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Preeclampsia is a common pregnancy complication which can have adverse impact on
both mother and baby. In addition to the short term effects, a large body of
epidemiological evidence has found preeclampsia can exert long-lasting effects on
mother and offspring. Studies suggest that offspring exposed to preeclampsia are at a
higher risk of developing cardiovascular, metabolic, and neurological diseases, as well
as other diseases. However, studies investigating the underlying mechanism are
limited, the exact mechanism still remains unclear. In this study, we will review the
epidemiological evidence and studies exploring the mechanism underlying long-term
effects of preeclampsia on offspring. Further studies should be targeted at this ﬁeld so
as to implement effective clinical management to prevent the exposed offspring from
potential diseases.

Preeclampsia is a pregnancy-speciﬁc disorder, characterized
by the new onset of hypertension after 20thgestational week,
accompanied by one or more of the following conditions, such
as proteinuria, thrombocytopenia, renal insufﬁciency,
impaired liver function, pulmonary edema, and cerebral or
visual symptoms.1 It affects 3 to 8% of pregnancy worldwide,
which is a major cause of maternal and perinatal morbidity
and mortality. The exact etiology of preeclampsia remains
unknown. Various pathological mechanisms are involved in
the development of preeclampsia including placental ischemia, hypoxia, imbalance between angiogenic and antiangiogenic factors, excessive inﬂammation, and production of
autoantibodies.2,3 Preeclampsia is a multisystem disorder
which can cause damage to various maternal organs and
systems. Moreover, it is a major contributor to premature
birth, intrauterine growth restriction, and small for gestational
age.4 Currently, the most effective cure for this disease is the
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delivery of placenta and fetus,5 whereas the effect of preeclampsia doesn’t cease. A line of evidence suggests that
preeclampsia not only cause long-term adverse effects to the
mother, including increased risks of developing hypertension
and other cardiovascular and metabolic diseases, in later life
but also affect the fetus’s health immediately after delivery into
adulthood, such as cardiovascular, metabolic, and neurological
system. The mechanism through which preeclampsia exerts
effects on offspring is not deﬁnitive. One widely accepted
theory is Developmental Origins of Health and Disease
(DOHaD) which was ﬁrst proposed by David Barker.6 A favorable intrauterine environment is essential for the development
and growth of fetus. The theory proposed that if the optimal
environment is altered by pathological condition during a
critical period of fetal development, the fetuses will adapt
themselves to the unfavorable condition through developmental programming which can increase the risk of chronic diseases in later life. They found that cardiovascular diseases and
type 2 diabetes derived from “developmental plasticity,” as a
result of under nutrition during fetal life.7 This review will
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focus on the epidemiological evidence of lasting effects of
preeclampsia on offspring and current advances on the underlying mechanism.

Cardiovascular Outcomes in Offspring
Exposed to Preeclampsia Epidemiological
Evidence
We have found 15 relevant articles evaluating the cardiovascular effects of maternal preeclampsia on offspring (►Table 1).
Nine studies reported blood pressure data of offspring born
after preeclampsia and normotensive pregnancy8–16 which
had mixed results. Seven studies reported both increased
systolic blood pressure (SBP) and diastolic blood pressure
(DBP) in offspring exposed to maternal preeclampsia compared with normotensive pregnancy.8–11,13–15 Participants,
who included in these studies, were in their childhood, adolescence, or young adulthood. The increase in SBP are ranged
from 0.14 to 2.3 mm Hg, while the range is from 0.03 to
1.71 mm Hg in DBP. Whereas, one study found no signiﬁcant
differences in SBP and DBP between offspring of preeclampsia
and normotensive pregnancy, aged 16 years.12 Alsnes et al
found the increase in blood pressure of offspring aged 29 years,
who were exposed to preeclampsia, was only existed when
they were born from term pregnancy.8 Staley et al have
followed up offspring from 7 to 18 years, both SBP and DBP
were elevated in preeclampsia offspring, with the mean differences 1.22 and 0.80 mm Hg, respectively.10 The difference was
consistent across childhood to age 18 years. This ﬁnding was
similar with other two studies reported by Fraser et al and
Lawlor et al.11,13 Offspring exposed to preeclampsia aged
10.7 years had 1.82 mm Hg higher SBP and 1.40 mm Hg higher
DBP than those born after normal pregnancy after adjusting for
maternal body mass index (BMI) and offspring age, sex, and
BMI. Participants exposed to maternal preeclampsia aged
17 years had both higher SBP and DBP, 1.12 and 1.71 mm Hg,
respectively, adjusting for maternal prepregnancy BMI and
offspring age and sex. Geelhoed et al reported that offspring of
preeclampsia aged 9 years from Avon longitudinal study had
2.05 mm Hg higher SBP and 1.00 mm Hg higher DBP independent of parental and own adiposity;14 nonetheless, the difference attenuated to null after controlling for birth weight and
gestational age, indicating that the increase in blood pressure
of offspring was exposed to preeclampsia may be at least partly
mediated by the effect of preeclampsia on intrauterine growth
restriction. Furthermore, there was a study reporting increased pulmonary artery pressure of offspring exposed to
preeclampsia compared with normal pregnancy who were
living at the same high altitude16(p < 0.001).
Two studies have compared BMI. One study found that
offspring aged 29 years of preeclampsia born from term pregnancy had 0.93 kg/m2 higher BMI than those born term of
normal pregnancy.8 Another study reported 2.1 kg/m2 higher
BMI in preeclampsia offspring aged 17 years (p < 0.05).11
Five studies investigated the cardiac structure and function
in offspring.17–21 Timpka et al reported that offspring aged
17.7 years born after preeclampsia had 0.025 greater cardiac
relative wall thickness and 0.9 mL smaller left ventricular endAmerican Journal of Perinatology Reports
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diastolic volume than normotensive pregnancy,18 which is a
concentric type of remodeling, associated with higher risk of
coronary heart disease and stroke in adulthood. Nonetheless,
Kajantie et al found no evidence that preeclampsia was
associated with coronary heart disease in the offspring.21
The authors believed that a small increase in the risk of
coronary heart diseases couldn’t be excluded because of the
limitation of sample size. Large scale of studies is needed to
conﬁrm the relationship between preeclampsia and the risk of
coronary heart diseases in the offspring. Boyd et al reported
increased risk of congenital heart defect in offspring of preeclampsia compared with normotensive pregnancy. Offspring
congenital heart defects were strongly associated with early
preterm, late preterm, and term preeclampsia, odds ratio (OR)
were 7.0 (95% conﬁdence interval [CI]: 6.11–8.03), 2.82 (95%
CI: 2.38–3.34), 1.16 (95% CI: 1.06–1.27), respectively.17
Auger et al also described a positive association between
preeclampsia and congenital heart defects in infants; a total of
1,942,072 neonates were included.19 They found that the
prevalence of congenital heart defects was higher in neonates
of preeclamptic women compared with those without preeclampsia, 16.7/1,000 and 8.6/1,000, respectively, especially
the early-onset preeclampsia which had signiﬁcantly higher
prevalence of both critical and noncritical congenital heart
defects(364.4/100,000 vs. 75.6/100,000 and 7306.9/100,000
vs. 789.2/100,000). Brodwall et al reported that preeclampsia,
especially early-onset preeclampsia, was associated with the
increased risk of severe congenital heart defects (relative risk
preeclampsia, 1.3 [95% CI: 1.1–1.5]; early-onset preeclampsia,
2.8 [95%CI: 1.8–4.4]).20
Two studies evaluated offspring vascular function. The
endothelial function was assessed by brachial artery ﬂowmediated dilatation (FMD). Arterial stiffness was assessed by
carotid to radial pulse wave velocity (PWV) and brachial artery
distensibility coefﬁcient (DC). The results were inconsistent.
Lawlor et al found no statistically signiﬁcant differences in
vascular function including ﬂow-mediated dilatation absolute,
pulse wave velocity, and distensibility coefﬁcient of offspring
aged 10.7 years between preeclampsia and normotensive
pregnancy.13 Whereas, Jayet et al reported that offspring in
adolescence, who were living at high altitude, born after
preeclampsia had lower FMD of the brachial artery than
normal pregnancy (preeclampsia: 6.3  1.2%; normal pregnancy: 8.3  1.4%. p < 0.0001).16 The former study involved
large scale of population (n ¼ 102 with preeclampsia and 3,781
controls with normotensive pregnancy) and was based on
general population not living at high altitude. The latter one
was smaller and based on selected population who lived at
high altitude. The different results might be attributed to the
limitation of the sample size. It’s also possible that the stress on
the vascular system at high altitude allowed associations to
emerge, besides, the alteration in vascular function of offspring
of preeclampsia might emerge until adolescence.
Kajantie et al found that offspring exposed to preeclampsia born in 1934 to 1944 from Helsinki cohort study were at
1.9 times increased risk of stroke in adult life compared with
normal pregnancy after adjusting for birth weight and
gestational age.21
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Preeclampsia (93)
Normotensive pregnancy
(4,888)

