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Omega (n-)3 and n-6 long chain polyunsaturated fatty acids (LCPUFA) accumulation in the infant brain
after birth is strongly driven by dietary supply of n-3 and n-6 LCPUFAs and their C18 precursors through
breast milk or infant formula. n-3 LCPUFA accretion is associated with positive effects on neurodeve-
lopmental outcome whereas high n-6 LCPUFA accumulation is considered disadvantageous. Maternal
diet is crucial for breast milk fatty acid composition. Unfortunately, global increases in linoleic acid
(C18:2n-6; LA) intake have dramatically increased n-6 LCPUFA and reduced n-3 LCPUFA availability for
breastfed infants. We investigated the effects of reducing maternal dietary LA, or increasing n-3 LCPUFA,
during lactation on milk and offspring brain fatty acids in mice. Offspring brain n-3 LCPUFA was higher
following both interventions, although effects were mediated by different mechanisms. Because of
competitive interactions between n-3 and n-6 fatty acids, lowering maternal LA intake may support
neurodevelopment in breastfed infants.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

During infancy fatty acids (FA), including omega (n)-3 long
chain polyunsaturated fatty acids (n-3 LCPUFAs) and n-6 LCPUFAs
accumulate at high concentrations in the brain [1] to promote
rapid brain growth and development. Sufficient accumulation of in
particular n-3 LCPUFA is considered critical for neurodevelopment
as brain n-3 LCPUFAs contribute to modulation of neuronal
membrane properties, neural metabolism, plasticity, neuropro-
tection and anti-inflammatory effects (see e. g. [2] for review).

As the brain itself has a limited capacity to synthesize LCPUFA,
brain n-3 and n-6 LCPUFA accumulation during development
primarily relies on the levels of LCPUFAs and essential fatty acids
(EFA) linoleic acid (LA; C18:2n-6) and α-linolenic acid (ALA;
C18:3n-3) in the peripheral circulation. The mechanism behind
transport of LCPUFAs from blood to neuronal cells may involve
passive or protein-mediated transport [3, 4]. Circulating n-3 and
enic acid; CTR, control diet;
cid; EPA, eicosapentaenoic
, linoleic acid; LCPUFA, long-
elative reduction in n-6 FA;
; PUFA, polyunsaturated fatty
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n-6 LCPUFAs are either derived directly from diet or from en-
dogenous synthesis in the liver from dietary EFAs or LCPUFA
precursors by (delta 5 and 6) desaturases and elongases [5]. ALA is
converted to n-3 LCPUFAs, predominantly eicosapentaenoic acid
(EPA 20:5n-3), docosapentaenoic acid (n-3 DPA 22:5n-3) and
docosahexaenoic acid (DHA, 22:6n-3). LA is converted to arachi-
donic acid (ARA, 20:4n-6), with further elongation to adrenic acid
(22:4ω-6) and desaturation to n-6 docosapentaenoic acid (n-6
DPA; 22:5n-6). LA and ALA compete for conversion to their re-
spective LCPUFAs as they use the same set of enzymes, and cir-
culating (n6) LCPUFAs can inhibit conversion of ALA to DHA [6].
Therefore, the absolute amount of dietary LA, ALA and LCPUFA,
both n-3 and n-6, determines their appearance in the circulation
and the availability of n-3 and n-6 LCPUFA for accumulation in the
brain.

Whereas many mammals are capable of LCPUFA synthesis,
human LCPUFA synthesis capacity is low [7]. Conversion of ALA to
DHA in humans may perhaps not be sufficient to meet the high
needs of the developing brain, and dietary supply of preformed
DHA to newborn infants is therefore considered essential [8]. In-
deed, brain DHA concentration in infants fed formula without DHA
has been shown to be lower than that of infants fed breast milk, in
which DHA is naturally present [9,10]. The fatty acids in breast
milk are derived from maternal plasma lipids and the fatty acid
composition is primarily influenced by maternal dietary habits
[11,12]. In particular DHA content in human milk is responsive to
maternal diet, whereas milk ARA is more stable [13].
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Table 1
Composition of experimental diets (g/kg diet).

Ingredient CTR N3LCP LowLA

Cornstarch 397.5 397.5 397.5
Casein 200 200 200
Maltodextrin 10 102 102 102
Sucrose 100 100 100
Cellulose (Vitacell L600-20) 50 50 50
Mineral mixa 35 35 35
Vitamin mixb 10 10 10
L-Cystein 3 3 3
Choline bitartrate 2.5 2.5 2.5
Tert-butylhydroquinone 0.014 0.014 0.014

