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Background: We recently demonstrated that maternal dietary supplementation with fish oil-derived n-3 long-
chain polyunsaturated fatty acids (n-3 LCPUFAs) during pregnancy reduces the risk of asthma in the offspring
but the mechanisms involved are unknown.
Methods: Here we investigated potential metabolic mechanisms using untargeted liquid chromatography-mass
spectrometry-based metabolomics on 577 plasma samples collected at age 6 months in the offspring of mothers
participating in the n-3 LCPUFA randomized controlled trial. First, associations between the n-3 LCPUFA supple-
mentation groups and child metabolite levels were investigated using univariate regression models and data-
driven partial least square discriminant analyses (PLS-DA). Second, we analyzed the association between the
n-3 LCPUFA metabolomic profile and asthma development using Cox-regression. Third, we conducted mediation
analyses to investigate whether the protective effect of n-3 LCPUFA on asthma was mediated via the metabo-
lome.
Findings: The univariate analyses and the PLS-DA showed that maternal fish oil supplementation affected the
child's metabolome, especially with lower levels of the n-6 LCPUFA pathway-related metabolites and saturated
and monounsaturated long-chain fatty acids-containing compounds, lower levels of metabolites of the trypto-
phan pathway, and higher levels of metabolites in the tyrosine and glutamic acid pathway. This fish oil-related
metabolic profile at age 6 months was significantly associated with a reduced risk of asthma by age 5 and the
metabolic profile explained 24% of the observed asthma-protective effect in the mediation analysis.
Interpretation: Several of the observed pathways may be involved in the asthma-protective effect of maternal n-3
LCPUFA supplementation and act as mediators between the intervention and disease development.
Funding: COPSAC is funded by private and public research funds all listed on www.copsac.com.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

of n-6 long-chain polyunsaturated fatty acids (n-6 LCPUFAs) and a
decreased intake of n-3 LCPUFAs among pregnant mothers, has been as-

Asthma is the most common chronic disease in childhood and has
doubled in prevalence over the last decades in Westernized countries
[1]. This rapid increase in disease prevalence is believed to be caused
by changes in lifestyle and human diet, particularly, an increased intake
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sociated with an increased risk of asthma in the offspring [2]. The main
dietary source of n-3 LCPUFA comes from fish and other seafood, espe-
cially from cold-water fatty fish such as salmon and mackerel, and/or
from dietary supplements such as dietary fish oil capsules. Due to
those observations, we conducted a double-blind randomized con-
trolled trial (DB-RCT) of supplementation with fish oil during pregnancy
in the Copenhagen Prospective Studies on Asthma in Childhood 2010
(COPSACz010) mother-child cohort. This resulted in a 31% reduced risk
of asthma in the offspring during their first 5 years of life [3]. Thus, n-
3 LCPUFA supplementation during pregnancy holds promise for the pri-
mary prevention of childhood asthma, but the underlying mechanisms
of the asthma-protective effect of LCPUFA remain to be elucidated.

2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

The global increase in childhood asthma prevalence has been ob-
served in parallel with an increasing dietary intake of n-6 polyun-
saturated fatty acids (PUFA) from e.g. vegetable oils and
decreasing intake of n-3 LCPUFAs found in fish, suggesting a mod-
ifiable link between n-3 LCPUFA deprived diet during pregnancy
and offspring asthma risk. Recently, we proved that hypothesis
in a double-blind, randomized controlled trial of supplementation
with fish oil-derived n-3 LCPUFA or placebo during third pregnancy
trimester, showing 31% reduced risk of asthma in the offspring by
age 5. However, the underlying mechanism behind the supple-
mentation effect is unknown.

Added value of this study

In this study we used global, untargeted metabolomics profiles from
plasma samples collected at age 6 months in the children born to
mothers participating in the n-3 LCPUFA trial to investigate meta-
bolic perturbations related to the prenatal n-3 LCPUFA supplemen-
tation and whether those perturbations explained some of the
underlying biology of the asthma-protective effect. We observed
differences in several metabolic pathways, which have previously
been related to asthma such as n-6 LCPUFA pathway-related me-
tabolites and tryptophan metabolites as well as metabolites in the
tyrosine and glutamic acid pathway. Further, we showed that
these n-3 LCPUFA related metabolic perturbations were associated
with a reduced risk of asthma by age 5 and significantly mediated
one fourth of the asthma-protective effect observed in the trial.

Implications of all the available evidence

These findings provide novel insight into the metabolic effects of di-
etary n-3 LCPUFA supplementation and the pathogenesis of child-
hood asthma. Further, this study is an example of translational
research, where mechanisms of a clinically import finding from a di-
etary, randomized controlled trial are explored using metabolomics.

Untargeted metabolomics provides a global assessment of the me-
tabolome, which is the complete set of small-molecule metabolites in
a biological sample. By generating a complete metabolomic profile of a
specific biofluid, such as plasma, from a cohort of individuals [4], meta-
bolomics can be applied to disentangle molecular mechanisms of
complex diseases such as asthma or metabolic consequences of envi-
ronmental exposures, such as diet. Hitherto, metabolomic profiling
studies have shown promising results for identifying the underlying
mechanisms of asthma [5]. Furthermore, metabolomics enables study-
ing the long-term downstream metabolic effects in the child of micro-
nutrient and macronutrient supplementation during pregnancy [6],
such as n-3 LCPUFAs.

The objective of this study was to conduct plasma metabolomic
profiling using untargeted liquid chromatography-mass spectrometry
(LC-MS) technique on blood sampled at age 6 months in the COPSACz010
cohort to explore potential biochemical mechanisms behind the asthma-
protective effect of n-3 LCPUFA supplementation during pregnancy.

2. Methods
2.1. Study population
The Copenhagen Prospective Studies on Asthma in Childhood,g1o

(COPSAC3010) cohort is a population-based mother-child cohort in
which 700 pregnant women were recruited between 22 and 26 weeks

of gestation and their children subsequently followed prospectively
during their first five years of life at 12 scheduled clinical visits. All the
visits were conducted at the COPSAC research center, where trained pe-
diatricians examined the children and collected exposure information
atage 1 week, 1,3, 6,12, 18,24, 30, and 36 months after birth, and yearly
thereafter. In addition, whenever the children experienced lung, allergy
or skin-related symptoms the families attended acute care visits at the
research unit, where the COPSAC pediatricians diagnosed and treated
asthma, allergy, and eczema in accordance with predefined validated al-
gorithms [7]. Furthermore, the parents filled daily diary cards prospec-
tively from birth recording significant troublesome lung symptoms,
including cough, wheeze, and dyspnea, anti-asthmatic treatment, skin
symptoms and treatment, and infections.

2.2.n-3 LCPUFA trial

The pregnant women were enrolled in a double-blind, randomized
controlled trial (DB-RCT) [3]. At enrollment during pregnancy week
22-26, the women were randomly assigned in a 1:1 ratio to receive
2.4 g per day of n — 3 long-chain polyunsaturated fatty acids (LCPUFAs)
in triacylglycerol form from fish oil capsules containing 55%
eicosapentaenoic acid (20:5n-3, EPA) and 37% docosahexaenoic acid
(22:6n-3, DHA (Incromega TG33/22, Croda, Health Care) or placebo in
the form of lookalike olive oil capsules, containing 72% n-9 oleic acid
and 12% n — 6 linoleic acid (Pharma-Tech A/S). The women continued
taking the daily supplement until 1 week after delivery, where they vis-
ited the research unit with their child. A subgroup of the pregnant
women (n = 623) also participated in another DB-RCT with a nested
2 x 2 factorial design in which they were assigned to 2400 IU of vitamin
D per day or placebo from pregnancy week 22-26 till 1 week postpar-
tum on top of the recommended pregnancy supplement of 400 IU/d;
i.e. the women received 2800 vs. 400 IU/d of vitamin D, which did not
significantly affect the offspring's risk of developing asthma [3].

2.3. Ethics statement

The trial was approved by The National Committee on Health
Research Ethics (H-B-2008-093) and the Danish Data Protection Agency
(2015-41-3696). Both parents gave oral and written informed consent
before enrollment.

2.4. Asthma diagnosis

Asthma or persistent wheeze was the primary end point of the DB-
RCT of n-3 LCPUFA supplementation during pregnancy and was solely
diagnosed by the COPSAC pediatricians based on a quantitative vali-
dated symptom algorithm [8,9], including all of the following four
criteria: (1) verified diary recordings of at least five episodes of trouble-
some lung symptoms within six months, each lasting at least three con-
secutive days; (2) symptoms typical of asthma, including exercise-
induced symptoms, prolonged nocturnal cough, and/or persistent
cough outside of common colds; (3) need for intermittent rescue use
of inhaled [32-agonist; and (4) response to a three-month course of in-
haled corticosteroids and relapse upon ending treatment [8].

2.5. Covariates

2.5.1. Breastfeeding

Information about the duration of exclusive and total breastfeeding
duration was obtained during the scheduled visits to the COPSAC clinic
and recorded online in a dedicated database.

