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Abstract

Background: Few studies have examined the effects of high blood pressure (BP) in pregnancy,

preeclampsia  or  eclampsia  on  later  BP,  and  the  epigenetics  of  this  phenomenon is  similarly

poorly understood, especially among African Americans. The purpose of this study was to

examine the association between high BP in pregnancy, epigenomics, and later BP in African

American women in the InterGEN Study (n=250).

Methods: In cross-sectional analyses, regression and linear mixed effects models were

employed to examine the effects of high BP in pregnancy on: 1) epigenetic associations (DNA

methylation), and 2) BP 3-5 years after birth. The 850K Illumina EPIC BeadChip was used for

evaluating epigenome-wide DNA methylation. High BP in pregnancy, preeclampsia, or
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eclampsia was self-reported by women, and BP was measured 3-5 years after birth, per JNC-7

guidelines. DNA methylation and clinical BP were the main outcomes.

Results: Mean age of enrolled women was 31.2 years, 21.8% were smokers, 58% had some

college or higher education, 46.6% reported an annual income <$15,000, and 13.6% reported

high BP in pregnancy. After adjustment for obesity, smoking, and age, women with a history

of high BP in pregnancy had significantly higher BP than those who did not report this

complication (5.39 2.4 mmHg, p 0.030). Epigenome-wide analysis revealed no significant

sites after multiple testing correction.

Conclusions: We observed  a  small,  but  clinically  significant  increase  in  BP in  women who

reported high BP in pregnancy 3-5 years after that pregnancy. Future studies with larger sample

sizes should examine epigenetic contributions to this finding.

Keywords: DNA methylation, preeclampsia, high blood pressure, pregnancy, epigenomics,

African Americans, women

1. Introduction

High blood pressure (BP) affects more than 85 million Americans and is a major risk factor

for cardiovascular disease.1 African Americans carry a disproportionately high burden of high

BP (41.2%), compared to Caucasians (28.0%), Asians (24.9%), and Hispanic adults (25.9%).2

For reproductive aged African American women, the risk of high BP is exacerbated by

pregnancy. Preeclampsia is defined as new onset hypertension (systolic 140 or diastolic 90)

after 20 weeks gestation, plus new onset proteinuria.3 In pregnancy, approximately 2-8% of
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women are diagnosed with preeclampsia,4 5% with chronic hypertension,3 and  2-3%  with

gestational hypertension,5 placing  them  at  higher  risk  for  later  high  BP.6 African American

women have higher rates (5.5%) of preeclampsia than Caucasians (3.3%).7 The links between

reproductive and later cardiovascular health are beginning to be recognized, and the American

Heart Association now recommends inclusion of pregnancy-related complications such as

preeclampsia when screening for cardiovascular diseases.8

There are several known maternal and fetal sequelae of preeclampsia that increase risk of

later cardiovascular disease across the life course.9 Children born to mothers with preeclampsia

are at higher risk of preterm birth,10 a leading cause of mortality and morbidity worldwide, low

birthweight,11 and stillbirth.12 Preeclampsia is a leading cause of maternal mortality13 and is

associated with increased risk of high BP later in life (hazard ratio: 2.1, 95% CI: 1.80–2.40).14

Other risks for children exposed to preeclampsia in utero include increased risk of diabetes,15

higher BP,16,17 stroke,18 and systemic vascular dysfunction19 over the life course.

Several risk factors have been established for preeclampsia, including those related to

pregnancy such as nulliparity, multiple gestation, hydatidiform mole, and prior pregnancy with

preeclampsia.20 Other risk factors such as obesity, diabetes, and high BP are similar to those

for cardiovascular diseases.21 In addition, maternal age, smoking, and antiphospholipid

antibody syndrome22 have been associated with preeclampsia. Genome-wide association

studies have begun to examine genetic risk factors for preeclampsia,23,24 however, few genes

have been consistently identified in this complex disorder. Preeclampsia risk is influenced by

both maternal25 and fetal genetic factors.26 In recent years, research in this area has expanded

to epigenetics, as changes to the DNA sequence are heritable, potentially reversible, and known
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to influence gene expression. The most frequently studied epigenetic mechanism, DNA

methylation [DNAm], has been shown to be a valuable target for preeclampsia research, as

alterations in DNAm have been reported in the placenta,27 cord blood,28 peripheral blood,29 and

omental blood vessels.30,31 Many studies have examined epigenetic effects of preeclampsia on

offspring,17 but few have investigated effects on mothers, especially African American women.

