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Influence of fatty acid desaturase (FADS) genotype on maternal
and child polyunsaturated fatty acids (PUFA) status and child
health outcomes: a systematic review

Marie C. Conway, Emeir M. McSorley, Maria S. Mulhern, J.J. Strain, Edwin van Wijngaarden, and

Alison J. Yeates

Context: Polyunsaturated fatty acids (PUFA) are important during pregnancy for
fetal development and child health outcomes. The fatty acid desaturase (FADS)
genes also influence PUFA status, with the FADS genes controlling how much prod-
uct (eg, arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid) is me-
tabolized from the precursor molecules linoleic acid and o-linolenic acid.
Objective: The current review discusses the influence of FADS genotype on PUFA
status of pregnant women, breast milk, and children, and also how FADS may in-
fluence child health outcomes. Data sources: The Ovid Medline, Scopus, Embase,
Cochrane Library, CINAHL Plus, PubMed and Web of Science databases were
searched from their inception to September 2018. Data extraction: Eligible studies
reported FADS genotype and blood concentrations of PUFA during pregnancy, in
childhood, breast milk concentrations of PUFA or child health outcomes. Data
analysis: In pregnant and lactating women, minor allele carriers have higher
concentrations of linoleic acid and a-linolenic acid, and lower concentrations of ar-
achidonic acid, in blood and breast milk, respectively. In children, FADS genotype
influences PUFA status in the same manner and may impact child outcomes such
as cognition and allergies; however, the direction of effects for the evidence to date
is not consistent. Conclusion: Further studies are needed to further investigate
associations between FADS and outcomes, as well as the diet-gene interaction.

INTRODUCTION

Polyunsaturated fatty acids (PUFA) have many impor-
tant roles in physiological processes in the body, includ-
ing cell membrane function, response to inflammation,’
and fetal development."> As the developing fetus relies
solely on maternal supply for nutrition, maternal status
of PUFA during pregnancy is of particular importance.
Long chain (LC) PUFA include arachidonic acid (AA)
and docosahexaenoic acid (DHA) of the n-6 and n-3

pathways, respectively. DHA is required for brain and
retinal development, and AA is essential for brain
growth.” DHA and AA are found in high concentra-
tions in the gray matter of the brain and membranes of
the retina.® AA has a role in cell signaling and division,”
and accumulates in the brain during development, par-
ticularly from the third trimester to 2years of age.®
Animal studies have shown that AA is involved in
maintenance and functioning of the hippocampus”’ and
also has a protective role against oxidative stress."’
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In the latter stages of pregnancy, levels of DHA and
AA in the developing fetal brain rise, while levels of the
precursors polyunsaturated fatty acids (PUFA) a-linole-
nic acid (ALA) and linolenic acid (LA) remain stable.’
A recent systematic review highlighted the effects of n-3
LCPUFA supplementation during pregnancy, which
was found to result in a lower incidence of preterm
birth."" LCPUFA supplementation during pregnancy
has also been linked to a reduction in childhood allergic
diseases,'>"” an increase in childhood fat-free mass,"*
protection against increased blood pressure in children
who are overweight or obese,'” and cognitive and visual
development'®; however, the evidence has not shown a
conclusive benefit. DHA and AA are also required post-
natally for child development. Both DHA and AA have
been found to be associated with cognitive and visual
function outcomes in children.'"” Supplementation of
infant formula with DHA+AA has been associated with
higher scores on the Mental Development Index and
the Bayley Scales of Infant Development, 2nd edition."®

Increasing evidence suggests that genetic variation
in fatty acid desaturase (FADS) genes is associated with
biological PUFA concentrations. The FADS1 and
FADS2 genes are found on chromosome 11q12-q13.1
in head-to-head orientation, and together with FADS3,
they form the FADS gene cluster.'” These FADS genes
are involved in the PUFA metabolic pathway (Figure 1).
The rate-limiting desaturase enzymes involved in this
pathway include A-5 desaturase (D5D) and A-6 desa-
turase (D6D), which are encoded by the FADS1 and
FADS2 genes, respectively.”””! D5D and D6D enzyme
activity can be estimated as fatty acid product:precursor
ratios.”” The n-6 and n-3 families compete for the lim-
ited desaturase’** and elongase enzymes.”>*® The
desaturase enzymes have a preference for n-3 PUFA;
however, owing to the high dietary intake of LA, there
is higher desaturation to n-6 PUFA.**

Genetic variation in FADS genotype is commonly
observed with single-nucleotide  polymorphisms
(SNPs), resulting in modifications to biological status
and ability to synthesize LCPUFA. Results from 7 ob-
servational studies indicate that pregnant women who
are carriers of the minor allele of various FADS SNPs
have higher blood concentrations of the precursors LA
and ALA and lower concentrations of LCPUFA, in par-
ticular AA.>>*""** Studies also indicate that minor allele
carriers have lower desaturase activity, as indicated by
reduced product:precursor ratios.””*° This reduction in
enzyme activity may be due to a decrease in functional
enzymes apparent with the presence of the variant al-
lele. There are, however, other possible mechanisms of
action of FADS SNPs on PUFA status that operate via
changes in FADS gene expression. Such mechanisms
include altered promoter or enhancer region of the
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FADS gene, transcript degradation,**?”

sion of protein.’®

FADS genotype variation has also been shown to
have an effect on breast-milk PUFA concentrations in
lactating women. A total of 7 observational studies have
investigated the relationship between maternal FADS
genotype and breast-milk PUFA composition. Minor
allele carriage in a range of FADS SNPs was associated
with lower AA breast milk concentrations.’>*>*7*
Lower concentrations of eicosapentaenoic acid
(EPA)****** and DHA’*?® have been reported in some,
but not all, studies in this area.

