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Abstract

Women live longer than men but experience greater disability and a longer period of illness as 

they age. Despite clear sex differences in aging, the impact of pregnancy and its complications, 

such as preeclampsia, on aging is an underexplored area of geroscience. This review summarizes 

our current knowledge about the complex links between pregnancy and age-related diseases, 

including evidence from epidemiology, clinical research, and genetics. We discuss the relationship 

between normal and pathological pregnancy and maternal aging, using preeclampsia as a primary 

example. We review the results of human genetics studies of preeclampsia, including genome 

wide association studies (GWAS), and attempted to catalogue genes involved in preeclampsia as 

a gateway to mechanisms underlying an increased risk of later life cardio- and neuro- vascular 

events. Lastly, we discuss challenges in interpreting the GWAS of preeclampsia and provide a 

functional genomics framework for future research needed to fully realize the promise of GWAS 

in identifying targets for geroprotective prevention and therapeutics against preeclampsia.
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1. Introduction

The world’s population is rapidly aging and women currently hold a longevity advantage 

compared to men. The current life expectancy at birth for women is 74.7 years compared 

to 69.9 years for men. In 2019 the global population of adults aged 65 or older was 703 

million and in 2050 this number is projected to more than double to 1.5 billion. From these 

expected 1.5 billion persons aged 65 or older, 54 percent are projected to be women. It 

is also predicted that persons aged 80 or over will rise from 143 million to 426 million 

from 2019–2050 and that women will comprise 59 per cent of this aged population in 2050 

(UnitedNations, 2019). Unfortunately, this longevity advantage for women does not come 

without consequence. Though women generally outlive men, they have a longer period of 

disability and illness at the end of life. Women’s tendency to outlive men but with more 

disease and worse health late-in-life has been labeled the “male-female, health-survival 

paradox” (Archer et al., 2018; Gordon et al., 2017; Oksuzyan et al., 2008).

Age is the single greatest risk factor for a majority of chronic diseases (Kennedy et 

al., 2014), including dementia, cancer, cardiovascular disease, and stroke, resulting in an 

increasing burden of death and disability worldwide. Most people over 65 in the US have 

1–3 chronic diseases (Marengoni et al., 2011). Both age and sex are considered well 

established determinants of multimorbidity (Marengoni et al., 2011; Violan et al., 2014). 

Women are disproportionately affected by age-related diseases (Austad and Fischer, 2016). 

For example, dementia is the 5th leading cause of death in women worldwide compared 

to the 10th in men (WorldHealthOrganization, 2020). Women suffer from higher morbidity 

than men due to acute and chronic physical and psychiatric diseases (Almagro et al., 2020).

Reproductive factors, including age at menarche, reproductive lifespan, and age at 

menopause have been implicated in sex differences in aging (Lockhart et al., 2017; Shadyab 

et al., 2017). There is overwhelming evidence that female reproductive aging influences 

lifespan and diverse health outcomes in cardiovascular, skeletal, and metabolic systems as 

well as various cancer types (Beral et al., 2012; Green et al., 2012; Muka et al., 2016; 

Pelucchi et al., 2007; Rahman et al., 2015; Shen et al., 2017; Sullivan et al., 2015). 

Reproductive lifespan, defined as the time interval between menarche and menopause, 

has also been associated with decreased morbidity and mortality. However, the impact of 

pregnancy and its complications, particularly preeclampsia, on aging in women remains a 

surprisingly unexplored and often overlooked area of aging science.

The goal of this review is to summarize what is known about the links between pregnancy, 

its adverse outcomes, e.g preeclampsia, and age-related diseases, from epidemiology, 

clinical research and functional genomics; to summarize the current understanding of the 

relationship between normal and pathological pregnancy and maternal aging; and to provide 

a framework for future research needed to fill gaps in knowledge.
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2. Pregnancy and age-related diseases.

2.1 Costs of reproduction

Natural selection favors successful reproduction, even at a cost to health at older ages 

(Williams, 1957). The evolutionary theory of aging, termed antagonistic pleiotropy, predicts 

the genetic trade-off between early life fitness and late life mortality and is compatible 

with the disposable soma theory of aging (Jasienska, 2020; Kirkwood and Austad, 2000). 

The disposable soma theory posits tradeoffs between somatic maintenance and reproduction 

(Kirkwood, 1990), resulting to an accumulation of damage, faster senescence, and lower 

post-reproductive survival (Kirkwood, 2002; Kirkwood and Rose, 1991). These trade-offs 

have been ubiquitously observed in animals in nature and under laboratory conditions 

(Austad and Hoffman, 2018). However, it has been also demonstrated that reproduction and 

lifespan can be uncoupled. For example, certain mutations and manipulations that increase 

lifespan do not reduce fecundity or fertility in C. elegans and Drosophila melanogaster 

(Dillin et al., 2002; Gems et al., 1998; Johnson and Hutchinson, 1993; Kenyon et al., 1993; 

Mason et al., 2018) and there is no direct relationship between lifespan and reproduction in 

birds and mammals in captivity (Ricklefs and Cadena, 2007; Tarin et al., 2014).

In humans, the evidence for the evolutionary trade-off is also mixed. In a study of Utah 

residents, higher parity, defined as the number of live births, and shorter birth intervals 

are associated with higher fitness costs, as evidenced by decreasing parental survival 

(Penn and Smith, 2007). These relationships were stronger in mothers than fathers, even 

after accounting for childbirth mortality. As parity has fallen over the 19th and early 20th 

centuries, female life span increased, while male life span remained stabled in the same 

Utah database. These results support costs of reproduction as sex-specific influence on 

females (Bolund et al., 2016). However, a study of the Tsimane forager-horticulturalists in 

the Bolivian Amazon shows that greater parity and shorter birth intervals are associated 

with higher weight, body mass index, and body fat percentage, but not with biomarkers of 

nutrition or immune activation (Gurven et al., 2016). Studies on the costs of reproduction 

should consider other factors such as socioeconomic status, social support, and breastfeeding 

as well as pregnancy (Jasienska, 2020).

Many changes and adaptations of the maternal immune system are required to allow 

successful implantation and subsequent development of the fetus. Early trophoblast invasion 

and spiral artery remodeling relies heavily on the maternal immune system for its success. 

Specifically, the maternal uterine decidual plays an essential role in protecting the embryo 

from being attacked by maternal immune cells and ultimately forms the maternal side of 

the placenta. The decidua contains a high number of immune cells that allow maternal 

immune tolerance leading to implantation and appropriate trophoblast migration through 

the production of cytokines and angiogenic factors. Importantly, they assure that invasion 

is neither too shallow nor too deep resulting in a normal pregnancy. Alternatively, immune 

dysregulation can result in shallow trophoblast invasion resulting in placental ischemia 

which is hypothesized to lead to preeclampsia later in gestation (Geldenhuys et al., 2018).

The imbalance in immune function consists of increased proinflammatory immune cells and 

cytokines and decreased regulatory immune cells and cytokines resulting in an uncontrolled 
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and chronic state of inflammation contributing to the pathophysiology of preeclampsia 

(Eddy et al., 2018). This state of inflammation will augment oxidative stress and stimulates 

the release of hypoxia-induced anti-angiogenic factors including soluble fms-like tyrosine 

kinase-1 (sFlt-1) and soluble endoglin (sEng) which are associated with the induction of 

hypertension.

Although it is clear that there is an inflammatory component to preeclampsia the underlying 

causes of the initial altered immune regulation are unknown as is the long-term effect of this 

on the mother. Further details of the immunology associated with preeclampsia are beyond 

the scope of this chapter and are reviewed in a commentary by Cornelius (Cornelius, 2018).

2.2. Parity and age-related diseases.

Parity is a reproductive factor which may contribute to sex differences in risk of age-related 

diseases due to social factors, hormonal influences, and physiological stress of pregnancy 

or its complications such as preeclampsia. The effects of parity on long term maternal 

age-related diseases remain unclear. A case-control study found that having at least one 

child was associated with higher risk of Alzheimer disease, an age-related neurodegenerative 

disorder, in women but not in men (Ptok et al., 2002); however, the risk did not appear to 

be dose-dependent (i.e. higher in women with higher parity). Another retrospective study 

showed an association between higher parity and both higher odds and earlier onset of 

Alzheimer disease (Colucci et al., 2006). Similarly, a neuropathological study found that 

having more children correlated with more Alzheimer disease pathology in women, but not 

in men (Beeri et al., 2009). In contrast, in the Georgia Centenarian Study, an aging cohort, 

women with higher parity had later menopause and greater longevity (Lockhart et al., 2017). 

