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Abstract

Epigenetic changes are a potential mechanism contributing to race/ethnic and socioeconomic disparities in health.
However, there is scant evidence of the race/ethnic and socioeconomic patterning of epigenetic marks. We used data from
the Multi-Ethnic Study of Atherosclerosis Stress Study (N = 988) to describe age- and gender- independent associations of
race/ethnicity and socioeconomic status (SES) with methylation of Alu and LINE-1 repetitive elements in leukocyte DNA.
Mean Alu and Line 1 methylation in the full sample were 24% and 81% respectively. In multivariable linear regression
models, African-Americans had 0.27% (p,0.01) and Hispanics 0.20% (p,0.05) lower Alu methylation than whites. In
contrast, African-Americans had 0.41% (p,0.01) and Hispanics 0.39% (p,0.01) higher LINE-1 methylation than whites.
These associations remained after adjustment for SES. In addition, a one standard deviation higher wealth was associated
with 0.09% (p,0.01) higher Alu and 0.15% (p,0.01) lower LINE-1 methylation in age- and gender- adjusted models.
Additional adjustment for race/ethnicity did not alter this pattern. No associations were observed with income, education or
childhood SES. Our findings, from a large community-based sample, suggest that DNA methylation is socially patterned.
Future research, including studies of gene-specific methylation, is needed to understand better the opposing associations
of Alu and LINE-1 methylation with race/ethnicity and wealth as well as the extent to which small methylation changes in
these sequences may influence disparities in health.
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Introduction

Health disparities by race/ethnicity [1,2] and socioeconomic

status (SES) [3] have been repeatedly documented. Social and

physical exposures linked to race/ethnicity and SES could exert

biologic effects through changes in gene expression [4,5].

Epigenetic markers have been increasingly incorporated into

epidemiologic studies of outcomes ranging from ischemic heart

disease to various cancers [6,7]. However, there is limited evidence

on the extent to which epigenetic marks are systematically

patterned by the race/ethnic and socioeconomic characteristics

for which a range of health disparities are observed.

DNA methylation is one of the most frequently studied

epigenetic changes [8,9]. Studies suggest that DNA methylation

is modified by environmental factors and that these changes in

DNA methylation levels occur over the lifecourse [10,11]. Global

DNA methylation refers to methylation levels in the whole genome

and is frequently estimated using surrogate measures such as

methylation in Alu and LINE-1 repetitive elements, which

represent approximately 30% of the genome [8,9]. Global DNA

hypomethylation is associated with exposures such as lead [9] and

ambient black carbon [12] as well as outcomes such as ischemic

heart disease and stroke among others, [6] suggesting that

environmental exposures lead to epigenetic changes that influence

disease outcomes.

While the need for investigating the association of global DNA

methylation with demographic and lifestyle factors has been

highlighted, [8] to date few studies have examined these questions.

One study pooled data from 1465 participants in Italy, Poland and

the United States (U.S.) and found that age and alcohol

consumption were inversely associated with Alu methylation and

that males were more likely to have lower Alu methylation but

higher LINE-1 methylation than females [8]. Of the few studies

that have examined race/ethnic and socioeconomic differences in

global DNA methylation, [13,14] one study of 85 women in New

York found that African-Americans were more likely to have lower

DNA methylation than whites. Low SES was also associated with

lower global DNA methylation, although it was not statistically
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significant [13]. In contrast, a study of 28 women found no

differences in global DNA methylation between Whites and

African-Americans [14]. A recent study of 239 participants of the

Glasgow psychological, social and biological determinants of ill

health (pSoBid) cohort found that global DNA methylation in

peripheral leukocytes (measured using antibody binding to 5-

methylcytosine) was lower among the deprived and the manual

social class, compared to the affluent and the non-manual class

respectively [15]. A genome-wide methylation analysis of blood

DNA from 40 adult men in the 1958 British Birth Cohort Study

found that childhood SES was associated with methylation levels

of 1252 gene promoters (666 positive and 586 inverse associations)

while adult SES was associated with methylation levels of 545

promoters (336 positive and 209 inverse associations) [16]. To our

knowledge no large community-based study has examined the

race/ethnic and socioeconomic patterns in DNA methylation in

the U.S. context.

We used data from the Stress Ancillary Study of the Multi

Ethnic Study of Atherosclerosis (MESA) to investigate the

association of DNA methylation of Alu and LINE-1 repetitive

sequences with race/ethnicity and socioeconomic status in a large

population sample. Specifically, we assessed the age- and gender -

independent association of Alu and LINE-1 DNA methylation

with race/ethnicity, income, wealth, education, and childhood

SES. We also investigated whether the associations of Alu and

LINE-1 methylation with race/ethnicity and socioeconomic

factors varied by gender.

