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Abstract

Diet is dictated by the surrounding environment, as food access and availability may change depending on where one lives.
Maternal diet during pregnancy is an important part of the in utero environment, and may affect the epigenome. Studies
looking at overall diet pattern in relation to DNA methylation have been lacking. The Mediterranean diet is known for its
health benefits, including decreased inflammation, weight loss, and management of chronic diseases. This study assesses
the association between maternal adherence to a Mediterranean diet pattern during pregnancy and infant DNA methyla-
tion at birth. Mediterranean diet adherence in early pregnancy was measured in 390 women enrolled in the Newborn
Epigenetic Study, and DNA methylation was assessed in their infants at birth. Multinomial logistic regression was used to
assess the association between adherence to a Mediterranean diet and infant methylation at the maternally expressed gene
3, maternally expressed gene 3 - intergenic region, pleiomorphic adenoma gene-like 1, insulin-like growth factor 2 gene, H19,
mesoderm-specific transcript, neuronatin, paternally expressed gene 3, epsilon sarcoglycan and paternally expressed gene 10 pro-
moter region, measured by pyrosequencing. Infants of mothers with a low adherence to a Mediterranean diet had a greater
odds of hypo-methylation at the MEG3-IG differentially methylated region (DMR). Sex-stratified models showed that this
association was present in girls only. This study provides early evidence on the association between overall diet pattern
and methylation at the 9 DMRs included in this study, and suggests that maternal diet can have a sex-specific impact on
infant DNA methylation at specific imprinted DMRs.

Key words: DNA methylation; sex-specific; epigenetics; Mediterranean diet; MEG3-IG

Received 27 July 2016; revised 9 February 2017; accepted 12 March 2017

VC The Author 2017. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

1

Environmental Epigenetics, 2017, 1–10

doi: 10.1093/eep/dvx007
Research article

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/3/2/dvx007/3800336 by M

acquarie U
niversity user on 14 O

ctober 2020

http://www.oxfordjournals.org/


Introduction

The developmental origins of health and disease hypothesis
posits that in utero exposures play a critical role in the risk of
adult disease [1]. Maternal diet during pregnancy is an impor-
tant exposure that is part of the in utero environment. Although
mechanisms are still poorly understood, a growing consensus
suggests that these exposures may act, at least in part, through
epigenetic mechanisms [2–4], i.e. changes in gene expression
caused by mechanisms other than the underlying DNA
sequence [5, 6] DNA methylation is the most studied mecha-
nism in epidemiologic studies, in part due to the covalent
nature of this modification coupled with the stability of the
DNA molecule.

DNA methylation plays an integral role in fetal development,
including establishing the monoallelic expression of genomi-
cally imprinted genes in a parent-of-origin-dependent manner.
Imprinted gene DNA methylation is largely established in the
developing gametes and these marks are faithfully maintained
throughout somatic cell division [7–10], making the methylation
status of these regulatory regions a reliable indicator of expo-
sures that occur during early development [7, 11, 12]. Therefore,
the parental origin-specific methylation profiles are normally
spatially and temporally stable, such that methylation changes
at differentially methylated regions (DMRs) of imprinted genes
resulting from early exposures can be detected later in life. As
an example, individuals who were exposed to famine in utero
exhibited DNA methylation differences relative to unexposed
siblings in a regulatory region of the imprinted insulin-like
growth factor 2 gene (IGF2), 60 years after exposure [11].
Moreover, DNA methylation at the same region was found to be
stable over a three year study period in adult controls of a color-
ectal cancer study [13].

Maternal intake of methyl donor nutrients during the prena-
tal period has been shown to affect DNA methylation in off-
spring [14–17] in a sex-specific manner [18], suggesting that
maternal factors, such as diet, can alter the in utero environment
and affect health outcomes over the lifecourse [11, 19–21].
Although both maternal over- and under-nutrition can influ-
ence the offspring in utero environment and lead to altered fetal
programming [21–25], the majority of diet studies examines
single nutrients, or has been conducted using animal models in
well-controlled environments. Studies evaluating overall diet
patterns allow for the exploration of food interactions and
synergy that cannot be studied when evaluating nutrients
in isolation, or studying animal diets with a prescribed distribu-
tion of macro and micronutrients. Foods have a variety of
components and effects, and some may act in synergy with or
interfere with the absorption of other dietary components [22].
Epidemiological studies exploring overall diet patterns in
relation to epigenetic outcomes are needed to gain a better
understanding of the influence of diet on DNA methylation.

A Mediterranean diet pattern has been recommended for its
overall health benefits and potential for disease prevention [23].
These benefits may be particularly important during the in utero
period of development. The Mediterranean diet has been well-
studied for its ability to reduce inflammation and improve lon-
gevity and overall health among adults [24–26]. Consumption of
a Mediterranean diet pattern during pregnancy has been associ-
ated with a lower risk of preterm birth [27], lower risk of infant
growth restriction in a Spanish Mediterranean population [28],
and more recently, a lower child waist circumference at age 4

years [29]. The Mediterranean diet pattern has also been associ-
ated with higher intake of certain nutrients, such as folate [30]
and phenols [31] that have been shown to modify epigenetic
marks in the genome [32–35]. There are few published studies
on the influence of the Mediterranean diet on epigenetic out-
comes, and those available have been limited to adult popula-
tions. There is some evidence suggesting an association
between adherence to a Mediterranean diet in adulthood and
increased LINE1 methylation [36]. Another study observed an
association between a low consumption of the fruit and nuts
component of the Mediterranean diet and lower methylation at
LINE-1 among healthy non-pregnant women [37]. No studies
have evaluated the potential epigenetic outcomes of in utero
exposure to the Mediterranean diet pattern.