2.5.2. FADS genotyping

Maternal and child variation in the gene encoding fatty acid
desaturase (FADS2) was assessed by genotyping the single-nucleotide
polymorphism (SNP) rs1535. Genotyping was performed using the
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[llumina Infinium HumanOmniExpressExome Bead chip, at the AROS
Applied Biotechnology AS center, Aarhus, Denmark. Genotypes were
called with Illumina Genome Studio software and rs1535 was geno-
typed on this array. We excluded individuals with individual genotyp-
ing call rate < 0.95, gender mismatch, genetic duplicates or outlying
heterozygosity > 0.27 and <0.037. Furthermore, maternal genotyping
was solely done in mothers of European descent as there are very few
non-Caucasian mothers in the cohort.

2.5.3. Blood sample collection and storage

A blood sample was collected from the child when visiting the re-
search clinic at age 6 months. The blood sample was collected in an
EDTA tube and left at room temperature for 30 min and thereafter
spun down for 10 min at 4000 rpm. The supernatant was collected
and stored at —80 °C until further analysis.

2.6. Liquid Chromatography-Mass Spectrometry (LC-MS) metabolomics
analysis

2.6.1. Sample preparation

The untargeted metabolomic analysis of the plasma samples was
carried out by Metabolon, Inc. (NC, USA). Briefly, the sample prepara-
tion was done using the automated system MicroLab STAR® system
from Hamilton Company. Prior to extraction, the samples were fortified
with recovery standards for quality control (QC) purposes. Methanol
was used to extract the metabolites and precipitate the proteins during
vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) followed by
centrifugation. The resulting extract was divided into four aliquots to be
subsequently analyzed by LC-MS/MS comprising of four platforms.
Samples were placed on a TurboVap® (Zymark) to remove the organic
solvent and stored overnight under nitrogen before preparation for LC-
MS/MS analysis.

2.6.2. LC-MS/MS analysis

All the four platforms utilized an ACQUITY Ultra-Performance Liquid
Chromatography (UPLC) (Waters, Milford, USA) and a Q Exactive™ Hy-
brid Quadrupole-Orbitrap™ mass spectrometer interfaced with heated
electrospray ionization (HESI-II) source (ThermoFisher Scientific, Wal-
tham, Massachusetts, USA). The sample extracts were reconstituted in
solvents compatible to each of the four LC-MS methods: two separated
reverse phase UPLC-ESI(+)MS/MS methods optimized for hydrophilic
and hydrophobic compounds; one reverse phase UPLC-(—)MS/MS
using basic optimized conditions; and one HILIC/UPLC-(—)MS/MS.
The MS analysis alternated between full scan MS and data-dependent
MS" scans using dynamic exclusion. The scan range for both ionization
modes was 70-1000 m/z.

2.6.3. Data collection and quality control

The raw data was extracted, peak identified, and QC processed. Sam-
ples were semi-quantified using area-under-the-curve. Peak identifica-
tion was done by automated comparison of the ion feature in the
experimental spectrum to the ions present in the library spectrum of
authenticated standards or recurrent unknown entities. The identifica-
tion was based on three matching criteria: narrow retention time/
index (RI) range, mass accuracy (+10 ppm) and MS/MS spectra. The
identification level reported in this paper follows the criteria described
by Summer LW et al. [10]. Compounds labelled with “*” have identifica-
tion level 2, compounds labelled with “**” have level 3 (since no stan-
dards or matching spectra are available). Compounds named with
“X-#" are unknown and therefore have level 4. If no label is applied,
the identification level is 1.

Throughout the analyses of the batches, different kinds of samples
were analyzed for instrument performance monitoring: a well-
characterized human plasma as a technical replicate, extracted water
samples as process blanks, and a mixture of QC standards (not interfer-
ing with the measurement of endogenous compounds) spiked in every

analyzed sample prior to injection. The instrument variability was de-
termined by calculating the median relative standard deviation (RSD)
for the QC standards spiked in. It ranged around 7%. The total process
variability was determined by calculating the median RSD for all endog-
enous metabolites (i.e., non-instrument standards) present in the tech-
nical replicates. It resulted to be within 10%.

2.7. Statistical analysis

2.7.1. Data preprocessing

Each compound was corrected in run-day blocks by registering the
medians to equal one (1.00) and normalizing each variable, accordingly.
This data normalization procedure that was done for all the dataset
from the four platforms was performed to compensate for the inter-
day variation. The final set of variables from all the four platforms was
imported into Matlab (Version 9.3, the Mathworks, Inc., MA, USA) and
RStudio (Version 1.1, RStudio, Inc) for the statistical analysis.

In order to remove spurious information prior to data analysis, sam-
ples having >30% of missing values as well as metabolites containing
>70% of missing values were discarded. Furthermore, since the aim of
our analysis was to investigate the effect of the n-3 LCPUFA supplemen-
tation during pregnancy on the child metabolome at 6 months of age,
variables not present in at least 70% of the samples in either the n-3
LCPUFA or placebo group were removed [11]. Finally, missing values
were imputed with zeros.

2.7.2. Univariate linear regression analysis

Firstly, linear regression analysis was performed to compare the rel-
ative concentrations of the imported set of metabolites (features) in the
n-3 LCPUFA supplementation vs. placebo group. Significant features
were reported at a nominal significance level in this exploratory analy-
sis (p-values < .05 from “Wald test”).

Linear regression analysis was also used to correlate solely
breastfeeding duration with selected metabolite levels. The intercept
of such model also allowed to estimate the levels of the compounds in-
dependent by the breastfeeding. Thereafter, stratifying the analysis by
the n-3 LCPUFA intervention allowed us to estimate the difference in
modelled metabolite levels at birth vs. at 6 months (time of sampling)
by the slope. In order to test if those differences were significant, we
used simultaneous tests for general linear hypotheses from the
“multcomp” R package.

Influence of maternal and child FADS2 genotype were also investi-
gated using linear regression models. Genotype was associated with se-
lected metabolites level in the n-6 pathway stratified by treatment and
accounting for each other genotype and exclusively breastfeeding dura-
tion. The association is reported per copy of the minor allele G in terms
of beta-estimate, standard error (SE) and significance (p-value from
“Wald test”).

2.7.3. Multivariate partial least squares discriminant analysis (PLS-DA)
After the univariate analysis, PLS-DA was employed to classify the
differences between metabolites in the n-3 LC-PUFA supplement
group compared to placebo. Initially, the dataset was imported into
the PLS_Toolbox (Version 8.61, Eigenvector Research, Inc., MA, USA)
and auto-scaled prior to analysis. The PLS-DA model validation was
done by iterating 100x, using a 10-fold cross-validation model in the
training set in which the number of PLS-DA components was chosen
based on the lowest misclassification error. During each iteration, the
rank of each feature was recorded based on its selectivity ratio (SR)
and the model was validated based on misclassification error on a ran-
dom test set selected up-front and using 20% of the original dataset.
The product of the ranks was used to sort the variables ascending
(low rank, high importance) and successively to select the most impor-
tant ones based on the lowest misclassification error on the random test
set (20% of the total samples) when models were built including 10 var-
iables at the time and starting with 11 initial features [12]. Furthermore,
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a permutation test using 100x iterations was applied to assess the clas-
sification performance of the final PLS-DA model with the selected var-
iables, where the p-values are from a randomization t-test.

2.7.4. Rotated model

The PLSDA model estimates the linear combination of the original
matrix (X (n,p)) that most optimally relates to the intervention
(f (n,1)) by finding a so called score matrix (T = XW (n,k)). This score
matrix by definition captures the structure in the metabolomics data
table (X) that has maximum covariance with the intervention. How-
ever, as the estimation do not utilize information of the clinical outcome
(asthma at 6y of age: o (n,1)), the metabolomics intervention finger-
print related to asthma will be distributed across all k components. In
order to make a more parsimonious model, that in the first component
(Ty) reflects the invention fingerprint related to outcome while leaving
the part that is only related to intervention, but not outcome in the re-
maining components (T,..., Ty) the score matrix is rotated towards
the outcome using orthogonal procrustes rotation [13].

2.7.5. Enrichment analysis

One-sided Fisher's exact test was performed to investigate for any
pathway enrichment within the selected metabolites. For each path-
way, a contingency table (2 x 2) was made, see Table S1 in the Supple-
mentary Material for further details. Enrichment is defined for
significantly (p-value < .05) higher odds for inclusion of a metabolite
for the i'the pathway compared to all other pathways.

2.7.6. Cox-regression and mediation analysis

Cox regression analysis using the “survival” R package was
employed to assess the correlation between the components of the ro-
tated PLS-DA model (which were z-scored), that describes the differ-
ence between n-3 LCPUFA and placebo, and the risk of developing
asthma during the first 5 years of life. Reported p-values are from
Wald test. A Kaplan-Meier curve was used to representing the associa-
tion between the PLS-DA component scores divided into tertiles and
risk of developing asthma.