Preeclampsia (42)
Normotensive pregnancy

Preterm preeclampsia (27)
Term preeclampsia (343)
Normotensive pregnancy
(15,072)

Early preterm preeclampsiaa
(3,617)
Late preterm preeclampsia
(5,512)
Term preeclampsia (45,611)
Normotensive pregnancy
(1,900,142)

Severe preeclampsia (2,174)
Mild preeclampsia (7,286)
Control (221,765)

Study groups (n)

Median 6.0 years

Mean 17.7 years

Mean 29 years

1978–2010

1991–2014

Offspring birth
year/age when
measured

Table 1 Summary of studies on cardiovascular effects on offspring

SBP (mm Hg): preeclampsia ¼ 0.14 (95%
CI: 0.01 to 0.28) higher than
normotensive pregnancy.
DBP (mm Hg): preeclampsia ¼ 0.03
(95% CI: 0.09 to 0.15) higher than
normotensive pregnancy.

Relative wall thickness: preeclampsia:
0.025 (95% CI: 0.008–0.043) greater than
normotensive pregnancy.

SBP (mm Hg): mean (95% CI)
Term preeclampsia: 2.3 mm Hg (95% CI:
1.1–3.5 mm Hg) higher than
normotensive pregnancy.
Preterm preeclampsia: no strong evidence
of differences between preterm
preeclampsia and normotensive
pregnancy.
DBP (mm Hg): mean (95% CI) term
preeclampsia: 1.0 mm Hg (95%
CI: 0.1–1.9 mm Hg) higher than
normotensive pregnancy.
Preterm preeclampsia: no strong evidence
of differences between preterm preeclampsia and normotensive pregnancy.
BMI (kg/m2): mean (95% CI)
Term preeclampsia: 0.93 kg/m2
(95%CI: 0.41–1.44 kg/m2) higher than normotensive pregnancy.
Preterm preeclampsia: no strong evidence
of differences between preterm preeclampsia and normotensive pregnancy.

Congenital heart defect: OR (95% CI)
Early preterm preeclampsia ¼ 7.00, 95%
CI: 6.11–8.03
Late preterm preeclampsia ¼ 2.82, 95% CI:
2.38–3.34
Term preeclampsia ¼ 1.16, 95%
CI: 1.06–1.27.

Hypertension (%): incidence rates
Severe preeclampsia: 0.14; mild
preeclampsia: 0.11; control:
0.06. p < 0.001

Summary of results

Maternal age, prepregnancy BMI,
ethnicity, parity, educational
level, smoking during pregnancy,
alcohol consumption, and folic
acid supplement intake, and
childhood current BMI.

Maternal age, offspring age, and
sex, prepregnancy BMI, parity,
and glycosuria/diabetes

Offspring age and sex, maternal
parity, cardiovascular risk
factors including maternal
smoking, education BMI,
SBP, and DBP.

Maternal age, parity and
delivery year.

Sex of the offspring, IUGR,
maternal diabetes, obesity of
the offspring.

Confounders adjusted for
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Development of SBP  140 mm Hg
and/or DBP  90 mm Hg after
20 weeks of gestation in previously
normotensive women with the
presence of proteinuria.

New hypertension that manifests in
previously normotensive women
following the 20th week of
pregnancy

Sustained increase in blood
pressure,  140 mm Hg systolic and
90 mm Hg diastolic pressure, with
onset after 20 weeks of
gestation, with proteinuria after
gestational week 20.

Definition of preeclampsia
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Preeclampsia (102)
Normotensive pregnancy
(3,781)

Preeclampsia (197)
Normotensive pregnancy
(5,045)
10.7 y

16 y

Mean 17 y

7, 9, 10, 11,
13, 15, 17 y

1994–2009

Offspring birth
year/age when
measured

SPB (mm Hg): mean difference (95% CI).
Preeclampsia: 1.82 mm Hg (95% CI: 0.03–
3.62) higher than normotensive pregnancy.
DPB (mm Hg): mean difference (95% CI).
Preeclampsia: 1.40 mm Hg (95%CI: 0.17 to
2.98) higher than normotensive pregnancy.
No statistically signiﬁcant differences in
vascular function including FMD absolute,
PWV , and DC.

No signiﬁcant differences in SBP, DBP, and
MAP between offspring of preeclampsia
and normotensive pregnancy.

SPB (mm Hg): mean difference (95% CI).
Preeclampsia: 1.12 mm Hg (95% CI: 0.89 to
3.12) higher than normotensive pregnancy.
DPB (mm Hg): mean difference (95% CI).
Preeclampsia: 1.71 mm Hg (95% CI: 0.23–
3.17) higher than normotensive pregnancy.
BMI (kg/m2): preeclampsia ¼ 4
Normotensive pregnancy: 22.3, p < 0.05

SBP (mm Hg): mean difference (95% CI).
Preeclampsia: 1.22 mm Hg (95% CI: 0.52
to 2.97) higher compared with no evidence of hypertension in 7 y.
DBP (mm Hg): mean difference (95% CI)
Preeclampsia: 0.80 mm Hg (95% CI: 0.53
to 2.13) higher compared with no evidence of hypertension in 7 y. These differences were consistent across childhood
to age 18 y.

Severe congenital heart defects: RR.
Preeclampsia: RR ¼ 1.3 (95% CI: 1.1–1.5),
early-onset preeclampsia: RR ¼ 2.8 (95%
CI: 1.8 to 4.4) compared with normotensive pregnancy.

Congenital heart defects: overall prevalence;
Preeclampsia: 1 6.7/1,000. No preeclampsia:
8.6/1,000. Critical heart defects: prevalence.
Preeclampsia: 123.7/100,000, early-onset
preeclampsia: 364.4/100,000, late-onset
preeclampsia: 104/100,000, no preeclampsia: 75.6/100,000, noncritical heart defects:
prevalence, preeclampsia: 1,538.8/100,000,
early-onset preeclampsia: 7,306.9/100,000,
late-onset preeclampsia: 1069.7/100,000,
no preeclampsia: 789.2/100,000.

Summary of results

Offspring sex and age at the
time of outcome measurement,
offspring BMI, birth weight,
gestational age, and mode of
delivery. Maternal age, nulliparity, smoking during pregnancy,
prepregnancy BMI, education,
and head of household social
class.

Offspring sex, offspring BMI at
age 16 y, birth weight, nulliparity, maternal prepregnancy BMI,
and socioeconomic position.