Methods

Data
We used data from the MESA Stress Study, an ancillary study

to the MESA, which was funded by the National Heart Lung and

Blood Institute to investigate risk factors of subclinical cardiovas-

cular disease (CVD) and its progression to clinical disease. At

baseline (2000–2002) 6814 participants, aged 44 to 84 years and

without clinical CVD, were recruited to MESA from six sites

across the U.S using diverse population-based approaches [17].

The MESA Stress Study is a subsample of MESA participants

recruited at the New York and Los Angeles study sites (n = 1002).

Participants were enrolled in 2004–2006 in the order in which

they attended the MESA follow-up exams until about 500

participants were enrolled per site. MESA Stress participants

were similar to the large MESA cohort with the exceptions that

they had fewer individuals aged 75–84 (12.1% vs. 18.2%), more

men (47.6% vs. 44.7%) and more college educated participants

(29.7% vs. 23.9%).

The Multi-Ethnic Study of Atherosclerosis was approved by

institutional review boards at the six field centers: Columbia

University, New York; Johns Hopkins University, Baltimore;

Northwestern University, Chicago; UCLA, Los Angeles; Univer-

sity of Minnesota, twin Cities; Wake Forest University, Winston-

Salem. All participants provided written informed consent.

Social factors
Race/ethnicity reported by participants was categorized as

white, African-American and Hispanic. Race/ethnicity was

considered a social factor because of evidence showing strong

patterning of various social exposures by race/ethnicity in the

Unites States [2].

The following self-reported measures of SES were investigated:

income, wealth, education, and childhood SES (as proxied by

education of the participant’s father).

Using data on total family income, a 13 category variable

ranging from ,$5,000 to .$100,000, a continuous income

variable was created by assigning the mid-point of each income

category to the participant (those who reported total family income

of ,$5,000 were assigned a value of $2,500 and those with

.$100,000 were assigned $112,500 based on the U.S. income

distribution.) To account for family size, this continuous income

variable was divided by the number of family members and

standardized by subtracting each individual’s value from the study

sample mean and dividing by the standard deviation.

A 5-point wealth index used in prior MESA work, [18] ranging

from 0 to 4, was calculated by giving 1 point to ownership of each

of the following assets: car (one or more), a home (own/paying

mortgage), land, investments (for e.g. stocks, bonds, mutual funds)

and summing the points. Similar to income, this was then

converted into a z score for use in models.

Education was operationalized as a z score of the number of

years of schooling. Following the approach used in prior work [19–

23] participant’s childhood SES was measured using his or her

father’s education categorized into six levels (no schooling, less

than high school, high school, some college, college degree, and

graduate degree). This variable was transformed into a six point

continuous score and z scored for analyses.

Other covariates included in the analysis were age (45–54, 55–

64, 65–74, and 75–84) and gender. Data on wealth was from the

3rd examination of the MESA cohort (2004–2005) while all other

variables were measured at baseline.

Alu and LINE-1 DNA methylation
DNA methylation is a distinct marker of epigenetic changes that

regulate several biological processes. Repetitive elements, which

represent about 30% of the human genome, are estimated to be

the site of more than 1/3 of DNA methylation [8]. We used

methylation levels of Alu and LINE-1 repetitive elements as

markers of global DNA methylation levels. Description of

collection and storage of blood samples has been reported

previously [17]. DNA samples from the leukocytes in the baseline

blood sample (500 ng at 20 ng/ml) were bisulfite-treated using the

EZ-96 DNA Methylation Kit (Zymo Research, Orange, CA).

Bisulfite conversion of DNA changes unmethylated cytosine to

uracil and subsequently to thymidine after PCR whereas

methylated cytosines are protected from bisulfite conversion,

resulting in methylation-dependent differences in DNA sequences.

LINE-1 and Alu methylation were measured by pyrosequencing

using PCR primers and running conditions previously described

[9]. Sample controls included human genomic DNA that had

undergone whole-genome amplification to remove CpG methyl-

ation for a 0% methylated control and a human methylated

standard (Zymo Research, Orange CA) for a 100% methylated

control. Samples were sequenced on a PSQ HS96 Pyrosequencing

System. The % methylation (methylated/unmethylated) for each

CpG target region was quantified using the Pyro Q-CpG

Software. This software assigns quality scores for each measure-

ment and internal quality controls to assess the efficiency of

bisulfite conversion. The interassay coefficients of variation for

LINE-1 and Alu were 2.10% and 5.73%, respectively. Data on

Alu (3 sites per participant) and LINE-1 (4 sites per participant)

were available for 987 and 961 participants respectively. For both

Alu and LINE-1, we used the percentage of CpG sites that were

methylated as the outcome variables.

