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Abstract

Background: Exposure to psychosocial stress and employment of high effort coping strategies have been identified as risk

factors that may partially explain the high prevalence of hypertension among African Americans. One biological mechanism

through which stress and coping may affect risk of hypertension is via epigenetic modifications (e.g., DNA methylation) in

blood pressure-related genes; however, this area remains understudied in African Americans.

Methods: We used data from the ongoing Intergenerational Blood Pressure Study, a longitudinal study designed to inves-

tigate factors that contribute to hypertension risk in African American women (n¼ 120) and their young children, to

investigate the association between stress overload, problem-solving coping, avoidance coping, and social support coping

with DNA methylation in 25 candidate genes related to blood pressure. Multivariable linear regression and multilevel

modeling were used to conduct methylation site-level and gene-level analyses, respectively.

Results: In site-level analyses, stress overload, problem-solving coping, social support coping, and avoidance coping were

associated with 47, 63, 66, and 61 sites, respectively, at p< 0.05. However, no associations were statistically significant after

multiple testing correction. There were also no significant associations in gene-level analyses.

Conclusions: As human social epigenomics is an emerging, evolving area of research, there is much to be learned from studies

with statistically significant findings as well as studies with null findings. Factors such as characteristics of the social stressor, source

of DNA, and synchronization of exposure and outcome are likely important considerations as we move the field forward.
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Introduction

Hypertension, defined as a systolic blood pressure of
�130mmHg or diastolic� 80mmHg (formerly�
140mmHg or diastolic� 90mmHg), or taking antihyper-
tensive medications, is associated with increased risk of
cardiovascular diseases.1,2 Nearly half of U.S. adults have
been diagnosed with hypertension, making it an import-
ant public health concern.3 There are long-standing, per-
sistent racial/ethnic disparities in hypertension where
African Americans have a disproportionally high hyper-
tension prevalence (55%) compared to their White
(47%), Hispanic (34%), and Asian (37%) counterparts.3

Genetic factors cannot fully account for hypertension risk
in the overall population nor the observed disparities.4,5

Higher exposure to psychosocial stressors (e.g., work
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stress, race-related stress, and caregiving for a sick loved
one) has been proposed as a contributor to the increased
burden of hypertension in African Americans.6–8 This
relationship between stress exposure and hypertension
may be particularly salient for African American
women, a population group whose general stress levels
are compounded by both sexism and anti-Black racism-
related stressors.9,10 Such stressors are not merely addi-
tive, but the interplay among them forms a distinctive
exposure that is uniquely experienced by this population
group.9,10

Coping mechanisms such as seeking social support or
avoidance are often employed to mitigate the adverse
psychological effects of stress. However, the coping
responses themselves may adversely affect risk of physical
health outcomes.11,12 The associations between coping
and health outcomes may differ depending upon type of
coping mechanism employed.13 The literature is mixed as
to which strategies are most useful as each approach has
its own advantages and disadvantages. Active coping
strategies (e.g., problem-solving) are approaches in
which an individual uses their own resources to diminish
the effects of a stressful stimulus.14 In contrast, passive
coping strategies (e.g., avoidance) are characterized by
feeling paralyzed to handle the stressor or placing the
blame on someone else.14 Active coping can be psycho-
logically and physically expensive because one has to
expend their own resources, yet passive coping is costly
as well due to the experience of vulnerability which may
present a less potent response to the stressor.15 Previous
literature suggests that African American women may
employ a variety of coping strategies to combat stress
where the approach employed is dependent upon context
of the stress exposure.10,16 Much of the work in African
Americans assessing the relationship between coping and
blood pressure has centered on employment of active
coping strategies. For example, the John Henryism
hypothesis posits that employing a high effort coping
strategy to combat social stressors increases risk for
hypertension particularly in low socioeconomic status
groups.11 Along these lines, vigilance coping, where an
individual actively prepares himself or herself mentally
and/or physically for an anticipated stressor, has also
been associated with risk of hypertension.12

The pathways through which stress exposure and
coping strategies mechanistically alter biological func-
tioning in a manner that affects risk of hypertension
have yet to be fully understood. Recently, epigenetic
modifications have been investigated as a potential mech-
anism linking psychosocial stress to hypertension.17

Epigenetic modifications (i.e., DNA methylation
(DNAm), histone modification, and noncoding RNA)
regulate gene expression patterns without altering the
underlying genetic sequence.18,19 DNAm is the most stu-
died and is characterized by the presence of a methyl

group at a CpG site.18,19 DNAm is dynamic throughout
life and is modifiable in response to environmental sti-
muli.18,19 DNAm in promoter regions is associated with
decreased gene expression, while methylation in other
regions is less understood.20