To assess the mediation effect between the components of the ro-
tated PLS-DA model and the development of asthma during the first
5 years of life, the R package “mediation” was used with 95% Cls based
on quasi-Bayesian approximation using 10,000 Monte-Carlo draws.
The mediation analysis was built in the following way:

firstly, a linear model was built associating the rsLV1 and the n-3
LCPUFA supplementation (Model 1), followed by a binomial model as-
sociating the asthma diagnosed till age 5 years (n = 116) and the n-3
LCPUFA supplementation plus the rsLV1 (Model 2). Afterwards, a
third model was built combining these two models together and impos-
ing rsLV1 as mediating factor between the asthma development and the
n-3 LCPUFA supplementation (Model 3).

Model 1 (Intervention vs rLV1) : Im(rsLv1 ~ intervention) (1)

Model 2(asthma) : glm(asthma ~ intervention + rLV1) (2)

Model 3(Model 1 + Model 2)
: mediation(Model 1, Model 2, mediator = "rLV1")

2.8. Data availability

De-identified metabolomics data is deposited in the publicly avail-
able data repository, “Metabolomics Workbench” under Study ID:
ST001212, and it is also available with this article (Supplementary
material 1).

3. Results
3.1. Baseline characteristics of the study

The COPSAC,010 mother-child cohort of 736 pregnant women and
their 695 children has previously been described in detail [7]. Blood
samples were collected for metabolomic profiling from 602 children at
6 months up to 2 years of age. Of those, only samples from children
aged 4-8 months were included in the analysis as their metabolomic
profiles were similar in a principal component analysis (PCA) compared
to samples collected from children at older ages (see Supplementary
Material). These metabolomic profiles contained 1138 unique metabo-
lites that were identified using mass to charge ratio, retention time,
and a library of metabolites (see Supplementary Material). Following
the subsequent quality control steps removing samples with >30% miss-
ing values as well as features with >70% missing values resulted in a final
dataset including samples from 577 children (51% boys) with 831 me-
tabolites. The composition of the remaining metabolites after these
quality control procedures is shown in Figure SF3 (in the Supplemen-
tary Material), where the metabolites are grouped based on sub path-
way (Panel a) and the most abundant pathways with >10 compounds,
which are lipids and amino acids (Panel b).

Atotal of 51 (8.9%) children were exclusively breastfed for less than
a week from birth, 553 (96.2%) terminated the exclusive breastfeeding
before the time of metabolomic sampling, whereas 22 (3.8%) were
still exclusively breastfed at the time of metabolomic sampling, and
breastfeeding status was unknown for 2 children. An overview of the
baseline characteristics is presented in Table S2 (see Supplementary
Material).

3.2. n-3 LCPUFA supplementation during pregnancy and the child
metabolome

In order to investigate differences in the plasma metabolomic pro-
files between children whose mothers received n-3 LCPUFA supple-
mentation or placebo, we used univariate linear regression models for
each metabolite followed by a partial least squares discriminant analysis
(PLS-DA) model.

3.3. Univariate linear regression analysis

Among the 831 features investigated, 42 showed a nominally signif-
icant difference at a p = .05 level between the n-3 LCPUFA supplemen-
tation and the placebo group. The volcano plot in Figure SF5 [in the
Supplementary Material] summarizes the results showing the effect es-
timates vs. p-values. The results are further detailed in the heatmap in
Figure SF6 [in the Supplementary Material] that shows the significant
metabolites and their associated sub-pathways. As shown in
Figure SF6, the lipids and the amino acid pathways are the ones most af-
fected by the n-3 LCPUFA supplementation with higher hydroxy-3-
carboxy-4-methyl-5-propyl-2-furanpropanoic acid (hydroxy-CMPF)
and lower n-6 docosapentaenoic acid (DPA, 22:5n-6) being the two
most perturbed compounds. Among the significant metabolites, 7
have unknown identities, see Table S3 [in the Supplementary Material]
and will not be mentioned or discussed further. Due to natural collinear-
ity between metabolites and the scope of the univariate models being
merely exploratory supportive analyses, we did not apply FDR correc-
tion. However, the univariate analyses results should be interpreted
with caution.

3.4. Multivariate PLS-DA and pathway enrichment analysis

Based on all the metabolome features for classifying children accord-
ing to pregnancy supplementation, the best PLS-DA model comprised 5
components and 121 metabolites. This model had a misclassification
error of 0.29, an AUC of 0.77 and a permutation test p-value = .005
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for discriminating between n-3 LCPUFA supplementation and placebo.
The score plot of the first two components (LV1 and LV2, explaining
10.99% and 9.39% of the variation, respectively) is shown in Fig. 1
Panel A, illustrating that children in the n-3 LCPUFA supplementation
group have higher scores in both components compared to children in
the placebo group. The corresponding loading plot is shown in Fig. 1
Panel a, where the significant compounds from the univariate linear re-
gression analysis are labelled.

Most of the observed association of the pregnancy n-3 LCPUFA sup-
plementation on the child metabolome is related to lower levels of
lipid-related compounds containing n-6 unsaturated, monounsaturated
or saturated long-chain fatty acids (FAs). Especially, arachidonic
acid (AA, 20:4n6) and its esterified forms (plasmalogens,
lysophosphatidylcholines, phosphatidylcholines, phosphatidylinositols,
diacylglycerols), dihomo-linolenic acid (20:3n-6) and n-6
docosapentaenoic acid (n6-DPA, 22:5n-6) were lower in the n-3
LCPUFA supplementation group. This is illustrated in Table 1, which pro-
vides an overview of the metabolites contributing the most in the first
two PLS-DA components grouped by subpathway, including the fold
change. For the remaining set of metabolites (N = 69), see Table S5 in
the Supplementary Material.

The n-3 LCPUFA supplementation also resulted in a decrease in
xanthurenic acid in the tryptophan pathway and an increase in the
glutamic acid and tyrosine pathway-related compounds. We also ob-
served association with the carnitine metabolism pathway with in-
crease of carnitines and decrease of acylcarnitine-related compounds.
Finally, a decrease of ceramides and sphingolipids containing 18:0 and
22:0 FAs and an increase in hydroxy-CMPF, a metabolite associated
with fish or fish oil intake, was prevalent in the children, whose mothers
received n-3 LCPUFA (Table 1).

403

Among the 121 metabolites in the final PLS-DA model, 29 com-
pounds are of unknown identity and are reported in Table S5 in the
Supplementary Material. Performing an enrichment analysis based on
sub-pathways on the remaining 92 metabolites, we observed significant
enrichment in the tyrosine pathway, as shown in Fig. 2.

3.5. Maternal and child FADS2 genotype and LCPUFA levels at age 6 month

It has been shown that levels of n-3 LCPUFAs are related to the activ-
ity of the fatty acid desaturase (FADS) enzymes (A5-desaturase and A6-
desaturase), which are involved in the formation of the LCPUFAs from
essential FAs [14]. Those enzymes are encoded by the FADS1 and
FADS2 genes located on chromosome 11 [15,16].