Child PUFA status is also influenced by FADS ge-
notype, with a total of 12 relevant studies in this area.
PUFA status of children - as measured in cord blood
according to genotype - has been investigated in 3 stud-
ies,""* and in children aged 2-13years in 4 stud-
ies.*"**"* Children who were minor allele carriers for
FADS SNPs generally had decreased circulating AA
concentrations. Associations of child FADS genotype
and child DHA status have not been as consistent, with
minor allele carriers of some SNPs having increased
DHA concentrations, while other FADS SNPs are asso-
ciated with decreased DHA concentrations.”’” Other
studies have reported no association between DHA sta-
tus and FADS genotype in children aged 8years and
over.*>*® Maternal FADS genotype has also been found
to influence child PUFA status. Maternal genotype has
been associated with increased cord blood LA concen-
trations, as well as decreased AA and DHA,” AA to
DGLA (dihomo-y-linolenic acid) ratios, and EPA to
ALA ratios.*

In addition to influencing PUFA status, FADS ge-
notype variation and associations with clinical end-
points have also been examined. One of the most
commonly investigated outcomes in relation to child
FADS genotype is child cognition. No direct association
between child FADS genotype and cognitive outcomes
has been reported.******>° The influence of child
FADS on allergy development has also been investi-
gated, similarly with no conclusive relationship ob-
served.*>*>*! Other child health outcomes that are
known to be associated with PUFA status, such as in-
flammatory marker status,”® asthma,”® and lipid pro-
file,>>>* have also been studied but the research in these
areas to date is limited.

To date, there has been no systematic review assess-
ing the effects of maternal and child FADS genotype on
PUFA status in both mother and infant, and how this
might impact on child outcomes. The current review
has discussed the existing evidence in relation to the in-
fluence of genetic variation in FADS genotype on
PUFA status of pregnant women, breast milk, and chil-
dren, and on child outcomes including, but not limited

and low expres-
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Figure 1 Metabolic synthesis of polyunsaturated fatty acids (amended from Yeates et al [2015]*°). Abbreviations: FADS]1, fatty acid
desaturase 1 gene; FADS2, fatty acid desaturase 2 gene; n-3 PUFA, polyunsaturated fatty acid of the n-3 pathway; n-6 PUFA, polyunsaturated

fatty acid of the n-6 pathway.

to, cognition, allergy development, and asthma. The
need for further studies in relation to FADS genotype
and PUFA status and child outcomes is highlighted.

OBJECTIVES

The current review aimed to evaluate the current scien-
tific literature on FADS genotype and its influence on
PUFA status in pregnancy, during lactation, and in
childhood. The influence of FADS genotype on child
outcomes was also reviewed.

METHODS
Search methods for identification of studies
The Ovid Medline, Embase, Scopus, Cochrane Library,
CINAHL Plus, PubMed, and Web of Science databases

were searched from their inception until September
2018. Search terms included truncated and MESH
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(medical subject heading) terms where appropriate. The
search strategy consisted of several elements: FADS,
PUFA, and either pregnancy, lactation and breast milk;
children; or child outcomes (see Appendix S1 in the
Supporting Information online). Searches were modi-
fied as required for each database. A secondary search
of reference lists for studies viewed as eligible for inclu-
sion was also completed whereby potentially relevant
articles were identified.

Eligibility criteria

Articles were viewed as eligible if they reported FADS
genotype and at least one of the following outcomes:
blood concentrations of PUFA during pregnancy, lacta-
tion, or childhood; breast milk concentrations of PUFA;
and child health outcomes (including cognition, birth
outcomes, allergy development, or other relevant out-
comes). Studies completed in pregnant women, lactat-
ing women, or children were eligible for inclusion.
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Table 1 PICOS criteria for inclusion and exclusion of studies

Parameter Inclusion criteria

Exclusion criteria

Population Pregnant or lactating women, women of childbear-
ing age, children

Intervention Fish oil supplements, intervention with fish, fatty
acid supplements

Comparison Different FADS genotype groups

Outcomes PUFA status of women during pregnancy; PUFA
status of lactating mothers; PUFA status of
breast-milk composition; child PUFA status; child
development outcomes such as cognition, ADHD,
allergies, and immunity

Study design  Observational studies, RCTs, non-RCTs

Adult males only

No consideration of fish oil supplements, intervention with
fish, fatty acid supplements

No comparison of FADS genotype groups

Outcomes other than PUFA status, or child health outcomes

Animal studies; in vitro studies; drug studies; chemical inter-
action studies; laboratory studies; food technology studies;
cell culture studies; method development articles; re-
search policy/policy-making articles; proof-of-concept
articles; letters; editorials; commentaries; studies not pub-
lished in the English language

Abbreviations: ADHD, attention deficit hyperactivity disorder; FADS, fatty acid desaturase; PUFA, polyunsaturated fatty acid; RCT, ran-

domized controlled trial.