However, reverse causality may have played a role in these results, in that women with 

longer reproductive lifespans might be more likely to have more children (given the lack 

of readily available contraception during their childbearing years), and longer reproductive 

lifespan might be a marker of overall slower aging. Supporting these results, a recent 

retrospective cohort study using medical records data from Kaiser found that markers of a 

shorter reproductive lifespan, including later menarche, early menopause, or hysterectomy, 

were associated with higher dementia risk (Gilsanz et al., 2019).

Mid-life cognition, which is associated with dementia risk, may also benefit from the social 

connections that come with parenting (Frustenberg, 2005; Read and Grundy, 2017) for both 

mothers and fathers. Previous studies in the United Kingdom and Mexico have found that 

low (0–1 births) and high (≥ 3 births) parity are related to poor midlife (age 40 – 64 years) 

and later life (≥ 65 years) cognition, compared to a middle range of parity (2–3 births). 

The role of education in this relationship may depend on social context (Read and Grundy, 

2017; Saenz et al., 2021). Becoming a mother at age > 35 years has been associated with 

better mid- to late-life cognition in the United Kingdom (Read and Grundy, 2017), but 

in a sample from rural Louisiana, teenage motherhood was associated with better midlife 

cognition (Harville et al., 2020). Other studies have found a lack of association between 

parity or age at first birth and cognition in mothers (Ilango et al., 2019), or even that parous 

men and women had better cognition then their nulliparous peers (Harville et al., 2020; Ning 

et al., 2020).
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Parity may be protective against some types of cancer, another age-related disease: many 

studies have shown an inverse relationship between parity and cancer risk in women, 

including lung cancer (Yin et al., 2020), ovarian cancer (Sung et al., 2016), some types 

of breast cancer (Lambertini et al., 2016), and endometrial cancer (Troisi et al., 2018). 

However, whether these associations are due to parity-influenced changes in aging is 

unknown. The associations between parity and cardiovascular diseases and stroke are 

similarly conflicting. In the UK Biobank, parous men and women were more likely to 

experience cardiovascular disease or mortality compared to nulliparous men and women 

(Magnus et al., 2017). As results were similar for men and women, social, behavioral, 

lifestyle and biological processes may contribute to cardiovascular profile in relation to 

parenthood (Lacey et al., 2017; Magnus et al., 2017). Complicating the relationship further, 

some epidemiological studies have demonstrated a U-or J-shaped relationship between 

parity and age-related diseases. In a Swedish population-based cohort of 1.3 million women, 

parity was associated with incident maternal cardiovascular disease in a J-shaped pattern, 

with 2 births representing the lowest risk category (Parikh et al., 2010). The United States 

population-based National Health and Nutrition Examination Survey (NHANES) found 

a U-shaped relationship between parity and validated biological markers of aging in post-

menopausal, but not pre-menopausal women (Shirazi et al., 2020).

When accidental and infectious etiologies are removed, mortality is perhaps the ultimate 

age-related disease. There are many studies examining the associations between pregnancy 

and age of death. In the Women’s Health Initiative (WHI), women with age at first 

birth ≥ 25 years had a higher odds of survival than women with age at first birth < 25 

years. Complicating the picture, in the United States, the relationship between pregnancy 

history and mortality varies by race. In Black women, parity in WHI was not related to 

survival to 90 years, though in White women, a history of 2–4 term pregnancies was 

associated with higher odds of survival to age 90 years compared to women with 1 term 

pregnancy (Shadyab et al., 2017). In the US National Longitudinal Survey of Mature 

Women, nulliparous Black women had longer post-reproductive lives than parous Black 

women, but parous White women lived longer than nulliparous White women (Reyes et 

al., 2018). Having ≥ 6 children was related to lower mortality in Black women, though 

the protective effects diminished with age. A similar relationship was evident for White 

women only after adjusting for age at first birth, social, economic, and health characteristics 

(Spence and Eberstein, 2009), supporting the weathering hypothesis of differing maternal 

health and mortality consequences of childbearing by age as a physical manifestation of 

social inequality (Geronimus, 1996).

The studies discussed in this section are summarized in the Supplemental Table 1.

2.3. Pregnancy: a human model of aging, with a twist.

Pregnancy itself has been proposed as a natural human model of aging (Giller et al., 

2020). Senescence at the cellular level plays a critical role in syncytiotrophoblast formation, 

placental implantation, embryonic development and parturition (Cox and Redman, 2017). 

The metabolic stress of pregnancy mimics many of the mechanisms thought to contribute to 

aging, including oxidative stress, inflammation, changes in DNA methylation and shortening 
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of telomeres (Giller et al., 2020; Iqbal et al., 2018; Pollack et al., 2018). However, in 

contrast to aging, after healthy pregnancy women undergo a period of “rejuvenation” and 

repair in the weeks and months postpartum (Giller et al., 2020). In a small study using 

high-resolution brain imaging and a validated brain age index, women’s brains at 6 weeks 

postpartum were estimated to be five years younger than the same women’s brains in the 

first days postpartum (Luders et al., 2018). These findings support a restoration/rejuvenation 

effect after giving birth. Evidence from translational research supports the hypothesis that 

pregnancy may lead to permanent alteration of injury repair pathways in women. In a 

mouse model, multiparity had a protective effect after stroke: despite having features of 

higher vascular risk, multiparous mice had smaller brain infarcts after experimental stroke, 

and better stroke recovery courses. The effect was dose dependent, with better functional 

recovery in the mice with more litters (Ritzel et al., 2017). The authors hypothesized that 

these protective effects might be mediated by fetal microchimerism, or stem-cell-like fetal 

cells that cross the placenta and persist in maternal bone marrow and brain for decades. In 

this mouse model, microchimeric cells migrated to the brains of parous females after stroke 

and took on endothelial properties with pro-angiogenic and anti-inflammatory effects (Ritzel 

et al., 2017).

3. Preeclampsia and age-related diseases.

3.1. Epidemiology of preeclampsia and age-related diseases.

Preeclampsia, a multisystem, placentally-mediated hypertensive disorder affecting 2–8% 

of pregnancies (Abalos et al., 2013), is characterized by systemic inflammation, global 

endothelial dysfunction, increased oxidative stress, and vascular damage. Preeclampsia 

occurs only in pregnancy, but has a robust association with future age-related cardiovascular 

disease, including hypertension, ischemic heart disease, chronic kidney disease, and stroke 

(Wu et al., 2017). Women with a history of early-onset preeclampsia, before 34 weeks 

of gestation, are at even higher risk; one study showed a more than 9-fold increased risk 

of cardiovascular death in women with a history of early-onset preeclampsia (Mongraw-

Chaffin et al., 2010). Shared risk factors such as hypertension and obesity may account for 

some of this epidemiologic association. However, emerging evidence demonstrates that the 

effects of preeclampsia may include lasting endothelial and cardiac dysfunction, which may 

contribute to cerebrovascular disease (Aouache et al., 2018; Berends et al., 2008; Granger 

et al., 2018; Hod et al., 2015). Cancer may also be associated with preeclampsia history: 

the Jerusalem Perinatal Study, a large registry-based study, found that women with a history 

of preeclampsia had 23% higher risk of any cancer, 37% higher risk of breast cancer, and 

more than double the risk of ovarian cancer (Calderon-Margalit et al., 2009). Of note, 

a meta-analysis of cohort studies did not show an association between preeclampsia and 

higher risk of breast cancer (Sun et al., 2018).

The relationship between preeclampsia and dementia is less well characterized, but multiple 

studies have suggested a long-term deleterious effect on cognition in women with a 

history of preeclampsia (Adank et al., 2021; Basit et al., 2018; Elharram et al., 2018; 

Postma et al., 2016; Postma et al., 2014). Small studies have demonstrated increased 

signs of cerebral small vessel disease on brain magnetic resonance imaging in middle 
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aged women with a history of preeclampsia (Siepmann et al., 2017; Soma-Pillay et al., 

2017). A prospective population-based Danish cohort study reported a 3-fold greater risk of 

vascular dementia in women with a history of preeclampsia (Basit et al., 2018). Analysis 

of the Swedish Medical Birth Register found that history of preeclampsia was associated 

with a more modest increased risk for vascular dementia of 63% (Andolf et al., 2020). 

