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Abstract
Preterm birth (< 37 weeks) has been associated with high blood pressure (BP) and cardiovascular disease in adulthood. Epi-
genetic mechanisms may explain how preterm birth influences later BP. In this study, we examined the association between 
DNA methylation (DNAm), preterm birth and BP in African American children. We recruited 100 children and collected 
clinical and birth history data. DNA was extracted from saliva and the Illumina EPIC BeadChip was used for epigenetic 
analyses. Preterm birth was not associated with systolic or diastolic BP. No significant DNAm sites were associated with 
preterm birth in candidate gene methylation analyses. Body mass index was associated with systolic BP (p = 0.01). We did 
not observe an effect of preterm birth on DNAm or BP in early childhood. Our study is one of the few, however, to examine 
these associations among African Americans.
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Introduction

High blood pressure (BP) is the most common risk factor for 
cardiovascular disease (CVD) in the United States, affect-
ing approximately 116 million adults [1]. African American 
(AA) adults bear a disproportionately high prevalence of 
hypertension (40.3%) compared to Caucasians (27.8%), His-
panics (27.8%), and Asians (25.0%) [2]. In addition, African 
Americans have an earlier age of hypertension onset and 
higher rates of sequelae such as end-stage renal disease, 
stroke, and congestive heart failure than other racial/eth-
nic groups [3]. Rates of hypertension among children are 
rising [4, 5] and elevated BP in childhood predicts adult 

cardiovascular risk [6]. Approximately 10% of children 
aged 8 to 17 had high or borderline high BP in 2011–2012 
[5], and rates are increasing among African Americans [7]. 
More recent prevalence estimates in 5 to 18 year olds using 
NHANES surveys from 1999 to 2015 reported a rate of 9.3% 
[8]. Traditional risk factors for development of early CVD 
in childhood include dyslipidemia, obesity, diabetes, high 
BP, family history of premature CVD and cigarette smoke 
exposure [9, 10].

Preterm birth (< 37 weeks gestation) is another impor-
tant risk factor for high BP [11, 12]. African Americans 
have the highest rates of preterm birth of any racial/ethnic 
group in the U.S. (13.6%, compared to 9.06% for Cauca-
sians and 9.45% for Hispanics)[13]. Children born preterm 
often experience developmental delays and growth stunt-
ing leading to an accelerated period of catch-up growth that 
has been linked with obesity [14] and increased CVD risk 
[15] in adolescence. A large meta-analysis reported higher 
mean systolic and diastolic blood pressures (3.4 mmHg and 
2.1 mmHg, respectively) in early adulthood for those born 
preterm compared to those born at term [16]. Though these 
increases in blood pressure in young adulthood are modest, 
they can translate to higher stroke risk, for example, in sub-
sequent years [17, 18].

Mechanisms for the link between preterm birth and 
later cardiovascular risk remain unclear. Genomic and 
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epigenomic factors have been associated with CVD risk [19, 
20], as well as with preterm birth [21–26]. Epigenomics is 
the study of the complete set of epigenetic modifications on 
the genetic material of a cell, known as the epigenome.[27] 
Epigenetic mechanisms produce changes to gene expression 
and include DNA methylation (DNAm), histone modifica-
tion and microRNAs. DNAm is the most frequently studied 
epigenetic mechanism and refers to the addition of a methyl 
group to the cytosine residues often resulting in suppress-
ing gene expression [28]. Epigenetic mechanisms produce 
changes to gene expression which are heritable and revers-
ible, yet do not involve alterations to the DNA sequence. 
Epigenetic mechanisms such as DNAm have most frequently 
been studied in relation to cancer and chronic disease end-
points such as autoimmune disorders, mental illnesses, and 
diabetes [29–32].

There is a paucity of studies on DNA methylation 
(DNAm) effects in children born preterm, especially among 
African Americans. Parets et al. [21] examined umbilical 
blood at delivery in a cohort of African American women 
who delivered preterm (24–34 weeks; n = 22) and at term 
(39–41 weeks, n = 28). They reported 29 DNAm sites asso-
ciated with preterm birth independent of gestational age. 
A small case–control study reported associations between 
DNAm alteration in placenta and cord blood and newborns 
born preterm compared to those born full-term [22]. Another 
study identified differential methylation patterns in whole 
blood in early childhood by gestational age in European 
ancestry samples [23].

