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Background Human epidemiological studies suggest that small size at birth and
food deprivation during gestation confer an excess risk of coronary
heart diseases (CHD) in adulthood, frequently in a sex-specific
manner. Prior epigenetic studies indicate that such prenatal condi-
tions are marked by persistent and sometimes sex-specific changes
in DNA methylation. Here, we have investigated the association
between DNA methylation and myocardial infarction (MI) at six
loci sensitive to prenatal nutrition, anticipating potential
sex-specificity.

Method Within the placebo group of the PROSPER trial on pravastatin and
the risk of CHD, we compared all individuals who were event free
at baseline and developed MI during 3 years’ follow-up (n¼ 122)
with a similar-sized control group. Methylation at IL10, LEP,
ABCA1, IGF2, INS and GNASAS was measured in DNA extracted
from leucocytes using mass spectrometry.

Results DNA methylation at GNASAS was modestly higher in MI cases
compared with controls (P¼ 0.030). A significant sex interaction
was observed for INS (P¼ 0.014) and GNASAS (P¼ 0.031). Higher
DNA methylation at these loci was associated with MI among
women (INS: þ2.5%, P¼ 0.002; GNASAS: þ4.2%, P¼ 0.001).
Hypermethylation at one locus and at both loci was associated
with odds ratios (ORs) of 2.8 and 8.6, respectively
(Ptrend¼ 3.0� 10�4). No association was observed among men.

Conclusions The risk of MI in women is associated with DNA methylation
marks at specific loci previously shown to be sensitive to prenatal
conditions. This observation may reflect a developmental compo-
nent of MI.

Keywords Epigenetic risk factors, coronary heart disease, epigenetic biomark-
ers, prenatal adversity, epigenetic epidemiology
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Introduction
The developmental origins of health and disease hy-
pothesis poses that conditions during early develop-
ment influence the risk for developing coronary heart
diseases (CHD) and other chronic diseases in later
life.1,2 In human studies, this hypothesis is being
investigated using various proxies for developmental
adversity. Small size at birth, for example, is linked to
a consistent albeit modest increase in risk of type 2
diabetes mellitus3 and CHD4 in later life. Prenatal ex-
posure to the Dutch Famine at the end of World War
II is associated with an adverse CHD risk profile in
adulthood in individuals who had a normal size at
birth.5,6 These proxies, however, generally lack speci-
ficity. Small size at birth can be caused by many fac-
tors and cannot distinguish between specific prenatal
conditions and their timing. Studies of historical fam-
ines can be relatively precise for the type and the
timing of prenatal conditions but provide limited in-
formation for exposures at the individual level.
Moreover, data on these proxies are rarely available
in epidemiological studies of CHD. The molecular
modifications underlying epigenetic regulation are
an alternative resource for markers of the prenatal
environment that could meet these limitations.

Epigenetic mechanisms maintain heritable variation
in gene expression potential that is not caused by
variation in the DNA sequence.7 The molecular basis
includes the methylation of cytosines in CpG di-
nucleotides, which together with histone modifica-
tions, and non-coding RNAs, influences the
accessibility of DNA to the transcriptional machinery.8

DNA methylation is recognized as the most stable
epigenetic mark9 and can be measured on DNA sam-
ples that are commonly available in biobanks.10

Although generally stable, the prenatal environment
can induce persistent changes in DNA methylation.
Crucially, these changes can be specific to the type
of exposure, its timing during gestation and the sex
of the exposed individual. In sheep, maternal
methyl-donor deficiency from preconception to preim-
plantation resulted in sex-specific DNA methylation
changes throughout the genome in the adult off-
spring.11 In rats, prenatal dietary protein restriction12

and prenatal caloric restriction13 had opposite effects
on DNA methylation at the same candidate loci, illus-
trating that methylation marks at specific loci can be
meta-stable and that the direction of epigenetic
changes may be exposure-specific.14 Similar mechan-
isms apply to humans. We reported timing and
sex-specific changes in DNA methylation at candidate
loci 60 years after exposure to the Dutch Famine.15,16

