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There is growing evidence that long-chain polyunsaturated fatty acids (LCPUFAS) are
of importance for normal brain development. Adequate supply of LCPUFAs may be
particularly important for preterm infants, because the third trimester is an important
period of brain growth and accumulation of arachidonic acid (n-6 LCPUFA) and
docosahexaenoic acid (n-3 LCPUFA). Fatty acids from the n-6 and n-3 series, particularly,
have important functions in the brain as well as in the immune system, and their absolute
and relative intakes may alter both the risk of impaired neurodevelopment and response
to injury. This narrative review focuses on the potential importance of the n-6:n-3
fatty acid ratio in preterm brain development. Randomized trials of post-natal LCPUFA
supplementation in preterm infants are presented. Pre-clinical evidence, results from
observational studies in preterm infants as well as studies in term infants and evidence
related to maternal diet during pregnancy, focusing on the n-6:n-3 fatty acid ratio, are
also summarized. Two randomized trials in preterm infants have compared different
ratios of arachidonic acid and docosahexaenoic acid intakes. Most of the other studies
in preterm infants have compared formula supplemented with arachidonic acid and
docosahexaenoic acid to un-supplemented formula. No trial has had a comprehensive
approach to differences in total intake of both n-6 and n-3 fatty acids during a longer
period of neurodevelopment. The results from preclinical and clinical studies indicate
that intake of LCPUFAs during pregnancy and post-natal development is of importance
for neurodevelopment and neuroprotection in preterm infants, but the interplay between
fatty acids and their metabolites is complex. The best clinical approach to LCPUFA
supplementation and n-6 to n-3 fatty acid ratio is still far from evident, and requires
in-depth future studies that investigate specific fatty acid supplementation in the context
of other fatty acids in the diet.

Keywords: preterm infant, polyunsaturated fatty acids, docosahexaenoic acid, arachidonic acid,
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INTRODUCTION

Infants born preterm are at a high risk of neurodevelopmental
disabilities (1-3), with cognitive impairment ranging from 20%
in late preterm infants to 64% in extremely preterm infants, of
which 34% have moderate or severe impairment (3, 4). The last
trimester of pregnancy is an important period of rapid brain
growth, during which there is a high susceptibility to brain
injury (5-8). It is also a period when the availability of sufficient
amounts of long chain polyunsaturated fatty acids (LCPUFAs)
is essential to brain development (9). The LCPUFAs in the n-
6 and n-3 series have different properties and functions, and
to some extent can be synthesized from shorter PUFAs in the
diet. For instance, delta 6 desaturase is a key regulatory enzyme
needed for the conversion of the n-6 PUFA linoleic acid (LA) to
arachidonic acid (AA), and is employed twice for the conversion
of the n-3 PUFA a-linolenic acid (ALA) to docosahexaenoic
acid (DHA) (10, 11). However, in general LCPUFAs cannot be
synthesized de novo in sufficient quantities for the developing
brain (12, 13). Figure 1 demonstrates the metabolism of the n-6
and n-3 fatty acids.

AA and DHA are the most abundant LCPUFAs in the brain.
During the last trimester of pregnancy the absolute content of AA
and both the absolute and relative content of DHA in the brain
increases rapidly (Figure 2). Accumulation continues the first
years of post-natal life although the accretion rate slows down
(14-17). When preterm birth occurs the supply of LCPUFAs
across the placenta is interrupted during a critical period of
brain development, which may increase the susceptibility of the
brain to both injury and developmental abnormalities. AA and
DHA have important functions as components of phospholipids
in the plasma membranes of neural cells, including influencing
membrane fluidity, which modulates the function of receptors,
transporters and membrane-bound enzymes. For instance, both
DHA and AA are important for the development of synaptic
processes (18, 19). Studies in rats have demonstrated that n-
3 fatty acid intake and n-6:n-3 ratio affect expression of genes
controlling synaptic plasticity, signal transduction and energy
metabolism (20, 21). AA also has specific importance for the
structure and function of the endothelial cell, which might
be important in vascular regulation, affecting the severity and
pattern of preterm brain injury (22). LCPUFAs can also alter
membrane and neuronal function, particularly in response to
injury. For instance, when the n-6 LA is incorporated into the cell
membrane, it becomes highly-susceptible to peroxidation and
subsequent ferroptotic cell death (23, 24). AA is also susceptible
to peroxidation, and increased concentrations of both LA and AA
have been demonstrated to accelerate cell death (25).

The relative availability of different LCPUFAs in the
face of premature birth or brain injury is likely to alter
subsequent responses and may explain epidemiological and

Abbreviations: AA, arachidonic acid; ALA, o-linolenic acid; BSID, Bayley
scales of infant development; CA, corrected age; DHA, docosahexaenoic; EPA,
eicosapentaenoic acid; GA, gestational age; IQ, intelligence quotient; LA, linoleic
acid; LCPUFA, long-chain polyunsaturated fatty acid; MDI, mental development
index; RCT, randomized controlled trial; SES, socioeconomic status.

preclinical evidence suggesting that n-3 LCPUFAs, such as
DHA are neuroprotective (26-28). Inflammation appears to
play an important causal role in preterm birth, with ongoing
inflammatory responses evident in the post-natal period (29).
Inflammatory mechanisms also play a role in altered cerebral
development (30). After an initial inflammatory exposure, acute
inflammation is intended to be a protective process in two
stages—initiation and resolution—and much of the signaling
is undertaken by lipid mediators that are the products of
LCPUFAs (Figure 3).

Leukotrienes and prostaglandins are produced from AA and
play a critical role in initiation of an acute inflammatory response.
These pathways are tightly linked to the process of preterm birth
and neonatal inflammatory or hypoxic-ischemic brain injury. For
instance, increased prostaglandin E2 mediates premature cervical
ripening in both lipopolysaccharide-induced murine premature
birth and estradiol-induced premature birth in sheep (32, 33).
Prostaglandin E2 in the cerebrospinal fluid is associated with the
degree of brain injury in asphyxiated term newborns (34), and
elevated prostaglandin E2 is seen in the amniotic fluid of infants
born preterm (35).

The switch to resolution after the acute inflammatory response
is signaled by specialized pro-resolving mediators, lipoxins,
resolvins, (neuro)protectins, and maresins. Lipoxins, such as
lipoxin A4 are derived from AA, but the majority of the
pro-resolving mediators are produced using the n-3 LCPUFAs
eicosapentaenoic acid (EPA) and DHA as precursors (31). The n-
6 LA can also form pro-inflammatory bioactive oxidized linoleic
acid metabolites (36). The production of lipid mediators is
catalyzed by a specific set of lipoxygenases (LO-5, LO-12, and LO-
15), as well as cyclo-oxygenase-2. Therefore, the relative levels of
each mediator may be influenced by the availability of each fatty
acid precursor (37-39).

Human milk is the most important source of post-
natal fatty acid intake for preterm infants. Human milk
contains ~12-26% n-6 fatty acids and 0.8-3.6% n-3 fatty
acids depending on the maternal diet (40). Preterm formulas
historically did not contain AA and DHA, and assumed
that the infant would endogenously synthesize AA (from
LA), and EPA and DHA (from ALA). However, additional
exogenous LCPUFAs may be required due to inadequate
capacity to synthesize these fatty acids endogenously (41).
A number of trials have examined the effects of additional
AA and DHA both for the mother and in formula of
infants born prematurely. As the availability of both n-6
and n-3 LCPUFAs is critical to brain development, and may
influence how the brain responds to injury, the objective
of this narrative review was to provide an overview of the
preventive as well as interventional role of LCPUFAs for
brain development in preterm infants, focusing on the balance
between n-6 and n-3 fatty acids, including their context within
the overall maternal diet. Randomized trials of post-natal
LCPUFA supplementation in preterm infants are presented in
detail. Results from observational studies, trials of post-natal
supplementation in term infants and studies of maternal diet
during pregnancy, focused on the n-6:n-3 fatty acid ratio, are
also summarized.
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FIGURE 1 | Metabolism and major food sources of important n-6 and n-3 fatty acids. Linoleic acid (LA, 18:2 n-6) is primarily obtained from vegetable oils (soy, corn,
and sunflower oils). a-linolenic acid (ALA, 18:3 n-3) is also derived from plant-based oils, such as canola (rapeseed) and flaxseed. Arachidonic acid (AA, 20:4 n-6)
derives from animal fats, particularly poultry. Eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are largely obtained from fish, shellfish,

and algae.

RANDOMIZED TRIALS OF POST-NATAL
SUPPLEMENTATION IN PRETERM
INFANTS

A Cochrane review from 2016 compared LCPUFA-supplemented
formula with unsupplemented formula in preterm infants.
Meta-analyses of mental development index (MDI) and
psychomotor development index assessed with Bayley Scales
of Infant Development at 12 months (four trials) and 18
months (three trials) showed no evidence of effect with
low quality of evidence (42). In our review, results from 13
randomized controlled trials (RCTs) of LCPUFA intervention
for preterm infants that have reported neurodevelopmental
outcomes are presented (Tablel). We discuss the trials
included in the Cochrane review (52-62), as well as two

trials that compared formulas with different ratios of
LCPUFA (43-46), one trial of an LCPUFA supplement
added in human milk (47-51), and two trials with subgroups
of preterm infants at higher risk of neurodevelopmental
impairment (63, 64).

Two RCTs evaluated the effect of different AA to DHA ratios
on neurodevelopment. A study by Alshweki et al. randomized
60 newborns <1,500 g and/or <32 weeks gestational age (GA)
to two formulas with different AA contents and a fixed DHA
content (around 0.3%), for 1 year. The study demonstrated
higher mean scores of psychomotor-development at 24 months
corrected age (CA) with an AA: DHA ratio of 2:1 compared
to 1:1. The formulas contained no other n-6 or n-3 fatty acids
and results might be related to the low content of AA in the 1:1
group. The scores in the 2:1 group were similar to the scores
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FIGURE 2 | Total n-3 (A) and n-6 (B) fatty acid forebrain (FB) content, and relative content of docosahexenoic acid (DHA) and arachidonic acid (AA)
content measured in post-mortem samples from infants who died soon after birth due to causes not related to the central nervous system. Relative percentages of
DHA (22:6 n-3, black circles) and AA (20:4 n-6) in the brain over the final 20 weeks of gestation shows a relative increase in DHA such that the two exist in a ratio of

Gestational Age (Weeks)
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FIGURE 3 | Pathways of lipid mediator production. In peripheral or systemic injuries or infections, phospholipases act on membrane phospholipids to release these
PUFAs, whereupon they are metabolized by lipoxygenases (LO) LO-5, LO-12, and LO-15, as well as cyclo-oxygenase-2 (COX-2) into the various lipid mediators.
Initially, release of pro-inflammatory mediators, such as prostaglandins (PGs) and leukotrienes (LTs) derived from AA promote the recruitment of neutrophils and initiate
the inflammatory process. These pathways are tightly-linked to the process of preterm birth and neonatal inflammatory or hypoxic-ischemic brain injury. Hours to days
after an initial inflammatory insult, resolution and healing occurs. Specialized pro-resolving mediators signal this switch, which includes lipoxins (LXs), resolvins (Rvs),
(neuro)protectins (NPD/PDs), and maresins (MaRs). Lipoxins, such as LXA4 are derived from AA, but the majority of specialized pro-resolving mediators are produced
using EPA and DHA as precursors. Conversely, LA is able to compete with AA, EPA, and DHA for certain COX-2, 12-LO, and 15-LO, resulting in oxidized linoleic acid
metabolites (OxLAMSs), such as 9- and 13-hydroxy-octadecadienoic acid (9- and 13-HODE) and 9- and 13-oxo-octadecadienoic acid (9- and 13-oxoODE). Adapted

of exclusively breastfed infants (43). Conversely, the DINO trial
randomized infants born <33 weeks” gestation to formula with
a high DHA content (1%) to normal DHA content (0.3%), with
a fixed content of AA (0.4%). The intervention was provided
as tuna oil or soy oil given to breastfeeding mothers, and as
LCPUFA-enriched formulas, until the infants reached term CA.
The groups did not differ in overall Bayley scales of infant
development (BSID)-II score at 18 months, but in the high DHA
group mean MDI was higher in girls (mean MDI 99.1 vs. 94.4)
and in lower BW infants (mean MDI 94.8 vs. 90.0) (44). However,
no differences were demonstrated in behavior or attention at

3-5 years of age or intelligence quotient (IQ) at the age of
7 (45, 46).

