Published by Oxford University Press on behalf of the International Epidemiological Association International Journal of Epidemiology 2013;42:270-280

© The Author 2013; all rights reserved.

doi:10.1093/ije/dys220

EPIGENETIC EPIDEMIOLOGY

Association between blood pressure and
DNA methylation of retrotransposons and
pro-inflammatory genes

Stacey E Alexeeff,"?* Andrea A Baccarelli,"?> Jaana Halonen,"* Brent A Coull,> Robert O Wright,'’
Letizia Tarantini,”> Valentina Bollati,> David Sparrow,® Pantel Vokonas® and Joel Schwartz'

lDepartment of Environmental Health, Harvard School of Public Health, Boston MA, USA 2Department of Biostatistics, Harvard
School of Public Health, Boston MA, USA, *Laboratory of Environmental Epigenetics, Department of Occupational and
Environmental Health, Ca’ Granda Ospedale Maggiore Policlinico IRCCS Foundation and Universita degli Studi di Milano, Milan,
Italy, “Finnish Institute of Occupational Health, Kuopio, Finland, The Channing Laboratory, Brigham and Women’s Hospital,
Harvard Medical School, Boston MA, USA and ®°VA Normative Aging Study, VA Boston Healthcare System and Department of
Medicine, Boston University School of Medicine, Boston MA, USA

*Corresponding author. Department of Environmental Health, Harvard School of Public Health, Landmark Center, 401 Park Drive,
Boston, MA 02215. E-mail: salexeeff(@fas.harvard.edu

Accepted

21 November 2012

Background Methylation of deoxyribonucleic acid (DNA) is an epigenetic regu-

Methods

Results

lator of gene expression that changes with age, but its contribution
to aging-related disorders, including high blood pressure (BP), is
still largely unknown. We examined the relation of BP to the
methylation of retrotransposon sequences of DNA and of selected
candidate genes.

This investigation included 789 elderly participants in the Normative
Aging Study, ranging in age from 55 to 100 years, who had longitu-
dinal measurements of DNA methylation. In these subjects” DNA we
measured the proportion of methylated sites in retrotransposable se-
quences and in pro-inflammatory genes, expressed as the percent of
5-methylated cytosines (%5mC) among all cytosines. From one to
four methylation measurements were made for each subject between
1999 and 2009. We fit mixed-effects models, using repeated measures
of BP as the outcome and DNA methylation as the explanatory vari-
able, adjusting for confounding variables. We also fit a Bayesian
mixed-effects structural equation model to account for heterogeneity
in the effects of methylation sites within each gene.

An increase in inter-quartile range (IQR) in the methylation of
Alu elements was associated with an increase of 0.97mm Hg in
diastolic blood pressure (DBP) (95% CI 0.32-1.57), but no such
association was observed for long interspersed nuclear element-1
(LINE-1). We also found positive associations between DBP
and methylation of the genes for toll-like receptor 2 (TLR2) and
inducible nitric oxide synthase (iNOS), and a negative association
between DBP and methylation of the gene for interferon-y (IFN-vy).
Associations between methylation and systolic blood pressure (SBP)
were weaker than those between methylation and DBP. Bayesian
mixed-effects structural equation model results were similar for
both DBP and SBP models.
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Conclusions The results of our study suggest that changes in DNA methylation
of some pro-inflammatory genes and retrotransposable elements
are related to small changes in BP.
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Introduction

Blood pressure (BP) is a well-established intermediary
biomarker predictive of cardiovascular events including
stroke, myocardial infarction, and mortality. Even mod-
erate elevations in BP can increase the risk of these ad-
verse health outcomes. High BP, or hypertension,
affects approximately one-third of the US adult popu-
lation' and is a marker of accelerated arterial stiffening.
A multitude of factors, including genetic, environmen-
tal, and lifestyle factors are suspected to influence
hypertension.

The methylation of deoxyribonucleic acid (DNA) is an
epigenetic process that helps regulate gene expression.
In mammals, DNA methylation is predominantly found
on cytosines at sites of CpG dinucleotides. As with other
epigenetic markers, DNA methylation is mitotically
stable yet modifiable in response to environmental fac-
tors.” The methylation of DNA can be measured both in
specific genes as well as in repetitive DNA sequences
that are widespread throughout the genome.”*

Retrotransposons are remnants of viral ribonucleic
acid (RNA) incorporated into the human genome over
evolutionary history”®; these elements are highly
methylated in order to suppress their expression.’
There is evidence that long interspersed nuclear
element-1 (LINE-1) and Alu have current biological
activity within the human genome.*’ When tran-
scribed, these retrotransposable elements can re-insert
into DNA, causing mutation and genetic damage.'®
Transcription of retrotransposons has been shown to
contribute to transcriptional regulation of somatic
genes'' as well as to cell growth and differentiation.'**?

