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Abstract Perinatal exposure to omega-3 and omega-6
polyunsaturated fatty acids (PUFAs) can be charac-
terized through biomarkers in maternal or cord blood
or breast milk. Objectives were to describe perinatal
PUFA status combining multiple biofluids and to
investigate how it was influenced by dietary intake
during pregnancy and maternal FADS and ELOVL gene
polymorphisms. This study involved 1,901
mother–child pairs from the EDEN cohort, with
PUFA levels measured in maternal and cord eryth-
rocytes, and colostrum. Maternal dietary PUFA intake
during the last trimester was derived from a food
frequency questionnaire. Twelve single-nucleotide
polymorphisms in FADS and ELOVL genes were geno-
typed from maternal DNA. Principal component
analysis incorporating PUFA levels from the three
biofluids identified patterns of perinatal PUFA sta-
tus. Spearman’s correlations explored associations
between patterns and PUFA dietary intake, and linear
regression models examined pattern associations
with FADS or ELOVL haplotypes. Five patterns were
retained: “High omega-3 LC-PUFAs, low omega-6 LC-
PUFAs”; “Omega-6 LC-PUFAs”; “Colostrum LC-
PUFAs”; “Omega-6 precursor (LA) and DGLA”;
“Omega-6 precursor and colostrum ALA”. Maternal
omega-3 LC-PUFA intakes were correlated with
“High omega-3 LC-PUFAs, low omega-6 LC-PUFAs”
(r(DHA) ¼ 0.33) and “Omega-6 LC-PUFAs”
(r(DHA) ¼ ¡0.19) patterns. Strong associations were
found between FADS haplotypes and PUFA patterns
except for “High omega-3 LC-PUFAs, low omega-6
LC-PUFAs”. Lack of genetic association with the
“High omega-3 LC-PUFAs, low omega-6 LC-PUFAs”
pattern, highly correlated with maternal omega-3 LC-
PUFA intake, emphasizes the importance of adequate
omega-3 LC-PUFA intake during pregnancy and
lactation. This study offers a more comprehensive
assessment of perinatal PUFA status and its
determinants.
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The first 1,000 days of life, from conception to two
years of age, has been addressed by the World Health
Organization as a critical window for the development
of the fetus and child and play a pivotal role in the
health programming of the future adult (1). Omega-6
and omega-3 polyunsaturated fatty acids (PUFAs) are
important nutrients for the growth and development
of several key organs, including the nervous and car-
diovascular systems of the fetus and the newborn (2).
From the 30th to the 38th week of gestation, long-chain
PUFA (LC-PUFA) accretion in the fetus increases
exponentially, mainly in the fetal brain (3). After birth,
breast milk normally provides a substantial amount of
crucial LC-PUFAs including arachidonic acid (AA) and
docosahexaenoic acid (DHA), which allows to continue
the accretion of these two LC-PUFAs in tissues, espe-
cially the brain (4, 5).

The two so-called essential fatty acids, linoleic (LA)
and alpha-linolenic (ALA) acids, precursors of omega-6
and omega-3 LC-PUFAs, respectively, must be supplied
by the diet, as the body is unable to synthesize them.
From these precursors, LC-PUFA biosynthesis is cata-
lyzed by desaturase and elongase enzymes. These are
encoded by the Fatty Acid Desaturase gene cluster
(FADS1, FADS2, FADS3) and Elongation-of-very-long-
chain-fatty-acids (ELOVL2, ELOVL4, and ELOVL5) gene
family, respectively. Multiple single-nucleotide poly-
morphisms (SNPs) located on these genes are known to
modulate enzyme activity and consequently, maternal
and fetal PUFA status, and breastmilk composition (6–8).
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Perinatal exposure to omega-3 and omega-6
PUFAs over the first 1,000 days has been assessed
through PUFA levels mainly from maternal blood,
cord blood, or breast milk (9). Maternal blood levels
reflect the mother's body PUFA status, which orig-
inates from her diet, adipose tissue storage, and
metabolism of LA and ALA. On the other hand,
cord blood levels reflect the fetus’s body PUFA
status. Since the fetus has limited desaturase activity
to meet its needs, the fetus’s body PUFA status
depends on the mother's PUFA status, placental
transfer, and to a much lesser extent on the fetus’
own metabolism (10). Early breast milk (i.e., colos-
trum) than mature breast milk PUFA levels are the
foremost contributors to the PUFA status of new-
borns when exclusively breastfed.

These three biofluids reflecting distinct but closely
related exposure windows have been examined
separately in association studies with child health
outcomes. Concerning child neurodevelopment,
studies on prenatal exposure to PUFAs through
maternal or cord blood yielded inconsistent results
(11–17), which also diverged from the findings in
studies examining postnatal exposure through breast
milk PUFAs (18–21). These previous studies analyzing
pre- or postnatal biofluids separately may have
potentially overlooked confusion that may arise from
the high correlation between PUFA across these bio-
fluids, which could explain the lack of consistency in
findings. As discussed in a previous study conducted
within the EDEN French cohort, which specifically
examined the associations between colostrum levels
of PUFA and cognitive functions (20), the inverse
relationship observed between LA and child IQ could
potentially reflect prenatal exposure to LA through
maternal status during pregnancy. We aimed to
overcome this limitation by adopting an integrative
approach that incorporates PUFA levels from
maternal and cord blood, and colostrum together to
elucidate the specific role of each exposure window
while considering their interdependence. This
approach intends to enhance the ability to infer
causality in forthcoming works. Moreover, the un-
derstanding of the mechanisms explaining potential
variability in perinatal exposure to PUFAs needs to be
further explored, particularly focusing on the role of
two major sources influencing perinatal PUFA status:
nutritional intake during pregnancy and maternal
genetic variants in FADS and ELOVL genes. To our best
knowledge, no such comprehensive study has been
previously conducted.