Small case–control studies of Asian samples also con-
tribute to the limited literature in this area. One included 32 
spontaneous preterm births and 16 term births from South 
China [22]. They reported one differentially methylated 
position in placenta and 31 positions in cord blood that were 
associated with preterm birth but noted differences in target 
tissues. Others examined preterm (n = 68) and term (n = 951) 
infants in an Asian cohort and associations in cord tissue 
and cord blood with genome-wide methylation [24]. They 
found that preterm birth was significantly associated with 
DNAm at 296 DNAm sites in cord blood, and over 95% of 
these were replicated in other preterm birth epigenome-wide 
association study (EWAS) cohorts, and that novel sites were 
identified in cord tissue that were unique from those identi-
fied in cord blood.

In an all-Caucasian Australian sample extreme preterm 
birth cases (n = 12) and term controls (n = 12) from dried 
blood spots at birth were compared to DNA from blood 
at 18 years of age.[25] They reported 1,555 sites with sig-
nificant methylation differences between term and preterm 
babies, but that these differences had largely resolved by 
18 years. The authors suggest that DNAm differences at 
birth may be due to cell composition and gestational age, 
however 10 genomic loci were identified that persisted into 

late adolescence. Finally, the Avon Longitudinal Study of 
Parents and Children[26] examined Cord blood DNA at 
birth (n = 914) and peripheral blood at 7 (n = 973) and 17 
(n = 974) years of age to compare changes at differentially 
methylated probes in relation to birthweight and gestational 
age. The authors reported methylation at 224 DNAm sites 
associated with gestational age, and 23 DNAm sites associ-
ated with birthweight at follow up ages, with resolution of 
differential methylation by early childhood.

Therefore, the purpose of this study was to examine the 
association between preterm birth, DNAm, and high BP 
among African American children. Given the available sam-
ple size and because we were only interested in targeting 
genes associated with preterm birth, we used a candidate 
gene approach instead of EWAS. We hypothesized that chil-
dren with increased methylation of candidate genes associ-
ated with preterm birth would have higher BP than those 
born at term.

Theoretical Framework

This study was informed by Bronfenbrenner’s bioecological 
theory [33], which states that child development results from 
an interaction between the individual and their environment. 
The elements of this theory include: (1) the person’s biol-
ogy and genomics, (2) reciprocal interactions between the 
child and the immediate environment, (3) direct or indirect 
environmental influences; and (4) time.

Methods

Participants

The DNA methylation, Preterm birth, and BP in African 
American Children (DPREG) study was conducted between 
November 2017 and May 2020. DPREG was a K01 funded 
sub-study of the Intergenerational Impact of Genetic and 
Psychological Factors on Blood Pressure Study (InterGEN) 
[34]. Briefly, InterGEN enrolled 250 African American 
mother/child dyads (N = 500) from 2014 to 2019 for a lon-
gitudinal study. Dyads contributed clinical, genetic, and 
psychological data at four visits, six months apart (Time 
1-Time 4). At the Time 1 InterGEN visit, salivary DNA 
was collected from mothers and their biological child (aged 
3–5 years), as well as height, weight, and BP. Demographic 
and psychological variables were at each visit. Mothers’ eli-
gibility for participation in InterGEN included that they: (1) 
spoke English, (2) were ≥ 21 years old, (3) self-identified as 
African American or Black, and 4) had no psychological 
impairment.

The DPREG study enrolled 100 children from the 
InterGEN cohort. Children were targeted for enrollment 
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if mothers identified in their birth history at the Time 2 
InterGEN visit that the child was born preterm. Eligibility 
requirements for enrollment in DPREG included that the 
child was: (1) a past/current participant in InterGEN, (2) 
a singleton gestation, and (3) willing to participate per the 
child’s mother. DPREG study aims included examination 
of how preterm birth was associated with DNAm and BP in 
enrolled children. Medical records were abstracted for preg-
nancy and birth history. Mothers were compensated ($15) 
for DPREG participation. Written, informed consent was 
obtained, and all study procedures were approved by the 
affiliated institutional review board. The datasets analyzed 
during the current study are available from the correspond-
ing author on reasonable request.

Data Collection and Measures

Trained research assistants conducted field data collection 
according to established protocols. BP was measured manu-
ally, three times according to pediatric guidelines [35], with 
the seated child at rest for five minutes before measurement 
with the appropriately sized cuff. Height was measured to 
the nearest tenth of an inch on barefoot participants and 
weight was measured using a high-capacity electronic scale 
(Tanita Tokyo, Japan). We collected self-reported pregnancy 
history and reviewed medical records for pregnancy and 
birth outcomes. Smoking (during pregnancy and current) 
was ascertained at Time 1.