Methylation of DNA plays an important role in
regulation of the expression of individual genes.
Methylation of promoter regions and, as more recently
discovered, of CpG island shores upstream of the pro-
moter region has been associated with transcriptional
suppression of the corresponding gene.'*'> In addition,
the differential methylation of promoter regions of cer-
tain genes has been found to be site-specific in cancer'®
and in rheumatoid arthritis.'” There is also evidence
that for some genes, the methylation of a particular
CpG position may have a strong influence on transcrip-
tional suppression, whereas methylation at other CpG
positions has little influence.'®'® These site-specific
findings indicate that there may be biologically relevant
heterogeneity in DNA methylation levels across differ-
ent sites within a promoter region. Hence, there may
be a need for models that account for heterogeneity

in the effects of methylation at different positions on
the same gene.

The processes of inflammation and oxidative stress
affect many inter-related outcomes of cardiovascu-
lar health.'” Higher levels of inflammatory biomarkers
such as C-reactive protein (CRP) and cell adhesion mol-
ecules are independently and jointly associated with
the risk of cardiovascular disease.”**® In general,
de-methylation of DNA in specified genes is expected
to increase the expression and activity of the protein
coded by the gene,?* and this has been demonstrated
for some inflammatory genes.”> >’ Thus, the methyla-
tion of pro-inflammatory genes may be related to
markers of cardiovascular health by regulating
inflammatory pathways that are key elements in the
development of cardiovascular diseases.

Epigenetic regulation, including changes in DNA
methylation, has recently been recognized as an import-
ant factor in the pathogenesis of atherosclerosis. The
degree of loss of DNA methylation in patients with ath-
erosclerosis is now well-established,”®° with dimin-
ished genomic DNA methylation observed in a variety
of tissues from patients with atherosclerotic disease,
including smooth-muscle cells,’'*? atherosclerotic
lesions,”” and peripheral blood leukocytes.>* However,
the relationship between changes in DNA methylation
and hypertension is still largely unknown.

We hypothesized that epigenetic changes in DNA
methylation markers would be associated with changes
in BP. In the study described here we examined the
associations of DNA methylation in retrotransposable
sequences (Alu, LINE-1) and in a panel of pro-
inflammatory genes (the genes for coagulation factor
3 (F3), glucocorticoid receptor (GCR), inducible nitric
oxide synthase (iNOS), intercellular adhesion molecule
(ICAM-1), interferon-y (IFN-y), interleukin-6 (IL-6),
and toll-like receptor-2 (TLR2), with diastolic blood
pressure (DBP) and systolic blood pressure (SBP) in a
cohort of elderly subjects in the greater Boston area. In a
secondary analysis, we examined these associations
using flexible Bayesian models that allowed for hetero-
geneous effects of different methylation positions on
the same gene.

Methods

Study Population

This study was conducted on a sub-sample of the
Normative Aging Study (NAS), a multidisciplinary
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longitudinal study of aging established by the US
Veterans Administration in 1963.>” Briefly, the NAS
enrolled 2280 men from the Greater Boston area,
ranging in age from 21-80 years, who were initially
free of known chronic medical conditions as deter-
mined in a health screening examination. At the
beginning of the study period in 1999, 30% of the
original participants in the NAS had died and other
subjects had moved out of the region after their
retirement and were no longer being followed. All
participants in the present study provided written in-
formed consent, and the study was approved by the
institutional review boards of all of the participating
institutions.

Subjects who still live in the greater Boston area
continue to visit the study center of the NAS at
the Boston VA Hospital for medical examinations
every 3-5 years. During these visits, extensive physical
examination, laboratory, anthropometric, and ques-
tionnaire data are collected, including blood samples.
Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) of subjects in the seated position are
measured as the means of the measurements of each
of these BP components in the left and right arm.
Information about cigarette smoking, medical history,
and medication wuse are obtained through a
self-administered questionnaire. Each subject is inter-
viewed to confirm the identity and purpose of medi-
cations being used by the subject. The incidence of
new disease is also noted.

Samples of DNA in blood have been collected and
stored since 1999 as part of the NAS. A total of 1722
blood samples from 789 subjects were collected be-
tween 1999 and 2009, and were successfully subjected
to at least one measurement of DNA methylation.
Subjects had from one to four DNA methylation
measurements made at consecutive time points at
intervals of approximately 3 years (a mean of 2.2
measurements). For some subjects, the extracted
DNA was insufficient in quantity to be amplified for
the performance of all methylation measurements,
and in addition some assays occasionally failed. This
should occur in a completely random manner because
it is unrelated to the levels of methylation of a par-
ticular sequence of DNA.