Observational studies were included if they examined
FADS genotype and PUFA status in the previously
mentioned population groups or if they examined
FADS genotype and child outcomes. A PICOS strategy
(participants, intervention, comparison, outcomes, and
study design) was developed to define inclusion and ex-
clusion criteria for intervention studies (Table1). For
logistical reasons, only articles published in the English
language were viewed as eligible.

Study selection and data extraction

All database search results were exported to RefWorks
and duplicate records were removed. Titles were
screened for eligibility using the above predefined eligi-
bility screening criteria. Following title and abstract
screening, full texts for each article were obtained. Full-
text articles were subsequently assessed for eligibility.
Reference lists of relevant studies were also searched for
potentially eligible papers; these were then screened as
described previously. Relevant data was extracted from
individual studies, including country, study partici-
pants, study type, sample size, FADS SNPs, and study
findings.

Quality assessment

As a means of assessing the quality of eligible studies,
the Newcastle-Ottawa scale was used to evaluate obser-
vational studies™ - specifically, the areas of selection,
comparability, exposure, and outcome. Studies were
scored according to a predefined star scoring system,
where a higher star rating indicated a better quality
study, with a maximum possible score of 9 stars. The
Cochrane Collaboration tool for assessing risk of bias
was used to assess the quality of intervention studies.”®
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This risk of bias tool assessed the areas of sequence gen-
eration, allocation concealment, blinding, incomplete
data, and selective reporting. Studies were judged to
have a low, high, or unclear risk of bias in each of these
areas.

RESULTS

A total of 11 240 papers were identified from the data-
base searches (Figure2). Of these, 7661 were excluded
as they were duplicates, leaving 3579 references.
Following title and abstract screening, 271 full-text
articles were assessed for eligibility. A further 226 refer-
ences were excluded following full-text screening: 9
were not written in English and 80 were not a suitable
study type (reviews/conference proceedings/abstract
only/meta-analysis/book chapter), or the full text was
not available. A further 55 did not include FADS geno-
type, 18 were not human studies, and 64 were studies
completed in a population outside the scope of this re-
view (eg, studies in men, or women who were not preg-
nant). Following these exclusions, 45 articles were
deemed suitable for inclusion in the current review.
Following quality assessment for observational
studies using the Newcastle-Ottawa Scale, the majority
of observational studies were determined to be of good
quality, with scores for selection generally being high
(see Tables S1 and S2 in the Supporting Information
online). Quality scores were generally lower in the area
of comparability owing to studies not controlling for
important confounders. The majority of studies scored
highly in the outcome or exposure category. For the in-
cluded intervention studies, 2 of the 3 studies included
in this review had an unclear risk of selection bias (see
Table S3 in the Supporting Information online).
Overall, there was a low risk of performance and
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Records identified through database searching;

Medline n=1855
PubMed n=1770
Embase n=2157

Cochrane Library n=107

CINAHL Plus n=189

Scopus n=3292

Web of Science n=1870
(Total n = 11240)

A\ 4

Records screened after removal of

Duplicates removed

A 4

duplicates
(n=3579)
\ 4

Full-text articles assessed for eligibility

(n=7661)

Full-text articles excluded
Not in English n=9

(n=271)

A 4

Studies included in review
(n=45)

A 4

Not suitable type of study* n=80
Did not include FADS genotype
n=55
Not human studies n=18
Not suitable population n=64
(n=226)

Figure 2 Flow diagram of the literature search process. *Studies considered to be not suitable included reviews, conference proceedings,
abstracts only, meta-analyses, and book chapters, or the full text was not available. Abbreviation: FADS, fatty acid desaturase.

detection bias. Attrition bias was varied in each inter-
vention study included in this review: one had a high
risk of bias, one an unclear risk of bias, and one a
low risk of bias. All studies were judged to have an
unclear risk of reporting bias.

DISCUSSION
FADS genotype and PUFA status during pregnancy
During pregnancy, the developing fetus relies solely on

maternal supply for nutrients, which are transferred
from mother to fetus via placental transfer. Eight
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articles investigated the influence of FADS genotype on
PUFA status during pregnancy (Table2). All authors
reported increased concentrations of the n-6 precursor
molecule LA and n-3 ALA in minor allele carriers of
various FADS SNPs. Minor allele carriers for rs174545,
rs174537, rs174546, and rs174553 of the FADS1 gene
had lower AA:DGLA ratio, indicative of decreased
functionality of the desaturase enzymes.”” Similarly,
others have shown a negative association between mi-
nor allele carriers of a range of SNPs and product:sub-
strate ratios (Table2), further suggestive of decreased
enzyme activity in the presence of FADS genotype
SNPs. An intervention study in pregnant women inves-
tigated the association between FADS1 SNP rs174533
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Table 2 Associations between maternal FADS genotype and maternal PUFA status during pregnancy

Reference (country)

Participants, blood fraction for
PUFA analysis (study type, n)

FADS gene, SNP

Findings

de la Garza Puentes
et al 2017)¥
(Spain)

Koletzko et al (2011)*°
(England)

Xie and Innis (2008)**
(Canada)

Xie and Innis (2009)*'
(Canada)

Molto-Puigmarti et al
(2010)** (the
Netherlands)

Yeates et al (2015)%°
(Seychelles)