Preeclampsia’s detrimental effects on cognition may be mediated by the increased risk of 

chronic hypertension after preeclampsia, since there is a strong positive association between 

elevated blood pressure and cognitive change (Gottesman et al., 2014; Iadecola et al., 2016; 

Muela et al., 2017). Thus, the relationship between preeclampsia and age-related cognitive 

decline could reflect a common underlying pathophysiology of maternal microvascular 

disease. In addition, preeclampsia may share some direct pathophysiological pathways with 

Alzheimer disease pathology: urine from women with preeclampsia exhibits congophilia, 

protein misfolding, and defective amyloid processing (Buhimschi et al., 2014).

3.2. Preeclampsia: placental aging gone wrong?

Preeclampsia is thought to result in part from abnormal implantation of the placenta, 

resulting in placental hypoxia, increased oxidative stress and premature placental 

aging(Sultana et al., 2017). This mechanism predominates in early-onset preeclampsia 

(Farladansky-Gershnabel et al., 2019), the form most highly associated with future maternal 

age-related cardiovascular disease (Mongraw-Chaffin et al., 2010). In contrast, late onset 

preeclampsia (after 34 weeks gestation) may reflect poor maternal adaptation to the high 

cardiometabolic demand of pregnancy (Thilaganathan, 2017), leading to placental oxidative 

stress and a similar clinical syndrome. Supporting this is the observation that maternal age 

is itself a risk factor for the development of gestational hypertension and preeclampsia 

(Gaillard et al., 2011; Sheen et al., 2018). A study in vervet monkeys reared in matrilineal 

colonies showed elevated blood pressure and inflammation in the third trimester in older 

mothers, suggesting that the aging process may impair maternal adaptation to pregnancy 

even under controlled environmental conditions (Plant et al., 2020). Evidence supports the 

hypothesis that accelerated placental aging leads to poor pregnancy outcomes, including 

preeclampsia, intrauterine growth restriction, and preterm delivery (Kohlrausch and Keefe, 

2020). At the cellular level, placentas from preeclamptic pregnancies show signs of 

accelerated senescence including telomere shortening, altered mitochondrial autophagy, and 

activation of inflammatory and stress-associated signaling pathways (Manna et al., 2019).

4. Does preeclampsia “accelerate” vascular aging?

Preeclampsia is clearly associated with age-related diseases, particularly cardiovascular 

disease. Women who successfully “tolerate” and adapt to pregnancy without developing the 

preeclampsia syndrome may represent a more resilient phenotype. However, preeclampsia 

results in widespread maternal vascular endothelial damage that may persist long after 

the pregnancy is over (Barr et al., 2021; Kvehaugen et al., 2011). This may help 

explain the link between preeclampsia and maternal aging (Seals et al., 2011). Vascular 

endothelial dysfunction is a prominent feature of the aging process and is a hallmark 

of a wide array of cardiovascular diseases including hypertension, heart failure, chronic 

kidney disease, atherosclerosis and cerebrovascular disease (Herrera et al., 2010). Proposed 
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mechanisms of age-related vascular endothelial dysfunction include oxidative stress, 

decreased endothelial nitric oxide bioavailability, increased production of endothelium-

derived vasoconstrictive factors, compromised repair of endothelial cells, and increased 

expression of pro-inflammatory cytokines, all of which contribute to cellular senescence 

(Herrera et al., 2010; Wang et al., 2020). Similar mechanisms of vascular endothelial 

dysfunction are well described in preeclampsia pathophysiology (Myatt and Webster, 2009). 

Thus, it is biologically plausible that the widespread endothelial dysfunction observed 

during and after preeclampsia may contribute to premature vascular endothelial aging and 

early onset of age-related cardiovascular disease.

DNA damage has been implicated in the aging process as early as the 1960s (Vijg, 2021) 

and studies continue to suggest that it may play a central role in aging (Dai and Guo, 

2021; Schumacher et al., 2021; Vijg and Dong, 2020). Intriguingly, there may also be a 

link between DNA damage and preeclampsia. One study found that mononuclear leukocyte 

DNA damage was significantly increased in mildly preeclamptic women and their offspring 

compared to controls (Hilali et al., 2013). A different study found that DNA damage was 

significantly more common in preeclamptic placentas and, notably, that this DNA damage 

was specifically localized to the maternal side of the placenta as opposed to the fetal 

(Tadesse et al., 2014). Hence, it is plausible that the DNA damage present in preeclamptic 

patients may further contribute to the acceleration of aging and age-related diseases.

The complex web of overlapping factors that may contribute to the impact of pregnancy and 

preeclampsia on aging are illustrated in Figure 1.

5. Genetics of preeclampsia.

The heritability of preeclampsia is estimated to be approximately ~55% (Cnattingius et 

al., 2004; Esplin et al., 2001; Gray et al., 2018b; Thomsen et al., 2015). The maternal 

genetic effect attributing to heritability is believed to be roughly ~35% and the fetal ~20% 

(Cnattingius et al., 2004; Gray et al., 2018b). The recent meta-analysis of genome-wide 

association studies (GWAS) (Steinthorsdottir et al., 2020) reported the maternal and fetal 

heritability for Europe as 38.1% and 21.3%, respectively, while those for Central Asia 

were found to be a bit higher—54.4% and 42.5% for maternal and fetal, respectively. 

Thus, preeclampsia has been the focus of numerous medical-genetic studies, including both 

candidate gene and GWAS, to identify genetic variants that influence the risk of developing 

preeclampsia.

5.1. The candidate gene approach

The candidate gene approach is based on prior biological knowledge of preeclampsia and 

consists of genotyping of single nucleotide polymorphisms (SNPs) in, or sequencing of, a 

known locus/gene or multiple loci/genes of interest to identify genetic variants associated 

with preeclampsia. Candidate studies for preeclampsia are summarized in Table 1. Of note, 

these studies are limited by small sample sizes and reported p values do not reach the 

canonically accepted genome-wide significance threshold of p<5e-8.
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5.1.1. Genes involved in inflammation—Disruption of well-controlled immune 

functions is known to lead to preeclampsia. Preeclampsia is associated with an increase 

of inflammatory cytokines and a decrease in anti-inflammatory cytokines, both of which 

are thought to contribute to the promotion of the inflammatory state during preeclampsia 

(Harmon et al., 2016). Specifically, significantly higher levels of IL-2, TNF-α, and IFN-

γ, and lower levels of IL-4 and IL-10, have been identified in preeclamptic patients 

(Darmochwal-Kolarz and Oleszczuk, 2014). Hence, several candidate gene studies focus 

on these inflammatory and anti-inflammatory cytokines. Several studies have reported 

associations for SNPs within the promoter region of TNF-α, a proinflammatory cytokine 

gene. The first study was conducted by Chen et al. (Chen et al., 1996) and the same 

polymorphism (rs1800629) was also found to be associated with preeclampsia in a later 

study by Mohajertehran et al (Mohajertehran et al., 2012). Interestingly, a protective variant 

was also found in the TNF-α promoter (Heiskanen et al., 2002), suggesting that regulation 

of TNF-α gene expression can modulate genetic risk of preeclampsia.

Aside from TNF-α, SNPs in the other cytokines namely IL-10, IL-4, IL-27, IL-1β, and 

IL-1α, were also reported in candidate gene studies (Table 1). A study conducted in India 

of 194 preeclamptic women and 194 controls showed that the levels of pro-inflammatory 

cytokines (TNF-α, IL-6) were significantly increased in placental tissues and serum samples 

while anti-inflammatory cytokines (IL-4, IL-10) were significantly decreased (Aggarwal et 

al., 2019). Pinheiro et al. found that the IFN-γ rs2430561 SNP was associated with severe 

preeclampsia in a Brazilian cohort of women (Pinheiro et al., 2015). Additionally, IL-10 

rs1800872 SNP was associated with early-onset preeclampsia (Song and Zhong, 2015) 

and the rs1800896 SNP in the same gene was found to be associated with preeclampsia 

(Kamali-Sarvestani et al., 2006). For IL-4 two different SNPs were identified from two 

separate studies—the rs2243250 SNP and the VNTR polymorphism (Fraser et al., 2008; 

Salimi et al., 2014). Another cytokine implicated in association with preeclampsia is IL-1 

which consists of two pro-inflammatory forms, IL-1alpha (IL-1α) and IL-1beta (IL-1β), 

that activate the inflammatory process (Di Paolo and Shayakhmetov, 2016). SNPs in both 

IL-1α and IL-1β were found to be associated with preeclampsia in cohorts of women from 

Sri Lanka, North Africa, and China (Andraweera et al., 2016; Hamid et al., 2020; Li et 

al., 2014). Aside from SNPs in IL-1α, Andraweera et al. also identified a SNP in MBL1, 

rs1800450, with a protective effect.