In this DB-RCT of n-3 LCPUFA supplementation during pregnancy,
we showed that the mother's levels of eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) at enrollment at pregnancy week 24
were associated with the FADS2 genotype (rs1535) with lower levels
in mothers carrying the minor allele (G) [3]. Therefore, we tested
whether maternal and/or child FADS2 genotype influenced the levels
of the FAs and esterified forms in the n-6 pathway, that we found
were significantly associated with the n-3 LCPUFA supplementation in
our analysis. The analyses were stratified by n-3 LCPUFA supplementa-
tion or placebo using both maternal and child FADS2 genotype in
models adjusted for each other. The results are presented in Table 2
showing that maternal FADS2 genotype was significantly and nega-
tively associated with the levels of all the n-6 pathway-related metabo-
lites in the placebo strata with lower levels per number of the G minor
allele, whereas no associations were observed for maternal FADS2 geno-
type in the n-3 LCPUFA group. No associations were observed between
child FADS2 genotype and the n-6 pathway-related metabolites in ei-
ther the n-3 LCPUFA or the placebo strata.
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Table 1
Main metabolites influencing the PLS-DA model, reported in terms of effect size when stratifying by the intervention. A negative effect size represents the effect towards the placebo group.
Compound, Sub-pathway Treatment Effect size Metabolism
1-(1-Enyl-palmitoyl)-2-arachidonoyl-GPC (P-16:0/20:4)*, Plasmalogen Placebo n3/n6 Fatty Acid Metabolism
n3 LCPUFA —0.2
1-(1-Enyl-stearoyl)-2-arachidonoyl-GPE (P-18:0/20:4)*, Plasmalogen Placebo
n3 LCPUFA —0.1
1-Arachidonoyl-GPC (20:4n6)*, Lysophospholipid Placebo
n3 LCPUFA —-0.2
1-Arachidonoyl-GPE (20:4n6)*, Lysophospholipid Placebo
n3 LCPUFA —0.2
1-Palmitoyl-2-arachidonoyl-GPC (16:0/20:4n6), Phosphatidylcholine (PC) Placebo
n3 LCPUFA —0.2
1-Stearoyl-2-arachidonoyl-GPC (18:0/20:4), Phosphatidylcholine (PC) Placebo
n3 LCPUFA —0.2
1-Stearoyl-2-arachidonoyl-GPI (18:0/20:4), Phosphatidylinositol (PI) Placebo
n3 LCPUFA —0.2
Dihomo-linolenate (20:3n3 or n6), Polyunsaturated Fatty Acid (n3 and n6) Placebo
n3 LCPUFA —0.1
Docosapentaenoate (n6 DPA; 22:5n6), Polyunsaturated Fatty Acid (n3 and n6) Placebo
n3 LCPUFA —-03
Palmitoyl-arachidonoyl-glycerol (16:0/20:4) [2]*, Diacylglycerol Placebo
n3 LCPUFA —0.1
Stearidonate (18:4n3), Polyunsaturated Fatty Acid (n3 and n6) Placebo
n3 LCPUFA —-0.2
Stearoyl-arachidonoyl-glycerol (18:0/20:4) [1]*, Diacylglycerol Placebo
n3 LCPUFA —0.2
Stearoyl-arachidonoyl-glycerol (18:0/20:4) [2]*, Diacylglycerol Placebo
n3 LCPUFA —0.2
3-Hydroxybutyrate (BHBA), Ketone Bodies Placebo Lipid oxidation
n3 LCPUFA —0.1
Carnitine, Carnitine Metabolism Placebo
n3 LCPUFA 0.1
Decanoylcarnitine (C10), Fatty Acid Metabolism(Acyl Carnitine) Placebo
n3 LCPUFA —0.2
Myristoleoylcarnitine (C14:1)*, Fatty Acid Metabolism(Acyl Carnitine) Placebo
n3 LCPUFA —0.2
Octanoylcarnitine (C8), Fatty Acid Metabolism(Acyl Carnitine) Placebo
n3 LCPUFA —-0.2
Propionylcarnitine (C3), Fatty Acid Metabolism (also BCAA Metabolism) Placebo
n3 LCPUFA 0.2
3-(4-Hydroxyphenyl)lactate, Tyrosine Metabolism Placebo Tyrosine Metabolism
n3 LCPUFA 0.1
3-Methoxytyramine sulfate, Tyrosine Metabolism Placebo
n3 LCPUFA 0.1
4-Hydroxyphenylpyruvate, Tyrosine Metabolism Placebo
n3 LCPUFA 0.2
Gentisate, Tyrosine Metabolism Placebo
n3 LCPUFA 0.2
Tyrosine, Tyrosine Metabolism Placebo
n3 LCPUFA 0.1
Vanillylmandelate (VMA), Tyrosine Metabolism Placebo
n3 LCPUFA 0.1
4-Hydroxyglutamate, Glutamate Metabolism Placebo Glutamate Metabolism
n3 LCPUFA 03
Glutamate, Glutamate Metabolism Placebo
n3 LCPUFA 0.2
3-Indoxyl sulfate, Tryptophan Metabolism Placebo Tryptophan Metabolism
n3 LCPUFA 0.1
Xanthurenate, Tryptophan Metabolism Placebo
n3 LCPUFA —0.2
3-Carboxy-4-methyl-5-pentyl-2-furanpropionate (3-Cmpfp)**, Fatty Acid, Dicarboxylate Placebo Furan Fatty Acid Metabolism
n3 LCPUFA —0.2
Hydroxy-CMPF*, Fatty Acid, Dicarboxylate Placebo
n3 LCPUFA 0.8
N-Behenoyl-sphingadienine (d18:2/22:0)* Sphingolipid Metabolism Placebo Other
n3 LCPUFA —0.1
Behenoyl sphingomyelin (d18:1/22:0)*, Sphingolipid Metabolism Placebo
n3 LCPUFA —0.1
Sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0)*, Sphingolipid Metabolism Placebo
n3 LCPUFA —0.1
Sphingomyelin (d17:2/16:0, d18:2/15:0)*, Sphingolipid Metabolism Placebo
n3 LCPUFA —0.1
Sphingomyelin (d18:1/19:0, d19:1/18:0)*, Sphingolipid Metabolism Placebo
n3 LCPUFA —0.1
Sphingomyelin (d18:1/24:1, d18:2/24:0)*, Sphingolipid Metabolism Placebo
n3 LCPUFA —0.1

Sphingomyelin (d18:2/21:0, d16:2/23:0)*, Sphingolipid Metabolism Placebo
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Table 1 (continued)

Compound, Sub-pathway Treatment Effect size Metabolism

n3 LCPUFA —0.1
Eicosanodioate (C20-DC), Fatty Acid, Dicarboxylate Placebo

n3 LCPUFA 0.1
Sphingomyelin (d18:2/23:0, d18:1/23:1, d17:1/24:1)*, Sphingolipid Metabolism Placebo

n3 LCPUFA —0.1
Sphingomyelin (d18:2/23:1)*, Sphingolipid Metabolism Placebo

n3 LCPUFA —0.1
Stearoyl sphingomyelin (d18:1/18:0), Sphingolipid Metabolism Placebo

n3 LCPUFA —0.1
1-(1-Enyl-palmitoyl)-2-linoleoyl-GPE (P-16:0/18:2)*, Plasmalogen Placebo

n3 LCPUFA 0.1
Ceramide (d18:1/17:0,d17:1/18:0)* Ceramides Placebo

n3 LCPUFA —0.2
Eicosenoate (20:1), Long Chain Fatty Acid Placebo

n3 LCPUFA —0.2
Erucate (22:1n9), Long Chain Fatty Acid Placebo

n3 LCPUFA —0.2
Glycerophosphoglycerol, Glycerolipid Metabolism Placebo

n3 LCPUFA 0.1
Glycosyl ceramide (d18:1/23:1, d17:1/24:1)*, Ceramides Placebo

n3 LCPUFA —03
Glycosyl ceramide (d18:2/24:1, d18:1/24:2)*, Ceramides Placebo

n3 LCPUFA —0.2
Glycosyl-N-behenoyl-sphingadienine (d18:2/22:0)* Ceramides Placebo

n3 LCPUFA —0.2
Myristoleate (14:1n5), Long Chain Fatty Acid Placebo

n3 LCPUFA —0.1
Nonadecanoate (19:0), Long Chain Fatty Acid Placebo

n3 LCPUFA —0.2

3.6. Breastfeeding and child metabolite levels at age 6 months

Many metabolites can be transferred from mothers to children via
the breastmilk and breastfeeding status may therefore influence the
child metabolome. To disentangle this, we investigated the association
between duration of exclusively breastfeeding and levels of each of the
main metabolites driving the PLS-DA model. We used the exclusively
breastfeeding duration rather than the total breastfeeding duration,
since we consider this a better estimate of breastfeeding exposure. How-
ever, in order to exclude possible differences due to any breastfeeding at
the time of sampling, we repeated the analysis using the difference in
days between the sampling date and the end of any breastfeeding. No
substantial differences were observed. The results from these correla-
tion models are depicted in Figure SF7 (in the Supplementary Material),
showing that the levels of all the lipid related compounds (long chain
fatty acids, sphingolipids, lysophospholipids, ceramides, carnitines,
etc) are positively associated with exclusive breastfeeding duration in
both the n-3 LCPUFA and placebo strata; i.e. increasing levels with in-
creasing breastfeeding duration independent of supplementation status.
A few of the metabolites showed inverse associations with breastfeeding
such as xanthurenic acid, 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE
(P-18:0/20:4) and eicosanodioic acid (C20-DC).

To further explore the role of breastfeeding, we used the intercept
from the metabolite vs. breastfeeding length models to estimate metabo-
lite levels for a breastfeeding length of 0 days, which might mainly reflect
the in-utero metabolic changes. We thereafter investigated differences in
metabolite levels for an estimated breastfeeding length of 0 days in the n-
3 LCPUFA vs. placebo group and compared that to the same difference at
time of sampling; i.e. 6 months. These results are depicted in Fig. 3, and
the estimated 0 days of breastfeeding results only showed a significant
difference for sphingomyelin (C37n1) and (C33n1), palmitoyl-
arachidonoyl-glycerol, hydroxy-CMPF, N-behenoyl-sphingadienine, and
3-(4-hydroxyphenyl) lactate between n-3 LCPUFA and placebo. All
these differences, except for hydroxy-CMPF, were no longer present at
6 months of age, suggesting that what we observe is mainly mediated
by the breastfeeding. However, these results should be interpreted with
caution, due to the uncertainty of the estimation.

