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Abstract

Background: Evidence suggests that prenatal exposure to n-3 long-chain polyunsaturated fatty acids (LCPUFA)
reduces the incidence of allergic disease in children. LCPUFAs are produced from dietary precursors catalyzed by
desaturases and elongases encoded by the FADS1/2 and ELOVL5 genes. DNA methylation regulates gene activity
and fatty acid supplementation could alter DNA methylation (DNA-M) at these genes. We investigated whether

DNA-M and expression of the FADST/2 and ELOVL5 genes were associated with allergy in children and gestational
fish intake. We studied 170 participants from the Isle of Wight 3rd Generation Cohort, UK. Phenotype data and
exposure was assessed by questionnaires. Genome-wide DNA-M in cord blood samples was quantified using the
[llumina Infinium HumanMethylation450 and EPIC Beadchips. Five SNPs (single-nucleotide polymorphisms) in the
FADS gene cluster and one SNP in ELOVL5 were genotyped in offspring. FADS gene expression in offspring cord
blood was determined.

Results: Gestational fish intake was significantly associated with increased methylation of cg12517394 (P = 0.049),
which positively correlated with FADST mRNA levels (P=0.021). ELOVL5 rs2397142 was significantly associated with
eczema (P=0.011) and methylation at cg11748354 and cg24524396 (P < 0.001 and P =0.036, respectively).
Gestational fish intake was strongly associated with elevated DNA-M at cg11748354 and cg24524396 (P=0.029 and
P=0.002, respectively) and reduced ELOVL5 mRNA expression (P=0.028).

Conclusion: The association between induced FADS1/2 and ELOVL5 DNA-M and reduced gene expression due to
gestational fish intake provide a mechanistic explanation of the previously observed association between maternal
LCPUFA intake and allergy development in early childhood.
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Background

Maternal diet during pregnancy is a potentially import-
ant determinant of intrauterine development and linked
to fetal physiologic adaptations and early immune sys-
tem programming [1]. To maintain fetal development,
nutrients are transported to the fetus across the placenta

* Correspondence: j.w.holloway@soton.ac.uk

"Human Development and Health, Faculty of Medicine, University of
Southampton, Southampton, UK

“Clinical and Experimental Sciences, Faculty of Medicine, University of
Southampton, Southampton, UK

Full list of author information is available at the end of the article

B BMC

[2]. Exposure to omega-6 (n-6) and omega-3 (n-3) poly-
unsaturated fatty acids (PUFAs) during pregnancy has
been found to be associated with allergic outcomes in
infants or children [3]. Maternal PUFA supplementation
during pregnancy has been reported to reduce childhood
asthma at age 16 [4] and to reduce the absolute risk of
persistent wheeze or asthma and airway inflammation in
offspring at 36 months after birth [5]. Oily fish consump-
tion, a major source of n-3 PUFAs, contains higher
amount of eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) which has been shown to be

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12263-019-0644-8&domain=pdf
http://orcid.org/0000-0001-9998-0464
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:j.w.holloway@soton.ac.uk

Losol et al. Genes & Nutrition (2019) 14:20

protective against allergic diseases [6]. Fish intake has
also been demonstrated to diminish the risk of asthma
at 18 months [7]. In contrast, maternal shellfish con-
sumption during the first trimester has been shown to
increase the risk of wheezing, eczema and food allergy,
while fatty fish consumption has been associated with
increased risk of eczema in offspring [8, 9]. However, a
recent large prospective study could not substantiate the
previously observed beneficial association between fish
and seafood consumption in pregnancy and develop-
ment of asthma and allergic rhinitis symptoms in chil-
dren up to 8years of age [10]. In contrast, a meta-
analysis of six studies revealed an association between
fish oil supplementation during pregnancy and reduced
risk of sensitization to food allergens at first year [11].