The field of social epigenomics is relatively new, and
there is much to be learned in understanding whether
social stressors affect health via epigenomic mechanisms.
Some previous studies have found social stressors to asso-
ciate with methylation patterning. For example, discrim-
ination, socioeconomic mobility, and neighborhood
disadvantage have been associated with DNAm.21–24

Other studies have found significant associations between
DNAm and blood pressure.25–28 However, whether social
stressors affect blood pressure via epigenetic mechanisms
has yet to be fully understood. We address this gap by
investigating whether stress and coping are associated
with DNAm specifically in blood pressure-related genes.
We focus on understanding this relationship in African
American women, a group that has been underrepre-
sented in social epigenomic studies and experience a
unique stress profile.9,10 Previous studies from our
group have found parenting stress and racial discrimin-
ation to associate with differential methylation patterning
in African American women.24,29 We extend this work by
investigating associations between general stress and
coping with DNAm in the same study sample. Studies
such as the current one that focus on understanding the
biological underpinnings of stress-induced hypertension
are needed to best develop effective prevention and treat-
ment strategies for high-risk populations.

In the present study, we use a sample of African
American women to investigate whether stress overload
and coping strategy associate with DNAm in 25 genes
that have been associated with blood pressure in individ-
uals of African ancestry in previous studies.30–46 We
hypothesize that stress exposure is associated with differ-
ential methylation patterns in these 25 genes. Second, we
hypothesize that problem-solving coping, a measure of
active coping, is associated with differential methylation
in a greater number of sites compared to passive coping
strategies (i.e., social support or avoidance coping).
Multivariable linear regression and two-level multilevel
models are employed to study the association between
stress and coping with methylation patterns.

Materials and Methods

Study Sample

We used data from the Intergenerational Blood Pressure
Study (InterGEN), an ongoing longitudinal study
designed to investigate the genetic, psychological, and
environmental factors that contribute to hypertension
risk in African American mothers and their young
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children.47,48 After obtaining institutional review board
approval, African American mothers with at least one
biological child ages 3 to 5 were recruited for study
enrollment. Recruitment was conducted at early child-
hood and education centers, primary care clinics, and
community events, beginning in April 2015 and is
ongoing. Additional inclusion criteria included maternal
age of at least 21 years, self-identification as African
American or Black, and the ability to speak English.
The Mini Mental Status Examination was used to
assess the presence of psychiatric or cognitive disorder,
and participants were excluded if a psychiatric or
cognitive disorder was present that would affect study
participation.49 Demographic, psychological, and envir-
onmental measurements (e.g., age, sex, stress, family his-
tory) were collected from the mother using Audio
Computer-Assisted Self-Interview software (version 16).
Phenotypic measurements (e.g., blood pressure, height,
weight) were collected from both mother and child
every six months for two years. In the present study,
we conduct cross-sectional analyses using data from
the baseline visit in 120 African American mothers.
Data on children were not included in the present ana-
lyses. Informed consent was obtained from all partici-
pants. Full study procedures have been reported
previously.47

Measures

Stress Overload. The 24-item Stress Overload Scale was
used in the InterGEN study to assess stress in terms of
occurrence of stressful events (event load) and the per-
ceived ability to deal with the stressor (personal vulner-
ability).50 For example, participants were asked if they
felt like they were carrying a heavy load (event load) or
if there was not enough time to get to everything (per-
sonal vulnerability) within the past week.50 Participants
responded to each of the 24 items via a 5-item Likert-type
scale (Not at all–A lot), and a stress overload score was
created by summing the responses. This measure has high
reliability in the study sample (a¼ 0.95).

Coping. Coping was measured using the 33-item Coping
Strategy Indicator.51 This measure asks the respondent to
recall a specific stressful event experienced in the past six
months and report on how she dealt with it (e.g., let
feelings out to a friend, brainstormed all possible solu-
tions before deciding what to do, tried to distract yourself
from the problem). Participants responded to each of the
33 items via a 3-item Likert-type scale (Not at all–A lot).
The coping strategy indicator has three subdomains of
coping: problem-solving, social support, and avoidance.
Each subdomain is represented by 11 items and was sum-
marized into three separate scores for coping. Each
coping subdomain has good reliability in the study

sample (problem-solving: a¼ 0.93, social support:
a¼ 0.91, and avoidance: a¼ 0.84).

DNA Methylation. Saliva samples were collected from
participants using Oragene-500 format tubes and refriger-
ated at 4�C until extraction and analysis. Epigenome-
wide methylation was measured using the Illumina
Infinium Methylation EPIC BeadChip. The BeadChip
has epigenome wide coverage of >850,000 CpG sites.52

Beta values for autosomal CpG sites were quantile nor-
malized. Detailed methods have been described previ-
ously.29,48 Twenty-five genes associated with blood
pressure in African Americans were identified from the
literature (Supplementary Table 1).30–46

Covariates. Age, socioeconomic status (highest level of
educational attainment: high school graduate or less,
some college or associate’s degree, and bachelor’s
degree or higher), and marital status (married or living
with significant other or not) were included as covariates.

