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Prenatal exposure to cigarette smoke interacts with
OPRM1 to modulate dietary preference for fat
Ken W.K. Lee, MSc; Michal Abrahamowicz, PhD; Gabriel T. Leonard, PhD; Louis Richer, PhD;
Michel Perron, PhD; Suzanne Veillette, PhD; Eva Reischl, PhD; Luigi Bouchard PhD;
Daniel Gaudet, MD, PhD; Tomas Paus, MD, PhD; Zdenka Pausova, MD
Background: Preference for fatty foods is a risk factor for obesity. It is a complex behaviour that involves the brain reward system and is
regulated by genetic and environmental factors, such as the opioid receptor mu-1 gene (OPRM1) and prenatal exposure to maternal
cigarette smoking (PEMCS). We examined whether OPRM1 and PEMCS interact in influencing fat intake and whether exposure-
associated epigenetic modifications of OPRM1 may mediate this gene–environment interaction. Methods: We studied adolescents from
a French Canadian genetic founder population, half of whom were exposed prenatally to maternal cigarette smoking. Fat intake was assessed with a 24-hour food recall in the form of a structured interview conducted by a trained nutritionist. The OPRM1 variant rs2281617
was genotyped for the whole sample with the Illumina Human610-Quad and HumanOmniExpress BeadChips. Methylation of blood DNA
was assessed at 21 CpGs across OPRM1 in a subset of the sample using the Illumina HumanMethylation450 BeadChip. Results: We
included 956 adolescents in our study. In the whole sample, OPRM1 (T carrier in rs2281617) was associated with lower fat intake
(–1.6%, p = 0.017), and PEMCS was associated with higher fat intake (+1.6%, p = 0.005). OPRM1 and PEMCS interacted with each
other (p = 0.003); the “protective” (fat intake–lowering) allele of OPRM1 was associated with lower fat intake in nonexposed (–3.2%, p <
0.001) but not in exposed individuals (+0.8%, p = 0.42). Further, PEMCS was associated with lower DNA methylation across multiple
CpGs across OPRM1 in exposed versus nonexposed individuals (p = 0.031). Limitations: A limitation of our study was its cross-
sectional design. Conclusion: Our study suggests that PEMCS may interact with OPRM1 in increasing fat preference. Silencing of the
protective OPRM1 allele in exposed adolescents might be related to epigenetic modification of this gene.

Introduction
Obesity is a major health problem with many severe consequences, including the leading causes of morbidity and mortality: cardiovascular disease and type 2 diabetes mellitus.1
Despite increased public awareness of the health risks associated with obesity and the benefits of exercise and healthy eating, the rates of obesity have not decreased.
Research in humans and experimental animals suggests
that excess dietary fat contributes to the development of
obesity,2,3 as fats compared with other macronutrients (i.e.,
carbohydrates, proteins) are of higher energy density and
efficiency.4 Fats contain more than twice the amount of energy per gram than carbohydrates and proteins,4 and almost all calories eaten as fats are stored, whereas a substantial proportion of calories eaten as carbohydrates and
proteins are lost during their absorption, processing and

