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Abstract

Background—Epigenetic features such as DNA hypomethylation have been associated with
conditions related to cardiovascular risk. We evaluated whether lower blood DNA methylation in
heavily methylated repetitive sequences predicts the risk of ischemic heart disease and stroke.

Methods—We quantified blood DNA methylation of LINE-1 repetitive elements through PCR-
pyrosequencing in 712 elderly individuals from the Boston-area Normative Aging Study. We
estimated risk-factor adjusted relative risks (RRs) for ischemic heart disease and stroke at baseline
(242 prevalent cases); as well as in incidence (44 new cases; median follow-up, 63 months); and
subsequent mortality from ischemic heart disease (86 deaths; median follow-up, 75 months).

Results—Blood LINE-1 hypomethylation was associated with baseline ischemic heart disease
(RR=2.1 [95% confidence interval = 1.2 to 4.0] for lowest vs. highest methylation quartile) and for
stroke (2.5 [0.9 to 7.5]). Among participants free of baseline disease, individuals with methylation
below the median also had higher risk of developing ischemic heart disease (4.0 [1.8 to 8.9]) or
stroke (5.7 [0.8 to 39.5]). In the entire cohort, persons with methylation below the median had
higher mortality from ischemic heart disease (3.3 [1.3 to 8.4]) and stroke (2.8 [0.6 to 14.3]). Total
mortality was also increased (2.0 [1.2 to 3.3]). These results were confirmed in additional
regression models using LINE-1 methylation as a continuous variable.

Conclusions—Subjects with prevalent IHD and stroke exhibited lower LINE-1 methylation. In
longitudinal analyses, persons with lower LINE-1 methylation were at higher risk for incident
ischemic heart disease and stroke, and for total mortality.

Epigenetics is related to stable and heritable patterns of gene expression and genome
function that do not involve changes in DNA sequence.l DNA methylation is a reversible
epigenetic mechanism that, in mammals, modifies genome function through the addition of
methyl groups to cytosine to form 5-methyl-cytosine (5mC). About 55% of the human
genome consists of repetitive elements, including approximately 500,000 Long Interspersed
Nucleotide Elements (LINE-1, also indicated as L1), which are heavily methylated.?2
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Because of their high representation throughout the genome, LINE-1 methylation correlates
with global genomic DNA methylation content.23 Demethylation of LINE-1 elements
increases their activity as retrotransposable sequences, which may induce genomic
alterations by insertion and or homologous recombination,*° and deregulate gene
transcription.®

A global loss of DNA methylation has been related to atherosclerosis’ — a chronic disease of
large and medium-sized arteries associated with cardiovascular morbidity and mortality — in
a variety of tissues, including smooth-muscle cells,® atherosclerotic lesions,10 and
peripheral blood leukocytes.1! Global DNA hypomethylation has been shown to precede the
formation of atherosclerosis in Apoe” mice,12 and associated with hyperhomocysteinemia
and aortic lipid deposition in mutant mice deficient in methylenetetrahydrofolate
reductase.® In human investigations, although the range of variation in healthy subjects is
relatively narrow, LINE-1 methylation or global genomic methylation content measured in
blood DNA has been found to be lower in people with risk factors for atherosclerotic
disease, such as older age,1#15 smoking,16 folate deficiency,1’ and
hyperhomocysteinemia.ll In a recent investigation, we showed that short-term exposure to
air pollution from vehicular traffic (an environmental risk factor for cardiovascular disease)
was associated with lower methylation of LINE-1, but not of Alu elements in peripheral
blood leukocytes.18

Castro et al.11 have found that higher plasma homocysteine, an established predictor of
cardiovascular risk, and atherosclerotic disease were associated with reduced global
methylation in blood leukocyte DNA. Using vascular smooth cells in culture, Yi-deng et al.®
observed hypomethylation of LINE-1 and Alu elements under a high homocysteine
concentration. Dietary B-complex vitamins, such as folate, vitamin Bg and B1> ,
participating in the one-carbon metabolic cycle that makes methyl donors available for DNA
methylation, have the capacity to lower the circulating levels of homocysteine, prevent DNA
methylation loss, and reduce coronary plaque regression.1920 A recent meta-analysis of
randomized controlled trials, however, showed that B-complex vitamins supplementation
failed to prevent cardiovascular events.?!