Pregnant women, plasma
phospholipids; 24 wk gesta-
tion (cohort study, n = 180)

Pregnant women, RBC phos-
pholipids; 4-44 wk gestation
(longitudinal study,

n = 4457)

Pregnant women, plasma
phospholipids, RBC ethanol-
amine phosphoglycerides;
16 and 36 wk gestation (ob-
servational study, n =69)

Pregnant women, plasma
phospholipids, RBC ethanol-
amine phosphoglycerides;
16 wk gestation (observa-
tional study, n=69)

Pregnant women, plasma
phospholipids; 36 wk gesta-
tion (observational study,
n=309)

Pregnant women and their off-
spring, total serum; 28 wk
gestation (longitudinal
study, n=1622)

FADS1 rs174537, rs174545,

rs174546, rs174553,
15174547, rs174548,
rs174561; FADS2 rs1535,
rs174575, rs174583,
rs99780, rs174602

FADS1 rs174548, rs174556,

rs174561; intergenic
rs3834458, rs968567;
FADS2 rs174570,
15174574, vrs2727271,
15174576, rs174578,
rs174579, rs174602,
15498793, rs526126;
intergenic rs174448,
rs174449; FADS3
rs174455

FADS1 intergenic rs174553;

FADS2 rs99780,
1174575, rs174583; hap-
lotypes for FADS1/FADS2

FADS1 intergenic rs174553;

FADS1 rs99780; FADS2
rs174575, rs174583; hap-
lotypes for FADS1/FADS2

FADS1 rs174561; FADS2

rs174575; intergenic
rs3834458; haplotypes
for FADS1/FADS2

FADS1 rs174537, rs174561;

FADS1-FADS2
rs3834458; FADS2
1174575

Minor allele carriers of rs174545,
rs174537, rs174546, and rs174553
were negatively associated with
AA:DGLA ratio. Minor allele carriers of
rs174545, rs174546, and rs174553
had significantly lower AA concentra-
tions than major allele carriers.

Positive association between minor al-
lele carriers and precursor FAs and a
negative association with LCPUFA
products. Minor allele carriers of
15174548, rs174556, rs174561,
rs3834458, rs968567, rs174570,
rs174574, rs2727271, rs174576,
15174579, rs174602, rs526126,
rs174448, rs174449, and rs174455
were negatively associated with pro-
duct:substrate ratios for n-6 and n-3
pathways. A significant association
was found between minor allele car-
riers and lower RBC DHA.

Minor allele homozygotes of rs174553,
rs99780, and rs174583 had lower
plasma phospholipid and erythrocyte
concentrations of AA but higher con-
centrations of LA. Minor allele carriers
also had decreased n-6 and n-3 pro-
duct:precursor ratios at both 16 and
36 weeks' gestation.

Minor allele carriers of rs174553,
rs99780, and rs174583 had lower AA
and higher concentrations of LA than
major allele carriers. Minor allele hap-
lotypes were associated with higher
LA and lower AA in plasma and RBC
ethanolamine phosphoglycerides.

Minor allele homozygotes had signifi-
cantly higher LA and lower AA. For
the n-3 fatty acids, higher ALA and
lower EPA and DPA concentrations
were observed; however, these asso-
ciations did not meet the same level
of significance as the n-6 fatty acids.
Haplotype analysis results were simi-
lar to results for single SNPs, with ho-
mozygous minor alleles associated
with lower concentrations of product
molecules such as AA, and higher
concentrations of precursor LA, com-
pared with major allele
homozygotes.

rs3834458 was significantly associated

with AA and LA:AA ratio where an in-
creasing number of variant alleles
resulted in decreased AA concentra-
tions. rs174575 minor allele carriers
had a higher LA:AA ratio than major
allele carriers, and lower AA concen-
trations. No significant associations
were seen between genotype and
EPA, DHA, or ratio of ALA:EPA.
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Table 2 Continued

Reference (country) Participants, blood fraction for

PUFA analysis (study type, n)

FADS gene, SNP

Findings

Gonzalez-Casanova
et al (2016)
(Mexico)

Pregnant women and their
offspring, total plasma;
18-22 wk gestation (RCT -
baseline data only for PUFA,
n=654)

Scholtz et al (2015)%° Pregnant women, RBC phos-
(USA) pholipids; 8-20 wk gestation
(intervention study, n = 205)

FADS1 rs174556; FADS2
rs174602, rs498793;
FADS3 rs174455

FADST rs174553; FADS2
rs174575

Maternal rs174455, rs174556, and
rs174602 were positively associated
with maternal AA concentrations.
rs174556 was positively associated
with DHA, whereas rs174602 was in-
versely associated with DHA.

At enrollment, minor allele homozygotes
for rs174553 were associated with sig-
nificantly lower AA and DHA. rs174575
was not significantly associated with
DHA or AA.

At post intervention, for the placebo
group, associations did not change
from enrollment. For those in the DHA-
supplemented group, minor allele
homozygotes had lower AA concentra-
tions than at enrollment. DHA concen-
trations increased from enrollment with
supplementation for all genotypes.

Minor allele frequency for each SNP shown in Table 6.