storage.4 Finally, fat is highly palatable, and dietary preference for fat is a behaviour regulated in part by reward-
related mechanisms that process the hedonic properties of
food independently of the body’s energy status.5 Such
mechanisms may overlap with those mediating the addictive properties of drugs of abuse5 and may involve dopa
minergic and opioidergic signalling.6–8
Preference for fatty foods is a complex trait regulated by gen
etic and environmental factors, but only a few such factors have
been identified in human populations.9–14 These include the opioid receptor mu-1 gene (OPRM1)13 and prenatal exposure to
maternal cigarette smoking (PEMCS).14 OPRM1 encodes a receptor that is highly expressed in reward-processing regions of
the brain and that is known to modulate fat preference in animals;6,15,16 it has been associated with dietary intake of fat and
risk for obesity in a genome-wide association study.13 Prenatal
exposure to maternal cigarette smoking is a well-established risk
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factor for obesity in the exposed offspring17–19 and has been associated with enhanced dietary preference for fat.14 Effects of gen
etic and environmental factors may be independent from each
other, or the 2 types of factors may interact. Environment-
induced epigenetic modifications of genes and their regulatory
sequences may, at least in part, mediate such interactions and
thus influence phenotypes.20,21
One well-understood epigenetic modification is DNA
methylation (DNAm), which is the addition of a methyl
group at the 5’ position of cytosines, occurring most frequently in the context of CpG dinucleotides. It plays an important role in the regulation of gene transcription — while
DNAm at gene promoters has mainly been linked to lower
gene expression,22 DNAm at gene bodies has been associated
with higher gene expression.23 Recent research suggests that
gene-body DNAm may also play a key role in the regulation
of alternative transcription.24–26
Cigarette smoke is considered one of the most powerful environmental modifiers of DNAm; this holds for self-exposure
to cigarette smoking as well as PEMCS.27–31 Cigarette smoke
contains a large number of chemicals, such as carcinogens,
nicotine and carbon monoxide, which can modify DNAm (see
the review by Lee and Pausova31). Critical for the present
study, many chemicals contained in cigarette smoke can easily pass from a smoking pregnant woman to the developing
embryo.32 Acting during early phases of embryogenesis, when
global erasure and re-establishment of DNAm occur in undifferentiated cells (before their commitment into specific tissues), these chemicals may induce lasting soma-wide modifications of DNAm in the exposed offspring that would be
detectable later in life in peripheral lymphocytes.20,30,31,33 The
DNAm modifications induced during embryogenesis are
maintained by the action of maintenance DNA methyltransferases that copy these modifications from cell to cell during
successive cell divisions throughout life.34 Further, as the
DNAm machinery is not sequence-specific (i.e., DNA methyltransferases do not have specific target DNA sequences34),
these modifications may spread over larger segments of
DNA. Consistent with this, it has been observed that DNAm
is correlated across neighbouring CpGs.35
Previous research suggests that OPRM113 and PEMCS14
modulate dietary preference for fat. It is unclear, however,
whether these 2 factors interact, and, if so, whether their
interaction could involve PEMCS-associated modifications of
DNAm in OPRM1. The present study investigated these
questions in a population-based sample of adolescents recruited from the French Canadian founder population of
Saguenay–Lac-Saint-Jean, Canada, as part of the Saguenay
Youth Study (SYS).36

Methods
The Saguenay Youth Study and prenatal exposure
to maternal cigarette smoking
The SYS is a population-based cross-sectional study investigating the long-term consequences (and genetic modifiers) of
PEMCS on cardiovascular, metabolic, brain and mental health

in adolescence.36 It is a family-based study that recruited sibling
pairs from the genetic founder population of the S
 aguenay–
Lac-Saint-Jean region in the province of Quebec, Canada. The
power of genetic analyses is expected to be higher in founder
than in regular (outbred) populations owing to more homo
geneous genetic and environmental backgrounds. All participants were recruited in high schools. At recruitment, adolescents who were exposed and nonexposed prenatally to
maternal cigarette smoking were matched by school attended
and by maternal education to minimize the potentially confounding influence of socioeconomic status. B
 eing exposed was
defined as having a mother who smoked more than 1 cigarette
per day during the second trimester; b
 eing nonexposed was defined as having a mother who did not smoke for at least 1 year
before — and throughout — the pregnancy. This information
was reported by the mothers during a structured telephone
interview with a research nurse at the time of our study and
was subsequently validated against medical records in a subset
of 260 adolescents; κ statistics with a value of 0.69 ± 0.04 indicated good agreement (> 0.6–0.8)37 in this subset.
The main exclusion criteria of the SYS were premature birth
(< 35 wk) or detached placenta; maternal alcohol abuse during pregnancy; positive medical history of the participant for
type 1 diabetes, heart disease requiring surgery or sustained
medication; and contraindication to MRI. Additional study
details have been described elsewhere.36 Written consent of
the parents and assent of the adolescents were obtained. The
research ethics committee of the Chicoutimi Hospital approved the SYS study protocol.