Offspring age, sex, maternal age
at delivery, household social
class, prepregnancy BMI, parity,
and smoking in pregnancy.

Maternal characteristics: prepregnancy BMI, maternal age,
parity, smoking during pregnancy, education, social class
and offspring sex, BMI, and
height.

Birth year, maternal age, parity,
and pregestational diabetes.

Maternal age, parity, multiple
birth, socioeconomic deprivation, and period.

Confounders adjusted for

SBP > 139 mm Hg or a DBP > 89
mm Hg, measured on at least two
occasions after 20 weeks of gestation, with proteinuria, diagnosed if
the protein reading on dipstick
testing was at least 1 þ (30 mg/dL),
occurring at the same time as the
elevated BP.

BP  140/90 mm Hg and
proteinuria.

SBP  140 mm Hg or DBP 90 mm
Hg, measured on at least two
occasions after 20 weeks of gestation, with proteinuria, diagnosed if
the protein reading on dipstick
testing was at least 1 þ (30 mg/dL),
occurring at the same time as the
elevated blood pressure.

proteinuria of at least 1 þ on
dipstick testing occurring at the
same time as the elevated BP.

SBP  140 mm Hg, DBP  90 mm
Hg and proteinuria.

Hypertension and proteinuria
developing after 20 weeks of
gestation in women who were
previously normotensive.

Definition of preeclampsia
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Preeclampsia (53)
Normotensive pregnancy
(2,404)

Preeclampsia (161)
No evidence of hypertension
(6,716)

Early-onset preeclampsia
(2,618)
Late-onset preeclampsia
(30,246)
Normotensive pregnancy
(868,090)

Preeclampsia (72,782)
Early-onset preeclampsia
(5,488)
Late-onset preeclampsia
(67,215)
No preeclampsia (1,869,290)

Study groups (n)
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Cohort study

Case
control
study

Jayet et al,16
2010

Øglaend et al,15
2009

Preeclampsia (384)
Normotensive
pregnancy (4,271)

Preeclampsia (181)
Normotensive
pregnancy (356)

Preeclampsia (48)
Normal pregnancy (90)
living at the same high
altitude location

Preeclampsia (196)
Normotensive pregnancy
(5,082)

Study groups (n)

1934–1944

11–12 y

Preeclampsia
13 þ 7 y
Normal pregnancy
14 þ 7 y

9y

Offspring birth
year/age when
measured

The crude hazard ratio for all forms of stroke:
preeclampsia ¼ 1.9 (1.2–3.0), p ¼ 0.01.
Normotensive pregnancies as the comparison group.
There was no evidence that preeclampsia
was associated with coronary heart diseases
in offspring.

SBP (mm Hg): mean.
Preeclampsia: 115.3 mm Hg.
Normotensive pregnancy: 113.5 mm Hg,
p ¼ 0.03.
DPB (mm Hg): mean.
Preeclampsia: 66.4 mm Hg.
Normotensive pregnancy: 65.3 mm Hg,
p ¼ 0.1.
After adjustment, the difference in SBP
was largely attenuated.

Pulmonary artery pressure (mm Hg):
mean þ SD
Preeclampsia: 32.1  5.6 mm Hg.
Normal pregnancy: 25.3  4.7 mm Hg.
p < 0.001.
Flow-mediated dilation of the brachial artery: mean þ SD preeclampsia: 6.3 þ 1.2%.
Normal pregnancy: 8.3 þ 1.4%; p < 0.0001.

SPB (mm Hg): mean difference (95% CI).
Preeclampsia: 2.05 mm Hg (95%CI:0.72–
3.38) higher than normotensive pregnancy.
DPB (mm Hg): mean difference (95% CI).
Preeclampsia: 1.00 mm Hg (95%CI: 0.01 to
2.01) higher than normotensive pregnancy.
The association of preeclampsia with offspring SBP and DBP attenuated to null after
adjusting for birth weight and gestational
age.

Summary of results

Maternal BMI and blood pressure, offspring BMI.

Offspring sex and age at the
9-y-old visit, maternal age at
delivery, parental prepregnancy
BMI, parity, social class, maternal
smoking during pregnancy, and
offspring weight, height at
9 y-old.

Confounders adjusted for

proteinuria þ and a SBP of 
140 mm Hg or DBP of  90 mm Hg.

At 20-week of gestation, DBP had to
be increased by at least 25 mm Hg
to a persistent pressure of at least
90 mm Hg, and proteinuria with
dipstick þ 1 or more should be
present in at least one urine sample.

New-onset, persistent elevation of
SBP and/or DBP > 140/90 mm Hg or
a rise in blood pressure of 30/
15 mm Hg from the baseline level
that occurred after 20 weeks of
gestation; proteinuria on consecutive dipstick measurements; and
normalization of blood pressure
and disappearance of proteinuria
after delivery.

SBP > 139 mm Hg or a DBP > 89
mm Hg, measured on at least two
occasions after 20 weeks of gestation, with proteinuria, diagnosed if
the protein reading on dipstick
testing was at least 1 þ (30 mg/dL),
occurring at the same time as the
elevated BP.

Definition of preeclampsia

Abbreviations: BMI, body mass index; BP, blood pressure; CI, conﬁdence interval; DBP, diastolic blood pressure; DC, distensibility coefﬁcient; FMW, ﬂow mediated dilation; IUGR, intrauterine growth restriction;
MAP, mean arterial pressure; OR, odds ratio; PWV, pulse wave velocity; RR, risk ratio; SBP, systolic blood pressure; SD, standard deviation.
a
Early preterm preeclampsia: preeclampsia necessitating delivery at < 34 weeks; late preterm preeclampsia: preeclampsia necessitating delivery at 34 to 36 weeks; term preeclampsia: preeclampsia with the baby
delivered at 37 weeks.

Cohort
study

Cohort
study

Geelhoed et al,14
2010

Kajantie et al,21
2009

Study design

Authors, years
of publication

Table 1 (Continued)
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Nahum et al reported that offspring of preeclampsia were at
higher risk of developing hypertension compared with normotensive pregnancy (incidence rate of hypertension: severe
preeclampsia: 0.14; mild preeclampsia: 0.11; control: 0.06;
p < 0.001).22