Long-chain PUFAs (LCPUFAs), produced from their
dietary precursors (omega-3 and omega-6), are catalyzed
by desaturases and elongases which are encoded by the
FADS1/2 and ELOVL2/5 genes. A number of studies have
found an association between FADS gene variants and
immune-related outcomes. For example, maternal FADS
genetic variation, through a higher infant supply of
LCPUFA, has been found to be associated with a decrease
in the production of IL-5, IL-10, and IL-17 in the infant
[12-16]. Carriers of the minor alleles of FADS genetic var-
iants and their respective haplotypes have been demon-
strated to have lower levels of desaturase products and a
lower prevalence of allergic rhinitis and atopic eczema
[16]. An observational study showed that the FADS SNP
rs3834458 was significantly associated with serum
LCPUFA levels, with individuals homozygous for the del/
del variant shown to have a decreased level of arachidonic
acid (AA) and increased alpha-linolenic acid (ALA) to
DHA ratio in high fish-eating mothers [17]. Previously, it
has been reported that carriers of the minor alleles of
FADS SNPs, including rs3834458, tend to have a lower
blood composition of LCPUFA, particularly AA [18]. Al-
though the evidence is not conclusive, it is conceivable
that minor alleles of FADS genes produce a lower propor-
tion of desaturase products and therefore less AA, redu-
cing the risk of asthma.

Increased DNA methylation (DNA-M) at FADS pro-
moter regions was associated with lower gene expression
levels in minor homozygote carriers [19], and differences in
DNA-M associated with the development of asthma during
childhood has been reported [20, 21]. There are suggestions
that DNA-M may regulate FADS activity [22] and that fatty
acid supplementation can induce altered methylation of
specific CpG loci in FADS2 and ELOVLS [23]. A murine
study reported differing levels of FADS2 promoter methyla-
tion in the liver tissue from offspring exposed to linoleic
acid during gestation [24]. Recently, allele-specific methyla-
tion was reported between rs174537 and DNA methylation
in FADS region in leukocyte and CD4+ cells [25].
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Given these interrelations between maternal diet, geno-
type, offspring DNA-M, and asthma, we hypothesized that
maternal fish intake may modulate offspring epigenetic
programming, regulating fatty acid desaturase and elon-
gase activities, and that this may modulate later health
outcomes, in particular childhood wheeze and eczema.

Results

The descriptive characteristics of the cohort are pre-
sented in Table 1. There were no substantial differences
in the prevalence of maternal smoking during preg-
nancy, maternal history of asthma, maternal history of
eczema, maternal socioeconomic status, child eczema,
child wheeze, and maternal oily fish intake between the
total cohort and those who were randomly selected for
the DNA-methylation analysis (Table 1). For each FADS
and ELOVLS5 association analysis, 170 methylation-
phenotype pairs, 157 methylation-gene expression pairs
and phenotype-gene expression pairs, 123 methylation-
genotype, phenotype-genotype, and gene expression-
genotype pairs were available (Fig. 1).

Three FADSI and FADS2 SNPs (rs174537, rs174556,
rs174575) and one ELOVLS5 SNP (rs2397142) were geno-
typed and used for further analysis as these were not in
linkage disequilibrium (+* < 0.80). Associations of these
SNPs with the prevalence of wheeze and eczema were
assessed as shown in Table 2. Among these, the ELOVLS5
variant rs2397142 was associated with eczema (P =0.011).
The eczema prevalence was higher in minor allele carriers
than in homozygous major allele carriers.

A total of 39 CpG sites spanning the genomic region of
the FADS cluster and 27 CpG sites in ELOVLS were ana-
lyzed for association with wheeze and eczema. Methyla-
tion levels of cg00786201 and cg25448062 in the FADS
cluster showed an association with eczema, and methyla-
tion at cg01400685 was found to be associated with
wheeze (P<0.05, respectively; Additional file 1). Also,
methylation levels of cg18564099 in ELOVLS showed an
association with eczema (P = 0.046; Additional file 1).