Zaina et al.22 have proposed that DNA hypomethylation detected in advanced
atherosclerotic plaques might represent a passive phenomenon due to loss of methyl groups
in highly-proliferating smooth muscle cells, whereas peripheral blood hypomethylation
might reflect hyperproliferation of cell types involved in immune or inflammatory
responses. In that respect, plaque formation, which is a clonal process, would parallel the
global hypomethylation found both in tumor tissues and blood DNA in patients with cancer,
which also is characterized by proliferating cells with clonal origin accompanied by
systemic inflammation.’

Taken together these findings suggest that blood DNA hypomethylation represent an easily
measurable marker reflecting the presence and the progression of atherosclerosis. Because
atherosclerotic lesions often precede the clinical manifestation of ischemic cardiovascular
diseases, such as heart disease and stroke, blood DNA hypomethylation might be used to
identify persons at risk of cardiovascular events.

In the present study on a population of elderly individuals in the greater Boston area, we
evaluated whether lower blood LINE-1 methylation predicted increased risk and mortality
from ischemic heart disease and stroke. In particular, we explored the association of lower
LINE-1 DNA methylation with (1) prevalence of ischemic heart disease and stroke at
baseline; (2) risk of developing ischemic heart disease and stroke among subjects who were
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free of baseline disease; and (3) risk of death from ischemic heart disease and stroke in the
entire study population.

Methods

Study Subjects

The study included 712 elderly men who, as of 1 March 1999, were active participants in the
Normative Aging Study, a longitudinal investigation of aging established in 1963 by the
U.S. Veterans Administration.23 Participants have had comprehensive clinical examinations
at 3- to 5-year intervals, with excellent rates of continued participation (<1% annual attrition
for all causes). Examination procedures and methods for collection of clinical information
and physical parameters have been described previously.2425

Starting in March 1999, the Normative Aging Study protocol was updated to include
collection of a blood sample for DNA extraction at each of the visits. Of the 805 active
participants, 723 (90%) agreed to donate blood samples that were used for DNA methylation
analysis. This analysis was unsuccessful on 11 subjects (1%), leaving 712 participants (age
55-92 years; mean = 72.3 years). The examination at which a DNA sample was first
obtained was considered the baseline examination. Because study participants are called for
examination on a rolling cycle of 3-5 years and some of the subjects donated a blood DNA
sample only at the second request, the baseline date ranged between 1 March and 31
October 2007. The study was approved by the Institutional Review Boards of all
participating Institutions. All participants gave written informed consent.

Diagnoses of IHD and Stroke

All subjects were evaluated at the baseline examination for preexisting cardiovascular
disease (including nonfatal ischemic heart disease or stroke) based on medical records and
physician exams from the current or past study visits.26 Hospital records and any other
clinical documentation for every report of cardiovascular event were reviewed by a board-
certified cardiologist who was unaware of the participant's DNA methylation results.
Myocardial infarction was defined by: 1) unequivocal electrocardiographic changes (i.e.,
pathologic Q waves); or 2) diagnostic increases in serum enzymes (glutamic-oxaloacetic
transaminase and lactic dehydrogenase) together with chest discomfort consistent with
myocardial infarction. Angina was defined by Framingham Heart Study criteria as recurrent
chest discomfort lasting no more than 15 min, distinctly related to exertion or excitement
and relieved by rest or nitroglycerin.28 Nonfatal stroke was defined as neurological deficit of
sudden or rapid onset that persisted for at least 24h. In total, we identified 212 (30%)
participants with ischemic heart disease and 51 (7%) with stroke at baseline. Twenty-one
(3%) participants had both baseline ischemic heart disease and stroke, with the remaining
470 (66%) free of ischemic heart disease and stroke at baseline.