DNA methylation
For the study of DNA methylation, DNA was
extracted from the buffy coat of 7ml of stored,
frozen whole blood through the use of QiAmp DNA
blood kits (QIAGEN, Valencia, CA, USA). The ex-
tracted DNA (500ng; concentration: 50ng/ul) was
treated with the EZ DNA Methylation-Gold Kit
(Zymo Research, Orange, CA, USA) according to the
manufacturer’s protocol. Final elution was done with
30 ul of M-Elution Buffer (Zymo Research)
Methylation of DNA was quantified with bisulfite
treatment of DNA and simultaneous polymerase
chain reaction (PCR) and by pyrosequencing, using

previously described primers and conditions.?®?”

A50-ul PCR was done in 25ul of GoTaq Green
Master mix (Promega, Madison, WI, USA), 1pmol
biotinylated forward primer, 1pmol reverse primer,
50ng bisulfite-treated genomic DNA, and water. The
degree of methylation was expressed as the percent
of the sum total of methylated and unmethylated
cytosines that consisted of 5-methylated cytosines
(%5mC). Non-CpG cytosine residues were used as
built-in controls to verify bisulfite conversion.
Pyrosequencing-based assays produce individual
measures of methylation at more than one CpG
dinucleotide.

Candidate genes were identified through a literature
review of genes involved in inflammatory pathways.
The assays for methylated DNA were designed to
cover the greatest possible number of CpG sites
within the promoter region, taking into account the
necessary length of the PCR amplicon, length of the
target sequence, and primers that avoided CpGs.
Methylation levels for LINE-1 and those for Alu
were collected at three CpG sites. For the assessment
of gene-specific methylation, the location of each CpG
position and the promoter region is given in
Supplementary Table 1. The primer sequences for
each DNA methylation are listed in Supplementary
Table 2.

Statistical analysis

In our initial analysis, we fit a mixed-effects model with
a random intercept for each subject to account for cor-
relation among repeated measurements of the same
subject’s variables across different medical visits. This
accounted for the longitudinal measurements of both
BP and DNA methylation for a given subject. We per-
formed analyses to evaluate the association between
DNA methylation levels and BP. Potential confounding
factors were chosen a priori and included age, body
mass index (BMI), smoking (never, former, current),
pack-years of smoking, diabetes mellitus or fasting
blood glucose >126 mg/dl (yes/no), alcohol consump-
tion (=2 drinks per day: yes/no), race (white/others),
education level, previous ischemic heart disease or
stroke (yes/no), medication use, number of neutrophils
in the white-blood-cell count, season of the year,
and day of the week. The models in the study used
time-varying covariates updated at each visit. Mixed
models had the following form:

Yy = (Bo +ui) + BuMy + BLCy + ¢

where the index 7 denotes the subject, the index j
denotes the time, Vj; is the health outcome (BP as
SBP, or DBP), Cj; is the vector of confounders, B, is
the overall intercept, u; is the separate random inter-
cept for each subject, My is the mean methylation
across CpG positions in a given gene, and B, is the
slope representing the effect of DNA methylation in
that gene. We assumed that the #; were mean zero
normal random variables with common variance,
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yielding the simple compound symmetry variance
structure. The errors represented by the error term
e; were assumed to be independent and identically
distributed (iid), with a mean of zero and common
variance. The two variance components were esti-
mated from the data and represent the inter- and
the intrasubject variation.

We examined the DNA methylation measures as
continuous covariates, and we modeled BP as a con-
tinuous outcome. The effect estimate is reported as
the change in BP per change in interquartile range
(IQR) of methylation for each gene. We report the
effect estimate with 95% confidence intervals (CIs).

In our secondary analysis, we accounted for hetero-
geneity in the effect of DNA methylation at different
CpG positions by using a mixed-effects structural
equation model with a Bayesian framework. The use
of mixed-effects structural equation models with ap-
plication to environmental epidemiology and latent ex-
posure modeling was described in detail by Sanchez
et al. in 2005.>® The mixed-effects structural equation
model allows the exposure, DNA methylation, to be
represented as an unobserved latent variable, which
we will refer to as the “latent methylation” for short-
hand convenience. The latent methylation corresponds
to the overall methylation level of a particular gene,
and the model treats the measured levels of DNA
methylation taken at particular CpG positions in the
gene as surrogates of that overall methylation level.