The relevance of sex-specific effects is highlighted
by the observation that the association of pre-
natal famine exposure with an adverse cardiovascu-
lar risk profile is predominantly present among
women.5,17 In addition, periconceptional exposure to
famine was associated with lower DNA methylation
at the IGF2 locus whereas periconceptional folic acid

supplementation was associated with higher DNA
methylation at this locus.18 Other prenatal conditions
that have been associated with changes in DNA
methylation in humans include intrauterine growth
restriction19 and maternal tobacco smoking during
pregnancy.20 In line with these data, it has been pro-
posed that the developmental origins of CHD may
eventually be investigated with epigenetic signatures
that are specific for both timing and type of adverse
prenatal conditions.21,22

In this study, we investigated the association of
DNA methylation with myocardial infarction (MI)
during a 3.2-year follow-up period. To this end,
DNA methylation was measured at six loci implicated
in metabolic disease and CVD, namely IL10, LEP,
ABCA1, IGF2, INS (alternate symbol INSIGF) and
GNASAS (alternate symbol NESPAS). These methyla-
tion marks cover the genomic region that contains
features with a potential for epigenetic regulation as
observed in human, animal or cell culture experi-
ments23–28 (Table 1). DNA methylation at these loci
was previously found to mark prenatal environmental
conditions.15,16,18 Analyses took into account potential
sex-specificity since prenatal adversity was reported to
be sex-specifically associated with changes in DNA
methylation16 and with prevalence of metabolic risk
factors for CHD.5,17,29

Materials and Methods
Study population
This study was based in the ongoing PROspective
Study of Pravastatin in the Elderly at Risk
(PROSPER) trial. Details of the design of the
PROSPER study were described previously.30,31

Briefly: PROSPER is a prospective multicentre rando-
mized placebo-controlled clinical trial to assess if treat-
ment with pravastatin could reduce risk of major
vascular events in the elderly. Between December
1997 and May 1999, subjects were screened and en-
rolled in Glasgow (Scotland), Cork (Ireland) and
Leiden (The Netherlands). For the PROSPER study
men and women aged 70–82 years were recruited if
they had pre-existing vascular disease or were at a
moderately increased risk due to smoking, hyperten-
sion or diabetes. A total number of 5804 subjects were
randomly assigned to either pravastatin (n¼ 2891) or
placebo (n¼ 2913) treatment. Mean follow-up period
was 3.2 years after randomized assignment to pravas-
tatin or placebo treatment. All endpoints of the
study were adjudicated by a study endpoint commit-
tee. In the current study, MI includes the defin-
itions of definite fatal and nonfatal myocardial
infarction as devised for the PROSPER trial.30

Further details on the measurement and definition
of baseline characteristics are described elsewhere.30,31

DNA was extracted from blood drawn before the pla-
cebo run-in medication was issued. Samples were
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centrifuged after lysis of erythrocytes, the supernatant
was removed and DNA was extracted from the pellet,
consisting of the leucocytes, using the salting-out
method.

Eligible individuals for this study were allocated
to placebo treatment to exclude an influence of
pravastatin treatment and were free of CHD events
at baseline (n¼ 1654). The remaining risk factors for
which the study population was selected (smoking,
hypertension or diabetes) are common at older age
and the individuals can be expected to be largely rep-
resentative of their age group. A further inclusion cri-
terion for this study was availability of sufficient DNA
(n¼ 1375). Controls were selected from those alive at
the end of the follow-up period who did not develop
CHD, stroke or cancer (n¼ 1248); cases suffered an
MI during the follow-up period (n¼ 122). The study
focused on a single endpoint to reduce heterogeneity.
A case–control study was designed to compare all eli-
gible cases with a representative control group of
similar size. Assuming that the differences in DNA
methylation between cases and controls are similar
to those we previously observed between individuals
prenatally exposed to famine15,16 or periconceptional
folic acid18 [mean difference expressed in standard
deviations (SD)¼ 0.35], the estimated power of our
study is 0.78 (122 cases, 122 controls; a¼ 0.05;
two-sample t-test). Because this would leave space
for four additional samples on the PCR plates, 126
individuals were included in the control group. To
select the controls, we used block-random selection
in order to obtain a similar sex distribution in the
controls as in the cases (females 48.4%). From the
group of eligible controls (females 60.9%), 302 fe-
males were randomly removed. Next, from the re-
maining group (n¼ 946), 126 individuals (females
49.2%) were randomly selected to be the control
group, which was similar in baseline characteristics
to the whole group of eligible controls.