Incidence Follow-up

Of the 470 participants free of the baseline diseases, 356 (76%) had follow-up visits by 31
October 2007, during which new occurrences of non-fatal ischemic heart disease or stroke
were assessed using the same criteria as at baseline. Thirty-four (7%) of participants who did
not have follow-up examinations had died before the date of the next scheduled visit. An
additional 33 participants (7%) had a follow-up visit scheduled after 31 October 2007 and
were not included in the present analysis. The remaining 47 subjects lost to follow-up (10%)
did not report for a scheduled visit because they had moved out of state, were too ill to
attend, or were untraceable. Median follow-up was 63 months (min=26, max=98), for
21,225 months of total analysis time-at-risk.
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Mortality follow-up

Regular mailings to study participants were used to maintain vital-status information, and
death certificates were obtained for decedents. Medical records in each instance of ischemic
heart disease or stroke death were reviewed by a board-certified cardiologist to ensure
accurate classification of primary causes of death. Mortality follow-up was available for 705
(99%) of the 712 study participants. Median mortality follow-up was 75 months (min=1,
max=100), for 50,258 months of total analysis time at risk.

DNA Methylation Analysis of LINE-1 Repetitive Elements

7 ml of whole blood was collected by venous phlebotomy in EDTA tubes. Buffy coat was
extracted and stored in cell lyses solution until DNA extraction. All samples were coded and
frozen at —20°C. DNA was extracted using the QiAmp DNA blood kits (QIAGEN). LINE-1
methylation analysis was performed on all samples between May and December 2007 using
previously published methods.2” Briefly, buffy coat DNA from whole blood was bisulfite-
treated using EZ-DNA Methylation-Gold™ Kits (Zymo Research, Orange, CA).
Pyrosequencing was performed using previously described primers and conditions27 with
the following modifications: a 50 pl PCR was carried out in 25 .l GoTag Green Master mix
(Promega, Madison, WI), 1 pmol biotinylated forward primer, 1 pmol reverse primer, 50 ng
bisulfite-treated genomic DNA and water. The Pyrosequencing assay is a method that
quantitatively assesses the proportion of methylated sites in LINE-1 repetitive elements
dispersed throughout the genome. Each sample was tested in two replicates. DNA
methylation was expressed as % 5-methylated cytosines (%5mC) over total (methylated +
unmethylated) cytosines.

Statistical Analysis

Results

Odds ratios (ORs) and 95% confidence intervals (Cls) for the association between LINE-1
methylation and prevalent ischemic heart disease or stroke at baseline were computed using
unconditional logistic models. Cumulative rates for new cardiovascular events or survival
were estimated using the Kaplan-Meier method, and association with LINE-1 methylation
was estimated using Hazard Ratios (HRs) and 95%Cls from Cox-proportional hazard
regression models. We considered the proportional hazards assumption to be valid after
inspection of plots of survival estimates by LINE-1 methylation levels. Mortality analysis,
which included subjects with and without ischemic heart disease or stroke at baseline, used
Cox regression with baseline ischemic heart disease or stroke as stratification variables,
allowing a different baseline hazard curve in each stratum.

For all models, we report unadjusted results as well as results adjusted for established
predictors of cardiovascular disease and survival. Adjustment variables included age, body
mass index, smoking history (ever, pack-years), alcohol drinking (two drinks/day or more),
diagnosis of hypertension, diastolic blood pressure, systolic blood pressure, diabetes
(physician diagnosis or fasting blood glucose>126mg/dl), serum HDL, serum total
cholesterol, statin use, plasma homocysteine, glomerular filtration rate, as well as percent
neutrophils and lymphocytes in the differential white blood count. All analyses were
performed in Stata 9.0 (Stata Corp., College Station, TX).

Baseline Characteristics of the Study Participant

The baseline characteristics of the study subjects are shown in Table 1. Compared with
participants without ischemic heart disease or stroke, individuals with ischemic heart disease
or stroke were older, had higher cumulative smoking, higher prevalence of hypertension and
diabetes, higher plasma homocysteine, and lower HDL cholesterol and glomerular filtration
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rate. Participants with ischemic heart disease or stroke had lower diastolic blood pressure,
and more frequent use of antihypertensive medications and statins. Participants with
ischemic heart disease or stroke had higher percent neutrophils and lower percent
lymphocytes in the differential white blood count.