In this study, we assessed the associations between mater-
nal adherence to a Mediterranean diet pattern during early
pregnancy and infant DNA methylation at birth in an ethnically
diverse cohort. DNA methylation at birth was examined at nine
DMRs of imprinted genes. These regions were selected for their
involvement in growth [38], obesity [39, 40], and common sys-
temic inflammatory chronic disease [41]. The selected DMRs
include the intergenic (MEG3-IG) and the MEG3 regions, which
are involved in regulating the delta-like 1 homolog/maternally
expressed gene 3 (DLK1/MEG3) imprinted domain on chromo-
some 14q32.2; the IGF2 DMR and the H19 DMR, which are
involved in imprinting and expression of the IGF2/H19 domain
on chromosome 11p15.5 and are located upstream of the
imprinted promoters of IGF2 and at the imprinting control
region for the IGF2/H19 imprinted domain near the H19
promoter, respectively; the pleiomorphic adenoma gene-like 1
(PLAGL1) DMR, which resides at the PLAGL1 locus on chromo-
some 6q24.2; the mesoderm-specific transcript (MEST) promoter
at 7q32.2; the neuronatin (NNAT) locus at 20q11.23; the pater-
nally expressed gene 3 (PEG3) promoter region at 19q13.43; and
the epsilon sarcoglycan and paternally expressed gene 10
(SGCE/PEG10) promoter region at 7q21.3. We expect that low
adherence to a Mediterranean diet pattern will result in altered
DNA methylation at these DMRs.

Results

The characteristics of the study population by Mediterranean
diet adherence level are displayed in Table 1. Women with the
highest adherence to a Mediterranean diet pattern were more
likely to be White, have completed a college degree or more,
were on average older (mean: 31.1 years), had lower gestational
weight gain (mean: 14.3 kg), and were less likely to be smokers
(4.4%). Women with the lowest adherence to a Mediterranean
diet pattern were more likely to be Black, have earned less than
a college degree, were on average younger (mean: 25.9 years),
had greater gestational weight gain (mean: 15.0 kg), and were
more likely to be smokers (23.4%). No statistically significant dif-
ferences were found between diet adherence groups with
respect to parity, pre-pregnancy BMI, gestational age, gesta-
tional diabetes diagnosis, or sex of the infant. In our study,
12.9% of the population were considered possible energy under-
reporters and 9.7% were considered possible energy over-
reporters based on EER:kcal ratio (results not shown). Women
who may have under-reported their energy intake, were more
likely to have a college education or greater (94.4%), have a
higher BMI (mean BMI ¼ 30.3), and had significantly lower
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reported intake of dairy compared with possible ‘moderate’
energy reporters. Possible over-reporters of energy intake were
on average younger (mean age ¼ 25.2) and had a significantly
greater reported intake of vegetables, meats, nuts, and dessert
foods compared with possible ‘moderate’ energy reporters.
Controlling for over- and under-reporters of dietary intake did
not change our estimates, therefore final analyses included
potential over-and under-reporters.

Maternal diet characteristics by Mediterranean diet adher-
ence category are shown in Table 2. Women’s total caloric
intake, % calories from protein, % calories from saturated fat, %
calories from omega-3 fatty acids, fruit, vegetables, legumes,
nuts, whole grains, dairy, fish, non-processed meats, and
MUFA:SFA were significantly different by Mediterranean diet
adherence category, with women in the highest diet adherence
group ingesting the fewest calories, having greater protein,
omega-3, fruit, vegetable, nut, legume, fish, dairy, whole grain
intake, greater MUFA:SFA, and lower saturated fat and non-
processed meat intake than those in lower adherence catego-
ries. Overall infant methylation levels for each DMR, and those
specific to the level of maternal Mediterranean diet adherence
are presented in Table 3.

Results from the total unadjusted models (Table 4) showed
that a low adherence to a Mediterranean diet pattern during
pregnancy was associated with a higher odds of lower methyla-
tion at the MEG3-IG region (OR ¼ 2.80; 95% CI ¼ 1.35–5.82). This

association was strongest and statistically significant only in
girls (OR ¼ 5.35, 95% CI ¼ 1.56–18.36—unadjusted data not
shown). A low adherence to a Mediterranean diet during preg-
nancy was also associated with a greater odds of both lower and
higher infant methylation at the NNAT region (low: OR ¼ 2.20;
95%CI ¼ 1.00–4.87; high: OR ¼ 2.43; 95%CI ¼ 1.10–5.35), however
no sex-specific differences were observed. At the MEG3 region,
unadjusted estimates showed that a lower adherence to a
Mediterranean diet in pregnancy was associated with a
lower odds of lower methylation only in girls (OR ¼ 0.24, 95% CI
¼ 0.07–0.77; data not shown). In general, sex-specific models
showed a difference in magnitude, and in some cases, direction
of association in one sex compared with the other (see Table 5
for sex-specific adjusted estimates).

After adjustment, the associations at the MEG3 and NNAT
DMRs were no longer significant. The association at the MEG3-
IG DMR persisted in girls (OR ¼ 7.40, 95% CI: 1.88–29.09),
even after the stringent Bonferroni correction (0.05/9 ¼ 0.006),
however confidence intervals became wider. Notably, after
adjustment the strength of association between medium
Mediterranean diet adherence and methylation of the MEG3-IG
DMR in girls, and the odds of higher methylation in boys at
the PLAGL1 and H19 DMRs in association with low adherence
to a Mediterranean diet pattern increased and became statisti-
cally significant (MEG3-IG: OR: 3.34, 95% CI: 1.10–10.21; H19: OR:
4.46, 95% CI: 1.32–15.08; PLAGL1: OR: 3.24, 95% CI: 1.02–10.26).