Researchers have reported short- and long-term effects of preeclampsia. Increased rates of

hypertension and proteinuria have been reported to persist in women at six months

postpartum.32 Few studies have examined the effects of high BP in pregnancy and DNAm on

BP in the short-term, especially in an all-African American cohort. The purpose of this study

was to investigate the short-term effects (3 to 5 years postpartum) of high BP in pregnancy on

DNAm and later BP in African American women enrolled in the Intergenerational Effects of

Genetic and Psychological Factors on Blood Pressure (InterGEN) study. In this study, women

indicated if they had high BP in pregnancy, preeclampsia, or eclampsia during their pregnancy.

2. Methods

 InterGEN was a longitudinal cohort study in Connecticut (2014-2019), which enrolled 250

mother/child dyads (N=500) from the community with the purpose of studying gene-

environment interactions on blood pressure. Eligibility criteria included women ( 21 years old)

who self-identified as African American or Black, spoke English, had no mental illness that

could interfere with psychological measures, and who enrolled with a biological child (3-5

years old). At the first study visit, demographic, clinical (height, weight, blood pressure, saliva

for DNA analysis), and psychological data were collected (i.e. parenting stress, perceived

racism and discrimination, and symptoms of depression). Detailed information regarding study
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procedures have been published elsewhere.33 Women self-reported pregnancy complications

and smoking behaviors (current smoker: yes/no) using Audio Computer Assisted Self-

Interview (ACASI) software.

The study exposure was assessed by maternal self-report to the following survey question

during the computer-based interview at Time 2: “When you were pregnant with the enrolled

child, did a doctor or health care professional tell you that you had high blood pressure

(eclampsia  or  preeclampsia)?”.  Women  were  asked  this  single  question  and  chose  their

response, indicating that they had high BP in pregnancy, eclampsia, or preeclampsia. This

question did not allow women to indicate which of these distinct disease processes were present.

Body mass index (BMI) was calculated from height measured by portable stadiometer (Model

214 Road Rod, Seca Corporation, Hanover, MD) and weight by electronic scale (BWB/807

Tanita Tokyo, Japan) by trained research staff. Blood pressure was measured three times at

each visit, according to JNC-7 guidelines.34 We treated the outcome variable of BP as a

continuous variable (systolic and diastolic BPs) and categorical variable (Normal/Elevated vs.

Stage 1/Stage 2) according to the 2017 American Heart Association Hypertension guidelines.35

The InterGEN study received Institutional Review Board approval from involved universities,

and written, informed consent was obtained from all participants.

 DNA was obtained through saliva collection using the Oragene (OG)-500 format

tubes,36 according to established collection and analysis procedures.37 Once transported from

the field to the research laboratory, saliva samples were refrigerated at 4ºC. ReliaPrep kits

were used for DNA extraction and purification, and epigenome-wide DNAm measurement

was done using the Illumina Infinium Methylation EPIC (850K) BeadChip. Quantile-
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normalization of beta values for autosomal CpG sites was performed. All individual samples

passed laboratory-based quality-control procedures (missing rate < 10% and no sex

mismatch). CpG sites were excluded if they had detection p-value greater than 0.01 (n = 71),

had a missing rate greater than 10% (n = 514), overlapped with SNPs (n = 15,341), or were

listed in the recent Illumina product quality notice. Quality control procedures and all

analyses were uniformly performed among autosomal and X-chromosome sites due to a

unisex (all female) sample. A total of 831,219 autosomal and 18,895 X-chromosomal CpG

sites were included in the association analyses as previously described.38,39

 Two statistical procedures were carried out for the present analysis. First, linear and logistic

regression of the effects of high BP in pregnancy on later BP was conducted for women enrolled

in the InterGEN study. Covariates included smoking, age, and BMI. Secondly, we conducted

epigenome-wide analysis (EWAS) of high BP in pregnancy to predict systolic and diastolic BP

separately in linear mixed effects models, controlling for smoking, age, BMI, and

antihypertensive medication use, as well as batch effects and potential heterogeneity in cell

proportions from saliva using the reference-free EWAS method.40 False Discovery Rate (FDR)

was used to control for multiple comparisons, and the Benjamini Hochberg method was used

to calculate the FDR-corrected q-value.41 Statistical significance was set at FDR-corrected q<

