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Abstract

A poor uterine environment causes changes in fetal development that affect the health of 

offspring long-term. Although there are multiple pathways that contribute to the development 

of cardiovascular and neurological disease, low birth weight or fetal growth restriction (FGR) 

predisposes offspring to these diseases. There is a link between fetal exposure to adverse 

influences and hypertension later in life. Many epidemiological studies support the link between 

fetal life and the risk of disease later in life. Experimental models have sought to provide 

mechanistic proof of this link while simultaneously investigating potential therapeutics or 

treatment pathways. Preeclampsia (PE), one of several hypertensive disorders in pregnancy, is 

a leading cause of morbidity and mortality for both the mother and fetus. Studies have shown 

that PE is a state of chronic inflammation and there is an imbalance between pro-inflammatory 

and regulatory immune cells and mediators. There is no cure for PE beyond the delivery of the 

fetal-placental unit, and many PE pregnancies result in FGR and preterm birth. Epidemiological 

data demonstrate that the sex of the offspring is correlated with the degree of cardiovascular 

disease that develops with the age of the offspring yet few studies examine the effect of sex on 

the development of neurological disorders. Even fewer studies examine the effects of therapeutics 

on offspring of different genders following a PE pregnancy. Moreover, there remain significant 

gaps in knowledge concerning the role the immune system plays in FGR offspring developing 

hypertension or neurovascular disorders later in life. Therefore, the purpose of this review is to 
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highlight current research on sex differences in the developmental programming of hypertension 

and neurological disorders following a PE pregnancy.
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Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy typically defined as new-onset 

hypertension during the third trimester accompanied by end-organ dysfunction[1, 2]. PE 

affects 7-12% of pregnancies around the world each year and is the leading cause of 

maternal and fetal morbidity and mortality. Additionally, PE pregnancies are at much 

higher risk for premature birth, fetal growth restriction (FGR), and small for gestational 

age babies[3]. The only cure for PE is the delivery of the fetal-placental unit, and usually, 

therapeutics for PE treat symptoms that reduce maternal risk allowing pregnancies to 

continue which lowers the risks associated with prematurity. PE causes long-term adverse 

effects on maternal health including increased risk for hypertension, cardiovascular disease, 

metabolic disease, stroke, and cerebrovascular disease[4, 5]. Moreover, PE also can affect 

the fetus’s health after delivery and into adulthood.

A healthy intrauterine environment allows for optimal fetal growth and development. 

Pathological conditions that result in changes to the uterine environment have negative 

effects in utero that confer increased risk on the child’s health for years after the pregnancy. 

Negative conditions induce fetal distress through changes in nutrient and oxygen availability 

to the uterus. Placental dysfunction leads to disruptions in maternal-fetal oxygen exchange. 

Mechanisms such as low oxygen availability and placental dysfunction result in FGR and 

an increased risk of adult disease for the child. Many children born from a PE pregnancy 

are premature and small for their gestational age in addition to having a higher risk for 

hemorrhage, hypoxic-ischemic episodes, and perinatal death[2]. In adulthood, these children 

have an increased risk for cardiovascular disease and neurological disorders. These risks 

may be even more pronounced in the offspring of mothers with early-onset PE [6]. PE 

is characterized by the development of placental ischemia[1, 2]. This insult during fetal 

development may be a mechanism by which offspring of PE pregnancies have an increased 

risk for disease later in life. The complete pathophysiology by which these offspring have 

increased risk is not definitive, but a widely accepted theory is the Developmental Origins 

of Health and Disease (DOHaD) which was first proposed by David Barker[7]. This theory 

proposes that an adverse uterine environment will cause the fetus to adapt to the pathological 

condition and these adaptations increase the risk of disease later in life.

It is important to understand the adverse effects of preeclamptic offspring related to sex 

differences because of the potential to predict and offer intervention earlier in life, possibly 

perinatally, which may reduce the risk of disease in offspring from complicated pregnancies. 

This review examines the potential sex differences in the mechanisms contributing to the 

development of cardiovascular disease or neurological disorders following fetal exposure to 
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PE. Additionally, this review aims to provide insight into how immune cells and mediators 

may play a role in offspring disease following PE. By summarizing studies that study sex 

differences in cardiovascular disease and neurological disorders alongside studies examining 

the effect of PE on offspring, we hope to contribute to the collection of research detailing 

the long-term pathophysiology of PE offspring as well as provide research gaps that are 

deserving of future study.

Sex Differences in Preeclampsia Offspring and Cardiovascular Outcomes

Both male and female offspring of PE are at a higher risk for developing hypertension[8]. 