The institutional ethics review boards of all study
centres approved the protocol, and all participants
gave written informed consent. The protocol was con-
sistent with the Declaration of Helsinki.

DNA methylation
DNA methylation was measured using a mass
spectrometry-based method (Epityper version 1.05,
Sequenom, San Diego, CA, USA). Previous studies
showed the quantitative accuracy (R2 duplicate meas-
urements 50.98) and high concordance with clonal
PCR bisulphite sequencing.15,32,33 The design, features
and measurement details of the assays to measure
DNA methylation at IL10, LEP, ABCA1, IGF2, INS
(INSIGF) and GNASAS (NESPAS) were described pre-
viously.10 Briefly: bisulphite conversion of 0.5 mg of
genomic DNA using the EZ 96-DNA methylation kit
(Zymo Research, Orange, CA, USA) was followed by
PCR amplification, fragmentation after reverse tran-
scription and analysis on a mass spectrometer.T
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Fragments that contain one or more CpG sites are
called CpG units, methylation of which is assessed
in a single measurement for all CpG sites on the frag-
ment. Cases and controls were randomly divided over
bisulphite conversion (3� 96-well plates) and PCR
amplification batches (2� 384-well plates). For each
individual, the six assays were amplified from the
same bisulphite-treated DNA. All methylation meas-
urements were done in triplicate from the same
bisulphite-treated DNA.

The six assays contained a total of 59 CpG units,
over which 96 CpG sites were distributed. After
applying a stringent quality control procedure,10

32 CpG units, containing 49 CpG sites remained
(Supplementary Table S1B). In total 23 CpG units
(41 CpG sites) were removed since their fragment’s
mass overlapped, was outside the detection range, or
was potentially confounded by single nucleotide poly-
morphisms due to known (dbSNP build 28) or un-
known genetic variation (R-module MassArray 34),
and 4 CpG units (6 CpG sites) were removed since
they had success of less than two of the three repli-
cate measurements, SD410% for the replicates and
success rate <75% after quality controls. The average
call rate for the 32 CpG units was 94%.

Statistical analysis
The differences in baseline characteristics between the
case and control groups were assessed with a
chi-square test for the qualitative variables, and an
independent t-test for the quantitative variables. For
HDL-cholesterol, triglycerides, glucose and CRP, sig-
nificance of the difference was assessed after natural
logarithmic transformation.

We estimated the mean DNA methylation at the six
loci and the standard error of the mean (SE) for cases
and controls as previously described.10,16 A linear
mixed model was used to test for differences in methy-
lation of the loci between cases and controls.10,16,35 It
uses all available methylation data per locus, i.e.
methylation of multiple CpG units per locus, accounts
for the correlation between methylation of CpG units
within a locus, and using this correlation handles data
missing at random. It further enables the inclusion of
relevant adjustments on the raw data within the same
model. The linear mixed model may be seen as an
extension of a t-test, resulting in identical results
when between-group methylation differences are as-
sessed for a single CpG unit (instead of all CpG units
within a locus) and covariates are omitted. In the
linear mixed model DNA methylation was entered as
dependent variable. Individual was entered as a
random effect. Incidence of MI, age, sex (when applic-
able), country of origin, PCR- and bisulphite batch and
CpG unit were entered as fixed effects. The difference
between case and control groups at a locus was ex-
pressed as percentage DNA methylation and as the
proportion of the SD of the adjusted mean methylation

in the control group (estimated from the SE), i.e. the
standardized difference (SD-unit).