Abbreviations: AA, arachidonic acid; ALA, a-linolenic acid; DGLA, dihomo—J—IinoIenic acid; DHA, docosahexaenoic acid; DPA, docosapen-
e

taenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; FADS, fatty acid

saturase; LA, linoleic acid; LCPUFA, long-chain polyunsatu-

rated fatty acid; PUFA, polyunsaturated fatty acid; RBC, red blood cell; RCT, randomized controlled trial; SNP, single nucleotide

polymorphism.

and FADS2 SNP rs174575 and AA and DHA status fol-
lowing DHA supplementation.”” At baseline, minor al-
lele carriers for rs174533 had lower AA and DHA
status; however, following supplementation with DHA
the minor allele homozygotes had increased DHA status
from baseline. This finding suggests that genotype influ-
ences the effect of dietary intake on PUFA status. As
these data were derived from a randomized controlled
trial, they provide an insight into the influence of sup-
plements on PUFA status, rather than being observa-
tional data looking at one point in time. Pregnant
women who are minor allele carriers of FADS SNPs
may therefore benefit from increased dietary intake of
preformed LCPUFA for improved circulating LCPUFA
concentrations important for fetal development. Of
these studies, 6 reported PUFA status as determined
from the phospholipid fraction of either plasma or red
blood cells, while 2 reported total PUFA concentrations
from serum or plasma. During pregnancy, maternal
PUFAs are transferred from the mother to the fetus via
the placenta. These PUFAs arise from maternal trigly-
cerides and free fatty acids rather than phospholi-
pids.”® " Consideration of the blood fraction being
used for analysis should be carefully considered to en-
sure the appropriate fraction is chosen. Given the im-
portance of PUFA for fetal development, optimal
maternal status is crucial and future dietary interven-
tion studies are needed to further investigate the influ-
ence of dietary intake on PUFA status according to

genotype.

Nutrition Reviews® Vol. 78(8):627-646

FADS genotype and PUFA status of breast milk

Breast milk provides the optimum nutritional composi-
tion for infants, furthermore, it is a rich source of
PUFA, with the maternal diet influencing the PUFA
profile of breast milk.°" The lactating mammary gland
has both D5D and D6D enzymes present,”” and there-
fore the FADS genotype may influence PUFA concen-
trations of breast milk. A total of 7 studies, all of which
were observational, were identified, and these studies
investigated the relationship between maternal FADS
genotype and breast-milk PUFA composition (Table 3).
Lower breast-milk AA concentrations in carriers of the
minor allele were seen in the studies identified, with the
SNPs rs1535, rs174547, rs174556, rs174537, rs174570,
rs2072114, rs174602, rs526126, rs174626 and rs174464,
rs174546, rs174553, rs99780, and rs174583 showing
such associations. Higher precursor fatty acid concen-
trations were also commonly found in minor allele car-
riers. Similar to blood PUFA status during pregnancy,
the presence of the minor allele was associated with
lower AA, and higher PUFA precursor, concentrations
as well as lower product:substrate ratios in breast milk.
The lower product:substrate ratios also suggest im-
paired functionality of the desaturase enzymes as a re-
sult of variation in FADS genotype. PUFA composition
of breast milk appears to be influenced by FADS geno-
type. The evidence, however, for increased dietary in-
take of preformed LCPUFA for increasing breast-milk
LCPUFA is not as clear. Of the 7 relevant studies
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Table 3 Associations between FADS genotype and breast-milk PUFA status

Reference Participants (study FADS, SNP Findings

(country) type, n)

Lattka et al Lactating mothers FADS1 rs174547, rs174556; FADS2 ~ Minor allele carriers for rs174547 and rs174556
(2011)*° (observational rs174602, rs498793, rs526126; had lower concentrations of AA and AA:DGLA
(Germany) study, n=772) intergenic FADS2/3 rs174626; ratio in breast milk than major allele carriers.

Molté-Puigmarti
et al (2010)*?
(the
Netherlands)

Mychaleckyj et al
(2018)%
(Bangladesh)

Morales et al
(2011)* (Spain)

Muc et al (2015)%
(Denmark)

Xie and Innis
(2008)*
(Canada)

Ding et al (2016)*’
(China)

Lactating mothers
(observational
study, n =309)

Mothers (observa-
tional study,
n=1142)

Mother-child pairs
(birth cohort
study, n=270)

Mother-child pairs
(birth cohort
study, n = 109)

Lactating women
(observational
study, n = 54)

Lactating women
(observational
study, n =209)

FADS3 rs1000778, rs174455
FADS1 rs174561; FADS2 rs174575;
intergenic rs3834458; haplo-

types for FADS1/FADS2

FADS1 rs174556

FADS1 rs174537; FADS2 rs968567,
rs2072114, rs526126, rs174626,
rs174627; FADS3 rs174464,
rs174468

FADS1 rs174546, rs174556

FADS1 intergenic rs174553; FADS2
rs99780, rs174575, rs174583;
haplotypes for FADS1/FADS2

FADS1 rs174547, rs174553; FADS2
rs3834458, rs1535, rs174575,
rs174602, rs498793; FADS3
rs174450, rs1000778, rs7115739;
haplotypes for FADS1/FADS2

Higher LA and ALA, and lower AA and DHA, pro-
portions in breast milk in minor allele carriers
than in major allele carriers. Haplotype analysis
results were similar to results for single SNPs,
with homozygous minor alleles having lower
concentrations of product molecules such as AA
compared to major allele homozygotes.