Oil blend 100 100 100
Butter oil – � 48.9
Palm oil 32.4 21.8 –

Canola oil 27.8 24.4 25.5
Coconut oil 25.1 23.4 20.4
Tuna fish oil � 19.0 –

Sunflower oil HOA 7.8 � 5.1
Sunflower oil 6.8 7.0 –

Soy bean oil � 4.3 –

Fatty acid composition (% Total fatty acids)
C4:0 0.00 0.00 1.05
C6:0 0.11 0.07 0.81
C8:0 1.70 1.07 2.09
C10:0 1.36 0.86 2.17
C12:0 10.53 6.69 11.42
C14:0 4.38 3.62 7.24
C16:0 17.14 19.38 12.40
C17:0 0.00 0.37 0.00
C18:0 0.07 3.70 5.12
C20:0 0.34 0.26 0.20
C22:0 0.23 0.24 0.33
C24:0 0.02 0.02 0.00
ΣSFA 38.88 36.28 42.84
C16:1n7 0.13 1.20 0.78
C18:1n9 37.94 35.27 40.79
C20:1n9 0.41 0.15 0.22
C22:1n9 0.14 0.05 0.08
Σ MUFA 38.62 36.68 41.86
C18:2n-6 (LA) 14.80 11.89 6.38
C18:3n-3 (ALA) 2.61 1.07 1.57
C18:4n-3 0.00 0.19 0.00
C20:4n-3 0.00 0.07 0.00
C20:4n-6 (ARA) 0.00 0.28 0.00
C20:5n-3 (EPA) 0.00 1.20 0.00
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A factor that may limit potential benefits of increased milk n-3
LCPUFA and/or DHA supply on infant cognitive outcome could be
prominent levels of n-6 fatty acids in milk. Over the last decades,
there has been a marked increase in the dietary intake of n-6 FA, in
particular LA, which is driven by the replacement of animal fats by
vegetable oils in industrial food production [14,15]. This increase
in dietary LA intake is also reflected in human milk showing in-
creased LA content in milk of women from Europe, Australia, and
Northern America [5,16]. As LA inhibits endogenous n-3 LCPUFA
synthesis and circulating n-3 and n-6 LCPUFAs compete for uptake
by the developing brain, a higher LA supply through breast milk
may limit brain DHA accumulation and optimal infant cognitive
development.

In contrast to n-3 LCPUFAs, the impact of different levels of
(maternal) dietary LA on brain development and function are less
well studied. There are nevertheless several preclinical studies
demonstrating that a higher dietary LA supply during critical
periods of brain development leads to replacement of n-3 LCPUFAs
by n-6 LCPUFAs in the brain, especially by n-6 DPA, the n-6 LCPUFA
molecular homolog of DHA [17–19]. As n-6 DPA does not have the
same functionality as DHA, this may compromise neurodevelop-
ment and cognitive function [18,20]. More recently, observational
studies have demonstrated that high levels of LA in breast milk,
independent of milk n-3 LCPUFA content, are correlated with poor
infant cognitive development and function [21,22]. In accordance,
lowering dietary LA increased exploration and reduced anxiety
related behaviors in young pigs [23]. Altogether, these observa-
tions suggest that the dietary supply of LA during lactation may be
a determining factor for infant brain n-3 LCPUFA accumulation and
thereby infant cognitive and behavioral development. Limiting the
content of LA in breast milk by actively reducing maternal dietary
LA intake during the lactation period may therefore, in itself, be a
useful strategy to support optimal infant brain development and
function.

The present study aimed at providing insights in the effects of
maternal dietary manipulations in lactating mice on their off-
spring brain development. We hypothesized that the reduction in
n-6 LA in the maternal milk through actively lowering LA in the
maternal diet is an effective strategy to improve brain n-3 LCPUFA
accumulation in the developing offspring. To this end, we eval-
uated developmental changes in offspring brain fatty acid com-
position as well as in the dam's milk over the first three weeks of
postnatal life following a dietary change on postnatal day 2.
C22:5n-3 0.00 0.37 0.00
C22:6n-3 (DHA) 0.00 5.00 0.00
ΣPUFA 17.41 20.07 7.96
Σn-6 14.80 12.17 6.38
Σn-3 2.61 7.90 1.57
Σn-6/Σ n-3 5.67 1.54 4.05
LA/ALA 5.67 11.10 4.05

Diets were provided by Research Diet Services, Wijk bij Duurstede, The Nether-
lands.
Abbreviations: ARA, arachidonic acid; ALA, α-linolenic acid; CTR, control diet; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; HOA, High Oleic Acid; N3LCP,
diet with a relative increase in n-3 FA; LA, linoleic acid; LA/ALA, ratio of linoleic to
α-linolenic acid; LCPUFA, long-chain polyunsaturated fatty acids; LowLA, diet with
relative reduction in n-6 FA; MUFA, monounsaturated fatty acids; P, postnatal day;
PUFA, polyunsaturated fatty acids; ΣMUFA, sum of monounsaturated fatty acids;
Σn-3, sum of omega-3 fatty acids; Σn-6, sum of omega-6 fatty acids; Σn-6/Σn-3,
ratio of omega-6 to omega-3 fatty acids; ΣPUFA, sum of polyunsaturated fatty
acids; ΣSFA, sum of saturated fatty acids

a AIN-93G-MX, supplied per kg of complete diet: calcium, 5 g; potassium, 3.6 g;
chloride, 1.6 g; phosphorus, 1.6 g; sodium, 1 g; magnesium, 0.5 g; sulfur, 0.3 g; iron,
35 mg; zinc, 30 mg; manganese, 10 mg; copper, 6 mg; iodine, 0.2 mg; molybde-
num, 0.15 mg; selenium, 0.15 mg.

b AIN-93G-VX, supplied per kg of complete diet: vitamin E, 150 mg; nicotinic
acid, 30 mg; vitamin B-12, 25 mg; Ca pantothenate, 16 mg; vitamin A, 8 mg; pyr-
idoxine, 7 mg; thiamin, 6 mg; vitamin D-3, 2.5 mg; folic acid 2 mg, vitamin K,
0.75 mg; biotin, 0.2 mg.
2. Material and methods

2.1. Animals and study design

All experimental procedures were approved by the Animal
Experimental Committee DEC-Consult, Bilthoven, The Nether-
lands, in accordance with the European Communities Council Di-
rective of 24 November 1986 (86/609/EEC) and complied with the
principles of laboratory animal care. Male and female C57BL/6J
mice, aged 8–10 weeks, were obtained from Harlan b.v. (Horst, The
Netherlands) and were housed in a controlled environment (12/
12 h light/dark cycle, 2172 °C) with ad libitum access to standard
semi-synthetic rodent chow (AIN93-G, Research Diet Services,
Wijk bij Duurstede, The Netherlands). Mice were mated and at
postnatal day (P) 2, dams with litters were randomly assigned to
one of the experimental diets.