To test for sex-specificity of the association between
DNA methylation and MI the interaction term MI*sex
was entered as a fixed effect to the model. This was
done in view of the previously observed sex-specificity
of the association between prenatal exposure to
famine and both DNA methylation at LEP, INS and
GNASAS16 (Table 1) and cardiovascular risk factors.5,17

For loci showing a significant interaction between sex
and MI, the study population was reanalysed for men
and women separately. Traditional CHD risk factors,
that showed a difference (P < 0.05) between cases
and controls were added to the model as fixed ef-
fects, separately and simultaneously to obtain ad-
justed DNA methylation differences between cases
and controls.

Logistic regression was used to calculate odds ratios
(OR) for hypo- (i.e. lower than the median) or hyper-
methylation (i.e. higher than the median) at a locus
and incidence of MI. The median, being independent
of the distribution of variation in DNA methylation,
was chosen as cut-off to compare the analyses across
the loci. To categorize DNA methylation at a locus as
hypo- or hypermethylated, the mean methylation at a
locus was calculated by averaging the methylation of
the CpG units measured across the locus after imput-
ing missing data. Imputation was performed using
the linear mixed model, which exploits the correlation
between methylation of neighbouring CpG sites to
achieve accurate imputation.15 In the regression
model, incidence of MI status was the dependent
variable, and methylation status, age, sex (when ap-
plicable), country of origin, PCR- and bisulphite
batch, and traditional risk factor (when applicable)
were entered as independent variables. OR for
hypo- and hypermethylation were calculated with
methylation of a locus entered as categorical covariate
(hypomethylation was the reference category). Loci
were tested individually and combined; interaction
between loci was tested by entering an interaction
term locus1*locus2 as covariate. Statistical significance
for combined effects was assessed using a test for
trend. All P-values reported are two-sided. All ana-
lyses were performed using SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA).

Results
Our study was based in the PROSPER trial.30 Eligible
individuals for the current epigenetic study were se-
lected from the placebo group and were free of CHD
events at baseline (n¼ 1654). Individuals who de-
veloped MI during follow-up (n¼ 122) had a higher
BMI, lower HDL-cholesterol, higher triglycerides and
higher CRP than a randomly selected control group
(n¼ 126; Table 2). Of note, the association of many
CHD risk factors had a different distribution between
the two sexes in this study population. Metabolic risk
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factors such as BMI, triglyceride levels and fasting
blood glucose were only associated with MI in
women, whereas CRP levels and hypertension were
only associated with MI in men (Table 2).

DNA methylation at IL10, LEP, ABCA1, IGF2, INS
and GNASAS was measured using a mass
spectrometry-based method.33 Linear mixed models
were used to test for differences in methylation of
the loci between cases and controls.10,16,35 DNA
methylation was modestly higher in MI cases at
GNASAS [þ1.8% (¼0.26 SD-units), P¼ 0.030;
Table 3] compared with the control group. No differ-
ences in DNA methylation were observed at the other
loci. Sex-specificity of the associations was tested. An
interaction between sex and MI was observed for INS
(Pinteraction¼ 0.014) and GNASAS (Pinteraction¼ 0.031)
(Table 3). Women and men were subsequently ana-
lysed separately for these loci.

In women, DNA methylation at INS was higher in
MI cases compared with controls [þ2.5% (¼0.59
SD-units), P¼ 0.002] (Table 4), which was independ-
ent of traditional risk factors [þ2.6% (¼0.62
SD-units), P¼ 0.002]. This difference was similar
for all four CpG units at the locus, when
expressed in SD-units (Figure 1B). DNA methylation
at GNASAS was also higher in female cases
compared with controls [þ4.2% (¼0.61 SD-units),
P¼ 0.001], and was also independent of traditional
risk factors [þ3.5% (¼0.51 SD-units), P¼ 0.009].
This difference was similar for all 10 CpG units
at this locus (Figure 1). In men, no differences in
DNA methylation were observed between cases and
controls.