Statistical Analysis
We described the distribution of key predictors, covariates, and

outcomes. We also used analysis of variance, and when

Social Factors and DNA Methylation in MESA
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appropriate tests of linear trend, to investigate whether the mean

(standard deviation) of methylation differed across categories of

covariates.

Regression models were used to estimate associations of social

factors with methylation after adjustment for covariates. Linear

mixed models were used to account for the multiple sites measured

within individuals. Models accounted for within subject correla-

tions and included a random coefficient for site to account for the

high between-site variability in average methylation (Table S1).

Estimates of associations were derived using an unstructured

covariance structure and robust standard errors.

To examine differences by race/ethnicity we estimated age- and

gender- adjusted mean differences by race/ethnicity. Because of

the high levels of race/ethnic inequalities in SES, [2] we further

adjusted for SES while estimating the association of race/ethnicity

with DNA methylation. We also investigated differences by SES

by estimating mean age- and gender- adjusted differences before

and after adjusting for race/ethnicity, adjustment for race/

ethnicity was deemed necessary because of the strong association

of SES and race/ethnicity. Because we were interested in the

unique association of each SES indicator with methylation and

also due to the relatively high correlation among the SES

indicators, separate models were fit for each SES indicator.

In order to assess the interaction of gender with race/ethnicity

and SES we included appropriate interaction terms in the models.

Results

The average age of the 988 participants in whom either Alu or

LINE-1 methylation measures were available was 61 years

(SD = 9.9) and a majority were female (52%). Alu methylation

level was about 24% on average (SD = 1.15) and LINE-1 was 81%

(SD = 1.66). The correlation of Alu and LINE-1 methylation was

0.10 (p,0.01). The distributions of race/ethnicity and SES were

approximately similar in men and women, although women

tended to have less income than men (not shown). In general

African-Americans and Hispanics had lower SES (for both adult

and childhood measures) than whites (not shown). Sample

distributions were very similar for the Alu (n = 987) and Line-1

(n = 961) subsamples (Table 1).

Men had significantly higher LINE-1 methylation than women

(81.1 vs. 80.4, p,0.0001) (Table 1). African-Americans and

Hispanics had lower Alu but higher LINE-1 methylation

compared to whites (p value for both tests ,0.01). Alu methylation

was higher, and LINE-1 methylation lower, at higher levels of

wealth (p value from both tests of trend ,0.01).

The mean differences in repetitive sequence DNA methylation

levels by age, gender and race/ethnicity before and after

adjustment for SES indicators are shown in Table 2. LINE-1

was positively associated with age. In comparison to the youngest

group, participants aged 65 to 74 had a higher methylation (mean

difference 0.31% 60.13; p,0.05) as did those aged 75 years or

more (mean difference 0.48% 60.17; p,0.01). In contrast, Alu

methylation did not show a similar pattern although compared to

the youngest group, participants who were 75 years of age and

over had higher methylation (0.26% 60.11; p,0.05). Men

consistently had higher levels of methylation than women;

however, gender differences in LINE-1 methylation were much

larger than in Alu and were statistically significant (0.62% 60.10;

p,0.001).

We found statistically significant race/ethnic differentials in Alu

and LINE-1 methylation; however, the associations were in

opposing directions. African-American and Hispanic participants

had significantly lower Alu methylation than whites, with African-

Americans having a 0.27% (60.09, p,0.01) and Hispanics a

0.20% (60.08, p,0.05) lower methylation than whites in age and

gender adjusted models. These patterns remained largely

unchanged after further adjustment for SES. In contrast,

African-Americans and Hispanics had higher LINE-1 methylation

than whites. African-Americans had, on average, 0.41% (60.14,

p,0.01) higher LINE-1 methylation than whites in age and

gender adjusted models. Hispanics had a similar 0.39% (60.13,

p,0.01) higher LINE-1 methylation compared to whites. This

pattern remained after adjustment for SES indicators.

Table 3 shows associations of each SES indicator with

methylation levels adjusting for age and gender, and further

adjusting for race/ethnicity. Each SES indicator was examined

separately. Wealth was positively associated with Alu and inversely

associated with LINE-1. On average, 1 SD higher wealth was

associated with 0.09% (60.03, p,0.01) higher Alu and 0.15%

(60.05, p,0.01) lower LINE-1 methylation in age- and gender-

adjusted models. The estimates did not change after adjusting for

race/ethnicity. The other SES indicators-income, education and

childhood SES-were not associated with DNA methylation.