Maternal oily fish intake was correlated with signifi-
cantly increased DNA-M level at ¢g12517394 in FADS
(P =0.049, Table 3).

In addition, maternal oily fish intake was strongly as-
sociated with elevated DNA-M at ¢gl1748354 and
€g24524396 in ELOVLS (P=0.029 and P=0.002, re-
spectively, Table 4) and reduced ELOVL5 mRNA expres-
sion (P = 0.028, Table 5).

A genotype-dependent interaction was identified be-
tween ELOVL5 SNPs and CpG sites (cgl1748354 x
rs2397142 and cg24524396 x rs2397142 (P <0.001 and
P =0.036, respectively; Additional file 2). When the cor-
relation between methylation levels and gene expression
levels in cord blood were tested, DNA-M at ¢g12517394
was significantly correlated with FADSI gene expression
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Table 1 Characteristics of subjects with available methylation
data compared to the participants of the total

Total participants Participants with P value

n =436 (%) DNA-M data
n=170 (%)
Maternal smoking during pregnancy
Yes 146 (36.6) 61 (37.0) >
0.999
No 253 (634) 104 (63.0)
Maternal history of asthma
Yes 64 (184) 27 (18.2) >
0.999
No 284 (81.6) 121 (81.8)
Missing 88 22
Maternal history of eczema
Yes 143 (41.6) 65 (40.4) 0.846
No 201 (584) 96 (59.6)
NA 92 9
Child eczema
Yes 58 (15.8) 29 (18.7) 0442
No 308 (84.2) 126 (81.3)
Missing 70 15
Child wheeze
Yes 67 (184) 32 (20.6) 0.625
No 298 (81.6) 123 (794)
Missing 71 15
Maternal fish intake
Never 159 (61.9) 70 (61.4) 0.801
1-2 or less per month 74 (28.8) 32 (28.1)
1-3 per week 21 (8.2) 11 (9.6)
4 or more times per 2 (08) 0(0)
week
Uncertain 1(04) 109
Missing 179 52
Maternal socioeconomic status
Below low 77 (19.3) 25 (15.0) 0273
Low 97 (24.3) 54 (32.5)
Medium Low 114 (28.5) 48 (28.3)
Medium 61 (15.3) 24 (14.5)
High 51(128) 16 (9.6)
NA 36 3

Data are n (%), unless otherwise indicated. Difference between groups was
assessed using Yates’ continuity correction
DNA-M DNA methylation, NA not applicable

levels (P =0.021, Additional file 3). FADSI gene expres-
sion levels were significantly different according to the
FADS SNPs (P<0.05, Additional file 4), but not in
FADS2 and ELOVLS.
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Fig. 1 Venn diagram of participants by different subgroups

Discussion

This study investigated the effects of oily fish intake dur-
ing the third trimester of pregnancy on the allergic out-
comes of the infants by using a subset of umbilical cord
blood samples from Isle of Wight (IoW) F, generation.
This is the first study to explore associations between
FADS and ELOVL SNPs, gene expression, DNA methy-
lation, child allergy, and gestational oily fish intake in
the same cohort. Maternal fish intake could increase
mean maternal circulating omega-3 levels and increased
cord blood fatty acids that potentially prevent inflamma-
tion [26].

Our first major finding was a significantly increased
cord blood methylation of ¢g12517394 in the FADS clus-
ter and DNA methylation at ELOVLS, ¢gl11748354, and
€g24524396 with gestational oily fish intake, whereas oily
fish intake during pregnancy reduced ELOVL5 mRNA
expression in the cord blood. In previous studies, sup-
plementation with #-3 LCPUFA was shown to increase
methylation levels at CpGs in FADS2 and ELOVLS,
which were negatively associated with the level of the
FADS2 and ELOVLS transcripts in non-atopic adults
consuming #n-3 LCPUFA for 8-12 weeks [23]. In con-
trast, it was reported that maternal fish oil supplementa-
tion during the second half of pregnancy had small or
no effects on DNA-M of infants [27, 28]. In vivo, feeding
rats a fish oil-enriched diet for 9 weeks induced lower
FADS2 mRNA expression and increased methylation of
specific CpG loci in FADS2 [29]. Together, these findings
suggest that methylation at these loci directly regulates
FADS and ELOVLS5 transcription, and #-3 LCPUFA intake
can induce changes in methylation levels in specific genes.
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Table 2 Prevalence of wheeze and eczema in offspring stratified by genotype