Dietary intake of fat
Dietary intake of fat was assessed using 24-hour food recall.
It is a well-established method of assessing diet used, for
example, in the U.S. National Health and Nutrition Examination Surveys, which are the only nationally representative diet
ary surveys in the United States.38 This method has been validated for Quebec youth.39 In the SYS, all 24-hour food recalls
took place in the form of a structured interview conducted by
a trained nutritionist who collected information about all foods
and drinks consumed in the preceding 24 hours and then analyzed this information using the Recipe File (U.S. Department
of Agriculture) to obtain quantitative data on energy and
macronutrient (fat, carbohydrate, protein) intake. All 24-hour
food recalls took place on a Saturday during a hospital session
of the phenotyping protocol.36 Therefore, for all participants,
the assessed 24-hour periods occurred on Fridays. In the present study, we analyzed fat, carbohydrate and protein intake
(percent of energy consumed as fat, carbohydrate and protein,
respectively) and energy intake.

OPRM1 genotype
Here we studied the OPRM1 single nucleotide polymorphism
(SNP) previously associated with dietary intake of fat
(rs2281617)14 and other reward-related behaviours.40 Genotypes
for this SNP were obtained as follows: in the first 570 participants (the first wave of genotyping), the SNP was genotyped
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with the Illumina Human610-Quad BeadChip at the Centre
National de Génotypage in Paris, France. In the remaining
415 participants (the second wave of genotyping), it was genotyped with the Illumina HumanOmniExpress BeadChip at the
Genome Analysis Center of the Helmholtz Research Center for
Environmental Health in Neuherberg, Germany. On both
genotyping platforms, the SNP passed the quality control cri
teria of call rate over 95% and minor allele frequency over 0.01.
Owing to a low number of TT homozygotes in our sample (n =
12), TT homozygotes were pooled together with CT hetero
zygotes and analyzed as T carriers, as done previously.14

DNAm of OPRM1
We assessed DNAm in OPRM1 using the Infinium HumanMethylation450 BeadChip (Illumina) in a subset of unrelated
participants of the SYS (nonexposed matched to exposed by
sex, age and maternal education). The exposed participants
(half male, half female) were selected based on medians of
exposure (10 cigarettes per day in both sexes).
Bisulfite conversion of DNA extracted from peripheral blood
cells (800 ng) was performed with the EZ-96 DNA Methylation
Kit (Zymo Research), and subsequent hybridization of this
DNA was carried out with the Infinium HumanMethylation450 BeadChip. Both these procedures were performed at
the Genome Analysis Center of the Helmholtz Research Center
for Environmental Health. Samples were loaded onto the array
in a random order with respect to PEMCS and sex and processed by the same technician simultaneously to minimize
batch effects. The chip interrogates DNAm at more than
485 000 CpGs, providing coverage to more than 99% of RefSeq
genes, targeted across their promoters, 5’-untranslated regions
(UTRs), first exons, gene bodies and 3’UTRs.41 The DNAm
score at each CpG, described as the DNAm-b value, ranges between 0 and 1 and is derived from the fluorescent intensity
ratio (b = intensity of the methylated allele ÷ [intensity of the
unmethylated allele + intensity of the methylated allele + 100]).
Methylation values were normalized using the preprocess Illumina algorithm implemented in the Minfi R package.42 Param
eters were set to mimic the Illumina Genome Studio normalization procedure. The CpGs within transcriptional start sites
(TSS), 5’UTRs and first exons were classified as promoter
CpGs, and CpGs within gene bodies and 3’UTRs were classified as gene-body CpGs.41
We considered CpGs located within the OPRM1 region
with a detection p value less than 0.05 and no cross-
reactivity.43 We excluded any probes that demonstrated abnormal distribution of DNAm-b values as well as any out
liers from further analysis. In the present study, 23 CpGs
located within the OPRM1 region were considered (Table 1).
Two of them (cg06649410 and cg11881038) demonstrated abnormal distribution of DNAm-b values, suggestive of strong
confounding genetic influences (see the Appendix, Fig. S1,
available at jpn.ca); the studied OPRM1 SNP (rs2281617),
however, was not associated with DNAm-b at either of these
CpGs (Appendix, Table S1). In addition, a DNAm-b value at
cg14262937 of 1 participant was a distinct outlier (Appendix,
Fig. S1) and was excluded.