Cross-sectional Association at Baseline of LINE-1 Methylation with Ischemic Heart
Disease and Stroke

The LINE-1 methylation assay showed high reproducibility in duplicate samples repeated in
different batches of Pyrosequencing analysis (intra-class correlation coefficient=0.99).
LINE-1 methylation was not associated with the length of storage between sample collection
and methylation analysis. LINE-1 methylation at baseline showed a negative association
with age (-0.23 %5mC [95% CI = —0.50 to 0.04] per 10-year increase in age), white blood
cell (WBC) count (-0.08 %5mC [-0.18 to 0.02] age-adjusted estimate per 2000/l increase
in WBC count,), and percent lymphocytes (-0.29 %5mC [-0.51 to —0.07] age-adjusted
estimate per 10% increase in percent lymphocytes), whereas a positive association was
found with percent neutrophils (-0.21 %5mC [0.00 to 0.42] age-adjusted estimate per 10%
increase in percent neutrophils) (eTable 1, http://links.lww.com). LINE-1 methylation was
inversely associated with an existing diagnosis of hypertension at baseline (age-adjusted
OR=0.6 [0.3 to 1.0] for subjects in the lowest vs. highest quartile-based category of LINE-1
methylation) (eTable 2, http://links.lww.com). LINE-1 methylation levels were not
associated with plasma total homocysteine (0.05 %5mC [-0.11 to 0.22] age-adjusted
estimate per 4 nmol/ml increase in total homocysteine) (eTable 1).

LINE-1 methylation at the baseline examination was lower in subjects with pre-existing
ischemic heart disease and stroke (Table 1 and Figure). Using quartile-based categories of
LINE-1 methylation, we found that prevalence of ischemic heart disease and stroke at
baseline increased in a dose-response fashion with decreasing levels of LINE-1 methylation
in blood DNA (Table 1). The results of the unadjusted analyses were similar in multivariable
models adjusting for the variables tested in Table 2.

Longitudinal Risk of non-fatal Ischemic Heart Disease and Stroke

Thirty-six incident cases of non-fatal ischemic heart disease and eight cases of stroke were
identified in the follow-up of the 356 subjects free of baseline ischemic heart disease/stroke
who were included in the incidence analysis. Because longitudinal data included a relatively
small number of events, our analyses were based on methylation levels categorized
according to the median value among participants free of ischemic heart disease and stroke
at baseline.

Participants with low baseline LINE-1 methylation exhibited a higher risk of ischemic heart
disease and stroke during follow-up (Table 3). In unadjusted analyses, participants with low
LINE-1 methylation had a increased risk of developing ischemic heart disease (HR = 2.7
[95% CI = 1.3 to 5.6]) compared with subjects with high LINE-1 methylation. The
corresponding risk for stroke was approximately 5-fold higher (4.9 [1.0 to 24.5]). Overall,
participants with low LINE-1 methylation had a 3-fold higher risk of developing either
ischemic heart disease or stroke (3.0 [1.6 to 5.8]). The corresponding adjusted risk estimates
were 4.0 (1.8 to 8.9) for ischemic heart disease, 5.7 (0.8 to 39.8) for stroke, and 4.1 (1.9 to
8.7) for the composite of ischemic heart disease and stroke in multivariable models.

For 24 of the 44 participants who developed ischemic heart disease or stroke during follow-
up, a second blood DNA sample was obtained after diagnosis (time from baseline, 33-80
months; median, 62 months). Mean LINE-1 methylation was not different in the samples
collected after IHD/stroke diagnosis (mean = 76.9 [95% CI = 76.4 to 77.4]) compared with
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baseline (77.2 [76.6 to 77.7]). Age-adjusted means were also very similar in the two set of
samples (after diagnosis, mean = 76.8 [95% CI = 76.3 to 77.3]; at baseline, mean = 77.0
[76.5to 77.5]).