Many studies indicate that birth weight is inversely related to blood pressure later in 

an offspring’s life[9, 10]. PE is one of the leading causes of FGR, therefore there is a 

higher risk for PE offspring to be born with lower birth weight. Sympathetic tone, nephron 

number, diet, secondary insults, and sex hormones have been implicated as mechanisms 

contributing to hypertension following FGR[11, 12]. Studies also indicate that by 17 

years of age, offspring born from PE pregnancies have higher BMI than those born from 

normal pregnancies[13, 14]. Also at 17 years of age offspring from PE pregnancies display 

concentric cardiac remodeling with greater cardiac relative wall thickness and decreased left 

ventricular end-diastolic volume compared to offspring of normal pregnancies[15]. Based on 

the DOHaD theory, developmental programming changes occur during pregnancy as a result 

of placental ischemia in PE causing the offspring’s increased risk for diseases later in life. 

However, the mechanisms during pregnancy that cause these changes are poorly understood, 

with many groups working trying to identify specific pathways leading to the increased risk 

for disease in PE offspring.

Some studies have shown differences in cardiovascular outcomes for male and female 

offspring of preeclamptic mothers. Male offspring of mothers with PE are more likely to 

exhibit elevation in their systolic blood pressure, and female offspring are more likely to 

exhibit elevation of their diastolic blood pressure [16]. Moreover, females have significant 

endothelial dysfunction while males exhibit increased vascular stiffness compared to 

females following a PE pregnancy.[17]. Obesity is the 6th most significant risk factor for 

worldwide disease burden including elevated risk for cardiovascular, metabolic, respiratory, 

and psychological disease[18, 19]. While offspring exposed to PE are at increased risk for 

low birth weight, there is evidence that they are also more likely to have a higher BMI later 

in life. This increase in BMI is more prevalent in males exposed to PE rather than females 

[20, 21]. Studies have found elevated low-density lipoprotein (LDL) and triglycerides and 

decreased high-density lipoprotein (HDL) in the offspring of preeclamptic mothers [22, 

23]. However, no statistically significant difference was seen between males and females in 

these studies. The small sample size in these studies and their overall heterogeneity make it 

difficult to draw conclusions regarding long-term metabolic function in offspring exposed to 

PE.

The major mechanisms that control blood pressure play different roles in men and women. 

Within the general population, men have higher blood pressure than women do during 

early adulthood[24]. Aging reduces this trend and women are at significantly increased risk 

for cardiovascular disease in the postmenopausal period[25, 26]. One possible mechanism 

Campbell et al. Page 3

Curr Opin Physiol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that results in these differences between men’s and women’s blood pressure is the 

renin-angiotensin-aldosterone system (RAAS), which is one of the most essential control 

systems for the regulation of blood pressure. The angiotensin II type 1 receptor (AT1R) is 

typically associated with increased sympathetic tone, blood pressure, vasoconstriction, and 

aldosterone secretion[27]. The angiotensin II type 2 receptor (AT2R) is typically associated 

with effects countering the AT1R: decreased blood pressure and increases in vasodilation 

and nitric oxide production[27]. Female hypertensive animals have lower activation of 

the AT1R and higher activation of the MAS receptor, which has opposite functions to 

the AT1R, than male rats[28]. The AT2R has a depressor influence on the response to 

angiotensin II (ANG II) infusion in female animals but not in males which correlates with 

higher blood pressure response in male animals compared to female animals following 

ANG II infusion[29]. While there are clear differences in blood pressure regulation via the 

RAAS and the development of hypertension in males and females in the general population, 

whether there are sex differences in the developmental programming that results from a PE 

pregnancy is also an important area to examine.

Animal Models Used to investigate Hypertension in offspring

To study the mechanistic effects of PE on offspring, many groups use animal models 

wherein some maternal insult results in FGR. FGR in animal models is associated with 

increased risks which are similar to those observed in human children born with growth 

restriction. In a recent systemic review of animal models for FGR where 202 studies 

were evaluated[30], rodents were the most common model for FGR followed by sheep, 

with the most common method to induce FGR being surgery. Out of those 202 studies, 

only 9% reported long-term outcomes following FGR, with most ending at or before 

pregnancy term[30]. In one surgically induced rodent model of FGR, the Reduced Uterine 

Perfusion Pressure (RUPP) model of PE, low birth weight animals develop increased 

blood pressure by 4 weeks of age, but at 12 weeks of age, only the male animals 

are hypertensive[31]. This difference is likely due to sex hormone production which 

occurs as the animals undergo adolescence[32]. Interestingly, estrogen in female growth-

restricted offspring decreases the expression of Ang II and the angiotensin-converting 

enzyme, potentially protecting the female from large increases in blood pressure[33]. 