SNPs in IL-27 have also been associated with preeclampsia. IL-27 belongs to the IL-12 

family of heterodimeric cytokines. This family of cytokines helps the differentiation and 

maintenance of Th1 subset cells (Yoshida et al., 2009). Additionally, levels of IL-27 and 

its receptor were found to be elevated in trophoblastic cells from the placenta of patients 

with preeclampsia (Yin et al., 2014). Liu et al. found that the CC genotype of rs153109 was 

associated with increased risk of preeclampsia while the CT genotype appeared to have a 

protective effect (Liu et al., 2016). Chen et al. also found a protective effect for rs153109 

but reported significantly reduced pre-eclampsia susceptibility with the AG/GG genotypes 

of rs153109. It is plausible Chen et al. made an error in reporting genotypes since dbSNP 

reports the alleles for rs153109 as T>C (Chen et al., 2016). Chen et al. also reported that the 

IL-27 missense SNP rs17855750 is associated with mild preeclampsia risk.
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SNPs in the maternal C3 complement gene were found to be associated with severe 

preeclampsia in a candidate gene study (Table 1). A more recent candidate gene study 

found that two SNPs in the fetal CD46 complement gene were also significantly 

associated with preeclamptic pregnancies relative to controls. This study by Banadakoppa 

et al.(Banadakoppa et al., 2020) also identified several complotypes consisting of fetal 

CD46 variants and maternal C3 or CHF variants that were significantly associated with 

preeclampsia. Increased C3 expression in the aging brain has been previously shown (Cribbs 

et al., 2012) and a study by Shi et al.(Shi et al., 2015) demonstrated that C3 deficient 

mice were protected from synapse loss compared to their WT counterparts as they aged. 

Furthermore, Wu et al. (Wu et al., 2019) found that C3 protein levels were increased in the 

brain and cerebrospinal fluid of Alzheimer’s disease patients. They also found that deleting 

C3 in mouse models of amyloidosis rescued plaque-associated synapse loss and deleting C3 

in mouse models of tauopathy reduced neuron loss and brain atrophy.

Inflammasomes are involved in the process of pathogen clearance and sterile inflammation. 

They are large multi-protein complexes that play key roles in the production of the pivotal 

inflammatory cytokines. Recent evidence indicates that the inflammasome is involved in 

preeclampsia (Shirasuna et al., 2020; Socha et al., 2020). SNPs in the inflammasome genes 

were found to be associated with preeclampsia in candidate gene studies (Table 1). A SNP in 

CARD8 was identified by Wang et al. in a population of Han Chinese women and a SNP in 

NLRP1 was identified by Pontillo et al. in a population of Brazilian women (Pontillo et al., 

2015; Wang et al., 2015).

5.1.2. Genes identified in family studies—STOX1 was identified as a preeclampsia 

susceptibility gene by genome-wide linkage analysis followed by sequencing of the 

confirmed region in a Dutch familial cohort (van Dijk et al., 2005). The same SNP identified 

in this gene, rs1341667 (Tyr153His), was also found to be associated with early-onset 

preeclampsia in a Turkish population (Pinarbasi et al., 2020) (Table 1). The rs1341667 SNP 

is in the DNA binding domain of the STOX1A (longest isoform of STOX1) transcription 

factor and is shown to negatively regulate trophoblast invasion by upregulation of the cell–

cell adhesion protein α-T-catenin (CTNNA3) (van Dijk et al., 2010). A later study by this 

same group suggests that this variant may not only play a role in preeclampsia but also 

preterm birth by illustrating that the STOX1 Tyr153His mutation in extravillous trophoblast 

may have a significant negative effect on utero-vascular remodeling—a shared compromised 

process in preeclampsia and preterm birth (Dunk et al., 2021). For functional validation 

the group utilized primary extravillous trophoblast (EVT) explant and placental decidual 

coculture models as well as EVT-like cell lines which were used for transfection of the 

variant. EVT and transfected EVT-like cells with the STOX1 Tyr153His mutation secreted 

lower levels of IL-6, and IL-8, and higher XCL16 (chemokine [C-X-C motif] ligand 16) 

and TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) compared to control 

wild-type EVT cell and EVT-like cells. A study utilizing the STOX1A-overexpressing mice 

found that genes upregulated in endothelial cells of the transgenic mice were involved in 

inflammation and cellular stress (Miralles et al., 2019), implicating the functional role of 

STOX1A in preeclampsia etiology.
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The ACVR2A gene was identified as a preeclampsia risk gene in Australian/New Zealand 

family studies (Fitzpatrick et al., 2009; Moses et al., 2006). Follow up studies found 

an association between SNPs in ACVR2A and preeclampsia in Norwegian and Brazilian 

populations (Ferreira et al., 2015; Roten et al., 2009) (Table 1). ACVR2A encodes activin 

A type II receptor (ActRIIA) which, along with Activin A receptor, type IB (Alk-4), plays 

an important role in the establishment of pregnancy, especially during decidualization, 

trophoblast invasion and placentation processes (Florio et al., 2010).

5.1.3. Genes associated with blood pressure—SNPs within PLEKHG1 have been 

associated with blood pressure traits (i.e., both systolic and diastolic blood pressure) in 

multi-ethnic GWAS (Franceschini et al., 2013). A study by Gray et al. identified a maternal 

SNP in the PLEKHG1 gene associated with increased risk of preeclampsia and reported 

a p-value of 5.9e-7 which is close to approaching canonical GWAS significance (Gray et 

al., 2018a). The genetic deletion of catechol O-methyltransferase (COMT) in mice produces 

a preeclampsia-like phenotype such as hypertension, proteinuria, and histological changes, 

consistent with human pathological features (Palmer et al., 2011). The functional COMT 

missense SNP, which results in the substitution of a valine for a methionine (Val158Met) 

was found to be associated with preeclampsia in two separate candidate gene studies where 

the study subjects for one were Korean women and the other Chinese women. The Met(A)-

allele of this SNP is associated with a 3- to 4-fold decrease in COMT enzyme activity (Lotta 

et al., 1995) and pregnant mice deficient in catechol-O-methyltransferase (COMT) show 

a preeclampsia-like phenotype resulting from an absence of 2-methoxyoestradiol (2-ME) 

(Kanasaki et al., 2008).

5.1.4. Genes involved in angiogenic balance—A hallmark characteristic of 

preeclampsia, especially early-onset preeclampsia, is angiogenic imbalance. This imbalance 

results from reduced bioavailability of vascular endothelial growth factor (VEGF) and 

placental growth factor (PlGF) due to an inappropriately upregulated sFLT-1 acting as a 

decoy receptor (Eddy et al., 2018). A study by Turanov and colleagues explored RNAi-

based modulation of sFLT-1 as a potential treatment of preeclampsia in animal models. 

They found that targeting sFLT-1 via siRNAs resulted in a decrease of circulating sFLT-1 

in pregnant mice. In a baboon model of preeclampsia, a single dose of siRNAs successfully 

suppressed sFLT-1 overexpression as well as ameliorated clinical manifestations of 

preeclampsia, specifically hypertension and proteinuria (Turanov et al., 2018). SNPs 

associated with preeclampsia in FLT1, the receptor for VEGFA, VEGFB, and placental 

growth factor (PIGF) were found across several studies as were SNPs in VEGFA, VEGFB, 

and VEGFC (Amosco et al., 2016; Hamid et al., 2020; Kikas et al., 2020; Srinivas et al., 

2010) (Table 1).

5.1.5. MTHFR—Homocysteine concentration is increased in preeclampsia and 

it negatively correlates with plasma folate concentration (Powers et al., 1998). 

Hyperhomocysteinemia leads to vascular and metabolic changes, an established risk factor 

for endothelial disorders. The human MTHFR gene encodes methylenetetrahydrofolate 

reductase (MTHFR), a key enzyme in folate and homocysteine metabolism. Thomsen et al. 

identified a preeclampsia associated MTHFR SNP—rs17367504— with a protective effect 
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by a study done in Norwegian women and reported one of the most significant p values 

from the other candidate gene studies reported in Table 1 (p=3.53e-5)(Thomsen et al., 2017) 

(Table 1). Moreover, the G allele of this SNP has also been associated with lower blood 

pressure (Newton-Cheh et al., 2009).