40

Statistical methods
We first examined whether OPRM1 and PEMCS were in
dependently associated with fat intake. We then examined
whether OPRM1 interacted with PEMCS in their associations
with fat intake. In these analyses, we used multivariate regression, with OPRM1 genotype (T carriers v. CC homo
zygotes at rs2281617) and/or PEMCS (exposed v. nonexposed) as the main factors and age, sex and perinatal
variables previously shown to be associated with PEMCS
(birth weight [adjusted for gestation duration], breastfeeding
duration)44 as potentially confounding factors. We also tested
an additional model that included current cigarette smoking
by adolescents as a potentially confounding factor.
Next, we examined whether PEMCS was associated with
differential DNAm of OPRM1. Since DNAm correlated
across neighbouring CpGs,35 we first used principal compon
ent analysis (PCA) to identify independent components of
shared variance among the tested OPRM1 CpGs and then
examined whether any of the identified components were associated with PEMCS. Principal component analysis is a multivariate statistical technique used to extract shared variance
from correlated data. It transforms a number of possibly correlated variables into a number of uncorrelated variables, the
so-called principal components (PCs). Each PC represents a
different linear combination of the original correlated variables. The original variables are first normalized to their respective means and then used to generate a correlation mat
rix. Principal component analysis is then performed by
eigenvalue decomposition of the correlation matrix. In the
present study, PCA was performed on 21 residuals of
DNAm-b values adjusted for age, sex and perinatal variables
(birth weight [adjusted for gestation duration], breastfeeding
duration). The PCs with an eigenvalue over 1 were con
sidered significant, as suggested previously for data on samples of more than 100 participants.45 Associations between
PEMCS and significant PCs were tested with 2-sided t tests.
Normality of the dependent variables (i.e., significant PCs)
was assessed and statistical outliers (mean ± 3 standard deviations) were excluded (PC1 contained 2 outliers and PC2 contained 1 outlier). An additional model including current cigarette smoking by adolescents as a potentially confounding
factor was also tested using multivariate regression analysis
with PEMCS as the main factor. All analyses were performed
using JMP version 9.0 (SAS Institute Inc.).

Results
Participants
The SYS included a total of 1028 adolescents. In the present
study, all individuals with missing 24-hour food recall (n = 29),
OPRM1 genotype (n = 14), and perinatal data (birth weight, gestation duration, breastfeeding duration; n = 17) were excluded.
Statistical outliers (mean ± 3 standard deviations) for perinatal
variables were also excluded (n = 12). Thus, the final analyzed
sample was 956 adolescents (457 exposed). Descriptive characteristics of these individuals are provided in Table 2. In the
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present study, average exposure to maternal smoking was 10.7
± 6.7 (range 1–35) cigarettes per day throughout gestation.
We assessed DNAm in OPRM1 in 132 unrelated participants
(66 nonexposed and 66 exposed). The exposed participants com-

prised 33 boys and 33 girls who were prenatally exposed to maternal cigarette smoking of 8.9 ± 3.9 (range 5–20) cigarettes per
day. Descriptive characteristics of the participants in this subset
are provided in the Appendix, Table S2.

Table 1: Probed CpGs within OPRM1
PCA loading matrix‡
Illumina ID

DNAm-b

UCSC RefGene
Group*

PC1, 16.2%

PC2, 13.3%

1

cg12944573

0.56

TSS

Promoter

0.42§

0.52§

2

cg17256711

0.24

TSS

Promoter

0.32§

0.23

3

cg13245264

0.68

1st Exon (Exon 11)

Promoter

0.12

0.44§

4

cg10143581

0.88

TSS

Promoter

0.04

5

cg22370006

0.15

TSS

Promoter

0.44§

–0.09

6

cg14262937

0.16

TSS

Promoter

0.41§

–0.11

7

cg06649410

0.19

1st Exon (Exon 1)

Promoter

—

—

8

cg05215925

0.13

1st Exon (Exon 1)

Promoter

0.74§

–0.22

9

cg12838303

0.13

1st Exon (Exon 1)

Promoter

0.74§

–0.21

10

cg22719623

0.44

1st Exon (Exon 1)

Promoter

0.70§

0.02

11

cg15085086

0.21

1st Exon (Exon 1)