The mixed-effects structural equation model consists
of a joint model with three components: (i) a linear
mixed model for the health endpoint (BP), given the
latent methylation of a gene and the confounders;
(ii) a linear mixed model for the latent methylation
status given the confounders; and (iii) a factor-analytic
structure which assumes that the latent methylation
underlies K measured methylation positions. More for-
mally, the set of regression equations is

Yi = (Bo +ui) + Bymij + BECy + € (D
nj = 0o + bi + B-Cij + wyi ()
Xijk = hox + A mij + Sk 3)

where index 7 denotes the subject, index j denotes the
time, and index k denotes the CpG position. For sub-
ject i on day j, the health response (SBP or DBP) is
denoted by Y, the vector of confounders is Cy, the
methylation level measured at position k is denoted
by Xjz, and the latent methylation is n;. The coeffi-
cients u#; and b; represent subject-specific intercepts for
the health-endpoint and latent-methylation models,
respectively, and are assumed to be mean zero
normal random variables with common variance esti-
mated from the data. The error terms ¢;, wy;, 8, are all
assumed to be independent normal random errors.
The latent methylation is related to each position k
through its particular intercept Aoy and slope Xj.
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For identifiability, we imposed the standard con-
straint in which %o =0 and A, x=1, treating an ar-
bitrary CpG position, K, as the reference for that gene.
We used a Bayesian framework to flexibly model the
distributional assumptions, and we fit the model
using the WinBUGS software package (Medical
Research Council Biostatistics Unit, Cambridge, UK)
with a Markov Chain Monte Carlo (MCMC) sampling
scheme. The priors for the effect of methylation were
normal (1,10), allowing for a range of potential rela-
tionships between the CpG positions while also re-
flecting the prior knowledge that the methylation
positions are related and moderately correlated. For
all other model parameters, we chose non-informative
prior distributions. We used uniform (0.01,100) priors
for the variances of each methylation variable, since
uniform priors have been shown to be much more
stable for variance components than inverse-gamma
priors.”” We report the median effect estimate and
95% credible intervals for each effect.

Results

The demographic characteristics of the NAS popula-
tion across all visits used in the analysis are shown in
Table 1. Subjects were elderly, with a baseline age
ranging from 55 years to 100 years and a mean age
of 74 years. Most subjects were overweight (median
BMI 27.5kg/m?). The majority of subjects were former
smokers, and very few subjects were current smokers
(3.5%). The average level of DNA methylation varied
widely among genes, with the highest average methy-
lation level in the gene for IFN-y (84.4%) and the
lowest average methylation level in the gene for F3
(2.5%). In our cohort, the measures of Alu and
LINE-1 were not correlated (corr=0.005). As dis-
cussed in the next section, this low correlation be-
tween the degree of methylation of LINE-1 and Alu
is consistent with the findings of other research with
non-cancerous cells. For the gene-specific DNA
methylation measures, the adjacent CpG sites within
each gene had moderate to high correlations ranging
from 0.3 to 0.8. Over the 10-year study period, the
percent change in methylation ranged from 2%
to 20%.

Table 2 presents the relationships between BP and
DNA methylation in our initial analysis done with
linear mixed-effects models with adjustment for con-
founding variables. Both SBP and DBP were positively
associated with the degree of methylation of the gene
for Alu. We also found positive associations between
DBP and the level of methylation of the genes for
TLR2 and iNOS, but the associations with SBP were
weaker, and the 95% CIs included zero. We found
that the methylation of the gene for IFN-y was nega-
tively associated with both SBP and DBP. The methy-
lation of the gene for LINE-1 was also inversely
associated with DBP, yet the association with SBP
was weaker, with the 95% CI including zero.
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Table 1 Characteristics of the study population in the No clear associations were observed between SBP or
Normative Aging Study DBP and the levels of methylation of the genes for
ICAM-1, GCR, or F3.

Table 3 presents the relationships between BP and
Variable N=1722 DNA methylation in our mixed-effects structural

All visits

Age, years (SD) 74.1 (6.7) equation model analysis. Comparing the results in
Body mass index, Kg/m? (SD) 28.1 (4.1) Table 3 with those in Table 2 shows that most of
Systolic blood pressure, mmHg (SD) 1285 (175)  the estimated effects of DNA methylation had the
Diastolic blood pressure, mmHg (SD) 734 (l03) same direction and a similar magnitude per
inter-quartile range (IQR) of methylation, and that

Race, 7 (%) most of the CIs in the mixed-effects structural equa-
White 1687 (98.0)  tion model analysis were wider. The width of the CI
Black/Hispanic 35 (2.0) reflects the additional modeling of the variation in the

DNA methylation measures. In fact, the CIs for the

mixed model may be underestimated because the
( measurement error in DNA methylation is not taken
( into account when the mean is used.

Current smoker 60 (3.5) Table 4 presents the factor loadings from the
(
(

Smoking status, n (%)
Never smoker 515

Former smoker 1147

Pack years of smoking, (SD) 28.9 25.6)  mixed-effects structural equation model analysis for
Alcohol consumption (=2 drinks 309 17.9)  each gene, which reflect the estimated relationships
per day), 7 (%) between the latent DNA methylation and the methy-
Diabetes, 1 (%) 329 (19.1)  lation at each measured CpG position. The factor
Ischaemic heart disease, 71 (%) 548 (31.8) loadings are interpreted by their relative sizes rather
Stroke, 71 (%) 130 (7.5) than by their absolute sizes because the reference is
set to 1 and is chosen arbitrarily. A loading that is