5.1.6. ESR1—Estrogen is one of the main pregnancy hormones produced by the placenta 

and stimulates angiogenesis in the uterus during the reproductive cycle. Estrogen receptor 

α (ESR1) plays an important role in the adaptation of increased uterine blood flow during 

gestation (Chen et al., 2012). The ESR1 gene encodes a ligand-activated transcription factor 

that can be activated by estrogen and in its absence by growth factors. Molverac et al. 

found that haplotype carriers of the ESR1 rs2234693 and rs9340799 SNPs showed an 

increased risk of severe preeclampsia (Molvarec et al., 2007) (Table 1). A preceding study 

had linked the same estrogen receptor 1 (ESR1) haplotype to risk of myocardial infraction in 

postmenopausal women but not in men (Schuit et al., 2004).

5.2. The GWAS approach

Complex traits such as preeclampsia are those for which both genetics and environment 

contribute to the variance in the population. For most complex traits, a large number of 

distinct genetic loci influence the phenotypic variability. Over the past decade, genome-wide 

association studies (GWAS) have become the standard approach to assess the genetic 

contribution of complex traits. These hypothesis-free genome-wide scans have delivered 

many novel discoveries with sufficient power to detect small effects at common SNPs. 

However, as summarized in Table 2 (Johnson et al., 2012; McGinnis et al., 2017; 

Steinthorsdottir et al., 2020; Zhao et al., 2013; Zhao et al., 2012), the majority of SNPs 

identified in the preeclampsia GWAS do not reach the genome-wide significance threshold 

of p<5e-8, suggesting that GWAS of preeclampsia is still in its infancy. An exception 

is the study by McGinnis et al. (McGinnis et al., 2017). This was the first GWAS of 

preeclamptic offspring and reported that a SNP within the enhancer element near the FLT1 

gene encoding vascular endothelial growth factor receptor 1 (VEGFR1) was associated with 

preeclampsia risk. A recent study by the same group (Steinthorsdottir et al., 2020) identified 

more SNPs (rs1421085, rs259983, rs1918975, rs1458038, rs10774624, rs4769612) with the 

GWAS significance. The SNP reported from the cohort of offspring born from preeclamptic 

pregnancies (rs4769612) is in linkage disequilibrium (LD) with the most significant SNP 

(rs4769613) previously reported by the same group. SNPs in LD with one another are often 

inherited together due to co-segregation during meiotic recombination (Cano-Gamez and 

Trynka, 2020). This new study also had a much larger sample size that was comprised of 

both European and Asian women as opposed to just European women in their previous 

study. In fact, the study by Steinthorsdottir et al. (Steinthorsdottir et al., 2020) was the 

largest regarding sample size of all the GWAS reported. The SNPs reported from the 

maternal genome (rs1421085, rs259983) have also been reported to associate with blood 

pressure (BP) in previous studies. Interestingly, rs4769612 was found to be associated with 

the offspring genome, providing strong support for genetic variants near FTL1 associated 

with preeclampsia in offspring of such pregnancies.
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While we indicate mapped genes of GWAS SNPs in Table 2, it is challenging to identify 

causal genes that underlie genetic association as we described in section 6.

6. Functional genomics of preeclampsia

Figure 2 illustrates a multi-faceted challenge in identification of causal variants and causal 

genes of preeclampsia starting with GWAS signal and provides approaches to realize the full 

promise of GWAS in revealing new biological insights and novel targets for intervention. 

We will discuss current progress towards in silico and experimental identification, and 

validation of causal variants that interfere with enhancer function and causal genes that are 

dysregulated by these variants, thereby conferring preeclampsia risk.

6.1. Challenges in identifying causal genes and causal variants of preeclampsia risk

All of the GWAS SNPs found to be associated with preeclampsia occur in the non-coding 

regions of the genome (Table 2). This is in line with the fact that a vast majority of 

GWAS SNPs associated with human diseases occur outside of protein coding regions 

(Cano-Gamez and Trynka, 2020). These results suggest that disease associated GWAS 

variants confer disease risk by altering functional DNA elements in the genome that regulate 

gene expression. Variation in gene expression has been shown to be highly heritable and 

a significant determinant of human disease susceptibility (Cookson et al., 2009). Indeed, 

disease-associated SNPs are found to be significantly enriched in transcriptional regulatory 

elements (Altshuler et al.; Corradin et al., 2014; Harismendy et al.; Hnisz et al., 2013; Lee 

et al., 2013; Maurano et al., 2012; Musunuru et al., 2010; Stitzel et al., 2010; Trynka et al., 

2013), indicating that GWAS SNPs contribute to disease risk by altering gene expression. 

However, the most prevalent regulatory element in the human genome, i.e. enhancer, is 

capable of activating transcription of their target genes at great distances independent of 

the location, and a single enhancer can regulate multiple target genes (Jin et al., 2013). 

Therefore, identifying true causal genes of a non-coding variant is challenging. A common 

empirical practice is to assign the non-coding GWAS variants to the nearest gene, which 

may not necessarily reflect the real situation and can be misleading (Li et al., 2012; Sanyal 

et al., 2012). The best example is the obesity-related variants identified within the intronic 

regions of the FTO gene, which turned out to regulate two distal genes, IRX3 and IRX5, 

located a megabase away from the variants, but not the FTO gene itself, in both humans and 

mice (Smemo et al., 2014). Until this discovery, significant efforts over a number of years 

were wasted to study the role of FTO in obesity/T2D in mouse model studies (Church et 

al., 2010; Dina et al., 2007; Fischer et al., 2009; Frayling et al., 2007; Grunnet et al., 2009; 

Scuteri et al., 2007; Wahlen et al., 2008). Of note, a SNP in the FTO locus was also found to 

be associated with preeclampsia by GWAS (Table 2).

Furthermore, due to extended LD in the genome, multiple variants in an associated region 

can be identified as significant and hence identifying truly causal variants is highly 

challenging. For example, a causal SNP in the FTO locus was found to be a linked SNP 

within an intron of FTO, which disrupts the binding of a transcriptional repressor, ARID5B 

(Claussnitzer et al., 2015). This alteration in binding of the repressor leads to inappropriate 

enhancer activation during adipocyte differentiation, and a doubling of IRX3 and IRX5 
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expression, resulting in a shift in adipocyte cell fate (Claussnitzer et al., 2015). The FTO 

example demonstrates the significant challenge in the post-genomic era in identifying 

truly causal GWAS variants and elucidating how they cause dysregulation of target gene 

expression.

6.2. Identification of mechanisms underlying genetic association of preeclampsia

Since GWAS detect only statistical associations, not functional signals, it is difficult to 

predict mechanisms underlying genetic association. All of preeclampsia GWAS risk variants 

represent genetic variations in the non-coding regions of the genome (Table 2), suggesting 

a significant role of gene regulatory changes on preeclampsia risk. Functional roles of 

causal variants on preeclampsia risk are difficult to predict due to incomplete knowledge 

of non-coding regulatory elements, their mechanisms of action, and the cellular states and 

processes in which they function, let alone the identification of truly causal variants and their 

target genes. Lack of such knowledge is a major impediment to understand the molecular 

mechanisms of preeclampsia and to develop strategies against the debilitating condition.

Non-coding variants may play regulatory roles for gene expression through multiple 

mechanisms: variants in promoters can directly impact transcription initiation (Nurnberg 

et al., 2012); variants in intronic and in untranslated region (UTR) can potentially affect the 

property of mRNAs, leading to altered stability or splicing patterns; and variants may alter 

function or expression of multiple classes of non-coding RNAs (ncRNAs), including long 

non-coding RNAs (lncRNAs) and small RNAs such as micro RNAs (miRNAs) and small 

nucleolar RNAs (snoRNAs) (Hrdlickova et al., 2014).

6.2.1 Role of enhancers—Many recent studies show that non-coding GWAS variants 

are significantly enriched in cell type-specific transcriptional enhancer regions (Altshuler et 

al.; Corradin et al., 2014; Harismendy et al.; Hnisz et al., 2013; Lee et al., 2013; Maurano et 

al., 2012; Musunuru et al., 2010; Stitzel et al., 2010; Trynka et al., 2013), especially within 

enhancers specific to disease-relevant cell types (Javierre et al., 2016; Kundaje et al., 2015). 

Enhancers are the principle regulatory components of the genome that enable cell-type and 

cell-state specificities of gene expression. Enhancers were initially defined as DNA elements 

that act over a distance to positively regulate expression of protein encoding target genes, 

independent of orientation and direction with respect to the target gene promoters (Banerji et 

al., 1981). Enhancers have emerged as major points of integration of intra- and extra-cellular 

signals associated with development, homeostasis and disease, resulting in context-specific 

transcriptional outputs (Levine, 2010).