Statistical Analysis

Individual Site-Level Analyses. Multivariable linear regression
was employed to test the association between stress over-
load, problem-solving coping, social support coping, and
avoidance coping with each of the methylation sites for
all candidate genes. All models were adjusted for age,
socioeconomic status, and marital status.

Gene-Level Analyses. For gene-level analyses, we employed
a two-level multilevel model where methylation sites were
considered as repeated measures within an individual.
Tests for each of the four exposures (i.e., stress overload,
problem-solving coping, social support coping, and
avoidance coping) and the methylation sites for each of
the 25 genes were assessed individually for a total of 100
unique tests (4� 25¼ 100). Each gene was tested indi-
vidually since we anticipated that DNAm patterns
would vary between genes. Stress and coping measures
were mean centered prior to analysis to minimize con-
cerns of multicollinearity. We used the false discovery
rate correction to address issues of multiple testing.53

Results

Descriptive statistics are shown in Table 1. The age of the
women in this analysis ranged from 21 to 46 years with a
mean age of 31.7 years. Approximately 15.3% had
obtained a bachelors’ degree or higher. Less than a
third (29.7%) were married or living with a significant
other, 18.6% were current smokers, and 25% were hyper-
tensive. The median stress overload score was 63
(interquartile range (IQR): 41.0–78.5). Among the
coping measures, the median score was highest for
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problem-solving (29, IQR: 23.8–32.0) and lowest for
avoidance (20.0, IQR: 16.0–22.3).

Correlation Among Main Exposures

There was moderate correlation between stress overload
and each of the three coping measures (Table 2, range:
r¼ 0.31–0.47). However, there was stronger correlation
among coping measures. The most strongly correlated
coping measures were problem-solving and social sup-
port (r¼ 0.84), followed by social support and avoidance
(r¼ 0.79) and then problem-solving and avoidance
(r¼ 0.78).

Epigenetic Association With Stress Overload
and Coping

A total of 1745 CpG sites across the 25 genes were tested
for association with stress overload and coping. At
p< 0.05, stress overload, problem-solving coping, social
support coping, and avoidance coping were associated

with 47, 63, 66, and 61 sites, respectively (Table 3).
However, there were no significant sites after correction
for multiple testing.

Gene-Level Analyses

We assessed whether stress overload or the three coping
measures (i.e., problem-solving, social support, and
avoidance) were associated with DNAm at the gene
level using a two-level model. We did not detect any sig-
nificant associations between stress overload nor any of
the three coping strategies and methylation patterns of
any of the 25 candidate genes (Table 4).

Discussion

In this study, we investigated the association between
stress overload and coping with DNAm patterns in

Table 3. DNA methylation site-level epigenetic associations with

stress overload, problem-solving coping, social support coping, and

avoidance coping (number of tested sites with p< 0.05).

Gene

Total

sites

Stress

overload

Problem-

solving

coping

Social

support

coping

Avoidance

coping

ARRD3_ADGRV1 86 3 6 7 7

C21orf91 32 0 1 0 0

CACNA1H 172 5 6 4 7

CAPN13 26 0 0 0 0

CDH17 56 1 2 2 3

EVX1_HOXA3 125 1 2 4 4

FRMD3 55 2 1 0 1

GPR20 28 1 0 0 1

IGFBP3 48 5 0 2 0

IPO7 33 0 2 2 4

KCNQ1 376 11 11 8 8

LLPH_TMBIM4 38 1 4 5 1

MMP3 10 0 0 1 0

P2RY2 31 0 3 2 3

PLEKHG1 70 1 2 5 3

PMS1 41 2 3 2 2

RSPO3 33 0 1 1 0

SLC24A4 91 4 3 3 2

SLC25A42 34 1 3 4 1

SLC4A5 44 2 2 2 1

SOX6 51 0 1 0 2

SUB1_NPR3 50 2 2 2 3

SV2B 61 1 4 4 2

TARID_TCF21 61 2 1 1 1

ULK4 93 2 3 5 5

Total 1745 47 63 66 61

Table 1. Characteristics of the study sample (N¼ 120).

Total sample

Maternal age (mean, range) 31.7 (21–46)

High school or less (N, %) 47, 39

Some college/associate’s degree (N, %) 55, 46

Bachelor’s degree or greater (N, %) 40, 15

Married or living with

significant other (N, %)

36, 30

Current smoker (N, %) 22, 18

Hypertensive (N, %) 30, 25

Stress overload score

(median, interquartile range)

63 (41.0–78.8)

Social support

(median, interquartile range)

23 (19.75–28.0)

Problem-solving

(median, interquartile range)

29 (23.8–32.0)

Avoidance coping

(median, interquartile range)

20.0 (16.0–22.3)

Table 2. Correlation among stress overload, problem-solving

coping, social support coping, and avoidance coping.