There was no evidence of an interaction of race/ethnicity with

gender. Among the SES indicators, there was a statistically

significant interaction of education with gender (p for interaction

= 0.02 for both Alu and LINE-1). In gender-stratified models

adjusted for age and race/ethnicity, education was positively

associated with methylation in men (Alu = 0.12%, 60.05;

p = 0.01 and LINE-1 = 0.22% 60.08; p,0.01), while the

associations were inverse and not statistically significant in women

(Alu = 20.07%60.05 and LINE-1 = 20.1260.08). We did not

find statistically significant interactions of other SES indicators with

gender.

Discussion

We observed a pattern of higher Alu and lower LINE-1

methylation among socially advantaged versus disadvantaged

groups in a large population-based multi-ethnic sample of adults

aged 45–84 from New York and Los Angeles.

Our finding that whites had higher Alu and lower LINE-1

methylation compared to African-Americans and Hispanics adds

to the small number of studies that have investigated race/ethnic

differences in global DNA methylation. Our result is in contrast to

the finding of lower LINE-1 methylation among African-

Americans and Hispanics versus whites that was reported in a

Texas study of 161 participants aged .45 [24]. While a New York

study comparing global DNA methylation in 85 women found that

52% of whites (versus 24% African-American and 71% Hispanic)

had DNA methylation levels above the median of the distribution,

the study did not use Alu or LINE-1 methylation to measure

genomic DNA methylation [13].

We found that wealth was positively associated with Alu and

inversely associated with LINE-1 methylation. Two prior studies

have investigated socioeconomic differences in DNA methylation.

Among 85 women from a New York City cohort [13] there was no

evidence that leukocyte DNA methylation was associated with

family SES. In contrast, global DNA methylation was positively

associated with wealth (deprived vs. affluent) and social class

(manual vs. non-manual) in 239 participants from the Glasgow

pSoBid cohort, although there was no evidence of an association

with income or education [15]. Notably these two studies used

[3H]-methyl acceptance assay and antibody binding to 5-

methylcytosine to measure genomic DNA methylation and not

Alu or LINE-1 methylation. Our finding of a positive association

of wealth with Alu methylation corresponds with the results of the

Social Factors and DNA Methylation in MESA
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Table 1. Sample characteristics (%) and mean (SD) of Alu and LINE-1 methylation across categories of age, race/ethnicity, income,
wealth, education, and childhood SES in the study sample.

Alu{ LINE-1{

N = 987 Mean (SD) N = 961 Mean (SD)

Gender Male 47.5 24.4 (1.1) 47.6 81.1 (1.6)***

Female 52.5 24.4 (1.2) 52.5 80.4 (1.7)

Age 45 to 64 30.2 24.4 (1.1) 30.2 80.6 (1.7)

55 to 64 27.5 24.5 (1.2) 27.4 80.7 (1.7)

65 to 74 30.3 24.3 (1.1) 30.4 80.9 (1.6)

75 to 84 12.0 24.8 (1.1) 12.0 80.9 (1.8)

Race/ethnicity White 18.7 24.7 (1.3)** 18.7 80.4 (1.9)**

African American 28.1 24.4 (1.1) 28.2 80.9 (1.5)

Hispanic 53.2 24.4 (1.1) 53.1 80.8 (1.6)

Income ,$25,000 39.4 24.4 (1.1) 38.7 80.8 (1.7)

$25-49,999 34.3 24.4 (1.1) 35.0 80.7 (1.6)

.$49,999 26.3 24.6 (1.1) 26.3 80.7 (1.7)

Wealth 0 assets 18.8 24.3 (1.2)** 18.7 81.0 (1.6)**

1 asset 26.2 24.3 (1.2) 26.5 80.8 (1.7)

2 assets 25.4 24.4 (1.1) 25.2 80.7 (1.5)

3 assets 17.8 24.7 (1.2) 17.6 80.8 (1.7)

4 assets 11.8 24.7 (1.2) 12.0 80.3 (1.8)

Education Less than high school 27.1 24.3 (1.2) 26.7 80.7 (1.7)

High school 20.3 24.5 (1.1) 20.4 81.0 (1.7)

Some college 29.7 24.5 (1.2) 29.9 80.6 (1.5)

College degree or more 22.9 24.4 (1.2) 23.0 80.7 (1.8)

Childhood SES{ Low 64.7 24.4 (1.1) 64.6 80.8 (1.6)

Medium 18.6 24.4 (1.1) 18.3 80.6 (1.8)

High 16.7 24.6 (1.2) 17.1 80.7 (1.8)

{Childhood SES: Low = less than high school, medium = high school degree, high = some college or more. {Missing in Alu and LINE-1 samples: Income (14), wealth (3),
childhood SES (39 in Alu, 37 in LINE-1) * = p,0.05, ** = p,0.01, *** = p,0.001.
doi:10.1371/journal.pone.0054018.t001

Table 2. Mean differences (SE) in DNA methylation levels associated with age, gender and race.