The human genome is estimated to encode ~1 million enhancer elements and distinct sets of 

approximately 30,000 – 40,000 enhancers are active in a particular cell type (Bernstein 

et al., 2012; Roadmap Epigenomics et al., 2015), vastly outnumbering protein-coding 

genes and promoters. Enhancer activation entails the presence of specific recognition 

sequences required for the cooperative recruitment of transcription factors (TFs) that 

initially activate and subsequently permit signal-dependent regulation of gene expression 

in a spatial and temporal fashion (Heinz et al., 2010). By contrast, genetic variations in 

enhancer sequences that alter TF binding would predispose to ‘improper’ gene expression 
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and ultimately susceptibility to diseases (Harismendy et al., 2011; Musunuru et al., 2010). 

The enhancer-bound TFs facilitate chromatin accessibility by recruitment of nucleosome 

remodelling complexes with the core 80–120 basepairs representing the sites for binding of 

the activating/regulatory TFs. Cell-specific enhancer activation is driven by combinatorial 

actions of lineage-determining (LDTFs) and signal-dependent transcription factors (SDTFs)

(Heinz et al., 2015), and genetic variation affecting enhancer function is a major determinant 

of differences in cell-specific gene expression between individuals (Tak and Farnham, 2015). 

By defining the role of a specific enhancer implicated by a preeclampsia risk association, it 

is possible to infer the identities of regulatory factors and environmental signals the cell is 

receiving that might impact preeclampsia.

6.2.2. Enhancer variants and causal genes—A significant challenge in 

understanding and predicting gene expression is to define the target genes of transcriptional 

enhancers. Since enhancers are capable of activating transcription of their target genes at 

great distances, the definite way to identify targets of enhancers is through the detection of 

enhancer-promoter interaction loops. Indeed, the recent ability to develop contact maps on a 

genome-wide scale indicates that many enhancer-like regions skip over the nearest gene and 

make contacts with more distant targets. Therefore, an accurate interpretation of the effects 

of non-coding genetic variation requires methods that allow correct assignment of regulatory 

elements with their target genes. Chromatin conformation capture (3C) and its derivatives 

such as HiC, Chromatin Interaction Analysis with Paired-End-Tag sequencing (ChIA-PET), 

Hi-ChIP, and Proximity ligation assisted chromatin immunoprecipitation (PLAC-seq) (Fang 

et al., 2016; Rao et al., 2014; Wei et al., 2006) have enabled open-ended mapping 

of interactions between enhancers and cognate genes in a chromosome-wide fashion to 

permit a greater understanding of enhancer regulatory networks (Calo and Wysocka, 2013; 

Catarino and Stark, 2018). Through comparative analyses, a locus where alterations of 

regulatory loop interactions are associated with GWAS variants and disease conditions can 

be identified. Cell type- and allele-specific effects of GWAS SNPs on enhancer-promoter 

interactions can be also elucidated, providing insight into how causal non-coding risk SNPs 

induce alterations in interaction with the causal target genes.

6.3. Functional validation of causal genes and variants of preeclampsia

Active and poised enhancers are found within open chromatin and contain transcription 

factor (TF) binding sites, and are enriched for various histone marks (Heintzman et al., 

2009). Computational methods, like ChromHMM (Ernst and Kellis, 2012), use these 

features to identify enhancers. It has been unclear to what extent the marker signals 

indicate true enhancer activity as opposed to regulatory potential (Sur and Taipale, 2016), 

necessitating extensive experimental validation studies of predicted enhancers and target 

genes. Therefore, functional studies are needed in order to elucidate cell-specific regulatory 

activity and the affected causal gene(s) (Figure 2B–D). This is one of the most critical, 

but often lagged behind, steps to test the functional relevance of the non-coding variants 

detected in GWAS and to establish the causality of GWAS variants in conferring disease 

risks.
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6.3.1. In silico analysis to identify causal variants and causal genes of 
preeclampsia—Figure 2A illustrates a conceptual framework for in silico identification 

of causal variants and causal genes of preeclampsia starting with GWAS signal. Genomic 

annotation of regulatory elements such as enhancers has been greatly facilitated by the 

development of high-throughput methods, providing surrogate markers for regulatory 

activity at an unprecedented resolution (Andersson et al., 2014; Consortium, 2012; Kim 

et al., 2010; Wang et al., 2011). Enhancers are typically characterized by the presence 

of histone modifications (detected by ChIP-seq) such as H3K27Ac and H3K4me1/2 

(Heintzman et al., 2007). Notably, the H3K27Ac positive enhancers showed high 

enhancer activity and co-occupancy with lineage--determining transcription factors (LDTFs) 

(Creyghton et al., 2010). Thus, it has been proposed that H3K27Ac distinguishes active 

enhancers from the primed or poised enhancers. Binding of transcription factors to 

enhancers results in depletion of nucleosomes, making the region detectable by DNase-seq 

and ATAC-seq (Buenrostro et al., 2015; Song and Crawford, 2010). The enhancers are 

transcription units themselves, and enhancer DNA is transcribed bidirectionally, resulting in 

the generation of enhancer RNAs (eRNAs) that are usually unstable. Specifically, it is active 

enhancers that produce eRNAs (Kim et al., 2010; Wang et al., 2011), which are critical 

for the recruitment of transcription and splicing complexes, driving their gene-regulatory 

function (Engreitz et al., 2016; Joung et al., 2017). Expression of enhancer RNAs (eRNAs) 

can be detected by deep RNA-seq, Global Run-On Sequencing (Gro-Seq) or Cap Analysis 

Gene Expression (CAGE) (Andersson et al., 2014; Core et al., 2014; Wu et al., 2014). 

Recent studies suggested that eRNAs could play a role in chromatin looping for interaction 

with the target gene promoter (Yang et al., 2013). Finally, enhancers are hypomethylated at 

CpG dinucleotides, and hence can be detected by bisulfite sequencing (Wiench et al., 2011).

By integrating the genome-wide epigenome signals with GWAS signals (Figure 2A) based 

on rigorous statistical modeling, adopting genomic annotations and estimating probabilities 

of causality for regulatory elements and variants, one can identify or substantially narrow the 

set of functional preeclampsia SNPs and their target genes that are candidates for affecting 

preeclampsia risk. Functional variants will be those that reside in the active regulatory 

elements such as enhancers that are active in cell- and tissue- types relevant for preeclampsia 

pathophysiology. By connecting enhancer activity and target gene transcription by analysis 

of expression quantitative trait loci (eQTL) and chromatin interactions, one can investigate 

how functional variants induce their alterations and to what extent preeclampsia SNPs 

exert functional effects on target gene expression in each cell- and tissue- type. Ultimately, 

integrative analysis of preeclampsia cases versus controls will be needed to provide insights 

into the dysregulated enhancers/targets in each cell type of patients compared to controls as 

well as the transcription factors underlying the enhancer dysregulation.

6.3.2. High-throughput assays—The central strategy is to employ assays that will 

determine if causal enhancers and SNPs prioritized from the in silico analysis actually 

impair regulatory function and dysregulate cognate target genes, and to understand the 

underlying mechanisms. With the advent of high-throughput sequencing and genome-

editing, it is now more feasible to accomplish functional studies on a genomic scale. Here 

we highlight technologies that can be used in functional analysis of preeclampsia SNPs. 
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The massive parallel reporter assay (MPRA) allows examination of a large number of 

enhancers and enhancer variants within a single experiment (Arnold et al., 2013; Inoue and 

Ahituv, 2015; Melnikov et al., 2012). Typically, thousands of candidate enhancer regions 

are synthesized and cloned into a mammalian expression vector, where the co-synthesized 

barcodes or the enhancers themselves are transcribed as identifiers for each construct. The 

mixed reporter library is then transfected to a cell line, and the vector DNA and the reporter 

RNA transcripts are individually collected and sequenced. The enhancer activity of the 

constructs can then be represented by the read count ratio between RNA and DNA. Several 

groups have reported success in using MPRA to identify causal GWAS variants (Tewhey et 

al., 2016; Ulirsch et al., 2016) (Figure 2B). To overcome the limitations of enhancer reporter 

assays, one can transiently silence causal enhancers harboring preeclampsia SNPs using 

CRISPRi technology(Gilbert et al., 2013; Laufer and Singh, 2015; Thakore et al., 2015). 