The other trials we identified compared supplementation with
DHA (and AA in most studies) to supplementation with only
LA and ALA and no DHA or AA. A Norwegian trial added
soy/MCT oil to all enteral intake (mothers’ milk or donor human
milk) given to very low birth weight infants until discharge, and
compared addition of DHA and AA (ratio 1:1) to no addition of
DHA and AA. They demonstrated higher problem-solving scores
at 6 months, but no structural changes on MRI or differences
on cognitive tests at 8 years of age (47-51). A higher DHA in
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TABLE 1 | Randomized trials of post-natal supplementation with LCPUFA to preterm infants (43-64).

References Study subjects Intervention Ratio n6:n3 Ratio AA:DHA Number of infants Primary Outcome Comment
Alshweki et al. (43) GA 25-32 weeks and/or Formula with DHA+AA Group A 2:1 Group A 2:1 60 randomized, Psychomotor- Scores in group B but
BW <1,5009g (no other LCPUFAs) from Group B 1:1 Group B 1:1 24 vs. 21 evaluated at development evaluated not group A were lower
Mean/median GA not first week to 6 months 24 months CA. with Brunet Lézine compared to breast fed
known-—30% of infants corrected age Scale at 24 months infants.
GA <30 weeks CA. Higher mean
scores in group A
compared to B.
DINO trial (44-46) GA <33 weeks High DHA (vs. standard High DHA High DHA 0.4:1 657 randomized, BSID-Il at 18 months Higher mean MDI in
Median GA 30 weeks DHA). Mothers 7.7:1 formula Standard DHA 1.5:1 322 vs. 335 analyzed CA. No differences girls and in lower BW

Henriksen et al.
(47-51)

Clandinin et al. (52)

Ross preterm lipid
study (53)

Fewtrell et al. (54)

Fewtrell et al.
(55, 56)

VLBW <1.5kg
Median GA 28.4 weeks

GA <35 weeks
Mean GA 29.4/28.8 vs.
29.6 weeks

GA <33 weeks
Median GA 30 weeks

BW <1,750g and GA
<37 weeks

Median GA 30.3 vs.
30.4 weeks

BW <2,000g

and GA <35 weeks
Mean GA 31.2 vs.
31.1 weeks

supplemented with DHA,
or DHA-supplemented
formula was given from
start of enteral feeds until
term age

DHA+AA in soy/MCT oil
vs. soy/MCT oil added in
human milk from enteral
intake of >100 ml/kg/d to
discharge

DHA + AA (Algal/Fish
DHA) in formula from
within 10 days of starting
enteral feeds until 12
months CA

DHA + AA from fish/fungi
and egg/fish in formula
from start of enteral feeds
until 12 months CA

DHA, EPA + AA
in formula from 10 days to
discharge

DHA + GLA

in formula from
randomization (mean 14
days, range 1-50 days)
until 9 months CA

4.4:1 breast milk
Standard DHA
9.5:1 formula
7.4:1 breast milk

Intervention 5.6:1
Placebo 6.5:1
(calculated)*
Supplementation:
Intervention 2.8:1
Placebo 8:1

Intervention: preterm
7/6.8
Post-discharge 7.4/7.1
Term 9.1/8.6
Control:

preterm 7.8
Post-discharge 8.1
Term 10.4
Intervention:
Preterm 5.8/6.5:1,
post-discharge
7.8/8.1:1

Control:

Preterm 6.7:1
Post-discharge 8:1
Intervention 11.8:1
Control 15.3:1

Intervention 6.3:1
Control 7.2:1

2:1

Preterm 1.6:1
post-discharge
2.7:1

1.8:1

(GLA + AA):DHA
Approx 2:1

at 18 months

141 randomized, 50 vs.
55 analyzed at 6
months

361 randomized, 46/59
vs. 54 evaluated at 18
months CA.

470 included, 43 breast
feeding, Still on diet at
12 months:
Intervention, fish/fungal
89/140 egg/fish 91/143
Control: 91/144

195 randomized,
84 vs. 74 evaluated at
18 months

236 randomized, 106
vs. 93 evaluated at 18
months.

between groups.
Mental development
index interacted with
sex and BW.

Cognitive development
at 6 months CA.
Higher problem solving
scores (Ages and
Stages Questionnaire)
in intervention group.

Safety and efficacy in
growth and
development.

BSID at 12 months,
Fagan intelligence test
at 6 and 9 months,
vocabulary checklist at
9 and 14 months. No
general effect between
groups.

BSID-Il at 18 months
CA. No sig differences
between groups.

BSID-Il at 18 months
CA. No sig differences
between groups.

infants at 18 months.
No differences at 2,
3-5or 7 years.

No difference between
groups at 22 months or
8 years. Higher DHA at
discharge associated
with higher MDI and
sustained attention at
22 months CA.

BSID-Il at 18 months
CA demonstrated
higher MDI and PDI in
supplemented groups
compared to control.

Improved motor index
in lower BW group that
followed study
protocol.

Non-significant higher
MDI in intervention
group in infants <30
weeks GA.

Higher MDI among
boys in the intervention
group. No general
differences at 10 years
follow up.

(Continued)
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TABLE 1 | Continued

References Study subjects Intervention Ratio n6:n3 Ratio AA:DHA Number of infants Primary Outcome Comment
van Wezel-Meijler BW <1,7509g DHA + AA Not known from 2:1 55 randomized, Myelination on MRI at 3 No difference in MDI or
etal. (57) and GA <34 weeks in formula from post-natal publication 22 vs. 20 evaluated. and 12 months CA. No PDI on BSID-IIl at 3, 6,
Mean GA 30.4 weeks day 3-7 until 6 months CA sig differences between 12, or 24 months CA.
groups.
Fang et al. GA 30-37 weeks DHA + AA Total content not 2:1 27 randomized 15vs. 9 Visual acuity at 4 and 6 Small study.
(58) Mean GA 30.3 vs. in formula from full feeds known from evaluated at 12 months ~ months, BSID at 6 and Significance by
30.0 weeks (+ weight >2,000g + publication. CA. 12 months CA. Higher repeated measures
PMA >32 weeks) Ratio LA:ALA in both MDI and PDI in ANOVA stated, Cl not
until 6 months CA intervention and intervention group. reported.
control 10:1 DHA only 0.05% of
total fatty acids.
Carlsson et al. GA <33 weeks DHA + EPA in formula. Intervention: preterm No AA 79 randomized, Fagan: Fagan test of infant Only n-3 fatty acids in
(59-61) Mean GA 28.1 weeks. Enrolled at mean 25 days 5.2:1 33 vs. 34 evaluated at development at 6.5, 9 supplementation.
post-natal age, Post-discharge 6.0:1 12 months. and 12 months CA Term formula used from
supplementation until 9 Control: BSID: 27 vs. 27 demonstrated that the term.
months CA Preterm 6.4:1 evaluated. intervention group had No difference in BSID
Post-discharge 6.9:1 increased number of at 12 months CA.
looks and decreased
look duration.
Carlsson et al. GA <33 weeks DHA + EPA in formula Intervention: 8.0:1 No AA 59 recruited, Fagan test of infant Only n-3 fatty acids
(60, 62) Mean GA 28.1 weeks. from post-natal day 2-5 Control: 8.8:1 Fagan: 15 vs. 12 development at 12 in supplementation.
until 2 months CA evaluated. months CA Higher MDI in
BSID: 21 vs. 22 demonstrated that the supplemented group at
evaluated. intervention group had 12 months CA.
increased number of
looks and decreased
look duration.
Premie Tots Trial GA <30 weeks Omega 3-6-9 Intervention 0.4:1 GLA:DHA 31 randomized, Parent reported ratings Later intervention in
(63) Selected infants with early vs. canola oil Control Approx all evaluated in ITT of behavior and select at-risk group.

Dolphin trial (64)

symptoms of autism
spectrum disorder (ASD).
Mean GA 27 weeks

GA <31 weeks: (SGA or
IVH >1)

GA >30 weeks: HIE 2-3,
orIVH =1, or
neuroimaging abnormalities

Included at 18-38 months
CA

Duration of intervention
90 days

DHA, EPA, AA, choline,
uridine, cytidine, B12,
iodine and zinc added in
all enteral feeds from full
feeds until 2 years CA

2.3:1 (supplementation)

Approx 0.1:1
(supplementation)

0.4:1 (supplementation)

Approx 0.1:1
(supplementation)

analyzes. Three infants
missing outcome data
handled using
maximum likelihood
estimation.

59 randomized, 24 +
19 evaluated

development before
and after intervention.
Greater improvement in
ratings of BITSEA
sub-scale ASD in the
intervention group.
BSID-IIl at 24 months
CA. No sig differences
between groups.

Preterm and term
infants at risk.

Multiple interventions.
Non-significant higher
language and cognitive
scores in the
intervention group.

*Calculated n-6:n-3 ratio, addition of 0.5 mL study oil per 100 mL breast milk using the mean fatty acid compositions of human milk and the study oils presented in Henriksen et al. (47).
ALA, a-linolenic acid; AA, arachidonic acid; ASD, BSID, Bayley scales of infant development; CA, corrected age; DHA, docosahexaenoic; EPA, eicosapentaenoic acid; GA, gestational age; GLA, y-linolenic acid; LA, linoleic acid; LCPUFA,
long-chain polyunsaturated fatty acid; MDI, mental development index; PDI, psychomotor development index.
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plasma after the intervention was associated with higher MDI
and sustained attention at 22 months (48). Results from that
study also showed that higher blood levels of DHA at 8 years of
age were associated with higher IQ at that age (51).