0.05 for CpG sites, and the R statistical environment version 3.4.1 was used for genetic analyses

[http://www.r-project.org/].
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Table 1. Baseline characteristics of women enrolled in the Intergenerational
Blood Pressure Study, 2015-2019, N=250.

n % missing
Primary exposure

High blood pressure in pregnancy, pre-eclampsia or
eclampsia

59

Yes 26 13.6
No 159 83.3

Refused/don't know 6 3.1

Primary outcome variables

Systolic blood pressure [mean, SD] 114.0 13.7 1
Diastolic blood pressure [mean, SD] 72.6 10.8 2

AHA Hypertension categories 2017
Normal [SBP<120 and DBP<80] 165 66.3 1

Elevated [SBP=120-129 and DBP<80] 21 8.4
Stage 1 [SBP=130-139 and DBP=80-89] 49 19.7

Stage 2 [SBP 140 or DBP 90] 14 5.6

Primary covariates
Age 0

21-29 105 42.0
30-39 124 49.6
40-49 21 8.4

Education
< High School 13 5.2 0

High School graduate 91 36.7
Some college 82 33.1

Associate degree/College graduate or higher 62 25.0

Annual household income
$15,000 111 46.6 12

>$15,000-$34,999 102 42.9
$35,000 25 10.5

Health insurance type
Private 35 14.1 10

Medicaid 154 62.1
Government/ACA 37 14.9
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None 14 5.7

Ever received diagnosis of high blood pressure 2
Yes 51 20.6
No 197 79.4

Current high blood pressure medication use 2
Yes 18 7.3
No 230 92.7

Body Mass Index
Underweight [<18.5] or normal weight [18.5-24.9] 78 31.2 0

Overweight [25-29.9] 61 24.4
Obesity [ 30] 111 44.4

Had a job in the last 12 months
Yes 164 66.1 7
No 79 31.9

Current smoker
Yes 54 21.9 3
No 193 78.1

SD= standard deviation
SBP= systolic blood pressure
DBP=diastolic blood pressure
*Numbers may not add to 100 due to rounding

3. Results

 Of the 250 women enrolled in the study, the women’s mean age was 31.2 years (SD=5.8),

58.0% had some college or more education, 46.6% reported an annual household income of

less than $15,000 (46.6%), and 66.1% were employed in the past year. Less than a third of

women had a BMI indicating underweight/normal weight (31.2%), and 21.8% were current

smokers. Approximately one in five women had ever received a diagnosis of high blood
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pressure (20.6%), and fewer reported current blood pressure medication use (7.3%) (Table 1).

In unadjusted association analyses, age, current smoking status, diagnosis of high BP, current

use of high BP medication, education, and body mass index were significantly associated with

systolic BP. These covariates were also significantly associated with diastolic BPs, except for

education (Table 2).

Table 2. Bivariate associations between blood pressure and covariates of interest, Intergenerational
Blood Pressure Study, N=250

Systolic Blood Pressure Diastolic Blood Pressure
df t/F-value p-value df t/F-value p-value

Primary covariates
Age [continuous] 248 99.25 <.0001 247 60.91 <.0001

Current smoker [yes/no] 246 130.22 <.0001 245 104.62 <.0001

Ever had a diagnosis of high BP
[yes/no] 247 131.51 <.0001 246 105.89 <.0001

Current high blood pressure
medication use [yes/no] 247 131.34 <.0001 246 106.02 <.0001

Education
< High School 3 2.85 0.0381 3 1.56 0.2004

High School graduate
Some college

Associate degree/college graduate

Body mass index
Underweight [<18.5] 3 19.18 <.0001 3 12.87 <.0001

Normal weight [18.5-24.9]
Overweight [25-29.9]

Obesity [ 30]

BP=blood pressure
df=degrees of freedom

T-tests used for continuous and dichotomous variables, and one-way ANOVA used for categorical

variables.
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Table 3. Unadjusted and adjusted* effects of high blood pressure in pregnancy on systolic and diastolic blood pressure, Intergenerational Blood
Pressure Study, 2015-2019, n=183.