Promoter

0.38§

–0.47

12

cg05017309

0.88

Body

Body

0.00

0.12

13

cg22366819

0.91

Body

Body

0.37§

0.50§

14

cg12466324

0.79

Body

Body

–0.61

0.45§

15

cg23384428

0.93

Body

Body

0.16

0.58§

16

cg11881038

0.78

Body

Body

—

—

17

cg04170440

0.85

Body

Body

0.20

0.59§

18

cg07813322

0.85

3’UTR

Body

–0.31

0.13

19

cg15658985

0.86

Body

Body

–0.08

–0.52

20

cg26415516

0.78

3’UTR

Body

–0.27

0.08

21

cg27296341

0.68

Body

Body

22

cg10276116

0.92

Body

Body

–0.01

0.47§

23

cg07356123

0.87

Body

Body

0.21

0.38§

CpG no.

Modified position
category†

0.44§

0.36§

0.09

DNAm-β = DNA methylation β; OPRM1 = opioid receptor mu-1 gene; PC = principal component; PCA = principal component analysis; TSS = transcription start site; UTR = untranslated
region; UCSC = University of California, Santa Cruz.
*Annotations according to the UCSC database (http://genome.ucsc.edu/)
†Modified position categorizations, as adopted from Sandoval and colleagues.41
‡Percentages represent the proportion of variance among CpG DNA methylation explained by the principal component.
§Positive PC loading ≥ 0.30, as suggested previously for data with sample sizes ≥ 100.45

Table 2: Basic characteristics of all studied adolescents
Group; mean ± SD*
Characteristic

Nonexposed

Sex, no. male:female
Age, yr
Family income, $CAD/yr
Current smoking, yes:no‡

Exposed

p value†

258:241

208:249

0.06

14.5 ± 1.8

14.6 ± 1.8

0.61

51 424 ± 17 446 50 518 ± 19 417

0.53

36:459

54:395

0

10.6 ± 6.7

N/A

Gestational duration, wk

39.3 ± 1.5

39.2 ± 1.5

0.65

Birth weight, g

3511 ± 457

3265 ± 475

< 0.001

Breastfeeding duration, wk

10.5 ± 13.8

6.3 ± 11.2

< 0.001

PEMCS, cigarettes/d

0.013

N/A = not applicable; PEMCS = prenatal exposure to maternal cigarette smoking;
SD = standard deviation.
*Unless otherwise indicated.
†We use a t test for continuous variables and a c2 test for categorical variables.
‡Adolescents were classified as currently smoking if they reported to have smoked at
least 1 cigarette in the last 30 days. Data were missing from 12 adolescents.
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OPRM1 × PEMCS interaction and fat intake

PEMCS association with DNAm of OPRM1

The present study (n = 956) confirms associations of OPRM113
and PEMCS14 with fat intake, as observed previously in smaller
subsets of the sample, and identifies a new interaction between
these 2 factors. Thus, the OPRM1 T carriers (n = 196) demonstrated lower fat intake than CC homozygotes (n = 754; –1.6%,
p = 0.017), and adolescents exposed to PEMCS (n = 453)
showed higher fat intake than nonexposed adolescents (n =
497; +1.6%, p = 0.005). The “protective” T allele of OPRM1 was
associated with lower fat intake in nonexposed (–3.2%, p =
0.0003) but not in exposed (by +0.8%, p = 0.42) adolescents
(OPRM1 × PEMCS interaction, p = 0.003; Fig. 1). This T allele
was also associated with higher carbohydrate intake in nonexposed but not exposed adolescents (Fig. 1). No differences were
seen in protein intake and overall energy intake (Fig. 1). These
results are consistent with those of a previous animal study
suggesting that the mu-opioid receptor may exert opposite effects on fat and carbohydrate intake independently of energy
status (being satiated or hungry).16 All the above results remained virtually unchanged after adjusting for the potentially
confounding effects of birth weight, breastfeeding and current
smoking by the adolescents (Appendix, Table S2). Finally, neither PC1 nor PC2 were significantly associated with rs2281617.