Table 1: characteristics of mothers during pregnancy in the NEST cohort by Mediterranean diet adherence category

Low Mediterranean adherence Medium Mediterranean adherence High Mediterranean adherence

n (%) Mean (SD) n (%) Mean (SD) n (%) Mean (SD)

Racea

Black 58 (50) 47 (30.5) 19 (15.8)
White 30 (25.9) 49 (31.8) 52 (43.3)
Other 28 (24.1) 58 (37.7) 49 (40.8)
Missing

Maternal educationa

Less than college 88 (77.9) 96 (64.0) 51 (43.2)
College degree or greater 25 (22.1) 54 (36.0) 67 (56.8)
Missing 3 4 2

Maternal ageb 25.9 (5.4) 28.0 (5.7) 31.1 (5.1)
Parity

Primiparous 42 (36.2) 61 (39.6) 44 (36.7)
Multiparous 74 (63.8) 93 (60.4) 76 (63.3)

Maternal pre-pregnancy BMI 26.8 (7.0) 27.3 (6.9) 26.8 (7.0)
Missing 2 0 1

Gestational weight gainb (kg) 15.1 (7.8) 12.6 (6.4) 14.3 (6.9)
Missing 2 1 2

Gestational age 38.5 (2.2) 38.4 (1.9) 38.2 (2.5)
Maternal smokinga

Yes 26 (23.6) 19 (12.8) 5 (4.4)
No 84 (76.4) 130 (87.2) 110 (95.7)
Missing 6 5 5

Gestational diabetes
Yes 3 (2.6) 10 (6.6) 10 (8.5)
No 112 (97.4) 141 (93.4) 108 (91.5)
Missing 1 3 2

Infant sex
Male 63 (54.3) 82 (51.9) 68 (56.7)
Female 53 (45.7) 75 (48.1) 52 (43.3)

aResults of chi-square test for differences between groups of diet adherence were statistically significant (P < 0.01).
bResults of Kruskal-Wallis test for differences between groups of diet adherence were statistically significant (P < 0.01).
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Also, the association between a medium adherence to a
Mediterranean diet pattern and lower odds of higher methyla-
tion at the NNAT gene in girls and greater odds of higher meth-
ylation at the SGCE/PEG10 gene in boys became significant after
adjustment (NNAT: OR: 0.29, 95% CI: 0.10–0.88; SGCE/PEG10: OR:
2.59, 95% CI 0.99–6.75). However, confidence intervals became
wider, and the results were no longer statistically significant
after adjustment.

Discussion

We observed a decreased level of methylation at the MEG3-IG
DMR among girls in response to lower maternal adherence to a
Mediterranean diet pattern after adjusting for maternal age,
maternal education, maternal pre-pregnancy BMI, and maternal
smoking. The actual change in % methylation, however, was
small (�1%). The functional significance of such a small differ-
ence on gene expression is not clear, however, a previous study
showed that a 1% difference in methylation at the IGF2 DMR
was associated with a doubling (or halving) of the overall IGF2
expression levels, depending on the direction of the

methylation changes [42]. Deregulation of the MEG3-IG DMR has
been found in cancer tissues [43], and it is believed that the
MEG3-IG region may be an upstream regulator of the MEG3 DMR
[44], which has been associated with type 2 diabetes [41]. As the
Mediterranean diet has been associated with improvements in
type 2 diabetes [45], it is possible that the lower levels of MEG3-
IG methylation seen in our study may be indicative of a protec-
tive effect against type 2 diabetes. However, the public health
significance of our findings is unclear at this time, as outcomes
associated with lower levels of methylation at MEG3-IG are not
yet known. Our study’s small size did not allow for mediation
analysis to study child outcomes. Therefore, future studies
should investigate the phenotypes associated with maternal
diet and methylation at the MEG3-IG DMR to better understand
the health implications of these results.

This is one of a few studies that has examined and reported
sex-specific differences in DNA methylation of imprinted genes
[42, 46]. We know of no other published studies have reported
sex-specific associations at the MEG3-IG DMR although sex-
specific effects at other genomic regions have been reported in
relation to diet and other environmental exposures. Tobi et al.
observed sex-specific associations between prenatal famine
exposure and methylation at the LEP, INSIGF, and GNAS DMRs.
Murphy et al. [42] found an increase in IGF2 methylation in associ-
ation with prenatal smoking that was most prominent in boys.
Sex-specific methylation has also been observed in animal mod-
els in non-imprinted genes in relation to diet [47] and environ-
mental chemical exposure [48], and epidemiological studies have
also found the association between endocrine disrupting chemi-
cals and obesity to be sex-specific [49–51]. It is still unclear why
the effects of Mediterranean diet on MEG3 regulatory sequences
were pronounced in females in our study; however, this remains
an active topic of investigation. Our findings support the idea
that DNA methylation may occur in a sex-specific manner, and
contribute to the growing literature on sex-specific DNA methyla-
tion associated with a wide range of in utero exposures.