Alu LINE-1

Age, gender and race
Additionally adjusted for
all SES indicators{ Age, gender and race

Additionally adjusted for all
SES indicators{

Age

45 to 54 Ref Ref Ref Ref

55 to 64 20.01 (0.08) 20.05 (0.08) 0.04 (0.13) 0.06 (0.13)

65 to 74 20.15 (0.08) 20.08 (0.08) 0.28 (0.12)* 0.31 (0.13)*

75 to 84 0.24 (0.11)* 0.26 (0.11)* 0.43 (0.16)** 0.48 (0.17)**

Gender

Male 0.07 (0.06) 0.07 (0.06) 0.60 (0.10)*** 0.62 (0.10)***

Female Ref Ref Ref Ref

Race category

White Ref Ref Ref Ref

African American 20.27 (0.09)** 20.29 (0.10)** 0.41 (0.14)** 0.38 (0.16)*

Hispanic 20.20 (0.08)* 20.23 (0.11)* 0.39 (0.13)** 0.39 (0.17)*

{SES indicators adjusted were: income, wealth, education, childhood SES.
* = p,0.05, ** = p,0.01, *** = p,0.001.
doi:10.1371/journal.pone.0054018.t002
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pSoBid study although we found evidence of a negative association

of wealth with LINE-1.

Given at least some prior work linking social [13], behavioral

[8] and environmental exposures [9,12] as well as disease

outcomes [6] patterned by SES and race/ethnicity to hypomethy-

lation, we expected to see less methylation in the more socially

disadvantaged groups. This was true for Alu but not for LINE-1

methylation. Not all adverse health factors have been linked to

hypomethylation. For example, global DNA hypermethylation has

been linked to elevated leucocyte count and inflammatory

markers, and CVD [25]. Also, adverse environmental exposures

have been linked to hypothemylation at ALU but not at LINE-1

sites [26,27]. Additional work is needed to replicate these patterns

in other samples.

Notably, wealth was the only socioeconomic indicator that was

consistently associated with DNA methylation. Among the same

participants, we found previously that wealth was the most

consistent socioeconomic predictor of cortisol levels [18]. The

relevance of the wealth measure may be related to the relatively

older age of the sample, given that wealth is an especially valid

SES measure in older populations [28,29]. Also, our sample had a

large representation of African-Americans and Hispanics, includ-

ing recent immigrants. Income and education have limitations in

characterizing SES in these populations [3]. This may explain the

absence of associations of income and education with methylation

in this sample (with the possible exception of education among

men). The finding that wealth was a stronger predictor of DNA

methylation than education or income is consistent with recent

findings of the pSoBid study [15]. Our measure of childhood SES

was limited in that it focused on parental education and had

limited variability in our sample (65% had less than high school

education). Given the possible relevance of early life exposures to

epigenetic processes [30] additional work with better measures of

childhood SES is needed.

A number of plausible mechanisms exist through which social

circumstances could affect levels of methylation. Social experienc-

es early in life have been shown to be related to epigenetic changes

including methylation [16,30–32]. Diet is known to be patterned

by race/ethnicity [33,34] and SES [35,36] and dietary factors

have in turn been linked to global DNA methylation [37,38].

Other socially patterned behaviors, such as physical activity [39]

and alcohol intake [40] have also been linked to methylation. A

number of environmental exposures known to be patterned by

SES and race/ethnicity [41,42] have been linked to methylation,

including lead, [9,43] arsenic, [44] benzene, [45] persistent

organic pollutants including organochlorine pesticides, [26] and

various pollutants in the air [46–48].

We investigated leukocyte DNA methylation of Alu and LINE-

1, two different repetitive sequences frequently used in epidemi-

ologic studies. Although both are thought to act as a surrogate for

global DNA methylation, the weak correlation of Alu with LINE-1

methylation in normal tissues [49] and the difference in their

associations with cellular and environmental exposures [26,45]

have been previously reported. This suggests that both measures

may interrogate different cellular processes. Alu and LINE-1

elements use different internal RNA polymerase promoters and

Alu elements have no coding capacity [50]. Due to these

differences, the CpG sites of Alu and LINE-1 may be under

different selective pressures [51]. Lastly, these elements are highly

polymorphic, [52,53] for example, the lower methylation values

for Alu versus LINE-1 have been linked to high levels of

polymorphisms within CpG dinucleotides of the consensus

sequence [53]. All these factors could lead to differential

associations of these markers with sociodemographic factors.