Dams with litters 5–8 pups/litter) destined for later milk col-
lection were left undisturbed and milk samples were taken from
each dam three times during the lactation period at P7–9, 10–12
and 13–15, as previously described [11]. In short, dams were se-
parated from their litters for at least three hours in the morning
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and received a s.c. injection with 0.3 mL oxytocin (1 IU/mL, Euro-
vet Nederland, Bladel, NL) after which dams were milked using an
adjusted human lactation pump.

Litters destined for brain collection were randomized and cul-
led to six pups per dam (3 male and 3 female pups) at P2. In the
morning at P5, 10, 16 and 21 entire litters were killed by isoflurane
inhalation followed by decapitation. Bodyweight was recorded
and brains were quickly dissected. Milk and whole brains were
snap frozen and stored (�80 °C) until further analysis.
2.2. Experimental diets

Macro- and micronutrient composition of the semi-synthetic
experimental diets (Research Diet Services, Wijk bij Duurstede,
The Netherlands) was in accordance with American Institute of
Nutrition formulation of AIN93-G purified diets for laboratory
rodents [24]. The diets were isocaloric and consisted of 60 w/w%
carbohydrates, 20 w/w% protein, 10 w/w% lipids and 5 w/w% fiber,
differing only in FA composition due to use of different oil blends
comprised of vegetable and fish oils. The composition of the ex-
perimental diets is presented in Table 1. The FA composition of the
control diet (CTR) was representative of that of an infant milk
formula without LCPUFAs. The N3LCP diet contained increased
levels of n-3 LCPUFAs, mainly EPA and DHA, and the LowLA diet
contained 50% less LA compared to CTR.
2.3. Fatty acid analysis

Whole brains were homogenized in 50 volumes of ice cold PBS.
The fatty acid composition of milk and brain homogenates was
analyzed as previously described in detail [11]. Briefly, milk and
brain lipids were extracted as described by Bligh and Dyer [25] and
the membrane fatty acid composition was assessed using gas
chromatography. Saturated- (SFA), monounsaturated- (MUFA) and
polyunsaturated fatty acids (PUFA), n-3 and n-6 LCPUFA content
was expressed as percentage of total fatty acids (% FA).
2.4. Statistics

All data are expressed as mean7SEM. Statistical analyses for
the effects of diet on maternal milk FA composition were per-
formed using SPSS 19.0.1 (SPSS Benelux, Gorinchem, The Nether-
lands). Effects of the N3LCP and LowLA diets compared to CTR diet
on milk FA composition were analyzed with Repeated-measures
ANOVA with lactation stage, diet and stage*diet interaction as
fixed effects. Post hoc analyses of significant main diet effects and
age*diet interactions were performed using univariate ANOVA on
the three individual stages of lactation separately followed by
Tukey's test to adjust for multiple comparisons.. Statistical ana-
lyses for effects of diet on offspring bodyweight and brain fatty
acid composition were performed with SAS version 9.2, Enterprise
Guide 4.1 software (SAS Institute Inc.). The effects of the N3LCP
and LowLA diets compared to CTR diet on body weight and brain
FA were analyzed by repeated measures mixed model, including
diet, age, and a diet-by-age interaction and gender as fixed effects.
Post hoc analyses of significant main diet effects and age*diet in-
teractions were performed using multiple comparisons followed
by Tukey's test for pairwise comparisons. In the mixed models,
litters were used as experimental units as opposed to individual
pups, and the correlation among pups within a litter was ac-
counted for by their sharing a common random effect. Differences
were considered significant when po0.05.
3. Results

3.1. Maternal milk FA profile

To confirm that maternal milk FA composition was altered as a
result of the maternal dietary manipulations, we collected milk
samples of dams at early, medium and late stages of lactation. In
accordance with the findings in a previous study with similar
maternal diets [11], the fatty acid composition of the milk reflected
that of maternal diet and was further influenced by stage of lac-
tation. Milk fatty acid profiles are presented in Table 2.

Compared to CTR, the milk of N3LCP fed dams had a reduced
ALA (early, mid and late Po0.001) and an increased n-3 LCPUFA
content (EPA early P¼0.0084, mid P¼0.008 and late P¼0.007; n-3
DPA early P¼0.008, medium and late Po0.001, DHA early, med-
ium and late Po0.001). Although ARA content was higher in the
N3LCP diet compared to CTR, milk ARA content did not increase in
early and medium lactation and was even reduced in late lactation
(P¼0.046) compared to CTR milk. In contrast, a small but sig-
nificant increase in n-6 DPA was observed in milk of N3LCP fed
dams throughout lactation (early P¼0.002, medium P¼0.008 and
late P¼0.043). The maternal LowLA diet contained 57% less LA
compared to CTR diet and this strongly reduced LA content
throughout lactation (early P¼0.077; medium and late P¼0.001).
Besides an increased n-6 DPA content at early lactation (P¼0.088),
n-6 LCPUFA in milk was unaffected by the maternal LowLA diet.
The lower ALA content of the LowLA diet reduced milk ALA
throughout lactation (Po0.001). In addition EPA (medium
P¼0.004 and late P¼0.093,) and n-3 DPA (medium P¼0.020 and
late P¼0.038) were reduced in LowLA milk compared to CTR. Milk
DHA however, was not significantly altered by the maternal LowLA
diet. Overall, these results are consistent with our previous find-
ings in which especially LA, ALA and n-3 LCPUFA in maternal diet
is rapidly reflected in milk FA composition of mice [11].