Surprisingly, no statistically significant associations were
observed at the IGF2 DMR in this study. Previous studies looking
at maternal nutrition during pregnancy have found associations
between supplementation with, or circulating levels of several

Table 2: diet components by Mediterranean adherence level among mothers in the NEST studya

Diet score 0–3 (Low adherence) Diet score 4–5 (Medium adherence) Diet score 6–9 (High adherence) P value

Calorie intake (kcal/d) 2954.3 2522.0 2144.2 <0.0001
% kcals of protein 12.3 14.0 14.5 <0.0001
% kcals of MUFA 11.9 11.8 12.0 0.851
% kcals of omega-3 0.6 0.7 0.7 0.011
% kcals of omega-6 5.2 5.7 5.8 0.118
%kcal of SFA 10.7 10.1 9.6 0.004
% Kcals of carbohydrates 58.7 57.8 58.0 0.925
Mean intake (g/1000 kcal/d) of diet

score components
Fruit group 134.5 186.0 235.2 <0.0001
Vegetable group 51.5 104.7 153.4 <0.0001
Legumes 12.0 25.8 38.4 <0.0001
Nuts/seeds 1.0 3.2 4.7 <0.0001
Whole grain 17.9 25.0 42.8 <0.0001
Dairy 38.8 46.8 55.0 <0.0001
Fish 2.5 4.2 6.1 <0.0001
Meat 7.8 4.7 3.8 0.015
MUFA:SFA 0.5 0.6 0.7 <0.0001

aMedian intake (g/1000kcal/d) for each diet score component, used as cut point for diet score development of each diet score component: fruit: 143.5; vegetable: 87.0;

legume: 15.4; nuts: 0.6; whole grain: 21.8; dairy: 30.4; fish: 1.9; meat: 2.9; MUFA:SFA: 0.5.

Table 3: infant DNA methylation levels (%) at birth; overall and by
maternal Mediterranean diet adherence

Overall Low
adherence

Medium
adherence

High
adherence

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

MEG3-IG 49.4 (3.4) 49.2 (3.5) 49.3 (3.3) 49.6 (3.4)
MEG3 72.1 (5.5) 72.9 (5.6) 71.9 (5.8) 71.6 (5.1)
NNAT 55.5 (5.7) 55.6 (5.0) 55.4 (5.7) 55.8 (6.1)
SGCE/PEG10 44.9 (6.6) 44.2 (6.0) 45.4 (6.1) 45.0 (7.8)
IGF2 51.5 (5.5) 50.7 (4.5) 51.4 (5.3) 52.5 (6.3)
H19 47.8 (4.1) 47.1 (4.8) 47.9 (3.7) 48.1 (3.8)
PLAGL1 57.1 (7.3) 57.6 (5.9) 56.8 (7.5) 57.1 (8.1)
MEST 43.4 (5.0) 43.7 (6.2) 43.2 (4.5) 43.2 (4.3)
PEG3 36.2 (3.6) 35.6 (2.6) 36.6 (4.4) 36.4 (3.0)
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B vitamins and increases in IGF2 methylation [32, 35, 52].
Others have found decreased IGF2 methylation in response to
famine or undernutrition [12]. Perhaps this is because the
Mediterranean diet represents a more subtle or even different
diet exposure than the dietary factors included in these studies.
For example, while a Mediterranean diet pattern has been
associated with a higher folate consumption and blood folate con-
centration [30, 53], it may not represent the same level as a
400 mcg supplementation of folic acid. In addition, a low adher-
ence to a Mediterranean diet pattern is not generally characterized
by the overall calorie or protein restriction that is experienced dur-
ing famine. It is also possible that the dietary driver of DNA meth-
ylation changes are not methyl donors, but other foods or
compounds in the diet, such as polyphenols or unsaturated fatty
acids, which may not have an effect on the IGF2 DMR.

A strength of this study is its use of a measure of overall diet
rather than nutrients in isolation. Thus far, the study of nutri-
tion in relation to DNA methylation has largely focused on the
intake of individual nutrients, with many studies conducted
using animal models. In general, nutrients are not consumed in
isolation in the human diet, and in some cases, nutrients and
food components can interact with one another, enhance or
weaken the effect of others, or affect biological processes in the
body [22]. This has been seen in the case of plant phenols [54]
and measurement of starches with regard to the glycemic index
[55]. Investigating the potential effects of foods and overall diet

is important and will have more applicable public health impli-
cations. To our knowledge this is the first study to assess the
effects of overall maternal diet patterns on infant DNA methyla-
tion. Therefore, this study makes an important contribution to
this emerging literature.

We found that 12.9% of our sample possibly under-reported
their energy intake and 9.7% possibly over-reported energy
intake, which is within the range of values seen in previous
studies assessing energy reporting bias among pregnant
and non-pregnant women [56–58]. We did see differences in
reported intake of specific food groups by energy reporting cat-
egory; however, our sensitivity analysis suggested that the pos-
sibility of over and under-reporting had little effect on our
findings, as adjusting for the possible over- and under-reporters
did not substantially change the results of our study.