3.7. High-dose vitamin D intervention and child metabolomics at age
6 months

As 623 of the pregnant women in the n-3 LCPUFA trial also partici-
pated in high-dose vs. standard dose vitamin D supplementation DB-
RCT with a nested 2 x 2 factorial design, we also investigated whether
the vitamin D supplementation affected the child's metabolite levels
at age 6 months. No effect of the vitamin D supplementation was
observed on the child's metabolites levels using univariate linear
modelling (Figure SF8 in the Supplementary Material).

3.8. The n-3 LCPUFA metabolome and risk of asthma at age 5

We have previously demonstrated a 30.7% relative reduction in the
risk of developing asthma in the first 5 years of life in children, whose
mothers were supplemented with n-3 LCPUFA during pregnancy com-
pared to placebo [3]. As we hypothesized that part of this risk reduction
could be mediated via the child metabolome, we tested possible associ-
ations between the components of the PLS-DA model and asthma devel-
opment by age 5.

We initially found a significant association between the second la-
tent score (SLV2) of the PLS-DA model and risk of asthma using a Cox re-
gression analysis: hazard ratio (HR) per std. sLV2 increase: 0.80, 95% CI
0.65-1.26, p = .02 [Wald test]. In order to better disentangle the n-3
LCPUFA supplementation effect from the asthma association, we rotated
the PLS-DA model to capture the asthma mediated direction in the first
component, leaving the supplementation effect in component two to
five. In Fig. 4, a Kaplan-Meier curve shows the risk of developing asthma
in the first 5 years of life in children with LV1 score from the rotated PLS-
DA model (rsLV1) divided into tertiles. The curve shows that children
with a low rsLV1 n-3 LCPUFA-like metabolome score, i.e. a metabolome
which is opposite to the n-3 LCPUFA metabolome, have an increased
risk of developing asthma irrespective of supplementation group: HR
0.76, (0.64-0.90), p = .002 [Wald test], with a change of one standard
deviation, i.e. lower risk from increasing n-3 LCPUFA-like metabolome.
Stratifying the analysis by the n-3 LCPUFA supplementation, we ob-
served a significant association in the placebo strata but not in the n-3
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LCPUFA strata, which is probably due to a saturation effect of the supple-
mentation on the metabolome in the n-3 LCPUFA group: per std. rsLV1,
HRplacebo 0.65, (0.50-0.85), p = .002 [Wald test] and HRcpyra 0.89,
(0.69-1.15), p = .38 [Wald test], respectively, see Fig. 5.

As we observed influence on the child metabolome from both FADS2
genotype and breastfeeding length, we adjusted the model for these pa-
rameters. From such sensitivity analysis we did not observe dependency
from either exclusive breastfeeding duration or FADS2 genotype on the
relationship between rLV1 and asthma risk: adjusted HR 0.75
(0.63-0.91), p = .003 [Wald test]. Furthermore, we also tested whether
adjustments either for current breastfeeding at the time of sampling
and total breastfeeding duration would influence the association with
asthma development, but no influence was found.

Finally, we investigated whether the asthma-protective effect from
the n-3 LCPUFA supplementation during pregnancy was mediated via
the metabolome by using rLV1 as a proxy of the n-3 LCPUFA-
associated metabolome by age 6 months. The result from this mediation
analysis showed that 24% of the asthma-protective effect is mediated
through the metabolome (see Table S4).

4. Discussion

4.1. n-3 LCPUFA supplementation during pregnancy and the child
metabolome

We observed a decrease in metabolite levels linked to the n-6 path-
way in children, whose mothers received fish oil during pregnancy. It
has previously been observed that a dietary increased intake of 20:5n-
3 eicosapentaenoic acid (n3-EPA) and 22:6n-3 docosahexaenoic acid

(n3-DHA) leads to a decrease of arachidonic acid (20:4n-6, AA) biosyn-
thesis due to inhibition of A6 desaturation of linoleic acid (18:2n-6)
[17,18]. In line with this, we observed decreased levels of AA in the n-
3 LCPUFA supplementation group along with a reduction in levels of
the AA precursor dihomo-linolenic acid (20:3n-6). We also registered
lower levels of AA esterified glycerophospholipids, possibly due to acyl-
ation affinity for AA compared to the subsequent products in the path-
way, which also undergo peroxisomal beta-oxidation, partially leading
back to AA [19]. Finally, we observed decreased levels in the n-3
LCPUFA group of the end product in the n-6 pathway, docosapentaenoic
acid (22:5n-6), which is probably due to a lack of AA as substrate as well
as for the plasmalogens and diacylglycerols containing AA in the sn-2
position. Overall, it might be speculated that the n-3 LCPUFA supple-
mentation led to some of the AA being replaced by EPA or DHA in the
structural lipids; however, in our untargeted metabolomics analysis
we did not observe an increase in the n-3 LCPUFAs or in their
phospholipids.

With regard to lipids, we observed that the n-3 LCPUFA supplemen-
tation induced changes in the child metabolome with a decrease in
levels of ceramides and sphingolipids containing 18:0 and 22:0 FAs. It
can be speculated that there is an influence in the fatty acid metabolism
from the stearic acid (18:0) to docosanoic acid (22:0) formation and a
successive decrease in phospholipid formation.

The n-3 LCPUFA supplementation led to decreased levels of
xanthurenic acid, which is a catabolic product from tryptophan in the
kynurenine pathway. Xanthurenic acid is produced by the transamina-
tion of 3-hydroxykynurenine, a compound that can generate free radi-
cals and apoptosis [20]. The indoleamine 2,3-dioxygenase 1 and 2
(IDO1/ID0O2) enzymes are the main rate limiting enzymes activating
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Table 2

407

Associations between FADS2 polymorphism (rs1535) and child n-6 pathway-related metabolite levels stratified by the intervention (n-3 LCPUFA supplement or placebo). Reported p-

values are from “Wald test”.

Metabolite, Sub-pathway

Intervention Mother's genotype

Child's genotype

beta-Estimate p.value CI beta-Estimate p.value CI

1-(1-Enyl-palmitoyl)-2-arachidonoyl-GPC (P-16:0/20:4)*, Plasmalogen Placebo —0.29 0.01 —0.51-0.08 0.07 0.52 —0.150.29
1-(1-Enyl-palmitoyl)-2-arachidonoyl-GPC (P-16:0/20:4)*, Plasmalogen LCPUFA —0.10 0.32 —030.1 0.01 0.93 —0.20.22

1-(1-Enyl-stearoyl)-2-arachidonoyl-GPE (P-18:0/20:4)*, Plasmalogen Placebo —0.34 <0.001 —0.51-0.18 0.09 0.29 —0.08 0.27
1-(1-Enyl-stearoyl)-2-arachidonoyl-GPE (P-18:0/20:4)*, Plasmalogen LCPUFA —0.06 0.53 —0.250.13 —0.01 0.90 —0.210.19
1-Arachidonoyl-GPC (20:4n6)*, Lysophospholipid Placebo —0.24 0.02 —0.45-0.04 —0.05 0.66 —0.26 0.17
1-Arachidonoyl-GPC (20:4n6)*, Lysophospholipid LCPUFA —0.13 0.16 —0.32005 —0.12 0.24 —0.32 0.08
1-Arachidonoyl-GPE (20:4n6)*, Lysophospholipid Placebo —0.19 0.07 —0.40.02 0.17 0.12 —0.050.39
1-Arachidonoyl-GPE (20:4n6)*, Lysophospholipid LCPUFA —0.17 0.09 —0360.03 —0.01 0.95 —0.210.2

1-Palmitoyl-2-arachidonoyl-GPC (16:0/20:4n6), Phosphatidylcholine (PC) Placebo —0.43 <0.001 —0.62-0.24 0.08 0.45 —0.120.28
1-Palmitoyl-2-arachidonoyl-GPC (16:0/20:4n6), Phosphatidylcholine (PC) LCPUFA —0.05 0.61 —0.250.15 —0.22 0.04 —0.43-0.01
1-Stearoyl-2-arachidonoyl-GPC (18:0/20:4), Phosphatidylcholine (PC) Placebo —034 <0.001 —0.53-0.15 0.00 0.97 —0.190.2

1-Stearoyl-2-arachidonoyl-GPC (18:0/20:4), Phosphatidylcholine (PC) LCPUFA —0.05 0.61 —-0250.15 —0.17 0.12 —0.39 0.04
1-Stearoyl-2-arachidonoyl-GPI (18:0/20:4), Phosphatidylinositol (PI) Placebo —0.23 0.03 —0.45-0.02 0.09 0.40 —0.130.32
1-stearoyl-2-arachidonoyl-GPI (18:0/20:4), Phosphatidylinositol (PI) LCPUFA —0.13 0.22 —0.330.08 —0.05 0.67 —0.26 0.17
Arachidonate (20:4n6), Polyunsaturated Fatty Acid (n3 and n6) Placebo —0.17 0.11 —0390.04 0.07 0.54 —0.150.29
Arachidonate (20:4n6), Polyunsaturated Fatty Acid (n3 and n6) LCPUFA —0.09 035 —0.28 0.1 0.02 0.84 —0.18 0.22
Dihomo-linolenate (20:3n3 or n6), Polyunsaturated Fatty Acid (n3 and n6) Placebo —0.17 0.10 —0.370.03 017 0.11 —0.040.38
Dihomo-linolenate (20:3n3 or n6), Polyunsaturated Fatty Acid (n3 and n6) LCPUFA —0.07 0.49 —0.250.12 0.15 0.14 —0.050.35
Docosapentaenoate (n6 DPA; 22:5n6), Polyunsaturated Fatty Acid (n3 and n6) Placebo —0.24 0.04 —0.46-0.01 0.22 0.07 —0.02 0.45
Docosapentaenoate (n6 DPA; 22:5n6), Polyunsaturated Fatty Acid (n3 and n6) LCPUFA —0.01 0.87 —0.190.16 —0.01 0.96 —0.20.18