Independent of diet intervention, milk fatty acid composition
changed over time. SFA content increased (F(2,12)¼11.170,
P¼0.002) whereas MUFA content decreased (F(2,12)¼4.491,
P¼0.035) in the course of lactation. Total PUFA content also de-
creased over time (F(2,12)¼65.104, Po0.001) due to the reduction
in LA (F(2,12)¼77.496, Po0.001) and n-6 LCPUFAs ARA (F(2,12)¼
16.727, Po0.001), Adrenic Acid (F(2,12)¼21.543, Po0.001) and
n-6 DPA (F(2,12)¼5.476, P¼0.020). The LA/ALA ratio decreased (F
(2,12)¼56.357, Po0.001). In contrast, milk n-3 FAs remained re-
latively stable during lactation.

3.2. Offspring body weight

Body weight of pups is presented in Table 3 and was recorded
to confirm that the maternal dietary manipulations did not affect
offspring growth and development.

Bodyweight of pups increased with age (F(3,177)¼275.15,
Po0.001), but bodyweight gain was not differentially affected by
the maternal diet, confirming results in a previous study with si-
milar dietary intervention [26].

3.3. Offspring brain fatty acid profile

Brain FA composition of offspring at 5, 10, 16 and 21 days of age
was determined and results are presented in Table 4. Brain fatty
acid composition was influenced by maternal dietary fatty acid
composition and stage of development.

Within the corresponding age groups, maternal N3LCP diet
increased offspring brain n-3 LCPUFAs including EPA, n-3 DPA and
DHA at all ages (Po0.001) compared to CTR. Additionally, n-6
LCPUFAs ARA and Adrenic Acid were decreased at all ages
(Po0.001) and n-6 DPA from P10 onwards (Po0.001). Brain LA



Table 2
Fatty acid composition of milk during early (P7–9), medium (P10–12) and late (P13–15) lactation of C75BL/6J mouse dams exposed to CTR, N3LCP or LowLA diet from P2
onwards.

Fatty acid Total fatty acids (%)
CTR N3LCP LowLA

Early Medium Late Early Medium Late Early Medium Late

C10:0 4.370.1 5.070.7 6.970.5 4.870.5 5.070.2 7.270.1 4.770.5 5.870.7 5.570.5
C12:0 8.770.2 10.271.2 13.170.7 9.170.7 9.870.1 12.870.2 9.470.9 11.471.2 10.671.2
C14:0 9.370.3 10.971.6 13.270.5 10.270.4 11.070.4 13.170.5 10.471.1 12.471.6 11.171.4
C16:0 21.671.0 24.071.9 24.270.5 23.170.4 25.271.3 25.070.8 20.470.7 22.871.9 21.571.2
C18:0 1.470.1 1.770.2 2.070.1 1.570.1 1.770.1 2.270.2 1.570.1 1.970.2 1.970.1
ΣSFA 46.071.6 52.473.8 60.372.1 49.471.2 53.571.5 61.271.2 47.373.3 55.273.8 51.474.2
C16:1n-7 3.270.1 3.270.5 2.470.1 3.170.3 3.270.2 2.370.1 3.370.2 3.270.5 3.370.3c

C18:1n-7 2.670.1 2.270.1 1.770.9 2.470.4 2.470.1 2.670.4 2.070.1 1.870.1 2.970.3c

C18:1n-9 33.071.4 29.972.6 25.871.5 29.670.6 30.172.6 24.271.0 34.672.1 30.1 7 2.6 33.273.1d

C20:1n-9 1.570.2 1.370.5 1.170.2 1.370.1 1.470.2 1.170.1 1.770.3 1.670.5 1.970.3d

ΣMUFA 41.071.7 37.273.6 31.771.9 37.070.8 36.471.7 29.871.0 42.172.5 38.373.6 42.073.9d

C18:2n-6 (LA) 7.570.4 5.770.1 4.470.1 7.270.5 4.670.2c 3.770.1c 5. 870.5d 3.170.1a 3.070.2a

C20:4n-6 (ARA) 0.770.1 0.670.1 0.470.1 0.670.1 0.570.1 0.370.1c 0.770.1 0.470. 1d 0.470.1
C22:4n-6 0.370.1 0.270.1 0.270.1 0.570.1 0.270.1 0.170.1d 0.370.1 0.270.1 0.270.1
C22:5n-6 (n-6 DPA) 0.0470.01 0.0470.01 0.0270.01 0.1170.01b 0.1070.01b 0.0870.02c 0.0770.01d 0.0270.01 0.0270.01
Σn-6 10.770.6 8.170.2 6.170.2 10.270.6 6.770.3 5.270.1d 8.670.9 4.870.2b 4.870.3c

C18:3n-3 (ALA) 0.770.1 0.770.1 0.770.1 0.470.1a 0.470.1a 0.470.1a 0.470.1a 0.470.1a 0.470.1a

C20:5n-3 (EPA) 0.1670.01 0.1870.01 0.1570.02 0.2270.01d 0.2770.01b 0.2570.02b 0.1070.01 0.0970.01b 0.1070.01d

C22:5n-3(n-3 DPA) 0.2270.01 0.2270.01 0.1970.01 0.3570.02b 0.4470.01a 0.4270.01a 0.1670.02 0.1470.01c 0.1570.01c