To address this gap, the present study aimed to 1)
identify patterns of perinatal PUFA status by
combining data from maternal and cord blood eryth-
rocyte membranes, and colostrum and 2) examine the
respective role of maternal PUFA intake during preg-
nancy and maternal candidate SNPs in FADS and ELOVL
genes, on such patterns.
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MATERIALS AND METHODS

Design and study population
The EDEN mother-child study is an ongoing prospective

cohort conducted in France to investigate the early pre- and
postnatal determinants of child health and development.
Pregnant women were recruited from February 2003 to
January 2006 in two university maternity clinics, in Nancy and
Poitiers. A total of 2,002 pregnant women were enrolled
before 20 weeks of amenorrhea. Exclusion criteria were
multiple births, known diabetes before pregnancy, French il-
literacy, and planning to move out of the region in the 3
following years. At enrolment, the mother signed a written
consent for her participation, and at delivery, both parents
gave their written consent for their child’s participation. The
study abides by the Declaration of Helsinki principles and
received approval from the ethics committee (CCPPRB) of the
Bicêtre university hospital and the National Data Protection
Authority (CNIL). More detail about the EDEN cohort study is
available elsewhere (22).

Sampling and fatty acids composition
Maternal venous (n = 1,906) and cord (n = 1,437) blood

samples were collected at 24–28th weeks of gestation (mean
gestational age ± SD: 26.3 ± 1.6) and at delivery (mean gesta-
tional age: 39.2 ± 1.7), respectively. Additionally, about 5 ml of
maternal colostrum (n=980) was collected within one week of
delivery (3.9 ± 1.1 days after birth). Fatty acid composition of
erythrocyte membrane phospholipids in maternal and cord
blood, and of colostrum was analyzed using gas chromatog-
raphy, as described in previous studies (23, 24). In total, 31 and
26 fatty acids (FA), present in proportion ≥0.05%, including 12
and 11 PUFA species, were detected in erythrocyte membrane
and colostrum, respectively, such as LA (C18:2n-6), gamma-
linolenic (GLA, 18:3n-6), eicosadienoic (EDA, 20:2n-6),
dihomo-gamma-linolenic (DGLA, C20:3n-6), AA (C20:4n-6),
docosatetraenoic (DTA, C22:4n-6), docosapentaenoic (DPA,
C22:5n-6), ALA (C18:3n-3), stearidonic (STD, 18:4n-3), eicosa-
tetraenoic (ETA, 20:4n-3), eicosapentaenoic (EPA, C20:5n-3),
DPA n-3 (C22:5n-3) and DHA (C22:6n-3) acids. FA levels
were expressed in the percentage of total fatty acids.

The different time points of sample collection intend to
capture the longitudinal status of PUFA in mother-child pairs
throughout pregnancy and lactation. Maternal PUFA levels at
24–28 weeks of gestation are expected to mirror both
maternal status and fetal exposure during the second
trimester of gestation, as erythrocyte PUFA levels are known
to reflect long-term PUFA intake (up to the prior 3 months)
(25, 26). More specifically, PUFA levels at 24–28 weeks of
gestation provide an indication of the mother's baseline status
just before the substantial accretion of long-chain PUFA into
the fetal tissues, which occurs during the third trimester (3).

Maternal diet during pregnancy
Maternal diet during the third trimester of pregnancy was

assessed by a self-administered semi-quantitative Food Fre-
quency Questionnaire (FFQ) completed in the maternity ward
in the first few days after delivery. This FFQ has been vali-
dated with a series of 24 h recalls (27). The consumption
frequency of 137 foods and food groups was estimated with a
7-level scale ranging from “never” to “more than once a day”.
In addition, mothers indicated the portion size of 12 food
categories (such as meats, French fries, pasta, vegetables, cakes,
cheese, and so on) using the food portion pictures booklet



from the « SUpplementation en Vitamines et Minéraux
AntioXydants » (SU.VI.MAX) study. For non-available food
pictures, standard portions for the French adult population
were considered (28). Daily intake of macro- and micro-
nutrients (in g/day) including total omega-6, LA, AA, and
total omega-3, ALA, EPA, and DHA, were calculated by
crossing data frequency, portion size, and nutritional
composition of each item derived from the SU.VI.MAX food
composition database (29).
Genotyping and selection of genetic variants
Maternal DNA was extracted from maternal blood sample

(n = 1,719). According to a candidate-gene procedure, 12 SNPs
(supplemental Table S1) located in the FADS (Chromosome 11)
and ELOVL (Chromosome 6) gene region encoding for PUFAs
metabolic enzymes, were genotyped by the allele-specific po-
lymerase chain reaction (AS-PCR) method on the ABI7900HT
platform: rs174546 (FADS1), rs174575, rs174589 and rs422249
(FADS2), rs174448 and rs174634 (FADS3), rs953413, rs10498676
and rs3798719 (ELOVL2), rs239532 (ELOVL4), rs12207094 and
rs17544159 (ELOVL5). The selection of the SNPs was based on
the knowledge from literature and a Tagging-SNP analysis of
FADS and ELOVL variants from the HapMap database (phase
III) using Haploview software v4.2 (Broad Institute ofMIT and
University of Harvard). The literature review was essentially
based on genome-wide association studies performed in
plasma or erythrocytes PUFA levels showing significant asso-
ciations with SNPs from the FADS gene cluster or ELOVL gene
family in linkage disequilibrium with those examined in the
present study (30–39).
Study sample
The selection of the study sample is presented in the flow

diagram Fig. 1. Among 2,002 women enrolled, 95 left the
study during pregnancy or at delivery, leading to 1,907
mother-child dyads followed up after delivery. From this
sample, we removed participants with complete missing data
for FA in the 3 biofluids (n = 6). Among the 1,901 mother-
child dyads (whether with breastfeeding or not) having
available data for at least one biofluid, missing data on FA
levels in one or two of the other biofluids, and dietary intake
of PUFAs during pregnancy were imputed. This sample was
used for the identification of patterns of perinatal PUFA
status. The respective role of dietary intake during pregnancy
and maternal genetic variants on the patterns of PUFA status
was assessed on 1,677 mother–child dyads after excluding
missing data on candidate SNP genotyping (complete missing
data n = 209; missing data on more than 3 SNPs n = 15).
Statistical analyses
Prior to the analyses, the percentage of FAs was log-