The Underlying Mechanism
The mechanism underlying adverse cardiovascular outcome
in offspring may be a complex interplay of genetic, shared
environmental factors, and fetal programming. It has already
been known that genetic factors play a crucial part in the
development of preeclampsia which exhibit the familial
clusters with the heritability estimated to be 47%.23 Thus
genetic factors may be inherited by the offspring predisposing them to preeclampsia and cardiovascular disease in later
life. In addition, environmental factors, shared by the mother
and offspring, may also lead to the adverse effects on
offspring.24 However, Jayet et al found that offspring exposed
to preeclampsia had approximately 30% higher pulmonary
artery pressure and impaired vascular function while their
siblings born after the normal pregnancy had normal vascular function which cannot be explained only by genetic
components and shared environmental factors.16 The ﬁndings above revealed that the pathological event in the uterus
can lead to impaired vascular function and pulmonary
dysfunction. The underlying mechanism through which
chronic diseases are initiated might be alteration of gene
expression,25 changes in the kidney growth26 and alterations
in homeostatic set points including the hypothalamic-pituitary-adrenal axis,27 vascular structure and sensitivity,28
rennin–angiotensin system (RAS)29 and metabolic and hormonal set-points30 which can make the affected system
more vulnerable to adverse inﬂuences in postnatal life.
Vascular and endothelia dysfunction are known to play a
critical role in the development and progression of hypertension.31 Jayet et al showed an impaired vascular function of
offspring compared with those of normal pregnancy.16 Rodent studies also found that vascular function was altered in
the offspring of mice with soluble fms-like tyrosine kinase-1
(sFlt-1) induced preeclampsia-like phenotype.28 Antiangiogenic state has been found in adulthood of offspring born
after preeclampsia with elevated level of plasma sFlt-1 and
soluble Endoglin (Eng), related to the increase in blood
pressure.32 The antiangiogenic state also be observed in
heart defects.33 This shared pathway may account for the
increased risk of congenital heart defects in neonate born
after preeclampsia. A study shows that the pathology of
preeclampsia begins as early as the start of the pregnancy,
near the time of the morphogenesis of fetal heart.34
The kidney can be programmed by various perinatal insults,
such as placental insufﬁciency. Decreased nephron numbers
and subsequent impaired blood pressure regulation in offspring
has always been found in rodent model with placental insufﬁciency.26,35 Decreased nephron numbers can inﬂuence blood
pressure through impairing the ability of kidney to maintain
sodium homeostasis due to the imbalance in excretory load and
capacity. Singh et al found that decreased excretory capacity
American Journal of Perinatology Reports
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could arise from altered expression of renal sodium transporters
and channels.36 In addition, the programming of RAS and
sympathetic nerve system (SNS) may also be involved in offspring hypertension. Placental insufﬁciency has been reported
to affect RAS programming37,38 and animal models demonstrated increased sensitivity to anigiotensin II.39 Additionally, blockage of RAS by angiotensin-converting enzyme inhibitor(ACEI) or
angiotensin II type 1 receptor (AT1) blockade could prevent the
development of hypertension in adult offspring of dams with
reduced uterine perfusion pressure (RUPP),40,41 suggesting the
involvement of RAS in fetal programming. Increased SNS activity
is tightly associated with hypertension. Activation of SNS has
been found in low-birth-weight human and animal models of
placental deﬁciency.42,43 Chronic exposure to hypoxia can
stimulate hyperinnervation and alterations in renal nerve activity.44,45 Consequently, placental insufﬁciency and subsequent
hypoxia result in altered renal nerve development and impaired
blood pressure in offspring. Researchers discovered that renal
denervation normalized hypertension in offspring exposed to
placental insufﬁciency.46 These studies provide evidence for the
programming of kidney, RAS, and SNS in offspring hypertension
due to poor intrauterine environment.
Interestingly, there is a line of evidence that prenatal exposure to elevated level of testosterone, observed in preeclamptic
women,30,47 is associated with increased blood pressure during
adult life in female offspring.48 Animal studies found that
elevated level of androgen during pregnancy can lead to
hyperactivity of hypothalamic-pituitary-gonadal axis and alteration in steroidogenic genes expression in the gonads of the
offspring, resulting in increased production of testosterone.49,50 More et al showed that prenatal exposure to elevated
testosterone led to a decrease in the expression of Cyp11b2
resulting in reduced plasma aldosterone level of offspring, but
the plasma volume and balance between Naþ and Kþ were
normal.51 However, the level of plasma vasopressin, angiotensin II, vascular responsiveness to angiotensin II, and arterial
pressure were increased in adult female offspring exposed to
higher testosterone which might serve as compensatory response to maintain plasma volume and the balance between
Naþ and Kþ, in the meantime mediate hypertension in adult
female offspring prenatally exposed to aldosterone. According
to the mentioned above, prenatal exposure to elevated testosterone in pregnancy with preeclampsia might be a possible
mechanism through which preeclampsia is associated with
increased risk of hypertension in adult life of offspring. Henley
et al showed that the level of adrenocorticotropic-hormone
(ACTH) and cortisol were signiﬁcantly elevated in 17-year-old
offspring of women with preeclampsia, indicating that the
activity of Hypothalamic-Pituitary-Adrenal (HPA) axis was
reprogrammed due to the intrauterine exposure to preeclampsia, persisting into adulthood, which might account for the
elevated blood pressure of offspring exposed to preeclampsia.27
Epigenetic changes can be induced when the fetus is
exposed to environmental stimuli, especially in the critical
window of development.52 The epigenetic changes include
DNA methylation, histone modiﬁcation, and the expression of
noncoding RNA. DNA methylation is a covalent modiﬁcation of
gene with the stability in a heritable transgenerational way.53

Intrauterine Exposure to Preeclampsia on Offspring
Methylation of critical regulatory sites of gene-like gene
promoters can lead to down regulation of the expression of
gene. There are some studies analyzing DNA methylation of
genes associated with the fetal growth and development
which are sensitive to the environmental perturbations in
cord blood cells. Researchers found the hypomethylation of the
promoter region of 11-β-hydroxysteroid-dehydrogenase-2enzyme(11-β-HSD-2) in cord blood sample from women
with preeclampsia.54 Hypomethylation was observed in the
differentially methylated regions of insulin-like growth factor
2 (IGF-2), which were crucial for the regulation of imprinted
genes.55 On the contrary, there are studies showing a decreased level of gene expression of 11-β-HSD-2 and IGF-2 in
placenta from women with preeclampsia.55,56 Researchers
speculate that the discrepancy between the hypomethylation
and down regulation of the genes might be a compensatory
mechanism. However, it can also be an atypical decrease in the
gene expression leading to the metabolic maladaptation.
Recently, researchers conducted a genome-scale methylation
analysis of cord blood DNAs associated with early-onset
preeclampsia. They found hypomethylation or hypermethylation in different subsets of genes involved in lipid regulation
and inﬂammation, suggesting a possible link between maternal preeclampsia and increased risks of cardiometabolic diseases in offspring.57 Wang et al have showed alterations in
methylation level of differentially methylated regions (DMR) of
mesoderm speciﬁc transcript (MEST) related to adipocyte
differentiation and obesity and DLK1 (Delta like non-canonical
Notch ligand 1) encoding a protein preadipocye factor-1 (Pref1) which is an inhibitor of adipocyte differentiation in placenta
of preeclampsia58 which might the mechanism through which
preeclampsia is associated with increased risk of metabolic
disorder in the later life of offspring. The epigenetic modulation can also occur in the fetus’s renin–angiotensin–aldosterone system (RAAS). Human studies discovered that there
were decreases in the DNA methylation of genes involved in
RAAS in placentas of women exposed to early-onset preeclampsia.59 Furthermore, researchers observed alterations
in the level of cardiovascular and cerebrovascular diseases
associated micro-RNAs expression in the umbilical cord blood
of preeclampsia compared with normal pregnancy.60 MicroRNAs can regulate the expression of gene at the posttranscriptional level through the pathway of RNA interference. It can
control gene expression through the cooperation with transcriptional factors as well. Micro-RNA expression changes in
umbilical cord blood induced by preeclampsia might result
from placenta dysfunctional and lead to the onset of cardiovascular and cerebrovascular diseases in later life of offspring.
Recently, researchers found the downregulation of 16 microRNAs in fetal endothelial cells of preeclampsia including miR29a/c-3p25 which can lead to impaired fetal endothelial cells
immigration through the disturbance of the FGF2-stimulated
PI3K-AKT1 pathway, indicating that downregulation of microRNAs in fetal endothelial cells in preeclampsia might be the
result of early fetal programming associated with the increased
risks of cardiovascular diseases in later life of offspring since
the impaired angiogenesis is a critical characteristic of cardiovascular diseases.