Soluble FMS like tyrosine kinase-1 (sFlt-1), a potent anti-angiogenic factor upregulated 

in PE, induces a PE phenotype in pregnant animals[34]. Only male offspring of these 

animals are shown to develop hypertension[35]. These data indicate a greater susceptibility 

of male embryos to developmental programming changes. Placental insufficiency affects 

the developmental programming of the RAAS with animal models showing increased 

sensitivity to ANG II[36-38]. Blocking the RAAS with angiotensin-converting enzyme 

inhibitors (ACE) abolished increased blood pressure associated with decreased birth 

weight[39, 40]. Moreover, FGR also results in a smaller nephron number at birth[41, 

42]. This lower nephron number increases the risk for hypertension later in life [43] 

likely through compensatory hyperfiltration and hypertrophy as fewer nephrons try to meet 

normal filtration load. In fact, recipients of kidneys from low birth weight donors require 

more hypertensive therapy than those from normal birth weight donors[44]. These studies 
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demonstrate the important effect of growth restriction on the development of hypertension 

and how animal models can be used to study how sex can modulate that risk in humans.

Sex Differences in Preeclampsia Offspring and Neurological Disorders

There is increased risk of the development of neurological disorders such as autism 

spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD) in offspring 

born from PE women[45, 46]. There is also increased risk for impaired memory 

and cognition in offspring born from PE women[45]. Maternal hypertensive disorders 

are associated with lower cognitive ability in offspring than in offspring of normal 

pregnancies[47]. Additionally, PE offspring are at higher risk for intellectual disabilities[48]. 

There is an early-life neurodevelopmental vulnerability in males[49] that mimics the male 

vulnerability to hypertension following PE but the effects have not been demonstrated 

consistently[50]. PE is also associated with the risk of fetal brain injury that leads to adverse 

neurodevelopmental outcomes. Abnormal placental function, a classical feature of PE, is 

associated with abnormal fetal brain development[51, 52]. Poor placental function leading 

to impaired transfer of nutrients and oxygen are likely mechanisms that result in abnormal 

fetal brain development. Gestational hypoxia in pregnant rats results in impaired fetal brain 

development that affected female offspring more during puberty and male offspring more 

during adulthood[53].

Additionally, studies have examined whether in-utero exposure to PE is associated with 

mental and behavioral health problems later in life. A Nordic epidemiological study and 

systemic review of 23 studies found that children of hypertensive pregnancies have an 

increased risk to develop attention deficit hyperactivity disorder, autism spectrum disorder, 

schizophrenia, and intellectual disability [54, 55]. However, the literature appears to be 

inconsistent in that these associations may be stronger in the setting of PE with perinatal 

complications or with early onset PE [56]. While there is evidence showing that male 

children are more at risk than female children for ASD[57], there is no proven association 

between PE and this phenomenon. No evidence has been found to suggest that these risks 

differ between males and females exposed to PE in utero. However, further research in 

this area is needed. This collection of information further reinforces the idea that sex as 

a biological variable is necessary for studies examining the effects of a PE pregnancy on 

offspring health long-term, including neurological disorder risk.

Role of Immune Cells in Offspring Disease Following PE

Women typically display greater immune responses than men and must have a more potent 

regulatory immune response during pregnancy to protect the allogenic fetus[58]. Women are 

also more likely than men to develop inflammatory disorders and autoimmune diseases[59], 

and there is increasing evidence that associates inflammation with hypertension and 

cardiovascular disease[60, 61]. PE has been increasingly characterized as a disorder with 

chronic inflammation contributing to hypertension[62, 63]. Proinflammatory cytokines such 

as interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-α) are elevated in pregnancies 

affected by PE and contribute to the development of neurological disorders[64]. The role 

of proinflammatory cytokines or immune cells on offspring cardiovascular function has 
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not been studied through PE seems to induce neuroinflammation in neonatal brains[65]. 

Interestingly, immunomodulators have a beneficial effect on the birth weight of offspring 

over multiple animal models of FGR[30]. However, these studies did not follow offspring 

long-term to determine the effect of immunomodulators on offspring immune function 

or other physiological changes long-term. Whether offspring of PE mothers have chronic 

inflammation and what role immune cells and mediators may play in offspring disease is 

unclear and is an area deserving of study.

Immune mediators play a key role in the pathophysiology of PE, with many 

immune mechanisms being linked to hypertension, FGR, proteinuria, and cerebrovascular 

dysfunction in the disease[66]. One immune cell type that has a critical role in normal 

pregnancies and PE pathophysiology is the T cell[67]. Additionally, there is growing 

evidence that T cells play a critical role in the pathophysiology of hypertension and 

that there are sex differences in the mechanisms through which T cells contribute to 

blood pressure control[68]. The Sullivan lab has shown that female blood pressure can 

be suppressed with immunosuppression similarly to male blood pressure and at baseline 

female animals have more regulatory T cells in the kidneys and males have more TH17s, 

a pro-inflammatory T cell subtype, in their kidneys[69]. Following nitric oxide synthase 

inhibition, there was a greater degree of dysregulation in the regulatory T cell-TH17 axis 

in females than in males[70]. Another study showed that increased regulatory T cells 

in adipose tissue in females but not males, protect females from metabolic changes[71]. 