transformed to improve the normality of the frequency distri-
bution. Missing FA data of biofluids and of dietary intakes were
imputed using MissForest packages (R software v4.2.1). The Mis-
sforest is a nonparametric imputation method particularly
designed for datasets with mixed types of variables (e.g.,
continuous and categorical variables). This method employs a
random forest algorithm based on an iterative approach to
predict missing values. With each successive iteration, the
generated predictions are better, refining the imputation pro-
cess and enhancing the accuracy of the results (40). The mis-
sForest algorithm has been previously documented and
compared to other established imputation methods (40). It has
been demonstrated that missForest outperforms other methods
by yielding more robust results through a reduction in imputa-
tion error. Furthermore, the missForest algorithm offers a way
to assess imputation quality without the need for setting aside
separate test data or conduct cross-validation procedures. This
evaluation method is referred to as the out-of-bag (OOB)
imputation error estimates and has been calculated in our study
(OOB error = 0.065). A lower OOB imputation error,
approaching zero, indicates better model performance.

Because erythrocyte FA levels are influenced by gestational
age, and colostrum composition shifts during the first few
days after delivery, pre-adjustment was carried out to account
for these two factors. This consists in applying linear regres-
sion models explaining (separately) each PUFA by gestational
age (in weeks of gestation) at maternal blood sampling for
maternal PUFAs, gestational age at delivery for cord PUFAs,
and the time (in days) between birth and colostrum sampling
for colostrum PUFAs. The pairwise correlations between
PUFA regression residuals from all three biofluids were
calculated using Pearson’s correlations. Then, a principal
component analysis (PCA) including all PUFA regression re-
siduals was performed to identify patterns of perinatal PUFA
status. The number of components retained was based on the
scree plot curve, and the percentage of variance explained.
The conventional loading factor threshold of |0.30| was set to
identify high PUFAs contribution (depicting higher or lower
biofluid level) to the component. By construct, the component
scores of each individual are standardized (mean = 0; SD = 1).
Each retained component has been labeled according to the
PUFAs contribution as a pattern of perinatal PUFA status,
and these labels were further used throughout the paper. In a
supplementary analysis, bivariate regressions between each
perinatal PUFA pattern and maternal health or sociodemo-
graphic characteristics have been performed. As a sensitivity
analysis, PCA was also performed with a complete case
approach including only mother–child dyads having FA
profiles for all three biofluids (n = 689).

In order to study the role of maternal diet in the patterns of
perinatal PUFA status, a partial Spearman’s correlation was
estimated between each PUFA pattern selected from the PCA
and dietary intake (in g/day) of LA, AA, ALA, EPA, DPA n-3,
DHA, during the last trimester of pregnancy, adjusted for
study center (Nancy or Poitiers). In a sensitivity analysis, cor-
relations were further adjusted for total energy intake (in
calories/day).

Regarding the role of maternal candidate SNPs, due to the
high linkage disequilibrium (LD) found among variants from
the same chromosome (supplemental Tables S2 and S3), a
haplotype-based approach was used. The latter has benefits
over individual SNP analysis since it accurately captures the
allelic diversity and the pattern of inheritance over the evolu-
tion of the presumed causal genes. Therefore, haplotype blocks
in chromosome 11 for FADS genes and chromosome 6 for
ELOVL genes were identified using the procedure proposed by
Gabriel et al. (41) from the trio packages—findLDblocks function
(R software v4.2.1). The settled parameters in this functionwere
the confidence interval of LD coefficient D′ for a SNP pair
CI(D’) = [0.7; 0.9] with α = 0.1 and the recombination threshold
cuRecomb = 0.8 (rdocumentation.org/packages/trio/ver-
sions/3.10.0/topics/findLDblocks). Then, the associations be-
tween patterns of perinatal PUFA status and haplotypes were
tested by linear regression model using the haplo.glm function
(haplo.stats packages) and the most frequent haplotype as the
reference category. Haplo.glm relies on a special expectation-
maximization (EM)-based algorithm to estimate haplotype
frequencies and assess their association with phenotypic traits
Patterns of perinatal PUFA status 3



Fig. 1. Flow diagram of study population. FA, fatty acids; PUFA, polyunsaturated fatty acid; SNP, single nucleotide polymorphism.
(42). This method is particularly valuable when the phase of
genetic variants is ambiguous, meaning uncertainty about
whether alleles are located on the same copy of the chromo-
some, known as the cis configuration, or on different copies,
referred to as the trans configuration. By integrating statistical
4 J. Lipid Res. (2024) 65(6) 100562
techniques like theEM-based algorithmwith generalized linear
models (GLMs), haplo.glm estimates the probabilities of
different haplotypes within the population, allowing for the
assessment of their effects on the phenotype. This approach
enables the identification of potential genetic associations



while accounting for uncertainty in the haplotype phase. For
SNPs being in weak linkage disequilibrium with other SNPs
and therefore not included in any haplotype blocks, a simple
linear regression model was conducted with each pattern un-
der the codominance assumption.

Imputation and genetic analyses were performed using R
software version 4.1.2 (R Foundation for Statistical
Computing), and all other analyses were performed using
V9.4 SAS software (SAS Institute Inc).

RESULTS

Sample characteristics
Among 1,901 mothers included in the analysis, the

meanage at deliverywas 29.5 (±4.9) years.More than 30%
of mothers graduated with a five-year university degree
and around 27% reported having a mean household in-
come above 3,000 euros per month. The average gesta-
tional age at delivery was 39.2 (±1.8) weeks of gestation.