Two studies continued intervention with AA/DHA
supplemented formula until 12 months CA (52, 53). Clandinin
et al. randomized infants born before 36 weeks of GA. Low birth
weight infants who had received >80% formula intake before
term and >100% formula intake after term were evaluated. The
results showed that infants who had received supplemented
formula had higher MDI and psychomotor development
index (52) at 18 months CA. Mean MDI was 87 in a group
supplemented with fish-DHA, 83 in a group supplemented
with algal-DHA and 77 in the unsupplemented group. The
Ross preterm lipid study included infants born before 33
weeks GA. The study did not demonstrate any general effect of
supplementation (DHA + AA in formula) from start of enteral
feeds until 12 months CA on BSID evaluated at 12 months CA
(53). Fewtrell et al. have published results from two trials. The
first study included preterm infants born before 37 weeks of GA
with a birth weight of <1,750g and evaluated an intervention
of AA, EPA, and DHA until discharge (54). The second study
included infants born before 35 weeks of GA with a birth weight
<2,000 g and evaluated an intervention of y-linolenic acid and
DHA to 9 months CA (55). Neither of the trials demonstrated
any statistically significant differences on BSID-II at 18 months
CA compared to control formula. Two additional smaller trials
presented conflicting results of supplementation with AA and
DHA to 6 months CA (57, 58). Fang et al. reported higher MDI
and psychomotor development index in the intervention group
at 6 and 12 months CA (58), whereas no differences were shown
in the study by van Wezel-Meijler et al. at 3, 6, 12, or 24 months
CA (57). In most studies a combination of DHA and AA have
been used as intervention. Two older trials studied addition of
only n-3 LCPUFAs (DHA + EPA) to infants born before 33
weeks GA (59, 62). In the first trial the intervention period was
until 9 months CA. No differences in cognitive development
at 12 months CA were demonstrated (60). In a later trial, the
duration of the intervention was shorter, until 2 months CA,
and the supplemented infants had higher MDI at 12 months CA
(60). Both trials demonstrated a more mature pattern of visual
attention in the intervention group at 12 months CA, and the
authors speculated this was related to more rapid information
processing (61, 62).

Two studies have evaluated the effects of LCPUFA
supplementation on specific preterm populations at higher
risk of neurodevelopmental impairment. One study initiated
intervention at 18-38 months CA in a selected group of preterm
infants born before 30 weeks gestation who demonstrated
early symptoms of autism spectrum disorder (ASD). They
demonstrated an effect on parent-reported autism symptoms
after 90 days of intervention that included y-linolenic acid,
EPA and DHA (63). Another study provided a combination of
DHA, uridine and choline (components of phosphatidylcholine),
and micronutrients to preterm and term infants who fulfilled
brain injury inclusion criteria that indicated a higher risk of
neurodevelopmental impairment. Treatment was given from

start of full enteral feeding to 24 months CA (64), and included
a dose of DHA equivalent to recommended total daily intake,
as well as a very low dose of AA. Of the 59 randomized infants,
66% completed full dose supplementation for 24 months. The
results did not achieve significance, although higher cognitive
and language scores in the supplemented group at 24 months
indicated a possible effect.

CONTEXT OF FATTY ACID
SUPPLEMENTATION IN PRETERM INFANT
TRIALS

Across all the studies found, the total n-6:n-3 ratio was higher
in the control formula compared to the intervention formula
in the majority of the studies, but the differences were small.
Ratios around 7:1 have been most commonly used, but preterm
control formulas had n-6:n-3 ratios ranging between 5:1 and 15:1.
The contribution of DHA was 0.2-0.3% of total fatty acids in
most of the studies, as high as 1% in two of the studies (44, 47),
and 0.5% in one study (54). LA content varied from 0% of total
fatty acids in a study by Alshweki et al. that only added AA and
DHA in control and intervention formula (43), to around 11%
in the studies by Fewtrell et al. (54, 55), and around 20% in the
studies by Carlson et al. (59) and Carlson and Werkman (62).
As LA is highly-susceptible to peroxidation and mechanistically
competes for the same enzymes involved in the metabolism of
AA and DHA, variability in LA (and other fatty acid) content in
the formula or breast milk of the intervention studies completed
so far may provide a significant confounding factor.

Epidemiological studies have also demonstrated associations
between LCPUFAs, brain structure and neurodevelopment in
preterm infants. In a cohort study of 51 infants born before
36 weeks of GA, AA:DHA ratio was negatively associated with
mental, motor development and orientation on BSID-II at 18
months in adjusted analyses (65). Tam et al. showed that higher
levels of DHA in erythrocytes in an early post-natal age was
associated with reduced risk of IVH and improved language
scores at 30-36 months CA among 60 infants born before 32
weeks of GA. They also demonstrated associations between levels
of both DHA and LA and diffusivity in specific brain regions (26).

During the initial post-natal days, preterm infants, particularly
those born extremely preterm, often rely exclusively on
parenteral nutrition. Parenteral lipid composition might
therefore be important to reduce post-natal deficiencies of
LCPUFAs. No published studies of newer lipid emulsions
containing DHA have reported neurodevelopmental outcome
(66, 67). Solely parenteral intervention is unlikely to be sufficient
to provide preterm infants LCPUFAs at intrauterine rates, but
might be important in a select group of infants with a long period
without enteral nutrition.

FATTY ACID RATIO AND
NEURODEVELOPMENT IN TERM INFANTS

Studies of term infants have demonstrated some benefit of
LCPUFA supplementation, as well as the importance of finding
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a proper ratio. In the DIAMOND study, term infants were
given post-natal supplementation with three different doses of
DHA, at a AA:DHA ratio of 2:1, 1:1, and 0.7:1 compared to
unsupplemented control formula. The trial was conducted in
two different centers (68). One of the centers, with study infants
from a population with a low socioeconomic status, performed
cognitive testing every 6 months, and demonstrated higher scores
in the intervention groups on several tests (69). Positive effects
were seen primarily with ratio 2:1 and 1:1. At 6 years verbal
IQ was higher when all supplemented groups were compared
to the control group. Follow-up at 9 years demonstrated effects
on brain structure, function, and neurochemical concentrations.
The group with 1:1 supplementation had greater connectivity
between pre-frontal and parietal regions, and groups with 2:1 and
1:1 supplementation had greater white matter volume in regions
associated with attention and inhibition (70). Results from the
other center in the DIAMOND study demonstrated higher MD],
higher emotional regulation scores and higher language scores
when all supplemented groups were compared to the control
group (71).

MATERNAL DIET

Maternal LCPUFA status is affected by dietary intake and
fatty acid metabolism related to variability in desaturase genes
(40). Polymorphisms in the FADS gene of the mother have
been associated with IQ of the child (72), and have also
been shown to modify the association between breast milk
and 1IQ (73). In the last century there has been a shift in
dietary fatty acid intakes, with a 20-fold increase in intake of
vegetable oils without any significant changes in our genes (74—
77). The shift in diet is illustrated in a study of US women
demonstrating an increase in the LA:ALA ratio in breast milk
samples from the 70s and onwards (78). Higher n-6:n-3 ratio is
also associated with increased risk of obesity (79), and obesity
is related to increased risk of preterm birth (80). One recent
study also demonstrated association between low maternal DHA
and EPA levels and increased risk of preterm birth (81). The
most recent Cochrane review concluded that there is high
quality evidence from multiple clinical trials that n-3 LCPUFA
supplementation reduces the risk of preterm birth and low
birth weight (82). Some differences in neurodevelopment were
noted in this review, but the evidence was graded as low
to very low quality (82). Trials of LCPUFA supplementation
during pregnancy have also not specifically presented results
of neurodevelopment in infants born preterm (83-90). Two
big cohort studies have demonstrated a negative association
between n-6:n-3 ratio of maternal intake during pregnancy
and neurodevelopment in term infants (91, 92). Significant
interaction between socioeconomic factors, DHA intervention
and cognitive outcome have been demonstrated (88, 89). For
instance, in the recent KUDOS trial (Kansas University DHA
Outcomes Study), DHA supplementation during pregnancy was
associated with a number of improved cognitive outcomes, but
this effect was lost after adjusting for socioeconomic status (SES)
(93). We speculate that diets in low resource settings are more

likely to be higher in LA relative to DHA intake, and dietary
interventions could have a greater effect in these populations.
However, little high-quality evidence exists to examine n-6 and
n-3 intakes at the population level. Two studies using data
from the National Health and Nutrition Examination Survey
(NHANES) found that both EPA/DHA and LA intake increase
with increasing education and income-to-poverty ratio (94, 95).
However, this data is notoriously inaccurate, with almost two-
thirds of female participants reporting dietary intakes that are
not physiologically plausible (96, 97). This is particularly relevant
considering that the accuracy of dietary reporting decreases with
increasing body mass index, and lower SES is associated with
higher body mass index, particularly in women (98). As LA
intake has steadily increased in recent decades, the baseline intake
across all levels of SES may be such that n-6 reduction strategies
need to be implemented alongside DHA supplementation in
order to reduce oxidized linoleic acid metabolites (39). As higher
maternal SES may protect against some of the negative effects
of suboptimal n-6:n-3 intake ratios, it is of particular interest
to examine whether levels of LA intake and supplementation
with DHA have a more pronounced effect in populations with
lower SES.

DISCUSSION

No single LCPUFA acts in isolation, and the associations between
brain development, inflammation and injury are complex. Much
of the research to date, including many interventional trials,
has targeted the addition of supplemental DHA. Many trials
have also included the n-6 AA, and a few clinical trials have
examined the effect of AA:DHA ratio on neurodevelopment.
The RCTs in this review utilized different LCPUFAs, different
doses, different durations, and a variety of outcome measures.
Difference in cognitive outcome evaluated with some version
of BSID at 18 months CA was the most common primary
outcome. To achieve 80% power and 95% confidence to detect
a 6 point difference in BSID mental developmental index (MDI)
between groups with an effect size (ES) of 0.4, ~100 would
be needed in each group. Four of the trials evaluated ~100
infants (44, 53-55). In the DINO trial the power calculation
was based on a power of 85%, and also included sub group
analyses. However, with a more conservative estimate of 85%
power to detect a 4 point difference in MDI between controls
and infants treated with DHA, 253 infants would be required
in each group. The DINO trial and the Norwegian trial
investigated effects on attention and behavior using the Strengths
and Difficulties Questionnaire (SDQ) and did not demonstrate
differences between the groups. In a subset of the DINO trial,
61 infants given a high DHA supplement were compared to
64 infants who had received a standard DHA supplement at
the age of 3-5 years (45). In the Norwegian trial 45 infants
in the intervention group were compared to 53 infants in the
control group at 8 years of age (50). Based on the available data,
an intervention including DHA would expect an ES of 0.3 in
total SDQ score as well as its subscales (emotional symptoms,
conduct problems, hyperactivity-inattention, peer relationship
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problems, and prosocial behaviors). To detect a meaningful 1.5
point difference in total SDQ score with a standard deviation
of 4.5 with 85% power, 235 per group to include comparisons
of subscales. This suggests that, with the exception of the
DINO trial, the majority of studies have been significantly
underpowered to detect differences in developmental outcomes
after DHA and/or AA supplementation. So while a lot of both
preclinical and clinical evidence indicates the importance of
LCPUFAs in neurodevelopment and neuroprotection, the best
clinical approach is far from evident.

The timing and duration of the intervention are of
importance. None of the studies in this review targeted maternal
diet during pregnancy and lactation as well as infant diet during
both the neonatal and post-term period. Preclinically, mice
fed a diet deficient in n-3 fatty acids during pregnancy and 6
months thereafter had altered synaptic protein expression in the
hippocampus and impaired memory at 6 months compared to
mice fed and diet adequate in n-3 fatty acids. If the diet was
changed at 3 weeks post-natally the results were normalized, but
if the diet was changed at 2 or 4 months the content of fatty acids
in the brain was normalized but the effect on synaptic protein
expression, learning and memory were not (99). Results from the
trials in preterm infants as well as the fact that the brain continue
to accumulate DHA the first 2 years of life indicate that continued
intervention past term age might increase the probability of long
term effect.