Lu and Hu

Nonetheless, a recent epidemiological study cast doubt on
the hypothesis of “developmental programming.” The population-based study in Norway involving 15,778 participants
showed that young adults (mean age: 29 years) born after
pregnancy, complicated by preeclampsia, had higher SBP and
DBP, an increase in BMI, and wilder waist circumference
compared with offspring of normotensive pregnancies. However, after adjustment for maternal factors including maternal BMI and maternal blood pressure, the differences are
strongly attenuated.8 Intriguingly, researchers found that
their siblings who were born after normotensive pregnancy
had an identical cardiovascular risk proﬁles as those born
after hypertension in pregnancy. The ﬁndings are in favor of
the idea that most of the increased cardiovascular risk in
offspring may be attributed to shared genetic and environmental factors. However, this study can’t exclude the effects
of intrauterine exposure to maternal hypertension. Lazdam
et al found that offspring born after early-onset preeclampsia
had higher SBP in childhood compared with those exposed to
late-onset preeclampsia, suggesting the severity and duration of fetal exposure to maternal hypertension in pregnancy
is critical for the cardiovascular outcome in offspring.61 The
study by Alsnes et al8 didn’t clarify the duration of exposure
and short-term exposure to maternal hypertension in pregnancy may have minimal effects on long-term cardiovascular
outcomes in offspring compared with genetic and environmental factors. ►Fig. 1 demonstrated the complex interplay
of genetic, environmental factors, and fetal programming on
the development of offspring hypertension.

Fig. 1 Mechanism underlying the development of hypertension in
the offspring exposed to preeclampsia. Preeclampsia cause an
adverse uterine environment which will lead to fetal programming.
Epigenetic change is critical in programming resulting in disturbances
in various pathways, coupled with the effects of genetic and
environment factors, leading to hypertension in offspring.
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Metabolic Outcome in Offspring.
Epidemiological Evidence
Studies investigating metabolic effects indicated that preeclampsia has no signiﬁcant effects on offspring (►Table 2).
Five studies reported lipid proﬁle between offspring of preeclampsia and normotensive pregnancy aged 10 to
17 years,8,11–13,62 four of which found no statistically signiﬁcant difference in total cholesterol, high-density lipoprotein
(HDL) cholesterol, non-HDL cholesterol,11–13,62 two of which
found no statistically signiﬁcant difference in triglycerides and
lipoprotein, apoA1, apoB.12,13 Only one study reported that
offspring aged 29 years exposed to term preeclampsia had 0.14
(95% CI: 0.03–0.25) mmol/L higher non-HDL cholesterol and
0.13 (95% CI: 0.06–0.21) mmol/L higher serum concentration
of triglycerides than term normotensive pregnancy.8
Five studies were involved in glucose metabolism. The
results were consistent. There were no differences in the
concentration of insulin and glucose between offspring of
preeclamptic women and those of women with normal
pregnancy in childhood and adolescence.11,12,62 In accordance with the results above, a recent study showed that
insulin sensitivity measured by QUICKI (the Quantitative
Insulin Sensitivity Check Index) in 12-year-old offspring
born after preeclampsia didn’t differ from those from normotensive pregnancy.63 Kajantie et al found that there was
no association between the risk of developing type 2 diabetes
in offspring aged from 50 to 61 years and maternal nonsevere
or severe preeclampsia,64 but it should be interpreted with
caution due to limited sample size of preeclampsia.

Neurological Effects in Offspring
Preeclampsia and ASD/ADHD in Offspring
Epidemiological Evidence
We have found four studies investigating the association
between preeclampsia and offspring autism spectrum disorder (ASD; ►Table 3). The epidemiological studies have
reached an agreement and demonstrated a statistically
signiﬁcant increase in the odds of ASD in offspring exposed
to preeclampsia. The OR ranges from 1.64 to 2.36.65–68
Walker et al suggested that the risk of ASD increased with
greater severity of preeclampsia(log odds of ASD relative to
typical development [TD] in relation to preeclampsia severity: mild preeclampsia,1.69; severe preeclampsia, 2.04;
p ¼ 0.0188).65 Five studies explored the risk of attention
deﬁcit hyperactivity disorder (ADHD) among offspring exposed to maternal preeclampsia(►Table 3).69–73 Four studies
with a large number of participants demonstrated a positive
association of preeclampsia and offspring ADHD with OR
ranging from 1.19 to 1.34.69–71,73 Silva et al found that
preeclampsia was associated with increased risk of ADHD
among offspring and female offspring are at higher risk than
male offspring (OR: female, 1.28 [95% CI: 1.05–1.56]; male,
1.15 [95% CI: 1.03–1.27]).69 In contrast, Amiri et al showed a
protective association between preeclampsia and ADHD
which didn’t show statistical signiﬁcance and take potential
confounder into account.72
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The Underlying Mechanism
Although the mechanism underlying the association of preeclampsia and increased risks of ASD/ADHD in offspring is
not clearly identiﬁed, insufﬁcient uteroplacental perfusion,
placental ischemia, hypoxia, limited nutrient, and oxidative
stress and inﬂammation state in preeclampsia may play a
role in the pathogenesis of ASD/ADHD. Evidence from animal
studies and neuroimaging studies reported adverse effects of
placental ischemia on fetal brain development.74,75 A line of
studies have demonstrated that ADHD is associated with
brain abnormalities including decreased global cortical
thickness, smaller total brain, and gray matter volume.76,77
In consistent with these studies, an animal study reported
long-term attention deﬁcits in rats that underwent hypoxicischemia, which exhibited global brain atrophy.78 In recent
years, interleukin-6 (IL-6) has raised researcher’s awareness.
It is an inﬂammatory cytokines, which can cross the placenta, and have the potential to regulate fetus’s neuronal proliferation, differentiation, and function. A population-based
study involving 1 million pregnancy showed that higher
levels of C-reactive protein which is an inﬂammatory biomarker in preeclampsia is associated with a 43% increase in
the risk of ASD in offspring. Researchers found that exposure
of neuron from Sprague–Dawley rat embryos to serum of
women with preeclampsia can increase neuron growth.79
Although, this ﬁnding cannot directly suggest a causal relationship with the risk of autism, it indicates that circulating
factors in maternal serum of preeclampsia can alter the
pattern of fetal neuronal growth. Recently, an literature
published in Science discovered that elevated level of maternal IL-17a in the rodent maternal immune activation (MIA)
model can lead to cortical defects and associated autism
behavior in the offspring.80 It has been known to us that IL-17
levels are increased in the maternal circulation and the
maternal immune response is disturbed with a shift to
proinﬂammatory state in preeclampsia.81 Therefore, it is
reasonable to speculate that the disturbance in immune
response in women with preeclampsia may play a role in
the neurodevelopmental outcome in the offspring. Future
research is needed to clarify whether IL-17 is the underlying
intermediate through which preeclampsia affect the offspring’s neurodevelopment. It is worth noting that IL-6 has
been observed to mediate the effect of MIA on the offspring
suggesting IL-6 signaling in placenta can control fetal brain
development and behavior.82 IL-6 activation can serve to
relay inﬂammatory signals to the fetal brain and exert effects
on the behaviors and neuropathologies associated with
ASDs. In consistent with this, Curran et al found four of
ﬁve preeclampsia samples those had elevated IL-6 levels
compared with control groups.79 There are other studies
investigating the role of maternal cytokines. Jones et al found
that mothers of children diagnosed with autism with intellectual disability had increased levels of cytokines and
chemokines including IL-6, interferon-r, IL-1a, granulocyte
macrophage colony-stimulating factors in midgestation, indicating the potential role of abnormal immune response in
pregnancy which are commonly observed in preeclampsia in
the increased risk of autism.83

Prospective
cohort study

Case control
study

Seppä et al,63
2015

Fraser et al,11
2013

Birth cohort
study

Kajantie et al,64
2017

Nested casecontrol study

Prospective
cohort studies

Alsnes et al,8
2017

Alsnes et al,63
2014

Study design

Authors, years
of publication

Preeclampsia (53)
Normotensive
pregnancy (2,404)

Preeclampsia (228)
Nonpreeclampsia (383)

Preeclampsia (60)
Normotensive
pregnancy (60)

Preeclampsia, nonsevere (97)
Preeclampsia, severe (134)
Normotensive
pregnancy (3,524)

Preterm preeclampsia (27)
Term preeclampsia (343)
Normotensive
pregnancy (15,072)

Study groups (n)

Mean
17 y

11 y

12 y

50–61 y

Mean
29 years

Offspring
birth year/
age when
measured

Table 2 Summary of studies on metabolic effects on offspring

No strong evidence of differences in
fasting insulin, glucose, or lipid
concentrations between offspring of
preeclampsia and normotensive
pregnancy.