InterGEN quality assurance protocols were followed for 
salivary DNA collection, extraction and analysis as previ-
ously described [36]. Participants were asked not to eat, 
drink, smoke, or chew gum for 30 min before passive saliva 
was collected in Oragene-500 Format tubes [37]. Saliva col-
lection tubes were barcode labeled to ensure precise sam-
ple tracking and logged into a computerized freezer inven-
tory once received in the laboratory. Saliva samples were 
refrigerated at 4 °C until DNA extraction and analysis were 
completed using standard operating procedures and Reli-
aprep kits. The Illumina Infinium Methylation EPIC (850 K) 
BeadChip was used to ascertain DNA methylation (DNAm) 
for candidate gene analyses [38]. Detailed epityping and 
analysis procedures have been previously described [36]. 
Quantile-normalization of beta values for autosomal DNAm 
sites was performed. All individual samples passed labora-
tory-based quality-control procedures (missing rate < 10% 
and no sex mismatch). DNAm sites were excluded if they 
had a missing rate greater than 10%, overlapped with SNPs, 
or were listed in the recent Illumina product quality notice. 
Candidate DNAm sites and gene regions from previous 
reports were identified by unique DNAm identifiers or chro-
mosomal positions from reference human genome (Supple-
mentary Tables S1 and S2).

Statistical Analysis

We conducted a cross-sectional analysis of DNAm, preterm 
birth and blood pressure in DPREG children at the Time 1 
InterGEN visit. The main outcome (dependent) variable was 
continuous BP (continuous variable, mean of three read-
ings). We examined systolic and diastolic BPs separately in 
models. The exposure (independent) variables were DNAm 
(continuous beta values) and preterm birth and gestational 
age. Preterm birth was treated as a dichotomous variable 
(< 37 weeks, and ≥ 37 weeks), and gestational age at birth 
was examined as a continuous variable. Similarly, low birth-
weight was examined as a continuous and dichotomous vari-
able (< 2500 g, and ≥ 2500 g). Confounders were identified 
a priori; including age, sex, obesity and exposure to current 
maternal smoking. Child BMI (kg/m2) was determined by 
a percentile scale based on sex and age according to 2000 
CDC Growth Charts (0 to < 20 years). (CDC 2019) BMI 
was categorized as underweight (< 5th percentile), normal 
weight  (5th to  84th percentile), overweight (85th to 94th per-
centile), and obesity (at or above the  95th percentile) [39, 
40], and also examined as a continuous variable. Descrip-
tive statistics and bivariate analyses were conducted using 
frequencies and Pearson Correlation Coefficients, and linear 
and logistic regression models were employed to examine 
relationships between gestational age, birthweight and BPs. 
Phenotype analyses were conducted using SAS 9.4 (Cary, 
N.C.).

To examine the extent to which methylation in candidate 
genes mediated the association between preterm birth and 
BP, we used a two-step approach. We first examined the 
associations between candidate genes/DNAm sites previ-
ously identified in the literature and preterm birth in our 
sample. Then, any significant associations would be tested 
in the full model with DNAm, preterm birth, and BP as the 
outcome. Linear mixed effects models were used to model 
the dependent variable (DNAm) for systolic and diastolic 
BP separately, adjusting for age, sex, maternal smoking, 
and cell type heterogeneity. We adjusted for multiple com-
parisons by applying False Discovery Rate for correction of 
the alpha. Primary analyses were conducted to account for 
these accepted confounders in epigenetic studies, as well as 
batch effects. The reference-free EWAS method was used to 
account for potential heterogeneity in cell proportions from 
saliva samples [41]. Epigenomic analyses were done using 
R statistical analysis software.

Results

A total of 99 children contributed data for the present study. 
One child was excluded for multiple gestation. Objective 
birth history from medical records was obtained for n = 77 
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participants, due to a halt in research operations related to 
the COVID-19 pandemic. Maternal self-report was used for 
participants missing abstraction data for birth, as gestational 
age and birthweight were highly correlated (p < 0.0001 for 
both birthweight and gestational age) in this sample.