The selection of infants in the included studies also
varied. Some trials examined the effect on brain development
in a population that excluded infants with moderate to
severe neonatal complications, who are at the greatest risk
of developmental impairments. One of the trials targeted a
population at high risk of neonatal brain injury (64). Three of
the trials indicated greater benefit of LCPUFA supplementation
on neurodevelopment in more immature infants (44, 53, 54).
Importantly, the studies in this review were conducted in settings
with good access to neonatal care, which leaves the possibility that
intervention with LCPUFAs might prove to be more beneficial for
moderate preterm infants in a low resource setting.

Ensuring consistent and sensitive outcome assessments will be
important when determining the effects of additional LCPUFAs.
The intervention might also affect different regions of the brain
during different periods, which is why the dosing and the
timing of the intervention matter to the expected outcome.
In the trial by Henriksen et al., a positive result on free-play
sessions at 20 months CA in the intervention group suggested
that supplementation with AA and DHA might be related to
improved attention (48). Better sustained attention at 22 months
CA was also associated with DHA status at discharge in that study
(48). Studies in term infants have demonstrated better sustained
attention at 5 years of age in term infants whose mothers were
given DHA supplementation during pregnancy (90) or the first
months after birth (100). A population-based cohort study in
Spain demonstrated that higher AA:DHA ratio in cord blood was
associated with higher risk of subclinical ADHD symptoms at
7 years of age (101). Reviews and meta-analyses of intervention
studies typically focus on a global outcome measure, such as BSID
at 18 months CA. However, LCPUFA intervention might lead to

more subtle effects, and therefore specific cognitive assessment
measures, such as attentional capacity, may be more relevant.

Different types of supplementation may specifically benefit
different brain regions. For instance, classes of phosphoglycerides
in white and gray matter have unique profiles of LCPUFAs
(102). Higher levels of DHA in erythrocytes after birth have been
associated with increased gray matter volume in preterm infants
(103). DHA is highly prevalent in serine phosphoglycerides
in the cerebral gray matter, which is important for long-
term potentiation, critical to memory formation (104, 105).
Similarly, spatial learning and memory was improved in rats
given post-natal DHA supplementation, but excess DHA had
an adverse effect (106). Unfortunately, however, few studies
included specific tests of memory function. In a 10 years follow-
up, Fewtrell et al. performed several specific tests of learning
and memory. They did not demonstrate any general differences
between the randomized groups, but among 39 infants who
were fed exclusively formula and no breast milk, infants fed trial
formula containing y-linolenic acid and DHA had better results
on some of the cognitive subtests and higher word-pair learning
scores (56). Both control and supplemented formula in the DINO
trial had a higher content of LA and a higher total n-6:n-3
ratio compared to breast milk from both mothers who received
placebo capsules with soy oil and DHA enriched capsules with
tuna oil (45). Therefore, it is worth considering the composition
of fatty acids in background feeding and what proportion of trial
formula and supplement that has been given. For instance, in rats,
a maternal diet with similar DHA intake but 10-fold higher LA
intake decreased DHA levels in the brain and worsened motor
deficits after hypoxic-ischemic brain injury in the late-preterm
equivalent rat (107).

As metabolites of primarily n-3 LCPUFAs, the specialized pro-
resolving mediators display a wide-range of anti-inflammatory
and cytoprotective functions including decreased cytokine and
PG/LT release, decreased recruitment of peripheral neutrophils,
and class-switching of activated macrophages and microglia (31,
108). All LCPUFAs utilize the same enzymes for conversion
to biologically active eicosanoids (36, 109), and the availability
of LA, AA, EPA and DHA as substrates affect the formation
of pro-inflammatory and pro-resolving mediators (37-39, 110).
Neuroprotective effects of exogenous administration of pro-
resolving mediators have been demonstrated in vitro and in
animal studies (111-113). In a mouse model, increased n-3
fatty acids reduced preterm birth, and were also associated with
reduced gene expression of pro-inflammatory cytokines as well as
increased levels of pro-resolving mediators (114). Increased LA
availability might both decrease the production of pro-resolving
mediators, and increase the production of oxidized linoleic
acid metabolites. Pro-resolving lipid mediators may shorten the
times required for cessation of inflammation, possible leading
to decreased tissue injury. Experimentally, deficiencies in pro-
resolving mediators as well as high levels of oxidized linoleic
acid metabolites have been associated with chronic inflammation
and acceleration of associated disease processes (115-119). A low
n-6:n-3 fatty acid ratio, both in the diet and in the blood, is also
associated with an increased risk of adult neurological diseases,
including stroke and dementia (120-122).
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AA and DHA seem to have antagonistic and synergistic effects
in terms of response to injury, and both are crucial for normal
brain development. In baboons the levels of AA in the brain were
not affected by dietary intake, whereas the levels of DHA were
(123). Studies in rats have also shown that the most important
determinant of membrane fatty acid composition in the brain
was the dietary n-6:n-3 ratio (124). However, the optimal intake
of DHA during the neonatal period in humans has not been
determined. At high levels of DHA and EPA, AA becomes
suppressed (125), and correlation between low levels of AA and
poor growth have been demonstrated (126). Rodent models of
neonatal brain injury have demonstrated neuroprotective effects
of DHA through several potential mechanisms (27, 127, 128).
Labrousse et al. demonstrated association between n-3 fatty acid
deficiency and increased levels of cytokines (127). Suganuma
et al. showed that DHA supplementation during pregnancy
reduced oxidative injury and apoptosis in neurons in a model
of neonatal hypoxic ischemic encephalopathy (128). Substrate
competition and enzyme inhibition might limit the conversion of
ALA and EPA to DHA, especially if there is an abundance of LA
(129, 130). Makrides et al. demonstrated that infant formula with
the same content of LA but lower ratio of LA:ALA resulted in
higher levels of n-3 fatty acids (131). Importantly, the capacity for
enzymatic conversion of ALA to DHA is likely to be insufficient
relative to the needs in preterm infants (13, 132).

Though DHA is essential for normal neurodevelopment, there
is likely to be an upper of limit of benefit, depending on the
specific context. In the DIAMOND study of term infants, the
highest DHA intake—relative to the intake of AA (AA to DHA
ratio of 1:2)—was not associated with positive effects on several
of the outcome measures whereas the groups with AA to DHA
ratios of 2:1 or 1:1 demonstrated positive results (69). In the
DINO trial, however, preterm infants with high DHA intake
showed better results in some sub-groups. This illustrates the
need for a comprehensive approach to LCPUFA supplementation
considering both the levels and ratios of multiple fatty acids and
the period of supplementation. As a rapid relative accumulation
of AA in the brain is not seen until term-equivalent age
(Figure 2C), the need for DHA supplementation would appear
to be higher during the preterm period, with an increase in AA to
DHA ratio being more appropriate after term-equivalent age.

Although the most recent Cochrane review did not show
any significant effect of LCPUFA supplementation (42), two
other recent systematic reviews, Shulkin et al. (133) and Wang
et al. (134) concluded that LCPUFA supplementation in preterm

REFERENCES

1. Vohr B. Long-term outcomes of moderately preterm, late preterm, and early
term infants. Clin Perinatol. (2013) 40:739-51. doi: 10.1016/j.clp.2013.07.006

2. Wolke D, Strauss VY-C, Johnson S, Gilmore C, Marlow N, Jaekel
J. Universal gestational age effects on cognitive and basic mathematic
processing: 2 cohorts in 2 countries. ] Pediatr. (2015) 166:1410-6.e1-2.
doi: 10.1016/j.jpeds.2015.02.065

3. Serenius F, Ewald U, Farooqi A, Fellman V, Hafstrom M, Hellgren K, et al.
Neurodevelopmental outcomes among extremely preterm infants 6.5 years

infants has short term neurodevelopmental benefits. Lapillone
and Moltu also concluded that there is evidence of short term
benefit with a high dose DHA supplement and their review
focused on several areas of benefit in preterm development
(135). Smith and Rouse published a narrative review in 2017
focused on the role of DHA in preterm infants (136), and
Laurizen et al. have written an interesting commentary on
AA (137). A comprehensive overview of several fatty acids in
infant development was published by Delplanque et al. (40).
Our focus has been on the roles of n-6 and n-3 fatty acids in
neurodevelopment of preterm infants, combining a discussion
focused on the n-6:n-3 fatty acid ratio with a summary of RCTs
of post-natal LCPUFA supplementation to preterm infants with
neurodevelopmental outcomes.

SUMMARY

The complex interplay between LCPUFAs, their metabolites,
preterm brain development and mechanisms of brain injury
is not fully understood. Future research should have a more
comprehensive approach to the LCPUFAs and especially examine
the potential harm of unbalanced n6:n3 and AA:DHA ratios,
including those in the maternal diet. Comparisons of different
LCPUFA compositions, resulting in differing n-6 to n-3 ratios
by for example limited or high intakes of LA is an area of
priority in our view. Maternal diet and genetic activity need be
considered in future studies. Other reviews have also concluded
that there is a need for studies with large sample sizes that
enable subgroup analyses (42). Outcome measures of LCPUFA
supplementation to preterm infants need to target cognitive
development, attention and behavioral disorders. Given that
there is some evidence of effect on attention from previous
studies in preterm infants as well from studies of other groups
at risk of attention problems, outcome measures focused on
attention would be an interesting priority. The neuroprotective
potential of LCPUFAs to specific groups who have already
suffered intra cerebral insults also needs further evaluation.
Utilized correctly, LCPUFAs could prove to be a cost effective and
health promoting part of neonatal care.

AUTHOR CONTRIBUTIONS

SK performed the literature search, reviewed the studies, and
drafted the manuscript. S] and TW edited and revised the text. SK
and TW made the figures. All authors approved the final version.

after active perinatal care in Sweden. JAMA Pediatr. (2016) 170:954-63.
doi: 10.1001/jamapediatrics.2016.1210

4. Talge NM, Holzman C, Wang J, Lucia V, Gardiner J, Breslau N. Late-
preterm birth and its association with cognitive and socioemotional
outcomes at 6 years of age. Pediatrics. (2010) 126:1124-31. doi: 10.1542/peds.
2010-1536

5. Hiippi PS, Warfield S, Kikinis R, Barnes PD, Zientara GP, Jolesz FA,
et al. Quantitative magnetic resonance imaging of brain development
in premature and mature newborns. Ann Neurol. (1998) 43:224-35.
doi: 10.1002/ana.410430213

Frontiers in Pediatrics | www.frontiersin.org

10

January 2020 | Volume 7 | Article 533


https://doi.org/10.1016/j.clp.2013.07.006
https://doi.org/10.1016/j.jpeds.2015.02.065
https://doi.org/10.1001/jamapediatrics.2016.1210
https://doi.org/10.1542/peds.2010-1536
https://doi.org/10.1002/ana.410430213
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Klevebro et al.