Systolic Blood Pressure [mmHg] Diastolic Blood Pressure [mmHg]

Unadjusted Adjusted Unadjusted Adjusted

SE p-value   SE p-
value   SE p-

value   SE p-
value

High blood pressure in pregnancy, eclampsia,
or pre-eclampsia 8.21 2.7 0.003 5.39 2.4 0.030 3.87 2.2 0.091 1.21 2.1 0.570

*Model adjusted for age, smoking, body mass index, hypertension
medication use

= Beta coefficient; SE= Standard Error
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 Next, we examined the relationship between high BP in pregnancy and systolic and

diastolic BP using unadjusted and multivariable linear regression (Table 3). In unadjusted

models, women who reported high BP in pregnancy had significantly higher systolic BP

(beta=8.21, SE 2.7, p=0.003) 3 to 5 years after birth than women who did not report this

complication. After adjusting for age, smoking, body mass index, and antihypertensive

medication use, findings were attenuated, but still statistically significant, indicating higher

mean systolic BP for those women with high BP in pregnancy (beta=5.39, SE 2.4, p=0.030).

High BP in pregnancy was not significantly associated with diastolic BP in either unadjusted

(beta=3.87, SE 2.2, p=0.091) or adjusted models (beta=1.21, SE 2.1, p=0.570). We also used

logistic regression to examine later BP as a categorical variable. We found increased odds of

Stage 1 or Stage 2 hypertension compared to Normal/Elevated BP among women who reported

high BP in pregnancy (aOR 1.34, 95% CI 0.49-3.61), though these findings were not

statistically significant after adjustment for age, smoking, body mass index, and

antihypertensive use (data not shown).

 We then conducted EWAS of systolic and diastolic BP for women who reported having

high BP in pregnancy (n=179). Using linear mixed effects models, and controlling for high BP

in pregnancy, age, smoking, body mass index, principal components, and cell type

heterogeneity, we found no significant sites associated with either systolic or diastolic BP

(Figures 1 and 2).
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Figure 1. Manhattan plot: Epigenomic association of systolic blood pressure and high BP in

pregnancy

Figure 2. Manhattan plot: Epigenomic association of diastolic blood pressure and high BP in

pregnancy
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 Finally,  we  ran  sensitivity  analyses  to  compare  women  with  missing  data  for  the  self-

reported measure of high BP in pregnancy to women who responded to this question. We found

that women in these two groups did not differ on baseline characteristics, included ever having

been diagnosed with chronic high BP, and no statistically significant differences were found

(data not shown).

4. Discussion

 In this cross-sectional analysis of African American women enrolled in the InterGEN study,

we found that women who reported high BP in pregnancy had higher systolic blood pressures

than those who did not report this complication. We did not find any significant sites associated

with high BP in pregnancy in epigenome-wide analyses.

 We observed higher systolic BPs 3-5 years after pregnancy in women who reported high

BP in pregnancy (beta=5.39, SE 2.4, p=0.030) compared to women who did not report this

complication. In logistic regression models, women who reported high BP in pregnancy were

33% more likely to have Stage 1 or Stage 2 hypertension than those who did not identify high

BP in pregnancy, however these findings were not statistically significant (OR 1.33, 95% CI

0.49-3.61), (data not shown). Our finding of increased BP among African American women

who report high BP in pregnancy and in the short-term afterwards is supported by previous

studies. Most studies 42 looked at cardiovascular outcomes such as heart disease, myocardial

infarction, or death, and not a more short-term outcome like hypertension. Haas and colleagues

(2019) reported findings of a prospective cohort study of 4484 women followed for two to

seven years after their first pregnancy.43 Women in this study were recruited from eight centers

across the United States, were primarily white (62.1%), and few were African American
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(13.8%). In that study, authors reported that women with any hypertensive disorder in

pregnancy were more than two times as likely to have hypertension at follow-up (RR 2.7, 95%

CI 2.0-3.6).43 Others found significant increases in high BP as soon as two years postpartum in

women with hypertensive disorders of pregnancy, though that sample consisted of primarily

White  women  (from  the  UK)  as  well.44 Another study reported a significant increase in

hypertension risk 12 months postpartum for obese women with preeclampsia, (OR 2.35, 95%

CI 1.63-3.41).45 Less than a third of this sample were African American women (28%).45 Our

study is consistent with previous work in that we found an increased risk for high BP in women

years after experiencing high BP in pregnancy, despite limited participation of African

American women in existing studies.