Stress

overload

Problem-

solving

Social

support Avoidance

Stress overload – 0.40* 0.31* 0.47*

Problem-solving – 0.84* 0.78*

Social support – 0.79*

Avoidance –

*p< 0.001.
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25 candidate blood pressure-related genes.30–46 There
were no statistically significant associations in individual
site-level or gene-level analyses. Our hypothesis that
social stress and coping would be associated with methy-
lation of blood pressure-related genes was grounded by
findings in the literature. Social stressors such as low
socioeconomic status, neighborhood disadvantage, par-
enting stress, and discrimination have previously been
associated with methylation patterns.21–24 Less is known
about the associations between coping and the epigen-
ome. Interestingly, early evidence suggests that stress
management activities such as yoga54 and psychother-
apy55,56 can affect DNAm which may help to guide
future interventions. Contemporaneously, methylation
markers have been associated with blood pressure.
A recent meta-analysis with a total sample of over
17,000 individuals of European, African American, and
Hispanic ancestry found that DNAm at 13 loci was

associated with blood pressure regulation, and these asso-
ciations were independent of underlying DNA
sequence.57 Based on findings in the literature suggesting:
(1) stress and coping associate with methylation and
(2) methylation associates with blood pressure regulation,
we hypothesized that stress overload and coping would
be associated with methylation in blood pressure-related
genes. The reasons that other studies have found signifi-
cant associations with methylation while the present
study yielded null findings are likely multifactorial, and
these differences in results can be used to guide future
human social epigenomics research.

An important consideration for future research is the
expected synchronization of exposures and correspond-
ing methylation changes. The Stress Overload Scale used
in this study asked participants about stressful experi-
ences within the past week, and the Coping Strategy
Indicator asked participants to recall a coping method
employed for one problem experienced in the past six
months.50,51 However, we do not yet fully understand
the timing or stability of methylomic changes in response
to environmental stimuli.58 Methylation patterns may
change quickly and then reverse59 or may remain stable
through generations.60 These differences may depend on
a myriad of factors such as the cell type investigated, the
specific gene, the extent to which methylation is under
genetic control, and location of the methylation markers
within the gene (e.g., promoter, shore/shelf, gene
body).58,61 Increased understanding of the dynamicity
of methylation changes will improve our ability to iden-
tify environmental regulators of the methylome.

The diversity of stress and coping measures themselves
must be considered as well. Studies assessing the associ-
ation between stress and health outcomes have yielded
mixed findings in the literature likely in part due to vary-
ing characteristics of the social stressor (e.g., chronicity,
impact). In the present study, we used a general measure
of recently experienced perceived stress. Results may have
been different for other measures of stress that are more
chronic (e.g., ongoing medical problems) or more impact-
ful (e.g., wartime combat).62 In regard to the coping
measures, we hypothesized that active coping would be
more likely to be associated with differential methylation
patterns compared to passive coping. However, we did
not detect statistically significant associations for any of
the coping measures with methylation in the 25 candidate
blood pressure genes. Interestingly, we did observe high
correlation among the coping measures (Table 2). For
example, those who reported high use of problem-solving
coping also reported high use of social support coping.
There may be a difference in biological response between
copers (irrespective of strategy) and noncopers.

Another important consideration in human social epi-
genomics research is the source of the sample used for
assessing methylation. In the current study, methylation

Table 4. P-values of gene-level epigenetic association with stress

overload, problem-solving coping, social support coping, and

avoidance coping in multilevel analysis.