Fatty Acids and Preterm Neuroprotection

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Dubois J, Benders M, Cachia A, Lazeyras F, Ha-Vinh Leuchter R, Sizonenko

SV, et al. Mapping the early cortical folding process in the preterm newborn
brain. Cereb Cortex. (2008) 18:1444-54. doi: 10.1093/cercor/bhm180

. Volpe JJ. Brain injury in premature infants: a complex amalgam of

destructive and developmental disturbances. Lancet Neurol. (2009) 8:110-24.
doi: 10.1016/S1474-4422(08)70294-1

. Kapellou O, Counsell SJ, Kennea N, Dyet L, Saeed N, Stark J,

et al. Abnormal cortical development after premature birth shown by
altered allometric scaling of brain growth. PLoS Med. (2006) 3:e265.
doi: 10.1371/journal.pmed.0030265

. Wachs TD, Georgieft M, Cusick S, McEwen BS. Issues in the timing of

integrated early interventions: contributions from nutrition, neuroscience,
and psychological research. Ann N Y Acad Sci. (2014) 1308:89-106.
doi: 10.1111/nyas.12314

Sprecher H, Luthria DL, Mohammed BS, Baykousheva SP. Reevaluation of
the pathways for the biosynthesis of polyunsaturated fatty acids. J Lipid Res.
(1995) 36:2471-7.

Sprecher H. The roles of anabolic and catabolic reactions in the synthesis and
recycling of polyunsaturated fatty acids. Prostaglandins Leukot Essent Fatty
Acids. (2002) 67:79-83. doi: 10.1054/plef.2002.0402

Carnielli VP, Simonato M, Verlato G, Luijendijk I, De Curtis M, Sauer
PJ, et al. Synthesis of long-chain polyunsaturated fatty acids in preterm
newborns fed formula with long-chain polyunsaturated fatty acids. Am J Clin
Nutr. (2007) 86:1323-30. doi: 10.1093/ajcn/86.5.1323

Lapillonne A, Groh-Wargo S, Gonzalez CH, Uauy R. Lipid needs of
preterm infants: updated recommendations. J Pediatr. (2013) 162:S37-547.
doi: 10.1016/j.jpeds.2012.11.052

Martinez M. Tissue levels of polyunsaturated fatty acids during
early human  development. ]  Pediatr.  (1992)  120:S129-38.
doi: 10.1016/S0022-3476(05)81247-8

Clandinin MT, Chappell JE, Leong S, Heim T, Swyer PR, Chance GW.
Intrauterine fatty acid accretion rates in human brain: implications
for fatty acid requirements. Early Hum Dev. (1980) 4:121-9.
doi: 10.1016/0378-3782(80)90015-8

Martinez M, Mougan I. Fatty acid composition of human brain
phospholipids during normal development. | Neurochem. (1998) 71:2528—
33. doi: 10.1046/j.1471-4159.1998.71062528.x

Kuipers RS, Luxwolda MEF, Offringa PJ, Boersma ER, Dijck-Brouwer
DAJ, Muskiet FAJ. Fetal intrauterine whole body linoleic, arachidonic
and docosahexaenoic acid contents and accretion rates. Prostaglandins
Leukot Essent Fatty Acids. (2012) 86:13-20. doi: 10.1016/j.plefa.2011.
10.012

Martin RE, Bazan NG. Changing fatty acid content of growth cone
lipids prior to synaptogenesis. ] Neurochem. (1992) 59:318-25.
doi: 10.1111/j.1471-4159.1992.tb08906.x

Kim HY, Edsall L, Ma YC. Specificity of polyunsaturated fatty acid
release from rat brain synaptosomes. Lipids. (1996) 31:5229-33.
doi: 10.1007/BF02637081

Barcel6-Coblijn G, Kitajka K, Puskas LG, Hogyes E, Zvara A, Hackler L, et al.
Gene expression and molecular composition of phospholipids in rat brain in
relation to dietary n-6 to n-3 fatty acid ratio. Biochim Biophys Acta. (2003)
1632:72-9. doi: 10.1016/S1388-1981(03)00064-7

Kitajka K, Sinclair AJ, Weisinger RS, Weisinger HS, Mathai M, Jayasooriya
AP, et al. Effects of dietary omega-3 polyunsaturated fatty acids on
brain gene expression. Proc Natl Acad Sci USA. (2004) 101:10931-6.
doi: 10.1073/pnas.0402342101

Crawford MA, Costeloe K, Ghebremeskel K, Phylactos A, Skirvin L, Stacey
F. Are deficits of arachidonic and docosahexaenoic acids responsible for the
neural and vascular complications of preterm babies? Am J Clin Nutr. (1997)
66:1032S—41S. doi: 10.1093/ajcn/66.4.1032S

Magtanong L, Ko PJ, Dixon S]. Emerging roles for lipids in non-apoptotic
cell death. Cell Death Differ. (2016) 23:1099-109. doi: 10.1038/cdd.2016.25
Lewerenz ], Ates G, Methner A, Conrad M, Maher P. Oxytosis/Ferroptosis-
(Re-) emerging roles for oxidative stress-dependent non-apoptotic cell death
in diseases of the central nervous system. Front Neurosci. (2018) 12:214.
doi: 10.3389/fnins.2018.00214

Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C,
et al. Glutathione peroxidase 4 senses and translates oxidative stress into

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

12/15-lipoxygenase dependent- and AIF-mediated cell death. Cell Metab.
(2008) 8:237-48. doi: 10.1016/j.cmet.2008.07.005

Tam EW, Chau V, Barkovich A]J, Ferriero DM, Miller SP, Rogers EE, et al.
Early postnatal docosahexaenoic acid levels and improved preterm brain
development. Pediatr Res. (2016) 79:723-30. doi: 10.1038/pr.2016.11
Berman DR, Mozurkewich E, Liu Y, Shangguan Y, Barks JD, Silverstein FS.
Docosahexaenoic acid augments hypothermic neuroprotection in a neonatal
rat asphyxia model. Neonatology. (2013) 104:71-8. doi: 10.1159/000351011
Buddington RK, Chizhikov VV, Iskusnykh IY, Sable HJ, Sable JJ, Holloway
ZR, et al. A phosphatidylserine source of docosahexanoic acid improves
neurodevelopment and survival of preterm pigs. Nutrients. (2018) 10:E367.
doi: 10.3390/nu10050637

Galinsky R, Lear CA, Dean JM, Wassink G, Dhillon SK, Fraser M,
et al. Complex interactions between hypoxia-ischemia and inflammation
in preterm brain injury. Dev Med Child Neurol. (2018) 60:126-33.
doi: 10.1111/dmcn.13629

Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS,
et al. The role of inflammation in perinatal brain injury. Nat Rev Neurol.
(2015) 11:192-208. doi: 10.1038/nrneurol.2015.13

Serhan CN, Petasis NA. Resolvins and protectins in inflammation resolution.
Chem Rev. (2011) 111:5922-43. doi: 10.1021/cr100396¢

Timmons BC, Reese ], Socrate S, Ehinger N, Paria BC, Milne GL, et al.
Prostaglandins are essential for cervical ripening in lps-mediated preterm
birth but not term or antiprogestin-driven preterm ripening. Endocrinology.
(2014) 155:287-98. doi: 10.1210/en.2013-1304

Wu WX, Ma XH, Coksaygan T, Chakrabarty K, Collins V, Rose J, et al.
Prostaglandin mediates premature delivery in pregnant sheep induced by
estradiol at 121 days of gestational age. Endocrinology. (2004) 145:1444-52.
doi: 10.1210/en.2003-1142

Bjork L, Leifsdottir K, Saha S, Herlenius E. PGE-metabolite levels in CSF
correlate to HIE score and outcome after perinatal asphyxia. Acta Paediatr.
(2013) 102:1041-1047. doi: 10.1111/apa.12361.

Latorre Uriza C, Velosa-Porras J, Roa NS, Quifiones Lara SM, Silva ], Ruiz
AJ, et al. Periodontal disease, inflammatory cytokines, and PGE2 in pregnant
patients at risk of preterm delivery: a pilot study. Infect Dis Obstet Gynecol.
(2018) 2018:7027683. doi: 10.1155/2018/7027683

Reinaud O, Delaforge M, Boucher JL, Rocchiccioli F, Mansuy D. Oxidative
metabolism of linoleic acid by human leukocytes. Biochem Biophys Res
Commun. (1989) 161:883-91. doi: 10.1016/0006-291X(89)92682-X

James MJ, Gibson RA, Cleland LG. Dietary polyunsaturated fatty acids and
inflammatory mediator production. Am J Clin Nutr. (2000) 71:343S—8S.
doi: 10.1093/ajecn/71.1.343s

Keelan JA, Mas E, D’Vaz N, Dunstan JA, Li S, Barden AE, et al. Effects
of maternal n-3 fatty acid supplementation on placental cytokines, pro-
resolving lipid mediators and their precursors. Reprod Camb Engl. (2015)
149:171-8. doi: 10.1530/REP-14-0549

Ramsden CE, Ringel A, Feldstein AE, Taha AY, MacIntosh BA, Hibbeln
JR, et al. Lowering dietary linoleic acid reduces bioactive oxidized linoleic
acid metabolites in humans. Prostaglandins Leukot Essent Fatty Acids. (2012)
87:135-141. doi: 10.1016/j.plefa.2012.08.004

Delplanque B, Gibson R, Koletzko B, Lapillonne A, Strandvik B. Lipid quality
in infant nutrition: current knowledge and future opportunities. J Pediatr
Gastroenterol Nutr. (2015) 61:8-17. doi: 10.1097/MPG.0000000000000818
Lapillonne A, Jensen CL. Reevaluation of the DHA requirement for the
premature infant. Prostaglandins Leukot Essent Fatty Acids. (2009) 81:143-
50. doi: 10.1016/j.plefa.2009.05.014

Moon K, Rao SC, Schulzke SM, Patole SK, Simmer K.
Longchain polyunsaturated fatty acid supplementation in preterm
infants. ~ Cochrane  Database ~ Syst ~Rev. (2016)  12:CD000375.

doi: 10.1002/14651858.CD000375.pub5.

Alshweki A, Munuzuri AP, Bana AM, de Castro MJ, Andrade F, Aldamiz-
Echevarria L, et al. Effects of different arachidonic acid supplementation on
psychomotor development in very preterm infants; a randomized controlled
trial. Nutr J. (2015) 14:101. doi: 10.1186/s12937-015-0091-3

Makrides M, Gibson RA, McPhee AJ, Collins CT, Davis PG, Doyle LW,
et al. Neurodevelopmental outcomes of preterm infants fed high-dose
docosahexaenoic acid: a randomized controlled trial. JAMA. (2009) 301:175-
82. doi: 10.1001/jama.2008.945

Frontiers in Pediatrics | www.frontiersin.org

11

January 2020 | Volume 7 | Article 533


https://doi.org/10.1093/cercor/bhm180
https://doi.org/10.1016/S1474-4422(08)70294-1
https://doi.org/10.1371/journal.pmed.0030265
https://doi.org/10.1111/nyas.12314
https://doi.org/10.1054/plef.2002.0402
https://doi.org/10.1093/ajcn/86.5.1323
https://doi.org/10.1016/j.jpeds.2012.11.052
https://doi.org/10.1016/S0022-3476(05)81247-8
https://doi.org/10.1016/0378-3782(80)90015-8
https://doi.org/10.1046/j.1471-4159.1998.71062528.x
https://doi.org/10.1016/j.plefa.2011.10.012
https://doi.org/10.1111/j.1471-4159.1992.tb08906.x
https://doi.org/10.1007/BF02637081
https://doi.org/10.1016/S1388-1981(03)00064-7
https://doi.org/10.1073/pnas.0402342101
https://doi.org/10.1093/ajcn/66.4.1032S
https://doi.org/10.1038/cdd.2016.25
https://doi.org/10.3389/fnins.2018.00214
https://doi.org/10.1016/j.cmet.2008.07.005
https://doi.org/10.1038/pr.2016.11
https://doi.org/10.1159/000351011
https://doi.org/10.3390/nu10050637
https://doi.org/10.1111/dmcn.13629
https://doi.org/10.1038/nrneurol.2015.13
https://doi.org/10.1021/cr100396c
https://doi.org/10.1210/en.2013-1304
https://doi.org/10.1210/en.2003-1142
https://doi.org/10.1111/apa.12361.
https://doi.org/10.1155/2018/7027683
https://doi.org/10.1016/0006-291X(89)92682-X
https://doi.org/10.1093/ajcn/71.1.343s
https://doi.org/10.1530/REP-14-0549
https://doi.org/10.1016/j.plefa.2012.08.004
https://doi.org/10.1097/MPG.0000000000000818
https://doi.org/10.1016/j.plefa.2009.05.014
https://doi.org/10.1002/14651858.CD000375.pub5.
https://doi.org/10.1186/s12937-015-0091-3
https://doi.org/10.1001/jama.2008.945
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Klevebro et al.