Measurement error in methylation could also have affected our

findings [51]. Deviations from the consensus sequence created by

polymorphisms and/or deletions may lead to stalls in pyrose-

quencing or misincorporation of nucleotides, thereby affecting the

quantitative reading of the methylation values [54]. Higher

annealing temperatures were reported to produce larger differ-

ences in LINE-1 methylation between males and females [54]. It is

not known if differences in annealing temperature may similarly

influence the magnitudes of association between other exposures

and Alu methylation.

A limitation of our study is that we analyzed DNA from

leukocytes which may not represent the tissue most affected by the

social antecedents we were interested in. Differences in leukocyte

subtype count have been linked to methylation [8,55] and to

gender and race/ethnicity [56] and could confound our findings.

Thus, we cannot completely rule out that our findings may be due

to shifts in leukocyte subtype counts. Despite this limitation, results

from recent studies that have analyzed leukocyte DNA methyla-

tion have been informative [10,57]. For instance, DNA methyl-

ation of the glucocorticoid receptor in leukocytes of infants was

related to cortisol responsivity to stress [57]. There is also some

evidence that concordance of tissue-specific methylation patterns

may be greater than previously thought [58,59]. Our ability to

examine childhood SES was limited by the measures available in

the MESA dataset. Future studies will need to examine more

complete comprehensive measures of childhood SES including

those related to parental occupation and household resources such

as housing and wealth. The cross-sectional design precludes

drawing any conclusions about the temporal order of SES and

DNA methylation. The exclusion of adults with a history of clinical

CVD in the MESA Study mean that our analyses are restricted to

a healthier subsample which may have affected our ability to

detect associations.

Table 3. Mean differences (SE) in DNA methylation levels associated with income, wealth, education, and childhood SES.

Alu LINE-1

Adjusted for age and
gender

Adjusted for age,
gender and race

Adjusted for age and
gender

Adjusted for age, gender
and race

Income 0.004 (0.031) 20.037 (0.035) 20.04 (0.05) 0.02 (0.06)

Wealth 0.09 (0.03)** 0.08 (0.03)* 20.15 (0.05)** 20.12 (0.05)*

Education 0.04 (0.03) 0.01 (0.04) 20.03 (0.05) 0.04 (0.06)

Childhood SES 0.06 (0.03) 0.02 (0.04) 20.04 (0.05) 0.04 (0.06)

* = p,0.05, ** = p,0.01, *** = p,0.001.
doi:10.1371/journal.pone.0054018.t003
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Strengths of our study include the large and diverse population

sample and the use of widely-used measures of adult and childhood

SES. Further examinations of epigenetic changes linked to race/

ethnicity and socioeconomic factors using more specific markers of

DNA methylation may provide important clues on how social

disadvantages are translated into biological structure and function.
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7. Guerrero-Preston R, Báez A, Blanco A, Berdasco M, Fraga M, et al. (2009)

Global DNA methylation: a common early event in oral cancer cases with

exposure to environmental carcinogens or viral agents. P R Health Sci J 28: 24–

9.

8. Zhu Z, Hou L, Bollati V, Tarantini L, Marinelli B, et al. (2010) Predictors of

global methylation levels in blood DNA of healthy subjects: a combined analysis.

Int J Epidemiol 41: 126–39.

9. Pilsner JR, Hu H, Ettinger A, Sanchez BN, Wright RO, et al. (2009) Influence of

prenatal lead exposure on genomic methylation of cord blood DNA. Environ

Health Perspect 117: 1466–1471.

10. Bjornsson HT, Sigurdsson MI, Fallin MD, Irizarry RA, Aspelund T, et al. (2008)

Intra-individual change over time in DNA methylation with familial clustering.

JAMA 299: 2877–2883.

11. Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, et al. (2005) Epigenetic

differences arise during the lifetime of monozygotic twins. Proc Natl Acad

Sci U S A 102: 10604–10609.

12. Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, et al. (2009)

Rapid DNA methylation changes after exposure to traffic particles. Am J Respir

Crit Care Med 179: 572–578.

13. Terry MB, Ferris JS, Pilsner JR, Flom JD, Tehranifar P, et al. (2008) Genomic

DNA methylation among women in a multiethnic New York City birth cohort.