The Mediterranean diet score (MDS), from which the score in
this study was based, has been shown to be a reliable indicator
of adherence to a Mediterranean diet pattern [59]. However,
assessing diet with a MDS in non-Mediterranean populations
may present a problem. The specific foods consumed in non-
Mediterranean regions may be different from those consumed
in Mediterranean regions, as food preferences, access, and
availability are dictated by the environment, and may differ
[60]. It is important to acknowledge this, as the components
of the diet pattern may provide different health benefits. For
example, olive oil makes up a large part of the

Table 4: unadjusted and adjusteda total estimates for the association between adherence to a Mediterranean diet pattern during pregnancy
and infant DNA methylation

Unadjusted Adjusted

Hypo-methylation Hyper-methylation Hypo-methylation Hyper-methylation

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

MEG3-IG
Low adherence 2.80 (1.35, 5.82) 0.01 1.70 (0.82, 3.52) 0.15 3.17 (1.38, 7.27) 0.01 1.63 (0.72, 3.67) 0.24
Medium adherence 1.80 (0.92, 3.54) 0.09 1.57 (0.83, 2.97) 0.17 1.95 (0.95, 3.98) 0.07 1.61 (0.83, 3.13) 0.16

MEG3
Low adherence 0.53 (0.27, 1.06) 0.07 1.20 (0.61, 2.34) 0.60 0.73 (0.33, 1.61) 0.44 1.24 (0.58, 2.62) 0.58
Medium adherence 1.32 (0.69, 2.52) 0.41 1.64 (0.83, 3.24) 0.15 1.63 (0.81, 3.30) 0.17 1.64 (0.80, 3.38) 0.18

NNAT
Low adherence 2.20 (1.00, 4.87) 0.05 2.43 (1.10, 5.35) 0.03 1.72 (0.71, 4.17) 0.23 2.16 (0.91, 5.15) 0.08
Medium adherence 0.75 (0.39, 1.45) 0.40 0.80 (0.42, 1.54) 0.51 0.66 (0.32, 1.35) 0.25 0.75 (0.37, 1.50) 0.41

SGCE/PEG10
Low adherence 1.37 (0.70, 2.68) 0.35 1.34 (0.68, 2.63) 0.40 1.07 (0.49, 2.33) 0.87 1.38 (0.65, 2.93) 0.41
Medium adherence 1.45 (0.77, 2.75) 0.25 1.67 (0.88, 3.14) 0.11 1.31 (0.66, 2.62) 0.44 1.64 (0.85, 3.16) 0.14

IGF2
Low adherence 1.26 (0.65, 2.43) 0.50 0.62 (0.32, 1.21) 0.16 1.40 (0.66, 2.98) 0.38 0.99 (0.47, 2.11) 0.98
Medium adherence 1.14 (0.61, 2.13) 0.69 0.91 (0.50, 1.66) 0.76 1.41 (0.71, 2.78) 0.33 1.32 (0.69, 2.52) 0.40

H19
Low adherence 1.33 (0.66, 2.68) 0.42 0.99 (0.50, 1.97) 0.98 1.79 (0.82, 3.92) 0.15 1.65 (0.75, 3.63) 0.22
Medium adherence 1.03 (0.54, 1.95) 0.94 0.82 (0.44, 1.52) 0.53 1.14 (0.58, 2.23) 0.71 0.98 (0.50, 1.90) 0.95

PLAGL1
Low adherence 0.92 (0.47, 1.79) 0.80 1.11 (0.58, 2.12) 0.75 0.99 (0.46, 2.14) 0.98 2.11 (0.98, 4.56) 0.06
Medium adherence 0.97 (0.53, 1.77) 0.91 0.88 (0.48, 1.62) 0.69 1.03 (0.53, 1.97) 0.94 1.27 (0.65, 2.48) 0.48

MEST
Low adherence 1.24 (0.62, 2.46) 0.54 1.20 (0.61, 2.37) 0.61 0.92 (0.42, 1.98) 0.83 1.06 (0.50, 2.27) 0.88
Medium adherence 1.22 (0.64, 2.35) 0.55 1.27 (0.67, 2.43) 0.46 1.00 (0.50, 1.98) 0.99 1.12 (0.57, 2.22) 0.74

PEG3
Low adherence 1.37 (0.70, 2.68) 0.34 1.34 (0.68, 2.63) 0.07 1.261 (0.58, 2.72) 0.56 0.55 (0.25, 1.20) 0.14
Medium adherence 1.45 (0.77, 2.75) 0.72 1.67 (0.88, 3.14) 0.30 0.87 (0.43, 1.76) 0.69 0.73 (0.38, 1.40) 0.35

aAdjusted for maternal pre-pregnancy BMI, maternal education, maternal smoking during pregnancy, maternal age at delivery. Comparisons are for low and medium

diet adherence, compared with high adherence, and low and high methylation compared with moderate methylation (assessed in tertiles).
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monounsaturated fatty acids consumed in Mediterranean pop-
ulations. However, in other populations, e.g. the USA, a large
proportion of monounsaturated fat consumption comes from
animal fats [61], which may not confer the same health benefits
linked to olive oil.

A limitation of this study was its small sample size. This likely
resulted in unstable adjusted estimates, as evidenced by wide
confidence intervals. Repeated testing is also a limitation in our
study, however the statistical significance of our main finding per-
sisted even after the stringent Bonferroni correction. As the first
study to report on overall maternal diet pattern and infant DNA
methylation of imprinted genes, this study provides important
preliminary data, however larger studies, using a more represen-
tative sample will be needed to gain further insights related to the
magnitude of the associations reported here. Another limitation
was the possibility of residual confounding for our adjusted esti-
mates. Because lifestyle and resources are highly associated with
sociodemographic factors such as maternal education, and age, it
is possible that other unmeasured factors associated with methyl-
ation also influenced our results.