Gene SNPs Genotypes Wheeze ever P value Eczema ever P value
n (%) n (%)

FADS1 15174537 GG 11 (21.6) >0.999 10 (19.6) 0.849
GT 11 (22.0) 12 (23.5)
T 3(250) 2(16.7)

FADS1 15174556 CC 11 (20.0) 0.669 11 (20.0) 0.939
cT 11 (244) 11 (239
T 1(12.5) 2(25.0)

FADS2 rs174575 CcC 12 (194) 0614 12 (194) 0.939
CcG 10 (23.8) 10 (233)
GG 3(333) 2(22.2)

ELOVLS 152397142 CC 9 (20.0) 0.569 4(89) 0.0M1
CcG 14 (25.9) 18 (32.7)
GG 2(143) 2 (143)

Data are n (%). Chi-square test was applied with Yates’ correction

Our second major finding was a genotype-dependent
methylation of ¢g11748354 and ¢g24524396 related to
ELOVLS5 1s2397142. A previous meta-analysis in liver
methylation data, a highly relevant tissue for PUFA me-
tabolism, identified a strong effect of FADS rs174537 on
the methylation status of one or more critical CpG sites
in the FADS gene cluster [19]. The most significant asso-
ciation was observed with cg27386326 (p = 2.69 x 107>°)
and four other sites, including cg16213375, cg10515671,
cg03805684, and cgl19610905 [22]. We did not observe
genotype-dependent methylation of FADSI. However,
we identified higher gene expression levels for FADSI in
the cord blood with positive correlation with methyla-
tion at cgl2517394 that are likely to be influenced by
FADS genetic variants.

Finally, rs2397142 in ELOVLS showed significant asso-
ciation with eczema in this study. The frequency of GG
genotype of this polymorphism was higher in children
with eczema. In a previous study, children from mothers
with low fatty fish consumption during pregnancy had
higher risk of eczema [8]. Furthermore, children with
atopic eczema had lower ELOVLS5 mRNA levels in their
blood when compared to healthy controls [30]. These
findings indicate that maternal lower fatty acid levels
during pregnancy directly associated with decreased

Table 3 Association of maternal fish intake with cord blood
FADS DNA methylation

ELOVLS mRNA expression in children and increase the
risk of eczema, especially in children carrying GG geno-
type of rs2397142.

Our study had some limitations. Data on DNA-M and
gene expression were only available from the cord blood
and not from the liver samples, the major site of fatty
acid metabolism. In addition, only proxy measures of
maternal LCPUFA intake in the form of self-reported
oily fish intake were available. We were unable to deter-
mine the ration of omega-6 to omega-3 in this cohort.
This has previously been indicated as a possible risk fac-
tor for the development of atopic dermatitis and allergic
rhinitis [31] and should be addressed in future studies.
Nonetheless, the SNP-DNA-M gene expression associa-
tions observed largely support previous observations. Fi-
nally, this study was underpowered to investigate weaker
links between maternal oily fish intake and clinical
outcomes in children; however, there was a trend for
a lower incidence of early life wheeze in the group
whose mothers consumed oily fish compared with
those who did not.