We assessed the association between hypermethyla-
tion at INS and at GNASAS with the risk of MI
(Table 5). No interaction between the two loci was
observed. Therefore, three categories were analysed:
hypomethylation at both loci (reference), hypermethy-
lation at either INS or GNASAS and hypermethylation
at both loci. In the whole study population, hyper-
methylation at one locus and at both loci was asso-
ciated with OR of 1.7 [95% confidence interval (95%
CI): 0.9–3.3] and 2.8 (95% CI: 1.4–5.9), respectively
(Ptrend¼ 0.006). This association could be solely attrib-
uted to women among whom single and double
hypermethylation were associated with OR of 2.8
(95% CI: 1.0–7.8) and 8.6 (95% CI: 2.7–27.9), respect-
ively (Ptrend¼ 3.1� 10�4). Adjustment for traditional
risk factors did not appreciably alter these associations
(ORsingle¼ 3.1 (95% CI: 1.0–9.7); ORdouble¼ 11.1 (95%
CI: 2.9–43.4), Ptrend¼ 5.2� 10�4). In men, no associ-
ation was observed.

Discussion
We report the association of a higher DNA methyla-
tion at the imprinted loci INS and GNASAS with the
incidence of MI in women. Until now, only theT
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Figure 1 DNA methylation difference between the female case and control groups (y-axis) at each CpG unit (x-axis) of the
loci INS (grey bars) and GNASAS (open bars). Differences were nominally significant for all CpG units when tested indi-
vidually (P < 0.05), except for CpG 6 of INS. (A) Difference in percentage DNA methylation. (B) Difference in SD-units, a
proportion of the standard deviation (SD) from the adjusted mean methylation in the control group. Bars represent the
average difference, the whiskers represent the SE of the difference. Numbers under each bar are the CpG units, numbered
from the forward primer onward. A positive difference indicates that the case group had a higher average DNA methylation,
values are adjusted for bisulphite- and PCR batches, country and age at baseline

Table 3 DNA methylation differences and incidence of MI

Locus

Mean methylationa (SE) Cases–controls (SE)

P-value§ Psex interactionControls Cases
Percentage of
methylationb Standardizedc

IL10 27.6 (0.79) 29.2 (0.88) þ1.6 (1.11) þ0.18 (0.12) 0.148 0.232

LEP 29.2 (0.54) 29.7 (0.60) þ0.4 (0.75) þ0.07 (0.12) 0.558 0.435

ABCA1 14.8 (0.35) 15.0 (0.38) þ0.2 (0.47) þ0.04 (0.12) 0.752 0.093

IGF2 52.0 (0.52) 53.2 (0.58) þ1.2 (0.73) þ0.21 (0.13) 0.089 0.087

INSIGF 75.7 (0.42) 76.8 (0.46) þ1.1 (0.58) þ0.23 (0.12) 0.063 0.014

GNASAS 49.0 (0.60) 50.9 (0.67) þ1.8 (0.84) þ0.27 (0.12) 0.030 0.031

aAverage DNA methylation at the locus, adjusted for batch effects, country, age at baseline and sex.
bThe difference is expressed in percentage DNA methylation.
cThe standardized difference is expressed as a proportion of the standard deviation in the control group.
§Two-sided P-value for the difference, adjusted for batch effects, country, age at baseline and sex.