Major allele carriers had increased AA concentra-
tions compared to minor allele carriers.

Mothers who were minor allele carriers had lower
levels of AA in colostrum for SNPs rs174537,
rs174570, rs2072114, rs174602, rs526126,
rs174626, and rs174464. Major allele carriers for
SNP rs174468 were associated with lower levels
of AA. Minor allele carriers for rs174602 and
rs174464 were associated with lower levels of
DHA in colostrum.

Mothers who were minor allele carriers for
rs174546 and rs174556 had lower breast-milk
AA concentrations. Breast-milk EPA concentra-
tions were also lower in minor allele carriers for
rs174546.

Minor allele homozygote mothers for rs174553,
rs99780, and rs174583 had lower AA, EPA, and
DPA breast-milk concentrations. Minor allele
homozygotes for rs174575, rs99780, and
rs174583 also had lower DHA breast-milk
concentrations.

Minor allele homozygotes for rs174547 and
rs1535 had lower AA concentrations than major
allele homozygotes. Rs1535 minor allele homo-
zygotes also had lower GLA concentrations than
major allele homozygotes. Higher concentra-
tions of LA and ALA were reported in heterozy-
gotes for rs1000778 compared to homozygous
major allele carriers. Minor allele haplotypes
were associated with lower concentrations of
AA.

Minor allele frequency for each SNP shown in Table 6.
Abbreviations: AA, arachidonic acid; ALA, a-linolenic acid; DGLA, dihomo—ﬁ(—linolenic acid; DHA, docosahexaenoic acid; DPA, dipicolonic
e

acid; EPA, eicosapentaenoic acid; FADS, fatty acid desaturase; GLA, y-lino

nic acid; LA, linoleic acid; PUFA, polyunsaturated fatty acid;

SNP, single nucleotide polymorphism.

included in this review, only 1 reported the influence of
diet on breast-milk PUFA according to genotype, and
this study investigated the effect of maternal fish
and fish oil intake on DHA proportions in plasma and
breast milk.”> In women who were homozygous for the
minor allele, lower proportions of DHA were observed
in milk and DHA concentrations were not compen-
sated for by increased intake of fish or fish oil; however,
an increase in DHA was seen in major allele homozy-
gotes.”” Further research designed to take FADS geno-
type into account is needed to investigate the impact of
maternal dietary PUFA on breast-milk concentrations
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according to FADS genotype, and to determine whether
minor allele carriers would benefit from increased pre-
formed LCPUFA intake.

FADS genotype and child PUFA status

A total of 12 studies investigating child FADS genotype
and PUFA status were identified (Table4) in subjects
from birth (via cord blood) to age 13years. At birth,
PUFA status of cord blood was measured by Barman et
al,*! Lattka et al,** and Steer et al.*> It was consistently
found that children with the minor allele for FADS

Nutrition Reviews® Vol. 78(8):627-646
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SNPs had decreased circulating AA concentrations.
Similarly, in children aged 2-13 years, children with mi-
nor allele homozygosity for FADS SNPs were observed
to have lower AA concentrations.*"***™*® An association
of minor allele homozygosity with DHA status - specifi-
cally, an increase in DHA status for rs1535, and a de-
crease for rs174448 and rs174575, when compared with
major allele homozygotes - has also been reported in a
Danish population.*” These associations with DHA
have not been consistently shown in other studies also
completed in Denmark.*>*®

During infancy, desaturase activity decreases with
age, resulting in reduced synthesis of AA and DHA.®’
Four studies investigated the role of child FADS geno-
type on PUFA product:precursor ratios. Of these, 3
studies reported that the presence of the minor allele
for a range of SNPs was associated with a lower
AA:DGLA ratio.*>*”® Conversely, Fahmida et al**
found that heterozygotes for SNP 174468 had a higher
AA:DGLA ratio than major allele homozygotes, indicat-
ing desaturase enzyme activity increased in the presence
of genetic variation. This contrary finding may be due
to the smaller sample size, and possibly also to a lower
incidence of the minor allele frequency (MAF) in the
Indonesian population (0.19 for rs174468) compared to
the MAF of the SNPs assessed in European populations
(0.14-0.81, depending on SNP).*®

Three studies investigated the influence of maternal
genotype on child PUFA status.*>**** Maternal geno-
type was associated with increased LA cord blood con-
centrations.*>** Maternal genotype was also associated
with decreased cord blood LCPUFA concentrations,
specifically AA and DHA* and lower AA:DGLA and
EPA:ALA ratios.*”” Interestingly, child PUFA status at
age 7 years was also found to be associated with mater-
nal genotype, with minor allele carrier mothers being
associated with increased LA and decreased AA, EPA,
docosapentaenoic acid (DPA), and DHA status in off-
spring aged 7years.”> The associations observed be-
tween maternal genotype and child PUFA status may
suggest that maternal genotype has a lasting influence
on child PUFA status, or another likely explanation is
that the child has inherited the maternal genotype.
There may be sex differences in the interaction between
FADS genotype and PUFA status. Both boys and girls
were found to have similar PUFA concentrations when
they were major allele homozygotes; however, in minor
allele homozygotes, girls had lower DHA status than
boys, and conversely minor allele homozygous boys had
lower AA than girls.*’ It has previously been noted that
women can synthesize more DHA from ALA than
men,” thereby indicating sex and FADS genotype may
interact. Future studies investigating the influence of