C22:6n-3 (DHA) 0.370.1 0.370. 1 0.370.1 1.670.1a 2.070.2a 2.270.1a 0.370.1 0.270.1 0.270.1
Σn-3 1.470.1 1.570.1 1.370.1 2.770.1a 3.270.2a 3.270.2a 1.070.2c 0.870.1b 0.870.1c

ΣPUFA 12.170.6 9.670.2 7.470.2 12.970.5 9.370.3 8.470.2d 9.770.9d 5.670.2b 5.670.4a

LA/ALA 11.370.8 7.870.5 6.570.3 16.771.0c 11.170.2b 8.870.1b 13.571.5 7.870.5 8.170.4c

All values represent mean7SEM of total FAs (%) (n¼12–18 pups from 3 litters), n¼[litters (pups)]. Data from each sample time represents a different set of animals. For
MUFA and SFA only the FA that accounted for more than 1% of total fatty acid content are reported. Statistical analysis was performed using the number of litters per age
group (n¼3) as statistical units.
Superscripts indicate trends or statistical differences (d0.05oPo0.1, cPo0.05, bPo0.01, aPo0.001) in % of FA between CTR and N3LCP or Low LA age groups.
Abbreviations: ARA, arachidonic acid; ALA, α-linolenic acid; CTR, control diet; DHA, docosahexaenoic acid; DPA docosapentaenoic acid; EPA, eicosapentaenoic acid; N3LCP,
diet with a relative increase in n-3 FA; LA, linoleic acid; LowLA, diet with relative reduction in n-6 FA; MUFA, monounsaturated fatty acids; P, postnatal day; PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids.

Table 3
Offspring body weight at (P)5, 10, 16 and 21 of C75BL/6J mice offspring exposed to
CTR, N3LCP or LowLA diet from P2 onwards.

Age Bodyweight

CTR N3LCP LowLA

P5 2.670.3 [n¼3 (18)] 2.870.3 [n¼3 (17)] 2.870.3 [n¼3 (18)]
P10 5.070.3 [n¼3 (18)] 5.370.3 [n¼3 (18)] 4.970.3 [n¼3 (18)]
P16 7.170.3 [n¼3 (17)] 7.770.3 [n¼3 (18)] 7.770.3 [n¼3 (18)]
P21 8.870.3 [n¼3 (18)] 9.970.3b [n ¼3 (18)] 8.870.3 [n¼3 (18)]

All values represent mean7SEM (n¼17–18 pups from 3 litters), n¼[litters (pups)].
Data from each sample time represents a different set of animals. Statistical ana-
lysis was performed using the number of litters per age group (n¼3) as statistical
units.
Superscripts indicate statistical differences (bPo0.01) in bodyweight between CTR
and N3LCP or LowLA age groups.
Abbreviations: CTR, control diet; N3LCP, diet with a relative increase in n-3 FA;
LowLA, diet with relative reduction in n-6 FA; P, postnatal day.
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content was increased in N3LCP offspring, which reached sig-
nificance at P16 (Po0.001) and P21 (P¼0.007).

Similar to N3LCP offspring, offspring of LowLA fed dams
showed increased n-3 FAs and reduced n-6 FAs in the brain
compared to CTR. The increase in n-3 FAs was mainly due to
higher EPA (P5, P¼0.080; P16, Po0.001; P21, Po0.001), higher
n-3 DPA at all ages (Po0.001), and DHA which tended to be in-
creased at P5 (P¼0.092) and P10 (P¼0.098) compared to CTR.
With respect to reduction in n-6 FAs: LA was reduced at P10
(P¼0.019) and P21 (P¼0.008), ARA at P16 (P¼0.014), Adrenic Acid
from P10 onwards (P10, P¼0.023; P16, P¼0.044; P21, Po0.001)
and n-6 DPA at P16 (P¼0.002) and P21 (Po0.001).

In all groups, offspring brain FA composition changed over the
course of lactation. These developmental changes included a de-
crease in total SFA (F(3,159)¼346.42, Po0.001) with a con-
comitant rise in MUFA content (F(3,159)¼34.87, Po0.001). Al-
though the total PUFA content in the brain remained stable, total
n-3 FA increased (F(3,159)¼74.94, Po0.001) and n-6 FA decreased
(F(3,159)¼125.42, Po0.001) over time. The n-3 FA increase was
primarily caused by a marked increase in DHA (F(3,159)¼45.89,
po0.001) in all diet groups. Furthermore, a significant increase in
ALA (F(3,159)¼181.52, Po0.001) was observed. Between P5 and
P10, brain EPA, n-3 DPA and DHA accumulation was enhanced in
offspring of N3LCP fed dams only (diet*age interactions (EPA, (F
(6,159)¼19.04, Po0.001); n-3 DPA, (F(6,159)¼7.88, Po0.001);
DHA, (F(6,159)¼3.03, Po0.001))). After P10, brain EPA and n-3
DPA slightly decreased over time in all diet groups at a similar rate
(age effects: EPA, (F(3,159)¼9.51, Po0.001); n-3 DPA, (F(3,159)¼
17.17, P¼0.001)). The decrease in total n-6 FA over time was re-
flected in all n-6 FAs measured (LA, (F(3,159)¼18.52, Po0.001);
ARA, (F(3,159)¼56.51, Po0.001); Adrenic Acid, (F(3,159)¼32.42,
Po0.001); n-6 DPA, (F(3,159)¼70.56, Po0.001)). This decrease
was more pronounced in maternal N3LCP and LowLA dietary in-
terventions compared to CTR (diet*age interactions, ARA, (F
(6,159)¼2.72, P¼0.015); Adrenic Acid, (F(6,159)¼32.42, P¼0.001);
n-6 DPA, (F(6,159)¼2.62, P¼0.019)).
4. Discussion and conclusion

4.1. Discussion

In the present study we investigated the effect of providing
lactating dams with diets that either contained low levels of LA or
an elevated (n-3) LCPUFA content compared to a control diet, on



Table 4
Offspring brain fatty acid composition at (P)5, 10, 16 and 21 of C75BL/6J mice exposed to CTR, N3LCP or LowLA diet from P2 onwards.