Palmitoyl-arachidonoyl-glycerol (16:0/20:4) [2]*, Diacylglycerol Placebo —0.30 0.01 —0.52-0.08 0.19 0.10 —0.04 042
Palmitoyl-arachidonoyl-glycerol (16:0/20:4) [2]*, Diacylglycerol LCPUFA —0.13 0.11 —0.30.03 0.03 0.77 —0.150.2

Stearidonate (18:4n3), Polyunsaturated Fatty Acid (n3 and n6) Placebo —0.09 0.48 —0.330.16 0.03 0.84 —0.230.28
Stearidonate (18:4n3), Polyunsaturated Fatty Acid (n3 and n6) LCPUFA —0.02 0.81 —0.180.14 —0.05 0.54 —0.220.12
Stearoyl-arachidonoyl-glycerol (18:0/20:4) [1]*, Diacylglycerol Placebo —0.30 0.01 —0.51-0.09 -0.10 0.36 —0.320.12
Stearoyl-arachidonoyl-glycerol (18:0/20:4) [1]*, Diacylglycerol LCPUFA —0.21 0.02 —039-0.04 —-0.16 0.09 —0.340.02
Stearoyl-arachidonoyl-glycerol (18:0/20:4) [2]*, Diacylglycerol Placebo —0.31 <0.001 —0.52-0.09 —0.08 0.50 —0.30.15

Stearoyl-arachidonoyl-glycerol (18:0/20:4) [2]*, Diacylglycerol LCPUFA —0.17 0.06 —0350.01 —0.04 0.70 —0.230.16

beta-Estimates are per copy of the G minor allele in rs1535. All the metabolites were autoscaled prior to the analysis.
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tryptophan catabolism through the kynurenine pathway. IDO expres-
sion is induced by lipopolysaccharides and cytokines, especially by in-
terferon gamma (IFN-y), that acts on T-cells and promotes
differentiation and apoptosis via the T-cell receptor [21]. Our findings
suggest that n-3 LCPUFA supplementation has an impact on the regula-
tion of IDO expression, that may be caused by anti-inflammatory activ-
ity and reduced IFN-y levels, leading to a reduction in tryptophan
catabolism in the kynurenine pathway.

Medium- and short-chain acyl-carnitine were also affected with
lower levels in the n-3 LCPUFA group. Acyl-carnitines are reversibly
formed by the reaction of the acyl-CoA esters with carnitine, a process
catalyzed by carnitine acyl-transferase. This mechanism takes place to
transport the FAs with >14 carbons into the mitochondrial membrane
for their subsequent beta-oxidation [22]. The concentration of
acyl-carnitines in plasma also reflects the nutritional state and the
contribution from other tissues, in particular, medium and long-chain
acyl-carnitine are directly derived from the fatty acid metabolism. It
can be speculated that n-3 LCPUFA supplementation may influence
the beta-oxidation in the mitochondria, probably increasing the beta-
oxidation, and therefore limiting the accumulation of intermediate
lipid products. We also observed an increase in carnitine biosynthesis,
with both carnitine and its precursor trimethyllysine being enhanced
in the n-3 LCPUFA group.

In the n-3 LCPUFA group, we also observed an increase in tyrosine
catabolism and its derived catecholamines breakdown products. Specif-
ically, we observed an increase in vanillylmandelic acid, the main inac-
tive catabolic product of norepinephrine and epinephrine. These
catecholamines are produced from dopamine and act as hormones
and neurotransmitters and are synthesized in the brain and in the adre-
nal gland. The other upregulated compounds in this pathway, 3-(4-
hydroxyphenyl)lactate and 3-methoxytyramine sulfate, are metabolites
originating from dopamine catabolism. It has been shown that rats
chronically deficient in n-3 FAs have effects on the monoaminergic sys-
tem during development with different effect in different regions of the
cortex [23]. Furthermore, rats receiving a n-3 LCPUFA-enriched diet that
was poor in linoleic acid (18:2n-6) [24] showed significant differences
in the FA composition in the cerebral membranes with higher levels of
docosahexaenoic acid (22:6n-3), that is the most abundant n-3 FA in

the brain, lower levels of AA and higher levels of dopamine. It has also
been shown in mice that fish oil supplementation upregulates the ex-
pression of the mitochondrial uncoupling protein 1 in the brown and
beige adipose tissue, which affects fat accumulation. The brown adipose
tissue activity is primarily regulated by the sympathetic nervous
system, which releases norepinephrine that successively binds the
beta-adrenergic receptors and promotes the expression. This aligns
with observations of increased release of norepinephrine in the urine
of mice receiving fish oil supplementation [25] and may partly explain
the relationship between the n-3 LCPUFA supplementation and upregu-
lation of the tyrosine pathway.

The n-3 LCPUFA supplementation was also associated with an
increase in glutamate, 4-hydroxy-glutamate, which is a byproduct
of 4-hydroxy-2-oxoglutarate, and alpha-ketoglutarate which is a
deamination product and precursor of glutamate. Glutamate is a non-
essential amino acid that can be synthetized from alpha-ketoglutarate,
glutamine and pyroglutamic acid. Glutamate is involved in several path-
ways both as substrate and product and is also an excitatory neurotrans-
mitter [26]. So far, no direct associations have been found between n-3
LCPUFA intake and the glutamate metabolism.

Hydroxy-CMPF and 3-carboxy-4-methyl-5-pentyl-2-
furanpropanoic acid are metabolites, which in humans come from
beta-oxidation and omega-oxidation of furan FAs. Furan FAs are formed
in plants, bacteria, and algae and they accumulate in the tissues of fish
and crustaceans [27]. In humans, the uptake of the furan FAs is through
food such as vegetables and vegetable oils, fish and fish oil. However,
there is a hypothesis of de novo synthesis of CMPF by the gut microbiota
[27]. We observed a much higher level of hydroxy-CMPF in the children,
whose mothers received fish oil-derived n-3 LCPUFA compared to
placebo, which is presumably directly related to the fish oil supplemen-
tation and therefore serves as a biological validation of the metabolo-
mics dataset.

4.2. FADS2 genotype and n-3 LCPUFA supplementation
The amount of n-3/n-6 LCPUFA is dependent on food or supplemen-

tation but also on the activity of the A5- and A6-desaturase enzymes,
which converts the essential FAs into LCPUFAs. The mother's FADS2
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Fig. 4. Kaplan-Meier curve of the first component of the rotated PLS-DA model (rLV1) divided into tertiles and the risk of developing asthma by age 5.
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Fig. 5. Kaplan-Meier curve of the first component of the rotated PLS-DA model (rLV1) divided into tertiles and the risk of developing asthma by age 5, stratified by intervention.

genotype was strongly associated with levels of metabolites in the n-6
pathway whereas the child's genotype was not. It might be that the
child's metabolite levels in this pathway are primarily a reflection of
the maternal levels via breastfeeding [28]. Furthermore, the quasi sig-
nificant association of the main FAs is in line with previous studies
showing that the minor allele is associated with lower enzyme activity
and therefore lower levels of fatty acid products [28,29], in our case
AA, n-6 DPA and 20:3n6. The reason why we observe a stronger signif-
icance for the AA derived products could be due to a better sensitivity
for the compounds further down the cascade process, but still directly
derived from AA. The effect of the genotype is predominant in the pla-
cebo strata compared to the fish oil strata, probably due to the effect
of the supplementation, which affects the activity of the desaturase en-
zyme and probably masking and compensating for the genotype effect.