Gene Stress

Problem-

solving

coping

Social

support

coping

Avoidance

coping

ARRD3_ADGRV1 0.79 0.57 0.74 0.70

C21orf91 0.93 0.93 0.93 0.93

CACNA1H 0.79 0.65 0.86 0.76

CAPN13 0.95 0.95 0.95 0.95

CDH17 0.88 0.88 0.96 0.76

EVX1_HOXA3 0.86 0.53 0.59 0.77

FRMD3 0.78 0.87 0.95 0.89

GPR20 0.93 0.93 0.93 0.93

IGFBP3 0.73 1.00 0.85 0.71

IPO7 0.89 0.96 0.94 0.95

KCNQ1 0.99 0.85 0.92 0.94

LLPH_TMBIM4 0.66 0.73 0.71 0.83

MMP3 0.94 0.67 0.71 0.72

P2RY2 0.91 0.81 0.94 0.97

PLEKHG1 0.97 0.90 0.86 0.98

PMS1 0.89 0.84 0.88 0.89

RSPO3 0.96 0.91 0.97 0.92

SLC24A4 0.94 0.91 0.96 0.91

SLC25A42 0.98 0.85 0.92 0.97

SLC4A5 0.98 0.95 0.98 0.98

SOX6 0.69 0.22 0.45 0.46

SUB1_NPR3 0.82 0.85 0.98 0.98

SV2B 0.82 0.85 0.98 0.98

TARID_TCF21 0.88 0.90 0.92 0.94

ULK4 0.99 0.97 0.93 0.98
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was measured in saliva, whereas many other social epige-
nomics studies have used blood cells.48,63 Saliva is less
invasive to collect from participants and has been used
in prior stress studies of cortisol.64 Comparisons between
saliva and blood samples have demonstrated that these
cell types exhibit very similar methylation patterns.65,66 It
has been estimated that only 3% of genes have differen-
tial methylation patterning between saliva and blood
cells.66 This high correlation is likely due to the similarity
in cell types between saliva and blood where each has a
high composition of leukocytes, yet the differences may
be in part due to the higher proportion of epithelial cells
in saliva.

In the present study, we took a candidate gene
approach to assess whether stress and coping associate
with DNAm patterning in blood pressure-related genes.
Candidate genes were selected based on genes identified
to associate with blood pressure from genome-wide asso-
ciation studies (GWAS) in the literature. GWAS identify
inherited, relatively stable sequence-level variations (e.g.,
single-nucleotide polymorphisms) that are associated
with a specific phenotype (e.g., blood pressure).43

Additional information may be gathered by assessing
genes associated with blood pressure via epigenome-
wide association studies (EWAS) as epigenetic markers
are mutable in response to environmental exposure (e.g.,
social stress).57 For example, two individuals can have
identical DNA sequences at a particular site, yet varying
methylation patterns, and such variations in the methy-
lome may increase risk of disease for one of the individ-
uals.57,67 In identifying genes through GWAS only, the
present study would not have identified these genes that
affect blood pressure/hypertension primarily by epigen-
etic mechanisms. Future EWAS of stress overload and
coping with well-powered sample size are warranted to
fully assess epigenetic associations with stress and coping.
Furthermore, to fully understand the role of various
forms of epigenetic modifications, future research studies
may investigate associations between stress and coping
with other types of epigenetic markers (e.g., histone
modifications, noncoding RNAs, 5HmC DNAm) when
corresponding technologies are available.

Finally, cross-sectional associations between individ-
ual measures of stress/coping and DNAm simply may
not exist or may have too small effects sizes to have
been detected in the present study. The detailed reporting
of null findings is necessary to prevent publication bias in
the human social epigenomics literature and to guide
future research.

Strengths and Limitations

This study had notable strengths that contribute to the
human social epigenomics literature. One of the unique

aspects of our study was the sample of African American
women who experience a unique profile of stress.9,10

Within-group analyses are important to reduce the het-
erogeneity in what is captured by the social stress meas-
ure. Second, we used the Illumina EPIC BeadChip, the
chip with the most comprehensive coverage available
(>850,000 methylation sites across the genome), nearly
doubling that of the 450K BeadChip used in many pre-
vious studies. Third, we employed a multilevel modeling
approach, accounting for the interindividual variation of
DNAm. Fourth, the exposures (stress and coping meas-
ures) and outcome (DNAm) were all collected at the same
time point.

Study weaknesses, like in any study, are also present.
The sample size (n¼ 120) may have affected our ability to
detect statistically significant differences. Previous work
in the literature assessing associations between environ-
mental factors and methylation patterns indicate that the
individual effect sizes of epigenetic associations can be
highly variable. Future research with a larger sample
size will both enhance our ability to detect associations
of small effect and identify potential moderators (e.g.,
hypertension status, neighborhood environment, work
environment, personality traits). Second, we were not
able to replicate findings in a separate cohort which pre-
sents the possibility of Type I and Type II errors.
Previous work in the human genomics literature suggests
that studies such as the present one are particularly prone
to Type II error, leading to an underreporting of statis-
tically significant associations.68,69 The present analysis
was a cross-sectional study, which inherently raises con-
cerns of reverse causality. While we were more interested
in the changes in methylation due to stress/coping expos-
ure, it is impossible to determine whether it is actually
methylation patterning that leads to higher reports of
stress/coping. Longitudinal studies are needed to deter-
mine the changes in methylation due to social stress
exposure.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this
article: This work was supported by the National Health,
Lung, and Blood Institute (T32 HL130025) and National

Institute of Nursing Research (RO1 NR013520).

ORCID iD

Kristen M. Brown https://orcid.org/0000-0002-9955-0568

6 Chronic Stress

https://orcid.org/0000-0002-9955-0568


Supplemental Material

Supplemental material for this article is available online.

References

1. Whelton PK, Carey RM, Aronow WS, et al. 2017 ACC/

AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/

NMA/PCNA guideline for the prevention, detection, evalu-

ation, and management of high blood pressure in adults: a

report of the American College of Cardiology/American

Heart Association Task Force on Clinical Practice

Guidelines. Hypertension. 2018; 71(6): e13–e115.
2. Oparil S, Acelajado MC, Bakris GL, et al. Hypertension.