Fatty acid Total fatty acids (%)
CTR N3LCP LowLA

P5 P10 P16 P21 P5 P10 P16 P21 P5 P10 P16 P21
[n¼3 (18)] [n¼3 (12)] [n¼3 (17)] [n¼3 (16)] [n¼3 (12)] [n¼3 (12)] [n¼3 (18)] [n¼3 (18)] [n¼3 (18)] [n¼3 (17)] [n¼3 (18)] [n¼3 (18)]

C14:0 2.470.1 1.970.1 0.970.1 0.570.1 2.570.1 1.970.1 0.970.1 0.570.1 2.470.1 1.970.1 1.070.1 0.670.1d

C16:0 30.270.2 29.170.2 25.570.2 24.070.2 30.070.2 29.070.2 25.270.2 23.770.2 30.070.2 29.370.2 25.270.2 23.570.2
C16:0DMA 2.170.1 2.370.1 2.570.1 2.770.1 2.170.1 2.170.1 2.470. 1 2.770.1 2.170.1 2.270.1 2.470.1 2.770.1
C18:0 15.270.2 15.970.2 17.570.2 18.170.2 15.270.2 15.770.2 17.270.2 18.170.2 15.270.2 15.970.2 17.370.1 18.070.2
ΣSFA 48.670.2 47.970.2 45.370.2 44.370.2 48.770.2 47.770.2 45.070.2 44.170.2 48.470.2 48.170.2 45.270.2 43.870.2
C16:1n-7 2.070.1 1.370.1 0.770.1 0.570.1 1.970.1 1.470.1 0.770.1 0.570.1 1.970.1 1.470.1 0.770.1 0.570.1
C18:1n-7 2.670.1 2.670.1 3.070.1 3.270.1 2.670.1 2.670.1 2.970.1 3.0070.1d 2.770.1 2.770.1 3.270.1 3.370.1
C18:1n-9 11.370.2 11.470.2 12.370.2 12.870.2 11.470.2 11.870.2 12.970.2 13.170.2 11.370.2 11.270.2 12.970.2 13.170.2
ΣMUFA 16.670.3 16.270.4 17.470.3 18.470.3 16.670.4 16.870.4 18.070.3 18.570.3 16.670.3 16.270.3 18.370.3 19.270.3
C18:2n-6 (LA) 0.970.1 0.970.1 0.770.1 0.670.1 0.970.1 1.070.1 0.970.1a 0.770.1b 0.870.1 0.770.1c 0.770.1 0.570.1b

C20:4n-6 (ARA) 11.370.2 11.870.2 11.170.2 10.270.2 10.570.2a 10070.2a 9.370.2a 8.970.2a 11.170.2 11.670.1 10.570.2b 9.970.2
C22:4n-6 2.670.1 2.670.1 2.670.1 2.470.1 2.370.1a 2.070.1a 1.970.1a 1.770.1a 2.670.1 2.470.1c 2.570.1c 2.370.1a

C22:5n-6 (n-6 DPA) 0.970.1 0.970.1 0.770.1 0.670.1 0.970.1 0.670.1a 0.570.1a 0.470.1a 0.970.1 0.970.1 0.670.1b 0.570.1a

Σn-6 16.670.2 17.270.2 16.270.2 14.770.2 15.470.2a 14.770.2a 13.870.2a 12.870.2a 16.270.2c 16.570.2c 15.470.2a 14.170.2b

C18:3n-3 (ALA) 0.0370.02 0.0870.02 0.2170.02 0.2970.02 0.0470.02 0.0970.02 0.2570.02 0.3070.02 0.0570.02 0.0770.02 0.2570.02 0.3270.02
C20:5n-3 (EPA) 0.0470.00 0.0370.01 0.0370.01 0.0270.01 0.1070.01a 0.1770.01a 0.1370.00a 0.1070.00a 0.0670.00d 0.0570.01 0.0570.00a 0.0470.00a

C22:5n-3(n-3 DPA) 0.2770.01 0.2570.01 0.2270.01 0.2070.01 0.3270.01a 0.4070.01a 0.3870.01a 0.3370.01a 0.3070.01a 0.2970.01a 0.2670.01a 0.2570.01a

C22:6n-3 (DHA) 12.870.2 12.870.2 13.770.2 14.370.2 13.770.2a 14.970.2a 15.570.2a 15.970.2a 13.270.2d 13.370.2d 13.770.2 14.370.2
Σn-3 13.270.2 13.370.2 14.370.2 15.070.2 14.370.2a 15.770.2a 16.470.2a 16.870.2a 13.770.2d 13.870.2c 14.470.2 15.170.2
ΣPUFA 29.970.2 30.570.3 30.670.2 29.670.2 29.870.3 30.470.3 30.370.2 29.770.2 29.970.2 30.470.2 29.970.2c 29.270.2