Fatty Acids and Preterm Neuroprotection

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Smithers LG, Collins CT, Simmonds LA, Gibson RA, McPhee A, Makrides
M. Feeding preterm infants milk with a higher dose of docosahexaenoic acid
than that used in current practice does not influence language or behavior
in early childhood: a follow-up study of a randomized controlled trial. Am ]
Clin Nutr. (2010) 91:628-34. doi: 10.3945/ajcn.2009.28603

Collins CT, Gibson RA, Anderson PJ, McPhee AJ, Sullivan TR, Gould JE
et al. Neurodevelopmental outcomes at 7 years’ corrected age in preterm
infants who were fed high-dose docosahexaenoic acid to term equivalent:
a follow-up of a randomised controlled trial. BMJ Open. (2015) 5:e007314.
doi: 10.1136/bmjopen-2014-007314

Henriksen C, Haugholt K, Lindgren M, Aurvig AK, Rennestad A,
Gronn M, et al. Improved cognitive development among preterm
infants attributable to early supplementation of human milk with
docosahexaenoic acid and arachidonic acid. Pediatrics. (2008) 121:1137-45.
doi: 10.1542/peds.2007-1511

Westerberg AC, Schei R, Henriksen C, Smith L, Veierod MB, Drevon
CA, et al. Attention among very low birth weight infants following early
supplementation with docosahexaenoic and arachidonic acid. Acta Paediatr.
(2011) 100:47-52. doi: 10.1111/§.1651-2227.2010.01946.x

Almaas AN, Tamnes CK, Nakstad B, Henriksen C, Walhovd KB,
Fjell AM, et al. Long-chain polyunsaturated fatty acids and cognition
in VLBW infants at 8 years: an RCT. Pediatrics. (2015) 135:972-80.
doi: 10.1542/peds.2014-4094

Almaas AN, Tamnes CK, Nakstad B, Henriksen C, Grydeland H,
Walhovd KB, et al. Diffusion tensor imaging and behavior in premature
infants at 8 years of age, a randomized controlled trial with long-
chain polyunsaturated fatty acids. Early Hum Dev. (2016) 95:41-6.
doi: 10.1016/j.earlhumdev.2016.01.021

Henriksen C, Almaas AN, Westerberg AC, Drevon CA, Iversen PO, Nakstad
B. Growth, metabolic markers, and cognition in 8-year old children born
prematurely, follow-up of a randomized controlled trial with essential fatty
acids. Eur ] Pediatr. (2016) 175:1165-74. doi: 10.1007/s00431-016-2755-1
Clandinin MT, Van Aerde JE, Merkel KL, Harris CL, Springer MA, Hansen
JW, et al. Growth and development of preterm infants fed infant formulas
containing docosahexaenoic acid and arachidonic acid. ] Pediatr. (2005)
146:461-8. doi: 10.1016/j.jpeds.2004.11.030

O’Connor DL, Hall R, Adamkin D, Auestad N, Castillo M, Connor WE, et al.
Growth and development in preterm infants fed long-chain polyunsaturated
fatty acids: a prospective, randomized controlled trial. Pediatrics. (2001)
108:359-71. doi: 10.1542/peds.108.2.359

Fewtrell MS, Morley R, Abbott RA, Singhal A, Isaacs EB, Stephenson T,
et al. Double-blind, randomized trial of long-chain polyunsaturated fatty
acid supplementation in formula fed to preterm infants. Pediatrics. (2002)
110:73-82. doi: 10.1542/peds.110.1.73

Fewtrell MS, Abbott RA, Kennedy K, Singhal A, Morley R, Caine E, et al.
Randomized, double-blind trial of long-chain polyunsaturated fatty acid
supplementation with fish oil and borage oil in preterm infants. J Pediatr.
(2004) 144:471-9. doi: 10.1016/j.jpeds.2004.01.034

Isaacs EB, Ross S, Kennedy K, Weaver LT, Lucas A, Fewtrell MS. 10-year
cognition in preterms after random assignment to fatty acid supplementation
in infancy. Pediatrics. (2011) 128:¢890-8. doi: 10.1542/peds.2010-3153

van Wezel-Meijler G, van der Knaap MS, Huisman J, Jonkman EJ, Valk J,
Lafeber HN. Dietary supplementation of long-chain polyunsaturated fatty
acids in preterm infants: effects on cerebral maturation. Acta Paediatr. (2002)
91:942-50. doi: 10.1111/j.1651-2227.2002.tb02882.x

Fang P-C, Kuo H-K, Huang C-B, Ko T-Y, Chen C-C, Chung M-Y. The effect
of supplementation of docosahexaenoic acid and arachidonic acid on visual
acuity and neurodevelopment in larger preterm infants. Chang Gung Med J.
(2005) 28:708-15. Retrieved from: http://cgmj.cgu.edu.tw/

Carlson SE, Cooke RJ, Werkman SH, Tolley EA. First year growth of preterm
infants fed standard compared to marine oil n-3 supplemented formula.
Lipids. (1992) 27:901-7. doi: 10.1007/BF02535870

Carlson SE, Werkman SH, Peeples JM, Wilson WM. Growth and
development of premature infants in relation to omega 3 and omega 6 fatty
acid status. World Rev Nutr Diet. (1994) 75:63-9. doi: 10.1159/000423552
Werkman SH, Carlson SE. A randomized trial of visual attention of preterm
infants fed docosahexaenoic acid until nine months. Lipids. (1996) 31:91-7.
doi: 10.1007/BF02522417

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Carlson SE, Werkman SH. A randomized trial of visual attention of preterm
infants fed docosahexaenoic acid until two months. Lipids. (1996) 31:85-90.
doi: 10.1007/BF02522416

Keim SA, Gracious B, Boone KM, Klebanoff MA, Rogers LK, Rausch ],
et al. w-3 and w-6 fatty acid supplementation may reduce autism symptoms
based on parent report in preterm toddlers. J Nutr. (2018) 148:227-35.
doi: 10.1093/jn/nxx047

Andrew M]J, Parr JR, Montague-Johnson C, Laler K, Holmes J, Baker B,
et al. Neurodevelopmental outcome of nutritional intervention in newborn
infants at risk of neurodevelopmental impairment: the Dolphin neonatal
double-blind randomized controlled trial. Dev Med Child Neurol. (2018)
60:897-905. doi: 10.1111/dmen.13914

Sabel K-G, Strandvik B, Petzold M, Lundqvist-Persson C. Motor, mental and
behavioral developments in infancy are associated with fatty acid pattern in
breast milk and plasma of premature infants. Prostaglandins Leukot Essent
Fatty Acids. (2012) 86:183-8. doi: 10.1016/j.plefa.2012.02.008

Kapoor V, Glover R, Malviya MN. Alternative lipid emulsions
versus pure soy oil based lipid emulsions for parenterally fed
preterm infants. Cochrane Database Syst Rev. (2015) 2:CD009172.
doi: 10.1002/14651858.CD009172.pub2.

Guthrie G, Premkumar M, Burrin DG. Emerging clinical benefits of new-
generation fat emulsions in preterm neonates. Nutr Clin Pract. (2017)
32:326-36. doi: 10.1177/0884533616687500

Birch EE, Carlson SE, Hoffman DR, Fitzgerald-Gustafson KM, Fu VL,
Drover JR, et al. The DIAMOND (DHA Intake And Measurement Of
Neural Development) Study: a double-masked, randomized controlled
clinical trial of the maturation of infant visual acuity as a function of the
dietary level of docosahexaenoic acid. Am ] Clin Nutr. (2010) 91:848-59.
doi: 10.3945/ajcn.2009.28557

Colombo J, Carlson SE, Cheatham CL, Shaddy DJ, Kerling EH,
Thodosoff JM, et al. Long-term effects of LCPUFA supplementation
on childhood cognitive outcomes. Am ] Clin Nutr. (2013) 98:403-12.
doi: 10.3945/ajcn.112.040766

Lepping R], Honea RA, Martin LE, Liao K, Choi IY, Lee P, et al. Long-chain
polyunsaturated fatty acid supplementation in the first year of life affects
brain function, structure, and metabolism at age nine years. Dev Psychobiol.
(2019) 61:5-16. doi: 10.1002/dev.21780

Drover JR, Hoffman DR, Castafieda YS, Morale SE, Garfield S, Wheaton
DH, et al. Cognitive function in 18-month-old term infants of the
DIAMOND study: a randomized, controlled clinical trial with multiple
dietary levels of docosahexaenoic acid. Early Hum Dev. (2011) 87:223-30.
doi: 10.1016/j.earlhumdev.2010.12.047

Steer CD, Lattka E, Koletzko B, Golding J, Hibbeln JR. Maternal fatty acids
in pregnancy, FADS polymorphisms, and child intelligence quotient at 8 y of
age. Am ] Clin Nutr. (2013) 98:1575-82. doi: 10.3945/ajcn.112.051524

Caspi A, Williams B, Kim-Cohen J, Craig IW, Milne BJ, Poulton R,
et al. Moderation of breastfeeding effects on the IQ by genetic variation
in fatty acid metabolism. Proc Natl Acad Sci USA. (2007) 104:18860-5.
doi: 10.1073/pnas.0704292104

Simopoulos AP. Evolutionary aspects of the dietary omega-6:omega-3 fatty
acid ratio: medical implications. World Rev Nutr Diet. (2009) 100:1-21.
doi: 10.1159/000235706

Barnard ND. Trends in food availability, 1909-2007. Am J Clin Nutr. (2010)
91:1530S—6S. doi: 10.3945/ajcn.2010.28701G

Bentley J. U.S. Trends in Food Availability and a Dietary Assessment of
Loss-Adjusted Food Availability, 1970-2014. Washington, DC: United States
Department of Agriculture (USDA), Economic Research Service (2017).
Jandacek RJ. Linoleic acid: a nutritional quandary. Healthcare. (2017) 5:E25.
doi: 10.3390/healthcare5020025

Ailhaud G, Massiera F, Weill P, Legrand P, Alessandri J-M, Guesnet P.
Temporal changes in dietary fats: role of n-6 polyunsaturated fatty acids in
excessive adipose tissue development and relationship to obesity. Prog Lipid
Res. (2006) 45:203-36. doi: 10.1016/j.plipres.2006.01.003

Simopoulos A. An Increase in the omega-6/omega-3 fatty acid ratio increases
the risk for obesity. Nutrients. (2016) 8:128. doi: 10.3390/nu8030128
Cnattingius S, Villamor E, Johansson S, Edstedt Bonamy AK, Persson M,
Wikstrom AK, et al. Maternal obesity and risk of preterm delivery. JAMA.
(2013) 309:2362-70. doi: 10.1001/jama.2013.6295