Normotensive pregnancy, p > 0.05 for all.
No statistically signiﬁcant differences in
total cholesterol, HDL cholesterol,
non-HDL cholesterol, and glucose
between offspring of mothers with and
without preeclampsia.

Insulin sensitivity, serum adiponectin,
leptin, IGF-1, IGF-2, IGFBP-1, sex hormonebinding globulin didn’t differ between the
preeclampsia and the studies didn’t adjust
for the confounders.

Type 2 diabetes: hazard ratio (95% CI).
Preeclampsia, nonsevere: 0.94 (95% CI:
0.58–1.53).
Preeclampsia, severe: 1.02
(95% CI: 0.69–1.53).
Normotensive pregnancy: referent.
There was no association between the risk
of T2D and maternal nonsevere or severe
preeclampsia.

Non-HDL cholesterol (mmol/L): mean
(95% CI) term preeclampsia: 0.14 mmol/L
(95% CI: 0.03–0.25 mmol/L) higher serum
concentration of non-HDL cholesterol
than normotensive pregnancy.
Preterm preeclampsia: no strong evidence
of differences between preterm preeclampsia and normo-tensive pregnancy.
Triglycerides (mmol/L): mean (95% CI)
term preeclampsia: 0.13 mmol/L (95% CI:
0.06–0.21 mmol/L) higher serum concentration of triglycerides than normotensive pregnancy.

Summary of results

Offspring age, sex, maternal age at
delivery, household social class,
prepregnancy BMI, parity, and
smoking in pregnancy.

Length of gestation and birth weight
SD score, maternal age, height, BMI,
and whether multiparous, childhood,
and adult, and socioeconomic
position.

Offspring age and sex, maternal parity,
cardiovascular risk factors, including
maternal smoking, education, BMI,
SBP, and DBP.

Confounders adjusted for
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SBP  140 mm Hg or DBP  90 mm Hg,
measured on at least two occasions after
20 weeks of gestation, with proteinuria,
diagnosed if the protein reading on dipstick
testing was at least 1 þ (30 mg/dL), occurring at the same time as the elevated blood
pressure.

Mild preeclampsia was deﬁned as an
increase in DBP of at least 25 mm Hg and
proteinuria 1 þ on semiquantitative
dipstick after 20 gestational wk. Moderate
preeclampsia: at least 25 mm Hg increase
in DBP and proteinuria 2 þ on semiquantitative dipstick.
Severe preeclampsia: DBP of at least
110 mm Hg and proteinuria 3 þ on semiquantitative dipstick or at least 500 mg/24 h.

The development of hypertension and
proteinuria (> 300 mg of urinary protein
in 24 h) after 20 weeks of gestation.

Preeclampsia, nonsevere: At least one
systolic measurement  140 mm Hg or
diastolic  90 mm Hg after 20 weeks of
gestation, all systolic measurements
< 160 mm Hg and diastolic < 110 mm Hg
with proteinuria the cut-off of which
approximates to 1 mg/mL of albumin.
Preeclampsia, severe: at least one systolic
measurement  160 mm Hg or diastolic
 110 mm Hg after 20 weeks of gestation
with proteinuria, the cutoff of which
approximates to 1 mg/mL of albumin.

Sustained increase in blood pressure, mm
Hg systolic and 90 mm Hg diastolic
pressure, with onset after 20 weeks of
gestation, with proteinuria after 20th
gestational week.
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Abbreviations: BMI, body mass index; BP, blood pressure; CI, conﬁdence interval; DBP, diastolic blood pressure; HDL, high density lipoprotein; IGF, insulin like growth factor; IGFBP, IGF binding protein; LDL, low
density lipoprotein; SD, standard deviation; T2D, type 2 diabetes.

Offspring sex and age at the time
of outcome measurement, BMI, birth
weight, gestational age, mode of
delivery. Maternal age, nulliparity,
smoking during
pregnancy, prepregnancy BMI,
education, and head of household,
and social class.
Cohort study
Lawlor et al,13
2012

Preeclampsia (70)
Normotensive
pregnancy (2,869)

9.9 y

No statistically signiﬁcant differences in
LDL, HDL, triglycerides, and lipoprotein,
apoA1, apoB between offspring of
preeclampsia and normotensive
pregnancy.

SBP > 139 mm Hg or a DBP > 89 mm Hg,
measured on at least two occasions after
20 weeks of gestation, with proteinuria,
diagnosed if the protein reading on dipstick testing was at least 1 þ (30 mg/dL),
occurring at the same time as the elevated
BP.

Hg and proteinuria.
BP  140/90 mm

Offspring sex, offspring BMI at age
16 y, birth weight, nulliparity maternal
prepregnancy BMI, and socioeconomic
position.
No signiﬁcant differences in cholesterol,
LDL, HDL, triglycerides, and lipoprotein,
apoA1, apoB, insulin, glucose between
offspring of preeclampsia and
normotensive pregnancy.
Prospective
cohort study
Miettola et al,12
2013

Preeclampsia (197)
Normotensive
pregnancy (5,045)

16 y

Confounders adjusted for
Study design
Authors, years
of publication

Study groups (n)

Offspring
birth year/
age when
measured

Summary of results

Definition of preeclampsia

Intrauterine Exposure to Preeclampsia on Offspring
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Preeclampsia and Cognitive Impairment in Offspring
Epidemiological Evidence
Six studies analyzed the cognitive function of offspring
exposed to maternal preeclampsia (►Table 3).84–89 All of
them showed that intrauterine exposure to preeclampsia
had an adverse effect on offspring cognitive function after
controlling for prenatal and demographic covariates. Rätsep
et al evaluated the cognitive function among children aged 7
to 10 years who were exposed to preeclampsia and they
found those children had an impairment in working memory
and visuospatial processing.84 Warshafsky et al discovered
that offspring aged 1 to 5 years exposed to severe preeclampsia exhibited lower sociocognitive and executive functioning
development compared with those born after normal pregnancy.85 Morsing and Maršál calculated intelligence quotient
(IQ) among offspring aged 5 to 8 years born very preterm.87
Those exposed to preeclampsia had statistically signiﬁcantly
lower verbal IQ and full scale IQ compared with those who
were not exposed to preeclampsia (verbal IQ: 74  16 vs.
89  15, p ¼ 0.013; full scale IQ: 70  19 vs. 83  14,
p ¼ 0.029). In consistent with these studies, Grifﬁth et al
found that preeclampsia was associated with increased risk
of intellectual disability among children at 3 to 5 years (OR:
1.579 [95% CI: 1.334–1.870]).88 Ehrenstein et al investigated
the association of preeclampsia and offspring cognitive
function at 18 to 19 years and they found offspring exposed
to preeclampsia were at increased risk of low cognitive
function which was deﬁned as IQ < 85 (prevalence ratio:
1.32 [95%CI: 1.08–1.62]).89 Tuovinen et al evaluated cognitive function in participants from Helsinki birth cohort study
aged 69.3 years.86 Offspring born after preeclampsia were at
increased risk of having impairment in memory and cognition (OR: 3.92 [95%CI: 1.39–11.04], p ¼ 0.01) compared with
normotensive pregnancy.