PUFA correlations across biofluids
The pairwise correlation matrix of PUFAs across the

three biofluids is depicted in Fig. 2. Strong correlations,
both within and between PUFA families (omega-6 vs.
omega-3 and precursors vs. LC), as well as among the
different biofluids, were observed. The strongest cor-
relations were observed within the omega-3 LC-PUFAs
family in colostrum, particularly between DPA n-3 and
DHA (Pearson’s correlation coefficient r = 0.83), fol-
lowed by EPA and DHA (r = 0.67). Of particular interest
were the inter-biofluid correlations observed between
omega-3 LC-PUFAs in colostrum and cord blood
erythrocytes, ranging from r = 0.29 for EPA to r = 0.52
for DHA. Similarly, albeit with weaker strengths, cor-
relations were found between omega-3 LC-PUFAs in
colostrum and maternal erythrocytes, as well as be-
tween cord and maternal erythrocytes.

Identification of patterns of perinatal PUFA status
From the PCA analysis performed on 1,901 mother-

child dyads, the first 5 components explaining 50.6%
of the total variance in PUFA status were retained
(Fig. 3). These components highlighted notable varia-
tions across PUFA species (omega-6 vs. omega-3, pre-
cursors vs. LC-PUFAs) and between biofluids and were
labeled as follows: pattern 1 “High omega-3, low omega-
6 LC-PUFAs”; pattern 2 “Omega-6 PUFAs”; pattern 3
“Colostrum LC-PUFAs”; pattern 4 “Omega-6 precursor
(LA) and DGLA”; and pattern 5 “Omega-6 precursor
and colostrum ALA”.

Pattern 1 corresponded to perinatal exposure to
higher levels of omega-3 LC-PUFAs (EPA, DPA n-3,
DHA) in the three biofluids altogether, along with
lower levels of omega-6 LC-PUFAs (AA, DTA, DPA n-6)
in maternal and cord erythrocytes. This pattern
captured the most variability in PUFA status with 17.2%
of the total variance explained. Pattern 2 (11.7% of total
variance) referred to higher levels of omega-6 LC-
PUFAs (AA, DTA, DPA n-6) in the three biofluids
combined with lower levels of ALA, EPA, and DHA in
maternal erythrocytes. Pattern 3 (9.0% of total variance)
was mainly a colostrum-specific pattern with higher
levels of omega-6 LC-PUFAs (AA, DTA, DPA n-6) and
omega-3 LC-PUFAs, especially DPA n-3 and DHA.
However, lower levels were observed in cord erythro-
cytes for DTA, DPA n-6, and ALA.

Patterns 4 and 5 capturing 7.6% and 5.1% of the total
variance, respectively, were defined by higher levels of
omega-6 precursor (LA) in all three biofluids. Pattern 4
was also characterized by higher levels of DGLA in all
three biofluids, while pattern 5 differed from pattern 4
by presenting a lower level of DGLA in erythrocytes
and a higher level of omega-3 precursor (ALA) in the
colostrum exclusively. The results based on the com-
plete case sample (n = 689) showed similar patterns
(supplemental Fig. S1).

Patterns of perinatal PUFAs status and maternal
health or sociodemographic characteristics

Bivariate analyses between identified perinatal PUFA
status and maternal health or sociodemographic char-
acteristics are presented in supplemental Table S4.
Highermaternal age andeducation levelwere associated
positively with patterns 1 (High omega-3, low omega-6
LC-PUFAs) and 3 (Colostrum LC-PUFAs) and nega-
tively with patterns 2 (Omega-6 PUFAs) and 4 (Omega-6
precursor (LA) and DGLA). Primiparity was associated
positively with pattern 1 and negatively with pattern 3.
Prepregnancy underweight, overweight, or obesity sta-
tus was associated negatively with pattern 1, while over-
weight and obesity status was positively associated with
pattern 2; mothers with an obesity status presented a
score of adherence to pattern 1 decreased by −0.26
[−0.42; −0.09] SD, and a score of adherence to pattern 2
increased by 0.53 [0.37; 0.69] SD, compared to mothers
with normal weight. Mothers living in/close to the
French town of Nancy were positively associated with
patterns 3 and5,while those living in/close to the townof
Poitiers were positively associated with patterns 1 and 2.

None of the maternal health or sociodemographic
characteristics was associated with pattern 5 (Omega-6
precursor and colostrum ALA) except for the living
place (Nancy/Poitiers).

Maternal diet and patterns of perinatal PUFA status
Mean LA intake during the last trimester of preg-

nancy was 9.63 ± 4.15 g/day (Min = 1.87 g/day; max =
33.78 g/day) and intake of ALA was on average 0.88 ±
0.33 g/day (Min = 0.24 g/day; max = 2.38 g/day).
Regarding LC-PUFAs, mean intake of AA, EPA, DPA n-
3 and DHA were 0.16 ± 0.08, 0.08 ± 0.05, 0.04 ± 0.02, and
0.17 ± 0.10 g/day, respectively. Correlations between
maternal PUFA intake and patterns of perinatal PUFA
status identified from PCA are presented in Table 1.
The results of the sensitivity analysis adjusting for total
energy intake during pregnancy showed similar results
(data not shown). The first two patterns, “High omega-3
Patterns of perinatal PUFA status 5



Fig. 2. Pairwise correlation matrix of PUFA levels in maternal and cord blood erythrocytes, and in colostrum - N = 1,901. Pearson’s
correlations ranging from −1 to 1.
LC-PUFAs, low omega-6 LC-PUFAs” and “Omega-6 LC-
PUFAs”, were strongly correlated, positively and nega-
tively respectively, with maternal dietary intake of
DHA and EPA. Patterns 3 “Colostrum LC-PUFAs” and 4
“Omega-6 precursor (LA) and DGLA” were not corre-
lated with any of the maternal dietary PUFAs, while
pattern 5 “Omega-6 precursor and colostrum ALA”

showed weak positive correlations with LA intake as
well as with the dietary total n-6/n-3 PUFA ratio (in-
takes of LA+AA/EPA+DPA n-3+DHA).