Frontiers in Pediatrics | www.frontiersin.org

12

January 2020 | Volume 7 | Article 533


https://doi.org/10.3945/ajcn.2009.28603
https://doi.org/10.1136/bmjopen-2014-007314
https://doi.org/10.1542/peds.2007-1511
https://doi.org/10.1111/j.1651-2227.2010.01946.x
https://doi.org/10.1542/peds.2014-4094
https://doi.org/10.1016/j.earlhumdev.2016.01.021
https://doi.org/10.1007/s00431-016-2755-1
https://doi.org/10.1016/j.jpeds.2004.11.030
https://doi.org/10.1542/peds.108.2.359
https://doi.org/10.1542/peds.110.1.73
https://doi.org/10.1016/j.jpeds.2004.01.034
https://doi.org/10.1542/peds.2010-3153
https://doi.org/10.1111/j.1651-2227.2002.tb02882.x
http://cgmj.cgu.edu.tw/
https://doi.org/10.1007/BF02535870
https://doi.org/10.1159/000423552
https://doi.org/10.1007/BF02522417
https://doi.org/10.1007/BF02522416
https://doi.org/10.1093/jn/nxx047
https://doi.org/10.1111/dmcn.13914
https://doi.org/10.1016/j.plefa.2012.02.008
https://doi.org/10.1002/14651858.CD009172.pub2.
https://doi.org/10.1177/0884533616687500
https://doi.org/10.3945/ajcn.2009.28557
https://doi.org/10.3945/ajcn.112.040766
https://doi.org/10.1002/dev.21780
https://doi.org/10.1016/j.earlhumdev.2010.12.047
https://doi.org/10.3945/ajcn.112.051524
https://doi.org/10.1073/pnas.0704292104
https://doi.org/10.1159/000235706
https://doi.org/10.3945/ajcn.2010.28701G
https://doi.org/10.3390/healthcare5020025
https://doi.org/10.1016/j.plipres.2006.01.003
https://doi.org/10.3390/nu8030128
https://doi.org/10.1001/jama.2013.6295
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Klevebro et al.

Fatty Acids and Preterm Neuroprotection

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Olsen SE, Halldorsson T1I, Thorne-Lyman AL, Strom M, Gortz S, Granstrem
C, et al. Plasma concentrations of long chain n-3 fatty acids in early and mid-
pregnancy and risk of early preterm birth. EBioMedicine. (2018) 35:325-33.
doi: 10.1016/j.ebiom.2018.07.009

Middleton P, Gomersall JC, Gould JE Shepherd E, Olsen SE, Makrides M.
Omega-3 fatty acid addition during pregnancy. Cochrane Database Syst Rev.
(2018) 11:CD003402. doi: 10.1002/14651858.CD003402.pub3

Makrides M, Gibson RA, McPhee AJ, Yelland L, Quinlivan J, Ryan P, et al.
Effect of DHA supplementation during pregnancy on maternal depression
and neurodevelopment of young children: a randomized controlled trial.
JAMA. (2010) 304:1675-83. doi: 10.1001/jama.2010.1507

Makrides M, Gould JE Gawlik NR, Yelland LN, Smithers LG, Anderson
PJ, et al. Four-year follow-up of children born to women in a randomized
trial of prenatal DHA supplementation. JAMA. (2014) 311:1802-4.
doi: 10.1001/jama.2014.2194

Gould JE Makrides M, Colombo J, Smithers LG. Randomized controlled
trial of maternal omega-3 long-chain PUFA supplementation during
pregnancy and early childhood development of attention, working
memory, and inhibitory control. Am ] Clin Nutr. (2014) 99:851-9.
doi: 10.3945/ajcn.113.069203

Gould JE Anderson AJ, Yelland LN, Gibson RA, Makrides M. Maternal
characteristics influence response to DHA during pregnancy. Prostaglandins
Leukot Essent Fatty Acids. (2016) 108:5-12. doi: 10.1016/j.plefa.2016.03.011
Gould JE Treyvaud K, Yelland LN, Anderson PJ, Smithers LG, Gibson RA,
et al. Does n-3 LCPUFA supplementation during pregnancy increase the IQ
of children at school age? Follow-up of a randomised controlled trial. BMJ
Open. (2016) 6:¢011465. doi: 10.1136/bmjopen-2016-011465

Gould JE Treyvaud K, Yelland LN, Anderson PJ, Smithers LG, McPhee AJ,
et al. Seven-year follow-up of children born to women in a randomized
trial of prenatal DHA supplementation. JAMA. (2017) 317:1173-5.
doi: 10.1001/jama.2016.21303

Ramakrishnan U, Stinger A, DiGirolamo AM, Martorell R, Neufeld LM,
Rivera JA, et al. Prenatal docosahexaenoic acid supplementation and
offspring development at 18 months: randomized controlled trial. PLoS ONE.
(2015) 10:e0120065. doi: 10.1371/journal.pone.0120065

Ramakrishnan U, Gonzalez-Casanova I, Schnaas L, DiGirolamo A, Quezada
AD, Pallo BC, et al. Prenatal supplementation with DHA improves attention
at 5y of age: a randomized controlled trial. Am J Clin Nutr. (2016) 104:1075-
82. doi: 10.3945/ajcn.114.101071

Kim H, Kim H, Lee E, Kim Y, Ha E-H, Chang N. Association between
maternal intake of n-6 to n-3 fatty acid ratio during pregnancy and infant
neurodevelopment at 6 months of age: results of the MOCEH cohort study.
Nutr J. (2017) 16:23. doi: 10.1186/s12937-017-0242-9

Bernard JY, De Agostini M, Forhan A, de Lauzon-Guillain B, Charles MA,
Heude B, et al. The dietary né:n3 fatty acid ratio during pregnancy is
inversely associated with child neurodevelopment in the EDEN mother-child
cohort. J Nutr. (2013) 143:1481-8. doi: 10.3945/jn.113.178640

Colombo J, Shaddy DJ, Gustafson K, Gajewski BJ, Thodosoff JM,
Kerling E, et al. The Kansas University DHA Outcomes Study
(KUDOS) clinical trial: long-term behavioral follow-up of the effects
of prenatal DHA supplementation. Am ] Clin Nutr. (2019) 109:1380-92.
doi: 10.1093/ajen/nqz018

Colombo J, Shaddy DJ, Gustafson K, Gajewski BJ, Thodosoff JM, Kerling
E, et al. Omega-3 fatty acid intake of pregnant women and women of
childbearing age in the United States: potential for deficiency? Nutrients.
(2017) 9:E197. doi: 10.3390/nu9030197

Raatz SK, Conrad Z, Jahns L. Trends in linoleic acid intake in the
United States adult population: NHANES 1999-2014. Prostaglandins Leukot
Essent Fatty Acids. (2018) 133:23-8. doi: 10.1016/j.plefa.2018.04.006

Archer E, Hand GA, Blair SN. Validity of U.S. Nutritional
Surveillance: Health and Nutrition Examination Survey
caloric energy intake data, 1971-2010. PLoS ONE. (2013) 8&:
doi: 10.1371/annotation/c313df3a-52bd-4cbe-af14-6676480d1a43

Archer E, Pavela G, Lavie CJ. The inadmissibility of “What We Eat In
America (WWEIA) and NHANES dietary data in nutrition & obesity
research and the scientific formulation of national dietary guidelines. Mayo
Clin Proc. (2015) 90:911-26. doi: 10.1016/j.mayocp.2015.04.009

National

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Grabner M. BMI trends, socioeconomic status, and the choice of dataset.
Obes Facts. (2012) 5:112-26. doi: 10.1159/000337018

Lozada LE, Desai A, Kevala K, Lee J-W, Kim H-Y. Perinatal brain
docosahexaenoic acid concentration has a lasting impact on cognition in
mice. ] Nutr. (2017) 147:1624-30. doi: 10.3945/jn.117.254607

Jensen CL, Voigt RG, Llorente AM, Peters SU, Prager TC, Zou YL, et al.
Effects of early maternal docosahexaenoic acid intake on neuropsychological
status and visual acuity at five years of age of breast-fed term infants. J
Pediatr. (2010) 157:900-5. doi: 10.1016/j.jpeds.2010.06.006

Lépez-Vicente M, Fit6 NR, Vilor-Tejedor N, Garcia-Esteban R, Fernandez-
Barrés S, Dadvand P, et al. Prenatal omega-6:omega-3 ratio and attention
deficit and hyperactivity disorder symptoms. J Pediatr. (2019) 209:204-11.e4.
doi: 10.1016/j.jpeds.2019.02.022

Svennerholm L, Vanier M-T. The distribution of lipids in the human
system. III. Fatty acid composition of phosphoglycerides
of human foetal and infant brain. Brain Res. (1973) 50:341-51.
doi: 10.1016/0006-8993(73)90735-X

Kamino D, Studholme C, Liu M, Chau V, Miller SP, Synnes A, et al.
Postnatal polyunsaturated fatty acids associated with larger preterm brain
tissue volumes and better outcomes. Pediatr Res. (2018) 83:93-101.
doi: 10.1038/pr.2017.230

nervous

Svennerholm L. Distribution and fatty acid composition of
phosphoglycerides in normal human brain. J Lipid Res. (1968) 9:570-9.
Kim H-Y, Huang BX, Spector AA. Phosphatidylserine in the

brain: metabolism and function. Prog Lipid Res. (2014) 56:1-18.
doi: 10.1016/j.plipres.2014.06.002

Wang Q, Jia C, Tan X, Wu E, Zhong X, Su Z, et al. Different concentrations
of docosahexanoic acid supplement during lactation result in different
outcomes in preterm Sprague-Dawley rats. Brain Res. (2018) 1678:367-73.
doi: 10.1016/j.brainres.2017.11.008

Barks JD, Liu Y, Shangguan Y, Djuric Z, Ren ], Silverstein FS.
Maternal high-fat diet influences outcomes after neonatal hypoxic-ischemic
brain injury in rodents. J Cereb Blood Flow Metab. (2017) 37:307-18.
doi: 10.1177/0271678X15624934

Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology.
Nature. (2014) 510:92-101. doi: 10.1038/nature13479

Engels E Willems H, Nijkamp FP. Cyclooxygenase-catalyzed formation
of 9-hydroxylinoleic acid by guinea pig macrophages
under non-stimulated conditions. FEBS Lett. 209:249-53.
doi: 10.1016/0014-5793(86)81121-8

Calder PC, Grimble RF. Polyunsaturated fatty acids, inflammation and
immunity. Eur ] Clin Nutr. (2002) 56:514-9. doi: 10.1038/sj.ejcn.1601478
Zhu M, Wang X, Hjorth E, Colas RA, Schroeder L, Granholm
AC, et al. Pro-resolving lipid mediators improve neuronal survival
and increase AP42 phagocytosis. Mol Neurobiol. (2016) 53:2733-49.
doi: 10.1007/512035-015-9544-0

Harrison JL, Rowe RK, Ellis TW, Yee NS, O’Hara BF Adelson
PD, et al. Resolvins AT-DI and El differentially impact functional
outcome, post-traumatic sleep, and microglial activation following diffuse
brain injury in the mouse. Brain Behav Immun. (2015) 47:131-40.
doi: 10.1016/j.bbi.2015.01.001