Blood count larger relative to the other loadings indicates that the
White blood cells, cells/mm” (SD) 6541 3004)  CpG position with that loading is more closely related
Neutrophils, cells/mm’ (SD) 3997 1301)  to the latent methylation variable than are the other
Lymphocytes, cells/mm? (SD) 1701 2192) CpG positions. We note that the estimated factor

(
(
(

Monocytes, cells/mm’ (SD) 545 (192)  loadings in Table 4 are nearly identical for DBP and
( SBP, which is expected because they measure the re-
(

Eosinophils, cells/mm? (SD) 216 156) . . 3

) N lationship of the methylation levels to each other,
Basophils, cells/mm” (SD) 37 36) . . “ ’”

with only a small amount of Bayesian ‘““feedback
Day of the visit, 7 (%) from the outcome and other covariates.

Monday 67 (3.9) What is most interesting is the relative weight for
Tuesday 436 (253)  €ach CpG position, which indicates the potentially dif-
Wednesday 963 (56.2) ferggt importa(llnce qf .different pos.itions.dFor l{)&lu, both
Thursday 551 (14.6) position 2 and position 3 are estimated to better re-

flect the latent methylation variable for Alu than is
Season of the visit, 1 (%) position 1, and the strength of the relationship with
Spring 363 (23.4)  position 2 is estimated to be approximately twice that
Summer 433 (28.0)  of position 1. In contrast, all three CpG positions for
Fall 499 (322) LINE-1 are estimated to nearly equally reflect the
(16.4) LINE-1 latent methylation variable. For ICAM-1, pos-

itions 1 and 2 are estimated to equally reflect the

DNA methylation, %5mC" (SD) latent methylation variable, and the strength of the

Winter 254

LINE-1, mean (SD) 77.1 (1.7) relationship is estimated to be approximately 3-fold
ALU, mean 25.9 (1.3) greater than that of position 3. For IFN-y, iNOS,
ICAM-1, mean 43 (17) IL-6, and F3, there are also some differences in the
INOS, mean 683 (7.5) strength‘ of the relationship of one position as com-
IFN-y, mean gag (5.2) pgred with another, although the magnitudes of thege

' differences are less than 2-fold. In contrast, the esti-
1L-6, mean 83 (10:5) " mated effects of all three positions for TLR2 are nearly
TLR2, mean 3.0 (1.3) the same, indicating that no particular CpG position
F3, mean 2.4 (1.3) reflects latent methylation to a noticeably better
GCR, mean 46.7 (6.1) degree than another.

As a sensitivity analysis, we considered the associ-
ation between the change in BP and the changes in
methylation levels. Results were similar but not as
strong. Changes in the mean methylation of Alu

Mean and SD among ever smokers
Percentage of 5-methyl cytosine
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Table 2 Associations of blood pressure with mean DNA methylation of each element per IQR change in mean methylation,
estimated by a mixed-effects model

Diastolic blood pressure Systolic blood pressure

Subjects N Effect® (95% Confidence Interval) Effect? (95% Confidence Interval)
Methylation, %5mC
Alu, mean 760 0.81 (0.36, 1.26) 1.40 (0.57, 2.23)
LINE-1, mean 754 -0.70 (-1.20, —-0.20) -0.69 (-1.59, 0.22)
ICAM-1, mean 684 0.07 (-0.52, 0.66) 0.57 (-0.51, 1.64)
iNOS, mean 640 0.91 (0.24, 1.57) 0.42 (-0.80, 1.63)
IFN-y mean 756 -1.10 (-1.68, -0.52) -1.70 (-2.76, —0.63)
IL-6, mean 752 0.49 (-0.10, 1.08) 0.49 (-0.60, 1.58)
TLR2, mean 700 1.16 (0.53, 1.78) 1.07 (-0.06, 2.21)
F3, mean 732 -0.31 (-0.83, 0.21) -0.50 (-1.45, 0.46)
GCR, mean 734 -0.31 (—0.80, 0.18) -0.13 (-1.02, 0.77)

All models included confounding variables: age, body mass index, smoking (never, former, current), pack-years of smoking,
diabetes mellitus (yes/no), consumption of alcohol (yes/no), race (white/others), ischaemic heart disease or stroke (yes/no),
number of neutrophils in white blood count, season, and day of week. Alu, Alu transposable element; F3, coagulation factor 3;
GCR, glucocorticoid receptor; ICAM-1, intercellular adhesion molecule-1; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase;
LINE-1, long interspersed nuclear element-1; TLR2, toll-like receptor 2.

“Effect estimate and 95% confidence interval (CI) expressing the change in blood pressure (mm Hg) associated with a change in
inter-quartile range of the mean methylation for that element.