Maternal candidate single-nucleotide
polymorphisms and patterns of perinatal PUFA
status

Candidate SNPs located in FADS genes were divided
into two haplotype blocks (Table 2 - FADS gene section).
The first block comprised rs174546 (C, T) located in
6 J. Lipid Res. (2024) 65(6) 100562
FADS1, rs174575 (C, G) in FADS2, and rs174589 (G, C) in
FADS2, while the second block included rs422249 (C, T)
in FADS2 and rs174448 (T, C) in FADS3. Since rs174634
(G, C) in FADS3 was in very weak linkage disequilibrium
(supplemental Table S2) with the other SNPs, this SNP
was left apart from the haplotype blocks.

In the first block (named FADS1-2) and the second
block (named FADS2-3), the most frequent haplotypes
were the ones including the major alleles CCG (67.2%)
and CT (63.9%), respectively. No association between
pattern 1 “High omega-3, low omega-6 LC-PUFAs” and
block FADS1-2 was found. A single, weak association was
observed with FADS2-3 haplotypes, more precisely with
the minor alleles TC haplotype. Pattern 2 “Omega-6 LC-
PUFAs” and pattern 3 “Colostrum LC-PUFAs” were
strongly negatively associated with haplotypes in block
FADS1-2 and FADS2-3 with the highest association



Fig. 3. Principal component analysis including omega-3 and omega-6 PUFAs levels from maternal and cord blood, and colostrum –

N = 1,901. Means are expressed as percentage of total fatty acids in each biofluid; a threshold loading factor of |0.30| was set to
identify high PUFA contribution to the principal component; According to the contribution of PUFA, components were defined as
follows: component 1 “High omega-3 LC-PUFAs, low omega-6 LC-PUFAs”, component 2 “Omega-6 LC-PUFAs”, component 3
“Colostrum LC-PUFAs”, component 4 “Omega-6 precursor (LA) and DGLA”, component 5 “Omega-6 precursor and colostrum
ALA”.
observed for TCG haplotype; mother carrying TCG
haplotype presented a score of adherence to pattern 2
and pattern 3 decreased by β [95% CI] = −0.65
[−0.78; −0.51] and −0.56 [−0.69; −0.42] standard devia-
tion, respectively, compared to mothers carrying the
reference CCG haplotype. While pattern 4 “Precursor
of omega-6 (LA) and DGLA” was strongly positively
associated with haplotypes in block FADS1-2 and FADS2-
3 (0.87 [0.80; 0.95] for minor alleles TGC haplotype
compared to CCG), pattern 5 “Precursor omega-6 and
colostrum ALA” showed consistent negative associa-
tions (−0.57 [−0.65; −0.48] for the minor alleles TGC
haplotype (Table 2 - FADS gene section)).

Regarding candidate SNPs located in ELOVL genes,
the three SNPs in ELOVL2 (i.e., rs953413 (G, A),
rs10498676 (G, A), and rs3798719 (C, T)) were included
in a first block haplotype (named block ELOVL2), while
two SNPs in ELOVL5, rs17544159 (A, C) and rs12207094
(A, T) were comprised in a second one (named block
ELOVL5) (Table 2 - ELOVL gene section). The most
frequent haplotypes were the major alleles GGC (56.8%)
and AA (86.0%) for the ELOVL2 and ELOVL5 blocks,
respectively. No association was observed for ELOVL
haplotypes, except for AGC in block ELOVL2 which was
weakly associated with pattern 3 (−0.26 [-0.45; −0.06])
and pattern 5 (0.27 [0.08; 0.47]).

DISCUSSION

Owing to the availability of PUFA levels in three
biofluids (maternal and cord erythrocytes, and colos-
trum) in a sample of 1,901 mother-child dyads from the
EDEN cohort, five independent patterns of perinatal
PUFA status were newly identified. These patterns
Patterns of perinatal PUFA status 7



TABLE 1. Correlations between maternal intake of PUFAs during the last trimester of pregnancy and patterns of perinatal PUFA status –
N = 1,677

Maternal PUFA Intake Mean (SD)

High Omega-3
LC-PUFAs, low

Omega-6 LC-PUFAs
Omega-6
LC-PUFAs

Colostrum
LC-PUFAs

Omega-6 Precursor
(LA) and DGLA

Omega-6 Precursor
and Colostrum ALA

Total n-6/n-3 PUFA
ratio

8.80 (2.23) −0.26c 0.13c −0.11c 0.04 0.12c

Total PUFA n-6 9.80 (4.21) 0.01 −0.05a −0.06a −0.04 0.09b
C18:2n-6 (LA) 9.63 (4.15) 0.01 −0.05a −0.06a −0.03 0.09b
C20:4n-6 (AA) 0.16 (0.08) 0.01 −0.02 0.00 −0.05a 0.04

Total PUFA n-3 1.13 (0.42) 0.20c −0.16c 0.03 −0.06a 0.01
C18:3n-3 (ALA) 0.88 (0.33) 0.09b −0.11c −0.01 −0.06a 0.00
C20:5n-3 (EPA) 0.08 (0.05) 0.38c −0.21c 0.09b −0.05a 0.03
C22:5n-3 (DPA) 0.04 (0.02) 0.17c −0.08b 0.03 −0.05a 0.06a
C22:6n-3 (DHA) 0.17 (0.10) 0.33c −0.19c 0.07a −0.06a 0.03

Partial Spearman’s correlation coefficients adjusted for study Center (Nancy or Poitiers). Correlation coefficient higher than ±0.05 are
significant at α-level 5%.