Rey C, Nadjar A, Buaud B, Vaysse C, Aubert A, Pallet V, et al. Resolvin D1
and E1 promote resolution of inflammation in microglial cells in vitro. Brain
Behav Immun. (2016) 55:249-59. doi: 10.1016/j.bbi.2015.12.013

Yamashita A, Kawana K, Tomio K, Taguchi A, Isobe Y, Iwamoto R, et al.
Increased tissue levels of omega-3 polyunsaturated fatty acids prevents
pathological preterm birth. Sci Rep. (2013) 3:3113. doi: 10.1038/srep03113
Bazan NG, Marcheselli VL, Cole-Edwards K. Brain response to injury and
neurodegeneration: endogenous neuroprotective signaling. Ann N Y Acad
Sci. (2005) 1053:137-47. doi: 10.1111/.1749-6632.2005.tb00018.x

Spiteller G. Linoleic acid peroxidation-the dominant lipid peroxidation
process in low density lipoprotein-and its relationship to chronic diseases.
Chem Phys Lipids. (1998) 95:105-62. doi: 10.1016/S0009-3084(98)00091-7
Jira W, Spiteller G, Carson W, Schramm A. Strong increase in
hydroxy fatty acids derived from linoleic acid in human low density
lipoproteins of atherosclerotic patients. Chem Phys Lipids. (1998) 91:1-11.
doi: 10.1016/50009-3084(97)00095-9

alveolar
(1986)

Frontiers in Pediatrics | www.frontiersin.org

13

January 2020 | Volume 7 | Article 533


https://doi.org/10.1016/j.ebiom.2018.07.009
https://doi.org/10.1002/14651858.CD003402.pub3
https://doi.org/10.1001/jama.2010.1507
https://doi.org/10.1001/jama.2014.2194
https://doi.org/10.3945/ajcn.113.069203
https://doi.org/10.1016/j.plefa.2016.03.011
https://doi.org/10.1136/bmjopen-2016-011465
https://doi.org/10.1001/jama.2016.21303
https://doi.org/10.1371/journal.pone.0120065
https://doi.org/10.3945/ajcn.114.101071
https://doi.org/10.1186/s12937-017-0242-9
https://doi.org/10.3945/jn.113.178640
https://doi.org/10.1093/ajcn/nqz018
https://doi.org/10.3390/nu9030197
https://doi.org/10.1016/j.plefa.2018.04.006
https://doi.org/10.1371/annotation/c313df3a-52bd-4cbe-af14-6676480d1a43
https://doi.org/10.1016/j.mayocp.2015.04.009
https://doi.org/10.1159/000337018
https://doi.org/10.3945/jn.117.254607
https://doi.org/10.1016/j.jpeds.2010.06.006
https://doi.org/10.1016/j.jpeds.2019.02.022
https://doi.org/10.1016/0006-8993(73)90735-X
https://doi.org/10.1038/pr.2017.230
https://doi.org/10.1016/j.plipres.2014.06.002
https://doi.org/10.1016/j.brainres.2017.11.008
https://doi.org/10.1177/0271678X15624934
https://doi.org/10.1038/nature13479
https://doi.org/10.1016/0014-5793(86)81121-8
https://doi.org/10.1038/sj.ejcn.1601478
https://doi.org/10.1007/s12035-015-9544-0
https://doi.org/10.1016/j.bbi.2015.01.001
https://doi.org/10.1016/j.bbi.2015.12.013
https://doi.org/10.1038/srep03113
https://doi.org/10.1111/j.1749-6632.2005.tb00018.x
https://doi.org/10.1016/S0009-3084(98)00091-7
https://doi.org/10.1016/S0009-3084(97)00095-9
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Klevebro et al.

Fatty Acids and Preterm Neuroprotection

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Patwardhan AM, Scotland PE, Akopian AN, Hargreaves KM. Activation of
TRPV1 in the spinal cord by oxidized linoleic acid metabolites contributes
to inflammatory hyperalgesia. Proc Natl Acad Sci U S A. (2009) 106:18820-4.
doi: 10.1073/pnas.0905415106

Yoshida Y, Yoshikawa A, Kinumi T, Ogawa Y, Saito Y, Ohara
K, Hydroxyoctadecadienoic acid and oxidatively modified
peroxiredoxins in the blood of Alzheimer’s disease patients and
their potential as biomarkers. Neurobiol Aging. (2009) 30:174-85.
doi: 10.1016/j.neurobiolaging.2007.06.012

Harris WS, Del Gobbo L, Tintle NL. The omega-3 index and relative risk
for coronary heart disease mortality: estimation from 10 cohort studies.
Atherosclerosis. (2017) 262:51-4. doi: 10.1016/j.atherosclerosis.2017.05.007
Song TJ, Cho HJ, Chang Y, Choi K, Jung AR, Youn M, et al. Low plasma
proportion of omega 3-polyunsaturated fatty acids predicts poor outcome in
acute non-cardiogenic ischemic stroke patients. J Stroke. (2015) 17:168-76.
doi: 10.5853/j0s.2015.17.2.168

Loef M, Walach H. The omega-6/omega-3 ratio and dementia or cognitive
decline: a systematic review on human studies and biological evidence. ] Nutr
Gerontol Geriatr. (2013) 32:1-23. doi: 10.1080/21551197.2012.752335

Hsieh AT, Brenna JT. Dietary docosahexaenoic acid but not arachidonic
acid influences central nervous system fatty acid status in baboon
neonates. Prostaglandins Leukot Essent Fatty Acids. (2009) 81:105-10.
doi: 10.1016/j.plefa.2009.05.012

Abbott SK, Else PL, Atkins TA, Hulbert AJ. Fatty acid composition of
membrane bilayers: importance of diet polyunsaturated fat balance. Biochim
Biophys Acta. (2012) 1818:1309-17. doi: 10.1016/j.bbamem.2012.01.011
Kuipers RS, Luxwolda MF, Sango WS, Kwesigabo G, Dijck-Brouwer DAJ,
Muskiet FAJ. Maternal DHA equilibrium during pregnancy and lactation is
reached at an erythrocyte DHA content of 8 g/100 g fatty acids. / Nutr. (2011)
141:418-27. doi: 10.3945/jn.110.128488

Carlson SE, Werkman SH, Peeples JM, Cooke R], Tolley EA. Arachidonic
acid status correlates with first year growth in preterm infants. Proc Natl Acad
Sci USA. (1993) 90:1073-7. doi: 10.1073/pnas.90.3.1073

Labrousse VE, Leyrolle Q, Amadieu C, Aubert A, Sere A, Coutureau E, et al.
Dietary omega-3 deficiency exacerbates inflammation and reveals spatial
memory deficits in mice exposed to lipopolysaccharide during gestation.
Brain Behav Immun. (2018) 73:427-40. doi: 10.1016/j.bbi.2018.06.004
Suganuma H, Arai Y, Kitamura Y, Hayashi M, Okumura A, Shimizu T.
Maternal docosahexaenoic acid-enriched diet prevents neonatal brain injury.
Neuropathology. (2010) 30:597-605. doi: 10.1111/j.1440-1789.2010.01114.x
Gibson RA, Muhlhausler B, Makrides M. Conversion of linoleic acid and
alpha-linolenic acid to long-chain polyunsaturated fatty acids (LCPUFAs),

et al

130.

131.

132.

133.

134.

135.

136.

137.

with a focus on pregnancy, lactation and the first 2 years of life: Conversion
of linoleic acid and alpha-linolenic acid. Matern Child Nutr. (2011) 7:17-26.
doi: 10.1111/j.1740-8709.2011.00299.x

Brenner RR, Peluffo RO. Effect of saturated and unsaturated fatty acids on
the desaturation in vitro of palmitic, stearic, oleic, linoleic, and linolenic
acids. ] Biol Chem. (1966) 241:5213-9.

Makrides M, Neumann MA, Jeffrey B, Lien EL, Gibson RA. A randomized
trial of different ratios of linoleic to alpha-linolenic acid in the diet of
term infants: effects on visual function and growth. Am J Clin Nutr. (2000)
71:120-9. doi: 10.1093/ajcn/71.1.120

Carlson SE, Rhodes PG, Ferguson MG. Docosahexaenoic acid status of
preterm infants at birth and following feeding with human milk or formula.
Am ] Clin Nutr. (1986) 44:798-804. doi: 10.1093/ajcn/44.6.798

Shulkin M, Pimpin L, Bellinger D, Kranz S, Fawzi W, Duggan C, et al.
n-3 fatty acid supplementation in mothers, preterm infants, and term
infants and childhood psychomotor and visual development: a systematic
review and meta-analysis. J Nutr. (2018) 148:409-18. doi: 10.1093/jn/
nxx031

Wang Q, Cui Q, Yan C. The effect of supplementation of long-chain
polyunsaturated fatty acids during lactation on neurodevelopmental
outcomes of preterm infant from infancy to school age: a systematic
review and meta-analysis. Pediatr (2016) 59:54-61.el.
doi: 10.1016/j.pediatrneurol.2016.02.017

Lapillonne A, Moltu SJ. Long-chain polyunsaturated fatty acids and
clinical outcomes of preterm infants. Ann Nutr Metab. (2016) 69:36-44.
doi: 10.1159/000448265

Smith SL, Rouse CA. Docosahexaenoic acid and the preterm infant. Matern
Health Neonatol Perinatol. (2017) 3:22. doi: 10.1186/s40748-017-0061-1
Lauritzen L, Fewtrell M, Agostoni C. Dietary arachidonic acid in
perinatal nutrition: a commentary. Pediatr Res. (2015) 77:263-9.
doi: 10.1038/pr.2014.166

Neurol.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Klevebro, Juul and Wood. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

14

January 2020 | Volume 7 | Article 533


https://doi.org/10.1073/pnas.0905415106
https://doi.org/10.1016/j.neurobiolaging.2007.06.012
https://doi.org/10.1016/j.atherosclerosis.2017.05.007
https://doi.org/10.5853/jos.2015.17.2.168
https://doi.org/10.1080/21551197.2012.752335
https://doi.org/10.1016/j.plefa.2009.05.012
https://doi.org/10.1016/j.bbamem.2012.01.011
https://doi.org/10.3945/jn.110.128488
https://doi.org/10.1073/pnas.90.3.1073
https://doi.org/10.1016/j.bbi.2018.06.004
https://doi.org/10.1111/j.1440-1789.2010.01114.x
https://doi.org/10.1111/j.1740-8709.2011.00299.x
https://doi.org/10.1093/ajcn/71.1.120
https://doi.org/10.1093/ajcn/44.6.798
https://doi.org/10.1093/jn/nxx031
https://doi.org/10.1016/j.pediatrneurol.2016.02.017
https://doi.org/10.1159/000448265
https://doi.org/10.1186/s40748-017-0061-1
https://doi.org/10.1038/pr.2014.166
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	A More Comprehensive Approach to the Neuroprotective Potential of Long-Chain Polyunsaturated Fatty Acids in Preterm Infants Is Needed—Should We Consider Maternal Diet and the n-6:n-3 Fatty Acid Ratio?
	Introduction
	Randomized Trials of Post-natal Supplementation in Preterm Infants
	Context of Fatty Acid Supplementation in Preterm Infant Trials
	Fatty Acid Ratio and Neurodevelopment in Term Infants
	Maternal Diet
	Discussion
	Summary
	Author Contributions
	References