Table 3 Associations of blood pressure with mean DNA methylation of each element per IQR change in latent methylation,
estimated by a Bayesian Structural Equation Model

Diastolic blood pressure Systolic blood pressure

Subjects N Effect® (95% Credible Interval) Effect® (95% Credible Interval)
Methylation, %5mC 760
Alu, latent 754 0.97 (0.32, 1.57) 1.51 (0.36, 2.61)
LINE-1, latent 684 ~0.32 (~1.02, 0.40) 0.82 (~0.17, 1.89)
ICAM-1, latent 640 0.23 (~0.31, 0.73) 0.87 (~0.14, 1.83)
iNOS, latent 756 1.28 (0.46, 2.09) 1.15 (-0.28, 2.74)
IFN-v, latent 752 -0.94 (-1.57, -0.21) -1.22 (—2.38, —-0.03)
1L-6, latent 700 0.35 (-0.06, 0.73) 0.50 (-0.25, 1.22)
TLR2, latent 732 1.79 (0.93, 2.64) 1.73 (0.20, 3.27)
F3, latent 734 -0.41 (~1.14, 0.25) -0.70 (-1.97, 0.56)

All models included confounding variables: age, body mass index, smoking (never, former, current), pack-years of smoking,
diabetes mellitus (yes/no), alcohol (yes/no), race (white/others), ischaemic heart disease or stroke (yes/no), number of neutrophils
in white blood count, season, and day of week. Alu, Alu transposable element; F3, coagulation factor 3; GCR, glucocorticoid
receptor; ICAM-1, intercellular adhesion molecule-1; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; LINE-1, long
interspersed nuclear element-1; TLR2, toll-like receptor 2.

AEffect estimate and 95% credible interval expressing the change in blood pressure (mm Hg) associated with a change in
inter-quartile range of the latent methylation for that element.

showed a strong relationship with both SBP
(P=0.0085) and DBP (P=0.0214). Also, changes in
the mean methylation of IFN-y showed a strong re-
lationship with both SBP (P=0.0145) and DBP
(P=0.0001). The associations between the other
methylation markers were not as strong.

We also considered whether there were any
deviations from linearity in the effects of methylation
by using a spline fit for mean methylation. There
was no evidence of a nonlinear relationship for most
of the methylation markers. The only evidence of
thresholding observed was for F3 and ICAM-1,
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Table 4 Relationship between individual methylation positions and the latent methylation variable for each gene, with
factor loading estimates and credible intervals from the Bayesian structural equation model

Diastolic blood pressure

Systolic blood pressure

Gene Effect (95% Credible Interval) Effect (95% Credible Interval)
Alu

Position 1 1 reference 1 reference

Position 2 2.08 (1.96, 2.18) 2.08 (1.96, 2.18)

Position 3 1.28 (1.18, 1.38) 1.28 (1.18, 1.38)
LINE

Position 1 1 reference 1 reference

Position 2 1.01 (0.94, 1.08) 1.01 (0.94, 1.08)

Position 3 0.92 (0.85, 0.99) 0.92 (0.85, 0.98)
ICAM-1

Position 1 1 reference 1 reference

Position 2 0.98 (0.90, 1.05) 0.98 (0.90, 1.05)

Position 3 0.34 (0.29, 0.39) 0.34 (0.28, 0.39)
iNOS

Position 1 1 reference 1 reference

Position 2 1.33 (1.21, 1.45) 1.32 (1.20, 1.44)
IFN-y

Position 1 1 reference 1 reference

Position 2 0.87 (0.83, 0.91) 0.87 (0.83, 0.92)
1L-6

Position 1 1 reference 1 reference

Position 2 0.85 (0.80, 0.90) 0.85 (0.80, 0.90)
TLR2

Position 1 1 reference 1 reference

Position 2 0.95 (0.81, 1.12) 0.94 (0.79, 1.11)

Position 3 0.99 (0.83, 1.17) 0.98 (0.82, 1.15)
F3

Position 1 1 reference 1 reference

Position 2 1.38 (1.13, 1.66) 1.38 (1.13, 1.66)

Position 3 1.53 (1.27, 1.84) 1.52 (1.27, 1.83)

Position 4 1.88 (1.61, 2.26) 1.88 (1.61, 2.25)

Position 5 1.63 (1.34, 1.99) 1.62 (1.34, 1.98)

Results for the relationship between each position and latent methylation correspond to the effects of latent methylation for the

models in Table 3.

where we saw an effect of approximately zero at
methylation levels below 5% and a linear trend
above 5% methylation. This could help explain why
the effects appeared not as strong for ICAM-1 and F3
in our analyses.

Discussion

In this study we found associations between BP and
DNA methylation levels in several of the pro-
inflammatory genes, with the direction of the effects
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varying by gene. We also found a positive association
between the methylation of Alu and BP, but not
between the methylation of LINE-1 and BP. These find-
ings of associations between DNA methylation levels
and BP have a number of implications as well as
potential limitations, which are acknowledged below.