In conclusion, our study suggests that low and medium
adherence to a Mediterranean diet pattern in early pregnancy
is associated with a modest, sex-specific change in offspring
DNA methylation at the MEG3-IG DMR. Associations between
maternal diet in early pregnancy and methylation changes at
the MEG3, H19, NNAT, and PLAGL1 regions may also exist;

however, a larger study may be needed to uncover these
associations. Although our study was small, as the first study
of its kind, it provides important preliminary data, and sug-
gests that sex-specific analyses may be important in studies
relating diet to DNA methylation of imprinted genes. Studies
have shown an association between DNA methylation and
weight [62], adiposity [63], and chronic disease [12, 41] at the
CpG sites included in this study. However, the significance of
our results is still unclear, as child outcomes resulting from
the altered DNA methylation profiles observed in this study
are still unknown. Future studies should focus on child
health outcomes associated with DNA methylation changes
seen as a result of maternal diet during pregnancy. In addi-
tion, these results should be interpreted with caution. In
order to make more concrete inferences, more and larger
studies will be necessary to find consistent trends in DNA
methylation and contribute to the larger body of literature.
The results of this study highlight the potential importance
of overall maternal diet during pregnancy in the study of
infant DNA methylation. Some DNA methylation and other
epigenetic markers can be viewed as a way in which adverse
environmental exposures are recorded in accessible cells in
the body, and are stable over the life course. Researchers
should look to maternal diet as a modifiable risk factor that
may help mitigate the damage done by environmental
exposures.

Table 5: sex-specific adjusteda estimates of the association between maternal adherence to a Mediterranean diet pattern during pregnancy
and infant DNA methylation at birth

Males Females

Hypo-methylation Hyper-methylation Hypo-methylation Hyper-methylation

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

MEG3-IG
Low adherence 1.77 (0.60, 5.23) 0.30 0.81 (0.25, 2.62) 0.72 7.40 (1.88, 29.09) 0.0004 3.41 (0.95, 12.21) 0.06
Medium adherence 1.27 (0.49, 3.32) 0.62 1.13 (0.43, 2.96) 0.81 3.34 (1.10, 10.21) 0.03 1.99 (0.75, 5.33) 0.17

MEG3
Low adherence 1.08 (0.36, 3.22) 0.89 1.11 (0.36, 3.38) 0.86 0.30 (0.08, 1.15) 0.08 1.39 (0.49, 3.96) 0.53
Medium adherence 1.45 (0.53, 3.97) 0.47 1.49 (0.53, 4.17) 0.45 2.03 (0.73, 5.65) 0.18 1.88 (0.66, 5.34) 0.23

NNAT
Low adherence 1.30 (0.40, 4.22) 0.67 2.59 (0.75, 8.89) 0.13 2.32 (0.56, 9.68) 0.25 2.06 (0.55, 7.69) 0.28
Medium adherence 0.66 (0.25, 1.72) 0.39 1.44 (0.54, 3.85) 0.46 0.62 (0.20, 1.92) 0.40 0.29 (0.10, 0.88) 0.03

SGCE/PEG10
Low adherence 1.31 (0.42, 4.04) 0.64 3.06 (1.02, 9.16) 0.05 0.92 (0.30, 2.82) 0.88 0.70 (0.23, 2.12) 0.53
Medium adherence 1.59 (0.60, 4.19) 0.35 2.59 (0.99, 6.75) 0.05 1.17 (0.42, 3.26) 0.76 1.24 (0.48, 3.22) 0.66

IGF2
Low adherence 1.63 (0.53, 4.96) 0.39 1.16 (0.37, 3.60) 0.80 1.23 (0.42, 3.55) 0.71 0.82 (0.28, 2.35) 0.70
Medium adherence 1.82 (0.69, 4.75) 0.22 1.49 (0.58, 3.81) 0.41 1.14 (0.42, 3.06) 0.80 1.24 (0.50, 3.13) 0.64

H19
Low adherence 2.60 (0.77, 8.77) 0.12 4.46 (1.32, 15.08) 0.02 1.34 (0.47, 3.88) 0.59 0.70 (0.22, 2.19) 0.54
Medium adherence 1.16 (0.44, 3.02) 0.77 1.10 (0.42, 2.86) 0.85 1.15 (0.44, 3.04) 0.77 1.04 (0.40, 2.70) 0.94

PLAGL1
Low adherence 0.95 (0.31, 2.93) 0.93 3.24 (1.02, 10.26) 0.05 0.94 (0.31, 2.85) 0.92 1.48 (0.50, 4.36) 0.48
Medium adherence 0.84 (0.33, 2.09) 0.70 1.32 (0.51, 3.40) 0.56 1.06 (0.40, 2.82) 0.91 1.16 (0.44, 3.07) 0.77

MEST
Low adherence 0.52 (0.17, 1.65) 0.27 1.20 (0.42, 3.43) 0.73 1.25 (0.41, 3.81) 0.69 0.83 (0.26, 2.61) 0.74
Medium adherence 0.67 (0.25, 1.79) 0.42 0.77 (0.30, 2.03) 0.60 1.46 (0.53, 4.06) 0.46 1.60 (0.59, 4.31) 0.35

PEG3
Low adherence 0.94 (0.32, 2.80) 0.91 0.39 (0.13, 1.22) 0.11 1.69 (0.55, 5.16) 0.36 0.76 (0.25, 2.30) 0.63
Medium adherence 0.55 (0.20, 1.48) 0.23 0.53 (0.21, 1.34) 0.18 1.44 (0.50, 4.09) 0.50 1.071 (0.41, 2.78) 0.89

aAdjusted for maternal pre-pregnancy BMI, maternal education, maternal smoking during pregnancy, maternal age at delivery. Comparisons are for low and medium

diet adherence, compared with high adherence, and low and high methylation compared with moderate methylation (assessed in tertiles).
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Materials and Methods
Study Participants and Data Collection