By interfering with enhancer activity in the context of the genome, one can investigate 

the endogenous role of the causal enhancer preeclampsia SNPs on cognate target gene 

expression. This approach will expedite the selection of high-probability causal enhancers 

harboring preeclampsia SNPs before performing the more challenging CRISPR-mediated 

genome engineering.

6.3.3. Cell modeling—Since enhancer function depends on the local chromatin 

context, genome-editing tools are indispensable for studies of enhancer mechanisms in 

the endogenous genome. CRISPR/Cas9 is a recently developed technology that allows 

efficient and scalable targeted genome-editing. CRISPR/Cas9 recognizes target sequence by 

binding to a roughly 20 basepair-long complementary guide RNA (gRNA), allowing highly 

cost-efficient and simplified assay designs. While the CRISPR/Cas9-mediated gene editing 

has revolutionized the functional validation of enhancers, the throughput of the method 

is typically low, requiring prioritization of candidate variants by other approaches. One 

exception, though, is that if the phenotypic outcome is either related to cellular survival or 

detectable by cell sorting, it will be possible to design CRISPR-based screening assays by 

creating complex viral libraries and infecting cells with low density. The principles of such 

screening assays have been well demonstrated by several studies performing Genome-Scale 

CRISPR Knock-Out (GeCKO) (Hart et al., 2015; Shalem et al., 2014). In addition to the 

throughput, another concern, when performing genome-editing, is the choice of a suitable 

model. Generation of knock-in cells by CRISPR in human pluripotent stem cells, such 

as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) followed by 

differentiation into cell types relevant to preeclampsia will be an ideal approach to establish 

the causality of candidate functional variants in dysregulating target genes in the context of 

the endogenous chromatin landscape (Figure 2C).

6.3.4. In vivo modeling—Since preeclampsia is a complex trait, in vivo studies should 

be intuitively preferred. However, performing studies using animal models is usually limited 

due to poor conservation of non-coding sequences between species. Studies of enhancers 

across species suggested their conservation at a functional level rather than nucleotide 

sequence (Fisher et al., 2006; Stergachis et al., 2014). Therefore, although modeling the 

effect of a particular variant could be difficult, the underlying functional enhancer would 

be more likely conserved and available for in vivo studies. Epigenetic annotations of 
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regulatory elements in model organisms, such as mouse ENCODE, are available to search 

for enhancer candidates (Celniker et al., 2009; Mouse et al., 2012). In silico analysis will 

lead to identification of orthologous enhancers in the syntenic regions of mouse genome 

and one can harness the power of mouse genetics to investigate the impact of the enhancers 

harboring preeclampsia risk alleles in vivo. To test the functional impact of candidate causal 

enhancers in vivo using mouse models, one can genetically engineer mice to mimic the 

variant effects by mutagenizing preeclampsia enhancers highly conserved between human 

and mice at the levels of sequence homology and enhancer activity in the right cell- and 

tissue-types and investigate their impact on transcriptional outputs in multiple cell types and 

phenotypes relevant to preeclampsia. The in vivo modeling will ultimately reveal the casual 

role of GWAS variants in vivo for clinical relevance.

6.3.5. Functional validation studies of preeclampsia risk variants—To the best 

of our knowledge, there has yet to be a study describing the functional effects of a 

preeclampsia GWAS SNP. Closest studies in identifying causal variants have been made 

in regards to FOXD1 mutations and Intrauterine growth restriction (IUGR), a disorder 

frequently associated with early-onset preeclampsia (Huppertz, 2008). A study conducted 

by Quintero-Ronderos et al. (Quintero-Ronderos et al., 2019) utilized luciferase assays as 

the basis for functional experiments and identified a novel and rare variant in an IUGR 

patient. This variant, rs750578392, led to increased C3 transcriptional activity and increased 

PIGF transcriptional activity. Quintero-Ronderos et al. also found a previously studied 

mutation from the work of Laissue et al. (Laissue et al., 2016) in a patient affected by both 

preeclampsia and IUGR. The Laissue et al. study found that the rs917127030 variant was 

unable to activate the PIGF promoter in luciferase assays. PIGF levels are often found to be 

decreased in preeclamptic women (Chau et al., 2017).

7. Summary and perspectives

There are clear differences between men and women in overall lifespan and disability and 

disease as they age. Despite clear sex differences in aging, the impact of pregnancy and its 

complications, such as preeclampsia, on aging is an underexplored area of aging research. 

One of the most significantly distinct female life events is pregnancy and the need for 

women to adapt their physiology to maintain a successful gestation. Despite our significant 

understanding of the acute changes that are required during pregnancy, we know very little 

about the longer-term impact of this adaptation. In this review, we have tried to disentangle 

the complex interactions between pregnancy and its adverse outcomes, preeclampsia, and 

maternal aging and aging-related diseases from the perspective of epidemiology to current 

functional genomics.

From an epidemiologic standpoint, it remains uncertain whether pregnancy itself slows, 

hastens or prolongs the aging process. The data are complex, and it is difficult to separate 

the physiologic impact of pregnancy from secondary effects such as child rearing or 

socioeconomic weathering. However, what appears to be certain is that having an adverse 

response to pregnancy will identify a group of women at risk for age-related diseases, 

potentially presenting important mid-life clues about the subsequent aging process. In 

particular, specific pregnancy related events such as preeclampsia and gestational diabetes 

Miller et al. Page 18

Ageing Res Rev. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lead to an increased risk of later life cardio- and neuro- vascular events that occur at an 

earlier age than women with an uncomplicated pregnancy and are frequently preceded by 

a prolonged asymptomatic period. Understanding the physiologic underpinnings of this has 

the potential to reveal clues to the overall aging process in women.

Since preeclampsia is a major risk factor of major age-related diseases in women, 

understanding the fundamental mechanisms of preeclampsia has a transformative potential 

to improve women’s health in the aging population. This is in line with the conceptual 

framework of “geroscience”, highlighting the need for targeting the main risk factor 

for all chronic diseases, the aging process itself, to combat all the diseases of old age 

simultaneously. From the few hints that are available, endothelial dysfunction appears to 

have a prominent role in both preeclampsia and aging (Aouache et al., 2018; Berends et al., 

2008; Granger et al., 2018; Hod et al., 2015). However, the precise nature of the underlying 

factors precipitating the endothelial cell dysfunction and ultimately triggering the biological 

cascade(s) leading to both the acute and longer term pathologic vascular changes is 

unknown. Whether a primary, perhaps genetic, defect underlies both the abnormal response 

to pregnancy and the subsequent accelerated aging or alternatively, a primary pregnancy 

induced endothelial injury from an episode of preeclampsia triggers the cardiovascular 

disease, is unknown. There are clues that support either hypothesis.

A number of GWAS and candidate studies point to genes involved in endothelial 

function supporting an underlying genetic etiology. It is equally reasonable to surmise 

that the excessive maternal cardiovascular responses associated with placental insufficiency 

and leading to preeclampsia, such as oxidative stress; inflammation; changes in DNA 

methylation; and shortening of telomeres (Figure 1), may trigger irreversible endothelial 

damage which may contribute to premature vascular endothelial aging and early onset of 

age-related cardiovascular disease (Giller et al., 2020; Iqbal et al., 2018; Pollack et al., 

2018). At present, convincing data confirming either etiology is limited. The similarities 

between preeclampsia and cardiovascular aging suggest that studying this relationship could 

be revealing in understanding more chronic aging processes. This will require emphasis on 

cell-specific regulatory activity; be it response to injury or inherent dysfunction. Similarly, 

treatments presently suggested to prevent or ameliorate many of the cardiovascular sequelae 

of preeclampsia, such as statins, low dose aspirin, and metformin, may have value in 

delaying aging (Brownfoot et al., 2015; Brownfoot et al., 2015 July; Smith et al., 2020; 

Ma’ayeh et al., 2020).