Nat Rev Dis Prim. 2018; 4: 18014.
3. Muntner P, Carey RM, Gidding S, et al. Potential US

population impact of the 2017 ACC/AHA high blood pres-

sure guideline. Circulation. 2018; 137(2): 109–118.
4. Ehret G. Next steps for gene identification in primary

hypertension genomics. Hypertension. 2017; 70(4): 695–697.
5. Redmond N, Baer HJ, Hicks LS. Health behaviors and

racial disparity in blood pressure control in the national

health and nutrition examination survey. Hypertension.

2011; 57(3): 383–389.
6. Clark R, Anderson NB, Clark VR, Williams DR. Racism

as a stressor for African Americans: a biopsychosocial

model. Am Psychol. 1999; 54(10): 805–816.
7. Sternthal MJ, Slopen N, Williams DR. Racial disparities in

health: how much does stress really matter? Du Bois Rev.

2011; 8: 95–113.

8. Cohen S, Janicki-Deverts D, Miller GE. Psychological

stress and disease. JAMA. 2007; 298: 1685–1687.
9. Essed P. Understanding Everyday Racism: An

Interdisciplinary Theory. Thousand Oaks, CA: SAGE, 1991.
10. Thomas AJ, Witherspoon KM, Speight SL. Gendered

racism, psychological distress, and coping styles of

African American women. Cult Divers Ethn Minor

Psychol. 2008; 14: 307–314.
11. James SA, Hartnett SA, Kalsbeek WD. John Henryism and

blood pressure differences among black men. J Behav Med.

1983; 6(3): 259–278.

12. Hicken MT, Lee H, Morenoff J, House JS, Williams DR.

Racial/ethnic disparities in hypertension prevalence: recon-

sidering the role of chronic stress. Am J Public Health. 2014;

104(1): 117–123.
13. Ito M, Matsushima E. Presentation of coping strategies

associated with physical and mental health during health

check-ups. Community Ment Health J. 2017; 53(3): 297–305.
14. Folkman S, Lazarus RS. An analysis of coping in a

middle-aged community sample. J Health Soc Behav.

1980; 21(3): 219.
15. Wood SK, Bhatnagar S. Resilience to the effects of social

stress: evidence from clinical and preclinical studies on the

role of coping strategies. Neurobiol Stress. 2015; 1: 164–173.
16. Hall JC, Everett JE, Hamilton-Mason J. Black women talk

about workplace stress and how they cope. J Black Stud.

2012; 43: 207–226.
17. Kuzawa CW, Sweet E. Epigenetics and the embodiment

of race: developmental origins of US racial disparities

in cardiovascular health. Am J Hum Biol. 2009; 21(1):

2–15.
18. Olden K, Olden HA, Lin Y-S. The role of the epigenome in

translating neighborhood disadvantage into health dispari-

ties. Curr Environ Heal Reports. 2015; 2(2): 163–170.
19. Mcgowan PO, Szyf M. The epigenetics of social adversity in

early life: implications for mental health outcomes.

Neurobiol Dis. 2010; 39: 66–72.

20. Maunakea AK, Nagarajan RP, Bilenky M, et al. Conserved

role of intragenic DNA methylation in regulating alterna-

tive promoters. Nature. 2010; 466(7303): 253–257.
21. Needham BL, Smith JA, Zhao W, et al. Life course socio-

economic status and DNA methylation in genes related to

stress reactivity and inflammation: the multi-ethnic study of

atherosclerosis. Epigenetics. 2015; 10: 958–969.
22. Smith JA, Zhao W, Wang X, et al. Neighborhood charac-

teristics influence DNA methylation of genes involved in

stress response and inflammation: the multi-ethnic study

of atherosclerosis. Epigenetics. 2017; 12(8): 662–673.
23. de Mendoza VB, Huang Y, Crusto CA, Sun YV, Taylor

JY. Perceived racial discrimination and DNA methylation

among African American women in the InterGEN study.

Biol Res Nurs. 2018; 20(2): 145–152.
24. Wright ML, Huang Y, Hui Q, et al. Parenting stress and

DNA methylation among African Americans in the

InterGEN study. J Clin Transl Sci. 2017; 1(06): 328–333.

25. Smolarek I, Wyszko E, Barciszewska AM, et al. Global

DNA methylation changes in blood of patients with essen-

tial hypertension. Med Sci Monit. 2010; 16: CR149–CR155.
26. Kato N, Loh M, Takeuchi F, et al. Trans-ancestry genome-

wide association study identifies 12 genetic loci influencing

blood pressure and implicates a role for DNA methylation.