This study includes mother–infant pairs who had completed a
preconception or first trimester Food Frequency Questionnaire
(FFQ) and who had infant DNA methylation data available from
cord blood leukocytes as part of the Newborn Epigenetic Study
(NEST). Recruitment and enrollment strategies have been
described in detail elsewhere [64]. Briefly, between 2009 and
2011, women were recruited from five prenatal clinics and
obstetrics facilities in Durham, North Carolina. Eligibility criteria
include being at least 18 years of age, and intention to use one
of the qualifying obstetric facilities for delivery. Women were
excluded if they were HIV positive, planned to relinquish cus-
tody of the child, or planned to move away from the area in the
following three years. Of 2548 women who met the eligibility
criteria, 1700 (67%) were consented and enrolled. Upon enroll-
ment, mothers completed questionnaires providing informa-
tion on socio-demographic factors, lifestyle, and dietary
characteristics. At delivery, birth outcomes were abstracted
from medical records and infant cord blood specimens were
obtained to assess offspring DNA methylation. Medical records
were abstracted to verify gestational diabetes diagnosis and
other medical conditions, birth weight and the newborn’s sex.

Of 1700 who enrolled, 396 women were excluded for a vari-
ety of reasons, including infant death, illiteracy, being underage,
refusing further participation, or who could no longer be found.
Given the malleability of DNA methylation patterns in very
early gestation, we included women who completed FFQs relat-
ing to preconception or the first trimester (n ¼ 870). Mothers
who responded to the FFQ were significantly different than
mothers who did not complete the FFQ with respect to race,
education, age, BMI, and smoking status. These factors were
accounted for in statistical analysis. Women with extreme
energy intakes, defined in our study as an intake of <500 or
>7000 kcal/d, were excluded from our study (n ¼ 36). The ratio of
estimated energy requirement (EER) to reported energy intake
was calculated to assess possible over and under-reporting
(defined as EER:kcal > or < 6 2 SD [65]). Rather than exclude the
possible over/under reporters, a sensitivity analysis was con-
ducted to assess the influence of possible over and under
reporting of energy intake on our results. DNA methylation was
analyzed from cord blood leukocytes for the first 550 study
infants after exclusions for infant death, illiteracy, being under-
age, refusal of further participation, and attrition. The mother–
infant pairs with analyzed DNA methylation were significantly
different from those whose DNA methylation had not been ana-
lyzed with respect to race and maternal age. However, not all
infants whose mothers completed a first trimester or precon-
ception FFQ were part of the subsample with analyzed DNA
methylation. The present analysis includes the 390 women who
completed a first trimester or preconception FFQ, who did not
have extreme high or low reported caloric intakes, and whose
infants had DNA methylation data available.

Dietary data were collected through a Block FFQ [66] that had
been modified to represent diet patterns in North Carolina. Diet
data collection was attempted at enrollment, and at least once
during each trimester. The FFQ collected data on intake fre-
quencies of over 150 food items and supplements, and was
administered to reflect intake during three periods: (i) the peri-
conception period, (ii) the first trimester, and (iii) the second
and third trimesters. For this study, only peri-conceptional and
first trimester FFQs were used, as DMRs of imprinted genes may

be vulnerable due to widespread methylation reprogramming
(to which these regions are normally resistant) in the first days
of pregnancy. FFQ responses were analyzed by NutritionQuest
(www.nutritionquest.com). Reported intake portions and fre-
quencies were assessed and converted to grams for statistical
analysis.

Specimen Handling

Infant cord blood specimens were collected in EDTA-containing
vacutainer tubes and centrifuged using standard protocols to
allow for collection of plasma and buffy coat, with buffy coat
used for DNA extraction (Qiagen; Valencia, CA). Specimens were
stored at �80�C until the time of analysis. DNA was extracted
using Puregene reagents according to the manufacturer’s proto-
col (Qiagen), and quantity and quality were assessed using a
Nanodrop 1000 Spectrophotometer (Thermo Scientific;
Wilmington, DE).

DNA Methylation

Infant genomic DNA (800 ng) was modified by treatment
with sodium bisulfite using the EZ DNA Methylation kit
(Zymo Research; Irvine, CA). Bisulfite treatment of denatured
DNA converts all unmethylated cytosines to uracils, leaving
methylated cytosines unchanged, allowing for quantitative
measurement of cytosine methylation status. Pyrosequencing
was performed using a PyroMark Q96 MD pyrosequencer
(Qiagen). Pyrosequencing assay design, genomic coordinates,
assay conditions, and assay validation are described in detail
elsewhere [67]. Briefly, assays were designed to query estab-
lished imprinted gene DMRs using the PyroMark Assay Design
Software (Qiagen). PCR conditions were optimized to produce a
single, robust amplification product. Defined mixtures of fully
methylated and unmethylated control DNAs were used to show
a linear increase in detection of methylation values as the level
of input DNA methylation increased (Pearson r is 0.99 for all
DMRs). Once optimal conditions were defined, each DMR was
analyzed using the same amount of input DNA from each speci-
men (40 ng, assuming complete recovery following bisulfite
modification of 800 ng DNA). Percentage of methylation for each
CpG cytosine was determined using Pyro Q-CpG software
(Qiagen). Pyrosequencing assays were performed in duplicate
for all specimens whose values fell > 2 SDs above or below the
means, in which case the average of the two runs was used. The
values obtained represent the mean methylation for the CpG
sites contained within the sequence being analyzed. Multiple
CpGs were identified and methylation was quantitatively meas-
ured for each DMR. The number of CpGs sites analyzed at each
DMR is as follows: MEG3-IG: 4 CpGs, MEG3: 8 CpGs, IGF2: 3 CpGs,
H19: 4 CpGs, PLAGL1: 6 CpGs, MEST: 4 CpGs, NNAT: 3 CpGs, PEG3:
10 CpGs, SGCE/PEG10: 6 CpGs. Pyrosequencing assay validation
data for these DMRs, and the results of sensitivity tests showing
that pyrosequencing can distinguish methylation differences as
low as 0.5% have been previously described in [67, 68].