With regard to gene-specific DNA methylation and
cardiovascular disease, we measured the association
between BP and the DNA methylation of seven can-
didate genes in inflammatory pathways and expressed
in leukocytes.” In our data, BP showed negative
associations with methylation of the gene for IFN-y
and positive associations with methylation of the
genes for iNOS and TLR2. No clear associations
were observed between BP and the degree of methy-
lation of the genes for ICAM-1, F3, or IL-6. Because
few studies of gene-specific methylation currently
exist, further research is warranted to better under-
stand the observed results.

The activation of TLR2 is now thought to play an
important signaling role in the development of cardio-
vascular diseases, particularly of atherosclerosis
and potentially of myocardial inflammation and
injury.*"** The associations we found between BP
and methylation of the gene for TLR2 are consistent
with developing research in this area. Expression of
the enzyme iNOS produces nitric oxide during inflam-
mation and is thought to affect vascular reactivity and
to contribute to the development of inflammatory
cardiovascular diseases such as atherosclerosis, with
expression of iNOS present in the vascular smooth-
muscle cells of atherosclerotic lesions in animal
studies.”> Our finding of an association between
methylation of the gene for iNOS and DBP is consist-
ent with this research, although the association
between methylation of the gene for iNOS and SBP
was much weaker. Interferon-y has also been closely
linked with atherosclerosis, and the gene for IFN-y is
also highly expressed in atherosclerotic lesions, with
its expression having been classified as proatherogenic
in animal studies.***> Thus, on the assumption that
decreased levels of methylation lead to increased
expression of a gene, our findings of negative associ-
ations between methylation of the gene for IFN-y and
BP are consistent with this literature.

The mechanism by which IL-6 influences BP may
involve complex interactions between multiple factors
which could explain why we did not detect an asso-
ciation between BP and the methylation level of the
gene for IL-6. Interleukin-6 regulates the expression
of CRP, which is a well-established biomarker for
cardiovascular disease risk.>*?> However, other stu-
dies of BP have not found it to be associated with
BP and either expression of the mRNA for IL-6"¢ or
serum levels of IL-6.*” In addition, a review of animal
studies has shown that the expression of IL-6 can be
proatherogenic or antiatherogenic, depending on the
experimental conditions.*> Thus, more research is
needed to understand how transcription and

277

expression of the gene for IL-6 may affect pathways
to cardiovascular diseases. Studies of the effect on
hypertension and coronary heart disease of variations
in individual single nucleotide polymorphisms (SNPs)
in the GCR gene have found no clear effects,***° and
our finding of the lack of an association of BP with
the methylation level of GCR is consistent with the
literature on polymorphism.

With regard to global DNA methylation and cardio-
vascular disease, epigenetic regulation is now recog-
nized as an important factor in the pathogenesis of
atherosclerosis, with well-documented associations
between the hypomethylation of global genomic
DNA and atherosclerosis.”®*>° These changes in DNA
methylation may be mediated by homocysteine,”® or
could be a secondary effect of changes in homocyst-
eine. Studies with mice have demonstrated that the
hypomethylation of global genomic DNA is a predictor
of future atherosclerosis.”!

We found that methylation of Alu was positively
associated with DBP and SBP. This finding is con-
sistent with the recent finding in a Chinese cohort
that individuals with higher degrees of methylation
of Alu in peripheral blood leukocytes were at higher
risk of developing cardiovascular disease.’? Although
earlier studies proposed that the methylation of Alu
and LINE-1 reflected global DNA methylation,”*>*
measures of LINE-1 and Alu methylation made on
peripheral blood leukocytes, such as the ones we
used in our study, should be secen as focused on
distinct markers assessing two different types of
retrotransposon. The correlation of the methylation
levels of LINE-1 and Alu has been established only
in cancer cells,”® in studies in which the pathogen-
esis of cancer has included a loss of methylation
affecting both types of repetitive elements.”””® No
correlation between the methylation levels of Alu
and LINE-1 exists in DNA taken from peripheral
blood leukocytes.’’”®* Recent studies have also re-
vealed differences between LINE-1 and Alu elements
in the mechanisms that regulate their methylation,
and their responses to cellular stressors and envir-
onmental exposures may account for different
methylation states of these elements.”®*?** Thus,
our findings of a lack of correlation between the
levels of DNA methylation in LINE-1 and Alu elem-
ents, and the lack of a clear association of methy-
lation of Alu with BP but not of methylation of
LINE-1 with BP, are consistent with other findings
of DNA methylation in peripheral blood leukocytes.
Taken together, these findings suggest distinct roles
for the methylation of LINE-1 and Alu as markers
of cardiovascular risk.