Risk of Death from Ischemic Heart Disease and Stroke

Eighty-six of the 705 subjects included in the mortality analysis died during the follow-up,
including 35 deaths from ischemic heart disease and 10 from stroke. Participants with lower
LINE-1 methylation at baseline had higher ischemic heart disease and stroke mortality
(Table 4), as well as higher mortality from any cause (Table 5). In unadjusted analyses,
participants with LINE-1 methylation below the medians had higher mortality from
ischemic heart disease (HR = 3.4 [95% CI = 1.5 to 7.9]). Stroke mortality was also increased
with lower LINE-1 methylation (2.0 [0.5 to 7.9]), but the HR estimates were imprecise due
to the small number of stroke deaths. Overall, participants with low LINE-1 methylation had
a 3-fold higher mortality from either ischemic heart disease or stroke (3.0 [1.5 to 6.1]). We
also found that low LINE-1 methylation was associated with a moderate increase in
mortality from causes not related to ischemic heart disease or stroke (1.6 [0.8to 3.0]), and
2.1-fold higher risk of death from any cause (2.1 [1.3 to 3.4]) (Table 5). Adjusted estimates
from multivariable models were HR = 3.3 (CI = 1.3 to 8.4) for ischemic heart disease
mortality, 2.8 (0.6 to 14.3) for stroke mortality, 2.9 (ClI = 1.3 to 6.2) for either ischemic heart
disease or stroke mortality, 1.5 (0.8 to 3.0) for mortality from causes other than ischemic
heart disease or stroke, and 2.0 (1.2 to 3.3) for any cause of death.

Additional models testing for the interaction between LINE-1 methylation and baseline
ischemic heart disease or stroke showed that the association between hypomethylation and
mortality was not different in subjects with or without baseline disease (data not shown).

Sensitivity Analyses and Other Results

We adjusted for age in our primary set of analyses by fitting age as a continuous variable in
multivariable models. Using alternative modeling of age (e.g., categorical variable based on
quintiles, or linear and quadratic age terms) caused only slight changes in risk estimates.
Because total homocysteine might be considered as a variable in the causal pathway linking
LINE-1 methylation to cardiovascular disease, its inclusion as a dependent variable in
multivariable models may not be appropriate. As a sensitivity analysis, we re-ran all the
multivariable models after removing total homocysteine from the independent variables. In
these models, the estimates for the association of LINE-1 methylation with prevalence,
incidence and mortality of ischemic heart disease and stroke were remarkably similar to
those shown in the paper (data not shown). Also, adding to the models the time between
sample collection and DNA methylation analysis produced only minimal changes in the risk
estimates. Models fitting LINE-1 methylation using a smoothing function showed only
minor deviations from linearity (eFigures 1-4, http:links.lww.com). The study cohort
investigated in the present study is made up mostly (96%) of white men. Excluding non-
whites from the analyses or adjusting for ethnicity in multivariable analyses did not affect
the results. In addition to LINE-1 methylation, we have measures of Alu methylation, a
second type of repetitive element, for this cohort. A set of analysis on Alu methylation,
similar to those reported in this paper for LINE-1 methylation, did not show any association
with prevalence, incidence or mortality from ischemic heart disease or stroke (data not
shown).

Discussion

Our study shows that individual differences in repetitive element DNA methylation predict
the risk of developing ischemic heart disease and stroke in elderly men. The associations of
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LINE-1 hypomethylation with ischemic heart disease and stroke, both in cross-sectional and
longitudinal analyses, suggest that DNA hypomethylation anticipates disease diagnosis.
Hypomethylation may help identify individuals at risk well before the onset of clinical
disease. This conclusion is supported by our observation of no changes in average
methylation in a subset of subjects for whom blood DNA samples were collected before and
after the diagnosis of heart disease or stroke. Epigenetic marks can be inherited and are
largely established in utero or during early life. Thus, DNA hypomethylation may be part of
the processes that determine transgenerational risks, as well as of the effects of in utero and
early life conditions on adult disease.128

Hypomethylated DNA has been shown to be prone to mutations or aberrant gene expression
patterns in vascular tissue, leading to the transition from normal phenotype to vascular
fibrocellular lesions by increasing proliferation of vascular smooth cells and lipid
deposition.2? Although the correlation of DNA methylation in blood and in vascular tissue is
undetermined, blood DNA methylation content and repetitive element methylation both
undergo progressive decline as people age,12:3% which may be related with the risk of
common age-related disease.