The Underlying Mechanism
A rodent study found that the spatial learning and memory
ability was impaired in offspring of preeclamptic rat model,
which might be associated with the defective neurogenesis
in offspring hippocampus observed in this study.90,91 Zhu
et al showed that 8-week-old offspring of preeclampsia-like
rat induced by NG-nitro-L-arginine methyl ester(L-NAME)
had impaired cognitive ability and had increased expression
of glucocorticoid receptor (GR) in the hippocampus92 which
might be the underlying mechanism of the impaired cognitive ability in offspring of preeclampsia.
There is a literature demonstrating the positive effects of
improved nutrition on the brain function.93 Nutrients play an
important role in the brain development and the regulation of
levels of neurotrophins.94,95 Neurotrophins have been known
to be critical in the maintenance of brain plasticity and
cognitive function. Recently, a study has examined the levels
of neurotrophins in the offspring of pregnancy-induced hypertension rat. Researchers found that the level of BDNF (brainderived neurotrophins factor) was lower in the cortex of
offspring in pregnancy induced hypertension (PIH) group
compared with normotensive group and the cognitive performance was impaired. In another group, in which researchers

Case control
study

Case control
study

Nested casecontrol study

Buchmayer et al,68
2009

Silva et al,69 2014

Getahun et al,70
2013

Offspring with ADHD (7,911)
Offspring without ADHD
(76,810)

Case control
study

Case control
study

Cohort study

Amiri et al,72
2012

Mann and
McDermott,73 2011

Rätsep et al,84
2016

Preeclampsia (10)
Uncomplicated
pregnancy (10)

Offspring with ADHD (164)
Offspring without ADHD
(166)

Case control
study

Halmøy et al,71
2012

Offspring with ADHD (2,323)
Offspring without ADHD
(1,170,073)

With ADHD (13,613)
Without ADHD (68,065)

Male: with ADHD (10,065),
without ADHD (23,156)
Female: with ADHD (2,926),
without ADHD (6,915)

Patients with ASD (1,216)
Patients without ASD (6,080)

Preeclampsia
(2,747)
Nonpreeclampsia
(212,473)

Case control
study

Burstyn et al,67
2010

Autism spectrum disorder
(ASD) (408)
TD (277)

Children with ASD (472)
Children without ASD
(87,205)

Case control
study

Walker et al,65
2015

Study groups (n)

Mann et al,66
2010

Study design

Authors, years
of publication

7–10 y

1996–2002

9.2  2.23 y in group with
ADHD; 9.02  1.53 y in
group without ADHD

1967–1987

5–11 y

1981–2003 aged < 25 y

1987–2002

1998–2004

1996–2002

24–60 mo

Offspring birth year/
age when measured

Table 3 Summary of studies on neurological effects on offspring

Offspring of preeclampsia had reduced
cognitive function including an
impairment in working memory and
visuospatial processing.

Preeclampsia was signiﬁcantly more
common in mothers of children with
ADHD (6.2 vs. 5.5%), p ¼ 0.008.
OR: preeclampsia ¼ 1.19 (95% CI:
1.03–1.37), p ¼ 0.015.

The frequency of preeclampsia: with
ADHD: 3.7%, without ADHD: 4.9%,
p ¼ 0.78.

ADHD adults were more likely to be
exposed to preeclampsia.
OR ¼ 1.2 (95% CI: 1.0–1.6).

ADHD children were more likely to be
exposed to preeclampsia.
OR ¼ 1.34 (95% CI: 1.25–1.44).

Male: preeclampsia was associated
with increased risk of ADHD.
OR ¼ 1.15 (95% CI: 1.03–1.27).
Female: preeclampsia was associated
with increased risk of ADHD.
OR ¼ 1.28 (95% CI: 1.05–1.56).

Preeclampsia was associated with
increased risk of ASD.
OR ¼ 1.64 (95% CI:1.08–2.49).

RR (95% CI) of ASD: preeclampsia
¼ 1.49 (95% CI: 1.00–2.23).

Preeclampsia was signiﬁcantly
associated with greater odds of ASD.
OR ¼ 1.69 (95% CI: 1.26–2.28),
p ¼ 0.0005.

Children with ASD were twice more
likely to have been exposed in utero to
preeclampsia than controls with TD.
OR ¼ 2.36 (95% CI: 1.18–4.68).
Risk increased with greater
preeclampsia severity (p ¼ 0.02).

Summary of results

Children’s age and sex

Infant sex, infant race, maternal
education, maternal age, birth
weight, alcohol use, and tobacco
use.

Year of birth, parity, age of mother
at birth, educational level of mother, and marital status of mother.

Maternal age, education, smoking
during pregnancy, parity, prenatal
care, household income, psychosocial disorder during pregnancy,
child race/ethnicity, and gender.

Maternal age, Apgar’s score at
5 min of birth, and SEIFA (data in
model available for full dataset
from 1981–2003).

Maternal age, smoking, maternal
country of birth, whether the
mother lived with the father, and
maternal schizophrenia.

Birth weight.

Maternal educational level, parity,
and prepregnancy obesity.

Confounders adjusted for
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New-onset hypertension (> 140/
90 mm Hg) and at least one of
proteinuria (> 300 mg/d), thrombocytopenia(platelets < 105/L), renal insufﬁciency (serum

Identiﬁed using ICD-9 codes
642.4–642.7.
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Helsinki birth
cohort study

Case control
study

Case control
study

Morsing et al,87
2014

Grifﬁth et al,88
2011

Prospective
cohort study

Warshafsky et al,85
2016

Children with intellectual
disability (1,636)

Very preterm birth with exposure to preeclampsia (the
exposed PT-IUGR; 11)
Very preterm birth without
exposure to preeclampsia
(the nonexposed PT-IUGR;
23)
Appropriate for gestational
age without exposure to
preeclampsia (PT-AGA; 34)

Preeclampsia (24)
Normotensive pregnancy
(494)

Severe preeclampsia (95)
Normotensive pregnancy
(140)

Study groups (n)

3–5 y

5–8 y

69.3 þ 3.1 y

1–5 y

Offspring birth year/
age when measured

Preeclampsia was associated with the
increased risk of intellectual disability.
OR ¼ 1.579 (95% CI: 1.334–1.870)

Verbal IQ: mean þ SD the exposed
PT-IUGR: 74  16, the nonexposed
PT-IUGR: 89  15; p ¼ 0.013.
PT-AGA: 96  15, p < 0.001; full scale
IQ: mean  SD the exposed PT-IUGR:
70  19.
The nonexposed PT-IUGR: 83  14,
p ¼ 0.029; PT-AGA: 90  14, p ¼ 0.001.

Problems in adaptive functioning to
spouse.
Preeclampsia: OR ¼ 4.12 (95% CI:
1.35–12.96), p ¼ 0.01.
Normotensive pregnancy as referent.
Functional impairment.
Preeclampsia: OR ¼ 2.99 (95% CI:
1.08–8.24), p ¼ 0.03.
Memory/cognition:
Preeclampsia: OR ¼ 3.92 (95% CI:
1.39–11.04), p ¼ 0.01.
Depressive symptoms.
Preeclampsia: OR ¼ 6.79 (95% CI:
2.41–19.08).

Offspring of severe preeclampsia
exhibited lower social-cognitive and
executive functioning development.

Summary of results

Maternal age, white race, education, birth year, and female sex but

Sex, year of birth (1934–1938 vs.
1939–1944), gestational age,
weight for gestational age, head
circumference at birth, placental
weight, father’s occupational status in patients childhood, parity,
mother’s age, BMI at delivery,
breastfeeding, own maximum level
of education in adulthood, and age
at completion of the questionnaire.

Confounders adjusted for

ICD-9 codes

DBP > 90 mm Hg on two or more
occasions and proteinuria
> 300 mg/L.