Cancer Epidemiol Biomarkers Prev 17: 2306–2310.

14. Axume J, Smith SS, Pogribny IP, Moriarty DJ, Caudill MA (2007) Global

leukocyte DNA methylation is similar in African American and Caucasian

women under conditions of controlled folate intake. Epigenetics 2: 66–68.

15. McGuinness D, McGlynn LM, Johnson PCD, MacIntyre A, Batty GD, et al.

(2012) Socio-economic status is associated with epigenetic differences in the

pSoBid cohort. Int J Epidemiol 41: 151–160.

16. Borghol N, Suderman M, McArdle W, Racine A, Hallett M, et al. (2012)

Associations with early-life socio-economic position in adult DNA methylation.

Int J Epidemiol 41: 62–74.

17. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez-Roux AV, et al. (2002)

Multi-Ethnic Study of Atherosclerosis: Objectives and Design. Am J Epidemiol

156: 871–881.

18. Hajat A, Diez-Roux AV, Franklin TG, Seeman T, Shrager S, et al. (2010)

Socioeconomic and race/ethnic differences in daily salivary cortisol profiles: The

Multi-Ethnic Study of Atherosclerosis. Psychoneuroendocrinology 35: 932–943.

19. Shewsbury V, Wardle J (2008) Socioeconomic status and adiposity in childhood:

a systematic review of cross-sectional studies 1990–2005. Obesity 16: 275–284.

20. Cleland VJ, Ball K, Magnussen C, Dwyer T, Venn A (2009) Socioeconomic

position and the tracking of physical activity and cardiorespiratory fitness from

childhood to adulthood. Am J Epidemiol 170: 1069–1077.

21. Bernabe E, Watt RG, Sheiham A, Suominen AL, Vehkalahti MM, et al. (2012)

Childhood socioeconomic position, adult sense of coherence and tooth retention.

Community Dent Oral Epidemiol 40: 46–52.

22. Coogan PE, WiseLA, Cozier YC, Palmer JR, Rosenberg L (2012) Lifecourse

educational status in relation to weight gain in African American women. Ethn

Dis 22: 198–206.

23. Janicki-Deverts D, Cohen S, Matthews KA, Jacobs DR Jr (2012) Sex differences

in the association of childhood socioeconomic status with adult blood pressure

change: the CARDIA study. Psychosom Med 74: 728–735.

24. Zhang FF, Cardarelli R, Carroll J, Fulda KG, Kaur M, et al. (2011) Significant

differences in global genomic DNA methylation by gender and race/ethnicity in

peripheral blood. Epigenetics 6: 623–629.

25. Stenvinkel P, Karimi M, Johansson S, Axelsson J, Suliman M, et al. (2007)

Impact of inflammation on epigenetic DNA methylation – a novel risk factor for

cardiovascular disease? J Intern Med 261: 488–499.

26. Rusiecki JA, Baccarelli A, Bollati V, Tarantini L, Moore LE, et al. (2008) Global

DNA hypomethylation is associated with high serum-persistent organic

pollutants in Greenlandic Inuit. Environ Health Perspect 116: 1547–1552.

27. Kim KY, Kim DS, Lee SK, Lee IK, Kang JH, et al. (2010) Association of low-

dose exposure to persistent organic pollutants with global DNA hypomethylation

in healthy Koreans. Environ Health Perspect 118: 370–374.

28. Keister LA, Moller S (2000) Wealth inequality in the United States. Annu Rev

Sociol 26: 63–81.

29. Pollack CE, Chideya S, Cubbin C, Williams B, Dekker M, et al (2007) Should

health studies measure wealth? A systematic review. Am J Prev Med 33: 250–

264.

30. Tamashiro KL, Moran TH (2010) Perinatal environment and its influences on

metabolic programming of offspring. Physiol Behav 100: 560–566.

31. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, et al. (2008) Persistent

epigenetic differences associated with prenatal exposure to famine in humans.

Proc Natl Acad Sci U S A 105: 17046–17049.

32. Weaver IC, Champagne FA, Brown SE, Dymov S, Sharma S, et al. (2005)

Reversal of maternal programming of stress responses in adult offspring through

methyl supplementation: altering epigenetic marking later in life. J Neurosci 25:

11045–54.

33. August KJ, Sorkin DH (2011) Racial/ethnic disparities in exercise and dietary

behaviors of middle-aged and older adults. J Gen Intern Med 26: 245–250.

34. Kant AK, Graubard BI, Kumanyika SK (2007) Trends in black-white

differentials in dietary intakes of U.S. adults, 1971–2002. Am J Prev Med 32:

264–272.