Table 4 DNA methylation differences and incidence of MI, per sex

Locus Sex

Mean methylationa (SE) Cases–controls (SE)

P-value§Controls Cases
Percentage of
methylationb Standardizedc

INSIGF < 76.0 (0.64) 75.7 (0.68) �0.4 (0.87) �0.07 (0.17) 0.659

, 75.5 (0.53) 77.9 (0.60) þ2.5 (0.76) þ0.59 (0.18) 0.002

GNASAS < 49.3 (0.83) 49.6 (0.89) þ0.2 (1.12) þ0.03 (0.17) 0.850

, 48.4 (0.89) 52.6 (1.01) þ4.2 (1.28) þ0.60 (0.18) 0.001

aAverage DNA methylation at the locus, adjusted for batch effects, country and age at baseline.
bThe difference is expressed in percentage DNA methylation.
cThe standardized difference is expressed as a proportion of the SD in the control group.
§Two-sided P-value for the difference, adjusted for batch effects, country and age at baseline.
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association between various measures of genomic
methylation and CHD has been investigated with
varied outcomes.36,37 Our results suggest that methy-
lation at specific loci may be an epigenetic marker for
the risk of CHD.

It remains to be determined which factors or mech-
anisms underlie the observed association. Our results
may be linked to the developmental origins hypothesis
which predicts that individuals who go on to develop
CHD were subjected to less favourable conditions
in early life than those who do not.1,2,38 INS and
GNASAS are regulators of fetal growth. Methylation
at GNASAS is crucial for normal imprinting throughout
the GNAS locus, in which expression of the antagon-
ists G protein a-subunit (Gas) and its extra large iso-
form (XLas) regulate fetal nutrient demand.28,39

Methylation at the INS promoter establishes imprint-
ing in extra-embryonic tissues, in which expression of
the INSIGF transcript regulates placental develop-
ment.40,41 Further highlighting the putative link to
the developmental origins hypothesis are the differ-
ences in DNA methylation at INS and GNASAS
observed after prenatal exposure to famine that persist
throughout life, which are of the same magnitude and
are sex-specific.16

Our findings are compatible with a developmental
component of MI, but the current study population
lacks data on the potential prenatal factors involved,
although it is certain that participants of the study
population did not experience famine during gesta-
tion. Previous work indicated that epigenetically
meta-stable loci like INS and GNASAS may be sensitive
to various perturbations during early develop-
ment.12,13,15,18 Prenatal conditions that are associated
with an adverse CHD risk profile in adulthood and
that have been suggested to produce persistent
epigenetic changes include maternal micronutrient
deficiency,42 maternal smoking43 and placental mor-
phology.29 Socioeconomic status may be another rele-
vant but as yet less investigated factor related to
prenatal conditions.44 If persistent epigenetic signa-
tures of specific prenatal conditions can be established
in studies in which these prenatal conditions have
been recorded,10,45 they can subsequently be used as
surrogate markers to indirectly assess the association
of such prenatal conditions with CHD risk in studies

that, like our study, lack information on the prenatal
environment.21,22

The loci studied here were selected for their sensi-
tivity to prenatal conditions and the influence of
prenatal conditions on DNA methylation is well
established. However, the difference between female
MI cases and controls may also have accumulated
during ageing as a result of a differential exposure
to environmental factors over the life course.46 If life
course exposures indeed contributed to our findings,
they appear to be unrelated to traditional CHD risk
factors, since the associations between DNA methyla-
tion and MI remained after adjustment for these CHD
risk factors. As in to the studies on prenatal expos-
ures, we measured DNA methylation on DNA ex-
tracted from leucocytes. We previously demonstrated
that heterogeneity of the leucocyte population does
not influence INS and GNASAS methylation in whole
blood10 and, furthermore, individuals with signs of
inflammation were excluded from the current
study.30 Thus, it is unlikely that cellular heterogeneity
contributed to our results.