SBP  140 mm Hg or DBP
 90 mm Hg occurring after
20 weeks of gestation with a
1 þ proteinuria reading on
dipstick in random urine sample.

Severe preeclampsia:SBP  1
60 mm Hg, DBP  110 mm Hg,
proteinuria  5 g in 24 h or  3 þ
on dipstick, oliguria ( 500 mL in
24 h), cerebral or visual
disturbances, epigastric pain,
thrombocytopenia
(< 150,000  109/L), increase in
AST (> 46 U/L) and ALT (> 40 U/L),
elevated
serum creatinine (> 106 pmol/L),
pulmonary edema or cyanosis,
IUGR, or eclampsia.

creatinine > 1.1 mg/dL), impaired
liver function (blood liver transaminases 2  normal), pulmonary edema, or cerebral or visual
disturbances occurring after the
20th week of gestation.

Definition of preeclampsia
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Tuovinen et al,86
2014

Study design

Authors, years
of publication

Table 3 (Continued)

e286
Lu and Hu

BP  140/90 mm Hg with
proteinuria
Mother’s age and BMI at delivery, the
participant’s body size at birth/length
of gestation, sex and childhood
socioeconomic status, age and
educational attainment at testing
Depressive symptoms: participants
born after preeclampsia had over 30%
higher depressive symptom scores
than normotensive pregnancy,
p < 0.04
Preeclampsia
Cohort study
Tuovinen et al,107
2010

60, 63 y

Increase in blood pressure to at
least 140/90 mm Hg after the
20th week of gestation, an
increase in DBP  15 mm Hg or
SBP  30 mm Hg from the level
measured before 20th week, with
proteinuria ( 300 mg/24 h).
Maternal age, education, parity;
marital status: unmarried, married;
sex: male, female, and year of birth.
Schizophrenia
Preeclampsia: OR ¼ 1.3
(95% CI: 1.0–1.8).
1967–1982
Preeclampsia (15,622)
Cohort study
Eide et al,108
2013

18–19 y
Preeclampsia (604)
Normotensive pregnancy
(16,555)
Follow-up
Ehrenstein et al,89
2009

Comparison children
(79,230)

Study groups (n)
Study design
Authors, years
of publication

Table 3 (Continued)

Maternal age, parity, marital status,
and history of diabetes; and for
conscripts’ year of birth, country of
birth, birth weight in grams, and
being large for gestational age.
Preeclampsia was associated with the
increased risk of low cognitive
function. (IQ < 85) Prevalence ratio:
1.32 (95% CI: 1.08–1.62).

not low birth weight or preterm
status.

Offspring birth year/
age when measured

Summary of results

Confounders adjusted for

Definition of preeclampsia

New onset of hypertension
(> 140/90 mm Hg blood
pressure) in the second half of
pregnancy with de novo proteinuria (> 0.3 g over 24 h) or edema.

Intrauterine Exposure to Preeclampsia on Offspring
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provided combined micronutrients supplementation to dams
during pregnancy including folate, vitamin B12, and DHA
(docosahexaenoic acid), all of which are key components of
one carbon cycle and have been reported to be altered in the
preeclamptic women,96 the levels of BDNF was higher and
cognitive performance was improved. This study discovered an
association between the deﬁciency of neurotrophins in the PIH
offspring and impaired cognitive ability.97
A recent pilot study examined brain structural and vascular
anatomy of 7 to 10 years old offspring exposed to preeclampsia
compared with matched controls by magnetic resonance
imaging (MRI).98 Researcher found offspring exposed to preeclampsia exhibited enlarged brain regional volume including
the temporal lobe, cerebellum, brain stem, and the right and
left amygdalae, as well as reduced vessel radii in the occipital
and parietal lobes compared with matched controls, which are
correlated with the psychometric test showing deﬁciency in
working memory and visuaspatial processing in offspring
exposed to preeclampsia.84 The alterations in brain structure
above also shared similarities with those observed in autism.
In addition, they showed a decreased level of placental growth
factor in the maternal plasma samples from women with
preeclampsia.98 Placental growth factor is a critical angiogenic
cytokines expressed at increased level in normal pregnancy to
optimize the development of vasculature in decidua basalis
and sustain cardiac function in late gestation.99–101 The deﬁciency in maternal serum placental growth factor (PGF) is
associated with an increased risk of preeclampsia which can
serve to be a predictive biomarker of preeclampsia, especially
when combined with elevated blood pressure and increased
level of other antiangiogenic factors, such as soluble sFlt-1.102
Moreover, rodent studies have demonstrated the critical role
of PGF in neurovascular development. Rätsep et al showed that
genetically-deleted for placental growth factor mice had detectable alterations in the cerebrovascular including narrower
lumen, atypical crossovers, and atypical collateral branching
and brain neurological development from midgestation to
adulthood,103 accompanied by impaired cognition. After injury, PGF deﬁcient mice have30% reduced Schwann’s cells proliferation and signiﬁcantly delayed macrophage invasion,
leading to worse functional recovery.104 It has been reported
that the timeframes of circle of Wills’s formation and suboptimal production of PGF overlap in human.105 Therefore, it’s
reasonable to speculate that PGF deﬁciency in preeclampsia
might impair fetal the cerebrovascular and brain neurological
development and thus result in impaired cognitive ability.106
However, it should be noted that the deﬁciency of PGF in
maternal plasma of preeclampsia does not mean that fetal PGF
levels are lower than normal. Thus, further research are
needed to clarify whether the level of fetal PGF is abnormal
and its’ exact role in altered cerebral and vascular structure
and impaired cognitive function.

PE and other Neurological Outcome in Offspring
Epidemiological Evidence
Tuovinen et al also evaluated depressive symptoms in offspring exposed to preeclampsia.86,107 They found
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participants born after preeclampsia had over 30% higher
depressive symptom scores than normotensive pregnancy
(p < 0.04) at the age of 60 and 63 years.107 Offspring aged
69.3 years exposed to preeclampsia were also at higher risk of
having depressive symptoms (OR: 6.79 [95%CI: 2.41–19.08])
after accounting for birth weight and gestational age.86 They
were also at increased risk of having problems in adaptive
functioning to spouse (OR: 4.12 [95% CI: 1.35–12.96],
p ¼ 0.01).86 There was a study reporting a positive association between preeclampsia and schizophrenia in offspring.
Eide et al conducted a population-based cohort study with
large scale of population showed that offspring exposed to
preeclampsia were at increased risks of schizophrenia and
the risk was 37% higher compared with nonexposed
offspring.108

2 Phipps EA, Thadhani R, Benzing T, Karumanchi SA. Pre-eclampsia:
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The Underlying Mechanism
Preeclampsia is associated with reduced function of 11-βHSD-2 in placenta109 which can catalyze the conversion of
maternal circulating cortisol into inactive cortisone. Therefore,
fetus might be overexposed to maternal glucocorticoids which
have the potential to program fetal HPA axis. The alteration in
HPA axis is highly associated with biology underlying depression.110 However, the extent to which this mechanism is
involved in the association between preeclampsia and increased risks of depression in offspring remains unanswered.

Conclusion

9
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12

We not only made a review of epidemiological studies investigating lasting effects of preeclampsia on offspring but also
comprehensively reviewed the possible mechanism. A large
number of studies suggest that maternal preeclampsia has an
overall negative effect on offspring cardiovascular and neurological health. Whereas, there is no signiﬁcant difference in
lipid proﬁle and glucose metabolism between offspring born
after preeclampsia and normotensive pregnancy. However,
the agreement on the exact mechanism through which preeclampsia exert long-lasting effects on offspring has not been
reached; therefore, further studies are needed to clarify it.
Based on the epidemiological evidence, it is necessary to take
the long-term health outcome of offspring into account in the
clinical management of preeclampsia and early prevention
and intervention strategies should be taken.
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