Nat Genet. 2015; 47: 1282.
27. Muka T, Koromani F, Portilla E, et al. The role of epigen-

etic modifications in cardiovascular disease: a systematic

review. Int J Cardiol. 2016; 212: 174–183.
28. Gonzalez-Jaramillo V, Portilla-Fernandez E, Glisic M,

et al. The role of DNA methylation and histone modifica-

tions in blood pressure: a systematic review [published

online ahead of print July 25, 2019]. J Hum Hypertens.

doi:10.1038/s41371-019-0218-7
29. Barcelona de Mendoza V, Huang Y, Crusto CA, Sun YV,

Taylor JY. Perceived racial discrimination and DNA

methylation among African American women in the

InterGEN study. Biol Res Nurs. 2018; 20(2): 145–152.

30. Adeyemo A, Gerry N, Chen G, et al. A genome-wide asso-
ciation study of hypertension and blood pressure in African

Americans. PLoS Genet. 2009; 5(7): e1000564.

31. Fox ER, Young JH, Li Y, et al. Association of genetic

variation with systolic and diastolic blood pressure among

African Americans: the Candidate Gene Association

Resource study. Hum Mol Genet. 2011; 20(11): 2273–2284.
32. Taylor J, Sun YV, Chu J, Mosley TH, Kardia SL.

Interactions between metallopeptidase 3 polymorphism

rs679620 and BMI in predicting blood pressure

in African–American women with hypertension.

J Hypertens. 2008; 26(12): 2312–2318.
33. Taylor JY, Wu CY, Darling D, Sun YV, Kardia SLR,

Jackson JS. Gene-environment effects of SLC4A5 and

Brown et al. 7



skin color on blood pressure among African American

women. Ethn Dis. 2012; 22(2): 155–161.
34. Li X-F, Kraev AS, Lytton J. Molecular cloning of a fourth

member of the potassium-dependent sodium-calcium

exchanger gene family, NCKX4. J Biol Chem. 2002;

277(50): 48410–48417.
35. Fiermonte G, Paradies E, Todisco S, Marobbio CMT,

Palmieri F. A novel member of solute carrier family 25

(SLC25A42) is a transporter of coenzyme a and adenosine

30,50-diphosphate in human mitochondria. J Biol Chem.

2009; 284(27): 18152–18159.

36. Haitina T, Lindblom J, Renström T, Fredriksson R.

Fourteen novel human members of mitochondrial solute

carrier family 25 (SLC25) widely expressed in the central

nervous system. Genomics. 2006; 88(6): 779–790.
37. Barkley RA, Chakravarti A, Cooper RS, et al. Positional

identification of hypertension susceptibility genes on

chromosome 2. Hypertension. 2004; 43(2): 477–482.

38. Hunt SC, Xin Y, Wu LL, et al. Sodium bicarbonate cotran-

sporter polymorphisms are associated with baseline and

10-year follow-up blood pressures. Hypertension. 2006;

47(3): 532–536.
39. Morrison AC, Cooper R, Hunt S, et al. Genome scan for

hypertension in nonobese African Americans: the national

heart, lung, and blood institute family blood pressure pro-

gram. Am J Hypertens. 2004; 17: 834–838.
40. Averna M, De Tullio R, Salamino F, Minafra R,

Pontremoli S, Melloni E. Age-dependent degradation of

calpastatin in kidney of hypertensive rats. J Biol Chem.

2001; 276(42): 38426–38432.
41. Dear TN, Boehm T. Identification and characterization of

two novel calpain large subunit genes. Gene. 2001; 274(1–2):

245–252.

42. Liang J, Le TH, Edwards DRV, et al. Single-trait and

multi-trait genome-wide association analyses identify

novel loci for blood pressure in African-ancestry popula-

tions. PLoS Genet. 2017; 13(5): e1006728.
43. Franceschini N, Fox E, Zhang Z, et al. Genome-wide asso-

ciation analysis of blood-pressure traits in African-ancestry

individuals reveals common associated genes in African and

non-African populations. Am J Hum Genet. 2013; 93(3):

545–554.
44. Lifton RP, Gharavi AG, Geller DS. Molecular mechanisms

of human hypertension. Cell. 2001; 104(4): 545–556.
45. Sherva R, Ford CE, Eckfeldt JH, Davis BR, Boerwinkle E,

Arnett DK. Pharmacogenetic effect of the stromelysin

(MMP3) polymorphism on stroke risk in relation to anti-

hypertensive treatment: the genetics of hypertension asso-

ciated treatment study. Stroke. 2011; 42(2): 330–335.
46. Taylor JY, Maddox R, Wu CY. Genetic and environmental

risks for high blood pressure among African American

mothers and daughters. Biol Res Nurs. 2009; 11(1): 53–65.
47. Crusto CA, Barcelona de Mendoza V, Connell CM, Sun

YV, Taylor JY. The intergenerational impact of genetic and

psychological factors on blood pressure study (InterGEN).