All values represent mean7SEM of total FAs (%) (n¼12–18 pups from 3 litters), n¼[litters (pups)]. Data from each sample time represents a different set of animals. For MUFA and SFA only the FA that accounted for more than 1% of
total fatty acid content are reported. Statistical analysis was performed using the number of litters per age group (n¼3) as statistical units.
Superscripts indicate trends or statistical differences (d0.05oPo0.1, cPo0.05, bPo0.01, aPo0.001) in % of FA between CTR and N3LCP or Low LA age groups.
Abbreviations: ARA, arachidonic acid; ALA, α-linolenic acid; CTR, control diet; DHA, docosahexaenoic acid; DPA docosapentaenoic acid; EPA, eicosapentaenoic acid; N3LCP, diet with a relative increase in n-3 FA; LA, linoleic acid;
LowLA, diet with relative reduction in n-6 FA; MUFA, monounsaturated fatty acids; P, postnatal day; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

L.Schipper
et

al./
Prostaglandins,Leukotrienes

and
Essential

Fatty
A
cids

110
(2016)

8
–15

12



L. Schipper et al. / Prostaglandins, Leukotrienes and Essential Fatty Acids 110 (2016) 8–15 13
fatty acid profiles in milk and the brains of suckling pups. It is of
great importance to optimize brain n-3 LCPUFA accumulation as
brain n-3 LCPUFAs are essential for various developmental pro-
cesses and their unique structural features and function cannot be
matched by n-6 LCPUFAs. For instance, DHA and EPA, but not their
n-6 LCPUFA molecular homologs ARA and n-6 DPA, allow for
neurite outgrowth, synaptogenesis and neuronal differentiation
[18,27–29]. Numerous studies have shown that brain n-3 LCPUFA
content is positively correlated to learning and behavior whereas
brain n-6 LCPUFA content correlates negatively [23,30–32].
Therefore, sufficient accretion of brain n-3 LCPUFAs early in life are
essential for brain development and function.

The most important outcome of our study was that (compared
to a control diet, CTR), either maternal diet was capable of indu-
cing an improved offspring brain fatty acid profile, i. e. higher n-3
LCPUFA and lower n-6 LCPUFA accumulation. In addition, DHA and
total MUFA content increased upon either strategy, whereas n-6
LCPUFA and total SFA content decreased in offspring brains during
postnatal development independent from maternal diet. Im-
portant for consideration is that these results were demonstrated
under normal maternal feeding conditions and normal growth and
development of the pups during the lactation period. Interestingly,
the changes in offspring brain FA composition did not always
parallel the lactation stage dependent changes in milk FA
composition.

Thus, although both maternal N3LCP and LowLA diet during
lactation increased offspring brain n-3 LCPUFAs at the expense of
n-6 LCPUFAs, the changes must have been achieved by different
mechanisms. In the N3LCP group, the higher offspring brain EPA,
n-3 DPA and DHA and lower n-6 LCPUFA clearly originated from
the higher supply of preformed n-3 LCPUFAs to the pups via the
milk. These findings are in accordance with previous studies
showing increased brain n-3 LCPUFAs after supplementation with
preformed n-3 LCPUFAs in the diet [33]. Dietary n-3 LCPUFAs di-
rectly increase n-3 LCPUFA concentration in the circulation
[11,33,34], and as circulating n-3 and n-6 LCPUFAs compete for
incorporation in the brain, increased availability of n-3 LCPUFAs in
the N3LCP group resulted in more brain n-3 LCPUFA uptake at the
expense of n-6 LCPUFAs. In addition, higher circulating n-3
LCPUFAs could result from increased endogenous n-3 LCPUFA
synthesis from precursor ALA [35]. However this mechanism is
unlikely to contribute to the observed results in the N3LCP fed
offspring in the current experiment, since milk of N3LCP fed dams
contained reduced ALA levels and an increased LA/ALA ratio
compared to CTR. If any, this would favor n-6 LCPUFA synthesis
over n-3 LCPUFA synthesis due to the competitive interaction of LA
and ALA for desaturation and elongation to LCPUFA. In addition,
increased dietary supply of preformed EPA and DHA through milk
has been shown to limit n-3 LCPUFA synthesis in the liver [36,37].

In the brain of the LowLA offspring, the increased n-3 LCPUFA
and reduced n-6 LCPUFA content could have resulted from higher
brain incorporation of the milk derived preformed n-3 LCPUFAs as
well as from endogenous n-3 LCPUFA synthesis. Dietary supply of
LA, preformed n-3 LCPUFAs and total LCPUFA are known to inhibit
endogenous n-3 LCPUFA synthesis [6,36]. Since these components
were all reduced in the milk of LowLA dams, the endogenous n-3
LCPUFA synthesis in the LowLA offspring was likely to be increased
compared to CTR. Furthermore, although both LA and ALA in milk
of LowLA dams were reduced, the strongest reduction was in LA
resulting in a lower LA/ALA ratio compared to CTR. Since LA has
the competitive advantage over ALA for desaturation and elonga-
tion to LCPUFA in the liver, a lower LA availability allows relatively
higher endogenous synthesis of n-3 LCPUFAs from ALA. Together,
these factors resulted in a relatively higher brain n-3 LCPUFA ac-
cumulation and lower n-6 LCPUFA content in LowLA offspring
compared to CTR despite the reduced supply of total n-3 LCPUFAs
in their milk. Similar changes in brain fatty acid composition were
observed in rats weaned on a diet deficient in LA [38] and in the
brain of rodents and piglets after decreasing LA intake when
compared to higher intakes of LA in the early life diet (for a recent
review see [39]).