Characteristics of participating children and their mothers 
at the Time 1 visit are presented in Table 1. The mean age 
of children enrolled in DPREG was 49.9 months (4.1 years), 
and more were female (58.5%) than male (41.4%). Approx-
imately two thirds of mothers of enrolled children had 
achieved some college or higher education, and most 
(86.3%) reported an annual household income of $50,000 
or less. Mothers were insured most commonly through Med-
icaid (59.6%). Over a quarter of mothers (26.2%) reported 
a history of high BP and about a quarter (24.1%) reported 
being current smokers. Mean child BMI was 16.1, in the 
normal range, 11.1% of children were overweight and 10.1% 
were obese. The mean gestational age of enrolled children 
was 38 weeks, with 16.3% born preterm (< 37 weeks). Mean 
birthweight was 3073 g, and 10.3% were low birthweight 
(< 2500 g).

We then examined bivariate associations between 
selected child and maternal demographics and mean sys-
tolic and diastolic BP (data not shown). Child sex, child 
age and maternal smoking were not significantly associated 
with either systolic or diastolic BPs. Continuous BMI was 
significantly associated with systolic BP (Pearson Correla-
tion Coefficient = 0.25, p-value = 0.01) but not diastolic BP 
(Pearson Correlation Coefficient = 0.13, p-value = 0.19). 
Linear regression models (Table 2) revealed no associa-
tion between gestational age and preterm birth with systolic 
or diastolic BP before and after adjustment for child age, 
maternal smoking, and child BMI. Birthweight was also not 
significantly associated with systolic or diastolic BPs.Linear 
mixed effects models were used to examine DNAm of candi-
date gene sites identified previously, adjusting for child age, 
sex, principal components, and cell type heterogeneity. The 
experimental batches and methylation chips were modeled 
as random effects in the linear mixed effect models to adjust 
for potential batch effects on epigenetic association analysis. 
We examined 24 previously reported DNAm sites associated 
with preterm birth, and none were found significant in our 
data (Supplementary Table S1). The DNAm sites from eight 
previously identified genes associated with preterm birth are 
summarized and annotated in Supplementary Table S2.

We also conducted sensitivity analyses and found that 
those enrolled in DPREG (n = 100) did not differ from those 
approached but not enrolled (n = 71) on maternal demo-
graphic variables or smoking at Time 1 (data not shown). 
The groups did differ on systolic BP at baseline (p = 0.01), 
as enrolled children had lower systolic BP (mean = 89.05, 
SD = 8.8  mmHg) than those who were not enrolled 
(mean = 92.35, SD = 7.9 mmHg). There were no statistically 

Table 1  Maternal and child characteristics of participants enrolled in 
the DNA methylation, preterm birth and blood pressure in African 
American children study (DPREG), 2017–2020, n = 99

a Numbers may not sum to 100 due to rounding
b s.d. = standard deviation
c Body Mass Index
 kg kilogram, m meters

Maternal characteristics n (mean)a % (s.d.)b

Age
 20–29 38 38.3
 30–39 55 55.5
 40–49 6 6.0

Highest education completed
  < High School 3 3.0
 High School graduate 32 32.3
 Some college 30 30.3
 Associate degree/College graduate or higher 34 34.3

Annual household income
 ≤ $15,000 40 41.6
 > $15,000–$50,000 43 44.7
 ≥ $50,000 13 13.5

Health insurance
 Private/employer 18 18.1
 Medicaid 59 59.6
 Government/ACA 16 16.1
 Other 4 4
 Uninsured 2 2

History of high blood pressure
 Yes 26 26.2
 No 73 73.7

Current smoker
 Yes 24 24.4
 No 74 75.5

Child characteristics
 Age (months) 49.9 8.6
  BMIc (kg/m2) 16.1 1.6

BMI-for-age
 Underweight (< 5th percentile) 2 2.0
 Normal weight (5th to < 85 percentile) 76 76.7
 Overweight (85th to < 95th percentile) 11 11.1
 Obese (≥ 95th percentile) 10 10.1
 Systolic blood pressure (mmHg) 89.0 8.9
 Diastolic blood pressure (mmHg) 58.4 7.2

Sex
 Male 41 41.4
 Female 58 58.5
 Gestational age at birth (weeks) 38.0 2.9

Preterm
 Yes (≤ 37 weeks gestation) 16 16.3
 No (term birth > 37 weeks) 82 83.6
 Birthweight (grams) 3073.0 688.4

Low birthweight
 Yes (< 2500 g) 10 10.3
 No (≥ 2500 g) 87 89.6
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significant differences (p > 0.05) between enrolled and unen-
rolled children at Time 1 for diastolic BP (p = 0.43), child 
BMI (p = 0.20), or gestational age (maternal self-report at 
Time 2) (p = 0.99).