Moreover, lower levels of T regulatory cells have been implicated as a causal factor 

in PE, and TH17s are implicated as a contributive mediator in PE[67]. Changes in T 

cell programming during fetal development may contribute to a predisposition toward 

hypertension in PE offspring later in life.

Additionally, B cells producing autoantibodies have also been implicated in the 

pathophysiology of PE[72, 73]. B cells from PE women produce agonistic autoantibodies to 

the angiotensin II type 1 receptor (AT1-AA)[74]. AT1-AA contributes to the PE phenotype 

through inflammatory cytokine production, elevation of circulating anti-angiogenic factors, 

activation of natural killer cells, and increased oxidative stress in the kidney and 

placenta[73]. While AT1-AA has been found in the cord blood of women with PE[75] 

and infant serum[76], indicating it can cross the maternal-fetal barrier, it has not been 

measured or examined in adult offspring of PE pregnancies. Moreover, AT1-AA has been 

found in maternal circulation up to 8 years postpartum indicating a memory mechanism in 

play [77] which could also occur in offspring of PE pregnancies and may play a role in the 

predisposition of offspring to hypertension and neurological complications. The effects of 

AT1-AA on offspring health and increased risk of neurological disorders and cardiovascular 

disease have not been examined. While these studies highlight the roles that immune 

mediators can play in the development of hypertension or neurological complications, the 

connection between maternal PE and offspring disease through immune mediators has not 

been made.
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Summary

Uterine exposure to insult results in changes to developmental programming so that the 

fetus may survive, but predisposes offspring to disease later in life. The PE phenotype 

includes placental dysfunction and ischemia, compromising the health and viability of the 

fetus. Collectively, the review demonstrates that PE offspring are at much higher risk for 

hypertension, cardiovascular disease, and neurological disorders later in their life compared 

to the general population. Moreover, male offspring appear to be more susceptible to these 

developmental programming changes, at least in early adulthood. FGR causes changes to the 

RAAS which mediates some increased risk for hypertension in offspring. Sex steroids play 

a role in cardiovascular risk following a developmental insult and are likely a contributor 

to the sex differences in risk. Immune cells play a critical role in PE pathophysiology 

and also contribute to hypertension in the general population. Immune cells’ role in sex 

differences following a pregnancy complicated by PE is not clear. Studies investigating 

the role of specific maternal immune changes on offspring health are warranted. Studies 

investigating changes in offspring immune phenotypes following a complicated pregnancy 

are also warranted. These studies would help clarify mechanisms that contribute to the 

increased risk of offspring disease following a preeclamptic pregnancy. Studies focused 

on immune factors may also show whether immune cells and mediators contribute to sex 

differences in the risk of cardiovascular and neurological disorders in offspring. Moreover, 

such studies may also provide potential therapeutic pathways to treat these offspring early 

so that the increased risk may be alleviated before the development of disease. It is clear 

that offspring of PE pregnancies should be monitored closely as they are at higher risk for 

a range of cardiovascular and neurological disorders. Physicians and researchers should also 

recognize that the mechanisms that contribute to these risks are different in male and female 

children and they must be studied and prepared for accordingly.
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Figure 1: 
Preeclampsia results in developmental programming that contributes to the higher risk for 

hypertension and cognitive deficits in offspring. Created with BioRender.com
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Table 1:

Cardiovascular Outcomes following a Preeclamptic Pregnancy

Preeclampsia

Risk Factor Male Female Citations

Low Birth Weight + + Lisonkova et al. [3]

High BM ++ + Alsnes et al. [13], Fraser et al. [14], Seidman et al. [20], Wang et al. [21], Timpka et al. 
[15]

Cardiac Remodeling + + Timpka et al. [15]

Hypertension + + Lazdam et al. [6], Sacks et al. [8], Alsnes et al. [13], Fraser et al. [14], Timpka et al. 
[15]

Increased Systolic Blood Pressure + − Davis et al. [16]

Increased Diastolic Pressure − + Davis et al. [16]
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Table 2:

Risk for Neurological Disorders Following a Preeclamptic Pregnancy

Preeclampsia

Complication Male Female Citation

Autism Spectrum Disorder + + Lu et al. [45], Maher et al. [46], Wang et al. [54], Kong et al. [56]

Attention Deficit Hyperactivity Disorder + + Lu et al. [45], Maher et al. [46], Wang et al. [54], Dachew et al. [55], Kong et al. 
[56]

Impaired Memory + + Lu et al. [45]

Intellectual Disabilities + + Sun et al. [48], Wang et al. [54]

Neurodevelopmental Vulnerability + − Nagy et al. [49]

Schizophrenia + + Dachew et al. [55]
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