Next, we examined whether DNAm across the tested OPRM1
CpGs (n = 21) differed between 66 exposed and 66 nonexposed
adolescents matched by sex, age and maternal education. The
PCA of DNAm at the 21 CpGs identified 2 independent PCs.
The first, PC1, explained 16.2% of shared variance (p < 0.001)
and was strongly positively loaded by CpGs within promoter
regions (Table 1, Fig. 2). The second, PC2 explained 13.3% of
shared variance (p < 0.001) and was positively loaded mainly by
CpGs within the gene body ( Table 1, Fig. 2). We found that PC1
did not differ between exposed and nonexposed adolescents
(p = 0.82), whereas PC2 was lower in exposed than in nonexposed adolescents (p = 0.031; Fig. 2), suggesting that PEMCS
may modulate gene-body rather than promoter DNAm. These
results remained virtually unchanged after adjusting for the potentially confounding effects of current cigarette smoking by the
adolescents (PC1: p = 0.63 and PC2: p = 0.025).

Discussion
The results of the present study suggest that PEMCS may
interact with OPRM1 to enhance dietary intake of fat, and
that the mechanisms of this gene-environment interaction

B

A

35

CC
T

65
p = 0.42
p = 0.0003

30

25

20
Nonexposed

% carbohydrate intake

% fat intake

40

60

p = 0.29

55
50
45
Nonexposed

Exposed

Exposed

ORPM1: p = 0.19
PEMCS: p = 0.0004
OPRM1 × PEMCS: p = 0.004

OPRM1: p = 0.08
PEMCS: p = 0.0001
OPRM1 × PEMCS: p = 0.003

C

D

Total energy intake, kcal

25

% protein intake

p = 0.001

20

15

10

5
Nonexposed

Exposed

OPRM1: p = 0.90
PEMCS: p = 0.97
OPRM1 × PEMCS: p = 0.64

4000

3000

2000

1000
Nonexposed

Exposed

OPRM1: p = 0.32
PEMCS: p = 0.08
OPRM1 × PEMCS: p = 0.09

Fig. 1: Association of the opioid receptor mu-1 gene (OPRM1; rs2281617) and prenatal exposure to maternal cigarette smoking (PEMCS)
with fat, carbohydrate, protein, and energy intake. Means ± standard errors of the mean, adjusted for age, sex and perinatal variables (birth
weight, adjusted for gestation duration and breastfeeding duration) are shown.
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ing).13,14 Therefore, in the present study, we also tested adiposity and amygdala volume. Adiposity showed a pattern of
group differences suggestive of a possible role of the PEMCS ×
OPRM1 interaction in regulating adiposity (PEMCS × OPRM1
interaction: p = 0.17) in a similar way as fat intake (Appendix,
Fig. S2). Further studies, however, are needed to confirm this
possibility. In contrast, amygdala volume demonstrated clear
evidence for the absence of PEMCS × OPRM1 interaction (p =
0.99), suggesting that amygdala volume is not involved in
mediating the effect of this interaction on fat preference.