Discussion

In this study examining the relationship between preterm 
birth, DNAm and BP in African American children, child 
BMI was associated with systolic BP (p = 0.01) in bivariate 
analyses, though preterm birth status, gestational age and 
birthweight were not associated with systolic or diastolic 
BP in either adjusted or unadjusted analyses. We found no 
epigenetic associations with preterm birth in candidate gene 
analysis. Our findings differed from previous epigenomic 
studies of preterm birth and DNAm. We used findings from 
Parets et al. [21] for comparison in our analyses. Our find-
ings differed from that study, and this may be explained by 
more restrictive categorization of full-term birth (defined 
as 24–34 weeks gestation), and their use of cord blood for 
DNAm analyses, perhaps indicating differences in methyla-
tion by target tissue.

We did observe that higher BMI in children was sig-
nificantly associated with systolic BP in bivariate analyses. 
This unadjusted association supports well-established find-
ings that obesity is a significant and prevalent clinical risk 
factor for high BP in children [42]. In the United States in 
2015–2016, the prevalence of obesity among children aged 
2–5 years was 13.9% and between 6 and 11 years was 18.4%.
[43] Among African American children aged 2–5 years, 
21.9% were overweight or obese according to the 2011–2012 
NHANES survey.[44] Approximately 28% of children in our 
sample were overweight or obese, who ranged in age from 4 
to 9 years (mean = 6 years).

In addition, we found that preterm birth status and birth-
weight were not significantly associated with BP in the 
young children in our study. Though several large studies 
have examined this relationship, our study is unique in that 
most existing studies have not included children this young, 
nor have they been conducted in an all-African American 
sample [45]. Our findings are in line with one large study 
of Caucasians and African Americans which reported no 
increased risk of high BP at 7 years of age in children born 
small for gestational age [46].

Our findings may have differed from other studies for 
several reasons. Our target tissue was saliva, while previ-
ous studies used umbilical cord blood, peripheral blood, 
or placenta. Saliva is a relevant tissue as it contains DNA 
from both epithelial cells and leukocytes and is non-inva-
sive. Leukocytes isolated from saliva reflect a biological 
immune system marker which is a key indicator of BP. The 
lack of studies on the association between preterm birth Ta
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and DNAm in saliva limit comparability of studies and 
underscore the need for more research on various tissue 
types and among African Americans. Our previous work 
identified novel sites associated with cigarette smoking 
and DNAm in saliva in the same InterGEN cohort, which 
were replicated in blood samples of African American 
women in the GENOA cohort [47]. One explanation for 
this may be that the signal related to smoking was stronger 
in mothers than the effect of preterm birth on children in 
early childhood.

In addition, our sample of preterm births was smaller in 
this study than anticipated. This limited the power avail-
able to detect associations where they were present. In 
addition, differential misclassification may have occurred 
in mothers’ reporting of preterm birth for those children 
who were missing medical record data. However, previous 
research has found that maternal self-report of gestational 
age is a valid measure, even years after birth [48, 49]. 
Due to the limited number of DPREG children who were 
born preterm, we were unable to more precisely parse out 
DNAm differences related to spontaneous and elective 
preterm birth. Only 7 of the 16 children born preterm in 
this sample had confirmed preterm labor and spontaneous 
preterm birth documented in available medical records.

Our study findings may not be generalizable as this was 
a community-based convenience sample, and we targeted 
children born preterm for enrollment. Children enrolled in 
DPREG had lower BPs than those who were not enrolled. 
This could have biased our results in the direction of the 
null. The use of pediatric blood pressure in research is 
known to be vulnerable to measurement error, though a 
recent study revealed acceptable agreement between man-
ual and automatic measurement methods [50]. We mini-
mized the potential for measurement error in this study 
by using a small group of trained research assistants who 
collected clinical data from participants in both the larger 
parent study as well as the current DPREG study.

In conclusion, our study adds to the sparse literature 
on the association of preterm birth, DNAm and childhood 
BP in African Americans. Though we did not find signifi-
cant associations, our study is one of the few to examine 
this question in this vulnerable population. Considering 
the significant burden of preterm birth and CVD among 
African Americans, future studies are warranted to explore 
additional epigenomic markers and biological mechanisms 
associated with preterm birth and later cardiovascular 
health. A prospective approach may clarify epigenetic 
patterns and high BP onset in African American children 
and have implications for prevention.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10903- 021- 01201-y.
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