a<0.05.
b<0.001.
c<0.0001.
differentiate PUFAs not only across the biofluids but
also between the two PUFA families (omega-3 vs.
omega-6), and within these families (precursors vs. long
chains, i.e., FAs with a number of carbon superior to 18).
The first pattern “High omega-3 LC-PUFAs, low
omega-6 LC-PUFAs” explained the largest proportion
of variance in PUFA levels. Maternal intake of EPA and
DHA during pregnancy showed positive and negative
associations with pattern 1 “High omega-3 LC-PUFAs,
low omega-6 LC-PUFAs” and pattern 2 “Omega-6 LC-
TABLE 2. Associations between FADS and ELOVL haplotype

Haplotype Frequency (%)

High Omega-3
LC-PUFAs, low

Omega-6 LC-PUFAs
Omega-6
LC-PUFAs

Block FADS1-FADS2
CCG 67.2 Ref Ref
TCG 6.3 −0.02 [−0.16; 0.12] −0.65 [−0.78; −0.51
TGG 4.6 −0.14 [−0.30; 0.02] −0.45 [−0.60; −0.29
TGC 19.3 −0.06 [−0.14; 0.03] −0.41 [−0.49; −0.33
Rare 2.6 0.05 [−0.17; 0.27] 0.11 [−0.10; 0.32]

Block FADS2-FADS3
CT 63.9 Ref Ref
CC 3.1 −0.05 [−0.24; 0.15] −0.35 [−0.55; −0.15
TC 32.6 −0.09 [−0.16; −0.02] −0.27 [−0.35; −0.20
Rare (TT) 0.5 0.24 [−0.28; 0.76] −0.25 [−0.77; 0.27]

rs174634 (G, C)/FADS3a −0.01 [−0.09; 0.06] −0.20 [−0.28; −0.13
Block ELOVL2

GGC 56.8 Ref Ref
AGC 2.8 0.08 [−0.11; 0.27] 0.10 [−0.10; 0.29]
AGT 23.7 0.06 [−0.02; 0.14] 0.01 [−0.07; 0.10]
AAC 15.5 −0.01 [−0.11; 0.08] −0.05 [−0.14; 0.05]
Rare 1.2 −0.10 [-0.42; 0.22] −0.19 [−0.51; 0.14]

Block ELOVL5
AA 86.0 Ref Ref
AT 6.2 0.09 [−0.04; 0.23] 0.01 [−0.13; 0.14]
CT 7.7 −0.07 [−0.20; 0.05] −0.06 [−0.18; 0.07]

rs239532 (G, C)/ELOVL4a −0.01 [−0.11; 0.09] 0.06 [−0.04; 0.16]
Block FADS1-FADS2: rs174546 (C, T)/FADS1, rs174575 (C, G)/FADS2,

rs174448 (T, C)/(FADS3); block ELOVL2: rs953413 (G, A)/ELOVL2; rs10
rs17544159 (A, C)/(ELOVL5), rs12207094 (A, T)/ELOVL5. Minor allele is pre
less than 2% each; Associations are represented by β coefficient with
regression models of pattern scores on haplotypes).

aChange in pattern score in the additive genetic models assuming a
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PUFAs”, respectively. Haplotypes of the FADS gene
cluster were strongly associated with all patterns, either
negatively or positively, except with the first one.

The methodology applied in the present study con-
trasts with previous studies in which biofluids were
examined separately, considering either individual
PUFA or PUFA ratios, when describing PUFA status or
analyzing its associations with child health and devel-
opmental parameters (9, 11–21). The results of such
studies cannot ensure that the identified associations
blocks and patterns of perinatal PUFA status - N = 1,677

Colostrum
LC-PUFAs

Omega-6 Precursor
(LA) and DGLA

Omega-6 Precursor
and Colostrum ALA

Ref Ref Ref
] −0.56 [−0.69; −0.42] 0.64 [0.52; 0.77] −0.11 [−0.24; 0.03]
] −0.46 [−0.62; −0.31] 0.63 [0.48; 0.77] −0.30 [−0.45; −0.14]
] −0.41 [−0.49; −0.33] 0.87 [0.80; 0.95] −0.57 [−0.65; −0.48]

−0.09 [−0.30; 0.11] 0.21 [0.02; 0.40] 0.02 [−0.19; 0.23]
Ref Ref Ref

] −0.29 [−0.48; −0.09] 0.77 [0.59; 0.95] −0.17 [−0.36; 0.03]
] −0.25 [−0.32; −0.18] 0.52 [0.46; 0.59] −0.26 [−0.33; −0.19]

0.11 [−0.40; 0.63] 0.38 [−0.13; 0.89] −0.85 [−1.38; −0.32]
] −0.21 [−0.29; −0.14] 0.48 [0.40; 0.55] −0.17 [−0.24; −0.09]

Ref Ref Ref
−0.26 [−0.45; −0.06] −0.02 [−0.22; 0.17] 0.27 [0.08; 0.47]
−0.01 [−0.09; 0.07] −0.03 [−0.11; 0.05] −0.05 [−0.13; 0.03]
−0.08 [−0.18; 0.02] −0.003 [−0.10; 0.09] −0.02 [−0.12; 0.08]
0.07 [−0.25; 0.39] 0.28 [−0.04; 0.60] −0.02 [−0.35; 0.30]

Ref Ref Ref
0.02 [−0.11; 0.16] 0.09 [−0.05; 0.23] 0.06 [−0.08; 0.20]
−0.05 [−0.18; 0.08] 0.11 [−0.01; 0.24] −0.01 [−0.14; 0.12]
0.02 [−0.07; 0.12] −0.05 [−0.16; 0.04] 0.05 [−0.05; 0.15]

rs174589 (G, C)/FADS2; block FADS2-FADS3: rs422249 (C, T)/(FADS2),
498676 (G, A)/ELOVL2; rs3798719 (C, T)/ELOVL2; block ELOVL5:
sented in red; rare category includes haplotypes with a frequency of
corresponding 95% confidence intervals (β[95% CI]) derived from

trend per copy of the minor allele.



are not confounded by the impact of the same PUFA
from another biofluid or of other PUFA strongly
correlated. Employing a dimension reduction method
such as principal component analysis (PCA) helps avoid
correlation bias by generating independent patterns of
perinatal PUFA status. The question of using clustering
methods instead of PCA has been carefully considered.
Clustering methods offer advantages, including a more
straightforward interpretation of results. However, as
highlighted by Bennette et Vickers, 2012 (43), one of the
limitations of categorizing exposure variables is the loss
of statistical power. This represents a significant hin-
drance to the study of the associations with genetic and
nutritional factors and to our further research investi-
gation of the clinical implications of perinatal exposure
to PUFAs on child neurodevelopment. Therefore, to
maintain adequate statistical power, assigning contin-
uous scores to each individual through PCA seemed
more appropriate to address our future research
objectives.