Conclusions
We report that infants of mothers supplemented with
higher oily fish intake during the last trimester of

Table 4 Association of maternal fish intake with cord blood
ELOVL5 DNA methylation

CpG Qily fish intake (28 weeks) Pvalue  CpG QOily fish intake (28 weeks) P value
No (n=103) Yes (n=11) No (n=103) Yes (n=11)

€g00614641 0.088 £0.013 0.079+0.010 0.022 cg10410213 0.608 = 0.025 0.079+0.020 0.010

€g07999042 0.880+0.013 0.870 £ 0.020 0.033 cg11748354 0.146 + 0.045 0.191+£0.073 0.029

cg125173%4 0.037 £0.007 0.040 + 0.005 0.049 €g24524396 0.093+0.011 0.106 £0.012 0.002

Data are mean (SD). P values calculated using the Mann-Whitney U test

Data are mean (SD). P values calculated using the Mann-Whitney U test
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Table 5 Gestational oily fish intake on offspring gene expression

Qily fish intake (28 weeks) P value
No (n=81) Yes (n=9)
FADST mRNA 6.77 +042 6.68+0.52 0.691
FADS2 mRNA 1213 +0.80 12,66 +0.90 0.090
Intergenic mRNA 8.57+059 8.95+0.62 0.104
ELOVL5 mRNA 847 +043 793+£0.63 0.028

Data are mean (SD). P values calculated using the Mann-Whitney U test

pregnancy had greater methylation levels at FADS gene
cluster and ELOVLS5 and lower levels of ELOVL5 mRNA
expression. These methylation and gene expression
changes were modulated by FADS and ELOVL gene vari-
ants. In conclusion, the association between induced
FADS and ELOVL DNA methylation and reduced gene
expression due to gestational fish intake gives a mechan-
istic explanation of previously observed associations be-
tween maternal LCPUFA intake and allergy development
in early childhood.

Methods

Study population

Children born on the Isle of Wight (IoW) between 1989
and 1990 (n=1536) were recruited to prospectively
study the natural history of asthma, allergy, and obesity.
Informed consent was obtained from the parents (Ist
generation, IoW F;), and after exclusion, 1456 partici-
pants were recruited (2nd generation, IoW F;) as the
IoW birth cohort [32]. The recruitment of newborns for
the IoW 3rd Generation (IoW F,) study started in April
2010, and the samples used in this study are from infants
born between April 2010 and May 2018. In total, 436 new-
borns have been recruited such that at least one of their
parents is in the IoW F; [33]. In this study, we have used
cord blood samples from a subset of [oW F, generation.

Clinical data collection

In the F, generation, maternal history of asthma and
smoking during pregnancy was ascertained at birth.
Early wheezing was defined if symptoms of “wheeze”
were reported by parents to occur between cold/infec-
tions at least once at either the 3-, 6-, or 12-month
follow-up after birth. Childhood eczema information
was also collected at 3, 6, and 12 months and defined as
chronic or chronically relapsing, itchy dermatitis lasting
more than six weeks with characteristic morphology and
distribution [34, 35].

Assessment of fish and shellfish intake

Participant’s mothers were asked to fill out a validated
food frequency questionnaire that inquired about their
usual consumption, before pregnancy, during 24th and
28th week of gestation [36]. White fish, shellfish, and
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oily fish consumption was evaluated with women report-
ing their frequency of consumption on a 5-point scale:
“never,” “rarely (1-2 or less per month),” “occasionally
(1-3 per week),” “4 or more times per week,” and
“uncertain.” Mackerel, salmon, sardines, pilchards,
herring, kipper, whitebait, trout, crab, and fresh tuna
were classified as oily fishes. We considered oily fish
intake only in the current study because of its high
omega-3 contents.

” o«

SNP selection for FADS1, FADS2, and ELOVL5 genes

Five candidate SNPs—FADSI (Entrez Gene 3992)
rs174537, rs174545, and rs174556; intergenic between
FADSI-FADS2 (Entrez Gene 9415) rs3834458; and
FADS?2 rs174575 and ELOVLS5 rs2397142—were selected
based on evidence of association with LCPUFA propor-
tions in human plasma, tissues, and milk [37], or be-
cause the SNPs had been suggested to play an important
role in regulation of FADS1/2 activity because of their
location near potential regulatory regions [16]. Three of
the five SNPs (rs174537, rs174545, and rs3834458) are
from the same haplotype block (* > 0.80). Therefore, in
our analysis, we have only used four unrelated SNPs:
rs174537, rs174556, rs174575, and rs2397142. For the
IoW F, genotyping was conducted using cord blood
DNA samples (n =123) with the genome-wide Infinium
OmniExpressExome-8 Kit, and all six SNPs were im-
puted using the 1000 genome reference panel [38].