In our data, lower LINE-1 methylation predicted the risk of cardiovascular disease
independent of established risk factors. Epigenetic modifications—in contrast with genetic
changes—are potentially reversible. Our results, if confirmed, would indicate the potential
for lifestyle or pharmacological interventions to reverse deleterious epigenetic features.
Although DNA methylation analysis of LINE-1 sequences has been frequently used to
estimate global genomic methylation content,23 the observed association with heart disease
and stroke may result directly from altered LINE-1 organization and function.
Hypomethylation of repetitive DNA sequences is expected to lead to the transcriptional
activation of those repetitive sequences that still contain active promoters.#-6:31 Repetitive
elements have been demonstrated to be activated during conditions of cellular stress,>32 and
LINE-1 expression has been recently identified as a mediator of ischemic heart damage.33
However, it remains to be determined whether LINE-1 hypomethylation is associated with
specific functions that mediate increased cardiovascular risk, and what the nature of these
functions might be. Because we measured LINE-1 methylation in peripheral blood
leukocytes, the potential functions of LINE-1 repetitive elements associated with
hypomethylation in this cell type will be likely related to mechanisms different from those
operating in the heart. In our data, LINE-1 methylation showed very few associations with
the baseline characteristics we evaluated, including several established risk factors for
cardiovascular disease. In particular, we did not find any association with plasma
homocysteine, which has been inversely related with global or LINE-1 methylation in
experimental models and human studies.911.13 Specific characteristics of this population,
including older age, might have contributed to discrepancies with other studies.

Hypomethylation of repetitive elements has been found in association with
hypermethylation of specific genes, particularly in studies conducted on cancer tissues.!
Further research is warranted to evaluate whether blood LINE-1 hypomethylation is
associated with increased methylation of genes that are hypermethylated in atherosclerotic
tissues.3435

In previous work on 1,097 blood DNA samples from this same cohort, including multiple
measures of LINE-1 methylation from a subset of the study subjects, we found that LINE-1
methylation showed a moderate cross-sectional association with age.1> At the examination
taken as baseline, a 10-year increase in age was associated with —0.23 % 5mC lower LINE-1
methylation. All multivariable models we fitted included age as an independent variable.
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Therefore, the associations between LINE-1 methylation and cardiovascular risks appear
independent from age.

We also recently found that participants in the Normative Aging Study exposed to higher
levels of particulate air pollution from vehicular traffic in the week before the blood drawing
exhibited lower LINE-1 methylation.18 This finding was replicated in a study of foundry
workers exposed to airborne metal-rich particulate.36 Whereas air-pollution exposure is an
established risk factor for atherosclerotic cardiovascular disease, the short time scale in our
air pollution analysis points to rapid and transient changes that are unlikely to be responsible
for cardiovascular events occurring several years later, such as those investigated in the
current study.

Our study has the advantage of being based on a population of aging men unselected on the
basis of disease status. However, our results can be generalized only to older white men.
Future studies should address the role of repetitive-element hypomethylation among women,
as well as in various age and ethnic groups. Results on hypomethylation-related risk of
stroke were based on a limited number of cases, and should be replicated in larger samples.
Because we measured methylation in blood DNA—a source of DNA that is easily
obtainable and does not require processing before DNA extraction—our results might have
reflected shifts in the proportions of white-blood-cell subsets caused by alterations related to
impending disease onset. This scenario, however, predicts that the strength of the association
of lower DNA methylation with higher incidence and mortality of ischemic heart disease
and stroke should be maximal immediately after DNA methylation measurement and decline
afterwards.3” In contrast, we did not see such a decline, and adjustment in multivariable
analysis for percent neutrophils and lymphocytes (the major white blood cell types) did not
cause major changes in the risk estimates. A limitation of the present study is that the
ischemic heart disease and stroke diagnoses did not differentiate underlying disease. The
diagnoses of ischemic heart disease and stroke might have included events occurring in
subjects with little or no atherosclerosis. Because previous animal and human studies have
specifically related DNA hypomethylation to atherosclerosis,’-22 this might have lead to a
dilution of the hypomethylation-related risk estimates.

In summary, we showed that epigenetic changes measured in blood DNA predict the risk of
common age-related diseases, such as ischemic heart disease and stroke. Our results indicate
blood repetitive-element hypomethylation is a novel risk factor for cardiovascular risk and
survival, and may contribute to better cardiovascular risk stratification as simple,
standardized assays of DNA methylation become available. At the same time, our results
give further substance to ongoing endeavors to develop interventions and treatments that act
through epigenetic mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Dot plots of LINE-1 methylation at the baseline examination according to the presence of A,
ischemic heart disease, B, stroke, or C, ischemic heart disease or stroke. Horizontal lines are
placed at the median (dotted) and the lower and upper quartiles (solid) of the distributions.
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