An additional noteworthy aspect of our study is the
measurement of PUFA status in erythrocyte membrane,
which has certain advantages over plasma phospholipids
used in previous studies (9). The former is known to be a
better biochemical index for monitoring long-term
PUFA intake (over 2–3 months), whereas plasma phos-
pholipids are more sensitive to short-term changes in
PUFA intake (over a few weeks) (25, 26). In addition, it
has been suggested that the essential FAs (ALA and LA)
and LC-PUFAs found in the erythrocytes of newborns
(from cord blood) reliably demonstrate maternal trans-
fer. This has been evidenced by the direct correlations
of these fatty acids between term newborns and their
mothers, which were stronger than those observed in
plasma phospholipids (44).

Examining genetic associations with each pattern of
perinatal PUFA status revealed a major role of the FADS
gene haplotypes in all patterns, except for the “High
omega-3 LC-PUFAs, low omega-6 LC-PUFAs” pattern
for which weak to no association was observed. These
findings are in line with several previous studies that
suggested limited associations between SNPs within FADS
gene cluster and their reconstructed haplotypes, with
omega-3 LC-PUFAs especially DHA, while strong asso-
ciations have been reported for omega-6 LC-PUFAs, and
an extremely high genetically explained variance of
28% for AA levels in serum phospholipids has been
highlighted (6, 9, 45–48). More precisely, the all-minor
haplotype (which is composed of the minor allele at
each locus) reconstructed from five loci (rs174544,
rs174553, rs174556, rs174561 on FADS1, and rs3834458 on
FADS2) showed significantly decreased proportions of
omega-6 fatty acid AA in serum phospholipids (45) as
well as in plasma’s and erythrocyte membranes’ phos-
pholipids (47). However, no association was found with
omega-3 LC-PUFA such as EPA, DPA, and DHA in both
plasma and erythrocytes in this study (47).
The direction of the genetic associations found with
pattern 2 “Omega-6 LC-PUFAs”, pattern 3 “Colostrum
LC-PUFAs” and pattern 4 “Omega-6 precursor (LA)
and DGLA” are consistent with the current under-
standing of the metabolic pathways of LC-PUFA
biosynthesis. The rate-limiting enzymes of the meta-
bolic process, delta-5 (Δ-5) and delta-6 (Δ-6) desaturases,
are encoded by FADS1 and FADS2, respectively, and
involved in the conversion of the ALA to EPA and
DHA and of the LA to AA. Carrying the minor alleles
of the FADS1/FADS2 SNPs leads to a reduction of the
enzymatic activity and, therefore an accumulation of
the precursors and a decrease of de novo LC-PUFA
synthesis (9). In pattern 4, the higher levels of DGLA
(C20:3n-6) concomitantly with the precursor LA may
result from a more pronounced rate-limiting activity of
delta-5 desaturase than delta-6 desaturase, resulting in
the accumulation of both LA and DGLA. While the
function of FADS3 remains poorly understood, its high
sequence homology with FADS1 (62%) and FADS2 (70%)
suggests that it may encode for an unknown desaturase
(49). The elusive nature of its desaturase activity adds to
the complexity of unraveling its precise role and which
tissue it is expressed in the body. Despite this, in the
Avon Longitudinal Study of Parents and Children
(ALSPAC) cohort, minor alleles of FADS3 SNPs
demonstrated results akin to FADS1/FADS2 SNPs, indi-
cating an elevation in precursor levels and a reduction
in LC-PUFA levels in cord blood (50). It is noteworthy
that the strength of the associations for FADS3 SNPs
remained comparatively weaker than those observed
for FADS1 or FADS2 SNPs. Regarding pattern 5 “Omega-
6 precursor and colostrum ALA”, the negative associa-
tions found with FADS gene haplotypes are challenging
to explain since contradictory with what is known of
the metabolic pathways. Further research is warranted
to better understand the intricacies associated with this
pattern.

A plausible biological reason that could explain the
failure to detect genetic associations with the first
pattern “High omega-3 LC-PUFAs, low omega-6 LC-
PUFAs” is the competitive inhibition of the desaturase
enzymes that are shared by the omega-3 and omega-6
biosynthetic pathways. Since the Western diet is char-
acterized by a 5–15 times higher intake of LA than
ALA, the metabolic way of the former largely exceeds
that of the latter (51, 52). In our study population, the
dietary LA to ALA ratio during the last trimester of
pregnancy was approximately 10.9. It is recommended
in France as well as in other countries that LA dietary
intake should be balanced with ALA at a ratio of
around 4:1 (https://www.anses.fr/fr/system/files/
NUT2006sa0359Ra.pdf) even if it is noteworthy that a
ratio of 1:1 to 2:1 has been estimated to be the one used
at the beginning of humankind (51). Thus, an imbal-
anced metabolism favoring omega-6 LC-PUFA
biosynthesis could hinder the observation of a potential
Patterns of perinatal PUFA status 9
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genetic variant effect on the pattern “High omega-3
LC-PUFAs, low omega-6 LC-PUFAs”.