35. Kant AK, Graubard BI (2007) Secular trends in the association of socio-

economic position with self-reported dietary attributes and biomarkers in the US

population: National Health and Nutrition Examination Survey (NHANES)

1971–1975 to NHANES 1999–2002. Public Health Nutr 10: 158–167.

36. Villamor E, Mora-Plazas M, Forero Y, Lopez-Arana S, Baylin A (2008) Vitamin

B-12 status is associated with socioeconomic level and adherence to an animal

food dietary pattern in Colombian school children. J Nutr 138: 1391–1398.

37. MacLennan NK, James SJ, Melnyk S, Piroozi A, Jernigan S, et al. (2004)

Uteroplacental insufficiency alters DNA methylation, one-carbon metabolism,

and histone acetylation in IUGR rats. Physiol Genomics 18: 43–50.

38. Niculescu MD, Lupu DS (2011) Nutritional influence on epigenetics and effects

on longevity. Curr Opin Clin Nutr Metab Care 14: 35–40.

39. Zhang FF, Cardarelli R, Carroll J, Zhang S, Fulda KG, et al. (2011) Physical

activity and global genomic DNA methylation in a cancer-free population.

Epigenetics 6: 293–299.

40. Tao MH, Marian C, Shield PG, Nie J, McCann SE, et al. (2011) Alcohol

consumption in relation to aberrant DNA methylation in breast tumors. Alcohol

45: 689–699.

41. Sacks JD, Stanek LW, Luben TJ, Johns DO, Buckley BJ, et al. (2010) Particulate

matter-induced health effects: who is susceptible? Environ Health Perspect 119:

446–454.

42. Peters JL, Kubzansky LD, Ikeda A, Spiro A 3rd, Wright RO, et al. (2011)

Childhood and adult socioeconomic position, cumulative lead levels, and

pessimism in later life: The VA Normative Aging Study. Am J Epidemiol 174:

1345–1353.

43. Wright RO, Schwartz J, Wright RJ, Bollati V, Tarantini L, et al. (2010)

Biomarkers of lead exposure and DNA methylation within retrotransposons.

Environ Health Perspect 118: 790–795.

Social Factors and DNA Methylation in MESA

PLOS ONE | www.plosone.org 6 January 2013 | Volume 8 | Issue 1 | e54018



44. Pilsner JR, Liu X, Ahsan H, Ilievski V, Slavkovich V, et al. (2007) Genomic

methylation of peripheral blood leukocyte DNA: influences of arsenic and folate

in Bangladeshi adults. Am J Clin Nutr 86: 1179–1186.

45. Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S, et al. (2007) Changes in

DNA methylation patterns in subjects exposed to low-dose Benzene. Cancer Res

67: 876–880.

46. Tarantini L, Bonzini M, Apostoli P, Pegoraro V, Bollati V, et al. (2009) Effects of

particulate matter on genomic DNA methylation content and iNOS promoter

methylation. Environ Health Perspect 117: 217–222.

47. Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, et al. (2009)

Rapid DNA methylation changes after exposure to traffic particles. Am J Respir

Crit Care Med 179: 572–578.

48. Madrigano J, Baccarelli A, Mittleman MA, Wright RO, Sparrow D, et al. (2011)

Prolonged exposure to particulate pollution, genes associated with glutathione

pathways and DNA methylation in a cohort of older men. Environ Health

Perspect 119: 977–982.

49. Choi IS, Estecio MR, Nagano Y, Kim do H, White JA, et al. (2007)

Hypomethylation of LINE-1 and Alu in well-differentiated neuroendocrine

tumors (pancreatic endocrine tumors and carcinoid tumors). Mod Pathol 20:

802–810.

50. Cordaux R, Batzer MA (2009) The impact of retrotransposons on human

genome evolution. Nat Rev Genet 10: 691–703.

51. Nelson HH, Marsit CJ, Kelsey KT (2011) Global methylation in exposure

biology and translational medical science. Environ Health Perspect 119: 1528–

1533.

52. El-Maarri O, Becker T, Junen J, Manzoor S, Diaz- Lacava A, et al. (2007)

Gender specific differences in levels of DNA methylation at selected loci from
human total blood: a tendency toward higher methylation levels in males. Hum

Genet 122: 505–514.

53. Yang AS, Estecio MR, Doshi K, Kondo Y, Tajara EH, et al. (2004) A simple
method for estimating global DNA methylation using bisulfate PCR of repetitive

DNA elements. Nucleic Acids Res 32: e38.
54. El-Maarri O, Walier M, Behne F, van Üüm J, Singer H, et al. (2011)
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