4.3. Breastfeeding effect on the child metabolome

We observed a strong influence of breastfeeding duration on metab-
olites in both the n-3 LCPUFA and placebo strata and used this informa-
tion to address whether the n-3 LCPUFA supplementation induced a
pre- or post-natal programming effect on the child metabolome. Our re-
sults suggest that the n-3 LCPUFA supplementation effects on the child's
metabolome are mainly originating from the composition of the
mother's breast milk. However, most of the differences in metabolite
levels between n-3 LCPUFA and placebo for estimated 6 months and
0 days of breastfeeding have the same directionality and the fit of the re-
gression model may suffer from fewer cases of children not being exclu-
sively breastfed for a long period of time, thus effecting the estimation at
0 days. We assume that breastfeeding duration plays an important role
in enhancing the level of n-3 LCPUFAs in the children, but at the same
time, we speculate that some of the compounds seem to be transferred
through the placenta or are altered due to prenatal changes, even
though we need metabolomics profiles of the children's plasma at
birth to verify this assumption. Further, assessments of maternal meta-
bolomics profiles would enable us to disentangle whether the n-3
LCPUFA supplementation during pregnancy lead to sustained changes
in mother's metabolite levels, which could be transferred to the child

via the breastmilk. If it is correct that most of the metabolite differences
in relation to n-3 LCPUFA supplementation are a result of breastfeeding,
it suggests that breastfeeding may accentuate the effects of prenatal n-3
LCPUFA supplementation.

4.4. n-3 LCPUFA-associated metabolome and asthma-protective effect

We aimed to relate the effect of the n-3 LCPUFA supplementation on
the child metabolome to the observed asthma-protective effect in our
DB-RCT to disentangle the underlying biochemical mechanisms. Our
analysis suggested that the n-3 LCPUFA supplementation associated
metabolome mediated 24% of the asthma-protective effect.

Part of the mediation effect on asthma may be explained by the
down-regulation of the n-6 LCPUFAs and their esterified compounds.
Particularly, AA is one of the most abundant LCPUFAs in the cells in-
volved in the inflammatory process leading to asthma symptoms. AA
is a substrate for cyclooxygenase, lipoxygenase and cytochrome P450
enzymes to produce eicosanoids, which are potent mediators of airway
inflammation. Thus, the prostaglandins 2-series (PGE2) are involved in
the induction of the proinflammatory interleukin 6 (IL-6) [30] and in-
creased levels of the leukotrienes LTC4 and LTD4 resulting in
bronchoconstriction, increased mucus secretion, and airway hyperreac-
tivity, that leads to airflow obstruction in asthma patients [31]. In line
with this, a case-control study among adults with asthma have previ-
ously shown increased circulating AA levels [32].

We also observed an association of the n-3 LCPUFA supplementation
on the glutamate pathway. Glutamate is involved in several pathways,
including the gamma-glutamyl cycle in the liver, where glutathione is
produced from glutamate cysteine and glycine [33]. Glutathione is an
antioxidant compound and lower levels of glutamic acid, glycine and ty-
rosine have previously been demonstrated in asthmatic children [34],
thus connecting childhood asthma with a decreased antioxidant de-
fense. In our study, we observed that children, whose mother received
n-3 LCPUFA had higher levels of tyrosine, glutamic acid as well as
dimethylglycine and sarcosine, which are precursors of glycine, thereby
linking the n-3 LCPUFA supplementation to an improved antioxidant
system, which may have played an asthma-protective role.In this
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study we demonstrate that n-3 LCPUFA supplementation with fish oil
during pregnancy significantly associates with the offspring metabo-
lome by age 6 months. The observed effects were primarily a decrease
in metabolites in the n-6 LCPUFA and tryptophan pathways, as well as
an increase in the tyrosine and glutamate pathways. We further show
that the fish oil metabolomic profile was associated with a reduced
risk of asthma by age 5 and that these biochemical alterations mediated
one fourth of the asthma-protective effect of the supplementation.
These findings provide new important insight into the effects of dietary
n-3 LCPUFA supplementation and the pathogenesis of childhood
asthma.
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Supplementary Material

Preliminary dataset inspection

The entire dataset comprising the four analytical platforms, after initial pre-processing but
before the 80% rule was applied, was inspected by PCA analysis (prior autoscaling) initial
inspection.

The figure SF1 shows the scores plot of the first 2 components (PC1 vs PC2). The samples are

coloured based on the children’ age.
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SF1. PCA scores plot (PC1 vs PC2) of the metabolomic dataset. Samples are coloured coded based on the children’
age. Confidential ellipse are drown at 95% confidence limit..



The two age groups are separated based on a biological variation due to the different children’
age. Therefore, in the final dataset we only included the metabolomic profiles from 0.5 to 0.8

years of age.

After inspecting the entire dataset, the final subset of data was further validated from a
biological point of view. We used solely breastfeeding duration as a validation parameter, since
some of the children in the cohort were still solely breastfed at the time of sampling and few of
them were never or almost breastfed.

From the PCA we observe a breastfeeding effect in the first two PCs, see figure SF2. The
majority of the children still solely breastfed cluster together (big size symbol) on the lower
down side of the PCs scatter plot whereas the majority of the children not breastfed cluster on
the upper left corner. Considering the unsupervised methodology and the fact that most of the
children were still breastfed to a large degree - which explains the diluted effect - we can

assume that the dataset has a biological validation.
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and sized coded on breastfeeding status at sampling time.
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Effect of the LCPUFA supplementation on the child
metabolome

The distribution of the p-values from the linear model used to investigate the difference
between children whose mothers received placebo or LCPUFA supplementation is shown in

figure SF3.
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Fig. FS4. Distribution of the p-values from the linear models for the all 831 features
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Fig. SF5. Volcano plot from the linear models for the all 831 features. The x-axis represents the BE-estimates (divided into 3 regions) and the y-axis the
corresponding -log10(p-value). The dashed green line shows the limit at -log10(p-value) corresponding to p=0.05 and top hits are labelled.
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Table S1. Contingency table (2x2) built for the Enrichment Analysis

Selected Other Pathways Total
Pathway
Selected sthway '
MNoapi e Resx -+ MNoapyf = 1221
NOT
Selected e A Resy + Nypi — 831
Total ? | Rersar 4 Naspi — 831 |
A oprd + INvpl @ Resx —+— Resy | Res| Resx + Resye +— Nxpi + Nh_-.-|:.-|
- 05a

Nxp= #selected features in the j pathway, Nyp = #total features detected but not selected in the i pathway, #tot selected features =121, #tot detected features= 831

Nxpi represents the number of compounds (among the 121 selected) in the i pathway, Nypi is the remaining number of compounds detected in
the i pathway but not selected. Resx represents the proportion of total compounds remaining (among the 121 selected) after subtraction of the
Nxpi. Resy represents the proportion of total compounds remaining (among the 831 detected) after subtraction with the Nypi.



Table S2. Baseline characteristics

_ o Children with available Supplementation Supplementation
Baseline characteristic Group data (N=577) strata strata
- Placebo n3 LC-PUFA
) Healthy 431 (78.8) 203 (74.9) 228 (82.6)
Follow-up from birth to 5y of age (%)
Asthmatic 116 (21.2) 68 (25.1) 48 (17.4)
Female 283 (49.0) 138 (47.8) 145 (50.3)
Gender (%)
Male 294 (51.0) 151 (52.2) 143 (49.7)
) Placebo 289 (50.1)
Supplementation (%)
n3 LC-PUFA 288 (49.9)
AA 245 (42.8) 128 (44.4) 117 (41.2)
Mother’s FADS genotype (%) AG 245 (42.8) 121 (42.0) 124 (43.7)
GG 82 (14.3) 39 (13.5) 43 (15.1)
AA 221 (42.0) 111 (42.9) 110 (41.2)
Child’s FADS genotype (%) AG 242 (46.0) 118 (45.6) 124 (46.4)
GG 63 (12.0) 30 (11.6) 33 (12.4)
. _ No 524 (91.1) 261 (90.6) 263 (91.6)
Exclusively breastfeeding < 1 week (%)
Yes 51(8.9) 27 (9.4) 24 (8.4)
Exclusively breastfeeding at time of sampling No 553 (96.2) 275 (95.5) 278 (96.9)
(%) Yes 22 (3.8) 13 (4.5) 9 (3.1)




Unknown compounds from the linear model used to investigate the difference between children whose mothers received placebo
or n3-LCPUFA supplementation.

Table S3. Unknown compounds from the linear model

Compound Platform miz

X - 11261 LC/MS Pos Late 286.2008
X - 16071 LC/MS Neg 144.0455
X - 18779 LC/MS Neg 209.0454
X - 18887 LC/MS Neg 328.1518
X - 21441 LC/MS Neg 294.1128
X -21736 LC/MS Neg 183.1392
X -23782 LC/MS Pos Late 349.2732

Table S4. Causal mediation analysis of the rotated PLS-DA component 1 (rLV1) as mediator of the association between the n-3 LCPUFA supplement during
pregnancy and development of asthma in the first 5 years of life.