 Women frequently reported being current smokers in our sample (21.9%). This rate is

higher than overall smoking rates for African American adults (14.9%) in 2017.46 More women

reported smoking in pregnancy in our sample (7.8%) than in national samples of African

American women in pregnancy (6.0%).47 It is difficult to disentangle whether these higher rates

of smoking led to lower rates of high BP in their pregnancies, as we were not able to distinguish

between the types of high BP in pregnancy.

In the present analysis, we found no significant CpG sites associated with history of high

BP in pregnancy. This could be attributed to a lack of large, long-term impact of high BP in

pregnancy on DNAm, in addition to limited power. There is a paucity of research on high BP

in pregnancy, epigenomics, and later BP, and no studies were identified that examined this

question in African American women. Previous work has reported differences in methylation

in maternal leukocytes with women who had preeclampsia,  however,  this study used an all-
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Caucasian sample.48 Another study conducted in India described increased global DNAm

levels among pregnant women with preeclampsia, compared to those with normal BP.27 None

of top ten associations in our study (Supplemental Table) were replicated in other placental or

cord blood methylation studies.49-51 Our  study  used  saliva  as  the  tissue  for  DNA  analyses,

however, peripheral blood and saliva have been shown to be concordant in methylation

studies.39

Like any study, ours had limitations. Our modest sample size may have affected our ability

to detect both later clinical BP and epigenetic differences between women with high BP in

pregnancy  and  those  without  this  complication.  For  example,  we  observed  a  statistically

significant increase in later BP when measured continuously, but not as a categorical outcome.

This was likely due to lack of power; however, the direction of findings is the same. Another

limitation of this study is potential recall bias, as women were reporting being told they had

high BP in pregnancies that occurred three to five years prior. Previous research, however, has

found that maternal self-report of pregnancy complications such as high BP is modest in

accuracy, at four years after birth.52 There also is the potential for misclassification of

hypertension in pregnancy, as we did not have a more precise ascertainment of the sub-type of

high blood pressure mothers had during pregnancy. The fact that we could not discriminate

between the different subtypes of high BP in pregnancy (i.e. pregnancy-induced hypertension,

preeclampsia, preeclampsia superimposed on chronic hypertension, and chronic hypertension),

with unique etiologies, is a limitation. However, preeclampsia and eclampsia are relatively rare

complications of pregnancy. Therefore, it is plausible that most of the respondents in our

sample had pregnancy-induced or chronic hypertension, though we were unable to confirm this
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with objective medical record data.

Strengths of this analysis include an all-African American cohort, epigenomic and

phenotype data, and despite the limited sample size, replication of previous work showing

increased BP in women who report high BP in pregnancy. Further studies are necessary to more

finely examine and differentiate risks and epigenetic mechanisms related to each sub-type of

high BP in pregnancy. It is unclear if high BP in pregnancy is an independent risk factor for

later cardiovascular disease or an early marker for high-risk women, and this is another

important area for further investigation. Future research should also include prospective data

collection from medical records for more precise exposure assessment.

There may be clinical implications of these findings as well. Women with high BP in

pregnancy had increased BP 3-5 years later both before and after adjustment for common risk

factors such as high body mass index, age, and smoking. This may indicate that counseling for

tobacco  cessation  and  weight  loss  may not  be  enough to  mitigate  the  effects  of  high  BP in

pregnancy and later cardiovascular risk in this population. Inclusion of pregnancy history for

women in primary care settings is warranted and should guide women’s health care throughout

the lifespan. Health promotion messaging to women should also include education on the

importance of this linkage.

In conclusion, our findings are clinically important, as we observed a small, but significant

increase in BP in African American women three to five years after reporting high BP in

pregnancy. This presents a challenge and opportunity to focus screening and prevention efforts,

as well as to expand research to be inclusive of this high-risk population and study the

mechanisms and prevention of cardiovascular disease. This is especially important as African
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American women bear some of the highest burdens of both adverse reproductive outcomes and

cardiovascular disease, a cycle of which cannot be separated, and must be investigated within

the context of the lifecourse.
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