Retrotransposons are now thought to have a func-
tional role in the regulation of gene expression.
LINE-1 elements encode enzymes that allow them to
replicate and insert themselves into different genomic
regions, altering gene expression and cell function.®¢’
The insertion of Alu into genes can also regulate gene
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expression or function or both.® Transposable elem-
ents have recently been shown to play a critical role
in human development, tissue differentiation, and
gene expression, in that these elements can be tran-
scribed and translated into functional proteins.”®* In
this context, our finding of an association between BP
and the DNA methylation of Alu elements could rep-
resent an alteration in gene expression that has a
mechanistic role in cardiovascular health during
aging.

A strength of our study is that we measured methyla-
tion at more than one CpG site on each gene and ana-
lyzed the overall effect of methylation in two different
ways. The Bayesian mixed-effects structural equation
model analysis accounted for the heterogeneity of the
CpG position effects of DNA methylation. This flexibil-
ity of modeling is important when the extent of hetero-
geneity of an effect is unknown. The differences seen in
many of the factor loadings in our analysis suggest that
there may be differences in the relationships of methy-
lation at different sites, although these differences were
small and the overall effect of methylation was similar
in both our mixed-effects and Bayesian mixed-effects
structural equation model analyses. If all the factor
loadings are equal, then each CpG position is equally
related to the latent methylation of a gene or transpos-
able element, and using the mean methylation instead
of the latent variable may therefore not eliminate very
much information.

In some cases we observed stronger effects for DBP
than for SBP in association with the gene-specific
degree of methylation. This difference in effect on
BP may reflect differences in the process of aging.
In general, BP increases with age, but DBP tends to
rise until the age of 50 or 60 years and to then level
off, whereas SBP continues to increase until 70 or 80
years of age.®” However, even small changes in SBP
and DBP are associated with an increased risk of car-
diovascular mortality. For example, a meta-analysis of
61 prospective cohort studies estimated that a DBP
that was even 1 mm Hg lower usual was associated
with about a 10% lower mortality from stroke and 7%
lower mortality from ischaemic heart disease (IHD)
and other vascular causes of death, and reported
that the age-specific associations of BP and mortality
remained strong even in older age groups (70-79
years and 80-89 years).°® Thus, even small changes
in BP may be clinically relevant.

One limitation of this study is that the measurement
of DNA methylation was done with DNA from per-
ipheral blood leukocytes, which may not reflect DNA
methylation in blood vessels and neural tissues. In
addition, because the measures of DNA methylation
used in the study were made with blood leukocytes,
our results might have reflected shifts in the propor-
tions of white blood-cell subsets caused by alterations
related to impending disease onset. Although we tried

to account for this problem by controlling for the
number of neutrophils in the white blood count as
a confounding variable, there is still the possibility
of further residual confounding. In addition, the
assays we used were designed to cover the greatest
possible number of CpG sites within the promoter
region of each of the genes that we studied, but it
is possible that other, nearby CpG sites which were
not examined could also be biologically relevant.

Another limitation of this study is the restricted
demographics of the study population. All of the
study subjects were elderly men, and most of them
were white, which prevents us from generalizing our
results to other populations. However, the elderly rep-
resent a particularly disease-susceptible population
subgroup, growing in number and proportion, and
so represent an important population for study.
Future studies should address the role of methylation
of retrotransposons among women, as well as in
various age and ethnic groups.

Beyond being elderly, many of the subjects in our
study were overweight or obese. Thus, our results may
reflect relationships of methylation levels that are
more relevant to metabolic pathways involved in
obesity, inflammation, and metabolic syndrome.
Hence, these results should be generalized only to a
similar population that is mainly overweight. In
healthy, non-overweight populations, the methylation
of inflammatory genes may or may not be as import-
ant in determining BP.

In summary, we found that increases in the degree
of methylation of Alu elements were associated with
increases in BP. We also found positive associations
between BP and the degree of methylation of the
genes for TLR2 and iNOS, and negative associations
of BP with methylation of the gene for IFN-y. These
findings support the hypothesis that the methylation
of pro-inflammatory genes may play a role in the
pathogenesis of cardiovascular diseases in the elderly.
We also found that the associations of DNA methyla-
tion in retrotransposons vary for the elements LINE-1
and Alu, leaving to be determined the question of
whether the associations in the case of Alu represent
functional differences.
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KEY MESSAGES

e This paper reports novel associations between DNA methylation and BP in a longitudinal cohort of

elderly males.

e These findings support the hypothesis that methylation of the DNA of pro-inflammatory genes may
play a role in the pathogenesis of cardiovascular discases in the elderly.

e As in some other studies, the associations of DNA methylation in retrotransposons differ in the

elements LINE-1 and Alu.

e We compare two analytical approaches, and we discuss the potential benefits of a Bayesian
mixed-effects structural equation model with a latent variable representing the overall degree of
DNA methylation for incorporating heterogeneity in measures of DNA methylation of the same gene.
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