Nutrition Reviews® Vol. 78(8):627-646

FADS genotype on child PUFA status should consider
the potential influence of sex. One randomized con-
trolled trial investigated the influence of FADS genotype
on child LCPUFA status following supplementation
with either fish oil or placebo from birth to 6 months
0ld.*® Children in the fish oil-supplemented group had
significantly higher DHA status in minor allele homo-
zygotes for all FADS1 SNPs than heterozygous and ho-
mozygous major allele carriers. This finding was not
observed in children of the placebo group, suggesting
that increased intake of preformed LCPUFA is benefi-
cial for the biological status of these LCPUFAs in minor
allele homozygotes. DHA and AA are both known to be
essential postnatally, particularly for cognition,'® vi-
sion,'” and brain growth,™”® and also have a role in the
inflammatory response.”' DHA is known to be anti-in-
flammatory,”" and AA is a component of lymphocyte
membrane phospholipids and CD4+ T cells, which are
essential for immunoregulation.”” Given these vital
roles for the immune and inflammatory response, opti-
mal DHA and AA status in children is important, and
therefore further understanding of the influence of
FADS SNPs on these LCPUFA is required. Further re-
search in the form of intervention studies is required to
investigate whether increased LCPUFA intake would
lead to an increase in child biological status according
to genotype.

FADS genotype and child health outcomes

PUFA status is linked to several health outcomes, with
increased PUFA having beneficial effects on health.
Given the influence of FADS genotype on PUFA con-
centrations, this impact of genotype has the potential to
influence health outcomes. A total of 30 studies were
identified with regard to the influence of FADS geno-
type on child health outcomes (Table5). These out-
comes included cognition, allergies, and asthma, as well
as various others that have not been as widely studied to
date.

One of the most commonly investigated outcomes
in relation to child FADS genotype is child cognition,
with the current review identifying 13 relevant studies.
All the included studies relating to cognition are obser-
vational in study design. Of these studies, some have
reported no association between child FADS genotype
and cognitive outcomes.*”****>° Nevertheless, when
breastfeeding was also taken into consideration, being
breastfed was shown to modify the effect of genotype
on child cognition. Children who were major allele car-
riers and breastfed had higher intelligence quotient
scores than major allele children who were not
breastfed.”>’® In addition to interactions with child
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Table 6 Minor allele frequency for SNPs included in current review

SNP Global MAF African East Asian European South Asian American
rs1000778 0.523 0.221 0.686 0.729 0.610 0.440
rs102275 0.493 0.697 0.567 0.363 0.160 0.650
rs11230815 0.932 0.918 0.987 0.880 0.970 0.900
rs1474553 0.455 0.053 0.693 0.607 0.570 0.500
rs1535 0.322 0.109 0.566 0.350 0.140 0.590
rs17156506 0.057 0.141 0.062 0.001 0.030 0.010
15174448 0.596 0.576 0.697 0.616 0.650 0.380
rs174449 0.515 0.343 0.681 0.619 0.580 0.370
rs174450 0.435 0.207 0.607 0.528 0.560 0.310
rs174455 0.407 0.033 0.587 0.614 0.570 0.330
15174464 0.519 0.211 0.680 0.730 0.610 0.440
rs174468 0.163 0.024 0.030 0.409 0.190 0.220
rs174537 0.303 0.025 0.567 0.349 0.160 0.590
rs174545 0.298 0.022 0.566 0.347 0.140 0.590
rs174546 0.298 0.022 0.566 0.347 0.140 0.590
rs174547 0.298 0.023 0.566 0.347 0.140 0.590
rs174548 0.327 0.179 0.548 0.314 0.130 0.590
rs174550 0.298 0.022 0.566 0.347 0.140 0.590
rs174553 0.297 0.021 0.565 0.347 0.140 0.590
rs174556 0.720 0.020 0.547 0.303 0.130 0.570
rs174561 0.280 0.020 0.547 0.303 0.130 0.570
rs174570 0.228 0.009 0.556 0.160 0.070 0.490
15174574 0.530 0.367 0.433 0.638 0.860 0.360
rs174575 0.209 0.210 0.166 0.255 0.100 0.360
1s174576 0.363 0.246 0.568 0.358 0.140 0.610
rs174577 0.392 0.346 0.568 0.361 0.140 0.620
rs174578 0.393 0.349 0.568 0.363 0.140 0.620
rs174579 0.135 0.016 0.152 0.203 0.080 0.320
rs174583 0.369 0.242 0.580 0.363 0.150 0.610
rs174593 0.207 0.184 0.156 0.264 0.130 0.360
15174602 0423 0.741 0.365 0.213 0.200 0.520
15174611 0.116 0.045 0.015 0.286 0.080 0.200
rs174618 0.349 0.597 0.028 0.432 0.290 0.300
15174626 0.481 0.350 0.667 0.536 0.520 0.320
15174627 0.054 0.021 0.000 0.145 0.040 0.090
rs17831757 0.057 0.040 0.014 0.119 0.030 0.100
rs2072114 0.195 0.114 0.417 0.150 0.060 0.280
152727270 0.163 0.006 0.417 0.144 0.060 0.260
152727271 0.163 0.006 0.417 0.144 0.060 0.270
rs2851682 0.149 0.003 0412 0.106 0.050 0.250
rs3834458 0.296 0.021 0.566 0.346 0.130 0.580
5498793 0.687 0.637 0.918 0.569 0.690 0.620
1526126 0.680 0.238 0.824 0.811 0.880 0.840
rs7115739 0.759 0.693 0.717 0.962 0.780 0.620
157119667 0.024 0.086 0.000 0.000 0.000 0.010
1s968567 0.053 0.011 0.000 0.150 0.040 0.080
rs99780 0.397 0.374 0.566 0.358 0.140 0.620

Global MAF according to “1000Genomes” data available from dbSNP at www.ncbi.nlm.nih.gov.*®
Abbreviations: MAF, minor allele frequency; SNP, single nucleotide polymorphism.