DNA methylation

DNA was extracted from the cord blood samples of IoW
F, over six batches, using a standard salting out proced-
ure [39]. The DNA concentration was determined by
PicoGreen quantitation. One microgram of DNA was
bisulfite-treated for cytosine to thymine conversion
using the EZ 96-DNA methylation kit (Zymo Research,
Irvine, CA, USA), following the manufacturer’s standard
protocol. Genome-wide DNA-M was assessed in 130
samples using the Illumina Infinium HumanMethyla-
tion450 BeadChip (Illumina, Inc., San Diego, CA, USA)
and using the Illumina Infinium MethylationEPIC Bead-
chip array for 63 samples. Arrays were processed using a
standard protocol as previously described [40], with
multiple identical control samples assigned to each
bisulphite conversion batch to assess assay variability,
and samples were randomly distributed on microarrays
to control against batch effects. The degree of DNA
methylation at each CpG site was recorded as beta value,
ranging from 0 (no methylation) to 1 (completely meth-
ylated). One sample was excluded due to maternal blood
contamination. The CPACOR pipeline [41] was used to
pre-process the methylation 450k and EPIC data for qual-
ity control, and batch correction was done using ComBat
[42]. In the final analysis, 170 samples were used with
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complete methylation information. The methylation levels
of 39 CpG sites spanning the genomic region of the FADS
cluster and 27 CpGs of the ELOVLS were selected.

Gene expression

FADS and ELOVLS gene expression in the cord blood
(n=157) was determined by total RNA extracted from
the cord blood using SurePrint G3 Human Gene Expres-
sion Microarrays (GeneSpring Technology 39,494) [43].
Microarray data was processed using limma [43] in the
R statistical computing environment, and background
correction was performed using normal-exponential
convolution (normexp) function [44]. Data was con-
verted to log2-transformed data for further analysis. Fil-
tering was performed to remove low expressed probes
that are close to the background level. Negative control
probes were also removed from the data.

Statistical analysis

To assess whether our analytic sample (170 DNA
samples) was representative of the total cohort avail-
able (n =436), we compared the characteristics of the
two subsets using chi-squared tests. Distribution and
prevalence of wheeze and eczema according to geno-
type were compared using the y* test with Yates’
continuity correction. The genotype frequency of can-
didate SNPs was examined for a significant departure
from the Hardy-Weinberg equilibrium using a y* test.
The methylation levels of the FADS cluster and
ELOVLS were tested for association with wheeze and
eczema up to 1 year using Mann-Whitney U tests to
compare independent samples. SNP genotype-
dependent methylation and genotype-dependent gene
expression were analyzed using the Kruskal-Wallis
non-parametric test to determine the difference be-
tween three genotype groups on continuous variables.
A Spearman correlation test was used to analyze the
relationship between DNA methylation levels and
gene expression. Comparison of DNA-M and gene ex-
pression levels between oily fish intake status at 28
gestational weeks were tested by the non-parametric
two-sample Mann-Whitney U test. Bonferroni correc-
tion was not undertaken as these were a priori
hypothesis instead of a random set of CpGs and
genotypes. Under this situation, multiple testing
adjustments may not be necessary as suggested by
Rothman [45].

All statistical analyses were performed using IBM SPSS
Statistics, Version 21.0 (IBM Corp., Armonk, NY, USA),
except for preprocessing of DNA methylation data, which
was done using R statistical package [41]. The P values of
< 0.05 were considered to indicate significance.
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