1
0.9
0.8

DNA methylation, β

0.7
0.6
0.5
0.4
0.3

PC1

0.2

PC2

0.1
0

TSS11 E11
Promoter

TSS1
E1
Promoter

Gene-body/intronic region
Gene body
rs2281617

OPRM1

0.6

0.8

Nonexposed
Exposed

0.4
0.2
0

0.6

p = 0.03

0.4

p = 0.82

PC2

0.8

PC1

might involve exposure-associated decreases of gene-body
DNAm in OPRM1.
OPRM1 encodes the mu-opioid receptor for endogenous (bendorphin, enkephalin) and exogenous (morphine, heroin,
methadone) opioids. The gene is highly expressed in brain regions processing reward from drugs of abuse as well as palatable foods, such as dietary fat.6,15,16 Previous research suggests
that a specific variant of OPRM1 (T allele of rs2281617) may
confer a “protective” effect — it was associated with lower fat
intake and lower body adiposity in adolescence.14 Interestingly, the same variant of OPRM1 was associated with lower
amphetamine-induced euphoria in an independent study of
adults.40 Here, we found a significant interaction between this
variant and PEMCS — the protective T allele was associated
with lower fat intake in the nonexposed but not in the exposed
adolescents (Fig. 1). One possible cellular mechanism under
lying this gene–environment interaction could be PEMCS-
associated modulations of DNAm in OPRM1 that would
silence the protective T allele in the exposed individuals.
Cigarette smoke is considered a powerful environmental
modifier of DNAm.27–31 Chemicals contained in cigarette smoke
may alter the expression or activity of DNAm machinery or
may induce DNA lesions that recruit this machinery to the site
of repair and enhance DNAm there (see the review by Lee and
Pausova31). When exposure to cigarette smoke takes place during early embryogenesis, namely during the process of global
erasure and re-establishment of DNAm in undifferentiated
cells (before their commitment into specific tissues), it may induce soma-wide modifications of DNAm present in diverse tissues, such as brain and peripheral blood cells. Consistent with
this possibility, it has been demonstrated recently that, despite
a substantial degree of between-tissue variation in DNAm,
interindividual differences in DNAm are highly correlated
across brain and peripheral blood cells (cerebellum v. blood: r =
0.76, cortex v. blood: r = 0.66).33 Epigenetic changes occurring
early in development (before complete tissue differentiation)
have been suggested as a possible cause of these between-tissue
correlations.33 Further, these early environment-induced somawide modifications of DNAm may be long-lasting, as DNAm
patterns established during embryogenesis are maintained during life by copying DNAm marks during successive cell div
isions by maintenance DNA methyltransferases.34 In the present study, we observed that PEMCS is associated, in
adolescence, with lower DNAm across multiple CpGs located
mainly in the gene body of OPRM1 (Fig. 2). Recent research
suggests that gene-body DNAm plays a critical role in regulating the use of alternative splice sites.24–26 OPRM1 is a complex
gene with multiple 5’ and 3’ alternative splice sites that can generate more than 20 alternative transcripts.46,47 Further, genebody methylation may be involved in suppression of gene expression by, for example, inhibiting alternative promoters
embedded in gene bodies48 or by impeding RNA-polymerase
transit and transcription elongation.49,50 Whether the observed
lower gene-body methylation of OPRM1 modulates its expression requires further experimental research.
In previous studies, PEMCS and OPRM1 were associated
not only with fat intake but also with adiposity and volume of
amygdala (a brain structure involved in reward process-

0.2
0

-0.2

-0.2

-0.4

-0.4

-0.6

-0.6

Fig. 2: Studied opioid receptor mu-1 gene (OPRM1) CpGs and
their association with prenatal exposure to maternal cigarette smoking (PEMCS). (Top) A total of 23 CpGs located within OPRM1
were considered, and their position and mean DNA methylation
level (β, DNAm-β) across 132 investigated adolescents are shown.
In addition, significant contributions (loading ≥ 0.30) of individuals’
CpGs to principal component 1 (PC1) and principle component 2
(PC2) are indicated by circles and squares, respectively. Arrows indicate excluded CpGs with abnormal distribution (see the Appendix, Fig. S1, available at jpn.ca). (Bottom) Associations between
PEMCS and PC1 or PC2, with means ± standard errors of the
mean adjusted for age, sex and perinatal variables (birth weight,
adjusted for gestation duration, and breastfeeding duration) are
shown. E = exon; TSS = transcription start site.

J Psychiatry Neurosci 2015;40(1)

43

Lee et al.

4.

Limitations
The present study was a cross-sectional rather than longitudinal
study of adolescents and, as such, could not examine developmental trajectories of the observed effects of genetic variants
and early environment-induced epigenetic modifications of
those variants from birth to adolescence. In addition, DNAm of
OPRM1 was assessed only in a subset (n = 132) of all analyzed
individuals (n = 956). Finally, based on the results of the present
study, we do not know whether gene-body methylation of
OPRM1 is associated with its higher or lower expression, but
we presented several examples from previous research indicating a critical role of gene-body methylation in regulating expression of alternative transcripts and/or gene expression.

5.
6.
7.
8.
9.

10.

Conclusion
The present study identifies a novel gene–environment interaction that may be increasing dietary preference for fatty
foods in adolescents. It also provides some initial evidence
for a possible underlying mechanism of this interaction:
PEMCS-associated epigenetic modifications of OPRM1.
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