Regarding ELOVL gene family, studies pertaining
ELOVL SNPs are comparatively fewer in number than
those addressing FADS gene cluster. In parallel with our
findings showing weak to no association with ELOVL
gene family, the PREOBE cohort study showed that
ELOVL2 (including rs953413 and rs3798713) and ELOVL5
SNPs were not associated with any PUFA in plasma
phospholipids among normal-weight pregnant women
(53). However, genome-wide association studies (GWAS)
showed some weak significant associations between
plasma PUFA levels in population-based cohorts with
ELOVL2 SNPs especially. Minor alleles of ELOVL2 SNPs
were associated with higher EPA and DPA n-3 levels,
and lower DHA levels (30, 31, 33, 35, 36, 38).

The correlation analyses examining the dietary de-
terminants of the PUFA patterns showed that maternal
dietary intakes of EPA, DHA, and total omega-3 during
the last trimester of pregnancy were associated with
both “High omega-3 LC-PUFAs, low omega-6 LC-
PUFAs” and “Omega-6 LC-PUFAs” patterns. In
contrast, maternal AA and total omega-6 intakes were
not associated with these patterns. Some weak associa-
tions were found, however, between LA intake and
pattern “Omega-6 precursor and colostrum ALA”.
These findings are comparable to those from the
Project Viva cohort study that included 1,666 mother-
child pairs (54). In this study, significant correlations
were identified between dietary EPA and DHA intakes
during the second trimester of pregnancy and the
corresponding biomarkers in maternal (mid-preg-
nancy) and cord blood. However, no such association
was observed for AA. Additionally, in line with our
results regarding the pattern “Omega-6 precursor and
colostrum ALA”, dietary LA intake appeared to predict
LA levels in both maternal and cord blood, whereas
dietary ALA intake was not associated with its corre-
sponding biomarker (54). Our findings also align with a
prior study in the EDEN cohort, which investigated
maternal nutritional factors influencing colostrum
PUFAs. The study revealed a positive correlation be-
tween dietary intake of EPA and DHA, but not AA, and
their respective levels in colostrum (23). A potential
explanation for the absence of correlation with AA
dietary intake could stem from the dependence of LC-
PUFA omega-6 levels in biofluids on sources other than
recent dietary intake, including adipose tissue storage
(55) and biosynthesis from their precursor. The latter
argument has been demonstrated in our study to play a
major role in the LC-PUFA omega-6 status in the three
biofluids, as evidenced by the strong associations found
between the FADS gene cluster and the “Omega-6 LC-
PUFAs” and “Colostrum LC-PUFAs” (in which AA,
DTA, and DPA n-6 contribution were higher than DHA
and DPA n-3) patterns. The complementary analyses
investigating the relationships between PUFA patterns
and dietary or candidate-genetic factors support the
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hypothesis that the levels of omega-3 LC-PUFAs are
predominantly influenced by dietary sources, while
omega-6 LC-PUFAs are more significantly impacted by
endogenous synthesis in the EDEN cohort.

To the best of our knowledge, this is the first study
investigating perinatal exposure to PUFAs, encom-
passing data from three relevant biofluids. This has
been made feasible due to the availability of measure-
ments for a comprehensive range of omega-3 and
omega-6 PUFAs in maternal and cord blood, as well as
colostrum, and in a substantial sample size. The use of
PUFA levels from erythrocyte membrane, reflecting
the cumulative effects of dietary intake and endoge-
nous metabolism, offers a more accurate indicator of
the “internal dose” to which tissues are exposed. Data
on maternal dietary intake during pregnancy and
genotyping for major candidate SNPs involved in
PUFA metabolism, enabled us to study the role of two
major contributors to PUFA status.

Our study does entail some limitations. The partici-
pants in the EDEN cohort exhibit a higher socioeco-
nomic status compared to the general population (22)
which may influence dietary habits, PUFA status, and
resulting patterns. Since our findings were based on a
population with specific intakes of PUFAs and a genetic
background primarily derived from European
ancestry, it is important to generalize our findings to
mother-infant pairs worldwide with caution. Similar
studies in populations with different dietary habits or
genetic origins could provide additional insights.
Moreover, specific candidate SNPs from the FADS and
ELOVL genes were examined in the present study, while
other genes associated with PUFA levels (6) might
explain potential variability in the identified PUFA
patterns. Furthermore, among 1,901 mother-child pairs
included in the analyses, colostrum FA levels for
potentially non-breastfeeding women were imputed.
However, the availability of a large number of 934
colostrum samples renders our study one-of-a-kind.
The relatively low value of the OOB imputation error
estimates, suggesting that our model's predictions were
fairly accurate, coupled with the strong similarity of the
patterns observed in the complete case approach and
the imputed approach, reinforce our confidence about
the reliability of our results.

The chronology of data collection could constitute an
additional limitation; the dietary intakes of PUFAs were
derived for the last trimester of pregnancy, while
maternal blood samplingwas collected during the second
trimester. We acknowledged that the study design relied
on the assumption of a high tracking in dietary intakes
between the beginning and the end of pregnancy. Addi-
tionally, the protocol for collecting cord blood samples
was based on the extraction of blood from either venous
orarterial sourcesduringcordcutting.Although, a couple
of studieshavedemonstrated that therewasnosubstantial
difference in fatty acid composition between arterial and
venous cord blood (56, 57).



In conclusion, this study suggested that perinatal
exposure to LC-PUFA omega-3 is predominantly
influenced by maternal dietary intakes during preg-
nancy and is independent of the mother’s genetic
background. It underscores the importance of main-
taining an LC-PUFA ratio more favorable to omega-3
throughout pregnancy and lactation to provide a suf-
ficient supply for the fetus and neonate. SNPs from
FADS genes seemed to predict more subtle variations in
perinatal LC-PUFA status, particularly in omega-6 LC-
PUFAs or precursors. This provides a more compre-
hensive assessment of perinatal exposure to omega-3
and omega-6 PUFAs, paving the way for further asso-
ciation studies between PUFA perinatal exposure and a
child’s health and development.
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