Epigenetic changes were proposed to be mechanistic-
ally involved in CHD development,47 and it may be
explored whether the current data can be viewed as
supportive of this hypothesis. Higher DNA methylation
at INS is associated with lower expression of the in-
sulin gene in pancreatic b-cells.27 Higher DNA methy-
lation at GNASAS is associated with higher expression
of Gas in the adipose tissue, the pituitary and the
thyroid glands.28,39 Gas is a key component of the
cAMP-mediated intracellular signal transduction cas-
cade.39 Both cAMP and insulin signalling are impli-
cated in obesity, insulin resistance and other signs of
metabolic dysregulation,48 all of which are risk factors
for developing CHD. The differences in DNA methyla-
tion that we report here, however, were observed in
leucocytes, in which insulin is not expressed27 and
expression of Gas is not controlled by DNA methyla-
tion at GNASAS.39 Still, the methylation status of im-
printed loci in leucocytes is generally thought to mark
that of (internal) tissues that are directly involved in
disease.10,49 Also, it should be noted that the observed
differences in percentage DNA methylation are small,
although their magnitude is in line with other human
studies.15,16,18–20,50 In a rat study small changes in

Table 5 Hypermethylation at INSIGF and GNASAS and risk of MI

Methylation status INSIGF/GNASASa

Whole group < ,

n OR (95% CI) n OR (95% CI) n OR (95% CI)

Hypo/Hypo 69 1 34 1 35 1

Hypo/Hyper or Hyper/Hypo 103 1.7 (0.9–3.3) 59 1.1 (0.4–2.7) 44 2.8 (1.0–7.8)

Hyper/Hyper 70 2.8 (1.4–5.9) 33 1.1 (0.4–3.1) 37 8.6 (2.7–27.9)

Test for trend (Ptrend)y 0.006 0.868 3.1�10�4

aHypomethylation is defined as below median, hypermethylation as above median.
yTwo-sided P-value, adjusted for batch effects, country, age at baseline and sex where appropriate.
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percentage DNA methylation were demonstrated to
explain almost half the variance in gene expression.51

Studies in non-peripheral tissues, incorporating a
study design that addresses confounding and reverse
causation,52 should be used to establish whether or
not small but long-term changes in expression of
these loci can influence pathways that are involved
in CHD development.

In the current study we found an association be-
tween DNA methylation and risk of MI in women,
but not in men. This may indicate sex-specificity of
the association, similar to sex-specific epigenetic
changes associated with prenatal exposure to the
Dutch Famine.16 In view of the size of the current
and the characteristics of the PROSPER study, the
absence of an association in men should be inter-
preted with caution. We observed sex-specific associ-
ations with MI for traditional risk factors that are
known to be sex-independent in middle age. This
may be related to the age range of the study sub-
jects (70–82 years) and the exclusion of individuals
with a history of CHD at baseline. The age is well
above the average age of a first MI for men (63
years), but below the average age of a first MI for
women (74 years).53,54 To definitely establish whether
the associations of INS and GNASAS methylation are
sex-specific, larger series of patients and controls that
include younger age ranges should be investigated.

It has been proposed that epigenetic marks that are
sensitive to the prenatal environment can be used as
biomarkers to investigate the developmental origins
of health and disease hypothesis.21,22 Our data,
in combination with previous results on prenatal
exposures15,16,18 indicate the feasibility of this ap-
proach. The success of the approach will rely on the
identification of epigenetic signatures that mark a
specific prenatal condition, e.g. maternal micronu-
trient deficiency,42 maternal smoking43 and placental
morphology.29 This will entail epigenome-wide

screening in studies designed to investigate exposures
during early development. These epigenetic signatures
can subsequently be utilized as biomarkers for disease
risk in epidemiological studies of CHD or other chron-
ic diseases.
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KEY MESSAGES

� We report the association of a higher DNA methylation at the imprinted loci INS and GNASAS with
the incidence of myocardial infarction.

� The association was predominantly observed among women, which may be related to sex-specific
effects and the older age of our study population.

� Our results suggest that methylation at specific loci may be an epigenetic marker for the risk of
myocardial infarction.

� Since differences in INS and GNASAS methylation have been linked to prenatal adversity, our obser-
vation may reflect a developmental component of CHD.
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