Diet Assessment

Pregnant women’s Mediterranean diet adherence was assessed
using data from preconception and first trimester FFQs. Intakes
were converted to grams/1000 kcals to account for differences
in caloric intake, and scored with a modified version of
Trichopolou’s MDS [69]. Briefly, the MDS assigns values of zero
or one to each of nine indicated components, using the popula-
tion medians of each component among the participants as
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cut-points. People whose consumption of presumed beneficial
components (vegetables, legumes, fruits/nuts, cereals, fish) was
at or above the median consumption were assigned a value
of one or a value of zero otherwise. People whose consumption
of presumed detrimental components (meat and dairy prod-
ucts) was below the median consumption were assigned a value
of one, or zero otherwise. A value of one was given to those con-
suming a moderate level of alcohol, and a value of one was
assigned to those whose ratio of monounsaturated fatty acid to
saturated fatty acid intake (MUFA:SFA) was at or above the
median (or 0 otherwise). For this study, the MDS was modified
as follows:

i. Fruits and nuts were separated into two groups.
ii. The grains category was refined to reflect only whole grain

intake.
iii. The alcohol group was removed, as reported alcohol intake

for mothers during pregnancy in this study was extremely
low and alcohol consumption during pregnancy is not
advised.

iv. Dairy was assessed as a ‘beneficial’ food group rather than
a ‘detrimental’ food group, as intake of calcium is important
during pregnancy.

The diet components for this study were as follows:

a. Fruit (including fresh, dried, and frozen fruit, but excluding
fruit juice)

b. Vegetables (excluding vegetable juice and white potatoes)
c. Nuts and seeds (including nut butters)
d. Beans and legumes (including soy beans)
e. Whole grains and whole grain products
f. Dairy (including full fat dairy, but excluding dairy desserts)
g. Fish
h. The ratio of mono-unsaturated fat to saturated fat intake
i. Meats (including red meat, pork, poultry, game, excluding

processed meats)

Intake at or above the study population median of
‘beneficial’ food groups was assigned a score of 1 and a score of
0 otherwise. Below the median intake of ‘detrimental’ foods
received a score of 1, and 0 otherwise. The possible range of
modified diet score values was 0–9. A higher modified diet score
was representative of a greater adherence to a Mediterranean
diet pattern.

Statistical Analysis

Chi-square and Kruskal-Wallis tests were used to assess associ-
ations between potential covariates and Mediterranean diet
adherence. Multinomial logistic regression models were used to
estimate the associations between maternal adherence to a
Mediterranean diet and infant DNA methylation at birth.
Continuous modified MDSs were categorized to reflect three
groups of roughly the same size, with scores between 0 and 3
considered ‘low adherence’, scores of 4–5 considered ‘medium
adherence’, and scores of 6–9 considered ‘high adherence’.
‘High adherence’ was used as the reference category. Mean DNA
methylation values were used in this analysis, as previously
reported Cronbach’s alpha for correlations among methylation
values from all CpGs measured at each DMR was >0.89 [64].
Normality of the percent methylation of each DMR was
assessed using the Kolmogorov-Smirnov test. As five of the nine
DMRs tested in this sample were not normally distributed (data
not shown), DNA methylation was then assessed in tertiles
(‘hypo-methylation’, ‘moderate methylation’, and ‘hyper-

methylation’). Given the theoretical 50% expected methylation
of imprinted genes, the ‘moderate’ category of DNA methylation
was used as the referent. Likelihood ratio tests were performed
to test for the interaction of association between an infant’s sex
and maternal diet on infant DNA methylation at birth (a ¼ 0.20).
The addition of an interaction term for infant’s sex in four of
the nine DMRs assessed (MEG3, MEG3-IG, H19, NNAT) was signif-
icant, therefore sex-specific adjusted models are presented in
addition to overall models.

Covariates considered in the analysis were maternal race/
ethnicity (Black, White, and Other), maternal education (greater
or less than college education), maternal age at delivery, the sex
of the infant, maternal smoking at any point during pregnancy
(yes/no), gestational diabetes diagnosis (yes/no), self-reported
maternal BMI prior to pregnancy, infant gestational age, mater-
nal gestational weight gain (in kg), parity (primiparous/multipa-
rious), supplement use during pregnancy (yes/no), maternal
physical activity during pregnancy (light, moderate, intense
activity), maternal methyl donor intake (sum of total folate
from diet and supplements, total choline from diet), processed
meats, total energy intake, % total fat in the diet, plate.
Covariates were added one at-a-time into the original, unad-
justed model. Those that changed the estimates by >10% or
were deemed important from the literature were included into
the final model. Final adjusted models included the following
covariates: maternal pre-pregnancy BMI, maternal age, mater-
nal smoking during pregnancy, maternal education. All statisti-
cal analyses were conducted using SAS 9.4 (SAS Institute, Inc.).
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