PUFA status, sex of the child has also been found to be
involved in the interaction between child genotype and
child cognition. Carriage of the minor allele for
rs174448 was associated with lower reading scores in
boys, but improved reading scores in girls.*
Furthermore, in girls, minor allele carriage of rs174575
was associated with increased fine motor skills scores
compared with major allele carriers, whilst in boys no
difference in scores was observed between major and
minor allele carriers.
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Whilst some studies have examined the influence
of maternal FADS genotype on child outcomes, the re-
search to date has not shown a conclusive association
between maternal FADS genotype and child cognition.
Maternal minor allele carriage for a range of FADS
SNPs has been found to be associated with improved
cognitive scores, with both positive’®”® and negative
associations being reported,’”’*”® depending on the
FADS SNP being investigated. In contrast to this obser-
vation, other studies have found no associations
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between maternal FADS and child cognition after con-
trolling for other confounders.*>*%””

The association between child FADS genotype and
allergy development in children has also been investi-
gated. Observational evidence to date has had varied
outcomes. Minor alleles of FADS SNPs were associated
with an increase in eczema in children aged 2 years in
the LISA study® but a decreased risk of eczema in a
study conducted in 13-year-olds in Sweden.*' When the
children of the LISA birth cohort study were followed
up again at age 10 years, an association between FADS
minor alleles and eczema was no longer reported.’’
Some studies have found no overall association between
FADS genotype and allergy development; however,
when diet-gene interactions are taken into consider-
ation, an association between genotype and allergies has
been shown. In major allele homozygotes, an increased
n-6:n-3 dietary intake has been associated with in-
creased risk of hay fever, and higher margarine con-
sumption with increased risk of asthma.”! Furthermore,
children with the minor allele for FADS SNPs who were
exclusively breastfed had a reduced prevalence of
asthma, whereas no association of breastfeeding was ob-
served in major allele homozygotes.”® This observation
highlights that dietary intake may also play an impor-
tant role in the association between FADS genotype and
allergies. Further studies are required to investigate this
association, perhaps in populations with a high PUFA
status.

Maternal FADS genotype has been linked to birth-
weight and preterm delivery, with observational studies
indicating minor allele carriers had lighter babies and
shorter pregnancies. To determine conclusively the in-
fluence of FADS genotype (both maternal and child) on
child outcomes, further observational and intervention
studies specifically designed to assess this in different
populations are required. Such future studies should
also take into consideration maternal PUFA status and
FADS, as well as child PUFA status, child FADS, and
sex of the child, as these too may influence outcomes.

SNPs that have been commonly assessed in multi-
ple studies for child health outcomes are shown in
Table S4 in the Supporting Information online. It is evi-
dent that the results for a SNP are not necessarily con-
sistent across studies. The association between SNP
rs1535 and cognition, for example, demonstrates such
mixed results. As indicated in Table S4 in the
Supporting Information online, Andersen et al** and
Martin et al*® report no association between rs1535 and
child neurodevelopmental outcomes; however, an inter-
action between rs1535 and breastfeeding,””’®”” or
rs1535 and sex of the child,**”> has been observed.
These inconsistencies have also been reported in a
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range of other SNPS (see Table S4 in the Supporting
Information online). It is also possible that these incon-
sistencies may be due to differing MAFs according to
ethnicity. For example, the prevalence of SNP
rs3834458 varies across different population groups,
with an African population having a MAF of 0.021 but
a European population having a MAF of 0.346
(Table 6). The mixed results for associations between
FADS genotype and PUFA status or child outcomes
may also be related to the distinct cultural differences in
prevalence.

CONCLUSION

In conclusion, FADS genotype has an influence on the
PUFA status of pregnant women, breast milk, and chil-
dren, as well as being linked to some child development
and health outcomes. Minor allele carriers have consis-
tently been shown to have lower PUFA status than ma-
jor allele homozygotes, likely owing to the impaired
efficiency of the elongation pathway observed with
FADS genotype variation. There has been a noted im-
balance in dietary intake of n-6 and n-3 PUFA.*” This
may also contribute to the issues in PUFA metabolism
in those with the minor alleles given that both the n-6
and n-3 precursors compete for the same desaturase
enzymes. It is not clear whether increased dietary intake
of preformed LCPUFA will increase biological status, so
further studies are needed to investigate the diet-gene
interaction. Future studies should also focus on the in-
fluence of FADS on child health outcomes to explore
the role of genotype on this, taking into consideration
all factors, including PUFA status and FADS genotype
of both the mother and child, as well as sex of the child,
which may impact outcomes.
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