The lower ARA and Adrenic Acid content observed in maternal
milk and offspring brain of both diet groups could suggest that low
dietary intake of preformed ARA is also directly reflected in re-
duced brain n-6 LCPUFA levels. However others have shown that
brain ARA accumulation early in life is not responsive to the
dietary supply of preformed ARA [9,40]. In accordance, increased
milk n-6 DPA, due to a maternal dietary supply of ARA in the
n-N3LCP group, did not result in higher offspring brain n-6 DPA
compared to CTR.

The observed developmental changes in brain FA composition
included an age dependent increase in DHA which was paralleled
by a reduction in n-6 LCPUFAs. These findings are in line with
developmental changes in brains reported for rats [41] and for
humans [1]. To date, it is not understood what exactly drives the
preferential accumulation of DHA in the developing brain over
time. As there is no evidence of age related alterations in DHA
transport mechanism from plasma to brain, time dependent
changes in circulating n-6 and n-3 fatty acids caused by altered
dietary supply and/or endogenous LCPUFA synthesis may con-
tribute to this effect. Much of our current knowledge about time
dependent changes in brain fatty acid composition has been based
on breastfed infants or young animals. In contrast to the constant
FA composition in milk formula, the FA composition in breast milk
is variable, changing over the course of lactation [42]. Interestingly,
formula fed infants did not show the typical age dependent in-
crease in brain DHA that was observed in breastfed infants [9],
confirming a possible role for the variable FA supply from human
milk in reaching the nutritional demands of the infants brain
better than milk formula. In the current study, milk LA, LA/ALA
ratio and n-6 LCPUFAs declined over the course of lactation
whereas milk DHA and its n-3 PUFA precursors remained rela-
tively stable. This time dependent reduction in the dietary LA
supply and LA/ALA ratio may increase n-3 LCPUFA synthesis and
contribute to increasing brain n-3 LCPUFA accumulation with age.
A decrease in LA/ALA ratio over the course of lactation has been
shown in human milk as well [43]. Whether such time dependent
changes in milk FA and LA/ALA ratio could explain the age de-
pendent increase in brain DHA observed in breastfed infants and
animals merits further investigation.

The developmental changes for mice in the first 3 weeks of life
are associated with a reduction in the predominant brain SFA
species palmitic acid (C16:0) and a rise in stearic acid (C18:0) and
its MUFA desaturation product oleic acid (C18:1n-9). These SFAs
and MUFAs in the brain are important for neuronal differentiation
and myelination processes [44-45]), and similar developmental
changes have been reported for rats [41] and humans [1]. The
developmental changes in brain SFA and MUFA species in the
current study were not paralleled by their changing content in
milk which suggests that preformed MUFAs and SFAs in the off-
spring diet are not readily incorporated by the developing brain as
such. Indeed, labeling studies have suggested that palmitic acid,
stearic acid and oleic acid in the developing brain are not derived
from the diet [46–48]. The observed increase in milk MUFA and
decrease in SFA content over the course of lactation are in line
with what was previously reported for rodent milk by us [11] and
by others [49], and show some similarity to stage dependent
changes in MUFA and PUFA content in human milk. For example
SFA content was higher and MUFA content was lower in mature
milk compared to colostrum [50] and whereas SFA, MUFA and
PUFA content of mature human milk appeared to remain relatively
stable over the course of lactation up to 30 weeks [51], a recent
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report suggests that the content of specific SFA's in human milk
increases with prolonged breastfeeding beyond 1 year [52]. The
relevance of these time specific changes in milk SFA and MUFA
content to the development of brain remains to be determined.

4.2. Concluding remarks and future perspectives

The contemporary high intake of LA worldwide due to in-
dustrialized food processing has resulted in a 6 fold rise in LA
content in human milk [5,16]. Consequently, reducing LA intake
may be an effective strategy to increase n-3 LCPUFA availability
next to n-3 LCPUFA supplementation. The capacity for n-3 LCPUFA
synthesis from ALA is generally low in humans [53,54] and high LA
further limits endogenous n-3 LCPUFA synthesis by blocking Delta
6 desaturase [5,55]. The subsequent lower n-3 LCPUFAs and higher
n-6 LCPUFAs in the circulation impair incorporation of n-3 LCPUFA
in biological membranes, especially in the developing brain,
whereas n-6 LCPUFAs accumulate in excessive amounts. In addi-
tion, (maternal) supplementation with n-3 LCPUFAs on a high
dietary LA background is less effective because of this competitive
interaction between n-6 and n-3 FA's in LCPUFA synthesis and
incorporation in the developing offspring brain. In line with this,
Novak and colleagues showed that supplementing dietary DHA in
piglets did not overcome the excessive accumulation of n-6
LCPUFAs and low levels of n-3 LCPUFA in the developing brain
caused by a high dietary LA [18]. Actively lowering LA intake in
humans could reduce the dietary needs for n-3 LCPUFAs con-
siderably, up to a tenth of the current intake, in order to meet
adequate tissue n-3 LCPUFA status [56]. Evidence from recent
clinical trials shows that it is possible in humans to reduce plasma
LA and increase n-3 PUFA status within a few weeks by replacing
the consumption of standard vegetable oils and food items con-
taining substantial LA quantities with alternative food products
containing oils lower in LA [57-60]. Although no study has yet
investigated effects of such dietary recommendations restricted to
the lactation period only on milk fatty composition in humans, the
previous studies together with the fact that plasma fatty acid
composition of human milk is derived from maternal circulating
fatty acids suggests that also milk LA content can be reduced. In-
deed, the current study in mice clearly support the notion that
lower levels of milk LA content in humans are likely to increase
brain n-3 LCPUFA status in the developing infant.
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