While variants identified by GWAS confer a rather small increase in risk individually, recent 

meta-analysis has shown that as a group, targets based on evidence from GWAS-associated 

loci are twice as likely to be therapeutically valid as those that are not (Nelson et al., 

2015). Thus, it is important to delineate the mechanisms underlying preeclampsia-associated 

variants at a molecular level. Preeclampsia GWAS have shown that all associated variants 

reside in the non-coding regions of the genome, suggesting that gene regulatory changes 

contribute to preeclampsia risk. To identify truly causal non-coding variants and their 

affected target genes remains challenging but is a critical step to translate the genetic 

associations to molecular mechanisms, and ultimately clinical applications. Biological 
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insights can then be utilized to improve clinical outcomes, including developing effective 

strategies for disease prevention and/or therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Interconnected environmental, social, and innate factors affecting women’s states of health 

and disease in pregnancy and beyond that may alter risk for aging and age-related diseases.
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Figure 2. 
Functional genomics of preeclampsia illustrating challenges in interpreting GWAS. (A) In 

silico analysis to identify candidate causal variants and genes of preeclampsia informed by 

GWAS. (B) High-throughput screens such as a massive parallel reporter assay (MPRA) to 

investigate a large number of regulatory variants within a single experiment for identification 

and prioritization of functional variants. (C) Cell modeling using CRISPR-engineered 

pluripotent stem cell followed by differentiation into multiple cell types to study cell type-
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specific functional impact of variants in vitro. (D) Mouse modeling to study the functional 

impact of variants in vivo.
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Table 1:

Candidate Approach of Preeclampsia (PE)

Candidate(s)
Study participants Associated 

SNP(s)
P-
values

OR Nature of 
variant(s)

Mapped 
Gene(s)

Reference

rs2234693 and 
rs9340799 in ESR1

119 severe PE cases 
and 103 controls; 
Caucasian women from 
Hungary

homozygous 
T-A haplotype 
carriers of 
rs2234693 and 
rs9340799

0.003 4.36 intronic ESR1 (Molvarec et 
al., 2007)

rs1800629 in TNF-
α, rs1800896 in 
IL-10, rs1800795 in 
IL-6, and rs2430561 
in IFN-γ

116 severe PE cases 
and 107 normotensive 
pregnant and 58 
non-pregnant controls; 
women from Brazil

rs2430561 <0.001 not 
reported

intronic IFN-γ (Pinheiro et 
al., 2015)

C3 selected as 
candidate gene after 
primary complement 
screen

Primary complement 
screen: 259 severe PE 
cases and 426 controls; 
women from Finland
C3 candidate screen: 
960 severe PE cases 
and 760 controls; 
women from Finland

rs2287845
rs366510
rs2287848

0.038
0.039
0.041

1.158
1.158
1.155

intronic
intronic
intronic

C3
C3
C3

(Lokki et al., 
2017)

STOX1 373 early-onset PE 
cases and 500 controls; 
Turkish women

rs1341667 0.03 1.45 missense 
(Tyr153His)

STOX1 (Pinarbasi et 
al., 2020)

rs1800896, 
rs1800871, rs180072 
in IL-10

177 early-onset PE 
cases and 182 controls; 
women from Mongolia

rs1800872 0.04 1.67 promoter 
region

IL-10 (Song and 
Zhong, 2015)

rs1800629 in TNF-α 14 PE cases and 12 
controls; women from 
UK

rs1800629 <0.05 not 
reported

promoter 
region

TNF-α (Chen et al., 
1996)

rs1799724 in TNF-α 133 PE cases and 115 
controls; women from 
Finland

rs1799724* 0.03 0.45 promoter 
region

TNF-α (Heiskanen et 
al., 2002)

rs2430561 in IFN-
γ and rs1800896, 
rs1800871, and 
rs1800872 in IL-10

134 cases and 164 
controls; women from 
Iran

rs1800896 0.045 1.45 promoter 
region

IL-10 (Kamali-
Sarvestani et 
al., 2006)

rs1800629 in TNF-
α, rs1800795 in 
IL-6, rs1800896 in 
IL-10

101 cases and 95 
controls; women from 
Turkey

rs1800896 0.04 1.52 promoter 
region

IL-10 (Vural et al., 
2010)

rs2243250 in IL-4, 
rs4986790 in TLR2, 
rs3918242 in 
MMP-9

117 PE cases and 146 
controls; women from 
UK

rs2243250 0.055 1.534 promoter 
region

IL-4 (Fraser et al., 
2008)

71 SNPs in 
candidate genes 
(CXCR4, HNMT, 
KYNU, RPRM, 
ACVR1, ACVR1C, 
ACVR2A) at 
2q22-23 locus on 
chromosome 2

1,139 PE cases 
and 2,269 controls; 
Norwegian women

rs1014064
rs17742134
rs1424941
rs2161983
rs3768687
rs3764955

0.0184
0.0214
0.0171
0.0196
0.0214
0.0327

0.86
1.17
1.18
0.86
0.86
0.87

intronic
intronic
intronic
intronic
intronic
intronic

ACVR2A
ACVR2A
ACVR2A
ACVR2A
ACVR2A
ACVR2A

(Roten et al., 
2009)
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Table 2:

GWAS Approach of Preeclampsia (PE)

Study participants SNPs P-values OR Nature of 
variant(s)

Mapped 
gene(s)

Reference

538 PE cases and 540 
controls; Caucasian women 
from Australia

rs7579169
rs12711941

3.58e-7
4.26e-7

1.57
1.56

intergenic
intergenic

INHBB
INHBB

(Johnson et al., 
2012)

177 PE cases and 116 
controls; Caucasian women 
from Iowa

rs1426409
rs17686866
rs9831647
rs10743565

2.58e-2 (allelic); 
3.14e-6(genotypic)
1.97e-5(allelic); 
3.80e-6(genotypic)
1.65e-2(allelic); 
9.36e-6(genotypic)
5.00e-6(allelic); 
1.64e-5(genotypic)

not 
reported

intergenic
intronic
intronic
intronic

KIAA1239
ESRRG
LMCD1
IFLTD1

(Zhao et al., 2012)

21 PE cases and 1,049 
controls; Afro-Caribbean 
women from Barbados
50 PE cases and 1,207 
controls; women of European 
ancestry
62 PE cases and 661 controls; 
Hispanic women

rs11617740
rs7322722
rs17412740

7.3e-7 (Afro-
Carribean)
1.23e-6 (European)
2.14e-6 (Hispanic)

16.69
2.93
6.08

intronic
intronic
intergenic

FGF14
MYCBP2
LZTS1

(Zhao et al., 2013)

GWAS + replication n = 
4,380 cases and 310,238 
controls; offspring from 
European women

(infant)
rs4769613
rs12050029
rs149427560

5.40e-11
3.00e-6
4.10e-5

1.22
1.20
1.30

enhancer
enhancer
intergenic

Flt-1
Flt-1
Flt-1

(McGinnis et al., 
2017)

meta -analysis of eight 
previously unreported GWAS 
consisting of 9,515 PE 
cases and 157,719 controls; 
women from Europe and 
Central Asia. Follow-up 
with additional samples 
of European and Kazakh 
origin (2,635 PE cases; 
6,379 controls) (maternal) 
meta-analysis consisting of 
6,775 offspring born of PE 
complicated pregnancies and 
375,372 controls; women 
from Europe and Central 
Asia. (infant)

(maternal)
rs1421085
rs259983
rs1918975
rs1458038
rs10774624
(infant)
rs4769612

1.2e-9
2.9e-10
1.2e-8
1.2e-8
1.7e-8
4.3e-14

1.11
1.17
1.10
1.11
1.11
1.19

intronic
intronic
intronic
intergenic
intronic
intergenic

FTO
ZNF831
MECOM
PRDM8, 
FGF5
LINC02356
Flt-1

(Steinthorsdottir et 
al., 2020

Ageing Res Rev. Author manuscript; available in PMC 2023 January 01.


	Abstract
	Introduction
	Pregnancy and age-related diseases.
	Costs of reproduction
	Parity and age-related diseases.
	Pregnancy: a human model of aging, with a twist.

	Preeclampsia and age-related diseases.
	Epidemiology of preeclampsia and age-related diseases.
	Preeclampsia: placental aging gone wrong?

	Does preeclampsia “accelerate” vascular aging?
	Genetics of preeclampsia.
	The candidate gene approach
	Genes involved in inflammation
	Genes identified in family studies
	Genes associated with blood pressure
	Genes involved in angiogenic balance
	MTHFR
	ESR1

	The GWAS approach

	Functional genomics of preeclampsia
	Challenges in identifying causal genes and causal variants of preeclampsia risk
	Identification of mechanisms underlying genetic association of preeclampsia
	Role of enhancers
	Enhancer variants and causal genes

	Functional validation of causal genes and variants of preeclampsia
	In silico analysis to identify causal variants and causal genes of preeclampsia
	High-throughput assays
	Cell modeling
	In vivo modeling
	Functional validation studies of preeclampsia risk variants


	Summary and perspectives
	References
	Figure 1.
	Figure 2.
	Table 1:
	Table 2:

