1164/rccm.201804-0770OC
https://doi.org/10.1002/ppul.24659
https://www.ncbi.nlm.nih.gov/pubmed/31985889

	Introduction 
	Outcome in Offspring 
	Neurodevelopment 
	Autism Spectrum Disorder (ASD) 
	Attention-Deficit/Hyperactivity Disorder (ADHD) 
	Intellectual Disability (ID) and Cognitive Function 
	Cerebral Palsy (CP) 
	Psychiatric Disruptions 

	Eye Disorders 
	Immune System and Susceptibility to Infections 
	Gastrointestinal Diseases 
	Neonatal Age 
	Childhood 

	Cardiovascular System 
	Neonatal Age– Early Childhood 
	Adolescence–Early Adulthood 

	Renal System 
	Endocrine System 
	Respiratory System 
	Neonatal Life 
	Childhood 


	Conclusions 
	References