Nurs Res. 2016; 65(4): 331–338.
48. Taylor JY, Wright ML, Crusto CA, Sun YV. The interge-

nerational impact of genetic and psychological factors on

blood pressure (InterGEN) study: design and methods for

complex DNA analysis. Biol Res Nurs. 2016; 18(5):
521–530.

49. Folstein MF, Folstein SE, McHugh PR. ‘‘Mini-mental
state’’: a practical method for grading the cognitive state
of patients for the clinician. J Psychiatr Res. 1975; 12:

189–198.
50. Amirkhan JH. Stress overload: a new approach to the

assessment of stress. Am J Community Psychol. 2012;
49(1–2): 55–71.

51. Amirkhan JH. A factor analytically derived measure of
coping: the coping strategy indicator. J Pers Soc Psychol.
1990; 59(5): 1066–1074.

52. Pidsley R, Zotenko E, Peters TJ, et al. Critical evaluation of
the Illumina MethylationEPIC BeadChip microarray for
whole-genome DNA methylation profiling. Genome Biol.

2016; 17(1): 208.
53. Benjamini Y, Yekutieli D. The control of the false discovery

rate in multiple testing under dependency. Ann Stat. 2001;
29(4): 1165–1188.

54. Harkess KN, Ryan J, Delfabbro PH, Cohen-Woods S.
Preliminary indications of the effect of a brief yoga inter-
vention on markers of inflammation and DNA methylation

in chronically stressed women. Transl Psychiatry. 2016;
6(11): e965–e965.

55. Perroud N, Salzmann A, Prada P, et al. Response to psy-

chotherapy in borderline personality disorder and methyla-
tion status of the BDNF gene. Transl Psychiatry. 2013; 3(1):
e207–e207.

56. Yehuda R, Daskalakis NP, Desarnaud F, et al. Epigenetic
biomarkers as predictors and correlates of symptom
improvement following psychotherapy in combat veterans
with PTSD. Front Psychiatry. 2013; 4: 118.

57. Richard MA, Huan T, Ligthart S, et al. DNA methylation
analysis identifies loci for blood pressure regulation. Am J
Hum Genet. 2017; 101(6): 888–902.

58. Talens RP, Boomsma DI, Tobi EW, et al. Variation, pat-
terns, and temporal stability of DNA methylation: consid-
erations for epigenetic epidemiology. FASEB J. 2010; 24(9):

3135–3144.
59. Ding R, Jin Y, Liu X, et al. Dose- and time-effect responses

of DNA methylation and histone H3K9 acetylation
changes induced by traffic-related air pollution. Sci Rep.

2017; 7: 43737.
60. Yehuda R, Daskalakis NP, Bierer LM, et al. Holocaust

exposure induced intergenerational effects on FKBP5

methylation. Biol Psychiatry. 2016; 80(5): 372–380.
61. Flanagan JM, Brook MN, Orr N, et al. Temporal stability

and determinants of white blood cell DNA methylation in

the breakthrough generations study. Cancer Epidemiol
Biomarkers Prev. 2015; 24(1): 221–229.

62. Mehta D, Bruenig D, Carrillo-Roa T, et al. Genomewide

DNA methylation analysis in combat veterans reveals a
novel locus for PTSD. Acta Psychiatr Scand. 2017; 136(5):
493–505.

63. Liu Y, Ding J, Reynolds LM, et al. Methylomics of gene

expression in human monocytes. Hum Mol Genet. 2013; 22:
5065–5074.

64. Vining RF, McGinley RA. The measurement of hormones

in saliva: possibilities and pitfalls. J Steroid Biochem. 1987;
27(1–3): 81–94.

8 Chronic Stress



65. Staunstrup NH, Starnawska A, Nyegaard M, et al.
Genome-wide DNA methylation profiling with MeDIP-

seq using archived dried blood spots. Clin Epigenetics.
2016; 8: 81.

66. Thompson TM, Sharfi D, Lee M, Yrigollen CM, Naumova

OY, Grigorenko EL. Comparison of whole-genome DNA
methylation patterns in whole blood, saliva, and lympho-
blastoid cell lines. Behav Genet. 2013; 43(2): 168–176.

67. Morgan HD, Sutherland HGE, Martin DIK, Whitelaw E.

Epigenetic inheritance at the agouti locus in the mouse.
Nat Genet. 1999; 23(3): 314–318.

68. Norris AW, Kahn CR. Analysis of gene expression in

pathophysiological states: balancing false discovery and

false negative rates. Proc Natl Acad Sci. 2006; 103(3):

649–653.
69. Shi L, Jones WD, Jensen RV, et al. The balance of repro-

ducibility, sensitivity, and specificity of lists of differentially

expressed genes in microarray studies. BMC Bioinformatics.

2008; 9(Suppl 9): S10.

Brown et al. 9