Average Direct Effect Average Causal Mediation Effect Prop. Med. (%)
Association tested Mediator ~——timate p-value ——timate p-value
Asthma 5 years ~ treatment rsLV1 -0.075 (-0.144- -0.01) 0.03 -0.018 (-0.038 - 0.00) 0.01 24 *

Table S5. Rest of the compounds from the PLS-DA model



Compound, Sub-pathway Treatment Mean + Std Effect size
Placebo 1286317 363919
(N(1) + N(8))-acetylspermidine, Polyamine Metabolism
n3 LCPUFA 1381522 412857 0.2
Placebo 95412 26471
2'-O-methyluridine, Pyrimidine Metabolism, Uracil containing
n3 LCPUFA 99012 29512 0.1
Placebo 512657 911576
2,3-dihydroxyisovalerate, Food Component/Plant
n3 LCPUFA 718798 1752301 0.1
Placebo 793176 2408012
2-isopropylmalate, Food Component/Plant
n3 LCPUFA 1315556 5156039 0.1
Placebo 5639827 2394094
3-aminoisobutyrate, Pyrimidine Metabolism, Thymine containing
n3 LCPUFA 5303585 2151845 -0.1
Placebo 8281671 2722360
3-hydroxy-3-methylglutarate, Mevalonate Metabolism
n3 LCPUFA 8866403 4150174 0.2
Placebo 239845 98052
3-ureidopropionate, Pyrimidine Metabolism, Uracil containing
n3 LCPUFA 254561 115500 0.1
Placebo 755252 325847
3beta-hydroxy-5-cholestenoate, Sterol
n3 LCPUFA 713788 259202 -0.1
Placebo 5553160 3943281
5-dodecenoate (12:1n7), Medium Chain Fatty Acid
n3 LCPUFA 5054405 3433834 -0.1
Placebo 1045840 303619
5-hydroxylysine, Lysine Metabolism
n3 LCPUFA 1095651 302188 0.2
Placebo 1104454 891868
5alpha-pregnan-3beta,20alpha-diol disulfate, Progestin Steroids
n3 LCPUFA 954074 675802 -0.2
Placebo 1077468 253117
N-acetylglucosamine/N-acetylgalactosamine, Aminosugar Metabolism
n3 LCPUFA 1129227 290751 0.2
Placebo 1051377 273765
N-acetylputrescine, Polyamine Metabolism
n3 LCPUFA 1102494 267231 0.2
Placebo 165678 88844
N-oleoyltaurine, Endocannabinoid
n3 LCPUFA 155204 86834 -0.1
Placebo 62538 54924
N-stearoyltaurine, Endocannabinoid
n3 LCPUFA 55552 50134 -0.1
Placebo 66600 27041
N1-methylinosine, Purine Metabolism, (Hypo)Xanthine/Inosine containing
n3 LCPUFA 70571 28690 0.1
Placebo 3904910 892240
N6,N6,N6-trimethyllysine, Lysine Metabolism
n3 LCPUFA 4075583 1175274 0.2
Placebo 435996 397540
S-methylcysteine, Methionine, Cysteine, SAM and Taurine Metabolism
n3 LCPUFA 526698 547686 0.2
Placebo 38509940 19726511
X-11261, NA
n3 LCPUFA 42676187 18745276 0.2
Placebo 392574 405477
X - 11549, NA
n3 LCPUFA 450096 480419 0.1
Placebo 6989458 4278752
X - 11880, NA
n3 LCPUFA 7619708 4783463 0.1
Placebo 381306 287504
X - 12459, NA
n3 LCPUFA 347119 207201 -0.1
Placebo 1667628 1499432
X - 12462, NA
n3 LCPUFA 2037419 2974007 0.2
Placebo 4291872 1934638
X - 14056, NA
n3 LCPUFA 4581002 1986330 0.1
Placebo 1775949 1557958
X - 15245, NA
n3 LCPUFA 2017132 1615045 0.2
Placebo 621769 176776
X- 16071, NA
n3 LCPUFA 658502 217813 0.2
Placebo 173179 86386
X- 17357, NA
n3 LCPUFA 185884 90218 0.1
Placebo 656719 333179
X- 18779, NA
n3 LCPUFA 766826 438283 0.3
Placebo 1272973 352264
X - 18887, NA
n3 LCPUFA 1335154 348018 0.2
Placebo 393135 316865
X - 18899, NA
n3 LCPUFA 442520 297836 0.2
Placebo 830484 560838
X - 18922, NA
n3 LCPUFA 768180 451539 -0.1
Placebo 80902 74060
X - 21286, NA
n3 LCPUFA 90995 83889 0.1
Placebo 426069 199744
X - 21339, NA
n3 LCPUFA 457947 229586 0.1




Compound, Sub-pathway Treatment Mean + Std Effect size
Placebo 158308 182476
X - 21441, NA
n3 LCPUFA 126889 149988 -0.2
Placebo 2095463 1810950
X-21736, NA
n3 LCPUFA 1768826 1335366 -0.2
Placebo 124018 62252
X-21796, NA
n3 LCPUFA 143718 193485 0.1
Placebo 705615 446760
X-21829, NA
n3 LCPUFA 640860 392088 -0.2
Placebo 967776 289336
X-22162, NA
n3 LCPUFA 1008675 301975 0.1
Placebo 1050712 510488
X - 23680, NA
n3 LCPUFA 1121314 464741 0.1
Placebo 673703 519249
X - 23782, NA
n3 LCPUFA 586261 430853 -0.2
Placebo 482008 392722
X - 24241, NA
n3 LCPUFA 554984 542181 0.2
Placebo 1297495 906168
X - 24306, NA
n3 LCPUFA 1466464 1216837 0.2
Placebo 3309277 3962760
X - 24307, NA
n3 LCPUFA 3959897 5295808 0.1
Placebo 339450 201115
X - 24556, NA
n3 LCPUFA 312892 156293 -0.1
Placebo 957895 225880
X - 24699, NA
n3 LCPUFA 1025817 602126 0.1
Placebo 172910 145104
X - 24947, NA
n3 LCPUFA 155688 130338 -0.1
Placebo 16476185 12471575
X-25172, NA
n3 LCPUFA 18593594 14783670 0.2
Placebo 149293 150440
alpha-CEHC sulfate, Tocopherol Metabolism
n3 LCPUFA 169580 160060 0.1
Placebo 50666047 22236744
alpha-ketoglutarate, TCA Cycle
n3 LCPUFA 57183777 35019156 0.2
Placebo 12812900 4561600
arabonate/xylonate, Pentose Metabolism
n3 LCPUFA 13450288 6041993 0.1
Placebo 94355105 49666916
arachidonate (20:4n6), Polyunsaturated Fatty Acid (n3 and n6)
n3 LCPUFA 85793063 42003490 -0.2
Placebo 160334682 44708570
cholesterol, Sterol
n3 LCPUFA 154761550 42258807 -0.1
Placebo 410447019 62351558
citrate, TCA Cycle
n3 LCPUFA 401517014 64147876 -0.1
Placebo 14651182 5106213
dimethylglycine, Glycine, Serine and Threonine Metabolism
n3 LCPUFA 15421257 7062096 0.1
Placebo 993927 459664
gamma-glutamylalanine, Gamma-glutamyl Amino Acid
n3 LCPUFA 1072053 497441 0.2
Placebo 424645 211742
gamma-glutamylglutamate, Gamma-glutamyl Amino Acid
n3 LCPUFA 468416 337912 0.2
Placebo 555884901 74255096
glucose, Glycolysis, Gluconeogenesis, and Pyruvate Metabolism
n3 LCPUFA 569884765 91245216 0.2
Placebo 4003391 1377885
gulonate*, Ascorbate and Aldarate Metabolism
n3 LCPUFA 4235930 1736970 0.1
Placebo 10405066 17178017
hippurate, Benzoate Metabolism
n3 LCPUFA 15197764 40642811 0.2
Placebo 843912279 270455165
lactate, Glycolysis, Gluconeogenesis, and Pyruvate Metabolism
n3 LCPUFA 879446141 268995121 0.1
Placebo 3892622 12936546
methyl-4-hydroxybenzoate sulfate, Benzoate Metabolism
n3 LCPUFA 2794342 6336764 -0.1
Placebo 359488 117627
orotidine, Pyrimidine Metabolism, Orotate containing
n3 LCPUFA 381912 186970 0.1
Placebo 3976506 3871392
phenylacetylglutamine, Acetylated Peptides
n3 LCPUFA 4947399 4903769 0.2
Placebo 15070583 10160316
ribulonate/xylulonate*, Pentose Metabolism
n3 LCPUFA 17036242 15042178 0.2
Placebo 4179819 1381049
sarcosine, Glycine, Serine and Threonine Metabolism
n3 LCPUFA 4434810 1717370 0.2
Placebo 3272890 6018019
theobromine, Xanthine Metabolism
n3 LCPUFA 2298615 4818372 -0.2
thioproline, Chemical Placebo 1832265 589102




Compound, Sub-pathway Treatment Mean + Std Effect size
n3 LCPUFA 1982387 806199 0.2
Placebo 234078560 70451820

threonate, Ascorbate and Aldarate Metabolism
n3 LCPUFA 248470201 82499908 0.2
Placebo 632862 305458

trans-urocanate, Histidine Metabolism
n3 LCPUFA 592599 316355 -0.1
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